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TEXHUYECKHUE HAVKH

V]IK 621.384.3

OCOBEHHOCTH ®OPMHUPOBAHUS CUHTETUYECKNX U30BPAKEHUI
PAJUOMETPUYECKHUX BEJIMYUH B UK OBJIACTH CIIEKTPA*

A.B. 3Bepes, I.E. UnaToB
000 «Momus HT»

®dunzuueckn KOppeKTHbIE CHHTETHIECKHE M300paKEeHHsT TPEXMEPHBIX CLEH B 3aJlaHHOM J(Ha-
Ma3oHe JUIMH BOJIH OOJIQJAlOT BBICOKOHW 3HAYMMOCTBIO B PEIICHHH pPsfa NMPUKIAJHBIX 3ajad.
B ocHoBe popMupoBaHMs TaKMX AAHHBIX JISKUT MOJEIMPOBaHHE (PHU3NUSCKUX B3aNMOJCHCTBHH,
B TOM 4YHCJI€ PAcIpOCTPaHEHHMs NEKTPOMArHUTHOTO M3IyYEHHUs B MIPOCTPAHCTBE CLEHBI. B nan-
HOM paboTe NpeACTaBIEHBI Pe3yabTaThl Pa3paOOTKH MEXaHU3Ma TPACCHPOBKM JIyded B Ipo-
IrpaMMHOM KOMIUIEKCE MOJIETHPOBAHUS TPEXMEPHBIX CIeH. [IpeanokeHHbIi anropuT™M pacdera
M3ITy4JaTeNbHOTO TEIUIONEPeHoca MPOrpaMMHO PEan30BaH I MCHONHEHUS Ha TpaUIecKux
Ipoleccopax B BUJE IMICHIEpOB U MO3BOJSIET yUECTh CUTHAN OT MHOXKECTBA Tell Ha creHe. Kax-
IIBIH NCITYIIEHHBIN JIyd, UMHTHPYIOLIUI paclpOCTpaHeHUE HICKTPOMAarHUTHOM BOJIHEI, IIpeTepIie-
BaeT He OoJiee IBYX B3aMMOJCIHCTBHI C TeJIaMU ¥ BHOCUT J100aBKYy K COOCTBEHHOMY H3JTy4YECHUIO
Ha0JIr01aeMOH TUIOIA/KH B BHJE 4icia (JOTOHOB B 3a/laHHOM JMAIa30HE JUIMH BOJIH U TEJIECHOM
yrie. s oLeHKH pa3pab0TaHHOTO aaropuTMa ObLI MPEUIOKEH PsiJi MOJCIBHBIX CLEH, Ha KOTO-
PBIX OBIJIO IPOBEAEHO CPAaBHUTENBHOE HcCiIen0Banle Mpu Moaenuposannu MK obnactu crekrpa.
VYuer MeXaHU3MOB H3ITy4aTelbHOIo TeIIonepeHoca mpu GOpMUPOBAHUM KapTHH PaIMOMETpHYe-
CKUX BEJIMYMH MO3BOJISIET KAYECTBEHHO YIYYIINTH IMONydaeMble N300pakKeHHsI 1 BHOCHT 3HAYH-
TENBHBIN BKJIa B (POHOBOM CHUTHAIL.

Knrouesvie cnosa: mopenupoBaHue, THIEPCHEKTPAIBHBIH CUMYJIATOP, rpapuiyecKuil mpouec-
cop, TpaccupoBka Jiyueit, UK-cniexp, u3nydareiabHbli TEeIionepeHoc.

DOI: 10.17212/1727-2769-2024-4-7-14

BBenenue

[MoaroroBka ¢u3nyecknx AaHHBIX B BHAE M300paKeHUI BUPTYaIbHON CIEHBI B 3a-
JTaHHOW 00JIaCTH CIIEKTpa NPENCTaBISIET OOJIBIION HHTEPEC B PsIe UCCIIE0BATENbCKUX
1 TIPUKJIAJHBIX 337ad BBHIY 3HAUUTENBHON CIOXHOCTH, a, 3a4acTyIO M, HEBO3MOXHO-
CTH WX TOJyYeHHS Ha OCHOBE HATYPHBIX MCCIIEIOBAHMHA. DTO HANpaBICHHUE ITOJIYYHIIO
oOIee Ha3BaHUE TUIIEPCIICKTPAIbHAS OTPUCOBKA M300paXeHUH, B 3apyOeKHOH InTepa-
Type usBectHoe kak Hyperspectral Imaging, HSI [1].

CHUMYJIATOPEI THNEPCIEKTPATBHBIX JAHHBIX BBIIOIHAIOT pacyeT (H3HYECKH KOp-
PEKTHOTO B3aUMOJAEHCTBHUS 3JIEKTPOMArHUTHOIO H3Iy4EHHS B ILIMPOKOM [JHAIa30HE
JUIMH BOJIH, OOBIYHO, OT yJIbTpaduoiieTa A0 JNIMHHOBOIHOBOTO yuactka UK u3nmydenus,
a pe3yJIbTaThl pacyera SIBISIOTCS OCHOBOM ISl NOATOTOBKU IPaBAONONOOHBIX Xapak-
TEPHBIX CUT'HAJIOB PA3JINYHBIX O6"beKTOB. dusznyecku KOPPEKTHBIC TaHHBIC C IIUPOKUM
JMHAMUYECKUM JMala30HOM BEJIWYHMH HCIIOJB3YIOTCS B MOJENBHBIX HCCIEJOBAHMSX,
HarpuMep, B 3a1ade oOHapy)KeHHsI OOJIe3HEH pacTeHHi B CEeIbCKOM X03sHcTBe [2], 00-
Hapy>XCHUS] U PaHHEro NpeIyNpeXIeHUs JECHBIX MOXKapoB [3] WiIM B HCCIEIOBAHMSX,
HaTIPaBJICHHBIX Ha 33124l 00OPOHHON MPOMBIIIICHHOCTH [ 1].

OCHOBY CHMYJISITOpa THIIEPCIEKTPAIBHBIX TAaHHBIX COCTABIISIET MOZEINPOBaHNE (PH-
3WYECKUX B3aMMOACUCTBHI, B TOM YHCIE, SIEKTPOMArHUTHOTO M3NMy4deHHsA. B obmiem

* HccrenoBanue BBINOIHEHO MPH PUHAHCOBOM mopaepxkke PODU B paMKkax HaAydHOrO MPO-
ekta Ne 20-37-90079.

© 2024 A.B. 3sepes, J1.E. Unaros



8 A.B. 3eepes, JI.E. HUnamos

ciIy4ae, MOIEIHPOBAHUE DPACHpPOCTPAHEHHUS SIIEKTPOMArHUTHOTO HW3IYYECHHS B TIPO-
CTPaHCTBE MpEACTaBIIET cOO0H CiTydail peleHns 3a1aud IMPOBEPKH MEPEeCeUECHU IBYX
00bekToB. OAMH U3 CHOCOOOB pEIIeHHs JAaHHOW 3aJa4d 3aKII0YaeTcs B MPUMEHEHHU
TPACcCUPOBKH JIy4eH, peaIn30BaHHOTO B pa3paboTaHHOM IPOTrpaMMHOM KoMmImiekce [4].

[lepBBIM marom B TPAaCCHPOBKE Jy4deH sBIsETCS UX (GOPMHPOBAHNE HA MOJECIBHOU
cieHe. B nporpaMMHOM KOMILIEKCE JIy4Hl MCITyCKAIOTCS Ha CIEHY U3 TOYKU HaOJroJie-
HUSl B HAIPaBJICHUAX, 33JAIOLIUXCS C MPUMEHEHHEM IICEeBIOCIy4YalHOro reHepaTopa
ypcen. [Ipu pacrnpocTpaHeHHWH MO BUPTYalbHOMY HPOCTPAHCTBY M3 aHCaMOls Tell,
KaXJI[bIi M3 MCIYIIEHHBIX JIy4e MOXKET MPeTepIIeBaTh Pa3IMyHble N3MEHEHHUS CBOMCTB.
B3aumMopneiicTBue Jyua O CLIEHOW, HaIpUMEP, CTOJIKHOBEHHUE C TEIIOM, MPOXOXKICHHE
yepe3 TeIo WIN OTCYTCTBHE B3aUMOJEHUCTBUS Jyya CO CLEHOH IO 3aJaHHBIM KpUTEpU-
sIM, TIPUBOIUT K BEI30BY OIHON W3 MpPEABapUTENBFHO IOATOTOBICHHBIX MPOICIYP.
[TockonbKy B ITaHHOM TpPaCCHPOBIMUKE JTy4eH HCIONB3YeTCS alTOPUTM TPACCHPOBKH
ITyTH, TO HAIIPABJICHNUS PACIPOCTPAHEHHS JIydeil 1O clieHe 00JIagaroT CTOXaCTUKOM, 1Mo-
9TOMY KaXKIBIH Jy4 IpETepreBaeT COOCTBEHHOE, YHHKAIBLHOE YHCIO W BHIBI B3aHMO-
JIefiCTBHI, KOTOPBIE HENTb3S MPEANOI0KHUTE 3apaHee U 3aJI0KUTh B OCHOBY MaTeMaTH4e-
ckoil Mozenu. PesynbraT B3amMOAEHCTBUE ompenensiercss B 00paTHOM HOPSIKE — OT
MOCJICTHETO B3aMMOJICHCTBHSI K HCTOYHUKY, OTKYJa Jyd BBIIIE, TAKUM 00pa3oM ¢op-
MUpPYS CUT'HAJI Ha TOYKE HaOJIIOCHUS.

B pannux paborax [4, 5] OblIM IpeAcTaBieHbl pe3yJIbTaThl IPUMEHEHHS aIrOpUTMa
TPACCUPOBKH JIy4eH Ul OTPUCOBKH CLIEHBI B BUIMMOM criekTpe. Pacuer Bunumoii 00-
JIACTU CIEKTpa B MPOrpaMMHOM KOMIUIEKCE MMEET UCKIIOUUTENBHO AEMOHCTPALUOH-
HBIA XapakTep W HE MpenHa3HaueH IS MONYYCHHs KaKMX-JIMOO KONWYECTBEHHBIX pa-
IuoMeTpuiecknx BenuanH. MonennpoBanne VK criekTpa kadecTBEHHO M3MEHSET BUL
mmorydyaeMoil HHQOpPMAIUH, TTOCKOIBKY MBI HAUHHAEM HCCIIEIOBATh CHTHAJ, UCTOYHH-
KOM KOTOPOTO SIBIISTIOTCSL HabmomaeMele Tena. Kakmoe TBepmoe Teno, KUAKOCTh HIIH
ra3 ¢ TEMIEpaTrypoil BbIme aOCOIIOTHOTO HYJIS SBJISIETCS MCTOYHHUKOM TEIIOBOTO CHT-
Halla, KOTOPbIi (GopMHUPYET OAMH U3 BaXKHEHIIMX KOMIOHEHTOB (DOHOBOIl 3aCBETKH —
MEXaHU3M H3JIy4aTeIbHOrO TEeIIoNepeHoca.

Henp nanHo#t paboThl — pa3paboTKa ajJropuTMa paciera MexaHu3Ma U3JlydaTeIbHO-
ro TEeIUIoNepeHoca B MporpaMMHOM KoMiuiekce moxenuposanus UK cuen. B pabote
MIPEAJIOKEH AITOPUTM TPACCUPOBKH IIYTH, YYUTHIBAIOUIMK BKJaJX ONMKaWHIINX Teln
B M3Jy4eHHe HaOogaemMoil miomaaky. Ha ocHoBe 3apaHee OATOTOBIEHHBIX MOJEIb-
HBIX CIICH OBII MPOBEICH KaueCTBEHHBIN aHAN3 Pe3yIbTaTOB pacdeTa ¢ y4eToM paspa-
OOTaHHOTO aNTOPUTMA.

1. AJIFOpl/ITM pacuera u3ayvdaTre/JibHOro TeIjionepeHoca

OnHOM M3 OTIMYHUTEIBHBIX OCOOCHHOCTEI POrpaMMHOT0 KOMILIEKCA SIBJISETCS arl-
mapaTHOE YCKOpEHHE pacdyeToB Ha ocHOBe rpaduueckux nporeccopos (I'TI). MuaCcTpyK-
my a1 ucronHeHus Ha [Tl gBisroTcst pe3ynbTaToOM KOMIMWJIALMH HAllMCAaHHBIX Ha
CHEUMANbHBIX A3bIKaX MMPOTrPaMM, Ha3bIBAEMbIX wetioepamuy. Y HUPULIUPOBAHHAS apXu-
TekTypa coBpeMeHHbIX ['T] 1o3BoJIsieT B mieiiepax BBIIOJIHATH IPOU3BOJILHBIE MaTeMa-
THUYECKHE PAcUeThl, HE IPUBSI3aHHBIE K PELICHHIO 3aJ1a4 BU3yaIH3al1H.

B Hacrosimiie Bpemst kK Habopy BBICOKOCKOPOCTHBIX simep [Tl obiiero HaszHaueHUs
JI00aBIISIFOT BBIYHUCIINTEIIbHBIE 070K, 00eCTIeUnBAOIIHE allllapaTHOE YCKOPEHUE 3a1aui
mpaccuposku aydeil. CaMOi BaKHOH X OCOOCHHOCTBIO SBJISIETCSI BO3MOXKHOCTh PEKYP-
CHBHOTO BBI30Ba IIPOLIEAYP U3 LICHAEPOB M allapaTHOE YCKOPEHHUE Psifia alrOpUTMOB,
B TOM YHCJIE IPOLIEAYPHI OMCKA TOYKH IIEPECEYEHHUS JIyda ¢ TEJIOM Ha CLICHE.

PeanuzoBaHHBIA anropuT™M OTPHUCOBKH CLIEHBI METOAOM TpaccHpoBKH myTu B MK
CHEKTpe HauMHACTCs C welidepa (opmuposanus nyyei. Llletidep popmuposanus nyuei
BBI3BIBACTCS IS KQKIOTO IMHUKCENs (POKAIBHOW INIOCKOCTH MOIEIHPYEMOro (OTONpH-
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emHoro ycrpoticta (PIIY), Ha KoTOpyrO OyAET majaTh UTOTOBOE M3IYyUYCHHE OT Te Ha
crene. J{s 5TOro u3 TOYKM HAONIOJCHHS Ha CIEHY 4epe3 CeTKy GparMeHTOB (hOKalb-
HOW TUTOCKOCTH OTTIPABIISIETCSI HAOOp JIydel, MpuyeM KaXAbIi JIyd MPOXOAUT HE depe3
LEHTp (parMenTa, a ¢ HeOOJIBIINM TICEBAOCTY4aHHbIM KOJIeOaHHEM OTHOCHUTENILHO He-
ro. ITogoOHbIi OIX01 MO3BOJISET H30aBUTHCS OT MPOOJIEMBI ATHACHHTA W300pasKEHUS
u chopmupoBarh 0o0Jiee €CTECTBEHHBIE MEPEXO0/Ibl Ha TPaHIX PE3KO OTIMYAIOIIUXCS IO
CBOMM CBOMCTBaM 06"I)CKTOB CIICHHBI.

Hcxopsume n3 TOUYKM HaOIIOAEHHS JIyYd PacpOCTPAHSIOTCS M0 CLIEHE B COOTBET-
CTBHHM C 3aJaHHBIM IOJIEM 3PEHUS ONTHYECKOW CHCTEMBI MU MOTYT IpeTepIeBaTh pas-
JIMYHbIE BHJIbI B3aUMOJECHCTBUM ¢ Teramu. MoJenupoBaHHE B3aUMOJAEUCTBUS JIyden
C TeJIaMU BBINIOJHSCTCS ulell0epom Oaudicaliuie2o CmoaKHOBEHUSL.

B UK oGnacTu crekTpa cHauaga HEOOXOAMMO ONPENENUTh TENECHBINH yron g,

B KOTOpPOM 3JieMeHT (okanbHol 1iockoctr OITY nosiydaer moTok GpoTOHOB ¢ HaOIIIO-
JaeMoil moBepxHocTH Spg B 3a4aHHOM MHTEpBaJle JUIMH BOJH. {71 3TOro U3 U3BECTHO-

ro moJjid 3pCHUsd OITHYECKOM CHCTEMEI FOVO B HpI/I6J'II/I)KCHI/II/I H3JIy4YCHUS B MPs-

ptics
MOM KpPYrOBOM KOHYC€ MBI TIOIy4aeM TEJECHbIH yTojl, B KOTOPOM H3IIydaeT
Ha6n}oz[aeMa}1 II01Iaab IMOBEPXHOCTH TEJIA:

Qps = 2m(1=cos(FOVqpics / 2))- (1)

INomyyenHple BETMYMHBI TIOMEIIAIOTCA BO BPEMEHHOE XPaHMIUIIE JUIS MOCTIEXyIo-
IIUX BBIYMCIIEHUH. Pe3ynpTaTom pacdera nepeozo e3aumodeticmeus cOpMUPOBAHHOTO
Jy4a CO CLIEHOH ABNsAeTCs 4ucio (OTOHOB, H3ITYYaEMBbIX C €IUHHIIBI IIOMAAN B CEKyH-
Ay B JaHHOM TEJIECHOM YIJIC B JaHHOM HHTCPBAJIC IJIMH BOJIH C YYE€TOM OTKJIOHCHUA
Ha0II0JaeMOH IITOMAIKK OT HAIpaBJIeHHUs PACIPOCTPAHEHHUs Tyda U3 31€MEHTa CEHCO-
pa Ha yroa 0 :

A OTOHOB
N prao =Los -cos(Bpg )Ix " Ly(M)dA, (b—z ()
a C'M

rae Lp — cHekTpanbHas IUNIOTHOCTh DHEPreTHYecKon spkoctu no Ilnanky. MHTEHCHB-

HOCTb B BHAC YHUCJIa CbOTOHOB, JOCTUTIIHUX DJIEMEHT CEHCOpPA, MOXKHO TIOJYYUTH ITyTEM

npousBeaeHus N ;0 Ha MIOMIAb SIEMEHTA S, .

Bmopoe 63aumoodeticmeue MoaenupyeMoro Jiyya ¢ TelaMH Ha CIEHE BBI3bIBACT all-

TOPHTM pacyeTa BKIIAJa OKPYKEHHUS N ,;; B M3JTyd4CHHE ILIOMIA/N IIOBEPXHOCTH, Onpe-

ﬂeﬂeHHOﬁ Ha I€pBOM B3aHMOHeﬁCTBHH:
N
Nond = Npnao + DN i 3)
T

Js yyera u3irydeHHs OKPYKaroluX Tel Ha HabmrogaeMoil iomanke Spg CTPOUT-

Cia CAUMHHUYHAasA nonyC(bepa C HCHTPOM B TOYKE NEPECCUCHUs IEPBOTO Jyda, Ha MOBECPX-
HOCTHU KOTOpOﬁ 3aJaHO PAaBHOMEPHO PaCIPCACIICHHOC ob0mako Touek. Yuciao Touek
ONPEACIIAECT MaKCUMAJIbHOE YHUCIIO YYTCHHBIX HCTOYHUKOB U3JIIy4YCHUA U MHUHHAMAaJIbHBIN

pa3Mep 3JIEMEHTA TCJICCHOI'O yIijia Qprim , B KOTOPOM CUTHAJI JOIMMOJHUTCIBHOTIO UCTOY-

HUKa BHOCHUT BKJIaJ.

Kax it myd, mpoxoasmuii U3 HeHTpa noirycepsl 4epe3 TOUKY Ha €€ IOBEPXHOCTH,
MOXET COBEPIINTH CTOJIKHOBEHHE C PA3JIMYHBIMU M3IyJalOMIUMH IUIomaakaMu. YToOsl
OIPEJENNTh, KaKasi 4acTh M3JIyYCHHUsS] BHEIIHErO MCTOYHHKA (OPMHUPYET OTpa)kaTelib-
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Hy!0 100aBKy K CUTHaIy Iiomany Spg , HaM He0O0X0JUMO PacCUMTaTh YIIIOBOH K03-

uiueHT K, ¢ y4eToM JBYJIYYEBOM (PYHKIMH OTpa)kaTeJbHOM criocoOHocTH JlambGep-
r ey Yy Yy p p

TOBCKOW MOBEPXHOCTH, TEJECHOTO yryia 0 U yTia MeXAy HOpMablo K IUIOLIAJKe

prim
MCTOYHHKA U3Ily4CHNUs M HATIPABICHUEM PACIPOCTPaHCHUs J1y4a O, :
Qprim : Cos(eprim)

K, = , cos(O > 0. 4
f TC'QOS ‘COS(eos) ( OS) ( )

C yderom K, MBI MOXEM ONPEIEIHTH Ty 4aCTh W3IYYCHHBIX STUM NPHMHUTHBOM

(hOTOHOB, KOTOpBIC (HOPMHUPYIOT OTPAKATEIILHYIO JOOABKY K pe3ylbTaTy pacuera mep-
BOI'O B3aMMOJEUCTBUA:

A
N :KfijLB(x)(l—e(x))dx, ()

riae € — kod(GQUIMEHT cepocTH Marepuana Iomanku Sy . Takum ob6pasom, Mbl MO-

JKEM OMpENEeNATh BKJIA] B CHUI'HAI HAOJFOAaeMON IO KU TyTeM MHOTOKPATHON BbI-
OOpKH UCTOYHHMKOB MU3JTyYCHHS 10 HAMPABJICHHUSIM, KOTOPBIE ONPEICICHBI OHOPOIHBIM
pacrpezenexieM B moiycdepe.

Ecnu siyy, vcnyiieHHbIH U3 TOYKW HAONIOJCHUS HA CLEHY, HE BBIIOJHMJI KaKOIo-
b0 B3aMMOIEHCTBHSA CO CLEHOH, TO OyAeT BbI3BaHA HpOLEAypa uierdepa npomaxa.
B nanHOM BapuaHTe peanu3aliy IporpaMMHOI0 CUMYJISITOPA, Ieiiep mpoMaxa BepHeT
HYJICBOE YHCJIO M3JIyUYEHHBIX ()OTOHOB M 3aBEPIIUT TPACCUPOBKY JIyUCH.

2. PesyabsTatsl pacuera UK cueH ¢ npuMeHeHHEM TPACCHPOBKH MYTH

Jns nccnenoBanus pazpadboraHHoro tpaccuponimka MK mydeit Obiia mocraBneHa
cepusi MOJIENIbHBIX SKCIEPHMEHTOB Ha KommbioTepe noj ynpasienuem OC Debian 11,
¢ mporeccopom Intel Core 19 12900K u I'IT Nvidia RTX 3080 12G. Anpobamus MK
TpPacCHPOBIINKA MyTH ObUIa MPOBEICHA HA OCHOBE JABYX CIICH: MOJEIh KOPHEIUICKOI
KOPOOKH U MOZETh YeJIOBeKa Ha (pOHE KUPITIMIHOU CTEHHI [4, 5].

Monenb KOpHEIUDICKOH KOPOOKH TPEACTaBIACT COOOH KIACCHYECKYIO CLEHY s
OIIEHKH KadecTBa TPACCHPOBIIMKOB JIy4el B BUAUMON obiacTu crekTpa. OHa COCTOUT
U3 MPSIMOYTOJIFHOTO TIOMEIIEHHSI, B KOTOPOM JUIS KaXKAOH TpaHH MOCTAaBJIEHBI B COOT-
BETCTBHUA B pa3jIMYarOLIUECs 110 CBOKCTBaM Martepuaibl. Ha BepxHei rpaHu pa3Menaer-
Cs MCTOYHHUK OCBELICHHs, Ha IIOJIy DPacrolaraeTcsi HECKOJBKO Tell IPOWU3BOJIBHON
(OpMBEL.

s kaxoro tena 3amaH qUQ@y3HbIA MaTepuall, 00JIaAaroei ONpeIeICHHON OT-
pakaTeNnbHON CIIOCOOHOCTBIO B BHAMMOM CIIEKTpE, KOTOpas OMNpENENSeT €ro IBET,
U XapakTepucTuKkamu Kodgp¢unnenra cepoctu u temneparypsl B MK obmactu. Cuena
B BHIONMOH 00NacTH crHekTpa 0e3 MOIETHpPOBaHUS TEHEH M OCTAIBHBIX JJIEMEHTOB
mpencraBineHa Ha puc. 1, a. Ha stom m3obpaxernnn MK XapakTepucTHKH pazimdaro-
IIMXCS MaTepUaloB O0O3HAYEHBI B BUAE IMOJINCEH, IIe BepXHEee 3HAYCHHE COOTBET-
ctByer koddduienty cepoctu B MK obnmactu crekrpa, a HIKHEe — TeMIIeparype
MaTepuaa Tena.

JlobaBneHne TpacCHpOBKHY Jydei B BUAUMOM criekTpe (puc. 1, 6) hopmupyer kapTy
TEHEH OT EIMHCTBCHHOTO MCTOYHHMKA OCBCIICHHS, IO3TOMY BOJHU3U SIPKO packpa-
IICHHBIX O0BEKTOB HJIM MEKAY TeJIaMH MOXXHO Ha00AaTh (OPMHUPOBAHUE 3aTCMHEH-
HBIX oOJlacTeii.
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0,15

‘ 300°K

Puc. 1 — N300pakeHne ClieHB KOPHEIUICKOW KOPOOKH 6e3 yueTa (@) U ¢ yU4eTOM TPacCUpPOB-
ku ayueir (6). MK XapakTepHCTHKH MaTEpHAaIOB MOMEYCHBI MOJMKCHIO, IZIe B BEpXHEH
CTpOKe yKa3aH KO3 PHIIMEHT CEPOCTH, a B HUIKHEH — TeMIieparypa B rpaaycax KenbBuHa

Fig. I — A Cornell box scene image without («) and using raytracing (b). The IR materials
characteristics are marked up with a signature, where top line is a greyness value and bottom
line is a temperature in Kelvin degrees

Bun mannoit cuensl B K criektpe 0e3 TpaccHpoBKH nydelt (puc. 2, ¢) TO3BOISET
OTpeNeNnTh Hanboliee SIPKHE Y4acTKH Ojlaronapst CHIbHBIM TEMIIEPAaTYPHBIM pPasiiv-
4yusM. BrirroueHue TpaccUpOBKH IMyTH o0ecrednBaeT yueT M3JydaTesIbHOTO TeIulone-
peHoca 1o creHe (puc. 2, 6), 9to GopMUPYeT 00JIaCTH JIOKATHHOTO HAarpeBa BOKPYT
ropsiYMX TeJI W Yy4YacTKM TEHM, KyJAa W3IydeHue He momaznaer. IlogoOHoe pemeHue
YXyJALIaeT KOHTPACTHOCTh TEIJIOBOTO M300paKeHHs U JiesIaeT rpaHu 00bEKTOB OoJiee
Pa3MBITBIMHU.

Puc. 2 — N300pakeHue cieHbl KopHesuickol kopooku B MK nuamasone ot 3 10 5 MM 6¢€3 (a)
U ¢ MOJICITHPOBAHUEM PACHIPOCTPAHECHUsI U3ITydeHus (6)

Fig. 2— A Cornell box scene image in the IR from 3 to 5 um without (a) and with (b)
radiation propagation modeling
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Ha BTOpoit MonenbHOM ciieHe (pric. 3) MpeacTaBleHa TpexMepHas MOIEIh YeJI0BeKa
Ha (OHE KUPIHYHON CTEHBI C BOCCO3JAHHBIM TEMIIEPATYPHBIM NPOQHIEM Ha OCHOBE
SMIUPUYECKUX JAHHBIX [4].

Puc. 3 — M306paxxeHne CIIEHBI C MOJIEIIBIO YeI0BEKa B BUIMMOM crekTpe (a), B K crexrpe
0e3 ydeTa U3IIy4aTeIbHOTO TeIIonepenoca (6) u ¢ y4eToM (6)

Fig. 3 — A human model scene in visible spectrum (a), IR spectrum without (b) and with
radiative heat transfer (c)

VY4er M3Iy4aTeNbHOro TeIIoNnepeHoca CGOpMHUPOBAI Psii HOBBIX OCOOCHHOCTEH
n3o0pakenus. Hampumep, obmacTs auna BOIM3M T71a3, Ty0 U yimel cranu Ooiee SpKu-
MH, & TEMIIEPaTyPHBIA IPaJUeHT K KPako JILA ¢ JAHHOTO paKypca CTall MCHee PE3KUM.

3akaouenue

B nanHoli paboTe mpeacTaBiIeHbl pa3pabOTKM MEXaHW3Ma TPACCHPOBKH JIydel Me-
TOJOM TPACCHPOBKH ITyTH Ul MojenupoBaHusa TpexmepHbix UK cuen B paszpaboran-
HOM NPOrpaMMHOM KoMmrIuiekce. [IpennoKeHHbI anropuT™ U3ydaTeabHOIro TerJione-
peHoca TIO03BOJIET YYeCTh BKJIAJ MHOXKECTBA MCTOYHHKOB H3IYYEHHS Ha CLeHe
B MTOTOBBIN CHI'HaN, (DOPMUPYIOIIUIA OTKIIMK Ha MaTepuajie (pOTONPHEMHOro YCTpOH-
cTBa. [IpuMeHeHne TpacCUPOBKYU Tydel METOJOM TPACCUPOBKH IyTH AJS MOJEJINPOBA-
HUS PACIPOCTPAHEHUS HIEKTPOMArHUTHBIX BOJH IIO3BOJIMIIO yYECTh MEXaHU3M M3JIyda-
TesibHOrO Tertoneperoca B MK obiactu criekTpa 4To Ka4eCTBEHHO YITyUIINIO KapTHHBI
cuensl. VccrnenoBaHue BBHIIONHEHO TpU (QUHAHCOBON momnepxkke PODU B pamkax
Hay4Horo npoekta POOU 20-37-90079.
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FEATURES OF RADIOMETRIC QUANTITIES SYNTHETIC IMAGES
FORMATION IN THE IR REGION OF THE SPECTRUM

Zverev A.V., Ipatov D.E.
Motiv NT LLC, Moscow, Russia

Physically correct synthetic images of 3D scenes in a given wavelength range are of great im-
portance in solving some applied problems. Such data generation is based on a physical interac-
tions modelling, including electromagnetic radiation propagation in a scene space. This paper
presents the results of a ray tracing mechanism development in a 3D scene modeling software
package. An algorithm for calculation radiative heat transfer that allows accounting a radiation
from multiple bodies in the scene is proposed. In order to be executed on graphical processors it is
implemented in form of shader programs. Each emitted ray, which simulates the propagation of
an electromagnetic wave, undergoes no more than two interactions with bodies and makes an
addition to an observed area radiation in a number of photons given wavelengths range and solid
angle. To evaluate the algorithm a number of model scenes were proposed, on which comparative
study was carried out in case of infrared region modeling. As results show, taking into account the
mechanisms of radiative heat transfer allow for qualitative improvement of the resulting images
and makes a significant contribution to the background signal.

Keywords: radiative heat transfer, modeling, graphical processing unit, infrared, ray tracing
DOI: 10.17212/1727-2769-2024-4-7-14
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OLIUBKA YCTAHOBKHM YIJIOBOT'O MMOJIOKEHUS
PAJIJMOJIOKALITMOHHOI'O OB BEKTA, 3AMEIIIAEMOI'O
JABYXTOYEYHOM MO/JIEJIbIO, [IPU NCHOJIb30BAHUU AHTEHHbI
C PABHOCTHOM JUAT'PAMMOM HAITPABJIEHHOCTH

A.B. Kucenes, A.B. Talopos
Hoesocubupckuii 2ocyoapcmeenubiti mexHu4ecKull yHugepcumem

PaccMOTpeHBI BOIIPOCH! OIEHKH CHCTEMAaTHUSCKUX OIIHOOK YCTaHOBKH YIJIOBOTO ITOJIOXKE-
HUSI KQXYIIErocs IEeHTpa H3JIyYeHUs PaJUOJIOKAIMOHHOTO 00BEKTa, UMHTHPYEMOIO JBYXTO-
YEeYHOI MOJENbI0, IIPU MCIOJIb30BAHUN AHTEHH C Pa3HOCTHBIMH JUarpaMMaM¥ HalpaBICHHO-
cTH. YCTaHOBJICHAa 3aBUCHMOCTh YTJIOBOW OMIMOKM OT IIapaMeTPOB MOJEIH, TAKMX KaK Pa3HOC
H3JIydaTeNel, 0KuIaeMoe MOJ0KEHHE KaXyIIerocs LEeHTpa U3Iyd4eHHs U Kod((GUUHEHTHI am-
[POKCHUMAIIMU JMarpaMMbl HAalPaBJICHHOCTH aHTCHHBI. YTJIOBas OLIMOKA IeJIEHra Olpe/esicHa
IyTeM €€ BKJIIOYEHMs B IEJICHTallHOHHYI0 XapaKTePUCTHKY AHTCHHBI B KayeCTBE IONPAaBKH
K YIJOBOMY IOJIOKCHHUIO. PacueTbl BBINOJHEHbI A CyMMapHOl M Pa3sHOCTHOH JMarpamm
HAINpaBJICHHOCTH, HA OCHOBE KOTOPBIX MPOBEACHO CpPaBHEHHE BEIMYMH OmIHO0K. OnpeneacHo
COOTHOLICHHE KOA(P(UIMEHTOB annpoKCHMalUH IJIsi CYMMapHOH M pa3sHOCTHOH aumarpamMm
HAINpaBJICHHOCTH aHTEHHbI. [10Ny4YeHHbIE aHATUTHYECKHE BBIPAKEHUS MOTYT OBITH HCIIONB30-
BaHBI IPU PEIICHUN MPUKIAIHBIX 3a1ad, CBI3aHHBIX ¢ Pa3pabOTKOH MaTPUYHBIX HMHTATOPOB U
IIPOTHO3UPOBAHUEM TOYHOCTHBIX XapPAKTEPUCTHK UMHUTAIIMOHHBIX KOMIIIEKCOB.

Knroueswvie cnosa: ManH‘lHBIﬁ HUMHUTATOp, omunoKa YCTaHOBKHU YTIJIOBOT'O IIOJIOKCHUSA, KaXKy-
IUACs LCHTP U3JIYy4YCHUSA, UMUTAIIMOHHOC MOJICIIMPOBAHUEC, PA3HOCTHAA AUarpaMMa HallipaBJICH-
HOCTH.

DOI: 10.17212/1727-2769-2024-4-15-25

BBenenue

Panee, B [1], ObUIO MOKa3aHO, YTO 3aMELICHUE PAJANOJIOKAIIMOHHOTO OOBEKTa JIBYX-
TOYEYHOH MOJIEJIBIO, HCIOJIB3YEMOE NPHU IMOCTPOCHNH MAaTPUYHBIX UMHTATOpOB (nayee
cokparienHo M) [2—4], npuBOAUT K CHEHU(PHUCCKUM OIIMOKAM HM3MEPCHHUS PaHo-
texHuueckoit cucremoii (PTC) ero yrioBsIx KOOpAHHAT.

[Momyuennsie B [1] pe3ynbTaThl ONPEAEISIIOT CBSA3b ATUX OMIMOOK C YIJIOBBIMHU pa3-
MepaMHu MaTpHIlbl, IMUPUHON auarpamMmbl HampasieHHoctr ([IH) aHTeHHBI M K03 dH-
nueHTamu annpokcumaruu ee J[H. OHu nomydeHs! 111 U3MEPEHUs YITIOBBIX KOOPIH-
HaT Kaxymerocsi neHrpa usnydenus (KLUW) [5] ckanupyromeit urompuaroin JH
AHTCHHBI.

enp HacTosImIElH pabOTH — pa3BUTh Pe3yJIbTATHI, NOTYUYEeHHBIE A uroiasdaroi J{H,
MPUMEHUTENBHO K PA3HOCTHBIM JUarpaMMaM HaIllpaBJICHHOCTH.

OCHOBHBIC MOMEHTHI MCCIICIOBAHMUS, IPEACTABICHHOTO B [1], 3aKimodarores B cie-
JIYIOLIEM.

PaccmarpuBaetcst MU, Monenupyemblii ABYXTOUEHYHON MOJENbIO (puc. 1).

IIpennonaraercs, 4To Takas MOJENb COCTOMT U3 ABYX H3JIyHarOUIUX TOYEK, pa3He-
CEeHHBIX II0 YITI0BOIl KoopAuHaTe Ha HopMupoBaHHOe K mupune JH (20 5) PTC pac-

crostae 20 . Torma, kak mokaszaHo B [1], ommOKka yCTAHOBKH YIJIOBOTO IMOJOKCHHSI

© 2024 A.B. Kucenes, A.B. Tatopos
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KLU o6wexTa, HOpMUpOBaHHAS K H3y4daTtento MU, paBHas pa3HOCTH MEXIY U3MEpPEH-
ueiM onoxkerreM KU (€,,,,) 1 oxunaeMsiM () , cocTaBur:

%) = —Re[WP3 =382 P2 438 P+t +(E -9 (1+1J§)] (1)

rae
_1n
52 6}’4 ’

r, 1y — K03 uureHTs annpokcumanyu JJH; j — MHUMas enuHHULA.

Nznyuarens 1 Wzmyuarens 2

Puc. 1 — J[IByxTO4Y€UHAS MOJIEID

Fig. 1 — Two-point model

1. [TocTanoBKAa 3a1a4n

IIpu BeBoze dopmydsl (1) yrmosoe monoxenne KLV mpuHUManock paBHBIM 3Ha-
YEHMIO yTJIa MOBOPOTA CKaHUPYIOIIEH aHTeHHbI, UMelonIel uronpuatyto JH, mpu koTo-
POl aMIIUTy]a CUTHAJIA HA €€ BBIXOJIE€ MPUHUMAET MaKCUMAaJIbHOE 3HaueHue [6, 7].

Juist 3TOTO OTIpeneNnsiachk U MPUPaBHUBANIACH K HYIJIO IIPOU3BOIHAS OT 3aBUCHMOCTH
3TOM aMIUIUTY /bl OT yriia noBoporta ocu J{H.

Jiss Toro 4TOOBI MONYYUTH pe3yNbTaT Uit pasHoctHod [IH, Bocmonb3yemcs He-
CKOJIBKO MHBIM ToaxomoM. ETo CyTh 3aKirodaeTcsi BO BBEICHUU B BEIPaKCHUE TIENICHTa-
LMOHHOW XapaKTepUCTUKH BEIMYMHBI YTTIOBOH OIIHOKHK ompeneneHus nonoxxenus: KL
A0l ¢ TIOCTIeAYIOMNM €€ HaXOXKIeHHEeM. To ecTh OyIeM CUHTaTh, YTO MPH HAaBEACHUH
ocu antennsl Ha KU o = oy +Ao , e A0, — yTioBas BeNWYHHA OIIHOKH OIpese-

JICHUA IIOJIOKCHUA.

2. Pemmienne

Paccmorpum cHavaga cayyaii cymmapsoii 1H.
[Ipu ucrons30BaHUN MOTMHOMHANBHOHN anmpokcuMmarwm JJH F(o) momyamMm cie-

Jytoniee.
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IIpu nanpasnenuu ocu JJH na KLU umeem:

dUy (0,&,9)

da, =2r [(oaLl +A0+d)S, + (0 +Aoc—6)$2J+

0 =0, +A
+ 1y (O + A0 +8)' S, + (0 + Aa=8)S, | =0, @)
rae aMIUIMTY bl CUTHAJIOB H3J'Iy'-laTeJ'Ieﬁ:
S =(1-8/2=(1-0,/8/2, S=1-S=(+a,/8)/2. 3)

BenuuuHbl yTiI0BBIX MOJOKEHUH M3My4aTened u yrioBslx nonoxenuit KLU (npu
MMHTALMY B IPEEIaX MaTPHIbl) MaJIbl, IO3TOMY B CJIaraéMbIX C HU3KOW CTENEHBIO OHH
MOTYT OBITH OITYIIEHBI:

2, | (9 + Act+ B)S; + (o8, + A= B)S, |+
+4r4[(ocu+Aoc+8)3Sl+(ocu+Aoc—8)3S'2]=0.
. . 5. o
2r [AOLS1 +AOLS2]+4r4 [(ocLI +Aa+8)°S) + (0, + Ao —d) SZJ =0.

ZrzAOL(Sl + Sz) +4r, [(ocLI +A0+8) S + (o + Ao —)? 5‘2} =0.
Paznenum BoipakeHne Ha 47y :

;—ZAOL(S‘I +S2)+[(ocu +AG+8)S) + (0 +A0c—5)35'2] =0.
4

CyMMa aMIUIMTYZ CUTHAJIOB M3JTy4artenel paBHa equnaune: S, + 5, =1, Torna

;—ZAOH[(% +Ac+8)’ ) + (ot +Aoc—8)3S'2J =0.
T4

Crpynnupyem:

r 3 ’S
iAoc+[((ozu+8)+Aoc) Sy +((0r =8) +A) Sszo.

PackpoeM CKOOKHM C y4eTOM TOro, YTO BEJMYMHA OIIMOKM MHOTO MEHBILIE APYIUX
YIJIOBBIX BenuunH (Ao < oy, 0):

(0t £8)+ Act)’ = (0, £8) +3(0t, £8)? Ao +3(cr, £8)A0? +Ac =

= (0 £8) +3(0y £8)% Acr. “4)
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[ToncraBuB aMIIMTYBI CUTHANIOB M3JTydaTeseil MaTpuiis! (3) U BBIPA3UB BEIHUHHY
OLIMOKY IEJICHTa, TIOTyYUM

4o, (8- )OO+ 48%0, +4a,>
AO((Ocu,rz/r4,5)=— uz( Izl)( Ll):_ 5 I-l2 u .
60" =601 +7; /1y 60" =601 +75 /14
Beironnum 3ameny o, = &£ :
48’ -&)%’

A&, ry /1y, 8) =

6(-E2 +1)8% +ry /1y

HopmupoBaHHast kK yriioBoMy pazMepy 0a3bl MaTpUIlbl BEJIMYMHA OLIMOKM MeEJIeHTa
KIIN:

ba_ 4E-9F 1 4E -9
I / s 6 = s = s .
(&7 /73,9) 8  6(-E2+1&%+n /0 6(-E2+1)8*+n/n

Paznenum uncauTens 1 3HaMEHATeNb Ha 62 .

3_
R )
3(-¢ +1)+8—2£

Ommnoku nJst pasHoctaoii 1H.
IIpu Hampasnenuun ocu [IH na KW ammnuTya curiana Ha BBIXOJE MPUEMHON aH-
TEHHBI OOparaercs B HyJb [8]:

U (0, & 8) ~ Fy (09 +8)S; (&) + Fp (0t =8)S,(§) =0, (6)
rae IH annpoxcumupyeTcsi HIOJIMHOMOM TPEThEH CTENEHU:
Fy(0) = gjov+ g3 ,

g1, g3 — koaddunuents! annpoxcumanuu JJH.

Bpons B (6) napamerp yrjioBoi olMOKK Oy = oL, + AL, HOJTy4HM
g1 (s + Ac+ B)S) (&) + (o1, +Ac— F)S (§) |+
+g3 | (01 +80+8)" $, (&) + (0, + Aa=8)’ 55 (8) | =0. (7)

IIpoBenem psia ynpoueHu.

ai[aa($1©)+5,©)]+

te; [(au + AG+8) 5, (8) + (ot + A -8)* S, (&)] 0.



OLIUBKA YCTAHOBKH. .. 19

glAa+g; [(ocu + A0 +8) Sy () + (0, + A0~ B) S, (&)} =0.

EL Ao+ (Ot + A0+ 8)* ) () + (0, + A=) S, (€)= 0.
2

BLAa+ (ot +8) + M) §(E) + (o ~8) +Aat) 55 (8) = 0.
€

Packpoem ckoOKH, OCHOBBIBAsICH Ha (4):

BL Aot (o +8)° +3(0y, +8) Act) S, (B) +
g

+ ((OLH —8) +3(0y —)° Aoc) S,(8)=0.

[loxcTaBuB aMIUTUTYIBI CUTHAJIOB M3Ty4aTesell MaTpUIbl (3) U BBIPa3HB BEIHUUHY
OIIMOKH IEeJEHTa, TTOIy9IuM

ngo -9
3(-E2+1)8° +g1/ g5

HopMmupoBanHast K yriioBoMy pasMepy 6a3bl MATPHIIBI BEIHYHHA OIIMOKY TeJIeHra
KILIN:

Mo 2E -0 28-9
.81/ g3,8)=—= ) '
X 81/ 3. 8) =% 3(-E2+1)3% + g1/ g5 3(_§2+1)+i2&
8 83

CpaauM (2) u (7).
O6a COOTHOMIICHHS SBIAIOTCS TIEICHTAIMOHHOW XapaKTEPHCTUKOW, HO ITOTyYECHBI
pa3uuHBIME criocobamu: mepBoe — o cymmapHoi JIH, BTopoe — 1o pa3HOCTHOI.
YCTaHOBUM COOTBETCTBHE KO (DHUIIMEHTOB aNIIPOKCHMAIUH:
2r, = g1; 41y = g3, 1160

n _8&
2 &

IpustoM 1y #gp; H#81s H#8y B£Ly Iy %8y

DTO MO3BOJISIET YCTaHOBUTH crleaytoiiee. Beipakenue (1), paHee MCIONb30BaHHOE
JUTSL BBIYMCIICHUS OMIMOKH MEJICHTAIlMH 110 CyMMapHOW AWarpaMMe HaIlpaBJIeHHOCTH,
MOXeT ObITh aIaNTHPOBAHO IJIsl PA3HOCTHOM JMarpaMMbl HanpaBieHHOCTH. J{ist 3Toro

HEOOXOZMMO JIMIIb 3aMEHUTH KOA(PQUIMEHTHl ammpoKCHUMAIMK JHarpaMMbl HaIpaB-
JICHHOCTH, OCHOBBIBAsICh Ha TIOJ[yYEHHBIX COOTBETCTBHSAX.
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Owmmn6xn nas pasHoctHoii J1H, koTopasi mosty4eHna u3 AByX CyMMapHBIX.

Paccmotpum wacto ucronb3yemblii Ha mpaktuke [9-11] cimywaii ¢popmupoBanus
pazHoctHOoU JIH Kak pa3HOCTH JABYX B3aUMHO OTKJIOHEHHBIX CyMMapHbIX JIH.

B sTOM citydae 3aBUCHMOCTD aMIUTUTYIbl CHTHAJIAa pAa3HOCTHOTO KaHalla OT YTJIOBOTO
nmosoxenns ocu JIH nmeer Bug

Up (0, &, 8) N[F(oco —e+8)-F(0y +e+8)]$1 &)+
+HF(og —e-8)— F(oyg +£-8) ]S, (&),

IZIe € — yroj OTKJIOHEHUsl ocu cymMMmapHOil JIH oT paBHOCUTIHANIBHOTO HANIPaBJICHMUS.
Torna:

Uy (0, &, 8) ~ F(0, + Ao+ +8)S) (E) + F (o, +Aot+e—8)S, () -
—F (ot +Aa—€+8)S; (&) — F(at, +Aa—e—8)S, (&) .

IIpu ucnonb3oBanuu annpokcuManuu JH noamHOMOM yeTBEpTOH CTENEHU HOPMHU-
pOBaHHAs aMIUTUTY/1a CUTHAJIA HA BXOJIE IPUEMHON aHTEHHBI paBHA

INCTR S)N[ro +r2(ocu+Aoc+s+8)2+r4((xu+Aoc+s+6)4JS1+
+[r0 +r2(0cH+Aoc+£—6)2+r4(OLH+AOL+8—8)4J32—
—[ro +r2(ocH+Aoc—s+8)2+r4(ocu+A0L—s+8)4] S —
—[ro +r2(ocu+Aoc—8—5)2+r4(0cH+A0c—8—5)4J5’2 =0.
VYIIPOCTUM C y4€TOM TOTO, 4T0 A0l < Oy, O
(0 + Aot +£+3)? :((ocu+s+6)+Aoc)2 = (O +E+8) +2A0(0y, +£+3)

(ot + Ao+ +8)* = (ot +s+6)+Aoc)4 = (o +E+8)* +4(0, +e+8) At

[loxcTaBuB aMIuTyABl cUTHaNOB m3mydaTeneil (3) u yrimoBoe moioxenune KLU
(o = &J), momyunum

Up(ctg, &, 8) = 48[(((—6&2 +6)5% +262) AL+

+ (483 +48)5° ) ry+ ronc} =0. ®)

Pasnocrnas [IH oGpasyercs u3 cymMMapHO# (4eTHOH (YHKIMH), TO3TOMY B BbIpa-
eHHH (§) MPUCYTCTBYIOT TOJIBKO YeTHBIE KOI(D(OUITMCHTHI alIPOKCHMAITUH.
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Bripasum yritoByto BenmduHy ommOku menenra KIU:

2(8% -£)8°

3(-E2+1)8% +6% + 2
27‘4

Ao =

HopmupoBanHas kK yriioBoMy pasMepy 0a3pl MaTPHIIBl BeIHYMHA OMIMOKK IeJIeHra
KIIU:

3 2
W1y 1y, 8, 8) = %~ 28 -£)8 _
3(—8 + 1)82 +e2 42
27”4
_ 28 -8 |
_g2 (2. n
3¢ +1)+82(s EJ

3. AHAJIN3 COOTHOLUIEHHH

CBeneM B TabIHILy MOTy4YE€HHBIE COOTHOLICHHS I HAaXOXKICHUS OLIMOKM IeJIeHTa
B IIpeeNiaX MaTPHIIL.

BobipaskeHus 1715 onpeeieHus cucreMaTu4yeckoii ommnoku nejaenra KIIA

Expressions for determining the systematic error of the KCI bearing

B JIH AnnpokcuMupyromuii HopmupoBaHHas K pa3HOCY
A nonmHoM F(0) n3ITyJaTenell BeInInHa OIUOKT
3
o 2B
CymmapHast 1o + 102 + g0t : 3(-E2 1)+ 1n
82 ZV4
3
e €0
PasHocrHas g0+ g3oc3 2 32 +1)+ 1 g
8% &
3
_ 28 -9
Pa3HocTHas 10 anmpokcu- 2 4 X3 =
i . N Ty + 10 + 1,0 2 12, n
pOBaHHOHI CyMMapHOI 3(-E°+1)+ 6—2 £+ g
74

Ha puc. 2 mokazanbl pe3ynbTaThl pacyeTa OIIMOOK 10 BBIPAXKECHUSIM M3 TaOIHILIBL.
[MomMuMO 3TOTO, CIUTOIIHON JTMHUEH 0003HAYEHBI PE3YIbTATHI YUCICHHOTO IKCIIEPHMEH-
Ta Y, HolyueHHble o cymmapHoi JIH 6e3 anmpokcumanuu. B kayectse mogenu JIH

HCIoJIb30BaHa sKcroHeHTa ['aycca. Hampasnenne na KLU onpepensinock no Makcu-
MYMY CHTHaJa IpU CKaHMpoBaHuH rpoctpaHcTtBa JIH anteHHbl. Omnbka resneHra Bbl-
YHUCNIANACh KAaK Pa3HOCTh MEXIY OKHAAEeMbIM M H3MEpeHHbIM mnonoxeHusamu KIIM.
Kpusas BBeneHa B kadecTBe pe)epeHTHOI.
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0.15 Fla) = o] (1.178a/280.5)2
5 = 0.5a0)5 Xo
0.1
X
0.05
0

0 02 04 06 08 1
€

Puc. 2 — 3aBucuMOCTb OIIMOKY MEJICHTra OT YTJIOBOTO
nonoxkenust KLU
Fig. 2 — The dependence of the bearing error on the
angular position of the apparent radiation center

MakcuManbHOE OTKJIOHEHUE OT X HaOironaercs y GYHKUUHM X3, YTO MOXKHO 00b-

SICHUTH ClleAyromuM o0pa3om: obracTs nepecedeHns pazHoctHoit IH Hyns oOpasyercst
IIyTeM BblUHUTaHUS «ckaTtoB» cymMmaphbix JIH. ITockonbky cymmaphnas [IH anmpokcu-
MHUpyeTcs B 00JIacTH MakCHMMyMa, Ka4eCTBO aNNpOKCHUMAIMHM HA «CKAaTe» CHIDKEHO.
B pesynbrare 3Toro B 06macTu HyJs OymyT HaOIrOaThCs UCKaXeHUs pazHocTHOH J[H.
IIpumenenue cymmapHoit JIH, anmpokCMMHpOBaHHOW MOJIMHOMOM YE€TBEPTOM CTe-
IIEHH, BCErJa JAeT 3aBbILIEHHYIO OMIMOKY: X > X . OTO SBISETCS IMONOKHMTEIbHBIM

aCIICKTOM, MOCKOJIBKY OIICHKA OIIMOKM B TAKOM Cliydae OyaeT MeCCHMHUCTHYHOMU, obec-
MeYrBasi FAPAHTHUIO €€ HETPEBbILICHHSI.
Haumenbmias ommbka neneHra (),) MOJIydYeHa IPU UCIOIb30BAHUU PA3HOCTHOH

JIH, koTopas ammpoKCHMHUpPOBaHa TOJIHMHOMOM TpeThell cTemeHu. Takum o00pas3om,
HarboJiee TOYHBIM METOJIOM IIEJICHTAIUH SIBJIIETCS METOJl, OCHOBAHHbII HA PA3HOCTHOM
JarpaMMe HAlpaBJICHHOCTH, YTO COIJIACYeTCS C YTBEPXKICHUSIMHU, NPUBEICHHBIMU
B uteparype [11].

3akJjouenue

1. I[IpeioskeHO BKIIIOYATh YTIIOBYIO OIIMOKY B IEJICHTAIIMOHHYIO XapaKTePUCTHKY
aHTEHHBI B BUJIE MOMPABKU K YIJIOBOMY MOJIOKEHHUIO. B pe3ynpTaTe moiyueHa 3aBHCH-
MOCTB YTJIOBOH OIIUOKH OT IMapaMeTpOB CHCTEMEBI, TAKMX KaK Pa3HOC M3Iydareined Mo-
JIeNA, OXHIAeMOe IIOJNIOKEHHE KaKYIIErocs LEHTpa WM3IydeHHs W KOd(PPHUIMEHTHI
AMMPOKCUMALIMH TUArPaMMBl HAIIPABICHHOCTH aHTCHHBI.

2. YT10oBoe MOJOXKEeHNUEe KaKyIETrocs IIEHTpa U3Iy4eHHs], CO3/1aBaeMOro JByMs WIN
0oiee MINMYYAIOMIMMH TOYKAMH, MOXKET OBITH OIpENeNeHO ¢ IMPUMEHEHHEM KaK CyM-
MapHOM, TaK U Pa3HOCTHOM JuarpaMM HallpaBJICHHOCTH aHTeHHBI. [Ipu 3TOM pe3ynbra-
ThI IICJICHIa 6y[lyT pas3jinuaThbCs, U BEJINYUHA OTUX pasnutmﬁ 6y,ueT 3aBUCETHh OT METOJ1a
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ONMCAaHMsI JuarpaMM HampaBiIeHHOCTH. PaccMOTpeHbl pa3ivyHble MOAXOJIbl: B OJAHOM
BapuaHTe pa3HocTHas J{H anmnpokcumupoBaHa HEMOCPENCTBEHHO, & B IPYTOM — COCTaB-
JIeHa Ha OCHOBE JIBYX aNlmpOKCUMHUPOBAaHHBIX cyMMapHbIX JIH, pa3zHeceHHBIX Ha 3a1aH-
HBIH yroJi.

3. Koapummentsr anmpoxcumarim cymmapHoi JIH cBA3aHBI ¢ aHAIOTHYHBIMA KO-
a¢GuIreHTaMH anmnmpoKCUMAaIK pasHocTHOM JIH, 4To mo3BoJIAET yUUTHIBATh UX B3au-
MOCBSI3b IIPH BEIYUCIICHUSIX U UCIOJIH30BAThH CIUHBIC JOPMYIIBL.
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ERROR IN SETTING THE ANGULAR POSITION OF A RADAR OBJECT
REPLACED BY A TWO-POINT MODEL WHEN USING AN ANTENNA
WITH A DIFFERENCE RADIATION PATTERN

Kiselev A.V., Tayurov A.V.
Novosibirsk State Technical University, Novosibirsk, Russia

The issues of estimating systematic errors in setting the angular position of the apparent radia-
tion center of a radar object simulated by a two-point model when using antennas with difference
radiation patterns are considered. The dependence of the angular error on the model parameters,
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such as the spacing of the emitters, the expected position of the apparent center of radiation and
the coefficients of the antenna radiation pattern approximation, is established. The angular error
of the bearing is determined by including it in the direction finding characteristic of the antenna as
a correction to the angular position with further analytical expression. Calculations were per-
formed for the sum and difference directional diagrams, on the basis of which the error values
were compared. The ratio of the approximation coefficients for the sum and difference radiation
patterns of the antenna is determined. The obtained analytical results can be used in solving ap-
plied problems related to the development of matrix simulators and forecasting the accuracy char-
acteristics of simulation complexes.

Keywords: matrix simulator, error in setting the angular position, apparent center of radiation,
simulation, antenna difference pattern.
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The paper proposes a classification of mathematical models of radio wave propagation (RWP)
in forests in a wide frequency range, which summarizes the results of the works of the author and
numerous researchers on the effective complex dielectric constant of forests, effective operating
and linear attenuation coefficients, radio path losses, effective differential absorption cross
sections and scattering, as well as the specific effective area of backscattering by forest
vegetation.

The rather complex problem of the influence of forests on the propagation of radio waves of
various ranges is still extremely relevant today due to the widespread use of mobile and space
radio communication systems, as well as solving the problems of radio monitoring of the earth's
surface and radio introscopy of objects in forests.
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dielectric constant of forests, effective attenuation coefficient, radio path losses, effective
differential absorption and dispersion cross sections, effective backscattering areas of forest
vegetations.
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Introduction

When solving electrodynamic problems of determining the levels of the
electromagnetic field at the receiving point during the propagation of electromagnetic
waves of various ranges in forests, various cases arise, for each of which it is
necessary to build its own specific mathematical model, which allows us to give an
approximate solution for determining the power of the radio signal at the receiving
point (Rx).

The problem in this case is usually solved for the following main options (Fig. 1):

1) radio rays 1 — radio waves propagate from the transmitting station (Tx) from the
forest in the direction of the receiver (or vice versa) — vertical end-to-end RWP,

2) radio rays 2 — radio waves propagate from a transmitting station located above
a forest in the direction of the receiver — inclined RWP,

3) radio rays 3 — radio waves propagate from the transmitting station through the
forest in the direction of the receiver (at different levels relative to the layers of the
forest) — end-to-end RWP,

4) radio rays 4 — radio waves propagate from the transmitting station to the forest,
are reflected from it in the direction of the receiver — vertical sensing.

When considering mathematical models of RWP in forests, the main attention is
paid to RWP in wireless networks, especially in mobile communication networks.

© 2024 B.WU. Ilonos
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Fig. 1 —Radio wave propagation for four cases [1, 5, 36]:

1 — vertical end-to-end RWP (radio beams 1, bottom up or top down, Tx — aircraft Rx); 2 — inclined
RWP (radio beams 2, from top to bottom, aircraft Tx — earth Rx); 3 — end-to-end RWP (radio beams 3,
along of earth Tx-Rx ); 4 — vertical sounding (radio rays 4, cosmic Tx or Rx — earth Rx or Tx)
Puc. 1 —PacripocTpaHeHre paHOBOJH JUIS YeThIpeX cimy4aes [1, 5, 36]:

1 — BeprukanpHas ckBo3Has PBII (pamuonyun 1, cHu3y BBepX mim cBepxXy BHU3, Tx — Rx camornera);

2 — naxsionHass PBII (2 pagmonyua, cBepxy BHM3, Tx camonera — Rx 3emmm); 3 — ckBo3Has PBII

(pamgmonyun 3, Bons 3emmn Tx-Rx); 4 — BepTuKanbHOE 30HANPOBaHNE (pannoydn 4, KOCMHYECKHI
Tx nnu Rx — 3emHuoit Rx mnn Tx)

Before moving on to the classification of mathematical models of radio wave
propagation (RWP) in forests, we present the main physical phenomena that arise in the
process of RWP in forest vegetation. As follows from Fig. ,2 a, b, c.

Electromagnetic waves propagating in heterogeneous forest vegetation [1-81]:

1) attenuated in trunks, branches and leaves (needles) (with through propagation,
may be arised fast and slow fading );

2) scattered (dispersed) on trunks, branches and leaves (needles);

3) diffracted at the edges of vegetation elements and at the tops of the forest canopy;

4) reflected from the forest floor [ground reflaction] and from the interfaces: the
level of trunks — the base of the canopy, the upper level of the canopy — air, etc.;

5) acquire the type of lateral wave, with electromagnetic waves propagating over
short distances in the forest, then “emerging” from the forest and propagating as
a lateral wave above the forest canopy in the air, and then “diving” in the forest towards
the receiving antenna;

6) reflected from the forest (in the case of vertical and inclined sounding);

7) change the polarization of electromagnetic waves (cross-polarization of
electromagnetic waves occurs);

8) in the general case EMW acquire a multimode propagation character.

It should be noted that it is almost impossible to construct a mathematical model
of the propagation of radio waves in a forest, taking into account the above
phenomena. Therefore, numerous scientific studies devoted to this problem, as a rule,
were built on the basis of highlighting several characteristic phenomena while
neglecting the rest.
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Fig. 2 — Basic processes during RWP in the forest, [Tx — transceiver, Rx — receiver]

Puc. 2 — Ocnosusie npoueccel pu PBII B necy, [Tx — npuemonepenatdnk, RX — mpueMHuK]

1. Proposed scheme for classification of mathematical models of RWP
in forests [5, 81]

Analysis of scientific literature [1-81] allows us to identify five main directions in
mathematical modeling of radio wave propagation in forests and the development of the
following mathematical models (Fig. 2):

1. Deterministic mathematical models (DMM).

2. Statistical mathematical models (SMM).
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3. Semi-deterministic mathematical models (SDMM).

4. Semi-statistical mathematical models (SSMM).

5. Semi-empirical mathematical models (SEMM).

6. Empirical mathematical models (EMM).

In turn, these six directions, depending on the cases of propagation of a certain range
of radio waves indicated in Fig. 1, are divided into a number of mathematical models
most often used in practice (Fig. 3) [5, 81].

Mathematical
models of RWP \ Semid —
. emi-deterministic
in forests (SDMNM), semi-
* statistical (SSMNM)
——— - semi-empirical
Delerl:!umsnc Slan.stwal (SEMM) and
mathematical models mathematical models .
(DMM) (SMM) empirical (EMM)
- mathematical models
DMMI1 SMAM1 SDMMI
DMM? SMM2 SDMM?2
SSMAIL
DM SMM3
SAMA SEMMI
ZG model)
SMAMS ®
DMM4
(3-layer model) SVIME SEMM2 )
DMMIE . _:53*11” EMMI1
(4-layer madel ) (Bxtax:s approach) (ITU-R model)
DMMG6 _ SMAME EMM2
@ model ]. M'Fﬂld? {.FITL-R. mudel)
approximation)
DMMT
EnDVE
(PE model) SMMS stozects (COST 235 maded
DMMS SMMI10 mogeas N4
(diffraction model) (RET madel) (MED —model)
SATV11, SAIVT2
DMM9 (ATA & CFA models) EMMS
SAIMI3 MAMAR models)
BA madal)
DMM10 S:]L\{li
GTD MOIETE
( meded (FCSM madal) EMME
DMAMI11
(UTD SMM1S EMDVT
model) (ENS amTeh) (TS-Trunk Spacing)
S\DMIG EMME-ENALD
(atobastic mpdel)
EPS[::: ﬁm ;1“-; 0 EMMIL

Fig. 3 — Mathematical models of radio wave propagation most often used in practice

Puc. 3 — MatemaTtnueckne MOAENN PaCIPOCTPAHEHUSI PAANOBOIH, HanOoJIee 9acTo

HCIIOJIb3YEMBIC HA MPAKTUKE
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2. Brief description of the content of mathematical models

2.1. Deterministic mathematical models of radio wave propagation
in forest environment

When constructing deterministic mathematical models (DMM - Determined
Mathematical Models) of RWP in forest vegetation, Maxwell’s equations are usually
solved and the components of the electromagnetic field are determined under the
conditions of monochromatic electromagnetic waves propagating in the forest, as in
an inhomogeneous dielectric medium with losses. This makes it possible to evaluate
the physical processes occurring during the propagation of radio waves and obtain
approximate analytical expressions for the effective value of the attenuation
coefficient or scattering area.

1. DMMI1 model [1, 3] (deterministic mathematical model, which is based on the
construction of an approximate mathematical model of end-to-end propagation of
a vertically polarized monochromatic electromagnetic wave of the meter range in
a forest area, representing a set of vertical weakly conducting cylinders of finite
height, the influence of which on the resulting field at the receiving point comes down
to the creation of secondary fields that interfere with the main field).

2. DMM2 model [4, 5] (a deterministic mathematical model, which is based on the
assumption that the forest is a vertically oriented layered structure, while the wave
equation is written for the averaged component of the electric field strength of
a monochromatic vertically polarized electromagnetic wave (with end-to-end
propagation of electromagnetic waves) and an expression is sought for the attenuation
coefficient of EMW at a given operating wavelength).

3. DMM3 model [4, 5] (deterministic mathematical model, which is based on the
assumption that the forest layer is a vertically oriented structure in space in the form
of quasi-spherical trees (it is assumed that trees in spring and summer have a quasi-
spherical shape) correctly located in space at the same time the wave equation is
written for the averaged component of the electric field strength of a monochromatic
vertically polarized electromagnetic wave (with end-to-end propagation of
electromagnetic waves) and an expression is sought for the attenuation coefficient at
a given operating wavelength).

4. DMM4 model [6-9] (a deterministic mathematical model, which is based on the
assumption that the forest is a three-layer structure, while Maxwell’s equations are
solved for electromagnetic waves emitted by a dipole antenna located in the forest
and propagating inside the forest in the direction of the receiving point, also located
inside the forest (in this case, solutions to Maxwell’s equations are sought using the
dyadic method of the Green’s function).

5. DMMS5 model [10-14] (a deterministic mathematical model, which is based on
the assumption that the forest is a four-layer structure, while Maxwell’s equations are
solved for electromagnetic waves emitted by a dipole antenna located in the forest
and propagating inside the anisotropic forest in the direction of the receiving point,
also located inside the forest (in this case, solutions to Maxwell’s equations are
sought using the dyadic method of the Green’s function).

6. DMM6 model [15, 16] (a deterministic mathematical model using the
well-known FDTD — Finite Difference Time Domain method — as a method for
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numerically solving electrodynamics problems, based on non-standard discretization
of Maxwell's equations in time and space).

7. DMM?7 model [17-25] (a deterministic mathematical model that uses the
Parabolic Equation (PE) Method) to simulate the propagation of electromagnetic
waves in heterogeneous media, including vegetation).

8. DMMS8 model [4, 23, 24] (deterministic mathematical model using the well-
known Fresnel optical diffraction method on a wedge, Fig. 4).

f ]

Y

d
Fig. 4 — DMMS8 model

Puc. 4 — Moaens DMM8

9. DMM9 model [26, 27] (a deterministic mathematical model that uses the
diffraction model of the RWP for a mixed path: from the transmitting base station to the
receiving mobile station, taking into account the influence of two forests, Fig. 5).

FOREST

FOREST
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v

Fig. 5— DMM9 model
Puc. 5 —Monens DMM9
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10. DMM10 model [28-31] (deterministic mathematical diffraction model based on
the GTD (Geometrical Theory of Diffraction) method — geometric theory of
diffraction).

11. DMM11 model [32-34] (diffraction model based on the UTD (Uniform Theory
of Diffraction) method — the unified theory of diffraction).

2.2. Statistical mathematical models of radio wave propagation in forest areas

In general, forests are heterogeneous environments with a random arrangement of
plant elements of different shapes, sizes and parameters. Therefore, in the development
of mathematical models of forests in recent years, various statistical approximations
(statistical mathematical models — SMM — Statistical Mathematical Models) have been
widely used.

1. SMM1 model [37] (Statistical mathematical model of radio wave scattering in
forests for mobile communication systems (in the single scattering approximation)).

2. Statistical mathematical models of reflection and scattering of electromagnetic
waves during radar sounding of the earth’s surface):

SMM?2 model [38] (Statistical mathematical model of a finely rough reflective
surface).

SMM3 model [38] (Statistical mathematical model of a reflective surface with large-
scale irregularities).

SMM4 model [38] (Statistical mathematical model of a reflective surface with
complex roughness).

SMMS5 model [38] (Statistical mathematical model of electromagnetic waves
reflection from a set of multiple linear reflectors)

SMM6 model [38] (Statistical mathematical model of electromagnetic waves
reflection from “multiple” reflectors).

3. SMM7 model [39, 40] (Statistical mathematical model of radio wave propagation
in forests using the Rytov approximation).

4. SMM8 model [40] (Statistical mathematical model of radio wave propagation in
forests using the Tversky-Foldy theory).

5. SMM9 model [41, 42] (Statistical mathematical models of the reflection of radio
waves from forests during microwave radiometry of vegetation [continuum and discrete
medium approximations]).

6. SMM10 model [43, 44] (Statistical mathematical model based on RET theory
(The Radiative Energy Transfer Theory), in which the energy transfer equation is
defined as a change in the intensity of a radio signal propagating through a statistically
quasi-homogeneous medium filled with random small diffusers).

7.SMMI11 model [45-49] (Statistical mathematical model of radio wave
propagation in forests using ATA theory (Average T-matrix Approximation —
approximation of the ensemble averaged T-matrix), which wuses quasi-static
approximation and material equations for inhomogeneous forest environment are
averaged over an ensemble of scatterers).

8. SMM12 model [45-49] (Statistical mathematical model of radio wave
propagation in forests using the CPA theory (Coherent Potential Approximation), which
uses quasi-static approximation and introduces the assumption that the difference in the
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electromagnetic field in an inhomogeneous medium is negligible and averaged EMF
over ensembles).

9. SMM13 model [74-79] (Statistical mathematical model of radio wave
propagation in forests using the DBA theory (Distorted Born Approximation (DBA)).
The DBA model is based on wave theory (approximation of solutions to Maxwell’s
equations) and considers the case the incidence of electromagnetic waves with
a relatively long wavelength on a forest and their coherent backscattering (taken into
account by the surface-volume interaction terms [75]). This model does not take into
account the interaction between various plant elements during multiple scattering of
electromagnetic waves.

10. SMM14 model [51, 54-58] (Statistical mathematical model of radio wave
propagation in forests based on FCSM (Fractal-based Coherent Scattering Model)
model that uses fractal geometry to describe the real structure of trees, modeling the
interaction of electromagnetic waves with vegetation, using DBA, which determines
the coherent component of the electromagnetic field, its attenuation and phase change
under the influence of forest vegetation, and the Monte Carlo method for determining
the statistical distribution of electromagnetic fields with a large number of
implementations.

11. SMM15 model [50, 51, 64] (Statistical mathematical model of radio wave
propagation in forests using the theory of FWS (Full Wave Solutions) or Full Wave
Analysis — full wave solutions or full wave analysis), in which, for example,
according to [51], based on the Monte Carlo method, the effects of multiple scattering
from a large number of forest scatterers with subsequent interference at the point of
receiving scattered electromagnetic waves and a lateral electromagnetic wave are
simulated.

12. SMM16 model [52-54] (Statistical mathematical models of radio wave
propagation in forests using 3D-Stochastic model of wave scattering in mixed areas
with vegetation — 3D-stochastic model of wave scattering on a mixed path with
vegetation, in which, for example [52], a forest model is used for a mixed route in
a rural area, representing buildings and trees, while the buildings are represented as
blocks, and trees are in the form of cylinders, and the entire propagation medium is
assumed to be a medium with randomly oriented roughnesses on the earth's surface,
while this model allows us to give approximate estimates of the total intensity of the
electromagnetic field at the receiving point, scattered on inhomogeneities of the
environment such as trees and buildings.

13. SDMM17 model [33, 36, 59, 60] (Statistical mathematical model based on the
Physical Optics method, which is based on the Fresnel-Kirchhoff theory. As shown in
[59], for mobile communication systems, in addition to calculating coherent component
of the EMF at the point of reception, for a more accurate accounting of permissible
losses in forest vegetation, include an incoherent component).

14. SDMM18 model [61] (Statistical mathematical model based on the MoM
(Method of Moment) or BEM (Boundary Element Method). The MoM method uses
numerical solutions of integral equations in boundary form).

2.3. Semi-deterministic mathematical models of radio wave propagation in forest areas

When constructing semi-deterministic mathematical models SDMM (Semi-
Determined Mathematics Model) using RWP, which describe the end-to-end
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propagation of radio waves (in the range from 100 MHz to 100 GHz) in forest
vegetation, the concept of electromagnetic energy losses in the path (path loss) or losses
during transmission loss in the form:

P
L,=10-1g—~ <0
rt gPt
or

L
L, =10-lg—->0,

7

where, respectively, Pt is the radiation power of the transmitter antenna and Pr is the
signal power at the receiver input (very often, assuming that the efficiency of the
transmitter, feeder path and antenna is close to unity, the radiation power of the Pt
antenna is equal to the transmitter power).

The main semi-deterministic mathematical models that describe the end-to-end
propagation of radio waves in forest vegetation include (Fig. 2):

1. SDMMI1 model is a semi-deterministic mathematical model (similar to the well-
known exponential model (EXD — EXponential Model) [1.59]), based on a single-beam
model of RWP in free space plus energy losses in forest vegetation L=Lo+amr-Ir [dB],
with In this case, the effective value of the linear attenuation coefficient in a forest cmr
[dB/m]<0 for the semi-deterministic model is assumed to be constant for the
corresponding operating frequency and type of forest vegetation.

2. SDMM2 model - a semi-deterministic mathematical model based on a two-beam
model of RWP in a forest plus energy losses in forest vegetation for direct and reflected
rays from the forest floor (at a constant effective value of the linear attenuation
coefficient and the reflection coefficient from the forest floor for the corresponding
operating frequency and type of forest vegetation).

2.4. Semi-statistical mathematical models of radio wave propagation in forests

Model SSMM1 (Semi-Statistical Mathematics Model) [5, 62] — semi-statistical
mathematical model based on the assumption that at short distances between radio
stations the coherent component predominates and power losses in the path are
determined by the model SDMM1, and at large distances, the incoherent component of
the electromagnetic field predominates, and to take it into account, expansion terms are
introduced into the functional of power losses in the path, which determine additional
losses in forest vegetation, while they are, in turn, functions of the operating
wavelength, the average height of trees, the elevation heights of the transmitting and
receiving antennas, etc.

2.5. Semi-empirical mathematical models for end-to-end propagation
of radio waves in forests

When constructing semi-empirical mathematical models SEMM (Semi-Empirical
Mathematics Model), describing end-to-end propagation of radio waves (in the range
from 100 MHz to 40 MHz) in forest vegetation, as well as for deterministic models, the
concept of electromagnetic energy losses in the path is usually or transmission loss
obtained from experimental data.
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The main semi-empirical mathematical models that describe the end-to-end
propagation of radio waves in forest vegetation include (Fig. 2):

1) SEMMI1 model [63,64] - a semi-empirical mathematical model based on the NZG
model (Non Zero Gradient Model), in which (in the range of millimeter waves)
energy losses in the path are considered due to changes in the linear attenuation
coefficient o, in forest area from the initial o,z to the final o, values, i.e. in

the model assumes the existence of a gradient dat,,r /0l # 0in heterogeneous forest

vegetation (with the effective value of the initial and final values of the linear
attenuation coefficient found from experiments).

2) SEMM2 model [64] is a semi-empirical mathematical model based on the DG
model (Dual Gradient Model), into which a number of parameters are introduced in
the millimeter wave range that correct the NZG model, i.e. the existence of a gradient
0o, /0l # 0in heterogeneous forest vegetation is also allowed (with the effective

values of the initial and final values of the linear attenuation coefficient and correction
parameters found from experiments).

2.6. Empirical mathematical models of radio wave propagation in forest areas

As the name suggests, empirical mathematical models EMM (Empirical
Mathematics Model) of RWP in forests are based on the results of experimental
studies of losses during the propagation of electromagnetic energy in paths passing
through forest vegetation, they take into account the statistical characteristics of
received signals, while requirements for the influence of geometry elements of the
forest are weakened, and the analytical expressions themselves are significantly
simplified. According to the ITU-R Recommendations [67], the following empirical
mathematical models (used in the range from 200 MHz to 95 GHz) have found the
greatest application in practice.

1. EMMI1 model [1], based on the ITU-R empirical mathematical model, in which
path losses are defined as a function:

b c
L=L(f,r)=a-£fLJ [LJ ,dB, (1)

0 )

where — f'is the operating frequency, f, = 1 GHz is the normalizing frequency, r is the
distance between the transmitting and receiving antennas, (at < 400 m), 7 =1 mis the

normalizing distance, coefficients a and power values & and ¢ are selected during
experiments, and for the ITU-R model they are equal: a = 0.2 dB, b = 0.3 and ¢ = 0.6.

2. EMM2 model [64], based on the empirical mathematical model FITU-R (Fitted
ITU-R - refined ITU-R), in which path losses are also defined as a function: (6.1)

L=L(f,r) similar to the ITU-R model, but in the frequency range from 11.2 to
20 GHz (with a distance between the transmitting and receiving radio stations d < 120
m) with excellent coefficients and power-law values outside the foliage (@ = 0.37 dB,
b = 0.18, c = 0.59) and inside the foliage (¢ = 0.39 dB, b = 0.39, ¢ = 0.25) of forest
plants.
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3. EMM3 model [64], based on the empirical mathematical model COST23S5, in
which path losses are also defined as a function: (6.1) L = L(f,r) similar to the ITU-R

model (for the frequency range from 9.6 GHz to 57.6 GHz), but with different
coefficients and power values outside the foliage (@ = 26.6 dB, b = —0.2, ¢ = 0.5) and
inside the foliage (@ = 15.6 dB, b =—0.009, c = 0.26) of forest plants.

4. EMM4 model [64,65], based on the empirical mathematical MED (Modified
Exponential Model) model, in which path losses are also defined as a function: (6.1)
similar to the ITU-R model, but with different coefficients and power values in the
range of distances between the transmitting and receiving radio stations: at 0 <r < 14 m
(a=045dB,b=0.284, c=1),and at — 14 m. <r < 400 m. (a = 1.33 dB, b = 0.284,
¢ =0.588) at normalizing frequency fp= 1GHz.

5. EMMS5 model [66], based on the empirical mathematical model ITU-R P.833-2
(this model is called the MA (Maximum Attenuation) MAR (Maximum Attenuation
Rate) model).

6. EMM6 model [42], based on an empirical mathematical model that determines
the frequency dependence (in the frequency range from 100 to 1000 MHz) of the linear
attenuation coefficient.

7. EMM7 model [67], based on the well-known empirical mathematical model TS
(Trunk Spacing - channel distance) which is a modification of the MED model, which
takes into account the density of forest vegetation.

8. The EMMS8 model [70] is based on an empirical model used to calculate the
amount of power loss due to the shadow effect for mobile communication systems in
the UHF range.

9. EMMO9 model [71] is based on an empirical model used to calculate the amount of
power loss for the forest canopy for space mobile communication systems in the UHF
range (870 MHz) and in the frequency ranges — L (1.6 GHz) and K (19.6 GHz).

10. The EMM10 model [72] is based on an empirical model used to calculate the
amount of power loss for the forest canopy for space mobile communication systems in
the frequency bands — L (1.6 GHz) and K (19.6 GHz).

11. EMMI11 model [73] is based on an empirical model used to calculate the
operating attenuation of electromagnetic waves in forests in the L(1.6 GHz) frequency
range.

Conclusions

1. The classification scheme in Fig. 3 shows the main mathematical models that are
most often used in approximate estimates of the effective complex dielectric constant of
scaffolding, effective operating and linear attenuation coefficients, radio path losses,
effective differential absorption and scattering cross sections, as well as specific
effective area backscattering by forest vegetation during the propagation of radio waves
of various ranges in forests.

2. The classifications of mathematical models of RRR in vegetation given in [34, 69,
68] (respectively, Fig. 6-8) are special cases of the classification scheme Fig. 3
proposed in [5].
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Fig. 6 — Generic vegetation model development from [69]

Puc. 6 — Pa3paboTka THIIOBOI MOJIEITH PACTUTEIBHOCTH [69]
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Fig. 7 — Generic vegetation model development from [34]

Puc. 7 — Pa3paboTka THIIOBOH MOJIEII PaCTUTEIBHOCTH [34]
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MATEMATHYECKHUE MOJIEJIU PACITPOCTPAHEHUS PAJIMOBOJIH
B 'ETEPOT'EHHBIX CPEJIAX JIJI1 BECIIPOBOJIHBIX CETEN
OB30P
Yacte 2. MATEMATHYECKHUE MOJEJIU PACITPOCTPAHEHUS
PAJIMUOBOJIH B JIECAX

B.U. Ilonos
Puodicckuti mexuuueckuii ynueepcumem

B crarbe npeyroxkeHa KIacCU(pUKAINSI MaTeMaTHIECKUX MOJENICH paclpOCTpaHeHUS Paanuo-
BonH (PPB) B ;ecax B IMPOKOM JWama3oHE YacTOT, KOTopas 0000maeT pe3yiabTaThl paboT
aBTOpa M MHOTOYMCIICHHBIX HCCIeoBaTelield 10 d(QEeKTHBHONH KOMILIEKCHOH IMAIEKTPUIECKOM
MIPOHUIIAEMOCTH JIECOB, 3P (HEKTUBHBIM PabOUNM U IMHEHHBIM K03 UIIMeHTaM 3aTyXaHus, IoTe-
psAM Ha Tpacce paguom3nydeHus, 3pGeKTHBHEIM Iu(depeHIHaNbHbIM CCUYCHUAM ITOTIOMICHHS
U PacCesiHUs, a TaKKe YICIbHOW 3(P(PEKTUBHOU TUTOMIAIH 0OPaTHOrO PACCESHUS JICCHOW PacTH-
TEJIBHOCTBIO.

JlocTaTouHO CII0KHAst IpoOIIeMa BIUSHUSA JISCOB HA PacIPOCTPaHEHHE PAANOBOJIH PA3IMYHBIX
JIMana30HOB OCTAeTCs YPE3BBIYaHO aKTyaJbHOW M B HAIIW JHH B CBS3U C IIMPOKUM PacIpoOCT-
paHEeHHEM CHCTEM MOOWJIBHOW M KOCMHYECKOH PaaMOCBS3H, a TAKXKE PEIICHHEM 33/ad Pajio-
MOHUTOPHHIa 3eMHOH ITOBEPXHOCTU U PAJAUOMHTPOCKONNH OOBEKTOB B JIECAX.

Kniouesvie crosa: pacnpocTpaHeHHE PAIMOBOJIH B JiecaX, MaTeMaTHYECKHE MOAEIH, dpdex-
TUBHAsI KOMIUICKCHAsI IMAJIEKTPUUECKAsl NMPOHUIIAEMOCTH JIeCOB, 3()(eKTUBHBINH K0d(GHUIUEHT
3aTyXaHus, MOTepH Ha Tpacce paauousiaydeHus, 3ddextuBHble AU PepeHINATBHBIC CCUCHHUS
MOTJIOIIEHUST U paccenBaHus, d(Q(EKTUBHbIC IUIOMAMN OOPAaTHOTO pPACCEsHMsS JIECHOH pacTu-
TEJIBHOCTH.
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OBPABOTKA U AHAJIN3 CUT'HAJIOB VIS AMATHOCTHUKH
COCTOSHUA DGHAOIIPOTE3A TASOBEAPEHHOI'O CYCTABA

B.H. Baciokos!, M.A. Paiideana’, 1.0. Cokosiona',

B.P. Tamranos?, B.B. I1asnos?
'Hosocubupckuii 2ocyoapcmeeniolil mexnuyeckutl ynueepcument
2Hoeocubupckuti Hayuno-ucciedosamenbCKutl uHCmumym

mpasemamonoauu u opmoneouu um. A.JI. [usvana

OpnHa n3 npobieM, CBSI3aHHBIX C YHJIONPOTE3MPOBAHHEM Ta300eIPEHHOT0 CYCTaBa, 3aKJIo-
4aercs B TOM, YTO HAONPOTE3 IMOABEPraeTcsl 3HAUUTEIbHBIM MEXaHWYECKUM Harpys3kam, 4To
MOXET MPHUBECTH K €T0 pa3pylleHHI0. PeBU3HOHHBIE ONepaliy, HalpaBIeHHbIC HAa BBIICHEHHUE
COCTOSIHUSI TPOTE3a, CIIOKHBI U IOPOTH, KPOME TOTO, OHU COMPSI’KEHBI C HEOOXOIUMOCTBIO MPHU-
OBITHS HMALMEHTa B MEIUIMHCKOE YUPEXKACHHE M ero rocnurann3anuu. [Ipemiaraercs moaxon
K IHarHOCTHKE HIOMPOTE3a Ta300eIPEeHHOr0 CyCTaBa B MPOIECcce OOBITHON KU3HEACATEIHHO-
CTH MaIMeHTa, OCHOBAHHBIN HA aHAIN3€ BHOPAI[MOHHBIX M 3BYKOBBIX KOJIOAHUH, CHUMAaeMBIX
C TOBEPXHOCTH Telda C MOMOIIBIO pa3pa0OTaHHOTO JUIS STOH LEeNH yCTPOHCTBA HAa OCHOBE
TPEXOCEBOI0 aKcelepoMerpa. YCTpOMCTBO A perucTpaluy BUOPALMOHHBIX U 3BYKOBBIX KO-
nebaHuil UMeeT Majible TabapyuThl U MacCy, 3aKpeIyIsieTcs] Ha MOB3I0IIHON KOCTH U NPaKTH4e-
CKM HE OTPAHMYMBAET JABMW)KEHHH MaIleHTa B IPOIECCE PETHCTPALMM CUrHajioB. CHTHANBI
B LU(POBOIl HopMe 3aNUCHIBAIOTCS HA KapTy MaMsTH, KOTOpas 1ocje MPOBEACHHUs U3MEPEHUH
MOXeT OBITh M3BJIEUCHA M3 YyCTPOWCTBA M HCIIONB30BAaHA AT MEPEHOCA 3aIHCH B KOMIBIOTEP
Ut 00paboTky M aHanm3a. AHAIM3 3alHCEll CUTHATIOB, MOTYYEHHBIX SKCIEPUMEHTAIBHO, 03~
BOJIWJI BBLACIHUTH NPHU3HAKU PA3NIUYHBIX Ne(PeKTOB (JaCTHYHOE HCTUPAHHE IOIHUITHIEHOBOTO
BKJIQ/IBIIIA, ITOJTHOE MCTHPAHNE BKIJIAJABINIA U paclIaThIBAaHHE HOXKKH IIPOTe3a B 00JIACTH Kpel-
JNeHus1 ero K OenpeHHO# kocTH). [IpeluioskeHbl CTATHCTUKHM JUIS TNPHHSATHS PELICHUS IpU
MIPOBEpPKE TUIIOTE3 O HAINYHMU/OTCYTCTBUH ITHX JedekToB. [IpuBeneHs! pe3yabTaThl dKCIepH-
MEHTOB.

Kniouesvie cnoga: 3H101poTe3, Ta300€IPEHHBIN CYCTaB, JMaTHOCTUKA, AKCEJIEPOMETP.
DOI: 10.17212/1727-2769-2024-4-48-63

BBenenue

OHIONPOTE3NPOBAHNE TAa300€PEHHOTO CycTaBa SBISAETCA (P(EKTUBHBIM M 9acTO
€AMHCTBEHHBIM CIIOCOOOM BOCCTAHOBJICHHS yTpaueHHOW (DyHKIMHM KoHeuyHocTh. OnHa
13 Ipo0OJIeM, CBA3aHHBIX C YHAOMPOTE3UPOBAHIEM, 3aKIII0UACTCS B TOM, UTO B IIPOLIECCE
9KCIIIyaTallid 3HJONPOTE3 IMOJBEPTacTCsl 3HAUYUTEIbHBIM MEXAHHYECKHM Harpyskam,
YTO MOXKET NPHUBECTU K €ro pa3pylICHUIo. MI3MeHeHus! B CTPyKType Marepuana 3HAO-
[IPOTe3a HAKAIUTMBAIOTCS MTOCTEIICHHO U B KOHIIE KOHIIOB IPHUBOJAT K €r0 BHE3AHOMY
paspyenuo. B aToM ciryuae TpeGyeTcs cpouHas onepanusi, KOTopas MOXeT OBbITb J10-
CTaTOYHO ci10KHOM. V3BecTHO [1, 2], 4TO 3ByKOBBIE KOJieOaHus (IILyMBbl, CKPHUIIBIL, XPYCT,
IIEJIYKH), COIPOBOXKIAIOIINE SKCIUTYyaTallUIO0 SHIONPOTE3a Ta300€APEHHOrO CyCcTaBa
(OTBC), MOTYT CITy>KUTH NPU3HAKOM €ro IpejcTosiiero paspymenus. [loatomy akry-
AJIBHBIM SIBIISIETCS] MCCIIEAOBAHNE XapaKTEPUCTHK TaKUX KOJIeOaHUH C LENIbI0 IPOTHO3H-
poBanus coctosaust DTBC, Tak Kak cBoeBpeMEHHOEe OOHApY)KEHHE NPEJBECTHHKA pa3-
PYIIEHHS MTO3BOJIAET M30€KaTh KpaiiHe HETaTUBHBIX IOCIEICTBUH B BUIE HEOOXOINMO-
CTH yAaneHHus oOJOMKOB M T. 1. Kpome Toro, m3BecteH ciydai, KOrja CKpUI CBHE-
TEIBCTBOBAJ 00 YK€ MPOU3OIIEIIIEeM pa3pyIIeHHN BKIABIIIA SHA0NIpoTe3a [6]. XKema-
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TENBHOCTh MOHUTOPHHTA COCTOSIHHS SHIONPOTE3a B IPOLECCe HOPMANbHOMN XKU3HEes -
TETBHOCTH NanueHTa (in vivo) moapoOHO 000CHOBEIBaIach B 0030pe [9].

B pabote mpeanaraercs moaxol K aHaJIM3y BHOPAILIMOHHBIX U 3BYKOBBIX Koyeba-
HU, BO3HUKAIOIIUX MIPH Harpy’>KeHHN MMIUTAHTHPOBAHHOT'O SHJIOIIPOTE3a B IpoLecce
OOBIYHON KHU3HENSATENBHOCTH MAIIMEHTa U YCTPOHCTBO, pa3pabOTaHHOE AJIS UX PEeTH-
CTpaluy.

1. Ctpoenmne rH0NPOTE3A Ta300€JPEHHOTO CYyCTaBa

OHponpoTe3 Ta300€APEHHOI0 CycTaBa BKIKOYAET HECKOJIbKO YacTell. Bep Ty kHbIi
KOMIIOHEHT (4amika) ¢ BKjJansimieM (puc. 1, 6) 3aMEHSET CyCTaBHYIO IOBEPXHOCTB
BEPTILYXKHOH BraauHsel (puc. 1, a). beapeHHbI KOMITIOHEHT, BKIIOYAIOIINN TOJOBKY U
HOKKY, 3aMEHSET IOJIOBKY M IIeiKy OeapeHHo# kocTu. 'osoBKa 1 BKiIambIm oOpa3sy-
o1 napy tpeaua. Cepudeckas ¢popMa rojIOBKH M BHYTPEHHEH MOBEPXHOCTH BKJIA-
JIBIIIa 00ECTIEYNBACT BO3MOXKHOCTh ABWKEHHH B Pa3sHBIX INIOCKOCTSAX (MHOTOOCEBBIC
JIBYDKCHWIS ).

BeptnyxHa
BnagMHa

lonoeka
GeapeHHgM
KOCTH

4

. Wenka
} GenpeHHON KOCTH

h;enpeuuan KOCThb

a

/
TasoBas KoCTb
N
MckyccTBeHHas
Y/ BepTnyxHas

' ‘
@ L g

™ [onoska
3HOONpoTe3a Beapo

Hoxxka

aHAonpoTesa
BepTnyxHas
3HponpoTes B BMaguHa cyctasa

cobpaHHoM Buae

0
Puc. I —Yactu Ta3006epeHHOr0 cycTaBa (a) ¥ 9acTu SHIonporesa (6)

Fig. 1 —Parts of the hip joint (a) and parts of the endoprosthesis (b)
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B sHpompoTe3ax NPUMEHSIOTCS pPa3lIMYHBIE COYETAHWS MAaTEepHalioB: MeETallI—
MeTalI, MeTAIUI-TUIACTHK, KepaMHUKa—KepaMiKa U pyrue. B Hacrosmee BpeMs: Hanoo-
Jiee MHPOKO MPHUMEHSIOTCS SHIOMPOTE3Bl C Mapoil TPeHUs Kepamuka—kepamuka. OHHU
OTIIMYAIOTCS IOJITOBEYHOCTHIO0, HETOKCHYHOCTBIO W THIIOAJUIEPTEHHOCTHIO, oOecnedn-
BAaIOT HAJIE)KHOE CPAIICHHE C KOCTBIO MIPH yCTaHOBKE OECIIeMEHTHBIM MeTo0M. OTHAKO
JUISL TaKUX JHIONPOTE30B XapaKTepeH PHCK paspylieHus (packoia), ¥ B Ipolecce
HU3HOCA Mapbl TPCHHUSA YaCTO MPOABJIAIOTCA CJIBIMIMMBIC 3BYKH, HMMCIOIIUC XapaKTCp
ckpuna [2]. OTmeuaercsi, 4TO Takue 3BYKH HETaTHBHO CKa3bIBAIOTCS HA CaMOYyBCTBHH
MAIMEHTOB, ¥ YTO HEKOTOPBIE KIMHUKH JJayKe OTKA3bIBAIOTCS B CBSI3U C 3TUM OT UCIIOJIb-
30BaHUs SHIONPOTE30B THIA KepaMHKa—KepaMmuka (ceramc-on-ceramic, CoC) [3, 5].
B 10 ke Bpems 3TH 3BYKH MOTYT CIIYKUTh IPEABECTHUKAMH pa3pyIICHU YHIOMPOTE3a,
€CITN yJAacTCsl YCTAaHOBUTH CBS3b AMHAMHUKHU XapaKTepa 3BYKOB U CTEIICHH JeTpaIallid
MaTepuana.

O BO3MOXHOCTH MMPOTHO3UPOBAHUS Pa3pyLICHHS YHAONPOTE3a HA OCHOBE aHAIHM3a
CKpUIIOB U IPYTUX KoJieOaHWH yIOMHHAIOCh B paboTtax [3, 4]. B [4] onucan ciydaif,
Korjaa Giarogapsi CKpuIly, CIBIIIIMOMY MallMEeHTOM, ObBUT OOHapY’KeH IepernoM Kepa-
MHUYECKOI BCTAaBKM, IPU 3TOM pEHTTeHOrpadus, KOMIbIOTepHas ToMorpadus U yib-
TPa3ByKOBOE HCCJIEJOBAHME HE BBIBWIM KaKOro-1uOO IMOBOAA ISl PEBU3MOHHOM
orepanuu.

YacTOTHBI COCTaB 3BYKOB, M3/aBacMbIX ITApOH TPEHUS KepaMHKa—KepaMHKa, HC-
cienoBaicst B pabore [3]. ABTOPHI 3TOH pabOTHl NPUBOASAT JIaHHBIE, ITOJYYEHHbIE IKC-
MIEPUMEHTATIBHO B YCJOBUAX TEPHOANYECKOTO HATPYKEHHUS HIOIMPOTE3a MPHU OTCYT-
CTBUHM CMa3KH, a TakXe MPH HAJNYUH CMa3KH BOJOW W CBIBOPOTKOH. B orcyrcTBHE
cMa3kd ObUTH 3aUKCHPOBAHEI IIyM ¢ acToTor okono 800 ['m m ckpun 4acToToi OT
2 g0 9 kI'u. IIpu UCHOIB30BaHUM B KAa4eCTBE CMa3KH CHIBOPOTKH HAOIOMAJICS CKPHII
qacToTOH 0K0i0 7 KI'I.

AHanm3 3BYKOBBIX W BHOPAIIMOHHBIX KOJI€OaHWH (CHTHAJIOB) MOXKET OBITH HCIOJb-
30BaH TaKXe Ui OOHAPYKCHUS IPYTruX Ae()EeKTOB, BOSHUKAIOUINX U PA3BUBAIOIIAXCS
nocreneHHo nocne ycraHoBku OTBC, Takux Kak 3HAUMUTENbHBIA M3HOC Maphl TPEHUS.
[Tpu 3TOM MPOMCXOAUT IOCTENIEHHOE YBEJIIMUEHHE 3a30pa MEX/y IOJIOBKOM IHJIOIPOTE-
3a ¥ BKJIJBIIIEM, B pe3yJIbTaTe 4ero B Iporecce Xob0bl MPOUCXOAUT CBOOOJHOE Tie-
peMelIeHre TOJIOBKH OTHOCHUTENIFHO BKJIAJIBIIIA, COMPOBOXKAAIONIEECs yaapoM. Jpyrum
JieeKTOM, TPOSBIIONIMMCS B BUJIE BUOPAIMOHHBIX KOJICOAHWH, SIBIISIETCS pacilaThiBa-
HHUE HOXKKH DHJIOTIPOTE3a B MECTE COCTUHEHUS ee ¢ OeAPEHHOM KOCTBHIO.

Takum 00pa3oM, IPEACTABISACTCS aKTyaIbHBIM aHAIIN3 MEXaHUIECKIX KoJeOaHuH,
Bo3HuKaomux B OTBC B mporecce 0O0BIYHON KU3HENEATSILHOCTH TanuenTta. [Ipu
9TOM Ba)KHO, YTOOBI [IBIKEHUS IMallMeHTa ObUIM MaKCHMalbHO OJNM3KMMH K ecTe-
cTBeHHBIM. [l03TOMy yCTpOMCTBO perucTpanuu KoieOaHUil MODKHO WMETh MUHU-
MaJIbHbIC Maccora6ap1/ITH1)1e XapaKTCpUCTUKH, UMETb aBTOHOMHOE€ NMUTAaHUC U HE TPEC-
6OBaTI) IMPOBOJAHBIX COG}II/IHeHl/Iﬂ C KOMIIBIOTCPOM, KOTOpblﬁ HCIIOJIB3YETCA JIs1 aHa-
JIN3a CUTHAJIOB.

2. YcTpoiicTBO 1151 perucTpanuu KojiedaHuii, BOSHUKAIOUIUX NPH IBUKEHUIX
IH/IONpPOTE3A

[pu pazpaboTke ycrpoiicTBa ObUIO yuTE€HO TpeOOBaHHE MUHUMAJIBHOTO HEy100CTBa
JUIS TIAIEHTA C SHJOMPOTE30M Ta300€IPEHHOr0 CYCTaBa, B COOTBETCTBHHU C YeM OblIa
BbIOpaHa KOHCTPYKIMS, MO3BOJIAIOIIAS TAIMEHTY CBOOOJHO TEPEABHUIaThCA M COBEP-
1aTh OOBIYHBIC JBIDKCHMS. YCTPOWCTBO MMEET Manble rabapuThl U BEC U MOJXKET 3a-
KPETUIATHCSI Ha TeNle MalMeHTa B 00JIaCTH OAB3IOUIHONW KOCTH ITPY IOMOIIH JICHKOIIa-
CTBIPsl WM NOBs3KK. DYHKIMOHANBHAS CXEMa yCTPOWCTBA MOKa3aHa Ha puc. 2.
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Puc. 2 — OyHKIIMOHATBHAS CXeMa PETUCTPHUPYIOIIETO yCTpoiicTBa

Fig. 2 — Functional diagram of the recording device

YCTpoHCTBO COAEPKUT AaTuuK [, B COCTaB KOTOPOTO BXOJIAT TPEXOCEBOM akcerne-
pomerp TA u ananoro-iudpoBoii npeodbpazosarens AL, ymnpaBnsromuid MHKPO-
kouTposuiep K, 3anomunaroriee ycrpoiicteo 3V, usb-nmopt USB u MCTOYHUK TUTaHUS
UII. TpexoceBoii akcenepoMeTp npeodpa3yeT 3HAYCHUsT YCKOPEHUS 110 TPEM B3aUMHO
HNEPHEHIUKYISIPHBIM OCSM B 3JIEKTpHUecKoe HampspkeHue. [lonydeHHble snekTpuye-
ckue curHaisl mpeodpasyrorcs B ALl B Tpu mudpoBeie MOCIeq0BaTeIbHOCTH, KOTO-
peie 3anuckiBaroTcs B mamMsaTh (3Y). [Ipu 3amonHeHnH MaMsITH WIH IO UCTEYCHUN 3a-
JTAaHHOTO BPEMEHHOTO HMHTEpBala MAaHHBIE W3 MaMATH IEpenarTcs depe3 usb-mopt
B KOMITBIOTEpP AJIs aHann3a. VICTOUHWKOM MHUTAaHHA ISl BCEX JJIEMEHTOB CXEMBI CITy-
KHUT aKKyMYJISTOP.

AKcenepoMeTp pearupyeT Ha COOCTBEHHOE YCKOpEHHE, MOSTOMY OH COETUHSETCS
¢ AIIT rubkum kabeneM st 00eCrieueHUs] MUHUMAJIbHOW UHEPIIMOHHOCTH. OCTaIbHBIC
y3JIbl CMOHTUPOBaHbI Ha O0LIEH Ie4aTHOi riaTe.

B kavecTBe matumka ObLia MCIOJb30BaHa Mukpocxema LSM6DS33, Brirouarorias
TpexoceBoil akcenepomerp U ALIIl. MakcumanpHasi 9acToTa CICIOBaHUS IUPPOBBIX
orcuyeToB paBHa 6,66 k['1, TakuM 00pa3oM, yCTPOWCTBO MOXKET DPEruCTPHpOBATH
kosiebanmst ¢ wyacroramu a0 3,33 kl['m. Mukpocxema MMeEET KOMIIAKTHBIE pPa3Mephbl
(3 MM x 3 MM x 0,86 mm) 1 Bec okoo 0,1 rpamma. 3amoMIHAOIIEE YCTPOUCTBO pPeai-
30BaHO B BHJIE CHEMHOM KapThI MaMATH THIa microSD. Takoe pemieHre 1aeT TOTOTHH-
TEIbHOE MPEUMYIIECTBO — BO3MOXKHOCTh IEPEHOCA JAaHHBIX W3 MaMATH YCTPOWCTBA
B KOMIIbIOTEp uepe3 kapapuaep. [Tockonbky flash-namsrs npu 3amucu TpedyeT cpaBHU-
TETHHO OOJBIINX TOKOB, B KAYECTBE MCTOYHHUKA MUTAHHUS BBIOPAH JUTHH-NOIMMEPHBII
AKKyMYJISITOD, 3apsDKaeMBbIil uepe3 usb-mopr.

3. Pe3yJibTaThl 3KCIIEPUMEHTOB

Pa3paboTaHHOe yCTpOWCTBO OBUIO HMCIIOJB30BAHO IJIsl MOJy4YEHHMs 3arnuceld BUOpa-
LIMOHHBIX U 3BYKOBBIX (110 3,33 kI'm) KomebaHui.

PaccmoTpum naniee BO3MOXKHOCTD UCTIONB30BAHHSI U3MEPEHUH BEJIMUNHBI YCKOPEHHS
TPEXKOOPIMHATHBIM aKCEeJIEpOMETPOM Ul aHalnu3a COCTOSIHUSL HCKYCCTBEHHOTO
Taz00eqpeHHoro cycraBa. MUHHATIOPHBIN JaTuuk ycTpoiictBa (MEMS akcenepometp)
KpenuTcs B 00JIacCTH BEPTIYKHOM KOCTH WM TIOAB3JOMIHOW KOCTH C ITOMOIIBIO
KJIEUKOM JIEHTBl WJIM CHELUAIBHOTO Kies. TpexXMEepHbI CUTHAJl 3TOro JAaTyuKa

s() = [sx (1), 5,(2), 5 (t)] MPONOPLIMOHATIEH 3aBUCSILEMY OT BPEMEHH BEKTOPY YCKOpe-

HUA a(t) , CIIPOCHMPOBAHHOMY Ha TpHU B3aWMHO OPTOrOHAJIBLHBLIC IMPOCTPAHCTBECHHLIC
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OCH JaT4yHKa X, ),z . CHTHAJ, MOJyYCHHBIH OT akcelepoMeTpa, mpeodpasyercs B mug-
pOBOM BEKTOPHBIA CUTHAI s[n]=(sx[n], sy[n], sz[n]), rae n — HoMmep orcyeta. [Ipu-

Mepbl TaKOTO CHTHAJA, IMOJyYeHHbIE IPH X0b0e, a TaKkXKe BBINOJIHCHUH CIICIHATBHBIX
yIpaXHEHUH (MIpUCEeNaHKs M OTBENCHHSA), IPOU3BOANMBIX TpeMs IalMeHTaMH, pUBe-
JeHsl Ha puc. 3. Ha Bcex rpaduxax, IpHBOJUMBIX HHKE, 110 TOPH3OHTAIBHON OCH OT-
KJIaJIbIBAETCSI HOMEpP /I OTCUETa CHTHAIA.

Bceniencteue Toro, 4To JaTYMK NPH KPEIUICHUH K TeJly MalMeHTa MOXKET OBITh COpH-
€HTHPOBAH CIYYaWHBIM 00pa3oM W OT ATOTO CIyYalHOTrO (paKTopa >KelaTenpHO m30a-
BUTHCS, 1IEJIECO0OPA3HO MEPEUTH OT BEKTOPHOT'O CUTHANA K CKAJISIPHOMY:

s[n]= \/s)%[n] + si[n] + s?[n] .

(1)

Ha puc. 4 npuBenmeHsl TpaduKd pealm3aluii CUTHama s[n] IS pa3iHYHBIX
MalMeHTOB, COOTBETCTBYIOIIHE puc. 3. MOXHO OTMETHTHh IOCTOSIHCTBO CPEIHETO
YpOBHS CHUTHaja s[n], COOTBETCTBYIOIIETO 3HAUYCHUIO YCKOPEHHsI CBOOOTHOTO Taje-
aus (9,8 m/c?).

sx(t) sx(t)
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Puc. 3 — Peanuzanuu CUrHajioB TPEXOCEBOI'0 akCeJIEpoOMETpa,
TOJIYYCHHBIC OT pa3jIMYHbIX ITallUCHTOB

Fig. 3 — Realizations of three-axis accelerometer signals
obtained from different patients

Ha ocHoBanum puc. 4 MOXHO CACJIaTh BbIBOJA O 3HAYUTCIBHOM CXOJICTBE pcajmn3a-
HI/Iﬁ CUTrHalia s[n] Ipu OIMHAKOBBIX TUIIAX I[BI/DKCHI/Iﬁ Ppa3IMYHbIX NAIIUEHTOB.
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Puc. 4 — Peanu3anuu curnana s(n], OIy4EHHOIO OT PAa3IMYHbIX IALIUCHTOB

Fig. 4 — Realizations of the signal obtained from different patients
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PaccMoTpuM pa3nuuHble BapUaHThI MOBPEXKACHUH 3HAONPOTE3a U COOTBETCTBYIOIINE
UM M3MEHEHUS] CHTHAJIOB, PETHCTPUPYEMBIX akcenepoMerpoM. [lajgee orpaHHYMM pac-
CMOTpEHHE TOJIKO CHUTHAJIaMH, TIOJIyYeHHBIMH NpU Xoap0e. CurHai s[n] B 3TOM city-

yae MMeeT KBa3HIIEpHONUIecKuil xapaktep (puc. 5). s xpatkoctn OyaeM Ha3bIBaTh

YYaCTKH CUTHAJIa B OKPECTHOCTAX JIOKAJIBHBIX MAaKCUMYMOB UMITYJIbCAMU IIara.
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Puc. 5 — KBazuneprnoaneckuii CUrHain
Fig. 5 — Quasiperiodic signal
HauOonpimii WHTEpeC Ui JTUATHOCTUKU COCTOSHHS JHIONPOTE3a MPEICTABIISIOT

(bOpMI)I BCpLUINH HUMITYJIbCOB IMIara. Omnucanue THUIUYHBIX He(l)eKTOB HUCKYCCTBCHHOT'O
CyCTaBa U (bOpMBI COOTBETCTBYIOIIUX UM BEPIINH UMITYJILCOB IPUBCJCHLI B Ta6J'II/III€.

Tunuynbie ).Ie(l)eKTbl HCKYCCTBEHHOI'0 CyCTaBa

Typical defects of artificial joints

CxeMaTHyeckoe
Ne CocrostHne n300pakeHne SHA0- Dopma BEpUIMHEL UMITYJIbCA
/I cycraBa mpore3a Ta3obe- 1iara nauueHtTa s, (¢)

PEHHOI'0 CyCTaBa
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8.6 f \\
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Oxonuanue maodauyvl
The End Table
CxemMaTHYeCKOe
No Cocrosinue H300paXKeHUE FHJI0- ®opma BepLIMHBL HMITYJIbCA
/o cycTaBa npoTesa Tazoden- 1ara nauueHTa s ,(f)
PEHHOTrO CycTaBa
s
8.2 /,4’\
8 ‘/
78 ; 4 \
YacTu4HOE UCTUPAHUE 76 \
3 | MONUATUIIEHOBOrO BKJa- 74 \
JIbIIIA

2707 2.7075 2708 2.7085 2700 2.7095 2.71 27105 2711 27115
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x10%
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PacuraTbIBaHHE HOXKH B ¢

4 00J1aCTH KPeIUIeHHs 9H- o S
JIOTIpoTe3a K OeApeHHON

KOCTH

56 7

| \n
54|
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2312 2313 2314 [
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x10%

BusyanbHBI aHaIN3 SKCHEPHMEHTANBHBIX JAaHHBIX ITO3BOJMI TPEINONIOXKHUTD BO3-
MOXHOCTb JAWarHOCTHKH COCTOSIHUSI 3HIOMPOTE3a Ta300eIPEHHOTO CyCcTaBa Ha OCHOBE
HCCIIeI0BaHHsT (POPMBI BEPLIMHBI UMITYJIbCa Iiara marpeHta. O603Ha4uM s,[n] ¢par-
MEHT CUTHaJa, COAEPKALLMI BEPIIMHY UMITysbca. 1Ipu sTom:

spln]=sln]upn n=ny,,...,ne, sp[n]2slny], sp[n]= sln],
rae 1y, 1N, —HOMepa OTCUETOB Hadajla U KOHIA UMITYJIbCA.

Bynem Takxke mnosararb, 4ToO sp[nb]=sp[ne], T. €. CHUTHAal sp[n] (dbopmupyercst
Y3 OTCUETOB CUrHasa s[#n], MPEBBICUBIINX HEKOTOPBIA MOPOT Cp. DTOT MOPOr MOXKET
OBITH BBIOpaH IWHAMHYECKHA, HA OCHOBE HEKOTOPOTO XapaKTepPHOTO 3HAUCHUS CHI-
Haja s[n] B ONpeNesIeHHOM BPEMEHHOM HWHTepBaie (OKHE) HAOIIOJEHUS HMITYJbCa.
TakuM XapaKTEpHBIM 3HAYEHUEM MOXKET ObITh, HAIIPUMEpP, MAKCUMYM S, CHUTHaNa s[#]

max >

B 33JaHHOM BpPEMEHHOM OKkHe. [lopor MOXKHO BBIOpaTh COTJIACHO BBIPAKCHHUIO
Cp =as

rne o€ (0,1) . Uem Ombke O K SIUHMIIE, TEM MEHBIIAass OKPECTHOCTH
BEPIIMHBI HMITyJIbCa I1ara OyAeT BKIIOUYCHA B CHTHAN S, [n].

B cooTBercTBHM C TabnHIEi HEMOBPEXKICHHBIN SHAONPOTE3 Ta300€APEHHOT0 CyCcTaBa
XapaKTepu3yercss MPaKTUUECKH CUMMETPHYHOM, OIHOBEpIIMHHON (yHKIMeH splnl
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U CPaBHHUTENBHO KOPOTKUM WHTEPBANOM [ny,, 1, | TPpH (UKCHPOBAHHOM 3HAYEHHH O,

T. €. CKJIOHBI UMITyJIbCca IIara JAOCTATOYHO KpyThle. [Ipn MoBpexneHHsX 3HAONPOTE3a
HaOroaeTcsl pa3iBOCHUE BEPILIMHBI (JIByXMOJOBOCTB), HapylIEHHE €€ CHUMMETpPUH,
a TaKKe pacIIMpeHHe MMILyJbca BO BpeMEHHOH oOyacti. HeoOxomumo mpeioxuTh
KPHTEPUH, O3BOJSIOIIHE HA OCHOBEC M3MEPCHWH CHTHANA S,[n] NPUHATH pelleHHe
0 HaJM4YHHU MO0 OTCYTCTBUH JIe()eKTOB SHAONPOTE3a, MPUBEICHHBIX B Tadmuie (c. 54).
Jnsl KOHCTPYHPOBAHHS STHX KPUTEPUEB, HEUYBCTBUTEIBHBIX K a0COMIOTHBIM 3HAYCHH-
sIM yPOBHs CHTHANA s, [n], chopmMupyeM Ha ero OCHOBE BECOBYIO QyHKLMIO up[n]:

up[n] = nspi . ()

C

D spln]

n=ny,
HpI/IHSIB o0o3Hauenne N = ne — My, +1 I JIMTENBbHOCTH HMITYJIbCa, MOXKHO 3aITicCaTh:
" [ ] p [k + nb]
p N-1

Zs k+nb

B kagectBe cratHcTHKH Sl KPpUTCPUS NPUHATHUSA PCHICHHUA O PAa3JABOCHUHN BCPIINHBI

k=0,.,N-1. 3)

HMITyJIbCa Iara (JBYXMOJOBOCTH) MO>KHO HCIIOIB30BaTh CJIEIYIONIYIO BETNIHHY:

2 2
. Op +0O
S; = min 0—21 , k=0,.,N-1, 4)
k c;,
rac

k

3 o)l mo:i il
=0 Zup[l ’ZOZup[i]

i=0
) Ni (i =my) uy[i] O i)
o1 = = N-1 ’ m = klN—l
i=k+ . i=k+ .
’ D upli] : up[i]
i=k+1 i=k+1

uol=(N-1)2/12.
Ecnu paccmarpuBath QyHKINIO up[n] mocae cOOTBETCTBYIOMICH HOPMUPOBKH (3) xax

pacnpeaciicHUe BCPOATHOCTH, TO BCINYUHBI 0(2) . 612 HUMCKOT CMBICJI ,HI/ICHGpCI/Iﬁ JIIsL

pacnpeneneHuit
uyli
Po(i)zkpi, i=0,..k,
2 upli]
i=0
u,li
P()(l)_Nlp[] s l:ks ’N_l
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COOTBCTCTBCHHO, BCJIIMYMHBI M, 7] AHAJIOIMYHBI MX MATCMAaTH4YCCKHUM OXHAAHUAM,

a 05 — JIUCTIEpCHsl PABHOMEPHOTO paclpesieNieHNs], 3aJaHHOTO Ha MHOKECTBE LIEJBIX

gucen {0, 1, ..., N—1}. C yueTom (4) KpuTepuii Yy, AByXMOJOBOCTU BEpIIMHbI UMITYIIb-

Ca mara MOXXHO IpeACTaBUTh B CJICAYIOIIEM BUAC:

LS <G,

5
0,8 2. ®)

Y1(8)) =
HOpOr r[pI/IHHTI/IH peIHeHI/ISI Cl MOXET BLIﬁHpaTI)CH, HaHpI/IMep, Ha OCHOBC CTaTu-

CTHYECKOTO aHalnu3a OONBIION IPYHITBl KIacCH(OUIMPOBAHHBIX NAHHBIX, TOJYYECHHBIX
Ha OCHOBE CHTHAJIOB KaK HCIIPAaBHBIX, TaK M AS(PEKTHHIX (110 JAHHOMY IPHU3HAKY JIBYX-
MOJIOBOCTH) 3HAONPOTE30B. B MpOBOAMMBIX SKCIEpUMEHTaX OBLIO BHIOpAHO 3HAYEHHE
nopora C} =0,5. Takum 00pa3zoM, pelieHUe O ABYXMOJOBOCTU BEPLIMHBI UMITYJIbCA

npuHuMaercs, korga S| < €y, B IPOTHUBHOM CJIy4ae CUMTAETCA, YTO MMIIYJIbC OIHOMO-
noBeiid. Ha puc. 6 mpuBeneHsl (QyHKIUH Spln] Tpex mHammeHToB C neeKToM Thma

«IIOJTHO€ UCTHUPAHUE TTOJIMBITUIICHOBOTO BKJIIAABIIIA» W OJHOTO IMaUECHTA C UCIIPABHBIM
OHAOMIPOTE30M.
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Puc. 6 — BepuHel UMIIyIIbCOB sp[n] npu aedexre snnonporesa
THIA «IOJIHOE HCTUPAHHE MONHATUIICHOBOTO BKJIAIBIIIIA
Fig. 6 —Pulse peaks sp,[n] for endoprosthesis defect of the “complete
abrasion of the polyethylene liner” type
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Pemenne o nmedexre TMHAa «YaCTHYHOE MCTHUPAHHE TTOJMATHICHOBOTO BKJIAJIBIIIA
MOXCT NPHUHMMATBCS Ha OCHOBE aHAIHW3a CHMMETPUH BEPIUMHBI HMITyIhca sp[n] ,

win (4TO TO KE caMoe€) CHMMETPUHU BECOBOU (DYHKIIUU U [n]. dnst 3TOT0 MOKHO BOC-

HI0JIB30BATHCS MIPABUIIOM, UCTIOIB3YIOIINM B Ka4eCTBE PEIIarolleil CTaTHCTHKU BeIHYH-
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Fig. 7 —Pulse peaks spln] for a defect in the endoprosthesis of the “partial

abrasion of the polyethylene liner” type
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Pemenne o pacimaThIBaHUM KPETICHUS SHAONPOTE3a MOXKET OBITh BBIHECEHO B pe-
3yJIbTaTe U3MEPEHUsSI IUPHHBI BEPIINHBI UMITYJIbCa (B OTCUETAX) HA COOTBETCTBYIOIIEM
yposHe C,,. MHaue roBopsi, CTATHCTUKON JUIA NPUHATHS PCLICHUA O HAIMYMM paciia-
TBIBaHHS CIY’KUT JIMTEIBHOCTh UMITyJbCa , T. €. S3 = N . [IpaBuio mpuHATHA pele-
HUSI O PacIIaTBIBAHUKM MOXKET OBITh C(HOPMYJIHPOBAHO B BUJIE

L §3>0C5,

S3) = .
Y3(53) 0, S3<Cs.

®)
Bri6op nopora C; ocyuecTBisiercs anagoruudo noporam C; u C, Ha OCHOBE CTa-

THUCTHYECKOTO aHaJlM3a IPYIIbI KIacCH()UIMPOBAHHBIX JaHHBIX.B mpoBoxuMEBIX 3KcIIe-
puMeHTax ObLI0 BbIOpaHO 3HaueHue nopora C; =200. Ha puc. 8 npuBenens! GpyHKIMU

sp[n] TpeX MalUEHTOB C JAe()EeKTOM THUIla «paclIaThIBAHUE» W OJHOTO MAI[MEHTA C HC-

MIPAaBHBIM IIPOTE30M.
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Fig. 8 — Pulse peaks sp[n] in the case of a defect in the endoprosthesis

of the “loosening” type

Ecnn B pesyibraTe MpOBEPKH BCEX TPEX THIOTE3 (O «IBYXMOJIOBOCTHY», aCHMMET-
pUM M pacIIaThIBAHUHM) B COOTBETCTBUM C IpaBmiamu (5)—(8) cooTBeTcTBYIOIIHNE Je-
(EeKTBl MCKYCCTBEHHOTO CyCTaBa He OBUIM BBISBICHBI, IIPHHUMAETCS pEIICHHE O ero
HCIIPABHOCTH.
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3akaouenue

[peacraBnennbie B paboTe MpeaBapUTENIbHBIE PE3YyJIbTAThl MCCIEIOBAHHUNA MO3BO-
JISIFOT CHIeJIaTh BBIBOJ, O BO3MOXKHOCTH HCIIOJb30BaHMSI 3BYKOBBIX M BHOPAI[OHHBIX
KoJeOaHu! JUId TUATHOCTHKH in Vivo COCTOSHUS dHIomnpoTe3a. [Ipencrasusercs nene-
C000pasHbIM MPOJOJDKCHUE HCCICIAOBAaHHWM, B TOM YHCJIC HEOOXOAMMO HAKOILUICHHE
633}31 JaHHBbIX, BKJ'IIO‘-IaIOHJ,eﬂ 3alucu KOH66aHHﬁ, HOJ'ly'-leHHI)IX OT NAaIMCHTOB C HUC-
MPaBHBIMH U Je(DEKTHBIMU SHAONPOTE3aMHU.
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PROCESSING AND ANALYSIS OF SIGNALS FOR DIAGNOSING
THE CONDITION OF A HIP JOINT ENDOPROSTHESIS

Vasyukov V.N.!, Rajfeld M.A.!, Sokolova D.O.!,
Tashtanov B.R.2, Pavlov V.V.?
'Novosibirsk State Technical University, Novosibirsk, Russia
’Novosibirsk Research Institute of Traumatology and Orthopedics
named after Ya.L. Tsivyan, Novosibirsk, Russia

One of the problems associated with hip arthroplasty is that the endoprosthesis is subjected to
significant mechanical loads, which can lead to its destruction. Revision surgeries aimed at de-
termining the condition of the prosthesis are complex and expensive, in addition, they are asso-
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ciated with the need for the patient to arrive at a medical facility and be hospitalized. An approach
to diagnosing a hip endoprosthesis during the patient's normal life is proposed, based on the anal-
ysis of vibration and sound oscillations taken from the body surface using a device developed
for this purpose based on a three-axis accelerometer. The device for recording vibration and
sound oscillations has small dimensions and weight, is fixed on the ilium and practically does
not limit the patient's movements during signal recording. The signals are recorded in digital
form on a memory card, which, after measurements are taken, can be removed from the device
and used to transfer the recording to a computer for processing and analysis. Analysis of the
records of signals obtained experimentally allowed to identify signs of various defects (partial
abrasion of the polyethylene liner, complete abrasion of the liner and loosening of the prosthe-
sis stem in the area of its attachment to the femur). Statistics are proposed for making a deci-
sion when testing hypotheses about the presence/absence of these defects. The results of the
experiments are presented.

Keywords: endoprosthesis, hip joint, diagnostics, accelerometer.

DOI: 10.17212/1727-2769-2024-4-48-63
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YCTPAHEHHUE HEOJJTHO3HAYHOCTH OIIEHOK HAIIPABJIEHUI
MPUXOJA HIUPOKOITIOJIOCHBIX CUTTHAJIOB B MHOI'OCUT'HAJIBHOM
PEXXMME IIEJJEHI'OBAHUA

M.E. lllepuenxo!, B.H. Majabimes!,
C.C. Cokouos', A.B. Ocerpos!, A.C. Uepenanon?

- 7 7 ]l 7
' Canxm-Ilemepbypzckuii 20cydapcmeenivlii S1eKMpPOmMexHUdeckuti yHueepcumen
«JIOTH»
2Canxm-Ilemepbypackuti nonumexuuueckuii yuueepcumem Ilempa Benuxozo”

Ipu neneHroBaHUy MEPEKPHIBAIOILUXCS 110 CIIEKTPY HCTOUYHMKOB LIMPOKOMOJIIOCHOTO CHTHAJA B
CHEKTPAIBHON 00JIacTH MpH (PHUKCHPOBAHHON KOH(PUTYpaLlUH aHTEHHOHN PEIIeTKH TpeOyeTcst ycTpa-
HEHHE HEOJJHO3HAYHOCTH aMIUIUTYIHO-(A30BBIX pacIpeieeHnil 1 pa3HocTel (a3, COOTBETCTBYIO-
LIUX PAa3IMYHBIM CIEKTPaabHbIM OTcYeTaM. COCTaBILIOLIMM CIIEKTpa OJHOILO U TOIO K€ CUTHAjIa
COOTBETCTBYIOT HEOJIMHAKOBBIE 3HAUCHUs PACCTOSHMA B JUIMHAX BOJH MEXy JJIEMCHTAMHU aHTEH-
HOH peleTKH, MPHUBOJAIINE K HEOJHO3HAYHOCTH OLEHOK B BBICOKOYACTOTHOM YacCTH CIIEKTpA.
B pabore mpemioxkeH METOA yCTpaHEHHs] HEOAHO3HAYHOCTH, COBMECTHMBIH C MHOTOCHTHAIIBHBIM
PEKUMOM IeNIeHroBaHusa Ha ocHoBe MeTonos noxanpocrpancts: MUSIC u ESPRIT. Ycrpanenue
HEOJJHO3HAYHOCTH MPOBEICHO KOPPEKIHMeH pa3sHOCTel (a3 MeXITy aHTEHHAMH JUISl KaXKIOTO CIEK-
TPaJbHOIO OTCUETA C YYETOM IPEIBAPUTEIBHOIO COOTHECEHUS] HEOAHO3HAUHBIX AMIUIUTYHO-
(ha30BBIX pacrpesieNicHHii B MHOTOCHTHAJIBHOM PEXHME K OJHO3HAYHBIM, MOIYYEHHBIM JJIsI HU3KO-
JacTOTHOM 00JIaCTH CIIEKTpa, 0 MakCUMyMy Koppersiiui. KoppexTrHoe aMrmuTyHO-(ha3oBoe pac-
IpesieJICHue A KaKAOro CIEKTPAIbHOTO OTCYETa BOCCTAHABIMBACTCS U3 CKOPPEKTHPOBAHHBIX
pasHocTel (a3 MeXLy aHTEHHaMH U UCTIONB3YETCS B KOPPEISLIMOHHBIX aJITOPUTMaX I1eJICHIOBaHUs.
IpencraBnens! pe3ynbTaThl IMUTALIHOHHOTO MOJEIMPOBAHUS 10 TIENIEHIOBAHUIO MSATH HCTOYHUKOB
3BYKOBOTO IIIMPOKOIIOJIOCHOTO CHTHAJIA C MTOMOIIBIO KBAIPaTHOW IIECTHAAIATHAIEMEHTHOH aHTEeH-
HOM pELIETKU C BHYTPCHHHM 3aIlOJIHCHHEM, IOJIYyYCHHBIE HAa OCHOBE IIPEUIOAKEHHOIO METOJa
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u3-3a m3menennst A'(f)=A/A=Af/c — paccTosHus B JUIMHAX BOJH MEKIY COCEAHHMH

aHTEHHAMH, Pa3HECEHHBIMHU Ha A , HeIoIycTHMO (pOPMHUPOBATH OLIEHKY HaIpaBJICHU TIPH-

X0Jla CHTHAJIA LEMKOM II0 BCEMY CIIEKTPY, HOCKOJBKY HPOSBIAETCA HEOHO3HAYHOCTh aM-

IMTY 1HO-(a3oBbIX pacnpeaenenuii (ADP) pa3HbIX CNEKTPaTbHBIX COCTABIIAIOIHX.
W3meHeHue paccTOSHMI B AJAMHAX BOJH JUL1 MaKCUMAalbHOH f,,. U MUHUMAab-

HOM [ 9acToT A'(finax )/A (fmin) >1 MOKeT ObiTh CymiecTBeHHBIM. [list y3Komo-
nocroro paguocurtana A'(fpa)/A(fmin) =1. TodedHoe mneneHroBaHue B KaXIOM

cnektpanbHoM  orcuete (CO) mo3Boisger w30eKaTh BIMAHUS — 3aBUCHMOCTH
AN(f), f€[fmin> fmax] Ha GOpMEpOBaHue oLeHOK asumyTta 6 u yria mecra 3. [pu

AN (f)<0,5 ADP 0TCYeTOB — OJHO3HAYHOE U (HOPMHUPYIOTCS OTHO3HAYHBIE OLICHKH B
HH3KOYACTOTHOH YacTH CIEKTPa, HO TOYHOCTh oleHoK npu A’(f)< 0,3 MoxeT ObITh
HU3KON M HemocTaTouHoM, a mpu A’(f) > 0,5 mosBIsSETCS HEOJAHO3HAYHOCTH OLIEHOK,
Tpebyromas ycrpanenns. CIEKTpalIbHBIE OTCYETHL, M KoTopeix A'(f)< 0,5, Hasbl-
BaroTcs nanee oaHosHaunbiMu CO, cootserctBenHo CO, y kotopeix A’(f)>0,5, —

HCOJHO3HAYHbIMHU.

Jliis pemieHus 3TOM 3a7aul MPEIJIOKESHO HCIIONB30BaTh BUPTyalbHbie AP, 00pa3o-
BBIBATh IOAPEUIETKH U3 UMeroeiica AP, 11 KOTOPBIX paccTOSHHE B ONPEIEICHHOM
JMaIia30He 4acTOT MO3BOJISIET c(OPMHUPOBATH OJHO3HAYHBIE OLCHKH, IPe0Opa30BbIBATL
nmauable pom3BoiabHOrO CO Ha omHO3HA4YHEIM CO ¢ mOMOIIBI0 (DOKYCHPYIOMIUX Mat-
put [1-6]. OxnHako mpobiaeMa COCTOUT B TMOMCKE ITHX MATPHI] B YCIOBHUSAX alpHOPHOI
HEOIPEIEIIEHHOCTH.

B BrIcOKOuacToTHEIX CO TOYHOCTH (POPMHUPYEMBIX C YCTPAaHEHHEM HEOJHO3HAYHO-
CTH OIICHOK BO3pAacTaeT M0 CPABHEHHUIO C TOUHOCTBIO OIIEHOK AJIs ogHO3HauHBIX CO.

B onHOCHTHATIBHOM peXXHMeE HEOTHO3HAYHOCTh YCTPAHAETCs MMPOCTO, IIOCKOJIBKY BCe
BBIHOCHMEIE OIIEHKH B pa3HbIX CO COOTBETCTBYIOT TOJIBKO ogHOMY MPU.

JIsi MHOTOCHTHAIBHOTO PEXXHMa, IPEINONArarollero HaJIM4ue HECKONBKUX Mepe-
KPBIBAIOIIMXCSI IO CIIEKTPY CHTHAJIOB, I BceX HeopHo3HauHbIX CO Tpebyercs mpen-
BapUTEIbHOE YCTAHOBJIEHHE COOTBETCTBHUS BBIHECEHHBIX OLICHOK HECKOJIIBKUX MCTOYHH-
KOB olleHKaM B ojiHo3HauHbIX CO. Pemienue 3Toif 3a1a4n paccCMOTPEHO Aaliee.

1. TouyeuHoe nMejieHroBaHue

Tepmun moueunoe nenenzosanue [7] o3Ha4aeT (HOPMHUPOBAHUE OILCHOK a3uMyTa O
u yriaa mMecta B s kaxkmaoro n-ro CO HabIOdaeMbIX JAHHBIX OT M aHTEHH. n-i

OTCYET COOTBETCTBYET YacToTe f), = finin + (1= 1) (fiax = fmin)/N ,n =1, N, N — uuc-
10 CO.

WcXoqHBIMU TAaHHBIMU 11 MHOTOCHTHAIILHOTO PEXKMMA [IPU TOYSYHOM MEJICHIOBa-
HuW sBaseTcs marpuna u3 7 -x CO, chopmupoBaHHbIX I0 K > M HaOMIOACHUSIM:

[ ()iln )1 (.)iln )K
(6! )1 (61.)[{
(yrr;n )i N (J/m;1 K
Zn =7z v - 7= |, 1
Gl T Gy .
Ouh Owi
L (SM )1 (6M )K |

rae o, — OleHKa ypOBHS IlIyMa B m-KaHaie npuema, m=1,M .
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dy
Kaxastit CO v, = 2 5;Syap, (0;,8;)+Cpm, n=LN, m=1LM, rne d,— uucno
i=1

CUTHAJIBHBIX COCTaBILAIOIIMX OT pasHelx UPM B n-m otcuere; b; — sHepreTuueckuii

napameTp CurHama, S, — OTCYET CIEKTpa i-r0 CHrHana; d,,(0;,B;) — orkimuk

m-i aHTeHHBI Ha HAIIpaBJIeHUE NMPHX0Ja i-ro curHana 0;, B; mwst n-ro orcyera. Muoro-

CUTHAJIBHBIA PEXHMM OCHOBAH Ha pPa3llokKeHUU Marpullbl R, = E diag (A)EH mo co6-
T
]

crBeHHbiM Bektopam E=[E, ... E;/ ], E,, =[E,, ... E,ps]1 , m=1,M , u uncnam
AZ[}Ll }\’M]’ }\41 >"'>}\‘M .
Uwucno cobctBenHbix uncen (CY), IpeBhICHBIINX YCTAHOBJICHHBIH 10 mTyMoBbhiM CU

HIOPOT, COOTBETCTBYET YUCILy CUIHAJIOB, IpUCyTCTBYIomuUX B CO d, .

®dopMupoBaHUE OICHOK O i=1,d,, B 3aBUCUMOCTH OT OLIEHEHHOI'O YHCJa CUT-

ni»

HaloB U koHduryparmu AP npoBonurcs Ha ocHoBe metonoB MUSIC nnu ESPRIT [8].

2. YcTpaHeHHe HEOTHO3ZHAYHOCTH

B MHOTOCHTHAJTFHOM PEKMME TIPU HATUYMHI HECKOJBKHX CHTHAJIOB TpeOyeTcs ycTa-
HOBHUTH B3aUMHOe cooTBercTBue (akrudeckux ADP AP g, (0;,B;)=a,, (0;,5;)x

xal*,, ©;,8,), m=2,M ,n= I,_N, pasabix CO KaXII0TO CHTHAJIA.
ITpu ESPRIT daxrtuueckoe ADOP g, onpenenserca CU oneparopa noBopora, IpH

MUSIC kak oxunaemoe ADP, onpezensioliee CUrHAIbHOE OAIPOCTPAHCTBO, OPTOrO-
HaJbHOE IIYMOBOMY MOJIMPOCTPAHCTBY, T. €. MPU KOTOPOM JOCTHUTAIOTCI MaKCUMYyMBbl
TMeJIeHrallMoOHHON Xapaktepuctuku Mmepsl MUSIC.

Osxmnnaemoe ADP a,,(6, B), m=1,M , 6€[0..360°], B [0...90°], onpexensercs

koH(purypanueit AP, 3aBucut ot yactorsl (Homepa CO) U HarpaBJIeHUH NPUXOJa CHT-
Hana 0, 3 u MoxKeT OBITh 337aHO AaHAJIUTHYECCKH, PACCUUTAHO C MOMOIIBIO DIIEKTPOIH-

HAMHYECKOTO MOJICIINPOBAHUS, OLIEHEHO KAITMOPOBKOH.

Jlis ommosHaunsix CO (Al =A'(f,)<0,5) Bbumcnsiorcs ouenkd 0,;, B,

i=1,d,, v BRMUCIAIOTCS ycpeaHeHHble oneHku 6,,B; mo ogrosnaunsiM CO st mo-

BEIIICHHSI TOYHOCTH TIPH pacueTe OXHOAeMOTo pacmpeneieHus misi moboro CO:

= = = = % = =
Emn (9,-, B,) =a,, (9,-, B )aln (Gl-, Bl) . CoOTBETCTBHE YCTaHABIMBACTCS MaKCHMYMOM

_ % = = _ = =
KOppeIAIHH maX(gmn (0;.B:)&mn (9,-, B,-)) MEKIY &y (07, B;) M gy (9,-, Bi)'
Vcrpanenue HeoanosHaunoctu misi CO mpu A'(f) > 0,5 npoBoauTCs aHAIOrHYHO

YCTpaHEHUIO HEOJHO3HAYHOCTH B MHOT00a3MCHBIX JIMHEWHBIX AP [9]:

arg(émn(ei’ Bl)) = arg(gmn (ei’ Bl)) +

’

,-,E,'))AA," —arg (&, (6;.B;))

o

21

D)

arg gy, (
+27

, 2
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TAE  Zpn, (a El) = Ay, (6,-, E,- )afno (6,-, E,) — JTAJIOHHOE paclpeneieHue IS BbI-
OpanHoro oxgHosHauHoro CO ny, [ ] — Omwkaiimee nenoe. CxoppekruposanHoe ADP
&mn(0;, B;) =exp [j arg (&, (0;, B[))] .

OnHO3HAYHBIE OLIEHKH ém- BBIYUCIISIOTCS ¢ y4eToM KoHpurypauun AP moxcraHos-

KO# BBIYMCIIEHHOTO Mo (2) arg( 2 (0, Bi)) B COOTBETCTBYIOIIEE BBIPAXKCHUE, WIU

IIOMCKOM MaKCHUMyMa KOppeisauuud cKoppektupoBaHHoro A®P ¢ oxupaembiM

0, B; = max (arg(gn(ei’ B))gy (6 Bi))-
0e[0...360°1, Be[0...90°]

3. I/IJIJIIOCTpﬂIII/IH TOYCYHOTO MEJICHIOBAaHHUS HIMPOKOIMOJOCHOTO CUTHAJIA
C YCTPAaHEHHEM HECOAHO3HAYHOCTH

[IpumMep npUMEHEHHS TOYEYHOTO IIEJICHTOBAHWS 36YK0GbIX CUTHAIIOB (CKOPOCTH
3Byka B Bo3ayxe 330 m/c) B muamazone 500...2000 I'n xBagpatHoii 16-3memenTHOM AP
(puc. 1) ¢ BHYTpEHHUM 3arojHEHHEM, TTOAXOAAIIEH sl peali3alii MHOTOCUTHAIBHO-
ro pexuma Ha ocHoBe ESPRIT. PaccrosHne mexnay cocemHuMu mukpodonamu AP
A =16,7 cMm. I3MeHeHHe pacCcTOSAHUS MEXAy 3neMeHTaMu AP B IyMHAaX BOJH B 3aBU-
CHUMOCTH OT YacTOTHI N300pakeHO Ha pHc. 2, . B UMHTHPOBAHBI IATh HCTOYHUKOB,
W3ITyYaroIUX CIy4aiHbIi MIMPOKONOIOCHBIA CUTHAII C HampaeieHusMH npuxozaa (10°,
20°), (45°, 15°), (79°, 19°), (120°, 17°), (260°, 13°). AMIIUTYIHBIA CIIEKTP OIHOTO
CUrHajia NpuBelieH Ha puc. 2, 0.

Onenkn azumyta aus CO, cooTBeTcTBYOmue yactotam 10 900 ', sBistrores ogHO-
sHauHbIME IpA > 900 ', paccrosaue B mmHax A'(f >900 I'm) > 0,5 u nossuser-
cs1 TpeOyIoIasi yCTpaHeHUs! HEOJHO3HAYHOCTh OIICHOK (pucC. 2, 6).

[Toce B3aMMHOTO CONOCTaBJIEHHS OLIEHOK (ha30BBIX CABHIOB MEXIy aHTEHHAMH W
YCTpaHEHUS! HEOJHO3HAUYHOCTH B MHOTOCUTHAIIBHOM PEKMME IOJIyUCHbI OLIEHKH, MpU-
BEJICHHBIE Ha pHC. 2, 2.

Kak BumHO 13 puc. 2, 6, TOYHOCTH OIEHOK B BBICOKOYACTOTHOH OOJIACTH CHEKTpa
A’(f >900 I'm) > 0,5 BBIIIE, 9eM B HU3KOYACTOTHOM 0OIACTH, B KOTOPOH 00eCIIcUrBa-

€TCs OAHO3HAYHOCTh M3-3a BBIIIOIHEHUS yCIOBHS A <0.5.

Puc. 1 — Kondurypauust AP ¢ BHyTpeHHUM
3aI10JHEHHEM

Fig. 1 — Configuration of the antenna array with
internal filling
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Puc. 2 — TouedHoe TIEIEHrOBaHNE [IMPOKOMIOIOCHBIX HCTOYHHKOB 3ByKa A’
mo ESPRIT:

a — usmenenne A’ B MOJNOCE YACTOT, 3aHUMAEMBIX LIMPOKOMOIOCHBIM HCTOUYHHKOM

3BYKa; O — aMIUIUTYJIHbIH CIIEKTp IEJIEHI'yeMOro CUrHaya; 6 — OLEHKM a3umyTa 0e3

YCTPaHEHHsI HEOJJHO3HAYHOCTH (ha3; & — OLICHKH a3MMYTa C yCTPAHCHHEM HEOJJHO3HAU-
HOCTH (a3

Fig. 2 — Direction finding of wideband sound sources in spectral counts
with ESPRIT

a— A variation in a wideband sound source band; b — amplitude spectrum of a single
signal; ¢ — azimuth estimates without correction of phase ambiguity; d — azimuth
estimates with correction of phase ambiguity
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[IpuBeneHHBIH NpHMEp MOKA3bIBACT, YTO YCTPAHEHHE HEOAHO3HAYHOCTH MEJIECHTOBa-
HHS BBICOKOYACTOTHBIX COCTaBILFOLINX CIIEKTPA HA OCHOBE MCIIOIb30BAHMS OTHO3HATHBIX
OLICHOK HAlpaBJeHHI MPHX0Ja HU3KOYACTOTHBIX COCTAaBJIAIOIIMMH OOecIiednBaeT Ooee
BBICOKYIO TOYHOCTb II€JIEHTOBaHUs HICTOYHUKOB HIMPOKOIIOJIOCHOTO CUTHANA.

4. UntepBajiibHOE NeJIeHTOBAHUE

HeZ[OCTaTKOM TOYEYHOTr'O IEJCHIOBAHUS SIBJISIOTCS OOJIbIINE BLEIYHCIUTEILHEIE 3a-
TpaThbl. HJ'IH UX CHMXXCHUA AuaIria3oH CO MOxHO pa361/m> Ha UHTCPBAJIbI JJI1 KOTOPBIX

’

n
COXpaHsAETCs TPUMEPHO OJMHAKOBOE DPACCTOSHUE B JUIMHAX BOMH —==1. Ecmm

’
m

ny —n; +1>M , To MOKHO IPIMEHHUTh HHTEPBATBHOE IIEJCHTOBAHUE [ 7], A1 KOTOPOTO

¢dopmupyercs matpuna u3 scex CO unTepBana [ny...1n,]:

I Yiny Yin, |

(&) (B
Zy.m)k=| ¢ oL k=1.K.

Y Y,

Gar)e ()]

WHTepBanbHOE  TIEJICHrOBaHME  MOXKHO  peali30BaTh  0€3  HaKOIUICHHS

Rz = (an___n2 e Zy,..n, ),i{, T.€. 0 JaHHBIM, IOJYYEHHBIM IPH OJHOKPATHOM
K

HaOJIIO/ICHHH, U C HaKOILIeHHeM R, = Y (R;); JUIsl NOBBILICHHS TOYHOCTH OLICHHUBA-
k=1

Husg YK WPU. Jlanee BBIMOTHAIOTCSA TAaKUE K€ JEUCTBHA ¢ MaTpHLEd R;, Kak IIPH TO-

YCYHOM IICJICHI'OBaAHUH.

3akJjouenue

Pa3paboTaHHBIN METO TETICHIOBAHUS MIMPOKOITOJIOCHBIX CUTHAJIOB, HE YAOBJICTBO-
PAIOLIMX KJIACCHYECKOMY YCJIOBHUIO Y3KOIMOJIOCHOCTH, 332 CUET YCTPAHEHHs] HEOITHO3HAY-
Hoctn ADP, co3maBaeMbBIX pa3sHBIME CIEKTPaTbHBIMH COCTaBIAOmmUME B AP, 1 coor-
HECCHHEM OIICHOK HEOTHO3HAYHBIX aMIDIUTYIHO-(A30BBIX pacHpefelecHhid C OIHO-
3HAaYHBIMH B HHU3KOYACTOTHOH OOJACTH CHEKTpa, MO3BOJSET CPOPMHPOBATH OICHKH
HaTpaBJICHUH MPUXOMa, IEPEKPHIBAIOLINECS IO CIIEKTPY CUTHAJIOB Pa3HBIX MCTOUHHKOB
0e3 CyIIEeCTBEHHBIX MPeoOpa30BaHuil ¢ HAOIIOIAEMbIMHU JTAHHBIMH.
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ELIMINATION OF AMBIGUITY IN ESTIMATES OF THE
ARRIVAL DIRECTIONS OF BROADBAND SIGNALS IN MULTISIGNAL
BEARING MODE

Shevchenko M.E.!, Malyshev V.N.!, Sokolov S.S.!,
Osetrov A.V.!, Cherepanov A.S.2
1Saint Petersburg Electrotechnical University "LETI",
Saint Petersburg, Russia
2Peter the Great St. Petersburg Polytechnic University,
Saint Petersburg, Russia

Direction finding of wideband signals overlapping in the spectral domain by a fixed antenna
array requires the correction of steering vector ambiguity and phase differences corresponding to
different spectral components. The spectral components of the same signal correspond to unequal
values of the distance in wavelengths between the antennas in the array. A method of steering
vector ambiguity correction suitable for subspace methods such as MUSIC and ESPRIT is pro-
posed. The ambiguity in the presence of multiple signals is resolved by correcting phase diffe-
rences between antennas for each spectral component, with preliminary correlation of the ambig-
uous steering vector with unambiguous ones obtained for the low-frequency range of the spec-
trum using maximum correlation. The corrected steering vector for each spectral component is
obtained from the adjusted phase differences between the antennas and is used in the direction
finding correlation algorithm to obtain unambiguous estimates of the directions of arrival of the
wideband signals. Simulation results for direction finding of five sound wideband signals using
a square internally filled antenna array consisting of 16 antennas, based on ESPRIT with the pro-
posed method of ambiguity correction, are presented. The proposed method for correcting the
steering vector ambiguity caused by different spectral components of wideband signals in the
antenna array allows estimation of their directions of arrival, as is done for narrowband radio
signals.

Keywords: wideband signal, direction finding in the spectral domain, steering vector ambi-
guity, correction of azimuth and elevation estimate ambiguity, antenna array, MUSIC, ESPRIT.
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