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mexHosnoaui", Mocksa, Poccus,
stanislav.krikunov@skoltech.ru

Meanoe Anuapeinn Anapeesuy,

AemoHOMHas HeKOMMepUecKdas 06pa306amesnbHas 0P2aHU3aLUA Knto4essbie cnoea: lNuk-cpakmop,

8bicezo 06pazoearus "CKoMKOBCKUU UHCMUMYM HAYKU U My7IbMUNIEKCUPOBAHUE C 0PMO20HANIbHBIM HACMOMHbLIM
mexHonozaui", Mockea, Poccus, pasdeneHuem KaHanos, MawuHHoe obyyeHue,
an.ivanov@skoltech.ru Knacmepusauus, pezpeccus

CraTbA MOCBALLlEHA MEeTOAY CHWXKEHMA MUK-pakTopa B HUCXOAALLEH NUHUU
CUCTEM CBA3M TMpPU HEOAHOPOAHOM pacrnpefefieHun PpecypcoB Mexay
a6oHeHTaMun. B pexxume ¢ 60onbLLUMM YUCNIOM AGOHEHTOB AOMyCTMMasA BeMYMHA
BekTopa ownbku (Error Vector Magnitude, EVM) crtaHoBuTCA nepeMeHHOMn M
WU3MEHAETCA NpU BapuauMAX BbiieNEHHbIX PECypCcoB: MOJIOChl MPONycKaHusA,
nopaaKka MoAynALMUM U U3JTy4aeMOM MOLLIHOCTU. DTO 3aTPyAHAET CHMKEHUE MUK~
¢akTOpa U3BECTHLIMM METOAAMM, TAKMUMM KaK KnunnuposaHue u cunbrpaums,
NOCKONbKy TpebyeMoe 4MCnO WUTepauuMi M napaMeTpbl MeToAa 3aBUCAT OT
TeKywien KoHUrypaumm aboHeHTOB 1 pacnpejeneHnuna pecypcos. ONTUManbHbIN
CUTHan nojaBfieHnA NMUKOB MOXKET GbiTb ch)OPMUPOBaH CTPOro B COOTBETCTBUM C
orpaHuyvennamm no EVM c nomowybio MeTozia pesepBUpOBaHUA TOHOB, OiHaKO
Ha NpakTuke 310 TpebyeT NnoaGopa runeprnapaMeTpoB NyTEM NONHOro nepebdopa,
YTO He MOXeT ObITb OCyleCcTBIEHO B peXuMe peanbHoro BpeMeHu. B pabGore
npepnaraerca Meros, obGecneuuBalowwmii KBasuU-oNTUMaNbHOE MoAaBleHUe
nukoB 6e3 foporocrosLlero nepebopa runepnapamMeTpos oHnavH. OH BKnovaeT
KOMOMHaTOpHYl0 KnacTepusauuio aboHeHToB no ponyctumoin EVM c yuérom
Bbl/leNIEHHbIX PECYpCcOB M pe3epBUpPOBaHME TOHOB C NpeficKa3aHWeM nopora
ot6opa nukoB ManonapameTpuyeckumum Mmopgenamu. OGyveHue BbINONHAETCA
ocnaith Ha HaGope cnyvaiHbIX cueHapueB. MoaenupoBaHue aeMOHCTpupyeT
6nuskoe K ONTUManbHOMY MOAaB/iEHUE MUKOB: pasHULA MEXAY MONy4YeHHbIM
NUK-paKTOPOM U AOCTHIKMMOWM rpaHUuueln cocTtaBnseT meHee 0,5 aB. Takke
NpOAEMOHCTPUPOBaHa BbICOKAaA KOppeNnAuMA MeXAy MNpeAcKasaHHbIMM M
HalAeHHbIMM  TMOJNIHLIM  NepeGopoM moporaMu, 4YTO NoATBepXAaeT
COCTOATENbHOCTL MoAenu. [na npaKkTuvecKoW peanusauuu peKoMeHAyeTcs
MCMoONb30BaTh JIMHEHHYIO Perpeccuio U orpaHuveHHoe uucno rpynn. Moaxon
npuMeHuM B cuctemax 5G.
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BBenenune

MynBTHIIEKCHPOBAHUE C OPTOTOHAIBHBIM YaCTOTHBIM pa3ie-
nerneM kananoB (Orthogonal Frequency Division Multiplexing,
OFDM) — TexHHKa MHOTOYaCTOTHOM MOJIYJISAIINH, JIeXkKAIas B OC-
HOBe OECIPOBOAHBIX CHCTeM CBs3M, Takux kak 5G [1]. OFDM
IIMPOKO NCHOIB3YETCS B HUCXOIAIIEM KaHale OECIIPOBOIHBIX CH-
crem cBs3u [2]. OFDM-curnan nmeer BBICOKHI NHK-(aKToOp
(Peak-to-Average Power Ratio, PAPR), koTopslii onpenensiercs
KaK OTHOIIIEHUE MMKOBOM MOIIIHOCTUA OTCYETA CUTHAJIA K CpeHEN
MOIITHOCTH Beex orcuéroB OFDM-cumBona:

max(|x(n)|?)

PAPR(x) = 101g7= =2, (1)

rae x(n) € CNFFTX1 _ OFDM-cuMBON BO BPEeMEHHOM 061acTy,
n € [0+ Nppr — 1] — unnexc ero orcuéra, max(-) — onepanus
HAXOXXACHHsT MaKCHMMalbHOTrO 3HaueHus, E[-] — onepatop marte-
MaTHYECKOTO OKUAAHUS, Nppr — pazMep OBICTPOro mpeodpazoBa-
nust @ypee (Fast Fourier Transform, FFT, BI1®).

Bpricokuii muk-(akTop NPUBOANUT K HEIMHEHHOMY PEXHUMY pa-
0OTBI yCHIIMTEIISl BBICOKOW MOIITHOCTH. B pe3ynbrare, yCHIUTENb
TeHEepHpYyeT HEIWHEHHbIC UCKaKEHHS B JIOTMOJHEHHE K yCHIICH-
HOMY BXOIHOMY cuTHaiy. [losTomy HeoOXomum 3G QeKTHBHBIH
MOAXOJ1 K CHIKCHUIO HK-(akTopa. Kpome Toro, BRICOKOE 3HaYe-
HHUE THK-(hakTopa MOXKET TPeOOBaTh UCIIOIB30BAHNUS III(PpO-aHa-
JIOTOBBIX TpeoOpazoBaresieil ¢ 6oee BRICOKAM pa3pelieHreM Ha
CTOpOHe repenaTymka [3].

1 O630p JuTEpaTyphHI

PaccMoTpuM METOZIBI CHIDKEHHUS TIHK-(aKTopa, COBMECTUMBIC
co ctanaaproM 5G U OIEHUM HX pabOTOCHOCOOHOCTH B CLIEHA-
pusix, xorna kaxasli OFDM-cUMBON CONEPIKUT CUTHANBI He-
CKOJIbKMX a0OHEHTOB. AOOHEHTBI HaXOJATCS B PA3IMYHBIX YCIIO-
BHUSIX PaclpOCTPAaHEHUs CHTHAJIA, IOATOMY B HUCXOJISIIIEM KaHaie
CBSI3M MM BBIJICIISIIOTCSL PA3HBIC PECYPCHI: MOPSIAKNA MOIYJISIHIH,
TIOJIOCHI TTPOITYCKAHUS X MOIITHOCTH M3IyHICHHUS.

Hamubomee mpocToit u pacpocTpaHEHHBIN CIOCO0 CHMKECHHUS
MUK-(hakTopa — KIUMITUPOBaHKUE C TIOCenytonel GuibTpanmei.
HenuHeHHOCTh KIMITMPOBAHUSI BbI3BIBACT BHYTPHIIOIOCHBIE U
BHETIOJIOCHBIE UCKA)KEHMs1, Ha3bIBaEMbIE IITyMOM KIIUIITUPOBAHHS
[4, 5]. BHemnosocHbIE KOMIOHEHTHI MOJIABIISIIOTCS (HIBTPAIHEH,
OJTHaKO 3TO MPUBOAUT K BOCCTAHOBJICHMIO MHKOB. [Ipu cmeman-
HBIX MOPsIKaX MOy sy aboHeHToB B criekTpe OFDM-curnasa
3¢ PEKTUBHOCTH METO/Ia OTPaHMYCHA €AMHBIM MOPOTOM KITHIIITH-
POBaHMsI, KOTOPBIN 331a&TC MUHUMAJIBHO JJOIYCTHMOH BEJINYH-
Hoit BekTopa ommbOku (Error Vector Magnitude, EVM) cpemu
BceX a0OHEHTOB B CHEKTPE CHUTHAJIA. BHYTPHITOIOCHBIE KOMITO-
HEHTBI UIMEIOT OJIN3KUI K pAaBHOMEPHOMY CIIEKTp, TO3TOMY Orpa-
HU4YeHHs 110 3HaueHni0o EVM o0yciioBieHsl aDOHEHTaMH ¢ MaK-
CHUMAaJIFHBIM HOPSIIKOM MOIYJISIINH [6]. JI7Is MogHeCY X ¢ MEHb-
MU TIOPSIAKAMH MOJYJISIIMU JIOIyCTUMO OOJIbIliee 3HAUEHHE
EVM, HO cHImXeHne Topora KIAIIHPOBAHUS OTpaHIYeHO Tpebo-
BaHISIMM HauOojiee «YyBCTBUTEIBHBIX» IOJHECYIINX, TO €CTh
aOOHEHTOB C HAWBBICIIUM TOpsiAKOM MoayJisiiuu. CiienoBa-
TENIbHO, KINNINKUPOBAHUE M (QUIBTPALMS HE UCIIOJIb3YIOT YaCTOT-
HOE pacnpezenenue gomyctumoro 3adenust EVM u notomy oka-
3bIBalOTCS HEA(D(HEKTHBHBIMHU.

Jpyroii MeToJl OCHOBaH Ha pe3epBUPOBaHUU TOHOB [7, 8]. OH
MIPUMEHSICT UTEPATHBHOE BBIUMCICHUE aMIUIUTYA JJIsl TIOCTpOe-
HUSI CHTHAJIA TIOAABJICHUS TIMKOB M3 HA0Opa 3ape3epBUPOBAHHBIX

SNNIEKTPOHMKA. PAONOTEXHUKA

MOJAHECYIIUX YaCTOT. O)IHaKO, BBIYUCIINTCIIbHAA CJI0XKHOCTH MC-
TOJIa CIIUIIKOM BbIcoKa [9]. /lanHO npobiemMe He 1MoIBEepKEH He-
UTEPATUBHBIA AITOPUTM BBHIOOPOYHOTO PE3EPBHPOBAHUSI TOHOB
(Selective Tone Reservation, STR) [10], ocHoBaHHBIf Ha BBIYUC-
JICHUY MUHHUMAaJIbHOHM CpeHEeKBaIpaTHYecKoi omuoKku. I dex-
TUBHOCTB aJITOPUTMa NPUOIMKACTCS K MPEEIy, ONpeaesieMOMY
3aJlaHHBIMU OTpaHUYEHUsIMU Ha 3HaueHue EVM.

Bbutn mpeasniokeHsl crocoObl yCOBEPIICHCTBOBAHUS METOAA
pe3epBUPOBAaHUS TOHOB TIPU MOMOIIH TITyOoKoro oOyuenwus [11],
[12]. Kaxxnast utepannst yMEeHbIICHHS THK-(PAKTOpa pa3BOpaunBa-
eTCsI B CIIOW TIIyOOKOI HEHpOHHOM CeTH, MOPOT KIUITMHPOBAHUS
BBIOMpAETCsl HAa KaXXKJOH UTEpaluy OTAEIbHO. DTOT METO] Ipe-
BOCXOOUT CTaHI[apTHI:Iﬁ METO PE3CPBHUPOBAHUA TOHOB U UMECT
COIOCTaBUMYIO CJIOXKHOCTb.

Jpyroii Kjacc METOI0B, MPE/JI0KEHHBIN /1711 MHOTOAHTEHHBIX
CHCTEM, HCIIOJIb3yeT CBOOOHBIC MTPOCTPAHCTBEHHBIE HAIpaBlie-
HUSL JUISL paclpesieNieHus CUI'Hala T0/IaBiIeHus NHKOB. B anro-
putMme [13] pesepBupoBaHuHE JIyuyell MPOUCXOAUT IyTEM MpO-
CTPAHCTBEHHOT'O PA3JIeJICHNsI CUTHAJIOB a0OHEHTOB M CUT'HAJIA T10-
JaByieHns1 MUKOB. CHIDKEHNE MHUK-(AaKTOpa MPOUCXOUT Ha KaxK-
JION Tiepenaromeii anreHHe. Meroj oOecrieunBaeT HU3KYIO BbI-
YHCIUTENBHYIO 3aI€PKKY U COBMECTHM CO CTaHAApTOM 5G.

B paborax [14-16] npemmoskeHbI METOIBI CHIKCHHUS MTHK-(aK-
TOpa, OCHOBAaHHBIE Ha HEHPOCETAX, B TOM UHCIE, aBTOKOIHPOB-
mukax. OToOpakeHne CUMBOJIOB JIaHHBIX B CUT'HAIBHOE CO3BE3-
JHe 1 o0paTHas OIepanys BBIIOIHIIOTCS aTalTHBHO C HCIOJIB30-
BaHMEM HEWPOCETH M MHOTOKPUTEPUATIBHON ONTUMM3AIMH: CHU-
JKEHHUE MUK-(PAKTOpa U BEPOSITHOCTH OUTOBBIX OLIMOOK ITPOHCXO-
JIIT OJHOBPEMEHHO. ABTOKOJMPOBIIUKH O0ECICUMBAIOT OoJice
BBICOKHC TIIOKa3aTCJIM KaueCTBa OTHOCUTCIHLHO TpaJUIIUMOHHBIX
MIOJIXOJIOB, OJTHAKO OHM HECOBMECTHUMBI C JICHCTBYIOIIMMH CTaH-
JlapTaMU CBSI3H.

Bbuti npeiioskeHsl 1 IpyTrue METO (bl MAIMHHOTO 00YYEHUS,
HalpuMep, aliTOPUTM, TOIAEPKUBAIONINN BEIOOPOYHOE pe3epBH-
POBaHUS TOHOB U IIydeit omHOBpeMeHHO [17]. B manHOI# paboTe
TIOJTHBIN TIepedop ruIepnapaMeTpoB 3aMEHEH CTaHJaPTHBIMU al-
TOPUTMAMH MALIMHHOTO 00YUCHHUS IS alIIPOKCUMAIINH C HU3KOH
BBIYHMCIIUTENLHON CIOKHOCTBIO. B pesynpraTe, MOMCK HAMIyd-
KX TUIEPIAPAMETPOB MOXKET MPOUCXOJUTL B PEKUME peallb-
HOT'O BPEMEHH, YTO MOJIXOIUT JJIsi CUCTeMBbI ¢Bsi3u 5G. B padote
MPE/IoaraeTcst OJIMHAKOBasl CIEeKTPaIbHas IUIOTHOCTh MOIIHO-
CTH W3JIyYCHHMs JJIsl BceX aDOHEHTOB, YTO Ha MPAKTUKE BBITTOJTHS-
etcs peako. Takum oOpa3om, pacrpeliesieHHe JIOMyCTHMBIX 3Ha-
yenuit EVM B monoce ncnosb3yercst 0e3 yuéra u3rydaeMoi MOIIl-
HOCTH a0OHEHTOB, YTO MPUBOJUT K 3aBBIIIEHHOMY ITHK-(DaKTOpYy.

2 Bkiiag aBTOpOB

B otnuuue ot cymecTBy0mux anroputMos [ 17], B nanHoi# pa-
00Te npeycMOTPEHO HEPAaBHOMEPHOE pacIipe/iesIeHUE PeCcypCoB,
BBIACTIACMbBIX B HUCXOAAIICM KaHaJIC CBA3U KaXKIOMY U3 a6OHeH-
TOB CHCTEMBI: MOIITHOCTH TI€pe/aut, MOJIOChI TPOITyCKaHUs U HO-
psiiKa MO JISIIIAY.

B crarbe npeuaraeTcs HOBBIH aIrOPUTM KJIacTepU3aluy abo-
HEHTOB JUIS TIOBBIICHHUS 3((GEKTUBHOCTH TNPUMEHEHUS alro-
pHUTMa CHIDKCHNS THK-(paKTopa pHu (PUKCHPOBAHHOM UHCIIC UTe-
panmii. AITOPUTM KJIaCTEPU3AIMU TIOCTPOCH Ha OCHOBE PEIICHUS
KOMOWHATOPHOM 3a/1a4¥l ONTHMHU3AINH TieTeBoi GyHKImH. B Ka-
YECTBE AITOPUTMA CHIDKEHHS MHMK-(aKTOpa UCIOJIb3YETCsI aJro-
putMm STR, mist koToporo B paboTe OmpenessitoTcs KBAa3HOITH-
MaJlbHbIE€ THUIIEpIapaMeTphl IyTEM IpEACKa3aHus C ITOMOIIBIO

—
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ITOPUTMOB MalIMHHOTO 00y4YeHusi. MHOroMepHas anmpoKkcuma-
IUs CTPOUTCS HA 0a3e 3HAYCHHH, HAJCHHBIX METOIOM MOJHOTO
nepebopa Ha cilydyailHOM Habope CLieHApHeB paclpeleeHus pe-
CYpCOB.

Jnst oneHky 3G HEKTHBHOCTH NPEJIOKEHHOTO MOAX0Aa Kila-
CTepU3aLUH U NPeJCcKa3aHus THIeplIapaMeTpoB ObIIO IPOBEICHO
MOJICIIUPOBAHUE CITy4alfHOW BBIOOPKH CLIGHAPHUEB H, JUIs HEKOTO-
PBIX U3 HUX, BBITIOJIHEHO CPaBHEHHE ¢ 0a30BBIM METOJIOM CHHUKE-
HUSI TUK-(DAaKTOpa — KIMIIKUPOBAHUEM M (DUIIbTpaLIUCH.

3 AJIropuT™ BbIOOPOYHOIO pe3epBUPOBAHNS TOHOB

AnroputMm STR ocHOBaH Ha 0TOOpE HaNOOIEEe MOIITHBIX ITHKOB
B paMkax kaxmaoro OFDM-cumBoma 1 mocienyroneil reHepanun
CUTHaJla MX KOMIIEHCAMu 13 Habopa noaHecymux. B anroputme
MIPUMEHSETCS] OTPAHUUEHNE MAaKCUMAIbHOTO YPOBHS CUTHAJIA T10-
JIaBJIEHUS IMKOB COIJIACHO JOIYCTUMOMY 3HaueHnio EVM.

CHauana K aOCOJIIOTHBIM 3HAUSHHSIM HAa4aJbHOTO CHTHAJIA X
BO BPEMEHHOM 00JIaCTH MIPUMEHSIETCs TIOpOroBasi 00padoTKa:

y = x(n), ecnu |x(n)| = 7, unaue 0, ?2)

raey € CNFFTX1 _ gexrop, cOCTOSIIMI M3 HexkeaaTebHbIX THKOB
BEKTOpa X, TIOPOT T — HOPOT 0TOOpa MHUKOB, MPeICKa3hIBAEMEIi
runepnapamerp. BeKTop KOMIUIEKCHOTO CUTHAJNA C YMEHbIIEH-
HbIM nuK-(axTopom z € CNFFT*1 priuycnsercs cnemyrommm 06-
pasom:

z=x-Sa, 3)

e § € CNFFT*Nsc — gacth Matpuiml @ypbe, cocrosimas u3 Ngo
2my/—1mn
BBLIOPAHHBIX TOJHECYIIUX e NFFT ¢ ammuryjgamu @ € CNse*1,
rae m € [0+ Ny — 1] — HHIOEKCHI BBHIOPAHHBIX MOIAHECYILHX.
[IpousseacHue Sa npeacTaBisieT cOOOM CUTHA TOAABICHHUS TTH-
KOB. AMIUTATYIBI BEKTOpa @ BBIUHCISIOTCS CIEAYIOMIUM 00pa-
30M:
a = argmin|ly — Sall3 =N;SHy, 4)
GEN FFT

rne H — omepaiiyist puMTOBa COMPSIKESHUSL.

Anzopumm STR evitnonnsemcs umepamueno 3a N wmazos:

ar 1:
1) BeIYHCIIeHHE TTIOPOTa T (MOXKET OBITh OJJMHAKOBBIM ISl KaXKI0H
uTepanuu 6e3 moTeps B KA4eCTBE MOIaBICHHS THKOB);

Hlaru i,i € [1---Ng]:
2) moctpoeHue Matpuilbl Oypbe, UCTOJB3Ysl BRIOpAHHBIC TTOTHE-
cymue - Tpynisl a0OHEHTOB,
4) MONCK MTUKOB, MPEBBIMIAIOIINX [TOPOT, UCTIONB3YA (2);
5) BBIUKCIICHHUE CUTHAJIA TIOJIaBJICHUS TTHKOB (4);
6) yMEHBIIICHHE TTHKOB CUTHAIIA B COOTBETCTBHH C (3);
7) onlenka m  -pakropa coraacHo (1).

4 AJIropuTM™M KJIacTepu3anuu a00HEeHTOB

AJNTOpUTM KJIacTepu3aluy a0OHEHTOB IMpeArnoaraeT Gpukcu-
POBaHHOE YHUCJIO MTEepaluil CHMKEHUs NMHUK-(aKTopa COIJIACHO
YHCITy TPy aDOHEHTOB, TaK Kak B alnapaTHON peayu3amnnuy 3To
YHCIIO JIOJDKHO OBITH MOCTOSHHBIM. JTO HEOOXOAMMO, YTOOBI H3-
OeKaTh YBEJIMYCHHs 33ICPXKKH B pa3HbIX cueHapusx [8]. IIpo-
OneMa KiacTepu3aluy BO3HUKAET, KOT/Ia KOJIMYeCTBO aOOHEHTOB
B CIICKTPE IPEBBIIIACT 3aJaHHOEC KOJIMYECTBO UTEPAIMil CHHXKeE-
HUS IK-¢pakTopa. Pabota anroputma kiactepusannu aOOHEHTOB

coBMecTHO ¢ anroputMoMm STR mokaszaHa Ha pucyske 1. brnok
KJIaCTepU3alny HCIIOJIb3YyEeT MAaKCHMAJIbHO JOIyCTUMBIC 3Haue-
Hust EVM, oTHOCHTEbHBIE BBIZIETICHHBIE MOITHOCTH 1 YaCTOTHBIE
pecypcbl. HalineHHOe pa3dnenne Ha TpyNIibl HCIOIb3YETCs B UTe-
patuBHOM amroputmMe STR, ocymecTBisieMOM IS KaKIOH W3
rpyIn aOOHEHTOB.

PAPRy, > PAPR,
- —— —=
| I I I ]
= F” d B - E g
1 I i I
. = 2
— 1 HE 1 W
! ' g
L G g —_> EE I —r» § —> ¢
' g i 55 | 1 % <
AAAAA ' i ]
- Bl B oe| 1|
n ' I 1€ |1 Gram)| '
| uEe : ' I
— U My I I ]
Yacrornas ofinacte  Bpemennas ofnacts T Brixognoi cHrian
ANropHT KIACTEPHIALMN AGOHCHTOR:
Gop = arg min[PAPR(G)| ‘
Gefl

Puc. 1. Cxema anroputMma CHIKCHUS MUK-(PaKTOpa

[TycTh a0OHEHTY BBIACICHO HEKOTOPOE YKMCIIO YACTOTHBIX Pe-
CYPCHBIX 3JIEMEHTOB, KaXKIIbI U3 KOTOPBIX HA3BIBACTCS PECypcC-
veiM Os10kOM (Resource Block, RB). Beeném obo3nauenue: P —
HOPMHUPOBAHHAsI MOIIHOCTh a0OHCHTa. MaKCHMaabHO JOITYCTH-
Moe 3HadeHre EVM aboHeHTa ompeaessieTcs IOpSIKOM MO TyJIs-
nuu. BBenéM HOMyCTHMYIO BEIMYMHY CHUTHAJA TTOJABICHUS ITH-
koB (Allowed Noise Level, ANL). Hazanue ANL o0ycioBieHo
TEM, 4TO CHUTHAJIA TTO/IaBJICHUS IUKOB MOXKET OBITh WHTEPIPETH-
poBaH Kak HenuHEeHHBIN mym. Takum oOpasom, ANL kaxmoro
a6OHeHTa B paMKaX BbIACJICHHBIX YaCTOTHBIX PECYPCOB!

ANL(P,EVM) = P - EVM2. (5)

AOOHEHTHI C OJIU3KUMHU JIOMYCTUMBIMU BEJIMYMHAMHU CHUTHAJIA
MOJIABJICHUS TMUKOB PACIPEACISIIOTCS B OJHY U Ty K€ TPYIILY.
CaMbIii MPOCTON METOJ KJIaCTEPU3AIUH 3aKITFOYACTCSI B MAKCUMH-
3alid CyMMapHOW MOIIIHOCTH CUTHAJIA ITOJIABJICHUS ITUKOB IO
BceM a0OHEHTaM:

Peomp = 208 Neg (DAN Ly (D), (6)

rae Pcopyp — MOIIHOCTH CUTHANA MOJaBieHUs MUKOB, AN Ly, —
MaKCHMAaJIbHO JIOIyCTHMas BEJIMYMHA CHUTHAJa MOJaBJICHUS ITH-
KOB B rpyrmie aboHeHTOB; Npp — KOJMYECTBO OOLIMX YACTOTHBIX
PEeCYpCcoB B paMKaxX TpyIIbl a00HEHTOB. N; — YHCIIO TPy abo-
HEHTOB, [ — MHJIEKC rpynnbl aboHeHTOB. Kaxnas rpynma BKIro-
yaeT He MeHee | aboHeHTa.

4.1 Ilonyuenue 3asucumocmeil

Jl1st ycTaHOBIICHUS 3aBUCMOCTH MEKAY JIOITYCTUMBIM 3Haue-
HHEM CHUTHaJIa IOAaBIeHNS TUKOB (5) 1 3 HeKTHBHOCTHIO CHIKE-
Hus nuk-hakropa meromoM STR (4), ObuT MPOBENEH 3KCIEPH-
MEeHT. B X071 SKCIIepuMeHTa YHCIIO PECYPCHBIX OJIOKOB, UCIIONb-
3yeMBIX Ul CHW)KEHHS MHUK-(haKTopa, BapbUpOBaJIOCh OT 1 10
Ngp, a BeNMYNHA CUTHAJA TIOJABIICHIS THKOB (5) BapbHpPOBaIach
B paMKax CTaHAAPTHBIX 3HAYCHUH 11 COOTBETCTBYIOLIUX MOPS/I-
koB Moxymsamuid: oT ANL mnst momHOcTH 1% 11 EVMoamion =
2,5% no ANL mist momraoct 99% u EVMqpsk = 17,5%. Pesyib-
TaThl 3KCIEPUMEHTa IMPEACTaBICHBI HA pUCYHKax 2 u 3. Bxman
LIMPUHBI  BBIIENCHHOM II0JIOCHI NPOIYCKaHHMsA ONM30K K
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JMHEHHOMY, TOT/Ia KaK YBEJIMUCHHE JJOIYCTHMOTO YPOBHS CHI-
HaJla MOJaBJICHNUS THKOB MOXKET OBITH alIIPOKCUMHPOBAHO (PyHK-
nuei kBagpaTtHoro kKopHs. IlosToMy, mpeanaraercst OnpenensiTh
Bkya)t BennanuHbl ANL 1t Ny i-if TpynIibl a0OHEHTOB CIIEAYIOIIIM
o0Opazom:

C(0) = Npp(D)y AN Ly (D). ()
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2. Biusinvie 3Hauennss ANL Ha cHWkeHHe HK-(haKTopa JiIsl aro-
purma STR (cpess! o paznmuaHoMy uncity RB)
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Puc. 3. Biusinne uncna RB Ha cHibkenue nuk-(akropa uist anropurma
STR (cpe3sl o 3Hauennto ANL)

4.2 Kpumepuii knacmepusayuu a6oHenmos

PaccMoTpuM anropuT™ KitacTepHu3alii, OCHOBAaHHBIH Ha KOM-
OMHATOPHOI OoNTHMH3AaLUK. 3a]ja4a COCTOUT B HAXOXKICHUU pa3-
OueHust aDOHEHTOB, KOTOPOE MHHUMH3UPYET 3HAUCHUE MUK-(aK-
TOpa TocJIe TOJIaBJICHHs TUKOB BO Bcex rpynmax. [Tonck nmpownc-
XOJNT CPEH BCEX BO3MOXKHBIX Pa30MCHUIM:

Gopt = argmin PAPR(G), (8)
GeQ
r7e {1 — MHOXXECTBO BCEX BO3MOXKHBIX pa30MEeHNUI MMOIb30BaTeIeH
Ha TPYIbL, G — IPOM3BOJILHOE Pa3OMEeHHe Ha IPYNIIbL, Gyyp — OI-
TUMaJbHOE (1IeNIeBOe) pa30reHne Ha TPYIIIbI.

AJ'[FOpI/ITM BBIUUCIISICT HOTCHHHaJ'IBHBIﬁ BKJIaJ Ka)K)]Of/'I
TpYIBI B CHIKEHHE MUK-(akTopa ¢ ucnonszoBanueM (7). [pu-
MEHSIS JaHHBII MOJIX0/l U TPE/IIOJIOKHUB €r0 HE3aBUCHUMOCTh OT
HOMEpa WTEPALUU, MOKHO MOCTPOUTH IICICBYIO (DYHKIHIO 00-
IIEero BKJIA/IA!

F(G) = TN C (D). 9)

MuHIMA3aUS JaHHOW TeTIeBOH (DYHKIMH TTO3BOJISIET HAWTH OII-
TUMalbHOE pa3OneHne abOHEHTOB Ha TPYMIIH (8§).

SNNIEKTPOHMKA. PAONOTEXHUKA

4.3 Howazoewtit anzopumm Knacmepusayuu

Anzopumm Knacmepusayuu, nNPOUNIOCMPUPOCAHHbLI HA
pucynke 4, 6blnonnaemcs 6 HecKOJIbKO IMAnos.

1) CoptrpoBKa aOOHEHTOB COIJIACHO JOMYCTUMON BEIUYHUHE
CUrHaJjia MOAaBJICHUSI THKOB;

2) TI'enepamms Bcex BO3MOXKHBIX pa3OHMeHHMH aOOHEHTOB Ha
TpYIIIBI, KaK Moka3aHo B Tadmuue 1. ['eneparust — komOuHaTop-
Hasl 33/1a4a pa30ueHus yIopsI0ueHHOr0 MHOYKECTBA Ha Herepe-
CEeKaroIIHecs MOJIMHOKECTBA;

3) Beruncienye moTeHINAIBHOTO BKIJIAAA IS KaXKJ0T0 pa3on-
eHus1 aDOHEHTOB Ha IPYIIIBI ¢ HCHoIb30BaHueM (9);

4) BpiOop pazOHeHusl, COOTBETCTBYIOIIETO MaKCHMAILHOMY
BKJIQJy B CHIDKEHHUE MUK-(akTopa cormacHo (10):

Gopt = argmax F(G). (10)
GEN
10
_ Cnesp
51 _ Noanwii mym
04 _ Tpynnal
—— [Ipynna 2

—— Tpynmna 3

-7 -6-5-4-3-2-10 1 2
Yacrora, MI'1g
Puc. 4. TTocnenoBarebHOE CHIDKCHUE TTHK-(PAKTOPa B KAKIOM M3 TPYIIIT

Tabmuma 1

Bce BapuaHTHI pactipeneneHus 5 aOOHEHTOB B 2 WK 3 TPYIIIHI

2 rpynnsl (|G1], [G2]) 3 rpynnsl (|G1], [G2], [G3])

1 [1],]2,3.4,5] [1],[2], [3. 4, 5]
2 [1,2],[3,4,5] [1],[2, 3], [4, 5]
3 [1,2,3],[4, 5] [1],[2, 3, 4], [5]
4 [1,2,3,4],[5] [1,2],[3],[4, 5]
5 [1,2],[3,4],[5]
6 [1,2,3],[4], [5]

5 Bb160op mMoporoBoro 3Ha4eHust

OnTuManbHOe MOPOroBOe 3HAYEHHE Tope, OOECIEUMBAIOLIEE
MaKCHMaJIbHOE CHI)KCHHE MTHK-(PaKTOPa, ONPEAeNSeTCs] COrACHO
(11) cnexyrommm odpazom:

Tope = argmin PAPR(STR(x, 1)), (11)
T

rne T =71(Ngg, ANL) — ¢yHkuus, 3aBucsmas OT BEKTOPOB

Ngp = [Ngg(1),-++, Ngg(N;)] (pactpenenenue 4acTOTHBIX pe-

cypcoB Juist kaxkaoi rpynmnsl) u ANL = [ANL(1),---,ANL(N;)]

(MakcUMasbHO JIOMYCTHMBIA YPOBEHb CHUTHaja MOJABJICHUS ITH-

KOB JUIsl K&K/I0H IPYIITbl a0OHEHTOB).

VYuuThIBas KOJMYECTBO BapHalWil pactpesieieHus PecypcoB,
MIPEABAPUTEILHBINA pacyET TaOIMIHBIX TAPaMETPOB JUISl BCEX ClIe-
HapHeB HelenecooOpa3eH BBUAY 3HAYMTEIBHON BBIYMCIUTEIb-
HOW  cmoxHocTH.  OpHako,  OONBIIMHCTBO  CIIEHAPHEB

—
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KOPPENUPYIOT C TOYKH 3PEHUs MapamMeTpOB U MOTYT OBITh arl-
MIPOKCUMMPOBAHBI TOJMHOMAMU HU3KOTO mopsiaka [17].

5.1 Ilpeockazanue zunepnapamempos

PaccmoTpuM mpezickazaHue rHIeprapamMerpoB (IIOPOroB OT-
6opa nukoB) T ¢ nomolikko mozeneit perpeccunt f(Ngg, ANL) u3
MaJIolapaMeTpUYeCKoro cemeicrTBa. JlaHHas 3ajgada SIBISIETCS
KJIacCCHYECKOH 3aadueii anmpokcumanui GpyHkm. B manHoi mo-
CTaHOBKE MOJIeJIb MCIIOJIb3yeT HH(OpMAIIKIO O TlapaMeTpax abo-
HEHTOB B K)KJJOU TPYyTIIE TSI BEIYUCICHUS (AIIPOKCHMAITUH ) T10-
pOroB 0TOOpa MHUKOB.

5.2 Memoowt 0dyuenusn

B naHHOH cTaThe pacCMOTPEHO HECKOJIbKO MOAENEH JTUHEN-
HOH anmpoKCHMaluH, TAKUX KaKk OOBbIYHAs JIMHEHHAs perpeccus
(Ordinary Least squares, OLS) [18], RANSAC (RANdom
SAmple Consensus, RANSAC) [19] u Theil-Sen [20], a Taxxe
HEIMHEHAs MOJIeNTb MHOTOCIIOWHOTO TiepuenTtpona (MultiLayer
Perceptron, MLP) [21].

1) OLS mo3BonsieT anmmpOKCHMHPOBATH JHHEHHYIO MOICIh
BEKTOPOM KO3((PUIIMEHTOB, MUHUMHU3UPYSI CYMMBI KBaJIpaTOB
Pa3HOCTH MEXIy HAOJIIOIAaeMBbIMU U JKEJIAeMbIMU BEJTHYHMHAMH.

2) RANSAC oreHuBaeT MOAETH M0 CIyYalHBIM MOIMHOXKE-
CTBaM HaOIIO/IeHUH ¥ BBIOMpAET TUIIOTE3y, BKIIOYAMOLIYI0 MaK-
CHMYM COT'JIACOBAHHBIX C MOJICNBIO HAOJIIOAEHHH. DTO CTOXAaCTH-
YECKUH aIrOPUTM, II09TOMY BEPOSITHOCTH YCIEITHOTO BOCCTAHOB-
JICHUs MOJEIH 3aBUCHUT OT 4YMCJa UTepaluii U JTOJU COIJIaCOBaH-
HBIX C MOJICNBIO HAOJIO/ICHNI B TPEHUPOBOYHOM Ha0OPE TaHHBIX.

3) Theil-Sen mo3BonseT anmpoKCUMUPOBATH JIMHEHHYIO MO-
JIeITb, UCTIONB3Ysl MEANAHHOE 0000IIEHNE IO HECKOJIBKUM H3Me-
peHusiIM. MeTos yCTOIYMB K MHOTOMEPHBIM BBIOpOCaM, OJHAKO,
€ro Ha/IS)KHOCTh OHMKAETCSI C POCTOM Pa3MEPHOCTH JaHHBIX.

4) MLP mpencka3siBaeT (pyHKIIMIO HETHHEHHO C MTOMOIIBIO
HeiipoceTn, oOydeHHOH Ha HaOope MaHHBIX. APXUTEKTypa
HEUPOHHOM CETH MOJTHOCBSA3HAS C OJJHUM CKPBITHIM ciioeM. Bxo-
HOM cJI0H uMeeT 6 HEeHpPOHOB, CKPBITHINA €Ol — 8§ HEHpPOHOB, a
BBIXOJHON cJIOW — oauH HelpoH. Kaxaplii HelpoH BKIIIOYAeT
CMEIICHUE U UCIOJb3YeT JMHEHHBIH BBIIPSIMUTEIh B KAauecTBE
¢ynknun akruanun (Rectified Linear Unit, ReLU). Hefipons! B
CKPBITOM CIIO€ MOJICIIU ITPEe00Pa3yIoT 3HaYECHHsI U3 MPEbLIYIIETO
CJI0S1 ¢ TIOMOIIBIO B3BEIIEHHON CyMMBI, 32 KOTOPOH CIIEAyeT He-
TMHEHAs QyHKINS aKTHBAINH.

6 BoruncauTeabHas CJI0KHOCTh

OmnuieM CI0XXHOCTh KaXJJOT0 IIara alropurMa, 3a UCKIIode-
HHEM IIOMCKAa METOJOM IIOJIHOTO mepebopa, MOCKONBKY OH He
npezrnosaraer paboTy B peKUMe peabHOr0 BPEMEHH.

MeToa BHIGOPOYHOTO pe3epBHPOBaHUS TOHOB. CII0KHOCTh
oTpenersieTcsl yMHOKeHHeM MaTpuIl B (3) u (4), roe § — martpumna
Dypoe, cinoxuocts BbruuciaeHus: Kotopod O (Npprlog(Nepr)),
YTO COMOCTAaBUMO C TUIHYHOM cioX)HOCThI0 BII® nepenatuunka,
npeoOpa3yIoIero CUrHail U3 4acTOTHOH BO BPEMEHHYIO 00J1acThb.

AJNropuT™M KJacTepH3auuu. BeramcnurenbHas CI0XXHOCTb
3aBHCHUT OT KOJIMYECTBO aKTUBHBIX a0OHEHTOB Ny | 4ucia pas-
ouenuit N;. Uncno pa3dueHnid ynopsmgoueHHOro Habopa u3 Nyp

JJICMCHTOB Ha d)I/IKCI/IpOBaHHoe YHUCJIO NG IMOJAMHOKECTB pPaBHO
CNG—l (Nyg—1)!

= ———————— [Ilockonbky Beruncinenne F(G) ¢
Nye=1 — (Ng-1)!(Nyg-Ne)! Y ©

ucronp30BaHneM ypasHeHus (9) Tpedyer N; yMHOKeHHH (orepa-
LS BBIYMCIICHUST KBAAPATHOT'O KOPHS BBIMOJTHSIETCS C HCIOJIB30-
BaHUEM TaOJHMIBI MOMCKA), CJIEOBATEIILHO, CJIOXKHOCTH aJro-
Ng(Nyg—1)! )
(Ng=D)!(Nyg-Ne)!/’

Hanpumep, B ciaydae N; = 3, Ny = 10, knmacrepusanust Tpe-
Oyet Bcero 108 yMHOXKHUTETCH, YTO, OUEBUIHO, HAMHOTO MEHBIIIE,
gem y metoga STR.

OO0y4eHnne Mo/e/ M M MPOTrHO3MPOBaHNe 3HaYeHuil. OOyue-
HUE BBINOJHSETCS HA U3BECTHBIX JIAaHHBIX B 0(IIaiiH pexume, 6e3
BIMSIHUA Ha OHNaiH-Tpaduk. Jlanee, B peKuMe OHIANH Kakaas
MOJIENb UCTIONB3YeT HAO0P Npgrqm OOYIEHHBIX MapaMeTPOB JUIS
MIPOTHO3UPOBAHUSI TOPOrOBOT0 3Ha4YeHUs. [[puMeHeHne Kaxmoro
napameTpa TpedyeT 0HOTO aIapaTHOr0 YMHOKHUTEIS, TI03TOMY
cnoxHocTh cocTaBiseT O(Npqrqm). MLP TpeOyer Haubonbiiero
KOJIMYeCTBa MapaMeTpoB Cpeau Apyrux monenei. OgHako, ero
CIIO’KHOCTB Taioke He mpeBocxoauT STR.

puTMa Kiactepusanuu paBaa O (

7 Pe3ynbTaThl MOJCTHPOBAHHSA

B cumynsumsx ObUTH NPUMEHEHBI CIEAYIOIUe MapaMeTphl:
KOIMn4ecTBO a00oHEHTOB Ny = 3, KommuecTBo rpymnn N; = 2, pas-
Mep BIID Nppr = 512 KOTUYECTBO MCMONIB3YEMbIX MOJIHECYIINX
Nge = 240 (Nzp = 20), ncnomszyemble moxpyssimun: QPSK,
QAMI16, QAM64, QAM256, QAM1024. MakcuMabHBINA TUHA-
MHUYECKHH JMANa30H CHEeKTPajJbHOW IUIOTHOCTH MOIIHOCTH a0o-
HEHTOB P4, = 201b.

Koppensmust nmporHo3upyeMbIX M ONTHMAIBHBIX ITOPOTOB
IIpe/ICTaBlIeHa Ha PUCYHKE 5, N3 KOTOPOTO CIIE/IyEeT, 4TO IpeJICKa-
3aHHBIC TIOPOTH KOPPEIUPYIOT C ONTHMalbHBIMUA. CTOUT OTMe-
TUTb, YTO HE HAOJIONACTCS CHIBHOW KOPPEISINU MEXKTy TOUHO-
CTBIO MPE/ICKA3aHMs 1TOpOra B MPOCTPAHCTBE METPUKH MTOPOTa U
3P PEKTUBHOCTHIO CHIKEHHUSI MUK-(PaKTOpa.

Linear, R2.s+ = 0.832

114 Tpennposcaue v sl
« Tesmomiss morem .

MLP, R2¢est = 0.947)

« Tpetinpoaaine Toumi
« Tecromue Toum

Ipencxasannsiit nopor
[TpenckazanHsiil nopor

5 3 7 3 W 10 n a s I k] 10 i
OnTHMansHEIH nopor OnTuMansHEIH mopor

Puc. 5. Koppensius npeicka3aHHbIX ¥ TaOJIUYHBIX IOPOTOB: JIU-
HeiHas perpeccus (ciaeBa), MHOTOCIOWHBIN EPLENTPOH (Crpasa)

J1st KaKIoro ciay4yaliHO CUEHapUsl PAcIpeneseHus] pecypcoB
OBUIO CreHEPUPOBAHO (MKCHPOBAHHOE KOJIMYECTBO MCEBIOCIY-
yaitaeix OFDM-cumBosioB. KosuuectBo ciieHapueB B Habope
naHHbIX coctaBisier 128. CueHapuu ObUTH pa3/iesieHbl Ha 00yua-
FOIIMI U TECTOBBIM HAOOPHI B COOTHOIICHUM 3:1.

JlJis Tomcka ONTUMAIIBHBIX 3HAUCHUH IOpOra B AJITOPUTME
STR, oHM OBITH TUCKPETU3UPOBAHEI Ha ceTKe U3 81 paBHOMEpHO
pacrpeielIeHHBIX ToUeK. [[OMCK MPOUCXOANIT METOJIOM TIOJTHOTO
mepebopa. KagecTBo paboThl adropuTmMa Ha TAONMWIHBIX U TIPE-
CKa3aHHBIX TIOPOTaX PAacCMOTPEHO Ha KOH(PHUTYpanusx CIeHa-
pHeB, IPEICTaBICHHBIX B TAOIHUIE 2.
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—— Hexonmbiii

Tabmnuma 2 1094

——— Haecanbmsiii

—— CAF

CreHapuu pacipeielieHust PecypcoB MeK1y aOOHEHTaMHU \

Pacnpenenenne Cuenapuii 1 Cuenapuii 2 | '
pecypcos
OTHOCHUTEIbHAS [7,0; 17,8; 15,4] [16,5; 17,0; 7,0]
MOIIIHOCTh
n3nydenus, 1b
Tun ['QPSK!, ['QAM256',
MOTYJISIIIAN 'QPSK’, 'QPSK,
'QAM1024'] 'QAM16']
Yucno RB [9, 8, 3] [4, 12, 4] J
Haiinennoe [[0, 11, [2]] [[21, [0, 11] \
pasbOucHue Ha
2 rpynmsl

=
o
N

— Linear
— RANSAC
~ Theil-Sen
T MLP

Prob(PAPR > PAPRg)
=)

H
S
A

1074 . T " . - :
6 7 8 9 10 11 12 13

OOGyueHHbIE 3HAUCHHS BKIIIOYAIOT KO (UIIHEHTH MacIITabu- PAPRy, dB
pOBaHMS [y, 0 W KOIPPUIMEHTH MozeaHu arnnpokcumanuu C
(BEKTOp MPU3HAKOB) TS KAXI0H 13 MOAeNeii, rae k — mopsako- Puc. 6. [lononHuTeNnbHas MHTErpaIbHast QYHKIUS pacrpeeIeH s

. Ui cueHapus 1
BbIM HOMEpP ITpU3HAKa.

Ilpoyecc npedckazanus onRMUMAanbHO20 ROPO2A GKIIOUAEM 100 =
cnedyrujue wazu:
1) Cosnanue obuiero Bekropa npusHakoB F = [Ngg, ANL] =
[f1,.-» f)s fx —mementrl BexTOpa F;
2) Hopmanm3anuio KaXXJI0ro IpHU3HaKa ¢ HCIIOIb30BAHUEM CTaH-

JIAPTHO# TPOIIeAYPhI MacIITaOHPOBAHUSL: f; = f’"'a_—uk ;
k

3) YMHOKEHHE HOPMaIH30BaHHOTO BEKTOpa NPU3HaKoB F Ha Bek-

Top xoddpdumentos € = [c;.., €], €, — 2memenTs! BexTopa C.

3ateM, CII0KEHUE 3JIEMEHTOB TOJYYEHHOTO BEKTOPA C TMOCIEIYH0-

IIUM CMeIIeHneM B:

—— Hexonmwit
— Hneansnsiii
— CAF

H
e
L

— Linear
— RANSAC
~ Theil-Sen
T MLP

Prob(PAPR > PAPRy)
2

[
[=]
1

3]

Tprea = 2k fkCk + B. (12)

JlononHuTeNnbHBIE MHTErpalbHbIe (YHKIHUU pacHpeieeHHs
-4
é[:;[e::leol'{apnels 1 u 2 npencTaBaeHB! HA PUCYHKAX 6 U 7 COOTBET- 10 ¢ : 5 ?;APR ;g 1 5 n
B cuenapum 1 ucxonuslii nuk-dakrop pasen 11,7 n1b. Anro- o
PUTM KITHIIHPOBAHHS U GUITPAIIAHU O3BOJIAET JOCTHYb PE3YITh- Puc. 7. JlononHuTenbHas MHTErpaibHas QyHKINS pacipeeeHus
tara 10,5 1B, B TO BpeMst KaK 1OCIIe€ MPUMEHEHHS TIPEIOKEHHOTO A CleHapyA 2
aIropuT™Ma MuK-(GakTop yMEHbIIACTCs J0 auamna3oHa 6,75-7,25
Ab, B 3aBUCHMOCTH OT THIIa MOJICJIM perpeccud. MUHUMAaIbHOE KaquTBei{HHe Pe3yJIbTaTBl MPC/CKAsaHI B BUAC CPE3OB
3HaveHMe, HAIEHHOE TIOJHBIM IIepebopoM, PaBHo 6,6 1b. MHOTOMEPHON (YHKIMU anmpOKCUMALUK MPEACTaBICHBI HA PH-
B cueHapuu 2 HcxoHbIi mHK-(aKTop TaKke pasen 11,7 15, CYHKE 8.
ANTOpUTM KIMNNUPOBAHUS W (PUIBTpAIMU MO3BONISET IOCTUYb
pesynerara 11,0 1b, B TO BpeMs Kak mociie MpruMeHEHHs TIPeIIo-
XKEHHOT'0 alrOpPUTMa IHK-(PaKTOp yMEHbLIAeTCs IO AMara3oHa
7,5-7,75 nb, B 3aBUCUMOCTH OT THIA MOJEIU perpeccuu. MuHu- 125
MaJbHOE 3HaUYeHUEe, HalJICHHOE TIOJTHBIM Tiepebopom, paBHoO 7,5 1b. S
W3 pe3ynbpTaToB cieayeT, YTO NPEeAI0KEHHbIH aIrOPUTM T103- [
BOJIACT JOCTUYDb 60J'lbIlIeFO MOJaBJICHUA TTUKOB IO CPAaBHCHUIO C "-é
ITOPUTMOM KJIMIIMPOBAHUS U (PUIBTPALIUH. <
Bricokoe kadecTBo jgocturaercst Omaronmaps 3(QexTHBHOM % v
CTpaTernu KiacTepusaluy aboHeHTOB. boiee Toro, mpeioxkeH- =
HBII METOJT TPEOYET ropas/io MEHBILIETO 00beMa ITaMsITH U BPEMEHH
00yueHus. BaXHO OTMETHTb, YTO BBICOKHH MOPSIOK MOIYJISIINH,
TIPU PaBHOM CHCKTPaﬂLHOﬁ TUTOTHOCTH MOIITHOCTH 20OHEHTOB CHH- e ANL,
YKAeT JOMYCTUMBIN YPOBEHb CHTHAJIA TIO/IABJICHUSI ITMKOB. <
B paccMOTPEHHBIX KCHEPUMEHTAX BCE METOBI OLEHKH TO- ANL, 0.001
pora JAEeMOHCTPHPYIOT MPEUMYILIECTBO HaJl KJIUINUPOBAHUEM H =
¢unpTpanumeit. Hecmotps Ha 10, uTo MLP nMeeT MHOECTBO ma-

w2

\o®

LN

0.0005

Puc. 8. Cpes mapamMeTprdecKkoro mpoCcTpaHCTBA T 3 Pa3sIHIHBIX

paMeTpOB, OH HE MPEBOCXOAUT JIPYTUE€ aITOPUTMBI. pacrpeie/ieHnit YaCTOTHBIX PECYPCOB MEXIy a0OHEHTaMK

—
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JlanHast KOH(UTrypalys BKIIOYAaET TpH aOOHEHTa C MOJYJIsi-
mueit QAM256, pacrpeneleHHBIX B 1Be Tpymbl. Kaxksiit cpes
COOTBETCTBYET OMNPEACICHHOMY PpAaCIpPEEICHNI0 PECYPCHBIX
6510KOB My aboHeHTaMH. Hawmrydimiie moporoBsle 3Ha4EHHS,
JTIOCTUTaeMBbIe METOIOM TIOJTHOTO Tiepebopa, 00pa3yroT MIOCKOCTh
B poctpanctBe ANL,; (rpymma 1), ANL, (rpymma 2) u mopora.

3akiaouenue

CornacHO pe3yJibTaTaM MOJACIMPOBAHUS, MNPEITI0KECHHBINA
MOJIXOJ] KJIACTEpU3alMi aDOHEHTOB MO3BOJISICT d(PPEKTUBHO HC-
M0JIb30BaTh AITOPUTM BBIOOPOYHOTO pE3epBHUPOBAHMS TOHOB B
OFDM-cucrteMax MmpH HEPaBHOMEPHOM pACIpPENEIEHUU PeECYp-
COB aDOHCHTOB.

[Toporu oTO0pa MUKOB AJIsI METO/1Aa BBIOOPOYHOTO PE3EPBUPO-
BaHWs TOHOB, HAMJICHHBIE METOJOM IIOJHOTO Tepedopa, Oblam
YCIIEIIHO 3aMEHEHbl MHOTOMEPHBIMU JIMHEWHBIMH MOJCIAMHU
(OLS, RANSAC, Theil-Sen) u nenuneitroi monensto (MLP) an-
npokcuManuu. [lomydeHHble NMPUOIMKEHUSI TO3BOJISIOT BBIYHC-
JISITH TIOPOT 0TOOpa IMMKOB, M30erast MOJHOTOo epedopa, YTo OTKPHI-
BAacT BO3MOKHOCTb MCIOJIb30BaTh AJTOPUTM B PEATbHOM BPEMEHH.

[Ipexnckazanue NoporoB 0T6Opa MUKOB MPH TTOMOIIHN JIMHEH-
HOW perpeccuy NMpeB3OILUIO albTepPHATHBHBIE MOJIENH MO Kaue-
CTBY KOMIIEHCAIIMH MTUK-(aKTopa.
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PAPR REDUCTION IN MULTI-USER FDD-OFDM SYSTEMS
UNDER NON-UNIFORM RESOURCE ALLOCATION

Stanislav A. Krikunov, Skolkovo Institute of Science and Technology, Moscow, Russia, stanislav.krikunov@skoltech.ru
Andrey A. Ivanov, Skolkovo Institute of Science and Technology, Moscow, Russia, an.ivanov@skoltech.ru

Abstract

This article presents a machine-learning (ML) assisted method for peak-to-average power ratio (PAPR) reduction in the downlink of communication sys-
tems under non-uniform resource allocation among users. In a multiuser regime, the admissible error vector magnitude (EVM) varies with the allocated user
resources such as bandwidth, modulation order, and transmit power. This complicates PAPR reduction by conventional techniques such as clipping and fil-
tering, since the required number of iterations and algorithm parameters depend on the current user configuration and resource allocation. An optimal
peak-suppression signal can be generated exactly in accordance with the EVM constraints using selective tone reservation (STR) method. However, in prac-
tice, this requires hyperparameter tuning via exhaustive search, which is infeasible in real time. We propose a method that achieves quasi-optimal peak sup-
pression without costly real-time hyperparameter search. The method combines combinatorial clustering of users by admissible EVM while accounting for
allocated resources, and STR method, where the peak-selection threshold is predicted using low-parameter ML models. Training is performed offline on a
set of random scenarios. Simulation results demonstrate near-optimal peak suppression: the gap between the achieved PAPR and the attainable bound is
below 0.5 dB. A high correlation between the predicted thresholds and those obtained by exhaustive search, confirming the validity of the model. For prac-
tical implementation, linear regression and a limited number of groups are recommended. The proposed approach is applicable to 5G systems.

Keywords: PAPR, OFDM, Machine Learning, Clustering, Regression.
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B cratbe npepacrtaBneHbl pesynbTaThli MOJAENUPOBaHWA KOMMO3UTHOM
njiaHapHOW BOJIHOBOAHOW CTPYKTYpbl, NpeAHa3Ha4€HHON ANA NMHENHOW
nepecrpamsaeMomn onTUYECKOM XapaKTepUCTUKKN B
TEeNIeKOMMYHMKAUUOHHBbIX npunoxenuax. [lpeanoxenHasa mMopens
cucteMbl  obbeaMHAET  KPUCTAN/IMYECKMA  CNOW  C  JIMHeWHOo-
anekTpoonTuyeckuM 3¢pdekrom Mokkenbca ¢ npuneraowen cpepomn c
rPajMeHTHbIM NOKa3aTeneM TMpenoM/IeHUA, XapaKTepusyloulencs
NPOCTPAHCTBEHHO y6biBalowmum npodunem AUdNEeKTpuYecKon
npoxuvuaemoctu. B npubnuxeHun nonepeyHol 351eKTPUHECKON BOMHBI
pacnpepeneHne 3N€KTPOMAarHUTHOIO MONA OMMUCbIBAETCA KyCOYHO-
onpepeneHHbiM ypaBHeHueM [enbMronbua, KoTopoe BKlO4YaeT Kak
NUHENHYI0 3aBMCUMOCTb AN3NIeKTpUYecKon NPOHMLAEMOCTH
3/1eKTPOONTUYECKOro MaTepuana oT Nnoss, Tak U 3aBUCMMOCTb NoKasaTens
npenoMneHnsa rpagueHTHoro cnoa ot nonoxkewusa. lMonyvyeHo To4HOE
aHanUMTUYeCKoe pelueHUe Ppe3ynbTUpYIoLWen KpaeBowW  3ajaum,
OonucbiBaloOLLe MOBEPXHOCTHYIO BOJIHY, JIOKaNU30BaHHYIO Ha rpaHuue
pasgena asyx cpepn. Pewenue obbeauHser cneumnanbHbie pyHKuun
Yurrakepa B rpaamMeHTHOW o06Gnactu co crauuMoHapHbiM npodcdunem
CONUTOHA B HeNUHeWHOM Kpuctanne. AHanuM3 nokasbiBaeT, 4TO
NPOCTPaHCTBEHHasA JlOKanu3auusa, pacnpepesnieHue amnauTyabl u
MofasnibHble XapaKTepPUCTUKU HaMNpaBiieHHOW BOJIHbI MOryT TO4YHO
KOHTPONMPOBATLCA MNyTeM MPUIIOXKEHUA BHELUHEro 3eKTPUYecKoro
HanpsxxeHna Kk cpege [lokkenbca, 4TO No3BONAET OCYLLECTBAATHL
JINHENHYI0O HACTPOWUKY CBOMCTB BOJIHOBOAA.
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BBenenune

[Tockue BOTHOBOMBI SABISIOTCS HEOTHEMIIEMON 9acThIO (hyH-
JTAMEHTABHONW TEXHOJIOTHH TIepeIaud JaHHBIX, KOMIIOHEHTHI CO-
BpPEMEHHOW (DOTOHMKHM W HWHTErPAbHOM ONTHKH, SBISISACH BaX-
Heliel nHPPACTPYKTYPOii sl HATIPABJICHUSI U YIIPABJICHUSI CBE-
TOM BHYTPH IHAJIEKTPUYECKUX TOHKOIUICHOYHBIX CTPYKTYyp [1].
OHM TpencTaBisIOT OO0 KIaCCHYECKHUE ONTHYECKHE BOJIHO-
BO/JIBI, B JIEKTPOMarHUTHOM HM3JIy4€HHH UH(PAKPACHOTO MIH BU-
JMMOTO HAIpPSDKEHUS, PaclpOCTPAHSIONIETOCs] B TOHKHX CIIOSIX
JIMDJIEKTPUYECKOTO MaTepHraia, BBICTYIAIOIEr0 B POJIMKAX Cep-
LIEBUHBI, O'PAHUYEHHON CBEPXY W 3HAYMTENILHO MaTepHalaMH C
Oosiee HM3KOM (hopmoil mpenomiieHus, oOpasyromeil 000I0UKy
[2]. Ux pabGoTa ocHOBaHa Ha MIPHUHIIUTIC TIOJTHOTO BHYTPEHHETO OT-
paKeHHs, IOCTHTAaEMOM ITyTeM co3iaHust o0nacTu ¢ 0ojee BbICO-
KHAM TTOKa3aTejeM MPeoMICHUS (BOJTHOBEIYIINI CIION), pacrio-
JIOKEHHOH MeX Ty 00JacTsIMU ¢ O0oIee HI3KUM TTOKa3aTesIeM Tpe-
JoMiteHuA (TouToKKa) [3]. DTOT KOHTpACT MmoKa3aTeNel mpeoM-
JICHUsI, OOBIYHO CO3/1aBAEMBIil C MOMOIIBIO TAKUX METOIOB, Kak
mu(ddy3ust, MOHHBIH OOMEH WM OCAXKJICHHE TOHKHX IUICHOK
(HarpuMep, XUMHYECKOe OCXKICHUE U3 TapoBOi (a3bl WITH MarHe-
TPOHHOE PACIIBUICHUE), OTIPENICIIACT MyTh yaep)KaHus cBera [4, 5].

[Tnockast reoMeTpusi, B OTIAMYHE OT KPYIJIbIX ONTHYECKUX BO-
JIOKOH, 00JIerdaeT TOYHOE ABYXMEpHOe jurorpaduyeckoe dop-
MHPOBaHHE PUCYHKA, TI03BOJISISI U3TOTABIMBATH CJIOXKHBIC ONTHYE-
CKHMe CXeMbl B Maciitabe miacTuHbl [6, 7]. COBMECTHMOCTh CO
CTaHJIAPTHBIMU MPOIECCAMH MHKDPOHM3TOTOBJICHUS, aHATIOTHY-
HBIMJ TE€M, KOTOPBIC UCTIONB3YIOTCS B IIOJIYTIPOBOHUKOBOU JJICK-
TPOHUKE, SBISCTCS OCHOBHOM MPUYMHON WX IIHPOKOTO IIPHMEHE-
HUS B TEJIEKOMMYHHUKALMOHHBIX TeXHOIOTrusX [10].

B TenexkoMMyHHUKAIMSIX HanOoJee SIPKUM IIPUMEPOM IIpUMeE-
HEHWS TIAaHAPHBIX BOJHOBOOB SIBJISIOTCS IIAHAPHBIE CBETOBOJ-
HOBble cxeMbl [11]. DT ycrpoiicTBa OOBEIUHSIOT MHOXKECTBO
MACCUBHBIX ONTHYECKUX (PYHKIMI HA OJHOM MOAJI0XKKE, OOBIYHO
KPEMHHMEBOHM WM KPEeMHUEBOW Ha KPEMHHEBOW mojaoxke [4].
BaXHBIM KOMIIOHEHTOM SIBJISIETCSI MACCUB BOJTHOBOIHBIX ((OTOH-
HBIX) PELIETOK, MYJIbTHIIIEKCOP/AEMYJIBTHIUIEKCOP Ha OCHOBE
IUTaHapHBIX BOJHOBOJOB [12]. Ero pabora ocHoBana Ha ¢azupo-
BaHHOU pelIeTKe KaHaJIbHBIX BOJHOBOJIOB C JTMHEHHO YBEIHYNBA-
FOIIEeHCS UIMHOW, YTO BHOCHUT (Da30BBIM CIBUT, 3aBUCSIIAN OT
JUTMHBI BOJTHBL. KOHCTpyKTHBHAS HHTEp(hEpeHINS HA ONpe/IesIeH-
HBIX BBIXOJHBIX TOPTAax pas3ieisieT WIH OOBeNUHSICT KaHAIBI
IUIOTHOTO MYJBTHIUIEKCHPOBAHUS C pa3leIeHHeM II0 THHAM
BOJIH C BBICOKOHM TOYHOCTBIO M CTa0MIIBHOCTBIO [13]. Macmiradu-
PYEMOCTh ¥ TaCCHBHAS TMPUPOJIA C Pa3IeIEHUEM IO AIIHAM BOJH
cAeNad UX HE3aMEHWMBIMHU UTSI TOPOJACKHX W MarucTPabHBIX
ONTHUYECKHUX CETEH, MO3BOJISA OJHOBPEMEHHO MEpeaaBaTh OT Je-
CSITKOB JIO COTEH ONTHYECKUX HOCHTEIIEH.

Kpome Toro, riiaHapHbIie BOJIHOBOJIbI COCTABIISIIOT OCHOBY HH-
TErpUPOBAHHBIX ONTHYECKUX MOJYJISITOPOB, OCOOEHHO T€X, KOTO-
pBle OCHOBAHBI Ha AJIEKTPOONTHYECKOM (P PEKTE B TAKUX MATEPH-
anax, kak HuoOat mutus (LiNbO3) nmu pocdun namus (InP) [14,
15]. Ilpu npusoxKeHnu 3IEKTPHUUECKOTO MO K BOJTHOBOTY, U3r0-
TOBJICHHOMY M3 TaKMX MaTepHaJIOB, IOKA3aTeb IPEIOMIICHUS 13-
MeHsieTes 3a cueT 3ddexra [Tokkenbea [16], 4TO MO3BOISIET OCY-
LIECTBISITh BBICOKOCKOPOCTHOE M I((PEKTHBHOE KOIUPOBaHHE
DJIEKTPUUYECKUX JAaHHBIX Ha onTtuyeckoMm Hocutene [17, 18]. Co-
BpPEMEHHBIE KOTEPEHTHBIE CHCTEMBI CBSI3M B 3HAYMTEIILHOM CTe-
IIEHH TIOJIaraloTCsl Ha BIOXKEHHBIE CTPYKTYPBI HHTephepomeTpa
Maxa-lennepa [19], usroroBieHHble B BUAE IUIAHAPHBIX
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BOJIHOBOJIOB, JUIsl T€HEPALMH TIePEeIOBBIX (POpMATOB MOIYIISIIMN
(mammpumep, QPSK, 16-QAM) [20]. [ToMIMO 3THX yCTOSBIIUXCS
KOMITOHEHTOB, TEXHOJIOTH IJIaHAPHBIX BOTHOBOJIOB UMEET peliia-
I0IIee 3HAUYEHHE JUTS pa3padOTKH (POTOHHBIX MHTETPAIIBHBIX CXEM
(®UC) nna mpuemonepenatankoB. PVIC Ha ocHoBe InP mMoHO-
JUTHO WHTETPUPYIOT aKTUBHBIE AIIEMEHTHI (JIa3ephl, MOTYIPOBOI-
HUKOBBIC ONTHYECKHE YCHINTENH, (OTONETEKTOPHI) C TMACCHB-
HBIMH IIJJAHAPHBIMH BOJTHOBOIHBIMHU CETSIMH (Pa3BETBUTENH, CyM-
MaTopbl, GUILTPHI) Ha 0 HOM Kpuctajuie [21]. Takas uHTerpanus
3HAYUTEIILHO YMEHbBILAET pa3Mepbl, SHEProNOTPeOICHHE U CII0XK-
HOCTB COOPKH 110 CPaBHEHHIO C MOJYJISIMU Ha AUCKPETHBIX KOM-
MOHEHTaX, OTKPbIBasi MyTh K CO3JaHUIO BBICOKOIUIOTHBIX, YHEP-
ro3((HEeKTUBHBIX TPAHCUBEPOB B IICHTPaxX 00paOOTKU TaHHBIX U
Oynyumx cersix 5/6G uis nepeiaun JaHHBIX MEK/1y TOJIOBHBIMH
Y MarucTpajibHbIMU ceTsMH [22].

Jpyroii BakHOW 00JIACTHIO SABIACTCS KpeMHHEBas (POTOHHKA,
T/Ie BOJHOBOJBI M3TOTABIMBAIOTCA M3 KPEMHHEBBIX TUTACTHH Ha
TUDIICKTPUIECKOH MOToKKe [6, 23]. BRICOKMIT KOHTpACT IMOKa3a-
TeNel MpeIoMIIeHUs MeX Ty kpemHueM (Nsi~ 3.48-3.5) u ero no-
KpbhITHEM U3 TUOKcuaa KpeMuust (Nsioz ~ 1.44-1.46), koTophIii co-
craBisier npuOnmsutenbHo 2.0-2.1 [24], mo3BossieT moiyyarb
CBEPXKOMITAaKTHBIE PaaMychl W3rnbda (mopsiika MHUKPOMETPOB)
[25], uro oOecrieunBaeT MCKIIOYHUTEIHHO BBICOKYIO IUIOTHOCTD
KOMITOHEHTOB. KpemHueBbIe ()OoTOHHBIE TIIaT(HOPMBI AKTHBHO UC-
CIIEIYIOTCS U ONTHYSCKUX MEKCOSIUHCHUI Ha YPOBHE YHIIOB,
CTPEMSICh YMEHBIIUTE Y3KHE MECTa B MPOIYCKHOW CIIOCOOHOCTH
U 3aJIep’KKE B BHICOKOTIPOM3BOIUTEIBHBIX BRIYHCICHUSAX U B ap-
XUTEKTypax MapIIpyTH3aTOPOB CIEAYIOMIETO MOKOJICHHUS.

BHyTpeHHHE OTrpaHWYCHHS TUTAHAPHBIX BOJIHOBOJIOB, TaKHE
KaK TIOTEPH CBSI3U C ONTHYCCKUMH BOJIOKHAMH H3-32 HECOOTBET-
CTBHSI MOJIOBOTO TIOJISA, PEIIAIOTCS C TOMOIIIBIO CIICIIHATIBHBIX BOJ-
HOBOJIHBIX KOHYCOB M IpeoOpa3oBaTesell Mo, KOTOpbIE CaMH I10
ce0e mpe/ICTaBISIIOT cO0OH CIIOKHBIE BOJHOBOJHBIC CEKIMU. bo-
Jiee TOro, MOTEepH IPU PACHPOCTPAHEHHUM, BaskKHEHIINI mokasa-
TeNb NPOU3BOJUTEIBHOCTH, ONPEACIAIOTCS MOITIONCHUEM MaTe-
puana (HampuMep, CoJepKaHHEM NMpPUMECeH B THOKCHJE KpeM-
HUSI) M TIOTEPSIMU HA paccesiHue M3-3a MIEPOXOBATOCTH OOKOBBIX
CTCHOK. [T MUHMMHU3AIUHN ATHX MOTEPh MOCTOSHHO MPUMCHS-
FOTCSI TIEPEIOBbIC TEXHOJIOTMYECKHE TTPOIIECCH, BKIIFOYAsT TEPMHU-
YECKOE OKHCJICHHE, OTXKHUT JJIS CIIIQXKUBAHUS W JIUTOTpaduio C
paspernieHreM B riryookoM Y @-auanazoHe Wid Ipy dIEKTPOHHO-
Jy4eBoil 00paboTKe, YTO MO3BOJSIET PACUIMPUTH BO3MOXKHOCTH
Oosiee CIIOKHBIX MHTETPUPOBAHHBIX (DOTOHHBIX CHCTEM B Telle-
KOMMYHHUKAIIMOHHBIX WH(PACTPYKTypax CIEIyIOero IMOoKoJe-
HUSL.

TakuM 00pa3om, IJIOCKHE BOJIHOBOBI MPECTABISIOT COOO0M
YHHUBEPCAIBHYIO M TEXHOJIOTHYHYIO TIaT(OopMy, KOTOpasi TECHO
MHTETPUPOBaHA B TEJICKOMMYHHUKAIIMOHHYIO HHPPACTPYKTYDY.

B cBs13u ¢ 3TUM BO3HHMKAET HEOOXOAMMOCTH Pa3pabOTKH HO-
BBIX  MOJICJICH  IUIAHAPHBIX  BOJIHOBOJOB,  JIONYCKAIOIINX
HACTPOWKY €ro XapakTepHCTHK. B manHOI pabote mpemaraercs
MOJIEJIb HOBOTO KOMITO3UTHOTO ITTAHAPHOTO BOJIHOBOZA, COMEP-
JKaIllero /JBa OCHOBHBIX CJIOS C PA3MTUYHBIMU ONITHYECKUMH CBOH-
ctBamu. OAuH CIOW TpEACTaBIsIeT COOOH KpPHUCTAUIMYECKYIO
CTPYKTYPY C HETUHEWHBIM OITUYECKUM OTKJIMKOM, a IPYTOi — He-
OJTHOPOJHYIO ONTHYECKYIO CPelly C CHIBHO MEHSIOIIMMCS C pac-
CTOSIHUEM TOKa3aTeseM npenoMieHus. /s peann3aiy BO3MOXK-
HOCTH JINHEHHOM HaCTPOMKM XapaKTEepUCTHK BOJIHOBO/A Mpesa-
raeTcst UCIOJIb30BaTh KPUCTAILI C JIMHEHHO-ONTHYECKUM 3 pek-
ToM [lokkenbca.
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1 ®u3uyecKkne OCHOBbI MOIEJIH

Kak oTMe4asnocsk, MIOCKHE BOJHOBOBI MPEACTABIISIOT COO0M
AKTHBHYIO CPE/y B BBICOKOCKOPOCTHBIX JJIEKTPOONTHYECKUX MO-
JIYJISITOpax, I71e MPUIIOKEHHOE DIIEKTPHUECKOE 110JI€ M3MEHSIET MO~
KazaTelb MPEJIOMJICHUs] BOJHOBO/IA 33 CYET 3JIEKTPOONTHYECKUX
s dexro (IToxkensca, Keppa) B Takux mMatepuaiax, Kak HIoOar
JUTHS, 9TO obecreunBaeT 3PPEeKTUBHOE KOANPOBAHUE JTAHHBIX.
O dext Iokkenbca (JIMHEHHBINA 31eKTpoonTHYECKHi 3D PeKT) n
apdext Keppa (kBagpaTHUHBIN IMEKTPOONITHUSCKUN YPPEKT) —
9T0 3P PEeKTUBHBIE MEXaHU3MBI AIEKTPUIECKOTO YIPABICHHS MO~
KazaresieM IPEIOMIICHUSI MaTepralia, OJHAKO HX NPaKTHYECKOe
NPUMEHEHHE ONpeersieTcsl pa3InYHbIMU CBOMCTBAMH MaTepraia
1 TpeOOBaHUAMU CHCTEMHI [26, 27].

B Teopun snexkrpoontuueckux 3PQEeKTOB MMOKa3aTeab Ipe-
JOMJICHHS N IpecTaBiseTcs 3aBUCAIIMM OT aMIUIMTYAbl Harps-
’KEHHOCTH 3JIEKTPHUYECKOro 1o £

n(E)=n, + An(E), (1)

rjie Ny — MoKa3aTeNb MPEJIOMIICHUSI B OTCYTCTBUHU TMPHIOKEHHOTO
anekTpryeckoro mois, An(E) — HenmuHeliHas 106aBKa, ompenens-
foIIast HeTMHEWHBIN OTKIIMK ONTHYCCKOHN CPeIbl U 00YCIOBICHHAS
M3MEHCHHEM ITOKA3aTes 3a CUET MPUII0KEHHOT0 AIIEKTPHUYECKOTO
nosis [29].

O ekt ITokkenpca xapakTepu3yeTcs JIMHEHHON 3aBHCHIMO-
CThIO U3MEHEHHMs TIOKa3aress npesomieHus (AN) OT MPHUIoKEH-
HOTO AIekTprdeckoro noist (E):

AN(E)=nE, )

rie Ny — koadduirent HeauHeiHocTH [lokkensca, a E 3neck 060-
3HAYaeT AIIEKTPUYECKOE I10Jie, BO3HUKaroLee Kak 3(PQPeKT BTO-
poro nopsiaka (CBsI3aHHBIN C BOCIIPUUMUYUBOCTBIO 2-0T0 TOPSIKA
7?) B HENEHTPOCUMMETPUUHBIX MaTEpUANIAX, TIPUBOJIA K JIMHEN-
HOI1 3aBUCHMOCTH OT HaNPsHKEHHOCTH IOJISA, YTO M03BOJISIET TOYHO
KOHTPOJIUPOBATH €€ C IIOMOLIBI0 BHEITHUX HANPSHKEHHUH.
B HEeneHTPOCHMMETPHYHBIX MaTepuaiaXx H3MEHEHUE TeH30pa
HEMIPOHUIIAEMOCTHU €CTh
1 3
j=1
rze Iij — KOMHOHEHTaMH{ JIEKTPOONTHYECKOI0 TeH30pa, OIpese-
JMSEMBIMH CHMMeETpHel Kpructamta (Hampumep, r33=30.9 mv/B B
LiNbO3) [28].
[TpubnmKkeHue it MabIX U3MEHEHNH TTOKa3aTels pesiomJie-
Hus u3 (3) maer

2 3
An(E) z—%‘)A 1 :—'lzo = )
n

rJe I — COOTBETCTBYIOUIMH AJIEKTPOONTHUECKHH Ko duImeHT.
CrnenoBaresbHO, KO3 QuiueHT HennHeiHocTr [Tokkenbca:

n =T, 5)

Taxum 00pazom, TMHelHast 3aBUCUMOCTb MOKa3aTeJIst PEIOM-
JICHUs OT HANpPSHKEHHOCTU MOJIsI TMO3BOJIAET TOUHO KOHTPOJIUPO-
BaTh €€ C IOMOIIBIO BHEIIHUX HaNpsKEHUI.

B ommmume ot artoro, g addexra Keppa nenuuelinas mo-
6aBka AN mpomoOpUMOHAJIbHA  KBagpaTy  aMIUTHTY]IBI

HaHpﬂ)KeHHOCTI/I 3H6KTpI/I‘ICCKOI‘O TI0JIA:
An(E)=n,E?, (6)

rae N, — koddduipeHT HenuHelHocTH Keppa, o0ycioBieHHbIH
BOCITPUMMHYHBOCTBIO 3-0r0 nopsaka y&.

OH cymiecTByeT BO BCEX Marepualiax, BKJIIOYas EHTPOCHUM-
METPHUYHBIE KPUCTAILIBI, cTekia U kuakocTH [30]. Ero Bennuuna,
KaK [TPaBUIIO, Ha MOPsIKK citadee, ueM s ekt [Tokkenbca B cTaH-
JApTHBIX MaTepuajiax Npy MPaKTHIECKUX 3HAUCHHUSAX HaIpsKEH-
HoctH nosisl. KBasipatnuHast 3aBHCUMOCTD (6) BBI3BIBAET CaMO- U
Kpocc-(pa30By0 MOIYJISINIO, HO HE 00a1aeT MPsIMOH IMHEHHOM
HACTPaMBACMOCTEIO.

Kax ormedanocs, sddexr [Tokkenbca HabIIOMaETCS TONBKO B
HEICHTPOCUMMETPUYHBIX KPUCTAUTHMICCKAX MaTepranax, TaKuX
kak HroOat jautus (LiNbO3), apcennn rammus (GaAs) U HEKOTO-
pble opraHuyeckue mojuMepbl. Ero riiaBHoe npemmyIecTBo 3a-
Kiroyaercst B 3 (GEKTUBHOCTH MPH HU3KHUX HANPSDKEHUSIX U BO3-
MOYKHOCTH BBICOKOCKOPOCTHOM JIMHEHHOW MOAYJISMN 0€3 TOUKH
ontryeckoro cmenienus. CrienosarenbHo, 3ddext [lokkenbca
SIBIISIETCSI TIPEATIOYTHTEIBHBIM /ISl PEATU3alMU B BBICOKOIIPOU3-
BOJIUTEIBHBIX ITHPOKOIIOJIOCHBIX TEIEKOMMYHHUKAIMOHHBIX CH-
cTeMax JJisi UHTETPUPOBAHHBIX ONTUYECKUX MOIYJATOpoB [31].
OTH yCTPOUCTBA, YACTO BHITIOTHEHHBIE B KOHPHUTYPAIHIX MOITY-
natopa Maxa-Ilernepa ninn (pazoBoro MomaynsTopa, paboTaroT ¢
HU3KAMH YTIPABISIONIAMHA HAIPSHKEHUSMH, OOBITHO B JHAIIa30HE
1-5 B st LINDO3, 1 MOTYT JOCTHTaTh MOJI0CHI MOIYJ/ISIIIAH, TIPE-
Bermaromeit 100 I'T1y [32, 33]. JIuneitHas XxapakTepUCTHKA UMEET
peliaolee 3Ha4YeHUe JUisl CIOKHBIX (OpMaTOB MOJYJISIMH, HC-
M0JIb3YEMBIX B KOT'€PEHTHOH CBSI3M, IMOCKOJIbKY OHA MUHHMHU3HU-
pyer uckaxxenue curnana [34].

B ornmmune ot srtoro, addext Keppa cymecTByer Bo MHOTHX
MaTrepuanax, BKJIIOYass IIEHTPOCHMMETPHYHBIE  KPHCTAJUIBI,
CTeKJa M XuakocTH. Ero BenmumnHa, Kak NMpaBHIIO, Ha TOPSIKA
ciabee, ueM apdekr [Tokkenpca B cTaHAapTHRIX MaTepraiax rnpu
MPAKTHYECKIX 3HAUCHISIX HAIPSDKEHHOCTH OIS,

[Tostomy Momymstist Ha ocHOBe dddexTa Keppa 00braHO Tpe-
OyeT OYeHb BBICOKUX ONTHYCCKIX HHTCHCUBHOCTEH MIIH SIEKTPH-
YeCKUX MoJiel. Ero ncnonb3oBanne 6osee crnenuaain3upoBaHO U
MIPEANOYTUTENIFHO B cUcTeMax, riae dpdexr [lokkenbca oTcyT-
CTBYET WJIM HEKeJlaTeJIeH: HallpuMep, B MOJIHOCTHIO ONTHYECKON
00paboOTKe CHTHAJIOB, T/I¢ MOAYJIMPYIOIIUNA CHTHAJ caM 1o ceOe
SIBJISICTCSI ONITHUCCKUM (UCTIONB3Ys onTryeckuit apdpext Keppa),
B HEKOTOPBIX CBEPXOBICTPBIX NPHIIOKECHUSIX (POTOHHOTO Iepe-
KITIOUEHHSI C UCITOJIb30BAaHHEM CHIIBHO HEIMHEHHBIX CTEKOJ MM
BOJIOKOH, WJIM B YCTPOICTBaX Ha OCHOBE KUJIKUX KPUCTAIJIOB, TI€
MOJKHO WCIIOJIB30BaTh OOIBIION OpPHUEHTAIMOHHBINH 3(]deKT
Keppa.

B to Bpems kak addekt ITokkensca obecniedanBaeT BpeMs OT-
KITMKa MEHEee MUKOCEKYH/IbI, CBI3aHHOE C 3JICKTPOHHOU TOJISIPH-
3anpeil M BBICOKUMH DJICKTPOONTHYSCKIMH KOA(PPHUITHMESHTAMH
(mammprmep, B LiNbO3), 9TO MO3BOJISET OCYLIECTBISATh HHU3KO-
BOJIBTHYIO MOJIyJIsiiuI0, ipucymine addexry Keppa Huzkne koad-
(UIUEHTH B IUAIEKTPUKAX, Takux kak LiNbO; (np=1.8-1071°
M%/BT), TpeGYIOT BHICOKHX ONTUYECKMX MOIIHOCTEN 17151 COTIOCTa-
BUMBIX (DAa30BBIX C/IBUTOB, YacCTO OTPAaHMYCHHBIX HEJIMHEHHBIM
nornomenneM nnu gucnepcueit [28]. Kpome Toro, xackanHble
TIporecchl, yrpasisiemble dpdexrom [Tokkensca (Hampumep, re-
Hepalus BTOPOH TapMOHHUKH C TIOCIIeyIOIIeH reHepannei pas-
HOCTHOMW YaCTOTHI), MOTYT UMHUTHPOBATH P PEKTHBHYIO HEITNHEH-
Hocth Keppa ¢ yBennueHHbIM N°=2.9-107!° M%/Bt — Gostee ueM Ha
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YeThIpe TOpsAKa CHIIbHEee, 4eM coOcTBeHHBIH »(pdexT Keppa —
TIPU COXpaHEeHUH (Ha30BOTO COTJIACOBAHUS 3a CUET IEPHOJIUe-
CKOM TIOJIIPU3AIMN B TUTAHAPHBIX BOJIHOBOJIAX.

B HEIEHTPOCHMMETPUYHBIX KpUCTaUIaX, Takux Kak LiNbOs,
HenMHENMHOCTh [Tokkenbca o cBoel Npupoae JOMUHUPYET, 103~
BOJISISL CO3/1ABATh KOMITAKTHBIC YCTPOMCTBA C TMKOCEKYH/THBIM OT-
KIIMKOM U K03 (pHIHEeHTaMH Ha TOPS.AKY BhIle, yeM y Keppa, uto
UACAIBHO TOAXOAUT Ul KOTEPEHTHOM Iepetadd co CKOPOCTBIO
T6/c uepe3 nByxnomnsipuzanronHbie [Q-MoayISTOPEI.

D¢ dexr Keppa moaXoaAUT ISl TACCUBHOM MOIHOCTBIO OITH-
4ecKoi 00paboTKH (HAPUMEp, YETHIPEXBOIHOBOE CMEIIICHHUE IS
nipeoOpa3oBaHus JUIMHEI BOJHBI), HO 3¢ ekt [Tokkenbca mpeBoc-
XOJUT APYTHE METOJIbI, KOT/Ia TpeOyeTcsl akTHBHOE yIpaBJIeHUE,
KaK B KacKaJHbIX cXeMax, 00eCIeunBarOIIX IIMPOKOIIOIOCHBIH
a¢dextuBHbBI 2P PexT Keppa (qramazon 116,8 HM) 63 TETITOBBIX
OTpaHMYCHNI MUKPOPE30HATOPOB, MIIH B JIMHUSIX CBSI3H C OTPAHU-
YEHHOH ITOJIOCOW MPOITyCKaHWs, TJie HU3KOBOJIbTHAS (P (eKTHB-
HOCTb OTPaHMYHMBAET PACCEHBAHUE MOIIIHOCTH.

CrenoBatenbHO, Al MHTETPUPOBAHHBIX TEJIEKOMMYHHKAIIH-
OHHBIX YCTPOMCTB, B KOTOPBIX IPHOPUTET OTIACTCS TMHEHHOCTH,
ckopoctu U sHeprodddekruBHoctu, pdext Ilokkenbca, oco-
0eHHO B (peppodIeKTPHUYECKUX TUIAHAPHBIX BOJIHOBOJAX, MIPE/ia-
raeT MpeBOCXOJHbIE XapaKTEPUCTUKH, OCHOBAHHBIE Ha BOCIPH-
UMUHBOCTH ¥'? 1 BO3MOKHOCTH HACTPOUKH.

Taxum o6pazom, apext ITokkenbca sBusercs 3G HeKTHBHBIM
CPEICTBOM BBICOKOCKOPOCTHOTO TIPEOOPA3OBAHUS HIICKTPHUC-
CKOTO CHTHAJIa B ONTUYECKUH B MHTEIPHUPOBAHHBIX ()OTOHHBIX Te-
JIEKOMMYHHKAIIHOHHBIX CXeMaxX, B TO BpeMs Kak 3¢ ekt Keppa
HaXOJUT NPUMEHEHHE B TIOJHOCTBIO ONTHYECKOM YIIPABICHUU
(all-optical switching/gates) u B MaTepuaiax, rjiec HHBEpCHOHHAs
CUMMETPHUS UCKITFOUAET JTMHEHHBIN 3JIEKTPOONTHYECKUN OTKITHK.

OTMeTHM TaKXKe, 4TO IUIOCKHE BOJHOBOJHBIE CTPYKTYPBI, UC-
T0JIb3YIOIIME KOHCTPYKIIMOHHON YacThI0 MaTepUalIbl ¢ 3 pekTom
[Tokkenbca, TECHO CBSI3aHBI C YIIOMSHYTBIM BbIIIIE TOHKOIIJICHOY-
HBIM MojyisaTopoM Maxa-llennepa Ha ocHOBE HHMOOATa JIMTHSL.
On sBusiercst  0a30BBIM  DJIEMEHTOM  3JIEKTPOONTHYECKUX
YCTPOMCTB, ucnob3yronue 3@ dekt [Tokkenbca B CyOMUKPOHHBIX
TUIEHKaX HUO0OAaTa JIMTHS ULl BEICOKOCKOPOCTHOW (pOTOHHOMN MH-
TErpauy. JTH MOIYJIATOPHI UMEIOT apXUTEKTYpy HHTepdepo-
MeTtpa Maxa-llennepa, BeiTpaBineHHyo B cioe TFLN (oObraHO
tonmuHoM 300-600 HM), COEIMHEHHOM C TOJUIOKKOW ¢ HU3KUM
roKasaTesieM npesioMmiieHus, Takoi kak Si0»/Si, ¢ rpedeHvaThIMU
WJIN TI0JIOCKOBBIMH BOJTHOBOZIAMH, OTPaHMYHMBAIOIIUMHU KBa3u-TE
MOJIbI TIOCPEACTBOM CyXOro TpasicHus (Hampumep, ICP), mo 6o-
KaM OT KOTOPBIX PACIOJIOKEHBI JIBYXTAaKTHBIC JJIEKTPOJIbI Oery-
melt BoHb! (Harpumep, Au mm GSG, pacronoXeHHbIe B OTHON
TUIOCKOCTH), pa3/ielIeHHbIE 3a30paMH 3-6 MKM Haj 000JI0YKOH 13
Si0; U1t MaKCUMHU3aIHU NEPEKPBITHSA 33 U COTTIACOBAHMSI MHUKPO-
BOJIHOBO-ONITHYECKON ckopocth [31-34]. da3oBbie mieun (amu-
HOM 3-20 MM) BBI3BIBAIOT TU(QepeHIHaNbHbIC (Ha30BbIE CIBUTH
TIPY MIPWIOKEHUN PAJUOYACTOTHBIX HANPSDKEHHH, oOecrieunBas
MIPOM3BEJCHUE HAMPSIKEHUsI Ha JUIMHY BOJHBI B IIOJyBOJHOBOM
nuranaszoHe Bcero 1.25-3.3 B-cm Ha mmne BosHb! 1550 HM, ¢ mo-
nocoit npomyckauus 3 nb, npessrmatomer 100 [T, 1 HU3KUMEI
oTepsiMM Ha Kpuctaiuie (<2 1b), 4To 10CTUTraeTCs 3a CYeT IUI0T-
HOW JIOKAJIM3alliH, MOBBIIIAIONICH 3JCKTPOONTHYCCKYIO 3(dek-
TUBHOCTH 110 CPABHCHHUIO C 00beMHBIM HHOOATOM JinTHst [ 19-21].

SNNIEKTPOHMKA. PAONOTEXHUKA

3 MaremaTudeckasi MoaeJdb

B Teopun onTrdecknx BOJTHOBOAOB UCIIOJIB3YETCS yPaBHEHHS
MakcBeua, ONpeAeNIoNne BEKTOpa HaPsKeHHOCTE! 3IIEKTPO-
MarHUTHOTO TOJISl, U3 KOTOPBIX BBITEKACT BOJHOBOE ypaBHEHHE
JUIsl BEKTOpA HANPSKEHHOCTH AJIIEKTpHUYecKoro nons E

2
AE = go,uoga—lzz ) (7)

ot
rae, A — onepatop Jlannaca, t — Bpems, & — AUDNEKTPUUECKast
KOHCTaHTa BaKyyMa, (i— MarHuTHas IpoOHUIAa€MOCTb BaKyyMa, &
— JUDJIEKTpUYECKas QYHKIMS, YUUTHIBAIOIIAS KAK HEMHEHHBIE,
TaK 1 HCOAHOPOAHBIC ONITUYCCKUC CBOIiCTBa (HeMarHI/ITHLIX) Ma-
TCPUAJTIOB, U3 KOTOPBIX U3TOTABJIMBACTCA BOJIHOBO/.

Ecii paccMaTpuBaTh TONBKO PAcrpoCTpaHeHHe MOHOXPOMa-

THUYCCKOM BOJIHEI

E=Eexp(-int), ®)

T @ — MUKIAYecKast 9acToTa, TO MmojcTaHoBKa (8) B (7) mpuBo-
JIUT K ypaBHEHHIO [ epbMroibIia

AE + &*E =0, ©

/i€ BBEJEHO BOJIHOBOE YHCIIO K=&yt a’.

ByneMm cuurtath, 4TO IBE pa3inYHbIC HEMATHUTHBIC ONTHYEC-
CKue cpe/pl (MarHUTHAS MPOHUIIAEMOCTD BCIOY CUMTACTCSI OJIH-
HAKOBOU M paBHOE CITUHMIIC) KOHTAKTHPYIOT BIOJIb IIOCKOU Tpa-
HUIIBI, pacroyiokeHHO# B tiockoctd YOz (x=0). Takas rpanuma
paszena cpell Ha3bIBacTCs UHTEp(eiicoM U 00J1agaeT BOJIHOBO/I-
HBIMH CBoWicTBamMH. Ee ToNImMHA NMpeHEOpeKUTEIBHO Maja II0
cpaBHEHUIO ¢ 3()(HEKTUBHBIMU BO30YKICHUSIMH CPEJIbI, CO3/IaBac-
MBIMH TTOJIEM OJIM3H HEe.

Bynem paccmarpuBarh TOJIBKO MOMEPEUHBIC AIIEKTPUUECKHE
BoTHBI (TE-BOIHEI) ¢ BEKTOPOM HATIPSHKECHHOCTH AJIEKTPHUYECKOTO
monst E=(0, Ey, 0). Ecnu cunTarh, 4TO BOJHA paclpoCTpaHsIeTCs
BJIOJIb MHTEp(deElica, TO €CTh BIIOJIb OCH Z, & PACIIPEICICHHUE MOJIS
B IUIOCKOCTH MHTepderica OHOPOTHBIM, TO KOMIIOHCHTY HaIIpsi-
JKCHHOCTH DJICKTPUYCCKOTO TIOJISI MOYKHO TIPEICTABUTH B BUJIC:

(10)

rae U(X) — ckaysipHas (QyHKIHS, MOJCJIUPYIONIAs MOMEepeYHbIH
npoduiIb pacnpeneneHus MEKTPUIECKOTo OIS B HANIPABICHUH,
MEPIICHANKYISIPHOM TpaHHIe pasziena cpen, N — 3¢dexkTuBHbIH
TOKa3aTesb NpeJoMIIEHHS], CBESIHHBINA C KOHCTAHTOM pacnpocTpa-
HEHUS U OINIpeJelsieMblii YTJIOM MaJieHus JIyda, B30y KIaroIIero
oBepXHOCTHYIO BonHY [35]. C yuetom 3Toro, ypaBHeHue [ enpm-
roibia (9) mepexoquT B CKalsIpHOE YpaBHEHHE TEOPUH ONTHYE-
CKHX BOJIHOBOJIOB [35, 36]

Ey=u(x)exp(iknz),

u"(x)+k*(e=n*)u(x)=0. (11)

[ToCKONBKY MOJEIMPYETCS BOJIHOBO, COCTOSIIUX HX IBYX
KOHTaKTHPYIOIIUX Cpell, TO audnekrpudeckas (GyHkuus B (11)
JTOJDKHA YYUTHIBATh, YTO HEJTMHCHHBIA ONTUYECKUAN KPUCTAILT 3a-
HUMaeT MOJyNnpocTpaHcTBO X<0, a HeoqHOpoaHas cpema — X>0.
[Tostomy muANEKTpUYECKYI0 (DYHKIHIO CIIEIYeT MPEICTaBUThH B
Buje [36, 37]

_ &5(X), x>0, (12)
gN (U), X< Oa

-
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DNEKTPOHUKA. PAODUOTEXHUKA

rae AudieKkTprdeckas QyHKIus &£c(X) MOAETHPYET HEOIHOPO/I-
HOCTB OJTHOH cpeibl, a en(U) — HeJIMHEHHBIH OTKIIMK JAPYTOi.

Jlist MonenupoBaHus JIMHEWHO ontuueckoro 3¢ ¢exra ITok-
KeJca JUAJIEKTPUYECcKy o QyHKINIO &y(U) MpeacTaBiuM B BUAE JIH-
HeWHOW (QYHKINY OIS

an(U)=enoter-u,

(13)

TJIe Eno — HEBO3MYIIICHHAS IMAIICKTPUYECKAst KOHCTAHTA HeTMHEH -
HOTO KpHCTaJIa, a=n> — KO3 (HUIIMEHT HETMHEHHOCTH.

Jlyisi MOJIeIMPOBaHUsI CHJIbHOM HEOJHOPOJHOCTH CpEJibl JIU-
NEKTPUUCCKYIO0 PYHKIHIO £5(X) MPEICTaBUM B BUJC 0000IICHNUS
rurnepbosnueckoro (&~1/X) u 0OpaTHOro KBaJApaTUUECKOTO IPo-
uneit (e~1/x%) [37]:

Ea1 ber |
X+h  (x+h)?

(14)

&g (X)=¢g, +

rae h, g (=0, 1, 2) — mapamerpsl npodust (14).

OrmeTHM, uTO B [37] ObLIM NPEICTABIICHBI PE3YJIbTATHI MOJIE-
JIMPOBAHMSI CBOMCTB INIAHAPHOW BOJHOBOJHOW CTPYKTYpBI, HEOI-
HOPO/IHAs 4acTh KOTOPOit Moaenupyercst npoduiem (14), a Henu-
HEifHast 4acTh MPEICTABISACT COOOH cpey ¢ HemuHEeHHBIM 3 dek-
ToM Keppa ¢ kBajpaTHYHBIM BO3MYIIICHHEM IIOKa3aTeleM IIpe-
nomwteHus (6), B OTIMYHME OT paccMaTpUBaeMOl B TaHHOHM paboTe
HEJIMHEHHOH cpenb ¢ A dhexrom [Tokkenbca.

Tax xak koaddunument (12) B ypasaenun (11) spusercs pasz-
PBIBHBIM, TO HCKOMOE pacTIpe/ieJIeHNe OISl IPEACTaBUM B BUJIE:

Ug(X), x>0
u(x) =
Uy (X), X <0,

(15)

1€ ICKOMBIE GYHKIUH Ug(X) 1 Un(X) OTIMCBIBAIOT MTPOCTPAHCTBEH-
HBIC TIOTIEPEYHBIC PACTIPEICIICHIS] HAMPSHKEHHOCTH AIICKTpHUYe-
CKOT'O I10JIsI B TPaIEHTHON U HEJIMHEHHOM YacTsX BOJIHOBO/IA, CO-
OTBETCTBEHHO.

C yderoMm sroro, BMecTO ypaBHeHHs (11) Ha Bcell 4MCIOBOI
0CH, MOKHO HCITOJIb30BATh JBAa yPAaBHEHHS Ha COOTBETCTBYIOIINX
MOJTYOCSX:

e e
w+le +——+—2 2. =0,x>0, (16
¢ (0 x+h  (x+h) JG

ul +(a, — Ay, +auy =0,x<0,

(7

rne =K a6 (=0, 1, 2), as=k*ano, ai=k’&1, A=k*n%. B Takux 06o-
3HAYCHUAX A TPEACTABISIET COOOH CIIEKTPaIbHBIIN MapaMeTp.

VYpasuenust (16) u (17) nomKHBI OBITH TOTIOJHEHBI TPeOOBa-
HUSIMH HENPEPBIBHOCTH KOMIIOHEHT IOJIsi Ha TpaHulle pajena
cpelna , 9To IPUBOJHUT K HEOOXOIMMOCTH UCIIOIb30BaHHS [PaHUY-
HBIX YCJIOBHH COTPSOKCHHUS:

Ug (+0) = Uy (=0)> (18)

(19)

3nech B (18) u (19) u nanee moHUMAIOTCS IEBOCTOPOHHUE U
MIPaBOCTOPOHHUE TIPE/IeIbI, COOTBETCTBEHHO:
Ug  (£0) = lim Ug  (X) ¥ Ug \ (£0) = lim Ug \ (X) -

? X—>*0 ’ ’ X—20 ’

Ug (+0) =uy (-0)-

[TockonbKy 1oJIe JOJKHO CTPEMUTHCS K HYJIIO Ha OeCKOHeu-
HOCTH, TO €CTECTBEHHBIM OOpa30M BO3HUKAET HEOOXOJAUMOCTH
HCIIOJIb30BaHUS YCIIOBHI HA OCCKOHECYHOCTH:
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Jim 09 =0 lm g (0=0 @)

Takum oOpaszom, MaTemarudeckas (HOpMyITHpOBKA MOJIEITH
MIPEICTABIAET COO0I KpaeByIO 3aauy CONPSIKSHNUS IS HaX 0K Ie-
HUS TIAIKUX, HEIPEPBIBHBIX U OTPAaHUYCHHBIX PEIICHUN ypaBHe-
Huit (16) u (17) Ha COOTBETCTBYIOMIMX MOJYOCSX, CBSI3aHHBIX
ycnoBust conpsikerus (18) u (19) u y1oBICTBOPSIFONIUX YCIOBHSIM
Ha Oeckoneuynoctu (20).

4 AHAJTUTHYCCKHE Pe3yJIbTATHI

YpaBaenue (17) MOxeT OBITh CBEJICHO 3aMCHOU MEPEMCHHBIX
K YpaBHEHHIO YHUTTEKepa

) 1 1/4-v?
g *[f‘fzzjy:"’

21

JIBYMSI JIMHEHHO HE3aBUCUMBIMH PEIIEHUSMH KOTOPOT'O SIBIISIOTCS
¢ynkun Yurrekepa Wy UX) 1 My u(X):
y(@)=CW,,(0+C,M , (2), (22)

rae Ci» — IpOU3BOJIBHEIC MTOCTOSHHBIE. OTHAKO TOIBKO (HYyHKIIHS
W, (X) sIBIIsSI€TCSI OTPaHWYEHHOW M SKCIOHEHIMAIBHO YOBIBAIO-
e Ha OECKOHEYHOCTH, TaK KaK €€ aCHMIITOTHKA Ha OECKOHEU-
Hoctu ecth W, (X)~x“e ™2, Tloatomy B (22) cliesyeT MOJI0KHUTh
C>=0 s BeImoNHEHUs ycnoBus Ha 6eckoneyHocTH (20). C yue-
TOM 3TOT0 OyZIeM HCKaTh perieHue ypasHerus (16) B Bume

Ug (x)= C]W”,V (Px+7)-

Jliist aTOrO ClenaeM 3aMeHy nepeMeHHbIX z=f(X+h) u Torma
=0, Vxthy=Flz, V(x+hy=(B2)*, u'c=pW' 1, (2), U"e=FW" 1 (2),

u ypaBHeHue (16) mpumer BU:

le+[e0 —2/1
B

CpasuauBas xkodddunuents! npu W, ypasaenuii (21) u (24),
MOy 4UM:

(23)

24)

el eZ —
+E+? ‘u,v_O'

e, — 4 1 _
OTKyZa MOJYYaroTCs mapameTpsl pemeHus (23):
1
B=2JA-e > y=—8 . y="f1—de, - (25
R 2,JA—¢, 2 ’
C ydeToM 3TO0T0 penieHne ypaBHeHus (16) npumer BUI:
Us(X)=CW, (242 —¢,(x+h)). (26)

Ecnu BBecTH aMminTyy mojist Ha TpaHMIe paszena cpex Uo,
TO (26) MOXKHO IepenucaTb B BUJE:

W, (2(A—e,(x+h)

(27)
W, (2hJi-¢,)

Ug (X) = U,

Wnpexcsl pewenns (27) onpenensitorest popmynamu (25) u3
KOTOPBIX BHITEKAIOT OTpaHHUuCHUS A>€y U €,<1/4, HeoOXOaMMEbIe
IUTS TOTO, 94TO OBI CYIIECTBOBAJIO JICHCTBUTEIEHOE pericHue (27).

Bynem nckatp pernrenue ypasHenus (17) B Buje cranmoHap-
HOTO COJINTOHA




- A (28)
ch?(g(x—X,))

JUISL KOTOPOTO BBITIOJHSCTCS YCIIOBHE Ha OeckoHeyHOCTH (20).
Torma, o0o3HauWMB miIsi KpPaTKOCTH y=((X—Xo), Haiimem:

u'N=—24q(chy)-3(shy), u"n=—24¢*[-3(chy)“*sh?y+(chy)>ch%]. C

y4eToM 3Toro ypasHeHue (17) MOXKHO peoOpa3oBaTh K BULLY:

Uy (X)

2
49%u, —%uﬁ +(a, — A)uy +auy =0, (29)
Cobupas kodpdunueHTH! pu Uy B (29), momyanm:
2
Rl WL (30)

4 a,

C yueTom 3TOTO0 penieHne ypaBHeHus (17) npumer BUI:
U (X) = 3(A—-a,) )
N 2a,ch’(\[A—a, (X—X,)/2)

W3 (31) BeITEKaeT orpanudeHue A>a), HEOOXOJUMOE IJIsl TOTO,
4TO OBI pelieHue ObITO IeHCTBUTEIBHOE.

OcraBimecst BEIMYHHBI Uy (aMIUIATYAA OISl Ha HHTEepdetice)
U Xo (T0JIO’KEHNEe MaKCUMyMa COJIMTOHA) ONPEACISIOTCS U3 Ipa-
HUYHBIX ycinoBuid conpsbkenust (18) u (19), kyaa nmoacraBisiioTes
pemenus (27) u (31). B pesynbrare momydaercst cucrema:

3(1—-a,)

1)

u, = , (32)
2a,ch’*(yJA—-a,X,/2)
QU = 3(A—a,)*th(y/A—-a,%,/2) (33)
e 2a,ch’(JA-a,%,/2)
rae 0003HaYEHO
G = 2J7 —6, Wur VA7 &) (34)

'W,,(2/1-¢h)

W3 cucremsl (32)-(33) MOKHO BBIPa3UTh B SIBHOM BHJIE MOJIO-
YKCHUE MaKCHMyMa COJIMTOHA:

2
X, = arcth 9c (35)
A-a, A-a,
U aMIUTATY/Ly TI0JIs Ha HedeKTe:
_3(A-a,-4qg) . (36)

0 2a,

Taxum o0pazom, komouuupy (15), (27) 1 (31), MOKHO TIOTY-
YUTH TOYHOE pelIeHne kpaeBoit 3amaun (16)-(20) B sBHOM BHIE:

W, (242 —& (x+h)) o0
Wﬂ,v (2\/ A- € h)

A8 X<0
ch’(JA-a,(x=%,)/2)’

Jlnst BEHIeCTBEHHOCTH JaHHOTO PEIICHHs JOJIKHBI BBIIOJ-
HATBCS yCIIOBHSL A>max {ao, €}, €2<1/4 n IqG(/i) <2 —e, -
(37

; (A—a,—4q3) 17
U(X)ZE 37)

Pemenne OITUCBIBACT MOBCPXHOCTHYIO BOJIHY,
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pacIpoCTpaHsIIONIYIOCs CTAIIMOHAPHO BJIOJb MHTepdeiica. [Tore-
pedHoe pacIpeieIeHNe MOl B TAKOH BOJIHE JIOKAJIM30BAHO B y3-
Koit 0bmacty BOIM3M HHTEpdeiica 1 OBICTPO 3aTyXaeT IpH yaaje-
HUM OT Hero. [losromy Takoil mHTepdelc MOXET paccMaTpH-
BaThCsl KaK IJIaHApHAsl BOJTHOBO/IHAS CHCTEMA.

MaxkcuMyM HHTEHCHBHOCTH MOBEPXHOCTHON BOJHEI (37) Mo-
JKET pacIoyaraThCs Kak B HEIMHEHHOM KpUCTalle, TakK U B Ipajiu-
eHTHOI1 cpezie. Ero mosnoxeHnue onpeaensercss BEIMYUHOM X B CO-
otBetctBHeE ¢ (35). Eciut x0>0, ToO MaKCUMyM MHTEHCHBHOCTH pac-
roJiaraeTcsi B rpaJIieHTHON cpejie, a npu xo<0 — B HEIMHEHHOM
kpucraiuie. 13 (35) ciemyer, 4T0 MAaKCUMyM HHTEHCHBHOCTH pac-
roJjaraeTcs B HEJMHEHHOM KpHCTaJUle TNPH TaKUX 3HAYCHUSIX
CHEKTPAITBHOTO TTapaMeTpa (3PPEKTHBHOTO MOKA3ATENS TPEIOM-
JICHUS1), TIPU KOTOPBIX BBINOJHSETCS HepaBeHCTBO (g(4)<0, a B
rpaIueHTHOH cpene, ecin (o(A)<0.

5 Pe3yJabTaTbl MOACIMPOBAHUS

[Tpoananu3supyem BIMSIHUE ONTHYECKUX MTApaMETPOB IUIaHAp-
HOTO BOJIHOBO/IA Ha TONEPEUYHOE pacIipeeeHue Tois, 3a1aBac-
Moe (37), m ero CBOWCTBa, OIMCHIBAIOIIETO MOBEPXHOCTHYIO
BOJIHY, paclpOCTPaHSIONIYIOCS BJIOJb TPAHUIBI pa3jiena Helu-
HeiiHol cpenbl ¢ addexrom [Tokkenabca U rpaTUeHTHON cpebl ¢
npoduiieM auaneKTpudecko npornnaemocty Buna (14). OcHoB-
HOE BHHMAaHHUE Y/IEJIEHO BIMSHHIO TTAPaMETPOB MOJENIN Ha MpO-
CTPAHCTBEHHOE paclpe/ielieHHe I10JIs, MOJI0KEHHE MaKCUMyMa
WHTEHCHBHOCTHU ¥ aMIUIMTY/ly Ha IpaHune paszaena. [Ipu ananmze
YUUTHIBAIOTCSI yCIOBUSI CYIIECTBOBAHMUS PEIICHNUSI.

Ha Puc. 1 nokazaHo nomnepeuHoe pacrpeaeacHiue HanpsuKEH-
HOCTH 3JIEKTPHUUYECKOTO TIOJIS TIPH PA3ITMYHBIX 3HAUCHUAX IPPeK-
TUBHOTO 1TOKA3aTeNs! IIPEJIOMIICHHUS N, CBSI3aHHOTO CO CIIEKTPaJlb-
HBIM TTapameTpoM A=k>n2. Amamu3 rpadMKoOB IOKa3bIBAET, UTO C
pocToM N (M, COOTBETCTBEHHO A) MPOHMCXOJAUT YBEIUYCHHE aM-
IUTATYTBI TIOJISI HA TpaHuiieUy, onpeaensieMoi Gopmyoii (36), u
Oosee riryOOKOE MPOHMKHOBEHHE IIOJISI B HEJIMHEHHYIO Cpeny
(x<0), Tae moJe OMMUCHIBACTCS COMIMTOHHBIM pemenneM (31). 3to
CBSI3aHO C TEM, YTO yBEJIHMUYCHUE A IIPUBOAUT K POCTY IapameTpa
g B (30), 9TO yCHIMBAET JIOKAJIM3ALMIO BOJHBI B HEIMHEHHOU
cpene. B rpaguenTHoit cpene (X>0) mone onwckBaeTcs (GpyHKIIEH
Yutrekepa (27), 4To obecriednBaeT IKCIIOHCHIIHAIFHOE 3aTyXa-
HUE NP YAAICHUN OT TPAHHUIIBI.

Puc. 1. IlonepeuHoe pacnpeneneHue moisi B IOBEPXHOCTHOM BOJIHE,
3aaHHo# (37), pu HUKCHPOBAHHBIX 3HAYCHHUSIX TAPAMETPOB (B YCIOBHBIX
6e3pasmepHbix equHmiax): k=1, h=0.5, ec=—0.1, e1=1, €2=0.2, a0=0.05,
ai=1, pa3snU4HBIX 3HAYEHUAX (P(HEKTUBHOTO MOKA3aTENSI TPETOMICHUSL:

n=0.75 (1), n=0.85 (2), n=0.95 (3).

311ech BaKHO OTMETUTh, YTO MAKCHMYM ITOJISI MOXKET pacrioia-
raThcs KaK B HEMMHEWHOM KpucTaiute (JIuHusA 3 Ha puc. 1), Tak u
B TpaIueHTHOM cpene (muHus 1 Ha puc. 1).
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Taxske MO’KHO OZI00paTh PEXUM, IPH KOTOPOM OH OyzeT pac-
TIoJIaraThCsl Ha rpaHuIe paszaena (JiuHus 2 Ha puc.l).

Puc. 2. [Tonepeunoe pacnpe/ieieHue 1Mol B TOBEPXHOCTHOW BOJIHE,
3a1aHHO¥ (37), mpu (HUKCHPOBAHHBIX 3HAYCHHSX MMAPAMETPOB (B YCIIOBHBIX
6e3pasmepnbix enununiax): k=1, eo=—0.1, e1=1, €2=0.2, a0=0.05, ai=1, u
pazmmunbix h=0.7 (1), h=1 (2) B 1ByX pa3znuuHbIX pexxumax npu n=0.9

(a) u n=0.6 (b).

4

Puc. 3. [lonepeunoe pacnpeaeneHue nojst B HOBEPXHOCTHOHN BOJIHE,
3amganHOH (37), mpu PUKCHPOBAaHHBIX 3HAYEHHAX MTAPAMETPOB (B YCIOBHBIX
GespasMeprbix eaunniax): k=1, e0=—0.1, e;=1, a=0.05, ai=1, h=0.7
B JIBYX pa3iIH4HbIX pexxumax rnpu N=0.6, €2=0.12 (1), e2=0.2 (2) (a)

1 n=0.9 €2=0.04 (1), e2=0.21 (2) (b).

Puc. 4. [TonepedHoe pacnpe/ieieHue 1Mol B TOBEPXHOCTHOW BOJIHE,
3aaHHoM (37), mpy QHKCUPOBAHHBIX 3HAYCHHUSIX MTAPAMETPOB (B YCIOBHBIX
6e3pasmepubix eauHuiax): k=1, eo=—0.1, €2=0.2, ap=0.05, ai=1, h=0.7
B JIBYX pa3ziIM4HbIX pexxumax rnpu N=0.6, €:=0.95 (1), e1=1 (2) (a)

1 n=0.9 e1=0.7 (1), er=1.1 (2) (b).

Ha puc. 2 uccrnenoBano BiusHIEe apamerpa h rpaqueHTHOro
npoduist (14) Ha pacnpeneneHue MoJst MPU ABYX 3HAYCHMAX N.
ITpn Gonpmmx N, KOrjga MakCHMyM ITOJIsI HAXOAUTCSI B HEJIMHEH-
HOM KpHCTaJlIe, YBeJIHYCHHE N MPUBOIUT K YBEIHMYCHHIO Tapa-
MeTpa f (25) U cMemeHHuI0 MaKCHMyMa WHTCHCHUBHOCTH B CTO-
POHY TpanueHTHOH cpenbl (puc. 2 a). ITo 0OBSICHICTCS U3MEHe-
HHEeM Maciitaba MPOCTPAHCTBEHHONW KOOPAMHATHI B PELICHUH
(27). Tlpu maneIx N, KOTJa MaKCUMYM ITOJIST HAXOAUTCS B TPajIH-
eHTHOI cpee, Bimstaue h coBcem nHoe (puc. 2 b). B atom ciydae
BBICOTa MaKCHMYM CYIIIECTBEHHO BO3pacTaer ¢ poctoM h, a ero
MOJIO’KEHHE CMEIAeTCs K TPaHuIle pasjena.

Ha puc. 3 npoaeMOHCTpUpPOBAHO BIIHMSHUE Iapamerpa €, Ha
pacnipenenenue nomnsd. CoriacHo (25), mapamerp Vv onpenenser
uHIeKC (QyHKUUM YHTTEeKepa B peuieHuu (27). YBenudeHue €;
yYMEHbIIIaeM V, 4TO M3MeHseT GopMy Npoduiis B IpaJdcHTHOH
cpene. [Ipn ManeIx N, Korna MakCUMYM TIOJISE HAXOUTCS B Tpajiu-
SHTHOH cpeJie, 3TO NMPHUBOJIUT K CHIKCHHUIO aMIUTUTY]Ibl Ha Tpa-
aute (puc. 3 @). [Ipu 60xpIIMX N, KOTIa MAKCHMYM TIOJSI HaXO-
JIUTCSl B HEJIMHEWHOM KpHCTAJUIe, MAKCUMYM IIOJISl, HE MEHSISI
CBOCH BBICOTHI, CMEINACTCS K TPAHHUIIE pasaeina cpen (puc. 3 b).

Ha puc. 4 nokaszano BIUsiHME IapaMeTpa € Ha pacrpe/ieieHne
nosist. B gopmyse (25) nmapamerp 3aBUCHUT OT €1, YTO BIHMSIET Ha
noBeqicHre GyHKIUU YHTTeKepa B (27), onpeaenstoliee mojie B
9TOH 30HE. YBENINYEHHE €] yCUIIMBACT JJMHEHHYIO COCTaBIISIOITYIO
npodwuis (14), 4To CIOCOOCTBYET JIyUIICH JIOKATU3ALUHU TOJI B
TPaIMCHTHON Cpefie M CHIDKCHUIO aMIUTUTYJbl Ha TPAaHUIE CO-
riacHo (36). BuaHo, 9To BinsiHKE €] HA pacnpeieeH e MoJjsl aHa-
JIOTHYHO BIIMSTHUE TTapaMeTpa €.

Ha puc. 5 uccnenoBano BiusHUE NapaMeTpa €y Ha pacupene-
JICHHE TIOJIA. Y MEHBIIICHHE € (YBETHIeHHE |€o|) ipH pUKCcHpoBaH-
HOM N YBEIWYMBACT MapameTp f, 4TO YCHIMBAET MPU MEHBIINUX
3Ha4YeHusx N. B 9ToM ciyyae BBICOTa MakCMMyM CYILECTBEHHO
BO3pacTaeT ¢ pocToM |eo| (puc. 5 a). Ilpu GonbMx N, KOraa Mak-
CHUMYM TIOJIS HAXOJIUTCSI B HEJIMHEHHOM KPHCTAJLIE, YBEINYCHHE
|eo] MPUBOAMT K CMELICHUIO MaKCUMyMa WHTEHCHBHOCTH B CTO-
POHY TpafMeHTHOU cpeinl (puc. 5 b).

8 ] 4 2 2 4 6

Puc. 5. IlonepeuHoe pacnpenesneHue 1o B IOBEPXHOCTHOM BOJIHE,
3amaHHo# (37), pu (PMKCUPOBAHHBIX 3HAYCHHUSIX TAPAMETPOB (B YCIOBHBIX
Ge3pasmepHbix equHniax): k=1, e1=1, €2=0.2, a0=0.05, ai=1, h=0.7
B JIBYX Pa3IN4HBIX peskuMax rpu N=0.6, e=—0.07 (1), e0=—0.1 (2) (@)
u n=0.9 e0=—0.1 (1), eo=—0.4 (2) (b).

Ha puc. 6 nokaszano BiusHuEe KO3(PPHUIUCHTa HETUHEHHOCTH
ITokkenbca @; Ha pacnpesnencaue mos. CornacHo (31), mapamerp
( B COJMTOHHOM PCIICHUU HE 3aBHCUT OT &;, HO AMIUIUTYa
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conuToHa A 06paTHO MPOTMOPIUHOHANEHA /A, . [TosToMy yBemue-
HHE @) IPUBOAUT K CHWKEHHIO aMIUIUTYAbI B HEJIMHEHHOM cpere
W Ha rpaHuIIe pa3jiena, 4To coriacyercs ¢ popmysoii (36).

Ha puc. 7 uccrnenoBano BiusiHUE napaMeTpadoHa pacipezeiie-
HUE 0JIsl. YBEIMYeHUE 8y yMeHbnaercs napamerp q B (31), uto
MIPUBOAUT K PACIIMPEHHIO COJIUTOHA B HEIMHEIHOH cpene. OnHo-
BPEMEHHO CHIDKAETCS aMIUIUTYyJa COJIMTOHA A, 4TO OOBsICHSIET
YMEHBILICHHE aMIUTATY bl Ha rpanuie. [Ipu aTom ycioBue A>ag u3
(31) HakagpIBaEcT OrpaHUUCHNE CBEPXY Ha JIOMYCTHUMBIE 3Haue-
HHA Ao,

274 6, 8

Puc. 6. [ToniepeuHoe pacnpeesneHue 1noss B MOBEPXHOCTHOM BOJIHE,
3a1aHHO# (37), Mpu (HUKCHPOBAHHBIX 3HAYCHUSIX MTAPAMETPOB (B YCIIOBHBIX
6e3pasmepubix enunannax): k=1, e1=1, €2=0.2, e0=—0.1, a0=0.05, h=0.7
u paznuysbix a1=0.8 (1), ai=1.1 (2) B 1ByX pa3iuyHbIX peKUMaxX MPU
n=0.6, (a) u n=0.9 (b).

4 6 4 2 72774 6 .8

Puc. 7. IlonepeuHoe pacnpeesneHue 1nos B NOBEpXHOCTHOM BOJIHE,
3amanHOi (37), pu UKCHPOBAHHBIX 3HAYEHUSIX MTAPAMETPOB (B YCIIOBHBIX
GespasMeprbix eaunniax): k=1, er=1, e2=0.2, ec=—0.1, ai=1, h=0.7
n pasnasbX a0=0.01 (1), 80=0.1 (2) B ABYX pa3iaM4HBIX PEKUMaX IPH
n=0.6, (a) u n=0.9 (b).

Ha puc. 8 mpencraBineHbl 3aBUCHMOCTH aMIUTUTY/IbI TIOJIST HA
rpaHulie paszena Uy OT Pa3InyHbIX HAPAMETPOB MOJICIU COTIACHO
dopmyiie (36). AHANA3 ATHX PE3YJIBTATOB MOJICIIUPOBAHHUS ITOKA-
3aJ1, 9TO0 MOHOTOHHBIN POCT Ug ¢ yBemmueHueM N (puc. 8a) o0bsic-
HSCTCS YBEJIUUCHUEM Pa3HOCTH A — @ B unciuteie (36).

SNNIEKTPOHMKA. PAONOTEXHUKA

HemonoToHHBIN xapakTep 3aBucumocteit Uy ot h (puc. 8b) u
e (puc. 8d) cBsi3aH CO CIOKHOM 3aBHCHMOCTBIO (DYHKIUH (g OT
STHX MapaMeTpoB B 3HameHaTene (36). MOHOTOHHOE YMEHBIIIE-
HUe Uy C pocToM €; (puc. 8¢) 00yCIIOBIEHO M3MEHEHUEM HHJIEKCa
V GyHKIIMH YUTTEKepa, 4TO BIMSAET HA €€ 3HAYCHHE B 3HAMEHa-
tene (36).
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Puc. 8. AMmuTyaa nons Ha rpaHuIie paszena cpen, 3aganHast (36), npu
3HAYEHHAX [apaMeTpoB (B YCIOBHBIX Oe3pa3sMepHbIX eanHunax, k=1):
(a) — 3aBucumocts ot N npu h=0.7, e1=1, 2=0.2, e0=—0.1,
20=0.05, ai=1;
(b) — 3aBucumocts ot h ipu n=0.6, e1=1, €2=0.2, ec=—0.1,
a0=0.05, ai=1;
(c) —3aBucuMoOCTb OT €2 nipu €1=1, e0=—0.1, a0=0.05, ai=1,
n=0.6 h=0.5 (1), n=0.6 h=0.7 (2), n=0.9 h=0.35 (3), n=0.9 h=0.7 (4);
(d) — 3aBucumocts ot €1 ipu N=0.9, h=0.7, e2=0.2, e0=—0.1,
a20=0.05, ai=1;
(e) — 3aBucumocTs ot €o ipu N=0.5, h=0.7, e1=1, 2=0.2,
a0=0.05, ai=1;
(f) — 3aBucumocts ot a1 npu n=0.6, h=0.7, e1=1, €2=0.2,
eo=—0.1, a¢=0.05;
(9) — 3aBucumocTs ot ao ipu N=0.9, h=0.7, e1=1, 2=0.2,
eo=—0.1, ai=1.

Ha puc. 9 npuBesieHb! 3aBUCUMOCTH TOJ0KEHHUST MaKCUMyMa
COJIUTOHA Xo OT MapaMeTpPOB MOJEIH coriacHo (opmyie (35).
AHam3 3TUX Pe3yJIbTaTOB MOJICIIMPOBAHUS II0Ka3aJl, YTO U3MEHE-
HHUE 3HaKa Xo MpH yBeMU4eHUH N (puc.9a) COOTBETCTBYET Tepe-
xoly ot ycnoBus qg(4) < 0 (MakCUMyM B HEJIMHEHHOU cpejie) K
yeioBuio qg (A) > 0 (MakcuMyM B IpaJleHTHOI cpefe), uTo cie-
nyet u3 (35).

BiusiHue mapaMeTpoB rpagineHTHOro npoduiis Ha Xo (puc. 9b-
€) ompenensieTcss UX BO3IEHCTBHEM Ha (QYHKIHIO q¢ (A1), BXOms-
IIYIO B apTyMEHT THIepOoIM4IecKoro Tanrenca B (35). 3aBucumo-
CTH Xo OT &y (puc. 9f) mokaspiBacT, 4TO yBeNMUYCHHE 8o IPH PUK-
CHPOBAaHHOM N yYMEHbIIaeT napameTp ( B (35), 4To cMeIaeT Mak-
CUMYM B CTOPOHY HEJIMHEHHOHN Cpebl.

—
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Puc. 9. Benuuuna xo, 3anansas (35), npu 3Ha4€HUSX IapaMeTpoOB
(B yCIOBHBIX Ge3pa3MepHbIX eauHuIEax, k=1):
(a) — 3aBucumocts ot N npu h=0.7, e1=1, €2=0.2, e0=—0.1,
a0=0.05, ai=1;
(b) — 3aBucumocts ot h npu n=0.7, e1=1, €2=0.2, e0=—0.1,
a0=0.05, ai=1;
(c) — 3aBucuMocTb OT €2 ipu €1=1, e0=—0.1, a0=0.05, ai=1,
n=0.6 h=0.5 (1), n=0.6 h=0.7 (2), n=0.9 h=0.45 (3), n=0.9 h=0.7 (4);
(d) — 3aBucumocts ot €1 ipu N=0.9, h=0.7, £2=0.2, e0=—0.1,
a20=0.05, ai=1,
(e) — 3aBucumocTs ot eo npu N=0.5, h=0.7, e1=1, =0.2,
a0=0.05, ai=1;
(f) — 3aBucumoctsb ot ao npu, €1=1, €2=0.2, eo=—0.1, a0=0.05, ,
h=0.7, n=0.6 (1, 1), n=0.9 (2, 2").

6 UnxenepHo-pusnyeckass HHTepHpeTaLus pe3yIbTATOB
MOAeJTHPOBAHUSA

D¢ dexTUBHBIN MOKa3aTeNlb NPENOMIICHHS B KOPHE OIpese-
JISIeT CTENEHb JIOKAIHM3aluk MOJ| M paclpelielieHHe SHEepruu
MEXIy AByMs cpenamu. boiiee BbICOKHE 3HAUSHHUS] YBEITUIUBAIOT
(ha30BOE€ HECOOTBETCTBHE OTHOCHUTEIHHO OOOMX COCTABIISIOIINX
MaTepHalioB, TEM CaMbIM YCHJINBAs JIOKAJIHM3ALUIO TI0JIST BOJIHM3H
TPaHMIBI Pa3/iesia W MOBBIIIas aMIUIUTY Ty Ha TpaHuIe. ITO Ipo-
HCXOJHUT TTOTOMY, YTO OONbIINH 3(h(heKTHUBHBIN MMOKa3aTeIb Ipe-
JIOMJICHHS] YCHIIMBAET KOMIIOHEHTY BOJIHOBOTO BEKTOpa, MEpIICH-
JHKYJSIPHYIO PAaCcIIPOCTPaHSHUIO, HHTEHCH(HLUPYS CKOPOCTH 3a-
TyXaHHs 9BaHECLIEHTHOTO I10JIsL B 00eHX cpeljax U OJJHOBPEMEHHO
YBEIMYMBAs aMIDIATYLY M0JIs1, HEOOXOAUMYIO JUIsl yIIOBJIETBOPE-
HUSI YCJIOBUI HEITPEPHIBHOCTH HA IPAHHUIIE.

[TapameTp TeOMETPHUYECKOTO cMmerieHus mpoduis h meii-
CTBYET KaK IPOCTPAHCTBEHHBIN MacITaOHbIi Koa(duiueHr, Ko-
TOPBII NIepeoTpe/ielsieT CUCTEMY KOOp/AMHAT, B KOTOPOIl Ipouc-
XOIUT U3MEHEHHE JAUIIICKTPHUUECKOI IPOHUIIAEMOCTH. Y Belnue-
HHUE 3TOro napamerpa 3()(EeKTHUBHO pacTsAruBaeT 00JIACTh CHIIb-
HOTO M3MEHEHUS [TOKa3aTelIsl PEIOMIICHUS OT TPAHUIbI pas/ena,
YTO M3MEHSIET TITyOnHY IPOHNUKHOBEHHUS 3BaHECIICHTHOI'O XBOCTA
B TpaJMeHTHYIO cpeay. Korma MakcMMyM MOJBI HaxXOAWTCS
BHYTPH HEITMHEWHOTO KPHCTAILIA, 5TO PACTSDKCHUE CMEIIaeT IHK
WHTEHCHBHOCTHU K IpaHHILE pa3iesia; Ha000poT, Korja MUK U3Ha-
YaJIbHO HaXOJUTCS B OOJIACTH I'PaJHeHTa, TO )K€ YBEIMYCHHE T1a-
pamerpa CXKMMaeT paclpeielieHHe MOoJis K TpaHMIe, OJHOBpe-
MEHHO YCHJIMBAs €r0 BEJIMYMHY 3a CYET YMEHBIICHHS [IPOCTPaH-
CTBCHHOTO pa3bpoca.

KBanparnunslit koadduiment B npoduiie TUIeKTpUIecKon
MIPOHMIIAEMOCTH €2 HAPSIMYIO KOHTPOJIHUPYET aCHMITOTHYECKYIO
CKOPOCTB 3aTyXaHH II0Ka3aTeNs IPEIIOMIICHUSI C PACCTOSHUEM OT
rpaHuLBl pasnena. bombmmii KOI(GGUIHEHT MPUBOAUT K Ooiee
KPYTOMY HaYalbHOMY TPAIMCHTY IOKa3aTess MPEJOMIICHHUS C

mociexyromumM 0osiee OBICTPBIM HACBHIIIIEHHEM 10 (POHOBOTO 3HA-
YCHMUA. 3T0 YBCIMYCHNUE KPYTU3HBI YCUJIIMBACT MOJOBOEC OIrpaHu-
YeHUe BOJIM3U IPaHMIIbl pa3jielia B 001acTH rpajIieHTa, Co3/1aBas
Oosiee pe3KkHii ONTHYECKHUI MOTEHIIMANIBHBIN Oapbep, HO OJJHOBpE-
MCHHO YMCHbBIIACT aAMIUTUTYIY IMOJs Ha TPAHHIC, KOTJa MUK
MOJIbI HAXOIUTCS BHYTPH 3TOH cpeibl. DUIMUCCKUI MEXaHU3M
BKITIOYAECT B CEOSI KOMITPOMUCC MEXK]Ty YBEITMYCHHUEM MOIIEPEUHBIX
KOMIIOHCHT BOJHOBOTO BEKTOpa (CIIOCOOCTBYIOIIUM JIOKATH3a-
[IUM) ¥ U3MEHCHUEM COTJIACOBAHUS MMIICIAHCAa HAa TPaHUIIC pa3-
Jierna (BIUSIONIAM Ha HETPEPBIBHOCTh aMILTUTY/IBI).

JIuneinpit K03()GUITMEHT TPATUSHTHOTO PO €1 ONpee-
JISIST HAKJIOH M3MEHEHHs MOKa3aTessl MPEeJIOMIICHHUS B MPOMEXKY-
TOYHOH MPOCTPAHCTBEHHOH 00JIacTH. YBEJNWYEHHE ITOro Kod¢-
(uIMeHTa yCHIMBACT JUHEWHYI BOCCTaHABIHBAIOIIYIO CHITY,
JICHCTBYIOIIYIO0 HA ONTHUYECKOE TI0JIe, aHAIOTHYHO YBEIHMUCHHIO
JKECTKOCTH TapMOHHMYCCKOTO MMOTEHIMajda B KBAaHTOBOH Mexa-
HUKE. DTO IPUBOIUT K O0JIee MIIOTHOW MPOCTPAHCTBEHHOI JIOKa-
JIU3AIMK BHYTPHU TPAJUCHTHOMN CPe/Ibl U YMEHBIIICHHUIO IPOHUKHO-
BEHUS TOJS K TPAaHUIC pa3fenia, 4To, CICIOBATEIbHO, CHIKACT
aMIUTUTYY Ha TPaHUIIC 3 CUCT yIyUIICHIUS UMITCJAHCHOM H30JIsI-
IIUU MEXKITy CpPEIIaMH.

bazoBas ausnexTpuueckas MNPOHULAEMOCTb TI'PAJUEHTHON
CpeIBl €y OIMpEeneNseT aCHMIITOTHYECKOe 3HAUYeHHE MOKa3aTels
MIPETIOMJICHHUS] BIAJM OT TPAHUIIBI pa3jieia. Y MEHBIICHHE STOrO
napameTpa (yBeJIHUYCHHE ero a0COTIOTHOM BETMUYUHBI B 3a1aHHON
CHUCTEME KOOPIMHAT) MOBBIIIACT KOHTPACT MOKA3aTeIs IPEIOMIIC-
HUS MEXTy 00J1aCThIO TPAHUIIBI pa3/iela U OCHOBHBIM I'PaJUEHT-
HBIM MaTEPUAIOM. JTOT MMOBBIINICHHBIA KOHTPACT YCUJIIMBACT OII-
TUYECKYIO MOTCHIUAIBHYIO SIMYy Ha TPaHUIIC, YTO IPUBOIUT K 0O-
Jiee CHJIbHOM JIOKAJIHM3aIluu MOoJisl U 00JIee BRICOKUM aMIUTUTY[aM
HA TPaHHMIIE, KOT/1a UK MOJIbI HAXOUTCS B TPaIHEeHTHON 001acTH.
Korma nuk pacnoiioxeH BHYTPH HEIMHEWHOTO KPUCTAJUIA, TAKOEe
)K€ YMEHBIIIEHUE IUAICKTPUICCKON MPOHUIIAEMOCTH CIBUTACT
MaKCHMyM HHTCHCHBHOCTH B CTOPOHY TpaaneHTa, 3((HEeKTUBHO
yIIyOuisisi TOTEHIIMAIBHYIO SIMY Ha 3TOW CTOPOHE TPAHHUIIBI pPas-
Jiena.

Jlunelinpiii aekTpoontudeckuii koadduruent [Mokkenbea ai
onpenessieT CUIy MOIYJIUH JAUAJICKTPHUCCKON MPOHHUIIAEMO-
CTH, HHAYITUPOBAHHOM IOJIeM. Y BeJIIUSHHE ATOro K03 duineHTa
YCHJIUBACT YyBCTBUTEIBHOCTh MaTepuaja K CamMOMy OITHYe-
CKOMY TIOJIFO B PaCCMAaTPUBACMOM HEITMHEHHOM PEKUME, UTO T1a-
paloKcambHBIM 00pa30M YMEHBIIAaeT TPeOYeMYH aMIUIHTYIy
TIOJIS [T TIOZIepKaH!s OajlaHca COMMTOHA MEXITy Audpaximen
1 caMO(pOKYCHPOBKON. DTO TPOSIBIISICTCS KaK OOpaTHAsT 3aBUCH-
MOCTB MEXKIY HIEKTPOONTHIECKUAM KO PUITMEHTOM U aMIUTATY-
IO CONMMTOHA — 0O0JIee CHIIbHAS HEJIMHEWHOCTH ITO3BOJISIET CTa-
OMITFHO JTOKATM30BaTh MaTepUall IPH 00JIee HU3KUX HHTEHCHBHO-
CTSIX TOJIst. BakKHO OTMETHTH, YTO 3TOT IapaMmeTp 0OCCreYrBaeT
MyTh JJIsl BHEIITHETO 3JICKTPHUCCKOTO YIIPABICHHUS: IPUITOKEHHOE
MMOCTOSIHHOE HAMNpPsDKEHUE HM3MEHsCT 3((EKTUBHYIO JIMHCHHYIO
BOCIIPUMMYHUBOCTh, TEM CaMbIM HACTpawBas KOX(PQUIMCHT U
oOecricunBasi HEMPEPHIBHYIO PETYJIMPOBKY aMIUIATYIBI MOJIBI U
MIPOCTPAHCTBEHHOH MPOTSHKCHHOCTH 0€3 U3MCHECHUS (PH3UUCCKON
TEOMETPHUH BOJHOBOJIA.

BazoBas nmmanmekTpudeckas MPOHHUIAEMOCTh HEIWHEHHOTO
KpHUCTaJIa ao 3aJaeT JTMHEHHBIN (POH IMOKa3aTeNs MpeToMIICHHS,
Ha KOTOpoM pabotaeT HenmHEHHOCTH [lokkennca. IloBbmmeHne
9TOTO MapaMeTpa YMEHBIIAET OTHOCHUTENFHBIN BKIJIAI HEIWHEH-
HOTO YJICHA B OOIIYIO AUAJICKTPUUYCCKYIO IIPOHUIIAEMOCTb, OCJIa0-
gt 3PQPEKT  caMO(POKYCHPOBKH,  MPOTHBOACHCTBYFOIIHIA
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mudpakuuu. B pesynbrare nmpoduib CONMTOHA PACIIMPSETCS B
MPOCTPAHCTBE ISl MTOJIEPYKAHUSI PABHOBECHS, a €T0 TMKOBAst aM-
TUTNTY/1a YMEHbBIIAETCsI, YTOOBI yIOBJIETBOPUTH 3aKOHY COXpaHe-
HUSI DHEPTUU TIPU W3MEHEHHOW CHIIe HEIMHEHHOCTH. DTOT Tapa-
METp KOHTPOJIMPYET BHYTPEHHHUI NPOCTPAHCTBEHHBIH MacuITad
JIOKAJIN3AIMN MOJIBI B JJIEKTPOOTITHUECKOI Cpejie, 4TO MMEET Ipsi-
MoOe€ 3HaYEeHHUE ISl HHTErpalla MePEeKPhITUS MEXy ONTHYECKUM 1
TIPUIOKEHHBIM 3JIEKTPUYECKUM ITOJSIMU B TIPAKTHUECKHUX Peall-
3aLUSIX MOJLYJISITOPOB.

Mogens BOTHOBOJIA TIPEACTABISET COOO0 OCHOBY IS pa3pa-
00TKH PeKOH(DUTYPUPYEMBIX HHTETPUPOBAHHBIX (POTOHHBIX KOM-
[IOHEHTOB C JIMHEHHBIMM XapaKTEPUCTUKAMU 3JIEKTPUYECKOIO
ynpasienust. [IpakTnyeckasi peam3anys JO/DKHA OT/aBaTh MpH-
oputeT miatpopMaM M3 TOHKOIJICHOYHOTO HHUOOATa JIUTHUS, I/Ie
aKTHBHBIN ci0ii [Tokkeabca MOKeT ObITh MOHOJUTHO MHTETPUPO-
BaH C pa3pabOTaHHBIMHU I'PaAUEHTHBIME 000J0uKaMu. ['paguent-
Hasi cpesia MOXKET OBITh pean30BaHa C OMOIIbI0 HOHOOOMEHHBIX
CTEKJLTHHBIX CJIOEB C KOHTPOJIMPYEMbIMU Tpodmsimu quddysun
WIA HaHOCTPYKTYPHPOBAHHBIX TJICHOK OKCHHUTPHIA KPEMHHUS,
JEMOHCTPUPYIOIINX CTEXHOMETPHIO, 3aBHCSIIYI0O OT TOJIOKEHHMS,
TEM CaMbIM aIPOKCUMHUPYs TpeOyeMoe 3aTyXaHHE THIJIEKTPHIe-
CKOM IPOHNIIAEMOCTH, OITUCHIBAEMOE MaTeMaTHIECKUM IIpoduiieM.

J1J1s1 BBICOKOCKOPOCTHBIX ITPUIIOKEHNH MOAYIISAILIMN KOMIIO3HT-
Hasl CTPYKTypa JIOJDKHA OBITh CKOH(PUTYPHPOBaHa TAKUM 00pa3oM,
YTOOBI MaKCUMyM ONTHYECKOH MOJBI NMPEHMYIIECTBEHHO HaXo-
qics B cpene [Tokkenbca B yCIoBHSX HyJieBOro cMmenieHust. Takast
KOMIIOHOBK2 MaKCUMHU3HUPYET NEPEKPHITHE MEMKILY ONITUIECKHUM I10-
JIEM ¥ ITPUJIOKEHHBIM TIOIIEPEUHBIM AJIEKTPUUECKHUM II0JIEM OT KO-
TUIAaHAPHBIX AJIEKTPOJIOB, OOeCTIeurBast IPOM3BEACHHUE HAIPSKEHUS
Ha JIJIMHY BOJIHBI MeHee 2 B-cM Ha anune BosiHbl 1550 HM.

['pasneHTHBI CTIOW BBITIOHSCT ABOHHYIO (QYHKITHIO: OH 00ec-
MEYMBACT ACHMMETPUYHOE OIPAaHNYEHHE MOJBI JUISl YMEHBIICHHS
MOTEPh HA YTEUKY U3 ITOJUIOKKH U CO3/1a€T PETyINPYEMbIN TOTEH-
[UAJIBHBINA Oapbep, KOTOPBIH cMelaeT MUK HHTCHCUBHOCTH MOJIbI
B CTOPOHY 00JIACTH 3JIEKTPO/Ia MPH M0jaue HANPSKEHHsI CMEIIe-
HUs, 3()(EKTHBHO YCHIMBAs DJIEKTPOONTHYECKOE B3aMMOJICH-
CTBHE 0€3 YBEJIIMYCHHUS YIPABIAIONICTO HANPsDKCHHUsS. B xomiio-
HCHTAaxX C CCJIICKTUBHbBIM BLI60pOM JJIMHBI BOJIHBI, TAKHX KaK MacC-
CHBBI BOJIHOBOJIHBIX PELIETOK JUIsl CHCTEM IUIOTHOT'O MYJIbTHITICK-
CHPOBAHHMS C Pa3JICJICHUEM I10 JJIMHAM BOJIH, CEKIIUS C TPaHeHT-
HBIM TTOKa3aTelieM MPEIOMIICHUS JI0JDKHA PacIonaraTthes B 00Ja-
CTSIX CBOOOIHOTO PaclpOCTPAHEHHUS, NPHIICTAIOINX K MAacCHUBY
BOJIHOBOJIOB.

TouHBIil KOHTPOJIH [TAPAMETPA FEOMETPHIECKOTO CMeIIeH s h
MOCPEACTBOM JINTOTPA(YUIECKOTO OMPEAETICHUs PO TPAIH-
€HTAa M03BOJISIET OCYIIECTBIIATH OOPE3KY JUIMH BOJIH KaHaIa Iy TeM
TIPUIOKEHNS JIOKAJIM30BaHHBIX MOCTOSHHBIX HANpPSDKEHUH cMe-
IIEHHS K CErMEHTHPOBAHHBIM MJIEKTPOAAM HaJl 00JIaCTSIMU TPaJIH-
edTa. Takoi moaXxod UCKITI0YaeT HEOOXOAUMOCTD NCITOIb30BaHUS
TCIJIOBBIX HarpeBaTenef/i B TPAJUIIUOHHBIX KOHCTPYKIIUAX MaCCH-
BOB BOJIHOBOJTHBIX PELIETOK, CHU)Kasi CTATHYECKOE SHEPTonoTpeo-
JICHUE Ha MOPSI/IKY [TPU COXPAHEHHH CTaOMIIBHOCTH JUTMHBI BOJIHBI
Ha ypOBHE CyOIMKOMETPOB.

JIJst KOTEpEHTHBIX TEepPeJaTINKOB, TPEOYIOMNX CHH(Aa3HOH U
KBaJIpaTypHOH MOJYJISIIMK, BOJHOBOAHAS CTPYKTypa JIOJDKHA
OBITH pealM30BaHa B ABYXNapailIeNbHON KOH(HUTrypannn Maxa-
Lennepa, rae Kakmoe MIedO BKIIOYAET B CEO0S KOMIO3UTHYIO
KOHCTPYKIIMIO BOJTHOBO/IA.

KpI/ITI/I‘-IeCKI/I BaXXHBIM [JIsI TPOU3BOAUTECIIBHOCTU ABJIACTCA
HOoAZepKAHUE HMICHTHYHBIX T'PAAMCHTHBIX INpoduied Ha Bcex
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IUIe4ax B MPOIECCE M3TOTOBJICHUS ¢ CHH(A3HBIM PEXUMOM, UTO
o0ecriedrBaeT COIIaCOBaHHBIC XapaKTEPUCTHKHU Apelida cmere-
uust. JluHeliHast HacTpoiika, obecreunBacmas sddexrom ITok-
KeJbca, TMO3BOJISIET HEMPEPBIBHO PETYIHPOBAaTh TOUYKY KBaJpa-
Typbl 0€3 BHECEHHS] TAPMOHMYECKUX HMCKKEHHH, YTO SIBIISIETCS
3HAYUTEJIBHBIM MPEUMYIIECTBOM 110 CPAaBHEHHUIO C albTepHATH-
BamM Ha ocHoBe 3(dexTa Keppa, KOTopble 1eMOHCTPUPYIOT TIPH-
CYIIYIO HeJIMHEWHOCTD B TIEPEAATOYHON (QYHKIIH.

[TpousBoacTBEeHHBIE COOOpaXkeHNsT TPeOYIOT HAHECEHUs Ipa-
JIMEHTHOTO CJIOS ITOKA3aTelIsl PEJIOMIICHHSI 10 COSTMHEHHS KpH-
crayioB [Tokkenbca, 9TOOB M30€KaTh TEPMHUECKOTO TTOBPEKIE-
HUS HEMHEHOoro Marepuaina. MlonHo-1TydeBoe pacnbuleHHe ¢ MO-
HUTOPHUHIOM in situ oOecreynBaeT JOCTaTOYHBIA KOHTPOJIb HaJl
KBAJIpaTHYHBIMH M JIMHEHHBIMH K03 duLrieHTaMu npoduis au-
UIEKTPUUECKON MPOHUIAEMOCTH ISl JTOCTHKEHUSI TPeOyeMoro
ycioBust €:<0.25 amst craOWIIbHBIX MOJIAJIbHBIX pelieHni. Pazme-
LIEHHUE JJIEKTPOJIOB JIOJDKHO YUUTHIBATH COTJIACOBAHME CKOPOCTH
MHUKPOBOJIHOBOTO ¥ ONITHYECKOT0 n3iyueHus. DPeKTHBHBIN 110-
KazaTelb IPEJIOMJICHUSI T'PAJUEHTHOTO CJIOSI MO3BOJISIET TOYHO
HacTpauBaTh TIPYIMIOBYI0 CKOPOCTh ONTHYECKOTO CHTHAja JUIs
JIYYIIEr0 COOTBETCTBUSI PacIpOCTPAHEHHUIO 3JIEKTPHIECKOTO CHUT-
HaJla B 30JI0THIX JIMHUSX TI€peads, TOTEHINAIBHO PacIupss 110-
JIocy TIpomycKaHus Momysun 3a npeaens! 110 T'T 6e3 cmox-
HBIX CTPYKTYp 3JECKTPO/IOB 3aMEUICHHS BOJIH. YIIpaBJICHHUE TEI-
JIOBBIMH TIpOLiecCaMM TpeOyeT BHUMAHUSI M3-33 TeMIIEpaTypHOI
3aBHCHUMOCTH Kak kod(dunuenta [Tokkenpca, Tak ¥ TapaMeTpoB
rpagueHTHoro npoduis. MHTErpamys MuUKpoHarpeBaTeiel moj
TIOJUTOYKKON ¢ OOpaTHOM CBSI3bIO HA OCHOBE MOHMTOPHHTA ITHJIOT-
HOT'O TOHa MOXKET CTa0MIIM3UPOBATh PadOUyI0 TOYKY TI0 OTHOIIIE-
HUIO K KOJICOAHUSIM OKPYKAIOIICH CPeIbl.

BaxHO OTMETUTB, UTO HENMOCPEICTBEHHBIN, TMHENHBIN Xapak-
TEep MEXaHW3Ma HACTPOWKU TapaHTHUPYET, YTO KOPPEKTHPOBKHU
TETUIOBOW KOMITEHCAIINN HE BHOCAT HEJIMHEHHBIX XapaKTEPHCTHK
Trepesiaun, COXpaHssi TOYHOCTh CHTHAJIa B COBPEMEHHBIX (opma-
TaxX MOJYJISLNH, TAKUX Kak 64-QAM. DddexTnBHOCTH CBSI3U BOII-
HOBO/Ia C YMIIOM MOXET OBITh MOBBIIIEHA 3a CYET PACIIPOCTPAHE-
HUSI KOHIIETIIIMY TPaIMEHTHOTO TTOKA3aTeNs IPEOMIICHHS Ha 00-
JIaCTh KPAeBOTO COCIUHMTENS, TAE CIEIHUANbHO pa3paboTaHHOE
CY)KECHHUE JIMAJIEKTPUUECKON MPOHUIIAEMOCTH MOCTETIEHHO MPe00-
pasyeT MOJIOBBIN MpO(MiIb OT rayccoBa paclpeiesieH s BOJIHO-
BOJIa K ACHMMETPUYHOMN MoJie. DTOT MOIXO0 MOXKET CHU3UTH TO-
Tepu B J10 ypoBHs HIke | 1b Ha rpaHb 6e3 HEOOXOAMMOCTH HC-
TI0JIb30BaHMsI OOPATHBIX KOHYCOB MJIM PEIIETYATBIX COEJIMHHTE-
JIel, 3aHUMAIOIINX 3HAUYUTENBHYIO TUIOMaAb Kpuctamia. Orpanu-
YEeHUS] BO3HUKAIOT B OCHOBHOM M3-3a JIOITYCKOB IIPH H3TOTOBJIC-
HUM TIapaMeTpOB TPAJMEHTHOIO NMPOQUIIS, TaK KaK OTKIOHEHHUS,
npesbimiatomue 15% B KBagpaTHIHOM KOA(QQUIIHEHTE €2, MOTYT
cMemaTh pabounii Tuarma3oH yCTpOUCTBa.

7 BuiBOaBI

B pabore noxryueHHOE TOUHOE pEIICHHE, a/ICKBATHO OTIMCHIBA-
I0IIee TOBEPXHOCTHBIE BOJIHBI B PAMKaX IPEIOKEHHON MOJIEH
KOMITO3UTHOTO BOJIHOBOJIA, COYETAIONIETO HEIMHEHHYIO Cpeay ¢
a¢pdextom [lokkenbca U TPAAUEHTHYIO CPEAy CO CIIEIHATBHBIM
yObIBaromum npodusieM. [IoMUMO BBIBO/Ia TOYHOTO aHAIATHYC-
CKOr'o p€HICHUA IJIA paclpoOCTpaHCHHUA MOBCPXHOCTHBLIX BOJIH B
KOMIIO3UTHON CTPYKType, B JaHHOW paboTe ycTaHABIMUBAeTCS
BCECTOPOHHSIS TapaMeTpUUECKast CBsI3b MEXAY (pU3NUYecKUMH Xa-
paKTepUCTUKAMU COCTaBJIAIOLINX BOJIHOBOJA u
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pe3yJbTUPYIOUIMMU MOJIaJIbHBIMU CBOMCTBaMHU. BapbupoBanue
napamMeTpoB MOJIETH MO3BOJIET YIPABIATh KaK aMIUIUTYIHBIMHU,
TaK ¥ MPOCTPAHCTBEHHBIMU XapaKTEPUCTUKAMHU MOBEPXHOCTHOM
BOJIHBI, YTO TOJTBEPKJAET BO3MOKHOCTh JIMHEHHOW HaCTPOMUKU
CBOWMCTB BOJTHOBOA 3a cu€T addekra [Tokkenbca.

Hanmgre TOYHOTO aHANTHYECKOTO PEIICHUS TI03BOJISET IIPO-
BOJUTH OBICTPBHIA TMApaMETPUICCKAN aHAIN3 W ONTHMH3ALUIO
BOJIHOBOIHBIX CTPYKTYp 0€3 TpyIOEMKHUX YUCIECHHBIX PAacYETOB.
Kpowme Toro, nccrienoBanme KOTHIECTBEHHO OIICHUBACT TyBCTBH-
TETHHOCTh MOJIOBOTO OTPAHMYCHHUS K KKIOMY CTPYKTypHOMY
napaMeTpy, BbIABIIAA PA3JINYHBIC MEXaHNU3MbI JIOKAJIU3alluU I10JI4,
CBSI3aHHBIE C T€OMETPHUEH IPaJANEHTHOTO MPO(UIIS U IEKTPOOTI-
TUYECKON HENMHEHHOCThI0. Pa3paboTaHHass MONENb YCTpaHSCT
HEOOXOJMMOCTh B WTCPATHBHBIX YHCJICHHBIX pEIIATENIX CO0-
CTBEHHBIX MO/l Ha dTalle MPOEKTUPOBAHUS [IEPECTPAUBAEMBIX MH-
TErPUPOBAHHBIX ()OTOHHBIX KOMIIOHCHTOB, MpeIaras MpsMOi
AHAIMTUYECKUH MyTh JJIS ONTUMM3ALUN KOMIIPOMHUCCOB MEXKIY
CWJION OTpaHWYCHUS, JUTMHOU pacipocTpaHeHus U 3PpPEeKTHBHO-
CTBIO DJICKTPHUYECKOTO YIIPABICHUS

Taxum 06pazom, IpeIoKeHHAs MOJIEITb U TOTyYeHHOE PerIe-
HHUE PACIIUPSIOT KIaCC TOYHO PEeIIaeMbIX 3a/1a9 BOJTHOBOTHOM OII-
THUKHU U MOTYT OBITh UCIIOJIb30BAHbI IPU POSKTUPOBAHUHN YIIPaB-
JISIeMBIX TIAaHAPHBIX BOJTHOBOIHBIX YCTPOMCTB ISl MHTETPATbHOM
(DOTOHUKH U TEIEKOMMYHHUKAIIMOHHBIX CUCTEM.
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MODELING OF A PLANAR WAVEGUIDE MADE OF GRADIENT AND NONLINEAR MEDIA
FOR OPTICAL TELECOMMUNICATION SYSTEMS WITH THE POSSIBILITY OF LINEAR TUNING
OF CHARACTERISTICS

Sergey E. Savotchenko, Sergo Ordzhonikidze Russian State Geological Prospecting University;
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Abstract

This presents the results of modeling a composite planar waveguide structure designed for linear tunable optical performance in telecommunications
applications. The proposed system model combines a crystalline layer with a linear electro-optical Pockels effect and an adjacent medium with a graded
refractive index, characterized by a spatially decreasing permittivity profile. In the transverse electric wave approximation, the electromagnetic field dis-
tribution is described by a piecewise-definite Helmholtz equation, which includes both the linear dependence of the permittivity of the electro-optical
material on the field and the dependence of the refractive index of the gradient layer on position. An exact analytical solution is obtained for the result-
ing boundary-value problem describing a surface wave localized at the interface between the two media. The solution combines special Whittaker func-
tions in the gradient domain with a stationary soliton profile in a nonlinear crystal. The analysis shows that the spatial localization, amplitude distribu-
tion and modal characteristics of the guided wave can be precisely controlled by applying an external electrical voltage to the Pockels medium, which
enables linear tuning of the waveguide properties.

Keywords: waveguide optics, planar waveguide, mathematical model, optical waveguide, waveguide mode, boundary value problem, exact solution
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CoBpeMeHHble Cpe/ACTBa CBA3M, HAXOAAT NPUMEHEHUE B CaMbIX pasHbix cepax
AeATENIbHOCTU YeJNIOBeKa, a TaKKe WM B PasfIMYHbIX ABTOMaTU3MPOBAHHBbIX W
nHdpopMaLMoHHbIX cucteMax. Mpu aToM popmupyembie uMu coobLieHus BecbMa
Pa3fiMyiHbl NO CBOEH Npupoje, a TaKKe OTNM4aloTcA TpeGoBaHUAMU MO BpeMeHU
AOCTaBKU cooblieHnit, ux BepHoctu u T1.A. lMomMuMo 3Toro Heobxopaumo
yuMTbIBaTh, YTO ANA obecnevyeHnA TeNeKOMMYHUKALMOHHbIX BO3MOXHOCTEH AnA
Pa3fIMYHbIX UCTOYHUKOB UCMOJIb3YIOTCA pasnuyHble Cpe/ibl Nepefayu, a UMEHHO:
c¢usnveckue napbl NPoBOAOB, ONTUHYECKNE JIMHUM CBA3M, Pafuo cpeaa M T.4.,
MMeloLMe CYLLeCTBEHHO OTNMYaloLMeCAs XapaKTEepPUCTUKKM, 4YTO HeobGxoauMo
yuuTbIBaTh NpU BbiGOpe COOTBETCTBYIOLLErO MeTojAa NepefavuM CUrHaNoB.
Mpeob6paszoBaHue pas3nuyHbIX COOGLLUEHUA OT UCTOYHUKA B Uucposyio ¢opmy
nossonser obecneunts ux acpcekTuBHyro o6paboTKy, HanpuMep, nepBuYHOE U
NOMEXoyCTOM4YMBOE KOAMPOBaHWE, B TOM YUCNE C YHETOM BO3MOXHOCTU
NpUMeHEHUA NPOrpaMMHbLIX peLlUeHWi Npu npakTUveckol peanusauuu. B Toxe
BpeMA ANA COrNacoBaHWA CMEKTPasibHbIX XapaKTepUCTUK LUnudpoBoro curHana c
YaCTOTHLIMU XapaKTepUCTUKAMM KaHana Heo6XxoAMMO Mcnonb3oBaHUe MeTO/0B
ANCKPETHOM MOAYNAUMM, B pe3ynbTaTe Yero CUrHas CTaHOBMUTCA aHaNoroBbiM.
TakuM o6pa3oM, Ha pa3NIMYHbIX 3Tanax NPoUcxoaAaT npeobGpasoBaHUA CUrHanNoB,
KOTOpbl€ pacCMaTpUBAIOTCA B PasNMYHbIX METpUYECKUX npoctpaHcTeax. Mpuyem
3TU npeobpa3oBaHMA He OTBEYalOT YCNOBUAM u3oMopdHoro npeobpasoBaHus,
4yto TpebyeT OTAENBHOrO MCCNEAOBaHUA C Y4eTOM Cnoco6oB AUCKpeTHOM
MOAYNALUMM M BUAOB JAeWCTBYOWMX noMex. B pesynetate nosaenserca
BO3MOXXHOCTb HaXOXXZ€HUA OMTMMaNbHOrO crnocoba GueKUUM NMPOCTPaHCTB Mpu
npeo6pa3oBaHMM CUrHANOB, YTO B YaCTHOCTM ANA MeTOJOB [AUCKPETHOM
MOAYNALUMM MO3BONIAET YMEHbLUUTb BEpPOATHOCTL 6GuTOoBOM OWKMGKM npu
AeMOAyNALMM B YCNIOBUAX AEWCTBUA MOMEX.
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BBenenne

MeTo/bl TUCKPETHOW MOJIYJISILIMK, UCIIOB3YIOINE Pa3HOo00-
pasHbIe CIIOCOOBI M3MCHCHUSI MAapaMETPOB HECYIIErO CHrHAIA,
MPEyCMaTPUBAIOT, COTIIACHO MCXOJHOMY COOOIICHHIO, aJICKBAT-
HBIC I3MCHEHUS (MOYIISIINIO) OTHOTO FUTH HECKOJIBKHUX IMapaMeT-
pOB rapMOHHUYECKOTo KojeOanus U L= U 0 COS(CUOI + (00) , T1e

UO

@, — HadanbHas pasa. IIockoIbKY B COBPEMEHHBIX HH(pOpMALH-

— aMIlIMTyJa TapMOHHUYCCKOI'O KOHe6aHI/IH, a)o — gacTtora u

OHHBIX M TEJICKOMMYHUKAITMOHHBIX CHCTEMaX BCE BHIBI COOOIIIe-
HUH OT Pa3NWYHBIX HWCTOYHHUKOB MPeoOpa3yroTcs B HMUPPOBYIO
(hopMy, TO COOTBETCTBYIOIIHE 3HAUCHHSI MOIYTMPOBAHHOIO CHUT-
Haja, a TOYHEe OJHOTO MM HECKOJIbKUX 3HAUYCHUH ero mapameT-
POB: aMILTUTY1a, 9YacTOTa WK (a3a, IPHHUMAIOT ONPEICIICHHBIC
JIUCKPETHBIC 3HAYCHHUSI, KAKI0€ U3 KOTOPBIX CTABUTCSI B COOTBET-
cTBHE U(PPOBOIT KOJOBOH KOMOMHAIMH, OTOOparKaroLel HCX0/-
HOE cOoOIIeHre OT HCToHMKa [1-3, 15-18].

Coo0mIeHus 0T pa3IMYHBIX HUCTOYHHKOB, YaCTO W3HAYAIBHO
HMMEIOILNX HEIEKTPUUECKYI0 MPHUPOJly, HalpuUMep, aKkyCTHue-
CKUH CHTHAJI, TEMIIEPATYPHBIA TaTUYNK, N300paKCHNE U T.J. MIPH-
HATO paccMaTpUBaTh, KaK M3MEHSIOIICECS BO BPEMEHH cOO0IIe-
HHUE S(t), KOTOpOE 3aTeéM C IIOMOILBIO COOTBETCTBYIOLLUX

YCTPOHCTB MpeodpasyeTcs B dIeKTpuueckuid curnan s(t). He-
X0/1HO€e cooOuIenue S(t), a TAKKE ero EKTpUIEcKoe 0ToOpaxke-
HUE B BUJE curuana S(t), MOryT ObITh Kak HEMPEPHIBHbI, TaK U

JIICKPETHBI BO BPEMEHH, & TAK)KE OHH MOTYT OBITh HEIPEPHIBHBI
WM TUCKPETHBI 110 IPUHUMAEMbIM 3HAUCHHSIM.

CoBpemeHHas 371eMeHTHast 0a3a, a TaKKe IIMPOKOE UCITONIB30-
BaHME NPOTPAMMHBIX PEHICHHUH B IPAKTHIECKON pean3aliy pas-
JMYHBIX YCTPOHCTB OOOCHOBBIBAET MOBCEMECTHOE HCIIOJIBH30Ba-
HHUE THU(PPOBBIX METOJIOB NIEpEAadH, XPaHEHHSI, 00paOOTKH U MPH-
ema curHaioB [7-12]. [Tostomy mocne mpeoOpa3oBaHUs HEIICK-
TPUYECKOTO COOOIICHHUS S(t) B DJIEKTPUYECKUN CHUTHAI s(t)

MPOUCXOUT €ro JayibHelas Tpanchopmaiys B nuppoBoii cur-
Han s, (t)- B nrore nocie undpoBoro oTo6paeHns UCXOAHOE

cooOImeHne mpeBpamaeTcs B UPPOBO, Kak IPaBUIIO, TBOMYHBIN
CHUT'HAJI, KOoraa KaxJzaasa KoaoBas KOM6I/IH3HI/I$I COOTBETCTBYET
ONpe/IesICHHbIM 3HAUEHUSIM UCXOHOTO CUTHAJIA s(t) U, CIICJ0Ba-

TEJILHO, COOOIIEHUIO s(t).

Ha puc. 1 mokasaHbl 3Tamnbl OMUCAHHBIX MPEOOpa3oBaHUi, a
TaK)Ke U MOCEYIOINX TpaHchopMaruii, 00eCIeUNBAIOIIUX TPE-
OyeMoii KauecTBO U BO3MOYKHOCTb TIEPEeIaud HCXOTHOTO COOO0IIIe-
HUSI K TIOJTy4aTeio.

Hexoxaoe IneKTpEIe

HeLIEKTPH cxmil
HecKoe amaner

HCIONHOTO

Cornacosa
HEE €O
cpepoil

mepegaTR

Sg—n-a(t)

IMomexoycT
OHTHBOE
KOHpOBaH
He Sy-,(2)

coodmenne
5(t) coofmenns
s(£)

Puc. 1. Drans! npeobpazoBaHuii cOOOIIEHUES-CUTHAI-IU(PPOBON CUTHAI-

Coo0meHns ¥ CUTHAJTBI U WX KOJMYECTBEHHOTO OICHHUBA-
HUS OTIHCBHIBAIOT B OTPEACTICHHBIX METPHUUECKUX MPOCTPAHCTBAX,
00JIaIal0IMX XapaKTepPHbIMU ISl JaHHOTO OIKMCAaHHs CBOM-
CTBaMHM, OOCCIICYMBAIONIMMU aJCKBAaTHOCTh Omucanus [23-26].
Taxum o6pazom, mpeodpa3oBaHus COOOIICHUI B CHTHAIIBI U 1ajee

CUTHAJIOB B JIPYTHE CUTHAJBI OYAyT COOTBETCTBOBAThH TPAHC(OP-
MAIsIM U3 OJHOTO METPHUYECKOTO MpOCTpaHCcTBa B aApyroe. [Ipn
9TOM OCOOCHHOCTH M OTJINYHS OTIMCAHUN B PA3HBIX METPHUCCKUX
MIPOCTPAHCTBAX MOTYT IIPUBOANUTE K HEH30MOP(HHOCTH TpaHCPOP-
MAIIIi, 94TO CJIEAYeT YUYUTHIBATh, HCXOS U3 3aa4l BOCCTAHOBJIE-
HUS TI0CJIe BCeX MPeo0pa30BaHHil BHAYAIEC MCXOMAHOTO JJICKTPH-
YEeCKOro CUrHaja s(t) , @ 3aTE€M M UCXOJIHOI'0 COOOIIEHNS S(t).

OTmeTuMm, 4To Ha JIF0OOM 3Tare MPeoOdpa3oBaHUN: COOOIICHHE
S(t) B CUTHAaJ s(t) 3aTe€M CHUTHaJl s(t) B CUTHAJI Sll (t) U T.O. B

WCXOJHBIH TpeoOpa3yeMblil AJIEMEHT BHOCSTCS OIpe/IeICHHbIC
nckakeHusi. OHAKO BEJIMYMHA 9TUX MCKAXKEHHM JOJKHA OTBe-
4aTh YCTAHOBIICHHBIM TPEOOBaHMUsI, MPEIYCMOTPEHHBIM JJIs TaH-
HOT'O 3Tara MpeoOpa3oBaHUil B 3aBUCHMOCTH OT peIIacMOM 3a-
nmaun. Hanpumep, npu mpeoOpa30BaHUH PEUCBOrO CHTHATIA, 3aHU-
Maromero auanaszod a0 10 k['L, B 3JIeKTpUUECKUN CUTHAJ, CO-
TJIACHO TTOCTABJICHHOW 3a1a4e BHOCSATCSI OTPAHUICHUS 110 0TOOpa-
skaeMoi 1ostoce gactot 10 4 kI'11, uro oOecreynBaeT HEOOXOIK-
MO€ KadecTBO TeIe(hOHHOH CBS3U C yUETOM TpeOOBaHUH 00 HKO-
HOMHOM HCITONTF30BAHUN YaCTOTHOTO THAITa30Ha, XOTS U C OTIpe-
JIeNICHHOW TIOTepell KauecTBa BOCCTAHOBICHHOT'O PEYEBOT0 CO00-
IICHUS.

Hudporoii curuan Sy (t) ¢ membio MOBBIIICHHS Ka4eCTBA BOC-

CTaHOBJICHHUS Ha MPUME B YCIIOBUAX JCHCTBHS IIOMEX, & UMEHHO,
YMEHBILIEHHs] BEPOSITHOCTH OIUOKH, ITpeTepreBaeT Tpanchopma-
LIUIO COTJIACHO BHIOPAHHOMY IMMOMEXOYCTOWYMBOMY KOy, B pe-
3yJIbTAaTe 4Yero rojiydaeM HU(ppPOBOI CHUrHai S (t) c BHeceH-

HOH JIOIOJIHMTEILHON M30LITOYHOCTRIO, 00ECIIEYNBAIOIIEH COOT-
BETCTBYIOIICC OOHAPYKCHUE W IPU HEOOXOAMMOCTH HCIIPABJIC-
HUE BO3HUKIIUX omnOoK. Jlanee udpoBoii curHag HeoOX0IuMO
mpeoOpa3oBath B BUJI, COOTBETCTBYIOIIMI TOH cpe/ie, IO KOTOPOU
OyJeT OCYIICCTBIIATHCS €ro mepeaada. Hampumep, 3T0 MOryT
OBITH Mapa MEIHBIX IPOBOJIOB, ONTHYECKUN KaOeib, «paauo
a¢up» U TaK nanee, 00JIaIaroNIIe COBEPIICHHO Pa3HBIMHU YaCTOT-
HBIMHU XapaKTePUCTUKAMH, YTO HEOOXOIUMO YUUTHIBATh HA dTare
npeoOpa3oBaHus MUPPOBOrO CUTHATA B JIMHCHHBIN S t),

KOTOPBII U TIepeIaeTCs 10 KaHATY HJIH JIHUAW CBSI3H.

[TomuMO OTTUCaHHBIX TpaHC(HOPMAITHIA, TOKa3aHHBIX HA pUC. 1,
CUTHAJIBI MOTYT UMETh M s APYTUX MPeoOpa3oBaHUH, HAINPH-
Mep, CBSI3aHHBIX C TPYIIIO00pa30BaHUEM, CKATHEM, CKPEMOIHPO-
BaHHEM U Tak manee. OmHAKO B JaHHOW paboTe OCTAaHOBUMCS Ha
HCCIIEIOBAHISIX MMPEOOpa30BaHNl, TOKA3aHHBIX Ha pHC. 1.

He cHmwkas 0oOmIHOCTH pacCyXIEHHH, MPEANOTI0KUM, UTO
HCXOQHOE COOOIIEHNE S(t) 0TOOpaXkaeTcss B IPOCTPAHCTBE

EBxunpa. Ilpennonoxkum Takxke, 4To U JIEKTPUYECKUI «IKBUBA-
JIEHT)» JIAHHOTO COOOUIEH s, & MUMEHHO cUrHai S(t) , TAaKKe npe-

CTaBJISIETCSI B JAHHOM IpocTpaHcTie. JlanbHelimas ero Tpancdop-
Marusi B iu(poBoil CUrHaI SII (t) coorBercTByET mnpeodpa3oBa-
HUIO CUTHAJIOB U3 NpocTpaHcTBa EBKIMIA B MpOCTpaHCTBO XAM-
MUHT4, KOT/[a ONPEIENICHHBIM CYCTHBIM dJIEMEHTaM curnana S(t)
CTaBUTCA BO B3aMMHO OJJHO3HAYHOE COOTBETCTBUE ONPE/ICICHHBIE
KOJIOBbIE KOMOMHAIMK IIU(POBOTO CUrHAJIA Sy (t)- Ocyuectsis-

emas TakuM oOpazoM Ouekius rnpoctpaHcTB EBkimaa m Xowm-
MUHTa, MOKET, KaK MI0Ka3aHo B [ 14], IpOUCXOAUTH pa3HBIMU CIIO-
cobamu (BapaHTaMH) YCTaHOBJICHUS] COOTBETCTBUSI, YUCIIO KOTO-
pbix paBHo (2")!, rae N — 1MHa Ko0BOM KoMOuHalmu wudpo-

BOI'0 CUrHajia.
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VCI0BUMCSI MHOKECTBO 3JIEMEHTOB cHrHana S(t) 0003HaYaThL
gepe3 A, a camH 3JIEMEHTHI 4epes a € A, rae i:{l,N}, a

N =2". Oro6pa’keHHe aHATOrOBOTO CUTHAJA S(t) B BuzE cueT-
HOT'O 4YHCIIa DJIEMEHTOB @, € /A BHOCHT B HETO OIpE/IC/ICHHBIC UC-

kaxeHus. OJTHAKO, MOMUMO 3TOTO MOTYT BO3HMKAaTh JOHOJIHH-
TeJIbHBIC NCKAKEHMUS1, €CJIN Ha TIPHEME T10 IIPUUKHE JeHCTBUS TI0-
MEX BMECTO HEKOTOPOTo d/1eMeHTa @, OyZaeT NPHHSAT APYTroi dire-

MEHT aj,i # | . Ilpn aTom, Kak nokasano B [14] BenmunHa sTHX

JIOTIOJTHUTEJIbHBIX MCKaKEHUH OIPENENSeTCSl HE TOJIbKO MHTEH-
CHBHOCTBIO ICHCTBYIOIINX IIOMEX, HO M CTOCOOOM OMEKITNH MeT-
pUYECKUX MPOCTPAHCTB, YTO M CTAHET MPEAMETOM AAJIBHEHIINX
HUCCIICIOBAHUM.

HOHOHHHTGHLHLI@ HUCKaXXCHHsA, BO3HUKAKOIINC HpI/I BOCCTa-
HOBJICHHMM CHUTHaja s(t), 0oTOOpa3suM B BHJC CJCIYOIICH Mart-

PHIIBI NCKAKEHU I Zi j :

0 Z, Iy Ziy
7. = Zy 0 Zyy o Iy | (1)
i’j . . i .

Iy Iny Iny 0

rac Zij YKa3bIBA€T HAa BCIIMYMHY HCKAXXCHUSA, €CJIM BMECTO 3JIC-
MCHTa ai ObLI IPUHAT 3JIEMCHT a‘j .

Js11 000CHOBAHHOTO BBIOOpA CIIOCOOa OUEKITUH TPOCTPAHCTB
C IENIbI0 MUHUMU3AIUH BO3MOYKHBIX JIOTIOJTHUTEIIBHBIX HCKaXe-
HUs HeO6XOZ{I/IMO TAaK)KXC 3HATb BEPOATHOCTU UX BO3HUKHOBCHMSI,
YTO MOYKHO YCTAHOBHTh, 33/IaB COOTBETCTBYIOIIYIO MATPHUILY Be-
POSITHOCTEH, KOrla BMECTO JJICMCHTA @, OyZeT NPUHAT IIEMEHT

aj-

3amnuiieM ee B CJICAYIOUIEM BUIC:

P P, P30 P
P= p.21 p.zz p.23 o Pon | )
Puvi Pnz Pas 0 P

Ucnons3ys Beipaxenns (1) 1 (2) MOKHO BBRIYHCIHATE CPETHIO0
BEJIMYMHY JIOTIOJHUTEIbHBIX NCKAKEHUH
NN 3
Z= 2 Pz (
1

i=l =

YTO SIBUTCS KOJHMYCCTBEHHOW OIIEHKOW TIPH MOWCKE criocoba Ou-
€KIIMHU MPOCTPAHCTB, 00SCIIEYNBAIONIETO MHHUMH3AINIO CPETHEH
BEJIMYMHBI UCKAKEHUI B CUTHAJIE s(t) .

PaccmatpuBas panpHeiiue npeoOpa3oBaHUs CUTHAJIOB CO-
IJIACHO PUC. 1, aHAJOTHYHBIM 00pa30M MOXKHO XapaKTepH30BaTh
BO3HMKAIOIINE OMIMOKH M UCKAKEHHUS C Y4eTOM TpaHchopMaIiu
COOTBETCTBYIOIIMX ITpocTpaHCcTB. Hanpumep, npu npeodpaszosa-
HUM U(POBOTO CUTHAJIA B JIMHEHWHBIH ¢ €ro rmocie/yomiei nepe-
Jladei 1Mo KaHaJly WM JIMHUM CBSI3M B CPABHUMOCTH C TEM, 4TO
OBUIO PAacCCMOTPEHO BBIIIE, IIPOUCXOASAT MPOTHUBOIOIOKHBIE TIpe-
00pazoBaHus MPOCTPAHCTB, @ UMEHHO, IN(POBOIT CHTHAI, OTTUCHI-
BaeMBI B TPOCTPAHCTBE XOIMMUHTA, TPeoOpa3yeTcs B TNHCHHBIHA

SNNIEKTPOHMKA. PAONOTEXHUKA

CHTHAJI, KOTOPBIN 3a4acTylo 0TOOpakaeTcsi B MpocTpaHcTBe EB-
knuaa. B pesynerare Ha MpUeMHON CTOpOHE CIIEAyeT paccMaTpu-
BaTh UCKAKEHHBIN, 10 IPUUNHE ACHCTBUS OMEX, TMHEWHBINA CUT-
HaJl, KOTOpBII TpaHchopMmupyercst B mudposoi. B mudposom
CHUTHAJIE B Pe3y/bTaTe UCKAXKEHUI TMHEHHOr0 CUTHAIa MOTYT I10-
SIBUTBCSI OLITHOKH.

Hudposoii curnan Sy (t) mpeacTaBUM B BHJE JIEMEHTOB

bi eB, rme = {1, N}, aN =2". Muoxectso B onpeJeser

MHOYECTBO IHU(PPOBBIX KOJOBBIX KOMOWHAIHI, OMEKTUBHO CBsI-
3aHHBIX C dNeMeHTaMu @, € A curnana S(t).

Janee cornacHo puc.l sneMeHTsI bi € B mudposoro curnana
s, (1) npeoOpasyrotest B snementsl ¢, € C, TIe i= {1’ N}, a

MHOXecTBO C OIpeesiseT 3JIeMEHThI IU(PPOBOTO MOMEXOYCTOH-
YUBOTO CUTHAJIA SLI—H (t)

3arem 1udpoBOI cUrHaI Sy_n (t) mpeoGpasyercsi B JIMHEH-
HBII S (t)- Hpnuem B undposom curuane Beibuparorest M

KOJIOBBIX KOMOMHAIMI (POBOro CUTHAJA, KOTOPhIE CTABATCA B
COOTBETCTBHE 3JIEMEHTAM JIMHEHHOIO CUTHAJIA COIIACHO €ro pas-
MEPHOCTH, HAIPUMEP, Pa3MEPHOCTH BBIOPAHHOIO METO/a MOJLY-
nsE, cofiepskaniero snementsl d. € D, rre i = {1, M } , 4 MHO-

xkecTBo D onpenenser 51eMeHThl IMHEHHOTO CHIHAJIA Syin- 20

Crnemyet OTMETUTB, 9TO Pa3MEPHOCTh MHOKecTBa M, Kak mpa-
BWJIO, HE COBIQ/IaeT C Pa3MEPHOCTHI0 MHOXeCTBa N, MOCKOJIBKY
OIIpeIeTIsIeTCs] BHIOPAHHBIM METOOM MHOTOKPAaTHOW JEKPETHOU
MOJIYJISILIUH, TOT/Ia KaK MHOXecTBO N XapaKTepHu3yeTcs: KoJue-
CTBOM COOOIIEHHH, TOPOKIAEMBIX HCTOUHHKOM.

Jlyis pacueTa CpeHero Yucio OmmudoK B Sll— I (t) Ha IIpUEM-

HOW CTOpPOHE, BO3HUKAIOIIUX M3-3a UCKAKCHUH B JINHEMHOM CHT-
Hane's, . . (t), mocne ero MPOXOKACHNS TI0 KaHATy HIN JIMHHH

CBSI3U, HEOOXOAMMO aHaJOrn4HO (2) ONpeNesuTh BEPOSTHOCTH
Tpanchopmanynu d, B dj , 4TO OyJIeT NPUBOJMUTH K OIIMOKaM B

nudpoBoM curxane. [Ipu 3ToM criemyer TakKe ONpeAeInTh Mat-
pHIly KOJOBBIX PACCTOSHUN B NPOCTPAHCTBE XIMMHUHIA MEXKIY
I (POBBIMU KOJOBBIMH KOMOMHALIMSAMH, KOTOpbIe OyAyT COOT-
BETCTBOBATh M 311eMeHTaM JTMHEHHOrO CUrHaa.

JlJist IBOMYHOTO B3BEIICHHOTO (HATYPaJIbHOI0) KOJIa MaTpHIa
KOJIOBBIX paccTosiHui Oyjer coriacHo [14] umers BUa:

D - D, D, +Jdn , “4)
o=
Dm—l + Jm—l Dm—l
r7ie M — KOJIMYECTBO CHMBOJIOB B KOJIOBOM KOMOWHauH A po-
BOI'O CUTHaja, COOTBETCTBYIOIIEH 2IEMEHTY JJMHEHHOIO CUTHAIA,
J | — KBajpaTHas MaTpula COOTBETCTBYIOILEH Pa3MEPHOCTH,

COCTOSIL@s U3 EMHALL, Py 5ToM D) = (0), D - 0 1) wurn
=

m-1

Kak yxe orMmeuasioch mpu mnepenadye Mmo KaHaly WU JTUHUU
CBSI3M KaXXJIOMY 3HAYEHHIO MOJYJUPOBAHHOTO CHUTHAJIa CTABST B
COOTBETCTBHE OIPEIEIICHHYIO KOIOBYIO KOMOMHAIIMIO U3 M BOMY-
HBIX CHMBOJIOB, COTJIACHO KPATHOCTH MeTo1a Moy st [ 19, 21].

B [4, 5] omucano ompeneneHHOe KOTHYECTBO PA3TUIHBIX Me-
TOJIOB MOMYJIAILINH, TIPOBEJCHO WX CpaBHEHWE W 0OOCHOBAH BEI-

-
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DNEKTPOHUKA. PAODUOTEXHUKA

60p, ncxost U3 TPeOOBAHUH MO ITOMEXOYCTOWIMBOCTH, CJIOXKHO-
cTu peanuzanuu u T.1. [Ipym 3TOM, OJHAKO, HE B MOJHOW Mepe
OBUTH HCCJICZIOBAHBI BO3MOXKHOCTH YMEHBILICHUSI BEPOSATHOCTH
OMUTOBOI OMIMOKM HA TPHEME NPH JEMOTYIISIIINH 33 CHET ONTUMH-
3aIlM COTIOCTaBJICHHs POCTPAHCTB XoMMHUHTa 1 EBKIMa ¢ yue-
TOM JICHCTBYIOIIUX MOMEX, MPUBOISIINM K Pa3IMIHBIM pacrpe-
JIeJICHHUSIM OLIMOOK B IeMOIYIMPOBAaHHOM CHTHAJIE.

Hawubosee yacto MCIOIb3yeMbIM METOJIOM KOJAWPOBAHUS Tie-
pel npoueaypoil MOAYJISILIUU SBISETCS IPEICTABICHUE JBOMYHON
IIOCTIeIOBATEIBHOCTH € TIOMOIIbI0 Kojia I'pes [6]. B aTom ciayuae
Ka)XJIOMy MH(OPMaMOHHOMY CHMBOJY M3 CO3BE3HsI MHOTOIIO-
3WIIMOHHOTO CHTHANa, MPEAaBaeMOro MO KaHATy WIH JIMHUA
CBSI3U, CTABUTCSl B COOTBETCTBUE KOJIOBAsi KOMOMHAINS, KOTOpas
OTJIIMYaeTCs Ha OAMH OWUT OT COCEIHEH, ¢ TOMOIIBIO KOTOPOH KO-
Jqupyercst Hanbosiee OJIM3KO paciosoKeHHbIH cuMBOII. OObsCHS-
€TCsl TaKOH MO/IX0/1 yMEHBIIIEHHEM BEPOSITHOCTH OIIMOKH Ha OUT
TIpY MIPUEME CUTHAJIA, T.K. MEPEIyThIBAIOTCS M3-3a JEHCTBHSA T10-
MEX Yallle BCET0 CHMBOJIBI, PACCTOSIHUE MEXIY KOTOPHIMUA MHHH-
ManpHO. OZIHAKO JaHHOE MPEJION0KEHNUE CIIPABEAINBO TOJIBKO
[IPY 3TOM JIOIYIIEHUH, JIa U TO TpeOyeT Ooliee IeTanbHOro 000c-
HOBaHHS C TOUHBIM yYETOM TOT'O MJIM MHOTO paclpeieIcHusl Be-
POSITHOCTEH BO3HUKHOBEHHS UCKKEHUH Pa3IMYHON BEIMUUHEL.

OTMeTHM TaKXke, 4TO Npeodpa3oBaHKue HATYPaJIbHOTO (B3BeE-
LIEHHOT'0) KOJ1a B KOJ I'pas ¢ ycTaHOBIEHHEM MOCIEAYIOIIEro Co-
OTBETCTBUSI C JIEMEHTAaMH CO3BE3/11s1 MOJYJIMPOBAHHOTO CHT'HAJIA
MOXET OBbITh PeaIM30BaHO M MHBIM c1tocoOoM. ToT ke pe3yabpraT
MOXeET OBITh JOCTUTHYT U IIPU UCIIOJIb30BAHUH HETIOCPEACTBEHHO
HaTypaJIbHOTO (B3BEIICHHOT0) KOAA WIIM JIIOOOTO APYroro, of-
HaKO C M3MEHEHHBIM TPABHJIOM YCTAHOBJICHHUS COOTBETCTBHSA
MEXIy KOZOBBIMH KOMOMHAIMSAMH U COOTBETCTBYIOIIMMH 3HaUeE-
HUSIMU MOJYJINPOBAHHOTO CUT'HANA [ 7], YTO TIO3BOJISIET YIIPOCTUTD
MIPAaKTHUYECKYIO peann3annio GOpMUPYEMOTO CO3BE3 AN MOy IH-
POBAaHHOTO CUTHAIA.

IMocranoBka 3axaun. PaccMoTpuM npueMm curxana M-nosu-
LIHOHHON KBapaTypHOIl amrumtyaHoi moxymsimu (M-QAM) Ha
(oHe ayTHBHOTIO IIyma. [IpeanoynokumM, 4To B HEKOTOPBIH MO-
MEHT BPEMEHH HalJICHbI MATKUE PEIICHUS [ CJIETYFOIIETO BU/IA:

I’Q
I‘,=|+,u|, (5)
rQ=Q+,uQ:

TAC 41, fd, — OTCUETBI IIyMa, KOTOPBIH NpE/CTaBIseT coboit

CTallMOHAPHBIN CIy4alHBIA MPOLECC ¢ HYJIEBBIM CPEIHUM 3HaUe-
HUEM U Jucrepcuen E(,u,z) = E(#é) =c2 ( E(-) — omeparop Ma-
V7

TemMaTtuueckoro oxunanus), |, Q — nepenaBaemple KBaapaTypbl
MH(OPMAIMOHHBIX cMMBOJIOB M-QAM — curHasa, BeIOupaemble 13

MHOKECTB! I e{1(m)}.Qe{Q)} I(m)=2m-1-vM)d,

Qh=(2I _1_N)d ,ml=12,..AM, 2d— paccrosaue Mex1y

cocennumu cumBoiiamu | wim Q, aucnepcust KBaapaTyp paBHA
2 —

E(IZ)ZE(QZ):UZZd (M 1).

3
O603HaYNM TOYKH CUTHaNa gepes

A,,s=0,1,2,.M -1- s108s, TOUKH AS

(s=(1-=1)vM + m —1) SBIIOTCS 3HAYCHHUs KBaApatyp |(m),Q(l)
WH(POPMAIIMOHHBIX CHMBOJIOB!

CO3BE3 U
Koopnunatamun g

A ) (I(m) Q). I=13,.4/M -1, (6)
= aS aS =
o (I(\/M —m+1) Q). 1=2,4,.M.
Iycrs H, — rumoresa, y; — peuienne, s, j=0,1,..M —1.
Tpebyercst Mo HaGIIOAAEMBIM MATKUAM PEIICHHSIM HAUTH MaTPHILY
o Poo o Pow-i
[EPEXOAHBIX BEPOSITHOCTEH po| . : ,
PM—IO PM—IM—I M xM

rae st = P(ﬂ/j / H s) — BEPOSATHOCTh IPUHATH PEIICHUE 7i

IIpu BEPHOCTHU TMIIOTE3bI Hs , T.€. BEPOATHOCTb BBIHECTHU pCUIC-

HHE O TOM, YTO TIepeaaBaicss HHGpOPMannOHHBIH CHMBOJ C KBaJ-
patypami @, ,a,,, @ Ha CaMOM Jielle NPUCYTCTBYIOT KBajpa-
TYpHL @, |, a, ,

Pemerme 3agau. [lycTs n3BecTHa (DYHKIHS TJIOTHOCTH Be-
positnoctr (PIIB) nryma g. Ilponemypy JNeTeKTHpOBaHHS CHI-

s,12

Hauia Oy/ieM MPOBOUTD 10 KPUTEPUIO HAMMEHBIIIETO PACCTOSIHUS,
KOTOPBIH, HCronb3ys (5) u (6), MOKHO 3aIucaTh B CICAYIONIEM
BUJIE!

(r, —a,,)’ +(r,
O0603HaYNM 58’1 =T,
-d, c
=a;, —a,+d, b

a,,)’ = min

as‘l’ as,z

_as,l’ 655,2 = rQ _as,z’
a,,—d,
2—a,+d.

Cyi =28, — 4,
b

si2 aj,z -
sj,1

HyCTL MaKCHMAJIbHbIE 1 MUHMMAJIbHBIC 3HAUEHHST KOOPAMHAT
a

=8, =(M-Dd, &, =a,,=1-VM)

COOTBETCTBCHHO. Torz{a YCJIOBHBIE BEPOSATHOCTU MIEpPEXoaa st
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paBHBI g

MOJHO IMPEACTAaBUTH KaK

P(Cs“ <st1’ [SSERS 52<bsj,2)’ CCIH Q5 # 8, 5,005 815 F Ay o>

P( S0 < by, &, <st2) CCIA @y, =&,y # i gy F (7)

P(cg, <& <hyy ey, <&,). comiay, =2, #,,,8), #8,,

P(&,<by,. Gy, <&, <by,). comay =a, .8, #a,,,.8), # 8,
P,= P(cS s Cga < <b512) €CIH 8, =81,y # By &)y # By

P( S”, <b512) CIH &), =8, 5,05

P(Cs 51> g2 < 52)’ CCIH 815 =8, 5,5

P( s]l’ Cio < 52)5 CCIM @y = 8,5, =3y,

P(Csjl 1 S <b512) CCIM Ay = Q,,,,,,, 8, =3y,

Beipakennst (7) MO3BOISIFOT KOJIMYECTBEHHO OLIEHUTH TPOIIE-
Iypy HETEeKTHPOBAaHMS JIMHEHHOTO MOIYJIMPOBAHHOTO CHTHAja
S ), IOJABEPTIIETOCs BIMSHHUIO [IOMEX B KaHAJIE MM JIH-

17 (t) » B
KOTOPOM MOTYT B P€3yJIbTaTE 3TOT'0 MOSBUTHCSI ONTOBBIEC OIINOKH.

Hccnemyem Oosee mogpoOHO STOT BOIIPOC, UCXOIs U3 IIPEALIO-
JIOXKCHUS, 9TO B KaHAJE CBS3M JCHCTBYET OEMBIN TayCCOBCKUIMA
mrym (BI'HI), 9To B OTIENBHBIX CITydasx AOCTaTOYHO XOPOIIO CO-
IJ1acyeTcsl ¢ peajbHOW CUTyallMed Mpu MajioM OTHOLIEHHM CHI-
HaJI/IIyM, KOT'Jla IPEBATMPYIOLIMM MEIIAIOIHUM (HaKTOPOM CTaHO-
BUTBCS TETIOBOM 1ryM. IIpoBeneM Takke aHaJIOTUYHbIE UCCIIENI0-
BaHUs U B IPEITION0KEHUH, YTO JEHCTBYIOIUE TOMEXU TPUBOAAT

1 -11-J1 (t
HUW CBS3U, H BOCCTaHOBIICHHE HHU(POBOTO CHUTHATA Su—
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K PABHOMEPHOMY PACTIPENEIEHUIO (7. BO3MOXKHBI KOHEYHO U JTHO-

Oble IpyTue pacrpeesiCHus], 9TO MOKHO Y4EeCTh IPH HEOOX O IH-
MocTH. B mTaHHOM ciTy4ae OCHOBHOM IENBIO SBISIETCS pa3padoTka
METOJ[a ONITUMH3AINN OUEKITUH MPOCTPAHCTB C IEIBI0 MHHUMHU-
3aIuu JTH00 MCKaKEHUI COOOIIEHNI OT UCTOUYHMKA, THOO MUHHU-
MU3alusi OUTOBBIX OIIMOOK MpPU BOCCTAHOBJIECHHH IH(POBOrO
CHUTHAJIA [TOCTIE eTo Mepelauy 1o KaHaTy Wi JTUHUA cBa3u. Kpome
TOT'O, BAXKHO OLICHUTH HA CKOJIBKO B KOJIMYCCTBCHHOM OTHOIICHUN
M0JIe3HA ONTUMH3ALMSI OMEKIIUH IPOCTPAHCTB.

IIpennonozxum, 4to g4 — Genblit rayccosckuit mrym (BI'L).

B aTom cityuae B BeipakeHHH (7) COBMECTHBIE BEPOSITHOCTH IIPEI-
CTaBIIIOT COOOM TPOM3BEACHUE BEPOSTHOCTEH IO KAXKIOMY
COOBITHIO, HATIPUMED,

P(eg, <& <b
- P(Csj,l < 6831 < bsj,l)P(cst <6 < bsj,2): PP,

sj,l7 sj.2

5.0 Csj2 <65 < bSJ',Z): U T.1.

B pesynbrate [uist rayCCOBCKO# INIOTHOCTH PACHIPEICIICHHS LITyMa
¢ aucrepcueit 0-;21 dhopmyna (7) npuoOpeTaeT CIeAYONIHA BUI:

bsj,k
NS

Csj,k

\/EO'A ’ (8)

—erf

1
P(Cyy < &y <by, )= 3 erf
eciin ajk #* a‘kmax’ajk #* akmin;

» , €U Ay = Ay i,

P(&, < bsj,k):% 1+erf

l Csj,k
2

» ECIU Ay = Ay s

Py = PPy, TA€ erf (x) = “dt

2 X
—— e
V%
Tenepb paccMOTPHM city4aid, KOr/ia iiyM £/ pacrpe/iesieH pas-

2
HOMEPHO B HHTEpBae o —B 1o B (2 _B"). Torna ycnosuwie
u"

BEPOSATHOCTH TIepexo/ia st MIPUHUMAIOT CJICTYFOIIUI BHUI:

bsj,k — Csj,k

2B
1, ecin ¢, <—B,by, > B,

, €CIA Cg, = _B’bsj,k < B,

P (Csj‘k <&y < bsj,k):
0, ecn ¢, <-B,b;, <-B

>B,b., >B

HIH CsJAk 2 MsjLk

Qi # Amas @ jk F Aymins

b,,+B
%, ecmu by, < B,
P = P(Cfsk < bsj,k): 1, ecnu by, > B, 5 @5 = Amins
0, ecin b, <-B
B-c,
j .k
—= ecamc,, >-B,
2B Sk 9)
P(csj‘k < §Sk): 1, ecnu Coix < -B, S A = Ay
0, eciucy, > B
k=12

Borunciaure/bHbli 3kcnepuMenT. Ha pucynke 2 nokaszaHo
CO3BE3/HME CHIHAIIA C TOYKaMH A, M KBaaparypamu (6) a,,a,,>

s=0,1,...15, m,1 =1,2,3,4 npu d 0.24, o° =0.288.

SNNIEKTPOHMKA. PAONOTEXHUKA

Bocmnonb3oBasiick Beipaxenusmu (8), (9) ams pacyera nepe-
XOJIHBIX BEPOSITHOCTEH IPOBEJICHO OIpE/eICHUE MepexX0HOM
matpulbl P s curnana 16-QAM [13, 20]. AaiuTuBHBIN 1ym
TIpeAroaraicst OejbIM IayCCOBCKUM U paBHOMEpHBIM [22, 25]. B
pe3yibTaTe ObUIN MTOTYYEHBl COOTBETCTBYIONINE MAaTPHIIBI TPHUBE-
JeHHble B (2). lanee, paccMarpuBasi B Kau€CTBE HCXOMHOTO CIIO-
co0a yCTaHOBIJICHHSI COOTBETCTBHSI MEXK/Iy SJIEMEHTAMH CO3BE3 NS
MOy IMPOBAHHOTO CUTHAJIA ¥ BOCCTAHABIMBAEMbBIMU JBOUYHBIMH
KOJIOBBIMM KOMOHMHAIMSAMH, YHCIO KOTOPHIX B JIAHHOM CiIydae
paBHO 16, OBUTH pacCMOTPEHBI BCE BO3MOYKHBIC BAPHAHTHI OMEK-
LUK TIPOCTPAHCTB U JUISI HUX PACCUMUTAHO CPEJHEEe YHCIIO BO3HU-
KaloUMX OMTOBBIX OIIKOOK 1o (hopmylie (3) ¢ yuyeToM MaTpHiLy
KOJIOBBIX PacCTOSTHHM, TPUBE/ICHHOM B (4).

[IpoBeneHHBIN KOMIBIOTEPHBIH MOUCK 1O MOJXYYEHHBIM MaT-
puuam P nossonun uz ~2,09 - 1013 papuantos Guexuuu npo-
CTPaHCTB BBIOPATH T€, IPH KOTOPBIX CpeIHEE YHCIO OUTOBBIX
omMOOK OyJIeT MUHUMAJIBHBIM M JUISl CPAaBHEHHUS BBIMIPHINIA —
MakcuMasbHbIM. Kpome Toro, Obun BbIIENIEHBI HanOOJIEe YacTo
HCIIONIb3yEeMBbIE CIOCOOBI KOJMPOBAHUS, a UMEHHO, KoJ ['past u
HaTypaJIbHBIN (B3BELICHHBII) KoJ. Jpyrumu crnoBamu, ObIT pea-
JTU30BaH TIOJHBIA TIepedop KOMIBIOTEPHOTO MOKUCKA CIIocoba co-
OTBETCTBHS JBOMYHBIX KOJIOBBIX KOMOMHALUIl OMpENENCHHBIM

3HAYEHUSIM Ao Y s A15 .
Hauaso pacueroB Opasiochk OT HaTYypaJIbHOIO KOJA, /Il KOTO-
POTO MHJEKC MPU COOTBETCTBYIOLIEM JJIEMEHTE A0 , ... OyneT co-

A=

OTBETCTBOBATb JIBOMYHOH KOJOBOH KOMOMHauuu, T.e. A
(0000), ..., A;s=(1111).

PesynbraThl pacyeToB npuBeaeHs! B Tabumax 1 u 2. Crocod
KOAMPOBAHUS YKa3aH B BHIE IOCICIOBATSIFHOCTH JIECATHIHBIX
9ucen, Kaxkaas U3 KOTOPBIX COOTBETCTBYET JBOMYHOU KOJOBOM
KOMOHMHAIMY U3 YeThIpexX cUMBOJIOB. [ToMiMO 3TOTO0, B TabIMIIaX
B cronbmax, oboznaueHusx A, B, C, D,.. .1, J npuBeaens! momy-
YeHHOE 3HAYEHHE KOJMYECTBA OMIMOOK MPHU ONMpPEACTICHHON WH-
TEHCUBHOCTH JIEUCTBYIOIIEH TOMEXH.

Ay Ay Ay Ay
3d i o L] ° Ll
o8
= Ag 4, Ay Ay
d e L] ° ° o
Q
A, Ag As A,
d 9 ° ° o‘ °
Q24
08t A, A, A, A,
-3d ° ° ° °
c.{-Jd 06 04 02 o 02 04 1] o8
-3d -d 1 d 3d
Puc. 2. Co3se3nue curnana 16-QAM
A(a),8,,)"

A,(-3d,-3d); A(-d,—3d); A,(d,—3d); A,(3d,-3d);
A,(3d,—d); A(d,—d): A(-d,—d): A (=3d,—d):
A(=3d,d); A(=d,d); A,(d,d); A,3d,d);
A,(3d,3d): A,(d,3d): A,(~d,3d): A (-3d,3d).

—
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DNEKTPOHUKA. PAODUOTEXHUKA

PeSyJ’leaTLI pacuera uucjaa OIINOOK NpHu ONITUMAJILHOM
KOAUPOBAHUH JIAA PA3JIUYHBIX COOTHOIIEHHN A CI/Il"Ha.TI/IHyM
H rayCCOBCKOM pacCrnpeac/jicHum mymMa

Tabuumna 1

BapuanTbl Gz (OC1Il, ab)
107 (14.6) | 10" 459) | 1 (-5.4) | 10¢154)
A B C D
Hatyp |1,2,3,4,5,6,7,8,9, 10136 201784 | 275008 | 305128
10,11,12,13,14,15,16
Min A [1,2,4,3,7,8,6,5, 4344 113344 | 252888 | 300672
I'peii 13,14,16,15,11,12,10,9,
Max A [1,8,13,12,5,4,9,16, 14400 260776 | 312972 | 319148
1 B,6,15,10,7,2,11,14
MinB  1,2,4,3,7,8,6,5, 4344 113344 | 252888 | 300672
I'peii 13,14,16,15,11,12,10,9
Max B  [1,8,10,15,2,7,9,16, 14400 260776 | 312972 | 319148
5,4,14,11,6,3,13,12
MinC 1,2,3,4,8,7,6,5, 5792 143808 | 241064 | 291880
2 ©,10,11,12,16,15,14,13
Max C  [1,8,12,54,11,15,16, 9432 208752 | 317676 | 323396
3 6,13,9,10,7,2,14,3
MinD  1,2,3,4,8,7,6,5, 5792 143808 | 241064 | 291880
2 0,10,11,12,16,15,14,13
Max D [1,8,12,5,4,11,15,16, 9432 208752 | 317676 | 323396
3 6,13,9,10,7,2,14,3
4 1,8,9,4,13,6,11,16, 13764 258488 | 310356 | 315772
R,5,12,3,14,7,10,15
5 1,2,3,4,8,6,7.5, 7952 161112 | 242384 | 291928
©,10,11,12,16,14,15,13
6 1,8,4,5,11,12,16,15, 7256 175968 | 310184 | 323080
13,14,10,9,7,2,6,3
Tabmuma 2

Pe3yabTaThl pacuera 4yHc/ia OMMOOK MPU ONTHMAIbHOM
KOAHPOBAHMM JIJIs1 PA3JIMYHBIX COOTHOLIECHUH CHTHAJ/IIYM H
PABHOMEPHOM pacipeaeeHHH IyMa

Bapuantsi o2 (OClll, ab)
u

100 |5.707 | 1¢ {3.107"|2.107" |1.5-10"
@591 (2.4) | 34D | o) | (.58) | 283)

E F G H 1 J
maryp [1,2,3,4,5,6,7,8,9, P41120 264840 282880 63664 P65584 [62280
10,11,12,13,14,15,16
Min E |1,2,4,3,7,8,6,5, 136704 258352 276448 R21056 180968 (155688

Cpeii [13,14,16,15,11,12,10,9
1 [1.8,13,12,549,16, 99968 B11024 B15548 B11144 15932 B16976
B,6,15,10,7,2,11,14

Min G|1,2,3,4,8,7,6,5, 182272 27536 254648 220080 P15688 PR07584
2 9,10,11,12,16,15,14,13

3 [1,8,12,54,11,15,16, 50776 23448 24956 B11632 94804 78392
6,13,9,10,7,2,14,3

Min F [1,2,3,4,8,6,7.5, 192232 227536 54648 P20080 P15688 [P09696
5 0,10,11,12,16,14,15,13

Max F|1,8,4,5,11,12,16,15, 214864 23464 324968 97048 [R65800 [42632
6 113,14,10,9,7.2,6,3

Max G|1,8,4,5,11,12,16,15, 214864 23464 324968 297048 R65800 [42632
6 113,14,10,9,7.2,6,3

Min H|[1,2,4,8,16,6,3,5, 156472 239380 68548 12572 [184504 [166920
7 [7.13,12,14,109,11,15

IMax H|1,8,10,7,14,9,15,16, 289856 B13688 315292 321016 26980 P21872
8 P.53.4,13,12,6,11

Min T [1,2,3,4,8,7.,6,5, 136704 258352 76448 21056 [180968 [155688
Cpeii 1,10,11,12,16,15,14,13

Max I |1,8,9,4,5,13,16,15, 293100 B12204 14546 B19410 28424 B26080
9 110,2,3,12,6,11,14,7

Min J [1,2,3,4,8,7.,6,5, 136704 258352 76448 21056 [180968 [155688
Cpeii 1,10,11,12,16,15,14,13

Max J |1,8,9,4,5,13,16,15, 293100 B12204 14546 B19410 P28424 B26080

9 110,2,3,12,6,11,14,7
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C nenpio GosplIel HAMIATHOCTH MOJIYYEHHBIX PE3yJIbTAaTOB
MpuBe/IeHHbIe B Tabnuuax | u 2 naHHble OBUIM OTOOpa’KeHbI Ha
pHUCYHKe 3 B B 3aBHCHUMOCTH KOJIMYECTBA OLTMOOK OT OTHOIIE-

Hust curdan/urym (OCL) q=10lg o’ | mpu pasHEIX crocobax
- 2

u
KOJIUPOBaHMs, OTPAXKAIOIIMX pa3Hble CHOCOObI OMEKIMU TpOo-
CTPaHCTB.

-20

q. 06

—war.son ]
= =kon Mpen|
—®—ron 1
—=—yop 2
1.8+ —$=—ron 3
==y00 5
—8—kon G
i) 7

0)
Puc. 3. 3aBucumocts konmudectBa omnbok ot OCLI mpu pa3HbIX
crocobax KOJUPOBAHUS: @ — rayCCOBCKHI 3aKOH PACHPE/ICIICHNUS;
0 — paBHOMEPHBIil 3aKOH pacIpeeICHuUs

W3 pucynka 3 BugHO, uTo Ko I'pest onTumaseH B cirydae rayc-
COBCKHX ITYMOB 3a HUCKIIoueHreM Mainblx 3Hauenuid OCHI. s
curaana 16-QAM OHHU COCTaBISIOT g <—5 nb. B nansbIX ycro-

BHUAX HAWMEHBIIEE KOJIMYECTBO OMIMOOK OoOecmeumBaeT KoOJ S.
Ecnu mymMbl IMEIOT paBHOMEPHBIN 3aKOH paclpeIeeHns, TO Kap-
trHa MeHseTcs. Kon I'pest HaunHaeT mpourpsIBaTh mepes Koao-
BBIMHU KOHCTPYKIUSAMU 5 1 7 yxe nipu ( < 0 ab.
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1) ITomyueHHbIe pe3yJIbTaThl JOKA3bIBAIOT, YTO B 3aBUCUMOCTH
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OPTIMIZATION OF CODING IN A SIGNAL-CODE DESIGN FOR DIFFERENT BIT ERROR DISTRIBUTIONS
DURING DEMODULATION
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Abstract

Modern communications are used in a wide variety of human activities, as well as in various automated and information systems. The messages they
generate vary greatly in nature, and they also have different requirements for message delivery time, accuracy, and so on. Furthermore, it's important
to consider that various transmission media, including physical wire pairs, optical communication lines, and radio waves, have significantly different char-
acteristics to provide telecommunications capabilities for various sources. This must be taken into account when selecting the appropriate signal trans-
mission method. Converting various messages from the source to digital form enables their efficient processing, such as primary and noise-immune cod-
ing, including the potential for software solutions in practical implementation. At the same time, matching the spectral characteristics of the digital sig-
nal to the frequency characteristics of the channel requires the use of discrete modulation methods, resulting in the signal becoming analog. Thus, at
various stages, signals are transformed, which are considered in different metric spaces. Moreover, these transformations do not meet the conditions
of isomorphic transformation, requiring separate study taking into account discrete modulation methods and the types of interference present. This
makes it possible to find an optimal method for bijecting spaces during signal transformation, which, in particular for discrete modulation methods, allows
for a reduction in the probability of bit errors during demodulation under interference.

Keywords: bijection of spaces, metric spaces, signal-code constructions, source coding, types (methods) of discrete modulation, code distance
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Cucrembl Internet Protocol Private Branch Exchange (IP-PBX) cyujecTBeHHO coOKpaljaloT pacxofbl Ha
TeNeKOMMyHuKauumn, obecneumBas CBA3b 4Yepes CyllecTBylOLlME ceTU nepefaun pAaHHbix. Momumo npocron
3KOHOMMUM CPEeACTB, 3TN CUCTEMbI ABNAIOTCA OCHOBOM AnA pa3sBuTUA yHUMUMpPOBaHHbIX KoMMyHukauuin (UC.) Ona
KOpPNOpaTMBHBLIX CeTel CBA3U aKTyanbHa COBMeCTHasa nepepaya pevesoi uHbpopmauum c aiinamu
AoKyMeHToo6opota. CoxpaHsaeT cBoe 3HayeHue TpeGoBaHMe [OCTOBEpHOW OLIEHKM Heo6GXoauMoOi NponyckHoi
CrnocoGHOCTM y4acTKa AoCTyna B nakeTHyio cetb. Heo6xoauMmo cospaHue rMGKMX MexaHU3MOB pearMpoBaHMsA Ha
u3MeHeHue B oGbeMe Tpacdmka M B HoMeHknatype ycnyr. epepaya peum ocraetca oaHuM u3 Haubonee
BOCTPe6OBaHHLIX CEPBUCOB B COBpPEMEHHbIX ceTax cBasu. Mpuyem HaubGonee yactoe ABNEHWE B CETAX C NMaKETHOW
KOMMYyTalueii - COBMECTHaA nepejaya peuu u aaHHbix. B kauecTee uccnegosarensckoi 3afjaum asTophbl onpeaensaioT
OLIEHKY BNMAHMA TpadmKa AOKYMEHT0060pOTa Ha KauecTBO nepejaun peyeBoro Tpacmka B KOPMOPATUBHBIX CETAX
NaKeTHOM KOMMyTaumun. ApeHa pecypca CKOPOCTH Ha Pas3snM4HbIX YHacTKaX CETU A0JKHA MPOU3BOAUTLCA C yHETOM
Heo6GXxoAMMON NponyckHOM cnoco6GHocTM u ocobeHHocTel nepeaaun uHgpopmauuu. HambGonee BocTpeGoaHbi
npotokon Internet Protocol Security (IPsec) Ha 6ase o6wepaoctynHoi cetu Internet u TexHonorua Multi Protocol
Label Switching (MPLS). B cratbe npeactaBneH noaxoa K OLEeHKe 3afiepXeK B nepejave NakeToB pasHOro Buja
(pe4b 1 paHHble) Ha y3ne (UKCUPOBAHHOW CBA3M, MpPEACTaBNEHHOM B BMAE CUCTEMbl MaccoBoro obcnyxueaHusa
M/G/1. OGcyxpaaloTcA BO3MOXKHOCTM M MepCreKTUBbl OLlEHKU Heob6XoAuMOi CKOpOCTM nepeaauu MHpoOpMauuu
MeToAaMM Teopuu TeneTpaduka C yHeTOM HaMHYUA OTHOCUTENbHLIX MPUOPUTETOB ANA MaKeTOB Pa3sHOro TUMa.
[Hatotca pekoMeHaauum no 3aUMM NepepbLIBOB B Nepepaye ronocoesoro Tpacduka nyteM pasbuenuna dainos
AOKyMeHTooGopoTa Ha chparMeHTbl MeHbLUero ¢opmara.
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CBA3b

BBenenue

Co3aanne OTACIbHON (DU3MYECKON CEeTH CBsI3H, mpuodpere-
HUEe 000pYZOBaHUSA, €r0 YCTAaHOBKA U OOCTY)KHBaHWE TPEOYIOT
Oonpinx 3atpatr. [loaTomy perieHnsi Ha OCHOBE LU(POBBIX aB-
Tomarndyeckux cranuuii [P-PBX wuepe3 cymectByromuii my6-
JTUYHBIH VHTEpHET CTaHOBSTCS MEPCIEKTHBHBIM JUISI MHOTHX
Koprnopanuid. MakTHUecKy NpH nepegade Tpapuka opraHu3yoT-
cs1 (pMKCHPOBAaHHBIE BUPTYyaJbHbIC KaHAIbBI CBs3U. [Ipu BKIrOUe-
HUM B CETh KOPIOpAlMU KOHKPETHOTO oduca HEOOXOAUMO pe-
maTh 3a7ady BBIOOpa TMPOIMYCKHOHM crocoOHOCTH. COBMECTHAS
mepeada pedeBoro (TorocoBoro) tpaduka m Tpaduka TaHHBIX
(manpumep, Tpaduka JTOKYMEHTOOOOpPOTA) XapaKTephU3yeTcs
PsIIOM OCOOEHHOCTEH, KOTOPbIE TOJIKHBI YUUTHIBATHCS MIPU pac-
YyeTax apeHIyeMOH CKOPOCTH Nepeaadn JaHHbIX.

1 ApxuTtexTypa n Bo3MoxkHocTH cuctem IP-PBX

OmnpenenuM JTIOCTOMHCTBA CHCTEM KOMMYTAaIMW IMakeToB IP-
PBX 1o cpaBHeHUIO ¢ IM()POBBIME aBTOMATHYECKUMH TeJIeOH-
HeiMH cTaHAMHE (ATC) koMMyTauel KaHaJIoB.

1.Peanmzanus yanpunnpoBanHbsix koMmyHukanuii UC.

2. MacmrabupyeMocTb, TO €CTh BCTPOEHHAsi TMOKOCTH CH-
CTEMBI, MO3BOJISIOIIAs JO0ABIIATh WM YAAIATH MOJIb30BaTEIeH,
MEHATHh JaHHBIE 00 WX MECTOIOJIOKEHHH 0€3 MOIU(pUKAIIH
000pyROBaHUs, UTO aKTyaJIbHO VIS PACTYLIUX MPEATIPUITHH.

3. DxoHommyeckast 3(pPEeKTHBHOCTH — COKpAIIEHHE PACXOI0B
Ha TEJICKOMMYHHKAIMKU (OCOOCHHO Ha MEXKIAYTOPOIAHHE U MEXK-
JTYHapOJIHBIE 3BOHKH), 32 CUET MCIOJIB30BAHUS CYIIECTBYIOUICH
uHPPACTPYKTYPBI ceTH MHTEpHET.

4. loctyrieH mMUpOKUHA HA0Op (YHKIMH, BKIIOYAs! CIOXKHYIO
MapHIpyTH3aLUI0 U O4Yepellb BHI30BOB, aBTOCEKPETaph, 3aIlUCh
BBI30BOB. DTO MO3BOJISIET YIYUIIUTh 00CIYXKHBaHHE KIMEHTOB U
BHYTPEHHHE KOMMYHHKAI[IOHHBIE TIPOIECCHI.

5. Tlonmepkka ynaleHHBIX COTPYTHHKOB W MOOWMJIBHBIX CO-
TPYAHUKOB C TOMOIILIO NPOTPAMMHBIX TeIe()OHOB Ha KOMIIBIO-
Tepax U MOOWIBHBIX YCTPOUCTBAX I OecrepeOoiHOM CBs3H 13
M000ro MecTa ¢ MoJIKIIoYeHneM K IHTepHeTy.

6. BO3MOXXHOCTh MHTETPAIMN C CUCTEMaMH YIPABICHUS B3a-
nMooTHOIIeHUsIMH ¢ KiueHTamu (CRM), mmanupoBaHust pecyp-
cos npeanpusttus (ERP) u npyrum 6musHec-nmporpaMMHBIM 00ec-
MIEYCHHUEM, YTO ONTHMHU3UPYET pabouue MpOIECcChl U YIIydllaeT
JOCTYITHOCTh JAaHHbIX. HanexHele ¢yHKIMH Oe30MacHOCTH
BKIIIOUalOT muppoBaHue, OpaHIMay pbl U OE30MacHYI0 CHUTHa-
mu3anuio SIP (Session Initiation Protocol). Dtu dyHkum 3a-
LIMIIAI0T KOHPUACHIIMAIBEHYI0 KOMMYHHUKALUIO OT KHOEpyTpo3.

7. BeO-unrepdeiichl aIMHUHUCTPUPOBAHUS ONTHMHU3UPYIOT
HAaCTPOMKY, MOHUTOPHHT' U 00CITy’)KUBAaHUE CUCTEMBI.

PBIHOK «yTIpaBiieHHs BBI30BAaMM», KOTOPBIH BKJIIOYAaeT Tpa-
muinonnbie u IP-PBX cuctemsl, B 2023 1. ObuT oieHeH B 18,88
mipa moiur. IlpenckassiBaercs, uto kK 2032 T. OH JOCTHTHET
48,11 mupa momn. co cpemHeromoBeiM TemnoM pocta (CAGR)
10,77%. B pamkax 3T0oro phIHKa cerMeHT [P-pemennii cunraercs
camoii ObicTpopacrymieii kateropueil. Poct oOyciosneH pacrty-
UM CIIPOCOM HA SKOHOMHYHBIC, THOKHE M BBICOKOKAUYECTBEH-
Hble KOMMYHHKAI[IOHHBIE PElleHHs, Bce 0oJiee MUPOKUM BHEI-
penueM TexHosoruu 5G M pacnpoCTpaHEHHOI TeHJSHIHEeH uc-
0JIb30BaHMsl TMYHBIX ycTpoiicTB (BYOD) Ha pabounx mecrax
[1-7].

[MpeanpusiTist pa3InYHBIX CEKTOPOB, 0COOEHHO OAHKOBCKOTO,
(PMHAHCOBBIX YCIYT, PO3HMYHOW TOPTOBJIH, 3JIEKTPOHHOH KOM-
MepIHU ¥ TOCTUHUYHOTO On3Heca, nHBecTHpYIOT B IP-PBX st
TIOBBILIEHUSI ONEpaliMoOHHON 3((deKTHBHOCTH. TelleKkOMMyHHKa-
unoHHas cuctema [P-PBX mpenocrasiisier yciiyru rojiocoBoil u
MyJIbTUMEANHHON CBSI3M 4epe3 ceTh Iepegadd IAaHHBIX C HC-
oJIb30BaHueM mHTepHeT-nipoTokona (IP). Ona 3amenser Tpaau-
nuoHHble cucteMbl PBX ¢ koMMyTanuel kaHaJloB U BpEMEHHBIM
pa3aenennem kaHaiaoB (TDM), ucmonb3yst ceTH ¢ KOMMYTaIuen
MIAKETOB M OOBEAMHSS TOJIOCOBYIO CBS3b M Tepefady AaHHBIX B
€/IMHYI0 HHPPACTPYKTYDY.

Taxkas KOHBEPIre¢HIUA JAa€T 3HAYUTCIIBHBIC MPEUMYHICCTBA C
TOYKHM 3pEHHS] CTOMMOCTH, MacCHITaOUPyEeMOCTH, YIPaBICHUS H
MHTETrpanuu QyHKIHUH.

Apxwurekrypa [P-PBX Moxxer ObITh pa3OuTa Ha HECKOJIBKO
KJIFOUEBBIX JIOTHYECKHX KOMITIOHEHTOB, KQKIBIH U3 KOTOPBIX OT-
BEYACT 32 OT/IENIbHYIO (DyHKIHIO.

Ha cxeme puc. | noka3zaHo B3aUMO/IEHiCTBIE OCHOBHBIX KOM-
TMOHEHTOB B THUIHMYHOM JoKanmbHOU apxurekrype IP-PBX u unx
MOKIJIIOYEHHUE K BHEIIHUM CETSIM.

CepBep 00pabOTKH BBI30BOB («MO3T») COIOCPKHUT OCHOBHOE
IPOrpaMMHOE NPHIIOKEHUE, KOTOPOEe KOHTPOJIUPYET Bce (yHK-
MK cuctembl. Takue Kak 00paboTKa CUTHaJOB BbI30OBOB, 00pa-
00TKa JOTMKM MapLIpyTH3alUU BHI30BOB, BBIIOJHEHHE IUIaHA
Habopa HOMepa, ayTeHTU(HUKALUS T0JIb30BaTENCH, yIpaBIeHHEe
¢yHkuMsiMu  (Hanpumep, nepeajapecanysi Bbi3oBoB). KiroueBoii
npotokosn — SIP (mporokon wmHHIMupoBaHHs ceaHca — RFC
3261) s cUrHATU3AIH.

SIP-TpaHKMHT NpenanojaraeT, 4To BUPTYaIbHOE COEAMHEHHE
MPE/IOCTABIISIETCS MOCTABLUIMKOM YCIYT HMHTEPHET-TelIe()OHUN
(ITSP). On ucnonedyer nporokos SIP wepes Untepuer s 3a-
MeHbl puzndecknx TDM-TpaHKOB, TeM CaMbIM yCTpaHss HE0O-
XOANMOCTD B (PM3UIECKOM IIITIO3E.

Menna-cepBep («MeXaHH3M TOJIIOCOBOW MOYTHI M KOH(EPEHII-
CBSI3M») YacCTO SBJISIETCS MOAKOMIIOHEHTOM IIPOIIECCcOopa BBIZO-
BOB, HO TaK)KE€ MOXKET OBITh OTIENBHBIM CEpBEpPOM A odectie-
yeHusi Oouibleil Macmtabupyemoctd. OH BBIONHsIET (DYHKIUH
00pabOTKH MIIM MUKIIMPOBAHUS ayJHONOTOKOB. A TaKkXKe Mpeo-
CTaBJISIET YCIyrd TojIocoBOM moutkl, [VR — HHTEpakTHBHOTO
TOJIOCOBOTO OTBETAa, YNPABISET OYEPEIbI0 BBI30BOB IS KOH-
TaKT-LEHTPOB [2].

2 BapuaHTBbI 1 0COOCHHOCTH BKJIIOYCHHS y3/10B
(prxcHpOBaHHOIO 10CTYNA B NAKETHbIE CETH

Ha puc. 2 mpexacrtaBieH BapHaHT OpraHU3aldd B3aUMHOTO
noaximouenust [P-PBX ¢ ucnosnb3oBaHueM pecypcoB ceTei na-
KeTHOH KOMMyTanmuu. B KkadecTBe OOBEKTOB HCCIEIOBAHHUN
MPE/ICTABIICHBI TIOAACUCTEMBI JOCTYIIA B TAKETHYIO CETh.

bazoBast ceTh sBISETCS BaKHBIM KOMIIOHEHTOM ApXHUTEKTY-
PHI, @ HE IPOCTO KaHAJIOM Tepe/laud JaHHBIX. YTIpaBlIeHHE Kaue-
ctBoM obOcnyxkuBanus (QoS) HE0OXOaUMO JIsi IPUOPUTE3ANH
TOJIOCOBOTO TpaduKa HaJl MaKeTaMH JaHHBIX, YTOObI MUHUMHU3HU-
poBaTh 3aJepKKy IpH Iieperadye Tpapuka B BUJAE IAKETOB,
JoKNTTEp (KoJeOaHus 3a/lepKKH) M ITOTEPI0 MaKeTOB, KOTOPBIE
HaNpsAMYIO BIUSAIOT Ha Ka4ecTBO cBs3HU [16-20]. Dto peanusyercs
C TIOMOIMIBI0 TaKUX MeXaHU3MOB, Kak DiffServ (muddepenimpo-
BaHHBIC YCIIyT'M) Ha CETEBBIX KOMMYTATOpax M MapLIpyTH3aTo-
pax.
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Jlornueckasi apXUTEKTypa MOXKET OBbITh pa3BEepHYyTa pas3iIvy-
HbIMHU criocobamu. JIokanbHO, KOria Bce KOMIOHEHTHI (CepBepBI
U IIUTIO3bI) Pa3MEIIAOTCS U YIPABISIFOTCS B COOCTBEHHOM LICH-
Tpe 00pabOTKU JAHHBIX MPENIPHATHA. DTO 00ecreYnBacT MakK-
CHMAJTbHBI KOHTPOJIb, HO TpeOyeT KalMuTaJIOBIOXKCHUI U HaJU-
YHsi COOCTBEHHBIX CIICLIHAIUCTOB.

Bo3MoxxHO ucnonb3oBanue xoctuHra/oonaunoin ATC, xorma
cepBep 00pabOTKH BBHI30BOB M (DYHKIIMH Pa3MEIAOTCS M YIIPaB-
JISIFOTCS. CTOPOHHHMM ITOCTABIIMKOM 32 IPEeesiaMi MPeANPHSATHS.
[pennpustiro TpeOYIOTCS TONBKO OKOHEYHBIE YCTPOWCTBA H
HaJeKHOe HHTepHeT-coeauHenue (SIP-tpaHk). OTa Moaens ya-
cro nponaercst kak yciayra (UCaaS — Unified Communications
as a Service), 0OBIYHO ¢ A0OHEHTCKOW TUIATOM, YTO CHUIKACT 3a-
TPAThI U yIIPABICHYCCKHE PACXOIBI.

ABOHEHTCHHE TEDMMHANG!
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Bo3MOXHO coderaHue JIOKIbHBIX U OOJIAUHBIX CEPBHCOB.
TunuuneiM npumepoM siBisieTcs JokanbHas [P-PBX, mogxmro-
YyeHHast K o0iauHOoMy mnpoBaiiiepy. Apxutekrypa [P-PBX sBis-
eTCsl MOJLYJIbHOM M TOCTPOEHHOM Ha OTKPBITHIX CTaHIapTax

Hcnonp30BaHie METOIOB M MaTEMAaTHIECKOTO arlapara Teo-
pun tenerpaduka, kak ogHOro M3 orBeTBIeHN TMO, pekomeH-
JIOBAHO B TOM CJIydae, KOTJa IOoKa3aTenb camomnonodus Xepcra
cocraBmsger H = 0,5-0,55. D10 cooTBeTCTBYET pedueBoMy Tpadu-
Ky, CO37aBacMOMY MOJIb30BATEIISIMH C PA3IUIHBIMH OKOHEYHBI-
MH yCTPOMCTBaMH, YPE3BBIYAHHO UyBCTBHUTEIBFHOMY K 3a/I€piK-
kam [18]. [IpuMeHHuTENBHO K 3TOMY TpaduKy HCIIOJIB3YeTCs all-
mapat Teopuu TejeTpaduka as Yyaca HauOOJbIICH HArpy3Ku [2,
8-10]. Ha HOBOM »Tamne pa3BUTHS TEJIEKOMMYHHUKAIIUNA, 2 UMEHHO
NpU TIepeXojie¢ K OpraHu3allii BUPTYAIbHBIX COCJUHEHHH B
HavaJle CeCCHMM BO3MOKHO IPUMEHEHHWE armnapara TeOpHH Telle-
Tpaduka.

Juist camomnooOHOro TpadukKa JaHHBIX (pa3IM4HbIC BH-
JIEOCEPBHCHI, Nepepava (GaiioB JOKyMEHTOOOOpOTa) Mpe yiara-
eTcs yYUTHIBATh, YTO AJISI OIMHMCAHHS OOCITYKMBAHHSI 3TOTO Tpa-
(mKa MPUMEHNMBI METOABI MaTEMaTHYECKOTO MOJECITUPOBAHMS,
mpUyeM ToKaszaTenb Xepcra gocturaer 3HadeHwidt H = 0,8. C
yueToM 3Toro oocrositesnibcTBa B paborax B.Omudep, H.Omudep
000CHOBAHO CHIDKEHHE 3arpy3KH CeTed MaKeTHOH KOMMYTaIud
10 ypoBHS 30-40% a1 MEHAMHU3AINH 3aJIePKEK U TTOTepPh MaKe-
TOB) [2, 6, 9-11]. Takoii moaX0 MO3BONISIECT 0OCCICUNTH 3AIUTY
OT TEeperpy3oK, HO TIPEIoyiaraeT CHUKEHHE HCIOIb30BaHUS
pecypca CKOPOCTH.

Wuoli monxop mpeaiiaracTcs peann3oBaTh B paborax Kayd-
MmaHa, Pobeprca, Kemmu u Pocca [12-15], monyuuBmuii oOrmiee
Ha3BaHue Multi-Rate Erlang loss system. OH 1mo3BoJIsleT OLIEHUTH
Ka4yecTBO Iepelauil W B3aUMHOE BIMSHHE pedd M (ailiioB Ha
MarucTpaibHbIX y4acTKaX CeTeH ITAaKeTHOM KOMMYTAIIHH.

3 lIpeaBapuTebHbIe Pe3yJbTAaThl OLEHKH KauecTBa
¢ynkunonuposanus IP-PBX ¢ nmosinbiM pa3aesienuem
pecypcoB (Complete Partitioning — CP)

ITo dpopmyse (1) ompenenum CPEeaHIO BEIUYMHY CKOPOCTH
nepesiaun peyeBoro Tpaduka (MHTEHCHBHOCTH TpaduKa, BbIpa-
JKEHHOH uepe3 CKOPOCTh)

Queodx peub=BIx Y, (1)

rzie BenmunHa Bl xapakrepusyer cKopocTh Uit OTHOTO OJHOHA-
MPaBJIEHHOTO COEIMHEHUs] C Y4EeTOM OCOOEHHOCTEH Kojieka u
UCTIONB3YEMBIX IIPOTOKOJIOB Tepeaun makeTos. Ecim cBs3b op-
TaHU3yeTCs M0 ceTH obmienocTymHoro Internet ¢ MCHOTB30BaHU-
em 3amuTHOro nportokona IPSec mncnonssyem Bl = BI IPSec.
Ecmu cBs3p opranmsyercs mo cetu TexHonormn MPLS, To
B1 = BIMPLS. Kak noka3amu pacueTsl, BCETAa HMEET MECTO
cootHomenue B1 IPSec> BIMPLS; Y — cpennee uucno coeau-
HEHUI Ha y4acTKe CeTH B TEKYI[HIi MOMEHT BPEMEHH.

Ornenka HeoOxoxuMoi ckopoctr noaxtouenust [P-PBX k ma-
KETHOH ceTH (MHa4e — IMPOIYCKHON CIIOCOOHOCTH ydacTKa JIOCTY-
na) 1o cpenueit Bexmunue QHeoOX, Kak mokasano B Gopmyie (1),
HE y4YHWTBHIBaeT KojeOaHmii Tpaduka. Ee mcrmomp3oBaHHE MOMKET
MPUBECTU K TPOCUYETaM HPH NMPOECKTHPOBAHUHN (B BBIICICHUN H3-
OBITOYHOTO, HO CKOpEEe BCEro HEAOCTATOYHOTO PEecypca CKOpo-
ctn). Ilpemmaraercss 3amelicTBOBATH MaTEMAaTHYECKHH ammapar
Teopun TeneTpaduKa Il IPOBEACHUS OIEHOK IPOITyCKHOI CIOo-

-
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COOHOCTH Ha y4JacTKe JIOCTYIIa K pecypcaM MaKeTHO! CeTH.

B kagecTBe 00BEKTa MCCIENOBAHUSA PACCMOTPUM y3el (HHK-
cupoBaHHOl cBs3u [P PBX npu ero BKIIIOUEHHHU B CETh NaKeT-
HOMl kommyTarun. [Ipencrasum ero kak CMO Buma M/M/V/V,
rae BeauyrHa V 0003HadaeT KOJMYECTBO BUPTYalbHBIX COCAU-
HEHUH, KOTOPOE MOXKET OBITh PEAIN30BAHO HA BBIICICHHOM I
9THX 1enel pecypce ckopoctu Q. Takoe mpeacTaBiIeHUE MO3BO-
JISIeT MCIOJIb30BaTh MepByto (opmyity DpiiaHra Juis pacyera Be-
POSITHOCTH OTKas3a B 00CiIyKMBaHUM Bbi3oBa P. OTka3 B 00ciy-
JKMBaHMM HACTYIAET, KOT/Ia MOJHOCTHIO HMCIOJB30BaH BECh pe-
CypC CKOPOCTH, JOCTYIHBIA JUIsi JaHHOTO BHJa Tpaduka Qped.
JlocTynHOe YnCIIo BUPTYAJIBHBIX KaHATIOB V Oy/leM OmpenensiTh
o opmyme

V = Qpev/(2xq), (2)

r7e Kod(GUIHUEHT 2 XapaKTepU3yeT pea3alnio ABYCTOPOHHEN
TOJIOCOBOM CBSI3H;

BEJIMUMHA ( XapaKTepPH3yeT CKOPOCTh OJHOTO HaIlpaBlICHUS
repeiaun pedeBoil MHQopMaLuK C y4eTOM XapaKTepHCTHK KO-
JCKOB Pa3HOIo BUAa, BEJIMYUHBI HAKIIAAHBIX PAaCXO0d0B B IEpeaa-
BaeMbIX IaKeTax, C y4eTOM OCOOEHHOCTEI TeXHOJIOTHI U IPOTO-
KOJIOB MTAKETHOM CETH.

Bennunna V MOXeET yCTaHaBIMBATHCS U U3MEHSTHCS B ITPO-
rpaMMHOM 0OECTIeYeHNH TIPH HACTPOHKe 000y 10BaHMS.

Hcnonp3yercst o1HO M3 0a30BBIX IOJIOKEHUH TEOPUH Telie-
Tpaduka O TOM, YTO MHTCHCHBHOCTb Harpy3KH XapaKTepU3yeT
CpefHee YHCIIO OJHOBPEMEHHBIX COCTMHEHHWH HA yYacTKE CETH
[1, 2]. MoxeM MONYyYUTH JOMYCTUMOE YHCIO IONB30BaTEICH B
i — oM ojuce xax

Nigon = Yimon / (yl x ki), 3)

rae Yizomn — IomycTuMasi MHTCHCUBHOCTh HAarpy3KH, OMpPeeIicH-
Hasl 10 MepBoi (Gopmysie DpiaHra Ui 3aJJaHHOTO 3HAYCHHUS Be-
POSITHOCTH MOTEPh BHI30BOB Ha ydacTKe Jnoctymna Prom u yucna
BHPTYaJIbHBIX KAHAJIOB;

y1 — ynenbHas abOHEHTCKas Harpy3Ka, Jpit;

Niom — J0mycTHMOE YUCIIO TTOTB30BaTENeH B i-oM oduce;

ki — momst BBI30BOB, HAIPaBIAEMBIX/TIOCTYIAIOMINX B/H3 TIa-
KETHYIO/TIAKETHOU CETH OT APYTHX O(HUCOB.

Bo3MOXHO M3MEHEHHE TOpsIKa pacdeTa B COOTBETCTBHU C
LesIMHU U 3amadamMu. Hampumep, MOKEeT CTOSITh 3a/1a4a 10 OIeH-
K€ HeoOXOANMOW MPOIMYCKHOW CIIOCOOHOCTH ISl pEYEBOTO Tpa-
¢uka Ha yyacTke goctymna Q mpu W3BECTHOM YHCJIE TOJIb30BaTe-
JIeW 1 3a1aHHOM THII€ KOJIEKOB.

CpaBHeHUE peain3aliy COSJMHEHHUI B MAKETHBIX CETSIX TeX-
Hosiorun MPLS u IPSec noka3zaino, Ucrosab30BaHUE TEXHOJIOTHU
MPLS 1o3BoJIsieT 3HAUUTENBHO COIKOHOMUTH MPOIYCKHYIO CIIO-
cobOHocTh ceteil. Hampumep, B pacueTe, MPOBEJACHHOM JUTS KOJIC-
ka G.711, skoHoMUs cocTaBisieT okoyo 19% mnponyckHOH cro-
COOHOCTH CETH. AHAIOTHYHBIA pE3ylbTaT Jana OICHKAa Mpo-
ITyCKHOH CITOCOOHOCTH Ha OZHO PEYEBOC COCAMHEHUE IS KOJe-
KOB Pa3IIMYHOTO BUIA. BEIABICH HEAOCTATOK TAKOTO CPABHEHUS -
OHO HE YYHTBHIBACT XapaKTEPHUCTHKHU TOTOKA BBI30BOB. [loaToMy
MIpe/IaraeTcsl UCMOIb30BATh METOABI TEOPHH MacCOBOTO OOCITy-
KUBAHUS.

OmHUM W3 TOIYJSPHBIX MOJXO0A0B K OMHMCAHUIO CUCTEM COB-
MECTHOM Tepenayn pa3HOPOIHOIo TpaduKa sSBJSICTCS MHOTOCKO-
pOCTHast MOJIellb, KOTOpas MPEJIIoJIaraeT, YTO Ha PaBHBIX MpaBax

MePEAar0TCs MOTOKU rojioca u (aiiasl. Bo3MokeH 0TKa3 B mepe-
nade Qaiyia WM B peaju3alyy PeYeBOro COCAMHEHMs, eClli He
MOJKET OBITh TMPEJAOCTABICH HEOOXOIUMBIH PECypC CKOPOCTU
[12-15].

4 Pesyabratsl ucciaegopanus pynkuuonnposanust IP-PBX
KAK CHCTEMBbI C MOJIHBIM 00beJHHEHHEM PecypcoB
(Complete Sharing - CS)

[Ipu obcayxuBanuu VoIP-BBI30BOB KilaccHUecKas MOIEITHh
OpnaHra mpuMEHHMa MO CIEIYIOMMM NpHYMHAM. ['o10coBble
MOTOKM HedIacTH4Hbl. Tpebyercss rapaHTHpOBAaHHAs CKOPOCThH
nepenadn JaHHbIX (Hanpumep, 64-88 kout/c ¢ kogekom G.711).
IIpoaOIKUTENIBHOCTD BBI30BOB SIBIISIETCS CIIy4allHOM, 4acTo MOJ-
YHHSETCS] SKCIIOHEHIIMAILHOMY 3aKOHY. BbI30B MO0 poxoauT ¢
MIOJIHOW CKOPOCTBIO, JTMOO OJIOKMUPYETCS] — HET «YaCTUYHOTO»
00CITy’)KUBaHUSL.

OpHaKo MoJenb DpiiaHra He MOIXOAUT Juls Iepenaun (aii-
noB. Ilpuunna — nepenada (aiaoB — 3TO AIACTHYHBIE TTOTOKH.
To ecTb He Hy)Ha rapaHTHPOBAHHAs MTOCTOSHHAS CKOPOCTh. Ec-
T JJOCTYIHA TOJIBKO 4YacTh KaHalla, Iepeaadya MpocTo 3amMe s
eTcs, HO TmpojoirkaeTcs. [lpm mepemade QaiiioB mpomyckHas
CIIOCOOHOCTH JIENUTCS MEX/IY Pa3HBIMH CECCHAMH (COBMECTHOE
HCTIOB30BaHHUE MpoIieccopa, KOHTPoIb meperpy3ku TCP).

[lepeuncnuM MNOAXOSIIME ANbTEPHATUBBI I Iepeaadu
¢aitnos: M/G/1 Processor Sharing (PS), koraa ¢aitnsl nporop-
LIMOHAJBHO JEIST MPOIYCKHYIO CIIOCOOHOCTD, 3a/IepKKa pacTeT
BMECTE C Harpy3Koii;

MOJIENI TIOTOKA YKHMJKOCTH, KOTOpPbIE paccMaTpHUBAIOT JIO-
CTYIHYIO €MKOCTh (IIPOIMYCKHYIO CHOCOOHOCTb) KaK IEIHMYIO,
CO CKOPOCTSIMH, IMHAMHUECKH KOPPEKTHPYEMBIMHU;

ouepe/ib C AIACTHYHBIM 00CITy)KMBaHueM (Hanpumep, M/M/1-
PS nnn Monenu Ha ypoBHE MOTOKa, Takue Kak cety Kemm).

[Tpn onmcanun GyHKIMOHUPOBAHUS y371a (PUKCHPOBAHHOTO
mocryna kak CMO Buga M/G/1 ObIIO YYTEHO HANWYHME OTHOCH-
TEJIBHBIX TPHOPUTETOB HPH OOCITYKUBAHUM MAKETOB Tpaduka
pasHoro tuma (WcciemoBajiach Tepenada HWH(popMammm Ha
ypoBHE makeToB). IIpoBeneHHbIE pacdeThl MO3BOIMIN OLEHUTH
COBOKYITHO€ BpEMs OKHJaHHWA Ha4daJia BblJa4U T'OJIOCOBBIX ITaKEe-
ToB W1 un daiinos njokymeHroodpora W2. BejieH u HCnonb3y-
€TCSl OTHOCUTEJIbHBIN IPUOPUTET.

BrimonHuM ananu3 cpenHeil 3aAep)KKM TOJI0OCOBOTO TakeTa
(cm. puc. 3).

Ora MeTpuKa, CKOpee BCEro, MPEJICTaBIsieT cO00H He BpeMs
oxxunanus B ouepeau (W1), a cyMMy BpeMeHH Tepesjadul U OXKH-
maaust (W1 + S1, roe S1 — BpeMsi oOcCiTy>KMBaHUS T'OJIOCOBOTO
nakera). OHa cTaOMIIbHA, TaK KaK pa3Mep ToJIOCOBOTO TTaKeTa He
MEHSeTCA. DTO MOATBEPIKIACT, YTO OCHOBHYIO IPOOIIEMY CO-
CTaBJISIET IMEHHO BPEMs OKHJIaHMS B O4YEpeH, a He (pu3nUecKas
nepenaya.

[MpoGnema — B qucHanance Tpapuka ¥ aropuT™Me 00CITyKH-
BaHUs. Pe3kuii pocT roocoBOil HArpy3KH M HAJHMYUE OONBIIIX
(haiioBeIx mepeaay (¢ GukcupoBaHHBIM pasmepom 1 Mb u, kak
CJIEJICTBHE, OOJIBIIUM BPEMEHEM OOCIY)KHUBaHHS) CO31al0T "3-
ekt Omokuposku". Jlonras mepemada Qaiina 3acTaBisieT TOJIO-
COBBIE MTAKETHI JKAaTh CBOCH Ouepen, Jake NPU HATMYUH TIPHO-
purera.

Kputnueckuii nopor cuctemsl Haxoaurcss mexay 600 u 700
nonb3oBaressiMu. [locine 700 monb3oBarenedt QoS mis rojoco-
BOW CBSI3M AETpaipyeT KaTacTpo(pUIEeCKu.
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Puc. 3. Ouenka 3¢ (heKTHBHOCTH JEHCTBHSI OTHOCHTEIBHBIX
MPUOPUTETOB

OTHOCHUTEJIbHBIH MPHOPUTET BBIMIOIHICT CBOK (DYHKIIHIO
(W1 < W2), HO He crpaBisieTcsl ¢ KOMIEHcalued HeraTUBHOTO
BIUSIHHS JIJIMHHBIX MAKETOB (paijioBOro Tpaduka Ha UyBCTBH-
TEJBHYIO PEUEBYIO OUYEPEIb.

5 IlepcnieKTUBHOCTDH MCNOJIb30BaHus Moaxoaa Round Robin
s pparmenranuu ¢GaiijioB 10KyMeHT0000poTA

[Ipuanmn Round Robin sBnsercs onaum n3 GyHIaMEHTab-
HBIX TTOIXOJIOB B YIIPABJICHUU PACIpPEACTICHUEM PECYPCOB B BEI-
YUCIUTEIBHBIX U CETEBBIX CUCTEMaX, 0COOEHHO KOT[a pedb HICT
0 MHOT033/Ia4HOCTH M O0OECIIeUeHHH CIPaBEJIUBOIO JOCTyMa K
OTpaHUYCHHBIM pecypcaM. Eciau roBoputh 00 OCHOBHBIX IPHH-
nunax u mMexanmsmax, To Round Robin (RR) moxHO mpencta-
BUTHh KaK KOJIbLIEBYIO OYepe/lb, B KOTOPOW Ka)KAbIH 3JIEMEHT —
9TO IpolLece, 3anpoc Ha 00CiIy)KuBaHue. B kiaccnyeckoM rmoHu-
mannn RR, xaknas 3anaya nomyyaer GpukcUpoBaHHOE BpeMs Ha
BBINOJIHEHHE, 1TOCTIC YEro OHa IepeMelaeTcst B KOHEIl OYepe/IH.
Taxoi#t moxxox rapaHTHPYeT, YTO HU OJHO YCTPOWCTBO HE CMO-
KET JIOMUHHPOBAaTh B HCIOJB30BAaHUH PECYpPCOB, OCOOCHHO B
CETEBBIX CHCTEMax, IJIe YCTPOWCTBA MOTYT HUMETH pa3IHMYHBIC
TEXHUYCCKHE XaPaKTEPUCTUKA M CKOPOCTH PaboTHI [4].

[pmanun Round Robin B KOHTEKCTe mepemadn TaHHBIX
Hallesn npuMeHenue B cucremax Wi-Fi nocnenHux cranmaprax u
B LTE cersx, rae ycTpolcTBa pasjiMyaroTCsl IO CTaHAApTaM M
CKOpOCTH Tiepenayn JaHHBIX. OH IO3BOJIIET PaBHOMEPHO pac-
MIPEAENSTh AOCTYITHOE BPEMS U TPOITYCKHYIO CIIOCOOHOCTh MEX-
Jly BCEMH y4YacTHMKaMH. JTO OCOOCHHO Ba)KHO, KOTJa B CETH
MIPUCYTCTBYIOT KaK YCTpPOMCTBa C BHICOKUMH TEXHHYECKUMHU Xa-
paKkTepUCTHKAaMH, TaKk M ycTapeBilne, paboraromye Ha Oosee
HU3KUX CKOpOCTSX. be3 MexaHm3ma cIIpaBeUIMBOTO pacrperie-
JICHUSI PECYpPCOB TaKHWE YCTPOHCTBa MOTYT 3aMEINATh pabdoTy
BCEH CUCTEMBI.

OmHUM U3 KITIOUEBBIX aclieKToB mpuMeHeHns RR B ceTeBBIX
CUCTEeMax SIBJISIETCS ONpeAeTICHHE ONTHMAIbHOTO KBaHTA BpeMe-
HU (B HameMm ciydae — pasmep ¢parMeHToB aiinos). Ecim
KBAHT CIUIIKOM MaJj, CHCTeMa OyJeT YacTO MepeKII0uaThCs
MEXJy yCTpOMCTBaMU (B HAILlleM cilydae- Mexy (aiiamu), 4To
IPUBEACT K N30BITOYHBIM HaKJIaJIHBIM pacxoJiaM Ha YIpaBJICHUEC
OTUMHU NEPCKIIOYCHUAMU U, B KOHCYHOM HUTOI'C, MOXKET CHU3UTH
0011yt 3¢(GeKTUBHOCTh Pa0dOThL. EC/IM KBAaHT CIUIIKOM BEJIHK,
ycTpoiicTBa ¢ 0ojiee HU3KMMHU CKOPOCTSIMH MOT'YT 3aHSITh KaHa
Ha JUIUTEIBHOE BPEMs, YTO YXY/IIUT KadeCTBO OOCIY)KMBaHHS
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st ©oJiee  TPOM3BOMUTENIBHBIX YCTPOWCTB. IloaToMy BaykHO
HaiiTh OaylaHCc, KOTOPBIA oOecreuuT 3PPEKTUBHOE pacipeaese-
HHE PECYPCOB M MHHUMAJIbHBIC 3a1EPXKKH.

[TpyuMeHnTENEHO K Y31y CBA3M (MKCHPOBAHHOIO JOCTYyIa
npejsiaraeTcst ucroiib3oBath npuHimin RR B kauectBe addek-
TUBHOTO CpeJACTBa /Ul (parmeHTanuu (ailyioB 10KyMEeHTO00o-
pOTa, 4TO TMO3BOJIUT TPEIOCTABUTH PEUEBOMY TpapHKy pealib-
HBII TpropuTeT. ByIyT HCKIFOYAThCS UTUTENBHBIC TIEPEPBIBBI B
pedeBoil cBs3M, KOTrJa MAET BbAa4a OOBEMHBIX (aiIoB JOKY-
MEHTOO00O0pOTA.

6 Opranmuzauus 00C/Iy;KMBAaHUS PA3HOPOJHOI0 Tpaduka
€ MCMOJIb30BAaHMEM MeT0Ja THOKOI0 pa3jiejeHusl pecypcoB

Hccrnegyemast Moaens TpencTaBisieT coOoi Oomee THOKYIO
cxeMy paszenenus pecypcos nocryna [P-PBX.

Ob6mmit pecype ckopoctu goctyna C sIBHO pa3[eiieH Ha JBE
gactu (C = C1 +C2), HO MeXIy HUMH CYIIECTBYeT B3auMOIeii-
ctBUe (cM. puc.4).

Cnaiic Cl mpenHa3HA4YeH MCKIFOYUTEIBHO JUIsl Tpaduka pe-
QJIBHOTO BPEMEHH, KOTOPBIA 00CIY)KHMBAeTCsl B PEXKUME C IOTe-
psvu. Ecniv B MOMEHT TTOCTYIUIEHHSI pEUEBOM 3asIBKH BCE BUPTY-
JIbHBIC KaHAJbI B 9TOM Cllalice 3aHsTHI, 3asBKa HE MOJy4YaceT He-
MEJUICHHOTO OTKa3a. [IeWCTByeT MEXaHW3M IepeHaIlpaBiICHHS.
BMmecto oTka3za, pedeBasi 3asBKa MEPEHANPABISCTCS Kak HM30bI-
TOYHAsI BO BTOPOH claiic pecypcoB, MpeaHa3HAYeHHBIN 1is (haii-
noBoro Tpaduka. Takum obpa3om, Bropoii ciatic C2 mpenHa3Ha-
4yeH i (aisoBoro tpadruka ¥ W30BITOYHBIX PEUYEBBIX 3aSIBOK,
IIEpEHAIPaBIISIEMBIX U3 NIEPBOro ciaiica. Paisibl MOTyT OKUAATH
B OYepeNd, peueBbie COOOMIECHHS MMEIOT IPHOPHUTET B OOCTYKH-
BaHMs. Pecypcel BTOpOro ciaiica MCHOJB3YOTCSI COBMECTHO
JIBYMSI TUIIaMU TpaduKa, 4TO MOBbIIIAET 001yI0 () (HEKTHBHOCTD
UCIIOJIb30BAHMSI.
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Puc. 4. Vtroctparust riOKOro pacipeseaeHus pecypca CKOpOCTH Ipu
nepeziaue pa3sHOPOJHOTO Tpaduka

JlocTOMHCTBOM mpeuiaraeMoil MOJAEIM OpraHu3alUu COB-
MECTHOU Iepenauu peuu U JaHHbXx B [P-PBX aBnsercs to, uto
HeraTuBHOE BJMsHHE TpaduKa JOKYMEHTOO00OpOTa B BUJIE IIepe-
PBIBOB B CBA3U MOKCT HUCIBITBIBATH TOJLKO YaCTb PEYCBBLIX 3a-
SIBOK, OKa3aBIIMXCsI U30BITOYHBIMHE JiIs ciatica C1. Pacmpenerne-
HHUe pecypca ckopoctu Mexay ciaiicamu Cl u C2 B nenom cra-
THaHO. HOo MOXKeT OBITh M3MEHEHO MPOTPaMMHBIM ITyTEM C yde-
TOM TIpEJIIOJIaraeMoro o0bemMa MoCTyNAOMIEro Tpaduka.

B Tabmune 1 npencraBiieHbl pe3ysibTaThl pacyeTOB IS ABYX
BAapUaAHTOB. B nepBoM BapuaHTe BECh JOCTYIHBIN PECYPC CKOPO-
ctu 10 MOuT/c mpemocTaBieH s 00CTyKUBaHUS Pa3HOPOTHOTO
Tpaduka — TOJIOC U JOKYMEHTOOOOpPOT — COOTBETCTBEHHO yYa-
CTOK JIOCTyTa B MAKETHYIO CETh PAaCCMaTPHUBAETCS KaK CHCTeMa
MaccoBoro oociyxuanus Buga M/G/1. J{is makeToB rojiocoBo-

-




CBA3b

ro Tpaduka U TpaduKa JOKYMEHTOOOOPOTa BBEACH H MCIIONB3Y-
€TCsl OTHOCUTENbHBIN npuopureT. OLEeHKa MpoBe/ieHa Ui YPOB-
Hi ne€pe€aadr IMaKE€TOB W YUYUTBHIBACT HAJIUYUC OTHOCUTEIIBHOI'O
MIPUOPUTETA JUIS TIAKETOB TIepe/ady PEeUH.

Bropoii BapuaHT COOTBETCTBYET MCCIIEIyeMON MaremaTHye-
CKOIl Mojienu, MpeCTaBICHHON Ha puc. 4. A UMEHHO 3asBKU Ha
oOciyxuBaHue (BBI30BBI, (Dailyibl) MOTYT NepeaBaThCsl MPU Tie-
perpyskax Ha 0OCITy>KMBaHHE U3 IIEPBOTO ITOTOKA (TOJIBKO pede-
BbIE BBI30BBI) BO BTOPOH IOTOK (Iepegada pasHOPOIHOTO Tpa-
¢uka ¢ oTHOCUTENBbHBIME NpHOpHTeTamMu). COBOKYITHBIN pecypc
CKOPOCTH BO BTOPOM BapwaHTe Takke paBeH 10 Mowut/c, KoTo-
pBII pacripenierieH B JaHHOM mpumepe kak (5+5) Mowut/c. [pu
MIPOBEICHUH PAcUeTOB OBIIO CACTAHO MPEIONIoKeHHe, 9To 85%
Tpaduka 3ambikaercst BHyTpH JanHoi PBX wiu nHaue — BHYyTpH
KOPIIOPATHBHOM CTPYKTYpPBI, ¥ TOIbKO 15% Tpaduka mocrymnaer
Ha yyacTok PBX- nakerHas cers.

Tabmuua 1

Pe3ysbraThl pacueToB XapakTepUCTHK ()yHKIIMOHUPOBAHHUS
yuyacTKa JI0CTyIa Ipy Iepeaade pasHOpOoaHOTo Tpaduka

0,0] >

I I
0,1 0,2 0,5 1,0 M6aiir

Pasmep ¢pparmenToB daiina qoKyMeHTOOO0pOTa

Puc. 5. 3aBucuMOCTb IPOLOKUTEILHOCTU IEPEPHIBOB B PEUEBOM CBSI3U
npu nepenaye QGainos 10KyMeHTOO00POTA OT pa3Mepa rnepeaBaeMbIX
(hparmeHToB

AHanu3 NOoTyYeHHBIX Pe3yJIbTAaTOB MTOKA3bIBAET, YTO HCIIOJb-
30BaHUC OTHOCUTCIIBHBIX MPUOPUTETOB HE CYHICCTBCHHO BJIUACT
Ha MPOJAODKUTCIBHOCTD OXUAAHUA Hadajla BbIJa4W IMaKECTOB. B
JAHHOM CITy4yae TpH Mepexo/ie KO BTOPOMY BapHUaHTy HECKOJIBKO
YMEHbBIIACTCSl BpeMs Iepefadyd OJHOro Qaiiia, TakKe Kak |
BpeMs O)KMJIaHMs Havana Bbiiaun (aitna. Kak mokaseiBaroT pac-
YeThl, MPOOJIEMHBIMU CTaHOBSTCSI NPEPhIBAHMS TEpeaadn peue-
BBIX ITIAKETOB BO BpeMsl BbIIaud (DailioB JOKyMEHTOOOOpOTA.
Hawnyunryro 3ammry ot 3TOro sSIBICHHS JaeT nepenada Gpaiios B
Buzie (parMeHToB. MUHUMAJIBHBIH pa3Mep TakuX (parMeHTOB
cocramser 0,1 M0aiiT ¢ yuerom toro, uro B PBX moryr uc-
MOJIb30BAThCSl KOJACKH PAa3HOTO THUMA, M YaCTO HCIIOIb3YIOTCS
komeku Bupa G.711. To ecTh NOTMOTHHUTENHHO pPa3dWBATh Ha
(parMeHTHl pedyeBble MakeTsl He OyaeM — pedb MAET TOJIBKO O
¢aiinax noxymenroodopora. Ha puc. 5 mokazaHa 3aBHCUMOCTh
NPOJIOJDKUTENLHOCTH NEPEPhIBOB B pedeBoi cBsizu T¢ mnpu 1me-
penaude (aiyoB JOKyMEHTOOOOpOTa OT pa3Mepa IepeiaBacMbIX
(dbparMeHTOB

B nomonHeHune — pacueTsl it 00CIyKUBaHHS Pa3HOPOJHOTO
TpadyKa C HMCIOJIb30BAaHHEM METOJa TMOKOTO pasjielieHHs pe-
CYPCOB TIOKa3aJIH CIeIyIolIee.

IIpu uyucne nonw3oBateneid n = 500 BepOSATHOCTH MpEpPHIBaA-
HUSA rojocoBbix coequHenuii coctasisier 0,00371. Cnenyer noa-
YEpKHYTh, YTO IIEPEPHIBBI B CBSI3M B JIAHHOM Cllydae 3aTpOHYT
TOJIBKO 43 TOJIOCOBBIX COE€IMHEHNH, TO ecTh MeHee 14% ot 00-
IIETO YHUCIIa TOJIOCOBBIX 3asBOK.

IIpoBeneHHBIE pacyeTsl TOATBEPKIAIOT TEPCHEKTHBHOCTD
paszesieHust pecypca CKopocTu Ha ydactke goctyna PBX k pe-
cypcam cetu Internet miam IP-MPLS Ha 1Ba moToka — TOJNBKO
TOJIOCOBBIE 3asBKM U CMEIIAHHBIH TpaMK U3 YAaCTH I'OJIOCOBBIX
3as1BOK (M30BITOYHBIX JJIsI IEPBOTO MOTOKA) U (ailyIoB TOKyMEH-
TO00OpOTA.

3akiaoueHue

1. TpeboBaHUs K MOJIOCE MPOIYCKAHUS OMPEACISIOT Pecype
CKOpPOCTH, KOTOPBII HEOOXOIUMO apeHI0BaTh y OIepaTopa CeTH
MakeTHOW kKoMMyTaluu. HayanbHblil 3Tan npoeKTUpOBaHUs OCO-
OEHHO BaXKEH, MOCKOJIBbKY MPOCYETHI M OUIMOKH MOTYT B Jajlb-
HEeHIeM MPUBOJUTH K HEOOXOAMMOCTH apeH/bl JIOTOJHUTEIb-
HBIX PECYPCOB CKOPOCTH.

2. Ilpn mpoBeeHUN pacyeToB YHCIIO BUPTYaJIbHBIX KaHAJIOB
V BBOUTH B hopmyiie (2) koahduumeHt 2, KoTopslit 0ToOpaska-
€T He0OXOJMMOCTh peaT3alliy JJBYCTOPOHHEN TOJIOCOBO CBS3N
(aHaMOTMYHO — BHIEO KOH(EPEHIICBS3h). YTIyOIEHHOE HM3ydUe-
HHE MPOOJIEMBI TTOKA3al0 HaJdudhe OOIMIel CHCTEMHOH OITHOKH
MIPU TPOEKTUPOBAHUM TAKETHBIX CETEH, KOrja OCOOCHHOCTH
JBYXCTOPOHHEH CBSI3UM HE y4WThIBatOTCs. HeratmBHoe BimsiHHE
9TOro (hakropa OTHACTH HUBEIHPYETCs, €Cli 00Iias 3arpy3ka
suHuy gocryna mexay [P PBX u nakeTHoil ceTblo He npeBblila-
et 30-40%.

3. Paspaborana mporpamMmMa pacuera xapaktepuctuk CMO
Buga M/G/1, mo3BOISIFOIIAs. OICHUTE CPEIHEE BPEMs OXKHIAHHS
repe/iayy MMakeToB B JIByX IOTOKaX (TOJOCOBOM U JJIOKyMEHTO-
000poTa), C yYeTOM OTHOCHTENILHBIX IPHOPUTETOB, KOTOpHIE
XapakTepu3yloT MOTOKH TpapukoB B IP-ceTsix. AKTyanbHOCTBH
pa3paboTKK MPOrpaMMBbl, YUUTHIBAIOMIEH BIMSHHUE OTHOCHTEIb-
HBIX IPUOPUTETOB Ha ydacTke goctyna IP-PBX B cetu Texnomno-
run [P-MPLS, ompenensercss mepcrieKTUBHOCTBIO BHEAPCHUS
9TOH TEXHOJIOTHH KaK YHHBEPCAIBHOTO TPAHCIIOPTHOTO CPEICTBA
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W TaKOH ee 0COOCHHOCTHIO — MakeTHl B cetn [P-MPLS mepena-
I0TCS B HEM3MEHHOM BHAE (I00ABISIOTCA/U3BIMAIOTCS TOJIBKO
METKH), TO03TOMY peaM3alusi JOCTOMHCTB OTHOCHTEIBHOTO
MPUOPUTETA AJIsl TTAKETOB PEYEBOro TpahuKa akTyalbHa, HO BO3-
MO’KHA TOJBKO Ha HCCIIEAYEMOM y4YacTKe JOCTyIa B MaKETHYIO
CETb.

4.IlpennoxeH moaxoJ K TMOKOMY pasZeieHUI0 pecypca Jo-
cryna IP-PBX st noBeimenust 3(eKTHBHOCTH €ro UCIO0JIb30-
BaHMs. [loBblIeHHMEe KadecTBa IepeJaddl pedeBoro Tpaduka
npejiaraercs oOecreuuBaTh: THOKHMM pasJielieHHeM pecypca
CKOPOCTH MEXIy ClIaiicaMy; MCIIOJIb30BaHWEM npuHIuna Round
Robin ans pparmenTain GaiiinoB 10KyMeHTO000pOTA.
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DEVELOPMENT OF APPROACHES TO THE EFFICIENT USE OF THE BANDWIDTH OF FIXED
ACCESS COMMUNICATION NODES

Sergey N. Stepanov, Moscow Technical University of Communications and Informatics, Moscow, Russia, s.n.stepanov@mtuci.ru

Irina V. Stepanova, Moscow Technical University of Communications and Informatics, Moscow, Russia, w5 I 5iv@mail.ru

Knazh Numa, Moscow Technical University of Communications and Informatics, Moscow, Russia

Abstract

Internet Protocol Private Branch Exchange (IP-PBX) sys-tems significantly reduce telecommunications costs by providing connectivity over existing data net-
works. Beyond simple cost savings, these systems provide the foundation for the development of unified communications (UC). For corporate communi-
cation networks, the combined transmission of voice information and document files is essential. The requirement for a reliable assessment of the required

bandwidth of the access section of the packet network remains significant. Flexible mechanisms for responding to changes in traffic volume and service offer-

ings are essential. Voice transmission remains one of the most in-demand services in modern communication networks. Moreover, the most common phe-
nomenon in packet-switched networks is the combined transmission of voice and data. The authors define the research objective as assessing the impact
of document traffic on the quality of voice traffic transmission in corporate packet-switched networks. Resource leasing in various network sections should
be carried out taking into account the required bandwidth and the characteristics of information transmission. The most popular protocols are Internet
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Protocol Security (IPsec) based on the public Internet and Multi Protocol Label Switching (MPLS). This article presents an approach to estimating delays in
the transmission of different types of packets (voice and data) at a fixed-line communications node, represented by an M/G/| queuing system. The possi-
bilities and prospects for estimating the required data transfer rate using telecom traffic theory methods are discussed, taking into account the relative pri-
orities for different packet types. Recommendations are given for minimizing interruptions in voice traffic transmission by splitting document files into small-
er fragments.

Keywords: Corporate communication networks, Data packets, Rela-tive priorities, Queueing system, Bandwidth, File fragmenta-tion, Internet Protocol,
Multi Protocol Label Switching tech-nology.
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B cratbe paccmaTpuBaeTcs NpPOCTPaHCTBEHHO-BpeMeHHad HEPaBHOMEPHOCTb TPAaHCMOPTHBIX
NOTOKOB Ha YNU4YHO-AOPOXHOM ceTU ropoaa. lMokasaHo HepaBHOMepHOe pacnpepeneHue
MHTEHCUBHOCTU JIBUXXEHUA aBTOMOOMNEl B TeHeHUEe CYTOK KaK B LieIOM MO NepeKpecTKy, Tak U no
OTAEeNbHbLIM HanpaBleHMAM Ha MpUMepe KNIOYeBOro fnepeceyveHus ynuu B ropoge TioMeHb.
MpuBepeHa knacTepusauma MHTEHCMBHOCTU ABUXXEHWUA aBTOMOOMNEl NO HanpaBneHMAM MeToAaMU
MaluMHHOTO 00y4eHua. Pesynbratel nokasanu Hanuuue 4 pasnMu4HbIX KNAaccoB, ANA KOTOPbIX
uenecoobpasHo paspabatbiBaTh OTAENbHbIA CUTHANLHBIA MnNaH pa6otel ceetodopa. Mpu sToM
rpaHULbl KNIACTEPOB MOTYT HE COOTBETCTBOBATbL Ha4any HOBOrO Yaca B CyTKax. [lnA npakruyeckoro
BHefipeHun TpebyeTca HacTpolika LIaGnoHOB 6a3 AaHHbIX CUCTEM MOHUTOPUHIA WHTEHCUBHOCTU
ABMKeHnA aBToMo6unen. KoppekTupoBka MOMEHTOB NMepeksIioYeHUA CUTHANbHBIX MIAHOB C y4ETOM
4acoBOW HEPAaBHOMEPHOCTM MHTEHCMBHOCTU [ABWXXEHMUA MO3BOMNAIOT CHU3UTL BPEMA 3a[€PXKKU
aBToMoOunen po 15% B oTaenbHble BpeMeHHble WHTepBanbl. Pesynbratel uccnepoBaHus
HEepaBHOMEPHOCTU WHTEHCUBHOCTM JABMXXEHMA aBTOMOGMNel MOryT ObITb MCMONbL30BaHbl NpMU
BbIGOpe MeToA0B NoBbileHNA 3¢hheKTUBHOCTU OpraHU3aLMM ABMXKEHUA HA MepeKpecTKax 3a cyeT
KOPPEKTUPOBKMU CUTHAJIbHBIX NNAHOB, O4EPEHOCTN ABUXKEHMA aBTOMOOMNEN MO HanpaBneHNAM U
KonuyectBa a3 ceBetocopHOro perynmpoBaHua. AHanM3 NpPOCTPaHCTBEHHO-BPEMEHHOW
HEepaBHOMEPHOCTM MHTEHCUBHOCTH ABUXKEHNA HEO6XOUM NpPU COBEPLUIEHCTBOBAHNM TPAHCMOPTHOM
MaKpoOMOAEeNu ropoa AfiA pelleHun 3aaY4 TPAHCMOPTHOrO MIAHUPOBaHUsA, pa3sBuUTUA LUUGPOBLIX
ABOMHMKOB ropofa n MHTenneKkTyanbHbIX TPAaHCMOPTHBIX CUCTEM.
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TPAHCIMOPT

BBenenue

IToBbIlIeHNE KaueCTBa )KU3HU U aKTUBHOCTEN KUTEIEH ropo-
JIOB TaKXXe MPUBOAAT K YBEIHUCHUIO TPAHCIIOPTHON MOIABHKHO-
cTH (KOJIMYECTBa MOE3/I0K Ha OJJHOTO JKUTEJIs) U CYTOYHOTO IIPO-
Oera aBtomoOwis. [lpm 3TOoM yBeiIM4MBaeTCs Harpyska Ha
YIUYHO-JIOPOXKHYIO ceTh. [103TOMY Mpo0IiemMbl B yIpaBieHHE TO-
POACKHMM TpauKOM COXPAHSIIOTCS M TpeOyeTcsl MOCTOSHHOE CO-
BEPIICHCTBOBAHUE CXEM OPraHU3allMy JIBH)KECHHS U PEKUMOB pa-
60TbI CBETO(OPOB € yUETOM IIPOCTPAHCTBEHHO-BPEMEHHBIX U3ME-
HEHUH 1 Bo3AelcTBUs BHEIHUX (hakTopoB [1]. B pabore ormeua-
eTcsl, CyTOYHAs! HEPaBHOMEPHOCTh MHTEHCHBHOCTH JIBW)KEHHS aB-
TOMOOMIIEH, chopMHUpOBaHHAS PAOOYNMH M yUEOHBIMH ICTSIMHU
TIepe/IBI)KEHUH BBI3BAHHBIH M HEPABHOMEPHOE MPOCTPAHCTBEH-
HOE pacHpeielieHHe TPAHCIIOPTHOTO CHPOCa CO3Jal0T MTHOBEH-
HBI MeraTpa(uK, KOTOPBIH YCIOXHSET HMPOLECCHl YHPaBICHUS
KPYITHBIM TOPOJIOM.

[IpoOnema TpaHCTIOPTHBIX 3aTOPOB YCHIIMBAETCS MIPU peak-
TUBHOI CTpaTeru pasBUTHUSI TPAHCIOPTHON MH(QPACTPYKTYPBHI,
KOI'/Ia HOBBIC YYaCTKU YJIMUYHO-JOPOKHOM CETU CTPOATCS IO3KE
BBOJZla B OKCIITyaTallUIO XKUJIBIX 06’I)CKTOB. Iloctenennoe u mo-
9TAITHOE pa3BUTHE KPYITHBIX HOBBIX PaifoHOB ropozaa GopMHupyeT
BPEMEHHYIO HEPaBHOMEPHOCTh TPAHCIIOPTHOTO CITPOCa.

Jliist IOBBINIEHUS] yCTOWYNBOW MOOWIIBHOCTH M 3P (PEKTUBHO-
CTH yNpaBJIeHUs TPapUKOM B TOpO/IaX aKTUBHO BHEIPSIOTCS WH-
tesuiekTyanbHble TpancnoptHbie cucteMsl (MTC). UTC npumens-
eTcsl KaK JUIs OIEPaTUBHOTO YIPABICHUS B PEKHUME PEalTbHOTO
BPEMEHHM, TaK M IMEPCIEKTUBHOTO IUIAHMPOBaHMA. Baxuehmm
ynpasinsieMbiM 00bekToM B ITC mpn omnepaTHBHOM yIpaBlIeHUN
SIBIIAIOTCST CBETOGOPHEI [2]. ABTOPHI paboTHI [3] mpeaoKuIn nc-
[IOJIB30BATh IIOKA3aTeNb 3aHATOCTH IOJIOCH! IS OLEHKU d(dek-
TUBHOCTH paboThI CBETO(OPHBIX OOBEKTOB M MOCIEAYIOICH OIl-
TUMH3ALUH.

Taxxe Hei/'lpoceTeBble TEXHOJIOTUN AKTUBHO MCIIOJIb3YCTCA
JUISL OTIPEJICTICHHUS ONITUMAJIBHBIX PEXKUMOB pabOThl CBETO(POPHBIX
00BEKTOB NPH YNPABICHUH JIOPOXKHBIM JIBIKEHHEM [4]. D10 0co-
OEHHO aKTyaJlbHO TIPH IEPEXoJie OT JIOKAJIBHOTO aJaNTHBHOTO
YIpaBJICHNSI HA OJHOM IEPEKPECTKE K CETEeBOMY aJalTHBHOMY
YIPaBICHNIO Ha OOJIBIION TEPPUTOPHN TOPOAA U B Oy LyIIIEM TPH
coznaanu UTC BepxHero ypoBHs. B 3ToM ciydae Kax/Iblii CBETO-
(opHBI 00BEKT HA IEPEKPECTKE SIBIISIETCSI OTIEIIFHBIM areHTOM 1
YIPAaBISIETCS B CHCTEME OTJEIBHO C yIETOM PabOdHX MapaMeTpoB
JPYTHX areHTOB.

OmbIT 00y4YeHUs! M UCIOJIB30BAHUS HCKYCCTBEHHON HEHPOH-
Hoii cetn (ANN) B ynpaBiieHun cBeTo)OpoM Ha MEPEKPECTKe
nipezacTasiieH B pabdore [S]. st pemiennst onTUMHU3aMOHHO# 3a-
nadu o0ydeHHas HeiipoceTeBasi MOJIeNb MPOTHO3UPOBAJIa CpETHEES
BpeMsI 3aJICPXKKH 151 Oosiee yeM 11 Thicsy KoMOMHAIHHA (ha30BBIX
KOX(PUIMEHTOB U AiuTenbHOCTH IuKia (brute force) mpu 3aman-
HOW MHTEHCUBHOCTH JIBU)KEHHSI, [TOCIIC YEro BHIONPAIICS CUTHAIIb-
HBI TUTaH ¢ HANMEHBIINM 3HaYCHUEM BpEMEHH 3a1epKKu. OnTu-
MU3als CUTHAJIBHOTO IIIaHa 3a c4yeT npuMeneHns ANN 1o3Bo-
JWJIO COKPAaTHTh CpEeJHEe BpPEeMs 33AEPKKH TPAHCIIOPTHBIX
CpencTB Ha repekpectke Ha 22,4 % s nepuoxaa ¢ 7:00 go 8:00 u
Ha 20,6 % nns nepuona ¢ 8:00 1o 9:00 u siBIsIeTCS aNbTEPHATUBOMN
TPaJULMOHHOMY aIallTUBHOMY YTIPABJICHUIO C JETEKTOPAMH, pa-
OoTaromuMu Ha pa3pbIB MOToKa. [IpemnokeHHbIi aBTOpaMu [6]
METOJ] aJallTHBHOTO YIPaBJICHUs CBETO(YOpaMH Ha OCHOBE HEYeT-
koi knacrepuzanuu (Fuzzy C-means) CTpyKTypbl TPaHCIIOPTHOTO
MOTOKA JIEMOHCTPUPYET 00JbIYI0 2((PEKTUBHOCT B CPAaBHEHHU

C M3BECTHBIMHM METOZAMH KOJUICKTUBHOTO BO3/IEHCTBUS 1 JIOKAIIb-
HOTO («Ci1ab0alaliTUBHOTO») YIIPABJICHHSI.

CH0XXHOCT, W TPYNOEMKOCTb YIpaBjieHus cBeTtodopamu
onpeneIsaercs NPOCTPAHCTBEHHOW U BPEMEHHOW HEPaBHOMEPHO-
CTBIO TPAHCHOPTHOrO MoToKa. B crathe [7] aBTOpBI OTMEYAIOT,
YTO TPAHCIOPTHBII MOTOK HA aBTOMArkCTPAJIsiX U3MEHSAETCS Kak
BO BPEMEHH, TaK U B MPOCTPAHCTBE, a 3aKOHOMEPHOCTH U3MEHE-
HUSI OIPENENISIOTCS HE TOJBKO BPEMEHHBIMH M ITPOCTPAHCTBEH-
HBIMH ()aKTOpaMH, HO ¥ BHEIIHHMH YCIOBHSMH, TaKUMH Kak
Mpa3/{HUKH, IOTOJHBIE YCIIOBHSI, IJIOTHOCTb PACCENCHHS U TUHA-
MHKa U3MEHEHHS YUCICHHOCTH JKUTEIEH.

CymiecTBeHHOE BIMSHHUE Ha TapaMeTpbl TPAHCIOPTHOTO I10-
TOKa OKa3bIBAIOT JIOJIS1 M KOJHMYECTBO aBTOMOOWJICH, BBHITOIHSIIO-
KX JIEBBIH TOBOPOT, a TAKXKE [UIMHA HAKOITUTEIbHON MOIOCHI IS
JnanHoro MaHeBpa [8]. HepaBHOMEpHOCTh MHTEHCUBHOCTH JIBUYKE-
HUSI 110 OT/EJIbHBIM HalpaBJICHUSM BbI3BIBAET HEOOXOAMMOCTH
muddepeHIpoBaHHOTO yueTa TPAHCIIOPTHOTO IMTOTOKA HE TOJIBKO
IO TTOAX0/1aM K IIEPEKPECTKY U Y311y B IIEJIOM, HO U 110 OTJCJIbHBIM
HarpasJjeHUsIM. Taxoke Bpemst 3aJIep>)KKH TPAHCIIOPTHBIX CPEJICTB
IpU Mpoe3Ae MEPEeKPecTKa 3aBUCUT OT HaJIU4YUsl MOJOCHI JUIs
MapIIPyTHBIX TPAHCIIOPTHBIX CPEACTB U MHTCHCUBHOCTH JBHXKE-
HUSI TTEIIEX0/10B IIPU OTCYTCTBHUH BBIJICICHHON MEIEX0AHON (ha3bl
cBeTO(hOpHOTO perymupoBaHus [9].

B cratpe [10] oTMeuaeTcst 3HaUNTEIbHBIE KONEOAHUSI MHTCH-
CHBHOCTH JIBIJKEHHMSI aBTOMOOwWIell B TeueHne cyTok. Hamnbomb-
M€ TIMKH, a CJIEI0BAaTENIbHO ¥ MaKCHUMalbHasl 3arpy3Ka aBTOMO-
OWITBHBIX TOPOT MPUXOANUTHCS Ha MepHOABI ¢ 7 10 9 ytpa, m ¢ 17
10 19 1 Beuepa. I1pu 3TOM 110 TEpPUTOPHUU FOPOJa MAKCUMATIbHBIE
MUKH MOTYT OTJIMYAThCS U 3aBUCST OT yAaJCHHUS paiioHa ropona
oT 1eHTpa. s ymaJeHHBIX pailOHOB yTpPeHHHE MUKW HauyMHA-
IOTCSI paHblIle, YeM B LIEHTPAJIbHBIX paiioHax. B BeuepHee Bpems
HA000pOT, CHavasa MMKKA (POPMHUPYIOTCSI B LICHTPAJILHOM YacTH —
U Jlajiee CMEIIAIOTCS 0 BpEeMEHH K niepudepruitHbIM paiioHaM.

[TpornosupoBanue SBIAETCS OJHON M3 BAKHEHIINX (YHKIMH
B co3aaBaeMbIx B ropogax PO UTC. [lyns ydyera npocTpaHCTBEH-
HBIX ¥ BPEMEHHBIX MMATTEPHOB B JABM)KEHHH IIPH NTPOTHOZNPOBA-
HUHM TPAHCIIOPTHOTO MOTOKa B padote [11] ncnonp3yrorcs Mat-
PHIIBI CMEKHOCTH M BPEMEHHBIE MaTpuIbl. [Ipu 5TOM MHTEHCHB-
HOCTb JIBMDKCHHUS OINPEAENAIach 3a 15-TH MUHYTHbIE HHTEPBAJIBL,
YTO MO3BOJIMIIO UCCIIEA0BATENIAM 00ECIIEUNTh JOCTATOUHOE KOJIU-
YECTBO JAAHHBIX JUIs 00y4eHHs U TECTUPOBAHUE MOJIEIIN.

[Ipu mporHO3MpPOBaHUM WHTEHCUBHOCTH JIBUKCHUS aBTOMO-
Ousiell BaXXKHO y4YHMTHIBaTh creuuduky ropona. st KypopTHBIX
TOPOJIOB Yachl MUK OTIMYAIOTCS OT OOBIYHBIX TOpooB [12]. B uc-
cnenoBanui [13] ormeuaercs, 4To A KPATKOCPOUHOIO MIPOTHO-
3UPOBaHMSI U3MEHEHUsI B JIOPO)KHOM JIBIDKEHHH HanOoJee ONTH-
MaJIbHBIM sBJIsIeTCs nepuoa B 1 uac. IIpu MeHbIeM nepuoje yBe-
JIMYMBACTCS TIOTPELIHOCTh B PACUETAX, IPH OOJIBIIEM — TPYI0EM-
KOCTh Ha 00pabOTKy AaHHbIX. [lepnos ¢ TaHHBIMH 110 MHTEHCHB-
Hoctr BkeHns TC B 1 yac juis ananm3a oOecrieunBacT HaMITy -
MXH KOMITPOMHCC MEXIy TOYHOCTBIO NMPOTHO3WPOBAHUS U BBI-
YHCIUTENBHOHN 3((HEKTUBHOCTHIO. TakKe B HCCIIEIOBAHUH OTMe-
4aeTcsl 1esIeco00pa3HOCTh y4eTa BPEMEHHBIX U MPOCTPAHCTBEH-
HBIX W3MEHEHMH MapaMeTpoB TPAHCIOPTHOTO TMOTOKA MPH IPO-
THO3UPOBAHUU €T0 COCTOSIHUA. ABTOPHI padot [14, 15] otmMedaroT
CJIO)KHOCTH TIPOTHO3MPOBAHHMS MapaMeTpoB padOTHl TPAHCIIOPT-
HBIX CHCTEM C BBICOKMM YPOBHEM TOUHOCTH U3-3a IUHAMHUYECKOTO
B3aMMOJICHICTBHS M B3aHUMHOTO BJIMSHUS MEXIY MPOCTPAHCTBEH-
HBIMH ¥ BDEMEHHBIMHU XapaKTePUCTHKAMH.

Annponos P.B. otmeuaer [16], 9To crioco® MOIETHPOBAHUS U
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pabdoty cBeTO(OpPHBIX 0OBEKTOB Ha OCHOBE TEOPHH TPAHCIIOPT-
HBIX TIOTOKOB BO3MOJKHO IIPUMEHSATH AJISI N30JMPOBAHHBIX HEpe-
TOHOB, AJISI KOTOPBIX aBTOKOPPEISIKs He 3HaunMa. Hanudue aB-
TOKOPPEJSLUK MOKa3bIBAET CHHXPOHHBIM I'PYNIOBOH XapaxTep
JIBIDKEHUS (B TOM YHCIIE «I1AYKaMi») U MOJCIMPOBAHHE JOJKHO
MIPOM3BOJIUTHCS Pa3ZebHO. B paboTe MHTEHCHBHOCTD JIBH)KSHHUS
M3y4yaeTrcsi ¢ MOCTOSHHBIM IIaroM 5 CeK, TaK KakK 9TO COOTBET-
CTBYET 3HAUCHUIO KPUTEPHS O IIPHHSATHH PEIICHHUS O MEPEKIIoye-
HUSI CUTHAJIa cBeToopa Mpy aJanTHBHOM YIIPABICHHH.

B pabGore [17] nuist kimacTepu3any y4yacTKOB YJINYIHO-TOPOXK-
HOH CeTH KPYITHOTO TOpo/ia 10 YPOBHIO 3arpy3KH B YCIOBHSIX H3-
MEHSIOMIEHCS MHTeHCUBHOCTH JIBIDKEHUSI aBTOMOOWIEH Mprme-
HseTcsl anroput™m Jlelinena. MccnenoBanue nokasaio, 4yTo ¢ po-
ctoM 3arpy3kn YJIC kimactepsl pacmamaroTcs, a y3ibl BONW3N
YYacTKOB C IIEPErpy3Koil 00pa3oBBIBAIOT IPAHUIIBI MEKTY KJIacTe-
pamu. DTO [0Ka3bIBACT HEOOXOIUMOCTh M3YUCHHS y3JIOB B JO-
POXKHON CETH KaK OTACIbHBIX OOBEKTOB. ABTOMATH3AIMs IPO-
1ecca aHajau3a Mo3BOJISET MOBBICHTH d((GEKTHBHOCTH paboT Mo
ONTHMH3AIMY TPAHCIIOPTHBIX CUCTEM.

Llenbto aHHOTO MCCIEJOBAHUS ABIIACTCS pa3padoTKa MeToza
OIpe/IeTICHUs] ONITUMAJIbHOTO BPEMEHU HEPEKIIOUEHHs] CUTHAIb-
HBIX IUIAaHOB CBETO(OpPa C TOMOIIBI0 METOJ0B MAIIMHHOTO 00Y-
YEeHUS! U YCTAHOBJICHHBIX 3aKOHOMEPHOCTEH NPOCTPaHCTBEHHO-
BPEMEHHOW HEPaBHOMEPHOCTH JOPOXKHOTO JBIKEHHUSI Ha Iepe-
KpPECTKE KPYIHOI'0 TOpOJia C YUCIIOM KUTENeH 10 1 MITH. uen.

JlocTrkeHne JaHHOW ILENW TO3BOJIMT CHHU3WUTH BpEMs 3a-
nepxkn apromoOmnei 1 OT mpu IBIKCHHM HA NMEPEeKpecTKax B
TOPOJICKUX YCIIOBHSIX C y4€TOM MPOCTPAHCTBEHHO-BPEMEHHOM He-
PaBHOMEPHOCTH WMHTEHCHBHOCTH JIBIDKCHHS TPAHCIOPTHBIX
CpeAcTB. 3HAUUMOCTh MCCIICIOBAHUS 3aKIIIOYACTCSl B COBEPILICH-
CTBOBaHMH IPOTHO3HOIO METOJa YIpPaBJICHUsI CBETOpopamu 3a
CUCT MOBBIMICHUHN YPOBHA COOTBETCTBHA CUTHAJIBHOT'O IJIaHA (baK-
THUYECKHM YCJIOBHSIM JIBM)KCHHUSI aBTOMOOMIICH.

2 Teoperuueckasi 4HacTh

[Tpn mpoBeneHNN HCCIIeI0BAHUN TPUMEHSIOTCSI METO/IBI: TH-
MOTETUYECKUH METOJIbI, CHCTEMHBIH TOJX0/], HaTypHbIC HAOIIO-
JICHUS, MaTeMaTHYECKOE MOJEIMPOBAHNE, KOPPEISAIMOHHO-pE-
TPECCHOHHBIM aHaNM3, MAIIMHHOE OOydeHWe. YUHUTHIBas, UTO
HanOOIbIIAs 10T B COCTaBE TPAHCIIOPTHOTO ITOTOKA MIPUXOANTCS
Ha JIErKOBbIE aBTOMOOWIIM JKHMTENel ropoja W OOJIBIIUHCTBO
TPaHCIIOPTHBIX 3aTOPOB (POPMHUPYETCS Ha PEryJMpyeMbIX Iepe-
KpecTKax YJMI cO cBeTO)OpaMH B HCCICIOBAHUM H3Y4aeTCs
TPAHCMOPTHBIM MOTOK HAa MEPEKPECTKE.

W3yyeHne HepaBHOMEPHOCTH MapaMeTpOB pabOThl B CUCTEME
YIOPaBJICHUS TOPOKHBIM JABMKEHHEM IPOBOAMUTCS MO MHTEHCHB-
HOCTH JABWXEHHSI aBTOMOOWJIEH C y4eTOM HalpaBJIeHUH JBHIKeE-
HUSL.

3a nepros u3MepeHus BpIOpaH uHTepBa 15 MuH. Bpibop un-
TepBasia 00yCIIOBIICH IByMsl MpUYMHAMHU. Bo-TIepBhIX, B TeUeHHUE
yaca CyIIEeCTBYeT HEpaBHOMEPHOCTH IBUKEHHS, 0COOCHHO B YaChI
nuK. J{i1s ydera 3Toi HepaBHOMEPHOCTH HEOOXOJUMO AEINTh UH-
TepBai B | gac Ha HECKONBKO yacTeil. Bo-BTOpBIX, HEOOX0IUMO
CHU3UTH MOTPEIIHOCTh H3MepeHui. IIpoes3n cnoxHOro mnepe-
KpecTKa ¢ MHOTO()a3HBIM PEXKUMOM YITPABJICHHS B 4aC TTMK MOXKET
3aHATh 2-3 IMKJIa CBETO(QOPHOIO PEryJUpOBaHUS C JAIUTEIHHO-
CTBIO LIUKJA 10 3-4 MuH. V3ydyeHue HepaBHOMEPHOCTHU JIBUKECHUS
B MHTepBanax 10 10-12 MUH MOXET MPUBECTH K MOTPEIIHOCTU HU3-
MEpEeHUH, TaK KaK OJUH U TOT e O0BEKT (aBTOMOOWIIb) MOMKET
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OBITh IOCYNTAH ABA-TPH pa3a. [loaToMy NPHUHATO pelIeHne uccie-
JIOBaTh HEPAaBHOMEPHOCTH JIBIKCHMS B MHTepBasiax 15 MuH. Mo-
HUTOPUHI' MHTEHCHBHOCTH JIBMDKCHUSI aBTOMOOMJIEH B CEUECHHH
CTON-JIMHUM TNEepeKpecTka 3a ojAuH paboTsl cBerodopa (o 2-4
MHH) aKTyaJeH MpH aJIallTHBHOM YIIPABJICHHH C BO3MO>KHOCTBIO
M3MEHEHHS TapaMeTpPOB B KaXK/I0OM IMKJIa paboThl cBeTO(hopa.

WzyueHne HepaBHOMEPHOCTH MapaMETPOB CUCTEMBI yIIpaBiie-
HUSI IOPOXXHBIM JIBIDKCHHEM B TEUCHUE JHS BBI3BAHO HEOOXOH-
MOCTBIO OIIeHKH 3()(HEeKTHBHOCTH pabOTHI CHCTEMBI U OIpeeie-
HUSI YIPABISIOMNX BO3JCHCTBUN ISl yIydIIEHHs KadecTBa pa-
00THI U1 HanOoJiee IPOOIEMHBIX IEPHOJOB BpeMeHH. Takue re-
PHOABI B KPYIHBIX TOPOAAX JOCTATOYHO SBHO MPOSIBISIFOTCS B
yTpPEHHEE U BeuepHee BpeMsi IPU COBEPIICHUH Oe3/10K ¢ pado-
YUMH ¥ yU4eOHBIMH LIEJIIMH YTPOM M 00paTHO B BeYEpHEE BPEMsL.
praBJ’IﬂeMI)IMI/I BO3}1€ﬁCTBI/IﬂMI/I Ha Ka4yeCTBO paGOTLI CHCTEMBI
SIBJISIETCSI ONITHMU3AIINS TPOTHO3HOTO peXuMa padboThl cBeTodop-
HOTO 00BEKTa B 3aJJaHHOE BpeMsl. DTO, KaK MPaBUIIO, HAYaJIo0 oue-
penHOTrO Yaca cyTok (Hampumep, 7:00). Pexe BcTpeuaeTes BKITIO-
YEeHHE HOBOTO pPeXXnMa B TedeHue Jaca (Hampumep, 7:30).

B nccnenoBanny mpoBoAMIaCh OIIEHKH HEPABHOMEPHOCTH WH-
TEHCHBHOCTH JIBIDKCHHUSI TPAHCHOPTHBIX CPEJICTB B TEUCHHE Cy-
ToK. [IpoBommmace KiacTepu3amus aBTOMOOMIBHOTO Tpaduka
(MHTEHCUBHOCTD IBIKECHUS) U OIICHKA COOTBETCTBUS C(HOPMHUPO-
BaHHBIX KJIACCOB U PEKUMOB PabOTHI CBETOPOPHOTO 0OBEKTa Ha
[IpUMEPE NIEPECEUEHUS YL B LICHTPAIILHON YaCcTU KPYIIHOTO Io-
pona.

B pamkax Habopa naHHbIX 10 TpadduKy Ha mepeKpecTke B
LEHTPaJIbHON YaCTH TOPOa OIPEAeIeHbl 3HAUCHUSI HHTCHCUBHO-
CTH JIBIKCHHS aBTOMOOWJICH (3aBUCUMasl IepeMeHHast) 3a 16 1 B
yTpeHHee, JTHEeBHOE M BeuepHee BpeMs ¢ ImaroM 15 mMuH mo 12
HalpaBJICHUSM JBIDKCHHUS (HE3aBHCHMAsl NIepeMEHHas) Ha pery-
mpyemMoM X-00pazHOM TepekpecTke B Oyanuil nenb. OOmmit
00BEM JAaHHBIX B 3TOM CITydae COCTaBWI 768 3HaYCHUI.

Jnst oneHkH 3G GEKTUBHOCTH OpraHU3aluU JOPOXKHOTO JIBH-
KEHUSI ¥ YPOBHS OOCITy)KMBaHHs B YKa3aHHbIE MHTEPBAIbl Bpe-
MEHH HCTIOJIb30BATIOCh NMHUTAIIMOHHOE MOJICIMPOBAaHNE Ha CIIe-
LUATM3UPOBAHHOM TIPOTPAMMHOM OOECHEUCHNUH Ul OTpejierne-
HUSI TapaMeTPOB TPAHCIIOPTHOTO MOTOKA. MIMUTAIIMOHHOE MO/Ie-
JIMPOBaHKE TIO3BOJIMIIO CYIIECTBEHHO YBEJIUYUTH NEPEUeHb pac-
YCTHBIX MapaMETPOB JJId aHaIM3a IO CPaBHCHUIO C HATYPHBIMU
Ha6J'IIOI[eHI/IHMI/I 1 UCTIOJIb30BAHUEM TOJILKO U3MEPACMBIX IMOKa3a-
Tesen.

Knacrepusanusi ”HTEHCUBHOCTH JBHKEHHsI aBTOMOOMIIEH 110
ABTOMOOWJILHOW JIOpPOTre MPOM3BOIWIACH METOJIOM K-CpemHux
(kMeans) ¢ ucronp3oBanneM (peliMBopka sklearn si3pika mpo-
rpammupoBanust Python.

Bce nampasnenust ABMKEHUsI aBTOMOOMIICH Ha MEpEeKpecTKe
OBLTH pa3/ieNieHbl Ha 2 4acTH: B LIEHTP, Ky/1a BXOSIT BOCEMb U U3
LIEHTPA, KyJla BXOAAT 5 MOJI0C IBYKEHMS 1o 3 HampasneHusm. Va-
TEHCHBHOCTD JBIDKCHUSI aBTOMOOWIIEH 1O Ka)kKAoil 1mosioce BbIpa-
)KAeTCs KOJIMYECTBOM IPOIIEIIINX 10 Hell aBTOMOOMIIEH ¢ HHTep-
BaJIOM B |5 MUHYT 3a BpeMeHHO! mpoMexyTok ¢ 6.00 no 22.00. B
XO0JI€ MCCIIeI0BaHMIA TIPOU3BOIMIIACE KIIACTEPU3AIINs ISl HAallpaB-
JICHUS «B LICHTP», KU3 HEHTPa» U IJId O6Hleﬁ HMHTCHCUBHOCTH [ABU-
JKCHUS 110 BCCM HAIIpaBJICHUSAM.

Hab6:ronaemas iMHaMuKa MHHTEHCHBHOCTH JABHKECHUS aBTOMO-
Owiell Ha MEepeKpecTKe JBYM MarucTpajbHBIX YIIHI[ TOpoJa Xa-
paKTepHU3yeTCsl BHIPRKEHHOW MPOCTPAHCTBEHHO-BPEMEHHOHN He-
OJTHOPOJTHOCTBIO.




TPAHCIMOPT

IIycte R={ry, 12, ..., In} — MHOKECTBO HAIIpaBICHUN TBIKE-
HUS aBTOMOOWIIeH Ha mepekpectke, T={ti, t2, ..., tn} — BpeMeH-
HOW MHTepBaJI aHau3a (B 15-TH MUHYTHBIX HHTEPBAIaXx),

Ni(t) — ”HTEHCUBHOCTH JIBYDKEHUST aBTOMOOMIIEH (KOJIMYECTBO
MIPOE3’KAIOIINX TPAHCIOPTHBIX CPECTB B CEUSHHUH JOPOTH 32 Bpe-
MEHHOW HWHTEepBaX) IO HAMpaBICHUSIM rER B MOMEHT BpeMeHH
teT.

JmiTenbHOCTh BpEMEHHOTO MHTEpBaa aHaln3a MOXKET Baph-
MpOBAThCS OT |5 MUHYT /10 CYTOK, YTO COOTBETCTBYET CIEAYIO-
UM 3HAYEHUAM K:

* k=96 mpu unTepBane 15 mMuH,

* k=24 npu unrepsane 1 u,

* k=1 mpu CyTOYHOM arperupoBaHuM.

Jis tunmasoro X 0O6pa3HOTro MepeKpECTKa ¢ YeTHIPbMS IO/~
XO0aaMH U YCThIPpbM HAIIPABJICHUAMU ABUKCHHUA HAa KAXKJIOM IO~
X0Jie MaKCUMaJIbHOE YHCIIO HalpaBlIeHHH cocTaBiseT m=16 (mo
4 HallpaBJICHU Ha IMMOAXO/: ABa IPSAMBIX, OJTUH JIEBBIN U OIVH Mpa-
BBIH TIOBOPOT, IJI€ IOIYCTUMBI).

MHTEHCHBHOCTD IBU)KEHHSI aBTOMOOMJIEH Ha IIEPEKPECTKE MO-
JKeT OBITh MpeJICTaBIICHA CIICTYIONIMM 00pa3oM:

* 10 omgHOMY HampaieHHIO 3a Bech nepuon Nr(T)=(Nr(t)),
Nr(t2),..., Nr(ty));

* TI0 BCEM HAIpaBICHUAIM B OJUH MOMEHT BpPEMEHHU
Nr(t))=(Nr1(t), Nr2(t),...,Nrm(ti));

* o BceM HampasieHusM 3a Bech nepuox Nr(T)={Nr(t) |
I‘jER,tiET}.

CyMMapHasi HMHTEHCHBHOCTb JBW)KEHUSI TPaHCIOPTHBIX
Cpe/CTB (TPaHCIIOPTHBIN MOTOK) Ha MEPEKPECTKE 3a CYTKH OIpe-
Jensiercs 1mo popmyie:

Ni(T)= ¥ ¥Nri(t). (1)

B o0mem Buzme CyTodHas MHTCHCUBHOCTBH JABHMKEHUS TPAHC-
MOPTHBIX CPEJCTB HAa MEPEKPECTKE MOXKHO OIMCATh YCIOBUEM
Nr(t) = {Nri(t), Nra(t), .., Nr(t)}.

OTO CBUETENBCTBYET O 3HAYUTEIBHOW IIPOCTPAHCTBEHHO-
BPEMEHHOW HEPaBHOMEPHOCTH IPH JBM)KEHUH TPAHCIOPTHBIX
MIOTOKOB.

B otnuune ot mapmpytHoit cetu u cucrems! I'TIOT, rae Bos-
MOJKHO TOJIBKO IUIAHMPOBAHHE OT HECKOJBKHX MecsleB 10 3-5
JIeT, YIPaBJICHHE JIOPOXKHBIM JIBHKEHHEM Ha TOPOJICKOH YJINYHO-
JIOPO’KHOM CETH JIOIyCKaeT OIepaTHBHOE PETYJIMPOBAHUE TPAHC-
TTOPTHBIMHU TOTOKAMH KaK BO BPEMEHH (Uepe3 N3MEHEHHE PEeKH-
MOB CBETO(OPHOTO PETYINPOBAHUS), TAK U B IPOCTPAHCTBE (C I10-
MOIIBI0 BPEMEHHBIX OIPaHUYEHHUN JIBV)KCHHMS 110 HANPABICHUSIM
1 TUHAMHYECKHX CXEM OPTaHWM3alMM ABMKEHUS (PEBEPCHBHBIX
I0JI0C, 3HAKOB TIepeMeHHOM HH(popMarun)). OgHaKo B OOIBIIINH-
CTBE TOPOJIOB CXEMbI OPTaHM3ALMH JBMKECHHUS HA MEPEeKpECTKAX
oCTaloTCsl (PUKCUPOBAHHBIMH BO BPEMEHHU M3-32 HEAOCTATOYHOI'O
BHEJ[PEHHsI 3HAKOB nepeMeHHoN uHpopmanuu. CienoBaTenbHo,
MIPOCTPAHCTBEHHBIE YIIPABIISIOINE BO3/ICHCTBUS (PaKTHUECKH OT-
CYTCTBYIOT:

Am=0, An,=0, AL,=0, )

re:
Am; — I3MEHEHHUE YHCcTa JOIMyCTUMBIX HaIpaBICHUI TBIKE-
HUS (HampuMep, 3apeT OT/ICIbHBIX IIOBOPOTOB € MCIIOJIE30BAHHE
JMHAMHYECKUX 3HAKOB MIEPEMEHHON HH(pOPMAIHN),
An; — U3MEHEeHHE YK CIIa TI0JI0C MO0 HAMPABJICHHUIO T (PEBEPCHUB-
HOE JIBI)KEHUE),

AL, — W3MEHEHHUE [UIMHBI MapIIpyTa MPH MTOBOPOTE BCIEH-
CTBHE€ BPEMEHHOTO OTpaHUYeHUs (OTHECEHHBIN MTOBOPOT).

B 3THX yCIOBHSAX MHOXECTBO PEaibHO JOCTYIHBIX YIPaBIIA-
FOIIMX BO3JCHCTBUI CBOAUTCS K IapameTpaM CBETO(GOPHOIO pe-
T'yJTUPOBAHHMS:

Ur { A(P(t), ATH(t)o ATS(t) }s (3)

re:

Ur — MHOXECTBO JIOITYCTHMBIX YIIPABJISIONINX BO3/ICHCTBUM,

Ap(t) — u3MeHeHne KonndecTsa (a3 B IUKIIE,

Aty(t) — I3MEHEeHHE JUTUTEIBHOCTD ITUKJIA,

At,(t) — I3MEHEHHE BPEMEHH Pa3peIaromiero (3eJICHOT0) CUT-
Hasia cBeTodopa 1o KakJoMy HanpaBJIeHHIO (T.e. (pa3oBbIX KOI)-
(DUITUCHTOB).

V3MeHeHne MuKia T, BIUAET Ha KOJMYECTBO BOZMOKHBIX CHUT-
HaJIbHBIX TIAHOB B TEUEHHE CYTOK, a TAKKE Ha YaCTOTy HX Iiepe-
kiroueHnst. ONTUMHU3aLUsS @ U T; IPU (PUKCUPOBAHHOM Ty MPE-
cTaBisieT cOOOM KIIACCHYECKYI0 MHXCHEPHYIO 3a/ady CHHTe3a
cBeToopHBIX pexnMoB. Ha npakTuke Hanboee pacrpocTpaHéH
TIOJIXOJ], IPY KOTOPOM OIITHMAIIbHBIE PEKHMBI Pa3padaThIBalOTCS
Ha OCHOBE Cpe/IHeH MHTCHCHUBHOCTH JABHKEHUsI aBTOMOOMIIEH 3a |
yac. JlanpHeliee pa3BUTUE METOJIOB YIIPABIEHUS CBSI3aHO C Iie-
pexonoMm k 15 munryTHOH M PepeHmany HHTCHCUBHOCTH JIBU-
JKESHHSI TPAHCIIOPTHBIX CPEACTB U YUETOM BHYTPHUIACOBOH HEpaB-
HOMEPHOCTH.

[ebr0 HACTOAIIETO MCCIIEOBAHUS SBISIETCS Pa3BUTHE adarl-
TUBHOTO ACTIEKTa MPOTHO3HOTO YIPABJICHUS CBETO(POPHBIM 00B-
€KTOM ITOCPEICTBOM:

* YTOUHEHUS BPEMEHHOM I'PaHyJIIPHOCTY aHAJIU3a TPAHCIIOPT-
HBIX TIOTOKOB,

* UAEHTH(UKAINU ONTHMAIBHBIX MOMEHTOB IE€PEKIIOUCHUS
CUTHAJIbHBIX ILJIaHOB.

OnTuManbHBIH MOMEHT TIEPEKIIIOUCHHSI OINpPEeNsieTCsl 0
KPUTEPUIO MUHUMH3ALUK CPEJIHETO BPEMEHHU 33JCP)KKU TPaHC-
MIOPTHBIX CPE/ICTB IIPHU MpOoe3/ie MepekpécTKa d—min.

Takum 00pa3om, MHOKECTBO PEabHO Peai3yeMbIX BO3ZICH-
CTBUI OTPaHMYCHO BO3MOXXHOCTSMH W3MEHCHHS CHUTHAJIBHBIX
TUTaHOB!

Ureal: {UEUr | tZtO,TminSAtSTmax} 5 (4)

rae:

Uteal — TOIMHOKECTBO JOMYCTHMBIX H PEATN3YEMBIX YIIPaBIIs-
FOIIMX BO3JICUCTBUH,

to — MOMEHT Hayalla aJallTUBHOTO PETyJINPOBAHUS B TCUCHUE
CYTOK,

Timin — MUHUMAJIBHO JOIyCTUMAs UIUTEIFHOCTH OJHOTO CHUT-
HAJIBHOTO TUIaHa,

Tmax — MakCUMaJIbHO JOIYCTUMBIM MHTEpBal MEXIy Iepe-
KITIOYEHUSMH.

JIroboe Bo3zmeiicTBue UEU; MOUICKUT TPOLEITYpPE TPHHATHS
petreHus, HopMaTu3yeMOi yCIOBHEM:

u€Urex<=d(u, r, Rconn)>0O, (5)

rae:

®(-) — pyHKUMS 00OCHOBAHMSI, arperupyrolas OlEHKY CHH-
KEHHUS 3a7CP)KeK TPAHCTIOPTHBIX CPEJICTB, COIMAIBHO-IKOHOMH-
yeckue d3PPEKThl U JPyrue KpUTepHH,

RconncR — moiMHOKECTBO HAaNPaBJICHHH, CBSI3aHHBIX C JaHHBIM
BO3JICUCTBUEM (HAITPUMED, 0C30MACHOCTb JBHKCHHS 1 aBAPHIHOCTb,
JIBIDKCHHE OOIICCTBCHHOTO TPAHCIIOPTA U TEIIEXO/I0B, U T.1.),
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® — mopor JOMyCTHMMOCTH, YCTaHABJIMBACMbId PEryJUpyO-
LIMM OPraHOM (MYHHUIIUIIATUTETOM).

Jis MUHMMU3alIMU BIMSHUS KPaTKOCPOYHBIX AHOMAJIMH H
o0ecrieueH sl CTaTUCTUUECKON YCTOHYMBOCTH B HACTOSIIEM HC-
CJIC/IOBAHUM UCTIONB3yeTcs 16 yacoBOl MHTEpBasl HAOIIOACHHN C
BPEMEHHBIM I1aroM At=15 MuUHYT.

HecmoTpst Ha BBICOKYIO HPOCTPAaHCTBEHHO-BPEMEHHYIO H3-
MEHYHMBOCTh MHTEHCUBHOCTH IBIDKeHUS {Nr(t)}, cuctema ympas-
JIeHNs! JIBIDKEHHEM Ha TIEpEeKpecTKe o0nagaeT 3HAYMTENBHOMN
WHEPIMOHHOCTBIO M OTPAaHNYEHHOM CTENEHBIO CBOOOABI B IPO-
CTpaHCTBe yrpasistomux Bozzaeiicteuii U, D10 00ycioBiuBaer
HEOOXOMMOCTb CIIEAYIOIMX MEPOIIPHSTHIHA:

* BHEJIDEHUE TEXHMYECKUX CPEJICTB CUCTEMbI MOHHUTOPHHIA
(pu ee OTCYTCTBUM);

* pa3paboTKa aaroOpuTMOB TPOAKTHBHOTO aJAlTHBHOTO
yIIpaBJIeHUS CBETO(HOpaMH;

* YCTaHOBJICHUE YAaCOBBIX U CYTOYHBIX M3MEHEHHUH 1 HEPaBHO-
MEpPHOCTH MHTEHCHBHOCTHU JIBM)KEHHS aBTOMOOWIJIEH IO Halpas-
JICHNSIM BO BPEMEHHM M IPOCTPAHCTBE;

* CO3/1aHME MEXAaHU3MOB TMOKOT0 ONEpaTHBHOI'O pearupoBa-
HUSI B PaMKax JIOITyCTUMOTO TOAMHOXKECTBA Ureal;

* MHTErpanus MPOrHO3HBIX MOJIeNiel B Tpolecchl cBeTodop-
HOT'O pEeryJIMpOBaHuUSI.

AHanu3 TPOBOAWTCA HAa arperHpoBaHHON 15-TH MUHYTHOI
ceTke 3a 16 4yacoB, 4To o0ecrieunBaeT CTaTHCTHYECKYIO HA/ICK-
HOCTb BBIBOJIOB U MO3BOJISICT (DOPMAIM30BATh OIPAHUUCHHUS TIPH
CHHTE3€ YIPaBISIIONINX PEIICHUH B YCIOBUSIX JKECTKOM MHCTHUTY-
LUOHAIBHOU Cpefbl.

B crporoii mocranoBke rumore3a (Gpopmynmpyercst ciemayo-
muM 00pa3oM: JABW)KEHHE TPAHCIIOPTHBIX IOTOKOB Ha Iepe-
KpECTKE MarucTpalbHBIX YJIHI] XapaKTepusyercst BpeMeHHon X(t)
1 TpoCTpaHCTBeHHON X(I) HEpaBHOMEPHOCTBIO ITapaMETPOB CO-
crostHus. IlpuMmeHeHne amganTHBHOW CTpaTerMy yIpaBICHUS
Uad(t,r), muddepeHIMpoBaHHONW MO0 MPOCTPAHCTBEHHO-BPEMEH-
HBIM CErMeHTaM, 00eCIIeYMBaET CYIIECTBEHHOE CHIKEHUE 3HAUE-
nue Qyskumonana s¢dextuBHocTH J (Harmpumep, cpeaHel 3a-
JepKKU 0) Mo cpaBHeHMIo co crarmueckoit (Ust(t,r)=const mim
yangunupoBanHoi (Uun(t,r)=f(t)) crparerusimu, He y4YHTHIBaIO-
IIMMH JIOKAJIbHBIE OCOOCHHOCTH TPAHCIIOPTHBIX IIOTOKOB 11O
HaIpaBJICHUSIM U BPEMEHHBIM HHTEPBAJIaM.

B cratbe paccMaTpuBaeTCs THUIOTE3a O NMPOCTPAHCTBEHHO-
BPEMEHHOW HEPaBHOMEPHOCTH HHTEHCUBHOCTH JIBH)KEHHS TPAHC-
MIOPTHBIX CPEJCTB Ha MEPEKPECTKAX M BO3MOXKHOCTH CHIKCHHS
BPEMEHH 3a/ICPKKHU 3a CUET aJalTHBHOTO YIPABICHUS PEKIMAMHU
paboTel cBeTOGOpPOB ¥ MOGA3HBIMH CXEMaMH JBHXKCHHUS I10
HaIpaBIICHUSM.

B o0miem Bue BpeMeHHBIE PSAbI 111 HHTEHCUBHOCTH JIBIIKE-
HUSI TPAHCIIOPTHBIX CPEJCTB Ha IEPEKPECTKEe MarrucTpalbHbIX
YJIUIL OITUCHIBAIOTCSI ypAaBHEHHEM:

Yi=Yo+ Z AYk~sin(m-(k-Ti — T()k), (6)

I'ne Yo — cpennee 3nauenue Y 3a UK,

k — HOMEp TapMOHHKH;

€ — KOJIMYECTBO TAPMOHUK;

Ay — momyamImuTyaa Konebanus k-toif rapMOHUKY;

m — unTepBan mexay Ti u Tii B rpagycax;

Tox — HauanbHas (asza koysiebaHus B Tpagycax.

21)'[5{ IMMPOBEPKU THUIMOTE3BI WU MOATBEPKIACHUA AACKBATHOCTH
MIPEAJIOKEHHON TapMOHUYECKOH MOJICNIM MPOBEJCHBI 3KCIIEPH-
MEHTaJIbHBIE NCCIIEIOBAHMSI.

TPAHCIOPT

3 Pe3yabTaThl

Bpemennas (cyTodHas)) HEPaBHOMEPHOCTh HWHTCHCHBHOCTH
nmekenns TC Ha yuactke Y JIC onleHMBaach B Ba dTara: OI[CHKA
CTAallMOHAPHOCTH, CYTOYHOM HEPAaBHOMEPHOCTU. AHAJIU3 WHTEH-
CHUBHOCTH JBI)KCHHS Ha TIEpeKpecTke B TeueHue mHS (puc. 1)
MoKasaJl, YT0 JaHHBIN MapaMeTp H3MEHIETCs KaKk BO BpEMEHH, TaK

U B IPOCTPAHCTBE.
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Puc. 1. UarerncuBHoCcTh ABmkeHus TC 10 HanmpaBIeHUSIM
Ha TIePEKPECTKe

B yTpennne dwacel HamboibInee KOJMYECTBO aBTOMOOWMIICH
JIBIDKETCS B LICHTP TOPO/Ia 10 HATIPaBJICHUIO «CEBEP-10T». Y TPEH-
HEC BpEMA HauOO0JIbIIasg HHTEHCUBHOCTD JBHXXCHHA OTMEYACTCA B
nepuon ¢ 08:00 mo 09:00 wacoB. IHTEHCUBHOCTH JBM)KCHUS B
9TOT nepuoA Ha 27% Bbiine, yeM B epuost ¢ 07:00 go 08:00 u ¢
09:00 o 10:00 4.

B BeuepHee Bpems IMK MHTEHCUBHOCTH JIBMDKSHUS JUTUTCS 3
yaca ¢ 16 1o 19 4, ¢ MakcMManbHOM UHTEHCUBHOCTBIO B MOCIHEI-
Hue /1Ba yaca. IHTEHCUBHOCTD ABMXKEHUS B ATOT nepuo Ha 34 %
BBIIIIE, YeM B JHEBHOE BpeMs. [Ipum 3TOM OCHOBHas 3arpyska
YIIUYHO-IOPOKHON ceTH (OPMHUPYETCS 110 HANPABICHUIO «IOT-Ce-
Bep». Paznmuume Mexny 3HaYCHHUSIMM MHUHHMAJIBHOH W MaKCH-
MaJIbHOM MHTEHCUBHOCTH IBMKCHUS 10 KaXJIOMY HAIPABJICHHUIO
nocturaror 10 400%.

MeTomom KyOmuecKoi HHTEPIIONALNN MAaCIITAONPOBAIH Bpe-
MeHHOH psan u3 16 BpemenHsIx mHTEpBanoB (¢ 06:00 mo 22:00)
MIPOJIOIKUTENHLHOCTBIO B 1 yac 10 12 HHTEpBaIOB B TOM K€ JTHa-
IMMa30HE BPEMCHHU, HO YBCJIMYCHHBIX IO MPOJOJIKUTEIIBHOCTH. 3a-
TeM 00paboTanyu BPEMEHHOW Psiji C TIOMOIIBI0 TAPMOHUYECKOTO
aHaJIM3a JUIsl BBISIBJICHHSI YaCOBBIX KoJieOaHUI B TEUEHHUE CYTOK (B
npezenax u3MepsieMoro jauarasona Bpemenu ¢ 06:00 mo 22:00)
METOJIOM JIMHEeapu3aunuu rapMoHuk. OmpeneneHne 4acoBoi co-
CTaBIISIOLIEH BPEMEHHOTO psijia Ul HHTEHCUBHOCTH JIBU)KEHHS B
y37I€ MPOU3BOAMIOCH METOIOM JIMHEAPHU3aINU TAPMOHUK (pHC. 2).
Howmep craTtuctuuecku 3Ha4uuMO TapMOHUKH COOTBETCTBYET IIE-
puony kosiebaHuii BpeMeHHOro psjia. OleHKa CTaTHCTHYECKOM
3HaYUMOCTH JIMHEAPU30BAaHHBIX TApMOHHUK IPOU3BOJMIACH IO
kputepHio CTbIOJICHTA.

[Tocne 0O6pabOTKK pe3yIbTaTOB BpEMEHHOM psint (6) M3MEHe-
HUSI MHTEHCUBHOCTH JBHKEHUSI TPAHCIIOPTHBIX CPEJCTB Ha Mepe-
KPECTKE OIHUCHIBAeTCs ypaBHeHHEM (6) ripu Y ¢=3267.

Yi= Yo+ 1020,6:cos(30-(Ti — 6,64)+ 967,4-cos(30-(2-Ti — 6,26))

—
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Puc. 2. l'apmonndeckuiit psii cyMMapHON HHTEHCUBHOCTH ABMOKeHNST TC
HAa [IEPEKPECTKE

Y4uThIBass HEPAaBHOMEPHOCTh MHTCHCUBHOCTH JBIKeHHS TC

BO BpPEMCHH OBLT BBITIOJTHEH PAacyeT ONTUMAIBHON JITUTEITbHOCTH

IUKJIa CBETO(QOPHOTO PETYIUPOBAHUS U MTAPAMETPOB TOPOKHOTO

JIBIOKCHUS TI0 CPeJHEH MHTCHCHBHOCTH JBIDKCHUS B 4ac B IPO-
rpamme Lisa+ (tabm. 1).

Tabnuma 1

[TapaMeTpsr TOPOKHOTO ABMKEHUS U JITUTEIHLHOCTH UK
CBETO(OPHOTO PETyTUPOBAHMS B TEUCHHE JTHS

Cpennee |OntumanbHasi| YpOBEHb 3a-
VIHTeHCUBHOCTD | BpeMs 3a- |IIUTEIBHOCTS| TPY3KH B y3ie/
Bpewms cyrok
nekenust, TC/4|nepxku TC, MKIiIa, 9 OT/EIBbHOMY
c HaIpaBJIeHUIO
7:00 - 8:00 3565 46,0 128 0,56/0,76
8:00 - 9:00 4489 62,6 186 0,67/0,86
9:00 - 10:00 3630 51,1 138 0,66/0,81
10:00 - 11:00 3410 44,9 122 0,61/0,79
11:00 - 12:00 3577 47,7 133 0,63/0,79
12:00 - 13:00 3555 47,7 136 0,61/0,81
13:00 - 14:00 3948 52,5 139 0,67/0,81
14:00 - 15:00 3551 46,7 125 0,63/0,79
15:00 - 16:00 3735 48,3 128 0,64/0,81
16:00 - 17:00 4115 50,0 136 0,66/0,82
17:00 - 18:00 4706 80,9 191 0,72/0,95
18:00 - 19:00 4623 81,4 195 0,71/0,95

VYuuTbiBast ycinoBusi (POPMHUPOBAHKS TPAHCIIOPTHOTO 3aTOPa
pu ypoBHE 3arpy3ku 6omree 0,85 MOKHO clienaTts BEIBOJ O (op-
MHUPOBaHHH TPAHCIIOPTHBIX 3aTOPOB HA OT/ENBHBIX HaIpaBiie-
HusAX nepekpectka B yrpernee (8:00 — 9:00) u ocoGeHHO B Beuep-
Hee Bpemst (17:00 — 19:00). [Ipu pacueTe onTUMaIBHON JAJTUTEIb-
HOCTH IMKJIa paboThl cBeTO(hOpa JIJIsl IEpHOia BPEMEHH C MaKCH-
MaJIbHOIl MHTEHCHBHOCTBIO JIBW)KEHHs B rporpamme Lisat BBe-
JIEHO OrpaHHYeHHe o MakcumanbHoMy 3HadeHuto B 200 c. C yBe-
JIMYCHNEM UHTCHCUBHOCTH JIBV)KCHHS YBEITMUUBACTCS ONITHMAIIb-
HAasl pacueTHas JIIUTSIBLHOCTh NUKIa (puc. 3).

AnuTensHOCTb LMKAa, ©
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Puc. 3. BiusiHue cyMMapHO HHTEHCUBHOCTH JBIKCHUS
Ha MEPeKPECTKEe Ha ONTHMAJIbHYIO JUIUTEILHOCTD LUK

HecmoTps Ha onTUMU3AIMIO JUIMTEIBHOCTH IIUKIA C POCTOM
WHTEHCUBHOCTU [JBH)KEHUS YBEIUUMBAETCA CpPEIHEE BpeMs 3a-
nepxku TC (puc. 4) mpu nmpoesie mepeKpecTKa ¢ y9eToM IeHCTRY-
FOIUX CUTHAIBHBIX IDIAHOB.

JIns OLleHKH HEpaBHOMEPHOCTH TPAHCIIOPTHOTO ITTOTOKA BO
BPEMEHH U TI0 HAINpaBIICHHUSIM (B TIPOCTPAHCTBE) IMPOBEACHA Kila-
CTepU3AIHs HHTCHCUBHOCTH JABIDKCHHS TI0 IBYM HATIPABICHUS «B
LIEHTP» U «U3 IEHTPa» TOpo/a.

CpepgHee Bpema 3agepkn TC, 4
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Puc. 4. BausiHue cyMMapHOH MHTEHCUBHOCTH JIBUKEHUS
Ha NEPEeKPECTKE Ha CPeTHEE BPeMsl 3a/ICPIKKHI

V3MeHeHne onTUMAaIbHOMN JUIMTENHOCTH IIMKJIAa U YPOBHS 3a-
Ipy3Kd B TEUEHHE AHA MOKa3aHO Ha puc. 5 U 6. MakcumasbHas
Harpy3ka Ha Y /IC npuxoAnuThCs Ha YTPEHHEE U BEUEPHEE BpeMsl.

ONTMManbHaa ANUTENbHOCTE LMKNa cBeTodopa, ©
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Puc. 5. Vi3meHeHe ONTHMAaTbHON IITUTEILHOCTH IIUKIIA CBETO(HOPHOTO
peryiMpoBaHusi B TEUCHHUE JHS

CornacHo rpaduky KaMEHHCTOW OCBHINH (MHEPIHH) BCE JaHHBIC
[0 WHTCHCUBHOCTH JIBIDKCHHS Ha TEPEKPECTKE B TCUCHUS IHS
MOJKHO pa3JIenuTh Ha 2 b0 Ha 4 kiactepa (puc. 7).

YPOBeHb 3arpysku ysna
0,8

0,
0,
0,
0,
0,2
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8:00 900 10:00 11:00 12:00 13:00 14:00 1500 16:00 17:00 18:00 19:00
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Puc. 6. VI3mMeHeHne ypoBHs 3arpy3KH y3/1a B TeUCHHE JHS
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Pa3nenenue Ha JBa Ki1acTepa CyIIECTBEHHO YIIPOLIAeT (paKTu-
YECKyI0 BapHalWI0 MHTCHCUBHOCTH JIBI)KEHHS B TCUCHHUE IHS,
YTO MOJKET IIPUBECTH B MOTPEIITHOCTH B pacueTax npu GopMupo-
BaHWM ONTHMAJBHBIX PEKUMOB paboThl cBeToopos. [Tosromy
MIPUHSTO PELIEHHUE Pa3eINTh JaHHBIC HA YETBIPE KIacTepa.

1e6 Elbow Method

10 15 20 25 30 35 40 45 50
Number of clusters

Puc. 7. Onpenenenue konudecTsa KJIaCTEPOB [0 HHTCHCUBHOCTH
JIBIDKCHHUS Ha ITEPEKPECcTKe

Pe3ynbraThl KJIacTepu3alui CyMMapHONH HHTEHCUBHOCTH JIBU-
skeHust TC B y3iie o BceM 12 HanpaBiaeHUsIM IBHKEHUS TOKA3aHbI
Ha puc. 8.

L

Puc. 8. CymmapHast ”HHTEHCHBHOCTB JIBIDKCHUSI IO BCEM HAMPaBICHUSIM
JBIDKEHHS C Pa3feleHneM JaHHBIX Ha KIACTePh

B pesynbrare ans Kaxaoro BpEMEHHOI'O NPOMEXYTKa B 15
MHHYT OBIII ONpEJeNIeH COOTBETCTBYIOIINK eMy Kiactep. Takum
00pazoM, sl KaK/I0i BPEMEHHOM TOYKH B YKa3aHHBIN MEPHOJ C
6.00 1o 22.00 GbuLT OmpeieNieH KiIacTep, KOTOPOMY OHAa COOTBET-
CTBYET.

JleTanuzanus HHTEHCUBHOCTH JIBMIKEHHUS aBTOMOOMIIEH 10 15-
TH MHHYTHBIX HHTEPBAJIOB MMO3BOJIMJIA YTOUHUTH TIEPHOJIBI KO-
BBIX Harpy3ok. Ha puc. 8 sSIBHO BBIAEISIOTCS JIBa IIMKOBBIX MEPH-
0J1a ¢ BBICOKOW MHTEHCUBHOCTBIO JIBIKeHMs Oosee 1000 aBTomo-
ouneii: ¢ 7:15 no 8:45 u ¢ 16:45 no 19:00. OHKM COOTBETCTBYIOT
YTPEHHEMY M BEUEpHEMy 4acy MUK U MPHHAUIEKAT K KIIacTepy
Ned4. Touxu knactepa Nel COOTBETCTBYIOT MHTEHCHUBHOCTH JIBU-
skeHust B 900 aBTOMOOMIICH B 9ac U B OCTAIIBHOE BpPEeMs pabodero
nHs ¢ 9:00 mo 16:30 1 HE coeprkaT CyIIeCTBEHHBIX ckadkoB. Kia-
ctepy Ne3 cooTBETCTByeT HU3Kast HHTCHCHBHOCTD JIBW)KCHHS Me-
uee 300 aBTomMoOmIIeH B yac B yTpeHHEe Bpems a0 6:45 u mocie

—
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21:30. Toukn kmacrepa Ne2 pacmosioKeHbl MEX]y 3HAYCHUSIMHU
TIEPBOTO U TPETHET0 KIACTEPOB U COOTBETCTBYIOT CpEeIHEH HHTEH-
CHUBHOCTH JBIDKEHUS B 500 aBTOMOOMIICH.

TpeHabl W THKOBBIC 3HAYCHUS W3MCHCHUS WHTCHCHBHOCTH
JIBIDKEHUS 10 HATIPABIICHISIM CYIIIECTBEHHO OTIMYAIOTCS (puc. 9).

o HampaBIeHUIO B IIEHTP HHTCHCUBHOCTH ABIDKEHHS aBTOMO-
Omiell CHIKaeTCs B TEUCHUE JIHS, TI0 HAMIPABIICHUIO U3 [IEHTPAY
HA00OPOT, YBEIMYUBACTCA M JTOCTUTAET MAaKCHMAaJIFHOTO 3HAYe-
HUS BeuepoM. MaKkcuManbHbIe 3HAYeHUSI HHTEHCUBHOCTH JIBHYKE-
HUS Ha TIEPEKPECTKE U 3arpy3Ka yIMIHO-T0POKHON CETH COOTBET-
cTByeT Kkiactepy Ne4.

A peipleteip oy

i rencasnod s ansmenns amnomolaned, e

Puc. 9. M3meHeHne CyMMapHO HHTEHCHUBHOCTH JIBIDKCHHUS
Ha MEePEeKPECTKe 0 BCEM HANPABICHHUAM B TEUCHHE JTHS

Jist KimacTepu3aliy apaMeTpoB HHTEHCUBHOCTH JIBH)KEHHS B
MepUOAbl MAaKCHUMaIbHOM HArpy3KW MPHUMEHSIICS METOA0M
k-cpennux. J{yst TOro MeTo/10M KaMEHHUCTOW OCBIITH OBLIO Ompe-
JIETICHO KOJIMYECTBO KJIACTEPOB, HA KOTOPBIE MOXKHO Pa30UTh JaH-
HBIC TUKOBOW MHTCHCUBHOCTH JBIKEHHUs (puc. 10).

Elbow Method
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Puc. 10. I'padux nHepuun 115 ONpeIeIeHHUs KOJIMYIECTBA KIAaCTEPOB
JUISl BPeMEHHbIX HHTEPBAJIOB HHTEHCUBHOCTH JIBHXKEHHS aBTOMOOMIIEH

B pesynbraTe pasgeneHusi napaMeTpoB HHTCHCUBHOCTH JIBH-
JKEHHS Ha NEPEKPECTKe B IEPHOJ MAaKCUMAIbHOH 3arpy3Ku ObLIO
OIIPEJIETICHO, YTO OHU MOTYT OBITh pa3iejicHbl Ha TPU KiacTepa
(puc. 11).

IlepBbIit KMacTep COOTBETCTBYET YyTPEHHEMY Hacy nmuk ¢ 7:15
10 8:45. Bropoii kinacTep COOTBETCTBYET BEUEpHEMY 4acy IHK C
16:45 no 18:45. Tpetuii kacTep — IHEBHOE yBEIUYECHUE WHTECH-
CHBHOCTH JIBW)KEHHSI M BpeMs, HNPEAIIECCTBYIOIIEE BEYEPHEMY
Yacy MuK.
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TENCHBNOCTE QOMMEN I anTossoluned, en
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Bpeun

Puc. 11. Knacrepuszanus NMKOBbIX 3HaU€HUN CyMMapHOM
MHTEHCUBHOCTH JIBIDKEHHUS [I0 BCEM HAIlPaBJICHUSIM

[puMeHeHrne KITacTepH3al[i M0 WHTCHCHBHOCTH JIBHIKCHUSI
TIO3BOJIMIIO OTIPEJICNTUTh BPEMEHHBIE WHTEPBAJIBI Ul BBEJICHHMS
OTJETBHBIX PEXUMOB PabOTHI CBETOPOpPHOTO 0OBbeKTa. Pe3yib-
TaThl TOKa3bIBAIO ILIEIECO00PA3HOCTh MEpexojia C YTPEHHETo K
JTHEBHOMY U J1ajiee K BeUepHEeMY pexuMy paboThl cBeToopa He C
Hayaja 04epeaHOro Yyaca, a B MOMEHT CYIIECTBEHHOTO H3MECHECHUS
MHTCHCHBHOCTH JBWXeHUs. [loka3zaHa HEOOXOIUMOCTh OOJIbIICH
JeTanu3alMid [PU  ONpEJICNICHHEe ONTUMAIBHBIX apaMeTpoB
YIPABJICHUS TPAHCIOPTHBIM MOTOKOM C y4ETOM HEpaBHOMEPHO-
CTH B TEYCHHE KaXJIOT'0 Jaca.

Ha ocHoOBe mosTy4eHHOIT KtacTepr3alii HHTCHCUBHOCTH JIBH-
KEHUsI C TMOMOIIBI0 MMHUTAIIOHHOTO MOJEIMPOBAHHS B IIPO-
rpamme PTV Vissim Obuti onpezeseHs! napamMmerpbl TPaHCIopT-
HBIX TIOTOKOB JIsl (PAKTHYECKOTO M CKOPPEKTUPOBAHHOTO PEKUMA
paboTsl cBeTodopa. KoppekTrpoBka pexkuma paboTsl cBeTodopa
C y4eTOM YaCOBOH HEPAaBHOMEPHOCTH TT03BOJISIET B IIEPHO/] BBEJIE-
HUSI aJaNTHPOBAaHHOIO PEXUMa CHHU3UTH CPEIHEe BpeMs 3a-
JepKKH Ha 15% W ynyqmuTh Apyrue napaMeTpbl TPAaHCIIOPTHOTO
MIOTOKA (CPEAHIOI0 CKOPOCTh, KOJIMUYECTBO OCTAHOBOK H JIP.).

Takum 00pa3oM JoKa3aHa THIOTE3a O MPOCTPAHCTBEHHO-BPE-
MEHHOH HepaBHOMEPHOCTH IAPaMETPOB TPAHCIIOPTHOT'O TIOTOKA U
BO3MOXXHOCTH HMX ONTHMH3ALMU TIPH aJalTHBHOM YyIPaBICHUH
MOACUCTEMOH IOPOKHOTO ABMXKSHUS TPU KOPPEKTHPOBKE MOMEH-
TOB NEPEeBOJa Ha APYTHE PEXKUMBI C YUETOM YacOBOIl HepaBHO-
MEPHOCTH JIBIKEHHS aBTOMOOMIICH.

3akaouenue

Pemrena HayyHast 3a71a4ua 1o ONpe e IeHUIO MPOCTPAHCTBEHHO-
BPEMEHHOW HEPaBHOMEPHOCTH TPAHCIIOPTHOTO CIIPOCca, peanusy-
€MOTO0 KHUTENSIMUA FopoJia ¢ MOMOIIBIO IMYHOT'O aBTOTPAHCIIOPTA.
YcTaHOBIIEHO HamU4Me 2 THMKOBBIX 3HAYEHWH MHTEHCHUBHOCTH
JIBIOKCHUST aBTOMOOWIICH B TCUYCHHE CYTOK, a TAKXKE H3MCHCHUE
MHTEHCUBHOCTHU JIBM)KEHHUSI B TEUEHHUE KaXKJIOr0 yaca Mo OTAesb-
HBIM HaIlpaBJICHUSAM JBUKEHUSI HA TIEPEKPECTKE, a TAKXKE 110 Y3y
B [IEJIOM. 3HaHWE O HATMYNH PA3INIHBIX TUKOBBIX 3HAYCHUHN WH-
TeHCHBHOCTH JBIKeHU TC mo3BomsaioT nudhepeHImpoBars pe-
JKUMBI pa0OTHI CBETO(GOPOB MPU POTHO3HOM YIIPABICHHH H yCO-
BEPIICHCTBOBATH TaHHBII METOA. AaNTaIisl CATHAIEHOTO IJIaHa
10T U3MEHSIOIINECS YCIOBHS IBIKCHHUS U TPa(HK MO3BOJIAET I10-
BBICUTH d()(HEKTUBHOCTH YIIPABICHHUS JTOPOKHBIM IBHKCHHEM 32
CYeT CHIKEHUS BpeMeHu 3asiepkku TC Ha nmepekpecTkax 3a c4eT
0o0JIee YacTO# M ONMEPATHBHON CMEHBI CUTHAJILHOTO IJIaHAa, COOT-
BETCTBYIOILIETO (baKTI/I‘IeCKI/IM YCIIOBUAM. B xomMmiekce ¢ onTuMu-
3alMel CXeM JOPOKHOTO JIBMXKEHHUSI 3TO TOBBIIIAET KayeCTBO
TPaHCIIOPTHOTO 00CITY)KMBAaHHsI HACEJICHNSI TOPOIOB.

3HaHUE 3aKOHOMEPHOCTeH M3MEHEHHS MHTCHCHBHOCTH [IBH-
JKCHUsI aBTOMOOMJICH B TEYEHHE CYTOK C yUYETOM HEPaBHOMEPHO-
CTHU ABMIKCHUA B IMPOCTPAHCTBE MOTYT MPUMEHATCA MO HECKOJIb-
KUM HaITpaBJICHUSAM.

Bo-nepBbix, npu pOpMUpPOBaHUN PEKUMOB PaOOTHI CBETO(hO-
POB, YCTaHOBJIGHHH KOJMYECTBA PEKUMOB C OTACIBHBIMHU CHUT-
HaJIbHBIMU TUIAHAMH, BPEMEHH IEPEKITIOYCHUs] Ha CUTHAJIbHbIC
TUTaHBl, aIaNTHPOBAHHBIC I10J] M3MEHSIONIYIOCS WHTEHCHBHOCTD
JIBYDKCHUSI.

Bo-BTopsIX, 1pH popMupoBaHUY MO(DA3HBIX PA3bE3/10B TPAHC-
MIOPTHBIX CPEJICTB Ha NEPEKPECTKE JUIs KayKIOW (asbl IIMKIIa CBe-
TO(OPHOTO peryiupoBaHus. B-TpeTbHX, IpH pa3paboTKe OINTH-
MaJIbHBIX CXeM JJOPOXHOT'O JBMKEHUS, B T.4. C Y4€TOM TpeOoBa-
HHI 110 00€ecIeYeHn o 0€30IaCHOCTH ABUKEHHS.

OrmpezneneHs! MyTH JaTbHEHIINX HCCIeI0BaHUM, KOTOPBIE 3a-
KIIIOYaroTCsA B HCIIOJIB30BAHUM YCTAHOBJICHHBIX 3aKOHOMCPHO-
CTei Tt pa3pabOTKU METOMKH aJallTHBHOTO MHOTOPEKUMHOIO
YIIPaBJICHUS TPAHCIIOPTHBIMHU MOTOKAMH Ha ITIEPEKPECTKAX CO CBE-
ToopHBIM OOBeKTOM. JlaHHAsE METOAMKA W AJITOPUTMBI AKTY-
JIBbHBI JUIst IHTEIUIeK Ty alIbHBIX TPAHCIIOPTHBIX CUCTEM.

LykmrgHOCTh apaMeTpa MHTeHCHBHOCTH aBrkeHHs TC Ha
HEPEKPECTKE MOXKET SIBIIIETCS OTHUM U3 KpUTEepHUeM BbIOOpa CIio-
coba ynpasieHus cBeTOYOPHBIMH OOBEKTaMU Ha OTPaHUYCHHBIH
HEePHOJ] BPeMEHH (HECKOJIBKO YaCOB) B TEUCHHE JIHS C BO3MOXKHO-
CTBIO IIepexo/ia Ha pa3Hble CIIOCOObI C Y4eTOM (PaKTHUECKOTO CO-
CTOAHUS.

AHanm3 IpoCTpaHCTBEHHO-BPEMEHHOI HEPABHOMEPHOCTH WH-
TEHCUBHOCTH JIBMDKCHUSI HEOOXOAMM NPH COBEPIICHCTBOBAHUH
TPaHCIIOPTHOW MaKpOMO/IENTH FOpO/Ia JIIsl PELIeHUs 3a1a4 TPaHC-
MOPTHOTO IJIaHUPOBaHMs 3ydeHne npocTpaHCTBEHHO-BPEMEH-
HOW HEpPaBHOMEPHOCTH PabOTHI HHTEHCHBHOCTH IBrkeHust TC Ha
MePEKPECTKAX MO3BOJAT TU(D(PEPSHIMPOBATh MEPOIPHUSITHS I10
MIOBBIICHNIO 3 (PEKTHBHOCTH OpraHM3aluy JBIKeHHs. [Ipume-
HSEMBI MeTON (POPMHUPOBAHHUS PEKUMOB PabOTHI TOHKEH OBITH
CKOPPEKTHPOBAaH IIPH BHEIPCHUM HPHOpPHUTETa Ipoes3na Iepe-
KPECTKOB JUIsi TPAHCIIOPTHBIX CPEJICTB HA3EMHOTO T'OPOJICKOTO
MAaCCaXUPCKOTO TPAHCIIOPTA 32 CYET aJaNnTHBHOIO YIpaBIICHHUS
ceerodopamu. B manbHEHIINX HUCCICIOBAHUSAX K OILCHKE HECTa-
IIHOHAPHOCTH U CYTOYHOH HEPaBHOMEPHOCTH HEOOXOIUMO J100a-
BUTbH CE30HHYIO HEPAaBHOMEPHOCTH B T€UEHHUE I'0/1a, TPEHIbI Ha OC-
HOBE JIaHHBIX 332 HECKOJIBKO JIET U IIPOTHO3 Ha U3MEHEHHE UHTEeH-
CHBHOCTH B Oy/1yIIiie TIEPHOJIBI.
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Abstract

This article examines the spatial and temporal unevenness of traffic flows on a city's road network. It demonstrates the uneven distribution of vehi-
cle traffic volumes throughout the day, both at the intersection as a whole and in specific directions, using a key street intersection in Tyumen as
an example. Machine learning methods are used to cluster vehicle traffic volumes by direction. The results reveal four distinct classes for which it
is advisable to develop a separate traffic signal plan. However, cluster boundaries may not correspond to the beginning of a new hour of the day.
Practical implementation requires customization of database templates for vehicle traffic monitoring systems. Adjusting the timing of signal plan
switches to account for hourly unevenness in traffic volumes can reduce vehicle delays by up to 15% in certain time intervals. The results of the
traffic unevenness study can be used to select methods for improving traffic management at intersections by adjusting signal plans, vehicle traffic
order by direction, and the number of traffic signal phases. Analysis of spatiotemporal unevenness of traffic intensity is necessary for improving
the city's transport macromodel to solve transport planning problems, develop digital twins of the city, and intelligent transport systems.

Keywords: street and road network, traffic intensity, traffic flow parameters, spatial and temporal unevenness, traffic light, signal plan

References

[I1 H. Zheng, X. Zhang, J. Chen, “Study on Customized Shuttle Transit Mode Responding to Spatiotemporal Inhomogeneous Demand in Super-
Peak,” Information, 2021, 12(10), 429.

[2] J. M. Sussman, “Perspectives on Intelligent Transportation Systems (ITS),” Berlin: Springer, 2005. 232 p.

[3] V. Morozov, A. |. Petrov, V. Shepelev, M. Balfaqih, “Ideclogy of Urban Road Transport Chaos and Accident Risk Management for Sustainable
Transport Systems,” Sustainability, 2024, 16(6), 2596.

-

T-Comm Vol.20. #4-2026




TPAHCMOPT

[4] L. Zhenning, Y. Hao, Z. Guohui, et al., “Network-wide traffic signal control optimization using a multi-agent deep rein-forcement learning,
2021 p.

[5] A.V. Pistsov, A.l. Petrov, “Training and Applying Artificial Neural Networks in Traffic Light Control: Improving the Management and Safety
of Road Traffic in Tyumen,” Automotive Experiences, 2023, 6(3), pp. 528-550.

[6] A.L. Beklaryan, L.A. Beklaryan, A.S. Akopov, “Simulation model of an intelligent transportation system for the "smart city" with adaptive
control of traffic lights based on fuzzy clustering,” Business Informatics, 2023, vol. 17, no. 3, pp. 70-86.

[7] Y. Zhang, ). Chen, J. Rao, “A Deep Multi-Task Learning Model for OD Traffic Flow Prediction Between Highway Stations,” Appl. Sci., 2025,
15(2), 779.

[8] V. V. Morozov, G. N. Morozov, V. D. Shepelev, "Modeling the Formation of a Vehicle Queue at Urban Signal-Controlled Intersec-tions," T-
Comm, 2025, vol. 19, no. 3, pp. 61-68.

[9] G.R. Elnaggar, S. Al-Hourani, R. Abutaha, “Real-Time Urban Congestion Monitoring in Jeddah, Saudi Arabia, Using the Google Maps API: A
Data-Driven Framework for Middle Eastern Cities,” Sustainability, 2025, 17(18), 8194.

[10] I. N. Pugachey, V. S. Tormozoy, S. S. Evtyukov, N. N. Smoktal, A. L. Zolkin, "Multi-view spatial-temporal convolution to improve the accu-
racy of traffic flow forecasting," T-Comm, 2025, vol. 19, no.2, pp. 31-37. (in Russian)

[I'1] B. He, K. Liu, Z. Xue, J. Liu, D. Yuan, J. Yin, G. Wu, “Spatial and Temporal Characteristics of Urban Tourism Travel by Taxi-A Case Study
of Shenzhen ISPRS,” Int. J. Geo-Inf., 2021, 10, 445.

[12] F.A. Albalooshi, “Advancing Urban Planning with Deep Learning: Intelligent Traffic Flow Prediction and Optimization for Smart Cities,”
Future Transp., 2025, 5(4), 133.

[13] X. Cui, H. Lv, “STEFT: Spatio-Temporal Embedding Fusion Transformer for Traffic Prediction,” Electronics, 2024, 13(19), 3816.

[14] X. Ma, H. Yu, Y. Wang, “Large-Scale Transportation Network Congestion Evolution Prediction Using Deep Learning Theory,” PLOS ONE,
2015, 10(3), e0119044.

[15] R. V. Andronoyv, E. E. Leverets, P. V. Chepur, "The absence of autocorrelation in the traffic flow time series as a criterion for the isolation
of a controlled intersection," T-Comm, 2025, vol. 19, no.3, pp. 54-60. (in Russian)

[16] N.D. Povaliaev, A.Yu. Krylatov, N.V. Shatalova, "Methods of cluster analysis of road networks for bottleneck detection and traffic opti-
mization," T-Comm, 2025, vol. 19, no.7, pp. 34-40. (in Russian)

[17] P.l. Pospelov, M.V. Yashina, A.G. Tatashev, Le Duc Long, “Delays of traffic management at an unregulated pedestrian intersection with a
dedicated lane,” T-Comm, 2022, vol. 16, no. ||, pp. 35-42. (in Russian)

Information about authors:

Dmitrii A. Zakharov, Industrial University of Tyumen, Head of the Department "Road Transport Operation", Candidate of Technical Sciences (Ph.D.), associate
professor. ORCID 0000-0001-9594-9 144

Evgeniy S. Kozin, Industrial University of Tyumen, associate professor of the Department "Service of cars and technological machines", Candidate of Technical
Sciences (Ph.D.), associate professor. ORCID 0000-0002-6774-3285

Nikolay S. Zakharov, Industrial University of Tyumen, Head of the Department "Service of cars and technological machines ", Doctor of Technical Sciences,
professor. ORCID 0000-0001-8415-0505

Vliadimir D. Shepelev, South Ural State University (National Research University), associate professor of the Advanced Engineering School of Engine Building and
Special Machinery "Heart of the Urals", Candidate of Technical Sciences (Ph.D.), associate professor. ORCID 0000-0002-1[43-203 1

T-Comm Tom 20. #4-2026




ELECTRONICS. RADIO ENGINEERING

INTEGRATED PROCESSING OF NAVIGATION INFORMATION
IN A UAV GROUP USING A SIGMA-POINT KALMAN FILTER

DOI: 10.36724/2072-8735-2026-20-4-51-59

Dmitry D. Dmitriev,
Siberian Federal University, Krasnoyarsk, Russia,

ddmitriev@sfu-kras.ru Manuscript received 28 January 2026;

Accepted 30 March 2026

Alexander V. Zhgun,

Siberian Federal University, Krasnoyarsk, Russia,

alexlig8@yandex.ru The study was supported by a grant from the Russian Science
Foundation no. 25-19-20070, https://rscf.rulproject/25-19-

Andrey B. Gladyshev,

200701, and a grant from the Krasnoyarsk Regional Science
Siberian Federal University, Krasnoyarsk, Russia, Foundation.

agladyshev@sfu-kras.ru

Valery N. Tyapkin, Keywords: UAV, group navigation, integration of navigation
Siberian Federal University, Krasnoyarsk, Russia, systems, sigma-point Kalman filter, GNSS, range-angle-measuring
vtyapkin@sfu-kras.ru navigation system, nonlinear filtering

This article examines the problem of improving the accuracy and reliability of navigation sup-
port for unmanned aerial vehicles (UAVs) operating in a organized group. The solution is based
on integrating information from various navigation systems. A method is proposed for inte-
grating navigation information from an onboard GNSS receiver, an onboard local navigation
system that measures the range and direction between UAVs, and navigation data received
from other UAVs in the swarm using a data transmission system. When navigating a UAV in a
group, several coordinate systems are used: local coordinate systems associated with individual
UAVs and the group (leader UAV), as well as a global inertial coordinate system. Therefore,
transitions between these coordinate systems require the use of rotation matrices containing
nonlinear sine and cosine functions. Because of this, the UAV is considered a nonlinear system,
and the resulting error distribution for position measurements will deviate from a Gaussian dis-
tribution. To solve this problem, nonlinear filtering methods are proposed. The use of a sigma-
point Kalman filter as the primary processing algorithm is justified. This filter provides higher
parameter estimation accuracy compared to the extended Kalman filter by approximating the
distribution with a deterministic set of sigma points. A procedure for rejecting anomalous
measurements (majority voting) and weighted averaging of normalized navigation parameters
is proposed. It is shown that the use of a sigma-point Kalman filter allows efficient solution of
the problem of integrated processing of navigation information at the level of secondary param-
eters from heterogeneous sources while maintaining acceptable computational complexity. A
functional diagram of the onboard integrated navigation system is described.
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Introduction

Unmanned aerial vehicles (UAVs) are increasingly used not
only in the military but also in civilian applications, including
agricultural and forestry monitoring, construction, remote sensing,
logistics, reconnaissance, and more. The use of UAVs opens up
enormous prospects for the implementation of precision farming
technologies, crop monitoring, pest detection and crop condition
assessment, especially under conditions of limited human and
material resources [1, 2]. In the construction industry, the use of
UAVs makes it possible to monitor the progress of construction
work, inspect dangerous or hard-to-reach objects, identify defects
using high-definition photography and video, and promptly
identify dangerous situations [3]. UAVs also provide clear
advantages for goods delivery in remote areas and during
emergencies such as fires, earthquakes, or floods, as well as for
transporting small mail items and urgent cargo [4].

In recent years, there has been a trend toward using UAVs in
organized groups. This significantly increases their effectiveness,
enabling simultaneous monitoring and mapping of large areas,
distributing targets and missions among group members, reducing
mission execution time by evenly distributing tasks within the
group, and so on. It is possible to use a organized group of small
UAVs instead of medium and heavy UAVs. The wide range of
missions performed by small UAVs operating in a swarm, their
relatively low cost, their low visibility compared to medium and
heavy UAVs, and the high interchangeability of individual UAVs
during missions make research in this area very promising.

One of the main problems hindering the widespread use of
UAVs in organized groups is the inadequate quality of their
navigation support. Given the stringent limitations on the weight
and power consumption of the UAV platform and payload, the use
of GNSS receivers is the only alternative for UAV positioning.
However, GNSS receivers are characterized by poor resistance to
interference and accuracy in environments with discontinuous
radio navigation fields — in urban areas, mountainous terrain,
when exposed to radio electronic interference, etc. Differential
operation modes of GNSS receivers or the use of RTK and PPP
technologies can achieve coordinate measurement accuracy in the
centimeter range. However, these technologies require the
creation of a complex ground-based differential network
infrastructure and the organization of communication channels for
transmitting corrections, which is difficult to implement in Russia
[5]. A significant improvement in the accuracy of navigation
measurements can be achieved by incorporating additional
onboard navigation systems that enable autonomous and group
navigation even in the absence of GNSS signals, such as inertial
systems, radio rangefinders (Wi-Fi, UWB), and optoelectronic
systems [6, 7].

One of the most promising areas in navigation support for
group use of UAVs is the use of local onboard navigation systems
that provide highly accurate measurements of distances and
directions between individual UAVs — members of the group [8].
Range measurement in such systems is based on measuring the
propagation time of navigation radio signals between the
transceivers installed on UAVs. The directions between UAVs
(azimuths and elevations) are measured using direction finding
and super-resolution algorithms in antenna arrays. These methods
typically offer high accuracy for range and angular measurements
and do not require synchronization of the UAVs’ reference
oscillators.

Further improvements in navigation accuracy can be achieved
by integrating information from the various navigation systems
available onboard UAVs. Moreover, for group operations, it is
essential to integrate navigation data received from multiple
UAVs in the group and to process it onboard the leader UAV
together with its own navigation information. This paper considers
such integration for the case of combined processing of navigation
data from two onboard systems —a GNSS receiver and an inertial
navigation system — as well as information on relative distances and
angular positions between UAVs obtained via the data link [8].

1 Features of navigation support for UAVs and their group
operations

To create modern navigation systems that are resistant to radio
frequency interference and have acceptable accuracy in the
intermittent GNSS radio navigation field, various methods for
integrating navigation systems are used. The most effective
methods are closely coupled ones implemented at the level of
primary processing of navigation information [9]. However,
despite their effectiveness, they have not found widespread use in
onboard UAV navigation systems. This is due to the need for
significant hardware modifications to the integrated navigation
systems and complex joint processing of the estimated navigation
parameters. Loosely coupled integration methods offer undeniable
advantages due to their minimal hardware and software
requirements and can be easily implemented in existing navigation
systems. However, these methods do not allow for the full
realization of all the benefits of integration. Integration at the level
of secondary information processing (loosely coupled method) is
somewhat more complex, but requires only software modification.
of the UAV's onboard navigation system. At the same time, this
integration method enables correction of inertial sensors
(gyroscopes and accelerometers) based on GNSS receiver data,
including in flight. The inertial navigation system allows for
improved reliability of UAV coordinate measurements when
GNSS signals are lost and for the implementation of algorithms
for quickly capturing GNSS signals in the GNSS receiver when
they are re-captured.

Often, the accuracy of autonomous navigation provided by
onboard navigation systems may not be sufficient to support
coordinated movement of UAVs in a group. This is due to several
factors, including:

— variable positioning accuracy of UAVs in a group due to
varying levels of navigation equipment sophistication or different
conditions during navigation when using GNSS signals;

— ow resistance to radio interference;

— discontinuity of the radio navigation field due to GNSS
signal obscuring conditions, malfunctions of onboard GNSS
receivers, etc.

Typically, the design of integrated onboard navigation systems
is based on the joint processing of information from several
devices or systems that measure the same or functionally related
navigation and other parameters. The result of integrating several
navigation systems is an improvement in the accuracy,
interference immunity and reliability of navigation measurements
compared to measurements by individual systems.

One of the promising areas of development for UAV
navigation systems today is the integrated use of GNSS receivers,
inertial navigation systems and onboard local navigation systems,
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and a data transmission system operating in time-division multiple
access (TDMA) mode within the UAV's onboard navigation and
communication system.

In the proposed complex, the onboard GNSS receiver ensures
ensures high accuracy in measuring the coordinates and
components of the UAV velocity vector in autonomous mode, as
well as global positioning and timing capabilities. The onboard
local navigation system provides measurement of range and
angles (azimuth and elevation) between adjacent UAVs operating
as part of an organized group [8]. An inertial navigation system
using accelerometers and angular velocity sensors provides
measurement of the spatial orientation and angular velocity of the
UAV.

Distances between UAVs in the onboard local navigation
system are measured using a symmetrical two-way measurement
method. This method is highly accurate and does not require
synchronization of the reference oscillators of individual UAVs in
the group. It is based on measuring the propagation time of a radio
signal between the transceivers mounted on the UAV during
symmetrical two-way signal transmission. The azimuth $ and
elevation angle € of the signal source emitted by the leader UAV
are measured using an antenna array mounted on the UAV. The
required accuracy and resolution for angular measurements are
achieved using an antenna array and MUSIC super-resolution
algorithms.

The UAV's state is estimated based on information from
navigation sensors and the state evolution determined by a
dynamic model of UAV motion. Several coordinate systems are
used to describe UAV movement within a group. The first is the
local coordinate system, attached to the UAV's center of mass. The
inertial and onboard local navigation systems provide information
in this coordinate system. The second is the global inertial
coordinate system, in which the GNSS receiver operates. The third
is the local group coordinate system, whose origin is located at the
center of mass of the leader UAV.

The exchange of coordinate information enables relative
navigation problems to be solved in both local and global
coordinate systems. However, the need to transmit large amounts
of information increases the bandwidth requirements of the data
transmission system. These requirements can be reduced by
setting a minimum data exchange rate that will ensure the
specified accuracy. Since navigation information accuracy
requirements vary at different stages of flight, the required
navigation information exchange rate will also vary. A
compromise must be reached between the desired accuracy and
minimizing the exchange rate. The solution to the problem of
controlling the rate of data exchange for different flight modes is
considered in [10, 11].

2 Application of Kalman filter for joint processing
of navigation information

Methods for integrating various navigation systems are based
on the theory of optimal filtering of Markov processes. In the
classical formulation of the optimal filtering problem, a large
amount of a priori information is known about the system. This
data includes information on useful signals and interference, their
functional interactions, and the relationship between the observed
and estimated parameters. The results of the performance
evaluation of navigation systems obtained as a result of such a
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formulation of the problem should be considered the theoretical
maximum [12]. Using a priori information about the system's
operation, a recursive algorithm can be developed for calculating
the posterior probability density of the state vector. The posterior
probability density is a sufficient statistic and allows one to obtain
an estimate of the state vector by any criterion, as well as the
accuracy of such an estimate (the posterior variance) [12, 13].

Filtering equations are often nonlinear, lack a rigorous
analytical solution, and require the use of approximate numerical
methods. One of the most widely used methods is the extended
Kalman filter. In such a filter, the current linearization of the
observation equations is carried out in the vicinity of the optimal
estimate of the trajectory parameters, and the nonlinear filtering
problem is reduced to a linear one, for which an analytical solution
is known [12].

The accuracy of the estimation of the navigation parameters
when using filtering algorithms is determined by the correlation
matrix of the filtering errors of the state vector R(t), the equation
for which has the form:

XN, (1)+F(1)+RF ()-RHT (ONH(OR, (1)
where:

Ny(t) is the covariance matrix of the noise forming the
parameters of the state vector with dimensions nxn, n is the
dimension of the state vector to be estimated,;

F(t) is the matrix of the system dynamics with dimensions nxn,
included in the equation of state of the object;

H(t) is the observation matrix with dimensions mxn, m is the
dimension of the observation vector;

Ny is the matrix of variances of the observation noise with
dimensions mxn.

The last term in (1) characterizes the observation process and
depends on the composition of the observed parameters (matrix
H(t)) and their accuracy (matrix No). If the observer can vary the
choice of observed parameters or the accuracy of their

measurements, then the product H' (t)N;'H(t) can be

considered a control function. In this case, equation (1) will
describe the dynamics of change in the magnitude of the error
(equivalent to accuracy) depending on the control function.
Algorithms for finding the optimal control function that ensures
the extreme value of a given criterion can be obtained based on
the use of optimal control theory.

The Kalman filter algorithm operates in two stages. In the
prediction stage, the current state variables and their uncertainties
are estimated. In the update stage, the new measurement is
incorporated using a weighted average, where the weights depend
on the uncertainties of the prediction and the measurement.

Because of its recursive nature, the algorithm can operate in
real time using only current measurements and the previously
estimated state. The underlying filter model is Bayesian and
resembles a hidden Markov model; it is discrete in time, and both
hidden and observed variables follow Gaussian distributions [12,
13]. Figure 1 illustrates the general operating principle of the
Kalman filter.
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Extrapolation step

X, X'
Tnitial data — | —> o Predicted data
P, p

Update step

‘ Calculating the difference between predicted ‘
and measured data

‘ Caleulating the Kalman Filter Gain ‘

‘ Calculating new values of x and P ‘

Fig. 1. General diagram of Kalman filter operation.
In the diagram, xo is the state vector estimate,
Po is the error covariance matrix

In general, the equation for the extrapolation step is given by
[15]:

, X' =Fx, , +Bp,_ +v, ()

w4
Il
D v T

where:

x' is the predicted state of the system vector;

p is the object's coordinates;

s is the object's velocity;

a is the object's acceleration;

F is the system dynamics matrix;

B is the control matrix;

R is the control vector at the previous time step;

v is the process noise.

The system dynamics matrix F represents the UAV motion
model and has the following form:

2
1oat AU
2
F=|0 1 At 3)
0 0 1

The control matrix B accounts for changes in the state caused
by external or internal forces, such as gravity or aerodynamic drag.
The extrapolation equation for the error covariance matrix is:

P'=FP_F' +Q, 4)

where:

F is the system dynamics matrix;

Py is the error covariance matrix at the previous time step;

F7 is the transposed transition matrix;

Q is the process noise matrix.

The process noise Q accounts for uncertainties due to changes
in direction or speed, so the covariance increases by Q over time
At. To calculate the update step, it is necessary to determine the
difference between the measured value and the predicted value of
the object parameter [15]:

y=z—Hx/, (5)

where:

z 1s the measurement vector;

H is the transition matrix.

Using the transition matrix H, unnecessary information can be
eliminated from the predicted state value. Technically, the matrix
H performs the same function as the matrix F did in the
extrapolation step. The following formula is used to calculate the
innovation covariance in determining the system state [16]:

S=HP'H" +R,
— ©)
K=PH'S",
where:

R is the measurement noise matrix;

K is the Kalman filter gain.

The Kalman filter gain is a parameter that determines the
weight of the predicted value and the current measurement. The
gain ranges from 0 to 1. If a large measurement error is obtained,
the gain value will be close to 0. This means that the extrapolated
value is closer to the actual value than the measured one. If a
smaller error is obtained during extrapolation, the gain value will
tend to 1. This means that the measured value is closer to the actual
value than to the extrapolated one. The a posteriori estimates of
the state vector and the error covariance matrix are determined by
the following equations [16]:

x =x'+Ky

P=(1-KH)P' @

The dynamics matrix of the system for the three-dimensional
case with acceleration will have the form:

2
a2 0 0 0 0 0 o
Xk
0 1 At 0 0 0 0 0 )
0 0 0 0 0 0 0 a“
00 0 1A 0 0 0 0 X
Vi
At?
F=0 0 0 0 1 At - 0 0 [X| Py« [|(8)
a'k
00 0 00 1 0 0 0 2
Z
) k
o0 0 00 0 1 aX D,
5 ,
00 0 00 0 0 At |\
00 0 00 0 0 0

The algorithm discussed here allows for estimating the UAV's
state vector by combining measured and extrapolated coordinates,
velocity vectors, accelerations, etc. However, this algorithm will
be quasi-optimal only if the distributions of measurement or
extrapolation errors correspond to a Gaussian distribution. This is
only possible if the system being evaluated is linear.

This condition is not met for UAV group deployments. The
steps for measuring the relative position of UAVs in a group,
described previously, involve transitioning from one coordinate
system to another. This procedure is performed using rotation
matrices containing nonlinear sine and cosine functions. For this
reason, UAVs should be considered as a nonlinear system, and the
resulting distribution of the error in measuring the position of
UAVs in a group will differ from the Gaussian distribution.
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3 Using the sigma-point Kalman filter

An exact solution to the optimal filtering problem can be
obtained using the particle filter framework (the Monte Carlo
method). However, this method requires significant
computational effort. Given the limited computational and energy
resources of the onboard computer system, this method cannot
currently be implemented on small and medium-sized UAVs. An
alternative approach to solving this problem may be to use one of
the varieties of nonlinear filters — the Kalman sigma-point filter
(Fig. 2) [16].

The basic idea of this algorithm is to use sigma points to
approximate the actual values of the covariance matrix of
measurement errors. To do this, a small number of deterministic
sigma points are selected around the original distribution. They
are chosen such that their sample mean (mathematical
expectation) and covariance exactly match the original
distribution. Next, nonlinear transformations are performed on
each sigma point in accordance with a given function, that
captures the nonlinearity of the nonlinearity of the measurement
process.

Figure 2 illustrates the bias in the mean and the distortion of
the variance that occur when an analytical method (e.g., linear
approximation as in the extended Kalman filter) is used. By
applying the nonlinear transformation to each sigma point and
then computing the weighted mean and covariance of the
transformed points, the resulting distribution is significantly more
accurate. In this example, the estimated mean closely matches the
true mean of the transformed points, and the covariance accurately
reflects the effect of the nonlinearity. Thus, the sigma-point
method first deforms the original distribution through the
nonlinear transformation and then fits a Gaussian distribution to
the result, achieving much higher accuracy with the same
computational cost.

Exact transformation Sigma-point transformation

Sigma-
Covariance point
Mathematical
expectation
| Calculation of mathematical
Y = flxg) expectation and covariance
Akt = A & .
= using the sigma-point method
| . Mathematical
True expectation by the e
covariance Transformed
sigma points

sigma-point method -

Covariance oblained
by the sigma-point
method

True mathematical
cxpectation

Fig. 2. Differences between exact transformation and approximate
transformation using the sigma-points method

In practice, it is impossible to apply the nonlinear

transformation to every point of a continuous distribution.
Therefore, it is necessary to select a set of points that most

—
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accurately reflect the original distribution. To implement the
above method, it is necessary to define an algorithm for selecting
sigma points. According to [17], sigma points are determined
according to the following equation:

X[O] =M,
= pu+(J(n+A)P) fori=1,..,n,
(ln+2) )i ©9)

1 :ﬂ—( (n+/1)P)_ ) fori=1,..,2n,

n=2N+1,

where:

% is the sigma points matrix;

u is the mathematical expectation of the original distribution;

M\ is the scaling factor;

P is the covariance matrix;

N is the system dimension.

Each column of the sigma-point matrix y describes a set of
sigma-points for one dimension. Thus, for the three-dimensional
case, the matrix dimension is 3x5. The scaling factor A determines
how far from the mathematical expectation the sigma points
should be selected. The next step involves calculating the
weighting coefficients W for the sigma points:

W = A
n+a’

wi = ! (10)
2(n+4)

1=1,..2n.

It is important to note that the sum of the values of the weight
coefficients of all sigma points must be equal to 1. Next, the
updated values of the mathematical expectation and the
covariance matrix are calculated [17]:

2n

=g ()

=0 (11)

2n : : T
P=> w9 (x")-w) (9 (") -w)
i=0
where:
p' is the updated mathematical expectation of the original
distribution;
w is the weights of the sigma points;
P' is the updated covariance matrix;
g( ) is the nonlinear function;
N is the system dimension.

4 Integrated processing of navigation information in a UAV
group using a sigma-point Kalman filter

The application of the sigma-point Kalman filter for integrated
processing of navigation information in a UAV group at a given
time instant can be summarized by the following algorithm:

1) Extrapolation:

— Calculate sigma points using (9).

— Ca culate weighting coefficients using (10).

2) Transformation of sigma points and calculation of new
values of the mathematical expectation and covariance matrix in
accordance with (11).
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3) Update: transformation from state space to measurement
space:

(12)
s=>wi(z1-2)(z0-2) +q.

where:

Z is the transformed sigma points in the dimension space;

2 is the mathematical expectation in the dimension space;

S is the covariance matrix in the dimension space;

h(yx) is the function representing the sigma points in the
dimension space.

4) Kalman gain calculation. This is done by calculating the
cross-correlation function between the sigma points in the state
space and the sigma points in the Z-dimensional space. The h(y)
function maps the system's state space to its measurement space.
This is necessary to enable comparison of measurement values
and extrapolation. To calculate the prediction error, the cross-
correlation between the sigma points in the state space and the
sigma points in the measurement space must be calculated:

-

K=TS",

(13)

where

T is the correlation matrix between the state space and the
predicted space.

5) Optimal filtering of the UAV state vector at a fixed point in
time for the values of coordinates x9, y9, z9, determined by the
navigation systems of the UAV autonomously, the UAV group
and received through the data transmission system.

py =M; (x°,y%.2%)p,, (14)
1 0 x°
L, 101 0y
where M; —
001 z°
0 0 1

The elements of the matrix M will have the following values:

X9 d-sinBcose
y9 |=| d-sinBsing |. (15)
z° d-sinfp

The values of d, B, € were obtained using the methods of UAV
navigation in a group described in [8] and providing
measurements of the range and directions between individual
UAVs. To reduce the complexity of the algorithm, it can be
assumed that the measurements of the coordinates of each UAV
in the group are equally accurate, and the obtained values of the
measured coordinates of each UAV will be centered relative to the

leader UAV. In this case, averaging the obtained coordinate values
would be optimal in terms of minimizing the root-mean-square
measurement error. However, it should be noted that, although the
measurements are equally accurate, a failure in one or more UAVs
is possible, causing the coordinate measurement error at a given
moment to exceed the permissible limit. In this case, before the
averaging stage, it is necessary to perform a threshold screening
step — a majority vote. This procedure involves excluding from the
calculation process the measured UAV coordinate values that
exceed a threshold. The threshold is determined by the difference
in the measured coordinate values between two UAVs after
transferring them to the group coordinate system.

0 |P? _pg| <Ay |plg —Pr| < A
0 0 I—pll<A,
A _ |p2 pn lim , (16)
Poy —Po| <Ay,
0 0 0

where:

Aiim 1s the specified maximum value of the difference in
coordinate measurements by two UAVs.

After this, the remaining values of the measured coordinates
undergo an averaging stage:

mid _l % g
p —n;[’i-

(17)

The resulting value will represent an estimate of the UAV's
position in the group. If the coordinate measurements for each
UAYV are not equally accurate and are characterized by standard
measurement errors cj, then averaging is performed taking these
errors into account:

mid =l L 9
p ngp.~

(18)

To improve the accuracy of coordinate measurements and
enhance the reliability of navigation support for UAVs operating
in an organized group, it is necessary to integrate coordinate
information from all onboard navigation systems. The functional
diagram of the UAV's integrated onboard navigation system is
shown in Fig. 3. It is proposed to carry out the integration at the
level of processing secondary information, which is characterized
by redundancy of information about the measured navigation
parameters.

The processing of navigation parameters is based on an
algorithm for compensating for errors in integrated measuring
instruments [17]. The integration of navigation information from
the GNSS receiver, the onboard local navigation system, the
inertial navigation system and navigation information from the
UAVs of the group members, received through the data
transmission system, is carried out.

The implementation of the UAV navigation method as part of
an organized group based on the integration of navigation
information from all sources consists of the following stages:
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Fig. 3. Integrated onboard navigation system of the UAV

1. Obtaining, via the data transmission system, estimates of the
navigation parameters of all group members at the current time in
the group coordinate system. The state vectors for the i-th UAV
are represented by the following equation:

equation (16).

5. Weighted averaging of centered navigation parameters
according to equation (18).

6. Generating a UAV state matrix, which will include additional
information about the averaged position estimate of the leader

X UAV, and transmitting it to the input of the sigma-point Kalman
p;! (Xg ,y°%,2° ) =y, (19) filter. After completing this step, the resulting filtered averaged
79 estimate of the leader UAV's true position in the global coordinate

system is transmitted to the other UA Vs in the group to refine their

where: own coordinates.

X9, y8, 29 is the coordinates of the i-th UAV in the group
coordinate system.

2. The root-mean-square errors of UAV relative coordinate
measurements using the onboard local navigation system are
significantly smaller than those of the GNSS receiver. Therefore,
it is advisable to estimate the relative positions of UAVs
participating in the group using data from the onboard local
navigation system:

Conclusion

Thus, the required reliability and accuracy of UAV navigation
support are ensured through the integrated processing of
information from multiple navigation systems within the onboard
navigation system. These systems are proposed to be implemented
using a GNSS receiver, an inertial navigation system, and an

- range between the i-th and j-th UAVs opboard local rangeﬁnde.r gnd angle me'asu.ring system. The
highest accuracy characteristics of such navigation systems can be

D__:\/(x,_x_)2+(y__y_)2+(z__z_)2~ . ; . .. . .
i i i i) achieved by integrating and jointly processing navigation
) ) X — X, information generated by individual navigation systems. In this
- relative azimuth on the UAV Y; = arctg o case, the output data is the navigation information averaged across

YimY; all sources.

- relative orientation of the axes of the local coordinate system Given the technical complexity of implementing closely

V \ coupled integration methods, filtering methods based on extended

o = arctg —- — arctgi, where X, Y, z are the coordinates of the
VV. VYJ

UAV in the local coordinate system; Vy, Vy are the components of

the velocity along the axes in the horizontal plane.

3. Transformation of the values of the estimated navigation
parameters of all UAVs of the group members into the group
coordinate system in accordance with to equation (14).

4. Filtering the obtained values to determine whether they

Kalman filters have found widespread use for joint processing of
navigation measurements based on output parameters. These
filters perform ongoing linearization of observation equations in
the vicinity of the optimal trajectory parameter estimate. Thus, the
nonlinear filtering problem is reduced to a linear one, for which
an exact analytical solution is known. This algorithm allows for
estimating the UAV's state vector by combining current
measurement data and extrapolation. However, this algorithm will

contain values that exceed the cut-off threshold in accordance with be quasi_optima] Only if the distribution of measurement or
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extrapolation errors are normal. At the same time, measuring the
relative position of UAVs within a group requires a transition from
local autonomous coordinate systems to local group and global
inertial coordinate systems. This operation is performed using
rotation matrices containing nonlinear sine and cosine functions.
For this reason, UAVs must be treated as nonlinear systems,
resulting in a non-Gaussian distribution of the error in measuring
UAV positions within a group. This leads to biased estimates of
the mathematical expectation and covariance.

Using a sigma-point Kalman filter to solve a nonlinear filtering
problem yields a significantly more accurate distribution. As a
result, the mathematical expectation practically coincides with the
mean value of the actual dispersion of the sigma points, and the
covariance accurately reflects the effect of the nonlinear
transformation on the original distribution. In relation to the
problem of determining the navigation parameters of a UAV as
part of an organized group, the algorithm for implementing the
sigma-point Kalman filter will consist of the following stages:

— extrapolation — calculation of sigma points and their weights;

— transformation of sigma points and calculation of new values
of the mathematical expectation and covariance matrix;

— update — transformation of the state from the state space to
the measurement space;

— calculation of the gain of the sigma-point Kalman filter based
on the values of the cross-correlation function between the sigma-
points in the state space and the sigma-points in the measurement
space;

— optimal filtering of the UAV state vector at a fixed point in
time for the values of coordinates, determined by the navigation
systems of the UAV autonomously, the UAV group and received
through the data transmission system.

Thus, the use of a sigma-point Kalman filter allows for a
highly effective solution to the problem of complex processing of
navigation information at the secondary parameter level.
Navigation information sources can include a GNSS receiver, an
inertial navigation system, an onboard local navigation system,
and information from the UAVs of the group members, received
via the data transmission system. Moreover, such a system allows
for the use of data from other navigation systems and sensors —
optical-electronic systems, barometric altimeters, radar and lidar
systems, etc. — in complex processing without significantly
complicating the algorithm.
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AHHOTauuA

B cratbe paccMatpuBaeTcsa 3ajaya yyHLeHUA TOYHOCTU U HAZEXKHOCTU HaBUraLMOHHOro obecneyeHns GecnuioTHbIX neTtatenbHbIx annapatos (BIJ1A),
[eViCTBYIOLLIMX B COCTaBe OPraHM3OBaHHOM IPyMMbl, 32 CYET KOMMIEKCUPOBAHNA MHGOPMALIMM OT Pas/IM4HbIX HaBUraLMOHHbIX cucTeM. [peanoxeH MeToz,
KOMMIEKCUPOBaHUA HABUraUMoHHOM uHpopmaummu ot 6optosoro MHCC-npueMHMKa, MHEpPUMANbHOW HABUFALIMOHHOM CUCTEMbl, GOPTOBOM JIOKaSIbHOW
HaBUraLMOHHOM CUCTEMbI, U3MepAIOLLEN JanbHOCTL U HanpaeneHua Mexay BIJTA rpynnbl, a Takke HaBUrALMOHHBIX AAHHBIX, MOJYYEHHbIX OT APYruX
BINJTA — 4neHoB rpynmbl C MCMOMb30OBaHWEM CUCTEMbI Mepedadn AaHHbIX. B CBA3M C MCMONb30OBaHMEM HECKOJNIbKUX CUCTEM KOOPAMHAT — rnobasnbHoi
MHEPLMaIbHOM U JIOKaNIbHbIX, CBA3aHHbIX ¢ otaenbHbiM BIJIA u ¢ BIJ1A-nugepom, Tpebyerca ncnonb3oBaHne MaTpuL, MOBOPOTA MpY NEpexoae Mexay
3TMM CUCTEMAMU KOOPAMHAT, KOTOPble COAEPXKaT HeNMHelHble QYHKLMM CUHYCa U KOCUHYca, u3-3a Yero BIJTA paccMatpuBaeTcs Kak HenMHeliHas cucTeMa
1 pe3ynbTUPYIOLLIMIA 3aKOH pacrpe/iesieHna NorpeLlHOCTU n3MepeHus nosoxenus BIJIA B rpynne 6yaeT otnnyaTtbea oT HopManbHoro. [na pellueHus aToi
npobnembl NpeAsIOKeHO MPUMEHEHMe HeNTMHENHbIX MeToA0B ¢punbTpaumu. B kayectee ocHoBHOro anroputMa o6paboTkn 06OCHOBAHO NpUMEHEHWE CUrMa-
ToueyHoro ¢unsTpa KanMaHa, KoTopsbiit obecneunsaet 6onee BbICOKYHO TOHHOCTb OLIEHKM NapaMeTpOB MO CPaBHEHMIO C pacluMpeHHbIM ¢unbTpoM KanmaHa
32 CYeT anmnpoKCUMaLmMn pacrpefieNieHns AeTepMUHUPOBaHHbIM HabopoM curMa-Touek. [peanoxeHa mpouesypa OTGPaKOBKM aHOMaJlbHbIX U3MEpeHMi
(MaXxopuTapHOe roNoCoBaHUe) U B3BELLEHHOTO yCPeHEHNA LIeHTPUPOBAHHBIX HABUraLMOHHbIX NapaMeTpoB. [okasaHo, 4To MpUMeHeHMe CUrMa-TOYEHHOro
¢unbTpa KanMaHa nossonset apheKTMBHO peLuaTth 3a4a4qy KOMMIEKCHONW 06paboTKM HaBUraLMOHHOW MHPOPMALIMM Ha YPOBHE BTOPUYHbIX MapaMeTpoB OT
Pa3sHOPOAHBIX UCTOYHMKOB MPU COXPaHEHWUM MPUEMNIEMON BbIHUCIUTENBHOM cnoXHOcTU. OnncaHa PyHKLMOHaNbHaA cxeMa GOPTOBOrO MHTErpPUPOBaHHOIO
HaBUraLMOHHOIO KOMMJIeKca.

Knio4yeebie cnoea: BI1J1A, epynnosas Hasuzauus, KOMNIEKCUPOBAHUE HABUZAUUOHHbIX CUCMEM, cuema-moyeyuHsit cpunemp Kanmana, THCC, danbHomepHo-
y2/loMepHAA HABU2AUUOHHAA CUCMEMA, HENUHEUHAsA hunbmMpauus.
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This paper addresses the problem of developing a gen-eralized mathematical model of an electric motor that
ac-counts for the coupled influence of electromagnetic, me-chanical, vibrational, and thermal processes. The
objective of the study is to construct a compact analytical model suit-able for predictive analytics and syn-
thetic data generation for training intelligent diagnostic systems. The research methodology is based on the
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Introduction

Electric motors are critical components of modern industrial
equipment, transportation, and energy systems. Their reliability
directly determines the efficiency of technological processes and
the economic performance of operations. Traditional diagnostic
methods rely on the analysis of electrical, mechanical, vibration-
al, and thermal parameters, but these are typically considered in
isolation, which limits the comprehensiveness of condition as-
sessment. With the advancement of remote monitoring systems
and predictive maintenance, the development of integrated mod-
els that combine various physical processes into a unified math-
ematical framework has become particularly significant. Such a
model enables the generation of reliable synthetic data, expand-
ing training datasets for intelligent diagnostic algorithms, thereby
improving the accuracy of failure prediction and optimizing the
operational modes of electric motors.

Existing motor models primarily focus on describing individ-
ual physical processes: electrical, mechanical, vibrational, or
thermal. This fragmented approach restricts the potential for
comprehensive diagnostics and predictive analytics, as real-
world motor operation is governed by the interplay of these pro-
cesses. In the context of advancing intelligent monitoring sys-
tems, there is a need for a generalized mathematical model that
accounts for electrical, mechanical, vibrational, and thermal phe-
nomena.

The objective of this study is to develop a generalized math-
ematical model of an electric motor that integrates electrical,
mechanical, vibrational, and thermal processes.

The generalized mathematical model of an electric motor
serves as a tool for design and optimization, enables the creation
of digital twins, reduces the costs of physical testing, and sup-
ports the prediction of service life and reliability assessment un-
der various operating conditions, including emergency scenarios.
Such a model can be applied in the development and tuning of
control systems, for educational purposes in training engineers,
and for integration with IoT systems and big data, facilitating
comprehensive monitoring and enhancing the operational effi-
ciency of electric motors across various types and ratings.

1. Related work

Research on fault diagnosis of induction motors (IMs) has
long been based on the fact that many mechanical defects leave
characteristic signatures in electrical quantities, primarily in the
stator current [1]. One of the key research directions is physics-
based current modeling, which links the dynamics of bearing
defects to measurable current components. In several studies,
stator current models for detecting rolling bearing faults have
been developed using magnetic equivalent circuits (MECs),
demonstrating how fault-induced air-gap magnetic field modula-
tions are transferred into diagnostic current components without
the need for full transient finite-element modeling [2]. Similar
MEC-based approaches have also been applied to other types of
faults, such as broken rotor bars, where interpolation functions
are used to describe variations in electromagnetic parameters
caused by the defect [3]. In parallel, state-space models have
been developed that allow asymmetries, such as static eccentrici-
ty, to be taken into account and their impact on electrical signals
to be analyzed dynamically [4]. More general dynamic models of
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induction motors, focused on the analysis of electromechanical
interactions, provide a foundation for understanding how mechan-
ical disturbances manifest themselves in electrical variables [5].

A second important research direction is related to coupled
electromagnetic-dynamic modeling, which aims at a more realis-
tic reproduction of bearing fault mechanisms, including unbal-
anced magnetic pull (UMP) and its interaction with rotor motion
and the bearing assembly [6]. In a number of studies, coupled
electromagnetic-dynamic models of induction motors with bear-
ing defects have been developed with explicit consideration of
UMP, and the influence of this interaction on diagnostic features
in measured signals, including stator current, has been analyzed
[7]. Subsequent works have proposed systematic electromagnet-
ic—dynamic modeling methods aimed at detecting bearing faults
via stator current and have emphasized the necessity of simulta-
neously accounting for mechanical motion and electromagnetic
asymmetry in order to obtain realistic fault signatures [8]. Com-
plementing these approaches, dedicated studies have focused on
the calculation and analysis of unbalanced magnetic pull under
air-gap eccentricity faults, which helps to explain the origin of
radial forces that excite vibrations and accelerate component
degradation [9]. To integrate different physical subsystems and
simulation environments, co-simulation approaches have also
been employed, for example by coupling an induction machine
model with a detailed radial ball bearing model to analyze me-
chanical defects within an electromechanical framework [10].
Taken together, these studies indicate that accurate reproduction
of bearing fault manifestations generally requires multiphysics
coupling of the electromagnetic domain, rotor dynamics, and
bearing mechanics [7-10].

Alongside fault modeling, the field of digital twins and real-
time multiphysics models for electrical machines has been ac-
tively developing. Particular attention is paid to thermal process-
es, as temperature significantly affects electrical parameters,
losses, and overall reliability. Digital twin—based predictive
thermal models have been proposed for stator temperature moni-
toring in induction motors, targeting online estimation and fore-
casting capabilities [11]. In a broader multiphysics context, dy-
namic electromagnetic—thermal mapping approaches have been
developed for motor digital twins, providing computational effi-
ciency and enabling real-time operation [12]. In addition, meth-
ods that integrate physical modeling with data-driven techniques
have gained increasing attention, including digital twins based on
physics-informed deep operator networks, which demonstrate the
potential to reproduce complex multiphysics relationships with
reduced computational cost [13]. Although many digital twin
studies primarily focus on thermal and operational monitoring,
they highlight the need for fast and physically interpretable mod-
els suitable for online applications [11-13, 14].

A closely related direction is high-fidelity multiphysics mod-
eling for synthetic fault data generation. Comprehensive mul-
tiphysics models of induction motors have been developed to
generate synthetic datasets under various bearing fault scenarios,
which is particularly important for training and validating diag-
nostic algorithms [15]. Similar high-fidelity approaches have
also been demonstrated for permanent magnet synchronous mo-
tors, where detailed multiphysics models are used to generate
fault-related data [16]. At the same time, analytical models re-
main relevant as a basis for fast computation and design-oriented
studies, for example for multiphase machines, where a balance

T-Comm Vol.20. #4-2026




COMPUTER SCIENCE

between accuracy and computational efficiency is required [17].
Despite their high realism, such models are often too computa-
tionally demanding for rapid parametric analysis and, in particu-
lar, for real-time applications [18].

The literature analysis reveals a clear trade-off between de-
tailed multiphysics and co-simulation models, which provide
high physical fidelity of fault mechanisms and force interactions
[7-10,15], and compact MEC-based, state-space, and analytical
models, which offer better interpretability and computational
efficiency [2-5,17]. Digital twin approaches further intensify the
demand for fast multiphysics representations, especially when
electromagnetic and thermal effects must be considered simulta-
neously in real time [11-13].

Table 1
Comparative analysis of the considered electric motor models
. . |Real-time
Electrical Mechan.lcal Vibration | Thermal Cross_- Model type Synthetic digital
Source e dynamics | " - I domain : data .
subsystem . subsystem | subsystem . |/complexity . twin
(rotation) coupling generation| .. ..
suitability
[2] Yes Partial No No Partial Low- Partial Yes
Medium
[3] Yes No No No Partial Low Partial Yes
. . Low— .
[4] Yes Partial Partial No Yes Medium Partial Yes
[5] Yes Yes Partial No Yes Medium | Partial | Partial
Not . .
[7] Yes Yes Yes addressed Yes High Partial No
. Not . .
[8] Yes Yes Partial addressed Yes High Partial No
[9] Yes Partial Partial No Partial | Medium No No
Not . .
[10] Yes Yes Yes addressed Yes | Very high | Partial No
[11] Partial No No Yes Partial | Medium | Partial Yes
[12] Yes No No Yes Yes Miﬁgﬁn7 Partial Yes
[13] Partial Partial Partial | Partial Yes Medium Yes Yes
[15] Yes Yes Yes Partial Yes | Very high Yes No
[16] Yes Yes Partial | Partial Yes | Very high Yes No
[17] Yes Partial Partial No Partial LOY\F Partial No
Medium
This
Yes Yes Yes Yes Yes Low Yes Yes
work

The model proposed in the article is aimed at integrating the
main physical processes within the system. It consistently ac-
counts for the influence of the electromagnetic subsystem on
mechanical dynamics, the development of vibrations and friction
processes, as well as the associated heat generation. In addition,
the model incorporates feedback effects through temperature-
dependent system parameters. At the same time, a relatively low
model order is preserved, which enables analytical investigation
and makes the model suitable for long-term numerical simulation
of system behavior. A comparative analysis of the considered
electric motor models is given in Table 1.

The comparative analysis highlights a clear differentiation
between existing modeling approaches and the proposed model.
Most reviewed studies focus on a limited subset of physical do-
mains, typically emphasizing either electromagnetic behavior
(e.g., MEC- or state-space-based models), electromechanical
coupling for specific fault mechanisms, or thermal modeling
within digital twin frameworks. As a result, key interactions —
such as the joint influence of vibration, friction, and temperature
on electrical behavior — are often treated only partially or ne-
glected altogether. High-fidelity multiphysics and co-simulation
models provide detailed representations of bearing faults and
electromechanical interactions, but they are characterized by
very high computational complexity, which limits their applica-

bility for real-time digital twins and large-scale synthetic data
generation. Conversely, compact analytical and reduced-order
models offer low computational cost and good interpretability,
yet typically lack comprehensive multiphysics coupling and for-
mal treatment of thermal and vibrational effects.

In contrast, the proposed model is the only approach that con-
sistently integrates electrical, mechanical (rotational), vibration-
al, and thermal subsystems within a unified low-order system of
ordinary differential equations. It explicitly accounts for cross-
domain feedback mechanisms, such as temperature-dependent
electrical parameters and vibration-induced heating, while main-
taining low computational complexity. Moreover, it is the only
model among those compared that provides explicit mathemati-
cal rigor and is simultaneously suitable for real-time digital twin
implementation and scalable generation of physically grounded
synthetic data for machine learning applications.

2. Materials and methods

2.1 Problem Statement

Despite significant progress in the mathematical modeling of
electric motors, existing approaches remain largely fragmented.
Most models describe only a single physical sub-system — elec-
trical, mechanical, vibrational, or thermal — treating it in isolation
and neglecting the strong couplings that govern the real opera-
tion of an electric machine [19]. This fragmented perspective
leads to an incomplete representation of motor dynamics and re-
duces the accuracy of condition assessment.

The absence of an integrated multiphysics framework limits
the capabilities of com-prehensive diagnostics, fault prediction,
and digital twin development. Electrical models typically ignore
the influence of temperature and vibration on winding parame-
ters. Mechanical and vibrational models rarely incorporate elec-
tromagnetic processes that deter-mine torque and rotational dy-
namics. Thermal models do not account for the contributions of
vibrations and electromechanical interactions to heat generation.
Although multiphysics finite element models provide a higher
level of detail, they require substantial computational resources
and are unsuitable for real-time analysis, large-scale synthetic
data generation, and predictive applications.

As a result, the literature lacks an analytical model that simul-
taneously integrates electrical, mechanical, vibrational, and
thermal processes into a unified system of differential equations,
accounts for their mutual interactions, and remains sufficiently
tractable and stable for practical use. Such a model is particularly
important for intelligent monitoring systems, digital twins, and
predictive analytics, where simultaneous simulation of multiple
physical domains and the ability to generate synthetic data are
essential.

Thus, the core problem lies in the need to develop a general-
ized mathematical model of an electric motor that integrates all
key physical subsystems, captures their interactions at an analyt-
ical level, ensures mathematical consistency and global solvabil-
ity, and pro-vides a foundation for digital twin construction and
advanced predictive maintenance tools.

2.2 Electromechanical Relations without Vibrations and
Heating

Following the idea of the mentioned generalized approach,
we have for electric power the relation
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. di
u=Ri+L—+u
ale (1)

Here u is the voltage, R(T) is the resistance of the electrical
circuit which depends on the temperature T, i is the current, L is
the inductance and ug is a voltage, generated by the rotation of

the winding through the constant magnetic field B — according to
Faraday’s Law, in our case of a constant magnetic field B and
with some constructional constant k_, according to Faraday’s
Law,

_dd
T
where @ is the magnetic flux and we measure the angle ¢

Ug ® =k,Bcosg

counterclockwise from the constant direction of the magnetic
field B to the direction of the N-pole of the winding magnetic
field, consequently,
d(k,Bcosp)
at
Then Equation (1) takes the form:

Ug = —krB(—sin(p)i—tw:krBsinw*a)
. di .
u=R(M)i+ LE+ k,Bawsing
We assume resistance follows the standard law with respect
to temperature:
R(M) =Ry +arT) 2)

where oT is some constructional constant.
The supply voltage is assumed sinusoidal:

u=Using

Further, denoting by J the total inertia of the rotor, we have
on the ground of the Newton’s Second Law:

do
J—=1y —kio—1
at ™ K L
where 1, is the generated by the motor torque, k ; is a positive

constant scalar representing the viscous friction coefficient, and

t, 1is the load torque which opposes to rotor movement. The

L
magnetic torque t,, is proportional to the current i and to the

tangential to the rotation component of the constant field B

Consequently, the torque t,, with some constructional const

k_ is expressed as:
T

7 =k Bising

do

e 3
Using =R(T)i+ L%+ k,Bwsing 4
J(:j—ctoszBisingo—kfa)—rL )

Here ¢, w, and i are unknown functions which depend on
timet,and U, R, L, B, k_, k_, and k ; are known positive con-

structional constants. The value t, is either a known positive

L
constant or a known function of time t and R(T) is defined by
Equation (2).

Note that simplified generalized qualitative models of the
kind Equations (3)-(5) are pretty of-ten used in the existing quali-
tative researches of different type of electric motors.
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2.3 Generalized equations of vibration and heating

Here we describe a simplified generalized model to account for
vibration and heating in an electric motor. Regarding vibration, we
consider the ideal case of purely inertial disturbances caused by
rotation itself. We assume that displacements occur in the radial
direction. Let us fix an arbitrary axis of the motor and denote the
displacement along this axis as x, with the axis labeled Ox.

Here we describe a simplified generalized model to account for
vibration and heating in an electric motor. Regarding vibration, we
consider the ideal case of purely inertial disturbances caused by
rotation itself. We assume that displacements occur in the radial
direction. Let us fix an arbitrary axis of the motor and denote the
displacement along this axis as x, with the axis labeled Ox.

Angular acceleration is proportional to w? , with a coefficient
mainly determined by the characteristic radius r of the shaft,
which is generally small. Hence, according to Newton’s second

law, the inertial force can be expressed as: Fyeq = Mre? . Its pro-

jection onto the chosen direction Ox is: F = mre? cos(p + ) -

Thus, vibration can be modeled by the differential equation:
2

m(:j—zxz mra? cos(p + @) — kx (6)
t

where k is the stiffness coefficient. This equation corresponds to
an idealized balanced case, but it can also describe an unbal-
anced case, if r is replaced by an eccentricity e>r .

Now consider the generalized heating model. Following Fou-
rier’s law, it is written as:

a7
CE:Qfa(T -Tp).

where T(t) is the temperature at time t, C is the total heat capaci-
ty, Q is the total heat input, To is the ambient temperature, and o
is a structural coefficient. The total heat input Q includes several
components:

1) Induction heating from the varying magnetic field of the
winding:
do, 1 d (Skjicosp) 1

dt Rstator dt Rstator

d(icosgo) (di . dq)j
=kj———%=—k/| —cosp —isinp— |,
bt TR 7

where k{ =5k /R

Stator *

linductive = —

(7

By Joule’s law, the corresponding heating

. . 2 .
is proportional to R ) , leading to:

stator (Iinductive

di Y
Qind = %ind Ecosw—la)smgo

2) Heating from vibrations, proportional to kinetic energy of
oscillations:

dx )’
Quib = ib [Ej
3) Frictional heating due to sliding motion:

2
Qi =agw”.

Combining these contributions, the total heating equation be-
comes:
o dr (di . ]2+ (dxj2+
— =Q; —COos@ — lwsin i e
g Y v P dt

®)

D‘frw2 —a(T _TO)

—
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2.4 The final generalized model

To arrive at the final generalized model, it is necessary to
combine Equations (3)-(6) and (8) into a single system. Before
doing so, the dynamic Equation (5) must be corrected by ac-
counting for the influence of vibrations from Equation (6) on the
friction term — in Equation (5).

It is well established that the effective friction coefficient
may decrease in the presence of vibrations (see [20] and refer-
ences therein). The results of [20] indicate that this reduction is
proportional to the vibration amplitude. Within the present
framework, the effective friction coefficient is assumed to be:

ke =k¢ —e¢F[x(1)]. )

where ¢ ¥

root-mean-square (RMS) amplitude of displacement, defined as

is a small design parameter, and F[x(t)] denotes the

(10)
. {¢1(¢(t)—2ﬂ), o(t)> 27,
0, o(t)=2x7,
That is, F[x(t)] at time t is the averaged displacement magni-
tude |x(t)| over the last full revolution. Although Equations (9)

and (10) are approximate, they provide a qualitative description.
The goal here is to study the qualitative impact of vibration on
the inter-action and coupling between the main electromagnetic
and mechanical parameters of the rotating motor. Vibrations also
directly affect electromagnetic fields in the metallic parts of the
machine, leading to additional energy losses, particularly heat-
ing, but this effect is not addressed in the present work.

Taking into account correction Equation (9), the generalized
model can be written as:

do _
dt - (o
USin¢:R(T)i+L%+krBa)Sin¢, (12)
do .
—t:kTBlsm(p—(kf —£fF[X(t)])CU—T|_, (13)
d2x
mF—mra) cos((p+(p0) kx, (14)
Cd—T—a- ﬂcos —iwsin 2+a [dx 2+
at ind dt 4 4 vib dt (15)

af,a)z —a(T —TO)

It should be noted that all right-hand sides of this system are
smooth functions of their arguments (with the exception of the
nonlocal but still smooth term F[x(t)] in Equation (13). It is well

known that such a system always admits a unique solution for a
given set of initial conditions, at least locally in time. Therefore,
the model Equations (11)-(15) is mathematically consistent in the
local sense. The issue of global solvability for all #e[0, ) will

be considered separately.

2.5 Quasistationary mode

The goal of this section is to obtain qualitative theoretical re-
lationships between the principal physical parameters of an elec-

tric motor in the quasi-stationary regime. We proceed from the
model Equations (11)-(15) under the assumption that the angular
speed o and the temperature T remain constant:

@ = Const, T =const.

(16)

Under this assumption we set the electrical angle as a linear
function of time and omit the initial phase in the long-time re-
gime:

@ =ot, (17)

We refer to this setting as quasi-stationary since other physi-
cal variables may still vary with time, but in a periodic manner.

2.5.1Current

Starting from Equation (7), the current dynamics can be writ-
ten as:

di R(T).

dt L

This is a first-order linear ODE with constant coefficients and
a harmonic forcing. Its general solution is:

_R(T), (U-kBo) (R(T)

i(t)=ige L + L[a)2+R(T)2]k

L2

(U —kBw)

sin(a)t).

sin(a)t)—a)cos(a)t)}

In the quasistationary regime (after transients), the exponen-
tial term decays and the current become:

_ (U-kBw) (R(T).

i(t)= sin (ot ) — wcos(wt

© L[werR(T)Z][ L () (o) (18)
12

Therefore, the current amplitude and frequency are:

(U —k.Bo) R(T) (U —k.Bo)

[ ] W (19)

[

fi=—.
"o (20)
2.5.2Vibration
From Equation (15), the vibration equation is rewritten as:
d X ok 2

F+EX =rw cos(a)t + (po),

This is a standard ordinary linear differential equation with
constant coefficients, its general solution has the form:

X(t) =Cjcos(m,t) +Cysin(@,t) + X«(t),

/ k.
w, = ,|— —in the base frequency of the rotor,
m

A particular solution is:

ro?

Twzcos(a)t + (/JO), 0, * 0,

X (t) =

tsin(ot+9y), o, =o0.

—
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The resonant case @, = @ is not quasi-stationary; therefore,

we assume @, # © and write:
2

I
X«(t) =
(0"

cos(a)t +(p0), w, # 0.

Introducing new integration constants A, and © via

=A,cosb, —A,siné.
we obtain:
x(t)*A)cos(a) t+t9)+ ro’ cos(a)t-i—go
’ 0} o ’ 2

Before addressing the dynamic Equation (13), it is necessary
to recall the functional F[x(t)] from Equation (10). This func-

tional represents the averaged amplitude of vibration x(t) over

one full revolution of the rotor. Although it can be computed
explicitly from Equation (21) at the end of the chapter, the exact
expression is too cumbersome for practical use, analysis, and
interpretation.

Thus, we approximate it as:

2
ro
F [X(t):| = VlAL) + V2 H,

where v, and v, are parameters to be determined later, subject

to the conditions:

—ISVI,Vz Sl,

VA +Vy——=>0.

2.5.3Motion

Now consider Equation (13) in the sense of its averaged form
over one rotor revolution, i.e., over the interval [t,,t, +27/®].

Here t, is arbitrary, and without loss of generality we may set

t, =0 . Since w = const , the average of the left-hand side of (13) is:

(27[) j J—dt

Next, dlrect calculation for the averaged value of the first
term on the right-hand side of Equation (13), using Equation
(18), yields:

27

(2—”)7I I k.Bi(t)sin(ot)dt =

[}

2
o+
2
L

= (2—”)7 J. krB M(—sm(wt) wcos(wt)) sin(wt)dt =
G
L
k,BR(T)(U ~k Bw)
2(L2a)2 + R(T)Z) ‘
All other terms in Equation (13) are constants under the as-
sumption w = const, so their averages coincide with their values.
Therefore, the averaged version of Equation (13) takes the form:
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_ k.BR(T)(U - k,Bw)

2(L2w2+R(T)2)

k,BR(T)(U -k, Ba))_|:kf_gf(v . ro’ H“"
(Lw +R(T)) H Lol -

-7, =0.

—(kf —&¢ F[X(t):l)a)— T,

2.5.4Heating

Now let us consider the heat conduction equation (15), which
is also taken in the sense of averaged values over one full rotor
revolution. Similar to the previous considerations, in the quasi-
stationary regime the temperature T is assumed to remain con-
stant. Thus, averaging the left-hand side of Equation (15), we
obtain:

[27[) J-C—dt—

At the same time, since @, T, and
on the right-hand side are constants,

(22)

0 in the last two terms

2z

(2—”)1 .T [af,wz -a(T —To)] dt=aq0’ - a(T-T,). @)

@

di ?
—-cos@ —iwsin @j in

Let us now consider the term amd( it

Equation (15). Note that when ¢ = wt :

%cowp—ia)singﬂ:%(icosw). (24)
And, in view of Equation (18),
. R(T) .
icosp=A [ sing - wcosg |cosg, where
(U —k,Bw)
-
[ RO ]
12
R(T
That's  why  icosp=A ( )sin(pcosq)—Aia)cosz(pz

= %sinZ(p —%(l +cos2¢p), where B; = A @, B, = Aw.
Hence,
%(i cos go) = a)( B cos2¢p + B, sin 2(/))
and because of Equation (24)

di ?
Tlind [Ecosqp —iwsin ¢)j =

= Qjnqg a)2 (812 cos’ 2¢ + 2B,B, sin2¢ cos 2¢ + 822 sin” Z(p).

Taking into account that:
2z

-1 @ 1 @

2 1-cos4 1
(—”) -[ cos” 20 dt = ( j j ( cos ¢7) =—,
w 2

0 0

-
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sin22(pdt=(2—”jil (lfcos4¢)dt=i,
2] 2 2

. 22"
2sin2¢ cos2p dt =| —

2]

—
N
~

0‘—.8‘5’

sin4g dt =0,

O'—.&‘S’ 0‘—.8‘2’

N\
s |y

|
e Iy

we get

=)

= Qing

o
3

di ?
ing (Ecosw - iwsin(pj dt =

O'—.E‘

e[y

(25)

SES

2 2
2 2 w2 R(T) 2
<B1 +BZ)=aindTA [T_z”" =

o (U-kBo)
TGind T 5 o

R(T) +Lw

Let us now consider the average value of the remaining term
a\,ib(dx/dt)2 in Equation (15). from Equation (21) it follows that

x(t)= A, cos(a, +6)+V cos(wt + ¢ ), where

2_ 2"
W), — @

That's why

2
dx
Uiy (—) = avibAiwi sin’ (“’ut + 6’) +

dt (26)

205
Now we take the average value of each term in this expres-
sion sequentially. For the first term, we have
2z

AV sin(th+9)sin(ax+¢o)+a

Vi

iV o’ sin” (a)t + (po)

1 ®
2
(f) J. i Al sin’ (w,t+0)dt =

0

27
2 2 -1 4
= M(z—”j J (l —cos(2m,t + 29))dt =
2 o o (27)
27
2 2 2 e
S T Y [2—”j '[ d[sin(20,t +20)] =
2 4 w
0
= L Aja)j - av'bAuzw“w |Vsin(26) - sin( Ao, + 2:9):|.
2 87 |_ @
Next,
27
2 )
(—ﬂj I 2a,,, ANV sin(wut + B)Sin(wt + (po)dt =
¢ 0
27
22\ ¢
y4
V(2] [lesl(o, o)t (0-0,))-
o (28)

—cos[(wu + a))t + (9 + q)o)]} dt =

1 2 -
:avibAuVi [sin(ﬂ—wo)—sin(m+0—¢o):l+
27 (o, - @

! w{sin(y[(w” +o) +6’+(p0jsin(6’+(p0):|}

2]

And for the last term in Equation (26)
2z

)
2
[—”) I AV 2% sin’ (a)t + goo)dt =

"o (29)

2

a V2ot 22\ F Vo
:V'b—(—j I[l+cos(2wt+2(po)]dt:wb—.
2 @ 2

0

Collecting Equations (27)-(29), we get

2z

22\ F ax Y a,V o’
L ey — | at=2e= 2y
w dt 2
0

2 2 2
a.A o a.A oo 4w,

+—V'bA“ - +—‘"bA” = [sin(%’)—sin( = +29j:|+
87 2]

2

1 2 -
+a, AV 21{ [sin(& - goo) - sin(M +6 - goo):| +
7 |lo -0 ®

+ ! |:sin(2”(w“ +o) +0+(p0)—sin(9+<p0):|}
0, +® )

Note that in the case where, instead of Equation (14), the vi-
bration in the engine is de-scribed simply by the measured ampli-
tude A, and frequency f,, then instead of Equation (21) we

(30)

have a simpler expression:
X(t) = AUcos(a)ft + 9),

Therefore, Equation (30) in this case is reduced to:
27

-] @
2zY! dx )’ avibpﬁw%
10} dt 2
0
2
ainA o 4w
LA OO G (20)—sin| T2 0 ||
87 [}

Overall, combining now Equations (22), (23), (25) and (30),
we arrive at the averaged version of Equation (15)

o = f,27.

31

2 2 2 2 2 2
@ (U -k B“’) GV @0 apA e,
b + + +

2 R(T) +L0” 2 2
2
Ao o 4o,
+M[Sm(29) - sin( G 29)} +
8 @

(32)

1 2 _
et 2t ).
T (o —o @

1 2
+ |:sin( ”(w0+w)+9+¢)0jsin(6+¢0):|}+
w,+o o

+afra)2 —a(T —TO) =0

In the case of a given vibration (see the previous note), in-
stead of Equation (32) we have a simpler equation

2 2.2
o (U —krBa)) iV 20? . Ayip A O

2 R(T) + %0 2 2
2
iy A 0@ 4w
+V'bAU—f sin(ZB)fsin f +260 ||+
87 w

+0‘fr“’2 —a(T —TO):O

Qi

(33)

-
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2.5.5Resulting quasistationary model

Eventually, in the quasistationary mode system Equations
(12)- (15) is replaced by the model consisting of relations Equa-
tions (16), (17), (18), (19), (20), (21 or 29), and (32 or 33).

2.6 Global Solution of the Generalized Model

In this section, we address the question of whether the system
Equations (11)- (15) admits a solution globally in time, i.e., for
all t>0. This is not trivial, since not every nonlinear system of
differential equations (or even a single nonlinear equation) has a
global solution. For instance, see Equations (34), (35). Before
proceeding, it is necessary to analyze the friction term
— (kg —&;F[x(H)]@ in the dynamic Equation (13).

2.6.1A New Expression for the Friction Coefficient
Note that no restriction was imposed on the sign of the design
parameter ¢, in the friction coefficient expression

k; =k; —&;F[x(®)] in Equation (13). The idea of this formula-
tion is that small vibrations slightly reduce friction. On the other
hand, Ef must remain positive for any vibration amplitude,
since large vibrations clearly slow down rotation. Unfortunately,
this is not the case with Ef =k; —&¢F[x(1)], because for large
x(t) the coefficient becomes negative. Thus, the formula is phys-
ically justified only for small vibrations. Moreover, the depend-
ence of Ef on x(t) may cause solutions that blow up in finite
time. The reason is that strong vibrations x(t) generate angular
velocity o, and the increasing speed amplifies vibration, leading
to a blow-up scenario.

Mathematically, the vibration source mro?®cos(p+¢,) in
Equation (14) and the velocity source — (k; —&;F[x()e in
Equation (13) which is positive, for large F[x(t)]>ks /&5 . In
such a case, [x(t)~w” and d@/dt~|x(t)|w~ae’. Consider the

Cauchy problem: G; =,/-2InU; cos(2zUj)

Lopot e(0)-en g0, (34)
we see that the solution is
o(t) = ———.
Lo (35)

Thus, the solution exists only on the interval [0, t), where
t* =1/2p0} .
to zero.

Therefore, instead of decreasing the initial friction coefficient
k¢ by subtracting &; F[x(t)], one may subtract an expression that

As t—>t, ot)—>» since the denominator tends

is positive for small x(t) and negative for large x(t). The simplest
form is:

G[x(t)J=¢¢ (Ar ~F[x(1)]). erAf <k,
where A; is a design parameter representing the limiting vibra-

tion amplitude. Then in-stead of Equation (9) we assume:

COMPUTER SCIENCE

ke =kg =21 (Ar =F[x(1)]).

Hence, when F[X(t)} > A;, the effective friction coeffi-

(36)

cient satisfies Kt > k; , i.e., the resistance to rotation increases.
With this correction, Equation (13) is replaced by the modi-
fied form with k¢ in Equation (36), and the full system be-

comes:

do _

= (37)

Usinq):R(T)i+L%+krBa)sin(p, (38)
dw ..

_t:kTB.sm(o_(kf —ng[x(t)])w—TL, (39)
d2x

m—- = mrao? cos(p + kx, 40
e ((0 (Po) (40)

Cd—T—a- ﬂcos —iwsin 2+a dX +

dt ind dt 4 4 vib d'[ (41)

o 0* -a(T-Ty)

2.6.2 Positivity of the temperature T

In this section, it is shown that from Equation (41) the tem-
perature T(t) remains nonnegative provided that the initial values
T(0) and T, are nonnegative.

Theorem 1: Let T(t) together with ¢(t), o(t), i(t), and x(t)
be a solution with integrable first derivatives of the system Equa-
tions (37)-(41) on some time interval [0,t") If T(0)>0 and
T, 20, then T(t)>0 forall te[0, ).

Proof of Theorem 1: Rewrite Equation (41) as:

aT
Facith
(42)

di R dx ) 5
= g (acosqo - stmgoj + i (Ej +ag0” +al,
and note that F(t)>0, F(t) due to its definition in Equation
(42) and the assumption T, >0 . Equation (42) is a standard line-

ar first-order ODE whose unique solution is
——t ——(t r)
T(t)= J' F(r

Since F(t)>0, T(0)>0, and e (@Ol> (| the proof is com-
plete

2.6.3A priory estimate of a solution

This section is devoted to an a priori estimate of a sufficiently
regular solution of the system Equations (37)-(41). Such an esti-
mate is a key step in proving global-in-time solvability. Below,
the same symbols C, denote various absolute constants or con-
stants depending only on the fixed model data.

Theorem 2: Let functions ¢(t) , o(t), i(t), x(t), and T(t) be
a solution with integrable first derivatives of system Equations

(37)-(41), with T(0)>0 on some interval [0, t"). Assume also

that dw/dt u di/dt are square-integrable on [0, t*).

—
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Then for all te[0, t*) there exists a constant C such that
[o(t) [ o+ |T

ofalfarfal

where C depends only on the given and fixed constructional
parameters of Equations (37)-(41), on U, B from Equation (38),
on initial data ¢(0), w(0), i(0), x(0), dx(0)/dt, T(0), and on

(O] +fo(t)]+[x

dx
dt

dt2

the length of time interval t" staying finite for finite values of t"
Proof of Theorem 2: Consider first Equations (38) and 73
together, rewritten as:

G ai= 60 B (0o (43)

80 1a, (0)o= (1) +b, (1)L w
where

ai(t)E@, b(t) kBsm(p f()_Usm(p

o (1= L (AfL—F[xmm T

fw(t)z—T—L

a(t)=0, a,(t)=0, 45)

due to the positivity of T(t) and Ef from Equation (36). Moreo-

ver, bj(t), b,(t), fi(t), f,(t) are bounded by some constant C,
depending only on fixed model data:

by ()] o, (8) + [ (0] (0] < . (46)
Multiplying Equation (43) by 2i(t), and Equation (44) by
20(t) and using 2i(t)di/dt=d(i%)/dt, 2e(t)dw/dt=d(@)/dt,

we obtain
2
%*a‘ (t)i2 = £ (1)i +by (1) . @7)
da)2 2 .
T+aw(t)a) = f,(t) o+, (t)ie, (48)
Using Cauchy’s inequality, a and b
|ab| < (a +b2)
we deduce
_ f2()+i  f2(t)+ o’
[0+ (] s T SolOre
(49)

=Cs + 2( i2+ a)z)
where Cy :(fiz(t) + fj(t)) /2. And similarly, in view of Equation
(46),

|b: (t) i + [o,, (¢

Jio|<Clio| <, (i” + o), (50)

Summing Equations (47) and (48) and applying Equations
(49)-(50), we get

d(i2+w2)
E——Y (’[)i2 +aw(t)a)2 <C; +C(i2 +w2),
dt

By positivity Equation (45), this reduces to,

d(i2+w2)scf+c(i2+a)2) (51)
dt

Let

P+’ =1 (t),

di(t
# <C; +CI(t).
This is the differential form of Gronwall’s inequality, implying:
1(t)<C(1(0))e” =C(1(0).t),
so that on interval [0, t'):
?(1)+o’ (1) =c(i(0).0(0).t'). te[or)

Hence i(t) and o(t) are bounded on [0, t") constant C(t).
And from Equation (51) it follows that:

i2 2 ) i
F-FTSC(l(O),CU(O),t )
Therefore, the right-hand side of Equation (40) is bounded,

and thus, x(t), dx(t)/dt u d’x(t)/dt> are bounded on [0, t).
Consequently, the right-hand side of Equation (39) is bounded,
and so dw/dt is also bounded.

To show that T, di/dt and dT/dt are bounded, multiply
Equation (38), by di/dt:

(52)

-\2 .
(%) :(—U sin(o+krBa)singo)%—R(T) Zi
or

di Y (-Using+kBosing) di R(T) di?
(E] - L dt 20 dt

From the previous estimates, including Equation (52), from
the definition of R(T) in Equation (2) and from this relation it
follows that:

(5 =
dt

1 di
<=C{+——| +C,T+C
Pt (dtj 2 3

From prior estimates, one deduces

di

P +C,T+C5 <

di ¥
— | <C,T+C 53
(&) semecs (53)
and therefore
di| 1 di
— | <C,T +C;. 54
dt 2+2(dt] 2T (4

Based on Equations (53), (54) and on the basis of the above
estimates for i(t), w(t), dx(t)/dt, we can estimate the right-

hand side Equation (41) and obtain

deEt) <CT(t)+Cs

This is again the differential form of Gronwall's inequality,
and it implies
€ [O,t*).

T()=c(T(0)."),

Now, since there is this bound, there is a bound for di/dt
from Equation (54), and then for dT/dt from Equation (41),
which completes the proof of the proposition.

-
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2.6.4 Global solvability

We now prove the following main result.

Theorem 3: For arbitrary initial data ¢(0), i(0), ®(0), x(0),
dx(0)/dt, the system Equations (37)- (41) has a unique solution
o(t), i(t), o(t), x(t), T(t), that is defined for all t>0, i.e., for
all te[0, ).

Proof of Theorem 3: The simplest argument is by contradic-
tion. First, since all right-hand sides of system Equations (37)-
(41) are smooth functions of their variables, it follows that for
arbitrary initial data ¢(0), i(0), ®(0), x(0), dx(0)/dt, T(0)>0
there exists a unique solution on some maximal time interval
te[0,t"). Suppose that this interval does not coincide with
[0, ), i.e., t" <oo. hen all function o(t), i(t), o), x(t),
dx(t)/dt, T(t) remain bounded on [0, t") together with their
corresponding derivatives. Consequently, these functions are
continuous on the closed interval [0, t*] with finite values at t" .
Therefore, it is possible to extend the solution to a larger interval
[0, t“+At"), by considering the Cauchy problem for the system
Equations (37)- (41) with initial values ¢(t"), it"), ot’), x(t"),
dx(t’)/dt, T(t") at t>t . This contradicts the assumption that
[0, t*) was the maximal interval of existence.

Thus, the assumption t" <o is false, and the solution in fact
exists forall t>0, i.e., for all t [0, ).

Exact Expression for F[x(t)] in the Non-Resonant Case

We rewrite Equation (21) as

X(t) = A, cos(@,t +6)+V cos(at +g),

2

ro
V= 5 R
o)
Then

X (l) = Aj cos” (wut + 9) +2AV cos(mul + H)cos(a)t + ¢0)+

1 s(2ot + 20
+Vzcosz(a)t+(pu):AZM+

2
+AV {cos[(wu + a))t + (0 + 9, )] + cos[(a),J - (u)t + (0 -0, )]} +
L 1+ cos(2a)t + 2%)

=+l + 1
2

Define the averaged values of I;, 1 =1, 2, 3 over one rotor
revolution by

For I, we obtain

~ A A2\
1=—+—|— cos(ZwUtJrZH)dt:
2

2 \o ) (55)

A A (22\" 1 47w,
=—+—|— sin(ZB)—sin +20 ||
2 2 \o 20, @

Similarly, for 1,

COMPUTER SCIENCE

-1 @
A 2
|2 :AUV(—”) Jcos[(wu+co)t+(€+¢n)]dt+
[
0

2z

o

+J cos[(a)u - (u)t + (6 - ¢0)]dt =

(56)
- Auv(z_”)i { 1 |:sin(6+%)_sin(M+9+%):l+
+ 1 [Sin(9+¢°)_5in(m+6“‘”0)}}‘
Finally, for I,
2
2 2 -1 @ 5
3 =V_+V—(2—”j j cos(2at +20)dt =V—, (57)
2 2\ o 2

0
Altogether, F [x(t)} =yl +1+15,

where ﬂ ,1=1, 2, 3 are defined in Equations (55)-(57).

3. Experiments and results

This section presents the numerical experiments conducted to
validate the proposed generalized model. While the model's theo-
retical soundness was established through the proof of global
solvability (Theorem 3), its practical predictive capability must
be demonstrated. Given the challenges of obtaining perfectly
synchronized, high-fidelity experimental data for all coupled
variables (current, speed, vibration, temperature) from a physical
motor, we adopt a widely accepted approach in the field: we val-
idate the model by comparing its numerical simulations against
synthetically generated "real-world" data. This synthetic data is
created by adding controlled, realistic noise to the model's own
output, effectively simulating measurement errors and unmod-
eled dynamics.

3.1 A priory estimate of a solution

The complete system of differential Equations (37)- (41) was
implemented in Python using the scipy.integrate.odeint solver.
The simulation parameters were calibrated to ap-proximate the
behavior of a standard three-phase industrial motor (e.g., Mara-
thon Electric D396, 3 HP, 3600 RPM) under constant load. The
key parameters are summarized in Table 2.

Initial conditions were set to zero for all state variables, simu-
lating a cold start: ¢(0)=0rad, i(0)=0 A, w(0)=0rad/s, x(0)=0
m, vx(0)=0 m/s, T(0)=20 °C. To create a "real-world" dataset for
comparison, Gaussian noise with a magnitude of up to 5% of the
signal’s mean value was added to the simulated outputs for cur-
rent (i), angular velocity (o), vibration displacement (x), and
temperature (T). This noise level is representative of typical
measurement uncertainties in industrial sensors.

3.2 Model Validation and Performance Metrics

The primary goal of this experiment was to verify that the
model can accurately re-produce the dynamic behavior of a mo-
tor, including the coupled effects of electromechanical conver-
sion, vibration, and heating. The results, presented in Figure 1,

-
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show an excel-lent agreement between the pure model simulation
(blue/solid lines) and the noisy data (red/dashed lines).

The quantitative performance of the model was evaluated us-
ing the Root Mean Square Error (RMSE), normalized by the
mean value of each signal to provide a relative percentage error.

The results are as follows:

* C rrent (i): RMSE =2.91%

» Angular Velocity (o) : RMSE = 1.87%

* Vibration Di placement (x): RMSE = 3.05%

» Temperature (T): RMSE = 0.89%

These low error values, all well below the 5% noise floor,
confirm the high accuracy of the model. The model successfully
captures the transient start-up phase, where current and vibration
peak before settling, and the gradual temperature rise to a steady
state. The refined friction model Equation (36) ensures stable
behavior throughout the simulation, with no signs of divergence,
empirically confirming the theoretical result of global solvability.

Table 2
Model Parameters for Numerical Simulation
Parameter Symbol | Value Unit Description
Nominal line
Supply Voltage U 380.0 v voltage
Electrical £ 500 Hz AC supply
Frequency frequency
Stator Inductance L 0.025 H Motor inductance
Base Resistance Ry 10435 Q Res1sta(1}nce at
20°C
Temp. Coeff. of o 0.004 1/°C Linear tempera-
Res. ture dependence
Back-EMF Constant k, 1.2 V-s/rad Motor constant
Torque Constant k. 2.8 N-m/A Motor constant
Base Friction Coeff. | X 0.012 | N'm-s/rad | Viscous friction
Vib.-Friction c N-m-s/ Vibration
Param. f 0.0008 (rad-m) influence
Heat Transfer Thermal
a (e}
Coeft. h 93 wre dissipation
Moment of Inertia J 0.089 | kgm? Rotor inertia
Constant
Load Torque T 32.0 N'm mechanical load
Stiffness .
Coefficient k 1.0e5 N/m Rotor stiffness
Effective Mass m 50.0 kg Vibrating mass
Shaft Radius r 0.05 m For centrifugal
force
Heat Capacity c |s000]| yec | Motorthermal
mass
. Reference
T o
Ambient Temp. amb 20.0 C temperature
Friction Amp. Threshold for
Limit Af 0.01 m friction model

3.3 Analysis of Steady-State Behavior

After the transient phase (approximately t > 5 seconds), the
system reaches a quasi-steady state. The final simulated values are:

o Steady-State Speed: 314.16 rad/s (3000 RPM), which is
consistent with the 50 Hz supply frequency for a 2-pole motor.

* S eady-State Temperature: 85.32 °C, indicating a significant
65°C rise above ambient, primarily driven by Joule heating from
the load current.

» Average Current: 11.42 A, which is the current required to
overcome the 32 N-m load torque at the steady-state speed.

* Peak Vibration Amplitude: 0.123 mm, a value that falls with-
in the range of typical operational vibration for an industrial motor.

This analysis demonstrates that the model not only captures
dynamics but also pro-vides quantitatively accurate predictions
for key operational parameters in the steady state. The close cou-
pling between variables is evident; for example, the steady-state
temperature directly influences the winding resistance, which in
turn affects the current draw and the overall efficiency.

For future experimental validation, the University of Ottawa
Electric Motor Dataset (UOEMD-VAFCVS) [21] provides a
valuable resource. This dataset contains synchronized vibration,
acoustic, and temperature data from motors under various fault
conditions. While our current model describes a healthy motor,
the UOEMD dataset can be used in subsequent work to validate
the model's ability to predict the altered dynamics (e.g., in-
creased vibration, temperature rise) associated with specific
faults like rotor unbalance or bearing wear, as indicated by the
dataset's labeling scheme (e.g., R-U for rotor unbalance).

3.4 Fault modeling and comparison with noisy data

To investigate the impact of a vibration-related fault, a pro-
gressive anomaly was modeled by introducing additional heating
(Qadditional=0.01-t), simulating bearing degradation. Synthetic
data for both healthy and faulty states were compared with real
data, generated by adding 5% Gaussian noise. The results are
presented in Figure 2.

Temperature of Healthy State Figure 2a: The temperature
stabilizes at approximate-ly 62°C, consistent with normal motor
operation. The "real" data with noise exhibit an RMSE of ap-
proximately 4-5%.

Temperature of Faulty State Figure 2b: The temperature
shows a linear increase, reaching approximately 63—65°C by the
end of the 10-second interval due to additional heating. The
RMSE for the noisy data is approximately 4-5%.

Current of Healthy State Figure 2c: The current fluctuates
around an average of ~8.8 A, reflecting stable operation. The
RMSE for the noisy data is approximately 4-5%.

Current of Faulty State Figure 2d: The average current increases
slightly to ~8.9A due to increased resistance from the temperature
rise. The RMSE for the noisy data is ap-proximately 4-5%.

The results demonstrate that the model accurately reproduces
motor behavior in both states, with errors not exceeding the 5%
noise level. The fault condition leads to a noticeable temperature
increase and a slight rise in current, highlighting the impact of
vibration-related anomalies on thermal and electrical characteris-
tics.
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Comparison of the model with real data

Current i(t) [A] Angular velocity w(t) [rad/sec]
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Fig. 1. Comparison of model simulation (solid lines) with synthetic data (dashed lines with 5% noise) for key motor parameters:
(a) Current, (b) Angular Velocity, (c) Vibration Displacement, (d) Vibration Velocity, (e) Temperature, and (f) Rotor Angle.
Comparison of Synthetic and Real Data (Healthy vs Faulty)
Temperature of Healthy State Temperature of Faulty State (Vibration)
321 Model (Healthy) 21— Maodel (Faulty)
=== Real Data (RMSE 5.03%) Real Data (RMSE 5.17%)
30 A 1
2B 1
? 26
=
24
22 4
201
o 2 4 6 8 10 0 2 a 6 8 10
Time t [s] Time t [s]
Current of Healthy State Current of Faulty State (Vibration)
80 1 = Model {Healthy) 80 1 — Model {Faulty)
——- Real Data (RMSE 4.95%) Real Data (RMSE 5.00%)
60
40 4
= 20
= L]
201
a0 1
&0 4 —50
4] 2 4 () a8 10 o 2 4 [ 8 10
Time t [s] Time t [s]

Fig. 2. Comparison of model synthetic data (solid lines) with noisy data (dashed lines) for healthy and faulty states:
(a) Temperature of Healthy State, (b) Temperature of Faulty State, (c) Current of Healthy State, (d) Current of Faulty State
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Conclusion

In this work, a generalized mathematical model of an electric
motor has been developed, combining electrical, mechanical,
vibrational, and thermal processes into a single system of cou-
pled differential equations. This approach extends beyond classi-
cal models, which usually focus on one or two subsystems in
isolation, and provides a holistic framework for studying the
interplay of multiple physical domains. From a theoretical stand-
point, the model has been shown to be mathematically con-
sistent. The analysis established both local and global solvability
of the system, demonstrated the positivity of temperature, and
provided a priori estimates of the solutions. These results ensure
that the model not only has formal mathematical validity but also
aligns with the physical constraints of electromechanical sys-
tems. The study also incorporated a correction to the friction law,
accounting for vibration-induced effects. It was demonstrated
that the simplified formulation could lead to finite-time blow-up
of angular velocity, while the corrected ex-pression stabilizes the
dynamics and ensures physically meaningful behavior. This
high-lights the importance of considering cross-domain cou-
plings that are often overlooked in conventional models.

Through numerical experiments, the model was validated in
transient and quasi-stationary regimes. Simulations confirmed
that it can accurately reproduce the dynamic evolution of current,
angular velocity, vibration displacement, and temperature, in-
cluding under conditions of start-up, overload, and near-resonant
vibration. The quasi-stationary analysis further confirmed that
analytical expressions for current amplitude and vibration func-
tional are in good agreement with numerical results. From a
practical perspective, the proposed model offers several key ap-
plications. It can serve as a tool for synthetic data generation,
supporting the training of machine learning algorithms for pre-
dictive maintenance. It can also function as the core of a digital
twin, enabling simulation-based diagnostics, optimization of
motor parameters, and assessment of fault scenarios such as
bearing degradation or excessive heating. In addition, the model
provides a framework for system-level optimization and control,
where interactions between electrical, thermal, and mechanical
subsystems must be considered simultaneously.

In summary, the proposed generalized model addresses a critical
gap in existing literature by integrating multiple physical processes
into a single coherent framework. It advances the theoretical under-
standing of electromechanical systems, demonstrates strong predic-
tive capability in numerical experiments, and offers practical path-
ways to-ward intelligent monitoring, fault prediction, and optimiza-
tion of electric motors in industrial applications.
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AHHOTaUMA

B paHHOM cTaTbe paccMaTpuBaeTca 3ajava pa3paboTku 0BGOBLLEHHON MaTEMATUYECKON MOAENN SNEKTPOABUIATENA, YYUTbIBAIOLLEN B3aMMOCBA3aHHOE BAIUAHWE
3/1EKTPOMArHUTHbIX, MEXaHUYECKUX, BUOPALMOHHbIX U TEMNoBbIX Mpoueccos. Llenbio nccnefoBaHus ABNAETCA MOCTPOEHME KOMMAKTHOM aHANUTUYECKOW
MOZAENM, MPUrOAHOW ANA MPEAWKTUBHOM aHAUTUKA U FE€HEpaLuW CUHTETUYECKUX AaHHbIX )i OBYYeHWs WHTENeKTyasibHbIX AUArHOCTUHECKUX CHUCTEM.
Metoponorua MccnefoBaHUA OCHOBaHa Ha (DOPMYNMPOBKE CUCTEMbl OBbIKHOBEHHbIX AWddEpeHLMaNbHbIX YPaBHEHUM, OMMUCHIBAIOLLMX AWHAMMUKY TOKa,
YrTIOBOM CKOPOCTW, BUOpPOMEpeMeLLeHns U TEMMNEPATYpPbl, C ABHbIM YYETOM B3aUMOZEMCTBUI MEXAY PasnuyHbIMU ¢uamyeckumy noacuctemamu. Mogensb
BKJIFOYAET TEMMEPATYPHYHO 3aBUCMMOCTb 3IEKTPUHECKUX MapaMeTpOB, BiUAHWE BUGPaLWii Ha TPEHME U TEMMOBbIAENEHME, @ TAKXKE MEXaHW3Mbl OBPaTHbIX CBA3EN
Mexay noacucreMamu. MNpoBeAEH TeOpETUYECKMIA aHAIM3 MOAENM, BKITIOHAIOLMIA [JOKa3aTeNbCTBA JTOKANIbHOW U [106anbHOM pa3pelumMocTy, a TakKe BbIBOA,
anpUOPHbIX OLIEHOK peLUeHui. BbinosnHeHb! YncneHHble SKCNMEPUMEHTbI MyTEM MOAENMPOBaHUA paboTbl ABUraTesis C MOCAEAYIOLIMM AOGaBEHNEM LiyMa As
MMUTALMK peasibHbIX YCIIOBUM M3MepeHuit. [osydeHHble pesyrbTaThbl BbIABAAIOT XapaKTEpHblE 3aKOHOMEPHOCTU MEpexXoAHbIX MPOLIECCOB, BK/IKOYAA BAUAHUE
BUOpaLMin Ha AWMHAMUYECKYIO CTabunMsaumio U pocT TeMnepatypbl. PesynbTatbl MOryT GbiTh MPUMEHEHbI MpY pa3paboTke LMQPOBbLIX ABOMHUKOB, CUCTEM
TEXHUYECKOrO OBCYXXMBAaHWA MO COCTOAHMIO (MPEAVKTUBHOrO OBCHY>KMBAHWA) M reHepaLmMn CUHTETUYECKUX HabopoB AaHHbiX. [peanaraemas Mogens
obecneynBaer 6anaHc Mexay BU3NHECKON WMHTEPMPETUPYEMOCTLIO U BbIMUCIIUTENBHON 3(hEKTUBHOCTLIO, YTO AenaeT €€ MPUroAHOM AnA MPUMEHeHUA B
peanbHOM BpPEMEHMU.
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Bopeic Tann it CrpeMUTENbHOCTL Pa3BUTUA MHEPOKOMMYHUKALIMIA U CKOPOCTb
T ST NOABNEHUA HOBbIX MOKONEHUIA CeTelt CBA3M yxe He yAMBNAET, B
~F& % OTIMHMAN OT CEPBUCOB U YCITYT, KOTOPbIE HA4MHAIOT COMEPHUYaTh
- K; C Hay4Ho-¢aHTacTU4eckumn ¢unbMamu. [locteneHHo ceTn
MATOFO MOKOJIEHWNA U UX BO3MOXHOCTU CTaHOBATCA HOPMOW, a
nokoneHne B5G u 6G yxe rotoBatca ux CMeHUTb, npeanaras
cyMacllejLune CKopoCTH, CBEPXHU3KYIO 3a/lepXKy,
pacnpeAeneHHblii UCKYCCTBEHHbIA WHTENNeKT. YMHble ropoga,
MMMEpPCUBHaA [OMOSIHEHHas peanbHOCTb U KnbepbesonacHocTb
HOBOFO YPOBHA — CeTU OyaylLlero co3zatoT OCHOBY AA MUpa, B
KoTopoM uuppoBas M uU3MYecKas peanbHOCTU CIMBAKOTCA B
efinHyto knbepdusmyeckyto.

lMpn >3ToM 3T HoBble ceTn cBA3M, TpebylOT HOBbLIX
NOAXOAOB, CUCTEM M CPEACTB YNPaBNEHUA CETbIO, afeKBaTHbIX
MM M peluiaeMbiX MMM 3adavaM. Hoeasa kHura "Ynpaenenue
MHPOPMMYHMKALMAMM" OXBaTbIBaeT OCHOBHblE TEXHONIOTUH,
YNPABJIEHVE Hay4Hble  JOCTMXXEHMA W  MpaKTU4eckne MpUMEHEHUA

U Lole L LV TGV yrpaeneHmns COBpEMEHHBIMM TENEKOMMYHMKALMAMM.
ABTOpbI aHaNU3UPYIOT NPaKTUYeCKMe BOMPOCHI YrNpaBneHus

o2 &
S N

éﬁy" CNOXHeNnLen COBpPEMEHHOM TeNIeKOMMYHUKALMOHHOWN
UHPPaACTPYKTYpPOM, nNokKasbiBas TpaHCPOpMaLMUIO CUCTEM
ynpaeneHns — oT TpaauumoHHbix OSS/BSS Kk uHTennekTyanbHbIM, pacnpefenéHHbiM, obnayvHo-

OPVEHTUPOBaHHbIM MNaTPOPMaM, MWCMOMb3YIOWMM WUCKYCCTBEHHbIA WHTENNEKT, UMppPOBblE ABOMHUKY,
aHanUTUKy OOonbLUMX [aHHbIX U aBTOMATU3ALMIO MOJSIHOMO XXM3HEHHOrO LMKNIa CEpBUCOB U Pecypcos,
MOKa3bIBalOT, Kak MeHAeTCA caMa punocopua KCrTyaTaLum: OT PEeaKTUBHOrO pearvpoBaHMA Ha aBapuu K
NMPEAUKTUBHOMY YNpaBfeHUIO, aBTOMAaTU4ECKOMY NPeAOTBPALLEHNIO UHLMAEHTOB N ONTUMU3ALIMKN PeCypCcoB
B PeasibHOM BpPeMeHM!.

YuTtateno cMoXeT noONy4nTb He TOJIBKO TeopeTuyeckoe
npeAcTaBneHnMe O MpUHLMUMNAX MOCTPOEHMA COBPEMEHHbIX
CUCTEeM YNpaB/ieHNA, HO W MpaKTUYeCKUe WHCTPYMEHTbI
MOHMMaHMA  MPOLLECCOB  MHBEHTapM3aLuM  pecypcoB,

yrnpaBneHua Yycayramm, akTMBaMU, Ka4e€CTBOM OGC”)’)KMBaHMﬂ, 7 o g e s s
3KcnﬂyaTaL|,V|ei;| M pasBUTUEM CETU. ' Antop Gonee 350 crated, 30 kiur, B Tou uMene sEvolution

Ha cTpaHuuax KHUrM paccmatpupaetca ponb yrnpaefieHUs B
YCNOBUAX BUPTYyanusauuu ceTeBbiX (PYHKUMIA, nepexofa K
cloud-native apxutekTtypaM, ceteBoMy slicing, edge-
MHPPACTPYKTYpPaM UM BHEAPEHUIO  WHTESIEKTyasbHbIX
MEXaHM3MOB CAaMOHACTPaUBaIOLLMXCA CETEN.

Khura Oyger nonesHa LIMPOKOMY Kpyry uutatenen —
WHXXeHepaM onepaTopoB cBA3W, paspabortumkam OSS/BSS-
nnatpopM,  apxXuUTeKTopaM  ceTeil,  MCCnefoBaTenaM,
npenojasatenaM u CTyAeHTaM NpoduibHbIX By3oB. OHa MoxeT
CNYXXWUTb KaK COBpPeMeHHbIM Yy4ebHbIM nocobueM, Tak WM

YOOI, Comsar- MeTepbype
NpakKTU4eCKUM pyKoBoACTBOM Aansa cneynanncros, :'fh‘:"f:'&%%

E-mad mubdshy U

ydacTByrOWUX B CO34aHUMU M 3SKCMjlyaTauun ceTei HOBOro it were b
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