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B 3apgayax aBTOHOMHOWM HaBUraLMM ManbIX fieTaTeNbHbIX annapaToB U HaseMHbIX po6OTOTEXHUYECKNX NnaTdopM
TpebyeTca hopMMpOBaHME CEMAHTUHECKOWH MOAENN MECTHOCTH, BKIIOYaIOLLEe BbiieNIeHUe NPEnATCTBUA U 30H pU-
cka. B npupoaHbIX U cenbckoxo3AanNCTBEHHbIX NaHAwWadTax BOAHbIE KaHambl U BOAOTOKU ABNAIOTCA KPUTUHECKU
Ba)XKHbIMU 00BLEKTaMM, NOCKONbKY 3a/al0T FPaHuLibl NPOXOAUMOCTH, OFPaHMYEHUA NPU NNAHMPOBAHNUU MapLUPYTOB
1 ycnosusa BbiGopa Nnowajiok asapuiiHo# nocaaku. TpaauLMOHHbBIE MOAXO/bI, OCHOBaHHbIE HAa NMOTOKOBbIX anro-
puTMax no undposbIM MoAenaM penbeda, EMOHCTPUPYIOT CHUXKEHME YCTOWYMBOCTH B YCIIOBMAX PaBHUHHOTO pe-
nbecda n cnabbix BbICOTHLIX FPAIMEHTOB, a TaKXKe NPU YaCTUYHOM 3KPaHUPOBAHMM KaHaNOB PacTUTENbHOCTBIO.
BosaylwiHoe nasepHoe ckaHupoBaHue obGecneunBaeTt nony4eHne MAOTHbIX 0GNAKOB TOYEK U Mo3BonAET Habnio-
AaTb 3N1eMeHTbl MUKpopenbeda, 0AHAKO CylLeCTBylOLME MeToAbl unsTpaumm Ine " u BbIAEneHus
pycnoBbix hopM HacTo TpebyioT HACTPONKM NapaMeTPOB NoJ KOHKPETHbLIA NaHAWAMDT U He rapaHTUpYIOT CTabunb-
HoCTb pesynbrata. Llens uccneposanus — paspa6orarb METoAMKy aBTOMaTU3MPOBAHHOTO OGHapY)KeHUA BOAHbIX
KaHanoe No jaHHbIM BO3/lyLLUHOTO InAapa, obecneunsaiollyto ¢opMMpPOBaHUE HABUIALMOHHO 3HAUMMBIX NapamMe-
TpoB Ha uMchpPOBOI KapTe MECTHOCTH, a UMEHHO OCEBOM NIMHUM KaHana U rpaHul, 6eperos, Heo6xoANMMBIX AN Mo~
cnepyloLlero BHeApeHUA B CUCTEMY aBTOHOMHO HaBuraumu. B pabote npuMenserca pobactHoe BbiaeneHune seM-
How nosepxHoctn MetogoM RANSAC c nokanbHo-afanTMBHOM CTaTUCTUYECKON KanMGpoBKOW NOPOros, BOCCTa-
HoBNeHue uudpoBom Moaenu penbeda C UCMONb30BaHUEM CrNaXKuBaHuA/MHTepnonauum metogomM besbe, Bbiunc-
nexnve aucddepeHUManLHO-TEOMETPUHECKMX XaPaKTEPUCTUK MOBEPXHOCTU HA OCHOBE NepBoii U BTopoi dyHAaa-
MeHTanbHbIX ¢opM 1 onpefeneHme rmaBHbIX KPUBU3H, Knaccudukaumio TMNOB penbeda ¢ BbiAeIEHUEM JONTMHO-
06pasHbIX CTPYKTyp, reoMeTpu4ecKyio BepuUKaLMIo rMNoTe3 KaHaloB No nonepeyHbiM npocdunam (LumMpuHa,
rMy6uHa, nnowaab ceveHus). B aaHHomn pabote paspaGoraHa MeToAuKa BbiAeneHNA BOAHbIX KaHANoOB, AEMOHCT-
PUPYIOLLUIA BbICOKYIO TOYHOCTb KnaccucuKaumm yCToWYMBOCTb K CNIOXHBIM YCNOBUAM PaBHUHHOW MECTHOCTU U
NNoOTHOM pacTuTenbHocTU. [ina MeToaukM Gbina paspaboraHa NPOrpaMMHO-aNroOpUTMUYECcKas CMCTEMa Ha A3blke
Python u BbinonHeHO TecTMpoBaHMe Ha NOMNEBbIX AaHHbIX BO3AYLUHOIO NTAa3€PHOr0 CKAaHUPOBaHMUA, MOJTyYEHHbIX
6oproebiM nuaapomM DJI Zenmuse LI Ha nnardopme DJI Matrice 300 RTK. MNokasaHa pa6otocnoco6HocTb MeTo-
AVKM Ha y4acTKax C pas/iniHbiM TUMOM PacTUTENbHOCTU M XapaKTepOM pycnoBbiX (hOpM; MOny4YeHbl OCeBble
NIMHUM KaHanoB M rpaHuLbl 6eperos/6posok. MpeanoxeHHaa MeToauka obecneunBaer aBToMaTu4eckoe hopmMu-
poBaHue Ha uMGppPOBON KapTe MECTHOCTM OCEBbIX NIMHWW, rpaHuL, Geperos/6poBoK. TU AaHHblEe MO3BONAT B
cucTeMax aBTOHOMHOW HaBuraumu ¢oopMUpoOBaTh KapThl 30H PUCKa NPU NNaHMPOBaHUA Ge30MacHbIX TPaeKToOpui
(B ToM uncne npu sbibope 30H nocapku/asapuitHoi nocaaku MJ1A). MeToauka no3eonuT perynapHo U aBToMaTu-
4Yecku OGHOBNATE HABUraLMOHHbIE KapTbl MO AaHHBIM BO3AYLUHOTO NMAapa.
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BBenenue

ABTOHOMHAs HaBUTalUsl MalbIX JIETATEIbHBIX amMapaToB
(MJIA) 1 Ha3eMHBIX pOOOTOTEXHUYECKUX KOMILIEKCOB BHE MOJI-
TOTOBJICHHOM MH(PACTPyKTypbl TpeOyeT MOCTPOCHUsSI JOCTOBEP-
HOM CEMaHTUYECKOU MOJAECJIN MECTHOCTU: BBIACICHUA TIPCIIAT-
CTBMH, TIpaHMI] OE30MacHOW 30HBI JIBMKCHHUS, MOTEHIIMAIBHO
OIIACHBIX YYacTKOB (pa3MbIBBI, OBpard, KaHaBbl, BOJHBIC IIpe-
rpajibl), a TAK)KE yCTOWYMBBIX OPUEHTUPOB VIS IIPUBSI3KU U KOP-
pekunu Tpaektopud [1]. B mpupoaHbIX U CeNbCKOXO03HCTBEHHBIX
nmaHgmadTax ofxHON U3 Hanbosee KPUTHYHBIX KaTerOpUi 00beK-
TOB SIBJISIFOTCS] BOJHBIC KQHAJIBI M BOJIOTOKH (€CTECTBEHHBIE U HC-
KyccTBeHHBIC). OHH OTHOBPEMEHHO BBICTYMAIOT (PH3MYECKIMHU
GapbepamMu ¥ 30HaMH1 PHUCKA JUIS HA3eMHBIX MIaT(OpM, OTpaHude-
HUSIMHU ¥ 3aIIPETHBIMY 30HAMH IIPH BBIOOPE aBapUHHON TUIOMAAKH
nocagku MJIA, cTpyKTypHBIMH OPHUEHTHPAMHU ISl TOCTPOCHUS
KapThl U COTIOCTABJICHHUS C allpuOpHOM reonHpopmarmeii [2].

Krnaccuueckue MeTobl BbIIENICHNST JPEHAXKHON CeTH U KaHa-
JIOB 00BIYHO c(OPMUPOBAHBI Ha aHAM3e U(PPOBON MOJIENTH pe-
nbeda (LIMP) 1 TOTOKOBBIX anropuT™Max (HarpasieHHe/HaKoILIe-
HUE CTOKa), PEAIOJIararoliX JBIKEHUE BOJIbI IT0 HAITPABICHHIO
HauOOJIBIIEro YKIIOHA [2]. B HaBUranmoHHBIX CHCTEMaX 3TH TOJ-
XOJIbI YaCTO OKA3bIBAIOTCS HEJOCTATOYHO YCTOHYMBBIMHU MO JIBYM
npuurHaM. Bo-niepBbIX, Ha paBHUHHBIX TEPPUTOPUSIX C MaJILIMH
BBICOTHBIMH TpanueHTaMu ommoku [IMP, nryms! nHTEpHONSIIAN
1 aHTPOTIOT€HHbIE MUKPOHEPOBHOCTH IIPUBOJIST K JIOKHBIM BOJIO-
COOpHBIM CTPYKTYpaM M pa3pbiBaM ceTH. Bo-BTOpBIX, /It aBTO-
HOMHBIX CHCTEM Ba)XKHO 0OHAPYKHMBATh HE TOJIBKO “THAPOIOTHYE-
CKyI0” CeTh, HO ¥ TEOMETPUYIECCKH BBIPAKEHHYIO (hOpMY TpersT-
cTBUs (Oepera, OPOBKH, TalbBEr, MIMPUHA/TITyOWHA), TOCKOIBKY
HUMCEHHO 3TH MMapaMETPhbl UCIIOJIb3YIOTCA AJId OUCHKH ITPOXOJUMO-
CTH, TUIAHUPOBAHUS TPACKTOPHU W Ha3HAYEHHs 30H 0€30I1acHO-
CTH.

[IprmeHneHne MeTOa BO3YIIHOTO Ja3epHOT0 CKAHUPOBAHUS
(BJIC) 6opTOBBIM JHIapOM OOccrieurBaeT (hOPMUPOBAHHE TLIOT-
HBIX TPEXMEPHBIX OOJAKOB TOUEK M YAaCTUYHOE CKaHMPOBAHUE
CKBO3b pacTUTENbHBIN noJor. [lpu minoTHocTsAX nopsiaka 8-15 to-
YeK/M? CTaHOBSITCS HAaOJIIOAaEMBIMH 3JIEMEHTBI MHKpopeibeda,
BKJTIOYAsl y3KHME€ KaHaBbl U OpOBKM KaHaioB. OIHAKO MpaKTHUE-
CKO€ TIPUMEHEHNE JINAAPHBIX JaHHBIX B aBTOHOMHOM HaBUTAIlNU
OCJIOKHSIETCSI HEOOXOANMOCTBIO HA/ICKHO OTJIENATh OTPasKCHUS
OT TPYHTa OT PacCTUTEIBHOCTH U JPYIHX HAA3EMHBIX O0OBEKTOB,
COXpaHss IPH 3TOM MHKpopeibed, KpUTHUHBIH Ul paclio3HaBa-
Hust KaHaiuoB [3, 4]. TumoBble METOABI (HIBTPOM «3SMILS»/
«He-3eMJIsD» TPEOYIOT HACTPOUKH M0/ KOHKPETHYIO CIIEHY U 4acTO
b0 “‘cpe3aroT”’ ClabOBBIPAKCHHBIC PYCIOBBIC (OPMBI, JHOO
OCTaBIISIIOT apTe(aKkThl HU3KOH PaCTUTEIBHOCTH, MOPOXKIAIOIINE
JIOXKHBIE TOJMHBL. )11 aBTOHOMHOI HaBHTallMKM ATO MPUBOIMT K
OIIMOKaM KapThl: JIOXKHBIM 3alpeTam JBHKEHUS 100, HA000POT,
K HEJICTEeKTHPOBAHHBIM TIPETISITCTBUSIM.

Lenpto HacTosimeil paboThl sBiIsIETCS pa3paboTKa METOIUKH
ABTOMATH3MPOBAHHOTO OOHAPY)KEHHS BOIHBIX KaHAJIOB Ha I (-
POBOii KapTe, GopMUPYEMOIi TT0 TaHHBIM BO3IYITHOTO JIA3€PHOTO
CKaHHPOBAHUS OOPTOBBIM JIUIAPOM, YCTaHOBIEHHBIM Ha MJIA n
paboTaromum Ha BeicoTax nopsinka 100-400 M. Metoanka opueH-
THUpOBaHa Ha (POPMHUPOBAHKME OCEBOI JIMHUM KaHalla, rpaHull Oe-
peros/OpOBOK, MPUIOAHBIX ISl AabHEHIICrO BHEAPCHHS HHTC-
Tpan B CUCTEMbI AaBTOHOMHOM HaBUTAITUHU.
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AHaJIu3 MeTOA0B KJaccu(pukanumn pejibeda U BblAeJICHUIO
BOJHBIX 00bEKTOB B HABMTAIIMOHHBIX 3a1a4ax

[Ipu ananu3e METOAOB BBIAEICHUS BOJIHBIX T'PAHUI M KaHAJIOB
MOXXHO yCJIOBHO pa3ieiNTh Ha JIBE TPYIIIBL: IpsiMble (OOHapysKe-
HHUE BOJHOM MOBEPXHOCTH) M KOCBEHHBIE (OOHApy’>KeHHE PyCIo-
BOI (opMBI Kak reomerprdeckyro Gopmy Ha [IMP, HezaBucnmo
OT HAJIUYHS BOJBI).

1. IMorokoBeie amroputmel Ha L[IMP (D8/Deo, HakorieHne
cToka). Kiacc MeTonoB, OCHOBAaHHBIX Ha MOJEIUPOBAHUN
HaTIpaBJICHUS M HaKOIUIeHHsA cToka Ha [IMP (mampumep, cxemsl
D8 n Do), mupoko nmpuMeHseTcs 1 aBTOMaTHYECKOT0 TIOCTPO-
CHUSA z[peHa>1<H0171 CCTU U ONPEACICHUSA TaJIbBETOB. OCHOBHBIM
MPEUMYyHICCTBOM NNOTOKOBBIX AJITOPUTMOB SABJIACTCA UHTCPIPETHU-
PYeMOCTh pe3yabTaTa U BO3MOXKHOCTD HOJTY4YEHHUS CBS3HOM ceTH
JIMHUH cTOKa. BMecTe ¢ TeM 11 HaBUTallMOHHBIX CHCTEM OTPAHU-
YEHHEM SBIISICTCA BBICOKAsI YyBCTBUTEIBHOCTD K KAUECTBY MUCXOJ-
Hol [IMP 1 k MasibIM BBICOTHBIM I'paJIu€HTaM, XapaKTE€PHBIM IS
PaBHUHHBIX TEpPUTOPUi. B TakMX yCIOBHSAX IIYMBI HHTEPIIOJS-
LMK ¥ apTe(aKThl BOCCTAHOBJICHUS TOBEPXHOCTH MOTYT IIPHUBO-
JIITH K JIOKHBIM HAIpPaBJICHUSM CTOKA, pa3pblBaM CETH U CMellle-
HUIO N3BJIEKAEMbIX OCEBBIX JIMHUI OTHOCHTEJIBHO peasibHbIX Opo-
BOK U OeperoB. B pesympraTe popMambHO KOPpPEKTHAS C TOYKU
3pEeHUs] IOTOKOBOM MOJIENIN CETh HE BCEr/ia 00ECrednBacT TOY-
HOCTh OOHAPYKEHUS MPETISITCTBUMA.

2. Metonsl knaccudukamun GopMm peiabeda o reomophomer-
pudecKuM Ipu3HakaM. [{pyroil pacipocTpaHEHHbBII METO, CBS3aH
C HUCIIOJIBb30BaHHEM TeOMOP(HOMETPHUYECKUX MPOn3BOAHBIX [[MP:
YKIIOHA, 3KCIIO3ULIUH, TIPOQHIIEHOI 1 TIIAaHOBOW KPUBH3H, ITOKa3a-
TeJIei BOTHYTOCTH/BBITYKJIOCTH, IEPOXOBATOCTH U JIOKAJIBHOW Ba-
pHabeIbHOCTH BBICOT. DTH TPHU3HAKKM YJOOHBI ISl TTOCTPOCHUS
KapT CTOMMOCTH JIBHKEHHMS (COSt map), IJie KaxJ10My dJIEMEHTY T10-
BEPXHOCTH COTIOCTABIIACTCS «IITpady 3a MPOXOXKJICHHUE, U JUIA Iep-
BUYHOM cermMeHTarmu Gpopm penbeda. OHaKO MU BBIYUCICHUN HA
samrymnéanor [IMP reomopdomeTprdeckre mpon3BoIHBIE MOTYT
JIEMOHCTPUPOBATh MOBBIIICHHYIO BapHaTHBHOCTh Ha Maciitade
JIICKPETHU3aluH, YTO TPUBOJMT K IIPOCTPAHCTBEHHOH (hparMeHTa-
LM KJIACCOB M HECTAOWJIBHOCTH I'PAHUIl MEKITY «IIPOXOANMBIMI
U «HETPOXOIUMBIMI» 00IacTIMu. JIjis1 aBTOHOMHON HaBUTAIMU
JTAHHOE CBOICTBO HEXEJATEeJIbHO, ITOCKOJIBKY BBI3BIBACT JIOKAJIb-
HBIC JIOKHBIC MTPETIATCTBUA U HeyCTOfI‘IHBOe TOBEACHUC IIJIAaHUPOB-
IIMKa TPACKTOPUH TIPH T10CIIEA0BATEIbHBIX OOHOBJICHUSIX KapThl.

3. Metoab! inddepeHnnaabHO-reOMETPHUECKOTO aHaIN3a 110
TJIaBHBIM KpHBH3HAM. [IepCrieKTHBHBIM HapaBiIeHUEM JUIs BbIJIE-
JICHUS] PYCIIOBBIX (OPM SIBISICTCS aHAIIM3 JIOKAJIBHOW (popMBI TIO-
BEPXHOCTH Ha OCHOBE KOX((HUIMEHTOB INIaBHBIX KPUBH3H, BBI-
YHCISIEMBIX 110 aHATUTHYECKOMY WM JIOKAIEHO-AIIPOKCUMHPO-
BaHHOMY IIpeJCTaBICHUIO Z(X,Y).

[TpenMymiecTBOM JTaHHOTO TTO/XO0/1 SBISIETCSI OPHEHTALNOH-
Hast THBApPHAHTHOCTB, T/I€ JIOJIMHOOOpa3HbIe CTPYKTYPBI BBISBIIS-
I0TCSI HE3aBCHUMO OT HAINPABJICHUS MX IPOCTUPAHUS B TIane. [is
KaHaJIOB B PABHUHHOW MECTHOCTH THITMYHA T€OMETPHsI, IPH KO-
TOPOH BJIOJIb OCH KaHasa MOBEPXHOCTh OJIM3Ka K IIAHAPHOM, a B
[IOIIEPEYHOM HAIlpPaBJICHUM BbIPa’KE€HA BOTHYTOCTb. [l 3ajad
HAaBUTallMY1 HAJIMYKUE YCTONYMBOMN MIONEPEYHON BOTHYTOCTH SIBJISI-
ercss MH(OPMATHBHBIM IPU3HAKOM IOTEHIMAILHOTO Oapbepa U
IpaHUIBl TPOXOJUMOCTH. B OTiIMdMe OT NMOTOKOBBIX METOJIOB,
JIAaHHBIA TOAXOJ HE ONHMpaeTcs Ha TIJI00albHOE HalpaBJeHUE
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YKJIOHA M COXpaHsAeT pabOTOCIIOCOOHOCTh MpPH CIa0OBBIPa’KEH-
HBIX TpajiieHTax, MpU YCJIOBHHM pPOOACTHOTO BOCCTAHOBIICHHMS
IIMP 1 KOHTpOJIS CriIaXKUBaHUSL.

4. CeMaHTHYECKOH CErMEHTAIMU BOJHBIX OOBEKTOB M MpPHU-
OpEKHBIX 30H METOIaMH MAIIMHHOTO 00YYEHUS 110 MHOTOKaHaJIb-
HBIM ITpHU3HaKaM. B maHHOM Kiacce MeTo10B 3a/1a4a popMynupy-
eTcs Kak Kiaccu(uKanus IUKCeNed B KIIacchl «Boja», «Oe-
per/npuopexHas 30Ha», «CYIIA», «PACTUTEIBHOCTHY C UCIIOIb30-
BaHMEM IPHU3HAKOB, MOJYYECHHBIX W3 JHIapa M ONTHYECKOH Ka-
Mepbl. B kadecTBe BXOJHBIX MAHHBIX MPUMEHSIOTCS MHOTOKa-
HaJIbHBIC KapThl (Hampumep, BbicoTa LIMP, yKiI0H, KpHUBU3HEL,
IIEPOXOBATOCTb, INIOTHOCTH TOYEK, MHTEHCUBHOCTb, TEKCTYPHBIE
MPU3HAKKM ONITHYECKOTO U300paKeHMUs1), a PellieHHe CTPOUTCS Ha
OCHOBe 00y4aeMbIX Mojeieill (rpaJueHTHbI OyCTHHT, Ciy4aii-
HBIH Jiec, THOO CBEPTOUYHBIC CETH JIJIsi CerMEHTaluun). Pe3ynbTa-
TOM SIBJISIETCS] MAacKa BOJHBIX OOBEKTOB U MPUOPEKHBIX 30H, MPHU-
TO/IHAs JIJIsI TIOCTPOCHUS HABUTAIIMOHHBIX TIAPAMETPOB IS TIOCIIe-
JIYIOIIET0 M3BJICYCHUS] IPAHUI] U OCEBBIX JIMHUN BOAHOTO KaHaa.

Taxum 00pazom, MeTO 16l OOHAPYKEHUS BOJIBI IO ONITHYECKIM
IIpU3HAaKaM He Bcerja 00ecreynBaloT HeNpephIBHOE U OJHO3HAY-
HOE BBIJIEJICHHE BOJHOMN MMOBEPXHOCTH, & METO/IbI, ONUPAIOLIHECS
TOJIBKO Ha TIOTOKOBBIE MOJIEIN WITH OT/IEIbHBIE TeOMOp(oMeTpHde-
CKHE TIPOM3BOJHBIC, HE TapaHTHUPYIOT KOPPEKTHOM JIOKAIN3alnK
0OeperoB/OPOBOK B YCIIOBHSAX paBHHHHOTO perbeda u mrymoB [IMP.
Kpome Toro, obydaembie METOIBI CEMAaHTUYECKOW CErMEHTAIIUH
TpeOYIOT pernpe3eHTATUBHON O0O0ydaromeil BRIOOPKH M KOHTPOJIS
IIPY TIPIMEHEHNH HOBBIE CIIEHBI, YTO 3aTPyJHSCT UX IPUMEHEHHUE
KaK YHUBEPCAIBLHOTO PELIeHHs B COCTaBE OOPTOBBIX CHCTEM.

B cBsi3u ¢ ykazaHHBIMU OCOOCHHOCTSIMU MPEICTABIISETCS 1ie-
JIeCOO0Pa3HBIM Pa3pabOTaTh COOCTBCHHYIO METOAMKY aBTOMATH-
YEeCKOro OOHapy>KeHHUs! pEUHBIX KaHAJIOB I10 00JIaKy TO4YeK, chop-
MHUPOBaHHOMY OOPTOBBIM JINAAPOM.

3. MeTonuka o0HApy KeHHS] peYHbIX KAHAJIOB Ha 00JaKe
JaHHBIX, C()OPMUPOBAHHBIX GOPTOBBIM JUIAPOM

Jist TOCTHKEHUS! TOCTaBICHHON 1eH ObliIa Mpe/IokeHa Me-
TOJIKA aBTOMATHYECKOr0 OOHAPY’KEHHUS PEUHBIX KaHAJIOB Ha 00-
JIaKe TOYEK, OMMCAHHAs B CXEME Ha PUCYHKE 1.

HcxonHoe 0671aKo ToU ek

|

A 4

1. TIpenBapuTensHas 06paboTka
HUCXOAHOTO obJaka ToueK

5. l'eomeTpudeckunii aHaIM3
TIOBEPXHOCTH

v v

2. JlokaneHO-aan TUBHAS

6. Knaccudukanys noBepxaocreit
CTATHCTHYECKAs KaJIMOPOBKA [IOPOroB

l !

3. Boinenenne MoBepXHOCTH 3EMIIH C

HoMolbIo anroputya RANSAC 7. IIpoBepka runoTe3 KaHajunoB

I !

4. Cria)xuBaHUe M MHTEPHOJISIMS ¢
rmoMoIpio Meroaa besbe

8. Bolgenenue KaHajaos

Puc. 1. Cxema, onuchIBaromast METOAUKY OOHAPYKEHHS PEUHBIX
KaHAJIOB Ha 00J1aKe TOYeK

[IpencraBnennas Ha cxeme (puc. 1) MeToIUKa COCTOUT U3 TO-
CJIEJIOBATENBHBIX § II1aroB:

[Har 1. ITpeasaputensHas 00paboTKa HCXOIHOTO 00JIaKa TOUEK.

ar 2. JlokanpHO-afanTHBHAS CTaTHCTHYECKas KaIMOpOBKa
TIOPOTOB.

[Ilar 3. BeiieneHne MOBEPXHOCTH 3€MIIM C TOMOIIBIO AJIrO-
putma RANSAC.

[ar 4. CrnaxuBaHne W MHTEPHOISIMS C TIOMOIIBIO METO/A
besse.

[Har 5. 'eomeTpuyecKni aHAIU3 TOBEPXHOCTH.

[Mar 6. Knaccugukariys moBepXHOCTEH.

[Iar 7. ITpoBepka rumnoTe3 KaHajloB.

[ar 8. Beinenenue kaHajioB.

Jlanee paccMOTpHUM KKl IIar moipooHee.

Ilar 1. IIpexBaputenbHast 00padoTKa MCXOAHOT0 00J1aKa
TOYeK

[IpensaputenpHast 00pabOTKa JTUIAPHBIX TaHHBIX HAYUHACTCS
¢ paboTHl Ha/l NCXOJHBIM O0JIAaKOM TOYeK (pHC. 2), Tne Kakaas
TOYKa ONHCHIBACTCS KOOPAMHATAMH (X,Y,Z) 1 HHTEHCUBHOCTBIO |.
Ha nanHOM mare ynansitoTcs BRIOPOCH ¢ TOMOIIBIO CTaTHCTHYE-
CKHMX METOJIOB, TAKHX KaK MeIMaHHOE a0COIIOTHOE OTKIIOHCHHUE U
MEKKBAPTUIILHBIA pa3Max, 4TOObI MOBBICHTh YCTOHYMBOCTH K
mymy [5, 6].

Puc. 2. McxoaHoe 0011aK0 TOYCK C BOJHBIM PECYPCOM

K Tomy ke, Ha TaHHOM IIare HOPMaJIH3yeTCsl HHTCHCHBHOCTh
C YY4ETOM PACCTOSHHS 10 00BeKTa, IS NanbHeimei GpuipTpanmun
0e3 HCKaXCHNI OT BapHaIlid CHUTHAA.

Ilar 2. Jloka/JibHO-aJaNITUBHAS CTATHCTHYECKAs KAJIHO-
POBKa NOPOIoOB

BBoaurcst GJI0OK JOKaJIBbHO-aJaNTUBHON CTaTUCTUYECKON Ka-
mubpoBku noporos nepen RANSAC, nockonbky ¢ukcupoBaH-
HBII TTOPOT HEBS3KH O YXY/IIIAET MEPEHOCUMOCTb MEXY CIIEHAMHU
C pa3HOM IUIOTHOCTBIO TOYEK W YPOBHEM PACTHTEIBHOCTH. biok
BBIBOJWT aJJalITUBHEINA O = ¢ + MAD(g) u3 MeauaHHO#M abCOIIOT-
HOM JIeBUAlMU HEBS3EK I10 TPEIBAPUTEILHON KBAAPATHYHOI arl-
MIPOKCHMAIMU B JIOKAIFHOM OKHE KaXJIOW SYEHKH CEeTKH, T[e
¢~=2.5 obecrieunBaeT CoracoBaHNUe C HOPMAIBHBIM PACTIPEICIICHHAEM.
[Momy4eHHBIII TTOpOr CTAOMIM3UPYET BBIACTICHHE 3EMHBIX TOYCK M
YCTpaHSIET Py4HYIO HACTPOWKY, TOBBIIIAST BOCIIPOM3BOIMMOCTD T€0-
METPUYECKOro aHasmi3a. JIokanpHbIe O iepenatoTes B mar 3, cTaOuii-
3UpYsl BbIJICNICHHE 36MJIM U MOBBIIIAsI IEPEHOCUMOCTb.
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Ilar 3. Bbiienenue NMOBEPXHOCTH 3eMJHM € NOMOUIbIO
aaroputma RANSAC.

[Tocne miara 2 BeIIEISIETCS 3eMHAS TOBEPXHOCTH C TIOMOIITHIO
anroputMa RANSAC a5 oTaeneHus 3eMiId OT PaCTUTEIBHOCTH
[7-10]. Ha ocHOBe amanTHBHBIX MOPOTOB O B Ka)IOW sUciHKe
PEeryJsipHO CeTKU pa3mMepoM 2x2 MeTpa, HE3aBUCHUMO CTpPOST
JIOKQJIbHYIO KBaJPAaTHUHYIO MOJTHHOMHAIBHYIO MOJICIb penbeda:

2(x,y)=a, +a,x+a,y+a, x> +a,y’ +a,xy (1)

KoaddrmmenTs {al ,a,,8,,d,,85,a } ONPENENSIOTCS Me-

TOJIOM HaMMEHBILIUX KBAJIPATOB IS CIy4aiiHO BEIOPAHHOTO I10/1-
MHO)KECTBA TOUEK B OKPECTHOCTH paanyca I (2-5 metpos). Touka
KJIaCCU(HUIMPYETCs KaK MPUHAIIICKAIIAs 3eMHOW TTOBEPXHOCTH,
IPU OJJHOBPEMEHHOM BBITIOJIHEHHHU TPEX YCIOBHM:

1) ocTaToyHOE paccTOSTHUE 0 MOJETH HE MPEBHIMACT MOPOo-
rosoe 3HaueHne O (0.1-0.5 M, oTcekaeT KycThl);

2) JOKaJIBbHBIA HAKIIOH MOBEPXHOCTH |VZ| < tan(0max), OKOJIO 5-
15° (uckimoyaeT KpyThle CKIIOHBI);

3) 105151 MHIIaepOB B OKPECTHOCTH MPEBHIIIAET MUHUMAIIbHOE
3HAYCHHE Pin.

st obecrieueHns HENPEPHIBHOCTH TTOBEPXHOCTH HMCIOJB3Y-
I0TCSI OrPaHUYEHMs] HA COCEJIHHE YYacTKHU. Pa3HOCTH BBICOT M
YTJIBI MEXKTY HOPMAJISIMU TTOBEPXHOCTH B IEPEKPBIBAIOIINXCS 00-
JacTAX HE JOJDKHBI IPEBBIIAT 33/IaHHBIX IOPOTOBBIX 3HAUCHUH.
AJNTOPUTM BBITOJTHSETCSI HTEPATUBHO C ITOCTEIIEHHBIM ociadire-
HHEM KPHTEPHEB OT CTPOTHX K 0oJiee MSTKUM IS MOKPBHITHS
CJIOKHBIX y4acTKOB penbeda [11].

Ilar 4. CrnaxkuBaHue MOBEPXHOCTH C NMOMOLIbIO MeTOAA
Besbe

CriaxuBaHue ITOBEPXHOCTH WTEPATUBHBIM METOJOM besbe
NPUMEHSIETCST  JUIsL  3alloJHEHHMs NpoOeNoB TOclie  MEeToAa
RANSAC. Ilosepxnocts besbe omnpenensercs HaOOpPOM KOH-
TPOJILHBIX TOYEK M 00€CIICYMBALT IJ1a]JKOE BOCCTAHOBJICHUE PEJlb-
eda ¢ KOHTPOIMPYEMOH CTENEHBIO CrIIaKUBAHUSI.

[TapameTpbl HMHTEPHONSIMU ANANTHPYIOTCS K JIOKAJbHBIM
ycIoBusM penbeda. PaccrosiHue Mex 1y KOHTPOIbHBIMU TOYKAMHU
coctasisier 1,5 M mpu ko3 punueHTe raagKkocT S5, 9To odecte-
YHBAET COXPAHEHNE Y3KHUX KaHAIOB. B mepBhIx 3-4 nrepamusix no-
POTOBOE PAacCTOSHIE I BKITIOUSHHS TOUek cocTaisieT 30 cm, 3a-
TeM yBenuauBaetcs 10 40 cM JuId 3aXBaTa OCTABIIUXCS TOUEK T0-
BepxHocTH [12-14].

IIar S. I'eomeTprYecKkHii aHAJIN3 IOBEPXHOCTH.

I'eomerpuuecknii aHajln3 MOBEPXHOCTU BBIIIOJIHAETCS IOCIIE
nosy4yeHus nudpoBor Momenu penabeda (LIMP) u3 npenprrynmx
I1aroB ¥ MpeJCTaBisieT co0oi Beuucienue quddepeHmansHbIX
XapaKTEPUCTUK TIOBEPXHOCTH ISl KAKIAOW SYCHKH CETKH SxS.
DTOT aHanu3 onupaercs Ha ABe (QyHAaMeHTalbHbIC (GOPMBI TO-
BEPXHOCTH, OTIPe/IeNEHHBIC B KJIACCHYECKON A dhepeHITnansHON
TEOMETPHUH, YTOOBI KOIMYECTBEHHO OMHCATh JOKAIBHYIO (hopmy
penbeda — ero METpHKy M KpUBH3HY — 0€3 IPEIIOIIOKEHUH 0
HAaIpaBJICHUH YKIIOHA WM OPUEHTAIMU KaHAJIOB.

CHauasa BEIYHCIISIOT NEPBYI0 QyHIaMEHTaIbHYI0 opMy, KO-
Topas 33/1a€T METPUYECKHE CBOMCTBA TOBEPXHOCTH B ITapaMeTpH-
YECKOM BHJIE

| =Edx* +2F dxdy+Gdy’ (2)
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KoaddummeHTs! 3T0H (GOPMBI MOITyYAIOTCS U3 YaCTHBIX TPO-
M3BOIHBIX MOJETH Z(X, V), moryueHHoi Ha mare RANSAC:

E=1+(dz/0x)’ =1+a,> ©)

rzie 0z/0X = a2 + 2a4X + asy, HO JUIA YIPOIICHUS UCIIOIB3YIOT MIPH-
OmKeHnst Ha ocHOBeE Kod(durrenToB nonmmHoma E=1+a.? anaino-

riano F=(0z/x)(0z/dy)=a,a, u G=1+(dz/dy) =1+a .

Orta (opma onuchIBaET, KaK PacCTOSHUS M YIIIbI HCKAKAIOTCS
Ha OBEPXHOCTH, MTO3BOJISISI CTPOUTH MAaTPHUILy A /ISl TAIbHEHIINX
pacyéros.

3arem OmpeAeNIIoT BTOPYIO (pyHIaMEHTAIbHYIO GOpMY

Il =edx>+2 fdxdy + gdy? (4)

KOTOpasi XapaKTepU3yeT KPUBU3HY ITyTEM CPaBHEHHUS ITOBEPXHO-
CTH C KacaTeJIbHOW IUIOCKOCTHIO. KO3(UIMEHTH BBIUHCISIOT
KaK

2a
_ )
= (1+a22 +a32)

JUISTI KPUBU3HBI 110 X,

f=a
(6)
/ (1+a22+a32)

JUIA CMEIIAaHHOM KOMIIOHEHTHI 1

2a
_ %
= (1+a, +a,)

JUIsl KPUBU3HBI 110 Yy, IJIe 3HAMEHATeNIb HOPMAaIU3yeT BTOPBIE
MIPOU3BOAHBIC 0°Z/0X* = 2a4 W T.JI., yUUTbHIBAsI HAKJIOH ITOBEPXHO-

CTH uepe3 rpaJenT P> + P ¢ p = /X ~ a,q=aldy~a.

Ha ocHoBe 3tix hopM GpopMUPYIOT MaTPUIII
A= [[E,F] [F.G]In B=[[e,f] [f.0ll ®)

ITOCJIC YETO IITaBHBIC KPUBHU3HEI K1 1 K2 HAX0OAAT Kak COOCTBCHHBIC
3Ha4YeHHUs OOOOMEHHON 3amauyll Ha COOCTBEHHBIC BEKTOPHI

(B — kA)V =0, pemas XapaKTEPHCTUYCCKOE ypaBHEHHE

det(B - k A) = 0. OTo ma€r nBe OpTOrOHANbHBIC KPUBU3HBI: MaK-
CHUMAJIbHYIO M MUHMMAJIBHYIO B TJIaBHBIX HampasieHusX. Jlomon-
HUTEIHFHO PACCYUTHIBAIOT TayccoBy KpuBn3Hy K = ki ko (mmomoxu-
TEeNbHAs IS DJUIMITUYECKUX TOUYEK, OTPUIATENbHAS I TUIIep-
6ommueckux nonuH) u cpeaaioro kpususHy H = (ki + k2)/2 (momo-
JKUTEINIbHAS ISl BBITYKIIOCTEH, OTPHILIATEIbHAS JJIsl BOTHYTOCTEH).

Bce BbluMCIIEHUS NPOBOJAT JIOKAJAbHO B KaXIOU sUEHKe
CETKH, UCTIOJNB3Ysl KOA(PPHUIUEHTHI MoarHOMa Z(X, Y) KaK aHaju-
THYECKHE MIPOM3BOJIHBIE, UYTO oOecrieunBaeT APpPeKTUBHOCTh Ha
Oousbnx 00BEMAxX JMAAapHbIX JaHHBIX (8-15 Touek/m?). Takoii
IOJIX0JT TO3BOJISICT HE3aBUCHMO OT TJI00AIBHOTO YKJIOHA BBISIB-
JSITH TOJIMHOOOPA3HbIEe CTPYKTYPHI, rae TH4Hb! ki = 0 (ruraHap-
HOCTb BJIOJIb KaHaia) U k2 < 0 (BOrHYTOCTH MOmNepék), 4To KpH-
THUYHO T PAaBHUHHBIX JIECOCTEIHBIX 30H [15].

lar 6. Knaccudukanus THIOB NOBEPXHOCTH
Knaccmbmcaunﬂ THUIIOB MMOBEPXHOCTH OMUPACTCA HA 3HAUCHUSA
ITIABHBIX KPHMBU3H, IZI€ JOJMHOOOpa3HbIE yYaCTKH ONPEIENIOT

-
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o ycioBuio ki = 0 u k2 <0, yka3pIBaronieMy Ha [UJIHHIPUICCKYIO
BOTHYTOCTh B OJJHOM HaIlpaBJIeHHH. [[OTIOJHUTEIHLHO BBIYUCIIS-
totcs rayccoBa K = kike u cpensist H = (kitk2)/2 kpuBu3HBI U151
yTOuHeHus kinaccudukanun [16-18].

Kiraccudukanumsi Bcex THIOB MOBEPXHOCTH MOXKHO OIIHCAThH
CIIEIYIOIIUM 00pa3oM:

— IIOCKast MoBepxHOCTh (tmanapHas): ki = 0, k2 = 0, K = 0,
H = 0. XapaxTepHo 17151 paBHHH, 00JIOT, a9POAPOMOB;

— XOJIM/BEpUIMHA (IIMIITHYECKAs BBIMYKIOCTh): ki > 0,
k2>0,K >0, H> 0. [TonoxxutensHble KpUBU3HBI B 000MX HAMpPaB-
JICHUSIX, KaK KyIIOJI,

— rpedeHb/cennio (runepOonryeckas BIMYKIOCTh): ki > 0,
k2 <0, |ki| = |ko|, K <0, H= 0. BoinmykiocTs BIOJIb IpeOHsI, BOTHY-
TOCTb IOTIEPEK;

— CKJIOH (UminMHApHYecKas): oaHa KpuBHM3Ha ~ 0, npyras
Mmavtast. [IpoMeKyTOUYHBIH KiTacc MEXy IUIOCKOCTBIO M TpeOHEM;

— nosmHa/xkenob (runepOonmyeckass BOTHYTOCTh): ki = 0,
k:<0,K<0,H<0;

- BHagMHa/KpaTep (dIUIMOTHYECKast BOTHYTOCTh): ki < 0,
k:<0,K>0,H<0.

Ilar 7. IlpoBepka runore3 KaHaJI0B

[ToTeHManbHbIE MECTOIOJIOKEHUSI KaHAJIOB OMPEEIIOTCS
CJIy4aiiHBIM BBIOOPOM U3 sTYeeK, KIacCH(DUIIMPOBAHHBIX KaK "/10-
yuHa". {1 KaXKaol TUMoTes3sl CTPOUTCS MOMEPEeYHOe CCUEHHUE B
HanpaBJICHUU MaKCHMaJIbHOM KPUBHU3HBI U aHAJIM3UPYCTCA €ro
reOMETpHSI:

1. Onpenensercs Touka MUHUMAaJIbHOM BBICOTHI (TanbBer) B
CCUCHNH;

2. HaxonsiTcss MakcMMaibHble OTMETKH 110 00€ CTOPOHBI OT
TaJIbBETA;

3. Beruncnsercs riryonHa kaHana d Kak pa3HOCTb MEXIY MH-
HUMAaJIbHOM MaKCHMaJbHOI OTMETKOW U BBICOTOM TallbBETA.

4. Ompenernsercs MIMpUHA KaHama W MO0 COOTBETCTBYIOIIEMY
MECTOIIOJIOKEHHIO Ha TPOTHBOIIOIOKHON CTOPOHE THIIOTE3a MPH-
HUMAaeTCsl KaK JAeHCTBUTEIbHBIN KaHaJl IIPU BBIMOJIHEHUN KPUTE-
pHeB:

— OTHOIICHHE IIUPUHBI K IIIyOUHe

w/d < 40m/ m ©)
— ryOuHa Ka aja

d > 0,3m (10)
— MUIOMIA]] CCUCHHUS

A=wd > 52m (11

IIar 8. Boigejenne kaHajia

OT Kaxa0i MOATBEPKIACHHON TOYKM KaHajla BBITIOJHSETCS
JIBYCTOPOHHEE OTCIIKUBAHUE B HANpPaBICHUM MHUHUMAJIbHOMN
KpUBU3HBL. HampaBieHne OTCIIeXHWBAaHUS IEPICHAUKYIAPHO K
TIOTIEPEYHOMY CCUCHHIO M OIPEIENIeTCS] COOCTBEHHBIM BEKTO-
POM, COOTBETCTBYIOLIMM MUHUMaJIbHOU KpuBu3HE [19, 20].

Ha xaxioM mare oTCIeKUBaHNS CTPOUTCS HOBOE TOTIEPEIHOE
CeUeHHE W MPOBEPSIOTCA KpUTEepHH KaHaia. [Iporecc mpomomka-
eTCsI IO HapYyIICHUS TEOMETPHUSCKIX KPUTEPHUEB KaHaJIa FITH J10-
CTIDKCHHSI TpaHuIl JaHHbIX. OOHApy)KEHHBIC CETMCHTHI KaHATIOB
WCKITIOYAIOTCS U3 AATbHEHIIIET0 MOMCKa TUITOTE3.

Takum 00pa3oM, MOCIIEI0BATEIBHOCTh 00Pa0OTKH OT HCXO-
HOTO 00J1aKa TOYEK JI0 MOCTPOCHHUSI CETH PEYHBIX KaHAJIOB 3aBep-
1IaeT pazpaboTaHHyIo MeTOIUKY. [t monTBepkaeHus ee dphek-
TUBHOCTH HAa TPAKTUKE U OICHKH YCTOWYMBOCTH K PEaJbHBIM
YCIIOBMSIM CHEMKH IPOBEICHO TECTHPOBAHUE HA IIOJICBBIX J[aH-
HBIX, COOPaHHBIX OOPTOBBIM JIHJAPOM.

TecTupoBaHue NPeI0KEHHOH MEeTOAUKH
HAa «I0JIEBBIX» JaHHBIX

Jnst TecTUpOBaHMS IMPEASIOKEHHOM METOAMKH aBTOMAaTHue-
CKOTO OOHApY’>KEHUs BOJHBIX KaHAJIOB I10 AAHHBIM BO3IYIIHOTO
JIa3epHOT0 CKAaHWPOBAHUS CO3[aHa MPOTPAMMHO-AITOPUTMHUYE-
ckasi cucrema Ha si3bike Python. BXoqHbIMU TaHHBIMU SIBIISLIIOCH
TpexMepHOe 00JIaKO TOUCK (X, YV, Z) C aTpHOyTOM WHTCHCUBHOCTH
I, mosrydeHHOE TIpu cheMKe 60pToBBIM uAapoM DJI Zenmuse L1,
YCTaHOBJICHHBIM Ha OccrmioTHO# tuiatdopme DJI Matrice 300
RTK.

TectupoBaHre METOAMKM TIPOBEJICHO Ha IBYX TECTOBBIX
Yy4acTKax, pa3lINyarolIiXcsi XapaKTepoM pesibeda 1 TUTIIOM pacTu-
TEIHHOTO MOKpPOBa. Y4acTok 1 (puc. 3a) BKIIFOYAaeT HCKYCCTBEH-
HbI€ KaHaJIbl C BBIPAXKEHHOM reOMETpHEN pycia pU yMEPEHHOU
pacTUTENILHOCTH. YuacTok 2 (puc. 30) XapaKTepu3yeTcs IPUPO/I-
HbBIMU BOJOTOKaMH, YaCTHYHO OSKpPaHUPOBAHHBIMU KaMBIIIIOBOM
PaCTUTENBHOCTBIO, YTO YCIIOKHSIET BhIJICIICHUE PYCIIOBBIX (hopm.

Crenyer OoTMETHTb, YTO BOJHAsI TMOBEPXHOCTH B JIMJAPHBIX
JIAaHHBIX YaCTO COIPOBOKAAETCS OTCYTCTBHEM YCTOMYMBBIX BO3-
BpATOB ¥ JIOKAJIbHBIMU IIPOBAJIaMI» TI0 JTATbHOCTH BCJICACTBHE
3epKaJIbHOTO OTPAKEHUSI M MEPEOTPAKEHUH JIa3epHOTr0 H3ITyde-
HUSL, Ha UQPOBOH KapTe MECTHOCTH Takue o0iacTu oToOpaka-
FOTCSI TEMHBIM I1BeTOM (puc. 3) [21-23].

a) MepBbIH Y4acTOK 0) BTOPO#i y4acTok

Puc. 3. lcxoaHoe 00/1aKo TOUEK

ITo pe3ynbraTam 0OpabOTKH JJIs yyacTKa ¢ BOJHON MOBEPXHO-
CTBIO OLIEHEH YPOBEHBb BOJIbI, KOTOPKIM cocTaBui 569,13 m Hax
ypoBHEM Mopsi. BbljeneHHass BOIHON MOBEPXHOCTH COCTaBMIIA
18,2% rutomanu ucciexyeMoit repputopuu (puc. 4a).
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a) MEePBBIH Y4aCTOK 0) BTOpOii y4acTok

Puc. 4. O0HapyxeHne BOJHOM IOBEPXHOCTH B 00JIaKe TOUEK

Jlst BBIAGIICHHOTO BOJAHOTO OOBEKTa BBINOJIHEH IIOCIEHYIO-
MK aHanu3 pyciaoBoi (JOPMBI C OLIEHKOW OEperoBbIX JMHHUHA U
napameTpoB KaHana. [lyiHa KaHama 1o HEHTPATbHON JUHHUH CO-
craBuia 784,5 m, cpeansist mupuna — 140,5 M.

a) MepBbI Y4aCcTOK

0) BTOpOii y4acTok

Puc. 5. OOHapyxeHue peyHoro KaHaia

Ha pucynke 5 npencrasieHna mudposasi MoJielb peiibeda, rie
rpaHMIBl KaHaJa MMOKa3aHbl KPACHBIM IIBETOM, BOJHAsI MMOBEPX-
HOCTh — CHHHUM, HEOIPEACICHHBIA Kilacc — OenbiM. JlomosHu-
TEIBHO MCCIICIOBAHO BIMSHUE MApaMETPOB CrIaKHBAHHUS/MHTEP-
HOJISAIIMA MeTOTIoM be3be Ha KauecTBO BOCCTAHOBJICHHS MUKPOpE-
needa. [Ipu Ko3pdUIMEeHTEe TTaIKOCTH 2 H PACCTOSIHUU MEKITY
KOHTPOJIbHBIMU TOYKaMH 1,5 M MOBEPXHOCTh COXPAHSET MEIKO-
MacIITaOHBIC NIETalld, OJHAKO HAOMIOMAarTCs apTedakThi, 00y-
CIIOBJICHHBIC OCTATOYHBIMH OTPAKCHUSIMU OT HU3KOH PacTUTEINb-
HOCTH.

YBennuenne koapdunnenra riaakoctu 10 10 mpuBouT K 3¢-
(heKTHBHOMY TIO/IABJICHHIO IIYMOB, HO MOXET COMPOBOXKIATHCS
moTepel y3KuX KaHaJIoB. B kadecTBe KOMITPOMUCCHBIX, obecre-
YHBAIONINX YCTOWYMBOE BOCCTAHOBIICHUE pelibeda Mpu coXpaHe-
HHUM KaHAJIOB LIMPUHOHN Oosiee 3-4 M, BBIOpaHbI MapamMeTphl: pac-
CTOSIHHE MEX/y KOHTPOJBbHBIMH TOYKamMu 1,5 M, K03 uuueHt
TJIaJIKOCTH 5.

SJIEKTPOHMKA. PAODNOTEXHMKA

3akiaoueHue

[IpeanoxenHass METOIMKa aBTOMATHYECKOTO OOHAPY)KECHHS
BOJIHBIX KaHAJIOB I10 JAHHBIM BO3JYLIHOTO JIMjapa INpeHa3Ha-
4yeHa 11 OpMHUPOBaHUS Ha TH(PPOBOIT KapTe MECTHOCTH OCEBOU
JIMHUY KaHaja ¥ TpaHuIl OeperoB. MeToanka rokasana Impenmy-
IIECTBO B YCJIOBHUSIX PAaBHUHHOTO penbeda 1 MIOTHOW PaCTUTEIb-
HOCTH, TI€ TPAAULMOHHbIE IOTOKOBbIE aJIrOpUTMBI 110 LIMP 1 me-
TOIBI C (PMKCHPOBAHHBIMU MOPOraMy (HIBTPALUKN JAEMOHCTPH-
PYIOT HEIOCTAaTOUHYIO YCTOMIHBOCTb.

Hayunast HoBH3HA pabOTHI IS 33]]a4 aBTOHOMHOI HaBUT ALK
COCTOHT B TOM, YTO JIOKQJIN3AIIMsl KAaHAJIOB BBITIOJIHSICTCS KaK BbI-
SIBJICHUE T€OMETPHUYECKOM (POPMBI TIPETISITCTBUSI HA OCHOBE AUQ-
(epeHIINaTBHO-TEOMETPHUUCCKUX XapAKTEPUCTUK ITOBEPXHOCTH
(TaBHBIX KpUBHM3H M (DyHIaMEHTAIBHBIX (OPM), a JOCTOBEp-
HOCTH PE3yJIbTaTOB OOECIIEUNBACTCS TPOBEPKON THITOTE3 110 WH-
TEPIPETUPYEMbIM T'€OMETPUYECKUM KPHUTEpUsIM (IIMpHHA, TIIy-
OMHa ¥ TUTOIIAb MOMEPEYHOTo ceveHHs ). MeToauKa Mo3BOIseT
IpeoOpa3oBEIBATh JUJAPHBIC JaHHBIE B HABUTALMOHHBIEC Mapa-
METPBI, @ IMEHHO I'PaHUIIBI IPEISTCTBIH, OCEBbIE JIMHUN U MTapa-
METPBI, HEOOXOANMBIE [UISl OLIEHKN TPOXOAUMOCTH U TUIAaHUPOBA-
HUSI TPACKTOPHUH.

IIpakTHueckas 3HaYMMOCTb METOAMKU 3aKIFOUAEeTCsl B BO3-
MOKHOCTH aBTOMAaTHYECKOTO OOHOBICHUS LU(POBOH KapThl
MECTHOCTH, YTO TOBBIIIAET O€30MaCHOCTh ABTOHOMHBIX MHCCHIA:
obecrieunBaeT KOPPEKTHOE IUIAHWPOBAHWE MapIIpyTOB BOJIHM3U
KaHaJIOB, HCKJIIOYEHUE MOTEHIIMAJIBHO OMACHBIX 30H MOCAJIKU HaJl
BOJHBIMH TIpETPaZaMH W MOHHUTOPUHI H3MEHEHHH PpYCIOBBIX
bopm.

[IpoBeneHHOE TECTHPOBAHKE HA KITOJIEBBIX)» JIAHHBIX TO/ITBEP-
JIAIT TPUMEHUMOCTh METOJIUKHM ISl TOCTPOCHMS YKa3aHHBIX
HaBUT'alIMOHHBIX OOBEKTOB M €€ YCTOHYMBOCTBH IIPU W3MEHEHHH
PaCTHUTEIBHOTO NOKPOBA M ITapaMeTPOB MUKpopenbeda.
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Abstract

The tasks of autonomous navigation of small aircraft and ground-based robotic platforms require the formation of a semantic model of the ter-
rain, including the identification of obstacles and risk zones. In natural and agricultural landscapes, water channels and watercourses are criti-
cally important objects, since they set the boundaries of passability, restrictions on route planning, and conditions for choosing emergency land-
ing sites. Traditional approaches based on streaming algorithms based on digital terrain models demonstrate reduced stability in conditions of
flat terrain and weak elevation gradients, as well as with partial shielding of channels by vegetation. Aerial laser scanning provides dense clouds
of dots and allows you to observe microrelief elements, however, existing methods of filtering "ground/not ground" and highlighting channel
shapes often require adjusting parameters to a specific landscape and do not guarantee the stability of the result. To develop a methodology
for automated detection of water channels based on aerial lidar data, which ensures the formation of navigationally significant parameters on
a digital terrain map, namely the centerline of the channel and the boundaries of the banks/brows, necessary for subsequent implementation
into the autonomous navigation system. The work uses robust allocation of the earth's surface by the RANSAC method with locally adaptive
statistical calibration of thresholds, restoration of a digital relief model using smoothing/interpolation by the Bezier method, calculation of dif-
ferential geometric characteristics of the surface based on the first and second fundamental shapes and determination of the main curvatures,
classification of relief types with the allocation of valley-like structures, geometric verification of hypotheses of channels by cross-section pro-
files (width, depth, cross-sectional area). In this work, a method for identifying water channels has been developed, demonstrating high classi-
fication accuracy and resistance to difficult conditions of flat terrain and dense vegetation. A software and algorithmic system in Python was
developed for the technique and field testing was performed on airborne laser scanning data obtained by the D]l Zenmuse L| onboard lidar on
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the DJI Matrice 300 RTK platform. The efficiency of the technique is shown in areas with different types of vegetation and the nature of riverbed
forms; the axial lines of channels and the boundaries of banks/brows are obtained. The proposed technique provides for the automatic forma-
tion of axial lines and coast/brow boundaries on a digital terrain map. These data will allow autonomous navigation systems to generate maps
of risk zones when planning safe trajectories (including when selecting landing/emergency landing zones for UAVs). In addition, the technique
will allow for regular and automatic updating of navigation maps based on aerial lidar data.

Keywords: laser scanning, digital terrain models, channel detection, surface curvature, RANSAC, drainage networks, hydrology.
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B HacrosAlleln cTaTbe MPUBOAATCA pe3ynbTaTbl JOMOJIHUTENbHLIX UCCNEAOBaHUN, He
HalleJMUX OTPaXKeHWA paHee, HO MMEIOLIMX CyL|eCTBEHHOEe 3Ha4YeHue pAns
peanusaumm yCUnuTena MOLHOCTU C pa3AaenbHbIM ycuneHnneM coctasnaowmx (YMPC)
C BbICOKMMM Ka4eCTBEHHbIMU U DHEPreTUHECKUMU XapaKTEPUCTUKAMU, OTHOCALLMECA K
0co6eHHOCTAM nocTpoeHua HuskovactotHoro (HY) Tpakra (unu Tpakra orubaloueir)
YMPC. B 4acTHocTu, Ana crabunusauuum napaMeTpoB YCUIUTENA B YCNOBUAX
HEU3MEHHO MPUCYTCTBYIOLLIETO Ha NMPAaKTUKE PacCOriiacoBaHWUA aHTEHHbl, 060CHOBaHO
npuMeHeHUe B MOAYNALMOHHOM TpaKTe [ABYXCTOPOHHe HarpyxeHHoro ®PHY ¢
nnaBHbIM nepexofoM. [nA npakTUHEeCKOW peanusauMuM [aHHOTO pelueHuA
NpeAnoXeHO UCMoJib30BaHME B MOAYNALMOHHOM TPaKTe OTpuLaTeNbHOW oGpaTHoM
CBA3U MO TOKY C €JMHMYHBIM ycuneHueM, obecneumsalollei 3alaHHOe Pe3UCTUBHOE
BbIXOiHOE comnpoTusneHue Mopynatopa. MpeanoxeHHbin cnoco6 nocrpoenHna HY
Tpakta YMPC oGecneumnBaer He TONbKO CTabunusauuio BpeMEHU 3a[iePXKKM CUTHana
oruGaioulel, HO M cTabUNU3aLMIO BbLIXOJHOW MOLLHOCTM BCEro nepejaTtyuKka B
YCNOBUAX paccornacoBaHus aHTeHHoro Tpakta. Mpu paccornacosanun c KCB=1,5 kak
yBeJIMYeHHUe, TaK U YMeHbLLEHUE COMPOTUBIIEHUA HAarpysKu B MonTopa pasa NpUBOAAT
TONbKO K CHUXXEHMIO BbIXOAHOW MoLjHOCTH, HO Bcero Ha 0,2 pb (4,7%). bes
ucnonb3oBaHua OOC no TOKy MpU TaKOM e pPaccornacoBaHWM HArpysku BbIXOAHasA
MOLLHOCTb M3MEHAETCA 3HauuTenbHo Gonbwe - Ha 2 aAb. MokasaHo, yto Ana
obecneyenusa Tpebosanuin IMC no BHenonocHbIiM pagnokone6aHuAM MaKcUManbHas
oTHOocuTenbHas 3apepxka HY u BY curHanos B YMPC He pomkHa npesbiwate | Mkc
npu nonoce curHana 10 klMuy. PekoMeHayeMbiii Liar perynMpoBKM OTHOCHUTENIbHOW
sapepxkn HY n BY curbanos B YMPC He pomxeH npesbiwars 0,2...0,25 mMkc.
MpeanoxxeHHaa npoueaypa ontumusauum napametrpos ®HY LLIMM mMopynatopa
obecneunsaer Tpe6oBaHna k YMPC kak no ypoBHIO BHEMONOCHBIX, TaK U MO YPOBHIO
napasuTHbIX paauokoneb6aHuit, Bbi3BaHHbIX MOAyNAUMENH CUTHANaMuM TaKTOBOM
vyacroTbl LLIMM u eé rapmoHuk.
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BBenenue

[IpuBeneHHbIe B psijie MyOJIMKaIi aBTOPOB PE3yJIbTAThI TEO-
PETUUYECKUX M SKCHEPUMEHTAJIbHBIX HCCIEIOBAHUN KITIOUEBBIX
BbICOKOYacTOTHRIX (BY) renepatopoB [1-6], cuHTEeTHUYECKHX
MeTo0B ycuiieHus [7-10], a Takke KaueCTBEHHBIX U DHEPreTH-
YECKMX XAPAKTEPUCTUK YCHIUTEIEH MOIIMHOCTU C Pa3JelbHBIM
yeunenneM cocraBionmx (YMPC) [11-14], mmpoko mpume-
HSIOIIUXCS] B TOM YHCJIE B CHCTEMaX II(PPOBOTO PaTlOBEIIaHUS
[15-18], mo3BOMIAIOT CHOPMYIHPOBATH MPAKTUIECKHE PEKOMEH-
A [0 CXEMOTEXHHKE M KOHCTPYKTHBHOMY BBITIOJIHCHHIO
ocHOBHBIX y310B YMPC [19]. B wacTHOCTH, OCHOBHBIC CXEMO-
TeXHUYeCKue perieHus: kackanoB BY tpakta YMPC moapo0OHO
paccmoTperbl B [20], OCOOCHHOCTH NPOCKTUPOBAHHS OJiOKa
(GUIBTPOB rapMOHKK TepelaTyhKa, padoTaroIero B KIKOUYEBOM
pexxume — B [21, 22]. B HacTosIIEel cTaThe MPUBOAATCS PE3YJib-
TaThl JOMOJHUTENBHBIX HCCIEAOBAaHUN, HE HALIEIIINX OTpake-
HUs paHee B [23-27], HO UMEIOIIUX CYIIECTBEHHOE 3HAUCHUE ISt
peanu3ay yCUINTEIST MOIIHOCTH C Pa3/IeiIbHBIM YCHICHHEM C
BBICOKAMH KAa4YEeCTBCHHBIMH W YHEPTCTHUCCKUMH XapaKTEPUCTH-
KaMU, OTHOCSIIHECS K OCOOCHHOCTSIM ITIOCTPOCHUS HIU3KOYaCTOT-
Horo (HY) Tpakra (nnm Tpakra orubaromeit) YMPC.

1 UccaenoBanue cnocodoB nocrpoenusi HIUM moay.astopa
€ Pe3UCTHBHBIM BBIXOJHBIM CONMPOTHBJIEHHEM

Hnst obecnieuennst Boicokoro KITJ| HU3KOYacTOTHBIM TpakT
YMPC TpasuMOHHO CTPOUTCS Ha OCHOBE KiTtoueBoro (kiacc D)
YCWIIUTENS] C IIHUPOTHO-UMITYJIbCHOW Monymsuuer  (ILIUM).
Hanpsoxenne Ha Beixone HY tpakra YMPC npencrasisier coboit
YCHJICHHYIO OTHOAIOIIY0 BXOAHOTO CHTHAJIA. DTHM HalpsDKEHHU-
€M OCYIIECTBIISICTCSl aMIUIUTYAHAs (CTOKOBAst) MOIYJISIIMS OKO-
HeuyHoro kackaga BY tpakra. [Ipu 5ToM MIrHOBEHHAsl aMILIUTYJa
BBIXOZHOTO HANpsDKEHNS OKOHEYHOTO KAacKala OIpPEeAeisIeTcs
BBIXOJHBIM HampsbkeHuemM HY TpakTa, a BBIXOJHOW TOK ompene-
JIIeTCA UMIIEIaHCOM Harpy3kd (aHTeHHOH 1enun). O4eBHIHO, Y9TO
IIPU PAcCcOTIaCOBAaHUM AHTEHHOW LIEMHU MepelaTuiKa U3MEHsAeTCs
u conporusierne Harpysku HY tpakta YMPC. Ilpu stom,
Hanpumep, Jake He3HAYUTEIbHOMY PaCcCOIJIACOBAHUIO aHTEHHO-
ro tpakta ¢ KCBH =1,5 [28] cooTBeTCTByeT M3MEHEHHUE pE3U-
ctuBHOU Harpy3ku HY tpakra B muanasone ot Ru/1,5 no Ru-1,5.
OtMmetuMm, uto paccornacoBanue ¢ KCBu=1,5 moxer co3naBaTh-
cst ogHMUM Jnib GuibTpoM rapmonnk YMPC mpu xopomo co-
rnacoBaHHoi anTeHHe. [lockonbky mocieanum snementom HY
TpakTa, MOCTPOEHHOro ¢ wucnoib3zoBanuem MM, sBusercs
@®HY, To M3MeHeHne Harpy3KH IPUBOANT K M3MEHEHHUIO €ro Xa-
PaKTEpPUCTHK, B YACTHOCTH, K M3MEHEHUIO BPEMCHHU 3a/ICPKKH
CUTHajla Oorudaromel W, COOTBETCTBEHHO, M3MEHEHHIO YpPOBHS
BHEMOJIOCHBIX pafrokonebannii Ha Beixome YMPC [13, 25].
OdYeBHIHO, YTO [UIA YCHCITHOW TPAKTHYECKOH pean3alin
YMPC nHeobxomuMmo pa3paboTaTh TaKWe CXEMOTEXHHYCCKHE
peIIeHus, KOTOphIe TMO3BOJAT OOCCIEYUTh CTAOMIM3AIMIO 3a-
nepkkn curHana B HY Tpakte ¢ TpeOyemoil TOYHOCTBIO IpH
paccorylacoBaHUHM aHTECHHOMU LIENH, KOTOPOEe Ha MPAKTUKE BCETa
MMEET MECTO B TOH WJIM MHOW CTETICHH.

SNNIEKTPOHMKA. PAONOTEXHUKA

B Hacrosimem pasnesie IpUBOASATCS pe3yIbTaThl MCCIIea0Ba-
Hus xapakrepuctuk HY tpakra YMPC u paspabateiBaroTcs
MPEATIOKEHNS 110 MX CTaOMJIM3AIMK B YCIOBHSAX paccoryiacoBa-
HUSI HATPY3KH.

Heo0X0aMMO OTMETHUTH, YTO BBLIXOQHOM KIIFOUEBOH KacKal
[IINM monyisiiTopa UMEET BECbMa HHU3KOE BBIXOAHOE COIPOTHUB-
JICHHE, T.C. SIBJISIETCS TeHEPAaTOPOM HANPSKEHUSI 10 OTHOILICHHUIO K
Harpyske. B aTom ciyuae Beixogno duibtp HU Tpakra joimmkeH
MPOEKTUPOBATHCS JUIsl PabOThl OT MCTOYHUKA HAINPSHKECHHS, T.C.
KaKk OJHOCTOpOHHE HarpykeHHbIi. Ha pucynke | mpuBomutcs
cxema Takoro HY, peann3oBaHHOrO Ha OCHOBE IPOTOTUIA
¢umbsrpa Kayspa (C0420c [29] c¢ uacroroit cpe3a 35 k[ (mo
ypoBHio -3 1b). HoMuHaiIpHOE CONPOTHBIEHHE HAarpy3Ku (GHIbTpa
paBHO 7 OM. OpHEHTHPOBOYHO TAKOE CONPOTHBIICHHWE HArpy3KH
MOXKET MPE/CTABIATE COOOM LeNb MUTAHUS OKOHEYHOIo KacKaja
BY tpakra YMPC npu 3aganHo# BeIxomHOH MormHOcTH 300 BT,
BenmunHe ero KIIJ = 80% u Hanpsbkernu nutanust ~48B.

Out

Rn C1 53.5n
7 Ij 330n T

.MODEL RMOD50 RES (R=1 DEV=50%)
.MODEL CMOD10 CAP (C=1 DEV=10%)
.MODEL LMOD10 IND (L=1 DEV=10%)

Puc. 1. OnHocTOopoHHE HarpyXeHHbIH BeIxoaHoH ¢uisTp HY Tpakra

Ha pucynke 2 npuBeIeHb! pe3ybTaThl aHANIN3a XapaKTepu-
ctuk aToro ®HY mpu 3-X 3HaAUEHUAX €ro Harpy3Ku: HOMHHAJb-
HoM Ru=7 Om, munumanbHoM RuH=4,6 OM B MakCHUMaJIbHOM
Ru=10,5 Om, coorBerctBytomnx KCBH=1,5 anteHHoro Tpakra
YMPC. Pacuersl mpoBeneHsl B IporpaMmHoil cpene «Micro
Cap-12». Ha rpadukax (cBepxy BHHU3) mpuBeneHsl: AUX duib-
Tpa B Jorapu(pMHUIECKOM MaciTade, TPYIIIOBOE BpeMs 3ama3ibl-
BaHMS BBIXOAHOTO CHTHaja (B MKC) M BBIXOAHAs MOILIHOCTb,
HOPMHUPOBAHHAs OTHOCUTEIbHO HOMHHAJIBHOTO 3HAYEHHS IPU
Ru=7 Om (B nb). 13 pe3ynpTaToB pacuera BUIHO, YTO paccoria-
COBAaHME AHTEHHON Iemu mepenaTdynka (M, COOTBETCTBEHHO,
Harpy3ku HY tpakra YMPC) npuBoauT K HE3HAYUTEIHHOMY
nckaxxenuto AUX (2...3 ab) B o6nactu yactoT Boime 10 k11, u
3HAUNTEILHOMY W3MEHEHHIO 3aJep’KKM CHUTHAlla OTMOaroIei.
Tak, ecniu npu HOMUHAJIBHOW Harpyske 3aJlep’Ka COCTaBISIeT
~13 MKC, TO IpU MUHUMaIbHON Harpy3ke Ru=4,6 OM 3anepikka
yBesnmuuBaercst 1o 20 Mkc, a npu MakcumansHoH Ru=10,5 OM
3a/iepKKa CHIKaeTcs 10 9 Mkc. Takoe 3HaUMTEIbHOE U3MEHEHHE
3aJIepKKU CHTHasa orudaromieid (+7; -4MKC) CyIIECTBEHHO Ipe-
BOCXO/IUT JIOMyCTUMBbIE TpeOoBaHus (+1MKC AJIsl MOJIOCH! CUTHA-
na 10 x['m), onpenencuubie B [19] u genaer mpakTHYeCKH HEBO3-
MOJKHBIM 00€CIeYeHHE 3a/JaHHOT0 YPOBHS BHEITIOJIOCHBIX PajIfo-
konebaranit YMPC, mMOCKONBbKY Aa)ke MOJHAs KOMITGHCANWs 3a-
JEPKKA B COTJIIACOBAHHOM pEKMME Oy/IeT CYIIECTBEHHO Hapy-
IIeHa IIPY PacCOTIACOBAaHWN aHTEHHOTO TPAKTa.

-
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Puc. 2. Pe3ynpTaThl aHaIM3a 0THOCTOPOHHE HArPy)XKEHHOTo (HIbTpa
HY tpakra YMPC

B cBsi3u ¢ BbINIeCKa3zaHHBIM, ObLI MPOBEJIEH IOMCK HOBBIX
CXEMOTEXHUYECKUX PEIICHHUH, HAIIPaBJICHHbBIX Ha CTAOMIIU3AIINIO
3aaepxkku B HY Ttpakre YMPC. IIpoBeneHHble uccienoBaHUs
[13, 25] nmokazanu, 4TO JBYCTOPOHHE HAarpy)X€HHbIC (DUIBTPHI,
CIPOEKTHPOBAHHBIE M PAa0OTAIONIME OT WCTOYHHMKA CHUTHaja C
COTJIACOBAHHBIM BBIXOJHBIM DPE3UCTUBHBIM COIPOTHBIICHUEM,
PaBHBIM COTIPOTHBJICHHIO HArpy3ku (uibTpa, 00ECednBaIOT
TpeOyeMyro CTaOMIBFHOCTh 3aJepKKH CHUTHAJIA MPHU paccoriaco-
BaHnu. g peammszanmu takoro pexknma B HU tpakre YMPC
HEOOXO0MMO 00ECHEUNTh PE3NCTHBHOE BBIXOJIHOE COIMPOTHBIIE-
HHE OKOHEYHOro kackaaa kiacca D. OOGecrieuutb Tpedyemoe
BBIXOJIHO€ COIIPOTHBIICHNE MOYKHO JIBYMSI CIIOCOOaMHU:

® BKJIIOUHUTH MEKIY OKOHEUHBIM KackaaoMm u ¢uiasTpom HY
TpaKTa COIJIACOBAHHBI PpE3UCTOP, PABHBI CONPOTHUBICHUIO
Harpys3KH;

® OXBAaTHTh OKOHEYHBIH KacKaJ OTPHUIATEIHHOW 00paTHON
CBSI3BIO 10 TOKY, TMOBBIIIAIOIIEH €ro BBIXOAHOE COINPOTHUBICHHE
JI0 TpeOyeMOU BETUYUHBI.

EcrecTBeHHO, 4TO MEpBBIi Cr10cO0 HE MpUEMIIEM JUIS peali-
3anun BeicokodddexrruBrOoro YMPC, MocKoIbKy pe3Ko CHI)KAET
KITZX HY tpaxTa u Bcero nepeaaruuka B ueiaoM. [loatomy nane-
HEHINMEe MCCIICOBAHUS MPOBOAATCS B HAIPABICHUN HCIOJB30-
Banust OOC mo Toky B HY Tpakrte. Mccnenyemas momens HY
TpaKTa IIPUBE/ICHA Ha PUCYHKE 3.

C0420c (21) Rg=Rn=7 Om

L2 51.65u

® . 1000
Rn Ij _L 043 35n _L c3 38.65u
C - 1095.8
Al ] 1ossen
T
- .MODEL RMODS50 RES (R=1 DEV=50%)
.MODEL CMOD10 CAP (C=1 DEV=10%)
.MODEL LMOD10 IND (L=1 DEV=10%)

Puc. 3. Mozens HY tpakrta YMPC ¢ otpunarensHoit OC 1o Toky

3neck ucnoneiyercs aHanornausiii ®HY, peannzoBaHHEIN Ha
ocHoBe mnpororuna ¢unsTpa Kayspa C0420 ¢ yactotoit cpesa
35 xI'm m HOMUHANIBHOW Harpy3koil 7 OM, HO CIIPOEKTHPOBAH-
HBI KaK JBYCTOPOHHE HArpyXeHHbIH QuisTp [29], paboTaro-
H.IPIIZ OT COrjJaCOBaHHOTO HMCTOYHHKA CHUIHajla C BBIXOJHBIM CO-
npotuBieHueM 7 OM. B cxeme mpucyTcTByeT mpeoOpa3oBaTeib
TOKa B HampsbkeHue — anemeHT H1, mmerommii koaddumment
npeoOpa3oBanus 7. TO 03HAYAET, YTO MPH NPOTEKAaHUHU Toka 1 A
10 U3MEPUTENILHOMY MIPOBOJY, BKIIOUEHHOMY IOCJIEJ0BATEIEHO
C MCTOYHHUKOM curHana V1 u mHAyKTHBHOCTBIO QuibTpa L4, Ha
€ro BBIXOAHBIX 3a)KMMax pa3BHBaeTcs HampspkeHue 7B. Dto
HalpsDKEHNE UCTIONB3YeTCs B Ka4eCTBE CHTHAJIA OTPHLATEIBHON
00paTHOM CBSI3H, TSI YETO CyMMHUPYETCS C OOpaTHBIM 3HAKOM B
cymmatope X1 ¢ HampspkeHHeM BXomHoro mcrodnuka V1. Ipu
9TOM IIETIIEBOE YCWJICHHE PAa30MKHYTOH TMETIN OTPHLATEIbHON
00paTHO# cBsI3M paBHO 1, 4T0 oOecreynBaeT e€ MOTeHIHAIbHYIO
YCTOMUYUBOCTb.

Mogens cymmaropa X1, mpuMEHEHHas B aHAIW3e, UMEET
OECKOHEYHO OOJIBIIOE CONPOTHUBIICHHE II0 BXOJaM M HYJIEBOE
conpotuBienue 1o BeixoAy. Curnan OOC nocTynaeT Ha cymMMa-
Top uepe3 HU3Ko4yacToTHbIH RC ¢dunbtp (amementsr R1, C4) ¢
gactotoil cpeza 60 k[, DTOT QUIBTP OrpaHUYMBAET IMOJIOCY
nponyckanust OOC n obGecrieynBaeT yCTONYMBOCTH B PEAIbHOM
YCTPOWCTBE, TAE€ BO3MOXXHBIH Haber ¢a3pl B YCHINTEIBHBIX
9JIEMEHTaX Ha BBICOKMX YaCTOTAaX MOJKET BBI3BATh CAMOBO3-
Oy XKIcHHE.

Ha pucynke 4 mpuBeIeHBI pe3ylbTaThl aHAIHM3a MPEICTaB-
nernoit moxermn HY tpakta YMPC. Pacdersr npoBOIMINCEH IS
TeX K€ YCIIOBHUH, 4TO M B ClIydae OZHOCTOPOHHE HArpyKEHHOTO
¢ubTpa (puc. 2).

W3 rpadukoB pucyHke 4 BHIHO, 4YTO pPAaccOriacoBaHHE
Harpy3ku HY tpakta YMPC He npuBOJUT K UCKAXKESHUIO (OPMBI
AYX, a nunib M3MEHsITCs YCWIICHWE CHTHala orubaromel Ha
2...3 nb. OgHako BBIXOJIHASI MOIIIHOCTh U3MEHsieTCs Bcero Ha (0,2
1b, 1, 4TO 0COOCHHO Ba)KHO, 3aJIep)KKa CHTHaJIa Orubaroeld npu
paccorylacoBaHMM Harpy3KH IPaKTUIeCKH He U3MeHsiercs (cpen-
Hui rpaduk Ha puc. 4).
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Puc. 4. PesynbraTsl ananuza monenu HY tpakra YMPC ¢ OOC no Toky

PaccmoTpum Terepp moapodOHee HKHUN rpaduk Ha Puc. 4,
M3 KOTOPOTO BHUJHO, YTO MaKCHMallbHasi BBIXOJHAs MOIIHOCTb
HY Tpakta COOTBETCTBYeT €ro HOMUHAIBHOM Harpyske
Ru=7 Owm. Ilpu paccornacoBannu ¢ KCB=1,5 xak yBenuueHue,
TaK M yMEHbIIEHHE CONPOTHBIICHNUS Harpy3ku (Ru=4,6; 10,5 Om)
MIPUBOJIAT TOJIKO K CHH)KEHHIO BBIXOJIHOM MOIIHOCTH, HO BCETO
Ha 0,2 n1b (=4,7%). Takoe MoBeJeHHEe UCTOYHWKA CUTHAJIA Xa-
PaKTEpHO ISl COTJIACOBAHHBIX MCTOYHHMKOB, MMEIOIINX BBIXOJI-
HOE COINPOTHBIICHHE, PaBHOE COMPOTHBICHMIO HArpysku. bes
ncnospzoBanust OOC 1Mo TOKy NMpH TaKOM XKE PaCCOTTIacOBAHUM
Harpy3kd BBIXOJHAs MOIIHOCTh W3MEHSETCSl 3HAYUTEIHHO
6ompmre (Ha 2 1b, puc. 2).

OT™MeTHM, 9TO MOIIHOCTH B Harpy3ke HY TpakTa — 310 MOII-
HOCTb, IIOJIBOAMMAsl K OKOHeuHOMY Kackany BY tpakra. Ilpu
BoicokoMm KII/I oxoneunoro BY kackama crabmimzanmus 1OJIBO-
JUMON MOIIHOCTH IPAKTUYCCKH SKBHBAJCHTHA CTAOMIH3AIMH
BBIXOJHON MoItHOCTH TiepenaTanka [30].

Takum 00pa3oM, MPeIOKEHHBIH crmocod moctpoenust HU
Tpakta YMPC oOecrieunBaeT He TOJIBKO CTAOMIM3AIMIO BpEMe-
HU 33/ICPXKKH CUTHAJIa OrHOaromiell, Ho U CTaOMIIN3aIMIO BBIXO/I-
HOW MOIIHOCTH IepeiaTihKa B YCJIOBUSIX PACCOTJIACOBAHUS aH-
TEHHOTO TPAKTA.

Becpma BaXHBIM BOIIPOCOM TIPH ITPAKTHUECKOH pean3aiuu
T000T0  PaMOTEXHUYECKOTO yCTPOMCTBA SBIISICTCS CTaOMIIb-
HOCTb €T0 XapaKTEPUCTHK IPH pa3dpoce mapaMeTpoB BXOASIINX
B Hero sneMeHToB. g npemioxeHHod crpykrypsl HU Tpaxra
YMPC ¢ OOC no Toky OBLTH TpPOBEICHBI CTATHCTHYCCKUE HC-
CJIC/IOBAHUSI U3MCHEHMsSI BPEMEHM 3aJIEpKKM CHUTHaJIa Orudaro-
meit npu 10% pazdpoce snemenros @HY. Mccnenosanus mpo-
BOJWJINCH TIpU paBHOMepHOﬁ BEPOATHOCTU OTKJIIOHCHUS HOMM-
HaJIOB TIPUMEHSEMBIX JJIEMEHTOB (GHIbTPa METOIOM MOHTe-
Kapno nnsa 50 peanuzaruii.

SNNIEKTPOHMKA. PAONOTEXHUKA

PesynbraThl aHanmsa, NpUBEACHHBIE HA PUCYHKE 5, IMOKa3bl-
BAIOT, YTO 33/IeP’KKa M3MEHAETCS HE3HAUNTENIHHO (OTKIOHEHHE
BPEMEHH 3a/Iep’KKU He mpeBbimaeT + 0,8 Mkc).
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Puc. 5. U3menenue 3anepxku B HY tpakre YMPC ¢ orpunarensHoit
OC o Toky nipu 10% pasbpoce snementoB DHY

Takum o6pa3om, MpeanoKeHHas B HACTOSIIEM pas3feie OT-
punaTesabHas oOpaTHas CBsI3b 110 TOKY C CIMHUYHBIM IMETICBBIM
YCUJIIEHHEM COBMECTHO C JBYCTOpPOHHE HarpyxkeHHbiM OHY B
HY tpakre YMPC mno3BomsaT oOecrieunTh NpPaKTHYECKH CTa-
OuMIIBHYIO 3a1epXKKy curHana ormbatomeii B HU Tpakre u, coot-
BETCTBEHHO, oOecrnednTh TpeOyeMblil YPOBEHb BHEIOJOCHBIX
pannoxonebannii mpu eé komreHcanuu. Kpome Toro, B KauecTBe
JIOTIONTHUTENBHBIX MpenMytecTB npemnoxennas OOC obecre-
YUBACT HEKOTOPYIO CTAOMIIM3AINIO BEIXOMHON MorHOCTH Y MPC
IIPU PAcCOTIACOBAHHUM U, KaK BCsIKast 00paTHasl CBSA3b, CHIDKECHHE
HCKakKeHUH curHana ormbaromieir B HYU Tpakre - B JaHHOM City-
yae Ha 6 1b.

IIpennoxxennsiii crnoco6 moctpoenus: MM wmoaynsTopa
HaKJIa/IbIBAET CBOM TPEOOBAHUS HA CTPYKTYPHYIO CXEMY MOIIHO-
ro YMPC, coneprxamiero HeCKOJIbKO CYMMHPYEMBIX YCHIUTEIb-
HBIX MOJyJIEH, B K&KJIOM M3 KOTOPBIX JIOJDKHO OBITH peaii30Ba-
HO cBo€ koJb1o OOC no Toky. Konbio OOC noyKHO 0XBaThl-
Batb HY tpakt or Bxoma HY orubaromeii 1o Bxoma ®HY, rue
YCTAQHABIMBACTCS PE3UCTUBHBIM TOKOBBIM INYHT (HamtydIiee
MECTO — IocIIe epBoii mpoxoabHoi nuaykTuBHOCTH GHY). TIpn
sToM nenu (opmupoBanus LIMM mocnenoBaTeIbHOCTH HAXO-
nsrest BHyTpu Konbia OOC. Takum obpa3om, Kaxmas yHUDUITH-
pOBaHHas yCHIIUTENbHas suelika mommHoro YMPC momxkHa co-
nepkatb B HY TpakTe cBoi (oTaenbHbIN) GopmupoBatens HINM
MIOCJIEI0BATEILHOCTH, YTO HECKOJIBKO YCIIOXKHSAET €€ CXEMOTeX-
HHUKY, HO IIO3BOJISIET OO€CIeunTh TPeOOBaHHS 110 JTHHEHHOCTH
YMPC B nenom.

Jnst BBISICHEHMs NPHYMH OTJIMYMS BIMSHUS (UIBTPOB CO
cranaaptHoi AUX Kayspa u QuibTpoB ¢ MIaBHBIM MEpexo1oM
Ha CHEKTPaJIbHBIE XapaKTEPUCTUKU BbIXOAHOro curHaga YMPC
OBUT IPOBEJICH aHAJIN3 X UMIYJIbCHBIX Xapakrepuctuk. Ha Puc.
6 TpUBEAEHBI PE3yJIbTAThl pacyeTa UMITYJIbCHBIX XapaKTEPUCTHK
nByctoponHe HarpykeHHbIx ®OHY nepemartumka cepunm DAX
¢upmer Harris n crangapraoro ®HY C0610, kotopsie mpen-
CTaBJIIIOT c000# OTKIMK Ha BhIxoge ®HY Ha ckadok BXOIHOTO
HanpspkeHus ¢ equHUIHON DJIC. Pe3ymbTaTsl mMoydeHbl Moe-
TUpOBaHHUEM B mporpamme «Micro Cap-12y.

—
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Puc. 6. IlepexoaHbie XapaKTEPUCTUKHU IBYCTOPOHHE HATPYKEHHBIX
®HUY or Harris u crannaptaoro ®HY C0610
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Kak BumgHO W3 puCyHKa 6, WMIYJIBCHBIE XapaKTEPHCTHUKU
(UIBTPOB 3HAUMATENHHO OTIMYAIOTCH. VIMIyIbCHAs XapakTepH-
ctuka ®HY ot Harris mmeer ObICTpO 3aTyxarommne CBOOOIHEIC
Koe0aHusd, B OTIMYHE OT MEPEXOJHOW XapaKTePUCTHKH CTaH-
napraoro ®HY C0610, wumeromeit cBoOojHbIe KoJicOaHHs
OoNbIIeH aMITIUTYABI U JIUTETbHOCTH. OTMETHM, YTO YacToTa
CBOOOJIHBIX KOJICOAHUIH COOTBETCTBYeT uacToTe cpeza DOHU.
[TomoOHBIe cBOOOMHBIC KOJICOAHMUS, BO3HHUKAIOIIUEC TPU yCHIIC-
Huu orubdaronieii B8 YMPC, 00ycrnaBiMBarOT BCIUIECKHA BHEIO-
JIOCHBIX PaJMOKOJIE0aHUHi, OTMEUCHHBIE KPY)KKaMHU Ha PHCYHKaX
[25, puc. 13, 14]. Takum 00pa3oM, MOKHO YTBEPKIATh, YTO UC-
KaKeHHus, cBsa3aHHble ¢ ucrnosib3oBanueM ®OHY B HY Tpakte
YMPC, ompenenstorcss AByMs MNPUYMHAMU — OIPaHUYEHHEM
cnekTpa orubaromiei 1 cBOOOIHBIMH KOJICOAHNUSIMH, BbI3BAHHbI-
MH BO3ICHCTBHEM HMITYJILCHOTO CUrHajia oruOaromieit. [Ipu nc-
mons3oBaEnd @HY ¢ m1aBHBIM MEPEX010M BHEIOJIOCHBIC H3ITY-
YeHWs, BBI3BAHHBIC BTOPOW NPHYMHOHN, 3HAYMUTEIHFHO MEHBIIE
BHEMOJIOCHBIC M3TYYCHHH, BBI3BAHHBIX OTPAaHUYCHHEM CIICKTpPa
orubaroniel 1 Mackupyroorcs noj HuMH. [loaToMy mcmons30Ba-
Hue takux ®HY ¢ nnaBHBIM I1€pexonoM AONYyCKAaeT MUHUMAJIb-
Hy!0 nosiocy npomnyckanust HY tpakra YMPC — 3,5 nosoc ycu-
nuBaemoro curaia [19, 25]. Ilpu ucnonp30BaHUM CTaHAAPTHO-
ro ®HY Kayspa, Ha000pOT, JOMUHUPYIOIIEH TPUYNHON BHEIO-
JIOCHBIX PaJIMOKOJICOaHHU SIBISIOTCS CBOOOJHBIE KojieOaHMs B
¢unbTpe. B aTOM citywae mist obecnieuenust TpedoBannii OMC
MPUXOJUTCSA YBEIMUUBATh nojocy npomyckanus @HY [25], uro
YMEHBIIIACT aMILTUTYAY 3TUX KOJIeOaHui.

Temeps paccMOTpHUM, KaK BIUSCT OTHOCHUTEIBHAS 3allepiKKa
curHanoB HY orubaromeit 1 B4 ®M cocTaBnsionend ycminBae-
MOTO CUTHAJIa Ha UCKaXKEHUS BhIXOAHOro curaisa Y MPC.

2 UcciienoBaHus BJMSHUS OTHOCHTeIbHOI 3aaep:xxku HY n
BY cocTaB/siiomiMx HA BHENOJIOCHbIE PATUOKOJIe0aAHUST

st mpoBeeHus 3TUX UCCIEAOBaHUK Hcnonb3oBaics DRM
curHai ¢ nojiocoit 10 xI'1y u ta sxe moaens YMPC, uto u B [14].
B xauectse ®HY B TpakTe ormbarorieii NCroib30BaJICs IBYCTO-
POHHE Harpy>KeHHBIH (QHUIBTP C IUIABHBIM Mepexo oM oT Harris ¢

yacToToil cpe3a 60 kI'u. Ha PucyHnke 7 npuBeeH NoJy4YEeHHBIH B
pe3ynbTaTe KOMIIBIOTEPHOI'O MOJIEIMPOBAHUS CIEKTP BBIXOJHO-
ro curHana YMPC mpu OTCyTCTBHM OTHOCHUTEIFHOW 3aJEPIKKH
(TomHOM e€ KOMIIeHCaInn ).

©HY-CO06 (ot Harris )
ABYCTOL Harpy

fop=60 klMy

Puc. 7. Cnexrp Boixoguoro cursana YMPC mpu oTcyTcTBUI
oTHocuTenbHOM 3anep:xku HY u BU curnanos

Kak BupHO M3 pucyHka 7, Npu MOJTHOHM KOMIIEHCALMU 3a-
JIEP)KKNA  CIIEKTP YIOBJIETBOPAET TpeOOBaHMAM HOPMATHBHOM
JOKyMEHTAIlMM TIO YPOBHIO BHEIOJIOCHBIX paJuoKojieOaHuii ¢
3anacoM 8...10 b, 4TO TO3BOJIAET KOPPEKTHO TMPOBOJIUTH HC-
CIIEJOBAHUS BIIMSHUS 3aJ€PKKH, ITOCKOJIBKY OCTaJIbHBIE MTPAYH-
HBI HCKQXKEHHH ITPEHEOPEKNMO MaJlbl.

Jlanee ObUTH MPOBECHBI UCCIIEOBAHUS CIIEKTPA BBIXOTHOTO
curata YMPC npu pa3nuyHbIX 3HAUEHHUSIX OTHOCUTEIHHOH 3a-
nepxkkn HY u BU curnanos, 4To MO3BOJIWIO ONPENEIUTh Ipe-
JienibHOe €€ 3HaueHne, IPU KOTOPOM 00eCIIeuBaeTCs MPEeeIbHO
JIOITYCTHMBIH YPOBEHb BHEIOJIOCHBIX panuokonebanuii. Crekrp
BbIxoAHOro curHasia YMPC npu npeneiabHOM 3HAUEHUU OTHOCH-
TEJIbHOU 3aJIeP’KKU 1 MKC IPUBENIEH Ha PUCYHKE 8.

©HY-CO06 (oT Harris )
ABYCTOPOHHE HaTPYEHHBIN
fep=60 KMy

3apnepwka 1 MKC

Puc. 8. Cnexrp Beixoguoro curHaina YMPC npu oTHOCHTENBHOM
sapepkke HY u BY curnanos 1 mMxc

Kax cnenyer u3 crnexrpa, NpUBEACHHOIO Ha PUCYHKE 8§, OT-
HOCHTEINIbHAs 3allepXKKa, paBHAs | MKC, BBI3BIBACT BHEIIOJIOCHBIC
pannoxoaeOaHuss ¢ MAKCHMAaIbHO JOMYCTHMBIM YPOBHEM BHETIO-
JIOCHBIX PAaIHOKOJICOaHUI U SIBISICTCS IPEACIbHOMN. YBEIHUCHHE
3a/Iep’KKH MPUBOJIUT K BO3PACTAHHUIO BHEIIOJIOCHBIX PAIHOKOJIE-
GaHWit BBITIIE JOMYCTUMBIX 3HAUCHUH.
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JI1st OUeHKH JOMYCTUMOIO IIara peryjJupoBKH KOMIIEHCUPY-
romeit 3anepkkn BYU curnana B peanbHbIX YCHIMTENSAX MOLIHO-
CTH Ha PUCYHKE 9 TIPUBE/ICH CIIEKTP BHIXOJAHOTO CHTHAJA C OTHO-
cuTenbHOl 3amepxkon 0,2 Mkc. Kak BHIHO W3 3TOTO pHUCYHKA,
oTHOcuTenbHas 3aaepxkka HY u BU curnanos B YMPC nopsinka
0,2 MKc obecrieunBaeT ypoBEeHb BHEIOJIOCHBIX PaJInOKONIcOaHu
Ha = 6 1b HWKE OTpaHUYUTENHbHON JMHUU. Takoi 3amac mo3Bo-
asier obecrieunTh TpeOOBaHMSI HOPMATHBHOW JIOKYMEHTAIMU 110
BHETIOJIOCHBIM PaJoKojIe0aHusIM BhIXOAHOro curHaina YMPC
IIPU OJJTHOBPEMEHHOM BO3/ICHCTBUU APYTUX MPUYMH HCKaKCHHH,
PaccMOTpEHHBIX paHee.

©HY-C06 (ot Harris )
ABYCTOPOHHE HArpyMeHHbLIA
fcp=60 klNu

3apepxka 0.2 MKc

Puc. 9. Cnexrp BoixogHoro cursana Y MPC mpu oTHOCHTENEHON
3anepxxkke HY u BY curnanos 0,2 mkc

B 3akirodeHue OTMETHM, YTO pa3paboTaHHBIC B HACTOSIIEM
pasznene TpeboBaHMA, KacaroIIWecss MHHUMAIBHOW MOJIOCH TIPO-
myckaans HY tpakta YMPC (He menee 3,5 moioc ycHiamBaeMo-
TO CHTHaJa) U MaKCHMallbHOW OTHOCHTENBbHOU 3amepkkn HY u
BY curnaiioB He Oonee 1 MKC, COOTBETCTBYIOT aHAJIOTHYHBIM
TpeboBaHUAM, pa3paboTaHHBIM crenuairctamu DRM koHcop-
muyma [31].

B ciienyroniem pasaene OyaeT pacCMOTpPEH Crioco0 MpPOeKTH-
poBanuss DPHY wmomymsitopa, o0OeCHEUMBAIOIICIO TPeOyeMbIit
YPOBEHb HCKaKECHUN BBIXO/JTHOT'O CHUT'HAJIa IMPU COXpPAaHCHHUU BbI-
coxoro KITJ[ ycunuTenst MOIIHOCTH.

3 Onrumusanusa @HY moaynsitopa, HANpaBJIeHHAs: HA
JAOCTUHKeHUe TPeOyeMOoro ypoBHsl HCKAKeHHUIl BHIXOJIHOI'0
CUrHaJIa npu coxpaHenuu Bbicokoro KIIJI ycuianress
MOIIIHOCTH

Kak ObIIO mMOKa3aHO B MpEAbLAYLIEM pa3aeie, MCKaKEHHs
cBs3anHble ¢ ucnonp3oBanneM ®HY B HY tpakre YMPC ompe-
JICNIAIOTCS ABYMSI IPUYMHAMU: OIpaHMYCHHEM CIIEKTpa oruodaro-
el 1 cBOOOJHBIMU KOJICOAHHUSIMH, BHI3BAHHBIMHU BO3JICHCTBHEM
HMITYJILCHOTO curHana ormbatomeit Ha ®HY. PaccmoTpenHslii B
npeabayeM pazzaene Bapuant @HY, ucnonab3oBaHHBIN B miepe-
narunkax cepun DAX ¢upmbl Harris, siBisercss Hanbouee mof-
XOJSIIUM JIJIsl TIPUMEHEHUsI B pa3padareiBacMoM YMPC. OnHa-
KO, OH UMEET HEJOCTATOYHOE IOJABJICHUE HANPSIKEHUS TAKTO-
Boif wactotsl IIIIM 1 mosToMy He y/OBIETBOPSIET TPEOOBAHUIM
Ha 1000uHbIe M3MydeHusl. OTMETHM, UTO N3MEHEHHE HEKOTOPBIX
napameTpoB @HY, Takux, Kak 4actoTa cpe3a UiId HOMUHAJIBHOE
COIIPOTHUBIIEHUE HATPY3KH, IPOU3BOIUTCS JOCTATOYHO MPOCTO —
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MaciitadbupoBanrem LC snemenToB ¢umistpa [29]. OqHako u3-
MeHeHune nonasnennss ®HY B mornoce 3amepxkuBaHus TpeOyeT
€ro TIOJIHOTO TMepenpoeKTHpoBaHus. PaccMoTpuM, Kak Obul
cnpoektupoBad PHY mepenarunka Harris. ITockonbky sTOT
®HY He OTHOCHTCS K CTAaHAAPTHBIM M O0ECIICYHBACT CIICIU(H-
geckne TpeOoBaHWs, TpexbsBiasiemble YMPC mpu ycuneHun
OFDM curaanos, To HanOoJIee BEPOSTHBIM CITIOCOOOM €ro Tpo-
eKTHPOBAHMS MOTJIa Obl ABISTHCS IMapaMEeTpUUECKasi ONTHMHU3a-
WS B COCTaBe IepeJaTunKa, HalpaBIeHHas Ha JOCTIKCHNE He-
00XO0ZMMOTO YPOBHS BHEMIOJIOCHBIX PaHOKOICOaHNH.

K coxanenuto, B HacTosilee BpeMsi MPOrpaMMHBIEC MPOIYK-
ThI, OIIEPUPYIOIIHE OJHOBPEMEHHO C YaCTOTaMU orubdaromnieit (ot
MIOCTOSTHHOT'O TOKa) 10 BEICOKOYACTOTHOTO 3arosHeHust ®M co-
CTaBIISIIONIEH, MTOKa elle HeJOCTYNHBI. B CBs3M ¢ ATUM ObLT pa3-
paboTaH Apyroit MEeTo/ MPOEKTUPOBAHMSI, TAK)KE OCHOBAHHBIH Ha
MapaMeTPUYECKOH ONTHMHU3AIMU B JIOCTYIHBIX CHUMYJISTOpax.
CyTb 3TOr0 MeToja 3aKJII0YaeTcsi B TOM, YTO TPOCKTHPYEMBIN
®OHY pomxken nmers AYX B rnosioce NpoIyCKaHUs U HA Hadajb-
HOM (TIJTaBHOM) YYaCTKE TIOJIOCHI 3a[CpP)KMBAHUS HE OTIMYAIO-
IIYIOCS OT XapaKTePHCTUKU O0pasloBOTO (HUIBTPa HCIIONB3Ye-
Moro B mepemarumkax cepun DAX ¢upmer Harris. [JomomHu-
TEJILHO HaKJIaJIbIBaeTCsi TpeOOBaHUE Ha oOecriedyeHne TpedyemMo-
r'o TOJIaBIICHUS B TOJIOCE 3a/ep KuBaHusi He MeHee 87 ab, KoTo-
poe 6b110 060CcHOBaHO B [19].

O0a »Tu TpeOoBaHMs 3aKJIaILIBAIOTCS B BHJE 11eIeBON (DyHK-
LUHU TpU MapaMeTPUUEcKO ONTHUMU3ALUU ABYCTOPOHHE Harpy-
skeHHoro ®HY 6-ro nopsiaka co ctpykrypoit Kayspa. Ha pucyn-
ke 10 npusenensl AUX nByx ®HY: obpasuoBoro ¢uibtpa me-
penarunka Harris (rpadmk kKpacHOro 1sera, MOMEUCHHBIH KBaJI-
paTHBIMH MapKepaMH) M OIITUMHU3MPOBAHHOTO (DUIIBTpa /IS pas-
pabatsiBaemoro YMPC (rpaduk cunero msera 6e3 MapKepoB).
Kak BunmHO M3 mpuBeneHHBIX rpadukoB, AUX onTHMU3UpOBaH-
Horo ®HY B mosoce nporyckaHuss U Ha HAa4aJbHOM Yy4YacTKe
MIEPEXOJHON 00TaCTH NMPAKTUUECKH COBIIAAAIOT, a B MOJIOCE 3a-
nepkuBaHus ontummsnpoBanHeid @HY obecnieunBaer Tpedye-
Moe 3aryxanue 87 nb, uro na =13 nb Oosbire, uem ®HY ot
Harris.
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60 -87.08 dB
-80

-100

1 101 201 301 401 500

Frequency (kHz)

Puc. 10. AUX nBycroponne HarpyxenHsix ®HY ot Harris
(rpaduk xpacHoro nseta) u ontumusupoBanHoro ®HY C06 ¢ maaBHEIM
nepexonoM (rpaduk cuHero ngera). [lomoca mpomyckanus obonx @HY

110 ypoBHIo -31b cocraBisier =58 k11

Ha pucynke 11 mpuBenen moxynp pasHoctn AUX nByx
GUIBTPOB, MHUHMMH3ALUS KOTOPOTO, Kak OTMEYanoch paHee,
SIBIIICTCS TAKXKe IeIeBOW (DyHKIMEH TpH mapaMeTpHdecKoi Orm-
TuMM3aiy. Kak BUZHO U3 PUBEAEHHOTO PUCYHKA, OTKJIOHECHHUE
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AUX ontumusupoBanrHoro ®HY ot 06pasmoBoro B mooce mpo-
IMyCKaHWs W Ha HAYaJbHOM YYACTKE IMEPEeXOAHOH o0iacTé He
npesbiiaeT 0,3 1b, 4To TOBOPUT O MPAKTUUECKOH UX HMACHTHUY-

HOCTH.
Delt_S

—+-|Eqn(D_S)|
DELTA S

-1
1 51 101 150
Frequency (kHz)

Puc. 11. Paznocts AUX nBycroponne Harpyxennsix ®HY ot Harris n
onrtumuzupoBanHoro ®HY C06 ¢ miaBHbIM IEpexo oM

[Tociie mpoBeseHHON ONTUMH3ALMM, B PE3yJbTaTe KOTOPOU
omnpenenensl Bce LC anementst @HY ¢ TpeOyembIMH XapakTepu-
CTHKaMH, ObLIO TIPOBEAEHO €ro MaciuTabMpOBaHHE IO YacTOTe.
Lenpro MacmTabupoBaHus SBISETCS IEPEMEIICHNE 0 YacTOTe
MIEpBOTO  TIOJIFOCA  3aTyXaHWs, PACIIOJIOKEHHOTO Ha YacToTe
181 xI'y (puc. 10), Ha BeiOpannyto ais LM moxynstopa Tak-
ToByIO yactory 150 k['11, 94T0 0OecreunT MakCHMaTbHOE I0/1aB-
JICHNE HANPSDKEHHUS TaKTOBOM 4acTOThL. 11 MacmrabupoBaHUs
Bce HOMHUHaibl 21eMeHTOB PHY yMHOKEHBl Ha BEIMUYUHY
(150/181) = 0,83. Ilpu a3Tom yactoTa cpeza ®HY Teneps cocrtas-
nsieT 48 k['1, 9TO BIIOJIHE TOCTATOYHO JUIS BBIMOJHEHUS TPedo-
BaHuii OMC K YpOBHIO BHEIIOJIOCHBIX paJiioKosieoanuii. Pesyib-
THpYyOIas cxema ontumusuposanHoro ®HY ¢ HomuHanamu ero
2JIEMEHTOB TpuBeJieHa Ha pucyHke 12. AUX u I'B3 storo ¢uib-
Tpa, MOJIydeHHBIE B pe3yJbTaTe aHajiu3a B mporpamme «Micro
Cap-12», mpuBeJeHbI Ha PUCYHKE pUCYHKe 13.

ONTMMKU3NPOBaHHBIA. F cp (-3aB)= 48kl

As=87dB
83n

) R1 L L2
408 LI W00 L :

3.3 150 {3.50

+
c1 c2

Vi s 1.83u T 1.15u T
T =

Puc. 12. Cxema 1ByCTOPOHHE HArpy>KEHHOTO ONTHMU3UPOBAHHOTO
OHY C06 ¢ muiaBHbIM niepexoaoM, Fep =48 kI

Kax Bugno u3 Puc. 13, nepBblif nosroc 3aTyXaHus HAXOIUTCS
Ha 3amaHHOM dwactore 150 k[T, wacToTa cpesa cocTaBiseT
48 kI'1, 9TO MOTHOCTHIO OTBEUALT JKEIaeMBbIM 3HAaUCHUAM. [ pyTI-
ITOBOE BpEMSI 3ala3/IbIBaHUsS B IOJIOCE CHUTHAIa cocTtasisieT 11,7
MKC, YTO HEOOXOJMMO YYHMTHIBaTh BO BpeMs HacTpoiiku YMPC
JUIsl ero KOMITEHCAIUH, T.e. o0ecreueHus: paBHoil 3ajaepxkkn BU
®M cocrassitolieii B Bo30yurerne.

FiHz)

T 10K 100K M
GDfvisut)
FiHz)

Puc. 13. AUX (BBepxy) u I'B3 (BHH3Y) ABYyCTOpOHHE HArpy>KEHHOTO
ontumuzrpoBanHoro ®HY CO06 ¢ miaBHBIM NEpexoaoM

Ha pucynke 14 npuBeneHsl pe3ynbTaThl CTaTHCTHYECKOTO
aHaJM3a XapakTepucTuk paspadborannoro ®HY npu 5% paszopo-
Ce ero JIeMEHTOB.

-120

TH
Left Right Deita Siope
-8e.708 -280.219u

[Eldbiz=viout
316.268K 309.323K 1.000

F (Ha) 7.548K

30u

Ul 10K 100K e

Left Right Delta Siope
11.805u 142.542n
7.548K 316.868K

-11.662u -ar.702p

Ooogwout)
F {Hz) 309.323K 1.000

Puc. 14. Pesynpratsl craTrctuueckoro ananusa AUX (BBepxy) u I'B3
(BHHM3Y) IBYCTOpPOHHE Harpy»eHHoro onruMusupoBanHoro ®HY C06
¢ ITaBHBIM IepexoJ1oM mpu 5% pasopoce LC anemenToB
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Kax cnenyer u3 pucynka 14, npu 5% pazbpoce 3yeMEeHTOB
®HY ero AUX B nojoce NporyckaHus MPaKTUUECKH HE H3Me-
HSIETCS, 3aTyXaHHE B I10JIOCE 3aJICP)KUBAHUSI MOXKET CHH3HUTHCS
OTHOCHUTEJIBHO pPacueTHOro 3HaueHusi 871b He Oonee 4yeM Ha
3 nb, 4TO MOKpBIBAaeTCS BHIOPAHHBIM paHEE 3amacoM, Paccyu-
TaHHBIM KaK pa3 Ha ciydail pa3dpoca aneMmeHTOB. I 'pymmoBoe
BpeMsl 3ama3/ibIBaHus M3MCEHsETCs He Oosiee yem Ha + 0,6 MKC,
YTO TaKXe JITKO KOMIICHCHUPYETCS B INPOIECCe HACTPOMKH pe-
anpHOM KoHCTpyKunu Y MPC.

PesymnbraTel MonenmpoBaHus BbIXOAHOTO crektpa YMPC nHa
DRM curnaine ¢ pazpadoranasiv @HY nprBeeHs! Ha pucynke 15.

DM 1000 pemvmsmapos 8T skRgein TR

1000m

DHY-CO0E ormiMHanpoBaHHER
BEYCTOPCHHE HATPYREHHWIA
fep=50 kly

Hommmanenan Harpyaxa

Puc. 15. Cnextp BeixonHoro DRM curnana YMPC
TIPH UCTIONB30BaHUH pazpadoranHoro ®HY

Kak cnemyer u3 pucyHka 15, ypoBeHb BHETIOIOCHBIX PaHo-
KonebaHnii  ymoBieTBopseT TpeboanmsM OMC ¢ 3amacom
5...6 nb, 4TO ocTaBmgeT 3amac AT BO3ACHCTBHS IPYTHX BO3-
MO>KHBIX TPUYMH UCKaXKeHUH curHana B YMPC.

HccnenoBanyus ypoBHS HAaNpPsKEHHWs TAaKTOBOW 4YacTOTHI
IMM u e€ rapMOHHK Ha BBIXOJIE MOJYJISITOpa OBUIN MPOBECHBI
B nporpamme «Micro Cap-12» npu BO3JCHCTBHU MPSIMOYTOJIb-
HOTO HampspKeHUst co cKBaXHOCTSIMU 50% u 90%. IlomydyeHnHble
pe3yabTaThl IPUBEJEHBI HA pUCYHKaxX 16 u 17, COOTBETCTBEHHO.

Puc. 16. Criexrp BoIxognoro curxana [IIMM moxymnsropa
C ONITHMHU3HPOBAHHBIM ABYcTOpoHHE HarpyskeHHsIM OHY C06
npu ckBaxkHocTH VM nocnenosarensHocT 50%

SNNIEKTPOHMKA. PAONOTEXHUKA

bt YReTSSd sasvna BRI #TAE CIIT

Puc. 17. Cnexrp Boixognoro curnana MM moaynsaropa
C ONTUMHU3UPOBAHHBIM BYCTOpOHHE HarpyxeHHbiM ®DHY C06
npu ckBaxHoctu LM nocnenoBatensHocTH 90%

Ha sTux ke pucyHKax MoKa3aHbl TOPH30HTAJIBHBIC OTpaHM-
YUTENbHbIC JTUHUHM (KPACHOTO IIBETa), KOTOPHIE COOTBETCTBYIOT
YPOBHIO TapMOHUK TaKTOBOW YacTOTBI, 00ECIEUMBAIOLIEMY Tpe-
0OBaHUS K YPOBHIO IAPa3UTHBIX PaAJMOKOJICOAHMH Ha BBIXOJIE
YMPC ue 6onee munyc 90 nb. Kak cnenyer u3 npuBeIeHHBIX
PHUCYHKOB, TpeOOBaHMS K Mapa3UTHBIM PAIHOKOICOAHNH BBITOJI-
Hs1toTCs ¢ 3anacoM <10 nb mpu ckBaxunocTu kak 90% tak u 50%,
YTO COOTBETCTBYET IOJIHOM HOMUHAIbHOU MouHoctd YMPC u
0,25 0T HOMHHAJILHOI MOIIIHOCTH, COOTBETCTBEHHO.

Takum o00pa3oM, pa3paOOTaHHBIII B HACTOSIIEM paszeie
O®OHY INM monynsTopa, B coctaBe YMPC obecrieunBaet Tpe-
00BaHUS Kak [0 YPOBHIO BHETIOJIIOCHBIX, TAK U TI0 YPOBHIO Tapa-
3UTHBIX PAJUOKOICOaHUH, BBI3BAHHBIX MOIYJISIINEH CHTHAJIAMH
TakToBOM yactoThl MM 1 €€ rapMOHHUK.

BriBoabl

[peanoxennsrit criocod nocrpoenust UMM momynsitopa ¢
OOC 1o Toky obecrieuyrBaeT He TOJIBKO CTaOMIIN3AINIO0 BPEMEHN
3aJICPXKKU CUTHAIA OrHOaromield, HoO U CTaOMIIM3AIUI0 BBIXOIHOM
MOII[HOCTH TE€peaTuMKa B YCIOBUAX PAaCcCOrIacOBaHMsI AaHTEHHO-
T'O TPaKTa.

IToxazaHo, uto ans obecneueHus tTpedoBanmiit IMC 1o BHe-
MTOJIOCHBIM  PAHOKOJICOAHNSAM MaKCHMalbHAs OTHOCHUTEIhHAS
3anepxka HY u BY curnanos 8 YMPC He momkHa mpeBsImath |
MKc 1ipu iosioce curaana 10 k[, PexoMeHmyeMblii mar peryim-
poBkHu oTHOcUTeNbHOH 3anepkku HY u BU curnamos 8 YMPC
He J0JDbKeH npessimars 0,2...0,25 MKc.

Hawubonee npeamodTutensHbIM JJs1 MCMONb3oBaHus B HY
tpakre YMPC sapnserca @HY ¢ nnaBHBIM EPexo10M.

[Ipennoxennas npouenypa ontumusanuu napamerpos @HY
HIMM monynsitopa obecrieunBaet TpedboBanus k YMPC kak 1o
YPOBHIO BHEMOJIOCHBIX, TaK U MO YPOBHIO Mapa3UTHBIX PaIHOKO-
neGaHni, BBI3BAHHBIX MOJYJISIIMEH CHTHalIaMH TaKTOBOHM 4acTo-
11 IIIM u €€ rapmoHuK.

Baaropapuoctu

ABTOp BBEIpa)kaeT OJarofapHOCTh OE3BPEMEHHO YIIEIIIEMY
u3 xu3Hu c.H.c. MTYCHU Bukropy Hukomaesuay I'pomopymku-
Hy 3a MHOTOJIETHEE COBMECTHOE TBOPYECTBO B 00JIACTH pa3pa-
00TKH BBICOKOI((EKTUBHBIX YCHIIMTENEH MOIIHOCTH C Pa3/eiib-
HBIM YCHUJICHHEM COCTABJISFOIIHX.

—
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AMPLIFIER WITH SEPARATE COMPONENTS AMPLIFICATION ENVELOPE PATH PWM
MODULATOR FUNCTIONAL UNITS CONSTRUCTING METHODS

Oleg V. Varlamov, Moscow Technical University of Communications and Informatics, Moscow, Russia, vov@mtuci.ru

Abstract

This article presents the results of additional research that was not reflected earlier, but is of significant importance for the implemen-
tation of a power amplifier (PA) with Envelope Elimination and Restoration (EER ) with high quality and energy characteristics, related
to the EER PA low-frequency (LF, or envelope) path design features. In particular, to stabilize the amplifier parameters under condi-
tions of antenna mismatch that is always present in practice, the use of a double-sided low-pass filter with a smooth transition in the
modulation path is justified. For the practical implementation of this solution, it is proposed to use negative current feedback with unity
gain in the modulation path, providing a given resistive output impedance of the modulator. The proposed method for constructing the
EER PA LF path ensures not only stabilization of the envelope signal delay time, but also entire transmitter output power stabilization
under conditions of antenna mismatch. When mismatched with SWR = |.5, both an increase and a decrease in load resistance by one
and a half times only lead to a decrease in output power, but only by 0.2 dB (4.7%). Without using current feedback, with the same
load mismatch, the output power changes significantly more - by 2 dB. It is shown that in order to meet the EMC requirements for
out-of-band radio oscillations, the maximum relative delay of LF and HF signals in the EER PA should not exceed | ?s with a |0 kHz sig-
nal bandwidth. The recommended step for adjusting the relative delay of LF and HF signals in the EER PA should not exceed 0.2...0.25
?s. The proposed procedure for optimizing the PWWM modulator low-pass filter parameters provides requirements for the EER PA both
in terms of the level of out-of-band and the level of spurious radio oscillations caused by modulation of the PWM clock frequency sig-
nals and its harmonics.

Keywords: Envelope Elimination and Restoration (EER), negative current feedback, nonlinear distortion, relative delay of components,
power amplifier, PIWM modulator
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Pa6Gota noceAlleHa aHaNUTUYECKOMY MOAENIMPOBAHMWIO OMNTUHYECKUX rPaZAUEHTHbIX
BOJIOKOH C U3MEHAIOMMCA B 3aBUCUMOCTU OT PainajibHOrO PacCTOAHMA NoKasaTeneM
NpenoMeHuns, LMPOKO MPUMEHAEMbIX B OMTOBONOKOHHbIX T€NEKOMMYHUKALMOHHbBIX
cucteMax. PaccmatpuBaloTca UMAMHApPMYECKME BOJIOKHA C KpYroBbiM ceveHuem. B
OCHOBe paccMaTpUBaeMbIX MoZenei TakuX rpaZJMeHTHLIX BONIOKOH NeXart paauanbHbie
npocunu nokasarena npenomnenus. MpeanoxeHsl MOAENU rpafUeHTHbIX BOJIOKOH C
HoBOW ¢hOpMOIi 3aBUCMMOCTM MNoOKasaTens MNpenoMieHUsa OT pajuyca BOJIOKHA.
MaremMatnueckaa popMynupoBka Moaenel npeacTaBnsaeT coboli KpaeBylo 3aaavy Ana
CTaLMOHAPHOrO BOJIHOBOrO ypaBHeHuA (ypaBHeHusa lenbMronbua) ¢ nepeMeHHbIMMU
ko3¢ puumeHTaMmn, KoTopbie onpeaenaAlTca BbiOpaHHbIMMOPMaMU paananbHOro
npocduna nokasatena npenomneHua. PaccMoTpeHbl npocdwunu nokasarens
npenoMnieHns, AOMYCKaOWME HAXOXKAEHUA TOYHbIX AHANUTUYECKUX PpeLleHuni
chopMynMpoBaHHbLIX YpaBHEHWH, OMUCbIBalOLLME MOMepevyHoe pacnpeaeneHue
3neKTpuueckoro nona B BonokHe. [lpeanoxkeHa Mopaens UUAMHAPUYECKOrO
rpafiMeHTHOrO  BOJIOKHA C  KPYFrOBbIM CeYeHUEeM Ha OCHOBE  HOBOIO
rpaamMeHTHoronpodunsa nokasatena npefoMneHus B cepaueBMHe M B obknaake
BONoOKHa. [na Takoro npocguna HaWAeHO HOBOe TOYHOE aHanUuTU4Yeckoe
pelwieHneccopMynMpOBaHHON KpPaeBOW 3a/ayn,KOTOpoe ABMAETCA OrpaHUYEHHbIM U
HenpepbiBHbIM B paccMaTpuBaeMoW BOJIHOBOAHOW o6nactu. PapguanbHoe
pacnpeaeneHve nona B cepAueBUHe BblpaxkaetTca uepes ¢yHKkumio Yutrekepa co
BTOpbLIM MonyuenbiM MHAEKCOM, a B OOKnajgke BONOKHa — d4epe3 QYHKUUIO
MakgoHanbaa ¢ HeuenbiM MHAEKCOM. BbiABNeHbl OCHOBHble pasnuuuA Mexay
nonepeyYHbIMU pacnpejeneHuaMn, COOTBETCTBYIOLUMMU NPEeAJSIOKEHHbIM 0606LLEeHHbIM
npodunem u KnaccmueckuM napabonuueckum npocunem.
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CBA3b

BBenenue

CoBpeMeHHbBIE CpEACTBA TEIEKOMMYHHUKAIIMHA HEMBICITHMBI
0€3 TaKoro UX CTPYKTYPHOT'O 3JIEMEHTA KaK ONTHYECKHE BOJIOKHA
[1]. OnTOBOIOKOHHBIE CUCTEMBI CBA3M HAXOAT IIMPOKOE MPUMeE-
HEHHE B pa3IMYHBIX YCTPONCTBAX U TeXHONOTusAX [2, 3]. B cBa3u
C OTHM HCCIEJOBaHUS IO COBEPIIEHCTBOBAHUIO TEXHOJIOTIHM
OIITOBOJIOKOHHOM CBSI3U SIBJISIFOTCS aKTYJIbHBIMH M BOCTPEOOBaH-
HbIMHU [4].

Pa3paboTke M HMCClIeIOBAHUIO CBOWCTB ONTHYECKHX BOJIOKOH
Pa3JIMYHBIX TUTIOB MOCBSIIEHO OOJIBIIOE KOJMUECTBO JINTEPATYPbI
[5, 6]. bonmpmioe 3HAUYEHHE UMEIOT PAaOOTHI IO TEOPETHICCKOMY
MO/JIETTMPOBAHNIO ONTOBOJIOKOHHBIX CHCTEM CBSI3M W TEPeAadu
naHHbIX [7]. IIpy 3TOM BaskHOE MECTO B TAKHX MCCIICIOBAHUSIX 3a-
HUMAIOT NTPOOJIEMBI TIOJTyYEHUS HE TOJIBKO YHCIICHHBIX PE3YibTa-
TOB MOJEIMPOBAaHUSA [8], HO TOYHBIX AHATUTUYECKHUX PEIICHHUH
c(hopMyITHMPOBaHHBIX ypaBHeHHi [9-11].

[Ipu GpopMynrpoBKe MaTeMaTHYECKUX MOJEJEH ONTHYECKUX
BOJIOKOH YYHMTBIBAIOTCSI MHOTHE (aKTOpBI (Marepual, reoMeTpus,
CTpYKTypHasi komno3unusi). CamMoil pacipocTpaneHHON (opMoit
SIBIIAIOTCS. [IUJIMHPUYECKHE ONTUYECKHE BOJIOKHA C KPYTOBBIM
ceuenueM [12]. Hanbonee Ba)XHBIM MOKa3aTeiIeM, OTPAKAFOIIIM
XapaKTepHbIE CBOMCTBA MOJENBHBIX BOJOKOH, ABISIETCA MOKa3a-
TeNb MPEIOMIIEHHs MaTepuasla, U3 KOTOPOro H3rOTOBIEHO BO-
JIOKHO. B 3aBHCHMOCTH OT €ro BHJa BBIIEISAIOT JjBa CaMBIX pac-
MIPOCTPAaHEHHBIX KJIacCa BOJOKOH: CTYTIEHYAThIE — C OCTOSTHHBIM
MOKa3aTeeM MPEIOMIICHHNS B Pa3INUHBIX CTPYKTYPHBIX ydacTKax
BOJIOKHA, @ TaK)Ke I'paJIMEHTHbIC — IIO0Ka3aTellb MPETOMIICHUS B
OIIPEJENICHHBIX CTPYKTYPHBIX Y4acTKaX BOJIOKHA 3aBHCHUT OT €TO
panuyca(To ecTb pacCTOSHHUSA OT OCH CHMMETPHUU LIMIHHIpUYe-
cKoro BosiokHa) [13].

TunuyHO! CTPYKTYpOH IMIMHAPHUIECKOTO BOJIOKHA SBIISAETCS
Cep/LEBUHA C MOKa3aTeleM MPEIOMIIEHUS Ny, BOKPYT KOTOPOU
nMeercst OOKJIafka ¢ JPYyTUM IIOKa3aTeleM MpEeJOMIICHUS Ngl
(Puc.1). B rpamueHTHBIX BOJIOKHAX ITH TIOKA3aTENN IIPETOMIIe-
HUS, WIN OJHUH U3 HUX, ABIAIOTCS (GUKLUUSAMH OT PACCTOSHHSA OT
LIEHTpPa BOJOKHA I' (3Ta BEJIMYMHA UTPACT POJIb IOJISIPHOTO pajiu-
yca B HWINHAPHYECKUX KoopanHaTtax) [14].

B 3aBucumMocTH OT BbIOOpa 3TUX (DYHKIMH MOXKET ITOSBUTHCS
BO3MOKHOCTh HAMTH TOYHOE pELICHUE KPAaeBOU 3a/lauu I BOJ-
HOBOT'O YPaBHEHHsI, ONTMCHIBAIOIIEE CTAIHOHAPHBIE BOJTHOBOIHBIC
MO/IbI MOJICIMPYEMOTO ONITHYECKOT0 BOsIOKHA. Hanbomnee xoporo
N3YYCHHBIM CIIy4aeM sBIISIETCSI Mapadonueckas 3aBUCHMOCTD OT
rkBajpaTa rokasaTessl IPeIOMIICHUs CEep/LeBUHEI B Buje [15]

2
nZ(r)=n2 1—Aco(;) r<a, (D

T/ied — painyc CepAIeBUHBI BOJIOKHA, 1

2 2
Aco — Neo - Ny (2)

n

co

[Toxa3zaTens mperoMIICHHST OOKIaIKA CUATACTCS TIOCTOSHHBIM
(ng=const, r>a). Taxxke B (1) BemmumHa Nc, 0003HAYACT KOH-
cranty. Takas ¢opma ¢pyskmmu (1) momyckaeT mOIydeHHS TOU-
HOT'O aHAIUTUYECKOTO PEIICHNUST BOJIHOBOTO YPABHEHMSI, BhIpaKa-
IOLIErocs Yepe3 pa3anyHble HuInHapuieckue QyHkimu beceens
[16].

Puc. 1. CepaueBrHa u 00KIIaIka ONTHYECKOTO BOJIOKHA

Taroke IMHUPOKO PACIPOCTPAHEHHBIM 0000IICHHEM (OPMBI
npoduiIs ToKaszaTens mpernomieHus (1) mpum MomaenupoBaHUH
CBOMCTB I'PaJIMEHTHBIX BOJIOKOH SIBIIsieTCsl QyHKIMs B Buze [17]

n.(r)=nZ I—ACO(;j r<a, 3)

rae o— mapamerp npodwis (mpu o=2 u3 (3) mosyyaercs napado-
myeckuit poduib (1). Beipaxenus (3) mHOrIa Ha3bIBAIOT OL-
npoduiem.

[Momumo mpodumteii (1) u (3) paccmarpuBaroTcs U Apyrue, B
TOM YHCJIE U HeJINHEWHbIE, KOT/1a TI0Ka3aTellb MPEIOMIICHNUS 3aBU-
cHT OT MHTeHcuBHOCTH cBeTa |, To ecth N=n(I) [18, 19]. Oxgnako B
WJIMHIPUYECKUX BOJHOBO/IAX TaKUE (POPMBI ITPOQHIIS HCCIIeTy-
€TCS TOJIBKO YUCIEHHBIMU MeToaamu [12].

B nannoii pabore paccMaTpuBaroTCst MPOQUIN MOKA3aTes
MIPEJIOMIICHNUS], OTIIMYHBIC OT MapaboIMUECcKOro B CEPALIEBHHE U C
TepeMEHHBIM TIOKa3aTeeM MpPeIOMIICHUS OOKJIaIKd, KOTOpHIC
JIOITyCKAIOT HaXO0KICHISI TOYHBIX aHATTUTUICCKUX PEIICHUH BOJI-
HOBOTO ypaBHEHHS, OMHUCHIBAIOIICTO CTAIlMOHAPHEBIC BOJHOBO/I-
HbIe MOJBI. VIcTioTp30BaHue TaKuX MPO(HIIeH B MOACTSIX ONTHYE-
CKUX TPaIMCHTHBIX BOIIHOBOAOB H, B YACTHOCTH, BOJIOKOH, ITO3BO-
nser n30ekaTh YHCICHHOTO pPEIIeHHs YpaBHEHHH (KOTOpEIE,
arnpHropH, MPUOIIKEHHBIE), a TAK)Ke HAIJISAHO MPOaHAIN3UPO-
BaTh UX TUCTIEPCUOHHBIE CBOMCTBA [20].

1 OcHoBHBIE MO/IeJIbHBIC YPABHEHHUS

[Tpy MOJETMPOBAHHU ONTUYECKUX BOJHOBOIHBIX CTPYKTYD B
TIEPBYIO OUYepe/Ib CIEAyeT ONPEAEIUTh TeOMETPUIO paccMaTpHBa-
€MOro BOJIHOBOJIA M CBOMCTBAa MaTEpPHAJIOB, U3 KOTOPBIX OH CO-
CTOMT. PaccMOTpHM LIMJIMHAPUYECKOE BOJIOKHO KPYTrOBOTO cede-
Hus (puc. 1) ¢ cepaueBHHON paamycaa, KOTOPOe MPUOIMKEHHO
OyzeT cuuTaThCs MHOTO MEHBIIIE pajryca BoJlokHa. Takoe nomy-
IIeHUE TP (POPMYJIUPOBKE MATEMaTHIECKOW MOJETIH BO3MOXKHO,
€CIIM CYUTaTh, YTO WHTCHCHBHOCTH CBETa B OOKJIAIKe HOJDKHA
OBICTPO YOBIBATH C POCTOM PAcCTOSHUA OT CEPILEBUHEL Jpyrumu
CJIOBAMH, CUUTAETCSI, YTO M0JIe c1a00 IPOHUKAET B MaTepual 00-
KJIaJK1 1 OBICTPO B HEM 3aryxaeT. Taioke OyJeM paccMaTpuBarh
TOJIbKO HEMarHUTHBIE MaTepuallbl 0€3 AUDIIEKTPHYECKUX OTEPb.
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HecMoTtpst Ha TO, 4TO B peasibHbIX BOJOKHAX MPHUCYTCTBYIOT
JTUDIICKTPUYECKUE TOTePH, M3BECTHO, YTO IPHU OTpPEIEICHHBIX
JUIMHAX BOJIH/4aCTOTaX JIa3epHbIC UMITYJIbChl MOTYT pacIpocTpa-
HSTBCS IPAKTHYECKU 0€3 IIOTEPb, TO €CTh UX MOYKHO CUUTATh TIpe-
HEeOPEKNUTEITHLHO MaJIBIMH 110 CPABHEHHIO C HHTEHCHBHOCTBIO BXO-
JSILIETO U3JLyYCHHUS.

IToxa3arens npeaoMIIEHUS BOJOKHA IIPEICTABUM B BUJIE:

. Ny, T <a, @)
n,,r>a.

cl»>

B (4) eciin 0ba mokasarelis mpeaoMIICHUS Neo CEPALICBUHBI Nl
OOKIJTaZIKK TTOCTOSIHHBIE BEJIMYUHBI, TO MOJIENb OYJIET ONUCHIBATh
CTYIEHYATOE BOJIOKHO, & €CIIM XOTsI ObI OJJMH MX HUX OyJIeT 3aBH-
CeTh OT NMPOCTPAHCTBEHHBIX KOOPJWHAT, B YACTHOCTH, OT TIOJISIP-
HOTO pajauyca I, To MOJesb OYZIeT ONHMCHIBATh I'PaIMCHTHOE BO-
JIOKHO.

ByneM cumrtaTh, 9TO MarHWTHas MPOHUIIAEMOCTH MaTepHaia
BOJIOKHA Be3/ie OJMHAKOBAa M paBHa [lo. byneM paccmarpuBath
TOIBKO DJCKTPUYECKYIO COCTABISIONIYIO DIIEKTPOMATHHTHOTO
noJsis. Torga ypaBHeHus: MakcBeiia i HalpsHKEHHOCTEN AJIeK-
TPUIECKOI'0O U MarHuTHOI'O MOJIEH TO3BOJISIOT IMOJIYYUTb BOJIHO-
BOC YpaBHEHHE IS BEKTOpA HANPSIKCHHOCTH AIIEKTPHUYECKOTO
nosisi E B Buzie

2

0E
AE = SOl,I,OnZ ? 5 (5)

re € — JUAJIEKTpUUECcKas OCTosiHHAsA, A — oneparop Jlamnaca.
JI1s MOHOXpOMAaTHYECKO# BOJHBI NP UCIIOJIB30BAaHUM TPEa-

crasnennsi E=Eexp(—imt), roe ® — gacrtoTa, t — Bpems, BOIHOBOE

ypaBHeHUe (5) nepexoauT B ypaBHeHHE | enbMoriibla

AE +(kn)’E =0, (6)

rae k=goLow’— BOIHOBOE YHCIIO.
[Tockonbky oneparop Jlariaca npeacraBuM BHJE

62
A:Al'i‘ga (7)

rze AL — nonepeyHas gacth ornepaTopa Jlaruraca, a BosiHa pacrpo-
CTpaHseTCsl BJIOJIb OCH Z (OCH CUMMETPUH LMJIMHJIPUYECKOTO BO-
JIOKHA C KPYTOBBIM CEYEHUEM), TO IIPU UCIIOJIL30BAHHUH MTPE/ICTaB-
nenuss E=Eexp(ifz), rme p — KoHCTaHTa pacmpOCTpaHCHHS, W3
ypaBHeHUs (6) moxydaercs

A E+(k’n*-B)E=0. ®)

Ecimm BBIACIWUTL MNONCPCUHYIO COCTABJIAIOIIYIO JJICKTPHUYC-
CKOTI'O I10JIA EJ_, TO €T0 MOXKHO IIPEACTABUTH B BUIC

E=E, +¢F,, ©)

IZie e; — eIMHIYHBIC BEKTOpP BAOIb ocu Z. Kak u3BecTHO, J0CTa-
TOYHO OTIPEIENIUTh Z-yI0 KOMITOHEHTY ToJieit [ 14]. [ToaTomy nanee
OyzeMm paccMaTpuBaTh YpaBHEHHUS TOJIBKO JJIsl KOMIIOHEHTHI E,.

B cuny nunmHApPHYECKOH CUMMETPHM BOJIOKHA LEJIECO00-
pa3HoO MepeiTn K MWIMHAPUYIECKUM KoopauHaTam(r, ¢, Z), Ipu-
4eM IorepeyHas 4yacTh orneparopa Jlamnaca Oyner:

1 0

10 0
A ==l r= |+ — . (10)
+ rar( ar) r’ d¢p*
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B mapaxcuansaom npubmmkennu [ 14, 21] ypaBaenue (8) s
KOMITIOHCHTHI IMOJIA B MUIMHAPHUYCCKUX KOOpAUHATAX MMPUMET BUJL

A E, +(Kn* —B>E, =0. (11)

B cwily mwiMHIpUYECKOM CUMMETpPUM DPELLIEHUE YpPaBHEHUE
(11) nomKHO OBITH MEPUOJMYECKUM I10 YIIIOBOM KOOPIHHATE (@,
[103TOMY MOYHO MCIIOJIb30BaTh NPEACTABICHUE

(12)

rme m=0, 1, ..., — [ETOYNCICHHBIN TapaMeTp, OIPECIITIOIIA
TTOPSAAOK BOJIHOBOIHOHM MOABI, U(I) — paananbHas 9acTh HaIps-
JKCHHOCTH DIIEKTPHYCCKOTO TS (paguaibHOe paclpeieiicHue),
KOTOpOE TpH 3aJlaHHOM 3HAYCHHUH M COOTBETCTBYET BOJHOBOJ-
HOM Moxe mopsiaka M. Ioncranoska (12) B (11) ¢ yuetom (10)
MTO3BOJISICT MTOJYYHUTH YpaBHECHNUE!

E,(r,0) =u(r)exp(ime) ,

ou 1du m?
4| KN =R =——|u
or* ror P r?

(13)

Il
o)

VYpasuenue (13) mpexacraBmsger coboif OCHOBHOE ypaBHEHHE
TEOPUH ONTUYECKHX BOJIHOBO/IOB, UCIIOJIb3yEMOE IIPHU MOJICINPO-
BaHHUHU IMIMHAPHYECKUX BOJIOKOH KPYTrOBOI'O CEUCHHUS.

ITockobKy B BOJIOKHE BCE KOMITOHEHTBI TIOJIEH TOMKHBI OBITh
HETPEPBIBHBIMU, TO Ha IPAHMIE CEP/IEBUHBI TIPH I'=a sl pajiu-
QIBHOTO pacIpeAeICHUs! MOJIsl JIOJDKHBI BBITIOIHATHCS YCIOBHS
CONPSKEHHSL:

u@-0)=u@+0), (14)

u'(@a-0)=u'(a+0), (15)

3neck B (14) u (15) u nanee MOHUMAIOTCS JICBOCTOPOHHUE U
IIPaBOCTOPOHHUE TIpeebl, COOTBETCTBEHHO:

u(a+0)= lim u(r) ¥ u'(@£0)= lim u(r), a Wrpnx o5osHa-
r—at r—at

YaeT NPOU3BOIHYIO IO .

[TockonpkyMeIcunTaeM, uTod << R, rae Rpaamyc BoJIoKHA, TO
ypasuenue (13) pemaercst B odaacti 0<r<+oo, npuuem ero perie-
HUEC JOJIXKHO GBITB BCIOAY OTPAHNUYCHHBIM, U B YaCTHOCTH YJIOBJIC-
TBOPSITH YCJIOBHIO Ha OECKOHEUHOCTH:

lim u(r)=0, (16)

r—+0
KOTOPOE 4YacTO 3aliChIBAIOT B JKBHBAICHTHOW (Qopme Kak:
u(r)—0, r—oo.

Takum obOpa3zoMm, MaTematudeckas (HOpMyITHPOBKA MOIEITH
JUISL OIPEIENICHHS TIONEPEYHOTO PACIIPEIEIICHHS IIEKTPHIECKOTO
TI0JISI B IMUTMH/IPUIECKOM BOJIOKHE KPYTOBOTO CEUEHHMS TPE/ICTaB-
nsieT co0oi KpaeBylo 3aady conpsbkenus uist ypasHenus (13) co
CKauyKOOOpa3HbIM U3MEHEHNEM KO3 (UIIHEHTa B COOTBETCTBHE C
(4). IlocTanoBka 3ajaun: TPeOyETCsl HAWTH HEMPEPHIBHOE OTPAHH-
YeHHOe pelleHue ypaBHeHHs (13), ynoBieTBoOpsiolee TpaHHud-
HbIM ycnoBusiM (14)-(16). [list ee petienns HEOOX0MMO KOHKpe-
THU3UPOBATH 3aBUCUMOCTD [TOKa3aTeIsl IIPEJIOMIICHHS N OT pajinyca
rs(4).

Crenyer oTMeTHTh, YTO B ypaBHeHuH (13) mokasarens mpe-
JIOMJICHHSI CUMTAETCS 3aBHCSIINM OT OJHOI IPOCTPaHCTBEHHOMH
KOODPJIMHATHI, @ IMEHHO, OT TOJIIPHOTO pajryca I'. 3To BO3MOXKHO
B Cllydae IWIMHAPUYECKOM CHMMETPHH paccMaTpUBAacMOW CH-
CTEMBI. 3aBUCHMOCTh OT PaJiyca IMEET MECTO B TOM UHCIIE H JUIS
CTYNEHYATHIX BOJOKOH, MOCKOJBKY B PAa3HBIX y4acTKaX CEUEHHS

—
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BOJIOKHA 3HAYEHHS TIOKA3aTels PEIOMIICHHS Pa3IndHbl, XOTS U
TIOCTOSTHHBIE B OIIPEAEIECHHBIX €ro 30HaX. [lpyrumMu cioBamu,
3HAYEHMs MOKAa3aTeNs MPEIOMIIEHHsSI MEHSIOTCS CKaukoOOpa3HO
NpU NIE€PEXOE U3 OJHOW CTPYKTYPHOW 30HBI CTYIEHYATOIO BO-
JokHa B apyryto. CrienoBareibHo, KO3(pQUIMEHT B ypaBHEHHH
(13) umeer ckadek, TO €CTh paccMaTpuBaeMasi MOJEIb BOJOKHA
OCHOBaHa Ha YPaBHEHUH C Pa3pbIBHBIMU KO3 dHUIeHTaMHu.

OnHako B cilyyae CTyNEHYaThIX BOJIOKOH ypaBHeHue (13)
MIPECTABIISIETCS. B BUJIE HECKOJIBKUX YPaBHEHHH C TIOCTOSHHBIMU
KO3 PUIMEHTaMH Ha Pa3MYHBIX CTPYKTYPHBIX y4yacTKaxX BO-
nokHa. COOTBETCTBYIOIINE PEICHUS! «CIIMBAIOTCSD) TPAHUYHBIMH
YCIOBUSIMA Ha TPAaHUNIAX CTPYKTYPHBIX OSJIEMEHTOB BOJIOKHA.
Pemmenns takux 3a1a4 Uil CTYHEHYATHIX BOJIOKOH IPEICTABIISET
co00¥ TIPOCTYTO 3a/1a4y.

J1J1st rpaineHTHBIX BOJIOKOH OCHOBHASI CIIOHOCTB ITPH aHAIH-
THYECKOM MOJEIHMPOBAHUH CBSI3aHA C HAXOXKICHHEM pEIICHHs
ypaBHEHHs C TepeMeHHbIMH Koddduuuentamu. Ecmm cyme-
CTBYET TOUYHOE aHAINTHYECKOE PEIICHUE YPAaBHEHHS C IIEPEMEH-
HBIMH KOX(UIIEHTaMH, TO OHO, KaK NPaBHJIO, BbIPAXKAETCS Ye-
pe3 crnenuaibHbie GYHKIIMU MaTeMaTH4eckoil pusuku. [Ipudem B
cllyyae HaxOXKICHUs PEIICHHs paccMaTpHBaeMoOil KpaeBoW 3a-
Jauu I TaKuX (QYHKIMA HE00X0AUMO, YTOOBIOHHU OBLTH HETpe-
PBIBHBI M OTPaHUYEHBI B 00JIACTH MTOUCKA PEIICHHS. A TTOCKOJIBKY
TpeOyeTcsi BHIIIOJIHEHHSI YCIIOBHSI HEIPEPBIBHOCTH BCEX KOMIIO-
HEHT TI0JIs, TO paccMaTpuBacMasi KOMIIOHEHTa AJICKTPHYECKOTO
TIOJIs KaK pelIeHre KpaeBol 3a1a4H, T0JDKHA XapaKTepU30BaThCS
1 HENpPEphIBHON MPOU3BOJHOM B 00JI1aCTH MOMCKa penreHus. J{py-
THIMH CJIOBAMH, PEIICHHE KPaeBOH 3aJa4uH JIOJKHO OBITh ITIa/IKUM.

IMockonpky pemrenust kpaeBoit 3amadu (13)-(16) 3aBucar or
LEJIOYHNCIEHHOH IIEpEeMEHHON M, TO UX MO>KHO TOBOPHTH, YTO OHH
OIMCHIBAIOT BOJIHOBOJIHBIE MOIBI TOPsAKa M. BonHoBOHAs MO
HyJieBoro nopsiaka (npu m=0) yacto Ha3biBaeTcst PyHAaMEHTAb-
HOMW WJIN OCHOBHOM.

Taxoke cieayer OTMETUTbh, YTO KOHCTaHTa PaCIpOCTPaHEHHMs
HW3HAYAJILHO CUMTACTCS HEU3BECTHOM B 3agavdax MOJCIIMPOBaHUA
BOJIHOBOJI0B. OHa orpesiesisieTcs B X0/ie €€ pPelIeHus M, KaK npa-
BIJIO, BBIPAYKAETCsI Yepe3 BEIMUMHBI, XapaKTePHU3YIOIINE reOMeT-
pUUYECKHE M ONTHYECKHE CBOMCTBA MaTEpPHAIOB BOJIHOBOJHOM
cTpykTypbl. IlosToMy copmynmpoBanHas kpaeBas 3amaqa (13)-
(16) momenu BomokHA (haKTHUECKU MPEACTABISIET COOOH 3amady
Ha COOCTBEHHbIC 3HAueHMS. B 3TOM KOHTEKCTE BOJIHOBOIHBIC
MO/IBI SBJISIFOTCSICOOCTBEHHBIMH (DYHKIMSAMHU 33/1a4H, @ KOHCTaHTa
pacrpocTpaHeHHsT JAHHOW MOJBI TIPEICTaBIsAET c000il cOOCTBEH-
Hoe 3HaueHue. [ToCKONbKy Ul Ka)kAO0ro MOps/IKa BOJTHOBOJHOM
MO/Ibl OHHU Pa3JIMYHBbI, TO MOXXHO 'OBOPUTH O AUCKPETHOM CIICKTPEC
COOCTBEHHBIX 3HAUEHHH, TO €CTh KOHCTAHTBI PACIIPOCTPAHESHUSI.

2 PaananbHble pacnpeejeHus MoJsl Ui Pa3auaHbIX
IPaIneHTOB MOKA3ATeJIsl MPeJI0OMJIeHUsI

JIJIs CTyTIeHYaThIX BOJIOKOH Neo U Nel B (4) CUUTAIOTCS KOHCTAH-
TaMH, HE 3aBUCAIIUMH OT paauyca I'. B aTom ciydae ypaBHeHHE
(13) mpumeT MOKET OBITh MPENICTABIICHO B BUJIC ABYX YPAaBHCHUI
C TIOCTOSIHHBIMH KOA((QHIIMEHTaMHU Ha pa3JIMuHbIX yyacTKax (ce-
YEHHAX ) BOJIOKHA:

ou 1aou m’
+——+| k’ng —-p*—— u=0,r<a-
r

(17)
o’ ror

2 2
ou lou, kn2—p - u=0,r>a- (18)

o’ ror ° r?

VYpasuenue (17) omucChIBaET MOMEPEYHOE pacIpeieeHIe
KOMITOHEHTBI AJIEKTPUYECKOrO TOJISI B CEp/lIEBUHE BOJIOKHA, a
ypaBueHue (18) pacmpenenenme sToro mons B obxmamke. O6a
9THUX YPaBHEHHUSI OTHOCATCS K ypaBHeHUsiM beccensi. YpaBHeHHe
(17) umeet Ba MTUHEHHO HE3aBUCUMBIX PEIICHHSI, OMTUCHIBAEMBIX
HUTHHIPUYECKUMH (QYHKIMSIMU IEPBOTO U BTOPOT'O PO/ia, a ypaB-
Henue (18) umeeT aBa JIMHEHHO HE3aBUCUMBIX PEIIEHUS, OTTHCHI-
BaeMbIX IMJIMHAPHYECKUMH (QYHKIHSIMH MHHAMOIO aprymeHTa
MIEPBOTO U BTOPOTO poja (WM MOJU(UIIMPOBAHHBIMH LIHIHHAPH-
YECKUMH (QYHKIHSIMHU).

Jnst ciydast CTyIeH4aToro BOJIOKHA XOPOIIO U3BECTHO pellie-
uue 3agaun (14)-(18) mpu yenosun, uro Ny<f/k<ne [21]:

L |,
Jn(q)
K1)
Kp (@)’

’ (19)

u(r)=u,
r>a,

TJ€ Uy — aMIUIMTY A OJIsI HA TPAaHULIE Cep,Z[L[CBI/IHa-O6KHaZ[Ka,
q2 = (ncok)2 - Bz > (20)

W =B (k) e
Jm(X) — dysxums Beccens mepBoro poaa, Kn(X) — gyskims Mak-
nmoHanpna (MomudunmpoBanHas (yHKIUsS beccenst / QyHKImS
Beccenst MEHMMOTO apryMeHTa BTOPOTO poja).

[Tpn naxosxxnenun pemenus (19) 6pu10 yuTEHO, YTO B 001aCTH
0<r<a (B 9acTHOCTH, B HaJayue KOOPIUHAT), OTPAHUICHHON SBIISI-
eTcst ToipKko GyHKIUsA beccens mepBoro poxa, B odmactu r>a (B
YaCTHOCTH, HA OECKOHEYHOCTH ), OTPAHUUEHHON SIBIISIETCS TOJIBKO
bynkuust MakznoHanbla, KOTopas aCHMITOTHYECKH MPUOIMKa-
eTcs K HyJII0 Ha O6CKOHEUHOCTH, TO €CThb yJOBIETBOPSIET YCIOBUIO
(16).

Pewenue (19) ynosnersopsier ycnosuio (14) HenpepbIBHOCTH
paIuagbHOrO paclpeesieHus MoJsi Ha TpaHulie ceplaieBrHa-00-
kiazaka. J{is roro, uroOsl oxy4deHHOE penieHue (19) ynosierso-
psuto ycnouio (15) HenpepbIBHOCTH PON3BOTHOM pajinaibHOTO
pacrpeeseHust oISl Ha TpaHuIe cep/leBUHa-00KIIa/1Ka (TO eCTh
pemenue (19) 1OMKHO OBITH TIIAJKAM), CIIEAYET €0 MOACTABUTH
B (15) 1 mMoTyYnTH COOTHONIEHHE, CBSI3bIBAIONIECE KOHCTAHTY pac-
MIPOCTPAHEHUS ¢ TTapaMeTpaMu 3aadul. B pe3ynpraTe Takoi mos-
CTaHOBKH IIOJIy4aeTCsl, YTO KOHCTAHTA PACIIPOCTPAHEHHUS OTIpEIe-
JISIETCSI KaK MOJIOKUTENBbHOE PEIICHNE YPaBHEHUS:

Jn(08) _ K (a)
Jn(Ga)  Ko(xa)

JlaHHOE ypaBHEHHE, OMPEACIIIONICE 3aBHCHMOCTh KOHCTAHTBI
pacripocTpaHeHHs OT GPU3MICCKUX M FEOMETPUUCCKUX XapaKTePH-
CTHK BOJIOKHA, HA3bIBAIOT JHMCIICPCHOHHBIM. SICHO, YTO TaHHOE
TPAHCLEH/ICHTHOE YPaBHECHUE MOXKET OBbITh PEILICHO TOJBKO YHC-
JICHHBIMH METOAaMH.

PaccmoTpuM Temeph TpaJMeHTHOE BOJOKHO C IIOKa3aTeleM
NPENIOMIICHUS B BHE:

(22)
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n,,r<a,

co?

ne ) 12 (23)
n,| 1-A, j ,r>a,

re Ac — Iapamerp IUIAaBHOCTH TIepexoja 3HAuCHUs TOKa3aTes
npesnomieHus. B Takoll MojenH cepileBUHA XapaKTepu3yeTcs
MOCTOSTHHBIM 3HAYE€HHEM I10Ka3aTesIeM MPeIOMIICHHS Neo, @ B 00-
KJIaJIKe [T0Ka3aTellb PEJIOMIICHHUS] MOHOTOHHO yOBIBAET OT 3Haue-
HUA Neo A0 Nl

[IpensnoxeHHbIH TpaJueHTHBIN TPOQUIH TTOKA3aTENs IPETIOM-
nenust (23) mpencTaBiseT coOO0i MIaBHEIHN, TO eCcTh OoJiee peanu-
CTUYHBIH, NTEPEX0Jl OT OJHOTO 3HAYCHUS MOKA3ATENs MpeIoMIIe-
HUSI B CEPJILIEBUHE K APYTOMY B OOKJIaJIKe.

B Taxoii moctanoBke 3anaun ¢ npoduneM (23) ypasuenue (17)
ocTaeTcs HeM3MEHHBIM, a BMecTO (18) morydnTcs ypaBHeHHE:

2

2 2
ou, la K2+n§,k2Ac,(aJ +m—2 u=0,r>a-
r r

- (24)
or’ ror
OrpaHHYeHHOE pENIeHNE 3TOTO YPABHEHMS, yIOBIETBOPSIO-

mee yCIOBHIO Ha OeckoHeuHOCTH (16) Takke BBIpaykaeTcs depes

¢byHKuMI0 MakIoHaIbaa, HO ¢ APYTHUM MOPSIAKOM, KOTOPBIH yiKe

He OyzieT B 00ILIEeM ciIydae IIeJIbIM YHCIIOM.

CrnenoBatenbHO, pEIICHHE KPAaeBOW 3agaddl Uil ypaBHEHHUI

(17) u (24) npm ycnosusix (14)-(16) umeer Bun:

jm(qr) rea,
u(r)=u, =(0a) (25)
7KV (Kr) r>a
K,(xa)’ ’
rae
v=q/m>+A(akn,)* - (26)

JlanHOe pemieHne KpaeBOH 3afadyd MOJIYYEHO IIPH yCIOBHH
TIPH YCIOBHUH, uTO Ne<P/k<Nco. OueBMaHBIM 00pazoM mpu Ac—>0
peurenue (25) mepexomut B u3BecTHOE pemeHue (19), Tak kKak u3
(26) cnenyer, uro v—>m. Otimune pemrerus (25) ot (19) 3axiro-
YaeTcs B TOM, YTO MHAEKC QyHKIMK MaknoHanbaa, onpenese-
MBI (26), SIBISIETCS] HELENBIM YHCIOM, W MPH TMOJOXKUTEIHLHOM
3HAUYEHHH MapaMeTpa IIABHOCTH IIEPEX0/1a 3HAUCHHSI TTOKa3aTes
TIPEIOMIIEHUS A¢l TIPEBOCXOAUT TOPSIIOK BOJTHOBOJHOM MOZBI M
CTYNEHYATOTO BOJIOKHA.

Pemenne (25) ynosnerBopseT ycioBuio (14) HEIpepsIBHOCTH
pazuanbHOrO paclpeeNICHUs Mol Ha TPaHuIle CepAleBHHA-00-
knmaaka. s Toro, 9TOOB! MOMTydYeHHOE HAMH perieHue (25) ymno-
BJICTBOPSIIO ycJOBHUIO (15) HEmpepBsIBHOCTH NMPOM3BOAHON paju-
IBHOTO PACIpeIeSICHNS M0JIsl Ha TPAHUIIE Cep/IlleBUHA-00KIIaIKa
(To ecth perrenue (25) OHKHO OBITH IMIAJAKKM B 00JIACTH MTOUCKA
pelIeHust), ciaeayeT ero NoAcTaBuTh B (15) M Moay4nTh COOTHO-
LIIEHUE, CBS3BIBAIONIEE KOHCTAHTY PACHPOCTPAHEHHS C Iapamer-
pamu 3ajaun. B pesynbrarte Takoi 10ACTaHOBKH MTOJy4aeTCsl, YTO
KOHCTaHTa paclpoCTPaHEHHUS ONPEeJIEISeTCs] KaK MOJI0KUTEIbHOE
pelIeHne ypaBHEHUS:

Jn(0a) _ Ki(ka)
Jn(Ga)  K,(ka)

@7n

koTopoe npu Ag—0 nepexoauT B AUCHEPCHOHHOE ypaBHEHHE
(22) nns crynenvaroro BosiokHa [12, 14, 21].

—
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Taxoke Kak U TUCTIEPCHOHHOE ypaBHEHHE (22), TaHHOE TpaHC-
LEHICHTHOE ypaBHEHHUE (27) MOXKET OBITh PEIICHO TOJIBKO YHUC-
JEeHHBIMH MeToxaMu. JIis ynpomieHHs YHCICHHOTO aHalIn3a
ypaBHeHUS (27) MOKHO IPUBECTH K BUIY

3 _ g KAR =),
Ja(9) ° K, (VA —s?)

e 0003HaueHo A2 = (ak)2(nc20 - nczl) M $—=(a — HOBasi HEN3BECTHAS.

S (28)

3nmeck yureHo, uyTo B cuiny (20) u (21) BBIOTHSIETCS COOTHOIIE-
wie: 1 =k (2, ~ )~ '

AmHanu3 1oxasai, 4To JUCIIepCHOHHOE ypaBHeHHE (28) nmeer
KOopHH B MHTepBajie 0<S<A, KOTOpBIC 3aBUCST OT TPEX HapameT-
POB, BKIJIFOUYAs TOPSIOK MOJIBIL, TO €CTh Sm=Sm(V, A). CremoBa-
TEJNBHO, TOJMYYHB PEIICHHE AWCIEPCHOHHOTO ypaBHEHHUs (28),
MOXKHO 3aIicaTb JUCKPETHBIA CIIEKTP COOCTBEHHBIX 3HAYCHHUH
KpaeBo# 3amaun it ypaBHeHui (17) u (24) npu ycnoBusx (14)-
(16), ompenensronIuii JOMyCTHMbIEC 3HAUSHHSI KOHCTAHTHI PAaCTIPO-
CTPAaHEHUs, NPH KOTOPBIX MOTYT BO30YXKIAThCS BOJHOBOJHBIC
MOJy COOTBETCTBYIOILETO ITOPSIIKA:

B =(Neok)* = (s,,/0)"-

Takum 00pazom, HaliJIEHO TOUYHOE pPEIIeHHE KPaeBOH 3aaauu
quist ypaBaeHwuid (17) u (24) npu ycnoBusix (14)-(16): coOCTBeHHBIC
¢dynkuun onpenenstores (25), a coOcTBeHHbIe 3HaueHUs — (29).

CrenyromuM ImaroM JajbHeEHIero o0oOIIeHHsT TpaJfeHT-
HOro Tpodmst (23) MOXKET OBITh y4eT 3aBUCHMOCTH TOKa3aTelIs
TIPEJIOMJICHUS CEPLIEBUHBI OT pajnuyca. [10cKoIbKy caMbIM pac-
MIPOCTPAaHEHHBIM BHIOM TAaKOH 3aBHCHMOCTH MTOKA3aTENsI TIPEIIOM-
JICHHUS B TPAJIMCHTHBIX BOJIOKHAX SBIISETCS mapabommdeckas [15,
22-24], TO paccMOTpPHM TeIeph MOJIENb, B KOTOPOH MOKa3aTelb
MIPEJIOMIICHHUS onpezenseTcs GyHKuuei Buaa:

(29)

2
nZ, 1—ACD(rJ ,r<a,,r<a,
a
2_ (30)

2
a
n; I—Ad(r) ,r>a

B Takoii mocranoBke 3ama4u ¢ yuaetom mnpoduist (30) ypaBHe-
Hue (24) octaercs HEM3MEHHBIM, a BMecTo (17) momydurcs ypas-
HeHHe:

2 2 2
a—g+l@+ n2k? - B —nfoszco(rj M lu=or>a G
o ror a r

Oouiee peuienne ypasHeHus (31) MOKeT OBITh 3aIUCAHO ye-
pe3 pazIu4HbIe crielManbHble (QYHKIUH, HAalpUMEp, Yepe3 THIep-
reoMeTpruiecKre QYHKIMN WA KOH(IIIOAHTHBIC QYHKIMN X0lHa
[25]. OnHako ero MOKHO PUBECTU 3aMEHOM NEPEMEHHBIX K yPaB-
HEHUIO YHUTTpeKepa, KOTOPOe UMEET JIBa JMHEHHO HE3aBHCHUMbIX
pelIeHus], Ha3bIBaeMbIX (DYHKIUSIMUA YHUTTEKepa, PUYEM TOJILKO
OJlHa U3 HUX OIpaHMYeHa B Ha4yaje KOOpPAUHAT.

C ydeToMm 3TOro pelieHrne KpaeBOW 3amaydl Uil ypaBHEHUI
(24) u (31) mpu ycnousx (14)-(16) MoxHO 3ammcaTs B BUIE:

EMI,m/z(prz) r
r Ml,m/z(paz)’

K, (xr)
"2 r>a
K., (xa)

u(ry=u, (32)
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rne Mg s(X) — dynkuust Yurrekepa [25],

2.2 2
- akn, -p) (33)
an.,[A,
p: ncoVAco A (34)
a

[Tpn naxoxnenun penienus (32) 6bU10 yITEHO, 4TO B 001aCTH
0<r<a (B yacTHOCTH, B Ha4Yaje KOOPANHAT), OTPAaHUYEHHOMH SIBIIsI-
ercst TobKo (pyHkums Yurrekepa Mes, a B obnactu >a (B yact-
HOCTH, Ha OECKOHEYHOCTH), OTPaHWYEHHOH SIBIISETCS TOJIBKO
¢ynkmust MaknoHanbsa, KOTopasi aCUMOTOTHYECKH TTPHUOIIIKa-
eTcsl K HyJII0 Ha OECKOHEYHOCTH, TO €CTh YJJOBJIETBOPSIET YCIOBHIO
(16).

Pemenne (32) ynosneTrBopseT ycioBuio (14) HenpepsIBHOCTH
pazuaIbHOTO PacTIpeIeNICHNs OISl Ha TPaHUIEe CepALCBHHA-00-
kianka. [y toro, 4ToOBI MosydeHHOe Hamu perreHue (32) ymo-
BIIETBOPSIO ycIOBUIO (15) HEMpephIBHOCTH TIPOU3BOIHON paju-
AJILHOT'O PacIpeieNICHUs MT0JIsl Ha TPAHUIIE cep/IlleBUHA-00KIIaIKa
(To ecth perrenue (32) JOHKHO OBITH INIAAKHM B 00JIACTH MTOUCKA
peleHus), ciaeayeT ero noAcTaBuTh B (15) U moiay4nTh COOTHO-
IIEHHE, CBS3BIBAIOIIEE KOHCTAHTY PACIIPOCTPAHEHHs C MapaMeT-
pamu 3aaun. B pesynbrare Takoi oACTaHOBKH ITOJTy4aeTCsl, YTO
KOHCTaHTa paclipoCTPaHEHHUs! ONPEeIIIeTCs] KaK MOJI0KHUTEIbHOE
penieHne ypaBHeHus (TO €cTh KOHCTaHTa paclipoCTpaHEeHHs OIIpe-
JIETISIETCS] KaK TOJIOKUTEBHOE PEIIeHNE AUCIIEPCHOHHOTO ypaB-
HEHUS):

qcor = qcl > (35)
rae 0003HaYeHO
2
qcor:pa_1+2l+m+1+2I M.H,m,z(prz)’ (36)
a a M I,m/z( pa )
a9 =Y« Ky (kr) (37)

a K, (xa)

TaxuM 00pa3om, HalJCHO TOYHOE PEIICHHE KPAacBOH 3amadn
s ypaBHeHUH (24) 1 (31) mpu yenoBusx (14)-(16): coocTBeHHBIC
¢yaxmun onpenerstorcs (32), a COOCTBEHHBIE 3HAYCHUS — KOP-
HSMHU AHCIIEpCHOHHOTO ypaBHeHHA (35). [lucmepcrnoHHOE ypaB-
HeHme (35) MOXKET OBITh pemIeHO YHCICHHBIMH MeToaaMu. Ero
aHaJIM3 10Ka3ajl, YTO KOHCTaHTa PacipoCTPaHEeHHUs 3 MOHOTOHHO
BO3pacTaeT MpH yBEIMUYCHUH Pajnyca sijipa BOJIOKHA d.

AHanu3 paguaibHOIO pacIpe/eieHuss BOJIHOBOJHBIX MO,
OTIpeNieIIeMOro HaliICHHBIM peIeHIeM KpaeBoi 3a1auu (32), mo-
Kasay, 4TO HauOOJIbIIas MHTCHCUBHOCTH TOJIS st (pyHIaMeH-
TasbHOI Moabl (pu M=0) HabIrOaeTCsl HA OCH CUMMETPHHU BO-
JokHa. /{11 BOJTHOBOAHBIX MOJ| CTAapIIMX IMOPSIKOB HAauWHAs C
m=1, 2, ..., FHTEHCUBHOCTH IOJIsl PE3KO MajiaeT (BIUIOTH 0 HyJIe-
BOT0 3HAYCHHUS B 3aBUCHMOCTH OT pajinyca CepALEBUHEI a). Mak-
CHMaJIbHOE 3HA4YCHHE WHTEHCHBHOCTH NOJII B OTHX CIydasx
Habmromaetcs B cepanesnne mpu 0<r<a. BeicoTa MakcumyMma yBe-
JMYMBACTCS C POCTOM HOPS/IKA BOITHOBOAHOW MOJBI.

Otmertnm, uTo ipu Ag—>0 perienue (32) nepexoanT ¢ yu4eToM
3aMeHbI B HEeM V—>M B U3BECTHOE PEIICHHE IS TapaboIMyecKoro
TIpo¢uIst CepAUEBUHBI X IOCTOSIHHOTO TTOKAa3aTelIsl HPEIOMIICHHS
oOkmanku [26]. Beut mpoBeseH CpaBHUTENBHBINA aHATU3 MPOQH-
Jeli MONIePEeyHOro pacupenenaeH s A1 TOro IPoCToro napadoiu-
YeCcKOro npoduiist ¥ MpesioxKeHHOro HaMu 0000IIIEHHOTO IpaJiu-
eHTHoro npodwuis (29).

B pesynerare aHanmmsa OBIJIO yCTAHOBIICHO, YTO MHTCHCHB-
HOCTh CBETA B IICHTPE CEP/IICBHHBI BOJOKHA B CIy4ae mpejjara-
emoro npoduist (30) BeIlIe, YeM B CiIydae KIACCHUYCCKOro mapa-
6onnueckoro npoduis. To ke camoe CBs3aHO ¢ TITyOUHOM Tpo-
HUKHOBCHUS JICKTPUYECKOTO MMOJIst B 00KiIanKy. [Ipu 3Tom pac-
MpeJIeJICHIe CBETa, COOTBETCTBYIoNIee mpodmito (30), xapakre-
pusyercst 0oJjiee BBICOKOH MHTEHCHBHOCTBIO, KaK B IICHTPE BO-
JIOKHA, TaK U B OOKJIAJIKE, B OTJIMYHME OT U3BECTHOT'O IMapabosiye-
cKoro npodwiIs ¢ KpyTor gonuHowu [22-24, 26]. OnHako pa3HHIA
B YPOBHSIX MHTCHCHBHOCTH CBETa JUIS TaKUX MPOQHICH Mmokas3a-
TeJsI TIPETIOMIICHUSI CTAHOBUTCS TPAKTHUCCKH HEPA3TUINMON Ha
PACCTOSTHUM OKOJIO TIOJIOBUHBI pajilyca BOJIOKHA OT €To IIEHTpa U
BOJIM3M TPaHMIIBI CEPAIICBIHA-00KIIaKa B 000JI0UKe.

4 BeiBOaBI

CdhopMyiupoBaHbI MOJICIIN Psiia TPAIUCHTHBIX BOJIOKOH C HO-
BOI1 (hopMOif 3aBUCUMOCTH MOKA3aTeIs MPEIOMIICHHUS OT pajunyca
BOJIOKHA. MareMaTHYecKne MOJIENN MPE/ICTABISIIOT co00i Kpae-
BbIE 33/1a4M JUISI CTAIIMOHAPHOTO BOJIHOBOT'O YPaBHEHHS C Iiepe-
MEHHBIM KOA(PUIIEHTOM, KOTOPBII ONPENESIIOTCSl BRIOpaHHOU
3aBUCHMOCTBIO TTOKa3aTels npeiomiieHus. bpuin mo00pans! Ta-
Kue po(UITH TIOKA3aTes MPEITOMIICHHSI, KOTOPBIE TIO3BOJIHIIH I10-
JIYYUTh TOYHBIC AHATMTUYECKHE PEIICHHS CPOPMYITHPOBAHHBIX
YpaBHEHUIA, ONHMCHIBAIOIIKME IONEPEYHOE PACIPEIe/ICHHE dIIeK-
TPUYECKOTO TI0JIs B BosiokHe. [Ipeaioxkena Moiesb UIHH/pUYe-
CKOTO TPaJIMEHTHOTO BOJIOKHA C KPYTOBBIM CEYCHHUEM Ha OCHOBE
HOBOTO MPOQUIISIOKa3aTeNisi MPEIOMIICHUs, Uil KOTOPOTO
HalJICHO TOYHOE AHAIUTHYECKOE PEIICHHE COOTBETCTBYIOIIEH
KpaeBoil 3aauu.

BbhIsIBICHBI OCHOBHBIE PA3IMYUsi MEXK/Y MOMEPEUHBIMH Pac-
MpeIeNCHUsIMU, COOTBETCTBYIOIIUMHE TIPEIOKEHHBIM 0000IIIEH-
HBIM TpopuiIeM U KIIACCHYECKUM MapabonIecKuM MpoduiIeM ¢
OCTpPBIMH JIOJIMHAMH B POQHIIE TIOKa3aTes MpeoMiieHus. Y cra-
HOBJICHO, YTO PACIpE/e/IiCHUEe CBETa, PACCYMTAHHOE B MPEIIO-
YKCHHOM 000OIIICHHOW MOJICITH, XapaKTepU3yeTcs 00s1ee BBICOKOH
WHTEHCHUBHOCTBIO KaK B LIEHTPE BOJIOKHA, TaK M B OOKIIAJIKE, B OT-
JIMYHE OT U3BECTHOIO MPOQIIs ¢ OCTphIMU AorHamu. CrieoBa-
TEJILHO, TIPEJUI0KEHHBIH0000IEHHBIH (O0JIee MITaBHBIN ) TPOQHITH
MOXET NMPUMEHSATHCS TIPH MOACIMPOBAHUY ONTHYECKUX CBOIMCTB
peabHBIX BOJOKOH B OTJIMYHE OT KJIACCHYECKOro Iapadosnye-
CKOTO MPO(HUIISI C OCTPHIMH JIOJIMHAMH.

Hcnonp3oBanue mpeiaraeMoro mpoQuisi MO3BOJISIET MOITy-
YUTh 00JIee PeaTMCTHYHYIO OIIEHKY XapaKTepPUCTHK JUCIIEPCHOH-
HBIX CBOWMCTB ONTUYECKUX BOJOKOH. [IpOBE/ICHHbIC HCCIIEIOBAHUS
MOT'YT HAlTH MpUMEHEHHe NpHU pa3paboTKe U COBEPIICHCTBOBA-
HUM ONTOBOJIOKOHHBIX CHCTEM CBSI3M HAa OCHOBE TPaJMEHTaX OIl-
THYECKHX BOJIOKOH C OINPE/CICHHBIMH JUCIIEPCUOHHBIMU CBOW-
CTBaMH.
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ANALYTICAL SOLUTIONS IN THE MODELS OF THE GRADED-INDEX OPTICAL FIBERS

Sergey E. Savotchenko, Sergo Ordzhonikidze Russian State Geological Prospecting University, Moscow, Russia

Moscow Technical University of Communications and Informatics, Moscow, Russia;

MIREA — Russian Technological University, Moscow, Russia, savotchenko@mirea.ru

Abstract

This paper deals with the analytical modeling of graded-index optical fibers with a refractive index varying with radial distancewidely used in fiber optic

telecommunication systems. Cylindrical fibers with a circular cross section are considered. Radial refractive index profiles underlie the models for such

fiber gradients. Models of graded-index fibers with a new form of refractive index dependence on fiber radius are proposed. The mathematical formu-

lation of the models represents a boundary value problem for a stationary wave equation with variable coefficients determined by the selected forms

of the radial refractive index profile. Refractive index profiles are considered that allow finding exact analytical solutions to the formulated equations

describing the transverse distribution of the electric field in the fiber. A model of a cylindrical graded-index fiber with a circular cross section is pro-

posed based on a new graded-index profile in the fiber core and cladding. A new exact analytical solution to the corresponding boundary value prob-

lem is found for this profile. The radial field distribution in the core is expressed using the Whittaker function with a second half-integer index, while in

the fiber cladding it is expressed using the modified Bessel function of the second kind with a non-integer index. The main differences between the trans-

verse distributions corresponding to the proposed generalized profile and the classical parabolic profile are identified.

Keywords: fiber optics, optical fiber, mathematical model, optical waveguide, waveguide mode, boundary value problem, exact solution
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MpeanoxeHo ocyulecTBNATE MHMOPMALUOHHOE COMpPAXKEHUWE CUCTEM [UArHOCTUPOBAHMUA MU
NpPOrHO3MPOBaHUA Ha XKeNe3HOAOPOXXHOM TPAHCMNOPTE C MHTENNEKTyallbHbIMM TPaHCMOPTHbIMMU
cucteMaMM Ha aBTOMOGMIBLHBIX Aoporax. DTO MO3BONMT y4ecTb AEWCTBYIOLUME U NPOrHO3UpyeMble
3Ha4yeHuA BpeMeH cpabaTbiBaHMA YCTPOWMCTB Orpa)KA€HWA Ha >KeNe3HOJOPOXHbIX NepeesfiaXx ANA
ONTMMM3ALMM [ABMKEHUA Ha aBTOMOGMNBbHBLIX Aoporax. ABTopaMu paspaGoTtaHo ueTbipe MeToga
NOCTPOEHUA CUCTEM NPOrHO3MPOBAHUA BPEMEHHbIX NapaMeTpoB paboTbl KeNnesHOAOPO}KHOro
nepeesfa: nepsbii 6asupyerca Ha nepepjade faHHbIX B Ge3sonacHyio nnaropMy aHanMTUKM C
NIOKOMOTUBOB MOCPEACTBOM TPAHCMOHAEPOB, BTOPO# COCTOUT B UH(POPMALIMOHHOM COMPAXKEHUU CUCTEM
ene3HOA0POXKHON aBTOMaTUKMN U TeNleMeXaHUKMN C MHTENIeKTYanbHbIMU TPAHCMOPTHLIMU CUCTEMAMU Ha
aBTOMOGMNBHLIX JOPOraXx, TPETUM CBA3aH C MOHMTOPUHIOM NapaMeTPOB ABWXKEHUA Noe3/a NOCPeACTBOM
ONTOBONOKOHHOrO Kabena u ycTpoicTs paciumcgppoBKM ONTUHECKUX CUTHANIOB, YETBEPTbIA OCHOBAH Ha
MCNONb30BaHMM BHELLHUX pybexkel KOHTpoOnA napaMeTpos ABMKeHuA noespa. MpuseaeHsl onucanua
KaX/10ro U3 METO/I0B, aNTOPUTMbI U NPUMeEPbI ONpeAesieHNA BpeMeHHbIX NapaMeTpoB paboTbl yCTPONCTB
Orpa)KAeHWA Ha nepee3fax, a TaKXKe WX [JOCTOMHCTBAa M Hepoctatku. MpeactaBneHHble aBTOpamu
pelleHua uenecoobpasHo yuuTbiBaTb Npu pa3paboTke KOMMNEKCHbIX CUCTEM MHTENNIEKTyaNlbHOro
ynpasneHus ABMXKeHUEM, B 0COGEHHOCTH, B KPYMHbIX FOPOAaX U Meranonucax.
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TPAHCIMOPT

BBenenune

Jene3HomopoxHas U aBTOAOPOKHASI TPAHCIIOPTHBIE CHCTEMBI
pas3IeNeHbl U «COMPHUKACAIOTCS) MPEUMYIIIECTBEHHO TOJIBKO B TEX
MECTax, I7Jie OKa3bIBAIOTCS TepeceueHrs aBTOMOOMIbHBIX U JKe-
JIE3HBIX JIOPOT B OJIHOM YPOBHE — JKEJIE3HOJOPOXKHBIE TEepee3ibl
[1]. TTockonpKy KoHIENIUs oOecredeHus] 0e30MacHOCTH JIBUXKE-
HUSI TTOE3/I0B MOAPa3yMEBacT Pean3alHio aJrOpUuTMOB yIIpaBiie-
HUS C YETKOW NPOBEPKOM NeHCTBUH cpeaCcTBaMU aBTOMATHKH, a
obecrieueHne 6€30MacHOCTH Ha aBTOMOOMIIBHBIX JOporax 6asupy-
eTcs Ha COOJNIOACHUH BOAWTEISIMHU IPAaBWJI JIBMKCHHUS, aBTOMO-
OuJIbHAS TPAHCIOPTHAsE CUCTEMa CO3JaeT YS3BUMOCTH B paboTe
JKEJIE3HOJOPOKHOW TPAHCIOPTHOM cucTeMbl. I 0CHOBHBIM HEHa-
JIS)KHBIM KOMITOHEHTOM B3aUMOJCHCTBHS ABYX CHCTEM SBISCTCS
YEJOBEK — BOAWTEIHh ABTOTPAHCIOPTHOTO cpencTsa. Yemomeue-
ckuil (hakTop SIBISIETCS BECOMBIM B OOECIeueHHH CBOMCTBa Oe3-
OTIaCHOCTH JIBM)KEHMS Ha XKEJIE3HOJOPOKHOM Mepee3/e, Kak U B
Moo ynpasisronieit cucreme [2, 3].

Cy1iecTByeT KOJIOCCaIbHOE KOJIMYECTBO UCCIIET0BAHUHN B 3TOM
CBSI3W, HAaNPaBJICHHBIX Ha pa3pabOTKy TEXHUYECKUX pEIICHU,
MO3BOJISTIOIIUX 3a0J1aroBpeMEHHO 3a(hMKCUPOBATh HAPYIICHUS Ha
nepeesiax co CTOpOHBI aBTOMOOMIILHOTO TpaHcIopTa. Bot Tonbko
HEKOTOpbIC U3 HUX [4-9]. I3BeCTHBI U pabOTHI, B KOTOPBIX MOJEP-
HU3UPYIOTCS CAMH TEXHHYECKHE PELICHHS YIIPABISIOIIMX CXEM Ha
JKere3HoIoposkHOM TpaHcropre [10, 11]. Ho o6mmM BbIxomom u3
CHUTYaIlH, KOHEYHO e, SIBJISICTCS] CTPOUTENNBCTBO Pa3BsI30K aBTO-
MOOMJIBHBIX M JKEJE3HBIX JOPOT B PasHbIX YPOBHAX. JTO BO3-
MOXKHO HE BCErJa, HallpUMeEp, B pailloHax C IUIOTHOM T'OPOACKOM
3aCTPOMKOM WM 5K€ B palioHaX ¢ HU3KOW HHTEHCUBHOCTBIO KEJIE3-
HOZOPOXXKHOTO M aBTOMOOWMIIBHOTO ABM)KEHHS — MO 3KOHOMHYE-
CKHM cooOpaskeHUsIM. Ha TUHUSIX BBICOKOCKOPOCTHOTO COOOIIIe-
HUSI 3a4aCTYI0 UCKITIOYAlOT MCI0JIb30BAHHE TIEPEE3I0B.

Wrak, kelne3HOMOPOXKHBIN TMepee3n — HauOoJee YSI3BUMbIN
KOMITIOHEHT M JKEJIC3HOJOPOXKHOM, U aBTOJJOPOXKHOM TpPaHCIOPT-
HeIX cucTeM. [ obecreueHus 0E30MaCHOCTH JIBHMIKEHUS IO
HEMY HCIOJIB3YIOT pa3lIMuHble TEXHUYECKHE CPE/ICTBA OTpax/ie-
HUSI JIBWOKEHHSI CO CTOPOHBI aBTOTpaHCIoOpTa (CBeTO(OpHI, aB-
TouuIaréaymMpl, yCTpPOMCTBAa 3arpaxIeHUsl IyTH, OapbepHbIE
nutaréayMel) B 3aBHCHMOCTH OT 3HAYMMOCTH (KaTeTOPHUH) TIepe-
e3na [12], a Takke TEXHUYECKHE CPECTBA KEJIE3HOAOPOKHOMN aB-
Tomatuku U tenemexanuku (JKAT), obecneunBaromye nepenady
JAHHBIX Ha JABIKYIIHMECS 10€371a: K IPUMEpyY, YCTPOHCTBA KOAHU-
POBaHHMS PENBCOBBIX LIENEH U 3arpagurenpHbie cBeTodopsl. [1pn
pacdeTe BPEMCHHBIX MapaMeTpOB CpabaTbIBaHUS YCTPOWCTB
OTpaK/IeHUsI Ha Ilepee3iaX YUUTHIBAIOT MHOXKECTBO (akTopoB [13].
Mo pe3ynbraraM pacyeToB ONPEEIISIOTCS BPEeMEHHbIE TapaMeTpPhl
JUIsl cpabaThIBaHUs YCTPOMCTB OTPaXK/ICHHUS Ha Mepeessiax, a Takke
TOYKa HavaJla N3BELICHHs O 3aKPITHH Iepee3/ia JUlsl IBIKESHHS aB-
TOMOOMIILHOTO TPAHCIIOPTa M TOYKA OTKPBITHS TIepee3/a.

CoBpeMeHHbIEe JOCTIKEHUS B 00JaCTH KOMIBIOTEPHBIX U UH-
TEJIEKTYAJIbHBIX TEXHOJIOTHH MO3BOJISIOT TOBOPUTH O BO3MOXKHO-
CTH Pa3BUTHSI METOJOB ONTHMH3AaLMK Ha aBTOMOOMJIBHBIX J0PO-
rax. OHH 6a3UPYIOTCS HA TONTYYCHUN OOBEKTHBHEIX U MPOTHO3H-
PYEMBIX TaHHBIX OT 00BEKTOB TPAHCTIOPTHON HHPPACTPYKTYPHI (B
TOM YHCIE, Pa3HOPOJHBIX ), TIOCTPOCHUH IIM(POBBIX ABOHMHHUKOB,
peanu3anuy AMarHOCTHYECKUX MOJENell Ha ypoBHE O€30MacHBIX
1aT(OpM aHATUTUKH JTaHHBIX, TECHOW MHTETPALUH CPEACTB MO-
HUTOPHHIA TEXHUYECKOTO COCTOSIHUSI OOBEKTOB TPAHCIIOPTHOU
UHQPACTPYKTYphl U MOABHKHBIX €IUHHMI], a TAKKe IapaMeTpoB
JBWKCHUA TIOCICAHUX, C HUHTCIJICKTYAaJIbHBIMHU CHUCTEMaMU

ynpapieHus. sl pa3BUTHSI MHTEIUICKTYalbHBIX TPAaHCIOPTHBIX
cucteM (UTC) Ha aBTOMOOWIBHBIX JOpOraX, B OCOOCHHOCTH, B
KPYIHBIX TOpoJax M Merarojiucax, BechbMa IONe3HO Obulo OBl
UMeTh MH()OPMAIOHHOE COTPSDKCHUE ¢ CUCTEMaMH YIIPaBICHUS
JIBIDKCHUEM ITOE3/10B. B HacTosiIee BpeMs 3TOro HeT: KaK HaBUTra-
uoHHbIe cuctembl, Tak U UTC Ha aBTOMOOWIBHBIX JTIOPOrax He
UMCIOT HU JCHCTBUTEIBHBIX, HU MPOTHO3UPYEMBIX JAHHBIX O pa-
00Te OOBEKTOB KEIC3HOJOPOKHOTO KOMIDIEKCA W BOCHPHUHUMAIOT
HHPOPMAIHIO 110 (aKTy €€ MOSBICHU, HallpUMep, IT0 Mepe (PHKca-
UM YCTPOUCTBOM M3BEIICHUS HATMIHS [T0€3/1a Ha ITOJXO/IE K Iepe-
€3/ly ¥ BKIIFOYCHHSI CPEACTB OTPAXKACHHUS VIS JBIKCHHS aBTOMO-
OunbHOTO TpaHcnopTa. [IporHo3upoBarh B anmaparHO-MPOrpaMm-
HbIX cpeacTBax MUTC naHHbIe COOBITHS OKa3bIBAETCSI HEBO3MOXKHO.
OnHako MH(POPMAIMOHHOE COMpPSHKEHWE CHUCTEM YIpaBJeHHs Ha
Kene3HoaopokHoM Tpancropte ¢ MTC mano Obl MONIOKUTETHHBII
3¢ deKT s BCeX BUIOB TPAHCIIOPTA U YUACTHUKOB JBHXKCHHUSI, T10-
CKOJIBKY 00€CIIeUrIo Obl BO3MOKHOCTH TOBBIIICHHS 0C30MaCHOCTH
JIBIDKCHHUS TOC3/I0B M BO3MOXKHOCTH OINTHMH3AIUK I1aPaMETPOB
JIBIDKCHUS aBTOTPAHCIIOPTHBIX CPECTB.

B HacTosime# cTatbe aBTOPBI MPUBOIAT METOABI TOCTPOCHUS
CUCTEM MPOTHO3MPOBAHUS BPEMCHHBIX ITApaMETPOB PabOTHI XkKe-
JIE3HOIOPOIKHOTO TIepee3/ia ¢ UHPOPMAIIMOHHBIM COIPSIKEHHEM C
UTC Ha aBTOMOOHIBHBIX AOPOTaX.

1 Ilepenaya JaHHBIX € JIOKOMOTHBA MOCPEICTBOM
TpPaHCHOH/IEepa

TexHUYECKH MOXHO HCIOJIB30BaTh HECKOJIBKO METOIOB IS ITO-
JIyYeHUS JaHHBIX O IBIDKECHUH TI0E3/1a 110 JKETIE€3HOI0POKHOH JINHIN
JUTSL TOTO, YTOOBI OIPENENTNTh MPOTHO3NPYEMBIE BpEMeHa CpadaThl-
BaHUSI YCTPOWCTB OTPaskACHNUS — 3aKPBITHS M OTKPBITHUS TIepee3ia.

HaHGOHee YAa4YHBIM, HO TEXHUYCCKHU CaMbIM CJIOKHBIM, ABJIA-
€TCsl OCHAIIEHHE KaXI0W TSATOBOW EIUHHUIIBI KEIE3HOI0POHKHOTO
TpaHCIIOpTa TPAHCIOHAEPaMH, MEPEAAIOIINMH JIaHHbIE O MECTO-
TIOJIOKEHUH WITU HANpsSIMyI0 CKOPOCTH JIBIDKCHUSI Yepe3 oIpere-
JICHHBIE MHTEPBaJbl T BPEMEHH, Hapumep, depe3 Kaxapie 10 ¢
(puc. 1). /lanHBIE 3aIIMINAIOTCS W TIEPEHAIOTCS TTOCPEICTBOM
CIIyTHUKOBOH CBSI3W B 0€30TacHYIO IIaTGOpMy aHAINTHKU JaH-
HBIX (BITA/]), B KOTOpOH IMEIOTCSI KOOPAWHATHI JKEIe3HOIOPOXK-
HOTO Tiepee3/a, TOYHbIE JaHHBIE O PACCTOSIHUH, HA KOTOPOM Cpa-
0aTBIBAIOT YCTPONCTBA Nepejavy JAHHBIX 00 U3BEIIEHNH O 3aKPbI-
iy nepeesna B cucremax JKAT (yCTpoicTBO T HA CXEMaTUYHOM
OTOOpaKEHNH Yy4acTKa HKEJIE3HOJOPOKHOTO ITyTH), TOUHbBIE JIaH-
HBIE O BPEMEHH, 32 KOTOPOE CpadaThIBatOT yCTPOWCTBA N3BEILCHNUS
O 3aKpBITHU TIepee3lla W BBIYUCICHUS BPEMEHH IO 3aKPBITHS
(YycTpoiicTBO T2), IJIaH U NMPO(UITH MyTH.

JlaHHBIE OOPTOBBIX CPEJICTB AaBTOMATH3ALUH YIIPABICHHS JIBU-
JKEHHEM JIOKOMOTHBA B CAMOM IIPOCTOM CITydae MO3BOJISIOT OIpe-
JENSATh TEKYIIYI0 CKOPOCTh JABIKEHHS M KOOPAMHATY IO
GPS/TJIOHACC. 310 mo3Bossier 6e30macHoi marhopMe aHau-
THKH JTaHHBIX C YacTOTOHM MMCKPETH3aIMX T BHINOIHATH IPOIIE-
Jypbl BBIYHCIICHAS IPOTHO3UPYEMOTO BPEMEHH IO 3aKPBITHS TIe-
peesna (#,), IpoCIeIoBaHUs K Nepee3ay () U OTKPBITHS Iepeesaa
(t,) nnst IBMKEHUS aBTOMOOWIBHOTO TpaHcmopTta. J[aHHBIE O Bpe-
MEHaX f), Is U t, nepenatorcs B UTC Ha aBTOMOOMIBHBIX JOporax
B LIEJISIX BBIOOpa PEKUMOB UX (DYHKIIHOHUPOBAHUSI C YUETOM JI0-
POXXHOW OOCTaHOBKHM W TPEACTOSIIETO 3aKpBITHS Hepee3na s
JIBIDKCHUS] aBTOMOOWIIBHOTO TpaHCIopTa. J|aHHbIE BpEMEH f, #; 1
¢, KOPPEKTHPYIOTCS IO Mepe OOHOBIICHUS IAHHBIX C 33/IaHHBIM TIe-
PHOIOM T TUCKPETH3AINH.
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Puc. 1. YcnoBHas cxema nHGOPMAIMOHHOTO CONPSKEHUS TIOCPEACTBOM TPAHCHIOH/IEPA, YCTAHABIMBAEMOTO B IOKOMOTHBE

W3 mpuBeeHHOTO BBIIIE ONMUCAHUS CIEAYET, YTO CYIIECTBYET
TPHU OCHOBHBIE OTCEYKH BPEMEHH, OT KOTOPBHIX MOJKHO N3MEHUTH
paboty koHTpoIUIepoB cBeTodopoB B UTC:

1. 3a Bpems £, OCyIIECTBISICTCA TIepeada JJaHHBIX 00 H3Me-
HEHHU PEXNUMOB PabOTHI CBETO(GOPOB Ha ONU3IICKAIIUX Iepe-
KpECTKax, JBI)KCHHE 4Yepe3 KOTOpPBIE OCYLIECTBIAETCA K Iepe-
e3/y. DTO IO3BOIUT ONTUMH3NPOBATH JABIKEHHE TPAHCIOPTHBIX
CpEICTB Ha aBTOMOOMIIBHBIX JOPOTaX ¢ y4eTOM MPEACTOAIIETO 3a-
KPBITHS TIepee3sia sl ABHKEHHs aBTOTPaHCIIOPTa.

2. B MOMEHT BpeMEeHH £, Tepee3/1 3aKPbIBACTCS JJIS IBHXKEHUS
aBTOMOOMJILHOTO TpaHcHopTra. Bpems ero 3akpbITusi omnpenens-
©TCsl BEIMIMHOM (¢, — 1), THE & U I, — 3TO TAKXKE HE (paKTHUECKHE
BpPEMEHa, a IPOTHO3MpYEMBIE.

3. B MOMEHT BpeMeHH f, Iepee3ss OTKPBIBACTCS IS IBHXKCHUS
aBTOMOOMIIBHOTO TPAHCIIOPTA.

dakTHYECKH BpeMeHa #, t; U ¢, OTIPEACIAIOTCS, UCXO U3 3a-
(MKCHPOBAHHOM CKOPOCTH JBIKCHUS TI0€3/1a Ha YYACTKE JKeJe3-
HOJOPOXKHOM JIMHUH, PACCTOSHHUNA 1O YCTPOWCTB cpabaThIBaHUS
Nepee3IHOM CUIHAIM3AINH, a TAaKKe IJIHHBI 1T0€3/1a, OIpeese-

MOf ero cocTaBoM /,. Paccrosinie [, — 3To paccTostHEe MEKILy

yCTpOiCTBaMM KOHTPOJIsI OCBOOOXKICHUS nepeesna (ycrpoiicTBa
) ¥ yCTPOWCTBAMH BKIIIOUEHHS YCTPOICTB OTrpakIeHHUS Ha Iepe-
e3nax (ycTpoicTBa m2). Bpems npociienoBanus JaHHOTO paccTos-
HUSL OTIpeessieTcst o popMyIie:

t, =—"-, (1)

e Ua — OpOCTH ABMXECHUA MOE31a HA YIaCTKE Ay.

®opmyna (1) mpeamonaraeT paBHOMEPHOCTh JIBMKEHHUS T10-
€37a, 4YTO SIBJISETCA HEKOTOPHIM YacTHBIM CIIy4acM paBEHCTBA
a =0 (M/c?) yCKOpeH s IBIKEHHUS TOe3/1a. B peanbHOCTH MOXKET
NPUCYTCTBOBaTh OTPHUIIATEIBHOE HIIM MOJOXKHUTEIHLHOE YCKOpe-
Hue. C TpaHCIOHZEpa OyIeT ¢ MEPHOIOM BPEMEHH T IMPUXOIUThH
0OHOBJIEHHOE MOKa3aHUE CKOPOCTH (Crozia IJIsl MPOCTOTHI ONuUca-
HUS BKJIFOYMM BpeMs niepenadyn 1 00paboTKU IaHHBIX O CKOPOCTH
B Oe30MmacHOM maThopMe aHATUTUKHU JaHHKIX ). [loaToMy yckope-
HHUE YYUTHIBaTh He OyneM. Torma Bpems ¢, OyIeT onpenessIThes ¢
YYETOM KOPPEKIMH OCTABILIETOCS PACCTOSHUS KaXIbIe T C.
Aaroput™m 1. Onpedenenue npozHo3upyemoz2o 6pemeHu
OMKpuIMUsL nepee3oa.
1. ®ukcupyeMm OcTaBLIEECS PACCTOSHUE 10 OTKPBITHS Iie-
peesna l;n =l0 U CKOPOCTH JBMIKEHHS IO€3/1a B 3TOT MOMEHT BpeE-

MCHHU U(a B MOMCHT IPOCJICA0BAaHUSA TOYKHU BKIHOYCHUA

o

YCTPOWCTB OTpaKIACHUS Ha Mepees3ie.
2. YcranaBnuBaeM i=1.
3. Omnpegpensiem

=1, +lp ),

OCTaBIICCCA paccrosiHue

'
l( a,);

4. TlposepsieM ycloBUE l('a ) > (. Ecnu «ma», To mepexo-

JIVM K CIIeyIoIeMy MyHKTy. Ecin «HeT», mepexoanm K 1. 14.

5. OmnpezgensieM MPOrHO3UPYEMOE BPEMsI IO OTKPBITHUS TIe-
r

pee3na Ha mare i t( ) = (@i
o).
l U(a” )i

-
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6. OrmaeM 3HauyeHHE t(o), B UTC nHa aBTOMOOMIBHOM

TPaHCIIOpPTE.
7. Tlomaraem i:=i+1.

8. dukcupyeMm 3HaAUCHUE CKOPOCTH U(a,), IEPE3 T C-
nJi

9. OmpexnensieM oCTaBIIeeCs PACCTOSHUE IO OTKPBITHS Tie-

TN T _
peespa: I, =k, -, -

10. ITpoBepsiem ycioBue |(’a ) > 0. Ecmu «zma», To nepexo-

JIIM K cienyroumeMy nyHKTy. Eciu «Her», nepexoaum k 1. 14.
11. OmpezensieM MPOTHO3UPYEMOE BpPeMsI 1O OTKPBITHS Tie-
!

I
i ()
peesmaHa mare l: f, =——-1
(o), )
(

),

12. OtmaeMm 3HaueHue t(o) B UTC Ha aBTOMOOWIHLHOM

TpaHCTIOpTE.
13. Tlepexogum k 1. 7.
14. COpacsiBaeM OCTaBIIIEECsS] BpeMsI 10 HYJIS.

IIpuBenem 3aech MpUMeEp HUCIONIB30BAHUS anropurMa | s

MIPOTHO3UPOBAHMS BPEMEHU OTKPBITHS IIEpee3/a.

Mpumep 1. MudopmannoHHOe CONPsHKEHHE BBITIOJIHEHO MO
YCIOBHOH cxeme, mpuBeeHHOH Ha puc. 1. OnpenenuTs MporHo-
3UpyeMoe BpPeMs OTKPBITHSA Iepee3sia ¢ TpeOyeMBbIM IIIaroM JInc-
KpeTH3aluu.

Ilar 1. 3a¢ukcupyem UCXOAHBIC TaHHBIE:

e repuoj auckperusanmu T = 10 (c);

e OCTaBIIeeCs pACCTOSIHHE JIO OTKPBITHA Iepee3sa
l, =800 (m);

e JUIMHA [0€3/]a, OmpejaeiseMas COCTaBOM  I0e3Ja
L, =400 (m);

®  TEKyIIas CKOPOCTh TI0e3/a U(an ) =20 (m/c).

Ilar 2. YcraHaBiauBaeMm miar urepauu i=1.

Iar 3. OnpenenseM ocTaBLIeecs PaCCTOSHUE:
|(ran)1 =1, + |p —T,,), = 800 +400-10-20=1000 ().

Ilar 4. Ycnosue |('a > 0 Bemonustercst. Tak kak 1000 > 0

2
npo;[omxaeM BBIYUCJIICHUSA.
Ilar 5. PaccunTbiBaeM NPOrHO3UPYEMOE BPEMS JI0 OTKPBITUS
I 1000
an
=& _ 2 50 (o).
20

nepeesa: t
(0)1 U
(),

Illar 6. OTnaem 3HaucHHE t( 0 = 50 (c) B UTC na aBTOMO-
1

OMILHOM TpaHCIIOpTE.
Ilar 7. YcranasnuBaem | = i+1=2.
Ilar 8. ®ukcupyem 3HaueHue ckopoctu. Yepes =10 (c¢) cko-

=y, =20 (w/e).

POCTE TTO€3/1a HE U3MEHWJIACH U(a )
n

a)
Ilar 9. Ilpou3BoauM mHepecdeT OCTABIIETOCS PACCTOSHUS.
Hogoe paccTosiHne JI0 nepeesja:

). =V, — 70, =1000-10-20 =800 ().

Ilar 10. VYciuosue |('a) >( BbImONHAETCA, TaK Kak
n/a

1

’
I(

a, )1

800 > 0. [IpomomxaeM BBIYHCICHUSI.
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Ilar 11. OnpenenseM NpOrHO3UPYEMOE BpeMs 10 OTKPBITHS

I'
_ e, _ 800 _ 40 (c).
), 20

Iar 12. Otnaem 3HaueHHe t(o) =40 (c) B UTC na aBTOMO-

nepeesa: t(o)
2 1)
(

OMJIBHOM TpaHCHOPTE.
Ilar 13. [Mepexoaum k crenyromieid utepauuu i = 3. Utepa-

LMOHHBI Hpolece MpoosKaeTcs, noka | ('a ), HE AOCTHTHET HYIIA.
o)

PacuerHbie naHHBIC CBECHEI B TAOIUITY 1.

Tabnuma 1

[Iporuo3upoBanne BpeMEeHH OTKPBITHS Iepee3aa

[Tar U\~ I - t | — npornosupyemoe
HTEpayn (20), (%), ), P Py
TEeKyIIast OCTABIICECS | ppemst 40 OTKPBITHSL, C
CKOpPOCTB, M/C | paccTosiHue,
M
1 20 1000 50
2 20 800 40
3 23 570 24,7
4 23 340 14,7
5 25 90 3,6
6 25 0 0

AHAJOTUYHO OIpEAeNseTcs MPOTHO3UPYyEeMOoe BpeMs OO0 3a-
KPBITHS TIepee3/ia 3a KaKoe-T0 00BEKTHUBHOE BPEMS 0 HACTYILIC-
HUS 9TOTO COOBITHS, HATIPUMED, 32 BPEMS tmax. JL7Is1 7TOr0 MOXKHO
CJIeI0BaTh TAKOMY QJITOPUTMY.

Aaroput™m 2. OnpeodeneHue npocHO3UPYeMO20 peMeHU 3d-
Kpblmuis nepee3oaq:

. VYTouHseM pacCTOssHHE 1O TOYKH CpabaThIBAaHU
YCTPOMCTB BKJIIOUEHHS OTPaXKIEHHUsSI Mepeessia, KOTOpoe IMOe3]
MPOUJET C MaKCHUMaJIbHO YCTAHOBJIEHHOH CKOPOCTBIO Umax 3@

BpeMs tpax: |max = tmaxl)max - B MOMEHT npoxox1eHus PacCTOSIHUSA

lnax HAYMHAEM BBIMONHSITH MPOBEPKY OCTABILICIOCS BPEMEHH [0
BKJIFOYECHUS] YCTPOICTB OTpaXKICHHSI.
2. Tlonaraem i=0.
3.  @uxcupyem TOYKH

paccrodgHue 0 BKJTFOUCHUA

TPOMCTB JKICHUS Ha 11 I =1 =1 +| u
YCTPOMCTB Orpaxkie a nepeesne | max a., Tl

CKOPOCTH JIBHIKCHHA I10€3/1a B 3TOT MOMEHT BPEMCHHU U, .
(”z)

4. Bruucngem ocTaBLIEECs paccTosiHnue
I(,zz)i = I”2 — T, -
5. IlpoBepsieM ocTaBuieecss BpeMs JO  BKIIIOYEHMS

YCTPOWCTB OTpa)KIACHUS IIPU JBUKECHUU C JEHCTBYIOLIEH CKOPO-

— I(”z)i

CTBIO t( p)l U(

, IPOXOAUMOC 3a BpeMH T.
”z)i

6. Ecmm t(p), >t MEPEXOIUM K CIIEYIOUIEMY ITyHKTY;

max

HHaye — K MyHKTy 17.




'
7. BBOﬂI/IM npeanojaracMbi€ 3HAYCHNUE PACCTOSIHUA I(” ) u
2Ji

BpEMEHHU t(' p), » KOTOPOE NPOMIET MOE3J] MPH COXPAHCHUHU TEKY-
1

el CKOpPOCTH.

'
— 70,
(

(T I(fmi

BbrumncnsieM  mpennonaraéMoe  paccTOsSHHE

7 )I '
8. HpOBepﬂeM npeanogara€Moe BpEeMSA 10 BKIKOYCHUSA

YCTPOWCTB OTpakJICHUSI IPU JBUKEHUU C JEHCTBYIOLIEH CKOPO-
’
=™k mpoxomuMoe 3a BpeMs T.
p)Hl U

(”z)i

9. Ecmm t(' D) > 1 .. > TIEPEXOMUM K CIIEYIOMIEMY ITYHKTY;

CThIO t/

HHaye — K MyHKTy 16.
10. TIlonmaraewm i=i+1.

11. duxcupyeM HOBYIO CKOpPOCTb IO€31a Uz, 1€PE3
2);
7=10c.
12. Beruucisiem ocraBiieecs paccrosiHue
| =1 -0, -
(7)) (”Z)H (”z)i
13. Beruaucnsem MIperoiaraeMoe paccrosHue

' =
()i~ ()i

— 70, )

14. TlpoBepsieM mpeAronaraeMoe BpeMs 0 BKIIOUCHHS
YCTPOMCTB OTpaKAEHMsI IPU ABUKEHUU C AEUCTBYIOIIEH CKOpO-
!

t — _(mia

(

creto L) , IPOXOJIMMOE 3a BpeMS T.
p i+l 19)

(”z)i

15. Ecmu t(P)m >t

nepexoguMm kK 1. 10; uHaue — K

MyHKTY 16.

4 —
16. Tlpurumaem t(P)m =t

17. OtnaeM 3HaYcHUE t(p), <t,. B HTC na aBTomoGHIIL-

(p)i ~

HOM TPaHCIIOpTe.

18. CoOpacsiBaeM ocTaBuieecs BpeMst 0 HYJIS.

[IpuBenem mpumep paboOTHI anroputma 2.

Mpumep 2. MadopMaIioHHOE COTPSHKEHHE BEBITIOIHEHO 10
YCIIOBHOH cXeMme, MpuBeAeHHON Ha puc. 1. OnpenenuTs mporHo-
3UpyeMOe BPEMsl 3aKpBITHA Tepee3ia ¢ TpeOyeMbIM IIaroM JHc-
KpETU3alnu.

Iar 1. [Tpu Bxome moe3na B 30HY MOHUTOPHHTA 3apUKCHPYEM
HCXOJIHbIE JIAHHbIE:

e nepuon auckpernsanuu 7= 10 (c);
®  MaKCHMaJIbHasi CKOPOCTh MOE3/a Vmax = 30 (M/C);
*  TeKYIlias CKOPOCTE MO€3MA U, \ = 22 (m/c);

®  IPOrHO3UPYEMOE BPeMsI JI0 3aKpbITHs rtepeessia tma = 80 (¢).
VYr1ounsiem pacctostuue lnax: | =t 0 =80-30=2400 (m).
Iar 2. YcranaBnupaem mar nrepanun i=0.
Mar 3. ®ukcupyeM pacCTOSHHE A0 TOYKH BKITFOUCHUS

yerpoiicrs orpaxcaenms: | =1 =1, +I =2400 (m);

TPAHCIOPT

(DI/IKCI/IpyeM CKOPOCTb IABUIKCHHA 1O€3/1a B 3TOT MOMCHT!
v =19 (M/c).
”2)0

(
lar 4. Haiinem ocTaBlIeecs

|2—z'1)( ) =2400-10-19=2210 (m).

() — ' 73 ),

paccrosiHue:

Ilar S. Paccuuraem Bpems [0
e, _2210
Y 19

3aKpBITHA  Iepees3sia:

~ C).
" ~116,3 ()

) )0

Ilar 6. VYcinosue t(p) > 1, BbimonHserca. Tak  kak
0

116,3 > 80 npogomkaem BoIYMCIEHHS.

lar 7. Hartinem [IPEAIOIIaraeMoe paccTosiHuE:

T, = 2210-10-19=2020 (m).

o=l
()~ (m)

lar 8. BerunciauM mpeanosaraeMoe BpeMsi O BKJIIOUCHHS
A

|
YCTPOMCTB OTpaKICHHUS: t('p) == =@ ~106,3 (c).
1 U(”z)o
Ilar 9. VYciosue t(' 0, > t .. BbiIOmHseTCs. Tak  Kak

106,3 > 80 npogomkaeM BoIYMCIIEHHS.
Ilar 10. Ycranasmusaem i = i+1=1.
Ilar 11. HoBas ckopocTh Noe3aa Oy, = 18 (m/c).

Ilar 12. Haiinem ocTaBIieecs
T, = 2210-10-18 =2030 (m).

paccrosiHue:

iz, =N,
Iar 13. BeraucinuM npeanosaracMoe pacCTosIHUE!

o= —7v,, =2030-10-18 =1850 (m).

(73), (7)) ),

Mlar 14. Ompenernsem mpeanoxaraeMoe BpeMs 10 BKITIOUCHHS

YCTPONCTB OTPasKICHHUSA:
I!

t. =_®h :@:102,7 ().

(p)y O

Ilar 15. Ycinosue t('p)

102,7 > 80 nponomkaeM BEIYHCICHUS.

>t ., Bpinmonusercs. Tak  kak

Ilar 16. ITepexoaum k crenyromieii nrepauuu i = 2. Urepa-
IUOHHBIA TPOIECC MPOJOIDKACTCS, MOKa t(' 0) <t 4TOOBI
i+l

max ’

nepenats nokazanus B ITC Ha aBTOMOOMIBHOM TpaHCHIOPTE.

B Tabunuity 2 cBejieHbI JaHHBIC pacyera Jyis IIprUMepa.

Hemocrarkom MeTona sBIsieTCS HEOOXOAMMOCTH 000pyI0Ba-
HHS BCEX JIOKOMOTHBOB TPAHCIOHIACpaMH. JTa 3a1a4a, OIHAKO,
peiiacMa IMyTeM MPHHYAMTEIBHOTO OCHAIICHUS OOPTOBBIX
CpPEICTB TPAHCIIOHAEPAMHU C BO3MOKHOCTBIO TIEPEIadH JaHHBIX O
JIBIOKCHUH Ha Oe30TacHbIe TIaT()OPMBI HHTETPALIMY JAHHBIX IS
UCIIOJIb30BAHUS UX B CMEXKHBIX TPAHCIIOPTHBIX CUCTEMAX.

Takke HEIOCTATKOM SIBISIETCS TO, YTO IPOTHO3HPYEMbIE
BpeMEHa MePellafoTCs He HEelPEPhIBHBIMU METKaMH, 8 KOPPEKTH-
PYEMBIMH 4epe3 JTUCKPETHBbIE MPOMEKYTKH BPEMEHH METKaMHU
JIQHHBIX.

—
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TPAHCIMOPT

Tabauua 2
IIporuosupoBaHne BpeMEHH 3aKpBITUS Iepee3ia
!
Iar V) TeKyIas I(m — ocTaBlIcecs ('”2 y, ~ TPCATIONAracMoe t( py.,  PCATIOTIATACMOC
uTepanum CKOPOCTB, M/C paccrosiHue, M OCTaBLLIEECs PACCTOSAHUE, M MPOTHO3MPYEMOC Bcg?;ﬂfo SAKPBITHA HEepe-
0 19 2210 2020 106,3
1 18 2030 1850 102,7
2 18 1850 1670 92,7
3 18 1670 1490 82,7
4 17 1500 1330 78,2

2 UnTerpauus yepe3 cUCTeMbI :KeJ1e3HOAOPOKHOM
ABTOMATHKH M TeJleMeXaHUKHI

Crenyromuii MeToJ TONY4YEeHHUs! JAaHHBIX B COBPEMEHHBIX
yCIOBUSX (PyHKIIMOHMPOBAHMS SKCILTYaTHUPYIOIMIEH OpraHU3aIiy
OAO «PXXI» npencrasisiercs 0ojee peaqbHBIM, OTHAKO TOXKE HE
JIMIICH HEAOCTATKOB, CBA3AaHHBLIX C MPCPLIBUCTOCTHIO MEPEAAYN
IIPOrHO3UPYEMOI'0 BPEMEHHU B JUCKPETHBIE NIPOMEKYTKU. MeTton
peanusyercst myTeM HH()OPMALMOHHOTO COIPSIKEHUs C YCTPOW-
CTBaMH JMCIETYEPCKON LEHTPAIM3AUH U AUCIIETYEPCKOTO KOH-
tpoist yerpoiictB JXKAT [14-16]. Cxema MHPOPMALMOHHOTO CO-
TIPsDKEHUSI IPUBE/ICHA HAa PUCYHKE 2.

Hawano orcdera BpeMeHH B NpEICTaBICHHOM BapHaHTE 3a-
(buKCcHpOBaTh TPOIIE C YIETOM BO3MOXKHOH HPUBSI3KH K HMEFO-
muMcst OJI0K-ydacTKaM M JJIMHAM PEbCcoBBIX Iienei. Ecmm pac-
CMaTpPUBAETCSI COBPEMEHHAs aBTOMAaTH4ecKasi OJIOKMPOBKa C TO-
HaJIbHBIMU PETbCOBBIMH LIETIIMHU ¥ IIEHTPAIN30BAaHHBIM pPa3Melle-
HUEM 000pYJI0BaHUS, TO HA PACCTOSHUU .=t 0 I71e BEu-

‘max ~ max ?

YUHA Imax 33J1A€TCSI 3apaHee MOXKHO 3a()MKCHpPOBATh JBHIKECHHE

3
v@;:,’- BITAJL

--------------------------- » UTC

oesaa. Tor;[a BCIIMYMHA Imax BKJIIOYAET B ceOst OIIPEACIICHHOC KO-

q
JIUYECTBO PEIbCOBBIX IICTICH: |max ZZIR , |R_ — umHa i-of
i i
i=1

PEeNBCOBOM LEMN.

Hcnonwe3yst JaHHbIE CHUCTEMBbl JMCIETYEPCKOM NEHTpaau3a-
MU, MOXKHO (DUKCHPOBATh BPEMEHA MOCIICIOBATEILHOIO 3aHITHS
PENbCOBBIX LENe W BBICUUTHIBATH JCHCTBUTEIBHYIO CKOPOCTh
rnoesja:

b= ] )

- (ta-o)=(t-7) ’

e li — nmuHa i-0#t penbcoBoit reny, ti u tiy — 3aduKcHpoBaHHbBIE
BpeMeHa 3aHATHs i-0i 1 (i+1)-0if peIbCOBBIX LIEMEH, T — 3aIepiKKa
B CcpabaThIBAHUM YCTPOMCTB M Nepeadn JaHHbIX B CHCTEMY I1PO-
THO3MpOBaHMs (pesie B CUCTeMe aBTOOJIOKUPOBKH CpadaThiBaeT ¢
BBIZICPIKKON BpEMEHH 6 C, a JIOMyCTHMOE BpeMsl 3a/IePXKKU mepe-
JIaudl CUTHAJIOB B CHCTEMax KEJIE3HOTOPOKHON aBTOMATHKH J10-
cruraer 4 c).

JlucrieTuepekas LieHTpaIu3alus

v

1M0e30B / DJeKTprUecKas [eHTPaTH3aIlHst

Cucrtema HWHTEPBAJIBHOTO PETYJIIMPOBAHUS ABMKCHUA

R

~
Hanompnsre yerpoiictBa JKAT

an+4

\oje

T
- -
'
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|

Puc. 2. YcnoBHas cxema HHGOPMAIMOHHOTO CONPSHKEHUS Yepe3 yCTPOICTBA TUCTIETUYCPCKON EHTPAIN3AIMN U JUCIIETYEPCKOTO KOHTPOIIS
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WHbIMu ci10BaMu, JaHHbBIE O CKOPOCTH Oy/IyT OTCTaBaTh MHUHH-
MyM Ha 10 c. DTO MOKHO y4eCTh IPU BBIYUCICHUU IPOTHO3UPYE-
MBIX BpEMeH paboThl YCTPONCTB OTPaKJICHUS: TPEOYETCs yUUThI-
BaTh TaKyl COCTABISIONIYIO (—7u;) B NPOHIEHHOM PAacCTOSAHUM

BCSIKMU pa3 MOcCie BIUMCIECHUS MPOTHO3UPYEMOTO BPEMEHH cpa-
0aThIBAHUS YCTPOWCTB OrPAXICHUS MPH 3aHATHH I+] penbcoBoi
LEMH.

JlaHHBIE O CKOPOCTH MBIDKEHHS mMoe3na OymyT OOHOBIATHCS
Ka)XZIbIiA pa3, KOrJa OH 3aHUMAeT HOBYIO PEIBCOBYIO IICTIb.

[IpuBeneM mpumep HUCMOIB30BAHUS JAHHOTO METOJa B IIPO-
THO3MPOBAaHMM  BPEMEHHBIX  IapaMeTpoB  cpabaThIBaHUA
YCTPOMCTB OIpaKIAECHMUSL.

Mpumep 3. MudopmannoHHoe conpspkeHHEe BBIMOIHEHO MPU
YCIIOBHOH cxeMme, MpuBeIeHHOMN Ha puc. 2. Takyke U3BECTHBHI clie-
JTyIOIIIE UCXOAHBIC JaHHBIE:

e jutrHA penbcoBoi nernu: j=2000 (m);

e  UIMHA OT KOHIA MOCJCAHEH i-0i PenbCoBOil Lenu /1o me-
peesna: I, =400 (m);

e  BpeMms 3alepKKH mepenadn curHaia: 7= 10 (c);

ot =060 (c);

e  Bpems 3aHATHUSA penbcoBoit nenu: 1= 110 (c).

Pemenne. Paccuutaem CKOpPOCTb TMO€3la HA YYacTKe:
| 2000
v=—=>"—= =20 (m/c);
(t-7) (110-10)
CoporHosupyeM  BpeMmsi  MNpuUOBITHS ~ Ha  TEpee3n:
I
t, =-%-=20 (o)
Ul
OnpeneiM  MOMEHT — Hayaja  3aKphITHs  Mepee3ja:

L, =0t +t )=20(60+20)=1600 (m).

3Hast, 4TO TMepeess JODKeH HavaTh 3aKPhIBATHCS, KOTIA MOe3]1
HaxomuTcs Ha pacctossaud 1600 (M) OT mepeesna, BEIYHCIAM MO-

np

MCHT BpEMA JUIA Haygaja 3aKpPBITHA nepeesaa:
| 1600
3aK :ﬂ:_ZSO (C)
y, 20

[Mepee3n momKeH 3aKPbBITHCS, KOTJIA MOE3/] HAXOIUTCS Ha PACcCTO-
staun 1600 (M) OT HETOo, YTO COOTBETCTBYET BpeMeHH 0Koito 80 (¢).

TPAHCIOPT

3 McnoJib30BaHUE CHCTEMBbI MOHUTOPHUHIA IBUKCHUSA
1oe3/ia Ha OCHOBE ONTOBOJIOKOHHOTO KadeJist

Crnenyromuil METosl CBsI3aH C UCHOJIb30BAaHUEM JAHHBIX CHU-
CTEMBI HENPEPHIBHOTO MOHUTOPHHTA MapaMeTPOB JABHKEHHS T10-
e3/1a, peaslM30BaHHON Ha ocHoBe TexHonorun DAS (Distributed
Acoustic Sensor) [17, 18]. Takoif BapuaHT BO3MOXKCH KaK JI0OCHA-
LIEHUE JAECUCTBYIOIIETO yYacTKa KEJIE3HOW JOPOTU CUCTEMON MO-
HUTOPHHTA Ha OCHOBE OMTOBOJIOKOHHOTO Kabems. Cxema mHpOp-
MAaITHOHHOTO COTIPSKEHUS TPENICTaBlIeHa Ha pHC. 3.

Texnomorust DAS mo3BosisieT GUKCHPOBATh MapaMeTpbl CKO-
POCTH IBIKEHUSI U KOOPIUHATHI MECTOIIONIOKEHHUS TTOe3/a C I0-
rpemHocThio 10 100 M, "yero KOCTaTOYHO AJS PEIICHUs 3ajaqyu
IMMPOTHO3UPOBAHMS. HpI/I 3TOM TOYHOCTb MOKHO ITOBBICUTH 3a CUHCT
JIOTIOJIHUTEJIBHBIX CPEACTB KOHTpous. IIporpammuslie cpencrtsa
DAS mnacrpauBatoTcs TakuM 00pa3zoMm, 4TOObI MOXKHO OBLIO 3a-
duxcuposars HanmuuKe noessa Ha paccrosamn | =t o, TIe

‘max ~ max ?

BEIIMYUHA tmax UKCHPYETCS 3apaHee, UCXOMS U3 YCIOBUIl pabOoThI
ABTOZOPOXHBIX repee3noB. MakTHYecKH Ha ITOM PACCTOSHHUU
MIPOTHO3UPYEMOE BpeMsi CpadaThIBAHUSI YCTPOWUCTB OTpPayKIACHHS
OyneT paBHO tp > tmax. [IporHO3 BpeMeHn MOXHO IepeiaBarh ¢ 3a-
JMAHHOM 9acTOTON MUCKPETH3AIMU W Ha3HAYaTh PEKUMBI PaOOTHI
ABTOZOPOXHBIX CBETO(OPOB, MCXOS M3 TUNIOTHOCTH JABHKECHHS aB-
TOTPAHCIIOPTA B 3aIaHHOE BPEMsI CyTOK U TIPH TEKYIIHX TTOTOTHBIX
YCIIOBHISIX.

Mpumep 4. NadpopmManmoHHOE COTPSIKEHAUE BBITTOTHEHO TPH
YCIIOBHOH cxeme, IpuBeeHHOH Ha puc. 3. Takyke H3BECTHEHI Clie-
JYIOIIF€ NCXOHBIC JaHHBIE!

e U =30 (™)

e U =20 (M/c) — TeKyIas CKOPOCTb MOE3/1a;

o lnax =80 (c).

Pemenne. Beraucimm paccrosiHue, 3a KOTOpOE CHCTEMa 3a-
dukenpyer noesm: | =t v =2400 (m).

. |
Haiinem ¢axrndeckoe Bpems NpuOBITHS: t =-2% —12() (c).
p Ui
Venosue ty > tmax BoMonusercs, Tak kak 120 > 80, snaunr

MIPOTHO3MPYEMOe BpeMs CpabaThIBaHUS YCTPOUCTB HalACHO.

UTC |-~ YOI

Puc. 3. YcnoBHas cxeMa HHOPMALIMOHHOTO CONPSDKEHHUS C CHCTEMOI BHEITHEr0 MOHUTOPHHTA ABHXKSHHS 10€3/1a
C HUCTIONB30BAHMEM ONITOBOJIOKOHHOTO KabeJs:
YO/ — yctpoiicTBo 00paboTK! JaHHBIX; () — yCTPOHCTBO pacmmppOBKH ONTHIECKOTO CUTHANIA

-
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TPAHCIMOPT

4 Ucnosib30BaHHe BHEIIHUX py0de:keil KOHTPOJIsI
NMapamMeTpoB ABH:KeHMsI Moe3/1a

Hanmenee mH(pOpPMATHBHBIA, HO HE TPeOYOUIHIA OOIBITIX
SKOHOMHYECKHUX BJIOKEHHUI METO]| ISMOHCTPUPYETCS Ha PUCYHKeE 4.
OH Tofipa3ymMeBaeT yCTaHOBKY ABYX pyOekel (OCHOBHOTO U JI0-
MOJIHUTENBHOTO0) ISl (PUKCAIMU TIApaMETPOB JIBHIKCHUS TIPHOITH-
JKaoLIerocst K nepees/y noeszna. Jlanueie pyoesxu o0opystyrorcs,
ucxonst U3 TpeOyeMOoro pacyeTHOrO0 BPEMEHH /0 CpadaThIBaHUS
yCTpoiicTBa M3BEIICHHUS O MPHOIIKEHUH C YUYETOM MaKCHMallb-
HOMW JIOIYCTHMOW CKOpPOCTH Ha ydacTke. Ha arare BbiOOpa 30HBI
YCTAHOBKH pyOekKel yTOUHSETCSl pacCTOSIHHE JI0 TOYKH CpadaThl-
BaHMS yCTPOMCTB BKITIOUEHHS OTPAXKICHNS IIepee3/ia, KOTOPOe I10-
€3] MPOMJIET ¢ MAaKCUMAJIbHOM YCTAHOBIEHHON CKOPOCTBIO Vmax 32

BpeMs tna: | =t U 31ech yCcTaHABIMBAETCSI YCTPOMCTBO
ax

m: max ~ max *

A, mo3BoIsIONIEe 3apUKCHPOBATh PEATBHYIO CKOPOCTh ABIKCHHS

10€3/1a U BEIYUCUTD BPEMS t”] =% e U, — CKOPOCTb B MO-

U”1
MEHT IPOXOJia TOYKU pacnosioxkeHust ycrpoiictsa A. [Ipu stom
YCTPOMCTBO A MOXET HaXOIUTHCS BCE BPEMsl B CIISIIIEM PEXUME
IO JOCTIDKEHHUSI IOC3[0M TOYKH (DUKCALUH PACCTOSHUS |maxtAl 11
BKJIFOYATHCS B ATOT MOMEHT, HHULIMUPYS U NPOOYKICHHE YCTPOii-
cra B. /lyist aTOro TpebyeTcs MCHoNb30BaHUE OTTOTHUTEIBHOTO
JaTduKa (UKCAIMU JIBIDKYILEToCs IMOe3/a, PacroiaraeMoro Ha
yIAJEeHAN OT KaMephl Ha 3apaHee BHIOpaHHOM paccTosHuu Al u
CBSI3aHHOTO OECIIPOBOIHBIM WJIM IPOBOAHBIM HHTEpdericoM ¢

HUM. PeaspHOE BpeMs 10 3aKphITHs Mepee3na t;rl nepeaaercs Ha

KOHTPOJIIEp yIpaBieHus cBeTodopoM. YerpoiicTBo B pacmomara-
eTcs Ha YJJaJICHUH OT YCTPOWCTBA A AJIsl yTOUYHEHUsSI TapaMeTpOB

JBHKSHHS [T0e31a Ha paccrosnn ¥ =t*y_ | rie t* Taxke BbI-

b
Oupaercst 3apaHee.

Boobuie, B kauecTBe ycTpoiicTB A U B MoryT BbICTynaTh He
BHJICOKAMEPhl U HE YCTPOMCTBA KOHTPOJISI CKOPOCTH, a JaTUUKH,
(uKcHpyroIHe MPOX0o/ IT0e3/1a O CIIeI0BaTEIbHO, DYHKIIMOHNPY-
IOlIMe, HapUMep, MO MPUHIUIY paboThl cyeTdnKoB oceit [19].
[TockonbKy cucTeMa IPOrHO3MPOBAHMS MTApaMeTPOB padoOTHI Tie-
pees3na HE OTHOCHTCS K CHCTEMaM KPUTHYECKOTO MPUMEHCHHS,
371€Ch MOTYT OBITh MCIOJIb30BaHBl M ABTOHOMHBIE TATYMKH CUETa

VOJI f-=-=m=m=mmm === mmm oo » UTC

oceii [20]. ITo Bpemenu GuKcaMy BCTYIIICHUS TI0€3/1a Ha TIEPBbIH
1 BTOPOH pyOeXH KOHTPOJISI MOJKHO BBIYHCIIUTH PEATBHYIO CKO-
pocTh u chopMHPOBATH TPOTHOZUPYEMOE BPEMS

I*
I 3
1 t;rl
.
¢ ZM 4)

IMpumep 5. MupopmannoHHOE CONpPsHKEHUE BBIITOIHEHO MPU
YCIIOBHOH cXeme, MpUBEJeHHON Ha pHc. 4. Takke U3BECTHBI Clie-
JTYIOIIUE UCXOAHBIE JaHHBIE:

e v =30(m/c)
* v, = 20 (m/c) — TeKyIIasi CKOPOCTh TTOe3/1a;

ot =120(c);

e [¥=900 (m);
o Al=150 (m);
o |an+2 =400 (m).

Pemenue. Bouucisiem paccTosiHie 10 TOUKH cpabaThiBaHUs
ycTpoiicTBa A BKIIIOUCHUS OTPaX/ICHUS I1epee3ia, KOTOPoe Moe3
IIPOMJIET ¢ MAKCUMAJIBHO YCTAHOBIEHHOW CKOPOCTBIO U BpeMe-
wem: | =t o =120-30=3600 (m/c).

C nomoltpio ycrpoiictBa A (UKCHPYEM TEKYIIYI CKOPOCTh
[oe3/la M HaxXOAMM pPEaJIbHOE BpPEMs JO 3aKpBITUS IEepeessa:

I
. :ﬂ:@:wo (c).
1 Uﬂ_l
VYerpolictBo A BKIIOWaeTcs  4epe3  Bpems
Al 150
t(AI) =— :—O =5 (C)
CrnporHozupyeM BpeMs MpUOBITHA [O€3da K Iepeesny:
L +(..-1*%) 4 —
<t ( ) _ 400+(3600-900) _ 155 (©.
v 20

!

-
- -
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
|

s @ Y

Puc. 4. YcnoBHasg cxema HHGOPMAIIMOHHOTO CONPSIKEHUS C HCIIOIb30BAaHUEM pyOekel BuaeoruKcauy mapaMeTpoB ABHKECHUS
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Bce mpencraBieHHbIC 3€Ch METOIBI KACAFOTCS OIHOIYTHBIX
YYAaCTKOB YKEJIC3HOAOPOKHBIX JIMHUH. OTHAKO ¢ HEOOBIION MOIH-
(buKaImeit OHM MOTYT YCIICIITHO UCTIONB30BAThCS U LIS IBYXITY THBIX
YYaCTKOB JKEJIC3HOIOPOKHBIX JIMHUN — TPEOYETCST BBIUUCIIATh MUHH-
MYM WIH MAKCUMYM [IPOTHO3UPYEMOTO BPEMEHH JIBIDKCHUS ITOC3I0B
C YETHOW W C HEYCTHOH CTOPOH (B 3aBUCHMOCTH OT TOTO, KaKOE CO-
OBITHE, OTKPBITUE FJIH 3aKPBITHE TIepee3/1a, IPOTHOUPYETCS).

Wrak, ucrnosb3yeM ajqroputM 2 JUist K&XKI0TO U3 HAMPaBICHHN
JIBIYKEHUS TIOE3MI0B (YETHOTO M HEYETHOTO0). B aTOM ciydae neii-
CTBHE alNroputma OazupyeTcs Ha XapaKTePUCTHKAX JBHIKCHHS
000uX MOEe3/I0B.

Aaroput™m 3. Onpeodenenue npocHo3uUpyemo2o epemeHu 3d-
Kpblmuis nepee3oaq:

1. VYTouHsieM pacCTOSHHS JO TOYEK CpabaThIBaHUS
YCTPOWCTB BKJIFOUCHHS OTPAXKICHUS Iepeesia, KOTophIe Toe3a,
JIBIDKYIIMECS B HEYETHOM W YETHOM HAIMPABICHUSIX COOTBET-
CTBCHHO, MPONIYT ¢ MaKCHMAJIBHO YCTAHOBICHHON CKOPOCTBHIO
Vimax U BpeMs =t u

I =t

2. CymiecTByeT HECKOJIBKO CITy4aeB B ABM)KEHUHU TIO€3/I0B:

® 110€3], CIIeTyIOIUil B HEYETHOM HalpaBiIeHUH, TOCTH-
raeT paccTosHUS ||, max paHbIIIE, YeM O3], CCAYIOUIHUI B YeTHOM
HAIPABICHHUH, IOCTUTAET PACCTOSHUS |2, max;

® 110€3]1, CJIeTYIOIUIl B HEYETHOM HaIllpaBJIeHUH, TOCTU-
raeT pacCTOSHUS |1, max TTO3XKeE, YEM TI0€31, CIIEAYIONINIA B YETHOM
HAIPaBJIEHHUH, TOCTUTAET PACCTOSHHUS |2, max;

® T10€31I, CIICYIOIINI B HEYETHOM HAIpaBJICHUH, TOCTH-
raeT pacCTOSHUSA ||, max OTHOBPEMEHHO C TeM, KaK MOEe3/I, CIIEIyTo-
A B YETHOM HATPABJICHUH, JIOCTUTAET PACCTOSHUS |2, max.

Jis vHUTIannU cpabaThIBaHUS YCTPOHCTB OTCUETa BPEMEHHU
3aKpBITHS Ilepee3/ia MOYKHO HCIIOJIb30BaTh I0CTH)KEHUE JTF000H 13
TOYEK Hadaja OTCYETa C IMOCIEAYIOIEeH HEMpephIBHONH KOppeK-
LIMeH MPOrHO3HOTO BPEMEHU. YCTPOMCTBO OTCUETA MTPOTHO3UPYE-
MOTO BPEMEHH JI0 BKJIIOUEHHS YCTPOWUCTB OrpakJIeHHs Ha Iepe-
€37 BKIIIOYAeT 32 BPeMs tmax, KOTOPOE OAMHAKOBO JUIsi 00OMX
HATIpaBJICHUH MBIKEHUS ITOE30B. 3aT€M 3TO BpeMsi KOPPEKTUPY-
€TCs ¢ YYETOM TepHo/a T TOMyYSHUs JaHHBIX C TPAHCIIOHACPOB
000HX JIOKOMOTHBOB O ITapaMeTpax IBUKCHUS ITOE3IOB.

Bcesiknii pa3 BBIYUCIIAIOTCS 1Ba BPEMEHMU:

!

L C R

L (p), 2, (p);
Y Ca (),
i i

Cpenu HUX BBIOMpAeTCsl HAaUMEHbIIIEe:

Loy = mm{tl»(p). L) } ‘ ©)

Nwmenno oHo u epemaercs B UTC Ha aBTOMOOHIBHBIX AOPOTaX €

V2, max 3a tmax: I

1, max ‘max Ul, max

2, max maXUZ, max *

I’
2,7

Y4eTOM IIIaroB ajJropuTMa 2.

AHAJIOrMYHO OIPCACIIACTCA BpEMs OTKPBITHA HEpee3na, HO

YK€ C YUYE€TOM MAaKCHMaJIbHOTO 3HAa4Y€HUSA BPEMCHU IMPOCICA0BA-
’ ’

Hus. Cpenu BeITUMuuH t, 0 = Lay t, ©) —_2%  ppioupa-
Uy e,
I0TCSI MAKCHMAaJIbHBIE 3HAUCHHUS:
o = rnax{tl’ 0B } 6)

T-Comm Vol.20. #2-2026

TPAHCIOPT

Hcronb3oBaHue J1000ro U3 MpPeCTaBIEHHBIX METOIOB T103BO-
JSIeT  TMOJY4YWTh TIPOTHO3MpYEMBIE BpeMeHa cpalarbIBaHUs
YCTPONCTB OIpak/IeHUs Ha KEJIE3HOIOPOKHBIX Iepeesiax. JTo, B
CBOIO OY€pelb, TO3BOJISAET YUUTHIBATH JAHHBIE O MPOTHO3UPYEMBbIX
BpeMEHax B pad0Te MHTEIIEKTYaJIbHBIX TPAHCIIOPTHBIX CHCTEM Ha
ABTOMOOWJIBHBIX JIOPOTaxX C IEJIBI0 ONTHMM3AIMK IPOIECCOB
YIIPaBJICHUSL.

4 BuIBOABI

[IpenyioxkeHHbIC B HACTOSAIICH pabOTEe METO/IBI IIPOTHO3UPOBA-
HUS JIAaHHBIX O BPEMEHHBIX IapameTpax paboThl YCTPOMCTB
OTPaXKJCHUS HA JKEJIE3HOIOPOXKHBIX TIepee3/Iax MO3BOIISIOT MOITY-
4arh KJIIOUEBBIE JIaHHBIE 00 MX paboTe. 3Has STH MapameTpsbl,
MOYKHO JIOTIOJTHUTEIBHO PACHIMPUTH (PYHKIHOHAI Ta0JIo Tepe-
MEHHOH WH(POPMALINHU, Ha KOTOPBIX BEIBOAUTH U MIPOTHO3UPYEMBIC
BpEMCEHA U ICHCTBYIONIIE, HABUTAIIMOHHBIX OOPTOBEIX CPE/ICTB, a
takoke UTC Ha aBTOMOOMIBHOM TPaHCIIOPTE.

VYyer uapopmanuu o paboTe KEIe3HOIOPOKHOTO TIepee3ia Ha
MIPAKTHUKE TIO3BOJIUT ONTHMHU3UPOBATH ABIDKCHHE aBTOTPAHCIIOPT-
HBIX CPEJCTB, a TAK)KE KOCBEHHO TIOBBICHTH O€30TTaCHOCTH JBIIKE-
HUS TTOE3/I0B 33 CUCT UCKITIOYCHHUS HApyIICHHUH, BRI3BAHHBIX YEII0-
BEYECKUM (DaKTOPOM CO CTOPOHBI BOAWTENEH aBTOTPAHCIIOPTHBIX
CPEZICTB.

Hawubosnee npocToii ¢ TOUKHM 3peHust BIAMSHUS Ha HH(pacTpyK-
TYpYy ¥ MOJBHXXHOM COCTaB JKEJIE3HBIX JOPOT METOJ| IMOIY4CHHS
MPOTHO3UPYEMBIX JIaHHBIX — 3TO MpsiMast repeiada napameTpoB ¢
JBIDKYIIAXCS TI0 JKEJIE3HON J0pOTe TATOBBIX €IUHUI] (JIOKOMOTH-
BOB). OmHako 3T0 TpeOyeT MPUHYIUTEIHHOTO HCIIOIB30BAHUS
TPAHCIIOHIEPOB Ha BCEX JIOKOMOTHBAX.

WHTEepecHBIM BapuaHTOM SIBIISICTCS HHOOPMAIIMOHHOE COTIPSI-
skeHue ycrpoiictB u cucreM XKAT ¢ UTC. Ognako 3T0T BapuaHT
MOYKET OBITh OTBEPTHYT KOHCEPBAaTUBHBIM OOIIIECTBOM JKEIIC3HO-
TOPOKHUKOB. OTHUM U3 PEUICHUH MOXKET OKa3aThCsl MHTET Py
C NIEHCTBYIONIMMH Ha JIMHUSX JKEJIE3HBIX JTOPOT CHCTEMaMH JIHC-
METYEPCKOro KOHTpoIs yeTpoiicTB JKAT mim cucteMaMu ux aBTo-
MaTH3UPOBaHHOTO MOHHUTOpHHTA [21, 22].

Bapuant ¢ KoHTposIeM mapaMeTpoB ABMKEHHS TI0e3/1a C TOMO-
IO ONTOBOJIOKOHHOTO Kaeis Takke KpailHe MHTEepEeCeH, I0-
CKOJIBKY HE TpeOyeT OCOOCHHBIX KaIllUTAJIOBIOKEHUH M CBs3aH
JIMIIb C YCTAaHOBKOH yCTPOWCTBa pacuin(poBKH AaHHBIX, [1OTy4a-
eMBIX [IPH JABIDKCHHUU TI0€3/1a, a TaKkke conpsbkxerus ux ¢ UTC.

Bapuant ¢ ycTaHOBKOH pyOekeil KOHTPOIIS TapaMeTPOB JIBH-
JKEHUsI T10€3/1a BO3MOXKCH, HO OH JIaeT MEHEEe TOUYHBIH ITPOTHO3.
YerpolicTBa AETEKTHPOBAHHUS IMOE3/Ia MOTYT paCIONiaraThCsl Ha
ormopax KOHTAKTHOW CETH B HEIOCTYITHOM JJISI YeIOBEKAa MECTe
JUT WCKITFOUCHUSI TECTPYKTHBHOTO BIHMSHHUA Ha 00OpYIOBaHUE.
MoryT HCIIOIB30BaTHCS CUETINKN OCEH IS (PUKCAITUH TTOe3/1a.

IenecooOpa3HO yUMTHIBATH MPEATIOKEHUSI aBTOPOB TIPH TO-
CTPOCHHH M peasn3aIlii KOMIUIEKCHBIX TPAHCIIOPTHBIX CHCTEM, B
0COOEHHOCTH, B TOPOJICKOI TPAHCIIOPTHOW IKOCUCTEME «YMHBIX)
TOPOJIOB.
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INTEGRATION OF SYSTEMS FOR FORECASTING THE TEMPORAL PARAMETERS
OF THE OPERATION OF PROTECTIVE DEVICES AT RAILWAY CROSSINGS
WITH INTELLIGENT TRANSPORT SYSTEMS ON CITY ROADS
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Abstract

It is proposed to implement information coupling of diagnostic and forecasting systems in railway transport with intelligent transport systems on
highways. This will allow taking into account the current and forecast values of the response times of fencing devices at railway crossings to opti-
mize traffic on highways. The authors have developed four methods for constructing systems for predicting the temporal parameters of railway
crossing operation: the first is based on transmitting data to a secure analytics platform from locomotives via transponders, the second consists in
information coupling of railway automation and remote control systems with intelligent transport systems on highways, the third is related to mon-
itoring train movement parameters via fiber-optic cable and decryption devices optical signals, the fourth one is based on the use of external bound-
aries for controlling the parameters of driving. Descriptions of each of the methods, algorithms and examples of determining the time parameters
of the fence devices at crossings, as well as their advantages and disadvantages, are given. It is advisable to take into account the solutions pre-
sented by the authors when developing integrated intelligent traffic control systems, especially in large cities and megacities.

Keywords: railway crossing; forecasting of temporal parameters of crossing operation; intelligent transport system; information interface of systems for
forecasting time parameters of crossing operation and intelligent transport systems.
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B cratbe paccmaTpuBaeTca cucTeMa MMMTALMOHHOIO MOAENUPOBAHUA
MHTENNEKTYanbHbIX TPAHCMOPTHBIX CUCTEM, OCHOBaHHasA Ha TEXHONOTUU CBA3M
Vehicle-to-Everything. Llenbp pa3pa6GoTku 3aknioyanace B CO3AaHUM
MHCTPYMEHTa aHaliu3a NpoLeccoB B3aUMOAEWCTBMA MeXAY TPaHCMOPTHbIMM
cpeACTBaMM M 3NIeMEHTaMM  [OPOXXHOW WHGPACTPYKTYpbl C Y4E€TOM
ocobeHHocTel ropoackoi cpeabl. PaspaboTaHHblit nporpaMMHbIi KOMMNeKc
simV2X nosBonser BOCNPOM3BOAUTL CLiEHapuuM oOMeHa pAaHHbIMMU,
MOAENMPOBAHNA [ABWXEHUA TPAHCMOPTHLIX CPEACTB U MONYYEHUA OLEHKM
BAIMAHUA 3alUYMNIEHHOCTU CBA3KM Ha 3¢ PEeKTUBHOCTL B3aUMOAENCTBUA
3/IeMEHTOB paccMaTpMBaeMOi AUHaMUYecKoW cpefibl. ApXUTEKTypa CUCTEMbI
nocTtpoeHa no MoAynbHOMY npuHuUMMY, 4YTo obecneunsBaer rM6KOCTL Npu
noabope napaMeTpoB, pacluMpeHuMn YHKLUMOHANIBHOCTM M ajantauuum K
pasnuyHbiM 3apavam. B pa6Gore npueBeaéH npuMep cueHapus, B KOTOpPOM
MOOMNBHBIN y3en MHPACTPYKTYpbl BbIMONHAET (bYHKUUM peTpaHcnATopa
coo6LeHUli MeX/y TPAaHCNOPTHLIM CPEAICTBOM U CTALMOHAPHBIM YCTPOWCTBOM
nepepayn paHHbix. Pesynbrathl 3KCnepuMeHTa NO3BONMAM noOKasaTb
pasnuuua B KavecTBe CBA3M MpPU MPAMOM M onocpeZloBaHHOM o6GMeHe
coobuieHnaMHU, a TaKKe BbIABUTbL BIMAHME TPOCTPAHCTBEHHOIO
pPacnofiioXeHUsa W [AUHAMUKN OOGBLEKTOB Ha YCTOWYMBOCTb COEAUHEHMA.
MonyyeHHble paHHble MOryT ObITb KMCMONbL30OBaHbl  ANA  OLIEHKM
3¢ppeKTUBHOCTU pacnpefeNiéHHbIX apXUTEKTYp B MHTeJJIeKTyalbHbIX
TPAaHCNOPTHLIX  CUCTEMax, ONTUMU3AaLUUM  pasMeLleHUA  IJIeMEHTOB
MHPACTPYKTYpbl U MNAHUPOBAHMUA NOCNEAYIOLMUX DKCMEePUMEHTANIbHBIX
uccneaoBaHuit B 0651aCT MHTENNEKTYanbHbIX TPAHCNOPTHLIX CUCTEM.
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BBenenne

Wntennekryansaple TpancmopTable cuctembl (UTC) cramm
Ba)XHBIM 3JIEMEHTOM OPTaHU3allMU COBPEMEHHON TOPOJICKON MH-
(dpacTpykrypbl. OCHOBHBIMU 3a/lauaMi UCCIIEA0BaHUS B 001aCTH
UTC sBASIOTCS TMOBBIIICHUE 0E30MACHOCTH JTOPOXKHOTO JBUXKE-
HUsL, pocT 3((GEKTUBHOCTH YIPABICHUS JOPOIKHBIM JIBUXKEHHUS U
aHaJIM3 YCTOMYMBOCTH 33 CYET MHTErPAllMi KOMMYHHUKAIIMOHHBIX,
CCHCOPHBIX W BBIYMCIIUTEILHBIX TEXHOJIOTHH. B 3TOM KOHTEKCTE
CBSI3b MEXK/y TPAHCIIOPTHBIMH CPEICTBAMU M 00BEKTaMK HH pa-
crpyktypsl (Vehicle-to-Everything, V2X) urpaer Baxneiiuryio
poItb, oOecrieunBast 0OMEH JJaHHBIMHU B PETEHOM BPEMEHHU MEXKTy
TpancnopTHEIME cpeactBami (Vehicle-to-Vehicle, V2V), nuadpa-
ctpykrypoit  (Vehicle-to-Infrastructure, V2I), mnemexomamu
(Vehicle-to-Pedestrian, V2P) u cersmu (Vehicle-to-Network,
V2N) [1]. OcHoBHas nenb co3ganust V2X pemeHuil COCTOUT B
BO3MOKHOCTH NIPEJOCTABIIATH TPAHCIIOPTHBIM CPeACTBaM HHPOP-
MaLHIO O CUTYalluH Ha JOPOTre, OPraHU30BBIBATE MIIAT(HOPMY AL
COBMECTHOT'O MPUHATHUS pelieHUH. V2X MOXKHO CYMTaTh OCHOBOM
COBMECTHOM, IMOJIKIIFOYEHHON ¥ aBTOMaTH3UPOBAaHHOW MOOHIIBHO-
ctu (CCAM). Ilpu 3TOM pacTylasi ClI0KHOCTh U MaclTadbupye-
mocTbh UTC Tpebyer He TOIBKO CO3/1aHMs HaJIS)KHON OecTIpoBO/I-
HOM CBSI3M, HO W OPTaHM3allMH PACHPE/ICICHHBIX BBIYHCINTEIb-
HBIX apXHUTEKTYP, CIIOCOOHBIX 00pabaThIBaTh MAaCCUBHBIE TIOTOKH
JAHHBIX C HU3KOW 33/IEPXKKOH M BBICOKUM YPOBHEM OTKa30yCTOM-
YUBOCTH [2].

I'pannunsie Beruncienns (Edge Computing, EC) cramn kiro-
4eBbIM TexHonorudeckuM (paktopom it UTC HOBOTO moxoe-
HUSI, YCTPAHSIOIINM OTPaHWYCHUs] 00JIAYHO-OPUEHTHPOBAHHBIX
apXUTEKTyp. B TpagunumoHHBIX OOJIAUHBIX PEUICHUSX JaHHbIC
TPaHCIIOPTHOTO CPE/ICTBA MEPeAOTCs [Jisl 00pabOTKHU B yAasieH-
HbIE IIGHTPBI 00PA0OTKHU JaHHBIX, YTO CO3/AET HEITPUEMIIEMYTO 3a-
JIEPKKY Ul KPUTHYECKH BaKHBIX 10 BPEMEHH IPUIIOKCHUH,
HarpHuMep CUCTEM 0E30ITaCHOCTH, OTBEUYAIOIIHX 32 IPEJOTBpalle-
HHUE CTOJIKHOBEHMH, OpraHu3alus CIeJOBaHUs B IPYyIIe U IUHA-
MU4ecKasl HepecTpoiika MapuIpyTa B peallbHOM BpeMeHH [3]. Hc-
TI0JIb30BaHNE TPAHWYHBIX BBIYHMCINTENCH TO3BOJSIET YCTPAHHUThH
9TH HEZIOCTATKH, Pa3BEPThIBasi BEIYMCIUTEILHBIE MOIITHOCTH U pe-
CYpPCHI XpaHEHHs! OJIMKe K NCTOYHUKAM JaHHBIX, B JIOPOXKHBIX y3-
nax (Roadside Unit, RSU), 6a30BbIx cTanmusx (Base Station, BS)
WIN Jake BHYTPH CaMUX TpaHCIOPTHBIX cpencTB (Onboard Unit,
OBU). Ora mapagurma mo3BOJSCT NPUHAMATH PEIICHUS MEHEe
YeM 3a MHUIMCEKYH[BI, MOJAEPKUBAs KOHTEKCTHO-3aBHCHUMBIN
aHAIN3 ¥ CHIDKAs HArpy3Ky Ha TPAH3UTHYIO CETh [4].

B cucreme V2X rpanundnbie BbluuciutenbHbie y3ibl (Edge
Notes, EN) BBIIOTHSIOT pOJIb JTOKAIBHBIX [IEHTPOB MPHHATHUS pe-
IICHUH, KOTOpbIe 0OBEANHAIOT JaHHBIC JTaTYUKOB C HECKOJIBKUX
TPaHCIIOPTHBIX CPEACTB M 3JIEMEHTOB MH(pacTpyKTyphl. Ocy-
IIECTBIISISL TIEPBUYHYIO CTPYKTYPHU3AIMIO MOJTYYEHHBIX JaHHBIX U
YIIpaBJICHUE, 3TH Y3JIbl 00ECIIEYMBAIOT KOOP/MHAIIMIO B pEalbHOM
BPEMEHH MEXAY TPAHCIOPTHBIMH CPEJICTBAMH, ITOBBIIIAIOT
HaJIS)KHOCTH NIPU HECTAOMIIBHOM ITOJIKITFOUSHNH, HAIIpUMep, B TO-
POJICKOI cpesie, M 00JIerdal0T MacIITaONPYEMOCTh B CIICHAPHSIX C
MHTEHCUBHBIM ABMkeHHEeM. Kpome Toro, Ha EN uacrto peanusy-
IOTCSI apXUTEKTYPhl HA OCHOBE MHKPOCEPBHCOB, YTO MO3BOJSET
HPOBOJUTH THOKYIO PEKOH(UTYPALHIO B COOTBETCTBHH C CETEBOI
Harpy3Koi W JUHAMUKOW Tpaduka. B psne uccrnenoBanuii nmoka-
3aHO, YTO ABTOMOOWIIBHBIE CETH C MOAJEP)KKOM TI'PaHWYHBIX
YCTPONCTB MOTYT CHU3UTh CKBO3HYIO 3aJIepkKKy 10 60% U MOBBI-
CHUTh HAJICKHOCTh B CPEJax ¢ BHICOKOW MOOMIIBHOCTRIO [5].

TPAHCIOPT

JIOIONHUTENBHO OTMETHM, YTO B HEJABHHMX HCCIIEOBAHMAX
[6] ObUTO TIOKa3aHO, YTO TPAHUYHBIC BBIYMCICHHUS HAa TECTOBBIX
crenaax V2X pocrurator 6onee 95% nakeTHOH JIOCTaBKH B CMO-
JACTIMPOBAHHBIX I'OPOJICKUX CHEHAPUAX, XOTA p€ajibHasA IMPOU3BO-
JIUTEIBHOCTh OKMIaeMO CHIpKaeTcst 10 85-90% wu3-3a Hamuuus
roMex TpH repenave AaHHbIX. McnonezoBanne EC moBblmaer
MacmTabupyeMoCTh B 3aIllyMJIEHHOI TOPOJCKOH cpesie, I/ie BbI-
COKasl TFIOTHOCTh TPAHCTIOPTHBIX CPE/ICTB CO3/aeT 3HAUNTEIbHbIE
00BEMBI TAHHBIX, M YMEHBIIAET OTPAHUYCHHUS TTOJIOCHI TIPOITYCKa-
HUSI CUTHAJIA 33 CYEeT BBICOKOW 3arpy3KH KaHAJIOB CBSI3H.

[Tpn 3TOM HCIIOIB30BaHNE TPAHUYHBIX BHIYUCIUTENEH BICUET
3a coboif psa mpolIeM B cpemax ¢ OrpaHUYEHHBIMH pecypcami,
410 TpeOyeT I3(PEKTUBHBIX CTPATEIUi pacIpPEIeNICHUs] PECYPCOB
JUISA TIOMCKA BBIYMCIUTEIBLHOrO OagaHca.

B cBsi3u ¢ mosiBiicHHEM 0003HAYCHHOW POOIIeMbI ObLITA TIPE/I-
JIOKEeHa mMapaaurmMa TyMmaHHbiX BbruncieHnid (Fog Computing,
FC), xoropas npeacTapisieT cOO0H NPOMEKYTOUYHBIH CII0H MEXITY
TPaHUYHBIMU YCTPOHCTBAMHM M 00JaKoM, mpejjaras pacrpeje-
JICHHYIO BBIYHMCIIUTENbHYIO HHPPACTPYKTYpy. Y3isl TymMaHa (Fog
Notes, FN), oObrqHO pa3BepTbiBaeMble Ha MOOWIBHBIX RSU
(Mobile Roadside Unit, mRSU) nnu craunonapusix RSU, arpe-
THPYIOT 1 00pabaThIBaIOT JaHHEIE, COOPaHHBIC C HECKOJIBKHX Tpa-
HUYHBIX YCTPOICTB, BBINOJIHSS TaKUE 3a/1a4l, KaK ONTHMH3AIHS
MIOTOKOB Tpaduka, ONTUMAIBHOE paCHpe/Ie/IeHNE Harpy3KH, Iepe-
Jada v K3IMIMPOBAaHUE BAKHON CHCTEMHOM HH(pOPMAaIny.

B To Bpems kxak ncnonp3oBanue EC HampaBieHO Ha OpraHu-
3anuio JOKainbHOHM 00paboTku, FC pacmmupser 3Ty KOHIEHIIHIO,
BBOJISl HEPAPXUUYECKYIO U COBMECTHYIO CTPYKTypy Mexay EN u
FN [7]. MHoronoTouHas cTpykTypa opranuzainuu FC mo3Bossier
TOYHO KOHTPOJHPOBATH, TIC U KOIr/a 00padaThIBAIOTCS JaHHbIC,
OIIeP KHUBasi Kak TiI00alIbHbIC, TaK U JIOKAJIbHBIC 33124 [8].

Hcnonp3oBanne TyMaHHBIX BBIYMCICHHH ITO3BOJIET YCTpa-
HUTH PsiJl OTpaHWYEHHUH IPaHWYHBIX YCTpoiicTB. Hanpumep, mpo-
OyeMa OrpaHMYCHHBIX BBIUYUCIMTENBHBIX MM YHEPreTHYECKUX
pecypcoB.

HUccnenosarenu B padote [9] ommuchIBarOT MOIETH UCIIOIB30-
BaHMS MHCTPYMEHTOB BU3YyaJIN3allMy HA OCHOBE TyMaHa B TECTO-
BoM cTteHne Smart Highway, mems KOTOpOTO MOHHTOPWHT TH-
OpHIHBIX KOMMYHUKalui V2X, neMoHcTpanys ux paboThl U IPo-
Bepka 3P (HEKTUBHOCTH B peXXUMe peasbHOro BpeMeHH. Mcrons-
3oBanre FC 103BOJIIET OPraHHW30BBIBATH HEPAPXHUIO0 00pabOTKH
JIAHHBIX, KOT/Ia YyBCTBHUTEJILHbIE KO BPEMEHH 3aJlauu 00padaThI-
BalOTCS Ha TPaHMUIIE, & aHAJIN3 JJAHHBIX, HAIIPUMED, C HCII0JIb30Ba-
HUEM MaIIMHHOT'0 00YYEHUsI JUIsl TPOTrHO3UPOBaHUsI TpaduKa, BbI-
TIOJHSACTCS B y3Jlax TyMaHa. Takasi cxeMa OpraHu3anuu paboTsl
TIOBBINIAET YCTOMYMBOCTh CHCTEMBI U TIO/IJICP’KUBAET THOPHIHBIC
npoTokosl V2X.

[IpuBenem KpaTKuii CpaBHUTEIBHBIN aHAIN3 PACCMOTPEHHBIX
napaaurM B Tabnmre 1.

Ta6muma 1
CpaBHHTENBHBIN aHATTN3
Xapaxkmepuc- Oobnaunvie Tymannsle Ilepugpepuiinvie
muka gvluucIeHUA sbIuuCIeHUA sbIuucIeHUA
(Cloud) (Fog) (Edge)
Mecrononoxenue |LlenrpanuzoBannoe |Pacnpenenénusie |IIpsmo Ha ycTpoii-
o01ako y3J1bI OJIHMKE K CTBE WJIH 1LTI03€
YCTpOHCTBaAM
3anepikka Bericokas Huszkas OueHb HU3Kas
Ynpasnenue LenrpanusoBanHoe |TymaHHbIE JlokanbHoe
Belyucsienus (Fog)

—
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B Tabmmie 2 npuBeaeHB OCHOBHBIC IPEUMYIIIECTBA U HE-
nocraTku ncnonb3oBanus FOG B cpaBHenun ¢ EC.

Tabmnuma 2

IIpeumyinectBa u HegocTaTku ucnob3oBanusi FOG u EC

Kpumepuii Fog Computing Edge Computing

IIpeumymuiecrsa

Macmrabupy | bonee macmrabupyemas ap- | OrpanuueHa

eMOCTb XHTEKTypa C IIPOMEKYTOY- | pecypcaMy OTIEIbHBIX
HBIMH  YPOBHSIMHU  MEXIY | YCTPOHCTB
YCTPOWCTBaMH M 00JIAKOM

HentpammsoB | Jlyume moxgxomut it meH- | OOBIMHO — JIOKaJIbHOE

aHHOE TPaJIN30BAaHHOIO  AJMUHH- | YIpABICHHE, TPYJHEE

yIpaBiIeHHE CTPUPOBAHUS M KOOPAUHALUK | IIEHTPAIU30BaTh
MEXKIy HECKOJNbKHMH edge-
y371aMH

Pacnipenenén | Moxer  mepepacnpenensts | O6paborka CTpOro

Hasl Harpy3Ky MeXJy HeCKOJb- | JIOKalbHA — MEHbIIe

obpaboTka kumu fog-y3namu THOKOCTH

Toxnepxka Tonxomur mst mpunokenuid | OrpaHmdeHa — pecyp-

Goree C BBICOKOH BBIYUCIMTENIBHOW | camu ycTpoiicTpa

CIIOKHBIX CJIOXKHOCTBIO (nanpumep, | (CPU, namsts)

CEpPBUCOB [IPeJUKTHBHAS aHAINUTUKA)

Viyumennas | IlpenBapurensHas ¢uisTpa- | Tosibko JioKambHas 3a-

6e3onac- LU U 3aI0UTa TIepejl OTIpaB- | IUTa, OrPaHUYEHHBIE

HOCTh  (mpu | KOii B 001aKo ¢yHKIMKH  Oe30macHo-

NPaBUIIbHOM CTH

peanuzaun)

Henocrarku

CI10KHOCTh Bonee cinoxnas apxutexrypa, | IIpocras peanuszanus —

uHdpacTpykT | TpeOyromas pa3BEPTHIBAHUS | JOCTATOYHO edge-

ypBI IIPOMEXKYTOYHBIX y3JI0B ycTpoiicTa

3anepikka M3-3a nonomHUTENbHOTO Mpo- | MHUHMMaIBHO BO3MOXK-
MEXKYTOUHOTO YPOBHSI MOJKET | Has 3aJepiKKa — MAaH-
OBITH YyTh OOJIBILIE 3a7A€PXKKA | Hble 00pabaTHIBAIOTCS
1o cpaBHeHuto ¢ EC «HA MECTe»

3arpatsl Ha | Tpebyer Boimenenubix fog- | MeHee 3arpaTHOe pe-

BHEJIPEHHE U | CEpBEPOB, CIICLMAIIBHOTO | IICHHE — OCOOCHHO JUIst

o0ciyXuBa- MPOrPaMMHOTO O0ECIEYEHHs | MAIIbIX CHCTEM

HHe ¥ aIMHHHCTPHUPOBAHUS

Onepromorpe | JlononuurenbHbie y3ibl yBe- | OObluHO 3HEprocOepe-

OneHue JIMYUBAIOT oOmiee morpedie- | ratoumid pexum edge-
HHE YHEePTUH yCTpOIcTB

[TpoBeneHHOE CpaBHEHHUE TIO3BOJISIET 3aKIIIOUUTD, YTO UCTIOIb-
3oBanne FC mo3Bossier o0ecrneynTh HEeNpepbIBHOCTH Ipoliecca
obmena pecypcamu mexxay EN, FN u o01akom, obecrieurnBast ruo-
KyI0 MOJENb YNPaBJICHUS CHCTEMOH B BOIPOCAX COBMECTHOTO
pa3BepTHIBAHUS W OPraHW3aly B3aUMOJICHCTBUS MEX/y TpaHC-
TTOPTHBIMH CPE/ICTBAMH M YTIPABJICHUS ABMKEHHEM B TOPOACKOH
cetn. B cucremax V2X TyMaHHBIC Y376l YACTO BBITOTHSIOT (QYHK-
UM MTPOMEXYTOUYHOTO YPOBHS, TaKWe KaK arperamusi JaHHBIX,
npeaBapuTenbHas 00padoTka, aHanu3 6e30MIaCHOCTH U pacIpee-
JeHue KoHTeHTa. OHM TakXKe CIy’KaT KOOPAMHATOpaMH UIsl pas-
HOpPOIHBIX ceTeH, oOecmeumBasi OECIIOBHOE B3aMMOJACHCTBHE
Mmexay HuMH [10]. JIoToIHUTENBHO OTMETHM, YTO TYMaHHBIE BbI-
YUCIICHUA TIOBBIIIAIOT YCTOWYMBOCTh M aganTuBHOCTh UTC,
NPe/IOCTaBIIsIS JIOKAIbHBIE PE3EPBHBIC MOIIHOCTH B Clydae OT-
KITIOUEHHMs 00J1aKa WIIM HapyIIeHUH e0CTHOCTH ceTh [11].

WHTennexryanbHble TPAHCIIOPTHBIE CUCTEMBI MPEACTABISIIOT
co00¥ MHOTOYPOBHEBYIO KHOCp()U3MUYCCKYIO CHUCTEMY, 00BEIH-
HSIOIIYIO TPAHCIIOPTHBIE CPEACTBa, MH(PPACTPYKTYpPY W HEHTPHI
YIpaBJICHUSI TIPU TTOMOIIM NEPEIOBBIX KOMMYHUKAIMOHHBIX H
BBIYHCIIUTENBHBIX TeXHOJIOTHH. COBpPEMEHHBIE APXHUTEKTYPHI
UTC ucnonp3ytor V2X cHCTEMBI COBMECTHO C TIepU(EPHUITHBIMA

BBIYMCIICHUSIMH, MAIIMHHBIM 00y4YeHHEM U MTPEIUKTHBHOM aHAaIIH-
TUKOH IS JOCTIDKEHHSI HEOOXOIMMOT0 YPOBHS yripaBieHus [ 12].
KoMOHHUpYsI JIOKaJIbHbIE HHTEJUICKTYalbHbIE BO3MOXKHOCTU C
rinobansHoi kKoopauHanueit, U'TC MokeT TMHAMUYECKHA OTITHMH-
3UPOBAThH TpaHCHOpTHLIﬁ IMMOTOK, MUHUMU3UPOBATH 3aTOPHI U I10-
BBIIIATE 0€30MacHOCTE JABMKCHUA B CJIOKHBIX TOPOACKHX YCJIO-
BHX.

B coBpeMeHHBIX yCIOBHUSIX TPAHCIIOPTHBIE CPECTBA U HHPpa-
CTPYKTypa IOCTOSIHHO OOMEHHMBAIOTCS MH(pOpMAIHeil 0 coCTos-
HHUH CHUCTEMBI, TI03BOJISISI OPMHUPOBATH MOJHYIO KapTHHY 3KOCH-
CTEeMBI, KOPPEKTHO U 3PPEKTHUBHO PUHUMATE perneHus. [Ipuro-
JKEHWSI, CBSI3aHHBIC C aIalITHBHBIM YIIPABICHUEM CUTHAJIAMHU Tpa-
¢uKka, MapHIIpyTH3alUe TPHOPUTETOB aBAPUITHBIX TPAHCIIOPT-
HBIX CPEJICTB W TPOTHO3UPOBAHUEM CTOIKHOBEHHH, TTOIAraroTCs
Ha 0OMEH JaHHBIMH C MaJIBIM BPEMEHEM OXXHIIAHWS Yepe3 HHTEep-
¢eiicel V2X, nojjiepkuBaeMble TPAHUUHBIME M TYMaHHBIMH Y3-
mamu [1].

HHTerpaius MeTo10B HCKyccTBEeHHOTo HHTeIekTa (M) mo3-
BOJIAET ATUM CHUCTEMaM YUYUTbCS Ha CTATHCTUYECKUX JAaHHBIX O
JIOPOYKHOM JIBUKEHUH, aalTUPOBATHCA K U3MEHEHHSIM OKpYKa-
olIeH cpesl U CTPOUTH MPOTHO3HBIE MOJEIH B PEXKUME peab-
Horo BpemeHH. Tak B pabore [12] mpoBouTCSt aHAIIU3 CTPATETHN
Ha ocHoBe MM st ontumuzauuu V2X cuctemsl. [lonuepkuBa-
€TCsl BaXKHOCTb PacIpe/Ie]IeHUs] PECYpPCOB Ha OCHOBE JAHHBIX B
MTOIKITFOYCHHBIX TPAHCTIOPTHBIX CPEICTBAX U MX MTOJIOKCHUH U 3a-
Tpy3Ke.

Uro0b1 monHOCTBIO peanmm3oBats moreHmman WTC, Bce
0oJpIIIe BHUMAHUSA YACIACTCS HHTETPUPOBAHHBIM apXUTEKTypaMm,
KOTOpBIE OOBEAMHSAIOT KOMMYHHKAIIWIO, BBIYUCICHHUS W KOH-
TPOJb. DTH KOMIUIEKCHBIE ITOIXOIBI COYETAIOT B ce0e MCIIONIB30-
BaHHeE NepuepUiHBIX BEIYUCIUTENCH 1 KIIACCHYECKUE 00IaYHbIe
TIOJIXO/IbI JIJIsl 00€CTIeYeHUs MaCIITaOMPYEMOCTH, COBMECTHMOCTH
u kayectBa obciyxuBanus (Quality of Service, QoS). Takue ru-
OpUIHBIC CUCTEMBI O0OCCIICYMBAIOT PACIIPCICICHHBIC YIIPABIICH-
YECKHUX PECYPCOB, KOOPJUHUPYIOT AEHCTBUS MEXK/Ty JTOKAIbHBIMU
KJIacTepaMy TPAHCIOPTHBIX CPEJCTB M TI00aNbHBIME IIaThop-
MaMH yTpaBlIeHUs IBUKeHUeM (2, 4, 9].

Jnst IpOBEPKH STHX MHTETPUPOBAHHBIX 1TOJIX0/I0B OBIIM pa3-
paboTaHBI MHOTOYHUCIICHHBIE SKCIIEPUMEHTAIBHBIC THIATQOPMEI I
TecToBBIE 0a3pl. PeanbHble TECTOBBIE TUIOMAAKA V2X, Takhe Kak
SVEA, Smart Highway u 5G-CCAM uHpacTpyKTyphl, Ipeao-
CTaBJSIIOT BXHYIO MH(OPMALIMIO O 33/IepiKKaX, HAJISKHOCTH H
MacIITabupPyeMOCTH B PEATbHBIX YCIOBHSX. DTH CPEIbl JEMOH-
cTpupyroT cxemy B3aumogeictsuss EN n FN, nmoanepxuparoT
NIPUIIOKEHUST OE301IaCHOCTH B PEKUME pPEalbHOr0 BPEMEHH H
00eCIICUNBAIOT yIIPABJICHUE TaHHBIMU Mojenu [5, 7].

HecMmoTpst Ha 3HAYUTEIBHBII IPOrpece B 3TOI 001aCTH, OCTa-
I0TCSI HEpeUICHHBIMH HEKOTOpble Mpobiembl. Co3naHue KOM-
IUIEKCHOM Mozenu ynpasieHus V2X cucTeMoll B peajlbHOM Bpe-
MEHH C UCIIOJIb30BaHUEM MapaJurM TyMAaHHBIX U TPAaHUYHBIX BbI-
YUCITUTENCH, 0e30TacHOe YIIpaBICHUE TaHHBIMU C COXPaHEHUEM
KOH(HUICHIINATHPHOCTH B T€TEPOTCHHBIX CETAX U IPPCKTHBHAS
pasrpy3ka 3ajad B yCIOBUAX AMHAMHYECKOW MOOMIBHOCTH. J{iis
pEIIeHNs 3THX 3a/1a9 TPEOYIOTCS yCOBEPIIICHCTBOBAHHBIC CETEBEIC
TEXHOJIOTUH, MATEMaTHYECKUE U aITOPUTMUICCKHE MOECIIH, CIIO-
COOHBIE TPEJICTABIISATH B3aUMOJICHCTBUS MEXY YPOBHSIMH CBSI3H,
BBIYMCJICHUHN U YNPABJICHUS B €AUHON CTPYKTYpeE.

D¢ GeKTUBHOCTD CUCTEMbI 3aBUCHT OT €€ CIIOCOOHOCTH yIIpaB-
JISITH pacrpeielICHHBIMH PEeCypcaMu, 00ecrieqnBaTh CBEpXHAICK-
HYIO CBSI3b C HU3KOW 3a€p’KKOI M KOOPAMHUPOBATH NPUHITHE
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PELICHUI MEX/1y TPaHCIIOPTHBIMHU CPEJCTBAMH U HH(PPACTPYKTY-
poii. Co3nanue NporpaMMHBIX PELICHHH, TO3BOJISIONIMX ITPOBO-
JUTh UMUTALMOHHOE MOJEIMPOBAHUE SBISIETCSI OJTHUM M3 TJIaB-
HBIX MHCTPYMEHTOB, HCIOJIb3YEMBbIX JJIsl TIOATBEPIKICHUS TEOpe-
THYECKHUX Pe3yNbTaToB. CIIOKHOCTH MPOBEJICHUS PEATbHBIX HC-
MIBITAHWH M3-32 UX BBICOKOW CTOMMOCTH BBIHYKIAET MCCIE0Ba-
TeJeH MepexoIUTh K CO3/IaHHIO HUCTIBITATENbHBIX cTeHJ0B. Heoo-
XOAWMOCTh BHEIPEHHs MHapaJurMbl TyMaHHBIX BBIYHCICHUH B
YK€ XOpOIIIo 3aPEKOMEH/IOBABIITYIO ce0sI CBA3KY TPaHMIIA-00IaKo
CIy’)KUT JOTIOJHUTEIFHON MOTHBamMedl K pa3paboTKe HOBBIX
m1aThopM U BEYHUCIUTEIBHBIX MOJENeH, KOTOpble cMOTyT (uk-
CHPOBaTh PealbHYIO MPOU3BOIUTENBHOCT cucTeMbl. HacTosmas
pabora HanpaBiieHa Ha OIIMCAHKE CO3/IaHHOW MMUTALMOHHOM MO-
JIeITH, MOJICJIMPOBAHUE U DKCIIEPUMEHTAIILHYIO IPOBEPKY paboTo-
CHOCOGHOCTH CUCTCMBI, npe,uHa3HaquHbu71 JJIA TIOAJACPIKKU COB-
MECTHBIX, IMOJKJIIOYEHHBIX W aBTOMAaTH3UPOBAHHBIX CIICHApHEB
MOOMIIBHOCTH.

OcranbHast 4acTh CTaTbU CTPYKTYPUpPOBaHA CIEAYIOIUM 00-
pas3om: B pa3zene | mpezacTaBieH 0030p CyIIECTBYIOLIEH JIUTepa-
TypBI B COOTBETCTBYIOIIECH MpenaMeTHOH obnactu. B pasmene 2
MIPOBEJICHO KPaTKOE ONMCaHne HanboJsee MOoMyISIPHBIX MMUATALHN-
OHHBIX MoJienell. B TpeTseM pazaerne npuseneH 0030p mporpamMm-
HOTO KOoMIUTeKca simV2X. OnmcaHsl €ro CTPYKTypa pean3aliim,
o01mast cxema, KIFOUEBBIC IMapaMeTpbl MOJICITUPOBAHMS, a TAKXKe
OCHOBHBIC 33/1a4l ¥ METObI HX pemieHus. B pasnene 4 npusenex
cueHapHﬁ UMHUTAIIMOHHOI'O MOJCIIMPOBAaHMsA, 4 B IIATOM €TI0 aHa-
JIN3 U YMCJICHHBIC PE3YJIbTAaThl, HAITPABJICHHBIC HA MPOBEPKY TCO-
PETUYECKUX PEe3yJbTaTOB U MX aHAIN3 B PA3IMYHBIX KOHPHUTYpa-
IUSIX CUCTeMbl. HakoHel, B 3aKJIIOUMTENHEHOM paszese MpuBe-
JICHbI HEKOTOPBIE 3aMEUaHHsI U BBIBOJIBL.

O030p uTEpPaTYpPBI

B mocnennue roapl akTHBHO BEAYTCS MCCIIEOBAaHUS B 00a-
CTH TECTOBBIX TIAT(POPM ¥ IKCIIEPAMEHTAIFHBIX CTCH/IOB, I03BO-
JSIOMKX TMPOBOJUTH OOMEH NaHHBIMH B PEabHOM BpEMEHH
MEXKIy TPaHCIOPTHBIMU cpencTBamu. [lpu atom dopmupyercs
OCHOBA JJIsI aHAJIM3a U MTOATBEPKIEHNST pa00TOCTIOCOOHOCTH TEX-
HOJIOTHH COBMECTHOM, MOAKIIOYEHHON M aBTOMAaTH3MPOBAHHON
mobmibHOocTH — TpaHcrnopra (Cooperative  Connected and
Automated Mobility, CCAM). CoBpemMeHHbIE pabOThl HalpaB-
JICHBI Ha pEIIeHHUE JIBYX KJIIOUEBBIX 3a/[au: 00ecreyeHne BoCIpo-
H3BOJIMMOCTH DKCIIEPHUMEHTOB B KOHTPOJHMPYEMBIX YCIOBHUSX H
MIEPEeHOC PEe3yJIbTaTOB MOJICITMPOBAHMS CO CTEH/IOB Ha peasibHbIC
JIOPOXKHBIC YCIIOBHSI C MAKCHMATBHOM TOCTOBEPHOCTHIO.

Jarnee mpuBeeM HanOosIee 3HAYUMBIE TTOTXO/IBI, pean30BaH-
HBIE B BUJI€ TIPOTPAMMHO-AIMAPATHBIX PEIICHIH TSI TECTUPOBa-
HUS, BU3YAIN3aluy U aHaimm3a V2X-cHcTeM U KOMMYHUKAITHH.

OmanM 13 Hanbosee CUCTEMHBIX TIOJXOI0B K PEIISHHIO 000-
3HAYCHHBIX 3214 SBIIICTCS KOMIIEKC, OITMCAHNE KOTOPOTO Mpe/I-
CTaBJIcHO B pabore [6]. ABTOPHI pa3padoTaiu HHTETPUPOBAHHYIO
MOJICIIb «CUMYJISIIINS — IIOJIEBBIE UCTIBITAHMs, 00ECTICUHBAIOIILY IO
MIOCJIC/IOBATEIILHBIM MEpexXo/] OT BUPTYAIbHBIX CLIEHAPUEB K MO-
JICIUPOBAHUIO JIOPOXKHON aBTOHOMHON CHCTEMBI. APXUTEKTypa
MPOrpaMMBbI BKITIOYAET B 051 CUMYJISITOP JOPOKHOI 0OCTaHOBKH,
MIPOMEXYTOUHBII TporpaMMHBIN ypoBeHb (middleware) s re-
HEpaluu U MapupyTu3anun V2X-cooOmeHni 1 KOMMYHHUKAITH-
onnbie Moy (OBU/RSU). Ocoboe BHHUMaHWE yIIEIEHO CHH-
XPOHM3AINH BPEMEHHBIX KAl MEXKIY BUPTYalbHON M (QH3mIUe-
ckol  mogmensimu.  [IporpaMMHOe — pelieHHe — [O03BOJISIET
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MHTErPUPOBATh CO3/IaHHBIE B PE3YJIbTATE CUMYJISIIIAU COOOIICHHS
B pa/INOKaHaJ B PeKUME pealbHOro BpeMeH!. Cructema cHaO)eHa
MHCTPYMEHTAaMH aHaJIN3a MPOU3BOIUTEIBHOCTH (3a7€pKKa, Ypo-
BEHb ITIOTEPH MTAKETOB), YTO MO3BOJISICT COMTOCTABIISATH JaHHBIE, T10-
JIydEHHbIE B PE3yJIbTaTe NMMUTAI[HIOHHOTO MOJEIUPOBAHUS U J0-
POXHBIX UcTibITaHui. [IprBeIcHHBIC aBTOpaMU PE3yNbTAThI 1103~
BOJISIFOT 3aKJIFOUNTh, YTO CLEHAPUH B MOJEIH BOCIPOU3BOIMBL.
3TO IO3BOJISIET BBISBIISTH pa3iniuudg MEKAYy HCTOYHOCTH B MOJC-
JMPOBAaHUU B CPaBHEHHM C pabOTOW peajbHBIX KaHAJIOB CBSI3H,
BKJIFOUasl BIMSIHAE UHTEp(EpeHIINH 1 JUKUTTEpa. Takum o0pazom,
aBTOPaMHM 3aKJIa/IbIBACTCsl OCHOBA ISl CO3JIaHUSI THOPHIHBIX Me-
TOJMK TECTUPOBAHUS aBTOHOMHBIX CUCTEM, 00BbEINHSIONIHX ITpe-
MMYIIECTBA aHAIN3A PE3yIbTATOB CTEHJOBOTO MOACIHPOBAHNUS U
cOopa peaybHBIX JaHHBIX.

AJpTepHAaTUBHOE HccienoBaHue [9] cBsizaHO ¢ BHU3yalu3a-
e 1 MHTEPAKTUBHBIM MOHUTOPHUHTOM coobmmenuit V2X. Ilox-
XOJl K PEIICHUIO MpOoOJieM B ATOH 00JacTH TO3BOJIAET CyIIle-
CTBEHHO OOJIEIYHUTh OTIAAKY U BEPUPHUKALUIO IPOTOKOJIOB CBS3H.
ABTOpamMM TpejCTaBIeHA YHHBEpCalbHasl MIPOrpaMMHasi cpela,
MpeHa3HaueHHas JUIsl aHaiau3a U OTOOpakeHUs TOTOKOB V2X-
cooOmiennii B uHppactpykrype «Smart Highway». Pa3paboran-
HOE TIPOrpaMMHOE pellIeHNE TT03BOJISIET TIePEXBATHIBATh, JICKO M-
pOBaTh ¥ OTOOpaKaTh B pealibHOM BPEMEHHU COOOIIEHHS CTaH 1ap-
ToB ETSIITS-G5 n C-V2X. Ilpu 3TOM NpOBOAUTCS BU3YaTTH3AIHA
JIAaHHBIX Ha reorpaduyeckoil kapre. [Iporpamma nojiepxuBaet
¢ynkun  wieTpanmu coodbmennit no tuny (CAM, DENM,
SPAT/MAP), BocIpOon3BOIUT BPEMEHHYIO T1OCIIE/I0BATEIBHOCTh
0OMEeHa M BBISBIIET HECOOTBETCTBHS MEX/Ty HETIOCPEICTBEHHBIM
MO3UIIMOHNpOBaHneM 1 (akTruecknmu JanasiMu GPS. TIpemo-
JKeHHBIN aBTOpaMu THOKuil BeO-uHTepdeiic 1 cpeacTBa IKCIopTa
JIOTOB, IPOTPAMMHOE PEIICHUE CYIIECTBEHHO MOBBINIAET HAOIIO-
JTAEMOCTh CHCTEMbI U CHIDKAET BPEMsl Ha TUATHOCTHUKY OIINOOK.
JlaHHBII [T0IX0 UMEET BaKHOE 3HAUCHHE IJIs1 00CCIICUCHHS ITPO-
3pavyHOCTH U BOCIIPOU3BOJMMOCTH IKCIIEPUMEHTOB Ha TECTOBBIX
CTEH/AX.

BaxHyio poib B pa3BUTHH METOJOJIOTUH KOMIUICKCHOM
orneaku V2X-cucteM ceirpana pabdora [13]. ABTopamu mpesyio-
KEH KOMIUIEKC JUTsl aHaJIN3a MTPOU3BOINTEIBHOCTH CETEBBIX CTe-
KOB, peanusyromux nporokons! ITS-G5 u C-V2X, ¢ Bo3MoxkHO-
CTBIO YIIPABIIIEMOH MOJICTPOMKH ITapaMeTpoB (PU3NUECKOTO U Ka-
HaJIBHOTO ypoBHel. Cucrema mpescTaBiseT co0oil cucreMy, co-
crosmyto w3 peanbHBIX ycrpoiicte OBU/RSU, renepaTopos
Harpy3KH ¥ CPeJCTB ISl aBTOMATH3aluy 3KcriepuMenTa. [peio-
JKEHHBIH METO/I TIPElyCMaTPUBAET N3MEPEHHE KIIFOUEBBIX METPHUK
— koaddurrenta nocrapku naketon (packet delivery ratio, PDR),
3aJICpKKH, JKUTTEPA M MPOITYCKHON CHOCOOHOCTH B Pa3JIMUHBIX
CIICHApUsX ABWKEHHS TPAHCIIOPTAa M IUIOTHOCTH Tpaduka. Pe-
3YyJIbTAaThl MOJACITMPOBAHUA IMOKA3aJIu 3HAYUTC/IbHOC BJIUAHUEC aIl-
MapaTHbIX OTPAaHMYCHUII W XapaKTEPUCTHK paJoKaHana Ha
Ha}Ié)KHOCTI) nepeaavyu JaHHbIX, a TaKKE IMMO3BOJININ ONIPEACINTD
TIpe/iebHBIC 3HAUEHHS MapaMeTpoB, 00eCHeYnBalomuX Tpedye-
MBIH YPOBEHb KauecTBa OOCITY)KMBAHMS JUISl PA3JIMYHBIX KJIacCOB
NIpUIIOKeHNH. BaxkHO OTMETHTB, 4TO B paccMaTpuBaeMoi padboTe
copMupoBaHa BOCIIPOM3BOAMMAs OSKCHEPHMEHTAIbHAs ycTa-
HOBKa JUIs KOJMYECTBEHHOTO aHaium3a adexruBHOoCTH V2X-CH-
CTEMBI.

Psin vccnenoBanuii OpUEHTHPOBAH HA MOJAECPKKY ABTOHOM-
HBIX TPAHCTIOPTHBIX CpeAcTB. Tak, B cTatbe [14] ommcana tecto-
Bas IiaTdopma, npeIHa3HadeHHas Ul OLCHKH B3aUMOJCHCTBU
aBTOHOMHBIX  aBTOMOOWJICH C  3J€MEHTaMH  JIOPOKHOU

—
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MHPPACTPYKTYPBL. APXUTEKTYpa BKIIOYACT B Ce0s MPUAOPOKHBIC
YCTpPOWCTBa, CepBEphl MEPUPEPUIHBIX BBHIYUCICHUN W WHTEp-
(eticel B3aMMOIEHCTBHUS ¢ CHCTEMaMH aBTOHOMHOT'O BOJK/ICHHS.
Ocoboe BHHMaHHE yAEICHO IMpuMeHeHnio coobmernii SPAT u
MAP nns ynydimieHus: nporHo3upoBaHusi (a3 cBeTopopoB U
YOpaBJICHUS NBIKEHHEM. DKCIIEPUMEHTAIbHBIC PE3yIbTATHI TIOA-
TBEPKJAIOT THIIOTE3y, YTO HAJIMYHME ITUX COOOILICHUI CHMXKAET
HEOIPeeNIEHHOCTh NP MJIAHUPOBAHUM TPAEKTOPUH U MOBBIIIAET
0e30macHOCTh MaHEBPOB. B OTiIMuME OT SKCIIEPUMEHTAIIBHBIX Te-
CTOB, ONMHUCAaHHBIX B [13], OCHOBHOI aKIIEHT cJelaH Ha MHTEerpa-
LU0 KOMMYHHKAIMOHHBIX M TPHUKJIATHBIX YPOBHEH, YTO BaXKHO
JUIS KOMILIEKCHOM OLIEHKH CUCTEM aBTOHOMHOI'O BOJKACHUSI.

OTMeTHM ele OJIMH BaXKHBIH MOJX0/] K TOCTPOSHHUIO OLCHKN
TapaMeTpOB B3aUMOICHCTBHUSA 21eMeHTOB B V2X cructemax. B mo-
CJIC/THUE TO/IbI OTYYHIIa PA3BUTHE UAES OTKPBITHIX M MOIYJIBHBIX
wiatdopm. B pabore [15] npeisioxkeH yHUBEPCAIbHbII dKCIIEPH-
MeHTabHbBIN cTeH] SVEA, npeHazHaueHHbIN 1S OIIEHKH THITO-
BBIX clieHapueB ais V2X-kommyHukanwi. [lnmatgopma noamep-
JKUBaeT pasnuunble paguonntTepderics (ITS-G5, C-V2X), npeno-
crasisier API s ObicTpoii KOHUTYpalMK CLIEHApUEB U aBTOMa-
THU3UPOBAHHOTO cOOopa AaHHBIX. OJTHOI U3 KIIIOYEBBIX OCOOEHHO-
creit SVEA sBnsieTcs opueHTaIysl Ha BOCIIPOU3BOAUMOCTD KC-
MEPUMEHTOB BXKMBYIO U BO3MOXKHOCTb PETPOCIEKTUBHOTO aHa-
JIM3a 9KCIIEPUMEHTOB — BCE MapaMeTphl Cpe/ibl 1 KOH(PUTyparuu
COXpPaHSIOTCS JUIS TOCIEAYIOINX cpaBHEeHNI. B kauecTBe mpnme-
POB, pealn30BaH psiji CLEHAPHUEB, AEMOHCTPHUPYIOIINX BIIHSHUE
XapaKTEePUCTHK CBS3M Ha MOKazaTean Oe3onacHoctH. PaboTa mos-
4EPKUBACT BaKHOCTD ITOCTPOCHHSI YHUBEPCAITBHBIX METOIOB U OT-
KPBITOrO OOMEHa 3KCHEPUMEHTAIBHBIMY JTAHHBIMH IS yCKOpe-
Hus ucciegosannii B oomactu CCAM.

CoBpeMeHHOE MOKOJEHNE TECTOBBIX KOMIUICKCOB MPEACTaB-
JieHo B cTaThe [ 16]. ABTOPBI COCPEIOTOUMIIMCEH Ha OTICHKE TPOU3-
BOJIMTEILHOCTH OECIPOBOJHBIX CHUCTEM HOBOTO ITOKOJICHHS,
Briroyast NR-V2X u rubpuansie SG-TeXHONOIMH, TPUMEHH-
TENIFHO K 33j1a4aM KOOIepaTHBHOIO BoKAeHHs. PazpaboraHHas
cucrema coueraer anmnaparasle komrnoneHTsl (OBU/RSU ¢ nox-
nepkkoit coBpemeHHbIXx PHY) u mporpamMMHBIE MHCTPYMEHTBI
JUISl I3BMEPEHNS XapaKTEPUCTUK KaHalla, aHaJIn3a HHTEpPEepeHIINH
1 TI0/icUeTa Harpy30K. TecThl MPOBOAMINCH KAK B JJAOOPATOPHBIX
YCIIOBUSIX, TaK U B PEAIbHBIX TOPOJICKHX JOKauusx. [lomydeHHbIe
pe3yIbTaThl O3BOJISIOT KOJIMIECTBEHHO OIIEHUTH HA/IEKHOCTh U
3a/IepXKKy TIPH Tepeqade COOOIICHUI B CIIEHApUSAX C BBICOKOU
IUIOTHOCTBIO Tpaduka. [TpeanoxeHs! pekoMeH1alnH 10 TPOSKTH-
posanuio cucteM CCAM. PaboTta BrigenseTcs MacmtaboM | ak-
TyaJIbHOCTBIO, IEMOHCTPUPYS MEPEX0 OT KCIEPUMEHTAIBHBIX
MIPOTOTHIIOB K MPOMBIIIUIEHHBIM CTaHapTaM TecTupoBaHus V2X-
KOMMYHMKaLUH.

CpaBHUTENIBHBIN aHAU3 NPUBEIEHHBIX UCCIEI0BAaHUN TTOKa-
3BIBAET HBOJIIOLMIO TECTOBBIX IIAT(GOPM OT JIOKAIBHBIX, OPUCHTH-
POBaHHBIX Ha OTJEJbHBIC MPOTOKOJIBI, K KOMIUIEKCHBIM. PaboThI
[6, 14, 16] akueHTHPYIOT CBOE BHUMAaHKE HA IEPEHOCE MOJIENEN B
¢usmueckyto cpery, GOpMHUpYs NMPaKTHKY «simulation-to-road».
WuctpymenTs [9] obecrieunBaioT BU3yalU3aIlio, a UCCIEI0BA-
Hus [13, 15] pa3BuBalOT METOIBI KOJIMIECTBEHHOHN OICHKH TPO-
W3BOJUTEIBHOCTH W BOCHPOM3BOIMMOCTH. OOmMM Al Beex
HalpaBJIeHUH OCTaéTCsl CTpEMIIEHHE K CTaHJapTH3AIMH METOIUK
TECTUPOBAHUSI U PACIIMPEHUIO BAPUAHTOB CLICHAPUS: OT 0a30BBIX
3ama4 0e30IacHOCTH 10 BBICOKOYPOBHEBBIX 3a/lad aBTOHOMHOTI'O
MJTAHUPOBAHMS U KOOTIEPATUBHOTO BOCTIPHSTHS.

HecMoTpss Ha  3HAYUTENBHBIII  NIPOIPECC,  OCTAKOTCS

HEpEIEHHBIMHI BOTIPOCHI MacIITaOUPOBAHMUS CTEH/IOBBIX HUCIIBITA-
HUH, ajanTalui TeCTOBBIX KOMIUICKCOB (TECTOCHY ) K OBICTPO 3BO-
JMonuoHUpytonmM paaunoctangapram (5G NR-V2X, 6G). IIpo-
OJsieMa BOCIIPOM3BOJMMOCTH JIaHHBIX B PA3IMYHBIX KOH(UTYypa-
LUSIX CUCTEMBI U 00OpYZOBaHUS TaKXKe TPEeOyeT JOTOTHHUTEIb-
HOTO BHUMaHUS. B 3TOM KOHTEKCTEe aKTyalbHBIMH HarpaBiIeHH-
SIMH CTAHOBSTCSl pa3paboTKa yHH(HUINPOBAHHBIX HHTEP(EcoB
MEXAYy CHMYJSITOpAaMH W PETbHBIMH YCTPOICTBAaMHM, PUMEHE-
HUe TexHouoruil mudpoBbix apoitHukoB (Digital Twins) u wc-
MOJIb30BaHNE OTKPBITHIX IuaTdopm, monodueix SVEA, s
KPOCC-CPaBHEHUSI PE3YJIbTATOB.

IMogBozast uTOT, OTMETHM, YTO COBPEMEHHAs IKOCHUCTEMa Te-
CTOBBIX KoMILIekcoB V2X GpopMupyeT GpyHIaMeHT /It HaAEKHOU
u cta"mapTu3oBaHHou oneHku cuctem CCAM. DBomonus WH-
CTPYMEHTOB OT OT/EJIbHBIX Ja0OPATOPHBIX AKCIIEPUMEHTOB K
MOJTHO(YHKIMOHAIBHBIM MHTETPUPOBAHHBIM CpeiaM o0eceyu-
BaeT BO3MOKHOCTh CHCTEMHOT'O aHaJIM3a BCEX YPOBHEH — OT (u-
3MYECKOro KaHajia JI0 MPWIOKEHWH aBTOHOMHOTO YIPaBJICHUSL.
Taxue pemeHns co3aaoT MPEAITOCHUTKHI TS Pa3pabOTKH yHU(DH-
LIMPOBAHHBIX CTAH/IaPTOB MCIBITAHUN U YCKOPSIOT BHEPEHHE HC-
CJIEZIOBATEJICKUX TEXHOJIOTHH B peajibHble TPAaHCIIOPTHBIE CH-
CTEMBI.

0030p MMHTAIIMOHHBIX MOJIeJIei

WNmuranmonnoe moaenupoanue (M) — 310 MeTo Bcceno-
BaHMS CJIOKHBIX CHCTEM, IIPU KOTOPOM CO34AETCS MOJEINb, BOC-
MMpous3BoOAsiAIIasA UX NOBCACHNUE BO BPECMCHU B HpI/I6HI/I)KéHH]:IX NN
BUPTYAJIbHBIX YCJIOBHUAX. B KOHTEKCTE CHCTEM CBSI3M U TpaHC-
MOPTHBIX CETe MMHTAIIMOHHOE MOJCIMPOBAHUE TTO3BOJISIET WC-
CJIeZIOBaTh XapaKTEPUCTHUKHU Mepe/iaun JaHHBIX B JTHHAMHYECKUX
CreHapUsIX (JABMKEHHE TPAHCIIOPTHBIX CPE/ICTB, M3MEHEHUE pac-
CTOSTHUH, TIPEPBIBAHMS CBS3H), aHAIN3UPOBATH MOBEACHHUE CETH
TIPY Pa3IMYHbBIX TApAMETPaX, OIIEHUBAThH HAJIC)KHOCTD, 3aJICPIKKY,
CKBO3HYIO IIPOITYCKHYIO CHOCOOHOCTb.

UM MoOKeT IpOBOAUTHECS C YUETOM AMCKPETHOIO BPEMEHH,
r7ie OOBEKTHI B3aNMOJICHCTBYIOT B BEIYMCIUTENLHON CPEIe C IIa-
TOM BPEMEHHU Wi ¢ 6e3 ydera AUCKPETHOTO BPEMEHH, TO €CTh B
peasbHOM BPEMEHHU.

IIpyn MozmenupoBaHuU € y4eTOM AMCKPETHOIO BPEMEHM, IPU
OAWHAKOBBIX BXOIHBIX AAaHHBIX, MOJCIIb I[aéT I/I}IGHTI/I‘-IHI)II\/’I pe-
3yJIbTaT. MOYKHO YCKOPSITH WM 3aMEJISITh BPEMSI, TTOJACPIKIBAsI
MacuITabHbIe CLIEHAPUH C COTHSIMH WIIM THICSYaMHM Y3JIOB, TJI€ He-
BO3MOXKHO MOJICIPOBATh BCE B peaJbHOM BPEMEHH.

MopenupoBaHne B PEaJlbHOM BPEMEHH BBITIONHSETCS CHH-
XPOHHO C CHCTEMHBIMH YacaMH — Ka)kJJ0€ COOBITHE HITH KaJp MO-
JISTUPYETCs Ha JIETy B COOTBETCTBUHM C CHCTEMHBIM BPEMEHEM.
Taxoii oX0/1 NCTIOJIB3YETCsI, HAIIPUMED, B TECTOBBIX TOJINTOHAX
(testbeds) m ruOpUAHBIX H(POBBIX ABOHHHUKAX, T/Ie CHMYIATOP
HanpsIMy!o CBsi3aH ¢ (pusmueckuMu ycrpoiicTBamu. Bo3morkHa
uaTerpanus ¢ ycrpovicrsamu (RSU, OBU, mRSU, cencopsl, KoH-
Tpostepsl). Iloaxoaut s TECTUPOBAHUSI CUCTEM YIpPAaBIICHUS,
rac Tpe6yeTc;1 MI'HOBCHHAas pCaKlus Ha U3MCHSIIOMINECA yCIOBUA
B pEaIbHOM BPEMEHH.

COBpeMeHHBIe HHCTPYMEHTbI UMUTAIMOHHOTO MOJCIIUPOBaA-
HUSI MOXKHO YCJIOBHO Pa3fieIUTh Ha TPU TPYIIIBL:

1. YHuBepcaibHble IUIATPOPMBI CHCTEMHOW JUHAMHUKH W
areHTHOT'O MOJICJINPOBAHUSL.

2. CereBble CUMYIATOPHI U PPEHMBOPKH TSI MOJICTUPOBAHHMS
MIPOTOKOJIOB CBSI3H.
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3. TpaHCHOPTHBIE CUMYJIATOPBI U THOPUIHBIE CPEIbI B3aUMO-
JIeHCTBUSL.

K mepBoii rpyIime Mo>KHO OTHECTH TaKoe IPOrpaMMHOE peliie-
Hue, kak AnyLogic. AnyLogic —3T0 koMMepueckas MyJibThIapa-
JUrMajbHasl Cpela MOJCIMPOBAHMS, MOJICPKUBAIOIIAs JIHC-
KpeTHo-coObITHitHOe Monenuposanue (DES), arentnoe monenu-
posanue (ABM) u cuctemuyto muaamuky (SD). Ona MoxeT rnpu-
MEHsIeTCS Ul UMHTAlUM TPAHCIIOPTHBIX IOTOKOB, JIOTHCTHYE-
CKHX TIPOIIECCOB, CUCTEM YTIPABICHUS U TOPOACKNX HH(PACTPYK-
TYp.

Ko BTOpOIi rpymme oTHOCAT, HAPUMEP, MOAYIBHYIO OHOIHO-
Teky U QpeiimBopk OMNeT++ mmu ceteBoit cumymsitop NS-3.
OMNeT++ — oxHa u3 HauboJIee Pa3BUTHIX TUIATHOPM JJISI MOJIC-
JMPOBAHMS TEJICKOMMYHHMKAIIMOHHBIX cucTeM. OHa peanusyer
JIICKPETHO-COOBITHIHYIO apXUTEKTypy W HMEET MOJYJIbHYIO
CTPYKTYPY: KaKAasi CYIIHOCTb ceTH (y3els, KaHal, NMaKeT) Mpe-
CTaBJICHA B BHJE CAMOCTOSITEILHOTO MOJIYJIS ¢ mapamerpamu. Ha
6aze OMNeT++ pa3zpaboTaHo HECKONIBKO (PEHMBOPKOB JUIs
V2X:

0 INET Framework — monemuposanue [P-cereit, Wi-Fi, LTE,
5G NR;
0 Veins — HHTETpanus ¢ TPAHCIOPTHBIM cuMyisiTopoM SUMO

JUISL MOJICJIMPOBAHUSI JIBMXKCHUSI aBTOMOOMIIEH.

OHM TO3BOJISIIOT  BBICOKOTOYHO MOJICJIMPOBATh CETEBBIC
ypoau (MAC, PHY, IP, UDP/TCP), ¢ y4eTom TOYHBIX 3ajep-
JKEK, OIIMOOK U TTOTEPb.

NS-3 —3T0 HHCTPYMEHT U1l MOAETUPOBAHHUS CETEBBIX CTEKOB.
On Bkirouaer monenu ¢usnueckux yposueit (Wi-Fi, LTE, 5G
NR), mporokoroB MAC, MapmipyTH3alMd M TPAaHCIOPTHBIX
cnoéB. BosmoskHocTh MHTerpanuu ¢ Linux network stack, uto
M03BOJISIET (PU3UUECKH MOJICIIMPOBATH CETEBbIC B3AaMMOJICHCTBHSI.
NS-3 nmoaxoaur Juist MpoBeIeHNSI KOMIIEKCHBIX 9KCIIEPHMEHTOB
Ha ypoBHE (PM3MYECKOTO M KaHAIBHOTO CJOS, HO IIOXO COYeTa-
eTcs C BHEUIHMMH CHCTEMaMH MOJECIMPOBAHUS TPAHCIIOPTA H
IU(PPOBEIMU IBOWHUKAMH.

K TpancnoptHeIM cuMmymsiTopaM (TPETbsl IpyIina), OTHOCST
SUMO u SVEA. SUMO (Simulation of Urban Mobility) — 3To
OTKPBITBIH CHMYJATOP, OPUEHTHPOBAHHBIM HA MOJEITUPOBAHHE
TPAaHCIIOPTHBIX IOTOKOB M MapIIPyTH3allMd aBTOMOOWIIEH.
SUMO wucnons3yercs: Kak reoMeTpHUecKasi Mo UI0KKa IS ceTe-
BBIX CHMYJIITOPOB, HampuMep, B cBsa3ke ¢ OMNeT++ uepes uH-
tep¢eiic TraCl (Traffic Control Interface).

SVEA (Swedish Vehicle Electronics Architecture) — ato ar-
napaTHO-MPOrpaMMHBIN TecTOBBIN cTeH (testbed), co3maHHbIi B
Koponesckom Texnonornueckom nncruryre (KTH, [Berms) mis
MPOBEJICHUS YKCIICPUMECHTOB B oOnacTe V2X-KOMMYHUKAIMA U
ABTOHOMHOT'O BOXKJCHHUS. B OTIMUYME OT KIACCHYECKHX IIPO-
TPaMMHBIX CHUMYJATOpoB (Taknx kak OMNeT++, NS-3 wmm
SUMO), SVEA mnpencrasisger co0oi peanbHy0 (U3HUECKYIO
1aTopMy, Ha KOTOPOH BBITIOJIHSIOTCS HAanOOJIee peaTCTHIHbIC
9KCTIIEPUMEHTHI C TPAHCTIOPTHBIMHU cpeicTBamMu, RSU u ceteBbIMU
MOJYJISIMHU CBSI3H.

ABTOpamu paHee OblT pa3paboTaH COOCTBEHHBIH HHCTPYMEHT
umuTaronnoro monenuposanus VANET 2.0.0 [17, 18], xoto-
PbIil TIO3BOJISIT IPOBOJUTH SKCIIEPHUMEHTHI B PEAJIbHOM BPEMEHH,
MO3BOJISIET KOMIUIEKCHO MOAXOIUTH K aHAIU3y mapaMeTpoB V2X
CHCTEMBI, JieJlasi aKI[eHT Ha MOTepsIX MpH Nepeiayde JaHHbx. [Ipn
9TOM HPOrPaMMHBIN MOJIyJIb HE MOT HHTETPUPOBATHCS C APYTUMH
utatpopMaMu 1 6a3aMu JaHHBIX.

TPAHCIOPT

IIporpammublii KomIuIeke simV2X

CoBpeMeHHbIEC HCCIEA0BaHUS B 00JIACTH MHTEIUICKTYalIbHbBIX
TPAHCIIOPTHBIX CHCTEM M TexHoJoruil V2X TpeOyroT Halmdus
THOKHX, MaCIITAOMPYEMBIX M PACIIUPSIEMBIX HHCTPYMEHTOB HIMH-
TAIIMOHHOTO MOJEINPOBAHUSL.

[IpencraBnsemslii mporpaMMHBIi KomImieke simV2X [19, 20]
pa3paboTaH B LIEIAX MOJENMPOBAHUS B3aHMMOJCHCTBUN MEXKIY
TPAaHCHOPTHBIMH CpPEIICTBAMH, OOBEKTaMM JOPOXKHOH HHpa-
CTPYKTYPBI U dJIEMEHTaMH NepU(PEPUIHBIX BEIYUCICHUH B YCIIO-
BHSAX TOPOJICKON TpaHCTIOPTHOM cpeasl [21, 22].

[IpexacraBnsieMblid MporpaMMHbIi kKoMmIuieke simV2X paspa-
00TaH B IEJSIX MOJICIUPOBAHMS B3aMMOJICHCTBUI MEX/y TpaHC-
MIOPTHBIMH CPEJICTBaMH, 00BEKTAMH JIOPOXKHON HHPPACTPYKTYPHI
U D2JEMEHTaMH CETH B YCIOBUAX TOPOACKOH TpaHCHOPTHOU
Cpenpl.

[Iporpamma peanmzoBana Ha si3bike Python ¢ ncrnonezoBanuem
FastAPI nns cepsepnoil noruku n OpenLayers 11 KIHEHTCKON
Busyanusanuu. I'padoBast kapTa JOPOT MOTydeHa ¢ MCHOIb30Ba-
aueMm OpenStreetMap. [IporpaMma m03BONIAET BHITOTHATE MTOIIA-
TOBOE MOJICTTMPOBAHNE TPAHCIIOPTHOI ceTH, (HOPMHUPOBATH CIIEHA-
PUH JIBMKEHUS] TPAHCHIOPTHBIX CPENICTB, & TAKXKE YIPABIATH TO-
BE/ICHHEM areHTOB U JIOPOIKHOM HHPPACTPYKTYPHI.

[Tpumep BU3yanusaluu pealn30BaHHOTO MPOTPAMMHOTO pe-
LIEHUs IPUBE/IEH Ha PUCYHKeE |.

Puc. 1. Busyanuzamust ”UMUTAIITHOHHOW MOJICITH

ApxutekTypa simV2X MoaybpHas, 9TO obecrieunBaeT e€ pac-
MIAPSIEMOCTh M aJaNTHPYEMOCTb I0J] Pa3iIudHbIe 3a1adn. Kax-
JIBIH KITFOUEBOM JIEMEHT MOJIETIH TPEJICTABIEH OTJEIbHBIM IIPO-
IPaMMHBIM KJIACCOM, PEATH3YIOIIIM COOTBETCTBYIOIINH YPOBEHb
WM QyHKIMOHAIBHYIO TTOJICHCTEMY.

Bce cymHocTn onuchBaroTCes ¢ HoMolIbio mozeneit Pydantic,
4TO 00ECHEeYNBACT CTPOTYIO THUIHM3ALUIO U CEPHAIN3AIMIO JIaH-
HbIX ipu oOmene o WebSocket/REST.

B xauectBe npumepa u Juist paboThl ¢ 0a30i JaHHBIX, peali-
30BaH AppStepSimulatorDB, BIOTHSFOIINIT pacyeThl U 3aIHChI-
BaroIuii ux B 6a3y nanaeix SQLite.

B Tabmune 3 npuBeieHb OCHOBHBIC KIIACCHI, PEAIN3yeMbIC B
MPOTPaMMHOM ~ MOJyJIE ~ MMHTAlMOHHOTO  MOJEIMPOBAHMS
simV2X.

-
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TPAHCIMOPT

Tabauna 3

OcHOBHBIC KJIAaCChI, p€aJIN3yEeMbIC B IPOIrPAMMHOM MOJYJIC

Oovekm Onucanue OcHogHble napamempol
id, position,
BazoBslii kiace ceteBoro y3na. | tx_power dbm, an-
Node Cozxepxur obume mapamerpsl | tenna_gain tx db, an-
nepeiaTYuKa 1 aHTCHHBI. tenna_gain_rx_db, sys-
tem_loss_db
Vehicle (OBU) " p P pen speed_mps, heading_deg,
CTBO C MapLIPyTOM M Hampas- -
route_id
JICHUEM JIBH)KCHHSI. -
CTanyoHapHbI y3e1 I0poXkK- | . .
an P Y 7op id, Coordinates, range m,
RSU HO#l uHdpacTpykTypsl. Obec- .
antenna_gain_db
neynBaeTt cBs3b ¢ OBU.
Mo6unbHbI  y3en  uHbpa- | . .
mRSU CTPYKTYPBL a3}1ideméHHLI§pHa id, Vehicle, status,
TPYKTYPEL P tx_power _dbm
TPAHCIOPTHOM CPEJICTBE. -
MapupyT, coCTOAIUNA U3 TO-
YeK MyTH, 10 KOTOPBIM IBU- | . . .
Route yr, P . id, path: List[Coordinates]
JKETCSL TPAHCIIOPTHOE Cpeji-
CTBO.
Xpauunuie  BLER-kpuBbIX
CurveRepositor | mo xomOuHamuu (phy, mcs, | register(), get()
channel).
Pacuér mnurensHocTH mepe- | net bitrate bps(), pay-
AirtimeModel naun nakera 1 PER u3 BER | load airtime s(), to-
unu BLER-kpuBOi. tal airtime_s()
OCHOBHOM CcHMyIISTOP: Xpa-
Simulator HUT Y3IIbI, CO3MaéT KaHalbl, nodes,ihnkiby ' pair, de-
BBINIOJIHSCT Inaru mozenupo- | fault link, summary()
BaHUSL.
. Pacmmmpennslii  cuMyssTO .
AppStepSimula pe ¥ P step(), deliver db(),
BeyIIUH JIOTHPOBAHHUE COOBI- .
torDB o . max_range_friis_m()
Tuii B 6a3y nanHbix SQLite. — — =
Uctounuk Tpaduka. Ompene-
TrafficSource JISIeT TeHepalui naketoB Bo | src id, start s, end s
BPEMCHH.
. VYHuBepcanbHelii  ucTOuHHMK | dst id, size bytes, pe-
GenericSource S -
[0JIb30BAaTEeNbLCKOrO Tpaduka. | riod s
. Menemxe OrHpoBa log_packet(), log_recep-
SQLiteStorage HE/UKEp JIOTUPOBAHWS B e_p (), log_recep

6a3y nanHbIx SQLite.

tion(), schedule packet()

Cxema pa6OTLI I/IMI/ITaL[I/IOHHOﬁ MoAeM MPUBEACHA Ha pU-

CyHKe 2.

Pesynbrarsl MozmenmpoBanus coxpanstorcst B SQLite B Buze

Tabmu (puc. 3):

1.p kets — Bce nepeaHHbIe MAKETHI;

2. receptions — pe3ynpTatsl mpuéma ¢ SNR, ycriexom u airtime;
3. summary — arperupoBaHHbIe Tokazarenn PDR, cpemnmit
SNR, s¢uprOE Bpems.
OTH JaHHBIE MOTYT OBITh dKcTOpTHpOBaHbl B CSV, Bu3yainu-
3upoBanbl cpejcTBaMu Python (6ubanorexn pandas, matplotlib)
WM CTOPOHHUMH IIPOrPaMMAaMH.
[lepeiineM K pacCMOTPEHHIO OCHOBHBIX KOMIIOHEHT, PEan30-
BaHHBIX B SIMV2X.
Signal-to-Noise Ratio (SNR) —3T0 oTHOIIICHHE MOIITHOCTH T10-
JIG3HOTO CHTHANA K MOIIHOCTH IIyMa Ha IPUEMHON CTOPOHE, BbI-
paxaemoe B nmerbenax (nb). B simV2X »3ToT mokaszatens wuc-
MOJIB3yeTCsl KaK OCHOBHOM KPUTEpHH IS OLCHKH KadecTBa pa-
IokaHaa u pacuéra BepositHoctr ommbok (BER, PER).

LinkRasult

ptn_tass_db - fical
tofal_tass_db-* fat

x_gower_dbin ol
ndise_flodr_ob; fleal

TraceStep

15 o
gosiliens . dictesling, Vecds
H

S_0D Mot
o foat i -
X Noat
¥ ioat
Naneana), 2 fleat
o |,
[T (T
(=T | Nade
fme e e e A rpr=
i BOSINON : Vec3
Dackenaliingel. Hocaniec ac) (I auer - iaar posilon
(oles - cicesting KogmcndsAeies 17| 1EE gein s do . Nsl
antenna gain v 6o faal
sysiem_loss 00 sl
X
fRecod
simulator el Caetior t5: o
e | T sie_ie - siing
o, ast1d st
sni_dn float
fedrd . bacl okl
SalfeStomge ¥ success : vaol
ainime_s - Toat 3
packet o - I '
CanSource
Traicseurce eoa s ot
.................  sre_id - siting LI
a3 foal <}
e s foal ~ 77T

ackel ng
FEooe T
aitime_s - float ¥
Sno_” ot 50 sting [Ny ———
suczess - boal gecranon_ime 5 < noat
* packel_yge sting
i lengin . 0
Transmitters = i X QAMIE
J7:;“«,-4
¥ i . BPSK
. E—
AltimeMadel wame st
P bis per symool: fogt|_
codc e toat - F——— a
— [AessHRrOye - - - Freespace
e, i v
I ) T PaifLosshoel_ Cogtia
= [namo: smm
sur_thresnold_ab - fioat (120 S0 iy m'r“‘!m
PathLozsSwitc
PhyProlie g
Fnyiong name : sting
> = center frequency 7 - o3t
A PhaRegity L lpanowih nz-Noal  w}—|c vaK Fes|
et map ct<Phykng ShyFTOnIARYIT | preamie_time_s - foat
T irac_efliciency” flozl
H_guantum_s taal
e

GenerlcSource
ast i string GanericPacket
el suae_byles 1ol
s flcal =

fiter < float

g fosl  <h——NR_veX_Sidelink

hil Q8

IECCA02 1)

‘lEEE&I}ZHN

Puc. 2. Cxema pabOTBl IMUTALIMOHHON MOJICITH

T QuerRequestacket

AngELOSCIESI
Ihreshold_deq  flest

eceptions
SELECT * 6N “reception’ LINIT 130,30 u

M pacetid o md wna b hesed  wsecess airtima 3

w9 0 moudsy WTHISONTTIAZT 1 ' QEOITIRIINNIM
2 1 o L) T0IESEAMTOTEIT I 1 1 Q001N 3333333333334
123 1 o L) 1327126315451 1 1 Lol B EEEEEEEEERER )
24 1 o Lot = TIASSEREMSG0652] 1 1 Q000N N333333333334
25 1 o LUETE A 18.95032181803056 1 1 D00G1T013IININIM
%1 0 mikdd TLRRI6001 K15 1 1 AEOOTNIINIM
27 1 o L) REGE34I3IIINNEI 1 1 Q001N 333333333134
28 1 o LT TEGEME1 TS5 TS 1 1 Q00017 333333333334
s 1 o meslsT SE35091390MME54 1 1 0000V 333333333334
1 1 o Lt BATRO TR S4 1 1 Q0001 N 3333131011
m o1 0 mowid A1 IEHISIANST 1 1 Q0001 IITIM
mw 1 o LT FD4RITEIS IR 1 1 Q000 TN IIIFITITIIIM
E:] 1 o L] 1LAI9ERSSER5T0I 1 1 Q001N 333NITINTIM
Rk 1 o sk 10417IA55158430 18 1 1 QO000YT0N3333333333334
135 1 L] misd?d 22ASOOMORINTI4AGE 1 1 Ll B EEREEREEERER )
™ 0 e 12ATHMEI 1 QEOITIINIIM
1w 1 o LT TR 1 1 Q0001 7013333333313334
138 2 o et T5B4Z50634 M5 TS5 1 ' 00001 TN 3333333333334
135 2 o e TATEEENI26TS0NSS 1 1 0000V TN333333333334
. 2 o e 126487157 54808782 1 1 Llo g B EELEERERERER )
w2 0 met TRMZMEGHOSTHT 1 1 QORI
w2 0 s T2ATHIBASI0NITY 1 1 QEOTIRIINRIIM
143 2 o ki TLATZI2001 94934 1 1 QO00TTN33IIIIANIM
Rl 2 o ? TLITIT9381972635 1 1 QO00NTNI333I 13
RLi3 2 o el 10649888 TIHIASN 1 1 Q001N 33333333333
18 2 o g 10001143247 56809 1 1 0000170133313 3333304

Puc. 3. Pesynbrarer MmosenupoBanust B SQLite
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Pacuernas popmyia:
SNR;; =P. =N,

e Pr — MOIIHOCTb MpUHUMaeMoro curHana B n1bm, N o, — Mo-

HOCTH IIyMa B IIOJIOCEC KaHala, BbIYUCIACMAA I10 cnez[ylomeﬁ
CXEME!

N, =—174+101log,,(B)

rne B - LIMPUHA MOJOCH B ['11.

[Tpu BeicokOoM SNR (> 15 nb) xanan cumraercst HaaEKHBIM
(BeposiTHOCTB OomIMOOK Maia), mpu HU3KoM SNR (< 5 nb) pacrér
BEPOSITHOCTH OIIMOOK M MOTEPh IakeToB, a Ipu SNR Hike uyB-
creutenbHOCTH (Modulation and Coding Scheme, MCS) nepe-
nmada HeBo3MokHa. SNR Hampsimyro Biuser Ha Bit Error Rate
(BER) u Packet Error Rate (PER), ompenemnss BeposSTHOCTBH
YCHEIUIHOTO NpuéMa nakera.

Bit Error Rate (BER) — BeposATHOCTh OIIMOKH OTAETHHOTO
outa mpu nepeaade yepes paguokaHair. B simV2X 3ToT mokasa-
TeJIb PACCUUTHIBAETCS HA OCHOBE BHIOPAHHOI CXEMbl MOTYIALUH
u oTHOIIEHUs curHai/myM (SNR).

Packet Error Rate (PER) — BeposITHOCTB TOT0, YTO XOTSI OBI OJTHH
OuT B MakeTe 1epeaH OMO0YHO, T.€. BECh IIAKET HE OyJIeT MPUHST
KoppekTHO. Peammsyercss B Mmerozne AirtimeModel.per from ber
(bits, ber).

Packet Delivery Ratio (PDR) — onst ycriento 1ocTaBIeHHBIX
MAaKEeTOB OT OOIIEro KOJMYECTBa, NEPEJaHHbIX 3a IEPHUO]] MOJIe-
JMPOBAHMS.

Airtime — 3TO BpeMsi, B TEUYCHHE KOTOPOTO IAKET 3aHMMAET
3¢up. 3aBUCUT OT MOJIE3HON HArpy3KH, IMPOIYCKHOH CIIOCOOHO-
CTH KaHaJlla M HakjnaaHblx pacxonoB PHY. PaccuurtbiBaercs B
AirtimeModel.total airtime_s (bits).

Pacuernas popmyna:

T. =T + Nbits

air preamble R >
net

roe T — BpeMs TipeaMOyIIbI U CITyKeOHBIX mosei, N

preamble bits

KOIIMYECTBO OWT B makere, R, — oexTuBHas ckOpocTh nepe-

nmaan (¢ yuetom MAC efficiency u spectral efficiency).

Path Loss (PL) — ocnabmeHme MOIIHOCTH paIHOCHTHAA
MEXJy MepeJaTyMKoM U MPUEMHHMKOM BCJIEACTBHE PAacCHpoCTpa-
HeHwus B mpoctpancTse. B simV2X peanuzosansl moaenu 3GPP u
00bIYHOTO JiorapuMUUEcKoro pacctosuus. Jus omnpenencHus
PL tpebdyercst onpenenuts LOS 1 NLOS. Pemienue o Tom, sBis-
ercst s cBsi3b npsamoit (LOS) wim venpsimoit (NLOS), npuanma-
€Tcs Ha OCHOBE IPOCTPAHCTBEHHOTO TIOJIOKCHUSI U OPHEHTAINH
TPAHCHOPTHOTO CPEJICTBA.

Jlns onpeneneHust ypoBHsl JOCTYITHOCTH YCTPOHCTBA B COOT-
BETCTBUH M YPOBHEM CHTHAJI-IIYM, C YIETOM NPSIMOH HITH HETIPsI-
MOW BHIMMOCTH B MMHTAI[IOHHOW MOJEIH PEANN3yeTcs C HC-
MIOJTb30BaHNEM ANTOPUTMA, NIPEACTaBICHHOTO HAa PUCYHKE 4.

Anroput™m ompenenser, kakue ycrpoiicta (OBU, RSU,
mRSU) MOTYT «yCHbIIaTh» KOHKPETHOE YCTPOHCTBO B MpeIenax
ceru. Ero paboTa ocHOBaHa Ha CPaBHCHMH NapaMETPOB Hepesa-
BAaeMOr0 CHUTHaJIa C TIOPOTOBBIMHU XapaKTEPHUCTHKAMU NPUEMHH-
KOB JIpYyTUX YCTPOMCTB, a TAKXKE HA y4ETE PACCTOSIHUS U YTIIOBOIO
TMIOJIOKEHHST MKy 00bEKTaMH.

TPAHCIOPT

Puc. 4. Anroput™ omnpejeneHus ypoBHs JOCTYIIHOCTH yCTpoiicTBa

BXonmHBIMH NAaHHBIMH anropuT™Ma sBITIOTCS 00BekT OBJI,
TIPEACTABISIOIINHI YCTPOICTBO, A1l KOTOPOTO OIPEAEIIeTCs 30Ha
cneimumocTH, 1 MHOkecTBO NODES, conepakaree Bce ycTpoil-
cTBa cetH, Bkimogas OBJ1. [TepemenHast max 3a1aéT KOJTMIECTBO
anemenToB MHOXectBa NODES, a mepemennas CAN _HEAR
MHHUILHAIIM3UPYETCS KaK IIyCTOE MHOXKECTBO, B KOTOpoe OyayT 10-
0aBIIATHCSI YCTPOMCTBA, CIIOCOOHBIC PUHSITH curaaji ot OBJ1, uc-
kirovast cam OBJ1. Jlanee BBIMOJMHSETCS UK IO BCEM 3JIEMEH-
Tam MHOkecTBa NODES.

Jns xaxxnoro ycrpoiictBa u3 NODES nposepsieTcs, He coBna-
naet u oHo ¢ OBJ1; ecnu coBnanaet, uTepanus NpomycKkaeTcs,
MIOCKOJILKY YCTPOHCTBO HE MOXKET IepeiaBaTh CUI'HAI caMo cele.
B mpoTtuBHOM cityuae BBI3BIBAaETCSl BCIIOMOTaTeNbHAsT (DyHKIHS,
0003HaueHHAs Ha PUCYHKE Kak func, KOTopast BEIYHUCIISIET YPOBEHb
CUTHaJIa, noyryyaemoro ycrporicrsom OBJ2 ot uctounuxka OBJ1.

[Toce mosy4yenus 3HaUCHNS CUTHAJIA BBITIOJIHSACTCS IPOBEPKa
YCIIOBHSI: €CJIH TOPOT YyBCTBUTEILHOCTH MPUEMHIKA YCTPOHCTBA
OBJ2 wMeHbIIE pPACcCUNTAHHOTO 3HAYCHHWS CHTHANIA, TO €CTh
YCTPOHCTBO CIIOCOOHO MpHHATH nepenady, OBJ2 nobasnsercs B
muoxkectBo CAN HEAR. Ilocne 3aBepuieHus OUKIa pe3ysibTa-
ToM paboThl ajgroputma cranoButcs MHOxkecTBO CAN HEAR,
cojiepaKallee Bce yCTpoiicTBa, HaXOAAIINECS B 30HE CIBIIINMOCTH
OBIJI.

Oyuknus func(OBJ1, OBJ2) moxenupyeT pacnpocTpaHEeHHUE
CUTHaJIa MeXIy AByMs ycTpoiicTBamu. Ha BXxos oHa momydaer Te
xe 00bexTsl OBJ1 n OBJ2. BHyTpH QyHKINHU BEIYUCIISIIOTCS pac-
crostaue length Mexxny oObexTamu 1 yroi deg Mexty HarpasJie-
HUSIMU VX aHTEHH.

—
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Ha ocHoBaHuM 3HaueHUs yIiia onpeeseTcs TUI pacIpocTpa-
HeHus1 curHana: eciau deg He mpesbimaer 40°, mpeanonaraercs
Hanmuue npsiMoid Buaumoctu Line of Sight (LOS), nnaue cunra-
eTcsl, YTO CUTHAJI PAaCIpOCTpaHseTcs ¢ mpensaTcTBisiMu Non-Line
of Sight (NLOS). [laree onpenensercs GyHKIUS IOTEPh CUTHATA
PL, cooTBeTcTByIOmas BEIOPAHHOMY THITy PaclipOCTPaHEHUS,
BBIUMCIIACTCS UTOTOBEIA ypoBeHb curHana signal = PL(length),
KOTOPBIM BO3BpAILlaeTCsl B OCHOBHOW anroputM. [lns onpenene-
HUSI PAcIpOCTPAHEHMsS] CHUTHAllAa MOXKET MCIIOIb30BaThCsl HE
TOJIBKO PAcCTOSIHUE, MEPEJAI0TCsl BCe HEOOXOAMMBIE JAHHBIC OT
00BEKTOB, OJJHAKO JUIS JAHHOTO CIIEHApHsI IOCTATOYHO CUMTATh
pacCTossHUC. q)yHKHPIefI IMOTECPU CUTHAJIa MOT'YT ABJIATHCA MOJCIIN
3GPP, Hata unu npyrue.

Jnst kaxnoro ysna (TpaHCIOPTHOTO CPEJCTBAa WM HMH(pa-

CTPYKTYpHOI# TouKM) H3BecTHBI KoopmHatel (X, Y) u Hanpasie-

HHE JIBIKCHUS (BEKTOP OPHCHTAIIUH, BBIPAKCHHBIA Yepe3 yrod
heading deg). [lyist maps1 y3moB A (riepenaTuuk) u B (mpuéMHuK)
BBIYHCIISIETCS BEKTOP HANPABICHUS HA IIPUEMHHK:

VAB = (XB - XAa yB - yA)

3areM ompeaemsieTCs yroll OTKIIOHSHUS MEXKTy HaIllPaBIICHHEM
IBIDKEHUS TIepenaTdnka (BEKTOp OpPHUEHTAIMH aBTOMOOWIS) W
HalpaBlIeHUEM Ha NPUEMHHUK:

Vheading ’ VAB

0 = arccos —
V|

|Vhead ing

rae Vheading — eMHMYHBIA BEKTOP HAINpPABIEHMs ABWKEHHS A,

VAB — HOPpMAJIN30BaHHbIM BEKTOP HA MIPUCMHHUK B

[Mocre BhIYUCIICHUS YITIa, CPABHUBACTCS 3HAYEHHE YTIIOBOTO
mopora. Cumraem, uyto mus NLOS OTKIIOHEHHE TpPEBHIIIACT
40 rpamycoB. Takum oOpa3oM, eci IPUEMHUK HAXOIUTCS B IIPe-
nemax 40° mepes HaIIpaBJICHUEM JIBIKEHHUST aBTOMOOMIIS — CUMTA-
eTcs, 9YTO MeX Iy HUMH npsmas BuauMocts (LOS). Ecnu npuém-
HUK PaCIOIOKEH 10321y WM MO0 OOJBIINM YIJIOM — KaHall CUu-
taetcst 3areHéHHBIM (NLOS). DTo Haubosiee mpocroe JMHAMUYC-
ckoe omnpeaenenne LOS/NLOS. AnbTepHaTHBHBIM METOJIOM MOT
ob1 BeicTyaTh «RayCasting» — 3amyck Jiyueit 10 Touek. OnHako,
B TAKOM Cily4yae, HeoOX0MMO ObIIO OBl IMETh KOOPANHATHI BO3-
MOYKHBIX TPETISITCTBUH Ha My TH.

CueHapuii HMUTAIHOHHOTO MOJEJTHPOBAHHSA

[Ipu mpoBeseHUN peanbHBIX MCIBITAHUH BO3ZHUKAET HEOOXO-
JMMOCTh (pOPMHUPOBAHHMS TIPEIBAPUTEIBHON CTATHCTHYECKOM NH-
(bopmMaryy o TeX WM UHBIX IIapaMeTpax CUCTeMBL. Tak, Juis ompe-
JeneHust miuoTtHocTd pacnpexaeneHuss RSU Ha mepekpecTkax,
HEOOXOAMMO OTPENCNIUTh CUIIy BIMSHHS TPSIMOW BHIAMMOCTH
YCTpoiicTBa Ha 00pabOTKY COOOIICHHUS.

Bbut pacemoTpeH cueHapuii (puc. 5), B KOTOPOM IIpeioiara-
ercs, uto ycrporictBo OBU He nmeet npsmoii Buagumoctu ¢ RSU,
HO HaxXOJuTcs B 30HE feiictBrs mRSU, koTopoe, B CBOIO ouepe/ib,
nMeet npsamyro BuanMocts ¢ RSU. Takum 00pazom, CBSI3b MEXITY
OBU u RSU — NLOS (6e3 npsimoii BuauMoctn), Mexxay mRSU u
RSU — LOS (¢ npsamoii BuaumocTsio), Mexaxy OBU u mRSU —
LOS (c npssiMoii BUIUMOCTBIO).

HcxonHoe IMpearnosokKeHue 3aKIovacTcst B TOM, 4TO Iepe-
nada JaHHeIX 1o nenouyke LOS-LOS wmoxer obecrieunBathb

MEHBIIINE 33a/IEPKKH 110 CPABHEHHIO C MPSAMOM mepeayeit mo ka-
Hainy NLOS. Cxema cuenapust nmpuBeneHa Ha pucyHke 4. B pac-
CMaTpUBaeMoOM ciy4yae Takxke Mpenmnonaraercs, yto mRSU u
RSU ne B3aumoneiictBytot ¢ apyrumu OBU. mRSU Beimomnnsier
poJib peTpaHciaTopa, nepenasas 3agady Ha RSU, npu sTom He
pacrnosaras K3IHpPOBAHHBIMU pe3yibTaTaMu. B 1o sxe Bpemsa RSU
COJICPKUT YXKE 3aKIIIMPOBAHHBIN pPE3ynbTaT, 4YTO HCKIIIOYAET
HEOOXOIUMOCTh OKUIaHUs OTKIHKA OT ES mm ob6mavnoit nHbpa-
ctpyktypsl. OBU nomxkHo Haxoautcst B 30He OkpeITHst RSU, T.e.
CHUTHAJ JOJDKEH OBITh «YCIBIIIaH». B clieHapuu HMCIONB3yeTcs
Moens pactipoctpanenus 3GPP B ropoackoii cpene.

Puc. 5. Cuenapuii UMUTAIIMOHHOT'O MOJIEJIMPOBAHUS

CKOpOCTH TPaHCIIOPTHBIX CPEJCTB HA3HAYAINCH CIy4aifHbIM
00pa3oM B Hayalle Kak0ro MoBTOpa MojenrpoBanus. CKOpoCcTh
OBU or 30 g0 60 xm/4. Ckopocts mRSU ot 20 mo 45 xm/4. BeI-
cota anteHHsl OBU cocrasnser 1.5 metpa, mRSU — 4 metpa,
RSU - 10 meTtpoB. MoaennpoBaHue nNpoBOJMUIOCH C XapaKTepu-
crukamu [EEE 802.11bd, Ha wactore 5.9 I'Tmu. Koaddumment
myma 7.0 1b, pacueTHas MOIIHOCTD LIyMa ~ -97 nbm.

PeSyJ’lLTaTLl HMUTAIUMOHHOI'O MOJIC/IMPOBAHUSA

Jluist mpoBepku pabOTOCIOCOOHOCTH MTPEATIOKEHHOM apXHUTeK-
TYpPBI PETPaHCIILUH ObLIIO IPOBEACHO MMHUTAIIMOHHOE MOJCIINPO-
BaHHUE CIIEHapHUs, OMMCAHHOIO B MpenblayleM pasaene. Llemsio
MOJICIIMPOBAHUS SIBIISIETCS CpaBHEHUE KaduecTBa cBsi3 (SNR) mpu
npsmoii nepenaue ganubix 0T OBU k RSU u npu nepenave yepes
MoOuIBbHBIN perpancisitop mRSU. s ananu3a ObUN HCTIONB30-
BaHbI /[BE KOH(UTypanny MOJICITN KaHasa:
1. Kanamy OBU-RSU crarnuecku npucsoen tun NLOS, a ka-
HasaM OBU-mRSU 1 mRSU-RSU —tun LOS, B cooTBeT-
CTBHU ¢ 6a30BOI I'MIIOTE30H.

2. Tun kanama (LOS mmu NLOS) ans OBU-RSU m mRSU-
RSU omnpenensiercss tnHAMHYECKH.

Ha pucynke 6 mpenctaBieHBl pe3yibTaThl MOJEITUPOBAHUS
nepBoii KoHurypaiuu. CUHsIsS YHKTHPHAs JIMHUS TIOKa3bIBaeT
SNR ny1s1 mpsimoro kaHasa. KauecTBo CBSI3M HEJTMHEWHO U JIOCTH-
raeT rnuka B Touke MakcumaibHoro commkenns OBU ¢ RSU. Ilo-
ciie atoi Toukn SNR OBICTpO serpagupyer, omycKasich HUXKE I10-
pora paboTOCOCOOHOCTH. 3eieHasi CIUIOIIHASI JIMHUS TTOKa3bl-
BaeT SNR kanama yepe3 perpancisatop. Ilockomsky OBU n
mRSU nemwxkytes (OBU moronser mRSU), SNR storo kanama
TUTAaBHO pacTeT. XOTs MPsAMOi KaHal (CHHHI) BpeMEeHHO obectie-
yuBaeT Oostee Beicoknit SNR BOmm3n RSU, oH IOTHOCTRIO TepsieT
paboTocrocoOHOCTh Ha AUCTaHIMK. KaHan depe3 peTpaHcisTop
(3erneHblit), HAIPOTHUB, OOecreYnBaeT CTaOMIbHO BbhICOKUI SNR
Ha BCEM CMOJIETIMPOBAaHHOM JMaNa30He, pelast 3aJady paciupe-
HUS 30HBI TOKPBHITHS V2X.
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== SHR Mpamod OBL-ASU (KLOS)

—— SHR OBLMASU-RSU (LOS-LOS)
—— MNapor SNA (5.0 a6)
é M. aweT. OBL-ASL (31 2m)

Mik. QRcT. OBL-MASL (20.6m)

200 400 200 000 700
Noanuma OBU no oo X (meTpo)

Puc. 6. Pe3ynpraTsl MOICIMPOBAHUS B IEPBOW KOH(MUTYpaIUU

Ha pucynkax 7 u 8 mpencraieHa BTopasi KOHQHUIYpaIs, Tae
MOJIeNTb KaHaja AUHaMudecku nepekmogaercs ¢ LOS na NLOS,
korga OBU mmnm mRSU ynansrores or RSU. Cunsis nuHus ne-
MOHCTpUpPYeT Uk B 30He LOS, oxgrako, kak Toapko OBU Tepser
RSU u3 Bugumoctu, Moaenp kaHana nepekiodaetcss Ha NLOS u
3TO MPHUBOAMT K MrHOBeHHOMY mnazaeHnto SNR. Ilocne atoro 06-
pbiBa KaHall OBICTPO JErpajJiMpyeT W CTAaHOBHUTCSI HEpabOTOCIO-
coOHbIM. 3enenas mHus nokaseiBaeT SNR perpancistopa. 9101
SNR onpenensiercss caMbIM HU3KUM YPOBHEM U3 JIBYX B3aUMOJEH-
crBuid. Ha rpadukax (puc. 7 u 8) BuAeH pe3Kuil BEpTHKaIbHBINA
OOpBIB 3€JICHON JTMHUM. DTO MPOUCXOIUT B TOT MOMEHT, KOT/Aa
MobmbHEI MRSU nokunaer 3ony Buanmoct RSU, u ero xanan
nerpamupyer 1o NLOS, MrHOBEHHO CTaHOBSCH y3KHM MECTOM
BCEH LIENU pETPaHCISIIMM. TeM HEe MEHee, CUTHAJl PETPAHCIIALNN
JIETpaaAnpyeT TO3AHEE, YeM MIPSIMOE COCTMHEHHE.

== SR Mipasoh OBU-RSU Ulmiakussccni LOSNLOS)
— SR 2
— Mopor SR (5.0 AB)

oA é Mian. aneT. OBU-ASU (31 2m)

M, AWCT, OBL-MRASL (5 6)

SNR (aB)
=

pm—————————

e \
-
-
- S — > .

o 200 400 000 800
Noanuma OBU no ocu X (MeTpw)

Puc. 7. Pe3ynbpTaThl MOAEINPOBAHHS BO BTOPOH KOH(PUTYypanuu

== SN ipaseoh DBL-RSU lunauuuscrud LOSNLOS)
= SNR OBU-MRSU-ASL | Quasmreeckii MRSL-RSU)
—— Neper SKR (5.0 AE)
é M, ameT, OBU-RSU (31 2m)

Miak. AMET. OBL-MRSL (5 6m)

SNR (aB)
S

Ve
~—
e —

o 100 200 800

300 400
Moawuna OBL no ocu X (MeTpwu)

Puc. 8. Pe3ynbraTsl MOJETHPOBAHHS BO BTOPOIl KOHQHUTYpAIN

—
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Koneuno, peansHoe majgeHne OyneT MPOXOJUTH HECKOJIBKO
IUTaBHEE, Pe3KHWi craja OOyCIOBICH MEPEeKIIOYCHHEM MOJEINei.
Perpancmanns mRSU s>¢dexTiuBHa TOIRKO TOT/Aa, KOoTAa oda ee
cermerra (OBU-mRSU, mRSU-RSU) umeror Bwicokuii SNR.
[peumymectBo or mRSU mposiBiisiercsi Ha OOJBIIMX PACCTOS-
HUSIX, r1e ObIcTpoe 3aryxanue npsimoro NLOS-kaHaia nenaer ero
HepaboTocrocoOHbIM, B TO BpeMsi kak mRSU npogoinkaer odec-
neunBath cBsi3b. MRSU mo3BossieT pacipyuTh 30HY TOKPBITHS,
HO 9Ta 30Ha BCE PaBHO OrpaHUuYe€Ha MOMEHTOM, Korjaa cam mRSU
tepsier LOS-cBsa3b ¢ RSU.

3akiaoueHue

[IpoBenéHHOE WCCIEMIOBAHME ITOCBSIICHO pa3padOTKE CH-
CTeMBbl MMHTAIIMOHHOTO MOJeTupoBaHus V2X-ceTeld W OIeHKe
9P PEKTUBHOCTH apXUTEKTYPBbI, HCIIOJIB3YOIIeH MOOMIIBHBIN y3eI
TyMaHHBIX BBIYMCJICHUH B KaUeCTBE PETPAHCIATOPA MEKIY O0Op-
TOBBIM YCTPOHCTBOM U CTAIMOHAPHO# JIOPOKHOM HHPPACTPYKTY-
poit [23].

[IpoBeneHHOE MMHTAIIOHHOE MOJEIHPOBAHUE B YCIOBHAX
OTCYTCTBUS MPSIMOM BUAMMOCTHU MOKAa3ajo, 4To Mepeaada Mo Ka-
Hany css3u Mexxay OBU u RSU xapaxrepusyercst ObICTpbIM He-
JIMHEHHBIM 3aTyxaHueM curHaia. Micnonszosanne mRSU obecrie-
YHMBACT YCTOMUYMBOE KQ4ECTBO Iepejauyl TOJIBKO Ha OOJIBIINX pac-
CTOSIHUSIX, T/I€ TIPSIMO KaHall CBSI3M YK€ HE MMEET BO3MOKHOCTH
Uit QYHKIIMOHMpOBaHUs. Ha ManbIX pacCTOSHMAX NperuMyIie-
CTBO PETPAHCIISIIIMHI BBIPA)KEHO HE3HAYUTEIBHO.

VIMuTanMoHHOE MOJIEIMPOBAHNE MOATBEPANIO, YTO T'€OMET-
PHSI M BBICOTA QaHTEHH SABJISIFOTCSI KITIOYEBBIMU (haKTOpaMH IS CTa-
OWIHHOI HACTPOWKM KaHaja JJs mepefadyn AaHHbBIX. Huskoe mo-
noxenue antenHsl OBU (okouo 1,5 M) mpuBoauT Kk ObICTpOMY T1e-
pexoay B pexum NLOS, uTo BI3bIBAET MIHOBEHHOE CHIIKEHHUE
ypoBHst SNR. IIpu stom ucnonb3zoBanre mRSU ¢ aHTeHHO# BbI-
COTOM OKOJIO 4 M IMO3BOJISIET JOJIbILIE COXPAHATH MPSAMYIO BUIH-
MocTb ¢ RSU u 3¢ dexTrBHO peTpaHcIupoBaTh JaHHbIE, PACIH-
psist pabouyro 300y mokpsiTHs At OBU.

D¢ dexTnBHOCTD DyHKIMOHNpOoBaHUs cucrembl OBU-mRSU-
RSU omnpenensercs Hanboee cnadbiM 3B€HOM — KAHAIIOM MEXKITY
mRSU u RSU. [lpu yBenwmueHWH pacCTOSHUS MEXKIy HIMH
CBBIIIIE TOPOTA MPSIMOI BUIMMOCTH HaOJIIOAAeTCs ETpaiariys Ka-
HaJIa, 9TO MPUBOJUT K ITOTEPE CBA3H BCEH CHCTEMBI. DTO MOTIEP-
KHBaeT He0OXO0IMMOCTh Pa3pabOTKH alIrOPUTMOB IIPOTHO3HPOBA-
HUSI IOTEPH COEIMHEHHS W BHIOOpA ONTHMAIIBHBIX PETPAHCIISITO-
POB B IMHAMHUYECKOU cpene.

PazpaboranHas cucremMa HMMHUTAIMOHHOTO MOJICIIUPOBAHUS
MOJTBEP/IUIIA, YTO MCIOJIb30BaHUE MOOMIIBHBIX Y3JIOB TYMaHHBIX
BBIYKCIICHUI B Ka4eCTBE PETPAHCIATOPOB SBIsieTCsl AP QeKTHB-
HBIM CIIOCOOOM ITOBBIIICHUSI HAA&KHOCTH CBSI3M B TOPOACKOM
cpezne.

Crenyromum 3TaroM HCCIIeIOBaHuUs B pacCMaTpHBaeMOi 00-
JIACTH SIBJISIETCSI pa3paboTKa afanTHBHBIX allrOPUTMOB BBIOOpA pe-
TpaHCIATOPa ¢ y4€TOM He TOJIbKO ypoBHS SNR, HO U nmporaosu-
pPYeMOro BpeMEHH MOTEPH MPSIMOI BUIUMOCTH B KaHAJE MEXKTY
mRSU u RSU. IlpexycmarpuBaercsi BHEpEHHE MOIEIEH MHOTO-
JlydeBoro pacnpoctpanenus Penes u Paiica s yuéra 3amupanuit
U OTPaKEHUI B FOPOJCKUX YCJIOBUAX. Takxke IIaHUpyeTcs Ipo-
BECTU OIICHKY BJIMSHHUS Hcmosib3oBanuss mRSU Ha o0mryto mpo-
IIyCKHYIO CIIOCOOHOCTB U 33I€PKKY IIepejaull JaHHbIX B CHCTEME
C Y4€TOM JBYX3BEHHOI'O KaHajia CBA3H.
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Abstract

The paper discusses a simulation system for intelligent transportation systems (ITS) based on Vehicle-to-Everything (V2X) communication technology. The
development objective is to create a tool for analyzing the interaction processes between vehicles and road infrastructure elements, taking into account the
specific characteristics of the urban environment. The developed software package simV2X allows for reproducible data exchange scenarios, vehicle move-
ment modeling, and assessment of how communication noise affects the efficiency of interactions within a dynamic system. The system architecture follows
a modular design, providing flexibility in parameter configuration, functional expansion, and adaptation to various application tasks. The paper presents a
simulation scenario in which a mobile infrastructure node operates as a relay between a vehicles on-board unit and a stationary data transmission unit know
as mobile roadside unit. The experimental results demonstrate differences in communication quality between direct and relay-based message exchange and
reveal the influence of spatial positioning and object dynamics on connection stability. The obtained data can be applied to evaluate the efficiency of dis-
tributed ITS architectures, optimize the placement of infrastructure elements, and plan further experimental studies in the field of cooperative and auto-
mated mobility.

Keywords: ITS, edge and fog computing, V2X system, simulation, simV2X
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One of the main trends in the development of robotics is the increasing autonomy and
intellectualization of robotic complexes. The main source of data for decision-making and
implementation of certain actions by the ground-based robotic complex (GBRC) is the
technical vision system (TVS). Therefore, improving the TVS and data processing algo-
rithms is an important task. The article presents the results of research on estimating the
density of an obstacle based on measurements of the radar channel of the TVS of the
GBRC. This task is relevant when the GBRC builds its route autonomously, i.e., when the
GBRC builds its route from point A to point B and adjusts it if obstacles are detected. It
is obvious that if the GBRC is used in a rural area, the optical channel will perceive tall
grass as an obstacle and start rearranging the route, which may result in a longer path or,
ultimately, the GBRC not completing its task. An analysis of existing studies has shown
that it is possible to estimate the density of an obstacle using measurements from a mm-
range radar system (RS). The results of evaluating the possibility of determining the den-
sity of obstacles using the radar channel of the onboard TVS of the GBRC using a simula-
tion model of the radar channel showed that the density of obstacles can be estimated
based on the normalized radar cross-section (RCS) of various obstacles. The normalized
RCS of obstacles is determined with the least errors at short distances (about 10-15 m).
Certain types of obstacles (trees, shrubs, and tall grass) can be further selected based on
the correlation time of the received signal, which is significantly lower than that of homo-
geneous solid obstacles (wooden or concrete walls, and cars). The principle of using nor-
malized RCS and signal correlation time depends on the type of classifier (artificial neu-
ral network, decision tree, etc.). Further research by the authors will focus on the specif-
ic implementation of this algorithm.
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Introduction

Modern technical vision systems (TVS) for ground-based ro-
botic complex (GBRC) are complex systems with a variety of
multi-range sensors [1, 2]. Optical, infrared, and radar sensors are
the most commonly used sensors in TVS [3]. Each measurement
channel has its own advantages and disadvantages [4]. For exam-
ple, an optical channel, which usually consists of several video
cameras, can provide high-detail images in real time. However,
passive optical sensors can only work in conditions of sufficient
illumination, i.e., during the day and in the absence of interfering
weather phenomena (fog, rain, etc.). The infrared channel (thermal
imager) allows us to receive images of our surroundings at night,
but the image quality and range will be much lower than those of an
optical imager. It is the specific features and limitations of various
sensors that have led to the fact that the TVS of the GBRC is a com-
plex of multi-range sensors that are combined into a single system
through the integrated processing of multi-range data [5, 6].

A large number of papers have been devoted to the problem of
selecting an optimal (rational) set of sensors [7-9]. These studies
have shown that in addition to sensors for obtaining visual infor-
mation (images), the TVS of the GBRC should include devices for
measuring the parameters of the observed objects: range, speed,
etc. One of the interesting properties of observed objects is their
density. This property is especially relevant for GBRC when they
are building a route autonomously, i.e., when the GBRC builds a
route from point A to point B and adjusts it if obstacles are de-
tected. Obviously, if the GBRC is used in a rural area, the optical
channel will perceive tall grass as an obstacle, and the GBRC will
start rearranging the route. Obtaining radar or infrared images will
not solve the problem either. Recognizing grass from images won't
provide the desired result either, as there’s no guarantee that there
isn’t a large rock or a fallen tree in the grass that the TVS doesn’t
currently see.

The solution to this problem is to measure the density of the
obstacle, which will allow the GBRC’s onboard algorithm to make
a rational decision about the route. The density of the obstacle can
be measured using a special radar channel in the TVS of the
GBRC.

1 Analysis research in the subject area

As mentioned above, the TVS’s channels, including radar
channels, are used not only to solve classical problems of deter-
mining the range and geometric parameters of environmental ob-
jects, but also to determine such characteristics as their density
[10, 11], type of material [12-17], structure [18-21], electrical con-
ductivity [22], and volume [13, 15]. At the same time, radar data
can both complement optical channel data and be used inde-
pendently.

Paper [10] proposes an approach to estimating forest cover
density based on the combination of optical and radar satellite
data. 411 parameters were extracted from sub-meter optical satel-
lite images, synthetic aperture radar satellite images, and digital
elevation model data, and 17 of them were selected to build an
estimated model of vegetation density. Three different models
have been developed: multiple stepwise regression; neural net-
work; and decision tree-based. As a result, the accuracy of density
estimation increases from 76.50% for optical images and 78.50%
for radar images to 78.66% for both options. The neural network-

based model achieved the highest overall accuracy (79.19%) and
demonstrated excellent accuracy in estimating low tree cover den-
sity (75.37%), while the decision tree-based model using radar im-
age features showed excellent accuracy in estimating medium
density (87.46%). It is noteworthy that the integrated decision
tree-based cubic model, which combines optical and radar data,
achieved the highest accuracy in estimating high vegetation cover
density (89.17%).

In [11], the possibility of detecting a human body dummy by
changes in the acoustic field caused by various boundary condi-
tions in the low and moderately low frequency ranges is investi-
gated.

Paper [12] presents the results of modeling the transmission of
infrasonic energy in the range from 3 to 5 Hz through various
types of fabrics (cotton, linen, wool, and nylon) with different
wave propagation properties. Depending on the refractive index,
these materials have different acoustic transparency, which in turn
affects the reflected acoustic power.

A large number of modern vision systems use millimeter-wave
radars. These systems are used to solve a wide variety of tasks:
determining the level of liquids in various tanks, calculating the
volume occupied by solid materials, assessing the surface in in-
dustry, measuring and monitoring vibration [13].

A number of papers consider the use of millimeter wave radars
for monitoring a variety of materials, as well as objects, without
their direct destruction, i.e. without penetration. For example, [13]
presents a scheme for identifying various materials, and this
scheme also contains a radar operating in the millimeter wave
range. Identification of materials is performed using a set of spe-
cific machine learning methods. Reflected radar signature is used
for machine learning. To solve this problem, the scheme uses three
approaches: convolutional neural networks (CNN), the k-nearest
neighbor method, and the dynamic time distortion (DTW) method.
The authors managed to achieve almost 100% accuracy for the
classification of six types of materials. The paper also contains the
results of a study on whether it is possible to calculate the volume
of material classified a step earlier. The research is conducted for
three different levels. The results showed a classification with
98% accuracy.

In [14], the use of synthetic aperture radar (SAR) is investi-
gated, a technology often used to solve problems of this class.
Based on the information from the SAR, the intensity of yield in
each single pixel of the image is identified. At the first stage, syn-
thetic radar data is calculated. For this purpose, the parameters that
are characteristic of a broadband radar are used if it operates in
searchlight mode and illuminates several scattering regions, and
these regions differ in frequency characteristics. At the second
stage, the data set is divided into frequency sub-ranges, and the
variance is calculated for each pixel. Finally, at the final stage, an
elementary classification analysis makes it possible to identify the
yield intensity.

Wireless classification of various materials is demonstrated in
[15]. For this purpose, a broadband CMOS receiver operating in
the millimeter range is used in the work. The experiment is ar-
ranged as follows: power is transmitted through several solid ma-
terials at different distances from the receiver, then it is recorded
by the receiver in the W-band, which corresponds to frequencies
in the range of 75-110 GHz. Based on the obtained data, materials
are classified into various categories using machine learning meth-
ods. Trained classifiers were used to predict the values of the type
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of material and its thickness. As a result, the classification accu-
racy was 96% for the type of material and 88% for the thickness.

The material identification system is described in [16]. This
system uses a portable 3D imaging radar system. In this system, a
3D brightness map of an object is sent to the CNN input, and at
the output, the authors receive an assumption about the class of
the object's material. The authors proved that this approach gives
better results than using raw data coming from antennas.

n [17], the problem of classifying materials in a set of differ-
ent plates using a Siamese network is solved. This network uses a
similarity metric that is directly related to the distance to the object
under study. This indicator takes small values for identical mate-
rials. If the objects are made of different materials, then the value
of the similarity indicator also increases. The results were tested
in the classification of four different materials, using a short-range
radar operating at a frequency of 60 GHz. The classification accu-
racy was more than 99%.

In [18], the application of X-ray diffraction analysis to deter-
mine the characteristics of materials with a crystal lattice is con-
sidered. The following characteristics are investigated: structure,
phase, texture, average grain size, crystallinity, deformation, crys-
tal defects. The paper contains a comparative analysis of the latest
scientific developments in such industries as pharmaceutical and
glass industry, flaw detection, forensic examination, electronics
and geology.

Paper [19] presents an imaging method that uses coherent scat-
tered or diffracted X-rays to identify potentially harmful or pro-
hibited building materials.

Paper [20] describes the basic physical interaction of electro-
magnetic waves in the range of wavelengths from decimeters to
millimeters (in a vacuum, frequencies from 300 MHz to 300 GHz)
with various objects hidden behind dielectric materials (paper,
wood, ceramics, concrete, polymer materials, and fiber compo-
sites) for their detection and evaluation of various characteristics.
Practical examples of determining the moisture content of porous
materials and controlling the process of injection molding of pol-
ymers are provided. Special attention is paid to visualizing objects
hidden under clothing that need to be detected with maximum
speed and accuracy, such as weapons and explosives.

Paper [21] discusses the use of artificial neural networks and
machine learning to interpret ground-based radar data, taking into
account knowledge about the propagation of electromagnetic
waves, material properties, and antenna theory. Paper [22] ex-
plores the use of passive RFID tags to determine the dielectric
constant of a test material.

Thus, a review of methods for assessing the density of materi-
als shows that the mm-range radar channel of the TVS of the
GBRC can be used to solve this problem [23]. In order to assess
this possibility and evaluate the numerical characteristics, the au-
thors conducted mathematical modeling.

2. Mathematical model of the radar channel
of the TVS of the GBRC

Almost all modern on-board radar systems of the TVS of the
GBRC use complex broadband probing signals that provide high
resolution in range and angular coordinate (Doppler frequency).
Taking into account modern means of digital signal generation and
processing, pulsed signals with intra-pulse linear frequency mod-
ulation (IFM) and signals with direct spectrum expansion are the
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most preferable for radar tasks. In our case, we will limit ourselves
to signals with direct spectrum expansion.

Let's consider the mathematical description of the GBRC radar
channel. It contains, firstly, a description of the surface to be lo-
cated, secondly, the ways in which the probing signal interacts
with the surface to be located, and thirdly, a description of the re-
flected signal. The interaction of the probing signal with the re-
flecting surface is the main component, because depending on
this, both the reflecting surface itself and the initial data used to
describe the signal after reflection are described.

Let's apply a certain approach that describes the GBRC radar
channel from a mathematical point of view. There is a concept of
an independent reflector in this approach. Then the reflecting sur-
face is represented as a set of independent reflectors. When using
this approach, the output signal of the system will be a superposi-
tion of elementary reflected signals [24]. When using this descrip-
tion, the channel is defined by the scattering function. This func-
tion represents the average power distribution of the reflected sig-
nal, described in a special coordinate system from the delay and
from the Doppler frequency shift.

When modeling a useful signal in the multi—position radar sys-
tem of the TVS of the GBRC, used to detect obstacles, the main
thing is the stage of forming the input radio signals in each re-
ceiver from the probing radio signals of all transmitters. This will
allow us to take into account important properties of the model. It
should also take into account the propagation of signals on the
highway, their scattering on obstacles of various types, primarily
targets, as well as passive interference and reflection from the un-
derlying surface [24, 28-31].

In such tasks, solutions in a general matrix form for a system
consisting of M transmitters and N receivers have proven them-
selves well. In a specific case, these systems can work for both
reception and transmission, so the coordinates of the individual
transmitters and receivers will match.

Thus, a linear system with M inputs and N outputs is formed,
whose signal transmission can be described by an M x N trans-
fer function matrix K (‘r,t) . In this case, the output signal vector

S (t) is described by the time-domain convolution of the input

(emitted) signal vector X (t) and the transfer matrix K (z,t):

K(T,t)X (t —Z')d‘t',

0

where '[max — maximum duration of transmission characteristics.

Let's take the following for granted: the input signals of the
system are samples from the output of the probing generator,
which are taken with a certain modeling step At = tj — '[J._i . At the

same time, the receiver input responses are calculated in incre-
ments that do not contradict Kotelnikov's criterion for the simula-
tion bandwidth. This term refers to a band that is unifying for all
the bands that are occupied by the emitted signals.

Let's define the matrix of transfer characteristics in discrete
form:

K= XA' Ktr 'Gm ’ FPTm(a’ﬁ)' Lak 'Afprm’

where n — index of receiving modules; m — index of transmitting
modules; k — index of propagation paths taken into account during
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_ G, For, (a’ﬁ ) G, - gain of the transmitting
AfL

antenna of the m-th transmitter; F,_ (0!, ,B) — normalized radia-

modeling; y N

tion pattern of the m-th transmitter’s transmitting antenna; Af orm

— bandwidth of the m-th transmitting module’s probe signal; Gn

— gain of the receiving antenna of the n-th receiver; Ly, — losses
due to signal propagation in the atmosphere; F, (a, ﬂ) — nor-

malized radiation pattern of the n-th receiver’s receiving antenna;
Af o center frequency of the n-th receiving module bandwidth;

Ktr

m-th transmitter to the n-th receiver input.

The following types of paths must necessarily be taken into
account at the stage of constructing the distribution coefficient
matrix:

1) Direct transmission of the transmitter’s radio signal to the
receiver’s input, then

— matrix of propagation coefficients of radio signals from the

K, = e o

tr R H
where R — the distance between two objects (in this case, between
the transmitter and the receiver),
2 2 2

Ry X)X (4)) Y (6) Yo (8)) +(Zn ) ~Zon 1)
where thm > th thm

module at the current time; Xiw» ern s L — coordinates of the

n° — coordinates of the m-th transmitting

n-th receiving module at the current time; k - propagation constant
of the m-th transmitter.
2) ngle-time reflection of a radio signal from an object (target)

1

— = KmRom-coc
tr = € >
RIXlTl*C

where i — the index for the targets; R = — distance between the

K

transmitter and the i-th target; o, — target RCS value depending

on the irradiation angle.

3) Radio sign scattering by the underlying surface.

Consider the signal emitted by the transmitting device and
scattered by the underlying surface. Obviously, this signal has a
strong influence on the response that is received at the receiver
input. This signal is the sum of the signals that have been reflected
from each elementary area of the surface. The surface sections
here mean a rectangular facet, but it can also be a triangular facet
and an edge. This circumstance significantly complicates calcula-
tions, as it increases the amount of calculations. The set of multi-
ple point reflectors will be a model of the underlying surface. Let's
assume that they (reflectors) are randomly distributed over the sur-
face. Since the reflection is almost specular, the reflectors in the
model are located at different heights.

A commonly used law for the distribution of reflectors in
height is the normal distribution. The mathematical expectation in
this case will be zero. The variance will correspond to the standard
deviation of the surface heights o,:

h2
6720'52

1

w(h)=
( ) N27o,
The phase distribution of elementary reflectors is uniform over

the t interval, and the RCS distribution occurs according to Ray-
leigh's law:

where o, = O ; O normalized RCS of the reflecting surface;

Y2,
p — density of point reflectors.

Both the complication and simplification of the model occurs
by changing the density of the distribution of reflectors. It depends
on what is more important for the researcher: to obtain the required
accuracy or to achieve the specified speed of calculations. If you
change the law of the distribution of reflectors in height, or change
the parameters of this distribution law, you can get models with
different reflective surfaces.

Background reflecting surfaces (RS) will be called statistically
homogeneous areal formations of both natural and anthropogenic
origin. The area of the RS should be significantly larger than the
area of the radar resolution element S and local anthropogenic

objects (AO) located on their background.
The reflection characteristics of RS as areal formations are de-
scribed by the normalized RCS,

I
2 lref
c,=47D"—,

1,S

x=r

where D — the distance from the radar of the GBRC to the object;
I, — the intensity of the emitted (incident) wave at a unit distance

from the emitter; | - the intensity of the reflected wave at a

ref
given viewing angle at a unit distance from the object; S_ — the

area of the radar resolution element (RE) on the ground.
In turn, the intensity of the reflected signal can be represented
as follows:

Irefl = IreﬂAbasA + IreﬂAmiscA’

where | — the main polarization component, in which recep-

refl bas.
tion and radiation are carried out on the same type of linear polar-
ization: vertical or horizontal.

Then the propagation coefficient of the radio signal will be de-
fined as

N-1 1
_ - jkrn(d wn—2i +8zi_pn )—O’z((p % )
Ke=2g—a ¢
i=0 Ytxm-zi - zi-rxn
where N — the number of diffusers on a given surface area; d i
— the distance between the transmitter and the i-th reflector of the

underlying surface; d, = — the distance between the i-th reflector
of the underlying surface and the receiver; o, ((01 0, ) —the value

of the RCS of the i-th reflector when it is irradiated at an angle of
@, and the signal is received at an angle of ¢,:
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, where o, (¢) — the value of

o, (0.2,)=\|o,()||o.(¢,)

monostatic RCS depending on the irradiation angle.
4) Re-reflection of the radio signal first from the reflecting sur-
face, and then from the target

K — l e_ jkm(dlxm—zi +dzi—c +dci—rxn )F((p)

" od,, ,d,.d ’

txm—zi ~ z—c ™ c—rxn
where 1"(¢)) — reflection coefficient from the RS.
5) Re-reflection of the radio signal first from the target and
then from the RS:

— 1 e_jkrn(dtxm—ci+dc—z +0;_ )l"((o)

Ktr
d .d d

tXxm—ci ~c—z 7 z—rxn

Obviously, other types of trails not discussed above will not
have a significant effect on the reflected signal, therefore, within
the framework of the model under consideration, we can neglect
them.

The total number of propagation paths for each n-th receiving
and m-th transmitting module is defined as

K =2+3N.

Thus, taking into account the combinations of all receiving
modules, propagation paths, transmitting modules and targets, a

three-dimensional matrix of propagation coefficients K, . is

obtained, where N — total number of receiving modules, M — total
number of transmission modules, K — total number of paths.

Taking into account all of the above, the final expression for
the radio signal samples at the input of the n-th receiving module
is as follows:

Sa(t;)=

where tj — the time point at which the receiver input signal is cal-

—_

%7 Ky (ti). Xn(ti _Tk)'(rk _Tk—i)’

i=0

culated, T, — simulation time.

Assessment of the possibility of determining the density of
obstacles by the radar channel of the on-board TVS
of the GBRC

The above-described simulation model of the radar channel of
the on-board TVS of the GBRC was developed in the Matlab
mathematical programming environment and includes: an obsta-
cle detection channel (a spatially distributed object) and a channel
for measuring (evaluating) the received signal power.

The initial data for the model of the radar channel of the TVS
of the GBRC for assessing the density of obstacles were:

— ypical obstacles and their dielectric characteristics [25];

— he size of the obstacle;

— distance to the obstacle;

—radar channel parameters of the on-board TVS of the GBRC.

The parameters of the radar channel of the on-board TVS of
the GBRC during the assessment were:

— transmitting device power — P =1 W;

— operating frequency of the probe signal f; =77 GHz;

— polarization of the probing signal — vertical;

-
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— the probing signal is pulsed, modulated by a 63rd element
Gold sequence;
— he width of the signal spectrum [T =1 GHz;

— pulse duration T, = 6.3 ns;
— pulse sending frequency F, =10 kHz;

— width of the antenna system’s radiation pattern in the azi-
muthal plane A = 0.5%

— width of the antenna system’s radiation pattern in the angu-
lar plane Ag = 0.5

— the type of space survey — consistent in azimuth and angle
of location;

— antenna pattern scanning sector is +30° by azimuth and 0-
30° by location angle;

— height of the antenna system phase center — 1.5 m;

—noise factor of the receiving device — 3.

Studies to assess the possibility of determining the density of
obstacles are carried out in the following sequence:

1) The operator downloads a simulation model of the radar
channel of the TVS of the GBRC in the Matlab simulation
environment;

2) the operator enters the initial data for the experiment
(simulation), which includes:

® the type of obstacle, its size and dielectric characteristics;

at which it

® the required distance to the obstacle Rref S

should be detected with a given probability and the density of
obstacles estimated;

® the required probability of detecting an obstacle P, and

det
the probability of a false alarm P>

® power of the transmitting device P, ;
® the operating frequency of the probe signal f;

® polarization of the probe signal;
® probe signal type and modulation parameters;

® the width of the signal spectrum [T _;
® duration of the signal T_;

® the width of the radiation pattern of the transmitting and
receiving antenna in the azimuthal (Af) and angular planes

(Ae);
® height of the antenna phase center;
® signal polarization;
® the upper limit of the range measurement error o ;

3) the operator starts the process of simulating the functioning
of the radar channel of the TVS of the GBRC in order to
determine the density of obstacles;

4) 1O OKOHYaHHWU MOJCIHPOBAHUS OIEPaTOp (GUKCHPYET
BBIXOJIHBIC MApaMETPbl MOJCIH PaaUOJIOKAIIMOHHOTO KaHana of
the TVS of the GBRC:

® radar portrait of an obstacle (spatially distributed object),
as a function of the dependence of the received signal power
normalized to the receiver noise level by resolution elements;
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® the normalized RCS of the obstacle (spatially distributed
object) ¢, in each element of the resolution;

® the width of the spectrum of fluctuations of the received
signal AFﬂ and the correlation interval of the signal Toor in each

element of the resolution;

® polarization characteristics of the received signal.
The normalized RCS of an obstacle in each element of the
resolution g is calculated using a reference object with a known

RCS and located at a known range using the formula:

PR2 o cosf

_rx ‘meas™” ref

O'O— 2 5
P, R. ARASAE

ref ' ‘ref

where P — the power of the signal received from the obstacle;

R meas the measured distance to the obstacle; Ot — RCS of

the reference object; R, — distance to the reference object; P,

— signal power from the reference object; AR —range resolution;
@ — obstacle exposure angle; A — azimuth resolution; Ag —

location angle resolution.

For each resolution element, the signal correlation interval is
additionally calculated based on the results of receiving a
sequence of echo signals during modeling 7_ . The correlation

interval Toor is an additional information parameter when

assessing the type of obstacles by the radar channel of the TVS
of the GBRC.

The simulation was performed at several frequencies using
vertical and horizontal polarization of the signal.

The determination of the density (type) of an obstacle is
carried out by comparing the simulation results obtained for
determining the normalized RCS of obstacles with the data given
in the reference literature on the normalized RCS of materials of
different densities at appropriate frequencies and signal
polarization [25].

For extended obstacles (spatially distributed objects), a radar
portrait of the obstacle is formed, representing a N 5 % N _ matrix

(where N 5 Ng — the number of azimuth and location angle

resolution elements, respectively), whose elements are the values
of the received signal power normalized to the noise level of the
receiving device.

The calculated values of the normalized RCS of the obstacle
obtained as a result of experimental studies, the correlation time
of the signal at the frequency f0 (at a wind speed of 1 m/s) and

the specified signal polarization are summarized in Table 1.

The results shown in Table 1 of the assessment of the possi-
bility of determining the density of obstacles by the radar channel
of the on-board TVS of the GBRC using a simulation model of
the radar channel showed that the density of obstacles can be es-
timated by the normalized RCS of various obstacles. The normal-
ized RCS of obstacles is determined with the least errors at short
ranges (about 10-15 m). This is due to the fact that with a narrow
antenna pattern at a short range, the signal is reflected from a small
area of homogeneous material. As the range increases for non-uni-
form obstacles (such as a tree, shrub, tall grass), the density deter-
mination error increases.

Table 1

The results of the assessment of the possibilities of determining
the density of obstacles by the radar channel of the on-board

TVS of the GBRC
Normalized RCS Signal
Type of obstacle/ ormatize % correlation
Distance Reference [25] Average time, s
calculated
Drv tr 10 m 0.19 0.196 >10
Y Som 0.19 0.2 >10
Tree 10 m 0.33 0.24 0.7
(separate) | 50 m 0.33 0.21 0.7
10 m 0.17 0.18 0.051
Shrub 30 m 0.17 0.14 0.17
Grass 10 m 0.10 0.13 0.035
30 m 0.17 0.12 0.12
Wall 10 m 0.31 0.29 >10
(concrete) | 50 m 0.31 0.28 >10

This is determined by the fact that at long range, the geometric
dimensions and the cross-sectional area of the beam increase, and
the size of the resolution element increases accordingly. Within
the beam, the reflecting surface becomes more heterogeneous due
to the illumination of elements with different normalized RCS (for
example, the trunk of a tree and the leaves of a crown).

As the simulation results have shown, certain types of obsta-
cles (trees, shrubs, tall grass) can be additionally detected by the
correlation time of the received signal, which is significantly
lower than for homogeneous solid obstacles.

During the simulation, radar portraits of heterogeneous obsta-
cles, such as a single tree, shrub, and tall grass, were obtained at
ranges of 10-50 m. The radar portrait of an obstacle represents
the dependence of the received signal power on the angular coor-
dinates of the antenna pattern during a sequential survey of space.
The more powerful signal in the drawing corresponds to the
lighter color of the palette. The radar portraits of radar-con-
trasting objects (obstacles) obtained during the simulation are
shown in Figures 1-5.

location angle, ®

azimuth, ©

Figure 1. Radar portrait of a single tree (model) at a distance of 10 m

—
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Figure 2. Radar portrait of a single tree (model) at a distance of 30 m
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Figure 3. Radar portrait of a single tree (model) at a distance of 50 m
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Figure 4. Radar portrait of an area with a shrub 3.9 m wide and 1.0 m
high (model) at a distance of 10 m

azimuth, ®

location angle, ®

Figure 5. Radar portrait of an area with a shrub 3.9 m wide and 1.0 m
high (model) at a distance of 30 m

Thus, the estimation of the obstacle density can be used as ad-
ditional information in the TVS of the GBRC object recognition
algorithm based on the well-proven Shortliffe scheme [26, 27]:

N

P ZI_H(I_ P(A))’

i=1

where: N — number of measuring channels, A — information from

the i-th channel, P(A ) — the probability of correct object recog-

nition based on A . The algorithm diagram is shown in Figure 6.
In this scheme, information about the normalized RCS o, and

the signal correlation time Toor is used as additional features in the

classification (recognition) of objects by radar measurements. The
principle of using this information depends on the type of classi-
fier (artificial neural network, decision tree, etc.). Further research
by the authors will be devoted to the specific implementation of
this algorithm.
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Figure 6. The scheme of the object recognition algorithm
based on the Shortliffe scheme

Conclusion

The results of evaluating the possibility of determining the
density of obstacles using the radar channel of the onboard TVS
of the GBRC using a simulation model of the radar channel
showed that the density of obstacles can be estimated based on the
normalized RCS of various obstacles. The normalized RCS of ob-
stacles is determined with the least errors at short distances (about
10-15 m).

Certain types of obstacles (trees, shrubs, and tall grass) can be
further selected based on the correlation time of the received sig-
nal, which is significantly lower than that of homogeneous solid
obstacles (wooden or concrete walls, and cars). During the simu-
lation, radar portraits of heterogeneous obstacles, such as individ-
ual trees, shrubs, tall grass, and cars, were obtained at ranges of
10-50 m.

The results of evaluating radar portraits of radar-contrasting
objects (obstacles) show that, with a high angular resolution of the
radar channel, they can be classified using appropriate image
recognition methods.
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OLIEHKA NMMOTHOCTU NPEMNATCTBMA MO UBMEPEHUAM PAANOJIOKALIMOHHOIO
KAHAJIA CUCTEMbl TEXHU4YECKOIO 3PEHUA HASEMHOIO POBOTOTEXHUYECKOIO
KOMIUJIEKCA

BesymHoe [lJaHun Hukonaeesu4, Mockosckuli mexHudeckul yHusepcumem cessu u uHpopmamuku, Mockea, Poccus,
d.n.bezumnov@mtuci.ru
Yupoe [JeHuc Cepzeeesu4, Mockoeckuii mexHuyeckuil yHugepcumem cessu u uHgpopmamuku, Mockea, Poccus, d.s.chirov@mtuci.ru

AHHOTauuA

OpHWM 13 OCHOBHbIX TPEHAOB Pa3BUTUA POBOTOTEXHWUKM ABMAETCA MOBbILLIEHWE aBTOHOMHOCTU M MHTESINIEKTYanM3aLmm po6oTOTEXHUHECKUX KOMMMIEKCOB.
OCHOBHBIM MCTOYHMKAM [aHHbIX ANA MPUHATUA PELUEHWUA U OCYLLECTBNEHUA TeX UAM UHbIX AerctBuit PTK ABnseTca cucTeMa TeXHUMHYECKOro 3peHws.
MostoMy coBeplueHcTBoBaHne CT3 M anroputMoB O6paboTKM AaHHBIX OT Hee SABMAETCA BaXKHON 3ajaveil. B cratbe mpeacTaBneHbl pesynbTatbl
MCCNEAOBaHNI MO OLEHKU MNOTHOCTU MPEMATCTBMA MO W3MEPEHWAM PafMOSIOKALMOHHOTO KaHaia CUCTeMbl TEXHUYECKOrO 3peHUs Ha3eMHOro
poboToTexHU4eckoro kommnekca. [laHHas 3ajaya akTyasbHa MpY aBTOHOMHOM MOCTpOeHWUM MapLupyTa HaszemHoro PTK, T.e. korga HPTK ctpout mapupyt
CaMoCTOATENbHO U3 ToukM A B TOUKY B 1 koppekTupyeT ero B ciiydae obHapyxeHus npenatcTeuit. OueBngHo, Yto B criydae npumeHenna HPTK B cenbckoit
MECTHOCTM, ONTUYECKMIA KaHasl BOCTPUMET BbICOKYHO TPaBy Kak MPEMATCTBUE M HA4HET MepecTpavBaTh MapLUPYT, YTO MOXET MPUBECTU K YASIMHEHUIO MyTu
WK, B KOHEYHOM CYeT, He BbinosiHeHua 3aaaum HPTK. Ananus cyulectBytolmx MccneAoBaHuin nokasa, YTo OLEHUTb MIOTHOCTL MPENATCTBUA BO3MOXHO
c ucnonb3oBaHneM usMepeHuit PI1IC MM-guanasoHa. PesynbTaThl OLiEHKM BO3MOXHOCTM OMpefeneHus MIOTHOCTU MPEnATCTBUMA PaAVOJSIOKALMOHHBIM
kaHanom 6optosoit CT3 HPTK c ucnonbsosaHmeM MMUTALMOHHON MOAENN PafUONOKALMOHHONO KaHaia MoKasanu, YTO MIOTHOCTb MPEnATCTBUNA MOXET
6bITb oueHeHa no yaenbHow DIP pasnuuHbix npenatcTeuit. YaenbHaa DI1P npenAaTcTBuit ¢ HaMMEHbLUMMW OLIMOKaMM onpeaenaeTca Ha HebonbLuMX
AanbHocTax (nopagka 10-15 m). OTaenbHble TUMbI NPeNATCTBUI (AePeBbA, KYCTapPHUKM, BbICOKas TpaBa) MOryT GbITb JOMOHUTENLHO OTCENIEKTUPOBaHbI MO
BPEMEHU KOPPENALMU MPUHATOrO CUrHasa, KOTOPOe y HUX 3HA4YMUTENIBHO HUXKE, YeM Y OJHOPOAHBIX TBEPAbIX MPEMATCTBUM (CTEHbI U3 AepeBa WM 6eToHa,
aBTOoMO6WNb). MpuUHLMA Mcnonb3oBaHuA yaenbHoi SIP 1 BpeMeHU KOppenaLuM curHana 3aBucUT OT TuMa kiaccudukaTopa (MCKycCTBEHHAA HeMpOHHaA
ceTb, JIepeBO peLleHnit 1 T.n.). KoHKpeTHO peanusalmm AaHHOrO anroputMa GyayT NOCBALLEHbI JanbHelLINe UCCefOBaHNA aBTOPOB.

Kniouyeenie cnoea: pobomomexHuveckull KOMNJIEKC, CUCMEMAd MEXHUYECK020 3peHus, paduosloKAUUOHHbIE U3MepeHus, o0b6pabomka uHpopmauuu,
pacnosHasaHue 06bekmos.
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This study examines the traction and dynamic characteristics of an articulated
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system for heavy-duty transport systems. The design, mass, aerodynamic and
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were analyzed and a structured data set for computer modeling was formed. To
formalize the sequence of torque transmission from the internal combustion
engine to the drive axle, a kinematic scheme of the power unit was developed.
Based on the collected parameters, a traction-dynamic mathematical model of
motion was formulated in differential form, taking into account the characteristics
of engine torque, transmission ratios, rolling resistance, aerodynamic drag and
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core that allows performing time domain modeling and predicting non-stationary
operating modes. The interaction between engine characteristics, transmission
configuration, and drag was analyzed using numerical integration of control equa-
tions. The obtained results made it possible to identify the key factors determin-
ing the balance of traction, acceleration capacity and energy efficiency of a road
train in various operating conditions. The developed mathematical and software
model forms the methodological basis for creating digital twins, computer model-
ing tools and information forecasting systems aimed at improving fuel efficiency,
operational reliability and energy efficiency of articulated heavy-duty vehicles.
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Introduction

The study of traction and dynamic properties of modern truck
tractors represents a fundamental research direction in the auto-
motive and transport engineering domain, directly aimed at im-
proving transport efficiency, fuel economy, operational reliability
and traffic safety. Over the past decades, long-distance freight
transport systems have undergone significant transformation,
driven by the continuous growth of cargo flows, increasing traffic
intensity on federal highways, and the widespread adoption of ar-
ticulated vehicles with high payload capacity. In contemporary
operating conditions, the gross weight of road trains commonly
exceeds 40 tons, which imposes strict requirements on powertrain
performance, traction balance and stability of motion [1, 2].

Under these conditions, the adequacy of engine characteristics,
transmission configuration and traction reserve becomes a deter-
mining factor for ensuring reliable operation of road trains across
a wide range of road, climatic and load conditions. Insufficient
traction capability leads to reduced average speeds, increased fuel
consumption and accelerated wear of drivetrain components,
while excessive power margins negatively affect energy effi-
ciency and operating costs. Consequently, traction—dynamic anal-
ysis plays a critical role in both the design and operational optimi-
zation of heavy-duty vehicles.

Tractor units operating as part of articulated road trains exhibit
complex traction and dynamic behavior. Vehicle performance is
determined by the interaction of multiple subsystems, including
the engine torque characteristic, transmission gear ratios, tire—road
adhesion properties, rolling resistance and aerodynamic drag. In
contrast to single vehicles, articulated configurations introduce
additional complexity related to mass distribution, load transfer to
the driving axle and increased aecrodynamic resistance. These fac-
tors significantly influence acceleration dynamics, gradeability
and motion stability.

The dynamic behavior of heavy-duty road trains cannot be ad-
equately evaluated using simplified stationary or quasi-static mod-
els. Real-world operating conditions are characterized by non-sta-
tionary regimes such as acceleration, deceleration, gear shifting
and motion on variable longitudinal gradients. In addition, re-
sistance forces vary dynamically depending on road surface con-
dition, vehicle speed and environmental factors. The resulting dis-
tribution of energy between driving forces and resistance forces
determines key operational parameters, including acceleration
time, maximum achievable speed and overall traction efficiency
[3].

The traction characteristics of truck tractors are strongly influ-
enced by both design parameters and operational factors. Engine
specific power (expressed in kW/t), the width and structure of the
transmission ratio range, and drivetrain losses determine the effi-
ciency of converting fuel energy into useful mechanical work. At
the same time, aerodynamic properties and vehicle mass play a
decisive role at medium and high speeds, where aerodynamic drag
becomes the dominant resistance component. For articulated ve-
hicles equipped with semi-trailers, the drag coefficient typically
ranges from 0.55 to 0.70, making acrodynamic optimization and
accurate modeling particularly important.

In modern conditions, a prevailing trend in the development of
heavy-duty transport systems is the widespread integration of dig-
ital modeling and computer-based simulation methods. These
methods enable the prediction of traction and dynamic

characteristics with a high degree of accuracy prior to conducting
time-consuming and costly field tests [4]. Parametric and mathe-
matical models allow researchers and engineers to assess the in-
fluence of vehicle mass, aerodynamic properties, transmission pa-
rameters and road conditions on traction balance, acceleration dy-
namics and energy consumption. Simulation-based approaches
provide a powerful tool for optimizing drivetrain configuration
and ensuring stable vehicle operation under variable loads and op-
erating scenarios, while minimizing energy losses and emissions
[5-7, 16-17].

In addition, the rapid development of onboard electronic sys-
tems, telematics and data acquisition technologies creates new op-
portunities for the application of predictive models in real opera-
tional environments. Traction—dynamic models implemented in
software form can serve as computational cores for digital twins,
decision-support systems and energy-efficient driving assistance
tools. Such systems enable the transition from reactive to predic-
tive vehicle operation strategies, thereby improving fuel efficiency
and operational reliability.

In the context of increasing economic, environmental and tech-
nological requirements, improving traction and dynamic charac-
teristics becomes a key factor in the modernization of the national
heavy-duty vehicle fleet. The scientific challenge addressed in this
study lies in the development of analytical and computational re-
lationships linking traction forces, resistance components and ac-
celeration parameters of articulated vehicles under diverse operat-
ing conditions. The purpose of this study is to develop a frame-
work for predictive mathematical and computer-based modeling
of traction and energy efficiency of road trains, providing a meth-
odological and informational basis for further integration into dig-
ital and electronic transport systems operating under various road
and climatic conditions.

Materials and methods
This study is devoted to the KAMAZ-54901-92 mainline trac-

tor (Fig. 1), which is equipped with a KAMAZ-910.12-450 diesel
engine.

Figure 1. General view drawing of KAMAZ-54901-92

The power unit of the studied vehicle, the KAMAZ-910.12-
450 diesel engine, serves as the main source of energy determining
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the traction and dynamic potential of the KAMAZ-54901-92 trac-
tor [8]. It is a six-cylinder inline diesel engine with turbocharging,
direct fuel injection and intercooling. It has been designed to pro-
vide high torque at low and medium crankshaft speeds and main-
tain fuel economy during load fluctuations typical for long-haul
transportation.

The maximum effective engine power is 331 kW at 1,900 rpm,
and the corresponding maximum torque of 2,060 Nm is reached
at 1,300 rpm. It is argued that the torque level under consideration
guarantees stable traction characteristics in the most commonly
used range of road speeds and gear ratios. The configuration of the
torque curve contributes to the efficient use of the transmission
range, thereby ensuring the maintenance of an almost constant
traction force on several intermediate gears [9, 10]. This is espe-
cially true when driving in mixed traffic and on uneven roads,
where frequent gear changes are required.

The specific effective fuel consumption of the engine is 183
g/kWh, which corresponds to a fuel density of 0.85 kg/liter. Ac-
cording to the nominal operating conditions, the practical fuel con-
sumption is approximately 60-65 liters/h. This provides a basic
basis for determining the energy intensity of the movement and
building fuel economy maps in the subsequent stages of the study.

The average effective pressure at maximum torque can be es-
timated as:

o =2ZMe 1y 8sura,

h

It is assumed that the total volume of the engine is 12.0 liters,
which is typical for engines of this class. This value confirms the
high level of cylinder loading, which corresponds to the perfor-
mance targets of Euro V-VI diesel units. The mechanical effi-
ciency of the engine at rated load reaches a value of approximately
0.86, while the overall efficiency at rated conditions approaches a
value of approximately 0.40. This indicates the optimal conver-
sion of the chemical energy of the fuel into useful mechanical
work of the crankshaft [11-13].

The modern power plant of a mainline tractor operates as a
cyberphysical system in which torque generation is carried out not
only as a result of thermodynamic processes in the cylinders, but
also through continuous intelligent data processing from a distrib-
uted set of sensors integrated into the electronic architecture of the
vehicle. The electronic engine control unit is a real-time compu-
ting module connected to the crankshaft position sensor, camshaft
position sensor, intake air pressure and temperature sensors, mass
air flow sensor, fuel ramp pressure sensor, coolant and exhaust gas
temperature sensors, accelerator pedal position sensor, turbo-
charger boost sensor, and also with an exhaust composition con-
trol system. The signals of these sensors are subjected to high-fre-
quency sampling, digital filtering and algorithmic verification for
reliability, after which an estimate of the current engine operating
mode is formed, characterized by instantaneous load, rotational
speed, injection phase, cylinder filling degree and effective air ex-
cess coefficient. Information processing is carried out within the
framework of built-in control algorithms that implement fuel in-
jection models, temperature and altitude correction, turbocharger
geometry control and torque limitation in accordance with permis-
sible mechanical and thermal loads. Unlike the traditional repre-
sentation of the engine as a static torque source, the intelligent
control system generates adaptive output torque based on the cur-
rent state of the transmission, road resistance and driver
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commands, ensuring the coordination of energy flows between the
power unit and the moving mass of the train. Information is trans-
mitted between electronic units via a high-speed CAN bus, which
ensures synchronization of the engine control unit, transmission
control unit, traction control system and stabilization modules,
forming a single distributed computing environment. Within the
framework of this architecture, data on engine speed, current
torque, boost pressure, fuel consumption and temperature condi-
tions are available for subsequent integration into telematics mod-
ules and external information systems, which allows for a contin-
uous flow of operational parameters into the digital twin of the
vehicle. The integration of the computational core of the traction-
dynamic model with real telematics data flows ensures the transi-
tion from a priori modeling to adaptive forecasting, in which the
parameters of motion resistance, coefficient of adhesion and en-
ergy efficiency are refined based on current operational measure-
ments. When the road profile or load dynamics change, the engine
control system automatically adjusts the duration and phase of fuel
injection, limits or increases the supply in accordance with the
transmission and clutch protection algorithm, and also interacts
with the gearbox control module to optimize the timing of gear
shifting. Thus, a closed control loop is formed, in which sensory
measurements are transformed into control actions that directly
affect the longitudinal dynamics of the train, and the power plant
itself becomes an active intelligent element of the transport system
[14]. The inclusion of electronic engine control dynamics in the
structure of the traction-dynamic model makes it possible to take
into account the inertia of the fuel system, turbocharging delays,
temperature restrictions and adaptive protection algorithms, which
significantly increases the accuracy of predicting transient condi-
tions, especially during acceleration, uphill movement and opera-
tion under variable load. Collectively, the described sensor archi-
tecture (Fig. 2), computing modules and network protocols form
the basis of an intelligent power plant control system that provides
not only optimal conversion of chemical fuel energy into mechan-
ical operation, but also the ability to integrate into predictive in-
formation and control systems aimed at improving energy
efficiency, operational reliability and stability of heavy articulated
vehicles in the digital transformation of the transport industry.

Sensors: speed, pressure,
temperature, flow, pedal
position

L
Engine Control Unit:
filtering, state estimation,
— Injection & boost control

-
‘. +
Actuators: injectors,

turbocharger - CANBus :

{ L]
L3 *
Stability & Traction

Control Unit
Control Systems

Engine: torque

L L}

Traction-Dynamic Model Telematics Module

Digital Twin / Predictive
Analytics

Figure 2. Architecture of the intelligent internal combustion
engine system
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In the context of the traction—dynamic model, the torque char-
acteristics of the engine are defined as the available traction force
on the drive wheels in accordance with the following equation:

Pt: Me'ntr
r,-U

st

)
tr

where n; = 0.902 is the transmission efficiency, rq = 0.74 m is
the static radius of the wheel, and u, is the total transmission ratio.
For example, in first gear (U, = 37.997) and at maximum torque
(m. = 2060 Nm), the traction force on the drive wheels reaches ~
66.7 kN; in sixth gear (u: = 10.388), this value decreases to ~ 24.4
kN, which illustrates the expected inverse proportionality between
an increase in torque and an increase in the rotation speed. output
speed.

The inertia of the engine, characterized by a reduced moment
of inertia J. = 1.6 kg m?, is a key parameter in the analysis of tran-
sients, affecting acceleration dynamics and response time when
shifting gears. In low gears, inertia helps maintain rotational sta-
bility, while in high gears it limits the rate of torque increase,
which is especially important when accelerating or climbing a
slope [15].

The Tonar T3-13 semi-trailer (Fig. 2) in combination with the
KAMAZ-54901-92 mainline tractor is a standard three-axle truck
cargo platform designed for long-distance cargo transportation un-
der heavy load conditions. The structural configuration and weight
distribution parameters of a vehicle directly affect its traction and
dynamic characteristics, affecting axle load, braking stability, aer-
odynamic drag and rolling resistance.

13780

Figure 3. Dimensional drawing of Tonar T3-13

The curb weight of the semi-trailer is 7,300 kg, and the gross
weight is 35,600 kg, which provides a load capacity of about
28,000 kg. In the loaded state, the three-axle trolley evenly dis-
tributes the total mass between the axles, thereby maintaining the
stability of the vehicle both in linear motion and during accelera-
tion or deceleration. When empty, the semi-trailer operates with
two touching axles (reduced configuration), which reduces rolling
resistance and tire wear. The single-wheel configuration on each
axle provides a balance between load capacity and mass effi-
ciency, while maintaining acceptable resistance to lateral skidding
on curved paths.

The T3-13 tonar is 13.96 meters long, 2.55 meters wide, and
4.00 meters high. These measurements, which are of great im-
portance in the field of aerodynamics, lead to an increase in the
frontal area, which directly affects the overall aerodynamic drag
of an articulated road train. The track width is 2.04 m. and the
optimized rigidity of the frame ensures sufficient torsional rigid-
ity, thereby minimizing load fluctuations at high speeds. The
semi-trailer is connected by means of a coupling device located on
the tractor frame at an optimal distance, so that the total length of
the road train is 16.65 m, and the total area of the front edge F, is
6.94 m2.

The aerodynamic characteristics of the T3-13 Tonar are repre-
sented by the shape coefficient Ao = 0.85 and the drag coefficient
K = 0.59 N-s¥m* At a cruising speed of v = 25 m/s (approxi-
mately 90 km/h), the semi-trailer accounts for about 40-45% of
the total aerodynamic drag of the road train, which is equivalent
to an additional drag of about 900-1000 N. This level of drag de-
pends not only on the geometric proportions, but also on the qual-
ity of the surface, the blowing of the bottom of the body and the
presence of turbulence at the rear.

From the point of view of traction analysis, a semi-trailer acts
as a passive load with variable mass characteristics, primarily af-
fecting overall movement resistance due to rolling resistance and
aerodynamic drag. The coefficient of rolling resistance under var-
ious road conditions corresponds to the general system values:
0.02 for dry asphalt, 0.04 for wet asphalt, 0.06 for packed snow
and 0.03 for wet ice. At full load (Gc = 35,600 kg), the rolling
resistance on dry asphalt is approximately:

P =f-G-g=70xH

To determine the total thrust requirement, this component must
be added to the drag forces acting on the tractor.

The weight and aerodynamic parameters of a semi-trailer sig-
nificantly affect the transmission of the longitudinal load between
the axles of the tractor. In the coupled state, the vertical load on
the fifth wheel is approximately 7.5-8.0 tons, resulting in a load
factor on the drive axle of 29.7% for one tractor and 26.1% for the
entire road train. This redistribution determines the available co-
efficient of adhesion and, consequently, the traction potential, es-
pecially on surfaces with a low coefficient of friction.

The Tonar T3-13 uses an air suspension with automatic con-
trol, which ensures stable axle load under various conditions of
cargo transportation. This design minimizes dynamic fluctuations
during acceleration and braking, which contributes to uniform tire
wear and improved braking performance. The suspension charac-
teristics are selected in such a way as to maintain stability when
driving and reduce the vertical acceleration transmitted to the trac-
tor coupling. This is important for the comfort of the driver and to
prevent the coupling device from oscillating.

At this stage of the study, the semi-trailer is considered as a
rigid inertial subsystem within the framework of the traction-dy-
namic model. It provides constant drag proportional to its mass
and aerodynamic properties. Subsequent stages of research will
make it possible to expand the model to include the elastic and
damping parameters of the coupling device, the dynamic interac-
tion between the tractor and the semi-trailer, as well as the oscil-
latory effects caused by the roughness of the road profile. This will
allow for a more detailed assessment of the stability of the articu-
lated system, braking performance and fuel economy in real-world
operating conditions.
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Results and discussion

At this stage of the research, a basic data set was formed for
further traction and dynamic modeling of the KAMAZ-54901-92
tractor in combination with the Tonar T3-13 semi-trailer.

The purpose of the data set formation is to ensure the formation
of a database for further analytical refinement, including consid-
eration of dynamic resistances, gradient effects and transient op-
erating modes. The selected parameters describe the mass, size,
aerodynamic, propulsion and transmission characteristics of the
vehicle system specified in the initial description of measurements

TRANSPORT

and technical characteristics.

Table 1

Initial data for the study of traction and dynamic characteristics
using the example of a KAMAZ tractor combination-54901-92 +
Tonar T3-13 trailer

Symbol / Description /
Parameter Unit of Meaning p
Notes
measurement
Model ) KAMAZ- Two-axle mainline
54901-92 tractor (4x2)
Semi-trailer ) Tonar T3-13 Thrc?e—a).(le cargo
model semi-trailer
Curb weight | Gst, kg 8400 Without a semi-
trailer
Curt? we'lght of Gsp, ke 7300 Empty ,
semi-trailer configuration
Total weight of
the semi-trailer Gpp, kg 35600 Fully loaded
Gross weight | Gpa, kg 44000 Tractor + loaded
semi-trailer
Total length La, m 16.65 Full hinge system
Tractor dimen- m 6.25 x 2.55 x| Length, width,
sions (LxBxH) 3.98 height
f’neerr‘:;gs;ler di- " 13.96 x 2.55|
(LxBxH) % 4.00
Tractor The distance be-
wheelbase Lb, m 378 tween the axes
Track width Ba, m 2.04 For both tractor and
trailer
Axle load o ;ZZ (tractor),
. . . 0 . =
distribution (rear) (combination)
The front part of )
the tractor Ft, m 6.50 )
Frontal area Fa, m? 6.94 -
Shape coefficient | Aa 0.85 For th.e .
combination
Drag coefficient |Koa, N-s*m* |0.59 For th_e .
combination
Eneine model ) KAMAZ- Turbocharged
£ 910.12-450 | diesel engine
Rated power Ne,max, kVt fr?ril @ 1900 Effective power
Maximum torque | Me,max, Nm 2060 @ 1300/ _
rpm
Specific fuel ge, gkVth | 183 Nominal
consumption
Fuel density pt, kg/l 0.85 Diesel fuel
Equivalent inertia L
of the engine Je, kg'm 1.6 )

Transmission . 12-speed Permanent gear
type manual box
Gear ratios (1 — .
12) Ui 16.68 —1.00 |-
The final gear ra-
tio of the drive | Z9P 2.278 )
Total coefficients Utr 37.997 )
(1-12) 2.278
Transmission
efficiency 1kp 0.965 )
Efficiency of the
final drive 9P 0-935 )
Overall transmis- ntr 0.902 The average value
sion efficiency
Tire size - R22.5 Standard double tire
Free radius rk, m 0.79 -
Static radius rst, m 0.74 Used in the calcula-
tion of thrust
Tire deformatlon A 0.94 .
coefficient
Coefficient of .
clutch safety B 2.5 Wheel 5 lip
. protection
margin
Rolling resistance .
cocfficients (f) - 0.02-0.06 Dry —ice
Couphpg 0.75—0.07 Dry asphalt — wet
coefficients (@) snow
Smgle gear shift 3, s 0.20 To ent.er dynamic
time modeling data

The table above shows the basic configuration parameters nec-
essary to start research on thrust—dynamic calculations. Each pa-
rameter represents verified input data for subsequent steps, includ-
ing:

 onstruction of diagrams of the dependence of traction force
and speed;

» modeling acceleration characteristics under various road sur-
face conditions;

 valuation of transmission efficiency and power losses;

* Development of digital modeling modules for a complete
combination.

This structured data set completes the preparatory analytical
stage of the study. At the next stage of the study, the input varia-
bles will be used to calculate traction balance curves, determine
traction limit zones, and verify the validity of the preliminary
model using experimental measurements on test routes.

As part of the study of traction-dynamic properties, a kine-
matic scheme of the car's power unit was also developed in order
to formalize the structure of torque transmission from the internal
combustion engine to the drive axles through the gearbox and
transmission system. The schematic diagram (Fig. 4) reflects the
general configuration of the KAMAZ-54901-92 tractor and corre-
sponds to its actual mechanical structure.

The torque at the engine output is first transmitted to the gear-
box, then through the driveshaft to the main gear and the differen-
tial, which distribute the torque to the rear drive axle. Each sub-
system is presented functionally, demonstrating the mechanical
interaction between the engine, transmission, universal joints,
main drive and groups of axles.

-
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Figure 4. Kinematic transmission diagram of a tractor unit

This scheme is the conceptual basis for determining the main
energy losses, determining the overall gear ratio, and determining
the components necessary for the design model of thrust dynam-
ics. The configuration corresponds to the 4x2 drive scheme, which
is typical for long-haul tractors designed for long-haul transporta-
tion.

At the next stage of the study, the emphasis was placed on the
development of a predictive mathematical model of the traction—
dynamic behavior of an articulated vehicle and on its software im-
plementation for use in computer simulation and information sys-
tems. This approach made it possible to move from a static analy-
sis of traction parameters to the forecasting of vehicle motion un-
der non-stationary operating conditions.

The mathematical model of longitudinal motion of the road
train was formed on the basis of the traction balance, taking into
account the reduced inertial mass of the system and the total re-
sistance to motion. In differential form, the governing equation of
motion can be written as:

dv(t) _ M. (n(t)u,
4 dt r

st

- [Gf cosa+Gsina +%pCd Fv’ (t)},

where v(t) is the vehicle speed, M. is the equivalent mass of
the road train accounting for rotating inertias, M(n) is the engine
torque as a function of crankshaft speed n, u is the total transmis-
sion ratio, 7 is the overall transmission efficiency, 7 is the static
wheel radius, G is the vehicle weight, f is the rolling resistance
coefficient, « is the longitudinal road slope angle, p is air density,
Ca is the aerodynamic drag coefficient, and Fq is the frontal area
of the road train.

This formulation explicitly reflects the physical mechanisms
governing vehicle motion and enables time-domain simulation of
acceleration, deceleration and steady-state regimes. The use of a
differential equation provides the basis for numerical integration
and makes the model suitable for forecasting applications.

To verify the practical applicability of the developed mathe-
matical formulation, the model was implemented in the form of a
computational kernel (Fig. 5). The software realization directly
encodes the right-hand side of the governing equation and allows
the calculation of instantaneous acceleration for given operating
conditions. A fragment of the program code implementing the
mathematical model is presented below.

import math

def engine_torque(n_rpm):

2100.0))

- 1882.8) * (n - 600.2) / (1300.2 - 500.0

* (n - 1320.8) / 300.0

return 1868.8 - 62¢ * (n - 1680.8) [ 580.0

def traction_force(n_rpm, u_tr, eta_tr, r_st):

return (eta_tr * engine_torque(n_rpm) * u_tr) / r_st

def resistance forces(v, m, ¥, c_aero, grade_rad):

Froll =m* g * f * math.cos(grade_rad)

F_grade = m ® g " math.sin(grade_rad)

F_aero = c_sero " v " v

return F_roll + F_grade + F_aero

def dv_dt(v, n_rpm, params):

F_tr = traction_force(n_rpm, params[“u_tr™], params["eta tr"], params["r_st"])

F_res = resistance_forces(

v, params[“m™], params[“f"], params[“c_aero”], params[“grade rad"]
3

return (F_tr - F_res) / params["m"]

Figure 5. A fragment of the program code of the computational core
of the mathematical model of a tractor unit

The presented code fragment implements the computational
core of the forecasting traction—dynamic model and directly cor-
responds to the analytical formulation of the governing equation.
Numerical integration of this equation makes it possible to obtain
time histories of vehicle speed, acceleration and traction reserve
for various operating scenarios.

The simulation results demonstrate that the developed model
adequately reproduces the transition between resistance-domi-
nated and traction-limited regimes of motion. At low vehicle
speeds, the acceleration capability is mainly determined by rolling
resistance and the selected transmission ratio, while at cruising
speeds aerodynamic drag becomes the dominant factor limiting
further acceleration. This behavior is consistent with the physical
characteristics of heavy-duty road trains and confirms the validity
of the proposed model.

From the standpoint of applied use, the developed mathemati-
cal and software model can serve as the core of digital twins, pre-
dictive information systems, and decision-support tools for the op-
eration of articulated vehicles. Its modular structure and explicit
physical interpretation make it suitable for further extension, in-
cluding integration with onboard electronic systems, telematics
data and adaptive control algorithms.

Conclusion

The analysis confirmed that the traction potential and overall
energy efficiency of articulated vehicles are primarily determined
by the balance between the characteristics of the engine torque,
the choice of transmission ratio and the total drag forces acting on
the road train. It has been demonstrated that the aerodynamic con-
figuration and weight distribution of a semi-trailer significantly
affect the load transfer to the tractor's drive axle, thereby affecting
the available traction, acceleration capacity and longitudinal sta-
bility of the vehicle as a whole.

T-Comm Tom 20. #2-2026




An important result of the research is the transition from de-
scriptive traction analysis to the formation of a predictive mathe-
matical model of longitudinal motion implemented as a computa-
tional core. The developed differential formula of traction—dy-
namic balance and its software implementation confirm the possi-
bility of modeling non-stationary modes of operation in the time
domain, including acceleration at various road slopes, surface con-
dition and load.

The results obtained at this stage represent not only a struc-
tured set of verified source data, but also a methodological and
computational basis for the development of digital tools for ana-
lyzing and predicting vehicle characteristics. The implemented
model creates prerequisites for numerical integration, scenario-
based modeling, and calculation of key performance indicators,
including thrust reserve, acceleration dynamics, and drag zones.
This allows the model to be directly integrated into computer sim-
ulation environments, digital counterparts, and decision support
information systems.

Future research is expected to expand and validate the devel-
oped model, including the inclusion of detailed engine maps, con-
sideration of rotational inertia and elastic properties of the clutch
system, as well as experimental verification in changing road and
climatic conditions. Special attention will be paid to the integra-
tion of the computing core with on-board electronic systems and
telematics data, which will make it possible to predict traction and
energy parameters in almost real time.

In general, this work provides a scientific, methodological, and
software-oriented framework for creating advanced forecasting
and information systems aimed at improving energy efficiency,
operational reliability, and technological competitiveness of artic-
ulated cargo vehicles. The proposed approach supports the strate-
gic goals of modernization, sustainable development and techno-
logical sovereignty of the national automotive industry, especially
in the context of long-distance freight transportation.
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AHHOTauuA

B AaHHOM MccneaoBaHUM paccMaTpUBAtOTCA TAFOBbIE U AVHAMUYECKUE XapaKTEPUCTUKM COUIEHEHHOrO aBTOMOE3/a C LieSblo pa3paboTky NPOrHOCTUHECKOM Cu-
CTeMbl MaTeMaTU4ECKOro M NMpOrpaMMHOrO MOAENMPOBaHUs AfA TPAHCMOPTHBLIX cUcTeM BOMbLLON rpy30noAbeMHOCTU. Bbinn NpoaHannaMpoBaHbl KOHCTPYKTUB-
Hbl€, MACCOBbIE, a9POANHAMUYECKUE U TPAHCMUCCHOHHbIE MapaMeTpbl OCHOBHOTO TAra4a B COYETaHWM C MOMYMPULIENOM U CPOPMUPOBAH CTPYKTYPUPOBAHHbIN
Habop AaHHbIX A1 KOMMbIOTEPHOro MoAenvposanus. [na ¢popmanmsaumm nocnefoBatesibHOCTU NEPEAain KpYTALLEro MOMEHTa OT ABWUraTens BHYTPEHHEro
CropaHws K BeAylueMy MOCTy Gbina paspaboTaHa KMHEMaTUYecKas cxeMa CUIoBOro arperata. Ha ocHoBe cobpaHHbIx napaMeTpos 6bina copMynnpoBaHa Ta-
roBO-AVHaMUYECKas MaTeMaTMyieckas Mogesb ABkeHNUA B AnddepeHumanbHon GopMe, yHUTLIBAIOLLAA XapaKTEPUCTUKU KPYTALLErO MOMEHTA JBUraTens, nepe-
[ATOYHbIX YMCE TPAHCMUCCUM, COMPOTUBIIEHUA KaYeHUIO, a3POAMHAMUYECKOrO COMPOTUBIEHUA U YKioHa goporu. [peanoxeHHas Mogenb Gbina peanvsoBa-
Ha B BUAE BbIYUCIIUTENBHOTO AZPA, MO3BOJIAIOLLErO BbINOJHATL MOAENMPOBaHUE BO BPEMEHHOM OBMacT U MPOrHO3UPOBaTh HECTALMOHAPHbIE PeXnMbl pabo-
Tbl. B3avMopelicTBMe MeXAy XapakTepucTUKaMu ABuratesns, KOHGUrypaumen TpaHCMUCCUM U OBOBLIM COMPOTUBEHUEM ObINO MpOaHanM3MpOBaHO C MOMO-
LLbIO YUCIEHHOTO WHTErPUPOBAHUA YMPABIIAIOLLMX YpaBHEHUN. [onyydeHHble pe3ynbTaTbl MO3BOMUIMN BbIABUTL KitoHeBble aKTopbl, onpegensatolme 6anaHc
TATW, Pa3rOHHOM CMOCOBHOCTU U SHEpreTU4eckoin 3pheKTUBHOCTM aBTOMNOE3AA B PasfnyHbIX YCIIOBUAX KCMTyaTaumn. PaspaboTaHHas MaTeMaTuyeckas U npo-
rpaMMHas MoAenb pOPMUPYET METOAOSIOMMYECKYIO OCHOBY ANA CO3A4aHUA LMGPOBbLIX ABOMHUKOB, CPEACTB KOMMLIOTEPHOrO MOAENMPOBAHUA U UHOPMALM-
OHHbIX CUCTEM MPOrHO3VMPOBAHWA, HAMPAB/IEHHbIX HA MOBbILLEHWE TOMIMBHOM SKOHOMUYHOCTM, SKCMTyaTaLMOHHOM HAaZl&XKHOCTU U SHeprosddeKTUBHOCTM CO-
YneHeHHbIX 60sibLUEerpy3HbIX TPAHCMOPTHBLIX CPeACTB.

Knrouyeeble crnoea: msz080-0UHAMUYECKUE XAPAKMEPUCMUKU, MpPaHcnopmHoe MoOenupoeaHue, cedesbHble maA2aqu, 3¢pheKmusHOCMb MPAHCNOPMHBIX Cpedcms, 8bICOKas
2py30n00beMHOCMb, KUHEMAMUYECKAs cxema npusoda.
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