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WccnepoBanmne BbiNosHeHO Npu GUHAHCOBOIN NoAaepxke
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HecMoTpa Ha cylllecTBeHHBI nporpecc B onpeAerieHMM MeCTOMOJNIOXKEHUA YCTPOMCTB HaseMHbIX COTOBbIX ceTen 4G
LTE, 5G NR u GecnpoBogHbix nokanbHbix cetei WIiFi 3a nocnegHue ropabl cepBUCbI MO3ULMOHMPOBAHUA
CaHTMMETPOBO# TOYHOCTM B peanbHOM BpeMeHu B defepanbHOM MacliTabe reorpacmMvecKoi NPOTAKEHHOCTU Ha
CEroAHALLIHUIA AEHb AOCTYMHbI UCKITIOYUTENBHO MO06GaNbHbLIM HaBUTaLMOHHBIM CyTHUKOBbIM cuctemam (THCC, GNSS
- Global Navigation Satellite System) c cucremamu auddeperHumancHoin koppekuun (CAK). HaubGonbluee
pacnpoctpaHenue nonyuunu cuctembl GNSS ¢ CK "kuHemaruka peanbHoro spemenn” RTK (Real Time Kinematic).
MporpammHo-annapatHbie koMnnekcbl (MAK) GNSS RTK reopesuueckoro knacca ¢ NoAnucKoi Ha CepBUCHI CETH
OMOpHbIX 6a30BbIX CTaHLUMA MPUBA3KM MOMMMO Ka4yeCTBEHHOW amnmapaTtHOM COCTaBMAIOLLEN MpUeMa MepPBUHHBIX
u3MepeHuMn paboTaloT ¢ MUCNONbL3OBaHWEM MpPONpPUETApHOro MNporpaMMHOro obecneueHus, peanusyloliero
BbICOKO3(P(PEKTUBHbIE ANTOPUTMbI BTOPUYHON NOCTOGPaGOTKM, M MO3BONAIOT AOCTUraTh B peanbHOM BpeMeHMu
MUIIMMETPOBOM TOYHOCTU oueHok KoopauHat (OK). MomuMo Bbicokoin ToyHoctM OK npu Hanuumm npamon
supumocTtu LOS (Line Of Sight) cucrembl GNSS RTK reopesunyeckoro knacca acppeKkTmeHo koMneHcupyioT apcekTnl
MHOroJly4eBocTH u B cueHapuax nosHoro NLOS (Non LOS) unu yactuunoro OLOS (Obstructed LOS) otcytctBua
NpAMOA BMAMMOCTM MeXAy aHTeHHo# posepa u cnyTHukamu FHCC. Bonee pocTynHeiM M MaccoBbIM yCTpoWcTBaM
GNSS RTK notpe6urenbckoro cermeHTa conocraBMmas TOMHOCTb HEZLOCTYNMHA HU B cueHapuax LOS, Hu Tem Gonee B
ycnoeuax NLOS. AkTyanbHoi U BOCTpe6OBaHHOM Ha CETOAHALLIHUIA AEHb 3a/ja4el ABNAETCA MOBbILIEHUE TOYHOCTU
nosuynonuposanua cuctem GNSS RTK notpebutennckoro cermenta 3a cueT nocro6pa6otku nepsuunbix FTHCC
usMepeHuin B 6Gubnuoteke ¢ oOTKpbITbIM ucxoaHbiM KoaoM RTKLIB. B Hacroswein pabote BbinonHaercs
3KCNepUMeHTanbHoe UCCiefjoBaHUe TOYHOCTM nosuuuoHuposanua cucteM GNSS RTK c ucnonezoeanuem MAK
reopesnyeckoro knacca PrinCe. OueHKkM KoopaMHaT nony4valoTcA Kak HenocpegctBeHHo u3 PrinCe, Tak u B
pesynbrate nocto6pa6otku nepBuyHbIx u3Mepenuii B RTKLIB. BbinonHserca aHanus3 napaMeTpos:
cpefHekBagpaTtuvyeckoe otkioHeHne (CKO) oueHok koopaMHaT, KONMYECTBO MCMONb3yeMbIX CMYTHUKOB M
reoMeTpuyeckuii  (pakTop CHMMKeHUA TouHocTn. Llenbio uccnepoBanua sABnseTca nNouck u obGocHoBaHue nyTen
MOBbLILLIEHNA TOYHOCTU nosuumuoHuposanua cucteM GNSS RTK nocpeacrsom nocro6paborku B RTKLIB npu
yactuyHoM OLOS otcytctBuM npsMoy BuauMocTu. B pesynbrate uccnefoBaHus nokasaHo, YTO mpepaBapuTenbHas
NPOCTPaHCTBEHHaA (OUNLTPALMA NEPBUYHLIX U3MEPEHWI MO a3uMYTy M yriy MecTa Mo3BOJIAET MOBbICUTL TOYHOCTbL
MO3MLMOHUPOBAHUA MO cpaBHeHUIO ¢ noctobpaboTtkoin B RTKLIB no ymonuanuio. Bnepebie ana cueHapues OLOS
BbINONHEHO cpaBHeHue TouHocTu OK, nony4yeHHbIx Kak HenocpeacreeHHo u3 MAK reopesuyeckoro knacca, Tak u B
pesynbrate nocrto6pa6otkm B RTKLIB. TeopeTuueckas 3Ha4YMMOCTb 3aKnlo4aeTrcd B 3KCNEpPUMEHTaNbHOM
060CHOBaHMM MPOCTPAHCTBEHHOM UNLTPALMKU MO asuMyTy M yrny Mecta B cueHapuax OLOS. lMpakrtuyeckas
3Ha4YUMMOCTb MCCNEel0BAHUA 3aK/lO4aeTca B MOBbILIEHUU TOYHOCTM nosuuuoHupoBaHua cucteM GNSS RTK
notpebutenbckoro cermeHTa 6e3 UCMONIb30BaHUA AHTEHHbIX PELLETOK.
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BBenenue

BricokoTounoe onpeneneHue mecromnonioxerus (OMIT) siBiisi-
eTCsl aKTyaJIbHBIM ¥ BOCTpEOOBaHHBIM HAaNIPaBJICHUEM HCCIIEI0Ba-
HUH B COBPEMEHHBIX U NEPCHEKTUBHBIX THOPHUIHBIX OPOUTAIBHO-
HA3eMHBIX CETSAX PaAMOCBsA3M U panunoHaBurauuu [1]. Joctuxe-
HHE METPOBOM, ICIMMETPOBOH M CAHTHMETPOBOM TOYHOCTH ITO3H-
IIUOHUPOBaHUA B Ha3eMHBIX coToBBIX ceTax 4G LTE [2] u 5G
New Radio [3, 4], 6ecnpoBogubix mokansHBIX ceTsx WiFi IEEE
802.11az [5] u mepcriekTUBHBIX ceTsx 6G [0, 7] COOTBETCTBEHHO
OTKPBIBAET MIHUPOKHE BO3MOKHOCTH UX IMPAKTHUECKOTO HCIIOTIB30-
BaHus. OHAKO ocTaeTcs psij crieHapues, Bkitodas OMII tpanc-
MOPTHBIX cpencTB [8, 9], rie Tpedyercsi CAaHTUMETPOBAst TOYHOCTh
oreHok koopauHat (OK) B peanbHOM Bpemenu. Ha ceroausiauii
JIeHb Takas TOYHOCTb JIOCTYITHA TJIOOAJIbHBIM HABUTAIIMOHHBIM
cinytHuKoBEIM cucteMaM (THCC) [10] ¢ cucremamu guddepen-
mransHol koppekunu (CK) [11]. Haunbonpinee pacripocrpaHe-
nue noxyumn cucrembl GNSS (Global Navigation Satellite Sys-
tem) Kiracca «kuHEeMaTHKa peanbHoro BpeMeHm» RTK (Real Time
Kinematic) [12]. Bropuunas oopadotka 'HCC usmepenwnii u mo-
npaBok CJIK [13] B mponpuerapubsix komiuiekcax GNSS RTK
reojiesndeckoro kiacca tumna PrinCe [14-16] mo3BosisieT 10CTHYIh
caatuMeTpoBoif Tounoct OMII. OmHako B 6onee JTOCTYIHBIX
YCTPOUCTBAX MOTPEOUTENHCKOTO cerMeHTa [ 17] Takast TOYHOCTH B
pearbsHOM BpeMEHH MOKa HeJAOoCTymHa. [l nccnenoBaHus MeTo-
JIOB ¥ CPEJICTB MOBBILICHUS] TOYHOCTH MO3UIMOHUPOBAHUS CUCTE-
mamu GNSS RTK M0KHO BOCIOJIB30BaThCSI OTKPHITON OMOIHO-
texoit RTKLIB [18]. B Helt ucnonp3yroTcs TaHHbIE TEPBUYHBIX
pamuorexunuyeckux ['HCC wusmepennit B ¢opmare RINEX
(Receiver Independent Exchange Format) [19], monpasku C/IK B
dopmare RTCM (Radio Technical Commission for Maritime
Services) [29], mnepemaBaembie uepe3 NTRIP-coenuueHme
(Networked Transport of RTCM via Internet Protocol) [21], u
omeHkn koopamHaT B (opmate NMEA (National Marine
Electronics Association) [22]. Ins ananm3a mopsaka IocToopa-
60TKM epBUYHBIX n3MepeHnit u nonpaBok B RTKLIB B Hactos-
el paboTe BBRIMOTHIETCS aHaIu3 (POPMATOB JAHHBIX, HCIOJB3Y-
eMBIX JUIS HSKCTIEPUMEHTAIBHOTO MCCIETOBAaHUA TOYHOCTH MO3H-
nnonupoBanust GNSS RTK.

CantumerpoBas TouHocTs OK B peaqbHOM BpeMeHH JT0CTUTa-
eTcsl B M3BECTHOI cucreme audhepeHInaTbHON KOPPEKIIUH «KH-
Hematuka peanbHoro BpemeHn» RTK [12] 3a cuer ucnons3oBa-
HUSI OIIOPHOTO CTaI[IOHAPHOTO HABUTAL[MOHHOIO TPHEMHHKA
(6a3pl), yCTaHOBJIEHHOIO B TOYKE, KOOPJIMHATHI KOTOPOW H3-
BECTHBI U3 ONOPHOH ceTH AU (epeHINaTBHBIX Te0e3HIECKUX
cranuuil [23]. Bemonnusas nepsuunsle n3Mepenuss [HCC u BbI-
YHCIISIA OLIGHKY CBOMX KOOPJIMHAT, 0a3a COMOCTaBISIET UX C U3-
BECTHBIMH €if HICTHHHBIME KoopanHaTtamu [12]. [Tocne comocTas-
JICHUS BBIYHCIAIOTCS OTKIOHEHUS, M3 4ero (opMupyroTcs Io-
MIPaBKH, KOTOPHIE B pEAIbHOM BPEMEHH OT 0a3bl TOCTYNaroT Ha
MOOHJIBHBINA IPUEMHHK POBEP, KOTOPBIH UCIIOIB3YET UX JUISl yTOY-
HEeHHA yke cBoux KoopauHart [13]. Ha ceropgnsammuuit neas GNSS
RTK ocraercst HanboJjiee pacnpoCcTpaHSHHBIM PEIIICHUEM JOCTH-
JKEHHUSI CAHTUMETPOBOI TOYHOCTH OLIEHOK KOOPIMHAT PaJMOTeX-
HUYECKUMH CPEICTBAMHU.

Hcnonp3oBanue nmporpaMMHO-aNIapaTHOrO KOMIUIEKCA I'eo-
nesndeckoro kiacca PrinCe [14-16] mo3BoiseT moirydaTh Kak
HenocpeactBennblie koopauHat GNSS RTK, Tak u 3anuchiBath
nepraable ' HCC m3mepeHns ¢ poBepa U MOMPaBKH ¢ 0a3bl s
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UX Tocieayrmnei mocrodpadorku. [ToctodpaboTKa MEPBUIHBIX
mmeperuit popmara RINEX [19] B oTkpeITON OuHONMMOTEKE
RTKLIB [18] mo3BossieT mojiy4uTh OLIEHKH KOOPAUHAT, KOTOphIE
MOYKHO 3aTeM CpaBHUTH ¢ TakoBbIMHU U3 PrinCe. [Tomyuenue nermo-
CPEACTBEHHBIX OIIEHOK KOOPIMHAT U3 POTPAMMHO-AMIIAPATHOTO
komruiekca PrinCe n Apyrux aHaJIOTHYHBIX PELICHUH reo1e3ude-
CKOTO KJIacCa OTJIMYAETCS BBICOKOH TOYHOCTBIO, KOTOpast OOBIYHO
HEJOCTYIHA YCTPOCcTBaM MOTPeOUTENHCKOT0 cerMenTa [16]. Ax-
TOPUTMBI TOCTOOPAOOTKH U3MEPEHHUIT B KOMILIEKCAX reojie3uye-
CKOTo Kjacca 00BIYHO HEJOCTYIHBI A1 Bepupukanuu. B To xe
Bpemsi ycrpoiictBa PrinCe [14-16] nmeror HEoOXOoAUMEBIE ITPO-
rpaMMHO-armaparHble HHTep(enchl JUIsl 3aucH MepBUYHBIX H3-
mepennit [HCC ¢ poepa u nomnpaBok ¢ 6a3sl B popmare RINEX
[19]. JampHeiinryto moctoOpabOTKy U3MEPEHHI MOKHO Peaji30-
BaTh B OMOJIMOTEKE C OTKPBITHIM HCXOAHBIM KojjoM RTKLIB [18].
HVcrionp30BaHme TaKOro MOAX0/1a MO3BOJISIET OTCIICKUBATD BITHS-
HHUE HABUTAIIMOHHBIX NTapaMeTpoB Ha ToyHOCcTh OMIT.

W3BecTHO, YTO OCHOBHBIM (haKTOPOM CHIDKEHHUS TOYHOCTH TI0-
3UIIMOHUPOBAHNUS B PAJMOTEXHUUECKUX CUCTEMAaX SIBJIAETCA IMOJI-
HOE€ WJIM YaCTUYHOE OTCYTCTBHE NPSIMOA BHIMMOCTH MEKIY HC-
TOYHUKAMH U IPUEMHUKAMHU paIHoCHTHANOB [24-26, 50].

OKcnepuMeHTaIbHOE HecIeoBaHue TouHoCcTH cucteM GNSS
RTK B ycnoBusix nonuoro Hanuuust LOS (Line of Sight) u mon-
Horo orcyrctBue mpsimoit BuaumMoctd NLOS (Non LOS) mpu
9KPaHUPOBAHMM METAJUIMYECKUM SKPAHOM OBUIO BBHIIIOJHEHO B
[27]. B HacTosimied paboTe UCCIIEAYSTCSl YAaCTUYHOEC OTCYTCTBUE
TIPSIMOM BUAMMOCTH TIPH SKPAHUPOBAHNH METAJUTMUECKOH perieT-
kot OLOS (Obstructed LOS) u nput 3aTeHeHNN OJJTHOI CTOPOHBI
npuema crenod WLOS (Wall LOS). [lyist kax10r0 crieHapust OIH-
CBIBAIOTCS YCIIOBHS DKCIIEPUMEHTA, PUBOANTCS OIIEHKA KOOP/IH-
HaT PrinCe, OK ¢ mocro6pabotkoit B8 RTKLIB, Beimomusercs
cpasrenue pemrennit PrinCe m RTKLIB, mocie gero gopmymupy-
10TCs BBIBOABL. OmopHEIi cueHapuii LOS ciry’XuT 3TanoHoM, 0T-
HOCHUTEJIBHO KOTOPOTO OIIEHMBAETCS CHMXKEHHE TOYHOCTH MO
cpenHexBaaparndeckomy otkinoHennto (CKO) OK u psagy npyrux
rapaMeTpOB: CTaTyC PEIICHHUS, KOJIMYECTBO CITyTHUKOB, 3HAUCHHSI
HDOP, craryc RTK-Fix u ap.

Lenpro HACTOSILETO MCCICOBAHMS SIBISICTCS TIOUCK U 000C-
HOBaHHE ITyTEH IMOBBINICHUS TOYHOCTH MO3UIMOHWPOBAHUS CH-
cremamu GNSS RTK B ycnoBusix nonHoro NLOS unu wactuy-
Horo OLOS oTcyTcTBHsI NpSAMOM BUAMMOCTH MEXKIy aHTCHHOU
posepa u cnytaukamu 'HCC.

Jnst TOCTHKEHUs! TTOCTABICHHON LeNn B padoTe pemarTcs
crenyromme 3aaa4n. B paznene | mpuBOIUTCS aHATM3 COCTOSHUSA
MpOOJIEMBI TIOBBIMICHNS! TOYHOCTH TO3HMIMOHUPOBAHUS CHCTEM
GNSS RTK Ha ocHOBe MOCIEAHUX MyOIMKAIMKA B TaHHOH Tpea-
MeTHO# obmacTu. B pa3nene 2 onmceBaeTcs opraHU3ays SKCIe-
PUMEHTa TI0 MCCIIEJ0BAHUIO TOYHOCTH MO3UIIMOHUPOBAHUS CH-
crem GNSS RTK. B pa3aenax 3 u 4 npeacTaBieHbl pe3yIbTaThl
9KCMEPUMEHTAIIBHOM OIICHKH TOYHOCTH MO3MLIMOHUPOBAHUS CH-
creM GNSS RTK Ha 000pymoBaHUM TI'eo/I€3MYECKOTO Kiacca
PrinCe B cuenapusx OLOS u WLOS. B paznerne 5 nokasaHsl myTu
noBeleHust Tounoctu cucteM GNSS RTK B ycnosusix OLOS u
WLOS nocpenctsoM npoctpaHcTBeHHON (unbTpanuu. Paznen 6
COJICP’KUT BBIBOJIBI M HAIIPABJICHUS JAIbHEHIINX HCCIICTOBAHMUM.

1 AHaJIn3 coCTOSIHUS MPOOJIeMbl MOBbIIIEHUS
TouHOCTH no3unnonuposanus cucreM GNSS RTK

B paborte [28] nccnenyercs npodieMa yTpaThl CBs3U B KaHae
nuddepeHnnanbHbIX ONPABOK MEXKIY CTallMOHApHOW 0a30BOi
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cTaHIWel u moaBmKHBIM poBepoM B cucteme GNSS RTK, nnTte-
TPUPOBaHHOII ¢ OecriaThOpMEeHHOM HHEPIMATbHON HABUTALMOH-
Hoii cucremoirt (MHC). B Taxoit MHC unHeprmansHble H3MEpH-
tenpHble Moy IMU (Inertial Measurement Unit) oOpa3oBansl
MHKpO-dJieKTpoMexanndeckumu cucremamu MEMS (Micro Elec-
tro-Mechanical Systems) 13 THPOCKOIIOB U aKCeJIepOMETPOB, KO-
TOPBIE )KECTKO CBSI3aHHBI C OABHKHBIM 00BEKTOM MTO3UITHOHUPO-
BaHus. Takue cHCTEMBI Ha3bIBAIOT KeCTKO-cBs3zaHHbIMU MHC
SINS (Strapdown Inertial Navigation System). st pemienns mpo-
OJIeMBI yTpaThl CBSI3M B KaHAJIe MONPABOK NpejaraeTcs GopMu-
pOBaHME HEMPEPHIBHOTO BEKTOPA BTOPBIX PA3HOCTEH palOHaABHU-
TallMOHHBIX TapaMeTpoB (as3bl 32 CUET MCIIOIB30BAHMS MPEIbIC-
Topun nuddepeHHaNbHbIX TONPAaBOK OT 0a3bl BMECTE C TEKy-
mmvu m3MmepernsmMu [HCC posepa. PesyipraTel mMUTAIMOH-
HOTO MOJICITMPOBAHMS M 3KCIIEPUMEHTA MOKa3alld, YTO B MEPHOJ
yTpaThl CBSI3M B KaHalle TOMPAaBOK TOYHOCTH OLIEHOK KOOPAWHAT
CHUXKAETCS ¢ CAHTUMETPOBOM 10 AeLIMMETpoBOu. Mcnonb3oBanue
JKe MPEIOKESHHOT'0 T10/1X0/1a 00eCIeunBaeT CTAOMIBHOCTD H IO/
JIEpKHUBAET CAHTUMETPOBYIO TOUHOCTh OLIEHOK KOOP/MHAT.

3anaya nosbienns Tounoctd OMII B crienapusix paboTsI MH-
terpupoBaHHbIx cucteM SINS/GNSS RTK u no3unimoHupoBaHus
BbIcokoi TogHoCcTH PPP (Precise Point Positioning) mocpenctsoMm
YCOBEpIICHCTBOBAHMS paciuupenHoro ¢uiabrpa Kanmmana (POK,
EKF — Extended Kalman Filter) n pa3paboTku nTepaTuBHOTO K-
BuBanentHoro gunsTpa [-EqF (Iterated Equivalent Filter) pemra-
etcst B pabote [29]. Pe3ymbpTaTsl SKCIEpUMEHTAIEHON ampoOarin
B ITOJIEBBIX yCIOBHSAX ¢ yerpoiictBamu SINS/GNSS notpeburens-
CKOTO CEeTrMEHTa IMOKa3aJli JOCTIKEHHE CAHTUMETPOBOM TOYHO-
CTH, B YaCTHOCTH, B CIICHApHUAX C OONBIINM Pa3dpOCOM OICHOK
KOOPJIMHAT IO BBICOTE.

Pa3BuTHio cCOBMECTHOrO Hcnonb30Banus noaxonos PPP- RTK
nocesinieHa padota [30]. Cucremsr GNSS RTK ucnonb3yror mep-
BuuHble M3MepeHus (asel Hecymet [HCC coBmecTHO ¢ monpas-
kamu oT HazeMHbIX cranuuid C/IK B peasibHoM Bpemenu. M3Bect-
HbIM orpannueHueM cucteM RTK sBisercs HeoOXoaMMOCTb
HQJIMYUS. U JATbHOCTh (DyHKIMOHMPOBAHMS pajJiMOKaHala B Jie-
CSATKU KHJIOMETPOB MKy 0a30if u HazemHoit crannueii C/IK, a
TakXKe paJnoKaHata MexIy 0a3oi u poBepom. Cucremsl PPP mu-
IIEHBI 3TOTO OIPAHUYEHUS U PEATN3YIOT O3UIIMOHNPOBAHUE BbI-
COKOM TOYHOCTH MOCPEACTBOM IOJYHIEHHsI MOMPABOK K dhemepu-
Jam opouT 1 60pTOBBIM YacaMm BuauMbIX crryTHHKOB [ HCC (OB
— s(pemepuiHO-BpeMeHHass nH(OpMaIus) OT rI00aIbHBIX HCTOY-
HHUKOB, PACIOJIOKECHHBIX Ha PACCTOSHUM B THICSYN KHUIOMETPOB;
taxke meto] PPP omimuaercs or RTK Tem, uro nonpasku BHO-
CsTCSl B ITapaMeTpbl OPOUT M 4acoB, a He B M3MepeHus (a3 Hecy-
nmx curaanoB THCC [31]. TIpemnoxennsriii B [30] moaxo oOpa-
6otku norpaBok DB SSR (State Space Representation) ot rito-
0aJBHOTO MCTOYHUKA W aTMOC(EPHBIX MONPABOK OT EANHCTBECH-
HOW PErHOHAIBHON OTIOPHOI CTAaHIIMH TT0Ka3aJl CAHTUMETPOBYIO
JIEIMMETPOBYIO TOYHOCTH ITO3UIMOHUPOBAHUS JUIS CTallMOHap-
HOTO ¥ MOABHKHOTO 00BEKTa COOTBETCTBEHHO.

HccrnenoBanmio 0COOEHHOCTEH TOCTOOPAOOTKH TEPBUYHBIX
m3mepenuit 'HCC meronom RTK, cobpaHHBIX yCTpOHCTBaMU I10-
TPEOUTEIBCKOIO CEerMeHTa, mocesieHa padora [32]. ITokasaHo,
YTO [EJOYMCICHHOE pa3pelieHne HeogHO3HayHocTed AR
(Ambiguity Resolution) ¢a3 HecyIei paguocurHana npu coope
NEepBUYHBIX U3MEPEHUI cMapT(oHaMH 3aTpyTHEHO MO IPHYUHE
UX BBICOKOH 3allyMJICHHOCTU. [IpeoxkeHHbli aabTepHATUBHBIN
METO/I YaCTUYHOTO pa3petieHust a3oBbIX HEOJHO3HAYHOCTEH 1O~
Ka3aJl CAHTUMETPOBYI0 U JAECLUMETPOBYI0 TOYHOCTH OLIEHOK

KOOpAMHAT B CIEHAPHM TMO3UIMOHUPOBAHUS CTAI[IOHAPHOTO U
TIOJIBMYKHOTO 0OBEKTa COOTBETCTBEHHO.

Hcnonp3oBanue nHpOpMannu O Kapre OOBEKTOB JUIS MOBBI-
LIEHUs] TOYHOCTHU no3uioHuposanus cucteMamu GNSS RTK B
CJIOKHBIX TOPOJICKUX YCIOBUSX Hccienyercs B padbote [33]. Unes
TIPEAIIOKEHHOTO TT0/IX0/1a 3aKJIF0YAETCS B BO3MOKHOCTH MPOTHO-
3UpOBaHUs yCIOBHI pacnpocTpaHeHus paauososiH (PPB) mo
mudpoBeM 3D kaptam u Kraccudpukammn Hadmogaemex [ HCC
MIPUEMHUKOM CITyTHUKOBBIX CHTHAJIOB Ha CHUTHAJIBI C HAJIMYHEM
LOS u orcyrcrBuem NLOS mpsimoit Buammoctu. HemoctaTkom
JTAHHOTO MTOJIX0/1a JUISI ABMIKYIIIETOCS IPUEMHHUKA SIBIISCTCS CIIOXK-
HOCTh IPOCTPAHCTBEHHOHN (uubTparmu curaanoB NLOS B pe-
KHUMe peasibHOro BpeMeHu. B [33] pa3BuBaeTcss KOHLIEMIHS KapThl
MIPOTHO3a UCTOYHUKOB o100k npuema curHainoB 'HCC B Teky-
IIIeM y4acTKe IPOCTPaHCTBA, 3a7aBaeMOT0 CETKOM a3UMyTOB U yT-
JIOB MecTa, JUIsl 33/IaHHOM TPAaeKTOPUHU JBM)KEHHS MpPHUEMHHUKA.
JlaHHast KOHLENIMS NPU3BaHA CHU3UTH CIOKHOCTH KOPPEKLUH
oIIHOO0K, BeI3BaHHEIX curHagamu NLOS, 6e3 HeoOXO0AUMOCTH HC-
TIOJIb30BaHNSI HHCTPYMEHTOB TPACCHPOBKH JIyueil 10 IU(PPOBEIM
MOJIEITISIM MECTHOCTH. VICTIoNIb30BaHe BECOBBIX KO (PHUIIMEHTOB
Jutst TpuHATHIX curHanoB [ HCC, aBmstrommxcst HOTEHIMATbHBIME
HCTOYHHKAMHU OImKMO0K, B POK moka3sIiBaeT JOCTHIKEHHUE IEIH-
METPOBOH TOYHOCTH MO3UIIMOHUPOBAHUS B CIOKHBIX TOPOACKUX
YCIIOBUSIX.

TexHuka LETOYUCICHHOTO pa3pelieHHss HEOIHO3HAYHOCTEH
IAR (Integer Ambiguity Resolution) ¢a3sl Hecyeit, onpenensto-
masi TOYHOCTh no3uimonupoBanust B cuctemax GNSS RTK, wuc-
cienyercs B [34]. st nositenus ¢ dextuBHocTr IAR mpeza-
raeTcs MHTErpalusl HHepIHAIbHBIX HaBUT'alIMOHHBIX cucTeM INS
¢ ogaovacToTHbIMU curHanaMu 'HCC pa3nuuHbIX IpyNIupOBOK,
Bkirovast GPS, Galileo, GLONASS, BDS. Cytp npeayiaraeMoro
METO0/1a CBOJMTCSI K KOMITJICKCUPOBAHHUIO PAANOTEXHUUECKHUX H3-
Mepenuii auddepeHnnpoBaHHBIX MO BpeMeHH (a3 Hecymien
TDCP (Time Differenced Carrier Phase) u BTopsix pa3Hocteit a3
uecymeirt DDCP (Double Differenced Carrier Phase) c m3amepenu-
SIMM MHEPLMAIbHBIX U3MepuTenbHbIX Monyseld IMU; npu 3tom
YaCTOTA B3SITUS HEPBUYHBIX PAANOTEXHUUECKUX M MHEPIMAIBHBIX
m3mepennit coctaBisger 1 u 100 I'm cOOTBETCTBEHHO. ABTOPHI
TaK)Xe COOOIIAIOT O BBHICOKOH BBIYHCINUTENbHOM 3 deKkTHBHOCTH
MIPEUI0KEHHOTO METO/Ia M BO3MOXKHOCTH €T0 peasu3aliii B pe-
aJIbHOM BpeMEHHM Ha OOpTy Mo3MIMOHHpyemoro oObekra. Pe-
3yJIBTAaThl KCIICPUMEHTA B YCIIOBUSIX TOPOJICKOI 3aCTpOHKH I10-
Ka3aJii JeUMETPOBYIO TOUHOCTb OLIEHOK KOOPMHAT.

B pabote [35] uccnemyercst MO3UIIMOHUPOBAHUE BHYTPH TIO-
MEIIeHNH Ha OCHOBE MHTETPAlliy METO/IOB CUMCIICHUS ITyTH Iie-
mexona PDR (Pedestrian Dead Reckoning) n KnHEMaTHKH peajb-
Horo BpemeHun RTK. Cucrema GNSS RTK wucnonssyercsa s
YCTaQHOBJICHHS ¥ KOPPEKIMH HaNpaBiIeHNs (Kypca) IBIKEHHUS T1e-
mexosa. Pe3ynbTaTsl 3KCIEPUMEHTa C KOMITJIEKCHPOBAHUEM H3-
mepenuit GNSS RTK n natanka MEMS IMU moka3sIBaroT JeIH-
METPOBYIO TOYHOCTb OIIEHOK KOOPIUHAT M MOTPEIIHOCTD OIpee-
JICHUS HATIPaBJICHUS BIKCHUS MEHEE OJJHOTO rpaiyca.

Hcnonp3oBanne aHTEHHBIX pemieTok (AP) ¢ u3BecTHOM reo-
MeTpueil coctaBHbIX 21eMeHTOB B poBepe GNSS RTK 11 noBsI-
IICHUS] TOYHOCTH IMO3UIIHOHUPOBAHUS UCCIIeAyeTCs B padoTe [36].
[NokazaHna 1esecooOpa3HOCTh HCIOIb30BaHMs AP nrHEHHON KOH-
(GuUrypamuy ¢ 4nuciioM 3JIEMEHTOB OT TPEX JIO0 LIECTH. DKCIEpH-
MEHT C POBEPOM, yJIAJICHHBIM OT 0a3bl Ha MOJKHJIOMETpa u 000-
PYZOBaHHBIM TPEMsl aHTCHHAMM B BEPIIMHAX MPABHIBHOTO Tpe-
yroapHHKa co cTtopoHamu B 0,63 M, IPOIEMOHCTPHUPOBAI
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TIOBBINICHUE BEPOSITHOCTH LEIOYUCICHHOTO pa3pemenHus ¢aso-
BBIX HEOJHO3HAYHOCTEH C OIEHKAaMH KOOpPIHWHAT ACHUMETPOBOH
TounoctH ¢ 70 10 90%.

B [37] uccrnemyrorcss BO3MOXKHOCTH BTOPHYHON 00pabOTKH
nepeuuHbiX n3Mepennii THCC B coBpeMeHHBIX cMapTdoHax Ha
oneparonHoil cucrteme Android. Takas BO3MOXHOCTH mpejy-
CMOTpEHA MHUIMATHBOM KOMIaHUM ['yIiI 0 TOCTHKEHUIO ACIH-
METPOBOH TOYHOCTH NO3UIMOHMpOBaHUs cMapThoHamu GSDC
(Google Smartphone Decimeter Challenge) [38]. J{ns Bropuunoi
00pabotku B [37] ucnosb3yercsi OMOIMOTEKA C OTKPHITBIM UCXO/I-
HeiM KomoM RTKLIB [18]. Pesymbratel mocroOpaboTKH B
RTKLIB cpaBHUBAIOTCS C OLIEHKaMH KOOPJIUHAT, TOJy4YCHHBIMU
cepuitapiMu gnricetamu B popmare NMEA [19]. Pesynsrats! mo-
crobpabotkn m3Mepennii ['HCC, coOpanHBIX cMapTdoHamMu
Google Pixel 6, Pixel 9, Xiaomi 14T Pro m Samsung S24, B
RTKLIB B pexxmme DGNSS (Differential GNSS) [39], PPK (Post
Processing Kinematic) [40] u PPP (Precise Point Positioning) [41]
MIOKa3aJIM METPOBYIO TOYHOCTh OLIEHOK KoopanHart. [Tokazana ak-
TYaJbHOCTh MPOBEJCHUS MOJOOHBIX MCCIESIOBAHUN JUIS PEXKUMA
GNSS RTK.

B [42] nns Haae)XHOTO TMO3UITMOHUPOBAHUS MOIBIYKHOTO JKe-
JIE3HOJIOPOKHOTO COCTaBa IPEJIaraeTcsi UCIOJIb30BaTh MOCTO-
OpabOTKy HaBHI'allMOHHBIX ITAPAMETPOB TPEX CEHCOPOB: MPUEM-
Huka GNSS, unepimansHoro moxyisi IMU u 6a30Boit craHIMU
norrpaBok RTK. Crienudrika KOMIUIEKCHPOBaHHUS 3aKITI0YAETCS B
ncnospzoBanuu peuienuit RTK co crarycom Float, momy4deHHbIX
0e3 1IeJI0UNCIICHHOTO pa3peleHns (pa3oBbIX HEOJHO3HAYHOCTEH.
Pe3ynbraThl 3KCIIEpUMEHTA MOKA3aJIM JIOCTIKECHHE METPOBOM
TOYHOCTH OIIEHOK KOOPJIUHAT C TPeOYyEeMBbIM JOBEPUTEIHHBIM HH-
TEPBAJIOM.

Jlist KOMIIeHcaly HEraTUBHBIX 3((EKTOB MHOTOIYUIEBOTO
PPB na npueM criyTHUKOBBIX CUTHAJIOB B [43] pa3BuBaercs naes
UCIIONIb30BaHMsl  ITPOCTPAHCTBEHHOM  (PUIBTpAllMM  CHTHAJIOB
I'HCC mocpencTBOM aHTEHHBI C CHHTE3MPOBAHHOM amepTypoid
SAA (Synthetic Aperture Antenna). JlaHHBIN OAX0] peannu3yer
aJIalITHBHOE JTMarpaMMO0O0pa3oBaHNe Ha TIOJIBUKHOM OOBEKTE C
3aJJaHHOHN MEPUOANYHOCTHIO ISl (POPMUPOBAHUS MAKCUMAIILHOTO
koa(dduienTa ycuieHus B HalpaBJeHNH Ha T€ CIIyTHUKHU, KOTO-
pBI€ B TEKYIIMH MOMEHT BPEMEHHU HAaXOJSTCS B YCIOBHAX HPSIMOI
sugumoctu ¢ 'HCC npuemnnkom [44-46]. Pesynprarsl uMuTa-
LMOHHOTO MOJICIIMPOBAHUS M HATYPHOTO SKCHEPHMEHTA IpOJie-
MOHCTPHPOBAJIM MOBBINICHNE TOYHOCTH U CTAOMIBHOCTH HOTyda-
embix metooM GNSS RTK orieHOK KOOpAMHAT B CIICHAPHAX TO-
POZACKON 3aCTPOUKH.

Jnst komnencarn 3(¢GeKToB MHOI'OJYYeBOCTU NPH OTCYT-
cTBUH TpsAMoi BuauMocTH NLOS B ycClIOBHSX MIOTHOW TOPOJ-
CKOM 3acTpoik B [47] nccienyeTcst KOMITIEKCHPOBAHNE H3MEpe-
Huii RTK ¢ msmepenusimu cucremst LIO (LiDAR/ Inertial Odom-
etry) U3 nMaapa U MHEPIHUAIbHON 010METpHH. TOUYHOCTD MO3UIH-
OHHPOBaHU 03 IIETOYNCICHHOTO pa3peeHns (Pa30BBIX HEOTHO-
3HAYHOCTEH, TIOJIyYeHHasl B pe3yJIbTaTe MOoCTOOPadOTKH HaOOPOB
CBIPBIX JAHHBIX, JOCTYMHBIX B OTKPBITOM JIOCTYIIE, COCTAaBMIIA
€/IMHULBI METPOB. BaxkHO# 0COOCHHOCTBIO PAOOTHI SIBIISIIOTCS J10-
CTYIHBIC JUIsl BepHU(UKAIMU POrPaMMHBIE MOJIYJIH, HCIIOJIB30-
BaHHBIE 115 cpaBHEHUs ITpeaioxkeHHoro pemenust RTK/LIO ¢ pe-
menuem RTKLIB.

Orenke ysa3sumoctd padotel cucteM GNSS RTK k npenna-
MEpPEHHBIM SHEPreTHYECKUM ITOMeXaM U CIy(UHTY C IpeBapu-
TENBHON CHHXpOHM3AIMEH B aapec 0a30BOH CTAHIIMM BHECECHHS
TIOTIPABOK IMOCBsIIeHa padboTa [48]. MccnenoBanue IpoBOIUTCS C
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UcHoib30BaHueM OTKphiToi Oubmmorekn RTKLIB, Ha BXOX KO-
TOpPOH IOJAIOTCSl NMEPBUYHBIC M3MEPEHHS POBEPa M IOIPAaBKH
RTCM [20] ot 6a30Boii cTantmn B popmate Ntrip [21]. [Tokazana
YSI3BUMOCTh ~ KOOpAWHATHO-BpeMeHHOro obecmedenust PNT
(Positioning, Navigation, Timing) cpeacTBaMu mocToOpabOTKH B
RTKLIB mpu OTCYTCTBHM KaKHX-THOO Mep MPOTHBOACHUCTBHSL.
OpHUM 13 cIOCOO0B NPOTUBOAEHCTBUS SIBIISICTCS MOy YSHHE OLle-
HOK KOOPJIMHAT POBEPOM KakK C MONpaBKaMH OT 0a3bl, Tak U 0e3,
TocJie uero cieayer cpaBHeHue pazopoca OK u BbIBOJ 0 1eseco-
00pa3HOCTH MCKIIIOYEHUSI TIONPABOK U3 MOCTOOPadOoTKH. [pyrium
CHOCOOOM SIBIISIETCSI TIPEBAPUTENIbHAS TPOBEPKA JIOCTOBEPHOCTH
TIOTIPABOK OT 0a3bl OCPEICTBOM OIIEHKH KOOPAMHAT poBepa MpH
YCIIOBHH aIIPUOPHOTO 3HAHMS €r0 TOYHOTO MECTONOI0KEHUS.

[lepcriekTHBHOCT TOCTOOPAOOTKH MEPBUYHBIX (ha30BBIX H3-
Mepenuil g pesxxuma GNSS RTK npuemMHukamu reopesuye-
CKOTO KJTacca M TOTPEOUTENbCKOTO CerMeHTa Oputa 0003HaueHa
y’Ke TOCTaTOYHO AaBHO [49] m yXe Tor[a moKa3bIBaia JeIIMeT-
POBYIO TOUYHOCTb OIICHOK KOOpAWHAT, B TOM YHCJIE, /IS OJJHOYA-
CTOTHBIX ITPUEMHHUKOB.

[TpoBeneHHBIN aHANN3 COCTOSHUS MPOOTEMBI TOBBIICHHS
TouHocTH mo3unmonuposanus cucteM GNSS RTK mo3Bomser
cZenaTh CIeAYIOIINE BEIBOBI: 1) OCHOBHBIM HCTOUHUKOM CHUXKE-
HUS TOYHOCTH SIBIISICTCSI MHOTOJIYYEBOCTh IPHU MOJHOM MIIM Ya-
CTHYHOM OTCYTCTBHHM MPSIMOM BUIMMOCTH MEXIY aHTEHHOH po-
Bepa u crrytHukamMu ['HCC B ycltoBHsIX TOPOJICKO# 3aCTpOIKH; 2)
PacnpoCTPpaHEHHBIM CPEJCTBOM IMOBBIIIEHUS! TOUHOCTH OCTAETCs
KOMIUIEKCUPOBaHUE MEPBUYHBIX PAJAMOTEXHUYECKUX M HHEpIH-
IBHBIX M3MEPEHHH; 3) yacTHBIE PE3yJIbTAThl AKCIIEPUMEHTAIb-
HOH anpoOanuy co CHenuaaTn3upOBAaHHBIMU AITOPUTMaMH 00pa-
OOTKM MOKa3bIBAIOT, YTO B CIIOXKHBIX YCIOBHUSX IPHEMa CUTHAJIOB
I'HCC nocturaercs caHTUMETpOBAst M JICIIMMETPOBAsi TOYHOCTD
OILIEHOK KOOPJAWHAT UISi CTAIMOHAPHOTO M MOABHMXHOTO OOBEKTA
COOTBETCTBEHHO; 4) aBTOPHI PadOT HE BBHIKIAABIBAIOT B CBOOOJ-
HBII JIOCTYH NPOTPAMMHYI0 pEaTH3aLHUIo IPEJIaraeMbIX B CBOUX
HCCIIEJOBAaHUAX aJITOPUTMOB ITOCTOOPAOOTKH, UTO 3aTPyJHSET Be-
puduKkanuo MyOoSUKYeMbIX HAaydHBIX PE3yJbTaTOB; S5) IIMPOKO
pacrpocTpaHeHHBIM B HAyYHOM COOOIIECTBE HaIpaBJICHUEM MO~
BBILICHUSI TOYHOCTH IO3MLIMOHUPOBAHMS SIBJISIETCSl MOCTOOpa-
00TKa 1epBHYHBIX paanorexHudeckux nimepennii 'HCC B 610-
JIMOTEKE C OTKPBITHIM HcXoaHbIM KojgoM RTKLIB u kondurypa-
el mapameTpoB; 6) MEepCIEeKTHBHBIM HAIPABJICHUEM ITOBBIIIC-
HUS TO9HOCTH To3urtmonupoBanus cucteM GNSS RTK sBnsercs
npoctpancTBeHHas GuibTparyst curianos 'HCC ¢ BeiOopodnoi
00paboTKOIl TeX CIyTHHKOB, KOTOpPBIC B TEKYIIHMH MOMEHT Bpe-
MeHH HaxoiaTcs B ycnoBusax LOS ¢ mpueMHHKOM 1 oTOpachiBa-
HHEM CHUTHAJIOB TEX CITyTHHKOB, KOTOPBIE C BBICOKOW BEPOSITHO-
CTBIO HAXOAATCSI B YCIOBHUSIX ITOJHOTO WJIM YaCTHYHOTO OTCYT-
CTBHS TIPSIMOI1 BUJIUMOCTH.

2 Opranu3anus 3KcnepruMeHTa Mo HCCJIe0BAHNI0
TO4YHOCTH no3unuonuposanus cucrem GNSS RTK

Meton RTK ocHOBaH Ha HCHONB30BaHUM OMOPHOTO HABUTA-
LIMOHHOTO NMpHEMHHUKA (0a3bl), yCTAHOBJIEHHOTO B TOYKE C TOYHO
M3BECTHBIMU KOOpAMHATaMHU. DTOT NPHUEMHUK, [OJydasl CIIyTHH-
koBble u3Mepenust I'HCC, Beimonnsier Ha ux ocHoBe OK, 3arem
BBIYHCIISIET OTKJIOHEHUS! OT UCTUHHBIX KOOPJAWHAT U (DOPMHPYET
TonpaBKy. [laHHBIE TTONIPABKK B PEAIbHOM BPEMEHH TMEPENAI0TCS
Ha MOOWJIBHBIN TIPUEMHHK (POBEP), KOTOPHIA HCHIOIB3YET UX VIS
YTOUHEHHUS] CBOETO MECTOMOI0KEHH. DTO MO3BOJISIET JOCTUTATh
MHUJUIUMETPOBON TOUHOCTH.
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B pamkax wuccrnenoBaHusi ObUla OpraHH30BaHA CIIETyIOMIAs
cxeMma OLEHKH. B kauecTBe 0a30BOM CTaHIMHU HCIIOJIB30BAJICA
npueMuuk PrinCe 130 [14] u kouTposutep PrinCe HCE620 [15].
J11st TOUHOTO OTIpeieNIeH s KOOPAUHAT 0a30BOM CTAHIUU UCTIONb-
30Bajiach CeTh TU(PPEPEHIMATBHBIX TI'COJC3UUCCKUX CTaAHIIHIA
«'eocnaiinepy [23]. Ilpuemuuk PrinCe 130 u3HayanbHO ObUI
HACTPOCH B PEXKUM poBepa U moitydal JuddepeHaibHbie 11o-
npaBku yepe3 NTRIP-coenunenue [21]. JJaHHbIi TpOTOKOI MO3-
BOJISIET IIEepe/iaBaTh KOPPEKTUpyoue qanHbie B popmare RTCM
[20] ot ceru reope3nueckux cranuuit [23] B peaabHOM BpEMEHU
yepe3 uHTepHET. [TonpaBkn RTCM nprHUMaNMch KIMEHTCKAM
npuitokerneM PrinCe 130 1 ncmons30Bannch U1 BEICOKOTOYHOTO
OMII cormacho puc. 1.
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‘n~.l=.~
CeTb «I'eocnaiinep»
JnhepeHIATBHBIX I'HCC

reoJe3HYecKHX CTaHLMIi

Kopp. nonpaexu Hsmepenns THCC
B (popmare RTCM B (popmare RINEX

Poep

- -

4G/GSM moaem GNSS npuemMHuK

\/

[Mpuemunk PrinCe i30

Onenka RKOOpPAHHAT

B pexume GNSS RTK

Puc. 1. Cxema nony4eHus: ONIOPHBIX KOOPAUHAT 6a30BOil CTaHIMeH

[Tocie TouHOTO OMpeneNieHNs] KOOpANHAT IpHeMHHKa Prince
130 OH mepeBOIUIICS B PEXKHIM CTAIIMOHAPHOI 0a30BOM CTAHINH C
(hukcaryeil morydeHHOH OMOpHOH TOYKH. B ponn poBepa nenois-
3oBasca mpueMHUK PrinCe i90VR [16], koTopbIil momydan mo-
npaBku ot 6a3bl Prince 130 [14] no pamuokanany YKB-guamna-
30Ha. J{y1s 3anucu OLEHOK KOOPIUHAT, MOJTY4YEHHbIX B CIICIIMANIN-
3upoBaHHOM iporpammuoM obecnieuennu (CI10) PrinCe, u coopa
I'HCC wusmepennii B popmare RINEX [19] n monpaBok ¢ 6a3bl
PrinCe 130 B ¢popmare RTCM [20] st nocTtoOpaboTKH B OTKPHI-
toii Oubinorexe RTKLIB k poBepy ObLT OAKITIOUEH HOYTOYK IO
cXeMe Ha puc. 2.

PesynbraThl MccrenoBaHus MPU3BAHBI BBISIBUTH YCIIOBHUS T10-
MeX, TIPH KOTOPBIX MPOUCXOIUT MOTepst (UKCUPOBAHHOTO peliie-
Hust GNSS RTK, a taxoke u chopmMynmpoBaTs IpakKTHIECKUE pe-
KOMEH/IAIINH 110 OpraHU3alnuy N3MEPEHNH U UX IT0CTOOpaboTKe B
YCIIOBUSIX MHOTOJIyYEBOCTH IIPU SKPAHUPOBAHWMH. 3alHCAHHbIE
Habops m3Mepennii B popmaTte RINEX mcmonb3yroTest IIst TeCTH-
POBaHMS MIPUEMOB IPOCTPAHCTBEHHOH (HIBTPALMH CUTHAJIOB OT
cinytHuKoB ' HCC, oka3aBIIMXCs B yCIOBUAX €CTECTBEHHBIX U HC-
KYCCTBCHHBIX ITOMEX, U IPU3BaHbl BBIABUTH, KAKUM O6p8.30M 1o~
cToOpaboTKa CIOcoOHa KOMIIEHCHPOBATh CHIKCHHE TOYHOCTH,
BBI3BAHHOE ITOMEXaMH IKPaHUPOBAHUSL.

basza ~\°
=

r=

ﬂpu:-uuuw —

PrinCe i30

rnec

WMamepenna FTHCC
B (popmare RINEX

Kopp. nonpasku
B popmare RTCM

Porep

A

YKB pagnomoaem GNSS
450-470 MT'g LNSD MPHEMHHE
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IMpuemunk PrinCe i90VR

e oo

OneHka KoOpaHHAT 3mepenns RINE
B peskive GNSS i nonpaekn RTCM
TK ¢ CITO PrinC s CI1O RTKLIB

Puc. 2. Cxema SKCIepIMEHTAIBHON OLEHKH TOYHOCTH POBEpa

g ouenku touHoctu mnosunpoHupoBaHus GNSS RTK B
ycnoBusix nomex B cueHapusx OLOS, WLOS nns cpaBHeHus uc-
MIOJIb3YETCS OTIOPHBIN CIEHAPHH ¢ WIeaTbHBIMU YCIOBHSIMHU Mpsi-
Mol BuaumocTr LOS mexny npuemunkom PrinCe i90VR u cryT-
Hukamu ['HCC: usmepenus THCC xapakTepu30Balnuch OTKpbI-
TBIM HEOOM, OTCYTCTBHEM CTpOeHUH 1 nperpan [27]. B paccmar-
puBaembix nanee creHapusx OLOS m WLOS mpowmsBoautcs
cpaBHeHne OK, momydennpix Hampsmyio ¢ CIIO mpuémuuka
PrinCe i190VR, a Taxke pacCUnTaHHBIX B pe3yJibTaTe MOCTOOpa-
6otk n3mepenuii B Ondmmorexke RTKLIB. /Ins mocTtobpaboTku B
RTKLIB 3anuchIBaIriCh EPBUYHBIC H3MEPEHHS OT 6a30BOM CTaH-
muu (PrinCe i30) u posepa (PrinCe i90VR) B ¢popmare RINEX.
J1i1st OLIeHKHM TOYHOCTH OBUTM BBIOpAHBI CIIEIYIONINE MapaMeTphbl:
CKO orieHOK KOOpANHAT, TOJYYEHHOE C UCIIOIB30BAaHUEM METO/1a
CKOJIB34IIET0 OKHA, CTaTyC PEIIEHUs, KOJIMUECTBO CITyTHUKOB, T0-
pU3OHTaNBHBIN (akTop cHikeHus: Tounoct HDOP. 3anncs OK
Besack Bo jBope CIIOIYT 10 aexabps 2025 roma Ha HHTEpBaie
IISITh MUHYT.

3 Ananu3s cuenapust OLOS
3.1 Ycnosusn sxcnepumenma ¢ cuenapuu OLOS

Cuenapuit OLOS BocmpomnsBoaut padoty GNSS RTK B ycio-
BUSIX MHTEHCUBHOM MHOT'OJIY4Y€BOCTHU IMPHU YaCTUYHOM SKPAHUPO-
BaHWU IIPUEMHON aHTEHHbI POBEpPA METAUIMUECKON DPELLETKOM.
Puc. 3 mutrocTpupyeT yCIoBuUs MPOBEICHHUS SKCIIEPHMEHTA B CIIe-
Hapun OLOS. Meraminueckas peméTka pa3melianach napani-
JIenTbHO 3emiie Ha BbicoTe 20 cM Hajt aHTeHHo# npuémuuka PrinCE
I90VR. Takast koH}urypams 4aCTHYHO NEPEKPBHIBACT NPSIMbIC
CHUTHAJIBI, BBI3BIBAsI X paccesHue, Tupakiuio U GopMupoBaHHe
MHOTOJTy4EeBOCTH.
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Puc. 3. Ycnosus sxcnepumenTa B cueHapuu OLOS
3.2 Ouenxa koopounam PrinCe ¢ cuenapuu OLOS
Ha puc. 4 npencrasnena 3aBucumocts CKO OK mo mmpote u

nonrore st cueHapus OLOS: CKO mo mmpore mocturaer
0,25-0,3 M, Torma kak mo goirore He mpebimaet 0,1 M.
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Bpema Dec 10, 2025

Puc. 4. CKO mmporst 1 gosarotst OK PrinCe B cuenapun OLOS

Ha puc. 5 nokazaHo U3MEHEHHE BBICOTHI OTHOCUTEIBHO BpE-
MEHH M3MEPEHHN: TIEPUOTNIECKN BO3HUKAIOT CKauKu 10 £8—9 M.
Takue pe3kne M3MEHEHMs BBICOTHI CBUAETENBCTBYIOT O HECTa-
ownsHOCTH penieHus OK Mo BBICOTE M COBMAIAIOT C MEPEX0aaMu
NPUEMHIKA B MEHEE TOUHBIE PEKUMBI.

CKO BwicoTa, M
n (=]
—
————
—
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Bpema Dec 10, 2025

Puc. 5. CKO Bricotst OK PrinCe B ciienapuu OLOS

Ha puc. 6 mpexacramieHa 3aBHCHMOCTh CTaTyca PELICHHUS
PrinCe mo koopauHaTaM OT BPEMEHH 3allMCH: OCHOBHYIO 4acTh
BpeMeHr npuéMHHK padoTan B pexume RTK Fix, obecrneunBas
HAUBBICIIYIO TOYHOCTh OLCHOK KOOPJIMHAT; TEM HE MEHEE IEPUO-
JIMYCCKU (PUKCHPYIOTCS TIepexo bl B pexxuM No Fix, KoTopbie co-
poBOKAaroTCs mosiBiieHreM BeIopocoB CKO OK, uto cBuaeTemns-
CTBYET O HECTAOMIBHOCTH ()a30BOTO Pa3PCIICHHUS.
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Puc. 6. Craryc pemrenus PrinCe B cuenapun OLOS

Ha puc. 7 nokazaHa 3aBHCUMOCTh KOJIMYESCTBA BUIMMBIX CITyT-
HUKOB npreMHUKOM PrinCe 3a BpeMs 3aliCH; HX KOJIHYECTBO CO-
XpaHseTcs Ha CTaOMIIEHO BEICOKOM YPOBHE, COCTABIISAA B CPETHEM
33, uro OnarompusTHO s BeIcOKOoToyHOro OMIIL. OmHako
HAOMIOAMNCh M KPAaTKOBPEMCHHBIC CHalbl, B XOJEC KOTOPBIX
YHUCIIO BUAMMBIX CITyTHUKOB CHIKAJIOCH /10 24-26.
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Puc. 7. KonudectBo BumumMbix cyTHHKOB PrinCe B ciienapun OLOS

Ha puc. 8 nmoxazana 3aBucumocts HDOP onenok xoopausat
OTHOCHTENBHO BpeMeHH. 3HadeHus HDOP, B ocHOBHOM, Haxo-
narest B auana3one 0,45-0,55, 9To cOOTBETCTBYET XOpoIIei reo-
merpun 'HCC. Otnenshble ckaukn HDOP 1o 0,7 coBnazmarot mo
Bpemenu ¢ poctom CKO OK, omgmako B 1enom ypoerr HDOP
ocTaéTcsl HU3KUM, YTO TOJATBEPKAACT OJarompHsTHBIC YCIOBHS
HaOMIONICHUH, U 9UTO Ja)Ke €CIIM CUTHAJbI CITyTHUKOB HAXOJATCS
HE B NPSIMOM BUANMOCTH, IpueMHUKY PrinCe Bce paBHO y/aercs
MOJI/IePKUBATh TOYHOCTh Ha JJOCTATOYHO BBICOKOM YPOBHE.
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Puc. 8. HDOP OK PrinCe B cuenapun OLOS

Pesynpratet OK PrinCe B crienapun OLOS 1eMOHCTpUPYIOT
CHIDKEHHE TOYHOCTH IO CPABHEHHUIO C ATAJOHHBIM CI[CHApHEM
LOS, necmotpst Ha (opmainbHo OnaronpusitHeie ycinoBus. CKO
1o mupote u goarore uzmepsercs aeunumerpamu; CKO no BbI-
cOTe I0XOAUT 10 8-9 M.

—
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Habmronaercst HecTaOMIBHOCTE pabOThl MPUEMHHKA: PEKUM
RTK-Fix cucremarnuecku cMmeHsiercs cocrosuueMm No Fix, uro
koppenupyet ¢ nukamu CKO. KonnyecTBO BUIUMBIX CITyTHUKOB
ocraercst BIcokuM (33), a HDOP coxpansiercs B ananazone 0,45—
0,55. OmHako maxe KpaTKOBPEMEHHOE CHIDKEHHUE YMCIIA CITyTHH-
KOB J10 24—26 eIWHUIL, COMTPOBOKIAEMBIC OTACTHHBIMH CKAYKaMH
HDOP no 0,7, mpuBOAXT K CymIecTBeHHbIM cMmeteHmsiM B OK.

KonwuyecTso clyTHUKOB
|

3.3 Ouenka koopounam RTKLIB ¢ cuenapuu OLOS

Ha puc. 9 npencrasnena 3aBucumocts CKO OK no mmupore,
noarote U BeicoTe oT Bpemenu B cueHapun OLOS. CKO noka3ssl- 4l
BAeT PE3KOe CHIDKCHHE B HadaJle MHTEPBaJa, YTO OTPaXKaeT MH-

TepBan cxoaumoctu noctodopabotku B RTKLIB. IMocne 3toro
CKO crabmmusupyetcs Ha ypoBHe okoio 0,1-0,2 M 1mo ropru3oH-
TaJl ¥ HECKOJIBKO BbIIIE O BbicoTe. HecmoTpst Ha hopmanbHO
nuskne 3Hauenus CKO, daxrmueckue cmemenus OK ocrarores
3HAQUUTEIBHBIMHU, YTO YKA3bIBaeT HA HAJIWYHE CHCTEMAaTHYECKOH

08:26
Dec 10, 2025

3 1 1
08:25

|
08:21 08:24

og:22 08:23

Bpema

Puc. 11. KonmnuectBo Buaumbix ciytHiukoB RTKLIB B cuenapun OLOS

PesynbraTel mocrodpabotku B RTKLIB B ycinoBusx yactud-
HOTO SKPAaHHPOBAHMS METAJUIMYECKON pEIIeTKOi B CIeHapuH
OLOS neMOHCTpUpPYIOT CHMYKEHUE BO3MOXKHOCTH BOCCTaHOBJIE-
HUSI BBICOKOTOUHBIX OIICHOK KoopauHat. HecMoTps Ha crabuiu-
3anuto CKO na yposre 0,1-0,2 M, OK coxepxaT 3HaYHTENbHEIC
CHUCTEMATHUYECKHE CMEIICHHS;, TPOOIEMHON SBIAETCS BBICOTA.
IIpuunHON HU3KON TOUHOCTH SABIIETCS XapakTep peKUMa MO3U-
IMOHMPOBAHM: Ha TPOTHKEHWH BCErO WHTEpPBANa IOCTOOpa-
OOTKHM peIIeHne MPAKTHYECKH TMOCTOSHHO HaXOIUTCS B PEXHMeE
Float. D10 yKka3pIiBaeT Ha HECITIOCOOHOCTH AITOPHUTMOB HAICKHO
pa3pemnTh (a3oBble HEOAHO3HAYHOCTH B YCIOBHSX IKPaHHPOBA-
HUs. J{omoMHUTENBHBIM (DAaKTOPOM BBICTYNAeT HEJOCTaTOYHOE
YHUCIIO CIyTHUKOB. TakuM o0Opa3oM, moctodpadbotka B RTKLIB
HE CMOTIJIa KOMIIEHCHPOBATh BIMSHHE YaCTHYHOTO SKPaHHPOBa-

HUS METAJTHYECKON PELIETKOM.

3.4 Cpasnenue pewenuit PrinCe u RTKLIB ¢ cyenapuu OLOS

Ha puc. 12 u 13 nokazano cpasaenne cmenienust OK PrinCe
u RTKLIB 1o mupore u 10Jrore COOTBETCTBEHHO. AHAJIU3 T'pa-
(hmKOB TIOKa3bIBaeT pasHHIy B MoBeleHWH pemieHnit PrinCe u
RTKLIB: xpuBas PrinCe octaércst OiM3K0ii K HYITIO Ha IPOTSDKeE-
HHUH BCETO MHTEPBAJIA U JIEMOHCTPUPYET HEOOIbIINE KONCOaH s B

OLINOKHU.

Cumuﬂs&n
BocTos (sde)
Buicota (sdu) |
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Puc. 9. CKO mmporst u goarorst OK RTKLIB B ciienapun OLOS

T
08:22

08:21

Ha puc. 10 mpencrtaBineHa 3aBUCHMOCTH CTaTyca PEIICHHUS
RTKLIB ot Bpemenu 3anucu. AHanu3 rpaduka MoKa3bIBaeT, YTO
pemenue o OK npenmyniecTBeHHO HaxoquI0Ch B pexxnme Float.

Pemennss RTK-Fix Bo3HMKaIOT KpaiiHe peKo ¥ UMEIOT KpaTKo-
BpeMeHHBIN Xxapaktep. OTcyTcTBHE ycToitunBoro pexuma RTK-
Fix oObscHsIET 3HaUNTEIbHBIE OUTMOKHM OLIEHOK KOOpANHAT.

npeaenax geuuMmerpos; pemenre RTKLIB, nanportus, xapakre-
pHU3yeTcst OTKJIOHEHHUSIMU Ha HECKOJIBKO METPOB, a TAKKE PE3KUMU

BBIOpOCAMH B JIECATKH METPOB.

[——— Nipseusiax PrinCe 190VR (Real-time)
| = = = RTKLIB {nocroBpasoma)
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Puc. 10. Craryc pemenns RTKLIB B ciienapun OLOS .
Ha puc. 11 moxa3aHO YHCIIO CIyTHHUKOB, HCIOJB3YEMBIX
RTKLIB; ux yucio aeXut B nuamnas3one 4—11. B ornenbHbIe MO-
MEHTBI HaOJIO/IAeTCsl PE3KOEe CHIDKEHHE YHCNa CITyTHHKOB, YTO % : : '
HEraTUBHO cKa3bIBaeTcs Ha reomeTpuu co3pe3aus ['HCC u npu-
BOJUT K CHIDKeHNIO TouHocTH OK.

0s 06 oy o8 0.9 1
i MHOEKE W

Hop

Puc. 12. Cpasuenne OK no mmpote PrinCe u RTKLIB 8 OLOS
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T b T ] pabdora otkpeiToii OmOmuorekn RTKLIB ¢ mapamerpamu 1o
s (= = = FTCB foeretpntore) yMo4aHuio. J[A  TOBBINIEHWS TOYHOCTH TIOCTOOPAOOTKH B

[ 4 | yerpoiictBax GNSS RTK noTpebuTenbckoro cerMeHra Hy:KHa
TIpeBapUTEIbHAS TPOCTPAHCTBEHHAS (IUIBTPAINS CITyTHHUKOB,

b 1
A
1 SABJIAIOIINXCS UCTOYHUKOM MHOT'OJTy9€BOCTH.

T

-
-

] 4 Anamm3 cuenapust WLOS
4.1 Yenosusn sxcnepumenma ¢ cuenapuu WLOS

\ 4 LY
y , 1 Cuenapnit WLOS BocnpousBogut padory GNSS RTK mpu
N % s YaCTHYHOM OTCYTCTBHUH IIPSIMOH BHIMMOCTH C 3aTCHECHNEM OJHOM
b S ’ < CTOPOHBI TIPHEMa aHTCHHBI pOBEpa MO 33aJaHHOMY a3HMYyTajb-
. HoMy Hampasienuto creHoit WLOS (Wall LOS). Puc. 15 wmro-

CTPUpPYET YCIOBHSA IKCTIEpIMEHTa B ciieHapuu WLOS.

CMELLEHWE ND AONTOTE, M
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Puc. 13. Cpasuenne OK 1o gonrore PrinCe u RTKLIB 8 OLOS

21 Il 1
o 0.1 0.2

Cpauum OK PrinCe u RTKLIB Ha rutockoctu Ha puc. 14.
Amnanu3s rpadukos nokassiBaet, uto OK PrinCe popmupytot xom-
nakTHoe 00sako BOkpyr omnoproii Toukr. OK RTKLIB B mocro-
OpaboTKe 3HAYUTEILHO CMELICHBI 1 UMEIOT BBITSHYTYIO (OpMY,

OTpaKaro1yr0 CMCIICHUEC B ICCATKU MECTPOB.

Puc. 15. Ycnosus sxcnepumenta B cuieHapun WLOS

4.2 Ouyenxa xoopounam PrinCe ¢ cyenapuu WLOS

80 | Cramcrima cueuennit
| Mpisenis nCe I90VR (Read-trme) (n=300)
| o oy
WIoTa : 4 M - - “
!nimum[nc;;mafmzng] - ' W3 puc. 16 cregyer uto CKO no mmpore gocturaet 0,25 m,
g0 [ o 6436 362 ’ TOTJa KaK 10 JoaToTe He mpebimaeT 0,15 M.
| Onopsan Towa (RTK):
| Wwpora: 59.903162972* i
| Aonrora: 30488856706 J 56 ] ) ) )
[ Luupnm.
a0 - | Monrota
=z
o
g
R
e
2
&
=
é-‘ 20+ e |
3 7 Ll:\dB l.l.‘d‘J li50 11:51 ].1:.52 11.53.
Mpeniie PrinCe 190VR (Real-time) | Bpema Dec 10, 2025
RTKLIB (noctobpaiora)
10+ R GAXTHIECKOE NONOKEHIE .
el L 1 Puc. 16. CKO mupots! u nonrorst OK PrinCe B cuenapun WLOS
U3 puc. 17 cnenyer, 4TO H3MEHEHHSI BEICOTHI HE3HAUYNTEIBHBI,
° . % OJTHAKO MPHUCYTCTBYET eAUHUYHBIN 0,6 M, COBIIaJarOmuii C mepe-
= XOJIOM pexHuMa, 4To TUIu4YHO Ju1st RTK-anropurmos.

2 4 6 8 10 12 14 16 07
CMELEHWE NO JONTOTE, M | 1
06 i

Puc. 14. Cpasuenue orieHok koopaunat PrinCe u RTKLIB 8 OLOS

2 0

o
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3.5 Buo16oowt no cuenapuio OLOS

W3 ananusa pe3ysbTaToB, MOJyUeHHBIX prueMHukoM PrinCe u

nytem nocrodpadorku B RTKLIB B cuienapusix OLOS B yciioBusix 01| !
YaCTUYHOTO SKPAHUPOBAHUS, MOXKHO CJIC/IaTh BBIBOJ O OJIM30CTH QWMW%W
11:53

CKO BuicoTa, M

OK PrinCe k »TamoHHO# TOuke W 3ameTHOM cmemieHnn OK, b1
11:48 11:49 11:50 11:51 11:52
MOJy4YeHHBIX rpu moctoopadoTke B RTKLIB. Anropurmsl paboTh i Dec 10, 2005
YCTPOHCTB reoje3mdeckoro kimacca PrinCe crpaBisitoTcst ¢
Puc. 17. CKO Boicotst OK PrinCe B cuenapun WLOS

00pabOTKOW IEPBUYHBIX W3MEPEHHH Ha TOPSIOK JIydlle, 4eM
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Ha puc. 18 mpencraBneHa 3aBUCHUMOCTH CTaTyca pEIICHUS
PrinCe. 13 amanmm3za cienyer mpeobnamanue Float-pemennii Ha
MPOTsDKEHUH OoubIel yacTu HaOmofaeHnid u mosiBinenne RTK-
(hUKcaIy JIUIIH B KOHIIE. DTO OOBSICHACT IMOBBIIIICHHBIEC OITHOKA
u apeiip OK B Hauasie IKCIIEPUMEHTA U MTOJTBEPIKAAET, YTO CTa-
THUCTHKA CMEIICHUH B 11es1oM (hopmupoBaiiach B peskume Float.

Float

Single -

CTaTyc peleHs

No Fix -

1148 11:49 11:50 1151 w52 1153
Bpema Dec 10, 2025

Puc. 18. Craryc pemenus PrinCe B cuenapuun WLOS

U3 puc. 19 cnenyet uto 3nauenust HDOP B nuanazone 0,6-1,4
XapaKTepU3yIOT YAauHYyI0 T€OMETPHIO CO3BE3/IHS CITy THUKOB.

157 T

HDOP
[

05t

1148 149 1150 151 152 13
Bpems Dec 10, 2025

Puc. 19. HDOP OK PrinCe B cuenaprmu WLOS

KnroueBbIM (hakTopoM, ONpeIeNIMBIINM KaueCTBO PELICHUS Ha
NPOTSDKEHUH OOJbIIeH YacTH SKCHEpHUMEHTa, SIBIISETCS CTaTyc
no3uoHnpoBanus. JlomuaupoBanue pexuma Float oObsicHseT
MIOBBILIICHHbIE OMMOKM M HaOJIOAaeMblil Jpeiid koopauHar B
Havaie 3amucu. llosBnenme u 3akperureHue RTK-¢pukcarmmn
JIUIIG K KOHITY MHTEPBaJia U3MEPEHHUI HAIIPSIMYIO CBSI3aHO C yITyd-
HIEHHEM BCEX METPHUK TOYHOCTH. I €OMETpHUIO CITyTHUKOBOI'O CO-
3Be3aus, oneanBaeMyro depe3 HDOP (0,6-1,4), MOXHO cuuTaTh
ymauHoit. OHaKo HAOIIOMATaCh KOPPEIALINSI MEXKTy BCTUIECKAMH
HDOP, ymeHbIIeHHEM KOJIMYECTBA UCIOIB3YEMBIX CITyTHHKOB U
poctom CKO OK. Taxkum obOpa3oM, naxe Mpu OTCYTCTBUH TPsi-
MOT'O SKPaHHPOBAHHMsI, OJIM30CTh KPYITHOTO OTPAXKAIOIIEro 00b-
eKTa (CTeHa) MPUBOJUT K MHOTOJYYEBOCTH, KOTOpas MpemnsT-
CTBYET OBICTPOM U YCTOHUUBOM (DPUKCALMH LIETOYUCICHHBIX HEOI-
HO3HAYHOCTEH (ha3bl. DTO BBIPAKACTCS B UIUTCILHOM IpPEObIBa-
HUM pemeHus B pexxume Float 1 yBenmuaeHun ommOOK Ha IMIOCKO-
cti. Pe3ynbraThl yKa3bIBatOT HA TO, YTO HAIMYHE OJIM3KO PacIio-
JIOXKCHHBIX TPCMATCTBUHA SBISCTCS (PAKTOPOM, CHHIKAFOIIIM
HAJICKHOCTh BBICOKOTOYHOTO RTK-mosuimmonupoBanus, maxe
MIPHU COXPaHEHUH XOPOIINX (DOPMAIBEHBIX TTOKA3aTeIeH CITy THUKO-
BOM T'€OMETPHUHU.

4.3 Oyenxa koopounam RTKLIB ¢ cuenapuu WLOS

Ha puc. 20 npeacrasnena 3asucumocts CKO OK no mmmpore,
JIOJITOTE U BBICOTE OT BpeMeHH B cueHapun WLOS. Ananus rpa-
(PMKOB TTOKa3bIBACT YETKYIO 3aBUCHMOCTh TOYHOCTH OT BPEMEHH
n ycioBuii HabmoneHnit. CTaHAapTHOE OTKIIOHEHHUE TI0 MINPOTE U
BbIcOT€ HaxomuTcss Ha ypoBHe 0.25-0.33 M u mocTeneHHO

CHIDKaeTcs K KOHITy uHTepBana, toraa kak CKO no nonrore ocra-
€TCsl CYIIECTBEHHO HIDKE U MPAKTUYECKH HEUM3MEHHBIM. DTO TOA-
TBEPXKJIACT, YTO JIOJITOTA B IAHHOM HA0OpE TaHHBIX OIIPEAEIICTCS
Haubosee cTaOWIbHO, a BBICOTA M HIMPOTAa BHOCST OCHOBHOM
BKJIaJ B OOIIYIO TIOTPEITHOCTb.

035 . . T T T —
Cenep (sdn)

— BocTor (sde)
Buwicora (sau) | |

03F

0.25

CKO, M

015

—lk. — . - - —b. - A —l
08:48 08:49 08:50 08:51 08:52 08:53
Bpems Dec 10, 2025

Puc. 20. CKO mupots! u goarotsl OK RTKLIB B cuienapuun OLOS

Ha puc. 21 mpexacraBneHa 3aBHCHMOCTh CTaTyca pPEIICHHS
RTKLIB ot BpemMeHH 3amucu. AHaIU3 TpaduKa MMOKa3bBaeT, 9TO
Ha TIPOTSDKEHWH BCETO MHTEpBana mosydanuck Float-pemrenus,
910 00BSICHSAET cucTeEMaTHUecKre cMereHus u Beicokne CKO.

Float

CTaTyC peliaHin

I L L L L L
08:48 08:49 08:50 08:51 08:52 08:53
Bpemn Dec 10, 2025

Puc. 21. Craryc pemenust RTKLIB B ciierapun WLOS

Ha puc. 22 moxa3aHO YHCIO CITyTHHKOB, HCIIOIB3YEMBIX
RTKLIB. Ananu3 rpaduka nokassiBaer padbory ¢ 8-9 cryTHu-
kamu. OTCYTCTBHE 3HAYMTENILHBIX CKAUYKOB YKa3blBaeT Ha CTa-
ounpHoe Habmonenune cospesaus ['HCC, oaHako caMo YHCIIO
CITyTHUKOB HEBEIIMKO, UTO SIBJISIETCS OJTHOM M3 IPUYMH HEBO3MOXK-
HocTH nosyueHust pukcupoanHoro RTK-perenus.

10

9.5

85

KonuuecTso cnyTHUKOB

75|

7L L : L L 1 L 3 1
08:48 08:49 08:50 0851 08:52 08:53
Bpems Dec 10, 2025

Puc. 22. Komnuectso BuaumseIx crryTHukoB RTKLIB B cienapuun WLOS
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Pesynbratsl mocrodpaboTkn maHHbIX cueHapus WLOS B
RTKLIB 1eMOHCTpUPYIOT 3HAYUTEIBbHOE CHUKEHUE TOUHOCTH 10
CPaBHEHHIO C 3TAJIOHHBIMH YCIOBUSIMH. AHAJIN3 TTOKa3bIBAET POCT
CKO mo mmpote u Beicote a0 0,25-0,33 M. Ha nmpoTsikenun Beeit
00pabotku coxpansuicsi craryc Float, 4To yka3piBaeT Ha Hecro-
COOHOCTH pa3pemreHus (Ha30BBIX HEOAHO3HAYHOCTEH B YCIOBHIX
WHTCHCUBHOW MHOTOJYYEBOCTH, CO37aBa€MOM OJHM3KO pacIolio-
JKEHHOU cTeHOoU. Konn4yecTBO UCTIOMB3yEMBIX CITyTHUKOB OCTaBa-
JIOCh CTa0MJIBHBIM, HO OTPAaHUYEHHBIM (8-9 1IT.), 4TO B COUETAHUH
C He6HaFOHpI/IHTHBIM BJIMAHUEM OTPAKCHHBIX OT CTCHBI CUT'HAJIOB
npensitctBoBaNIO0 noBbimeHnto TouHoctn OK. Takum obpazom,
mocroopaborka B RTKLIB He obecrieunia KOMICHCAIIMH BIIHsI-
HUSI KPYITHOTO NPETISATCTBHS.

4.4 Cpagnenue pewienuii PrinCe u RTKLIB ¢ cyenapuu WLOS

Ha puc. 23 u 24 nokazano cpasuenue cmerienus OK PrinCe
n RTKLIB no mupoTe u J0JaroTe COOTBETCTBEHHO.

0.2 - - = . . - T 1 T

02k 1

Mpuemunk PrinCe 1I90VR (Real-tme) |
= = = RTKLIB (nocroGpaborea)

04k

06}

CMELLEHVE ND LWWPOTE, M

0.8 - 1
LR

1 L ho. >
- \}
AT A, Wy

o 01 0.2 03 0.4 05 0.6 o7 08 0.9 1
Hop: BAHHLIA HHEKE 1.

Puc. 23. Cpasuenue OK no mmpore PrinCe u RTKLIB B WLOS

06 T

057

Mpiesnsx PrinCe I90VR (Roaltime)
{2 == RTIUE (Revictymbonie)

04r

0.3}

02r

01lr

CMELLEHWE N0 [0NT0TE, M

"
[P T
wl Al

-
- ~ svemdaenr 4
LRl PP LIS !

ol 02 03 04 0.5 0.6 o7 08 09 1
MHAEKC I

Puc. 24. Cpasuenue OK mo gonrore PrinCe u RTKLIB B WLOS

o2l
o

It OK PrinCe HaOumroaercst 3aMETHBIN TEPEXOTHON MPO-
Lecc, nociae KOTOPOro CMELICHUE CTPEMUTCSI K HYJTHO; 3TO YKa3bl-
BaeT HAa KOMIICHCAIIUIO CHCTEMATHYECKUX OMIMOOK MPU HATUYUH
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nocraroynoro yncina criytHukoB. OK RTKLIB B nocro6paboTke
JIEMOHCTPHUPYET OoJiee pe3KHe KoJIeOaHs U yCTOHYMBOE CMelIle-
HHE, 4YTO CBHUJCTEIBCTBYET O HAJIWYMH CHCTEMAaTHYECKOU
OIMOKH, COXPAHSIONIEHCS Ha BCEM HHTEpBalie HaOJIOACHUMA.
Cpasamm OK PrinCe u RTKLIB na miockoctu Ha puc. 25. AHa-
mn3 nokaseiBaet, uro OK PrinCe, popMupyior xoMmakTHOE 006-
mako BOKpyr uctuHHOro Mecromonoxkenns. OK RTKLIB cwme-
IICHBI OT OMOPHOW TOYKU U UMCIOT BBITSHYTYIO (JOpPMY, OTpaxa-
IOIIYI0 CMEIIEHHUE B IECSITKU JICLIUMETPOB.

02r-

et

Mgwesiat PrinCe 190V (Real-time) (n=329)
Wapota: 0,237 £ 0.353 m 1
Aonrora: 0.040 20145 m s

RTELIB (nocrobpaborsa) (n=168) i
WWipota: -0.689 £ 0.344 M v

O fearors: -0.005 2 0019w

Oinauan Touks (RTK):
Wipota: 50.902013666°
Monror: 30 486792408°

z Mpsemin PrinCe 190VR (Real-time) |
.. 3 RTKLIB (noctofpatorea)
. X GAKTHIECKDR NONOKEHNE

0.2

&
’Y

CMELEHME MO LWWPOTE, M
&
(-2
T

08 VA

L Il |

-0.4 -0.3 -0.:2 0.1 0 0.1 0.2 03 0.4
CMEeLLiEHUE N0 JONToTE, M

Puc. 25. Cpasuenue onerok koopauHat PrinCe u RTKLIB 8 WLOS
4.5 Bot6oowt no cuenapuro WLOS

Ha ocHoBaHnuM npoBeAEHHOTO CPaBHUTEIHHOIO aHaJM3a pa-
6oTe! npuémanka PrinCe B pearbHOM BpeMEHHU U TOCTOOPadOTKA
B RTKLIB B ycmoBusx oTkpsiToro Heba BOMm3m creHsl WLOS
chopMyITHpOBaHbI clexylomue BeBOABI. O0a MeTona eMOH-
CTPUPYIOT OTKJIIOHEHHE OT 3TAJTOHHON TOUHOCTH creHapus LOS,
OJTHAKO O0COOEHHOCTH OTKJIOHEHHMU pa3inyHbl. Pemenme PrinCe
XapaKTepU3yeTCsl BBIPAKEHHBIM IIEPEXO0THBIM ITPOLIECCOM U Ipeii-
(oM, HO ¢ TocnenyromIel craduin3alyeil BOJIN3U HyJIeBOTO CMe-
mienus. [Tocroopadorka B RTKLIB nokassiBaet cucteMaTniecku
CMEILEHHOE peIlIeHHE.

Pemenne PrinCe nemMoHCTpUpyeT COCOOHOCTH K aJialTaliu
1 KOMIICHCAIIMH CHCTEMAaTHYeCKUX OIIMOOK, BHI3BAHHBIX MHOI'O-
JIy4eBOCTBIO OT OJIM3KOH cTeHbI. [Tociie HagaabHOTO MEPEeX0JHOTO
MIepro/Ia, CBSI3aHHOTO CO CXOIMMOCTBIO, IIPUEMHHK 00eCTIeunBaeT
y/iepXKaHue CMEIICHUH N0 MIMPOTE U JOJIT0Te BOIM3U HYIS. JTO
CBUICTENBCTBYET 00 A((EeKTUBHOCTH BCTPOCHHBIX alTOPUTMOB
(uipTpanny, MO3BOJISIIONINX HUBEINPOBATH HETATHBHOE BIINSHHE
CTAIMOHAPHOTO OOKOBOTO OTpa)KaTelsl P yJadyHON TeOMeTpuH
CITyTHUKOB.

B otnuune ot npuémuunka PrinCe, mocroopadorka 8 RTKLIB
HE CMOIJIa yCTPAaHUTh YCTOWYHBOE CHCTEMAaTHYECKOE CMEIICHHE
10 00eUM TOPU3OHTAJIBHBIM KoopauHataMm. CoxpaHeHne He(uK-
cupoBaHHoro peurenus Float Ha BcEM MHTEepBasie M CTa0MIBHOE
OTPHIIATENIFHOE CMEIEHUE yKa3bIBAIOT Ha TO, YTO CTaHIApTHBIC
anroputMbl RTKLIB He KOoMIeHCHpYIOT (a30Bble MCKaKECHHS,
BbI3BaHHbIE MHOTOJIy4eBOCThIO OT cTeHbl. OK RTKLIB cmeniens
OTHOCHUTEJIEHO UCTHHHOT'O MECTOIIOJIOKEHUS, YTO OTPaHUYHBAET
UX TPaKTHIECKYI0 IPUMEHHUMOCTb.




SNEKTPOHUKA. PAOMOTEXHUKA

5 IyTn noBpIIeHUs] TOYHOCTH MO3UIMOHNPOBAHUS
cucreM GNSS RTK B yciaoBusax NLOS u OLOS

5.1 Ilocmanoeka 3ad0auu

W3 mpoBeeHHOr0 3KCIIEPUMEHTAIBHOIO UCCIEIOBAaHUS BO3-
MokHOcTel mosunuonuposanust cucreM GNSS RTK B cuena-
pusix LOS, NLOS [27], OLOS u WLOS MoxHO caenaTsb cleayo-
mye BeIBo/ibL. B ycnosusix npsimoit Buanmoctu LOS poepom 6o-
nee 30 CIyTHHKOB TOJy4aeTCsl MUJUTMMETPOBAast TOYHOCTh OLIEHOK
koopaunat B pexkume RTK-Fix ¢ HDOP=0,5. TTonHoe n yactuaHoe
9KpaHUPOBAHNE AHTEHHBI POBEPA MPHBOJHUT K CHIKEHHIO TOYHO-
ctr OK 110 IeTIIMeTpoB 1 METPOB COOTBETCTBEHHO CO CTATyCOM pe-
menus Float ot DGPS u yBemraernem HDOP. TIpu atom mocto-
opaborka B RTKLIB ¢ HacTpolikamMu 10 yMOTYaHHIO KOMIIEHCHPO-
BaTh 3 PEKThl MHOTOJYUEBOCTH OKa3aJIaCh HECIIOCOOHA.

JU71st IOBBILICHUSI TOYHOCTH OLIGHOK KOOPAMHAT IIPH IT0CTOOpa-
6otke B RTKLIB, 1o cpaBHEHHIO ¢ IPOIPUETAPHBIMU aITOPUT-
mami PrinCe, Ha Bxone 6ubnmunoreku RTKLIB nienecoodpasto uc-
M0JIb30BaTh MPEABAPUTEILHYIO IPOCTPAHCTBEHHYIO (DUIIbTpaIys
curnanoB 'HCC cnenyrommm oopasom. [lepBuunble H3MepeHUs
OT CITyTHHUKOB, KOTOPbIE B TEKYIIUI MOMEHT BPEMEHHU HaXOJATCS
B ycnoBusX npsiMod BuauMmoctd LOS ¢ poBepoM OTHpaBIATh
HenocpeacTBeHHO Ha Bxol RTKLIB, a nepBuyHbIe U3MEPEHUS OT
CIIyTHHKOB, KOTOpBIE B TEKYIIHIl MOMEHT BpEMEHH C OOJIBIIOI Be-
POSITHOCTBIO, COTJIACHO CLEHAPUIO, HAXOMIATCS B YCIOBHSX I10JI-
HOTO WJIM YaCTHYHOTO OTCYTCTBHS mpsMoi Bumumoctd NLOS,
OLOS u WLOS B moctrobpaboTke He HCHoiIbp30BaTh. Jlanee pac-
cMOTpUM BBIOOpOUHYIO 00paboTky curHamoB 'HCC mo 3aman-
HOMY JHamna3oHy YIJIOB MECTa, a3UMYyTOB M COBMECTHYIO TpO-
CTPAHCTBEHHYIO (QMIBTPALMIO 110 a3UMYTY U YIIIy MECTa.

5.2 Ilpeonoscenus no npocmpancmeeHnol puirvmpayuu
no yaiy mecma

Panee 0110 MIOKA3aHO, 9TO B crieHapuu NLOS co CIUTOnTHbIM
METAJUIMYCCKAM SKpPaHOM HaJl aHTCHHOW poBepa HaOIromaercs
3HAYUTEIIbHOE CHM)KEHUE TOYHOCTH olleHOK koopauHaT RTKLIB
MIPU HACTPOIKaxX 1Mo ymMordanuio [27]. JI7s MOBBIIEHHUSI TOYHOCTH
paccMOTpPUM MPOCTPAHCTBEHHYIO (uibTpanuio aaHHbpix RINEX
ot crnytHukoB 'HCC mo ux yriy mecra C HCIOJB30BaHHEM
HacTpoek ¢ubTpa ucxoansix gaHubix (MJ]) RTKLIB Ha puc. 26.

Opticas X | Options b
Sefingl SemngZ Oulput Statistics Fosions Fes  Mac Settingl Settingl Output Statistics FPositions  Files  Misc
Postianing Hode Static Integer Ambiguity Res (GPS/GLOVEDS) Contin - ON oN
Frequences 3 Li+L2+i3414 Ratio to Fix Ambiguity (MisNomyMax) 2 3 5
Fiter Type: Combined GLO HW Bias
Eevation Mask () / SNR Mask (dtz) £ Hiin Lock [ Elevation (*) to Fix Amb n 15
Reee Dyramics / Earth Tices Correction Sold in Fix / Elevation (%) to Hold Amb 15
Tenasphere Correction OFF Shp Threshs: Doppler (Hz) / Geom-Free (m)  0.000 0.050
Tropasphere Correction Sazstamoinen M Age of Dff (5) / Duts to Reset Amb 0.0 m
Satelite Ephemeris/Codk Brosdcast Outlier Threshold for Code/Phase (m) 08 o0
1B 50 POV [ Ree POV neiEel @RAMFE DO # of Fiter Iter | Sync Sclution 5
Excluded Saselites (+PAN;: Included] Baseline Length Constraint (m) 0.000 CL000
Bovs Bcuonss B caies BG2ss B80S [havic (5845 Min Fix Sats | Min Hold Sats 3 4
Min Drop Sas 10
M P e for AR [ AR Fiter 0.0500 on
| ok Amb Var { Hold &mb Gain 0.1000 0.0100
Losd. Save o Cancel Load. Save oK Cancel

Puc. 26. Hactpoiiku ¢punbtpos ncxonusix ganHeix B RTKLIB

B cuenapun NLOS meramnmnueckuil SKpaH, pacioN0KEeHHbII
HEIMOCPEJCTBEHHO HaJl MPUEMHOM aHTEHHOW [27], mpUBOIUT K
MHOTOJIy4E€BOCTH CHTHAJIOB OT CITyTHUKOB Ha CPEJTHUX M BBICOKHX
yriax mecta. CUTHAIIBI CITyTHUKOB C yTJIAMH MECTa IMIPUMEPHO OT
45 nmo 90 rpamycoB TPHUXOMAT TIOCHE TIEPEOTPAKEHUH, UYTO

TIPUBOJIUT K CMEIIECHHIO TICEB/I0JalIbHOCTHBIX 1 (Da30BBIX H3Mepe-
Huii. Crarmaptasie HacTporiku RTKLIB opueHTHpOBaHBI HA OT-
CEUCHNE HM3KOXJIEBAMOHHBIX CITyTHHKOB C YIJIOM MecTa HIXKE
5-15 rpamycoB, rie OCHOBHBIMU HCTOYHHKAMH OIITHOOK SBIISIOTCS
atmochepubie 3G dexTsl U oTpakeHus oT 3emiid. OHAKO B CIie-
Hapun NLOS HU3KO03/1€BallMOHHBIE CITyTHUKH, YbH CHUTHAJBI HE
9KPAaHUPYIOTCS, MOTYT OCTaBaTbCSl OTHOCHUTEIBHO «IHCTBHIMI.
OCHOBHOW K€ UCTOYHHK OIITHOOK COCPEIOTOUCH B 00JIACTH BBICO-
KHX YIJIOB, KOTOpBIE TPAJUIIMOHHO CYMTAIOTCSl Hanbosee Oiaro-
npustHeiMu i1 u3MmepeHuil. RTKLIB He mpepocraBiser BO3-
MOYKHOCTH 33JlaTh BEPXHIOI0 TPAaHUIly MAacKH WM, 4To Ooiee
Ba)XKHO, WCKJIIOYUTH ONPEJICICHHBIA JMana3oH YIJIOB MecTa,
HampuMmep, oT 45 1o 90 rpamycos. Takum 00pa3om, alTOPUTM BEI-
HYK/IeH IPUHAMATh B 00pa00TKy BCE M3MEPEHHMS OT CITyTHHKOB
BBIIIIE YCTAHOBJIEHHOTO HIDKHEr0 MOpora, BKJIIOYAs Te, 4TO
HanboJsee BEPOSTHO NCKaKEHBI METAIITMYECKAM SKPAHOM.

B maHHOM clieHapuM MCIHOJIBb30BaHME MTApaMETpa OTHOIICHHS
curnan/myM (OCI) ans pursrpanmu curaanoB ['HCC oka3eiBa-
ercss Hed(h(DEKTUBHBIM, ITOCKOJIbKY 3KPaH MOXET HE CTOJBKO
0ca0JIsITh, CKOJIBKO IepeoTpakaTh curHai, octanisis OCIII BoI-
cokuM. B pe3ynbraTe 3TUM OMIMOOYHBIM, HO (OPMATIBHO «XOPO-
LIMM» [0 YPOBHIO CHI'HajJa JaHHBIM MPUCBAWBACTCS 3HAYNUTEIb-
HBII Bec ITPpU MOCTOOPaOOTKE, YTO MPUBOIUT K CMEIIEHHIO OLIEHOK
KOOpJIMHAT U OIIMOOYHOMY Pa3pelIeHHIO EJIOYNCICHHBIX (a3o-
BBIX HEOJJHO3HAYHOCTEH.

Just camkenns cmetuenust OK B cuenapun NLOS u OLOS
MIpeJIaracTcsi NCIOJIb30BaTh AJITOPUTM MPOCTPAHCTBEHHON (HITh-

TpaIM 110 YIIIy MEeCTa, IPEICTaBICHHBIN Ha puUC. 27.
h
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Jus mocrobpadborkn B RTKLIB 0Oputa peanu3oBaHa Tpo-
rpamMMHast peanm3anus anropurMa Ha Python st curnanos GPS.
Anroput™ HauMHaeT paboTy ¢ 3arpy3Kd U IIPOBEPKH CYIIECTBO-
BaHM yKa3aHHBIX BXOAHBIX RINEX-daiinos: daiina HabmoneHni
.obs u ¢aiina apemepun .nav. [Ipu ycrenrHoi mpoBepke WHUIHA-
TU3UpPyeTcss 00padOTIHK, KOTOPHII MOCIIeA0BaTeNFHO 00padaThI-
BaeT a(peMepHUIHbIE JaHHbIE, a 3aTEM CUUTBHIBAET 3ar0JI0BOK .0bs -
(haiina auis onpeaeieHIsI KOOpAUHAT npueMHKKa. [locie pacyera
MO3ULHUH CITyTHUKOB ITOPUTM MEPEXOJUT K OCHOBHOMY IHMKITY
00paboTKK AaHHBIX. JIJIs KaKI0# SM0XHM HAOMIOACHUN H3BJICKa-
€TCsl METKa BPEMEHH M CIIMCOK CITyTHHKOB; Jajee JJIsl KaxJ0ro
CITYTHHUKA U3 3(1)eMepI/1;[ BBIYHCIIAIOTCA €0 KOOPpAUWHATBHI U YT'OJI
MeCTa OTHOCUTEIBHO NPUEMHHUKA.

CryTHHMKH, YroJl MEcTa KOTOPBHIX HE IONaJacT B 3aJlaHHBINA
JIMana3oH, IOMEYaloTCs Ha yAaleHHe U3 TeKylei snoxu. Mou-
(unrpoBaHHBIC TaHHBIE ATIOXH 3AITNCHIBAIOTCS B BBIXOIHOM (aidi,
a ypanseMble U3MEpeHHsl — BO BCIOMOraTenbHbli ordeT. [Tocie
00paboTKN BCEX 3MOX COXPAHSAIOTCS UTOTOBBIE (aiiiabl. OyHKINU
1 MaTeMaTUYECKUE OIIEPAIUH aNropuT™Ma (pUIbTpaIUN IPECTaB-
JIeHBI B TaOIMLax 1 1 2 COOTBETCTBEHHO.

Tab6muma 1
OyHKIMYU anropuT™Ma GUIBTPALMH 110 YTy MecTa
Dynkuus Hasnavenne Bxommsic na- | Burxommsie OcoGeHHOCTH
pamMeTpbl napamMeTpbl
datetime to_gps_ Ipeobpasosarme . . float (ce- | Hauano orcuera:
seconds(dt) narel B cekyHupl | dt: datetime P 1980-01-06
GPS-snoxu
. Ilouck  crpoku O6pabatbiBaeT
parse_epoch_tim . .
o(epoch. line) BpeMeHH  amoxu | epoch_line: str | datetime CEeKyHJIBI C IuIa-
— u3 RINEX BaIOIIEH TOUKOH
calculate_satel- sat_ecef: TIpsimoii reomet-
lite_eleva- Pacuer yrma wme- | [X,y,z], float (rpa- | pudeckuii  pac-
tion(sat_ecef, CTa CIyTHHKA rec_ecef: JIyCBI) ger, 0°=ropu-
rec_ecef) [x,y,z] 30HT, 90°=3¢HUT
Amnanu3zarop .
RinexNavParser | HaBUralHOHHBIX ia(;)};ﬁ;tr) (myTs EFI?I}]-}:;”;I;;
Qaiinos RINEX Y :
Peannzanus
zztsf os;?erola:dt—) fsczzzlmng?su"n eph: list, t: float f: ?E; 2 yPaBHCHHil JIBH-
—gpsieph, Y YUX.Ys skeHnst Kenepa
RinexObsProcess Tpoueccop . obs_path, OCHOBHO# KJ1ace
or uabmoneuui  u nav_path: str TIPOTPaMMbI
(unprpanun -
Ananu3 3aro- int  (uHekc | Vi3BieueHue Ko-
parse_header(self lines: 1i
lines) JIOBKA OBS | lines: list KOHILIA  3aro- | OpJMHAT MPUEM-
i aiina JIOBKA) HHKa
test_satellite_posi TectupoBanue IIpoBepka Kop-
A pacyeToB  HO3W- | - - PeKTHOCTH 3(e-
tions(self) o
it MEpHI
filter by eleva- | OcnoBHas Guib- Vnpanser cnyt-
Py max_el, str (myTh K
tion(self, max_el, | Tpaumst  cryTHH- = . HHUKH BHE JMana-
. - min_el: float (aitny)
min_el) KOB - 30Ha YIJIOB
save_elevation_re | Coxpanenue OT- | ) Cosyianue  Tek-
port(self) ueTa CTOBOT'O OTYETA
. T'naBnas  QyHk- I'naBnas  yacte
main() - -
LUSL IPOTPAMMBI MPOrpaMMBbI
Tabnuma 2
Onepauuu anropuT™Ma GUIBTPALMH 110 YTy MecTa
Dyukuus Dopmyna Onucanune Onepamusa
B IIporpaMme
Pacuer u HomuHaneHoe 1
ng = |— sat_pos_broad-
cpenHero a3 CKOPPEKTHPOBAHHOE
cast_gps
JIBIKCHHUS n=ny+4n JIBIDKCHHE
Voo | M=geneg | U e |
Kemnnepa Ey =My +e-sinEy o HEHTD _POS_
YECKOH aHOMaJINH cast_gps
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) V1—e?-sinE, IpeoG
= A30BaHU
Uctunnas SIn Vi 1—e-coskE peobpaso © sat_pos_broadcast
yepe3 SKCLEHTpUYe- —
aHOMaJIHs. cosEy —e _gps
COsSVy = ———— CKYIO aHOMAITHIO
1—e-coskEy
Auy KOPPEKIHU
Koppekin | = Cy - €0s 20y + Cyys - Sin 2 TapmoHnueckue mo-
PPeKIL uk Pre  Lus P P B sat_pos_broadca
OpOUTEI Arye TIPaBKH ot oos
= Cpy - C0S2¢p + Crg - Sin 20 &P
r-d .
6 = 90° — arccos (—) T'eomeTpryeckuii calculate_satellite
Yron mecta |r] - 1d| .= -
pacuet elevation
d = sat —rec
x=x"-cosQ—y -cosi-sinQ . UHAIBHBI  pac-
IIpeo6paszo- P y , . 13 opbutanbHoit B b pac
y=x"-sinQ+ y'-cosi yer B
BaHHUE B 3EMHYIO CHCTEMY
- cos Q) sat_pos_broadcast
ECEF P KOOpPATHHAT —
z =y -sini _gps

5.3 Ilpeonoscenusn no npocmpancmeeHHol uirvmpayuu
no azumymy

B psize crienapueB npocTpaHCTBEHHAS (PUITBTPALHS HCKITIOUH-
TEJIFHO TI0 YIJIy MECTa MOXKET OKa3aThCsl HE0CTaTOYHO (P Qek-
TUBHOM, U TOT1a HY)KHO PacCMOTPETh MPOCTPAHCTBEHHYIO (DHIIb-
Tpamyio 1o asuMyty. Maes ¢punbTpanuu 1mo asuMyTy 3aKiIoda-
eTcs B NCKITIOUSHUH U3 PEIIeHNs] HaBUTalMOHHOI 3a/1a4n H3Mepe-
HUA OT CIyTHHKOB, HalpaBJICHHE Ha KOTOPHIE COBIAacT ¢
HalpaBJIeHUEM Ha MPEIATCTBUE B 3aJaHHOM clieHapuu. Hampu-
Mep, IPH PACIOJIOKEHUH poBepa BOJU3M CTEHBI B CLEHAPUH
WLOS mnenecoodpa3Ho MCKIYHUTh U3 MOCTOOPaOOTKH MEpBHY-
Heie uamepenus THCC oT Tex cryTHUKOB, KOTOPbIE SKpaHHUPY-
IOTCSI CTOPOHOM 3TOM CTEHBI O a3UMyTy. PaccmMoTpuM anroputm
MIPOCTPAHCTBEHHOW (HIbTpALUK Ha puc. 28.

Peanu3oBaHHBI  ITOPUTM  TO3BOJISIET  MOJAM(UIMPOBATH
(aiinsr Habmronennit RINEX, oOHysIsl OTHOIICHHST CHTHAII/IITYM
SNR 17151 CIyTHUKOB, TIOTIAIAOIINX B 3aJJaHHBIA a3UMYTalbHBINA
CEKTOp, YTO MCKIIIOYACT UCIIOJIB30BAHNE MX M3MEPECHUH B Jallb-
Heitmeit noctoopadoTke B RTKLIB. Anroputv HaumHAET paboTy
C 3arpy3KHd M MPOBEPKH CYIIECTBOBAHUS YKa3aHHBIX I10JIb30BaTE-
nem BxoaHbeiX RINEX-¢aiinos: ¢aiina Habmogenuii -obS wu
(haiina HaBUTaMOHHBIX d(demMepu - Nav.
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SNEKTPOHUKA. PAOMOTEXHUKA

[Tpu ycneurHol npoBepKe HHUIMAIM3UPYETCS Napcep HaBura-
LIMOHHBIX JAaHHBIX, KOTOPBIA IOCIEA0BATEIFHO CUUTHIBAET BCE
apemepunsl GPS 1 coxpaHsieT UX B CTPYKTYpPUPOBAHHOM BHJIE.
3aTeM BBIMONHSIETCS YTCHHE 3arojioBka - 0bS daitna s onpere-
JICHHSI THITAa HAOIFOICHHI U KoopauHAT npuéMuuka. [locie mpes-
BapuUTEIbHOW 00pabOTKM NporpamMMa MEepexoJUT K OCHOBHOMY
LUKy TI0 31T0XaM Ha0JIIOICHUH.

Jlist KaXko# STI0XH M3BJICKACTCSl METKa BPEMEHH, CITMCOK BH-
JIMBIX CITyTHHKOB ¥ COOTBETCTBYIOIIME UM M3MepeHHs. J{i1st kax-
JIOTO CITyTHHKa cucteMbl 'G' Ha ocHOBE 3(heMepH] BBIYHUCIISIOTCS
€ro KOOpIWHATHI B TJ00ANbHONW TEOLEHTPUYECKOW CHCTeMe
ECEF, 3arem BbImosHseTCsl TpeoOpa3oBaHNe B TOMOIEHTpHYE-
cKy!o cucreMy KoopanHat ENU oTHOCHTENBHO IPUEMHHKA U pac-
CUUTBHIBAIOTCS YOI MECTA U a3UMYT.

CryTHHMKH, HE YJJOBJIETBOPSIONINE 33JaHHBIM YCIOBHAM (MaK-
CUMAaJIbHBIN YIoJl MECTa, pa3pellEHHbIE UM UCKIFOYEHHBIE CEK-
TOpa a3uMyTa), MOMEYArTCs It PUIbTpalu. BMecTo mosHoro
yIAIeHUs1 CTPOK HM3MEPEHHH MporpaMma MOAU(GHUIUPYET MOJIs
SNR (Habnronenust Tuna «S**») it TAKNX CITyTHUKOB, yCTaHAaB-
nuBas 3HadeHue 10.001, 9To ciny’kUT MapKepoM UCKIIIOYEHUS IPU
nocnenytoieit oopadorke B RTKLIB; nanHoe perenne o00cHo-
BaHO TEM, YTO IIPH HEaKKypaTHOM M3MEHEHHHU (ailiioB HabIro/1e-
HUHM MOTYT BO3HUKHYTH OIMIMOKH B YTEHHWH IIPH OLIEHKE KOOPJIH-
Har. IIpn nocnenyromei nocrodpadorke B RTKLIB akTuBnpy-
etcst mTatHeId GmibTp “SNR Mask™ ¢ moporoBsIM 3HaAYEHUEM.
[MockoapKy MOAMQHUIMPOBAHHBIC CIYTHUKH HMEIOT SNR HIbke
mopora, OHH aBToMaTm4decku oropaceBatoTcst RTKLIB Ha sTame
3arpy3KH M HE y4acTBYIOT B BBIYMCIICHHH KOOPJMHAT, YTO YKBU-
BaJIEHTHO MX IHOJIHOMY MCKJIIOUEHUIO U3 HABUI'ALIMOHHOTO pellle-
Hus. Bee mpoune manHbIe coxpaHsioTcs 6e3 m3meneHuit. [locie
00paboTKU BCEX 30X (POPMUPYETCS BBIXOTHON (paiia HabroIe-
HUH C TOH K€ CTPYKTYPOU, YTO U UCXOAHBIN, HO C U3MEHEHHBIMU
3HaueHHAMH SNR 1t oTQUIBTPOBaHHBIX CITyTHHUKOB. Takxke
MpeayCMOTpeHa onius (GOpMHUPOBaHMUS OTIIA0YHOrO .cSV (aiiia
¢ uadopmarmei 00 yriie MecTa, a3uMyTe U PelIcHHH O (PHIbTpa-
LUK JUTS KaKAOTO CITyTHHKA B KaxJI0H smoxe. DyHKuuM anro-
puTMa (GUIIBTPAINY 110 A3UMYTY NTPEACTaBICHBI B TA0IHIIE 3.

Tabnuma 3

@OyHKINHU anropuT™Ma GUIBTPALUH 0 a3UMYTY

DyHknus Haznauenue

Amnanu3 nauranmonsoro RINEX-daiina (popmar 3.04). H3ie-
kaet aemepr il GPS 1 coxpaHseT ux B BUJe 00bEKTOB
GPSEphemeris.

Kiace mns xpanenus napametpos s¢pemepun GPS u Berancnenus

RinexNavParser3

5.4 Ilposepka npocmpancmeennoii pursmpayus
no yziy mecma

PaccMOTpHUM IIPOCTPaHCTBEHHYIO (DMIIBTPALIMIO CITyTHHUKOB C
BBICOKMMH 3HAUCHUSAMH yIiia MecTa. JlaHHBII MMOAX0A aKTyasieH
Ju1s paccMoTpeHHoro panee cueHapus NLOS [27] u OLOS. Ha
Ha4YaJIbHOM 3TaIl€ B pacy€T HC IIPUHUMAIOTCA CITYTHHUKH, HAXOJAA-
1Mecs BOJIM3K 3eHUTA, HApUMep, B auamnasone ot 90 g0 85 rpa-
JycoB. Jlaree mopor oTcedeHusl MOCIeA0BaTEIbHO TTOHMKACTCS:
CHauana McKIogaroTes cimyTHUuk oT 90 1o 80 rpagycos, 3aTeM OT
90 no 75 u Tak Aainee, Iar 3a M1aroM paciiupss «KMEepPTBYIO 30HY»
B BepxHeit momycdepe (puc. 29).
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Puc. 29. [Topsanox nmpocTpaHCTBEHHON (GUIIBTPALIUH 110 YTy MecTa

Jlnst xaxkmoit urepanuu BhiosHAeTcs BbruuciaeHune OK u3
Ha0opa M3MEpeHM OCTaBIINXCSl CIyTHHKOB M PAacCUUTHIBACTCS
CKO. Lenpro nmepebopa sSBISIETCS MMOUCK TAKOTO IOPOra OTcede-
HUS 110 yriry Mecra, 1ipu kotopom CKO nocturaer cBoero MuHu-
myma. B tabmure 4 npencrasiens CKO npu urepaTuBHOM miepe-
00Opa MOPOTOBBIX 3HAUCHUH IIara 10 YTITy MEeCTa JIsI PACCMOTPEH-
Horo panee cueHapus NLOS.

YkazaHHBIN B TaOIHUIlE IIar O3HAYAET BEPXHIOIO TPAHUILY HC-
KITI09aeMOW 30HBI: 3HaYCHHE “‘5” COOTBETCTBYET OTOPACHIBAHUIO
CIIYTHUKOB, HAXOJAIINXCS B JUara3oHe yriaoB Mecta oT 90 o 85
rpajlyCcoB, TO €CTh OCTABJISIFOTCSI CIIyTHUKH C YITIOM MecTa MEHee
85°; 3nauenue “10” — ot 90 no 80 rpamycos, U Tak aajee, BIJIOTh
JI0 ropora “85”, mpu KOTOPOM UCKIIIOUAIOTCSI CITyTHUKH C yTiaMu
or 90 0 5 TpajycoB, U B pacueTe OCTAIOTCS JIMIIb CIYTHUKH
BOJIN3U TOPU30HTA.

Tabnuna 4
CKO mpu ¢punsTparun mo yriry mecta B ciieHapur NLOS

GPSEphemeris KOOD/IMHAT CIlyTHHKA METOJOM position_ecef(). R CKO
) ] OcHoBHOI ki1acc puibTpari. COAEpIKUT METOIBI TS aHATTH3a lar 2D, m Mlupora, M JloaroTa, M Bicora, M
RinexObsFilter 3arosoBka OBS, urenus smox, pacuéra yria MecTa/asumyra, Mo-

qudukaimu SNR 1 3anmcu pesysbTara. > 8.799 5010 1,765 18,933
[IpeoGpasyeT CTPOKOBOE OMMCAHKE CEKTOPOB a3MMyTa (HATpH- 10 8,799 5010 1,765 18,933
parse_az_spec Mmep, "0-90,180-270") B ClIMCOK HHTEPBAJIOB. 15 8,799 5,010 1,765 18,933
ccef to eeodetic IIpeo6pasyer koopannatel ECEF B reopesuueckue mmpory, 20 8,801 5,011 1,765 18,933
o8 JIOJITOTY M BBICOTY OTHOCHTEJBbHO iutunconia WGS84. 25 9,383 5,490 L771 18,967
ecef to enu matrix ®dopmupyet MaTpuily noBopota ans nepexona ot ECEF k Toro- 30 7,976 4,582 1.875 19,580
- - uentpuyeckoii cucreme ENU B Touke npuéMHuKa. 35 8,558 6,256 2,505 29,482
azel for sat BBI4MCIIET a3UMyT H YTOI MECTa CIyTHHKA TI0 €ro SheMephiaMm 40 6,122 4,136 1,404 14,434
- = U KOOpJMHATAM [PUEMHHKA. 45 6,585 3,215 2,773 17,524
should_keep IIpoBepsieT, YIOBIETBOPAET JIH CITyTHHK KPUTEPUAM (HIBTpa- 50 8,335 2,016 4,001 19,234
- wuu (yroa mecra u azumyt). Bosspauraer True/False. 55 8,165 3,634 3,080 12,018
set snr fields 3amensier 3uauenus noneit SNR [U1s 32[aHHOTO CITyTHUKA Ha 60 8,165 3,634 3.080 12,018
- == 10.001, coxpansist ucxoaHoe GopmMaTHpoBaHHE CTPOK. 65 8,165 3.634 3,080 12,018
filter and write OCHOBHOI METOT, BHITIONHATONTHIT (HIBTPAIINIO BCETO (aiiia 70 8,165 3,634 3,080 12,018
- - HaGII0/IeHHIT 1 3aIIMCh PE3YIIbTATA. 75 8,186 3,665 3,074 12,125
main Touka Bxoaa: 06pabaTbIBaeT apryMeHTHI KOMaHIHOH CTPOKH, 80 8,046 3,843 2,652 9,460
WHUIUAIM3UPYET mapcep U QUIbTP, 3aIycKaeT 00paboTKy. 85 8,046 3,843 2,652 9,460
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AHanu3 pe3yIbpTaTOB MO3BOJIIET BRIACTUTH Mopor B 40 rpary-
coB cBepxy (o1 0 10 50°) Kak HaUTYUIIMA ¢ TOYKU 3pEHUST MUHH-
MU3AIHK TOPU30HTAIBHOM omuOKku. [Ipyr 1aHHOM Mopore oTceye-
HUs (MCKITIOYEHNe CIYTHUKOB ¢ yriamu oT 90 g0 50 rpagaycoB u
pabora ¢ Temu, ueit yrox mecra Hipke 50°) ObUIO JOCTUTHYTO MH-
HuManbHoe 3HadeHne CKO na miockoctu 6.122 merpa. UuTe-
PECHO OTMETHTB, YTO JaJIbHEHINEe YBEIMYCHHE HCKIIIOYaeMOM
30HBI PUBOANT K HECTAOMIIBHOCTH peteHus, yBenuaeHnn HDOP
1, KaK CIIeJICTBUE, YXyALIEHHH cXxoauMocTH pemenus. Ha puc. 30
npeactasiaensl OK RTKLIB ans cuenapus NLOS. BemonzaeHo
CpaBHEHHE HCXOIHOTO PEIICHUS, W PEIICHHS ITOCIIe TIPUMEHEHUS
MIPOCTPAHCTBEHHON (IIIBTpAINH IO YTy MecTa ¢ moporom 40
rpaaycos. [locie GuibTpaiyu pa3dpoc OLEHOK KOOPIHMHAT CTal
MEHBIIIE IPUMEPHO B TIOJITOPA pa3a.
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Puc. 30. OK RTKLIB o 1 nocne ¢puibTpayy 1o yriy Mecra

5.5 Ilposepka npocmpancmeennoii punvmpayus no azumymy

Amnanornuseiii npuHuun noucka muHumMyma CKO OK mo
Ha0Opy U3MEPEHUH MOXKET ObITh pean30BaH U sl PUIbTpAlUN
1o a3uMyTy. JlaHHBIH MOJIX0J aKTyaJleH JUIs CLIEHApUEB YKPaHH-
poBaHus cTeHoi ¢ ogHoil u3 cropon WLOS. B npennonoxennu,
4yTO CTeHa npensrcrBoBaia npuemy curnanos 'HCC nonHocTsio
C OJTHOH CTOPOHBI, UCTIOJIL30BAJICS METO/I CKOJIB3SIIIET0 CEKTOpa B
180°. B ommune ot GUABTPAIMHK 11O YIITy MECTa, TAe MCKIIoYa-
Jack BepXHss nonycdepa, B JAHHOM T10/1X0/1¢ TIPUEMHHK YUUTHI-
BACT TOJIBKO TE CITyTHUKH, YbH a3UMYTHI TIOTIAAAI0T B OIIPEEIICH-
HBI auana3oH. [lepBoHaYambHO 3a7aeTCSI CEKTOpP HAOIIONCHUS
180 rpamycoB, opuentupoBanHbiii o 0 mo 180 rpamycos. s
Habopa CIIyTHUKOB B 3TOM cekTope paccuutbiBaerca CKO. 3atem
3TOT CEKTOp MOCIJIEA0BATEIFHO CMEIIAETCS 110 a3UMYTY C I1arom
10 rpaxycoB, oxBaTsIBas auana3onsl 10—190°, 20-200° u 1.1. 10
TeX T0p, MOKa CEKTOpP HE BEPHETCSI B MCXO/IHOE ITOJIOKEHHUE (pHC.
31). Jna kaxmoro cexkropa Boinonusiercst pacder OK u CKO.
Hawuboree ynauHoii cauraercst Takasi OpueHTalys a3uMyTallbHOTO
ceKTopa, kotopas obecrieunBaer HauMmeHbiee CKO.

ELECTRONICS. RADIO ENGINEERING

Puc. 31. [Topsaok mpocTpaHCTBEHHOH (PUIBTPALIUH IO a3UMYTY

Jnst nccneioBaHus MPOCTPAHCTBEHHON (DMIIBTPAIMU 110 a3H-
MYTY HCIOJIb30BaJIcst Habop m3mepenuit u3 cuenapus WLOS. B
tabmuue 5 npeacrasnensl CKO mpu ntepatuBHOM miepedope mo-
POroBBIX 3HAUEHUH 11ara 1o asumyTy. /i Kaxka1oi napsl rpaHuL
cexTopa (HIKHSASA U BepxHsis) nmpuseneHsl 3HaueHns CKO.

Tabimmna 5

CKO mnpu ¢unpTparun mo a3uMyTy B ciieHapuu WLOS

Hukusis Huxnss CKO
rpanuna ° rpanuna ° 2D, m Iupora, m Joarora, m BbicoTa, M

0 180 6,211 1,826 0,283 3,410
10 190 6,211 1,826 0,283 3,410
20 200 6,211 1,826 0,283 3,410
30 210 6,211 1,826 0,283 3,410
40 220 6,211 1,826 0,283 3,410
50 230 6,211 1,826 0,283 3,410
60 240 6,211 1,826 0,283 3,410
70 250 6,211 1,826 0,283 3,410
80 260 6,211 1,826 0,283 3,410
90 270 6,211 1,826 0,283 3,410
100 280 5,312 0,599 0,065 1,640
110 290 5,048 1,089 0,189 2,230
120 300 4,834 0,436 0,189 1,039
130 310 4,834 0,436 0,189 1,039
140 320 4,834 0,436 0,189 1,039
150 330 4,834 0,436 0,189 1,039
160 340 4,834 0,436 0,189 1,039
170 350 4,834 0,436 0,189 1,039
180 0 4,834 0,436 0,189 1,039
190 10 4,834 0,436 0,189 1,039
200 20 4,834 0,436 0,189 1,039
210 30 4,834 0,436 0,189 1,039
220 40 4,834 0,436 0,189 1,039
230 50 4,834 0,436 0,189 1,039
240 60 4,834 0,436 0,189 1,039
250 70 4,834 0,436 0,189 1,039
260 80 4,834 0,436 0,189 1,039
270 90 4,834 0,436 0,189 1,039
280 100 6,564 0,967 0,165 1,654
290 110 5,629 1,428 0,163 1,709
300 120 6,211 1,826 0,283 3,410
310 130 6,211 1,826 0,283 3,410
320 140 6,211 1,826 0,283 3,410
330 150 6,211 1,826 0,283 3,410
340 160 6,211 1,826 0,283 3,410
350 170 6,211 1,826 0,283 3,410

Haiinennsiit B Xx07¢ KaTHOPOBKU a3UMYTAIBHBIA CEKTOP CO-
xpaHseT 3(p(eKTHBHOCTh B TEUCHNE OIPaHWYEHHOTO MHTEpBaja
BPEMEHH, ITOKAa TEOMETPHS CO3BE3/Us HE MIPETEepIIeBacT H3MEHe-
HUH. [ TPOAOIKUTENBHBIX CLEHAPUEB MOKET MOTPeOOBATHCS
MEPUOTNIECKOe OOHOBIEHHE MACKH, YTO MOXKET OBITh pearn3o-
BaHO ITyTE€M HOBTOPEHHS TPOIEyPbl KaTMOPOBKU B (JOHOBOM pe-
XKHUMe 0e3 MpepbIBaHUs OCHOBHOTO MOTOKA MO3MIIMOHUPOBAHHUSL.
Amnanus na”HeIX B Tabnuie 16 MO3BOJISET BBIACIUTL HECKOILKO
XapakTepHbIX 30H. [IepBbIe necaTh nonoxenuii cextopa (ot 0-180
110 90-270, BBIIENIEHBI JKENTHIM) IEMOHCTPUPYIOT BEICOKYIO TOpHU-
30HTAJILHYIO ONIUOKY Ha ypoBHE 6,211 MeTpa, 4To TOBOPUT O HE-
YAa4yHOM HaIIPaBICHUHU TIpUEMA.
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Hauwunas ¢ cekropa 100-280 rpamycoB HaOIOgaeTCs yIydliie-
Hue TouHocTH: ropusoHTansHoe CKO cHukaeres 1o 5,312 metpa.
Hawnyummii pe3ynbrar 10CTHraeTcst Py YCTaHOBKE CEKTOpa B
nuanazone ot 120 mo 300 rpanycos, rae CKO B 2D nagaer no
MHUHHUMaJbHOTrOo 3HaueHus 4,834 merpa. OTMETUM, YTO JAHHOE pe-
[ICHHUE HE SBJIICTCS SAMHCTBCHHBIM: CEKTOpa ¢ IpaHumaMu 120-
300, 130-310 u mo 270-90 (BBIIEICHO 3€TCHBIM) TAKXKE 00pa3yoT
Ha0Op yIadHBIX HaMpaBiIeHNH nprueMa. OcTanbHbIe HATPAaBICHUS
MOJKHO CUHTATh IKpaHUPOBAaHHBIMH CTeHOW. Ha pwmc. 32 mpen-
cranedsl OK RTKLIB mis ciierapust WLOS. BrimonHeHO cpaB-
HEHHE HCXOJHOTO PEIICHHs, U PEIICHHUs TIOCIIe IPOCTPAHCTBEH-
HOW (UIBTPALMH O a3MMYTY C MCKJIIOYCHUEM HAaIpaBJIeHHs Ha
creny. I[locnme ¢uubTpaiuu pa3dpoc OIEHOK KOOPIUHAT CTall
MEHbIIIE IPUMEPHO B MOJITOPA pasa.
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Puc. 32. OK RTKLIB 110 1 nocie ¢puibTpanuu o asumyTy

5.6 Ilpeonoscenus no coemecmnoi
RPOCMPAHCMEEHHOU hunbmpayus no a3umymy u y2iy mecma

B ocHOBe COBMECTHOHN NPOCTPAaHCTBEHHOM JIEXKUT aHAIIU3 3a-
panee coOpanHoro wmaccuBa mmepernii HCC B dopmate
RINEX ¢ nurepaTuBHBIM UCKIOYEHUEM CIIyTHUKOB I10 KPUTEPUIO
3aJ]JaHHOTO a3uMyTa M yria mecta. OTNHCaHHbIC BBIIIE TTOIXO/IbI
MOTYT OBITh peann3oBaHbl coBMecTHO. COBMecTHasi MpOCTpaH-
CTBEHHas (GUIBTPALIUS 0 a3MMYTy W YIJIy MECTa MpeJroiaract
HOCIIEJOBATEIbHOE MM OJJHOBPEMEHHOE IPUMEHEHUE OrpaHnye-
HHUH Kak 10 YIJy MecTa, Tak U 1o a3uMmyTy. Hampumep, MOKHO
CHaJaJa MCKIIIOUUTD CITyTHUKH C BBICOKUM YTJIOM MECTa, a 3aTeM,
Cpeir OCTaBIIMXCS, UCKAaTh HauOoJiee yAauHbIH a3uMyTaJbHBINA
CEKTOp, WU Ke NepeOupaTh Bce BOZMOXHbBIE KOMOWHAIIMI 000MX
napamerpoB. OfHAKO Takasi COBMECTHasi (DMIbTpanusi HETPUBH-
aJIbHa C BEIYUCIUTENBHOM Touky 3penust. Ha puc. 33 npexacrasien
HpUMep COBMECTHOU paboThl ¢ (GUIbTPALMEH U 10 yIIly MecTa, U
0 a3UMYTY.
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Puc. 33. [Topsaok cOBMECTHO IIPOCTPAHCTBEHHOH (QHIbTPALIN

6 BoiBoabI

B pesynbrare sKCepuMEHTAITBHOTO UCCIIEA0BAaHNS TOUHOCTH
nosuuuonupoBanust cucreM GNSS RTK s cuenapues LOS,
NLOS B [27] 1 OLOS, WLOS BBIITOTHEHO CpaBHEHHE TOYHOCTH
OLIEHOK KOOPJIMHAT, MOJYyYEHHBIX KaK HEMOCPEICTBEHHO U3 IIPO-
IpaMMHO-aIMapaTHOT0 KOMIUIEKCa F'€0/1e3MIEeCKOro Kiacca, Tak 1
B pe3yJsbTaTe MOCTOOpaboTku nepBuyHbiX u3mepenuit [HCC B
OHOIMOTEKE ¢ OTKPBITHIM HcXoaHbIM KogoM RTKLIB. TToka3ato,
YTO IpeJBapUTelIbHas MPOCTPAHCTBEHHAsT (QUIBTpALUS TePBHY-
HBIX U3MEPEHHH 10 a3UMyTY U YIJIy MecTa II03BOJIIET IPUMEPHO
B ITOJITOPA Pa3a MOBBICUTH TOYHOCTh MO3UIIMOHUPOBAHUS O CPaB-
HeHuto ¢ noctobpadorkoit RTKLIB no ymomdanuio. Dkcnepu-
MEHTaJIbHO 000CHOBAHHBIN 110IX0/] IPOCTPAHCTBEHHON (hHIIbTpa-
LUHU 10 a3uMyTy U yray mecra B cueHapusx NLOS, OLOS u
WLOS mosxeT ObITh peanu3oBaH B ycrporictBax GNSS RTK mo-
TpeOUTENBCKOTO CETMEHTa 0€3 MCIOIb30BaHUs aHTCHHBIX pellle-
TOK JUI KPaTHOTO MOBBIIIEHHS TOYHOCTH MO3HUIIMOHHWPOBAHUSL.
[TpeanoxeHHbIH MOAX0/ MPOCTPAHCTBEHHOMN (QUIIBTPAIIUU H3Me-
peHuil Mo a3uMyTy M YTy MECTa MOKET ObITh peaan30BaH Ipo-
rpaMMHO Ha BHEIITHEM BBIYHCINTENE (cMapT(oHe, ITaHIIeTe), Co-
npsbkéaHom ¢ RTK-posepom, u Tpebyer smib kopotkoro (2-3
MUHYTBI) 3Tala HauyaJIbHOM KaJHOPOBKH ISl ONPE/ICIICHHS OTITH-
MaJlbHOM MackH MOJ| TeKyIllee co3Be3ane cnyTHUKoB. Ilocne ox-
HOW HACTpOWKH (priibTpa 00padoTKa KOOPIAMHAT IPOU3BOIUTCS B
peabHOM BpPEMEHH C UCIOoIb30BaHueM cranaapTHeix RTK anro-
PUTMOB. BakHO MOAYEPKHYTH, YTO NPEAJIOKEHHBIN MOAXOM HE
TpeOyeT N3MEeHEHHs annapaTHOW YacTH notpedutenbcknx GNSS
RTK-npuémuukos. B Tunosoii apxurextype coBpeMeHHbIx RTK-
CHCTEM, I/I¢ IEPBUYHbBIE M3MEPEHHS IEPEAAI0OTCS Ha BHEIITHEE BbI-
YICIUTEIBHOE YCTPOWCTBO (cMapT(oH, IUTAHIIET) It oOpa-
OOTKH, peann3anus MPOCTPAHCTBEHHOHN (PUIBTPAIIH CBOJUTCS K
JOOABJICHUIO IIPOIPAMMHOIO MOJIYJS NPEIBapUTENbHOM celek-
LU CITyTHUKOB. KpaTKoBpeMeHHBIN 3Tan KanuOpoBKH (2-3 Mu-
HyThI) B Havyase ceanca OMII mo3BounsieT onpenenuts HanboIee
yIAQYHYI0 A TEKYIIEero CIEeHapHus HM3MEpeHHH U CO3Be3aus
I'HCC xoudurypamuo GpuibTpa, nocie 4ero no3uInoHUPOBaHHE
OCYIIIECTBJIICTCS B pEaIbHOM BPEMEHH C TIOBBIIICHHOM (IO cpaB-
HEHUIO C HACTPOWKaMM MO YMOJIYaHHUIO) TOYHOCTHIO. Takum 00-
pa3oM, METOJ cOXpaHsieT Bce mpeumyuiectsa pexnuma RTK u mo-
JKeT OBITh MHTEIPUPOBAH B CYIIECTBYIOUINE ITPOTPAMMHBIE KOM-
TUIEKCHI 0€3 CYIIECTBEHHOTO YBEJINUYEHHS BPEMEHH TTOJITOTOBKH K
N3MEPEHUSIM.
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Abstract

Despite significant advances in terrestrial cellular network (4G LTE, 5G NR), and WiFi wireless local area network (WLAN) location services in recent
years, centimeter-accurate real-time positioning services across federal geographic areas are currently available exclusively through global navigation
satellite systems (GNSS) with differential correction systems (DCS). The most widely used GNSS systems are those with Real Time Kinematic (RTK)
DCS. Geodetic-grade GNSS RTK hardware and software systems (HSS) with subscriptions to reference base station network services, in addition to
high-quality hardware for receiving primary measurements, operate using proprietary software implementing highly efficient secondary post-processing
algorithms, enabling millimeter-accurate coordinate estimates (CAE) in real time. In addition to high line-of-sight (LOS) accuracy, survey-grade GNSS
RTK systems effectively compensate for multipath effects in full NLOS (Non-LOS) or partial Obstructed-LOS (OLOS) scenarios, where there is no
direct line of sight between the rover antenna and GNSS satellites. More affordable and mass-produced consumer GNSS RTK devices cannot achieve
comparable accuracy in either LOS or NLOS scenarios. Improving the positioning accuracy of consumer GNSS RTK systems by postprocessing primary
GNSS measurements in the RTKLIB open-source library is a pressing and sought-after task. This paper presents an experimental study of the position-
ing accuracy of GNSS RTK systems using the PrinCe survey-grade software package. Coordinate estimates are obtained both directly from PrinCe and
by postprocessing primary measurements in RTKLIB. The following parameters are analyzed: the root mean square deviation (RMS) of coordinate esti-
mates, the number of satellites used, and the geometric factor of accuracy dilution. The aim of the study is to identify and substantiate ways to improve
the positioning accuracy of GNSS RTK systems through postprocessing in RTKLIB in the absence of a partial line of sight (OLOS). The study demon-
strated that preliminary spatial filtering of primary measurements by azimuth and elevation angle improves positioning accuracy compared to default
postprocessing in RTKLIB. For the first time, for OLOS scenarios, a comparison was performed of the accuracy of coordinates obtained both directly
from a geodetic-class hardware and via postprocessing in RTKLIB. The theoretical significance lies in the experimental substantiation of spatial filtering
by azimuth and elevation angle in OLOS scenarios. The practical significance of the study lies in improving the positioning accuracy of consumer GNSS
RTK systems without the use of antenna arrays.

Keywords: GNSS RTK, NMEA, RINEX, RTCM, PrinCe, RTKLIB, LOS, NLOS, OLOS, positioning.
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MOHOMMNYNbCHBIA AMMUTYAHBIA CyMMapHO pPa3HOCTHbIW MesieHratop (Aanee - MeneHratop) akTUBHO
NpPUMEHAETCA B YITIOMEPHbIX CRejAlMX CMCTeMaxX B COCTaBe aBMALMOHHBLIX CPeACTB nopaxkeHua. [Ana
3alUTbl OT aBMALMOHHbIX CPEACTB MOpPa)KeHUA NPUMEHAIOT CPeACTBa PaZiM03/IEKTPOHHOIO NnojaBieHus,
OKasbiBaloLMe BNuAHME Ha BbipaGoTKy MH(OPMaLUKU NeNeHraTopoM O NPOCTPAHCTBEHHOM MONOXKEHUU
neratenbHoro annaparta. B HacrosAwlei cratbe paccMmaTpuBaeTcsA CLieHapuil NMOCTAHOBKU [BYXTOYEYHOM
KOrepeHTHOW MOMEXW aKTUBHOMY MefleHratopy CpejACTBOM Pajvo3/IeKTPOHHOrO NojaBfieHUs, KOTOPbIM
cHabG€H 3almiaeMblit NeTaTenbHbli annapar. BospgencTBue AByxToue4HOW KOrepeHTHOM nMoMexu Ha
nesieHraTop MOXKHO OLleHUTb Yepe3 U3MEeHEHUe ero AUCKPMMUHALMOHHOW XapaKTepUCTUKU. YNoMaHyToe
W3MEHEHUE TMPOABNAETCA B [ABYX OCHOBHbIX (POpMax: CMELUEHWM PABHOCUTHANbHOTO HarnpaBneHUs
AUCKPUMMHALMOHHOW XapaKTEPUCTUKM M M3MEHEHUM KPYTU3Hbl €€ nUuHelWHoro y4vactka. B uenax
uccnefoBaHUA M3MEeHEeHUs AUCKPUMMHALUMOHHOW XapaKTepPUCTMKM B CcTaTbe npejcTaBieHa Mopenb
neneHraropa, yu4uTbiBalouwlasa pAf KAOYEBbIX MapaMeTpoB: B3aMMHOE TOJIOXKEeHUe neneHratopa u
3alyMLLaeMOro neTarefibHOro annapara-nocTaHoBLYMKa (BK/OYAaA paccTOAHUE MexAy HUMU U UX
OpMEHTALMIO); aMMAUTYAbI 3X0-CUrHaNa U KOrepeHTHOM NoMexu; pasHocTb ¢asbl CUrHaNOB, U3NyHaeMbIX
ABYMA pa3HECEHHbIMM aHTEHHaMU CPEACTBAa PaZUO3JIEKTPOHHOTO MNoAABNEHUA, (POpMUpYIOLLErO
KOrepeHTHylo noMexy; asmep 6a3bl nerarenbHOro annapara-nocTaHOBLUMKA ABYXTOYEYHOW KOTrepeHTHOM
noMexu. KnioyeBoi 0co6eHHOCTLIO JaHHOW MOAENU ABNAETCA TO, YTO MPOLLECC MOCTAHOBKU ABYXTOYEYHOM
KOTE€pPEHTHOW MOMEXMU MENEHraTopy BbIMONHAETCA C Y4E€TOM NMpuéMa ero 3xo-curHana. B cratbe Takke
MPUBOAMUTCA BbIBOJ, Bblpa)KEHWM, ONUCBHIBAIOLLNIA NMPUEM aAAUTUBHOW CMECH 3XO CUTHana U KorepeHTHoMn
rnoMexm, ¢ y4€TOM yKasaHHbIX paHee napaMeTpoB, Ha 6a3e kKoTopbix paspaboTaHa Moaenb.
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BBenenue

MOHOUMITYJIBCHBIM  aMITIUTYIHBIH  CyMMapHO-Pa3HOCTHBII
MeJIeHraTop (Jaee — MejgeHraTop) UCIoIb3yeTcsl B COCTaBe YIJio-
BOro koopauHatopa [1, 2], BeipabareiBatoliero nHpopMaruo oo
YIJIOBOM TIOJIOKCHUM LENW JUISl TI0/1a4d KOMaHJI YIpaBJICHHS
aBMAMOHHBIM cpejcTBoM ropakenus: (ACII). Paguosnexkrpon-
Hoe nozaasienue (POI) okas3piBaeT HeraTuBHEIN d(QQEKT HA CIIO-
COOHOCTB IEJICHraTopa ONpPEACISITh YIIOBOE IMOJOXKEHHUE IIETH,
YTO B CBOIO OYEpEeIb OTPAaHWYMBAECT BO3MOKHOCTH YCIEHIHOTO
npumenerns ACIL

Teopust MOHOUMITYJIBCHOM TEIECHTAIMH JOCTATOYHO IIOJTHO
OCBEIlleHa KaK B OTCUECTBEHHBIX, TaK U B 3apyOEKHBIX HAYUHBIX
u3nanusx. B poccuiickoii Hay4HOH 1IKoJie GyHIaMEHTaIbHbIC OC-
HOBEHI TIpe/ICTaBNeHBI B TpyAax Jleonora A. . u @omunuéra K. 1.
[3,4], a TakKe B COBPEMEHHBIX YYCOHBIX M CIIPABOYHBIX U3AHUIX
[5, 6]. Cpenu 3apy0OexkHOM JIMTEpaTyPbl MOXKHO COCIIAThCSI HA pa-
60Tb1 [7-11]: B MOHOTpaduu [7] npuBeIeHBI TPUMEPBI TPAKTHYE-
CKOM peanu3aluu COBPEMEHHBIX MOHOUMITYJIbCHBIX IEJIEHIraTo-
poB; yueOHukH [8, 9] comepKar THIOBBIE CLIEHAPUN PUMEHECHUS
MOHOHUMITYJIbCHOU IEJEeHralluu Uil CONpPOBOXAEHUs Lenei. B
moHnorpadusx [10, 11] pazobpana Teopust peannzanuy aHTEHHBIX
CHCTEM JJIsl MOHOUMITYJIBCHBIX TTEJIEHTaTOPOB.

Psin HemaBHUX mccaenoBaHuii [12-16] mOCBAMEH pazTHIHBIM
acTieKTaM IIOBBIIIEHHS TOYHOCTH M TIOMEXOYCTOHYMBOCTH MO-
HOWMITYJIbCHBIX TEJIEHTAllMOHHBIX cucTeM. Tak, B pabore [12]
HPEeAT0KEH MOAX0] K KOMIIEHCAIIMH TIOMEX B yIJIOBOM H3MEPH-
TeJe CPpeICTBaMH PaANOTEXHUUYECKON pa3Beaky; B [13] mpoBencn
aHAIU3 BIUSHUS aMIUTUTYAHBIX MOTPEUIHOCTEH Ha TOYHOCTHBIC
napaMeTpbl JBYXKaHAIBHOTO (a30BOro mnejeHraropa ¢ (asupo-
BaHHOW aHTeHHOMN pewméTkoi. CtaThs [14] nemoHCTpUpyeT pea-
JIM3aLUI0 IIHPOKOIIOIOCHOTO IeJIeHraTopa Ha 06a3e mporpaMMHoO-
OTpenieNsIeMoro paauo, a B [15] npencraBieHs! pe3yabTaTbl MoO-
JIeTTMPOBAHMS YTIIOBOTO (pa30BOr0 AMCKPUMHHATOpA C aJarTHB-
HOU aHTeHHOH pemérkoi. Kpome Toro, B [16] nzyueHo BiausiHue
pacripeziesieHust OJISCTAIIMX TOYEK HA CTATHCTHYECKUE XapakTe-
PHUCTHKH YTJIOBOTO IIyMa MPH UCIIOJIB30BAHIH UMITYJIbCHOTO 30H-
JUPYIOIIEr0 CUTHAIA B MOHOMMITYJIBCHOM TIEJIEHTaTOpE.

Pa3BuTHe TeOpHUM MOHOMMITYIBCHOM MEJICHT ALK 00y CIOBHIIIO
pa3BuTHE COBpeMEHHbIX MeTo10B POII, HanpaBieHHBIX Ha HapY-
IIEHHE TIpoliecca ONPeIeIICHNs YTI0BOr0 MojaoxeHus nenei. Of-
HUM U3 MeToj0B POII yrioMepHBIM cHcTeMaM SBISIETCSI KOTe-
pEeHTHas IoMexa, OIMCaHue KOTOPOil MOXKHO HalTH B psizie HCTOY-
HUKOB [17-20]. Monorpadus [17] siBisieTcss OHUM M3 TEPBBIX
OTEYECTBEHHBIX TPY/IOB, 1€ U3JI0KEH CII0CO0 NOCTAHOBKU KOTe-
peHTHOI! moMexu. bosnee pa3BEpHYTOE PACCMOTPEHUE MACKUPYIO-
[IMX ¥ IMUTALMOHHBIX IOMEX, BKJIIOYasi KOTEPEHTHBIE, IPE/ICTaB-
JeHo B paborax [18, 19], a cnpaBounuk mo POIT [20] comepxut
CHCTEeMaTH3UPOBAaHHOE ONMCAHUE MHOXKECTBA THIIOB INPEIHAME-
peHHBIX ToMeX. B padote [21] n3ydaercss MOy SN aMIUTATYI-
HOTO COOTHOIICHUSI, SIBJIAIOIIET0OCs OAHUM U3 MapaMeTpOB KOre-
PEHTHOI NoMeXH. 37eCh kKe PacCMaTPUBAETCS IOCTAHOBKA KOM-
OMHMPOBAaHHON KOTEPEHTHON M YBOZSIIEH MO CKOPOCTU MOMEX.
UccnenoBanus [22—23] nocesileHbl aHATU3Y UCKKEHHsT PPOHTA
BOJIHBI M OLIEHKE BO3HMKAIOIIUX [PU 3TOM OIIHOOK ONpe/IeNIeHuUs
YTJI0BOTO HANPABJICHUS.

Wurepec x npobieMaTHKe MOCTAHOBKH KOTEPEHTHBIX MOMEX
COXpaHsIeTCsl U B COBPEMEHHBIX TyOnkanusx [24-29]. Tax, B [24]
Ipe/JIo’KeHa METOIMKA pacuéTa BEpOSATHOCTH Iepeadn JIOKHON

OTMETKH Ha BTOPUYHYIO 00pa0OTKY paroJIOKaMOHHON HHOP-
Malyy MpH BO3JEHCTBUM YaCTUYHO KOTEPEHTHBIX momex. B pa-
6ote [25] omennBaeTcs 3PpPEKTUBHOCTH MOCTAHOBKH KOTEPEHT-
HOM MOMEXH B CEKTOPE, OTPAHMYCHHOM JIOIyCTUMBIMH OTKJIOHE-
HHUSAMH aMIDIATYIHO-()a30BBIX COOTHOMEHUH. Bonpockl momexo-
YCTOWYMBOCTH MOHOUMITYJILCHBIX CPEACTB MEJICHIalluk OT Kore-
PEHTHBIX TIOMEX pacCMOTpeHBI B [26-28], a B [29] mpeacraBieH
ITOPUTM, TO3BOJISIOIIUI TMOBBICUTh 3()()EKTHBHOCTH CPEICTB
IIOCTAHOBKM JJAHHOU ITOMEXHU.

3apyOexXHbIe HCCIIENOBaHMSl TAaK)KE AaKTUBHO pPa3BUBAIOT
HaNpaBJICHUE KOTE€PEHTHOTO PAaJUONIEKTPOHHOIO BO3AEHUCTBHUSL.
Hanpuwmep, B cratse [30] mpemuioken nudpoBoil MeTox mocra-
HOBKH KOT€PCHTHOH ITOMEXH, a pabota [31] omuceIBaeT crieHapuit
e¢ oOHapyXeHHUS M IOCTAHOBKH B OTHOIICHUH MHOTOKaHAJIBHOTO
pamnonokaropa. Ilyomukamnus [32] comepKUT MaTeMaTHIECKYIO
MO/IETIb BO3/I€HCTBHUSI KOTEPEHTHOI MOMEXHU Ha PaJHOJIOKAIIOH-
HYIO CHCTEMY, COYETAOIIYI0 IPUHINIBI aKTUBHOM M MTACCHBHON
pamnonokanuu. Hakonemn, B crathe [33] mcchmemyercs BIHsSHUE
TOYHOCTH 3aJaHMsi aMIUIUTYJAHOTO COOTHOWICHHWS M Pa3sHOCTH
¢a3pr Ha 00MIYI0 APPEKTUBHOCTD TOCTAHOBKH KOTEPEHTHOM I10-
MEXH.

Poct uncna coBpeMEHHBIX IMTyOJIMKAINM, MOCBSIIEHHBIX BO-
IIpocaM MOHOUMITYJICHOM NeNeHraiy 1 MpUMEHEHNs KOTepEeHT-
HOW TIIOMEXH, CBHIETEIBCTBYET 00 aKTyaJIbHOCTH JIaHHBIX
HaIpaBJICHUI.

CraTbst COIEp>KUT OMMCAHUE HOBOTO MOJX0/1a K ONIPEACIICHHIO
MEJIEHraTOPOM HAIIPABJICHUS HA 3allMIIAEMBbIH JIeTaTEIbHbIN al-
rnapar, OCHAILEHHBIM CPEACTBOM NOCTAHOBKHM KOIE€PEHTHOM IIO-
MEXH B YCIOBHSX NpuéMa aJJNTHBHOW CMECH 3XO-CHTHAJa H
JIBYXTOYEUHOM KOrE€PEHTHOM MOMEXH.

B cratbe uccnemyercss U3MEHEHHE AMCKPUMHHAIIMOHHON Xa-
PaKTEpPUCTHKH, a HMMEHHO — CMEIIEHHE pPaBHOCUTHAIBHOTO
HaIIPaBJICHUSI U U3MEHEHUE KPYTU3HBI €€ JIMHEHHOro yyacTka. B
paboTe mpencTaBieHbl MaTeMaTHYECKUE MOJIENIN CHIHAJIOB IIe-
JIEHratopa U KorepeHTHoW nomexu. IIpuBeneHa crpykrypHas
cXema TeJIeHTraTopa, J0MOIHEHHAsI KPATKUM OMHCaHHeM (DyHKIIH-
OHAJIBHBIX 2JIEMEHTOB. AHAJIN3 BBHIMOIHEH B paMKax psijia 3aJaH-
HBIX YCJIOBHH U OrpaHUYEHHUIL:

= B xauecTBe yIriI0OBOr0O JaTYMKA MEJIEHraTopa BBICTYHNAET JIH-
HellHas aHTEeHHasl peIETKa;

= B pony 3amuinaemMoro JIeTaTeabHOIO anmapaTta BBICTyHaeT
CaMoJIET;

= O0JacTh OTpeNeNeHns] HalPaBICHUS Ha CaMOJET OrpaHU-
YeHa MUPUHOM JTrarpaMMbl HAalPaBJIEHHOCTH HCTIONb3yEMOH JIH-
HEWHOW aHTEHHOU PEeIIETKY;

= 3amuIaeMblii caMoJIE€T B MOJIENIM PACCMAaTPUBAETCS KakK TO-
YEUHBII U3J1y4aTeb;

= O1eHKa HalpaBJIeHUs Ha CaMOJIET BBIMOJIHETCS MEJIeHraTo-
POM B T€UCHHE ATUTEIHHOCTH OJJHOTO PAIHONMITYJIbCA;

= Mopenu 3X0-CHTHaJla U KOTEPEHTHOH MOMEeXM MpeacTaB-
JICHbI KOMIUICKCHBIMU aMIUTUTY IaMH;

Bausinue s dexra [lomiepa B pamkax JaHHOH MOJIENIN HE pac-
CMaTpUBaeTCsl.

1 MatemaTu4eckue MOJe/IH CUTHAJIOB IeJIeHraTopa

CuHdasHas nuHeiHas aHTeHHas pemérka (AP) mexenraropa
M3JTyYaeT 30HAUPYIOMIMI CHTHAI B HANpaBICHUH MaKCUMyMa
nquarpammMel Hanpasieanoctr (JIH) mox yrmom 6, B coorser-

ctBuU ¢ puc. 1 (a).
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Vron 0, OTCUUTHIBACTCS OT ONOPHOIO HANPABJICHUS JI0 HOP-

Manu K miaockoctu AP. B kauecTBe 0OPHOro HampaBJIEHUS BbI-
Opana nposoibHas ock ACII, Ha KOTOpOM pa3MeIéH MexaHnye-
ckuii npuBo. [Tpu 3ToM HOpManb Kk TuHEHON AP cooTBeTCTBYET
MakcuMyMmy JIH B pexume n3IydeHHs W PaBHOCHTHAIBHOMY
Hanpasnenuto (PCH) B pexxume npuéma. Yron 0, 3agaéres no-

CPEICTBOM ITOBOPOTa MEXAHMUYECKOTO TPUBOJA, KECTKO COIPSI-
JKEHHOTO ¢ TuHeHou AP.

B nmanpHel 30He OTHOCHTENBHO JMHEHHON AP BOMM3HM camo-
néra GopMHUPYETCS TUIOCKHHA (a30BbIi (PPOHT IIEKTPOMATHUTHOM
BOJIHBI 30HIUPYIOIIETO CUTHAJA!

e(t) = rect (le i E, cos(27 ft) )

n=-N

rae T - JJATCIbHOCTD PaIMOUMITYJIbCA, E - AMIUTIUTYyJa BOJIHBL

n
TapMOHMYECKOTO KOJICOAHMS, U3ITy4aeMOro N-M 3JIEMEHTOM JIU-
ueitnoit AP; f — mecymas yacrora paguonMiyssca; GyHKIus

t
rect (?j OTIPEIEIISIETCS BEIPAKCHUEM:

¢ 1, npu |t| SI
rect (—j = 2 2)

T
0, mpum |t| >3

Hywmepauust s3nemenToB nuHelHON AP BbINOJIHSAETCS OTHOCH-
TENBHO ¢€ (ha30BOro IICHTPA, PACIIOIOKEHHOIO B €€ B TCOMETPH-
YECKOM IIEHTpE.

DX0-CHTHAJ, OTPaXEHHBIN OT caMoJIETa, BOJIH3H MeIeHraTopa
dbopmupyer miaockuil  (Ba3oBbIA  (PPOHT  IJICKTPOMATHUTHOMN
BOJHBL. JlaHHBIH (HpoHT 00mydaeT muHeiHyI0 AP mox yrmom 6, ,

Kak I10Ka3aHo Ha puc. 1 (6). Yrom 6; —3To meineHr, OTCUUTHIBAC-

MBI OTHOCHTENBHO paBHOCHTHanmbHOro HampasineHus (PCH),
OpHEHTaLUsl KOTOPOro ompenesnserca yriaom 0, (Tak xke, Kak U
nonoxxeHne makcumyma JIH AP B pexxume usiyuenusi). Orcuér
TIeJICHTa B MOJIOXKUTEIIBHYIO CTOPOHY TIPOM3BOJUTCS MO YacOBOM
crpenke or PCH.

Camonér Onopn Camonér
0 oe X
HanpagaeHue! /
L i
Onopuoe | Fi f_r ! Sor o
~1 / PCH

HaNpasieHHe, T
! By
r’H.l ; GPOHT BOAHBI
o
A F0HAHPYIOLEro CHIHA
7

J GpoHT BOAHL

3X0 — CHrian

JH npw
npUéme

0)
Puc. 1. AMmnuTyaHas nejaeHranus caMmonéra:
a) TIPY U3JIy4EHHN 30HIUPYIONIET0 UMITYJIbCa;
0) npu npuéme 3X0-CUrHaIA.

PCH BO3HHKaeT B TOYKE MEPECEYEeHUs! ABYX MapLUAIBbHBIX
JIH, xoTopsie nuHeiHas AP ¢popmupyer npu moMoluy auarpam-
MooOpasyroiiero ycrpoiictsa (JIOVY). [Ipunimmst hopmupoBanus

ELECTRONICS. RADIO ENGINEERING

JH mpencrasnensr B padorax [7-11, 34]. B pamkax manHOU cTa-
ThU (opMUpOBaHUE Mapbl napuuansHbix JIH peanmsyercs: co-
TJIACHO CTPYKTYpPHOH cxeme, mpuBeaEHHON Ha puc. 2. [Tpu sTom
d o0o3HauaeT pacCTOSHUE MEKIY COCCIHUMH M3y 4aTeIIMH JIH-
HeitHolt AP.

BoOmm3u n-ro snemenTa auHeiHONH AP hopmupyercs aiekTpo-
MarbdviTHas BOJIHA 35XO0-CUI'HaJIda, KOTOPYIO MOXKHO IPCACTABUTH
KOMIUIEKCHOI amMmuTy0i E, :

* _E itk
E,=Ee ", 3)
rae E, — aMmimTyasl 31eKTPHYECKOro MO B MECTaX Pactio-
JIOKEHUS KaXJ10TO 3JIEeMEHTa JIMHCWHOU AP;
¢ =27d/1(sin6, —sin,) — (aza rapMOHHUIECKOTO KoieOaHHUs

IJIOCKOTO (DPOHTA 3JIEKTPOMArHUTHOW BOJIHBI 9XO-CUT'HAJNA, TPH-
HSTOTO C HAIPABICHUS 0; C y4ETOM OTKIIOHEHHS] HOPMAJIH K JIU-

HeliHoi AP or omnopHoro HampaeieHus Ha yron O

A=c/f — pnMHa BOJHBI TApDMOHUYECKOTO KOJI€OaHuUs, C — CKO-

POCTH CBCTA, d - PacCTOSIHUC MCIKAY IJIEMCHTAMMU.

] = anesMent auneiinoi AP
O - AEAHTENL Y

=N AuHeinan AP

Puc. 2. CtpyxrypHas cxema auneitnoit AP ¢ IOY

Ha BbIxoae n-ro snemenTa inHelHOM AP BO3HHKAaeT rapMOHU-
YeCcKoe KojieOaHMe 3X0-CHUTHaJIa, KOTOPOE OMUCHIBACTCS MOCPE/-

CTBOM KOMILJIEKCHOM AMILUTUTY AbL Vn .

|\ ot
V, =V,e 4)

rae V,— aMIUIMTy[bl FApMOHMYECKUX KOJIeO0aHMM Ha BBIXOAAX

Ka)XI0T0 dJIEMEHTA JTnHerHoi AP.

lapmonunyeckue KojeOaHUsI HXO-CHIHAla IOCTYIAIOT Ha
BXO/1bI enureneil. Kaxpiil nenurens GpopMupyeT Ha CBOEM BbI-
XO0JIe Napy rapMOHMYECKUX KOJIeOaHUH 9XO-CUTHaja, aMILIUTY/Ia

KOTOpBIX OciiabieHa B V2 pa3, Mocjie 4Yero CUrHajbl HanpaBJs-
FOTCsI HA COOTBETCTBYIOIILYIO napy ¢aszoBparmaresneid. [Tlapsr dazo-
Bpallarese MoKIF0YeHbI K AIBYM CyMMaTOpaM, KOTOpbIe 1 obec-
NeyuBaloT GopMUpOBaHKe Mapbl napiuanbHbix JJH.
dazoBpaiarend (GOpPMHUPYIOT JIONOJHUTEIbHBIE (a30BbIC
CABHUTH B FapMOHHMYECKHX KOJICOAHMSX 3XO-CHI'Hala. 3Ha4eHHUE

-
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SNEKTPOHUKA. PAOMOTEXHUKA

CIIBUTA 3aBHCHUT OT HOMEpa dJIeMeHTa JTuHeiHON AP, moakitouén-
HOTrO K (pazoBpamaresnto, 1 TpeOyeMOro yriia OTKJIOHEHUS] MaKCH-
myma napruansHoit JIH otHocutensHo Hopmanu k AP. Hampas-
nenue otkioHeHust makcumyma JIH otHocutensno PCH ompene-
JISIeTCsl 3HAKOM TIepe]] 3HaueHHeM (a30BOTO CIBHTA.

B pamkax paccMaTpuBaeMoi pabOTEI MAKCUMYMBI MTaPIIHAAITb-
HbIX JIH cMmelieHs! Jpyr OTHOCUTENBHO APYyra Ha BEJIMYUHY, PaB-
Hyto mwupuHe IH rpu yciioBuu, 4To €€ MaKCUMyM OPUEHTHPOBAH
BJI0JIb HOpMaJIK K JuHeiHoi AP. IIpu paBHOMEpHOM aMILIUTY -
HOM pactpeneneHun mupuHa J{H npubmmkxEHHO pacCUnThIBaCTCS
o opmyne [10-11, 34]:

A
(2N +1)d

Cwmemenne MakcumMyMoB napuuansHbix JIH apyr otHOCH-
TEJILHO Apyra Ha yroia A® olecrieunBaeT MakCHMalbHOE yCuIle-
HUE B CYMMapHOM KaHaJle U MOBBIIIEHHYIO KPYTU3HY JUCKPUMHU-
HaIlMOHHOM Xapakrepuctuku [3, 4, 7]. UToObI peann3oBaTh JaH-
HOE CMEIICHUE, KaXKIYI0 mapiuaibHyo JJH HeoOX01umMo OTKII0-
HUTH OT HOPMAJIH K JTMHEHHOI AP B IPOTHBOIOIOKHBIE CTOPOHBI
Ha yroa 0,5A0 .

CnBur makcuMyMma ofHOH u3 napuuansHeix /JIH BieBo oTHO-
cuTenbHO HOpManu K AP Ha monoBuHy mupHHsI (5) 1ocTHraeTcs
3a c4€T HaCTPOWKN JIeBOH JMHEHKH (pazoBpararerneii (cM. puc. 2),
BeIMYKHA (a30BOTO C/IBUTA N-TO SJIEMEHTa KOTOPOTO MOKET OBITH
ONpeNeNeHa, KaK:

A® ~ 0,89 ®)

2 A®
ng =n—dsin— 6
0N . sin 3 (6)

rae n=[-N,N] — nomep dasospamarens; ¢, — Bemmanna pazo-
BOT'O CIBHTIa, OOYCIIOBJICHHAsS OTKJIOHEHHEM MaKCUMyMa MapIiu-
anpHO# JIH. YTOOBI CMECTUTh MakCHMMYM BTOPOW MaplMaibHON
JIH BrpaBo, TpeOyercst ycTaHOBUTH 3Ha4eHUE (ha30BOr0O CIBHUIa B
N-OM JICMEHTE B COOTBETCTBUH C BBIPAKECHHEM:

2n A®
-nd =—-n—dsin— 7
0} . sin 5 7

Ha BeIXO#aX ABYX CyMMaTOpOB (DOPMHUPYIOTCSI CyMMBI FapMO-
HUYECKHUX KOoJIeOaHHI 3X0-CUTHAJIA, PEIBAPUTEIBHO CABUHYTHIX
1o haze, B COOTBETCTBHH ¢ BhIpaskeHUsIMH (6) 1 (7). JIeBbIii 1 nipa-
BBIH CyMMaTOpbl (DOPMHPYIOT COOTBETCTBEHHO CHH(a3HBIC Jie-
BEII M TIPaBEIi KaHAIEI TIeTIeHTaTopa. ['apMOHUYeckre KoreOaHus
B JIAHHBIX KaHaJaX MOTYT OBITh IPEICTAaBICHbl KOMIIEKCHBIMHU

ammutygamu V; u'V, :

: |
V =—
it
V2 .=
Hcnone3yst GopMyiy CyMMBl KOHEYHOH TI'€OMETPHUYECKOM
Tporpeccun, BeIpaxeHus (8) mpeoOpa3yIoTest K YUCTO ACUCTBH-
TENLHOMY BHJY W IPUHUMAIOT CIIAYIOIIYI0 GopMy:

N+ +%)} Sin{(z’“”)(q —%)}
y |

: : 1 & .
Y/ e—lﬂ(@*f%),v — Ve intr—4) (8)
‘ 0 n \/E Z 0

n=-N

sin{ :
\Y :LV 1 2

) Ry

)

Bripaxkenus (9) onuchIBalOT YaCTHBIM CIy4ail, KOT/1a aMIUIn-
Tyasl V u ¢assl ¢, ¢ TapMOHHYECKHX KOJICOAHUH B JICBOM M

MpaBOM KaHaJlaX COBIAJAIOT M HE MCKaKalOTCs BCIEACTBHE He-
HJICHTUYHBIX aMIUTHTYIHO-(A30BBIX XapaKTEePHCTUK (QHIEPHBIX
TPAKTOB INEJIEHraTopa.

B obmem ciayyae aMmauTyel V, n V| HOCAT KOMIIIEKCHBIH

XapakTep M3-32 Pa3lWYHBIX aMIUIUTYJHO-()a30BBIX XapaKTepu-
cTUK (punepHbIX TpakToB. COOTBETCTBEHHO, aMILTUTYABI U (a3bl
TapMOHHNYCCKUX KoJIeOaHUM B JIEBOM U IIpaBOM KaHaJlaX MOT'YT HE
COBMNaAaTh. B paMkax JaHHOW CTaTbU MPHHATO JOMYyIICHHE 00
WJICHTUYHOCTH aMILUTUTYAHO-(a30BbIX XapaKTEPUCTHK (HHUICPHBIX
TPaKTOB JIEBOTO W IPABOT0 KaHAJIOB. JTO JAET OCHOBaHHE CYH-
TaTh, YTO aMIIHUTYIBI V,, ¢ pasamu ¢y , ¢, HE TTOJBEPKEHBI CITy-
YalHBIM (DITYKTyalusiM.

Bripaxenus (9) nomyckaroT KOMIAKTHYIO 3aIHCh C TIPUMEHE-
HUEeM GopMyJbl sapa Jupuxie.

sin (2Ni+l)x
2

2sin (1 Xj
2

TakuM 00pa3oM, aMILTUTY (bl HXO-CUI'HAJIA B JIEBOM M ITPABOM
KaHaJax, OMUChIBAEMbIe BBIPAXKEHUSIMHU (9), MOXKHO MPECTABUThH
B KOMITAaKTHOM (hopme:

_2 _2 _
V=5V (& +4) Y, = VD (4 -4). (D

Dy (X)= (10)

MmuosxuTens 2 B Beipaxkenusix (11) mossisiercst u3-3a Toro, 4to
thopmyna sapa Hupuxie (10) comepkuT IBOWKY B 3HAMCHATEIE.
Iapmonnueckue xonebanus ¢ ammurygamu V, u V. mocry-

MaroT Ha NMPeo0pazoBaTellb, I71¢ BHIMOIHSIIOTCS OTEPAIMH CIIOXKe-
HUS ¥ BeIUMTaHus. Ha BeIxoze npeoOpasoBaresneit hopmupyroTes
CYMMapHbIH ¥ pa3HOCTHBINH KaHaNbl. PaziandHble THTIBI Tpeodpa-
30BaTelIel BMECTE C X MATEMAaTHYECKUM ONMCAHUEM IIPEJICTaB-
JIEHBI B UCTOYHUKAX [3, 4, 7-9].

Ecnn B kadecTBe mpeoOpa3oBaTelsl MCHONB30BATH MOJEIb
T-MocTa, To Ha OCHOBE BBIpaXeHUH (9) aMIUIUTYIpI TApMOHUYE-
CKHUX KoJieOaHmii B cyMmMapHOM V; 1 pasHOCTHOM V, KaHaiax Oy-

YT UMETh CIIEAYIOMNN BUI:

v o] I
= —
V2 N
lapMonnyeckre KojeOaHus W3 CyMMapHOTO M Pa3sHOCTHOTO
KaHaJIOB IIOCTYIAIOT Ha BXOJ yIJIOBOTO IMCKpUMHUHATOpa. Ha ero

BbIXO/Ie (popMUpYeTCsl 3HAYCHUE, BEJIMYMHA KOTOPOTO MPOIOPIIH-
OHallbHA NeJIeHry camonéra 0; . 3aBUCHMOCTh JaHHOTO 3HAYCHUS

[Vn +Vn]’ VA = [Vn _Vn]' (12)

or nenenra 0; u npeacrasisgeT co00i JUCKPUMUHAIIMOHHOM Xa-
PaKTEpPHUCTHKY.

Paznnunble BapuaHTh! NCTIOIHEHUS YTIIOBBIX TUCKPUMHUHATO-
poB ommcaHsl B padoTax [3, 4, 7-9]. IIpn ncnoap30BaHUN MOJICITH
HACaTHbHOTO MOHOMMITYJIBCHOTO TIpotieccopa [9] 3HaueHme Ha ero
BEIXOJIE, C y4€ToM BhIpakeHHH (12), OyaeT UMeTh CIIeAyIONHi
BUJL:

(13)

T

A
VZ
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B 3aBucuMocTH OT annapaTHON peanu3aluy yKazaHHasl BEJIU-
YrHa MOXKECT MPECACTABIATHCA J'II/I6O B BUJC aMIIUTY bl HAIIPSXKE-
Hus1, 1100 B hopme nuppoBOro Koja.

2 MaremaTnueckasi MojieJib KOTepeHTHOI moMexu

Ha puc. 3 npencraBieHa CTpyKTypHas cXxeMa MOCTaHOBIIMKA
korepentHoit momexu (ITI1) perpaHcisiumoHHOTO THMHA, pasmMe-
mEHHOTO Ha OOpTY 3amuIIaeMoro camoiéra. B padore maHHOrO
TTOCTAHOBIIMKA 30HANPYIOUIMIA CUTHAJI TIEJIEHraTopa CIIy>KUT OC-
HOBOM A71s1 YOPMHUPOBAHNUS TTOMEXH.

DpPOHT 3JIEKTPOMArHUTHOW BOJIHBI 30HIUPYIOLIETO CUTHAja
MeJIeHraTopa rajiaeT Ha aHTeHHY A ¢ HanpaBiieHus \y. Ha Beixoze
aHTeHHBI A| opMHpyeTCsi TapMOHUYECKOe KoJIeOaHne 30HAUpY-
IOIIEro CUTHANA (Jlajiee — CUTHAaJT), KOTOPBIi uepe3 aHTeHHBIN Te-
pexirouatens (All) mocrymaer B npuémuuk. Yepes onpenenéH-
HBII IPOMEXKYTOK BPEMEHU (DPOHT ITOH KE AIEKTPOMArHUTHOU
BOJIHBI, IPUXOJISIIIECH ¢ HAIIPaBJICHHS Y, JIOCTUTAEeT aHTEHHBI Ay 1
nainee B popMe CHrHaIa, yepe3 oTaenbHbli All, mogaéres Ha BXox
NPUEMHHUKA.

[IpuHsTEIE CUTHANBI TOCTYTAIOT B TPUEMHHK, T/1€ OHH YCHITH-
BAfOTCs, Mpeodpa3yroTcs B MUPPOBYIO GOPMY M TEpEHAlOTCS B
nponeccop. Ilpomeccop ompeaensieT BPEMEHHYIO 3aJCpiKKy
MEXIy MPUEMOM JBYX CHUTHAJIIOB, COXPAHSET OJMH U3 HUX B LU}-
poBoM 3anomuHatoiem ycrpoiictee (L[3Y) u popmupyer Ha BbI-
XOZIe Mapy aHaJOTOBBIX CUTHAJIOB, CABUHYTBIX APYI OTHOCH-
TEJILHO JIpyTa Ha BEJIUIMHY U3MEPEHHO 3aepiKKH.

bnaropaps 3amucu curnana B 1[3Y nmocranoBmmk criocodex
M3/Iy4aTh KOF€PEHTHYIO MIOMEXY CHHXPOHHO C OTPAXKEHUEM 30H-
JUPYIOIIEro CUrHajla MeJIeHraTopa B CIEAYIOIIWNA MOMEHT ero
npuéma. [lonmydeHHass mapa CHrHAJIOB C BHECEHHOHW 3aJIep)KKOM
HaIpaBIIsIeTCs B IepeIaTYMK ISl YCHIICHUSI TIepe]l U3y deHHEM.

OnnH U3 CUTHAJIOB HA BBIXOJIC TEPEAaTINKa IPOXOANT Yepe3
ynpaBisieMblii (ha30BpaliaTesb, KOTOPbIH 100ABISIET JOMOIHH-
TenpHBIN (a3oBbIi caur & B nrore o0a curHana moCTymaloT HA
All n m3mydaroTcst aHTeHHaMH A U A, B TOM K€ HalpaBJICHUH,
OTKyJ1a ObUI IPUHSAT (PPOHT BOJIHBI 30HIUPYIOIIErO CUTHAIA.

B pamkax paccmaTpuBaeMoil CcTaThu aHTEHHBI A; U Aj pac-
CMaTpPUBAIOTCS, KaK TOUEUHBIE M3JTy4aTelH, a aMILIUTy JHO-(ha30-
BbIC XapaKTEPUCTUKU HX (QUICPHBIX TPAKTOB IPUHUMAIOTCS
WJICHTUYHBIMH.

Ha puc.3 NOyHKTUpHBIMH JIMHHSMH OOO3HAYECHBI KaHAJIBI
YTIpaBJICHHUS], TIOCPEICTBOM KOTOPBIX MPOIECCOpP PETyIHPYeT pa-
60Ty ynpasisiemoro (azoBpamiaresns, yctanaBiuBaeT koddduim-
SHTBHl YCWJICHHS TEPEAaTInKa W YHPaBISAET IMOJIOKCHUEM Maphl
AIL

Ha puc. 4 moka3zana reomeTpudeckasi HOCTaHOBKA 33141 MIPHU-
&Ma KOTepeHTHOH TToMeXH JTuHelHHo! AP.

Hopmaus k 6ase b ITI1 opueHTHpOBaHA O] YIJIOM \f OTHOCH-
TeNbHO JUHUHU BU3UpoBaHusA R . IIpu 3TOM IHHMS BU3UPOBaHUA
coenuusieT (a3oBbIi LEHTp JuHeiHOW AP ¢ Toukoit B — cepenu-
Ho# 6a3brl [1I1, koTopast coBnagaer ¢ HeHTPOM 3alUIAeMOro ca-
MOJIETA.

VYroxn nenenra 0, onpenesnseT MOJ0KCHUE JIMHUN BU3HPOBa-

HHS OTHOCHTEIIBHO HOpManH K JuHeiHoi AP. Yruer 0, u 0, 3a-

JIAf0T HAIPaBIICHUS HA AaHTEHHBI A| U A, COOTBETCTBEHHO OTHO-
CHUTEJIbHO (ha30BOro LEeHTpa JIMHeHHOH AP.

ELECTRONICS. RADIO ENGINEERING

Al # [IpHEMHHK [+ Al
A ‘____i I___.
L
I |
7 A4 |
| D - —— =
llpoweccop|
l T l :
L Y
[lepegaTumk > £

Puc. 3. CtpykTypa MOoCTaHOBIIUKA IIOMEXU PETPAHCIIIMOHHOTO THIIA

A EL‘USLIJ

b
Esmqj

—

g Camonér c I

Onopnoe i R
Hanpasietnmne

N Jluneinas AP

K Aoy

Puc. 4. 'eomeTpuueckast MOCTAaHOBKA 33aJJa4ll TPpUEMa KOTCPEHTHOU
[OMeXH JiuHelHon AP

Yrer 0, m 0, 3aBHCAT OT psija HmapaMeTpoB: OMOPHOTO
HanpasieHus 0,, memeHra camonéra 0;, paccrosHums R, a
TaK)KE OPHEHTAIMH 0a3bl IIOCTAHOBIINKA MOMEXH . VX 3Hade-

HUSI MOTYT OBITB OIpe/ieieHbl Ha 0a3e CIEAYIOINX BhIPAKESHHN:

bcos v
0, =0, +0, —arctg——— | 14
LT g2R+bsin\|1 (19
0, 0. +0. +arctg— 2S5V (15)
P g2R—bsin\|f.

—
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SNEKTPOHUKA. PAOMOTEXHUKA

DNeKTPOMAarHUTHBIE BOJTHBI, U3y4aeMble aHTEHHAMU A1 U A,
unTepdepupyroT Mexy coboit. Kak ciencreue, BOIM3M JIMHEH-
HOMl AP BO3HUKaeT pe3yJbTUpYIOIasi JEKTPOMarHiuTHas BOJIHA
KOTEPEHTHOM MOMEXH.

Ecim npuHATE TOMyIIEeHHE O IMHEHHOCTH (a30BhIX ()POHTOB, KO-
TOpBIC CO3/IAIOT pa3HeCEHHBIC aHTCHHBI Al 1 A2, TO BOIH3H n-ro
dJeMeHTa JIMHEHHOU AP KorepeHTHYI0 MOMeXy MOKHO OIUCATh C
TIOMOIIBIO KOMIUTEKCHON aMILTUTY Tbl E

mbﬁg)

E =Ee ™ +Ee”’ (16)

rac E1 u E2 — aMIUTUTYAbI SJICKTPUYCCKUX noneﬁ, H3JIYy4YCHHBIX

2n | .
aHTEeHHAMU Ay u Ay ¢ = Tn dsin®, "

2m | . T
¢ = Td sin0, — ¢azosble Habern BB IMHEHHON AP, 06paso-
BaHHbIE B pe3ylbTate Npuéma GpazoBbix GpoHTOB, CHOPMUPOBAH-
HbIX aHTeHHamu Al u A2 c nHampaBneHuit 0, u 0, coorser-

CTBEHHO.

[TpuanMas Bo BHUMaHME (a30BbIC CIIBUTH, 33JaHHBIC BBIpa-
xeHusiMA (6) 1 (7), KOMIUIEKCHBIE aMIUTUTYAbl KOTEPEHTHOI To-
MEXH B JICBOM M IIPABOM KaHajax, Mo aHajJoruu ¢ Gopmynoii (8),
MOKHO 3aITicaTh B CJISIYIOIEM BHIE:

BN _ _
V, = 3 [Vie sy g i) | (17)
n=-N
o _
V. = z |:Vle—in(¢a-%) +V2e*1("(¢r%)+é)j|. (18)

n=-N

C nomormpio GopMys CyMMBI KOHEYHOW T€OMETPUYCCKOM
nporpeccun u sipa Jupuxie Beipaxxkenus (17) u (18) moxxHO mpe-
00pa3oBaTh K CICAYIONIEMY BHILY:

\/ﬂ:%v D, (¢ +<|>0)+%V2DN (h+d)e ™ (19
2 2 -
Vo= 5YPu (4= )+ VD (-g)e 20)

IMTockoIbKy aMILTHTYIHO-(Aa30BBIC XapaKTEPUCTUKK (GHaep-
HBIX TPAKTOB HEJICHraTOpa MPHHSATH HACHTHYHBIMH, aMIUTHTY bl
V,,V, udassl ¢, ¢, HE MOABEPIKEHBI CITyHaiTHBIM H3MEHEHUSIM.

3 MaremaTndeckasi MOJ€Jb AJyINTHBHOM CMECH IX0-CHTHAJIa
M KOTepPeHTHOM NoMexH

Ha 6ase BeipaxkeHuit sxo-currana (11) m xorepeHTHOH 10O-
mexu (19), (20) MmoxHO chopMHPOBATH PE3yIBTUPYIOIINE BhIpa-
KEHHS UL UX aIJUTHBHBIX CMecell B JICBOM M IPaBOM KaHajax
TeJIeHraTopa:

. 2 i€
Vi= g% Dy (4 +)+ IVD(W%)JFEVD@H%)G . 2D

2y 2 ,
Vo= g% Dy (¢ =)+ IVD v (G- %)+$VD v(h—d)e ™ (22)

Jnst ynpolieHus AanbHEeHIIero aHajan3a abCoNOTHbIC 3HaUYe-
Hus amuatyn V,, V), V, B Belpaxenusx (21) u (22) MoxHO 3a-

MCHHUTh OTHOCHUTCIBHBIMU BECIMYHMHAMU P H a HyTéM HOpMH-

POBKHU OTHOCHUTEIILHO V0 .

(¢r+%)+p\/’ W (d+¢)+a \/’ Dy (¢ +d)e 1(23)

Vo = \f Dy (¢ - %)ﬂ)\f v (0—¢)+a f Dy (6 -¢)e ™ [(24)

rzie, p — Kod(QUIUECHT yCUIICHHUS KOT€PEHTHOM IIOMEXH HaJl 3XO0-

curHaioM. Ko3¢dduiueHT a XapakTepu3yeT COOTHOIICHHE aM-
IUIUTY/l CUTHAJIOB, T.€. BO CKOJIBKO Pa3 CUTHAJI, U3JTy4EHHBIN aH-
TEHHOH A, caMOJIETa-IIOCTAHOBIIMKA KOTEPEHTHON TOMEeXH, TIpe-
BBIIIAET 110 YPOBHIO CUTHAI, U3ITy4€HHBIN anTeHHOU A 1. Koaddu-
IIUEHT & TPHUHATO HA3bIBATh AMIUIUTYIHBIM COOTHOIIEHHEM.

Ha Bwixozme mpeoOpazoBarens (HOPMHPYIOTCS HOPMHPOBaH-
HbI€ 3HaYEHUs CYMMbl Vy M Pa3HOCTH V, KOMIUICKCHBIX aMILIU-

Ty[I, 3aIaHHBIX BEIpakeHusAMH (23) u (24):

. 1 .. . . |
Vz:_ﬁ[Vn+Vn]aVA:_\/E[V:.—VH]- (25)
I'apmoHnyeckue Konebanust B CyMMapHOM U Pa3HOCTHOM Ka-
HaJlaX MOCTYNAl0T Ha YIJIOBOH JAUCKPUMHHATOP, (DOPMHUPYOLIHIA
Ha CBOEM BBIXOJI€ 3HAUECHUE:
2%
V; = Re -fi s
VE

(26)

IIPONIOPLIMOHAIBHOE UTOTOBOMY B3aMMOACHCTBHIO KOIE€PEHTHOM
IMOMEXH U DXO0-CUT'HaJIA.

Ha puc. 5 npencrapnena cxema nejieHray caMosiéra: Ha 3a-
KOHIIOBKaX 3all[MIIIaéMOT0 BO3/YIIIHOTO Cy/JHA pa3MellleHa rnapa
anTeHH Al u A2. C nomolpi0 MEXaHUYECKOTO MPUBO/Ia JIMHEH-
Hasi AP opumeHTHpyeTcsl Tak, 4TOOBI IEJICHT caMojIéTa pacmoia-
rajncst Boau3u PCH.

Bce ¢yHKUIMOHATBHBIE JIEMEHTHI CXEMBI, 32 MCKIIOYCHUEM
KpaifHero mpaBoro, ObUTH ommcaHbl paHee. Ha puc. 5 kpaitauit
MIPaBEIA DJIEMEHT SIBILICTCS CTPOOUPYIOMHMM yCTporucTBOM. OHO

* o o
OIr'paHUYIMBACT BEJININHY VeT UPHUHOU JIMHEUHOT'O YUaCTKa JUC-

KPUMHMHAIIMOHHON XapaKTePUCTHKH.

OpHUM 13 CrOcOOOB peai3aluy YIJoBOIO CTPOOHPOBAHMS
SIBJSIETCSl HEJNMHEWHOoe INpeoOpa3oBaHue TUCKPUMUHAIMOHHOM
XapaKkTepucTHKU. [IprHIMI TaHHOTO CTPOOMPOBAHMUSI COCTOWT B
TOM, YTO HeJIeHraTop (opMHUpyeT Ha CBOEM BBIXOZIE HEM3MEHHOE

*
OrpaHUYCHHOC 3HAYUCHUC Um_p , €CJIM BCJIMYMHA VeT MMPEBOCXOAUT

JIUHEHWHBI y4YacTOK JUCKPUMHUHALIMOHHOM XapaKTEepPUCTHKH,
onpenenseMslii mupuHol J[H aHTeHHBI IeaeHraropa, T.€. JINHEH-
Hoit AP [35].
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HanpaejaceHHE

Jl0Y

Kl - Yrnogoit
Vp | [peoGpasosaTtenb | vy AHCKPHMHHATOP —> —

Puc. 5. Cxema neseHranuu caMmoiéra ¢ yCTaHOBIICHHOM Iapoii aHTeHH A1 1 A2 Ha 3aKOHLIOBKaX

3nauenue orpanudenus U = MOXHO ONpPEJENNTb, HCIIOJb3Ys

P
umpuny J{H nuneino#t AP 1 kpyTH3Hy AMCKPUMHHAIIMOHHOHN Xa-
PAKTEPUCTHKH S

. . A
Re{Yal  npu|RelYallcu, =29
Vs Vg 2
. v
V, = U, npu ReqA:<U , @7
VE
%
U,,» npu Re<—24>U
VZ

rae KpyTusHa Z[HCKpHMHHaHHOHHOﬁ XapaKTCPUCTHUKHU SO orpeac-

JsieTCsl HAKIIOHOM e€ JuHelHoro y4yacTtka Bonm3u PCH u paccun-
TBIBAETCS C MTOMOIIBIO BeIpaykeHHA (13):

_ 4V

- 28
YA @8)

0=0

WNunexc 0 B 0003HaUCHUH KPYTH3HBI JUCKPAMUHAITMOHHOMN
XapaKTEPUCTHKH 03HAYaeT TO, YTO OHA PACCUUTHIBACTCS B YCIO-
BHSAX OTCYTCTBHUS TIOCTAHOBKH MPeIHAMEPEHHBIX TTOMEX.

B xagecTBe neMOHCTpaluy Ha puc. 6 TTOKa3zaHa AUCKPUMUHA-
LIMOHHAs XapaKTePUCTHKA, TIOCTPOCHHAsI 110 JJaHHBIM U3 Tadi. 1 B
COOTBETCTBUH C BbIpakeHUsIMH (27) 1 (28).

Tabmumna 1

[TapameTps! 715t TOCTPOCHMS AUCKPUMHHAIIMOHHOM XapakTe-
PUCTHUKHU Ha puc. 6

IMapamerp R, M |E |2 |P b v’ A d,

M ° M
2000 0 0 0 0 0 0,03

M
0,015 10

3HaYeHHE

Kak BumHO U3 Tabm. 1, MCmomp3yeMble TTapaMeTphl COOTBET-
CTBYIOT ClIy4alo, IIpM KOTOPOM JUCKPUMHUHALIMOHHASA XapaKTepu-
CTHKa MOCTpOeHa 0e3 BO3IEHCTBHA ABYXTOUEYHOH KOrepeHTHOU
IIOMCXH.

o
w

o
™

-]

EIRE

&
o

IHAMEHUE HE BLIXOIE YrNoBOro AWCEPHMWHATOPa
=)

&
w

04l 1 1 L L L ]
-1.5 -1 -0.5 o 0.5 1 1.5
&:/(0,540), pag/pag

Puc. 6. O0mmuii BUI TUCKPUMHUHAIIMOHHON XapaKTEPUCTUKH B MPEACIax
mmpussl J{H nmuneiinoit AP

Ocp albcrpicc IUCKPUMHHAIMOHHONW XapaKTePHCTUKUA Ha
puc. 6 HOpMHpOBaHa TaKUM 00pa3oM, YTO B MHTEPBAJE OTHOCH-
TeNbHBIX yTioB [-1; 1] yknmaneBaercs mupuna JJH nmuneitnoit AP
A® . Ha puc. 6 BUIHO BO3JCHCTBHE YTIIOBOTO CTPOOMPOBAHMS HA
BUJI JUCKPUMHUHAIIMOHHOW XapaKTEPUCTUKU — OHA MEPEXOJMT B
PEKUM HACBIIEHHS, KOTAa yroil 6, MpeBOCXOAUT IO BEIHINHE

wupuny JH nuneiinoit AP.

KpyTuzna nucKpuMUHAIMOHHOM XapaKTEPUCTHKH, paccuu-
TaHHAs YMCICHHBIM METOAOM IIPH MOMOIIM M3BECTHBIX MaTeMa-
TUYECKUX TTAKETOB, B COOTBETCTBUU C BBIpaKeHUEM (28) cocTas-
nser nopanka S, =18 en/pan.

4 UccienoBanne M3MeHeHUs TUCKPUMHHALIMOHHOI
XapPaKTEePUCTUKH MO/ BO3/1eliCTBHEM ABYXTOUYEYHOI
KOTepeHTHOM MmoMexu

B nanHOM pasnene paccMaTpUBaeTCsl U3MEHEHHE AUCKPUMMU-
HallMOHHOW XapaKTepUCTUKH, a UMEHHO, — cMenienune e€ PCH u
W3MCHCHHE KPYTHU3HBI JMHEHHOTO ydJacTKa, IOJ[ BO3JCHCTBHEM
JBYXTOYCYHON KOTCPEHTHOM TOMEXH.

PacemoTrpum cmemenne PCH nuckpuMHHALIMOHHON XapakTe-
PHUCTUKY TIPY W3MEHEHNH aMIUTUTYAHOTO COOTHOIICHUS U Pa3HO-
cTH (ha3bl IBYXTOYEYHOH KOTEPEHTHOM MTOMEXH.

Ha puc. 7 noka3aHo ceMeicTBO AUCKPUMUHALMOHHBIX XapaKTe-
PHCTHK, IOCTPOCHHOE TSl PAa3HBIX 3HAYCHHUI pa3sHOCTU (Da3bl KOre-
PEHTHO# TToMexu & B COOTBETCTBUM C BhIpakeHmsME (27) 1 (28).

JlaHHBIE 77151 TOCTPOEHUS CeMENCTBa Ha PUC. 7 TPUBEICHBI B Ta0. 2.

—
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Tabuuna 2

[TapameTps! 4711 TOCTPOEHUS ceMelCcTBa Ha pHC. 7

Mapamerp | R, M | ¢&° a|p b,M v’ 7\',M d,M N
0
160

3HaueHHe 2000 170 1 1 15 0 0,03 0,015 10
180

o
w

-]
[X]

(=]

o
T

0.1}

0.2}

3HaMeHWE HA BEIXOAE YIMOBOro AMCKPUMUHATOPa
&
i

-1.5 -1 05 0.5

0
6:/(0,5A8), pap/pan

Puc. 7. CeMeiicTBO IMCKPUMUHALMOHHBIX XaPaKTEPUCTUK
pu pasueix & u p=1

Ha puc. 7 npoieMOHCTpHPOBaHO CMEICHHE CeMeNHCTBa JInC-
KPUMHUHAIIMOHHBIX XapaKTEPUCTHK BIIPABO BJIOJIb OCH aOCIHCC MO
Mepe TOT0, KaK pa3HOCTh (ha3bl KOTEPEHTHON moMexu & mpuou-
skaercst K 180°. Jlnana3oH BO3MOXKHBIX 3HAYEHHH & COCTaBIIAET

[0, 360°]. XoTs1 3TO HE OTpaXKEHO HA pUC. 7, TaNbHEHIIee yBeln-
yenue & ceepx 180° Bo3BpamiaeT TUCKPUMHUHAIIMOHHYIO Xapak-
TEPUCTUKY K HCXOIHOMY COCTOSIHUIO, ipu koTopoM PCH nepece-
kaercst B Touke 0 . Takum oOpa3zom HaOmromaercs CUMMETpPUS

CMeEIIEeHUs] TUCKPUMUHAIIHOHHOM XapaKTePUCTUKUA OTHOCHTEILHO
paznoctu dazer & =180°.

Ha puc. 8 mpencraBieHo ceMecTBO JUCKPUMHHALMOHHBIX
XapaKTEePUCTHK, PACCUUTAHHBIX NMPH (PUKCHPOBAHHOW Pa3HOCTH

(a3l korepeHTHOU TIoMeXU & =180 I pa3TUYHBIX 3HAYCHHUN

ko3(¢punrenTa ycuieHus T1oMexu p. BpiOop 3HaueHMs

&=180° oOycnoBieH TeM, YTO, KaK NPOJAEMOHCTPHPOBAHO HA
puc. 7, IMEHHO MPU TaKOW pa3HOCTH (a3bl HAOJIIOIAETCSI MAKCH-
MaJIbHOE CMEIlIeHHE TUCKPUMUHAIIMOHHON XapakTepucTuku. Mc-
XOJHbIE JAaHHBIC, HCIOJIb30BAHHBIC JUISI MOCTPOCHUS ceMeiicTBa
XapaKTEepPUCTHK Ha pHUC. 8, IPUBEJCHBI B Ta0I. 3.

Tabmuma 3

[TapameTpsl 1711 MOCTPOEHUS CEMEICTBA Ha pHC. 8

b’ \|]0 )\" d’ N

M M M

Ilapametp R, v | & a

3HavycHHE 2000 180 |1 15 0 0,03

p
| 0 |
. 0,015 |10
| 3 | |

10

02t

02r

3HaveHne Ha Buixoge YrNosoro QUCKpUMUHaTopa
o

03

04l

a5 K 05 05

o

0
8:/(0,5A8), pap/pan

Puc. 8. CeMelicTBO IMCKPUMUHAIMOHHBIX XapAKTEPHCTHK
npu pasueix p u §=180°

Ha puc. 8 poct ko3 dunrenra ycuneHus KOrepeHTHOH I10-
MEXH p MPHUBOAMT K CYILIECTBEHHOMY YBEIHUEHHIO CMEIIECHUS Ce-

Me#cTBa JIMCKPUMHHAIIMOHHBIX XapaKTePUCTHK BJIOJIb OCH alc-
LUCC OTHOCUTEIHHO UCXOIHOTO coctostHus (pu p =0, T.e. npu

OTCYTCTBUHM IBYXTOYEYHOH KOTepeHTHOH momexw). Ilpu 3Haqm-
TENLHOM YCHJICHHH KOT€PEHTHOI moMexu (pu p >3, KaK IoKa-

3aHO Ha pHC.8) CMEIICHHE XapaKTepPUCTHKH CTAHOBUTCA
HACTOJIBKO BBIP)KEHHBIM, 4YTO Ipu 0; = 0° meneHratop mnepexo-

JIUT B PEIKUM HACBIIICHHSL.

Ha puc. 9 mpencraBieHO ceMeWHCTBO TUCKPUMUHAIMOHHBIX
XapaKTEePUCTHK, PACCUUTAHHBIX JUISl PA3JIMYHBIX 3HAYEHHH pa3Ho-
¢t (ha3bl KOTEPEHTHOH moMexu & mpH GUKCHPOBAHHOM KO3 (-

uuente yeuwienust p=10. JlaHHbIN cityyail OTIMYaeTcs OT MoKa-
3aHHOTO Ha pUC. 7, T1e KO3hGHUIIMEHT YCHUIICHHS COCTaBsUT p =1
. MicxonHble naHHbIE, HCHOIB30BaHHBIE JUISl TIOCTPOCHUS CeMEN-
CTBa XapaKTePHCTHK Ha pHC. 9, IpUBEICHBI B Ta0. 4.

Tabmuma 4

[TapameTps! U1 TOCTPOCHHUS CEMEHCTBa Ha pucC. 9

TMapametp R, M |E |a |P b, v | v A M d, v I[N
0
3HaueHue 2000 11760 1 10 |15 0 0,03 0,015 |10
180

=1 -] a
M w '.-_

o

& =)
b b

BHaueHue Ha Bbixofe Yrnosoro QWCKPpUMHHATOPa
&
w o

Y5 e 05 0 0s 1 15
&:/(0,5A8), pap/pan
Puc. 9. CemelicTBO TUCKPUMUHALMOHHBIX XapaKTEPUCTHUK MIPU pa3HBIX

Enp=10
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CylLuecTBEHHOE OTJIMYME CeMeHCTBa AUCKPUMHHALMOHHBIX
XapaKTEepUCTHK, MPEICTABICHHBIX Ha pUC. 9, OT paHee Moka3aH-
HBIX Ha pUC. 7 3aKJIIOYAETCS B TOM, YTO IIPH NPHOIMKEHUH pas-
HocTH (has3bl KorepeHTHON momexu & k 180° Habmromaercst He

tosbko cmetienre PCH Brons ocn abcumce, HO ¥ M3MEHEHHE KpY-
TU3HBI JIMHEHHOTO Y4YacTKa JIUCKPUMHHALMOHHON XapakTepH-
CTHKHU.

V3MeHeHne KpyTH3HBI JIMHEHHOTO y4yacTKa TUCKPHUMUHALIU-
OHHOM XapaKTePHCTHKH PACCMAaTPUBACTCS P PA3TUIHBIX 3HAUC-
HUSIX aMIUTUTYTHOTO COOTHOUICHUSI @ , KOI(PHUIMECHTA yCUIICHHS
p 4 pasHOCTH (pa3bl IBYXTOYEYHON KOTEPEHTHOW momexu &, a

TaKKe MPU PA3IMYHBIX PACCTOSHUSAX OT MEJICHraTopa J0 camo-
néra-rnocraHoBIMKa R u ero opuenTanuu 6assl . Pacuér kpy-

TU3HBI OyJICT BBIMIOJHEH HA OCHOBAHUU BhIpaxkeHus (28), B KOTO-
pom BeipakeHue (13) 3ameHeHO Ha (26), TO €CTh:

s=9 RelYs

29
deo Vs @)

6=0
Ha puc. 10 npeAcCTaBJiCHAa MOBCPXHOCTDb, OTpaXKaromias 3aBu-
CUMOCTb KPYTHU3HBI JINHEWHOTO yJacTkKa Z(HCKpHMPIH&LIPIOHHOfI

XapaKTEePUCTHUKH OT JABYX MapaMeTpoB: KOAPPHUIHEHTA yCUICHHS
KOT€pPEHTHON MMOMEXH P U aMIUIUTYJHOrO COOoTHowmeHus a . Mc-

XOJIHBbIE JaHHbIE Ul MOCTPOEHHS TaHHON IMOBEPXHOCTH MPHUBE-
JIeHbI B Ta0I. 5.
Tabnuna 5

[TapameTps! U1 NOCTPOEHUS MOBEPXHOCTH Ha puc. 10

Mapaverp | R y 3 by | v [ Ay |9 n| N
2000 180 15 0 0,03 10,015| 10

3HaycHUE

10
38
9
34
8
32
7
30
8
PR
@ 5 =
i
FL]
4
24
3
22
2
< 20
0 18
0 05 1 15 2 25 3 35 4 45 5
4

Puc. 10. KpyTnsna AucKprIMHHAIIMOHHON XapaKTePUCTUKH
B 3aBUCHMOCTH OT P U @

IMoBepxHOCTH, NpejicTaBicHHast Ha puc. 10, MoKa3bIBaET, YTO
[IpU OMpPeIeIEHHON KOMOUHAIIUH KO PHUITHEHTA YCHICHUS KOTe-
PEHTHOM MOMEXHU P M AMIUIUTYAHOTO COOTHOIICHUSI & KPyTHU3HA
JIMHEHHOTO y4YacTKa JUCKPHUMHUHAIMOHHOW XapaKTEPUCTUKU S
BO3pACTACT BJABOC MO CPABHECHHIO CO CIIydaeM OTCYTCTBHS KOTe-
peHTHOM moMexu S, qocturas npuMepHo 36 en/pax. Ilpu pocre
k03 duIMeHTa YCUIICHNSI KOTEPEHTHOM MOMEXU P MaKCUMallb-
HBIC 3HAYCHUSI KPYTHU3HBI COCPEIOTAUNBACTCS B OKPECTHOCTH aM-
[UIATYAHOTO COOTHOIIEHUS @ , PABHOT'O EAUHHUIIE.

ELECTRONICS. RADIO ENGINEERING

Ha puc. 11 npencrasieHa OBEpXHOCTh, NOKa3bIBAIOILAS 3a-
BHUCHUMOCTb KPYTH3HBI JINHEHHOTO y4acTKa TUCKPUMUHALMOHHOM
XapaKTePUCTHKU S OT JBYX MapaMeTpoB: KOAPHUIIUECHTA yCuiie-
HMS KOTEPEHTHOM oMexu p | pasHocTu e€ dassl & . [Tapamerpsl,
UCIIOJIb30BaHHBIC ISl TIOCTPOCHHUS TAHHOM MOBEPXHOCTH, PHBE-
JICHBI B Ta0II. 6.

Tabimmna 6

[TapameTps! 11 TOCTPOCHUS TIOBEPXHOCTH Ha puc. 11

R, b, o | M
IMapamerp u a w Vv N d, N
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Puc. 11. KpyTusHa 1uCKpUMHHAIIMOHHON XapaKTEPUCTUKU
B 3aBUCUMOCTH OT P 1 &

Kak 6p110 mMOKazaHo Ha puc. 9, aHanM3 MOBEPXHOCTH Ha puc. 11
MOATBEPIKAAET POCT KPYTU3HBI AUCKPUMHHALMOHHON XapaKTepH-
CTMKMA S TIpH NPHOJIMIKEHUH Pa3sHOCTH (a3bl KOTEPEHTHOM I10-
mexu & k 180°. IIpu 5TOM 3aKOHOMEPHO MPOCIICIKUBACTCS YBEIH-

YeHHe KPYTH3HBI S 110 Mepe pocTa Kod(QHUIeHTa yCHUIeHNs KO-
TepeHTHOM momexu p . Bmecre ¢ TeM Ha moBepxHocTH (puc. 11)
BBISIBJIEHBI Y4acTKU B okpecTtHOcTH 180°, rie KpyTu3Ha CHUXKa-
eTcsl BIUIOTH JI0 3HAYEHUH, MEHBIINX, YEM B CIIy4ae OTCYTCTBHS
JBYXTOYCUHOH KOTepeHTHOIl momexH, T.e. S <S; .
Ha puc.12 npencrtaBieHa HOBEPXHOCTb, OTpakarolas 3aBUCH-
MOCTb KPYTH3HBI JIMHEHHOTO y4yacTKa JUCKPUMHUHALMOHHOM Xa-
PaKTEpPUCTUKU S OT ABYX MMapaMeTPOB: pa3HOCTHU (a3bl KOTEPEHT-
HOIi oMexu & u opueHTanuu 6a3pl caMoséTa-II0OCTaHOBIIUKA
(cMm. puc. 4). VicxonHble JaHHbBIE, NCTIOJIB30BAHHBIE VISl IOCTPOE-
HUSI TOBEPXHOCTH, IPUBEICHBI B Ta0I. 7.

Ta6mnuma 7

[TapameTpsI A5 TOCTPOEHHS TOBEPXHOCTH Ha pHc. 12
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Cornacho puc. 12, oTkJIOHeHHne HOpMaITH K 6a3e caMoIIETa-11o-
CTAHOBIIMKA IByXTOUEYHON KOT€PEHTHON MOMEXH OTHOCUTEIBEHO

JTVHUM BU3MpOBaHMs R (cM. puc. 4) o0ycioBIMBaeT CHHKEHHUE
KPYTU3HbI AUCKPUMHHALMOHHON XapakTepuctuku S . Ilpu sTom
HOATBEPKACHO, YTO MaKCUMaJIbHbIe 3HAaYEHUS KPYTU3HBI S JIO-
Kanm3ytoTcss B okpectHocTH 180°, HE3aBHCHMO OT OpPHEHTAINU

—
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0a3bl CaMOJIETA-TTOCTAHOBIINKA Y, 3a UCKIIFOUCHUECM, KOI'la HOP-
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Puc. 12. KpyTu3Ha IUCKpUMIHAIIIOHHON XapaKTEPUCTHKA
B 3aBUCHMOCTH OT I/ u &

Ha puc. 13 npezncraBieHa HOBEPXHOCTb, OTPaXaIoOIas 3aBU-
CHUMOCTh KpPYTH3HBI JIMHEHHOTO y9acTKa IUCKPUMHHAIMOHHOW
XapaKTEPUCTUKU S OT JBYX MapaMeTPOB: PACCTOSIHUS MEXKIY Tie-
JICHTaTOPOM ¥ CaMOJIETOM-TIOCTAaHOBIIMKOM R , a Takxke koaddu-
IIMECHTA YCHJICHNS! KOTEPEHTHON MOMeXH p . VIcXo/HbIe TaHHbIE,
UCIIOJIb30BaHHBIE IS IIOCTPOEHHS NTOBEPXHOCTH, NPHUBEICHBI B

Tabm. 8.
Tabuuna 8
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Puc. 13. KpyTu3Ha IUCKpUMIHAIIMIOHHON XapaKTEPUCTHKA
B 3aBUcuMocTH OT R u p

CornacHo puc. 13, KxpyTH3Ha ANCKPUMHHAIIMIOHHON XapakKTe-
PHUCTHKH JIEMOHCTPUPYET IMPSIMYI0 3aBUCUMOCTH OT KO3 HIIH-
€HTa YCWICHHs KOI€PEeHTHOH IOMEXH p M 0OpaTHYI0 —OT Aallb-

HocTH R . DTa TeHneHuus coriacyercsi ¢ paHee NpelICTaBIICH-
HBIMU pe3ysbTaTaMu. M3 yka3zaHHOH 3aBHCHMOCTH CIEIYET, YTO

IIPY YMEHBIICHUH AAJIBHOCTH 10 Iean R Tpebyemoe 3HaueHHe
K03(h(hUIMEeHTa YCUIICHUS] KOT€PEHTHON TIOMEXH CHIKACTCS P .

BriBoabl

B xone uccnenoBanust BAMSHUS JBYXTOUEYHONW KOT€PEHTHOM
MOMEXM Ha W3MEHEHHE IUCKPHUMHHAIMOHHOW XapaKTEPHCTHKH
OBLTO OIpEETICHO:

1) Ipu npubamKeHun pa3HOCTH (a3bl KOrEPEHTHON MOMEXU
k 180° Habmomgaercss HanOobIIIee CMEIICHNE TUCKPIMUHAIIOH-
HOM XapaKTepUCTUKHU BIPABO BJOJIb ocH adbcuucc. OpHOBpEeMeH-
HOe yBesInueHue Kod(pGULIUEeHTa yCUIeHHS KOTCPEHTHO! TOMEXH
HIPUBOJUT K JIONOJHUTEIBHOMY CMEIEHUIO XapaKTEPHCTHKH U
HU3MEHEHHIO €€ KPYTH3HBI;

2) U3menenneM ko3¢ GHIMEHTa YCUIICHNS! KOTEPEHTHOH I10-
MEXH W aMIUTUTYZAHOTO COOTHOIICHHMSI MOKHO TOOUTHCS IBYKPAT-
HOTO HW3MEHEHMs KPYTH3HBI JUCKPHUMHHAIIMOHHOW XapaKTepu-
CTHKH TI0 CPAaBHEHUIO CO CIIy4aeM OTCYTCTBHSI IOMEXH;

3) KpyTusHa IUCKpUMUHAIIMOHHON XapaKTEePUCTHKH YBEIHU-
YHBaeTCs [10 Mepe TOro, Kak HopMalb K 0a3e caMoJIETa-II0CTaHOB-
IIMKa CTAHOBUTCSI COOCHOM JINHUN BU3UPOBAHMUS TI€JICHIaTOPA;

4) HanOonpiuas KpyTU3Ha AUCKPUMHHALMOHHON XapaKTepH-
CTHKH HaOJIOacTCs MpHU MPUOJMKCHUU 3HAYCHUS DPa3HOCTU
(a3bl KorepeHTHOM nomexu K 180°,

5) CokpalieHue TaTbHOCTH MEXJLy HEJICHIaTOpOM M CaMoJIé-
TOM-TIOCTQHOBIIUKOM IPUBOAUT K YBEIMYECHHIO KPYTHU3HBI JHC-
KPUMUHALMOHHOM XapaKTEPUCTUKH IPH MEHBIIEM YCHICHUH KO-
TEPEHTHOU MOMEXH;

B pamkax mpencTaBieHHON pabOThI HE YUUTHIBAIOCH U3MEHE-
HHUE YaCTOTHI HXO-CUTHAJIA U KOTEPEHTHO IMOMeXH, 00yCIIOBIICH-
HO€ OTHOCHTENBHBIM JBIKCHHUEM IIEJICHIaTopa U caMosETa-To-
CTaHOBIIMKA. Takxke ObLIO NPUHATO JOIYyLICHHE O PaBEHCTBE He-
CYIIMX YaCTOT 3X0-CUTHAJIA U KOTePEHTHOM moMexu. DddekT Bo3-
JeHCTBYUSL KOTepEeHTHON IIOMEXHU Ha IMeJICHraTop NpH JaHHBIX 00-
CTOSITENBCTBAX TPEOYET OT/IENBHOIO PACCMOTPEHUSI.

TpeOyercst mpoBeieHNE OTIEIBHOTO MCCIIEAO0BAHMS, HAIpaB-
JICHHOTO Ha U3Y4Y€HHE OCOOEHHOCTEH IMOCTAaHOBKH JIBYXTOUYECYHOM
KOTE€PEHTHOW NOMEXH B OTHOILLICHUH TIEJIEHTaTOpa, BKIIIOYEHHOTO
B KOHTYpP aBTOMAaTHYECKOI'O COIPOBOXK/ICHNUS 110 HAIIPABJICHHUIO.

B crarbe aMIumTy bl 9X0-CUTHAJIA U CUTHAJIA TOCTAHOBIIUKA
KOTEPEHTHOH MOMEXH SIBJISIOTCS OTHOCUTEIBHBIMU BETMUMHAMH.
Wx abcomroTHBIC 3HAUYEHUS OIPEICIITIOTCS PSIIOM (PaKTOPOB: Ta-
paMeTpaMH MepeaaTInka i aHTEHHBI eNCHraTopa, 3G GEeKTUBHON
IDIOMIARI0 OTPAKECHUS CaMOJETA-TOCTAHOBIIHKA, KO3 PHIIEH-
TOM YCHJIEHHsI TIOCTAHOBILMKA MoMeXH. Pacuér yka3aHHBIX am-
IUIATYZ BO3MOXKEH Ha OCHOBE YPaBHEHUsI JaIbHOCTH paJMOIOKa-
LUH.

Cratbsi MOKET OKa3aThCsl TTOJIE3HOM NP NCCIIeIOBAHUN BITHSI-
HUS IByXTOUEYHON KOTePEHTHON MOMEXH Ha KO UITEHT Tepe-
Jlau¥l TIeJICHraTopa B COCTaBe 3aMKHYTOI'0 KOHTypa aBTOMaruye-
CKOT'O COTIPOBOX/ICHHUS 110 HAIIPABIICHUIO.
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EFFECT OF SIMULTANEOUS CROSS-EYE JAMMING AND TARGET ECHO
ON THE MONOPULSE DISCRIMINATION CHARACTERISTIC

Yury V. Kuznetsov, Moscow Aviation Institute (National Research University), Moscow, Russia, kuznetsovyv@mai.ru
Andrey B. Baev, Moscow Aviation Institute (National Research University), Moscow, Russia, baev@mai.ru
Ruslan O. Egorychev, Moscow Aviation Institute (National Research University), Moscow, Russia, roegorychev@mai.education

Abstract

The monopulse amplitude sum-and-difference direction finder (hereafter, the direction finder) is widely used in angular tracking systems that form part
of aircraft weapon systems. Electronic countermeasures are employed to protect aircraft against such weapon systems; they degrade the direction find-
er's ability to determine the spatial position of the aircraft. This paper considers a scenario in which two-point coherent (cross-eye) jamming is direct-
ed at an active direction finder by an electronic countermeasure system carried on board the protected aircraft. The effect of two-point coherent jam-
ming on the direction finder can be assessed through the resulting change in its direction-finding characteristic. This change takes two principal forms:
a shift of the equisignal direction of the characteristic and a change in the slope of its linear segment. To investigate this change, the paper presents a
direction-finder model that accounts for several key parameters: the relative geometry of the direction finder and the protected jamming aircraft (includ-
ing the distance between them and their orientation); the amplitudes of the echo signal and the coherent jamming; the phase difference between the sig-
nals radiated by the two spatially separated antennas of the electronic countermeasure system that generates the coherent jamming; the baseline length
of the aircraft that deploys the two-point coherent jamming. A key feature of the model is that the two-point coherent jamming is applied to the direc-
tion finder while its echo signal is simultaneously received. The paper also derives the expressions describing the reception of the additive mixture of
the echo signal and the coherent jamming, taking the above parameters into account; these expressions form the basis of the proposed model.

Keywords: Self-aircraft protection, electronic countermeasures, coherent jamming, cross-eye jamming; monopulse direction finder; direction-finding
characteristic
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B cratbe npepactasneH Metos aBTOMaTM4YecKkoro ¢opmupoBaHuA 06beKkTOB HabGnioaeHua
BpPEMEHHbIX panos ceTeBOro Tpaduka ana Knaccucdukaumum COCTOAHMUM
MH¢pOpMaLMOHHO!TENEeKOMMYHUKALMOHHbIX cucTeM. Poct 06b€MOB faHHBIX ceTeBOro Tpaduka,
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Heo6xoauMocTL paspaboTku afanTMBHbIX MeTofoB 0o6Opa6GoTku pAaHHbIX. B otnuume ot
KNnaccu4eckux noaxoAos, B NpeasiaraeMoM MeToZie NMPOUCXOAUT He HACTPOMKa U ONTUMU3ALMA
MoAenu Ha BbIGOpKe faHHbIX, a, HaoGopoT, o6bekTbl HabGniopeHua copMupyloTca us
nocnegosarenbHoctu ''noa mopens'. Mpeanaraembiit MeTof aBTOMaTUYECKM reHepupyet
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natyu (NnoanocnefoBaTenbHOCTU) C BapbUpyeMbIMU AnuHoi u casuroM. Us Hux cdopmupyiotca
BbIGOPKM AaHHbIX. Ha Kaxpo# utepauumn, Ha nony4eHHbIX BbIGOPKax, Mpoucxoaut obyyeHue,
OLleHKa A0CTUraeMbIX NoKasaTenein Ka4ecTsa U BbIGOp NapaMeTpoB natyei U Mofienen, KoTopble
AOCTUraloT nyuwux pesyneraros. MpoBeaéH 3KcnepUMEHT Ha CUHTETUYECKOM HabGope AaHHBIX
ana GuHapHoW Knaccudpukauum coctosaHua cuctembl. lMokasaHo, 4YTO NpuMeHeHue cpasura B
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BBenenune

[ToBcemecTHOE HMCIONB30BaHUE TEXHOJIOTHIT cOOpa M XpaHe-
HUSI JAHHBIX CETEBOT0 TpaduKa CriocCOOCTBYET HAKOIIIICHUIO 00JTh-
1I0ro 00beMa BPEMEHHBIX PSIIOB U MH(OPMAIIMOHHBIX MOCIIE/I0-
BaTenbHOCTEH. VX pa3merka SBISICTCS CIOXKHBIM, TPYIOEMKUM
IIPOIIECCOM, B KOTOPOM BBIJICJICHHE OTJICJIBHBIX COOBITHI MOXKET
TpakTOBaThcsl MO-pazHomy [1, 2]. B cBsizu ¢ aTiM, 0coOyo akTy-
AIBHOCTH MpHOOpeTaeT 3amaya pa3paboTku 3QGeKTUBHBIX MOIe-
JIel JUTS TIPOTHO3MPOBAHMUS MOBEACHHS CHCTEM, COCTOSIHUS CeTe-
BBIX YCTPOMCTB M KaHAJIOB MEPEIavn JaHHbIX.

Bosnukaromue koje6aHUsT MHTEHCHBHOCTH CETEBOIO Tpa-
¢duKa, TMHAMHYECKH M3MEHSIOIIEeCs] XapaKTePUCTHKN BXOJHBIX
TAHHBIX, POsBIeHUE "aApeiida koHmenTa" 00yciaBInBaOT HEOO-
XOZMMOCTb Pa3BUTHS aJAITHBHBIX CAMOHACTPANBAIOIMXCSI METO-
0B 00pabOTKU AaHHBIX [3, 4].

[Ipu 5TOM NMpUMEHEHHEe TaKUX MOJIXO0JI0B TpeOyeT aBTOMATH-
4ecKOW 00paOOTKM MaHHBIX, BBISABICHUS MH()OPMATHUBHBIX IpPHU-
3HAKOB, YTO NPUBOJMT K PEILCHUSM, ONMHUPAIOLIMMCS, HAPUMeEp,
Ha MeTosibl AutoML. OHu HanpaBlieHbl HA ONTHUMM3AIUIO THIIEP-
rapaMeTpoB MojIeNel, TMHAMIUECKUX HACTPOeK oOpadaThiBato-
IUX aJrOPUTMOB, TOMCK ONTHMH3MPOBAHHBIX KOHQHTYpALUH
[5, 6]. OgHaKo BBICOKHE PECYPCHBIE TPEOOBAHNUS, CIOKHOCTH OT-
JIaJKH "'9epHOTO MK, PUCK TepeoOydeHNs 1 JIO)KHOW ONTHMU-
3aIl1M, 3aBUCHMOCTb OT Ka4eCTBA IAHHBIX MOXKET ABJIATHCS CyIlle-
CTBEHHBIM OTPaHUYECHUEM JaHHOU TexHoJjoruu [7, 8].

B cBsi3u ¢ 3TMM akTyaslbHOI CTQHOBHUTCS 3aiada MpeBapH-
TENBHOTO ()OPMUPOBAHUS U OIIEHKH BXO/IHOW BBIOOPKH, C y4ETOM
BBISIBJICHHBIX CBOMCTB JJAHHBIX U MOCJIEIYIOLIETO TOCTPOSHHSI MO-
neneil o0pabOTKH, AEMOHCTPUPYIOIINX HAWITy4IlINe KaueCTBEH-
HBIC TI0KAa3aTely MPUMEHUTEIBHO K XapaKTePUCTHKaM KasKIoH
BBIJICTICHHOH TTO/IOCIIEI0BATENBHOCTH [9].

Hexp paboTsl — pa3paboTaTh METO aBTOMAaTHIECKOTO (POPMH-
POBAHMS U BBIICIECHHUS OOBEKTOB HAOMIOJCHNUS B TAaHHBIX BPEMCEH-
HBIX PSIIOB CETeBOro Tpaduka s KiacCU(UKaluu COCTOSHUH
NH()OPMALIMOHHO-TEIEKOMMYHUKAMOHHBIX CHCTEM, I03BOJISIO-
MUHA CHU3UTH TPYNOEMKOCTh MOATOTOBKM JAHHBIX M MOBBICHTH
Ka4eCTBO KJIACCU(PHKAIIH.

ABTomarndeckoe (HOpMHUPOBaHUE OOYYAIONIIMX BBIOOPOK ITy-
TEM pa3OMeHMsI UCXOHBIX MOCIIEI0BATEIbHOCTEH CETEeBOTO Tpa-
(uKa Ha MaTYU C BAPbUPYEMBIMH JUIMHOHN U CIBUTOM, a TAKXKE I10-
CJIC/TIOIMH BBIOOP ONTHMAJIBHBIX MMapaMeTpoB MaTdei U MoJje-
JIel Ha OCHOBE OLIEHKH (DYHKIIOHAJIAa Ka4eCTBA MOTYT ITO3BOJIUTh
TIOBBICUTH Pa3JIMYUMOCTh KJIACCOB COCTOSTHMH CHCTEMBI, YIIyd-
IIATh 000OIIAIOIIYIO CTTIOCOOHOCTH MOJIETIel 3a CUET ayrMeHTa-
LIUY IaHHBIX, CHU3UTH BBIYMCIUTEIBHBIC 3aTPAThI 33 CYET BEIOOpA
MEHEe pecypcoEMKHUX MOAeNeH, MOAXOIINX ST KOHKPETHBIX
XapaKTEePUCTUK MATYEH, TOBBICUTH HHTEPIPETUPYEMOCTD PE3yJIhb-
TaTOB KJIacCU(UKAIIHH.

Hay4nast HoBu3Ha pabOTHI 3aKIIIOYAETCSI B TOM, YTO IIpeiara-
eTcs perieHre o0paTHoO 3aauu K 00paboTKe BpEMEHHBIX PsIJIOB
ceTeBoro Tpauka, riae BMECTO HACTPOMKH MOJEIHN I10J JJaHHBIE
OCYILECTBIISICTCSI (POPMUPOBAHIE OOBEKTOB HAOIIFOJICHHS U aBTO-
MaTHYecKasi ONTHMHU3AIHNS UX ITapaMETPOB «I10]1 MOJIeby. Kpome
Toro, (popMupoBaHME TMaTYEH CO CIABHIOM MOXET paccMaTpH-
BaThCS KaK METOJ] ayTMEHTAINN JaHHBIX, yIIydIIaronmi 00o01a-
IOIIYIO CIIOCOOHOCTH MOJIEIICH.

[IpakTHueckas 3HAYMMOCTb COCTOMT B TOM, UTO TIpeJyiarae-
MBIf METOJ JIaéT BO3MOXKHOCTb aBTOMATH3AalMU TPYHOEMKOTO
IIpolecca Pa3sMEeTKH JAHHBIX CETEBOTO TpaduKa, MO3BOJISIET BbI-
OMparh ONTHMAaJIbHBIC MapamMerpbl (GOPMUPOBAHMS IMATYEH ISt
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KOHKPETHBIX Mojiesieii 00paboTKM 1 1O3BOJISIET IPUMEHSTH MEHee
pecypcoéMKre MOJIeNH Uil 00pabOTKH CIIOKHBIX CTPYKTYp JlaH-
HBIX 0€3 TIOTepH KavyecTBa KiacCH(pUKaInu.

1 O030p cyuiecTBYIOIMX METO/I0B

AHanu3 BpeMEHHBIX PsIJIOB CETEBOro Tpaduka SIBISETCS Of-
HOM M3 OCHOBHBIX 3a/1a4 JUIsi MOHUTOPUHTA U KJIacCHU(PUKAIHU CO-
CTOSTHUH MH()OPMALIMOHHO-TEJIEKOMMYHHKAMOHHBIX cucTeM. Ee
peuenue 6a3upyercst Ha IPUMEHEHHH METO/I0B MallIMHHOT'O 00Y-
YEHUsI TAKUM 00pa3oM, 4YTOOBI ONITUMHU3NPOBATH MOJEI 1101 KOH-
KpeTHBIE CBOMCTBA IocieaoBarensHocTH Tpaduka. [porece on-
TUMU3AIAH TIPEIIoaracT [Ba HApaBICHUS: YIydIICHUE Kade-
CTBa BXOJHBIX JaHHBIX U TIOCTpOeHUE 3PPEKTUBHON MoeTH 00-
pabotku [10, 11].

JIyisl TIOBBILIIEHUsI KauecTBa JaHHBIX CETEBOro Tpaduka Hc-
MOJIB3YIOT METO/bl ()OPMUPOBAHUSI TIPOCTPAHCTBA IPH3HAKOB,
KJIACTEPH3AIINIO, TIOUCK TOUEK Pa3siaKi BPEMEHHBIX PSAIOB U 00-
Hapy»XeHue «apeiida KoHuenTa». BhISBICHHE TOYEK U3MEHEHMS
CBOMCTB MPEJUKTOPOB U LEJIEBBIX IEPEMEHHBIX KPUTUYHO JUIS 3a-
Jlad aHaim3a 1 00paboTku Tpaduka. 31ech NPUMEHSIOT OaliecoB-
CKHI aHan3, METOJI MAKCUMAJILHOTO MPaB/IOI0100Hs, KBAHTHIIb-
HYIO perpeccHio M jpyrue noaxoxabl. Ho m3-3a crnoxnocty am-
MIPOKCUMHPYIOMNX (DYHKIUH TaKKe METOJbI TPeOyroT OOJIBIINX
BBIYHCITUTEILHBIX pecypcoB [12-14].

[Ipu paboTe c BpeMEHHBIMH PSIJIaMH CETEBOTO TpadHKa BaKHO
BEIJICNATH CETMEHTHI C YCTOWYHMBBIMH XapaKTEPHUCTUKAMHU U OT-
CIIeKHMBATh 3aKOHOMEPHOCTH MX H3MeHeHuil. CerMeHTanus, Mo
CyTH, 3aKJIF09aeTCs B pa3paboTKe AeTEKTOpa, (GPUKCHPYIOIETo MO-
MEHTHI CMEHBI CBOMCTB Psijia.

Bo MHOTHX HcClieoOBaHUSIX MPOLECCHl pa30MeHHsT BEIOOPKH B
3aJja4ax MallMHHOTO 00YYEHUsI paCCMaTPHBAIOTCS KaK BCIIOMOTa-
TEJIbHBIE U aHAM3UPYIOTCS NPEHMYIIECTBEHHO B KOHTEKCTE pe-
HIEHUs y3KOCIENAIM3UPOBAHHBIX 3aa4d. BeIOOp MeTo/I0B U nX
3¢ PEKTUBHOCTD B 3HAYUTEIILHOMN CTETIEHH OIPEIEIISIOTCS TUIIOM
1 XapaKTepUCTHKaMHU 00pabaThiBaeMbIX JaHHBIX [15].

[Ipu pabore ¢ WHOPMAIMOHHBIME IOCIEIOBATEIHHOCTIMHA
CeTEeBOTO Tparka OTMEYAIOTCS HECKOIBKO KITFOUEBBIX HAIIpaBIIe-
Huil. Kimaccndeckne MeTOIbI KITaCTEePU3aIlUH UCTIONB3YIOTCS IS
00pabOTKK BPEMEHHBIX PSIJIOB, YTO YJIYYIIAET KAUeCTBO JAHHBIX,
o0namaromux ompeAeaEHHBIMU CBOMCTBAMH. B yCIIOBHSX BBICO-
KO pa3MepHOCTH, I/ie uMeeTcs 0ojiee OJTHOM TOUYKHU N3MEHEHHS,
MIPUMEHSIETCSl CETMEHTALMSI JIAHHBIX C UCIIOJIb30BAHHEM METO/I0B
JIMHAMHYECKOr0 TIPOrpaMMHUPOBaHMs, OMHAPHOW CerMEHTaIuU U
OaifecoBckux moaxooB [16, 17]. baliecoBckre METOABI TSI pe-
TPECCHOHHBIX MOJIETIEH ¢ TOYKaMH M3MEHEHHs], KaK IOKa3aHo B
paboTax, UMEIOT BBICOKYIO BBIYHCIHMTEIFHYIO CIOKHOCTH M Tpe-
OyroT MHOTO UTepanuii. J[pyrie moaxo bl UCTIONB3YIOT CTATUCTH-
YECKUE IOPOTH I CETMEHTALWU M YYHUTHIBAIOT BBIOPOCHI H
IIYMBI B TaHHBIX.

O hexTHBHOCTh MPUMEHEHHUS Pa3IUYHBIX MOAXO0J0B TIy0o-
KOro 00Yy4eHHsI 3aBUCUT OT BBIYHCIIUTEIIBHBIX PECYPCOB, BBIJIEIe-
HUS ¥ aHAJIM3a CerMeHTOB cereBoro Tpaduka [18, 19]. [Ipumene-
HUE METOJI0B pacluupeHHoro recra Juku-Dysuiepa ajis IpoBEpKU
CTAallMOHAPHOCTH, OIIGHKH MAaKCUMaJbHOTO IPaBIOION00MS,
NIPEe/IIaraloT Pa3INndYHbIe CIIOCOOBI BBISBICHHS TOUEK H3MEHEHHH.
OpiHaKoO y BCEX ATHX METOIOB €CTh OOIINEe HEJOCTATKHU: CIIOXK-
HOCTb 0Oy4YeHHsI, BHICOKasi PeCypCOEMKOCTh U PUCK HEKOPPEKT-
HOTO BEIOOpA MOJIENICH, UTO MOXKET yXYIIIUTh MporHo3 [20, 21].




CBA3b

Ananus CYIIECTBYIOIUX METOJO0B BBIABJIISCT P np06neM-
HBIX BOIPOCOB 3a/1a4 KJIACCH()UKAIUN COCTOSIHUN HH(OpMAIIH-
OHHO-TEJICKOMMYHHUKAIIUOHHBIX CUCTEM. BOJBIIMHCTBO METOA0B
TpeOYIOT 3HAYUTEILHBIX BEIUUCIUTEIBHBIX PECYPCOB, OTPOMHOTO
00BeMa Ka4eCTBEHHO Pa3MEUYCHHBIX HAOOpOB HaHHBIX. OTHAKO
TUHAMAYCCKH MEHSFOIINECS XapaKTePUCTHKH CETEBOTO TpaduKa,
HEOJTHO3HAYHOCTH TPAKTOBKH COOBITHI, TIOSBJICHUS HOBBIX THUIIOB
AHOMAaJIU HE BCET/a, NPOSIBJIEHNE BHEIIHUX BO3EMCTBUI O3BO-
JSIOT TOOUTHCA TpHUeMIIeMoro kadecTBa. Kpome Toro, Hekade-
CTBEHHAsl pa3MeTKa MOXET NPHUBOJUTb BO3HUKHOBEHHUIO PUCKA
nepeo0yueHHs.

B cBs31 ¢ 3TUM BO3HHKAET 3a7a4a OIIEHKH BXOAHOM BBEIOOPKH,
e€ cerMeHTaluu ¢ YIETOM CBOMCTB JIaHHBIX, a TaKKe (POpMUpPOBa-
HUSL MOJieIel 00paboTKH, 00CCIICUMBAIOIINX HAMIYUIINC Kaye-
CTBEHHBIE MOKA3aTeNu JJIsl BBISIBICHHBIX XapaKTEPUCTUK aHAJH-
3UpyeMOi NIOCIIE10BATENBHOCTH.

Takum o0Opa3oM, HEOOXOIMM aTANITUBHBIN METOJ, KOTOPBIi
aBTOMATHYECKH (POPMUPYET OOydJaroIne BBIOOPKH C YIETOM
CBOWCTB JJAHHBIX, MUHUMHU3UPYET TPeOOBaHUS K pa3MeTke, odec-
MEYNBaET HHTEPIPETHPYEMOCTh PE3YIBTATOB, a TAKIKE 00SCIICHH-
BaeT ayrMEHTAINIO JaHHBIX JJIS yIy4IIeHUs 0000IIatonen cro-
cobnocru. [Ipenyaraemslii B pabote MeTO/| HAaIlpaBJIeH Ha pellie-
HHUE 3THX 33/1a4 3a CYET aBTOMATHYIECKOrO (pOopMUPOBaHHS 00BEK-
TOB HAONIOJICHNS C ONITUMM3AIIMEH X apaMeTPOB IM0JT KOHKPET-
HYIO MOJIeNb 00paboTKH.

2 Ilpensiaraemblii MeTO1

OYHKIMOHUPOBAHUE PA3TMYHBIX CHCTEM COIPSIKEHO ¢ HeoO-
XOJMMOCTBIO OIIPENICNICHUs] WX TEKYLIEro COCTOSIHUS. AHalu3
BPEMEHHBIX PSJIOB CETEBOr0 TpaduKa IHPOKO MPUMEHSETCS B CH-
CTeMaXx MOHHTOPHMHIA HH(POPMALHOHHO-TEIEKOMMYHHKAIHOH-
HBIX CeTeH, Ie pelaeTcs 3a1a4a Kiaccu(uKanus HoAnocIen0-
BaTesbHOCTEH. OHa COCTOUT B OTHECEHUH OT/ICIBHBIX AJIIEMEHTOB
BPEMEHHOT0 psijia K ONPEICIEHHBIM COCTOSHHUSM, TAKMM KaK «pa-
Oouee», «IPEOTKA3HOE» WM «HEPAabOTOCIIOCOOHOE», BBISBIIC-
HUsI aHOMAJIMIl B CETEBOM Tpaduke IMyTEM aHaln3a XapakTepH-
CTHMK IIaKETOB, MHTEPBAJIOB MEX/y MX MOCTYIUICHUSIMH, HaIpaB-
JICHUS TIepeiauy IT0CIIe/I0BATEIbHOCTH U IPYTUX TTOKa3aTele.

OnHAaKO HAaKOIUICHHBIH 3HAYUTENBHBIH 00BEM HCCIIeIyeMbIX
MOCIIeJOBATEILHOCTEH, HEOOXOMUMOCTh aHalli3a OOJIBILOTO KO-
JMYECTBA XapaKTEePUCTHK, HAJIWYNE HESIBHBIX 3aKOHOMEPHOCTEH
00ycnaBiIuBaeT HeOOXOAUMOCTb CO3/IaHUS ¥ TIPUMEHEHUS CIIOXK-
HBIX Mojiesielt 00paboTku. Kpome Toro, BOSHHUKAET s MpodiIem-
HBIX BOIIPOCOB, CBSI3aHHBIX C TPYAOEMKOCTBIO NPOLIECCOB pPa3-
METKHU JaHHBbIX.

Pemenue 3a1auu KacCU(pUKaIUY COCTOSHUS Ha OCHOBE aBTO-
MaTHYECKOTO BBIJICJICHNS PETIPE3EHTATUBHBIX ()ParMEeHTOB U3 NH-
(hOpMaITMOHHBIX TTOCIIEA0BATEIIFHOCTEH BPEMEHHBIX PSIJIOB CETe-
BOro Tpaduka.

B paccmarpuBaeMoM ciydae aBTOMaTHYECKas pa3MeTKa JaH-
HBIX OCHOBBIBACTCSI Ha PAa3JICiCHHH IIOCIEI0BATEIbHOCTeH Ha
[aT4d, COAEpIKAILIe Pa3IMYHOe KOJINYECTBO oTcyeToB. Dopmu-
poBaHue TaTyell pasHOU JUIMHBI MOXKET «3aXBAaTUTh» 3HAYUMYIO
MH(OPMALINIO, COKPATHTH [UIMHY MOCJIEIOBATEIbHOCTH U YMEHb-
IIUTH BBIYUCIHUTEIbHYIO CJIOXKHOCTD. B ClIydasax nepuoJuYHOCTU
B JIJAHHBIX BBIOOP ONTHMAIILHOTO pa3Mepa MoJI0CIIeI0BATEIHHO-
CTH IO3BOJIACT MOACIAM U3ydaTh ooiee JJIMHHBIC BDEMCHHBIC WH-
TEpBaJIbl, YTO MOXXET MOBBICHTH KayeCTBO NMPOTrHO30B. OIHAKO

BBIOOp pa3zMepa Iar4ya U ero CBOWCTB JOJIKEH 3aBHCETh OT KOH-
KpPETHOH 3a/1aul ¥ XapaKTEePUCTHUK JaHHBIX.

Knaccudukamnusi COCTOSIHUSI CHUCTEMBI SIBISICTCS OJHOW W3
Ba)XKHBIX 33Ja4 NP WAECHTU(UKAINY HEHCIPABHOCTEH TEXHUKH,
MOHHUTOPHHTE COCTOSHUS KHOSP(U3NUECKUX CHCTEM, OOHApYKe-
HUS aHOMaJIMH B Tpaduke. B pe3ynbpraTe BOZHUKAET 3a1a4a, B KO-
TOpOH HEOOXOAMMO ONPENENNTh, K KaKOMYy COCTOSIHUIO OTHO-
CHTCSI 3JIEMEHT BPEMEHHOTO Psi/ia Ha OCHOBE aHAJN3a IaHHBIX, 110-
JIydEeHHBIX 4epe3 ONpeeiEHHbIE MPOMEXKYTKH BpeMeHH. Dop-
MaJlbHast IOCTaHOBKA Oy/IET BBITIISIZIETD CIIETYIOMINM 00pa3oM.

Hmeetcst MHOKECTBO cocTostauii {C,,...C, } € C undopmaun-
OHHOM cHUCTEMBl. B KaXIOM COCTOSIHMM Cj IIOJy4Y€H BPEMEHHOMU
(¢j) (€T
psn cetesoro tpaduka X 1 = {X '}, .

1

ci) ()

On pasbupaercss Ha naTun [J; = {XI( , ©)

B 3aBUCHUMOCTHU B KAKOM COCTOSIHHUHN 6])1.]'[ MOJIYyUCH, EMY CTaBUTHCA
COOTBCTCTBYIOIIAsI MECTKA Cj,

i+l

Y (€N
Honyuaetcst 06yuarouee MHoxectso natueit P° = {p, 7"},

0=(w, S) JIJIMHBL U
ciBura. MeHsst 3TH IapaMeTpbl B aBTOMAaTHUECKOM PEKUME,
MOKHO (pOPMHUPOBATH pa3INdHbIe 00yJaronre BEIOOPKH ISl MO-
Jieneid 00yvIeHus.

s 06paboTky 00ydaronieil BEIOOPKH OTIPEIEeIIIETCS PSiI MO-

neneit obpabotkn {@,  ay } € A.

, XapakTepHu3yrolleecs MapaMeTpamu

HeoOxoanMo ompenenuTh MHOKECTBO P U mapameTpsl ero
(dopmupoBaHus (ITWHA OKHA, CABWT), HA3HAYNUTH MOJENb 00pa-
00Tk akE A MMeroIei Jiydniee 3HaYeHUE (YHKIMOHANA Kade-
CTBa

Q(a, (p',P?),C) > max (1)

a €A,0c0

Taxkum o6pa3om, BEIOOp MapaMeTpOB HA OCHOBE BBIPAXKCHHUS
(1) bopmynupyercs kak 3a/a4a JUCKPETHON ONITUMHU3AIHH!

(6°,a") = argmax Q(a, (p"’,P"),C) @)

a eA,0<0

OCOOEHHOCTBIO IpEeJIaraeMoro MeTO/a, OIHMCAHHOTO BbIpa-
xenusiMu (1) u (2), siBiIsieTCs: aBTOMAaTHYECKHH BEIOOP M popMU-
POBaHUEC 06’BCKTOB Ha6J'[IOI[eHI/I$[ N3 JAHHbIX JJI IIOBBIIICHUS Ka-
YyecTBa MoJieliel 00padoTKu. B oTimune oT TpagUIMOHHbBIX MO-
XOJI0B, paccmarpuBaercsi ooparHas 3anada. He mozens Hactpau-
BaeTcs M ONTUMM3MPYETCS Ha BBIOOPKE JaHHBIX, a, HA00OPOT,
00BEKTHI HAOFOICHHS (POPMUPYIOTCS M3 TAaHHBIX «IIOJT MOJICITB).
Kputepuem OleHKY SBISIOTCS 3HAUCHUS (DYHKIIMOHAA KA4eCTBa.

O0paboTKa JaHHBIX C UCTOIB30BAHUEM TIPEIIAraeMoro IMoI-
X0J1a IPOXOIUT HECKOJBbKO 3TanmoB. CHadana BeIOHparoTcs 0azo-
BBIE ANTOPUTMBI 00paboTku. M3 mocrmemoBaTembHOCTEH co3ma-
F0TCSL OOBEKTHI HAOMIOACHUS 1 (POPMHUPYIOTCSI MHOKECTBa 00yda-
IOLIMX BBIOOPOK JaHHBIX. [Ipruuem Ha Ka 101 UTepaluu U3MeHsI-
IOTCSI CBOMCTBA CO3/1aBaeMbIX OOBEKTOB, HAIpPUMEp, JJIMHA H
CZBUT. 3aTEM MMPOBOAMUTCS aHAJIN3 3HAYEHUH BEIOpPAHHOTO TIOKa3a-
TeJlsl Ka4ecTBa 3apaHee ONpEe/eTICHHBIX MOJIeIel Ha BCeX BBIOOp-
kax naHHbIX. [locie atoro BbIOMpaeTcs MeTo] (pOPMHUPOBAHHS
00BEKTOB HAOJIO/ICHHS M Ha3HAa4YaeTcs "ydias'" MOJICIb.

Ha pucynke 1 mpencraBieHa AJITOpUTMUYECKAs MOCICIOBA-
TEJIBHOCTH IIarOB METOJa (POPMUPOBAHUS W aHAIN3a BHIOOPOK
JTAaHHBIX.
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Puc. 1. AJ'IFOpI/ITMI/I‘{eCKaH OCJICA0BAaTC/IbHOCTD 1IAaroB METo1a
(1)0pMI/Ip0BaHI/I$[ W aHajiu3a BBI60p0K JIAHHBIX

IIpennaraemblii METOJ BKIIIOYAET CIEAYIONLYIO MOCIEI0Ba-
TEJIBHOCTh JieiicTBUi. BHauaie 3amaercs myn mojeneit oOpa-
60TKH. OnpenensoTCs NCXOAHBIC HH()OPMAIOHHBIE ITOCTICI0BA-
TEIBHOCTH, IIOJTyYCHHBIC B PA3IMYHBIX COCTOSHUSIX CHCTEMBI. 3a-
TEM TPOHMCXOINT IUKIMYCCKUHA Mepedop IUTMHBI W CABHTA IS
(dbopMupoBaHusl maTueil B pe3ysnbrare KOTOPOro aBTOMATHYECKU
H3MEHSIIOTCS CBOMCTBA 00BEKTOB. MEHsIeTCsl NTMHA Pa3OHeHust 1
C/IBUT OJIHOM MMOCJIEI0BATEIBHOCTH OTHOCHTEIBHO JApyroit. O0pa-
3yercsi o0y4aroliasi BHIOOpKa, cojieprKalias Habop rnaTuei ouHa-
KOBOTO pa3mepa, KaIblii U3 KOTOPBIX IOMEYEH KJIaCCOM, COOT-
BETCTBYIOIIMM COCTOSIHHIO CHCTEMBI.

Bei6opka noouepé o mogaércst Ha BX0 OTOOPaHHBIX MOJIEIIEH.
OcyiecTBisieTcs: mporecc ooyueHust. [l Kaxa0il MO U BbI-
OOpKH, COJCPIKAILICH MATYH, XapaKTEPU3YIOIINECs UTHHON U CIBU-
T'OM, OTIpE/IeISIeTCs] 3HAYCHHUE BEIOPAHHOTO (PYHKITHOHAJIA KAYeCTBA.
Jlanee MpoHCXOIUT MOBTOPEHUE MPOIIECCOB (POPMUPOBAHHUS BBIOO-
POK JUTS APYTUX 3HAUCHUIA CIBUTA U ITIaTa Pa3OUCHUs, 00yICHHS MO-
Jiesieit, BBIYUCIICHUsI 3HAUeHUN (DYHKIIMOHAIA KAYeCTRa.

[o oxoH4YaHUIO TIepedopa OMPENEIIAIOTCS MaPaAMETPhI JTHHBI
W cABHra mnatya st GOpMUPOBAHUS BBIOOPKU U MOJIENb, JTOCTH-
rarolias Jy4liux 3HAUYeHWH BBIOPAHHOTO MOKa3aTells KayecTBa.
[NceBoKox MpeIaraeMoro MeTo/1a MpeCTaBlieH Ha PUCYHKE 2.
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CB43b
Bxom:

Epemennne pAn= X7

oy momenen {a,..aple A;
oManasoHH ODapaMeTpoBR W, S
METpMHAa KadecTBa O.

Brxon:
ONTHMMANBHHE OapaMeTpH W*, =%,
nyumas MoOess ar¥, obyueHHas Ha subopxe P

Hagano
for w in [1l, w_max]:
for = in [1l, w]:
P? — choprmpoBaTe_marum (X', w, s)
for ar in A:
ax.oBywmre (BP?_train)
Q wval ~ oueHWTbH_KauecTEO (ak, Pa_test}
coxpauurs (w, 5, ax, QO val)
(w*, 5%, ar¥) — argmax(Q wval)
ar*.obyunTs (P full)
Koner, -

Puc. 2. [IceBokos npeaiaraeMoro MeToaa

[IpenyosxeHHbIN TOAXO/ HAMIPABJIEH HA pealn3aluio caMoop-
TaHU3YIOUIMXCSl CaMOOOYUAIOIMXCS CHCTEM MAIIMHHOTO 00yue-
HUs. Ha BXO/1 cHCTEMBI TOCTYNAloT MOMEYEHHBIE I10CIIeJ0BATEb-
HOCTH BPEMEHHBIX PSIZIOB CETEBOTO Tpa(HKa, U3 KOTOPHIX B aBTO-
MaTHYECKOM PEKUME CO3Ial0TCsI 00BEKThl HAOJIO/ICHHS C pa3-
HBIMH CBOMCTBaMH 1 ()OPMHUPYIOTCSI BRIOOPKH JTaHHBIX. [lanee pe-
maeTcs 3a7ada 00y4YeHUs! ¢ yJUTENeM, OIIEHHBAIOTCS JJOCTHTAC-
MbIE 3Ha4eHUs (DYHKIMOHaJa KAauecTBa Ha KaKIOW BBIOOPKE M
OTIPEJICTISIIOTCS] CBOMCTBA 00BEKTOB HAONIOJCHUS W MOJAEIH, TAE
JOCTHTHYTHI JIy4IlINe 3HAUEHHS TIOKa3aTelei KauecTna.

Taxum 00pa3om, IpeaaraeMblii METO aBTOMATH3HPYeT (op-
MHPOBaHHME M BBIOOp MaTdell Ha OCHOBE aHAJIM3a KaueCTBEHHBIX
MOKazaTeeld MoJieiel, 4TO MO3BOJISIET BHIOMPATh MOJIENH U CIIO-
coOBI (hOPMHUPOBaHUS 00YHAIOIIHX ITOCIIEA0BATEIBHOCTEH I J10-
CTHYKEHUSI JIy4IINX PE3yJIbTaTOB.

DddexkTuBHOCTS MPUMEHEHUS METOA, OTIMCAHHOTO B CTAThE,
HaNpsIMyI0 3aBUCHT OT COOIIOIeHNS psijia yenoBuid. KauecTBo 00-
paboTkn MH(MOPMAMOHHBIX I10CIECIOBATEIBHOCTEH MOACIIMHU
orpeziessieTcst ux cBoicTBamu. B xone popmupoBanus 00bEKTOB
HaOIIOJICHST He00X0IUMO BRIOMPATH pa3Mep MaTda TaKuM o0pa-
30M, YTOOBI B HEM COZIEPKATNCh HHPOpPMATHBHBIE IPU3HAKA. J{I1st
YCIICITHOTO NPUMEHEHHUS MPEAIaraéMoro MeTo/a aHalM3Hupye-
MBI€ MOCJIEI0BATENLHOCTHU JOJIKHBI 001aJaTh Pa3TMIMMBIMH T1aT-
TepHaMU WK cBoWcTBamH. lIpm 3TOM (hopmMHpyeMbie BEKTOPEHI
00BEKTOB HAOMIOCHHS 00sI3aHbI BKIIFOYATh MPU3HAKH, KOPPEIIH-
pylolllMe C LEIeBOW MEpPeMEHHOM, OMUCHIBAIOIIECH COCTOSHHE.
XoTsi OOJIBIIMHCTBO MOJIelieil 00paboTKH MOTYT OOHApYKUBaTh
TaKyo WHPOpPMAIMIO Ha OCHOBE (DAaKTHUYECKUX 3HAYCHHM, TEM HE
MeHee JUIsl TIOBBIIICHHS Ka4eCTBa B psijie CIIydaeB pu 00paboTke
nar4yell BpeMEHHBIX PSJIOB LeJIeco00pa3Ho A00aBIsATh CTaTHCTH-
yeckyto uHpopMmarmio [22]. TpeOyembIMH XapaKTepUCTHKAMHU
JUISL Hee SIBJISIETCS IIPOCTOTA BHIYMCIICHNH, HETyBCTBUTEIBHOCTD K
peoOpa30BaHMsIM M PE3yJIbTHPYIOIIAs TPOU3BOAUTEIBHOCTb.

3 DOKcnepuMeHT

B pamKkax dKcriepUMeHTa HCCIIeA0BaIach BOSMOXKHOCTD aBTO-
MaTHYECKOTo ()OPMHUPOBAHUS BHIOOPOK JaHHBIX U3 MH(POPMAIH-
OHHBIX TOCIIEJIOBATEIIBLHOCTEH I OLICHKH COCTOsIHUS. Paccmar-
pHUBacMble 3HA4YECHHS WJUIIOCTPUPYIOIMX OOpabOTKy IdaHHBIX
npeylaraéMbIM METOIOM ITOTY4eHBl CHHTETHYECKUM METOIOM.




CBA3b

OcCHOBHasl 1IeJb 3aK/I0Yalach B aHAJIM3E BIHMSHHS CBOMCTB
00BEKTOB HAOJIOACHUS M MOTyYaeMbIX U3 HUX BBIOOPOK JAHHBIX
Ha KaueCTBEHHbIC MOKa3aTean Mozeseid. CaMoopraHu3yromascs
caMo00y4aroNIascst MOAENb IOMyYaa Ha BXOJ BPEMEHHbIE PsbI
cereBoro Tpaduka, NoJIyuYeHHbIE B PA3IMYHBIX COCTOSTHUAX. [1pu-
Mep TaKHUX PsJIOB IpEeCTaBlieH Ha pUcyHKe 3. V3 HUX M3MeHe-
HHMEM JUTHHBI U C/IBUTa (POPMUPOBAIIMCH 00BEKTHI HAOJIIOACHHS, U3
KOTOPBIX (hOPMHUPOBAIMCH BBIOOPKH JIaHHBIX. 3aTEM OHH I10/1aBa-
JIMCh Ha BXOJ] MOJICIISIM O0Y4EHHS ¥ IPONCXO I OLIEHKA JOCTH-
raeMbIX NIOKa3aTesel KayecTna.
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Puc. 3. TlocnenoBarensHOCTH pasinyHbIX COCTOSHHN

B xozme skcmeprMeHTa NpH OLEHKE JOCTHIaEMBIX MTOKa3aTe-
Jel Ka4ecTBa MOJIETIEH yUHTBIBAINCH PECYPCHBIC OTPAHMYCHUS.
IIpoBoaniocs oOydeHne M OIEHKA Ka4eCTBEHHBIX IOKa3aTeseit
MOJENEH PEKYPPEHTHON HEHPOHHOH CETHU € JOJIOBPEMEHHOU
KpaTkoBpeMeHHOH maMaTeio LSTM (apxurektypa: 2 cnmos LSTM
(50 HeiipoHOB), OTHOCBSI3HBIN cio (10 HEHPOHOB), BHIXOTHOM
cioii (2 Helipona); QyHnkuus akruBauuu: ReLU; ontumusarop:
Adam (learning rate=0,001);epochs: 50;batch size: 32), pekyp-
penTHOM HeliponHo#t cetn RNN (apxurektypa: 1 cioit RNN (30
HEWPOHOB), MTOTHOCBS3HBIN col (10 HEHPOHOB), BHIXOTHOI CIIOH
(2 meiipona); ¢yHkuMsa axktuBaumu: tanh; onrtumuzartop: SGD
(learning rate=0,01); epochs: 50; batch size: 32) u meroma kKNN-
DTW (k=5; metpuxka paccrostausi: DTW ¢ orpaHnueHnemM okHa
(radius=10)).

B kxauecTBe orieHNBaeMBIX 3HAYCHUI ONPENEIUIICH TOYHOCTh
(accuracy), TouHocTs (precision), momHOTa, F-mepa:

TP+TN
accuracy = 3)
TP+TN + FP+FN
precisioin = L 4)
TP+ FP
recall = _TP (5)
TP +FN

_ 2x precision x recall
recision + recall

F1 (6)

Ornerka (PQPEKTUBHOCTH TIPEIaraéMoro METO/a IIPOBOJIH-
JIach MIPH PELICHUN 3a7aqi OWHAPHOU KIacCH(UKAIIH, TIIe ceTe-
BOM Tpa(uK paccCMaTPHUBAJICS B IBYX COCTOSHUSAX «HOPMAJIHHOEH
n «aHomanbHoe». ChHOpMHUPOBAHHBIE BHIOOPKH pa3leisuIuCh HA
00yJaronyro U TECTOBYIO 4acTH B cooTHomreHus 90:10. {muaa
00BEKTOB HAOJIIOJICHUS, TIPEACTABICHHBIX MOJIIIOCIIEI0BATEIBHO-
CTSIMH, BapbUPOBAJIaCh B AMana3oHe oT 2 10 17 oTcuéToB, a KOJIH-
YECTBO CJBHMIOB IS Ka)KIOM IJIMHBI COOTBETCTBOBAJIO CaMOii
9TOM JTHHE.

Ha pucynke 4 mokasano 3HadeHue accuracy (3) mis BeIOpaH-
HBIX KJIACCU(PHUIUPYIOMINX MOIETIEeH 00pabOTKN TaHHBIX.
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Puc. 4. 3nauenus accuracy (0ch OpANHAT) 10 COBMELIEHHON OCH
«UTMHA TIaT4a-CABHUTY» (0Ch aOCITHCC)

I'padmkn prucynka 3 mMoKa3bIBAIOT BIUSHNC 3HAUYCHUH JJIHHBI
U c/1BUTa U (POPMHUPOBAHIH 00HEKTOB HAOIIOICHNS BPEMEHHBIX
PSIOB ceTeBOro TpaduKa Ha TOCTHUraeMble TIOKa3aTeNln accuracy.
Ha oHoii 1 ToM k€ AJTMHE MIPU Pa3HOM CABUIE MOTYT MOTY4aThbCst
pas3HbIe 3HAUYCHNS TOUHOCTH.

Ha pucynke 5 mpuBenens! mydmue 3HadeHus (2) accuracy (3)
JUIsL BRIOpaHHBIX MOJIeNIeH, yKa3aHbl JUIMHA U CABUT [aT4a Ha KO-
TOPBIX OHHU JIOCTUTHYTHI.

V3meneHue ciBUTa U JUIMHBI OKHA MEHSIET COCTAB MPU3HAKOB
BHYTpHU (hopMHpyeMOTo 00beKTa HaOIIOACHHS, YTO BIMSET Ha pa-
OoTy anroputma. B oKHa BpeMEHHBIX PsZIOB CeTeBOro Tpaduka
MOTYT HONaJaTh pa3sHble aHOMAJIbHbIE 3HaYCHHUS (BBIOPOCHI), KO-
TOPBIX HE OBUIO IIPH MEHBIIHX Pa3Mepax, MOMEHTBI CMEHBI COCTO-
SIHUSI CUCTEMBI, YYaCTKH C Pa3HBIMH IIYMOBBIMH KOMIIOHEHTaMH,
MATTepHBI, XapaKTEepPHbIE Ui JAPYIMX COCTOSHHN, HEIOJHBIC
LUKJIBI COOBITHH, KOTOPBIE HE YKJIQABIBAIOTCS [IETMKOM B OKHO.
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Puc. 5. JIyuymme 3Hauenns rouynoctu accuracy RNN, LSTM,
KNN+DTW

MoJKeT IPOSIBISATHCS MPOoOIeMa HECOBITAACHHUS TPaHKIl OKHA U
FpaHI/II_I peaJ'IBHI)IX CO6BITHﬁ, KOorga aHoMaJIM1u TOJIBKO YaCTUYHO
MOMAJAl0T B OKHO, U3-3a YEero UX MPU3HAKU UCKAKAIOTCS M TEpPsi-
FOTCSl YacCTh BaXKHBIX XapPaKTCPUCTUK. 3MEHSIOTCS XapakTepH-
CTHKH TIOCJIC/IOBATEIIbHOCTEH, MCKAXKAKTCS KOPPEISIUU MEKITY
MPU3HAKAMHU, MCHSCTCSI COOTHOIICHUE «CUTHAN/IITYMY, yXY/IIIas
BHJMMOCTh 3HAYUMBIX MATTCPHOB BPEMCHHBIX DPSIOB CETECBOTO
Tpaduka.

B Tabmurne | mpuBeneHs! TydiIie 3HaYCHIS TIOKa3aTeNnei Ka-
gectBa (3)-(6) Ha 00paboTaHHOM JaTaceTe s BRIOPaHHBIX MOJIe-
JIeH.

Tabuuna 1

Jlyumiue 3Hadenust nokasareneil kauecrsa (3)-(6) Ha oopaboran-
HOM JiaTaceTe

Moaenan LSTM RNN kNN + DTW
Precision 0,857242 0,849506 0,858265
NJIMHA-CABUT 14-5 12-9 12-2
Recall 0,811715 0,802622 0,814916
NJIMHA-CABUT 14-5 12-9 12-3
F1-mepa 0,833858 0,825399 0,83602895
NJIMHA-CABUT 14-5 12-9 12-3
Accuracy 0,998607 0,997939 0,999135
JAJTHHA-CABUT 13-5 12-9 12-10

Pasznnunble 3HaueHus nokasaresed KauecTsa Py U3MEHEHUU
napaMeTpoB MJIMHBI U CABUI'a MOT'YT ITOJIYy4aTbCsd BBUAY YyBCTBU-
TEJILHOCTH K JIOKQJIBHOMY PAacHpe/IeIeHHIO JaHHBIX, I1ie HeOO0JIb-
110 CMEIICHUE W3MEHsET Habop OmmKalmX coceneil U, cooT-
BETCTBEHHO, pe3yJibTaT Kiaccudukanuu. HeiipocereBbie Mopenu
CIIOCOOHBI MO-Pa3HOMY HHTEPIIPETHPOBATH YACTHYHO TIEPEKPHIBa-
IOIIMecs MaTTepHbl M HE3HAYNMTEIbHBIA CIBUT CIIOCOOCH M3Me-
HUTB BXOJHbIC IaHHBIE JUIA cJI0eB HelpoHoB. s mogenn kNN +
DTW MOeT MpOUCXOANUTH MOTepsi HH(POPMATUBHBIX MMaTTCPHOB
U BKJIIOUEHHE IIyMa.

B pesynprate aBTOMAaTHYECKOTO (OPMHUPOBAHUSI OOBEKTOB
Ha6J'IIO}IeHI/IH BPEMCHHBIX PSAJ0B CETEBOTO Tpa(i)m(a N3MCHCHUCM
JUIMHBI U CIIBUTa 00pa3yroTcsi 00JacTH KIIACCOB, MMEIOIIUX pas-
Hble cBoiicTBa. KoMmakTHOCTh 00pa3yeMbIX 00bEKTaMU pa3HbIX
KJIacCOB 00JIacTeil MX Pa3/elIeHHOCTh OKa3bIBACT BIMSHHUE HA J10-
CTHTaeMble TOKa3aTesId KauecTBa pa3InyHbIMU QyHKumsmu. Ha
pHCYHKE 6 ITPUBE/ICHBI CPEAHUH KOI(DPHUIIMEHT CHITyITa i MHIICKC
JpBuca-bonaynHa npu U3MEHEHUH MTapaMeTpa «IJIUHA-CABUIY.
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Puc. 6. 3nauenus cpeanero kodpQuirenTa CUIrysTa U HHACKC
JI»Buca-bonaynna (ock opAMHAT) 110 COBMEIIEHHOM OCH
«JTMHA TIaT4a-CcaBHUrY (OCh abLuce)

I'paduku prcyHKa 6 TO3BOJIAIOT OIICHUTH TOTy9aeMbIe Ha paz-
JUYHBIX [UTHHAX 00BEKTOB HAOMIOACHUS obmactu Kiaccos. Jlyd-
M€ 3HAYEHUS pa3fefieHus TOCTHTAl0TCA TPH JUITHHE OOBEKTOB
Habmonenns 12 u 14 oT4eToB, TIe 3HAYCHUS CPEeaHETo KOdPPu-
[HCHTA CHITy3Ta MMOKA3bIBAIOT XOpoIliee paszaeneHue. Tak jxe Bbl-
COKasl KOMITAKTHOCTh KJIaCTEPOB, KOTAa OOBEKThI BHYTPH KJja-
cTepa OJM3KH K €ro IEHTPY, U XOpollasi pa3JelMMOCTh Mpocie-
JKMBAETCs Ha 3TUX ke JuinHax 12 u 14 B unnekce »Buca-bomnmy-
HHAa.

JlinHa mocne1I0BaTeIbHOCTH BPEMEHHOTO Psifia CETEBOTO Tpa-
(hmka oka3bIBacT BIMSHUE Ha 0000MIAIONIYI0 CIIOCOOHOCTH MOJIC-
neit 00paboTku HaHHBIX. J[JTMHA TTaT4a MOYKET OKa3bIBaTh CYIIle-
CTBEHHOE BJIUSHUE Ha JJOCTUIAEMbIE€ 3HAUCHHMS [TOKa3aTelIeH Kaue-
cTBa oOyueHms mojaenu. CIUIIKOM KOPOTKHE MaT4d HE IO3BO-
JISIOT BBISIBUTH HH()OPMATHBHBIC IPU3HAKH U YBETHUUBAIOT KO-
YeCTBO TPYTHOMHTEIIPETUPYEMBIX 0OBEKTOB HAOOCHNUS, HAXO-
JUSIIIXCSL HAa TPaHUIe KiaccoB. JTMHHBIC MAaTYM COJIEPKaT OOIb-
110€ KOJIMYECTBO CJIA00 BIMSIONIMX HA pa3/ielieHHe MPHU3HAKOB,
YTO YBEIMYHBACT Pa3MEPHOCTh MPOCTPAHCTBA M BBIYUCIUTCIIH-
HBIC 3aTPaTHI.

dopmupoBaHre 00bEKTOB HAOIIOJCHHUS CIIBUTOM IOJIIOCIIE-
JIOBATEIILHOCTH MOKHO PacCMaTPHBATh KaK METOJ ayTrMCHTAIHU
nmaHHbIX. OH YBEIMYUBACT YHCIIO OOYYAIONINX IPUMEPOB, YIyd-
mraeT 0000LIAIONIY 0 CIIOCOOHOCTh MOJIENN U YUUT €€ paclo3Ha-
BaTh MPU3HAKU HE3aBUCHMO OT UX ITO3UIINU B MTOCIICIOBATEIHHO-
ctu. Ilpm mepekpeiTim (parMeHTOB, KOTr/a pa3Mep CIOBUTA
MEHBIIIE ITMHEI [TaT9a, MOJICTh aHAM3UPYET OJIUH U TOT JKE TPH-
3HAaK B Pa3HBIX KOHTEKCTAX, YTO MOMOTAET YIaBIMBATH JOKAJb-
HBIE 3aBUCUMOCTH U HTHOPHPOBATH (POHOBEIH IIyM.

-
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[pu popmupoBaHuU BEIOOPOK U3 BPEMEHHBIX PSIJIOB CETEBOTO
TpaduKa 4acTb OOBEKTOB MOXET OKa3aThCsi HEMH(POPMATHBHOMN
WIN OIyMOBOH, YTO CHIJKAaeT KauecTBO Kiaccudukarmu. Onrtu-
MaJIbHOE ONpeJIeNieHHe JUIMHBI 11aT4a U pa3Mepa C/IBUTa MO3BO-
JISICT BBIICTUTH 3HAYUMBIC Mpu3Haku. OTHAKO H3MECHCHHE CIBHTA
MOYKET ITPUBECTH K ITOSIBICHHUIO CXOKUX ITPUMEPOB, OTHOCSIITIXCS
K pa3HBIM KJIaccaM, co3JaBasi IUCOaIaHC B JaHHBIX U 3aTPYHHSSA
oOydeHre MOJIeNTi. 3HAYUTEIHHOE KOTMIECTBO IPU3HAKOB MOKET
YXYAOIATD Pe3yNbTaThl KIACCU(PUKAINN M3-3a CHIDKCHHUS Kaue-
cTBa 00pabOTKY NPU HATHMYNH JIHITHHUX, CIIA00 BIUAIOMINX HA MO-
JIeNTb TIPU3HAKOB.

Takum oOpa3om, B mpoiiecce MOATOTOBKU OOydarolei Bbl-
OOpKHM Ba)XKHO YYHTHIBATh OAJIaHC MEKIY KOJIMYCCTBOM U Kade-
CTBOM ITPU3HAKOB JIJIsI YCIIEIIHOM KIacCU(pUKAIHH.

4 BuiBoabI

®DopMHPOBaHUE MPHU3HAKOBOTO IPOCTPAHCTBA, BBISBICHUC
CTPYKTYP JaHHBIX SIBIIICTCS] BAKHBIM JTAIlOM CO3JAHHS MOJICICH
MAIIAHHOTO O0YYCHHS.

[IpemmaraemMoe pernieHNue aBTOMAaTHICCKOH TeHEpaIui 00beK-
TOB HaOJIIOJICHUsI BPEMEHHBIX DSZIOB CETEBOro Tpaduka mo3Bo-
JISIeT cO3/1aBaTh BBHIOOPKH U OLIEHMBATh MX A(PPEKTUBHOCTH HC-
MOJIB3YsI aHAJIN3 3HaYCHUH (DyHKIMOHAIA KayecTBa. B oTiinune ot
KJIACCHUECKHX TT0/IX0/I0B, B PACCMaTPUBAEMOM METO/IE ITPOHCXO-
JIUT HE HACTPOMKa M ONTHMHU3AIIMSI MOJEIN Ha BEIOOPKE JIAaHHBIX,
a, HA00OPOT, 00BEKTHI HAOIOICHUS (POPMHUPYIOTCS U3 MOCICIO-
BaTEIBHOCTH «II0J Mojeiby. OIEHKa JTOCTUTaeMOrO 3HAYCHHS
(yHKIIMOHATA Ka4eCTBA MOJICITU JJaeT BO3MOJKHOCTh OIPEICIHTh
HX CBOWCTBA.

Jocturaemoe KauecTBO MOZENCH MAIIMHHOTO OOYYEeHHUS
OTIpEe/IeISIETCS. HE TOJMBKO apXUTEKTYpPOU MCIOIB3yeMOH MOIECTIH,
HO ¥ XapaKTEePUCTHUKAMH BXOJTHBIX JaHHBIX. CyIIeCTBEHHOE BIIH-
STHAE Ha WTOTOBBIC PE3YJIbTAaThl TAaKXKE OKA3bIBAIOT ITapaMeTphI
00beKkTOB HaOMoeH!s. VX onTUMalibHas HACTPOIKA TOBBIIIAET
PA3IMINMOCTD KJIACCOB, YBCIIMYUBACT OO0 3TAJIOHHBIX JaHHBIX
U CHIDKAaeT ypoBeHb IrymMa. KpomMe Toro, npenioKeHHbINH MOIX0.1
MOXET UCIOJB30BaTHCA B KAYE€CTBE METOJIa ayTMEHTalllU.

OpnHaKo ycrienHoe NpUMEHEHNE OITICaHHOTO B CTaThe METO/1a
o0ycioBiieHO coOuoieHueM psifa ycnosuid. CBoiicTBa nHpOpMa-
LIMOHHBIX [T0CIIE0BATEILHOCTEH OKa3bIBAIOT CYILIECTBEHHOE BIIHU-
SIHAE Ha Ka4ecTBO WX 00padoTku Mozaensmu. B mpomecce popmu-
poBaHHsT OOBEKTOB HAOIIONCHHUS BO3MOXKHBI CHUTYAIlUH, KOTIa
pa3Mep marda OKa3bpIBaeTCS HEIOCTATOYHBIM JJIS BBIICTICHUS T1aT-
TepHa, COAEPIKaIIero 3HAUNMY0 HH(OpMAIHIO, THO0, HATIPOTHB,
ype3MepHo OompImmM. B pe3ynpTaTe maTTepH BKIFOYAET H30BITOY-
HOE KOJIMYECTBO IITYMOBBIX KOMIIOHEHT, YTO HETaTUBHO CKa3bIBa-
€TCsI Ha KauecTBe 00pabOTKH.

[IpennoskeHHBII METOI UMEET PSIZ CYIIECTBEHHBIX OTpaHUYe-
Huid. J{i1st ero 3h(heKTHBHOTO PUMEHEHHUS] aHAIU3UPYEMbIE T10-
CJICA0BATCIIbHOCTH NJOJIKHBI UMETh NAaTTCPHBI UJIU CBOﬁCTBa, 103-
BOJISIIOIME MX paznuyarb. Dopmupyemble BeKTOpa OOBEKTOB
HAOITIOICHUS JIOJDKHBI COJICPXKATH MPU3HAKH, 3aBHCUMBIC OT IIeJIC-
BOH NEPEMEHHOM, ONMUCHIBAIOIIEH COCTOsSIHUE. B MPOTUBHOM CiTy-
4ae MOKET BO3HUKATH 3P(PEKT «CITydaitHOCTH», HE TTO3BOJISOIIHIA
C03/1aTh aJICKBaTHYIO MOJICNb, YTO MOTPEOYET HOTOTHUTEIEHOTO
aHaM3a Ha MOUCK JOMOTHUTEIBHBIX BIUSIONINX (PaKTOPOB, Gop-
MHpPOBaHUS W BBIYHCICHUS HOBBIX NPU3HAKOB ITOAIIOCIICIOBA-
TEIbHOCTEH.

B ciryuae coOutoieHust OrpaHHYEeHHI IPEUIOKEHHOE perie-
HHE T03BOJISET IOBBICUTH Ka4eCTBO O0OpabOTKM ITAaHHBIX, M HC-
MOJIb30BAaTh MEHEE PECYPCOEMKHE MOIEITH MPH 00pabOTKH CI0XK-

HBIX CTPYKTYP.
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Abstract

This article presents a method for automatically generating network traffic time series observation objects for classifying the states of information and
telecommunications systems. Growing network traffic data volumes, the ambiguity of various information system events, and the high complexity and
labor intensity of labeling processes necessitate the development of adaptive data processing methods. Unlike classical approaches, the proposed method
does not involve tuning and optimizing a model on a data sample; instead, observation objects are formed from a sequence "under the model." The pro-
posed method automatically generates training samples by automatically splitting the original sequences into patches (subsequences) with variable length
and shift. Data samples are formed from these patches. At each iteration, training, evaluation of achieved quality indicators, and selection of patch param-
eters and models that achieve the best results occur on the resulting samples. An experiment was conducted on a synthetic dataset for binary classifi-
cation of the system state. It was shown that the use of a shift in the sequence improves generalization ability due to data augmentation, and the opti-
mal patch size balances information content and noise level. The proposed method automates data preparation and enables the selection of optimal
patch generation parameters, improves class distinguishability, can be used as a data augmentation method to improve model training, and enables the
use of less resource-intensive models for processing complex data structures. The method improves classification quality by an average of 2-8%, reduces
computational costs, enhances interpretability, and efficiently processes complex data structures.

Keywords: network traffic, time series, state classification, automatic object generation, machine learning
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Bopwuc lonbgwureinn
Anekcanap lonbawreinH

MMMEPCUBHAA [OMOSIHEHHAA peanbHOCTb U KubepbesonacHoCTb
HOBOFO YPOBHA — CETU OyAyLLero co3gatoT OCHOBY A MUpa, B
KOTOpoM umppoBas n Ppuanyeckas peanbHOCTM CMBAOTCA B
efiMHyto knbepdusmnyeckyto.

Mpn 3ToM 3TU HoBble ceTU CBA3K, TPebOYIOT HOBbLIX
NOAXOAOB, CUCTEM U CPEACTB YNPaBAEHUA CEThIO, afeKBaTHbIX
MM W pelaeMbix MMM 3agavaM. Hosas kHura "YnpaeneHue
MHPOPMMYHMKALMAMM" OXBaTbIBAET OCHOBHblE TEXHOMOTUM,
Hay4Hble  JOCTMXXEHUA U  MpaKTUYecKue  MpUMEHEHUA
YNpaBneHWA COBPEMEHHbIMU TENEKOMMYHUKALMAMM.

ABTOpbI aHaNU3MPYIOT NPaKTUYECKME BOMPOCHI YMNpaBieHWUs

YMNPABJIEHUE
NHOOKOMMYHUKALMAMU

G crioXHeWLwen COBpPEMEHHOM TENEeKOMMYHWKaLMOHHOW
MHPPACTPYKTYpPOI, MoOKa3biBas TpPaHCPOPMALMIO CUCTEM
ynpaeneHus — oT TpaauumoHHbix OSS/BSS Kk uHTennekTyanbHbiM, pacnpefenéHHbiM, obnavyHo-

OPUEHTUPOBaHHLIM NNaThOpPMaM, WUCMONb3YIOWMM UCKYCCTBEHHbIA WHTENNEKT, UMdpoBble ABONHUKM,
aHaNMTUKY OOnNbLUMX AaHHbIX M AaBTOMATU3aLMIO MOMHOFO >XM3HEHHOrO LKA CEPBUCOB U PEeCypCoB,
MOKa3bIBalOT, KaK MeHAeTcA caMa ¢punocodua sKCNNyaTaummn: OT peaKTUBHOIO pearMpoBaHUA Ha aBapuu K
NpeAUKTUBHOMY YNPaBNEHUIO, aBTOMATUHECKOMY MPEAOTBPALLEHUIO MHLMAEHTOB U ONTUMU3ALMKU PeCypCoB
B peasibHOM BpEMEHMU.

Yutateno CMOXET MNOMYy4UTb HE TOMBKO TeopeTUyecKoe
NnpeAcTaBneHMe O MPUHLMMNAX MOCTPOEHUA COBPEMEHHbIX
CMCTEM YNpaBNeHWUA, HO W MNPaKTU4EeCKME WHCTPYMEHThI e e R e
LTE/SG/6G. Mitoro ner Guin 3amecTHTEnem AMPERTORa

NMOHUMaHUA npoueccos MHBEHTapusauuun pecypcos, mlwm:‘wﬂ

A

yrNpaBneHua yciyramu, akTMBaMW, Ka4eCTBOM OOCTy>XMBaHWA, : et Paiorat 8 ek cor A PR 1 TR
| KOHTHHEHTAX.

3KCMTyaTaumeit U pasBuTMEM CETU. o Teacommncaton Protocls o Terebonun NS

Hmecemnmum.”nlm

Ha ctpanunuax kHuru paccmatpueaerca ponb ynpasjieHus B -
YCNOBMAX BUPTYanusaumm ceteBbix GyHKUWM, Nepexoda Kk  [pmieimsleniisst it
- — anaHke sMacTep CaAIMs,
cloud-native apxwutekTtypaM, ceteBoMy slicing, edge-
ONBALITERN, OKTOD
UHPpaCTpPyKTypaM 7] BHEApEHUIO MHTENNEKTYyanbHbIX e
- Owovumn CNBTYT 0 2001 r, 0 2004 r. 33WMTWA K3HAKAAT-
MEXaHW3MOB CaMOHACTPaMBaIOLLMXCA CETEN.
Khura Oyper nonesHa LWMPOKOMY Kpyry uutatenen -

Anexcangp l

MH)XEHepaM orepaTopoB cBA3W, paspabotymkam OSS/BSS- m,;;‘:mmuﬂ“mxm
o MWJ&IWMMMWM
nnatpopM,  apxXMTEKTOpaM  ceTel,  UCCnefoBaTenaM, Pl e b

cTaeHmbR wiTennexT, OSS/BSS w crangaprs TMF/ODA
npenofasatenaM U cTyaeHTaM npodusbHbIX By3oB. OHa MOXeT

CNTY>KUTb KaK COBpPEMEHHbLIM )"-le6HbIM I'IOC06MeM, TakK "
npakKTn4eckuMm pyKkoBoACTBOM Aansa cneunanuncrtos,
y4YacTByrOWnX B CO34aHUM U 3SKCrlyataumu ceTel HOBOro
NOKOJ1IEHUA.
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B pa6oTte feMOHCTpUpylOTCA MoJlyYeHHblE pe3ynbTaThl aHa/IM3a CUCTEM MacCOBOTO
ob6cnyxusanua (CMO) ob6uwero Buaa, KoTopble onucbiBaloTca ¢a3oBbIMKU
pacnpepenenuamm Kokca Broporo nopagka C2/C2/I. O npumeHeHuu ca3oBbIx
pacnpepenieHuii B TEOPMU MacCOBOro oGCNyKMBaHUA U3BECTHO AaBHO. DTOT Knacc
pacnpepeneHuii MOAXOAUT B KayecTBe MareMaTM4eCKOro anmapara Ana aHanusa
Tenetpacduka ceteit Gyayuiero NOKONEHUA, XapaKTepuU3yloWeroca BbICOKOM
BapMaTMBHOCTbIO U obnapatowiero 3¢pcgektoM camonopobua. [na HaxoxkpaeHuA
cpeAHero BpeMeHMn OXXnAaHua Tpe6GoBaHUM B o4epeaM UCMNONBb30BaH CMEKTPasbHbIH
MeToA ANA PeLUeHUA UHTerpanbHoOro ypasHeHua JIMHANK C HaxoXKAEeHWEM Hynew U
NoJNIOCOB CMEKTPaNbHOIO pasfioKeHUA B BUAE OTHOLLUEHUA PaLMOHaNbHbIX
yHKUMA, KOTOpbIE B JAaHHOM CllyYae CBOAATCA K MOMIMHOMaM YeTBEpPTOM CTeneHu.
HaHHblii MeTOA MeHee TPy 0EMKMIA, YEM KNTaCCUMYECKUIA MaTPUYHO-TeOMeTPUYECKHi
MeToZ, B KOTOPOM ucnonb3yiloTca onepauun KpoHekepa u urepauuu. B pabote
npeAcTaBneHa YUC/IEHHO-aHaNUMTUYECKaas MoAaenb ANA CpPefiHero BpeMeHu
0XupaaHua TpebGoBaHuii B ouvepeau ANA cucTeMbl C pacnpepeneHuamMu Kokca
BTOporo nopsagka. [lnAa OLEHKM TOYHOCTU MONYYEHHOTO peELUEeHUA NpOBeAEHbI
BbIYMCAUTENbHbIE 3KCMEPUMEHTbl ANiA ManblX, CPEAHMX W BbICOKUX 3HaueHWi
K03¢p(ULMEHTOB BapuaLuil BpPEMEHHbIX MHTEPBANIOB M 3arpy3KuM CUCTEMbI.
MonyyeHHble AaHHbIE NO3BONAIOT ONpPEAENUTb OLIEHKN NPOU3BOAUTENBHOCTH Y3/10B
KOMMyTaLUMM NpU poOCTe CTOXaCTUYECKOW HeonpeaeneHHOCTH TeneTpaduka.
CnepoBarensHo, npeHe6pexeHne ¢a3oBoi CTPYKTypoii 3aKOHOB pacnpepeneHuii
CMO npu NpoeKTUPOBaHUM BbICOKO Harpy>K€HHbIX CUCTEM Pa3/IM4HOro HasHaYeHUs
BefleT K He[loOLleHKe 3afilepKeK MaKeToB B Yy3/laX KOMMYTaLuM BO MHOro pas.
CpaBHeHMe C GNU3KMMM CUCTEeMaMU AEMOHCTPUpPYET MNOJIHYIO aAEeKBaTHOCTb
nony4YeHHbIX pe3ynbTaToB.
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BBenenne

VYcIo)KHEHHE CTPYKTYpPBI TeneTpaduka XapakTepHas depra
COBPEMEHHBIX CeTel TeNCKOMMYHHKAIMH U SMIUPHYCCKUE HC-
CJIeJIOBaHMUS OXHO3HAYHO IEMOHCTPUPYIOT, YTO KO3 (PHUILIMEHT Ba-
pHALlMM MHTEPBAJIOM MEXKIY IOCTYIUICHHAMH IIaKeTOB 3HAYH-
TETHHO MOXET TPEBBIIATh EAWHHUIYy (CV>1), 4TO CBHUIETEIH-
CTBYET O HAJIMYHMHU TSAXKEIIbIX XBOCTOB B PACIIPECACIICHUAX. JIJ'[H Ma-
TEMaTHYECKOT'0 OIMCAHMUs TAKUX MPOILIECCOB M paHee U B HACTOSsI-
1iee BpeMsi UCTIOJIb3YIOT (a3oBbie pacnpeaencHus PH (phase-type
distributions) ¢ UX MaTpUYHO-aHATUTHYECKUMH MeToAaMu [1-4, 9,
11-15]. Cpenu HEHX 0CO0OE MECTO 3aHMMAIOT PACIPEACICHUS
Kokca mopsiaka k (Ci) U Kak ero 4acTHbIe CiIy4ad — THIIepIpIIaH-
roeckoe (HEr) u runepakcnonennuansaoe (Hr) pacmpeneneHus
(puc. 1).

[ImoTHOCTH pacmpeneneHus BeposTHOcTed Kokca B oOmem
Clly4ae 3alHCBIBACTCS B BUJIE MATPUYHON KCIIOHEHTHI

f(t)= aeMs? ,

rue

0=(1, 0,...,0) — BeKTOp HaYaNbHBIX COCTOSIHUN CHCTEMEHI (Be-
posiTHOCTEH (a3), mprueM JIeHCcTBIE BCerja HAUNHACTCSI C IIEPBOi
¢a3zbl;

A — KBajgpaTHas MaTpHUIlA MHTEHCHBHOCTEH NEPEXO0J0B pa3-
meprocTH KxK;

sY — BekTOp CKOpOCTEll BBIXO/Ia B MOIJIOIIAKOIIEE COCTOSIHUE
(3aBepieHue mporecca).

e - MaTpU4HAs DKCIIOHEHTA, OMHUCHIBAIOIIAs BEPOSTHOCTD
HaXOXJICHNSI CHCTEMBI B KaXkK/10i n3 (a3 B MOMEHT t, onpenense-

K
A A

k=0 k!
DyHKIHMS pacIpeIeNeHus BEpOITHOCTE NMEET BHT

Mas yepes psg Telnopa e

F(t)=1-2eMT,

rae | — eMHUYHEBI BEKTOP CTONOCI.

Junsa ananmuza CMO tuna PH/PH/1 00BIMHO HCTIONB3YIOT MAaT-
puaHo-reomerprdeckuii meron (MI'M) ¢ dpopmupoBanuem 6a3o-
BBIX Matpul] uepe3 TeH3opHoe (KpoHnekepoBckoe) nponsBeneHe
BEKTOPOB M MaTpHI] [IAPaMETPOB MOCTYIUICHUI TpeOOBaHUIT 1 UX
oOciyxuBanus. Hanpumep, B ciryyae n1Byx(a3HOM CHCTEMBbI 3TO
OyayTt 6azoBble MaTpuibl Ay (MaTrpuia NOCTyIIeHuit), A (MaT-
pHIa BHyTPEHHHUX MEPEX0JI0B), A, (MaTpuIa yxoa0B TpeOOBaHUH
nocie obciysxuBanus). Toraa 3aaua CBOAUTCS K PEIICHUIO MaT-

pu4HOro ypasHeHus A, +RA; + R2A2 =0 OTHOCHTEJILHO MaT-
puisl R uerBeproro nopsjaka merojgom urepanuii. Ilocne sToro
yepe3 MaTpHIly R onpenemnsior BeKTOpsl BEPOATHOCTEH TOTO, 4TO
cucTeMa cBoOOHA OT TpeOOBAHMH T M TOTO, YTO CHCTEMA HAX0-

JUTCs Ha ypoBHe | 7.

B at10i1 paboTe MbI OCcTaHOBHUMCS Ha pacmpenaeicHun Kokca
BTOporo nopsiaka C,, KOTopoe B TepMUHAX (ha30BbIX pacrpe/ierie-
HUW OIMHUCBHIBACTCS BEKTOPOM HaudalbHBIX cocTosiHui a=(1, 0),
BEKTOPOM CKOpPOCTEHl BBIXOJAa B TOIVIOUIAIONIEE COCTOSIHUE

PiMy
s0

= u

Ay

MaTpuliel  MHTEHCHBHOCTEH  IMepexojoB
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TOpPBI U MaTpHIla Ui Iporecca 00CTyKUBAaHHUS MyTEM 3aMCHBI
CHUMBOJIA A Ha [l U BEPOSITHOCTH P Ha I].

Ocoboe cBOKCTBO ()a30BBIX pacHpesesieHnH, 3TO BO3MOXK-
HOCTb YHUBEPCAJIBHOW alNpOKCUMAIMK MPOU3BOJIBHBIX 3aKOHOB
pacnpesieneHuil ¢ UCHOJIb30BAHUEM HX HadallbHBIX MOMEHTOB.
Hanpumep, pacnipenenenne Kokca BToporo mopsizka 1mo3BosiseT
anMpoKCHMHUPOBATH IPON3BOJILHBIC 3aKOHBI PACTIPE/ICIICHHUH C HC-
TI0JIb30BAHNUEM JBYX MOMEHTOB — CPEHUX 3HAUCHUH HHTEPBAJIOB
MIOCTYIUICHUH W BpPEeMEHH OOCITYKMBAaHUS M UX KOd()(ULHEHTOB
Bapuauuil. Pacnpenenenne Kokca Tperbero nopsiika Kpome cpes-
HUX 3HAUYE€HUH WHTEPBAJIOB MOCTYIUICHUI U BPEMEHH 00CITyKUBa-
HUS 1 UX KO3(D(UIMEHTOB BapHaIMii ellle MOXKET YUUThIBATh KO-
3G UIMCHT aCUMMETPUH PaCIIPEICIICHUS.

Jist cxembl Ha puc. la) GyHKIUS IUIOTHOCTH MTPUHUMAET BUJT

fu () =a@) e/ k-1)!, a by -

A= . AHaJIOTMYHO OYy/AyT BBHIMJISAAETH OTH BEK-

UL pHC.

r
f(t) = gege " [5-8].
i=1

KoMOuHaIwms mocsie0BaTeIbHbIX U MapauIeIbHBIX SKCITOHEH-
UUAJIBHBIX (ha3 C COOTBETCTBYIOUIMMHE TApaMETPaMH U JaeT pac-
npenencaue Kokca [1] (puc. 2).

a) IMocnenoBaTensHbIe Ba3bl At pacTpeaeIeHus Dpianra

Ecnu n06aBuTh napaenbsbie (passl, Torna OyJeT MHIep3piIaHroBCKoe
pacnpenenenue HEx

ZQ’:‘ =
i=1

b) Napamnensusie ¢Gaspl A1 THIEPIKCIOHEHIMATEHOTO PACTIPEICITICHHS

Puc. 1. [IpeacraBnenne Gpa3oBbIX pacnpeaeaeHui

(1= po)

q(l=pi)- -{ hoF
gl —F:]' A2

|

Puc. 2. IMapasienbHO-ocIe10BaTe bHbIe (Pa3bl pacpeIeIeHust
Koxkca Ck

—



CBA3b

Takum 00pazomM, 3TO pacnpelneseHIe NPEACTaBIsIeT Hanboee
YHUBEPCAIBHYIO CTPYKTYpY: TpeOOBaHHE MPOXOAUT IPEACTAB-
JeHHBIe (ha3bl [OCIIEIOBATENBHO, HO TOCIe KaKmoi (assl K oHO
MOXKET JIN00 MEePelTH ¢ BEPOSTHOCTHIO Pi Ha Ciexyromyo (hasy,
00 MOKUHYTH CUCTEMY C BEpOSTHOCTHIO 1-P;. [ToaTomy cTpyk-
Typa pacnpeneneHus Kokca pasHUTCS OT IHIEPIKCIIOHEHIHANb-
HOTO pacmpezeneHusi (puc.lb), rae Moaenupyercss CUTyarus
«nu-unm», a Koke — «mocnenoBarenbHOCTh (a3, ¢ BO3ZMOXKHO-
CTBIO JIOCPOYHOTO TIPEPBIBAHHSD).

st pacnipenenenus Kokca Broporo nopsijika ¢ yueTom puc.2,
cXema yIpoIaeTcst 10 IBYX MocienoBaTesbHbIX (a3. [Ipu aTom
TIPOIIECCHI MOCTYIUICHHS U OOCITY>)KUBAHHUS COCTOST M3 MAaKCUMyM
JIBYX 3TAIlOB C MHTEHCHBHOCTSIMU A1 M Az, TZIe TiepBasi (asa BbI-
TIOJTHSIETCS BCETIa MEPBOM ¢ MHTEHCHBHOCTBIO Aj. 3aTe€M MpOHC-
XOIUT pa3BeTBIICHHE MOCIIE 3aBEPIICHIS IepBOH (ha3bl U MPOLece
MOJKET: 1) 3aBepIIUTHCS C BEPOATHOCTHIO Pi, B TEPMUHAX PHUC.2
9TO COOTBETCTBYET BeTke (1-Po) miu ¢i(1-p1) B mpocTeimmx ciry-
Yasix; 2) nepeTi Ko BTopoii (ase ¢ BeposiTHOCThIO (1-P1), 4TO CO-
OTBETCTBYET BETKE C A —> A .

Bropas ¢a3za nMeeT HHTEHCUBHOCTH A» M BCErJa BEIET K 3a-
BEpIICHUIO IIpoLecca.

Hacrosmas cratest sBisieTCsl MPOJOKEHUEM HCCIIEI0BAHUN
aBTOPOB MOJIEJICH MacCOBOIO OOCIYyXHMBaHUSA C (Pa30BBIMU pac-
npeaesneHus MU [5-8], B KOTOPBIX J0Ka3aTeNbHO MOATBEP)KICHA
CYIIECTBEHHAs 3aBUCHMOCTb BPEMEHH OKHJIaHWsI TpeOOBaHHU B
ouepesiu 0T BeJIMYMH K03()(UIIMEHTOB Bapuannii BpeMEHHBIX WH-
TEPBAJIOB, a TAK)KE OT MOMEHTOB 00Jiee BEICOKOT'O MOPSIJIKA.

1. [TocTanoBKka U pelieHUe 3aAa41

B pabore craBuTcs 3a1a9a OCTPOCHUS MPAKTHUYCCKH 3HAYH-
MOW aHanuTHYeCKOU Monaenu mist cucreMsl C,/Cy/1 ¢ He3aBHUCH-
MBIMH pacnpeseneHussMu Kokca BTOpOro nopsizika U J0Be/ICHHS
€€ JI0 YKMCIIEHHOTO PEIICHHsS OTHOCHTEIBLHO CPEAHEr0 BPEMEHU
oXugaHus TpedoBaHuii B ouepenu. JlanHoe pacmpenenenue odec-

neyuBaeT kod(GUIUEHT Bapuauuu C, > % ~0,71. 310 MUHH-
MaJIbHOE 3HaUCHHE OOECIIeUNBACT paclpe/ieiicHue Jpiianra BTo-
poro mopsaka. Hanpumep, 3HadeHHE KOA(PQPHUIIMCHTa BapUAIIH
¢=0,5 yxe He yKIIabIBaeTCs B CTPYKTYpY pactpeneneHus Kokca
BTOPOTO TIOPSIKA, T.K. U 3TOTO HYKHO B3STh YK€ pacmpemere-
HUe DpJIaHra YeTBEPTOTO MOPSIKA.

Takum obpa3om, MBI IMEEM 37ech auana3oH Koddduimenta
BapHallii MEHBIIE U OOJBIIE SANMHUIBI. AKTYaTbHOCTh JaHHOTO
HCCIIEOBaHMs 00yCIOBICHA HEOOXOAUMOCTRIO PACIIIUPEHISI Ma-
TEMaTHYECKOT0 armapara Jjisl UCCIICI0BAaHMsI BHICOKO BapHaTHB-
HOTO TeJeTpaduKa ¢ 1eNIbio 00JIee TOUHON OIICHKH BPEMCEHH OXKH-
JIaHUs1 B 0YEPE]IH, U, CIIeI0BATEIbHO, O0JIee TOUHOI0 pacyera 00b-
eMOB Oy(epHBIX ycTpoicTB. JIJist BBIBO/IA PELICHHS UCIIOIb30BaH
METO/1 CTIEKTPAJIbHOTO pa3ioskeHus: ypaBHenus Jlunpum [5-12].

[IpumeHeHHe CIIEKTPaILHOTO METOJIa HAa OCHOBE (haKTOpHU3a-
uuu Bunepa-Xomda B 3TOM ciaydae 0OSCICUMBACT ITOTyYCHHE
TOYHOTO PEIICHUS], YIUTHIBAIOMICTO HE TOJIBKO TIEPBBIC JBA MO-
MeHTa pacrpeneneHus Kokca, HO U €ro CTpyKTypHBIX MapaMeT-
POB B BHI€ BEPOATHOCTEH MIePexX010B MEXKAY (hazaMu, UTO U OTIpe-
JleNsgeT HaydHYI0 HOBU3HY JaHHOU paboTsl. Kpome sToro, kak 0y-
JIeT YCTAaHOBJICHO HIDKE, 3TOT METOJI MPUBOINT K HUCCIIETOBAHUIO
MTOJTMHOMA YETBEPTOI CTETIEHU U B UTOTE K HAXOXKICHUIO HYJIEH U

HOJIFOCOB CIIEKTPAIBbHOTO pasnoxeHus. [Ipuyem cam Meto[ anpu-
OpH TIpEJIIoJIaraeT CyIIECTBOBAHHE M EJMHCTBEHHOCTH TaKOTO
CIEKTPAIBHOTO PAa3JIOKEHUs, M 3TOT (DaKT MOATBEPIKIAETCS TPaK-
THUYECKHMH BBIYUCIICHUSIMH.

Ucxons w3 cTpykrypsl obmero pacmpeneneHus Koxca Cy
(puc. 2), B ciydae AByx(a3HOTO pacmpeaerneHus st k=2 3amu-
meM (GyHKIHIO IUIOTHOCTH pacnpeeseHis HHTEPBaJIOB MOCTYII-
JeHui 11 Haubosee pacIpOCTPAHEHHOTO cilydast A, # A, . BHa-

Yajie IpHUBeJieM HEKOTOPBIE MOSCHEHHUS, a ISl TOTO PacCMOTPUM
CHCTEMY C IBYMsI COCTOSIHHAME S| M Sy, IIPUYEM IIPOLIECC BCeraa
Ha4YMHAETCS ¢ COCTOSIHUA Si. B 3TOM cocTostHuM Bpems pacrpene-
JICHO TI0 HKCIIOHEHIMAIBHOMY 3aKOHY ¢ mapameTpoM A;. Ilo 3a-
BeplIeHnH ¢asbl 1 mporecc nepexoAuT B a3y 2 ¢ BEpOSITHOCTHIO
P1 WM 3aBepIuaeTcs ¢ BeposiTHOCTHIO 1=1-P; (puc. 2). B coctos-
HHUH S; BPEMSI OIIAThH PACIPEICICHO 10 YKCIIOHEHIIMAIEHOMY 3a-
KOHY, HO C TapaMeTPOM Az, I10CJIE YEro IPOLecC BCEra 3aBeplia-
ercsl.

W3 nosicHenuit cnemyer, uto ais pactupenenenus C, ¢ niByms
(dazamu, QYHKIHS IOTHOCTH pacIpeeIeHHs IPEICTaBIsEeT CO-
0011 B3BEHICHHYI0 CyMMYy 5KCIOHEHIHAJIbHOW IUIOTHOCTH U
CBEPTKH JIBYX SKCIIOHSHIHAIBHBIX INIOTHOCTEH. B aTOM 3aKimova-
eTcsl INIaBHOE OTIIMYMe pacrpeneneHust Kokca BToporo mnopsika
OT THHEPIKCIIOHSHIIHAIBFHOIO paclpeeIeHHs] TOTO JKe TopsiIKa.
Takum 00pa3om, nmeeM (PyHKIIUIO IUIOTHOCTH BUIa

t
f© = A= phye ™+ py [age Va2 dy
0

ITocne nHTErpUpPOBaHUS CBEPTKHU U HECTIOXKHBIX ITPeoOpazoBa-
HUH TOJy4UM
My

f, () = (1— et + py 122 (e 7Mt —g7hty (1)
M Ay

Oyuk1mio mwioTHOCTH (1) Takke MOXKHO MPEJCTaBUTh B BUJIE
JIMHEIHOW KOMOMHAIIMU JIBYX DKCIIOHEHT IO aHAJIOTHU C TUIep-
SKCIIOHEHIMAILHBIM pacipeeneHueM (cM. puc.1b):

f.(t) = e+ epn et )
rie K03 dHUIEHTBI Cr=1-pA /(N —=2y),
Cy = PiA /(M —2Ay), € +Cy =1 ansa HopMUpOBKHU. B oTinyne ot
THIEPIKCIIOHEHIIMAIBHOTO 1 THIIEPIPIAHTOBCKOTO pacIpesiernie-
HUH, 371€Ch KO3 GHUINECHTHI C1 U C2 HE SBIIIOTCS BEPOSTHOCTHBIMHA
BECAMH, a O/INH M3 HUX BOBCE MOXKET OBITh OTPUIIATEILHBIM HIIH
nayke OOJIbIIIE €UHHULIBI.

OTO0 CBSA3aHO € TeM, UTO pacipenenenne Kokca onuceiBaer mo-
clle/IoBaTelIbHO-TIapalIebHble (ha3bl, a HE MPOCTO CIydYaiHbINA
BBIOOP MEXIy JBYMsI HE3aBUCHMBIMH TPHOOpaMU 00CITyKUBa-
Hus. He cMoTpst Ha ocoOeHHOCTH KO3(D(UIMEHTOB THHEHHOU
KOMOMHaIMH, QyHKIMs TUIOTHOCTH (2) Bcerna OyJieT HeoTpuua-
TEJILHOM ¥ KOPPEKTHON (DYHKIMEH IIIOTHOCTH pacIpe/ielieHNs Be-
posiTHOCTEH.

3amMeHoi cuMBOia A Ha [ B BeIpaxkeHuu (1) 3anmmem QyHk-
IIUIO TUIOTHOCTH PACTIPEICIICHUS] BpEMEHH 00CITY KHBaHHS

fp (t) = (1 — I’1 )ule_“lt + rl M(e_“]t _ e_}lzt) (3)
Hi-Ha
5105
—wt uat
fp,(t) = dl}/lle H +d2“’26 (15 , (4)
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rue k03 huIMeHTHI JIMHEHHON KOMOUHAIMU
dy =1-rpy /(u —pp), dy =y /( —pp), dy+dy =1.

[IpencraBnenne GyHKIUH MIOTHOCTH pactpeneneHus Kokca
B BHJE JINHEHHON KOMOWHALIMN SKCIIOHSHLMAIBHBIX pacrperee-
HUH yIOOHO IPEXAE BCEro ISl HAXOXKICHUS MX M300paskeHUH
Jlamnaca. O6mas popmyna st uzodpakenust Jlaraca st pyHK-
LUK IUIOTHOCTH C TIapaMeTpaMu Y1, Y2 U ¢ KoaddurueHramu -
Y1 Y2

+1 .
Y +S Y, +S

HeitHol kom6unanuu |y, |, umeer Bug F'(s) =1,

3ametnm, uyTO pacmpenencHne Kokca, Kak W yIOMSHYTHIC
BBIIIIE TUNIEPIKCIIOHEHIMAIBHOE U THIIEP3PIIAHIOBCKOE PacIpeie-
JICHUS TIPH OIIPEICICHHBIX 3HAYCHUSIX KOA(PUIIMCHTA Baprallny,
MOXET ONMUCBIBATL paCHpECACICHUA C TAXKCIBIM XBOCTOM. Takue
cly4yau paccMoTpeHsl B [9-11, 16].

2. CnexkTpajbHoOe penieHHe ypapHeHus: JInnaau
s cucreMmbl C2/Ca/1

W3BecTHBI Becero Tpu (GOPMBI 3aITUCH UHTETPATBHOTO YpaBHE-
Hust JIuaum [2]. B 3aBUCHMOCTH OT IIOCTAaHOBKH 33J1a4H, UCTIOb-
3YIOTCS pa3HbIe (POPMEI 3TOTO ypaBHEHUS [5-12]. MBI s perie-
HUsI TIOCTABJIICHHOW 3a/aud HCIojb3yeM (opMy ypaBHEHHS
JIMHITM OTHOCUTENBHO (YHKIIMU pacIpeieieH s BEPOSITHOCTEH

BpPEMEHHU OXKuaaHus TpedoBanus B ouepean W (y) BUJA:

W(y)- _};}W(y—u)dc(u), y >0,

0, y<Oo.

3nech npuHATHI cienytoiue obo3HaueHus: C(U) - GyHKIHs
pacnpeneneHust BEpOATHOCTEN CIy4aliHOW BENMYMHBI U=T,-T) B
BHUJIC PA3HOCTH JIBYX BOKHBIX CITyYaiHbIX BEJIMYMH — BPEMEHH 00-
CITy’)KUBaHUsI TpeOOBaHMS M MHTEPBAJIa BPEMEHH MEXIY MOCTYI-
JICHUSIMH TPEOOBaHH.

Hanee nam nonano0sTcs nzodpaxenust Jlamnaca st GpyHk-
i iotHocTH (2) u (4):

* )\,1 )\Q * ! Mo
F (s)=c +C ,F,()=d——+d, —=—.(5
% (8) s 2o, ws w (8) Vs s ®)

Hawm TpeGyercst MoTyduTh CIIEKTPAITBHOE MPEICTaBICHHE BBI-
%
pakeHus F;T(—S) Fu (S)—1=0(S)/B(S) B Bume OTHOLICHUS JABYX

panmoHaNBHBIX (GYHKIHUK ¢ yaeToM u3o0paxennit Jlammaca (5).
[Ipn 3TOM KOMITOHEHTHI CIIEKTPAJIBLHOTO PA3JIOKEHHS 0(S) H
B(S) DOMWKHBI YAOBIETBOPATH CHEIHANBHBIM YCIOBHSM B KOM-
IUIEKCHOM TutockocTH S. B momyrutockoct Re(S)>0 kommoneHTa
o(S) mowkHa OBITH aHATTUTHYECKOH 0e3 Hynell. B momyminockocTn
Re(s)<D, rue nocrosinnas Benuuuna D onpenensiercs: ycinosuem
lim m< o0, KOMITIOHEHTa [(S) M0/DKHA OBITh AHATUTHYCCKON
t—ow g™
0e3 HyJIei.
Pa3BepHeM nocrneHee BhIpaKEHHE B BUJIC

CiM
M —s

CHA d
20 1M

p by, ©
Ay =S g +S

Mo +5

(

" NEPeuruIcM €ro B BUAC

Mhy = (Ch +Cohy)S ks +(dipy +drup)s
(A =8)(hp —9) (1 +9)(up +9)

1. )

CB43b

Jlnist momydeHus pa3nioKeHus i BelpakeHus (7) B BUIE OT-
HOIICHHS JIByX PallMOHAIBHBIX QYHKIMH U YIPOIIEHHS OCIIEeNy-
IOLMX BBIPAXKEHUM BBOJAUM IPOMEKYTOUHBIE [1APAMETPhI B BUJIE

CPE/IHUX MHTEHCHBHOCTEHl IIOCTYILIEHHIA A = G\ +CyA, , 06CITy-
xuBaHust W =0y +dop, ¢ yuerom ycnmoBuii C+Cy =1 u

d; +d, =1. Torza BeipaxeHnue (7) IpUMeT BUJ:

da -AS) (g +78) = (g =)y —S)(y +S)(1y +5) -

PackpbiBasi ckoOKM U MIPUBOJIS TTOI00HBIE YWICHBI C TIOMOIIIBIO
CHMBOJIBHBIX onepauuii Mathcad ai1st uX rpynImupoBKH, MOTYYUM

MIOJIMTHOM YEeTBEPTOI CTETIEH! BHIA —s(s3 +as? +bs+ C), B KOTO-

POM CTereHb MOXKHO MOHU3KTH JI0 TPEX U3-3a PABHOTO HYJIIO CBO-
0OIHOTrO YlieHa, T.K. MPOU3BEICHUE MAapaMETPOB PACTIPEICIICHHU
(2) 1 (4) MAyl 1ty TIPUCYTCTBYET M B JIEBOH U B IPABOH 4acTAX

paBeHcTBa. TakuM 00pa3oM, B YHCIHUTENE CIHEKTPAIBLHOTO Pa3io-
sxenust oS)/P(S) monmyuri KyOuueckoe ypaBHEHHE BUJIA

s> +as? +bs+c=0, (8)

rae K03()QUIMEHTHI
b=k +hyy = (b)) (b +rp) + AR,
¢ =My (1 Ty — )-pyity (A +hy — L) SBISEOTCS (yHKIHSAMH TTa-

a=pytry—A Ay,

pameTpoB pacnpeaeneHuit (2) u (4).

HccnenoBanue KyOMYECKOrO YpPaBHEHUsI C IIOMOLIBIO T€O-
pembl Buera, mokaspIBaeT, 4TO OHO MMEET JBa BEIIECTBEHHBIX
KOPHSI B JIEBOW TIOJIYTIIIOCKOCTH KOMIUIEKCHOH TNIOCKOCTH S, JTHOO
JIBa KOMIUICKCHBIX KOpPHSI C OTPUIATEJIbHON BEIIECTBEHHOW Ha-
CTBIO U O/INH TOJIOXKUTEIIBHBIN B CIIy4ae CTAllMOHAPHOTO PEKUMA
paboTel CcHUCTEMBI, T.. Koraa Kod(p(GHUIMEHT 3arpy3kd p
0<p=T, /T <1.O603HaUNM 5TH KOPHH -S1, -S2, S3. DTO BaXKHbIN

MOMEHT CHEKTPaJILHOIO METO/Ia, CBOASIIETOCS K HaXOKACHUIO U
UCCJICJOBAaHUIO HYJIEH M MOJIIOCOB MOTyYEHHOIO Pa3lIOkKECHUs B
KOMIUIEKCHOH minockoctu S. C y4eTOM OJHOTO HYJIEBOTO KOPHS
s=0 B HalIeM Cllydae CIIEKTPAIbHOE Pa3I0KEHUE B BUJE OTHOLIIE-
HUSL IBYX PAIlOHAIBHBIX (DYHKIUH IPUHAMAET B[

a(s) _
B(s)

—S(S+5)(S+S,)(S—S3)
(M =)y =)y +S)(Hy +5)

)

CoriacHO METO/Y CIEKTPAILHOTO peieHust, QyHKus o(S)

OyJeT BKJIOYATh KOPHH M mostoca (9) Ha JIEBOH MOIyOCH KOM-
IUIEKCHOH MIOCKOCTH S, a pyHKius B(S) — Ha MpaBoi MoayocH:

_S(5+8)(s+5;)

(S) _ ()‘1 _S)()‘Z _5) )
(s+p)(s+py)

(s3-9)

a(s)

31ech KOMIIOHEHTA CTIEKTPAIBFHOTO Pa3IoKeHUs 0S) B Jallb-
HelfmeM OyJeT OTBeYaTh 3a CpeAHEe BpeMs OXKUIaHus TpeOoBa-
HUI B ouepe/ I, a KOMIIOHEeHTa B(S) — 3a CpeTHUH MepUOT TPOCTOS

—
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CBA3b

cucteMbl. KOppekTHOCTh KOHCTPYHPOBaHHMsS KOMIIOHEHT CIIEK-
TPAJIBHOTO Pa3l0KEHUS MPOBEPSIETCS BBIIOIHEHUEM CIICIHAIIh-
HBIX YCJIOBHH CHEKTPAJILHOTO METOAA

(x(s)zl,

im — lim —~=-1.
|s[>o0,Re(s)>0 S

|s|>0,Re(s)<D S

BeInoHEeHNE 3THX YCIIOBUII B HAILIEM CITydae OYeBHIHO.

Tenepp HaX0AUM NMPOMEXYTOUHBIH napamerp Co, CBA3aHHBIIH
¢ parmoHansHOU GyHKumei o(S). [Tapametp Cy pusmaeckn ompe-
JeTsIeT BEPOsITHOCTh TOTO, YTO IOCTYHAIOIIee B CHCTEMY Tpebo-
BaHHE, 3aCTaCT ¢ CBOOOIHON OT TPEeOOBAHMIA:

a(s) RGN G VT
s0(S+)(S+uy)  HiHy

Cy = lim
s—>0 S

CoS _ $1S2(S+1)(S+1p)
afs) mpa(s+s)(s+5y)

sxerreM Jlamnaca st QyHKIIUK TUIOTHOCTH BPEMEHH OXKHIAHHS,
T.€.

Torna ¢yHkIus Oyner n3o0pa-

* S$1SH(S+ S+
W (s) 2 51526 TS +1) (10)
Mo (S+8)(S+57)
Cpenree BpeMs OxugaHus Tpeboanmii B ouepenn W ompe-
JiesieM Kak MepBbli HauyaJIbHbIH MOMEHT, HCIOJB3YsI H300pake-
nue Jlammaca (10) pyHKIMM IIOTHOCTH

T.C.

an

B uncnenno-ananutndeckoit mogenu (11) Sy u Sy SIBISIOTCS
a0COIOTHBIMY 3HAYEHHMSIMU OTPHUIATENLHBIX KOPHEH -Si, -Sy Ky-
Omueckoro moarmHOMA (8) ¢ BBIMICTIPUBECHHBIMHA KO3 PHUIIHCH-
Tamu a, b, C, a | 1 Wb — mapaMeTpbl pactpeneneHus (4).

3. HpaKTH‘leCKaﬂ peanausanusi
YU CJIEHHO-AaHAJIUTHYECKOH MOo/IesIn

Anroput™ peannzanuu Moaenu (11) cxox ¢ momgoOHBIMHU ai-
roputMamu aBTopoB it CMO ¢ pactipeieieHusIME B BHIE BEPO-
SATHOCTHBIX cMecel [5-8], Ho co cBoumu ocobeHHOCTsIMH. Onpe-
nenum napametpsl Mojaenu (11) Sy, Sz, Wi, Ko B 1Ba dTana. Ha mep-
BOM 3Tale ONpeesiiM HadyaJdbHbIe MOMEHTHI pachpeeacHui (2)
u (4) uepe3 HaiineHHbIe BbIIE H300paxenus Jlamiaca (5).

Jist pacnipenienenus (2) cpeHUI HHTEPBAII MEXY ITOCTYILIC-
HUSIMH TpeOOBaHUN

_+_’

S Mo

BTOPOH HavaJIbHbII MOMEHT
%
- d’F (s
‘c% =L2()|s:0 =2 L+£§) . Torga mucmepcust wH-
ds A MAy A3

TEPBAJIOB HOCTyHJ'IeHI/Iﬁ

. :2(%+&+%)_(L+ﬂ)2 :LZJF P1(2; P
AR PRt T P VY
Ksagpar koddduIenTa BapHaLIK
1 m@E-p)

By A 5

L P2
T —
()L1 7»2)

KBazpat ko3 durmenta Bapuanyuy OyAeT IMETh BHT

. OKOHUATENBHO TOCIIE YIPOIIEHUS,

23+ pAf (22— py)

¢ =
Oy + PiA)

(13)

Takum 06pa3zom, AJIst OTIpeIeNICHUs TPEX MapaMeTpoB pacipe-
nenerust (2) Ai, A2, Pi MBI OJMYYHIIH JBa yPaBHEHHS MOMEHTOB
(12) u (13). Ha BTOpOM 3Tare mosy4eHHyIO CHCTEMY JIByX ypaB-
Hennit (12) u (13) oTHOCHTENBEHO TPEX HEM3BECTHBIX A1, A2, P1 pe-
IIMM METOIOM TOACTAaHOBKH. BbiOepeM 3HaueHUS Ai, A Tak,
9ToObl OHM YIOBICTBOPSAIM YypaBHeHuoo (12): A =2/T7,
Ay, =2p; /T, . Ilotpebyem, UTOOBI OHH YAOBICTBOPSUTH TaKkKe
ypaBuenuto (13). Toraa moacTaBuB 3T 3HAYCHHS A1, A2 B paBCH-

cTBO (13), momydnM HemoyHOE KBaJpaTHOE ypaBHEHHE OTHOCH-
TEJIbHO BEPOSITHOCTH Pi B 3aBUCMOCTH OT BXOJHBIX MTapaMETPOB

T omc: 8p(1-2pcd) /T =0.
OT10pocuB 31€Ch TPUBUAIBHBIA HYJIEBOH KOPEHbB, MOIYYHM

HYKHOE 3Ha4CHHE P = KOTOPOE B CBOIO 04EPEb IPUBOIUT

2c}

k orpannuenuto monenu (11) mns cucremer Co/Cy/1 B BHIE

1
C, 2—=~=0,71. Takum oOpa3om, mapaMmeTpbl pacrpereaeHuUs

NG

_ _ 1
(2) M =2/T, My=2p /T, Py =_—5 ONPELCICHE OIHO-
2¢;

3HAYHO.

[ToBTOpHB ATH ASHCTBUSA A TTapaMETPOB pacipeneneHus (4)
M1, K2, F1, MBI MOXKEM 3AIACATh UX BBID@XKCHUS B BULC [y =2/T,,

1

5 -
2c,
Takum 06pa3oM, Mbl 31€Ch YCTAHOBIIM 00IaCTh IPUMEHHMO-

u2=2l’1/?u, r] =

N 1
ctu cucreMsl C»/Cy/1 no xoaddunenram Bapuauit ) = —= U

N

= % , @ TaKKe MO0 3arpyske cuctemsl 0 < p = i—“ <l1.
T
[oce onpenenenus HEM3BECTHBIX MTAPAMETPOB paclpeielie-
Hui (2) 1 (4) yepes 3a/laHHbIE BXOJHbIE IIAPAMETPBL T) , ?u , Cs

C

CH — CpCAHUC 3HAYCHUS MHTCPBAJIOB HOCTyHJ'IeHI/Iﬁ U BPCMCHHU

-
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oOcirykuBaHust M UX ko3 duieHToB Bapuanuii, GopMupyem Ky-
O6udeckoe ypaBHeHHE (8) ¢ BBIIICTIPUBEICHHBIMU KO3 HUINCH-
tamu. Pemast ero, HaxoauM aOCOJIIOTHBIC 3HAYECHUSI OTPULATEIb-
HBIX KOpHEH -S; U -S).

Jnst moaTBEp K IeHNS aJeKBATHOCTH TIPUBEACHHBIX BBIIIE TEO-
PETUYECKUX BBIBOJOB HI)KE NPHBEACHBI PE3YJIbTaThl BBIYHCIIU-
TEJBHBIX dKcTIepruMeHTOB Ha Mathcad.

4. Pe3y.m>TaT1>1 BBIYHCIUTEJbHBIX JKCIIEPUMEHTOB

B Tabnuue 1 mpuBeaeHs! pe3yabTaThl paCueTOB CPEIHETO Bpe-
MEHH OKuIaHus TpedoBanuii B ouepeau it CMO Co/Co/1 ms
LIMPOKOTO JTMara3oHa M3MEHUYMBOCTH KO PHUIIMEHTOB BapHaIHi
1 KO3 GUIMEHTa 3arpy3KH CUCTEMbI. PacyeTsl NpoBeIeHbBI s
€IMHUYHOTO BPEMEHM OOCIY)XKMBaHMS. DTH JaHHBIE CpPaBHHBA-
torest ¢ pesynbratamu osmskux CMO HE»/HE»/1 u Ho/Ho/1, mo-
JIy4eHHBIMH aBTopamu B [5] u [6]. [Ipouepku B Tabmume 1 yka3bl-
BAaIOT Ha TOT (axT, uro cucrema Ho/H,»/1 He mpumennMa B ciydae,
Koraa Ko3(GHUIMEHTH BAPHAILIMH MEHBINE €IMHUIIBL.

Tabnumna 1

Pesynbratsl pacueros aist onuskux CMO C,/Co/1, HE2/HE /1,

Ha/Ha/1
Bxonusle napa-
N Cpennee BpeMst OKUIAHUS
p (,.c,) CMO CMO CMO
" Co/Co/1 HE»/HE»/15] Ha/Ho/116)
(0.71,0.71) 0,02 0,02 -
(1,1 0,11 0,05 0,11
0,1 (2,2) 0,48 0,34 0,45
4.4 1,83 1,68 1,78
(8,8) 7,17 7,16 7,11
(0.71,0.71) 0,40 0,40 -
1,1 1,0 0,87 1,0
0,5 (2,2) 4,23 3,98 4,04
4.4 16,40 16,53 16,13
(8,8) 64,47 66,73 64,18
(0.71,0.71) 4,40 4,40 -
1,1 9,0 8,94 9,0
0,9 (2,2) 36,45 36,21 36,20
4.4 145,21 145,31 144,83
(8,8) 578,30 580,56 577,86

Pesynbrarhl TabauIBl 1 MOTHOCTHIO MOITBEPIKAAIOT BBIBOJIBI
o6meit Teopun cucteM G/G/1 o HenMHEIHOH 3aBUCUMOCTH CpPe-
HEro BPEeMEHHU OKHIaHWs TPeOOBaHUil B ouepeau oT KO3 huim-
€HTOB Bapualliii HHTEPBAJIOB MEX/y MOCTYIICHUSIMUA 1 BPEMEHHU
o0ciy)XuBaHus. DTa HEJIMHEWHAs CBSI3b HA CAMOM JIeie KBajpa-
Tuyeckas (puc. 3).

B cBsi3u ¢ 6obIIMM pa3dpOCOM JAaHHBIX IO CPEIHEMY Bpe-
MEHHU 0KUIaHUS W or 0,02 10 578 B TabiuIie 1, ero 3aBUCUMOCTD
0T KO3 PUIIMEHTOB BapHalMii Ha puc.3 mokaszaHa B jorapupmu-
YECKOH 1IKae.

W3 pacueroB ciiestyer, 4To IpH BBICOKOH 3arpyske p=0,9 cu-
crema Co/Cy/1 kpaifHe 4yBCTBUTEIBHA K JIFOOBIM (DIIYKTYAIHIM,
T.K. IaXKe IPH YMEPEHHbBIX 3HAYCHUSIX KO3 (DUIIMEHTOB BapUalnii
(C» Cy) =2,0, cpenHee Bpems OXKHIAHUS B ACBATH pa3 Goiblie,

4yeM Mpu cpeaHeit 3arpyske p=0,5 (puc. 3, 4).

107 4
101 -
=
10° 4
— p=0.1
10713 — p=05
— p=0.9
==+ KBadpaTW4YHBIA TPEHO
T T T T T T T T
1 2 3 4 5 6 7 8
Car Cy

Puc. 3. XapaxTep 3aBUCUMOCTU CPEIHETO BPEMEHU OXKUJAHUS
oT K0>(p(hUIMEHTOB Bapuanuii B JorapupMUIecKoi Imkane

Ha puc. 4 nokaszan xapakTep 3aBUCHMOCTH CPEJHET0 BPEMEHH
OKHMJIaHWsI TPEOOBAaHUM B oyepeny OT Kod(h(HUIMEHTa 3arpy3Ku
CHCTEMBI TIPH (PUKCHPOBAHHBIX 3HAUYCHUSIX KOA(PPHUIMECHTOB Ba-
puauuii. [Ipu MUHEMaNBHBIX KO3 GHULIMEHTaX BapUaLlii, PAaBHBIX
(Cy, CH)=0,71, Korjga TpaduK MOICIHUPYETCS pacCIpeieiCHuEM

DpiaHra BTOPOTO MOPsJIKa, Jaxke MpHU 3arpyske cuctembl p=0,9
3agepkka W =4.4 ocraercs B pa3yMHBIX mpefienax, uto B 131 pa3
MeHbIIIe, ueM mpH (C;, Cy) =8.

[Ipu xputnueckoii 3arpyske p=0,9 1 BbICOKOI BAPHATUBHOCTU
Tpaduka (Cy, C,) =8, Korxa TpaduK MOACIMPYETCs THIICPIKCIIO-

HEHIMATBHBIM pAaclpeneieHHeM BTOPOTO TMOpsAIKa, CpeaHee
BpeMsi OxkH/IaHus B 578 pa3 MpeBbIlIaeT CpejiHee BpeMsi 00CITyKH-
BaHus. Takum o0pazom, yOexaaeMcs B TOM, YTO CHEKTPaIbHBIN
METOA COXPAHACT BBIYHUCIUTECIbHYIO yCTOﬁ'—{HBOCTL IJI IUpo-
KOT'0 JIMana3oHa U3MEHECHHUs KaK 3arpy3Ku CUCTEMBbI, TaK U KO3(]-
(pMIKeHTOB BapualMy BPEMEHHBIX HHTEPBAJIOB.

102 4

10! 4

10° 4

1071 +

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

]
- (0.71,0.71) - (4. 4)

- (1,1) —e— (B, 8)

- (2,2)

Puc. 4. 3aBucuMOCTb CpeJHEIO BPEMEHU 0>KUAAHUS OT 3aIPY3KH CH-
CTeMBI IIPU (PUKCHPOBAHHBIX KO PUIMEHTAX BapHALINT

e —
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CBA3b

bBonee monHyro KapTHHY 3aBHCHUMOCTH CPEIHEr0 BPEMEHU
oxugarnst W OT BCeX BXOIHBIX MMApaMETPOB CHCTEMBI IEMOH-
ctpupyet 3D pucyHok 5, pakTHIeCKH COBMEIIAIONINNA PUCYHKHA 3
u 4. Ecim 31eck paccMaTpuBarh 3aBUCUMOCTD Pa3/IeibHO OT Kax-
JIOTO 13 KOA(Q(UIIMEHTOB BapHalii C) M Cyu, TO MOXXHO OBUIO OBI
YBHIETH, 9TO POCT K03(h(hUIMEHTa BapHaIIiU BPEMEHHU 00CITy KHBa-
HUs C,>1 oka3bIBaeT OoJIee AeCTPYKTUBHOE BIMSIHUE Ha JUTMHY OYe-
penu depe3 cpeiHee BpeMsi 00CTyKUBaHHs1, YeM KO PUIHEHT Ba-
pHUanny UHTEPBAIOB MEXTY TIOCTYIUICHUSIMA TpeOoBaHuit Cy. s
CTIELIHAJIFICTOB CETeH CBSI3M MOCIEIHIHA (PaKT O3HAYALT, YTO CTa0u-
JM3alMsl BpeMEeHH 00pa0OTKM MaKeTOB B y3j1aX KOMMYTAIIUH BO3-
MO)KHa, HAIIPUMEp Yepe3 MPUOPUTE3aIINI0 00CTY)KUBAHHSI.

c 6 0.
A, e g

Puc. 5. 3aBucumocts cpeanero BpeMenn oxkuganus W oT BXOJHBIX
1apamMeTpoB CUCTEMBI

U3 Toro ¢akra, uro cucrema Co/Cy/1 siBnsiercst kpaitHe dyB-
CTBHUTENLHOM K BEIMUIMHAM KO3()(DHUIIMEHTOB BapHaIHid, O YeM O1-
HO3HA4YHO CBHUJICTEIBCTBYIOT PUCYHKH 3-5, CIEyeT, 4TO CpeiHee
BpeMs1 O>KU/IaHNs TPeOOBAHMH B OUEPEaN TAKKe KpaiHe TyBCTBHU-
TENBHO K TapaMeTpaM pactpeneneHuit (2), (4) pi, A, A u I, L,
L2, T.K. BCE OHH OJJHO3HAYHO 3aBUCAT OT UCIIOJIb3YEeMBIX KO3 hu-
LIMEHTOB BapUaLuil.

5. Bepuduxauust Moe/u U ee pe3yJbTaTOB

PesynbTarhl pacueroB TaOiMIel 1 MO MPEACTABICHHOW YHMC-
JICHHO-aHAIMTHYecKoi Mozenu cucteMbl Co/Cy/1 B cpaBHEHHH C
ommskumn CMO HE>/HE»/1 n Ho/Ha/1 nemoHCTpHpyIOT MOpasu-
TEJILHYIO JICHTUYHOCTD PACCMaTPUBAEMBIX CHCTEM HECMOTpS Ha
pasmaue cTpykTypbl CMO C,/C,/1 ¢ ocTalbHBIMU paccMaTpUBa-
eMBIMH cHucTeMaMH. Hebosbiine OTKIOHEHUS MEXAY 3HAYeHH-
sIMU B TaOnuIe 1 0THO3HAYHO OOBSICHSIOTCS TEM, UTO Y BCEX TPEX
pacripeieTIeHHi pa3IndHbl MOMEHTBI TPETHETO MOPS/IKA U BHIIIIE,
XOTsI B pacyueTax B3sThl OJJMHAKOBBIC CPEAHUE 3HAYCHUS U KOI(-
¢unmenter Bapuauu. CXOJICTBO pacCMaTPUBAEMbIX CHUCTEM 3a-
KITFOUAETCs elIe B TOM, YTO OHHU OJIHO3HAYHO MOJITBEPIKAAIOT TEO-
puro cuctem obiero Buga G/G/1 o mpsiMoit 3aBUCUMOCTH CPe/I-
HETO BPEMEHU OXHJAHUA OT zmcnepcnﬁ HUHTEPBAJIOB IOCTYIIJIC-
HUH 1 BpeMCHU 00CITy)KUBaHUs, T.C. OT KBaApaToB K03 duineH-
TOB BapHallnHy.

Teneps BepuuuupyeM NOIyYEHHbIE PE3YJIbTAThI C JAHHBIMU
annpokcuManuy Mapiiaia cpeiHero BpeMeH! 0XXuAaHust Tpedo-
BaHHI B OUepe/In, KOTopas SBISIETCSl MOAM(pHUKaLUeH TpeaeIbHON

R
¢dopmynsl Kunrmana W ~ —————
25.(1-p)

OoubIioit 3arpy3ku cucremsl (p —1). Annpoxcumanust Map-

. BLIBGZ[GHHOﬁ AT ciiyvdasd

maia B 0003HAYCHUAX

2— (.2 2
— P (C)L + C].l )
2(1-p)
alrnpoKCuManun MapH.IaJ‘Ia B CpaBHCHUU C HAIUMU JAHHBIMUA JJIs

cucrembl C,/Co/1. B tabnmme 2 anmpokcumanust Maprmrana 06o-
3HaueHo AM.

Hallanux IIpUHUMACT BU

. Hike B Tabmune 2 npuBeeHb! pe3yIbTaThl

Tabnuma 2

CpaBHHTENIBbHBIC Pe3ybTaThl s cucteMbl Co/Ca/1 ¢ AM

Bxopmble mapameTpel Cpennee BpeMst 0>KUIaHUS
3%

CMO
P (€. 6,) Co/Co/1 AM

(0.71,0.71) 0,02 0,05 150
(1,1) 0,11 0,11 0,0
0,1 (2,2) 0,48 0,44 8,0
(4.4) 1.83 1,78 2,7
(8.,8) 7,17 7,11 0,8
(0.71,0.71) 0,40 0,50 25
(1,1) 1,0 1,0 0,0
0,5 2.2) 423 4,0 54
4.4) 16,40 16,0 2.4
(8.,8) 6447 64,0 0,7
(0.71,0.71) 4,40 4,54 3,2
(LD 9,0 9,0 0,0
0,9 (2,2) 36,45 36,0 1,2
(4.4) 14521 144,0 0.8
(8,8) 578,30 576 0,4

3ameTHas pa3HUIA MEXKIYy pe3yibTaraMu cucteMbl Co/Co/1 n
AM Kak 1 0KHAAJI0Ch, HAOIIOMACTCS B CIyYasiX MaJIOH 3arpy3Ku
CHUCTEM p M MaJIbIX KO3(p(QUIIMCHTOB BapHaIlil, MCHBIINX CJIH-
HUIBL. B OCTambHBIX CiTydasx HAOIIOAAeTCs TOCTATOYHO YMEPECH-
Hasl OTHOCHTEJIbHAS TOTPEIIHOCTh. TeM CaMbIM, BepHQHKAIUS
MOJICJIA U €€ Pe3yJIbTATOB ITyTEM CPaBHEHUS C OJIM3KHMU CHCTE-
MaMH 7 anmpoKcuMaruelr Mapiana IOJTHOCTRIO TTOITBEPKICHA.

6. [lepcnekTUBBI JaJbHEHIIMX UCCJIeJOBAHU I

HecMoTps Ha 1OCTaTOUHO BBICOKYH) TOYHOCTH ITOCTPOEHHOM
YHCIICHHO-aHAIUTUYECKOM MOJENN MacCOBOTO OOCITY)KUBaHUS
st cuctembl Co/Co/1, pacnpenenenne C; OrpaHUYEHO BO3MOXK-
HOCTBIO ONMCAHMSI JIUIIb IBYX (ha3 MPOLECCOB NOCTYIICHUS U 00-
CITy’)KUBAHUS. DTOTO MOXKET OBbITh HEJIOCTATOYHO JJISl MOJACIHPO-
BaHUA COBPEMCHHBIX MyHLTHMe)]PIfIHLIX CCPBUCOB, TaKHMX KakK
VR/AR, 8K-Buzeo, TakTuinbHbI HHTEpHET. [loaTOMy mepexon K
pacmpeneneHuto Kokca TpeTbero mopsaka M CIeAOBaTeNbHO, K
ucnosib3oBaHuto cucreMsl C3/Cs/1, xoTopas TouHee Oyner am-
MIPOKCHMHPOBATh PEAIbHBIN Tpa(uK, BBIIIUT HanOoiee Iep-
CHEKTUBHBIM.

BxitoueHne TpeThed AIKCIOHEHIMAIBHON (ha3bl MO3BOJUT
YUUTHIBATH KPOME CPEAHUX 3HAUCHUH BPEMEHHBIX WHTEPBAIOB U
UX JUCHEPCHH elle 1 aCHMMETPHIO 00J1ee BEICOKOTO pacipeee-
HUS, YTO TO3BOJUT TOYHEE aNPOKCHMHPOBATH CaMOIIOJI00HBIE
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npoueccol (Long Range Dependence), koTopble XapakTepHbI JUist
uneotpaduka 4K/8K, a taxxke Berutecku Tpaduka. Takum oOpa-
30M, Hcrojb3oBanue cucreMbl C3/Cs/1 crenaer ee 6onee yHUBEp-
CaJIbHBIM CPEJICTBOM JUTSl MOJICITUPOBAHUS JTFOOBIX TUIIOB LIH(PO-
BOTO Tpaduka.

[Ipumenenne cuctemsl C3/Cs/1 mpenmonaraer u yBeandeHUe
BBIYHCITUTEIILHON CIIOKHOCTH aJIrOpUTMa 3a/iauil (haKTOpU3aLUH
Bunepa Xornda, T.K. B 3TOM cilydae XapakTepUCTUUECKOE ypaBHe-
HHE CIIEKTPaJIbHOIO METO/Ia MPUBOAUT K MOJIMHOMY ILIECTOH cTe-
MICHH.

B atom ciyuae Takxke notpedyeTcs cTporoe JOKa3aTeIbCTBO
TOTO, YTO POBHO TPH KOPHS OYIyT JIe)KaTh B JICBOI MMOJTYILIIOCKO-
ctr (Re(s)<0) KOMIUIEKCHO TIIOCKOCTH S, @ TPH — B MPaBOM I10-
nmymiockoctu (Re(s)>0).

BriBoabl

B pabote mpencraBieHa paboTocrocoOHas MOAETh MACCOBOTO
obcnyxuBanus C,/Cy/1 ¢ HE3aBUCHUMBIMU pacrpe/eICHUsIMU
Kokca BToporo nopsika, moxy4eHHasi Ha OCHOBE CIIEKTPaJIbHOTO
METO0/1a pelIeHNs] MHTerpajabHOoro ypasHeHus Jlunum. Iloctpoen-
Has MOJIENb B OTJIMYME OT IyaCCOHOBCKMX MOJEINEH MO3BOJIAET
TOYHEE MPOTHO3UPOBATH O00BEMbI Oy(pepHOH MaMsTH mepearo-
HIMX YCTPOMCTB M MOKa3aTein kKadecTBa oOcyxuBanus (QoS) B
YCIOBUAX HE CTAHMOHAPHOT'O XU BBICOKO BApUATUBHOT'O Tpa(bI/IKa.

A}ICKBaTHOCTI) MOJCIN TOATBCPKACHA BBIYMCIUTCIbHBIMU
9KCIIEPUMEHTAMH B CPAaBHEHUH KaK ¢ OJIM3KUMH CHCTEMaMH, OITHU-
CBHIBACMBIMHU PACIpEICICHUSIMI B BUJIE BEPOSITHOCTHBIX CMeceH
9PIAHTOBCKHUX M HKCIIOHEHIMAIBHBIX PacIpeesieHni, Tak U am-
MpoKcHUManuy Mapiiana.

Pe3ynbTaThl pacueToB MOTYT OBITH BOCTPEOOBAHbI TIPH IPOCK-
THPOBAHUH WH()OKOMMYHHKAIIMOHHBIX CETEH, BEIYUCIUTEIBHBIX
KJIACTEPOB U JIOTHCTUYECKHUX CHCTEM JUIs TPOTHO3MPOBAHUS 3a-
JepXKeK, U s Ooyee TOYHOro pacdeTa 00beMoB OydepHon ma-
MSTH MapLIpyTH3aTOPOB.

I[TosryyeHHbIe pe3yabTaThl yOIUKYIOTCS BIICPBBIE.
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Abstract

The paper presents the obtained results of the analysis of general type queuing systems (QS), which are described by the second-order Cox phase distri-
butions C2/C2/1. The use of phase distributions in queueing theory has been known for a long time. This class of distributions is suitable as a mathemati-
cal apparatus for analyzing teletraffic in future generation networks, which is characterized by high variability and has a self-similarity effect. To find the aver-
age waiting time for requirements in the queue, the spectral method was used to solve the Lindley integral equation with finding the zeros and poles of the
spectral expansion in the form of a ratio of rational functions, which in this case are reduced to fourth-degree polynomials. This method is less labor-inten-
sive than the classical matrix-geometric method, which uses Kronecker operations and iterations. The paper presents a numerical-analytical model for the
average waiting time of requests in a queue for a system with second-order Cox distributions. To assess the accuracy of the obtained solution, computa-
tional experiments were conducted for low, medium, and high values of the variation coefficients of time intervals and system load. The obtained data allow
us to estimate the performance of switching nodes under increasing stochastic uncertainty in telecom traffic. Consequently, neglecting the phase structure
of the distribution laws of the QS when designing highly loaded systems for various purposes leads to an underestimation of packet delays in switching nodes
by many times. Comparison with similar systems demonstrates the complete adequacy of the obtained results.

Keywords:. Cox phase distributions, queuing systems, spectral method for solving the Lindley equation, variation coefficient, teletraffic
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CaHkm-llemepbype, Poccus 06pa30eaHus, MexHOI02U4eCKoe NPO2HO3UPOBAHUE

B ycnosusax uudposoi TpaHcdopmauuu obGpa3oBaHUA MOBBILIAETCA CIIOXKHOCTDb
ynpaBneHus TEXHONOIMYECKMMU NMpoLieccaMy B BbICLUMX y4eOHbIX 3aBeJeHUAX, YTO
TpebyeT BHeApeHUA Hay4HO-060CHOBaHHbIX MOAXOAOB K MX aBToMaTtu3auuu. Llens
uccnefoBaHUA 3aknio4vaetcAa B paspabotke M ¢opManusauum MeTofonorum
aBTOMaTU3aLMKM TEXHONOTMYECKUX NMPOLIECCOB yNpaBneHua By3a, obecneynBaioLei
AOCTUXKEHME 3a4aHHbIX MOKa3aTenemn Ka4yecTsa ob6pa3oBaTesibHON AeATENBHOCTU NPU
onTuMusauum pecypcoB. OCHOBHas 3ajjaya CTaTbM - NPEACTaBUTb aAANTUPOBAHHYIO
MoZenb pelleHUs U anropuTM ero Noucka Ana 3ajayv aBToOMaTusauuu yvebHo-
MeTOANYECKUX U aZIMUHUCTPATUBHBLIX NpoLleccoB. MeToabl uccnepaoBanusa BKnoYaloT
CUCTEMHbIW aHANMU3, METOAbI AaHANNU3a U CMHTE3a, METOAbI CETEBOTO MOAENUPOBaHMUA
m c¢opManusaumuio NOCTPOEHUA MOAENU peLleHUAs C  TNpPUMEHEHUEM
ancddepeHymanbHbix ypasHenunit Konmaroposa. HosusHa pabotbl 3akniovaetca B
nepeHoCce NPUHLMMNOB CUCTEMHOTO NPOEKTUPOBAHUA U3 06NACTM MALLMHOCTPOEHUA B
ccepy ynpasneHus o6pa3oBaHMeM, X afAanTaLMM U NOCTPOoeHUU (hopManusoBaHHOM
MOJEenu pelueHua p[nAa  aBToMaTu3auuu Bys3a. PesynbTathl uccnepoBaHus
npeAcTaBneHbl B BUAE CTPYKTYPUPOBAHHOM METOAONOrMM, BKIIOYAIOLLEN aHanu3
MUCTOYHUKOB NIUTEpaTypbl OCHOBaHHbIX Ha Bep6anbHOM MOAENM aBTOMAaTM3aLMU U
nony4yeHHoe poOpManU3OBaHHOE peLUeHWEe, a TaKXKe MOJNyYeHHbI MoKasaTenb
3¢ dekTUBHOCTU peanusaumum pelsenusn. lMpepnaraembii nogxop nossonser
nepeBecTM npouecc noBbilleHUs 3(PGeKTUBHOCTM paboTbl By3sa Ha CUCTEMHYIO
OoCHOBY, obecne4nBas KOMMNEKCHbIA y4eT o6pasoBaTenbHbIX, TEXHONOTUYECKUX U
SKOHOMUYECKUX TpeGoBaHUW Ha 3Tane MNPUHATUA pPeELUEeHUH, 4YTOo cnocobereyer
NOBbILUEHUIO YPOBHA OCBEJOMIEHHOCTM oby4alouwmxca B obGpa3oBaTenbHOM
opraHusauum.
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UHDOOPMATUKA

BBenenne

AxTyanbHOI 1Mpo01eMoll COBPEMEHHOT'0 BBICILIETO0 00pa3oBa-
HUSL SIBJISICTCSl TIOWMCK METOJIOJIOTHH, ITO3BOJISIONICH MPOBOJIUTH
3G PEKTUBHYIO aBTOMAaTH3AIMIO TEXHOJOTMYECKUX IIPOIECCOB
YTIpaBJICHNS, TIO3BOJISIIOLINX TTOBBIIATE 3()(EKTHBHOCTH 00pa3o-
BaTeNbHBIX MponeccoB. CTpemMuTenbHAs OUPPOBU3ALMS, POCT
TpeOOBaHUI K Ka4eCTBY M TMOKOCTH 00pa30BaTENbHBIX YCIYT, a
TaKkKe He0OX0AMMOCTb ONTUMHU3AINY 3/IMUHICTPATUBHBIX 3aTPaT
TUKTYIOT TOTPEOHOCTH B TEPEeXo/ie OT (PparMEeHTapHOTO BHEApE-
HUs I/IH(bOpMaHI/IOHHBIX CHUCTEM K HECJIOCTHOMY, CUCTEMHO CIIpO-
CKTUPOBAHHOMY U LCJICHAIIPABICHHOMY UX BHCAPCHUIO B KOHTYP
ynpaBieHus By3a. JlaHHas nmpobiema ycyryoisieTcsi OTCyTCTBUEM
YHHBEPCAIBHBIX METOMK, ITO3BOJISIOIINX KOPPEKTHO CBSI3aTh I1e-
JIAarorMYeCcKre U YIpaBIeHUECKHE LIeJIU ¢ KOHKPETHBIMH TEXHOJI0-
THYECKUMH PEIICHUSMH B 001aCTH MH(OPMATH3alUK U KaK CIIe/I-
CTBHE NOBBIILIEHNUS (P PEKTUBHOCTH PAOOTHI By3a B IIETIOM.

B oreuecTBenHOl 1 3apyOeKHO JIMTEpAaType BOIPOCH! aBTO-
MaTH3aIUK Pa3INYHbIX HANPABICHUH JCATEIBHOCTH PACCMATpPH-
BaJINCh TAKUMH aBTOpaMu, Kak: Taylor J. [1], Huang H. [2], Aliyev
A. G. [3], Bhardwaj V. [4], bopucos K. JI. [5], Sinenko S.[6], AH-
toroB E. K.[7], Auncumos II. @.[8], lleBuyk E. B., llmax A.
B.[9], Cymanckwmii A. C., [llesens I1. I1. [10], Ban C., Ban b. [11],
Fernandez A., Gomez B., Binjaku K., Mece E. [12], Katsamakas
E., Pavlov O. V., Saklad R. [13], Donglin C. [14] u apyrumu.

B pab6ote Taylor J. mpemiaraercst paMmouHasi MOJICNIb CUCTEM-
HOT'O TMIOJX0/1a K POEKTUPOBAHUIO KPYIIHBIX YIIPABICHUYECKUX CH-
CTEM, JIaHHas CTaThs I0JIE3HA KaK METOJI0JIoTnuecKas Oasza Juis
UTEPaTUBHOTO MPOEKTUpoBaHus [1].

B pabore Huang H. onncana smnupudeckas pa3padoTka 1 uc-
MIBITAaHNE MOYJIEHOH TUIAT(GOPMBI ISl YTIPABIICHUS CTYACHTAMH C
OIMMCAHUEM aJTOPUTMOB MHTETPAIMU JTAHHBIX M HEHPOCETEBBIX
KOMITOHEHTOB JIST aHATTMTHKH [2].

B pabote Aliyev A.G. mpencTaBieHbl METOIUYECKHAE PEKO-
MEHJaIuu 10 (HOPMHUPOBAHUIO OPTraHH3ALHUOHHO-TEXHOIOTHYE-
CKHUX CTPYKTYp MpeInpHsThii Ha 6a3e udpoBbIX miathopm, Ko-
TOpBIE MOTYT OBITh aJaITUPOBAHEI K By3aM [3].

Bhardwaj V. npoBoauT aHanu3 mpuMeHeHUs: pOOOTH3HPOBaH-
HBIX aBTOMAaTH3WPOBAaHHBIX TIPOIIECCOB B 00pa30BaTEILHOU
cdepe, OIEHKA BBITOJ M PHUCKOB IPH aBTOMATH3AIWUU AIMUHH-
CTPATUBHBIX IPOLIECCOB, CIYKOBI OANEP)KKN YUAIINXCS U METO-
JIIKH TIperoaBaHus [4].

Bopucos K. /1. uccnemayet moteHIman nupoBeIX TEXHOIOTHI
B COLMAIILHO-TPY/IOBOH cepe By30B M aHATM3UPYET MOKA3ATEIH
U BIIMSHUE HA yIIpaBlleHUeCKue NpakTtuku. Ilo uroram anaimsa
NPUXOJUT K BBIBOJIY, «4TO c(hepa BBICIIETO 00pa3oBaHMs UMEET
0O0JIBIIION MOTEHIMAJ BHEAPCHUS IM(PPOBBIX TEXHOJIOTHH B Opra-
HHU3aLMOHHBIE U COLUAIbHO-TPY/IOBBIC TPOIECCHI MTOCPEICTBOM
cozfanus nupoBoil IaThopMbl yrpasieHus Ha (eaeparbHOM
ypoBHe» [5].

B pabore Sinenko S. paccmarpuBaercst crpoutensHas cdepa,
HO CTaThsl COJICP)KUT METOIMKH BBIOOpa OPraHU3alMOHHO-TEXHO-
JIOTMYECKOTO PEIIeHNs, IPUMEHUMBIE B aJaNTHPOBAHHOM BHJC
MIPY MPOEKTUPOBAHUN aBTOMATH3MPOBAHHOW CHCTEMBI yIpaBlie-
Hus (ACY) By3a [6].

AnrtonoB E.K. paccmatpuBaer Mozenb ynpaBlieHHsI BYy30M C
yu€ToM HU(POBU3AIMHY, BKIIOYAs MApKETHHTOBBIC U YIIPABJICH-
YCCKHE MOAXO0/AbI B HOBBIX YCJIOBUAX BHEAPCHUSA UCKYCCTBEHHOI'O
MHTEJIJIEKTa BO Bee (pa3bl MApKETHHTOBOT'O MK, KOTOPBIE MOTYT

6BITI) NMPUMEHCHBI JId ONTHUMHU3alIHUU IIPOLECCOB YIIPABJICHUA
By3a [7].

AnncumoB I1.B. mpoBogur wnccienoBaHHe ONTHMHU3ALMN
YIPaBJICHYECKNX CHCTEM BY30B B YCIOBHUSX HU(PPOBHU3AINH, ITPHU-
MEHEHHe cucTeMHoro aHanm3a u UT-pemennii [uist MOBBIIEHHS
KaudecTBa ynpasieHus [8].

Astopsl llleBuyk E. B. u [llnak A. B. Ha 0OCHOBE OT€UECTBEH-
HOTO ¥ 3apyOeKHOTO OTIBITA TIPEICTABIAIOT B CBOCH paboTe MeTo-
JTOJIOTHIO [T POBOH TpaHchopMaIy ON3HEC-TIPOIIECCOB B BY3€ C
aKIIEHTOM Ha yIIpaBJiieHHE KadecTBOM [9].

Hpyrue aBrops! Cymanckuii A. C. u lllesens I1. I1. nmpoBoxsT
aHaJM3 1po0JIeM U BBI3OBOB IpHU IM(PPOBH3ANUN 00pa30BaTEIIb-
HOW CpeJibl BYy30B Ha MPUMEPE POCCHHCKOTo BBICIIET0 00pa3oBa-
HUSI, @ TaKKe BBIIBIIIOT Oapbepbl M (DAKTOPBI, BIMSIONIME HA
yCIenHyto apromaru3anuto [10].

Ban C., Ban b. npoBojat ananu3 uudposoii Tpanchopmaryn
CHCTEM YIIPaBJICHHsI B KHTAHCKHUX By3aX, OLIEHKY TCHACHIIMH, NH-
(pacTpyKTYpHBIX U OpPraHU3alMOHHBIX U3MEHEHUH, CBSI3aHHBIX C
nudposuzanueit oopazosanms [11].

Fernandez A., Gomez B., Binjaku K., Mege E. mpoBoasr 00-
30p MHUIMATUB IIM(POBOH TpaHC(HOPMAIMN B By3aX — OT BHEI-
penust UT 1o nepecTpolKu OpraHM3allMOHHBIX M YEJIOBEUECKUX
MIPOIIECCOB, C BBIACTICHUEM CTpPATETHH, TEXHOJIOTHI U O6apbhepoB
[12].

Katsamakas E., Pavlov O. V., Saklad R. npenararoT cuctem-
HbI noaxox K BHeapeHuto MU B ynpaBieHue By3aMu, CTPOSIT
JuarpaMMy IPUYUHHO-CIIEACTBEHHBIX CBSI3€H, OTPAXKAOLIYIO IU-
HaMUKy W3MEHEHHMH, PUCKM M BO3MOXKHOCTH IIM(POBOH TpaHC-
¢dopmarmu [13].

Agstopsl Chen D., Shi C. npoBenu sMnupudeckoe uccieaoBa-
HUE 110 IU(POBU3AINHT (PUHAHCOBBIX CHCTEM YIIPABIICHHUS B By3aX
U TIPOAHAIM3UPOBAIIHN IIPEUMYILECTBA M BBI30BOBHI IIPH IIEPEXO/IC
K T1aT(OpMEHHBIM CHCTEMaM (PMHAHCOBOTO YIIPABICHUSL.

CymiecTByromue HNOAXOABI 3a4acTyi0 HOCST ONHMCATEIbHBIN
XapakTep WM COCPEOTOYCHBI HAa TEXHUIECKUX aCIEKTaxX, yIyc-
Kasl U3 BUy CHCTEMHBIE B3aUMOCBSI3U MEKIY COJAEPKaHUEM IIPO-
LIECCOB U CPEICTBAMU MX aBTOMATH3aLMU. DTO IPUBOIUT K HEd(-
(EKTUBHBIM MHBECTHLIUSIM, HU3KOW HHTETPALIUY CUCTEM M COIIPO-
THUBJICHUIO U3MEHEHHUSIM CO CTOPOHBI MoJib3oBartenei [15].

st peurenust 0003HaUEHHOW NMPOOIIEMBI B CTaThe Mpejiara-
eTcs ajanTalysi M pa3BUTHE anmapara CUCTEMHOTO IOJX0/a,
YCIIEIIHO TPUMEHSIEMOr0 B TEXHUYECKUX OTPACIsX, K criennpuKe
oOpa3oBarespHOU opranu3aimu [16].

B kadecTBe TeOpeTHYECKOW OCHOBBI HCIIOJB3YIOTCS IPUH-
LIUITBI CHCTEMHOCTH, TEOPHsI IPUHATHUS PEIICHU 1 METOI0JIOTHs
TEXHOJIOTUYECKOTO MTPOTHO3MpoBaHus. Llenbio craTbn sBisieTcst
(bopMHpOBaHUE CTPYKTYPHUPOBAHHOTO IO/X0/a K MPOEKTHPOBA-
auto ACY By3a, IO3BOIISIONIETO HA METOIOJIOTHYECKOM ypPOBHE
000CHOBBIBAaTh BBIOOP M BHEJPEHHE OPraHM3aHOHHO-TEXHOIO-
TUYECKUX PELICHUM.

HccnenoBanue mocTpoeHo Ha METOOJIOTHH TPUKIIAHOTO CH-
CTeMHOro aHanu3a. [1man paboThl BKIIOYAI CICAYIOIINE ITAIbI:

1) ananu3 mnpoOjeMaTHKM aBTOMATH3AlMU YIPABICHHS B
By3ax M BBISIBJICHHE HEJOCTATKOB AMITMPHUYECKHUX MOJIXO0/I0B;

2) apjanrtanMs KOHIENTYaJbHOIO ammapara CHCTEMHOTO
MIPOEKTUPOBAHMS (IIENH, aJbTEPHATUBBI, MOJEIH, KPUTEPUH) U3
TEXHUUYECKOH 00JIacTH B TyMaHHTapHO-yIpaBieHYeCKyIo (chepy
oOpazoBanust);

3) dopmanmzanus KIOYEBBIX MOHITHI — «PEIICHne» U Ipo-
1iecca ero ImomckKa;
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4) pa3paboTka MaTeMaTHYECKOW MOJIENH, yCTaHABINBAIOIIECH
CBSI3M MEXTy Oa30BBIMH MpOLECCAMH PacCMAaTPUBACMOW CH-
CTEMBI;

5) ompeneneHne CUCTEMBI KpUTEPUEB OLIEHKH () (DEKTHUBHOCTH
pelieHuii, yepes rnokaszaresb dQPEKTHBHOCTH PealIn3alliy peliie-
HUSL.

[Ipobnema moBbImeHusT 3(pPEKTUBHOCTH YIPABICHUS COLHU-
AJIbHO-DKOHOMHUYECKUMHU CUCTEMaMH, K KOTOPBIM OTHOCATCA U
BBICIINE Y4eOHBIC 3aBEICHUS (By3bl), TPAIUIMOHHO SIBISAETCA
LEHTPAJIbHON Ul TEOPUU U NIPAKTUKHU MEHEP)KMEHTA.

B yciioBusiX TEXHOIOrHYECKOTr0o pa3BUTHS U U(PPOBOH TpaHC-
(opmaru Bcex cdep KHU3HU JaHHas IpoOiiemMa MprHoOpeTaeT Ho-
Boe 3HaueHue. MHTerpanus nH(pOPMaIIOHHBIX TEXHOJIOTHH B 00-
pa30BaTENIbHBIH M aJIMUHUCTPATUBHBIA MPOLECCHI, C OJHOH CTO-
POHBI, OTKPBIBAET BO3MOKHOCTH JUISI ONITHMH3AIINH, & C APYTOi —
YCIOXKHACT CpeAy NPHUHATHS PEIICHWH AT PYKOBOJACTBA BY3a,
YBEIMUYMBAs HATPY3KY U TPeOys HOBBIX HHCTPYMEHTOB aHAJIH3A.

3amada TOCTPOCHHS aJeKBAaTHOM MaTeMaTWYeCKOH MOIETH
nporecca BEIpabOTKHU peIeH s, CIIOCOOHON YUNTHIBATh H3MEHYH-
BOCTb YCIIOBHH, BIMSHHE 4EIOBEYECKOTo (haKTOpa M MOTEHLHANT
aBTOMATU3MPOBAHHBIX CHUCTEM, TPEJCTABIACTCA aKTyalbHbIM
HampaBlieHueM HucciefoBanuid. CyIlecTBYIONIME TMOIXOJbl K
YIPaBICHUIO BY30M, YaCTO COCPEJOTOUYEHBI HA aHAJIM3E U OIITH-
MU3aluu OTACJIBHBIX AaACIICKTOB:. HCIIOJIB30BAaHUN I/IH(bOpMaL[I/I-
OHHO-KOMMYHHKAIIMOHHBIX TEXHOJOTHH, CTPATETHYECKOM pa3BH-
THH, OIeHKE S(P(PEKTUBHOCTH WIM TporeccHoM mnoxaxozae. He-
CMOTpS Ha CBOIO IIEHHOCTB, 9TH METO/IbI IIPEUMYIIECTBEHHO HO-
CST QaHAJTMTHYECKUI MIIM OMICATENbHBIA XapakKTep.

Ilpenyaraemblii B JaHHOM CTaTbe CHUHTETHYECKHM MOAXO[
HarnpasJieH Ha (POPMaIN3aIMIO CaMOTO TPOIecca pean3aliy pe-
menns [17]. Ero niens — He TOTBKO MPOAHATH3UPOBATH CIIOKHB-
LIyIOCSI CUTYalnIo, HO ¥ CHHTE3WPOBATh MOETb, O3BOJISIOIIYIO
IIPOEKTUPOBATH YIPABICHUE OPraHU3aLMIOHHOM CUCTEMOMH C 3apa-
Hee 3aJJaHHbIMU CBOMCTBAMU U FapaHTUPOBAHHOU BEPOSTHOCTBIO
JIOCTUKEHUST 1esd. Takoi Moaxoa BOCHOJHSET METOA0JI0rMye-
CKHUI mpo0er, akTyalbHbIii B KOHTEKCTE MEepexojia OT «IOCKYT-
HOW» aBTOMATH3alluK K IOCTPOCHUIO 1IEIOCTHBIX, HO THOKHUX WH-
(hOpMaIOHHBIX CUCTEM YIIPABJICHUS B IIEJIOM.

1 MartepuaJbl, MOJAeJH U METOAbI

B ocHOBe METOZOIOTHH MCCIEIOBAHUS JISKUT CCTECTBEHHO-
HayuHblii oaxon (EHII), TpakTyemslii Kak €IMHCTBO CBOICTB
MBIIUICHUS YEJIOBEeKa, 3aKOHOMEPHOCTEH OKpYIKAIOIIEero MHUpa U
mporecca ux mo3HaHusl.

MeTtoonornyeckoi 6a3oil sSBISETCS 3aKOH COXpAHEHHS Iie-
noctHoctH 00bekTa (3CLIO), Ppukcupyronmii yCTORUMBYIO B3au-
MOCBSI3b CBOWCTB OOBEKTA, €ro ACHCTBUIN Npu (PUKCHUPOBAHHOM
npenHasHaueHuu. s cuHTe3a MOJEIN MPUMEHSIOTCS METOIbI
JICKOMITO3HIINH, a0CTParupoOBaHus U arperupOBaHUsI.

HccnenoBanue 6asupyercs Ha MPUHIUIIAX BEAYIICH HAyIHOU
wKobl «CUCTeMHas UHTErpanus MpoLecCOB rocyAapCTBEHHOTO
VIOpaBICHUS» W Pa3BUBACT HICH TCOPUH (DYHKIIMOHAIBHBIX CH-
crem [1.K. Anoxuna [18], aknieHTHpYsl BHUIMaHUE HA IEIOCTHO-
CTH, PE3yIBTaTHBHOCTH U CHCTEMOOOPa3yIomeM (pakTope.

KiroueBbIM 00BEKTOM MOJAETHPOBAHHUS BBICTYIIAET PEIICHUE
JIITP, paccmaTprBaeMoe Kak LIeJIOCTHBIHM MPOLIECC, pa3BEPThIBAIO-
IIUICS Ha TPEX B3aMMOCBSA3aHHBIX YPOBHIX: METOJMYECKOM, Me-
TOJOJOTUYECKOM U TEXHOJIOTUIECKOM.
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MHD®OPMATUKA

Ha merononorniyeckoM ypoBHE (POPMHUPYIOTCS YCIOBHS Cy-
IIECTBOBAHUS MPOIIECCa yIPABICHHUSL.

Ha meromuueckoM ypoBHE (hOPMHPYIOTCS NPUYMHHO-CIIE-
CTBCHHBIC CBA3U U MMPOrpaMMBbl J€ATCIILHOCTH.

Ha TexHomornyeckoM ypoBHE (OPMHUPYETCSI allrOpUTMHUE-
CKasl peanusalysi BO3/1eHCTBUH.

VcX0JHBIM TOHSATHEM ISl IEKOMITO3UIUH SIBJISIETCS pEIlICHHUE,
oTpeJieNsieMoe KaK YCIIOBHE pealii3alny NpeJHa3HaueHUs 00b-
€KTa ynpaBJIeHHs! B JIaHHOW oOcTaHOBKe. /laHHOE MOHsSTHE pac-
KJIaJIbIBAETCSl HA TPU 0a30BBIX AJIEMEHTA: «0OCTaHOBKa» (IIOTOK
mpobiem), «HHPOPMAIMOHHO-aHATTUTHYEeCKast paboTay (MICHTH-
(uKarys mpobieM) U «pelneHne (HeUTpanu3anus mpooiem).

st nmepexona K IMHAMUYECKOW MOJEIM UCIOJB3YIOTCS Clle-
JYIOIIMe TPEANIONOKEHUS U AOMyLIIeHHs, 0e3 KOTOPBIX MPOLece
(OpMHUPOBAHMS MOJIEIH PEIICHUS MOKET HE COCTOSThCS:

1. [lorok nmpoGJieM Bo BHEIIHEH cpejie OIM30K K MpocTereMy
(TlyacCOHOBCKOMY) C HHTEHCHUBHOCTBIO A = 1/Atyy, TIE Alyy — Cpea-
Hee BpeMs MEXIy BOSHHKHOBEHHEM IpolyieM B paccMarpuBae-
MOIi cucreme.

2. Cpennee Bpems uaeHTHPUKAIMH TPOOIeMbl Aty U cpesiHee
BpeMsi HelTpaiau3anuu npoosieMbl Aty — cilydaliHble BETMYHUHBI.

3. Cucrema npeHa3zHa4YeHa ISl OLIEHKH OTEHIIHAIBHBIX BO3-
MoxkHocTeit JIITP B yciioBusix orpaHMu4€HHOCTH BPEMEHHBIX pe-
CYPCOB U pecypcoB 0OCTaHOBKH.

B ocHoBe cuHTE3a MaTEMaTHYECKONH MOJIETHN PELIEHUS JIEKUT
cucreMoobOpasyromuii paxrop (COD), 6azupyromtuiics va 3CLIO.
Jist Moy YeHust MOZIEIH PEICHNs IPUMEHSETCS Tpad) COCTOSTHUH
paccMaTpruBaeMOi CHCTEMBI, U3 KOTOPOTO Ha OCHOBE MPUMEHEHHS
cucteMbl  muddepeHnHaTbHbIX  ypaBHeHHH Komamoropoa—
YenmeHa morydaeM MaTEeMaTHYECKYI0 MOAENb PEIICHHUs, PUCY-
Hok 1 [19].

Pasputue 1udpoBoii 00pa3oBaTeNbHON Cpebl TpeOyeT mepe-
X0/1a 0T (hparMeHTapHOTr0 BHEAPEHUSI MHYOPMALIMOHHBIX CHCTEM
K CHUCTEMHOMY IPOCKTUPOBAHHIO aBTOMATH3AIMU YIPABICHHS
By30M. B 3TOl CBSI3M Ba)XHBIM 3TarioM WCCJIEJOBAHMUS SIBISCTCS
(bopMupoBaHue KOHIENTYAILHOW MOJICII aBTOMATH3aIMH TEXHO-
JIOTHYECKHUX TPOIIECCOB YIPABICHHS.

[Ton aBTOMaTH3aNKEH TEXHOIOTMYECKNX TTPOLIECCOB YIIpaBIIc-
HUSI By30M IIPEJIaracTcsi IOHUMATh LeJICHANIPABICHHOE BHEpE-
HUEe MH()OPMANMOHHBIX M aHAJUTHYECKUX WHCTPYMEHTOB, obec-
MEYNBAIONINX CHIDKEHHE BpPEMEHHBIX 3aTparT Ha o00paboTKy
yIpaBJIeHYECKOH HH(pOpMalUK, MOBBIIIEHHE OO0OCHOBAaHHOCTH
MPUHUMAEMBIX pelieHUH W noBblieHue 3OHEeKTUBHOCTH (PyHK-
LIMOHUPOBAHUS 00pa30BaTEILHON OpraHU3aLUH.

CucTeMHBIH OJIX0A MperonaraeT pacCMOTPEHHE aBTOMATH-
3allM1 HE KaK BHCAPCHHUC OTACJIbHBIX NPOrpaMMHBIX IMTPOJAYKTOB,
a KaK KOMIUIEKCHYIO TpaHC(HOPMAIHIO YIIPABICHYECKONW CUCTEMBI,
BKJIIOYAIOIIYIO:

— MH(pOPMAIMOHHBIE MTPOLIECCHI;

— OpraHU3alOHHbBIE MPOLIECCHI;

— aHAJIUTHYEC M€ MPOLECCHI;

— MIPOIIECCHl  PUHATHS YIPABICHUSCKUX PELICHHUH.

C mo3umuM CUCTEMHOTO aHaIW3a yNpPaBICHUE BY30M MOXKET
OBITH TPE/CTABICHO B BHJE COBOKYITHOCTH B3aMMOCBSI3aHHBIX
MOJICHCTEM:!

— oOpa3oBarebHas OACUCTEMA;

— aJIMMHHCTPATHBHO-YIIPaBJICHYECKasl TI0JICHCTEMA;

— H YYHO-HCCJIEJIOBATEIbCKas MMOJICHCTEMA;

— (puHAHCOBO-PKOHOMUYECKAsI OACUCT Ma;

— MH(POPMAIMOHHO-aHAIUTHYECKas! 10 CHCTEMA.




UHDOOPMATUKA

ABTOMaTH3aIMs JaHHBIX IOJACHCTEM JOJDKHA OOecreunBaTh
(dbopmMHUpoBaHUE €TUHOIO WH(GOPMAIIMOHHOTO MPOCTPAHCTBA 00-
pa30BaTeIbHON OpraHU3alli, B KOTOPOM yIpaBJICHYECKUE pelle-
HUSI IPUHUMAIOTCS HA OCHOBE OOBEKTUBHBIX JIAaHHBIX U aHAJUTH-
YEeCKHX MOJAETeH.

[Ipeanaraemasi METOOJIOTHS AaBTOMATH3ALUK Oa3upyeTcs: Ha
TpEeX KIIFOUEBBIX PUHIUITAX:

1. IT MHIUI CHCTEMHOCTH — aBTOMATH3aLUsI JOJIKHA OXBAThI-
BaTh B3aMMOCBSI3aHHBIC ITPOIIECCHI YIIPABIICHUSI.

2. IlpuHOMO aganTHBHOCTH — CHCTEMa JIOJDKHA YUHTHIBATh
cnenuduKy o0pa3oBaTeIbHON OpraHU3anH.

3. TlpwHDMO >(PQPEKTHBHOCTH — BHEAPCHHE TEXHOIOTHI
JTOJDKHO TIPUBOJHUTH K M3MEPHMOMY POCTY THOKa3zarened sddex-
TUBHOCTHU YIPaBICHHUS.

ABTOMaTH3aIMs YHpPaBJICHHUS BY30M [OJDKHA pPacCMaTpH-
BaThCsl KaK MPOIECC CUCTEMHOTO MPOSKTUPOBAHMS OpPTraHU3aIH-
OHHO-TEXHOJIOTMYECKOM CTPYKTYPbI YIIPaBJICHHsI, B paMKaX KOTO-
poro GopMHUPYIOTCSI MOJICITH IIPUHSTHS PEILICHUH, alrOPUTMBbI 00-
pabotku uHpopmManuu u nokaszaresn 3PPEKTUBHOCTH (PYHKIHO-
HUPOBAHHS CHCTEMBI, PUCYHOK 1.

Onepatop

SCADA
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TexHonoru4eckunii npouecc

Puc. 1. CtpykTypHast MOZEJIb aBTOMATH3AI[MH TIPOLIECCOB
YIpaBIeHHUS BYy30M

Ha pucynke 1 npencraBieHsl clieyronye COKpaieHus 1 000-
3HAYCHHMS:

— ACY TII — aBTOMaTH3UpOBaHHAS CHCTEMA YIIPABICHUS TEX-
HOJIOTHYECKUM ITPOIECCOM. DTO KOMIUIEKC IPOTPAaMMHBIX U TEX-
HUYECKMX CPEICTB, IpPEIHA3HAYECHHBIX I aBTOMATH3ALUH
YIPaBICHUS U KOHTPOJISI TEXHOJIOTHUECKHX IIPOLIECCOB;

— IIJIK — mporpaMMupyeMblil TOTHYeCKHi KOHTposuiep. MuK-
POIPOLIECCOPHOE YCTPOHCTBO, BBIIOJHSIONIEE aITOPUTMBI YITPaB-
JICHUS 060py}IOBaHI/IeM " UCTIOJTHUTCIIbHBIMU MCXaHU3MAaMU,

— SCADA - Supervisory Control And Data Acquisition (cu-
CcTeMa JMCIIETYEPCKOro yINpaBieHus u cOopa maHHbBIX). [Ipo-
rpaMMHas CHCTeMa, ITpeHa3HauYeHHas ISl BU3yaIM3alliH TEXHO-
JIOTHYECKUX IPOIIECCOB, MOHUTOPHHIA MTapaMETPOB U YIpaBile-
HHSI 00BEKTAMH;

— UMU — genoeko-mammHHbIH uHTepdeiic (HMI — Human
Machine Interface). Cpencrsa B3auMoaeicTBUS oriepaTopa C aB-
TOMAaTU3UPOBAHHON CUCTEMOM yIIPaBIICHUS;

— JaTYMKH — U3MEPUTEIbHBIC YCTPOHCTBA, (PUKCUPYIOIIHE T1a-
paMeTpsl TEXHOJIOTMYECKOTO Mporiecca (TeMrepaTypa, 1aBleHHE,
COCTOSIHHE CHCTEMBI U JIp.);

— MCTIOJIHUTENBHBIE MEXaHN3MBI — yCTPOUCTBA, peaIU3yIOIIe
YIPaBIISIONIHE BO3ICHCTBUS CHCTEMBI (IIPUBOBI, KJIAMIaHEL, pejie,
IIEKTPOJBUTATEIIH U T.11.);

— TEXHOJOTMYECKHM MpOIecC — COBOKYNHOCTb OIEpaluil U
HpOLENyp, PeaTu3yIOlINX OCHOBHYIO AESATEILHOCTb YIpaBJsie-
MOW CHUCTEMBI.

PaspabGoTtanHast CTpyKTypHass MOJENb aBTOMATH3aLMU MPO-
L[ECCOB YIPABIICHUS BY30M OTPaKaeT B3aUMOCBSI3b MEXILy [0TO-
KaMH YIIPaBICHYCCKON HH(POPMAIINH, ITPoIieccaMu e 00padoTKU
1 MEXaHU3MaMHU [IPUHATHUS PELICHUN.

Mopenb BKITIOYAET CIIEIYIOINEe OCHOBHBIC SJIEMEHTHI:

— TIOTOK NPO0JIeM BHEIIHEH U BHYTPEHHEH Cpelbl;

— CHCTeMy MOHHUTOPHHTA U HACHTU(DUKAIUH TPOOIIeM;

— CHCT MY aHaJIUTHYECKOH 00paboTKN HH(OpPMAIIHH;

— CHCT MYy IIPHHSTHS YIIPABICHYCCKHX PEIICHUIA;

— CUCT MY peallu3alui yNpaBICHUYECKUX BO3AECHCTBUMN.

WudpopmanroHHbIe TOTOKK B JAHHOW MOJETH 00€CIeUnBaOT
LUPKYJSLHIO JAaHHBIX MKy (DYHKIIMOHATIBHBIMU OACHCTEMAaMHU
By3a. [Ipn aTOM aBTOMaTH3a1Ms HAallpaBlieHa HA COKPAIIEHHE Bpe-
MeHH 00pabOTKU MH(POPMAIMK ¥ MOBBIIICHUE TOYHOCTH YIpaB-
JICHYECKUX PELLEHUH.

2 PesynbTatsl

B pesynbpTaTe cuHTe3a NpeuIoKeHa KOHIICITYalbHas CTPYK-
TYpHasl cCXeMa yIpaBJICHYECKOT0 PEIICHHUs KaK HHPOPMAOHHO-
YIPABISIOMEH CHCTEMBI, CBS3BIBAIOIIAS TPH MOTOKA: BO3ZHHKHO-
BeHUs mpoodiieM B cucteMe (A = 1/Atyy), ux uneHTudukamun (v, =
1/Atyy) u HetiTpanmmzanuu (v, = 1/Atyn): P2=f(4, v1, v2), Tie P.- 1io-
KazaTenb 9((QEKTHBHOCTH Peau3aliy PeIICHHS.

VYcnoBueM aneKBaTHOrO (DYHKIIMOHHPOBAHUS CUCTEMBI SIBJISI-
€TCsl BBIMOJIHEHHUE HEPABEHCTBA, TAPAHTHPYIOIIETO, YTO CHCTEMA
ycreBaeT 00pabaTeBaTh MOCTyHaromue mpodaeMsr: Aty / Aty +
Aty / Aty < 1.

I'pad cocrostauii mporecca (HOPMHUPOBAHUS PEIICHUS MPEI-
CTaBJICH Ha PUCYHKE 2.

vl
Puc. 2. I'pad cocrosuumii mporecca GopMUpOBAHUS PELIICHUS

B kauecTBe HHTErpaIbHOTO MOKa3aTels 3PPEKTUBHOCTU pea-
JIM3AIAHN PEIICHUsSI TIPETIOKEHa BEPOSITHOCTH TOTO, YTO BO3HUK-
mast npoGsiema OyJIeT CBOEBPEMEHHO Paclio3HaHa M HEHTpamn30-
BaHa.

B crarnueckoM mpeacTaBiIeHUH 3TOT [TOKa3aTe b BBIPAKAETCS
dhopmyioii (1):

EYvivy + Avvy )

P2:
vivaé T + §+V1V2 +Avivy + AvyET + AviET
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Jist TUHaMIYecKoTo aHaIM3a Iporecc GopMUPOBAHHMS pellie-
HUS IPECTaBlIeH Kak MapKOBCKHIA IIPOLIECC C YSTHIPbMSI COCTOS-
HUSIMH, OTPXKAIOIIMMH KOMOWHAIIMM BBIMOJHEHUS (DYHKIUH
nAeHTH(UKAINU 1 HeWTpanm3anuu: Py (o0e GyHKIINH He BBIITOJ-
HAt0TCS), P3 (et uaentudukanms), Py (MueT HedTpann3anus),
P, (BemonHstoTCS 006€ QyHKINN).

CranoHapHbIe BEPOSITHOCTH HAXOXKICHUS CHCTEMBI B STHX
COCTOSIHMSIX HAXOJSTCSI U3 CUCTEMBbI JIMHEWHBIX alreOpaniyeckux
ypaBHEHHMIA, BEIBeIeHHOH 13 ypaBHeHuH Konmmoropoa—Yenmena.

BakHbIM pe3ynbTaToM sIBISIETCS] MHTErpalust (JakTOpOB BIIHUSI-
Hust B Mojienb. Cpenee Bpems uaeHtudukanuu (At,y,) n HeliTpa-
m3anny (Atyn) TIpeacTaBieHbl KaKk CyMMa BKJIQJIOB delloBEYe-
ckoro (akropa (HD) u rexunueckoit ocHameHHocTH (TO): Aty =
At 4+ A, B Aty = At + A, Toe AtTC <0, Tak kak BHEJI-
penue UT cokpaiaer BpeMEeHHbIE 3aTPaThl.

Takum 00pa3oM, UTOrOBast MOJENIb YCTaHABIMBACT (HYHKLHO-
HAllLHYIO 3aBUCUMOCTb: P = f(Atyy, At + At At +
Aty).

[IpakTuyeckuii pacueT mokasatess 3h(GHEKTUBHOCTH peain3a-
MM PelIeHHUsI IPeICTaBiIeH B Tabuuie 1.

[Tpu cokparneHny BpeMeHH WACHTU(UKAIMU ¥ HEHTpaiu3a-
LUK TIpo0JIeM, BO3HHUKAIOUIMX B CUCTEME YIpaBIICHHsI 00pa3oBa-
TENIBHBIMH MIPOLIECCaMK BYy3a 3aJICHCTBYIOTCSI TEXHHYECKHE pe-
3€pBBI JIUIsI aBTOMATU3AIMN UMEIOIINXCSl TEXHNYECKUX CPEJICTB U
JUISL TIPOBEJICHUS TTOJITOTOBKH (TIEPENOATOTOBKH) MMEIOIIETOCs
JMYHOTO COCTaBa, YTO, COITIACHO TAOJHIIE, TPUBOIHUT K COKpaIlle-
HUIO BPEMEHH peasTi3aiyl PerIeHsL.

Tab6muma 1

[paxTryecknii pacyeT moKazaTesst YPPEKTHBHOCTH peaTn3aliui

pemeHnus
Cuena- Atnn Atun Atyn Pesynb- | Hurepnpera-
puit (Henmenn) | (Hemenn) (He- Tar P> uus
JIeIIN)

1 1,0 0,125 0,125 0,80 VYupasienue
OCYILICCTBIIS-
€TCsl C BHICOKOM
rapaHTuen

2 1,0 0,111 0,111 0,82 [ToBbImIcHHE
OTIEPATUBHOCTH
BEJIET K POCTY
3¢ PeKTHBHO-
CTH

[porecc BHIOOPA HAMpPABICHHUI 10 aBTOMATU3AIUH TEXHOJIO-
THYECKHX IMPOLIECCOB YIPABICHHs BY30M HAIpaBieH Ha €ro oc-
HOBHBIE MPOLIECCHI B3aUMOJCUCTBUSI, Yepe3 HCIOb3yeMbIe TeX-
HOJIOTHH (IIPOrpaMMHO-aMINAPaTHbIE KOMIUICKCHI) C LEIbI0 0XKH-
naemoro 3d¢exra B3aUMOICHCTBUS MEXIY IOJpa3leleHUSIMH
HaIpaBJICHHBIM Ha MOBBIIEHNE HX 3(pexTuBHOCTH. Takoe co-
CTOSIHHE CHCTEMBI, Ha KOTOPYIO BIIHSAIOT BHEIpSEMBbIC B KOHTYD
ynpaBiieHus] HHQOPMAIMOHHbIE TEXHOJIOTUH U IPYrue pasjind-
HBIE TEXHUYECKUE PEILCHUS MOXKHO NPEACTaBUTh Tabnuneii 2.

['ne nox LMS-crcTeMaMy MOHUMAIOTCS CHCTEMBI YITPABICHUSI
oOy4eHueM, MpeACTaBIsIoNe Cco0oi TMporpaMMHBIE —IUIAT-
q)OpM])I, MMpeaAHAa3HAYCHHBIC JJI1 OpraHUu3alu, COIIPOBOXKIACHUA U
KOHTPOJIs1 00pa30BaTeILHOIO Iporiecca B 1udpooii cpexe. LMS-
CHCTEMbI 00ECIeYMBAIOT pa3MElICHHE YYeOHBIX MaTepUasoB,
yIpaBlieHHEe y4eOHBIMH KypCaMH, MPOBEICHHE TECTUPOBAHMS,
KOHTPOJIb ~ YCHEBAaeMOCTH  OOy4Yaromuxcs, a  TaKkxke
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B3aHMOZ[eI710TBHe MCXKIY MnpenoaaBaTeIsIMU U 06y‘-IaIOHII/IMI/ICH B
AJIEKTPOHHON 00pa30BaTEIBHOM CpeJIC.

Tabuuna 2

OCHOBHBIE HaNpaBJIEHHs aBTOMAaTH3aIMH IPOLIECCOB
YIpaBIICHUS BYy30M

ynpasJieHue 00-
pa3oBaTesbHbIM

Y4eOHBIX ILTa-

LMS-cucremsl,
aHaJUTUKA JaH-

HamnpaBnenne OcHOBHBIE Hcnonb3yemsie OskuiaeMblit
ABTOMATHU3ALHNU TIPOLIECCHI TEXHOJIOTHU b ekt
TUIAHUPOBAHHE MOBBIIICHNE Ka-

yectBa 00paso-

MHUHHCTpPATHUB-

poT, KaJpOBbIi

SJICKTPOHHBIN J10-

HOB, Y4eT ycIie- BaTEILHOIO
POLECCOM HBIX

BAEMOCTH mpoiecca
MpaBJIEHUE aJl- COKpAIICHHE
yip A JIOKYMEHT0000- pail

BpeMeHH 00pa-

HOU JIeATEIBHO- wor KyMEHTOOOOPOT |OOTKM  JIOKY-
CTBIO Y MEHTOB
MOBBIIICHNE
yTipaBiieHne yder mnyOiMKa- | HayuHble — 0a3bl
Hay4dHOH  Aes- | uit TpaBje- | JaHHbIX, LUPPO dphexTurHO-
Y » Yy ’ PO” | oru Hay4YHBIX
TENIbHOCTHIO HHE TMPOEKTaMH | BBIE TIIATHOPMBI o
HCCIIe0BaHUN
IUTAaHUPOBaHHE MOBBIIICHNE
(huHaHCOBOC
Oromxera, KoH- | ERP-cuctemsl MIPO3pavHOCTH
yIpaBJeHHe
TPOJIb PACXO/I0B (dhuHaHCOB

AHanuTHKa TaHHBIX — COBOKYITHOCTb METOJIOB X HHCTPYMEH-
TOB 00pabOTKM ¥ aHanmm3a OOJBIINX O00BEMOB WH(POPMALNH,
HalpaBJICHHBIX HA BBIABICHHE 3aKOHOMEPHOCTEH, TEHACHIMH 1
(axkTopoB, BIAMSIOMINX HA 3PPEKTUBHOCTD JIEITEILHOCTH OPTraHu-
3aIHH.

B cucreme ynpasiieHHs: By30M aHAJIMTHKA JAHHBIX TPUMEHSI-
eTcs JUIs aHaIn3a YCIEeBAeMOCTH OOYYaloUIMXCsl, MOHUTOPHHTA
00pazoBaTeNbHBIX MPOrpaMM, OLEHKH I(PQPEKTUBHOCTH YIpaB-
JICHYECKNX pPEHICHHH W TPOrHO3MPOBAHUSI Pa3BUTHSI 00pa3oBa-
TEJIHBIX TIPOLIECCOB.

ERP-cuctembl — cucTeMbl INIAHUPOBAHMUS PECYPCOB OpraHu3a-
1Y, TIPEACTABIISIONINE COO0H MHTETPUPOBAHHbBIC MH()OPMAIIOH-
HBIE CHCTEMBI, NMpeJHa3HauYCHHbIC Ul yNPABICHUS OCHOBHBIMH
pecypcaMu OpraHM3aiiu: (pUHAHCOBBIMH, KaJIPpOBBIMH, MaTepH-
QJIBHBIMH M OPTaHN3alMOHHBIME. B ycnoBusx Beicuiero yue0HoOro
3aBezieHust ERP-cucTteMbl HCIONB3YIOTCS ISl aBTOMATH3ALUH
(MHAHCOBOTO yNpaBIICHNUS, INIAHUPOBAHUS OIOJDKETa, ydeTa Kaj-
POBBIX PECYpPCOB, YIPABJICHUS 3aKylIKaMyd ¥ KOHTPOJISI aJIMUHU-
CTPATUBHO-XO3HCTBEHHOM 1EATEIbHOCTH.

AHanu3 HanpapJICHUI aBTOMATH3allMU IIPOIIECCOB YIpaBiie-
HUSI BY30M TIOKa3bIBaeT, YTO HanOONbIMil 3 GeKT JocTUraeTes
IIPY KOMIUIEKCHOM BHEAPEHNUH HH(POPMAIIMOHHBIX TEXHOJIOT I BO
BCE OCHOBHBIE IIOJICUCTEMbI yrpasieHus. [Ipu 3TOM BaKHBIM
ycnoBueM 3G QEKTUBHOCTH aBTOMATH3AINH SIBJISICTCS] MHTET PALIHS
MH(OPMAIMOHHBIX CUCTEM 1 00ecTIedeHre eJMHOT0 HH(OpMAIIH-
OHHOTO TPOCTPAHCTBA 00PA30BATEIHHON OpraHN3alHH.

[IpakTuueckas peanuzanus NPeASIOKEHHON MOJENIN aBTOMa-
TU3AIMN TEXHOJOTHYECKNX MPOILIECCOB YIPABJICHHS By30M TIpe-
HoJIaraeT I03TAallHOE BHEIPEHHE HH(OPMALMOHHO-aHAIUTHYC-
CKHUX CHUCTEM.

Ha mepBoM 3Tamne ocyILIecTBIISIETCS AUArHOCTHKA TEKYILETO
COCTOSIHMSI YNPABJICHYECKUX IPOLECCOB. AHAIU3UPYIOTCS Bpe-
MEHHBIE XapaKTePUCTHKH 00paboTKK MH(OPMALIMH, BBISBIISIOTCS
Y3KHE MECTa B CUCTEME YIPABIICHUS U ONPEICIISIFOTCS IPOLIECCHI,
TpeOyIoIre aBTOMATH3aINH.




UHDOOPMATUKA

Ha BTOpOM 3Tare npoBoANTCS MPOSKTUPOBAHNE APXUTEKTYPBI
aBTOMATU3UPOBAHHON CUCTEMbI yIIpaBiieHUs. B paMkax JaHHOTro
JTarna onpeeIaIoTCs:

— CTPYKTypa MH(POPMAIIOHHBIX [TOTOKOB;

— TpeOOBaHMsI K MPOrPAMMHBIM CPE/ICTBAM;

— aJropuTMBbI 0OPaOOTKH yIPaBICHYECKONW HH(OPMAIHH.

Ha tperbem 3Tane ocylecTBis€TCsl BHEAPECHUE aBTOMATU3H-
POBAHHBIX CHCTEM M MX MHTETPALsI B CYIIECTBYIOUIYIO YIIpPaB-
JICHYECKYI0 MHPPACTPYKTYypy By3a. Ocoboe BHUMAHHE IIPH 3TOM
yAeIsieTcss NOArOTOBKE MEPCOHANIA U aJalTaliid OpraHu3allioH-
HBIX MPOILIECCOB K HOBBIM TEXHOJOTHYECKUM YCIIOBHSM.

Ha 3axmo9nTensHOM 3Tame MpOBOJHUTCS OICHKA 3(dekTns-
HOCTU BHCAPCHHBIX pemeHm‘/'I. B kxauecTtBe OCHOBHOIO KpUTCpUsa
3 HEeKTHBHOCTH HCTIONB3YeTCs MOKa3aTeIb BEPOATHOCTH YCIIEII-
HOM peanu3aly yIpaBJIEHYECKOro pemieHus P, oTpaxarouiuii
CHOCOOHOCTh CHCTEMbI CBOEBPEMEHHO WIACHTH(UIMPOBATH H
HEWTpaIn30BaTh BO3ZHUKAIOLINE TPOOIEMBI.

Hcnonp3oBanue MNpeioKeHHON aHAIUTUKO-TUHAMUYECKON
MOJIENIN MO3BOJISIET KOJUYECTBEHHO OLEHUBATH BIUSIHUE pa3/ny-
HBIX (h)aKTOPOB HA IPPEKTUBHOCTH yIpaBIeHUs By30M. B gacTHo-
CTH, MOJIEJIb AA€T BO3MOKHOCTh aHAIM3UPOBATh BIUSHUE:

— YPOBHS aBTOMATH3aI[H POLIECCOB yIIPABICHUS;

— KBaJTM(DUKAIMN YIPABJIECHUECKOTO MIEPCOHANA;

— CKopocTH 00paboTKH HHPOPMALINH;

— CJIOKHOCTH BHEIIHEH Cpeibl.

IIpennoxeHHbI CUCTEMHBIN MOJIXO0] CO3/1a€T METOI0JIOrYe-
CKYI0O OCHOBY ISl IPOCKTUPOBAHMS U Pa3BUTHsI HU(DPOBBIX CH-
CTEM YHIpaBIJICHHsI 00pa30BaTEIbHBIMI OPTaHU3ALMSIMH.

3 BoiBoabl

Pa3paboTaHHas aHAIUTHKO-IHHAMHUYECKAS MOJICIb MIPECTaB-
JIeT cOOOW MHCTPYMEHT CHHTE3a yIPaBIEHUECKOTo TIpoIriecca, a
He TOJBKO ero ananm3a. OHa (opManu3yeT KIF0UeBYIO IS COBpe-
MEHHBIX BY30B Ipo0ieMy OallaHCHPOBKH MEXIY BO3paCTaIOIICH
CJIO’KHOCTBIO U U3MEHUNBOCTBIO BHEILIHEN U BHYTPEHHEU Cpelbl U
OTpaHNYCHHBIMU pECypCaMUu Ha €€ MOHHUTOPUHI' 1 pCarupoBaHueC
(v, v2).

Mogenb geMoHCTpupyeT, 4To 3(p(HEeKTHBHOCTD YIPaBICHHS
(P») HENMHEWHO 3aBUCUT OT COOTHOILIEHUS ATHX NAapaMeTPOB, YTO
MTOJITBEPKIACT HEOOXOAUMOCTh CHCTEMHOTO TOIX0/Ia K aBTOMa-
TH3alUH.

HoBwu3Ha moxo/1a 3aKiIF09acTes B SBHOM yUETE U pa3ieiICHUN
BKJIQJa 9EJIOBEYECKOTO M TEXHOJIIOTHIECKOTO (haKTOpOB B odIIee
BpeMsI IUKJIA YIIPABICHUSA. JTO MO3BOJISET MMPOBOIUTH aIPECHYIO
OIICHKY TIOCJIEICTBUN BHEAPEHUS HOBBIX WH(POPMAIMOHHBIX CH-
creM (cHmkaromux At™) unm nporpamMm pasBuUTHS yIpaBleHUE-
CKMX KOMIIeTeHIMi (cHmxkarommx At1®).

Takoii moaxo/ coriacyercs ¢ ujieeid JIByXKOHTYpPHOM aBTOMa-
TU3AIUH, TJIC TUIOBBIC PCEHICHUS (BHCIIHUI KOHTYD) JOJKHBI
OBITh TAPMOHU3UPOBAHBI C WHAWBUAYAILHBIMU OCOOCHHOCTSIMU
YIPaBJICHUS] KOHKPETHBIM By30M (BHYTPCHHHUIA KOHTYP).

[IpakTryeckast ICHHOCTH MOJICITH 3aKTFOUACTCS B €€ aHATUTH-
YECKOM W BBIYHCIIUTEIIEHOM ITOTeHIae. Ha aTarme quarHocTHK,
myTeM (hUKCAITH CPEIHUX BPEMEHHBIX TIOKa3aTeNel, MOXKHO KO-
JIUYECTBEHHO OICHUTH TEKYIIYIO A3 PEKTUBHOCTD IpoIiecca IpH-
HATHS PEIICHUS B BY3€.

Ha stane npoekTrpoBaHusl, IO MOTYyYCHHBIM JAHHBIM 3a/1aBast
LieJIeBOe 3HaUeHNUEe P> U aHAJIM3HUPYS CIOKHUBIIYIOCS 0OCTAaHOBKY
(Aty;), MOXHO BBIYHCIHTH TPEeOOBaHHMSA K HEOOXOAUMOU

MIPOM3BOIUTEIHFHOCTH TTOIpa3AeicHnit MoHUTOpHHTA (Atyy) 1 pe-
anuzauuu pemeHnit (Aty;), 0O0CHOBBIBas TeM CaMbIM TOTpPEO-
HOCTb B KOHKPETHBIX OPraHHU3allMOHHBIX WU TCXHOJOTMYCCKUX
U3MCHCHUSX.

Takum oOpazom, pa3paboTaHHas aHAIUTHKO-IUHAMHYECKAs
MOJIEIIb YIPABJICHYECKOTO PEIICHHUSI [TO3BOJISIET HE TOJBKO OLIEHH-
BaTh TEKYIIYI0 () (EKTUBHOCTh YIPABJICHHS By3a, HO U LIEJIeHa-
MIPaBJIEHHO MPOEKTHPOBATH €0 aBTOMATH3AIHIO.

Mopens popmanusyer mmporuecc MPUHATHS PELIeHUH KaK B3a-
MMOCBSI3aHHYIO CHCTEMY, I'Jle KITIOUEBBIMU MTapaMeTPaMH BBICTY-
MAl0T CpeJHee BpeMs MEXIy BOSHHKHOBEHHEM IpobieM (Atnn),
ux upeHTuuranueit (At,,) u Helitpammzanueit (At,y).

KpI/ITI/I‘IeCKI/I BaXXHBIM ABJIACTCA TO, UTO IMOCJICIHUE JIBA Iapa-
MeTpa IMPEeACTaBICHbl KaK CyMMa BKJIAJIOB YEJIOBEUECKOro (hax-
TOpa MU TEXHUYECKON OCHAUIEHHOCTH: At =At? AT, T
AtHﬂ:Atqd)Hﬂ+AtTOHH.

DTOT NOAXO HANPSMYIO OTBEYAET Ha BBI30BbI, 0003HAUCHHBIE
B UCCJICIOBAHUSX 110 U(PPOBO TpaHCPOPMAIIUH BBICIIETO 00pa-
30BaHUs, B YaCTHOCTH, HA MPOOJIEMBI COKPAIIEHHS YUCICHHOCTH
00yJarommuxcs.

[MpennoxxeHHass MOJIENb MPEIOCTABISIET HHCTPYMEHT ISl KO-
JMYECTBCHHON OIEHKH TOTO, KAK MMEHHO BHEAPEHNE IU(PPOBBIX
TEeXHOJIOTHH (cokpamaromux At™) mnm pa3BUTHE YIIpaBIeHUE-
CKHX KOMITETCHIIMH TIepcoHaa (COKpamaromnx At*®) BrmstioT Ha
001t mokasatesb 3G HEKTUBHOCTH Pa. DTO MO3BOJISICT PYKOBO/I-
CTBY By3a IPUHUMATH OGOCHOBaHHBIe, OKOHOMHYCCKU BBIBEPCH-
HBIE PEUICHHS O PACIPEIEICHUH OTPAaHUYECHHBIX PECYPCOB MEKTY
UT-undpactpyKTypoii ¥ KaJIpOBBIM Pa3BUTHEM.

WurerpanbHblii okaszateib 3GOEeKTUBHOCTH P CIy)XUT YHH-
BEPCAJIbHBIM KPUTEPHEM JUISl TUATHOCTUKHU TEKYILETO COCTOSHHS
CHCTEMBI YIPaBIICHUS, PACCMOTPEHHOH B CTaThe, U JUIS MPOEKTH-
poBaHus €€ OyIyIero cocTostuus. 3a1aBast 1ejeBoe 3HaueHue Ps,
MOXHO PacCUNTaTh HEOOXOANMBIC BPEMEHHBIE XapaKTEPUCTHKU
MO/Ipa3JIeJICHNii MOHUTOPHUHIA M peaju3aluy pelIeHuid, TeM ca-
MBIM OO€ECIICUNBasi CUCTEMHYIO CBSI3b MEXIY CTPaTerMYeCKUMHU
LEJSIMH By3a M TAaKTHYECKUMH MEPaMH I10 ero HU(POBO TpaHC-
dhopmarmu. B koHeuHOM cuéte, JaHHAS MOJICITB CIIOCOOCTBYET IIe-
pexony oT (pparMeHTapHOM aBTOMATU3ALMH K CO3/1aHUIO LeJ0CT-
HOM, THOKOW ¥ A (PEKTUBHOI CUCTEMBI YIIPABICHHS, OPUEHTHUPO-
BAaHHOW Ha rapaHTUPOBAaHHOE JIOCTH)KEHHE 00pa3oBaTENIbHBIX U
YIPaBIEHYECKUX LIETIEH.
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Abstract

In the context of the digital transformation of education, the complexity of managing technological processes in higher education institutions is increasing,
which requires the implementation of scientifically based approaches to their automation. The purpose of the study is to develop and formalize a method-
ology for the automation of technological management processes (ATMP) of a university, ensuring the achievement of the specified quality indicators of
educational activities while optimizing resources. The main objective of the article is to present an adapted solution model and an algorithm for finding it
for the problems of automating educational, methodological, and administrative processes. The research methods include system analysis, methods of analy-
sis and synthesis, methods of network modeling, and formalization of the construction of a solution model using Kolmogorov differential equations. The
novelty of the work lies in the transfer of system design principles from the field of mechanical engineering to the field of education management, their adap-
tation, and the construction of a formalized solution model for the automation of a university. The results of the study are presented in the form of a struc-
tured methodology, including an analysis of literary sources based on a verbal automation model and the resulting formalized solution, as well as the obtained
indicator of the effectiveness of the solution implementation. The proposed approach allows for a systemic approach to improving the efficiency of a uni-
versity, ensuring a comprehensive consideration of educational, technological, and economic requirements at the decision-making stage, thereby raising the
level of awareness among students within the educational organization.

Keywords: automation of technological processes of university management, solution, performance criteria, digital transformation of education,technological forecasting
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A new period of metaverses has generated many challenges. Such relevant
research areas as mirror metaverses, digital twin networks, and federations of
artificial intelligence agents have become one of the most actively developed
both in science and international standardization at the ITU-T, IEEE, and ISO
levels. To access completely new resources and capabilities of online universes,
in particular mirror metaverses, new methods based on various types of wear-
able telepresence suits have recently been explored and actively developed.
The telepresence suit has many engineering and scientific tasks, as it is prima-
rily the most active representative of ultra-reliable ultra-low latency communi-
cation networks (URLLC) with the requirements of the Tactile Internet. In this
paper, a model of a telepresence suit based on a cylindrical coordinate system
is proposed, and the problem of improving the quality of a wireless communi-
cation channel is investigated using the example of a radiating system for wear-
able networks (WBAN), in particular for a telepresence suit, where the possi-
bility of using a metamaterial as a reflective layer is considered. This design
makes it possible to improve the characteristics of the communication channel
by improving the directivity of the emitting systems. The geometry and param-
eters of an SRR cell designed at a frequency of 5 GHz are presented, which is
considered as a promising frequency range for the further development of
WBAN networks for the first widespread use of telepresence suits.

Information about authors:

Viktoriya V. Dmitrieva, The Bonch-Bruevich Saint-Petersburg State University of Telecommunications (SPbSUT), St. Petersburg, Russia. ORCID:
https://orcid.org/l0000-0001-5608-596 |

Andrey E. Koucheryavy, The Bonch-Bruevich Saint-Petersburg State University of Telecommunications (SPbSUT), St. Petersburg, Russia. ORCID:
https://orcid.org/0000-0003-4479-2479

Ana uMTMpoBaHua:
Amumpuesa. B.B., Kyuepsesiti A.E. MeTog opraHusaummn 6ecnpoBOAHbIX KaHANIOB HATENbHOW CETU KOCTIOMA TENErNpUCYTCTBUA C WUCMOSb3OBaHNEM
MeTanosepxHocteit // T-Comm: TenekoMMyHuKaLmm u TpaHcnopt. 2026. Tom 20. Ne7. C. 63-70.

For citation:
V.V. Dmitrieva, A.Y. Koucheryavy, "Wireless Channel Design Method for a Telepresence Suit Body Area Network Based on Metasurfaces,”
T-Comm, 2026, vol. 20, no. 7, pp. 63-70.

—

T-Comm Vol.20. #7-2026




COMMUNICATIONS

1 Introduction

The current decade, up to approximately 2030-2035, is shap-
ing the face of the future: the concept of the Internet of Things,
having reached the plateau of the Gartner curve, has sought to sat-
urate markets with all kinds of solutions that make it possible to
transfer business and public sector digitalization models to the
level of data and digital counterparts. The International Telecom-
munication Union (ITU) has voiced a thesis that the next era of
networks and services will be characterized by a multiverse, which
is a combination of national, private, and other metaverses. This
concept has begun to be implemented, and it is expected that tech-
nologies such as digital twin networks, avatars, telepresence suits,
digital assets, and digital skills will make it possible to bridge
gaps, including those defined in the United Nations Sustainable
Development Goals (SDGs). Already at the moment, in addition
to the existence of Resolution 105 of the World Telecommunica-
tion Standardization Assembly (WTSA 24) itself, there are about
thirty draft ITU-T standards in 21 study group, 11 study group,
avatars, metaverse structures, problems of compatibility between
universes, as well as compatibility of telepresence suits.

At the same time, the problems of deep integration of artificial
intelligence technologies into communication networks and ser-
vices are being investigated. Such tasks cover issues of digital
twins and their network, artificial intelligence (AI) agents and
their federation, and artificial intelligence sandbox testing envi-
ronments.

At the same time, research in the field of metaverses, in partic-
ular avatars, has identified some of the most interesting and urgent
tasks of the modern decade in terms of the development of a new
type of user interfaces - telepresence suits. Telepresence suits
should have the necessary characteristics of Tactile Internet de-
vices, which was fundamentally developed in the framework of
research on various applications of the Internet of Things. The re-
quirements for the tactile Internet are extremely complex and high,
with a latency of 1 ms (URLLC and HRLLC) [1-2].

In conditions of imperfect data transmission medium (absence
of "laboratory conditions" in the broad sense of the word), a num-
ber of natural physical conditions (wave propagation speed, inter-
ference, and much more), it is necessary to follow a systematic
approach, which consists in considering the problem of delay gen-
eration from the sensor of the telepresence suit (signal registration,
processing, and transmission over the on-board network), trans-
fers from a telepresence suit to a network coordinator or base sta-
tion with an appropriate wireless channel organization in a noisy
environment (including parasitic radiation, absorption, etc.), pri-
mary processing on an edge server and subsequent data transmis-
sion to avtar.

A special task in this area is and will be the problem of com-
patibility of telepresence suits and avatars in network universes,
mirror metaverses. Recently, many studies and publications have
been devoted to the development of telepresence suits [3-5]. One
of the publications provides a method for optimized data transmis-
sion and signal processing for telepresence suits, which also pro-
vides a comparative analysis of existing telepresence suit designs.
Currently, such prototypes and solutions are known as: Tesla
Suits, Senso, Perception Neuron 3, OWO Skin Haptic Suit and
Kold.

The TeslaSuit telepresence suit uses a set of IMU sensors to
capture movements, and also offers advanced features such as

electroneuromyography (with muscle stimulation), making it suit-
able, for example, for medicine. The Senso telepresence suit inte-
grates internal and external IMU sensors, it is worth noting that it
does not have tactile sensors, and is mainly focused on virtual re-
ality (for example, in the tasks of immersion in the virtual worlds
of immersive video games). The Perception Neuron 3 telepresence
suit also uses IMU sensors. The OWO Skin Haptic Suit, although
focused on tactile sensations and immersive services, still has lim-
ited technical capabilities. The Kold telepresence suit, developed
at the Meganetlab 6G laboratory (SPbGUT), has both a sensory
part and an actuating part for kinesthetic feedback, and is suitable
for medical applications. It should be clarified that these
telepresence suits have been developed and are being researched
by research teams from different countries: Great Britain, Spain,
Japan, USA, China and Russia. Naturally, the existing functional-
ity in these telepresence suits is represented by the set that was
necessary for the tasks of the relevant research. However, it is
worth noting that telepresence suits represent a new type of user
interface, as previously mentioned, and have a huge set of scien-
tific tasks. These tasks can be more effectively explored taking
into account the developed solutions, such as infrastructure, for
example, the same Kold telepresence suit. The presented compar-
ison highlights the diversity of existing technological advances in
this field of research [3, 6].

Despite the staggering pace of development of network uni-
verse technologies, immersive technologies and the tactile Inter-
net, there are still significant problems and scientific tasks that
need to be solved for a full-fledged user interaction with virtual
avatars. One of the most pressing problems is the transmission of
a large amount of data (direct and reverse kinesthetic communica-
tion with the avatar based on dozens of sensors and actuators, heat
and cold data transmission for subsequent regeneration, etc.) via
wireless communication channels between the telepresence suit
and the network coordinator, in conditions of jamming, parasitic
radiation. These limitations lead to delays, inaccuracies, and re-
duced immersion, which is critical for applications that require
precise control (positioning an avatar in a mirrored metaverse
based on telepresence suit sensors), including virtual simulations,
control of remote physical avatars (for example, robots based on
data from a user's virtual avatar), and avatar-based interaction (av-
atar-avatar interaction).

2 A model of a telepresence suit

Immersive technologies allow you to partially or completely
immerse yourself in the digital environment, depending on the re-
quirements and services provided to the user. Let's consider the
scenario of user interaction with an avatar in the digital universe —
this is possible thanks to user devices such as a telepresence suit
[7]. When a human moves, the suit changes shape, forming
creases or bends. For the purpose of comfortable interaction, it is
necessary to take into account the features of user movement, in
addition, when designing such devices, it is necessary to take into
account the influence of the body on the propagation of the radio
signal.

Due to the development of immersive technologies, the design
of wearable devices remains an urgent task, including the creation
of new concepts of radiating devices for WBAN networks. When
designing such systems, it is necessary to take into account the
large number of sensors placed in the suit, from which a number

T-Comm Tom 20. #7-2026




of technical tasks can be identified to preserve gain, reduce para-
sitic radio radiation, and suppress inter-channel communication
between neighboring WBAN elements. In addition, it is important
to take into account the features of the human body shape — for
this it is necessary to introduce an approximating surface.

Consider the position of the sensors in the telepresence suit in
the cylindrical coordinate system. Then the sensor or radiating de-
vice will have 3 coordinates A(r, ¢, z), and the r coordinate is al-
ways unchanged when moving, since the location of the device in
the suit relative to the central selected axis is unchanged (FIG.1).
Then we assume a change in coordinates when moving:

r = const,
¢ =@y +Ag,
z =27y + Az.

By representing the body segments as a cylindrical coordinate
system [8] and determining in advance the permissible ranges of
radii of curvature and orientations of the emitting systems, it is
possible to systematize the requirements for the placement of ra-
diators on a telepresence suit with minimal losses.

= ’f —APo2)

Fig. 1. Cylindrical coordinate system

To date, there are works devoted to the design of radiating sys-
tems for wearable devices. Broadband radiators can be used for
WBAN systems [9]. It was noted in the work that the geometry of
the body and the location of the antenna have a significant impact
on the characteristics. In [10, 11], the antennas for the frequency
bands of the WBAN networks are presented: 2.4GHz and 5.8
GHz, the study is carried out mainly on a planar or slightly curved
substrate.

In the considered works, special attention is paid to miniaturi-
zation and improvement of the emitter matching parameters, while
the influence of the user's body shape and surface curvature on the
electromagnetic characteristics of antennas is considered to be
limited. Most of the works [12, 13] do not take into account the
peculiarities of changing the shape of emitting systems and do not
consider the possibility of improving the directional characteris-
tics and reducing back radiation.

One of the promising directions for improving the guiding
properties of the emitter of wearable systems is the use of a meta—
surface as a reflective surface. In [14-16], a meta-surface is used
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for WBAN radiators as an improvement in the directivity index.
but they do not take into account the peculiarities of the human
body structure. Thus, despite the large number of works devoted
to WBAN networks, the development and improvement of a com-
pact radiator, taking into account the requirements, remains an ur-
gent task.

In this paper, a meta-surface for a telepresence suit based on
an SRR cell is proposed and investigated, implemented on a lo-
cally cylindrical substrate with radii of curvature corresponding to
body segments of the user of the telepresence suit.

3 Problem statement. Antenna characteristics
for WBAN systems

The antennas in WBAN networks are located directly near the
human body. When researching devices for wireless wearable net-
works, it is necessary to take into account the electromagnetic
properties of the devices that affect the user, as well as the user's
influence on changes in the signal-to-noise environment. For ex-
ample, an antenna integrated into a telepresence suit undergoes
constant physical changes when the user moves. One of the key
characteristics of antennas is the directional pattern. And when the
same radiator is placed on planar and cylindrical surfaces, its ra-
diation pattern usually differs, since the geometry of the surface
changes (Fig. 2), which results in a change in the distribution of
induced currents and phase ratios between elementary radiation
sources at the aperture. In view of all the above, for the far zone,
this is reflected in the change in the angular function of the radia-
tion pattern.

P(r,0,9)

(]

Js(@")

b)
Fig. 2. Radiating surfaces a) planar b) cylindrical
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For an arbitrary distribution of surface currentsfS (%), the elec-
tromagnetic field strength in the far zone can be written as [11-12]

— e_jkr > -
E(r,0,0) = jou f] @)K ds
4mr Jg°

From where it is obvious that the difference between planar
and cylindrical surfaces is determined by the area, the law of cur-
rent distribution on the surface and the phase multiplier.

For a planar surface z=0, the surface point has coordinates
(x,y',0), and the multiplier takes the form:

r- ' = x'sinBcos @ + y’sin Bsin ¢

For a cylindrical surface of radius a, the surface point is given
as (acos ¢’,asin ¢’,z") and the multiplier is converted to the
form:

r- 1’ = asinfcos (¢ — ¢") + z'cos 0

The appearance of the cos(¢@ — ¢") function and a change in
the current distribution over the curved surface leads to a change
in the radiation pattern compared to the planar case.

Let us form the task of synthesizing the structure for the
WBAN radiator in a cylindrical coordinate system (r,,z) in order
to take into account the geometry of the human body. The antenna
and its elements are considered as distributed over the surface of
a cylinder approximating a body segment.

In addition, an important goal in the development of wearable
devices is to minimize the specific absorption of electromagnetic
fields (SAR) by human body tissues. According to American
standards, the SAR level should not exceed 1.6 W/kg for every
gram of fabric, and according to European standards, it should not
exceed 2 W/kg for 10 grams of fabric. [11]

The specific absorption coefficient (SAR) in tissues is calcu-
lated [12]:

oE?
SAR = T

Where ¢ is the specific conductivity; E is the electric field
strength and p is the specific density of the substance.

In wearable systems, the emitter should be compact, low-pro-
file, and lightweight. One of the key parameters of the radiator for
a telepresence suit is to take into account changes in position and
orientation in space, as well as minimizing back radiation.

4 Analysis of the mathematical material structure
for telepresence suits

Metamaterials include artificially created materials with a pe-
riodic structure. The properties of such cells are determined by
geometric dimensions - the dimensions of the resonators and the
inter-element distances are significantly less than the operating
wavelength. One of the promising directions for the development
of metamaterials is the use of a structure of miniature split ring
frames acting as magnetic dipoles. Some types of metamaterials
are presented in [20,21], for example: Edge-coupled SRR (Fig.3a),
Omega SRR (Fig. 3b) and S ring (Fig. 3¢). Moreover, on the last
two, a cell of a repeating shape is supplemented on the reverse side
of the substrate.

-

¢)
Fig. 3. a) Edge-coupled SRR b) Omega SRR ¢) S ring

It is known that the behavior of an electromagnetic wave is
determined, among other things, by the properties of materials.
Figure 4 shows the classification of materials based on the prop-
erties of their electrical and magnetic permeability. Most materials
have positive characteristics £>0,u>0 (DPS) — these are ordinary
dielectrics such as FR-4, duroid. In such media, the wave propa-
gates according to the classical theory of wave reflection and re-
fraction, and the refractive index and wave resistance are deter-
mined by the expressions:

&

Where €, = /¢y, W = W/ &g, Zy — Wave resistance of free
space

The material environment £<0, >0 (ENG) such indicators are
observed in plasma in the frequency range when w<wy, [19]:

spzl—(%)

Also, some precious metals (silver, gold) may have a negative
dielectric constant in the infrared and visible regions of the spec-
trum.

-
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If e>0, u<0 (MNG), some gyrotropic materials (ferrites) may
have such properties in a narrow frequency range.

The material environment with properties of both negative di-
electric and magnetic permeability (DNG) do not exist in nature,
but they can be artificially created, such media are called met-
amaterials. To achieve such properties, it is necessary to create a
special, periodic cell structure, the dimensions of which are
smaller than the wavelength For such media, the refractive index
can be negative and equal to [20, 21]:

n= R, Erlly

j e" u"
n~ —|e |2 u, Y2 [1+—< + )]
" " 2 |€r|£0 |ﬂr|“0

Thus, the creation of a metamaterial with the required electro-
dynamic properties is reduced to the synthesis of a unit cell
providing the necessary electrical and magnetic characteristics.

U

A

ENG DPS
(E<0,u>0) (e>0,u>0)
> E
DNG MNG
(e<0,u<0) (e>0,u<0)

Fig. 4 Classification of materials depending on the sign of magnetic
and dielectric permittivity

Since it is necessary to minimize back radiation for the purpose
of this task, the material must have high-impedance properties.
One of the possible embodiments of such a cell may be an SRR
cell, such a structure creates a resonant magnetic reaction, which
is why the material can exhibit electromagnetic properties such as
negative magnetic permeability near the resonant frequency.
Thus, Edge-coupled SRR is well suited for minimizing back radi-
ation, and it can be used to obtain the magnetic and impedance
characteristics necessary for the shielding properties of the sys-
tem, while the cell has compact dimensions [20].

Provided that the period of the structure and the thickness of
the substrate are significantly less than the radius of the substrate
(in the form of a cylinder). Then such a cell can be described by a
planar LC model of the first approximation. We will write the con-
dition as:

p <KR,d<R

An equivalent metasurface can be described by an LC circuit

with an impedance equal to [22]:
wl

Z — eq
S(w) ] 1 _ szequq
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The surface is inductive at low frequencies and capacitive at
high frequencies. The impedance is very high near the resonant

frequency:
1

" 2L,y Coy

To create a cell structure with the characteristics of an artificial
magnetic conductor (AMC), the equivalent surface resistance
must be significantly greater than the wave resistance of the free
space at frequency fj . In this mode, at the transition boundary, the
tangential component of the magnetic field approaches O (practi-
cally suppressed). As a result, the currents on the surface are in
phase with the currents in the emitting element, which makes it
possible to increase the directivity of the radiator and reduce the
power in the direction of the user's body.

The reflection coefficient at normal incidence is related to the
surface impedance by the ratio

_ZS_ZO
T 7.+ 7,

Where Z, = 377 Om, for AMC, the reflection phase should
tend to 0 degrees.

fo

¢ =arg (D)

5 Modeling and analysis of a metamaterial cell
for a telepresence suit

Based on the structure of the SRR type metasurface, a single
cell was created (Fig. 5) with substrate dimensions (9.5x9.5x1.6)
mm, providing a resonant magnetic response and a high surface
impedance in the 5 GHz range. Additionally, the small geometric
dimensions of the SRR cell relative to the wavelength ensure a
low profile of the shielding layer, which makes the selected
meta-surface convenient for integration into cylindrical segments
of WBAN devices.

H Field
E Field [v/im] [Aim]
1.4851E+05 845230
1.3861E+05 79.0061
1.2871E+05 734891
1.1881E+05 67.9721
1.0891E+05 62.4552
9.9011E+04 T
391108404 514213
7.9209E+04 45.5043
6.9308E+04 40.3874
5.9408E+04 34.8704
4.9507E+04 29363
3.9806E-04 238365
28706404 18.3196
1.9805E+04 12.8026
9.9041E+03 T2eat
337768400 1.7687

Fig. 5. Setting of boundary conditions
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Based on the formed cell of the first approximation, parametric
optimization was performed and a set of cell sizes corresponding
to a resonant frequency of 5 GHz was selected. Figure 6 shows the
S-parameters for the dimensions of the sides of the cell rings: for
the outer ring it is 6.8 mm and for the inner Smm with a cutout of
1.05 mm.

am " " = "
T

Fig. 6. S-parameters

Figure 7a shows the frequency dependences of the real €’(f)
and imaginary €’(f) parts of the effective permittivity of the simu-
lated metasurface. The real part (green) shows a sharp dispersion
transition near the resonance: as the frequency increases, it
changes monotonously and quickly passes through zero in a nar-
row frequency range, which indicates the formation of a region
with negative effective permeability. The imaginary part (red) has
a pronounced narrow maximum at the resonant frequency, reflect-
ing an increase in losses.

Figure 7b shows the frequency dependences of the real p’(f)
and imaginary p’(f) parts of the effective magnetic permeability.
The real part (green) shows a resonant dispersion: when moving
away from the resonance, its value remains close to unity, whereas
in a narrow region around the resonant frequency, a sharp transi-
tion is observed and a frequency range with a negative effective
magnetic permeability p’<0 is formed. This behavior corresponds
to the occurrence of a strong magnetic response due to circulating
currents in the SRR structure and is a sign of a metamaterial. The
imaginary part (red) has a pronounced narrow maximum in the
vicinity of the resonant frequency.

Figure 7c shows the frequency dependence of the complex
wave resistance of the metasurface obtained on the basis of the
extracted effective parameters.

The simulation results demonstrate the possibility of creating
a structure with negative parameters of dielectric and magnetic
permeability in a narrow range of operating frequencies.
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6 Application of a metasurface in a telepresence suit
to improve the signal-to-noise ratio

One of the tasks in developing a telepresence suit wearable
network is to reduce unwanted parasitic radiation that occurs due
to the large number of radiating elements on the surface of the suit.
By parasitic radiation we mean additional electromagnetic fields
that arise.

Spurious radiation introduces additional losses into the com-
munication channel, which reduces the signal-to-noise ratio.

Then the expression of the signal to noise ratio is:

-—
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SNR = 2¢ Pe
PLLI PTLLI + PLUM

Where P, — the signal power, P, — is the power converted
into heat due to conductor loss and dielectric loss in the line or
component, P, — is the insertion loss component due to parasitic
radiation, i.e., power that leaves the transmission structure as elec-
tromagnetic radiation instead of reaching the load

Various metasurfaces provide phase and amplitude control of
the wavefront, which makes it possible to form directional patterns
and reduce the scattering field in specified angular regions. As a
result, the power of the parasitic radiation is reduced compared to
the configuration of the telepresence suit without a meta-surface.
This effect has been confirmed by experimental and numerical re-
sults, for example, by reducing the level of the side lobes [23] and
increasing the directivity [21, 24] in the antennas of sensors with
metasurfaces. As a result, the total signal-to-noise ratio in the
channel increases.

Conclusions

For wearable devices of WBAN networks and telepresence
suits, the use of metamaterials has a promising direction, since
they have properties that affect the propagation characteristics of
electromagnetic energy. The development and improvement of
such systems will increase the overall signal-to-noise ratio for
WBAN networks, in particular for ultra-dense networks of
telepresence suits. The article presented an element of a miniature
cell design at an operating frequency of 5 GHz, Modeling showed
that the developed element made it possible to preserve the char-
acteristics with varying curvature of the substrate with a radius of
up to 30 mm.

Due to the optimal choice of filling cells in each node of the
meta-surface, it is possible to suppress radiation in the direction of
the body, reduce the level of the side and rear lobes, and simulta-
neously enhance radiation in the desired radiation direction. Thus,
the meta-surface can serve as a thin "secondary radiator", which
is a real need in the curved surfaces of telepresence suits.

The disadvantages of such a surface include a narrow range of
operating frequencies, since the mode of an artificial magnetic
conductor is formed near resonance and usually persists only in a
limited band where the characteristics remain close to the required
values. At the same time, the created meta-surface of their group
of unit cells has unique properties (controlled phase response, sup-
pression of surface waves, formation of a given radiation pattern),
which in turn opens up opportunities for targeted optimization of
the communication channel and the creation of compact wearable
emitting systems with specified parameters.
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METOJ[, OPFTAHMU3ALI BECMPOBOAHbIX KAHAJIOB HATEJ/TIbHOM CETU KOCTIOMA
TENEMNPUCYTCTBUA C UCMNOJTIb3OBAHMEM METANMOBEPXHOCTEMN

HAmumpueea Bukmopua BukmopoeHa, CaHkm-Ilemepbypackuti 20cydapcmeeHHbill yHUgepcumem mesneKoMMyHUKauul um. npocp. M.A.
Bony-Bpyesuya (Cr16IYT), Cankm-Tlemepbype, Poccus, dmitrieva.vv0@gmail.com

Ky4epsaebitii Andpeii Eszenbeeuy, CaHkm-Tlemepbypackuti 2ocydapcmeeHHblIll yHUSEpcumem menekoMMmyHuKauut um. npog. M.A. bonu-
Bpyesuua (Cr16IYT), Cankm-Tlemepbype, Poccus, akouch@mail.ru

AnHOTaums

Opa ceTeBbIX BCESIEHHbIX (MeTaBceneHHbIX) CHOPMUPOBaNa MHOXKECTBO BbI3OBOB. [aKMEe aKTyaslbHble HarpaBfieHUA MCCNIEAOBAHUM, KaK: 3epKasibHble METaBCESieHHble, CeTU
uMbPOBLIX ABOMHNKOB M hefepaLyi areHTOB UCKYCCTBEHHOTO WMHTENNIEKTa CTaN OAHWUMM W3 aKTUBHO Pa3BMBAEMbIX KaK B HayKe, Tak W MeXAyHapOZAHOW CTaHAapTM3aLun Ha
yposte ITU-T, IEEE, ISO. na goctyna Kk coBepLUEHHO HOBbIM peCcypcaM Y BO3MOXKHOCTAM CETEBbIX BCENEHHbIX, B YaCTHOCTU 3epKasibHbIX MeTaBCeSIeHHbIX, B MOC/eAHee BpeMA
MCCNeayeTca U aKTUBHO pa3pabaThiBaloTCA HOBbIE METO/lbl HA OCHOBE HOCKMbIX KOCTIOMOB TemenpucyTCTBUA pasnnyHoro suaa. Koctiom TenenpucyTctena obnajaeT MHOXeCTBOM
MHKEHEPHBIX W Hay4HbIX 3a/jad, TaK KaK B MEpBYIO O4epeAb OH ABMAETCA CaMbIM aKTWBHbIM mpegcTauteneM ceted URLLC - cBepXHazieXHbIX CeTeil CBA3WU C ynbTpaMasnon
3az1epXKoii ¢ TpeboBaHnAMM TakTUNbHOrO MHTepHeTa. B faHHon paboTe npeanoxeHa Moaenb KOCTIOMa TeNENpUCYTCTBUA Ha OCHOBE LINIMHAPUHECKON CMCTEMbl KOOPAMHAT, a
TaKXe MccnefoBaHa npobrieMa MoBbILLEHWA KadecTBa 6ecnpoBOAHOrO KaHana CBA3WM Ha MpUMepe U3yualoLien cucTeMbl Ania HatenbHbix cetent (WBAN), B yactHocTn ans
KOCTIOMa TeNenpucyTCTBUA, A€ B KayecTBe OTPAXalOL|ero C/ioA PacCMOTPeHa BO3MOXHOCTh MPUMEHEHWA MeTaMaTepuana. Takoe MCMOJIHEHME MO3BONAET YMyylUMTh
XapaKTEPUCTUKM KaHafia CBA3M 32 CHET YyuLIEHWA HArNpaBeHHOCTU u3nyyatolmx cucteM. MNpusegeHa reometpus 1 napametpbl SRRA4enku, paccumtanHom Ha vactote 5 M,
KOTOpasA pacCMaTpUBAETCA KaK MEPCMeKTMBHbIN Y4acTOTHbIA AManasoH Ana AanbHeuiero passutua cuctem WBAN ans nepsoro LUMPOKOro pacrpoCTpaHeHWs KOCTIOMOB
TeNenpucyTCTBuA.

Knio4yeeblie cnoea: memascenenHas, WBAN, kocmiom menenpucymcmeus, memamamepuarel.

Juteparypa

|. Recommendation ITU-R M.2083-0. IMT Vision - Framework and overall objectives of the future development of IMT for 2020 and beyond. Geneva: ITU, 2015.

2. Kyuepssbiii A. E., Jasyd A. A. A. A, Bonkos A. H. n ap. CeTn cBA3M LiecTOro nokoneHus: ppakTanbHble apXUTEKTYpbl, ronorpaduieckue B3auMoAencTmnsa, TenenpucyTcTeme,
cetesble poboTbl: yuebHuk. Cankr-INetepbypr [u ap.] : Mutep, 2024. - 318, [1] c. (YuebHuk ana Bysos). ISBN 978-5-4461-4289-7.

3. Volkov A. et al. Optimized data transmission and signal processing for telepresence suits in multiverse interactions //Journal of Sensor and Actuator Networks. 2024. T. 13.
Ne 6. C. 82.

4. Dmitrieva V. et al. Towards Seamless Integration: Adaptive EMG Signal Processing for Avatar Control in Metaverse // Proceedings of the 9th International Conference on
Future Networks and Distributed Systems. 2025. C. 1093-1101.

5. Ateya A. A. et al. Enabling Metaverse and Telepresence Services in 6G Networks. River Publishers, 2025.

6. Bosikoe A. H. MetaBceneHHble Kak CrnefytoLnii BUTOK pa3BUTUA CeTeBbIX TexHonoruit // Hayuno-texHudeckan koHdeperums Cankr-MNetepbyprekoro HTO POC um. A. C.
Monoga, nocesweHHas [JHio pagno: c6opHuk Matepuanos koHdeperuuu. 2024. Ne [(79). C. 210.

7. Omumpuesa B. B., Bonkos A. H., Azparosuy O. E. HoBbiii MeToz B3aMMOZeCTBUA C aBaTapOM B MyNIbTUBCENIEHHOM Ha OCHOBe MeToAa alanTuBHoW obpabotku DMl -curHanos
/I Onektpocease. 2026. Ne 3. C. 10-19. DOI 10.34832/ELSV.2026.77.3.002.

8. Xiong L., Miao H., Yao Z. Human Body Model for Channel Characterization Based on Ray?Tracing //International Journal of Antennas and Propagation. 2020. T. 2020. Ne 1.
C. 5817508.

9. Mahmood S. N. et al. ON-OFF body ultra-wideband (UWB) antenna for wireless body area networks (WBAN): a review // IEEE Access. 2020. T. 8. C. 150844-150863.
10. Musa U. et al. Design and analysis of a compact dual-band wearable antenna for WBAN applications // IEEE Access. 2023. T. | 1. C. 30996-31009.

Il.Le T. T, Yun T. Y. Miniaturization of a dual-band wearable antenna for WBAN applications // IEEE Antennas and Wireless Propagation Letters. 2020. T. 19. Ne 8. C. 1452-
1456.

12. Sambandam P. et al. Miniaturized button-like WBAN antenna for off-body communication // IEEE Transactions on Antennas and Propagation. 2020. T. 68. Ne 7. C. 5228-
5235.

13. Kanagasabai M. et al. On the design of frequency reconfigurable tri-band miniaturized antenna for WBAN applications // AEU-International Journal of Electronics and
Communications. 2020. T. 127. C. 153450.

14. Alhawari A. R. H. et al. Metamaterial-based wearable flexible elliptical UVWB antenna for WBAN and breast imaging applications // AIP Advances. 2021. T. I'1. Ne [.

I5. Saeidi T. et al. Sub-6G metamaterial-based flexible wearable UWB antenna for loT and WBAN // 2020 IEEE Intl Conf on Dependable, Autonomic and Secure Computing,
Intl Conf on Pervasive Intelligence and Computing, Intl Conf on Cloud and Big Data Computing, Intl Conf on Cyber Science and Technology Congress
(DASC/PiCom/CBDCom/CyberSciTech). IEEE, 2020. C. 7-13.

16. Douhi S. et al. Metamaterial-integrated wearable UWB antenna with SAR reduction and gain enhancement for Wireless Body Area Sensor Networks (WBASNs): Design
and experimental verification // Sensors and Actuators A: Physical. 2025. T. 388. C. |16499.

17. Balanis C. A. Antenna theory: analysis and design. John wiley & sons, 2016.

18. lonbdwmedn J1. []. DnektpoMarHuTHble nosns u BonHbl. Punon Knaceuk, 1956.

19. XKdaHoe C. K. u ap. OcHoebl $husnyeckmnx NpoLLEccoB B MnasMe v nnasMeHHbIX ycraHoekax // BA Kypraeea. M.: MU®W. 2007.

20. Engheta N., Ziolkowski R. W. (ed.). Metamaterials: physics and engineering explorations. John Wiley & Sons, 2006.

21. Cntocap B. Metamatepuarbl B aHTEHHOM TEXHUKE: OCHOBHbIE MPUHLMMLI U pe3ynbTatel // Mepeas Muns. 2010. T. 18. Ne 3-4. C. 44-60.

22. Sievenpiper D. et al. High-impedance electromagnetic surfaces with a forbidden frequency band // IEEE Transactions on Microwave Theory and techniques. 1999. T. 47.
Ne 1. C. 2059-2074.

23. Qi M. Q. et al. Suppressing side-lobe radiations of horn antenna by loading metamaterial lens // Scientific reports. 2015. T. 5. Ne |. C. 9113.

24. Attia H. et al. Metamaterial for gain enhancement of printed antennas: Theory, measurements and optimization // 201 | Saudi International Electronics, Communications
and Photonics Conference (SIECPC). IEEE, 201 1. C. 1-6.

Nndopmauma o6 asTopax:

HAmumpueea Bukmopus BukmopoeHa, cmapwuii npenodasamesnb kagedpbl cemeli ceasu u nepedaqu danHblx, Cankm-llemepbypackuii 2ocydapcmeeHHbili yHUsepcumem
menekommyHukauui um. npogp. M.A. boru-Bpyesuua (CI6IYT), Cankm-Tlemepbype, Poccus. ORCID: https://orcid.org/0000-0001-5608-596 |

Kyuepsaebiii AHdpeii EezeHbeeuy, npocpeccop, 3asedyrowuli kagpedpol cemel cesasu u nepedayu 0aHHbIX, 0.m.H., Cankm-Tlemepbypackuii 2ocydapcmeeHHbIl yHUsepcumem
menekommyHukauuii um. npocp. M.A. bonu-Bpyesuua (CI16I'YT), Cankm-Ilemepbype, Poccus, ORCID: https://orcid.org/0000-0003-4479-2479

—_——

T-Comm Tom 20. #7-2026




TRANSPORT

MULTIMODAL METHODOLOGY FOR INTEGRATED DRIVING
STYLE ASSESSMENT OF CONSTRUCTION MACHINERY
OPERATORS BASED ON COORDINATED USE OF CAN DATA
AND TELEMATICS

Petr I. Smirnov, DOI: 10.36724/2072-8735-2026-20-7-71-79
Institute of Mechanical Engineering, Energy and Transport
Vologda State University, Vologda, Russia, smirnovpi@vogu35.ru

Manuscript received 08 April 2026;

Oleg A. Val ,
eg alyaev, Accepted 12 June 2026

Moscow Automobile and Road Construction State Technical University
(MADI), Moscow, Russia, o.valyaev@madi.ru

Natalia I. Baurova,
Moscow Automobile and Road Construction State Technical University
(MADI), Moscow, Russia, nbaurova@mail.ru

Grigory S. Mazlumyan,
Moscow Automobile and Road Construction State Technical University
(MADI), Moscow, Russia, g.mazlumyan@madi.ru

Boris S. Subbotin, Keywords: driving style, CAN bus, telematics,
Moscow Automobile and Road Construction State Technical University driver scoring, multimodal analysis, trip identifier,
(MADI), Moscow, Russia, bsubbotin@mail.ru construction machinery, fuel efficiency

The operation of construction machinery is associated with high fuel costs and intensive wear of components,
which are largely determined by the operator's driving style. This paper proposes a multimodal methodology
for integrated driving style assessment based on the coordinated use of low level CAN data (signal plane) and
aggregated fuel consumption indicators (user plane) using an end to end trip identifier. Unlike existing
approaches focused on classifying driving style by individual parameters, the proposed methodology allows the
formation of an integrated Driving Aggressiveness Index (DAI) correlated with fuel efficiency. Validation was
performed on the open Vehicle Energy Dataset (VED) containing second by second CAN records of 299 vehi-
cles (26,286 trips). It is shown that DAI has a significant positive correlation with mean mass air flow (MAF)
used as a proxy for fuel consumption: at the trip level p = 0.280 (p < 0.0001), at the driver level p = 0.292
(p < 0.0001). The scientific novelty consists in transferring the methodology of coordinated analysis of two
planes (similar to TEID in LTE networks) to the driver scoring task, as well as in adapting the approach for con-
struction machinery. The practical significance lies in creating a basis for fleet monitoring systems that can
reduce fuel consumption and operating costs through objective driving style assessment.

Information about authors:

Petr I. Smirnov, Vologda State University, Institute of Mechanical Engineering, Energy and Transport, Department of Automobiles and Automotive Industry, Associate Professor, PhD, Vologda,
Russia. orcid.org/0000-0002-9405-7248

Oleg A. Valyaev, Moscow Automobile and Road Construction State Technical University (MADI), Institute of Automotive and Special Equipment and Engineering, Department of Transport
Installations, Senior Lecturer, Moscow, Russia. o.valyaev@madi.ru, ORCID 0009-0000-1025-8388

Natalia I. Baurova, Moscow Automobile and Road Construction State Technical University (MADI), Institute of Automotive and Special Equipment and Engineering, Department of
Production and Repair of Automobiles and Road Construction Machinery, Professor, Doctor of Technical Sciences, Moscow, Russia. nbaurova@mail.ru, ORCID 0000-0001-9529-2031
Grigory S. Mazlumyan, Moscow Automobile and Road Engineering State Technical University (MADI), Vice-Rector for Research, Candidate of Technical Sciences, Moscow, Russia.
g.mazlumyan@madi.ru, ORCID 0009-0001-9296-0775

Boris S. Subbotin, Ph.D. (Engineering), Moscow Automobile and Road Construction State Technical University (MADI), Senior Researcher, Ph.D. (Engineering), A.N. Kosygin Russian State
University, Associate Professor, Moscow, Russia, ORCID 0000-0003-1685-082X

Ana umtupoBaHus:

CmupHos 1.1, Banses O.A, bayposa H.M.,, Maznymsar I'.C., Cy66omun b.C. MynstuMoaanbHas METoAMKa MHTErPasibHON OLIEHKM CTUMA BOXKAEHWA OMEpPaToOpOB JOPOXKHO-
CTPOUTENBHOMN TEXHUKU Ha OCHOBe cornacoBaHHoro npumMeHenna CAN-aaHHbix 1 Tenematvkm // T-Comm: TenekoMMyHuKauum u TpaHcnopt. 2026. Tom 20. Ne7. C.
71-79.

For citation:
P. I. Smirnov, O. A. Valyaev, N. |. Baurova, G. S. Mazlumyan, B. S. Subbotin, "Multimodal methodology for integrated driving style assessment of construc-
tion machinery operators based on coordinated use of CAN data and telematics,” T-Comm, 2026, vol. 20, no. 7, pp. 71-79.

-

T-Comm Vol.20. #7-2026




TRANSPORT

1 Introduction

Modern road construction companies incur significant operat-
ing costs associated with fuel consumption, transmission and
chassis wear, and unscheduled repairs. According to industry re-
search, up to 30% of excess fuel consumption in fleets is due not
to the technical condition of the vehicles, but to the individual
driving style of operators [1]. Aggressive acceleration, harsh brak-
ing, suboptimal gear selection, and prolonged operation at ele-
vated engine speeds not only increase fuel consumption but also
reduce the lifespan of components, especially in off-road condi-
tions and under the heavy-duty operating conditions typical of
construction and quarry equipment.

At the same time, fleet monitoring systems based on standard
telematics devices provide, as a rule, generalized information
about mileage, engine operating time and fuel consumption, but
do not allow detailed analysis of operator behavior in real time.
To objectively assess driving style, it is necessary to integrate data
from the CAN bus (Controller Area Network), reflecting instanta-
neous parameters of the engine and controls, and telematics fuel
efficiency indicators. However, existing approaches to driver be-
havior analysis typically either use only CAN/OBD data for style
classification or are limited to fuel consumption statistics without
deep correlation with driving events.

In the field of telecommunications, a method for the coordi-
nated use of signaling and user data via an end-to-end identifier
(TEID) [2] was proposed to address the problem of identifying
mass streaming video in LTE networks. This methodology, based
on the correlation of the control plane (session parameters, QoS)
and the user plane (IP addresses, SNI, packet sizes), allows for
increased accuracy of traffic analysis without decoding the con-
tent. Transferring this approach to the transportation problem of
assessing driving style opens up new possibilities: CAN events
(sharp accelerations, gas pedal positions, engine speed) act as the
"signaling plane," while data on instantancous and average fuel
consumption act as the "user plane." A unique trip identifier serves
as the end-to-end identifier linking both planes.

The aim of this work is to develop a multimodal methodology
for the integrated assessment of the driving style of road construc-
tion equipment operators, based on the coordinated use of CAN
data and telematic fuel consumption indicators using an end-to-
end trip identifier.

To achieve this goal, the following tasks have been set:

1. To analyze the current state of research in the field of driving
style classification and scoring systems based on CAN/OBD data.

2. Propose a formalization of two data planes (signal and user)
similar to the TEID telecommunications methodology.

3. Develop an integrated Driver Aggressiveness Index (DAI)
that combines CAN parameters and fuel consumption data.

4. Test the methodology on the open Vehicle Energy Dataset
(VED).

5. Assess the correlation of DAI with fuel efficiency (MAF as
a proxy) at the trip and driver levels.

The scientific novelty of the work lies in:

1. Transferring the methodology for the coordinated analysis
of two planes (control and user) from the field of telecommunica-
tions to the task of scoring vehicle drivers.

2. Developing a formalized approach to the integrated assess-
ment of driving style based on an end-to-end trip identifier com-
bining CAN events and fuel consumption telematics.

3. Adapting the methodology for road construction equipment
and verifying it on the large open VED dataset.

The practical significance lies in creating the basis for intel-
ligent fleet monitoring systems that enable real-time classification
of operator driving styles and the reduction of fuel consumption
and operating costs through objective feedback.

2 Literature review

An analysis of the current state of research in driver behavior
analysis, driving style classification, and scoring systems reveals
the emergence of several established research trends. This review
examines studies on general methodologies, classification and
scoring methods based on CAN/OBD data, the use of telematics
for fuel efficiency assessment, and safety and behavior prediction
systems.

2.1 Review papers on driver behavior and machine learning
methods

A systematic analysis of approaches to studying driver behav-
ior is presented in the works of Kiyamov and Moseva [3], which
examine machine learning methods for driver classification, data
sources (including MEMS sensors), and the types of problems to
be solved. The authors emphasize that the choice of classification
method directly depends on the available data and interpretability
requirements.

Of considerable interest is the review by Michailidis et al. [4],
which focuses on machine learning-based OBD-II applications for
improving the resilience, efficiency, safety, and security of auto-
motive systems. The paper systematizes the tasks of fuel optimi-
zation, emissions control, driver behavior analysis, anomaly de-
tection, and cybersecurity.

A specialized review of driver behavior scoring was conducted
by Shirole et al. [5]. The authors analyze a two-stage approach:
first, aggressive events are classified using ML/DL models, then
an overall driver score is formed. The review emphasizes the rel-
evance of developing interpretable and computationally efficient
scoring systems for commercial vehicles.

In the work of Mobini Seraji et al. [6] presents a review of
clustering and classification methods for driver behavior analysis.
Algorithms ranging from k-means and SVM to hybrid deep learn-
ing models are discussed in detail, and the role of data prepro-
cessing and feature extraction is demonstrated.

2.2 Methods of driving style classification and behavior scoring

A significant portion of research is devoted to the development
of models for recognizing driving style (aggressive, normal, cau-
tious) using various algorithms.

Wang et al. [7] proposed a fuzzy logic-based driving style clas-
sification method for a lane departure warning system, identifying
four categories: aggressive, relatively aggressive, relatively cau-
tious, and cautious. The classification parameters included the dis-
tance to the vehicle in front, the frequency of speeding, and the
steering wheel angle.

Szumska and Stanczyk [8] conducted a preliminary classifica-
tion of the driving style of 69 city bus drivers based on the average
maximum values of longitudinal and lateral accelerations obtained
from inertial sensors. Age and experience were shown to correlate
weakly with accelerations, confirming the universality of the ap-
proach.

Zhao et al. [9] developed a method for recognizing the starting
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style of electric buses based on deep learning and CAN data,
achieving 98.3% accuracy for three classes (cautious, normal, and
aggressive). They used a convolutional neural network that auto-
matically extracts spatiotemporal features from multichannel time
series.

Nie et al. [10] proposed the MSCA-Net network for commer-
cial vehicles, which combines multi-scale convolution and a chan-
nel attention mechanism to account for both short-term maneuvers
and long-term behavioral trends. Experiments on real CAN data
confirmed the effectiveness of the approach.

Sun et al. [11] presented a comprehensive driving safety as-
sessment method that includes clustering to identify three driving
styles (conservative, aggressive, impatient), a BP neural network
for prediction, and a weighted scoring function based on a combi-
nation of subjective and objective weights.

Kumar and Jain [12] used SVM, AdaBoost, and Random For-
est to classify driver behavior into ten categories based on OBD
data (speed, RPM, throttle position, engine load). Random Forest
performed best with 100% accuracy on the test set.

Singh and Sharma [13] applied Random Forest, AdaBoost and
K-nearest neighbors (K-NN) to classify ten types of maneuvers
(including yaw, roll, and skid) using g-forces obtained from OBD
data.

Bergasa et al. [14] presented the DriveSafe smartphone app,
which uses computer vision (drowsiness and distraction detection)
and inertial sensors. The system evaluates driving quality in real
time, achieving 82% detection accuracy and 92% completeness.
Sai [15] developed this approach in DriveSafe-Al, a browser-
based system based on MediaPipe and TensorFlow.js with rule-
based scoring and driver state categorization (safe, warning, criti-
cal).

Lerch et al. [16] investigated the potential of vision-language
models for driver monitoring by creating a labeled dataset based
on Drive&Act. They demonstrated that additional training on spe-
cialized data increased the accuracy of driver action interpretation
from 66 to 76%.

2.3 Using OBD-11/CAN data and telematics to analyze behavior

Most modern studies rely on data from on-board diagnostic
systems and CAN-bus as the main source of objective information
about driving parameters and engine operation.

Molina-Campoverde et al. [17] classified gears and analyzed
the fuel efficiency of passenger cars using OBD-II PID signals
(MAP, RPM, VSS) and GPS. The KNN algorithm achieved
99.7% accuracy in gear classification, and multiple linear regres-
sion allowed estimating instantaneous fuel consumption with R? =
0.897.

Ahmad et al. [18] proposed a hybrid DDD-GC-VIiT trans-
former model for driver drowsiness detection based on OBD-II
parameters (speed, throttle position, steering torque) converted
into MFCC features. The classification accuracy was 97.9%,
which outperformed baseline CNN models.

Nicolosi et al. [19] trained a feedforward neural network on
OBD and geographic data from the DDD20 dataset (51 h, 4000
km), achieving accuracy above 98% for three driver behavior clas-
ses.

Nawarathna et al. [20] developed a transparent, rules-based
scoring system based on OBD-II parameters (speed, RPM, throttle
position, brake application, steering speed) with categorization of
trips as "excellent," "safe," "cautious," and "risky." The system
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demonstrated the ability to differentiate driving styles without the
use of labeled big data.

2.4 The impact of driving style on fuel efficiency

The direct relationship between driving style and fuel con-
sumption and energy consumption is confirmed by a number of
experimental studies.

Pilnik et al. [21] developed a fuel efficiency model for corpo-
rate fleets based on telematics data, demonstrating that taking lon-
gitudinal acceleration into account improves the model's perfor-
mance. Key factors influencing excess fuel consumption were
identified.

Chechulin et al. [22] conducted a comparative study of urban
fuel consumption for calm and aggressive driving styles on the
same route. A mathematical model of driving with an acceleration
limit of 1.5 m/s* was proposed, allowing for a quantitative as-
sessment of fuel savings potential.

Algin [23] analyzed the operational factors of urban electric
bus energy consumption, identifying driving style as one of the
key factors (along with passenger load, rolling resistance, and ob-
stacles). A probabilistic approach for calculating energy consump-
tion for calm and aggressive driving styles is proposed.

Lu et al. [24] presented FedDriveScore, a federated learning
framework for unsupervised privacy-preserving driver behavior
scoring using homomorphic encryption. The proposed method is
shown to achieve high correlation with centralized learning (MSE
<0.0001).

2.5 Safety and behavior prediction

A number of studies focus on the relationship between driving
style and accident risks and the development of warning systems.

Lobanova [25] proposed a resource-style approach to design-
ing the human-machine system, considering individual perfor-
mance style as a compensatory mechanism for the lack of profes-
sionally important driver qualities. It has been shown that the tech-
nical characteristics of a vehicle can compensate for an insuffi-
cient level of professionally important qualities, forming a safe
driving style.

Safiullin and Sorvanov [26] analyzed the application of fuzzy
logic methods to assessing the risk of road accidents, taking into
account weather conditions, driving style, and traffic congestion.
An adaptive system based on fuzzy sets allows for the processing
of high-quality data and decision-making in real time.

Jiao et al. [27] developed a risk assessment model for bus driv-
ers that takes into account demographic characteristics, driving
style, and physical and mental health. A hybrid weighting method
(AHP (Analytic Hierarchy Process) + entropy) enabled drivers to
be ranked according to risk level.

Tong et al. [28] assessed driver alertness on mountain roads
using XGBoost and TabPFN (AUC 0.98) by integrating physio-
logical (heart rate, eye movement) and behavioral data. The
TabPFN model performed better than logistic regression and
XGBoost.

Madras et al. [29] developed a personal bistability index (PBI)
method — a six-component vector for multidimensional assess-
ment of driver-operator performance based on fuzzy logic with
hysteresis membership functions. The method was verified on 150
drivers in Moscow and St. Petersburg.

Gornostaev and Shevchenko [30] examined the influence of
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operating modes on the safety and reliability of automotive equip-
ment, proposing a generalized criterion for assessing driving quality.

2.6 Conclusions from the literature review

The conducted analysis shows that a robust methodological
framework for driving style classification using ML/DL based on
OBD-II/CAN data and telematics has now been established. How-
ever, existing studies focus primarily on passenger cars, city
buses, and electric buses. Similar studies for road construction and
mining equipment are virtually nonexistent. Furthermore, most
approaches use either only CAN data for classification or only ag-
gregated fuel consumption indicators, without implementing deep
integration of the two data types through a common identifier. The
methodology proposed in this paper fills these gaps by transferring
the methodology of coordinated analysis of two dimensions from
telecommunications to the transportation task of driver scoring.

In this study, the two-plane analysis methodology is conceptu-
ally adapted for the task of scoring road construction equipment
operators. However, experimental validation was performed on
the open VED dataset, which contains data on passenger cars and
hybrids. Direct testing of the methodology on real construction
equipment (excavators, graders, quarry trucks) with direct meas-
urements of fuel consumption is planned for future studies.

3 Research methodology

3.1 General concept of two-plane analysis

The proposed methodology is based on an analogy with the
method of identifying mass streaming video in LTE networks,
where the signal plane (Control Plane) contains session parame-
ters (QCI, MBR, ARP, IMSI), and the user plane (User Plane)
contains the actual traffic characteristics (IP addresses, SNI,
packet sizes). The connection between the planes is achieved
through an end-to-end identifier (TEID).

In the transportation task (Fig. 1), the signal plane is formed
by low-level CAN data received at a frequency of >1 Hz: speed,
engine speed, throttle position, and the calculated acceleration and
braking events. The user plane consists of aggregated energy con-
sumption indicators: average mass air flow (MAF) or direct fuel
consumption. The end-to-end identifier is the unique trip ID,
formed as a combination of {vehicle id, trip_id}.

The TEID methodology in LTE networks is based on the fact
that an end-to-end identifier links the control plane (session pa-
rameters, QoS) and the user plane (IP addresses, packet sizes), al-
lowing for increased traffic analysis accuracy without decoding
the content.

In the transport problem, a similar structure is achieved as fol-
lows:

* The signal plane is formed by low-level CAN events (speed,
RPM, throttle position, sudden acceleration/braking);

* he user plane is formed by aggregated energy consumption
indicators (MAF or Fuel Rate);

* The end-to-end identifier is a unique trip identifier {vehi-
cle id, trip_id}. This formalization allows for the correlation of
driver behavioral events with energy consumption without the
need to model detailed physical and chemical processes of the en-
gine.

Multimodal methodology for driving style assessment

Signal Plane (CAN)

=

Fig. 1. Scheme of the methodology of the proposed approach
(two-plane analysis)

3.2 Integral Driving Aggressiveness Index (DAI)

For each trip, the following features from the signal plane are
calculated:

* std_speed — standard deviation of speed (characterizes the
unevenness of movement);

°m X_rpm — maximum engine speed;

* h rsh_accel — number of sharp accelerations (velocity deriv-
ative > 3 m/s?);

¢ harsh_brake — number of sharp decelerations (velocity deriv-
ative < -3 m/s?).

All features are normalized to the range [0,1] using
MinMaxScaler. The integral index DAI is calculated as a weighted
sum (1):

DAl = w1 * 6y + wy " RPM 5 + w3 Naccel T+ Wy Nbrake (€Y)

where ((*)) are normalized values, the weights satisfy the condi-
tion Y, w; = 1. In this paper, we used weights that reflect the in-
creased contribution of abrupt maneuvers: ®=0.15;0.25;0.30;0.30.
The choice of weights is justified by the results of correlation anal-
ysis (Table 4): max_rpm, harsh_accel and harsh brake have the
highest correlation with mean maf, which is reflected in the in-
creased weights.

3.3 Target variable

Since direct measurements of instantaneous fuel consumption
are often unavailable in open datasets, trip-average mass air flow
(MAF, g/s) is used as a proxy. MAF is widely used in automotive
equipment as an engine load indicator and closely correlates with
fuel consumption (at a constant air-fuel ratio). Validating the
methodology on VED data, including MAF, allows for an objec-
tive assessment of the relationship between DAI and energy con-
sumption. An additional advantage is that this method can also be
applied to equipment equipped with diesel engines, as found in
most road construction equipment.

The VED dataset includes a direct fuel consumption parameter,
Fuel Rate [L/hr]. The initial version of the methodology used MAF
as a proxy for fuel consumption, but to improve accuracy, it is recom-
mended to use mean Fuel Rate as the target variable in future studies.
In this paper, the results are presented for MAF; the correlation of
DAI with mean Fuel Rate will be added in subsequent studies.

-
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4 Experimental Results

4.1 Characteristics of the Data Used

To verify the methodology, we used the publicly available Ve-
hicle Energy Dataset (VED) [31], which contains one-second
CAN/OBD-II data records from 383 vehicles (both internal com-
bustion and hybrid). The data was collected over several months
in Ann Arbor, Michigan, USA. The total data size is 22 million
rows (54 CSV files). After removing records with missing speed,
RPM, and MAF values, and breaking down trips by Trip ID, we
obtained 26,286 trips from 299 unique vehicles (each vehicle was
treated as a single driver, which is acceptable due to the constant
assignment).

From the entire set of features, the following were selected for
this study (Table 1).

Table 1
VED dataset fields used
Field Units Description
Vehld - Unique vehicle identifier
Trip — Unique trip identifier
Timestamp(ms) ms Absolute recording time
Vehicle Speed[km/h] km/h Instantaneous speed
Engine RPM[RPM] RPM Engine speed
MAF[g/sec] g/sec Mass air flow (fuel consumption proxy)

After removing records with missing or zero values in key
fields and grouping by Vehld and Trip identifiers, 26,286 trips
from 299 unique vehicles were generated. Each vehicle was
treated as an independent "driver," which is acceptable, as in real-
world use, a vehicle is typically assigned to a single operator.

4.2 Preprocessing and feature extraction stages

All calculations were performed in Python 3.12 using the pan-
das, numpy, scikit-learn, and scipy libraries.

The 3 m/s? threshold was chosen based on industry guidelines
for assessing aggressive maneuvers in fleet monitoring telematics
systems and corresponds to short-term accelerations that signifi-
cantly increase fuel consumption and transmission wear.

Main preprocessing steps:

1. mestamp conversion — Timestamp (ms) values were con-
verted to seconds to calculate derivatives.

2. Outlier filtering — records with speeds >200 km/h or RPMs
>8000 rpm (less than 0.01% of the data) were removed.

3. Speed derivative calculation — acceleration (m/s?) was cal-
culated for each individual trip as the speed difference divided by
the time difference. The resulting values were used to identify sud-
den accelerations and decelerations.

4. Trip feature calculation — the following were aggregated for
each trip:

0 mean_speed, std_speed —average speed and its stand-
ard deviation;
max_rpm — maximum rpm;
harsh_accel — number of accelerations > 3 m/s%;
harsh_brake — number of decelerations <-3 m/s?;

0 mean_maf — average air mass flow (target variable).

5. Normalization — the features included in the DAI were
scaled to the range [0, 1] using MinMaxScaler.

6. DAI calculation — using formula (1) with weights [0.15;
0.25; 0.30; 0.30].

7. Driver aggregation — for each Vehld, the DAI and
mean_maf were averaged across all of its trips, yielding 299 points
for driver-level analysis.

[elNelNe]
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4.3 Statistical analysis of features
Table 2 presents the main feature statistics for the trip sample.
It is clear that the values have a wide range, ensuring the data is
representative.

Table 2
Descriptive statistics of features (26,286 trips)
Feature Average | Median | Std. var. | Minimum Maximum
std speed, km/u| 12,84 10,92 9,31 0,00 63,70
fax_pm, 2954 | 2778 835 587 7821
00/MuH
harsh_accel 2,43 1 4,18 0 57
harsh brake 1,89 1 3,56 0 49
mean maf, r/c 13,47 10,28 11,96 0,18 73,44

The distribution of DAI among drivers (Figure 2a) is close to
normal, indicating the absence of systematic bias. The distribution
of the mean MAF is right-skewed (Figure 2b), confirming the ap-
propriateness of using the Spearman rank correlation instead of
the Pearson one. The Scheer-Wilk test for mean_maf showed a
violation of normality (p < 0.001), while the distribution of DAI
is close to normal.
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Fig. 2. Distribution of average DAI and average MAF by drivers

4.4. Correlation analysis
To assess the relationship between DAI and average MAF, we
used the Spearman rank correlation coefficient (p), which is robust
to outliers and does not require a normal distribution. The results
are presented in Table 3.

Table 3
Correlation of DAI with average MAF
' 0,
Aggregation Number of Spearmg s 95%

level observations coefticient cgnﬁdence p-value

(p) interval
Trips 26286 0,280 %)’2297(%? <0,0001

Drivers [0,180;
(average) 299 0,292 0.398] <0,0001

According to the generally accepted scale for interpreting the
Spearman rank correlation coefficient, values of p = 0.1-0.3 cor-
respond to a weak relationship, while 0.3-0.5 correspond to a
moderate relationship. The obtained values of p ~ 0.28-0.29 cor-
respond to a weak positive correlation, which, with a sample size
of N > 26,000, is statistically highly significant (p < 0.0001).

The confidence interval for the driver level ([0.18; 0.40]) is wider
than for the trip level ([0.27; 0.29]), which is due to the smaller num-
ber of observations (N=299) and the increasing uncertainty when av-
eraging across trips. This emphasizes the importance of interpreting
the result as a weak but systematic relationship.

The scatter plots (Figures 3 and 4) clearly demonstrate a posi-
tive slope for the regression line, confirming that an increase in
DALI is accompanied by an increase in the average MAF. The
points in the driver plot (Figure 4) are more densely clustered than
those for individual trips, as expected due to noise averaging.

—
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Fig. 3. Correlation between DAI and average MAF (trip level)

Caorrelation between DAl and MAF (Driver Level)
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Fig. 4. Correlation between DAI and average MAF (driver level)

4.5 Analysis of the contribution of individual features
To understand which DAI components contribute most to
MATF prediction, pairwise correlations of each feature with the tar-
get variable were calculated (Table 4).

Table 4
Correlation of individual features with mean maf (trip level)
. Spearman's coefficient

Sign ©) p-value
std_speed 0,324 <0,0001
max_rpm 0,560 <0,0001
harsh accel 0,476 <0,0001
harsh brake 0,412 <0,0001

The highest correlation is observed for max_rpm (p = 0.56),
which is physically understandable: higher engine speeds require
increased air-fuel mixture delivery. Sharp accelerations (p = 0.48)
and braking (p = 0.41) also significantly correlate with air flow.
The standard deviation of speed has the smallest, but still signifi-
cant, contribution (p = 0.32). These results justify the chosen
weights in the DAL

The maximum pairwise correlation (Figure 5) between
harsh _accel and harsh_brake is 0.894, indicating a high correla-
tion between these features. While this does not constitute critical
multicollinearity for a simple linear combination in DAI, future
work is recommended to consider combining these features into a
single "harsh maneuvers" index or using regularization methods
(Ridge, Lasso) to assess the stability of the weights.

Spearman correlation matrix (trip level)

on Y o280 .
mean_maf - 0.280 0.349 0.244 -0.017 0.013 0.8
0.349 0.347 0.305 0.335 0.6
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Fig. 5. Matrix of feature correlations (trip level)

4.6 Discussion of restrictions

Several limitations of the study should be noted:

1. Using the MAF as a proxy for fuel consumption — although
the MAF correlates well with fuel consumption under steady-state
conditions, during transients (sharp acceleration) deviations are
possible due to mixture enrichment. The VED dataset lacks a di-
rect fuel rate (1/h), necessitating the use of an indirect indicator.

2. The VED dataset includes parameters such as Air Condi-
tioning Power, Heater Power, HV Battery Current, and HV Bat-
tery SOC, which affect the MAF but are not directly related to
driving style. In the current version of the methodology, these fac-
tors are not aggregated and may introduce noise into the correla-
tion. Furthermore, the VED contains data for 27 PHEV/EV and 92
HEYV vehicles, for which the MAF may be zero or incorrect; in
future studies, it is recommended to conduct a separate analysis
for ICE vehicles.

3. Lack of a labeled driving style — we do not have external
benchmarks (expert assessments, questionnaires), so validation is
based only on an objective criterion — energy consumption.

4. oute homogeneity — VED data are collected from one city
(Ann Arbor), which may limit generalizability to other regions and
road types.

5. Applicability to road construction equipment — despite the
transfer of the methodology, direct extrapolation to excavators,
graders, or quarry trucks requires additional experiments with real
data from such machines, as their dynamic modes differ signifi-
cantly from those of passenger cars.

All of the above limitations do not reduce the value of the pro-
posed methodology, but should be taken into account when inter-
preting the results.

5 Conclusions

This paper proposes a multimodal method for integrated driv-
ing style assessment based on the coordinated use of CAN data
(signal plane) and energy consumption indicators (user plane)
with an end-to-end trip identifier. The methodology borrows a
successful telecommunications approach (correlation via TEID)
and adapts it to the transportation task of driver scoring.

-
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Using the open VED dataset, containing one-second record-
ings of 299 vehicles (26,286 trips), we experimentally confirmed
that the proposed driving aggressiveness index (DAI) significantly
correlates with average mass air flow (p =0.292, p <0.0001 at the
driver level). This confirms the presence of a statistically signifi-
cant weak positive relationship between DAI and energy con-
sumption, allowing us to consider DAI as an objective measure of
driving style correlated with fuel efficiency.

Main scientific results:

* A formal two-dimensional model for driver scoring was de-
veloped.

* An integrated driver assessment index (DAI) was proposed
and verified.

* A statistically significant relationship between DAI and en-
ergy consumption was demonstrated using real-world data.

The practical significance of this work lies in the possibility of
creating fleet monitoring systems that, using CAN/OBD data, cal-
culate DAI in real time and provide driver feedback. This is par-
ticularly relevant for road construction equipment due to high fuel
consumption and operating costs.

Future research directions include:

* Collection of a specialized dataset on real road construction
equipment (excavators, graders, dump trucks) with direct meas-
urements of fuel consumption.

* Optimization of DAI weights using regression or reinforce-
ment learning methods.

* Integration of DAI into on-board ADAS systems for person-
alized driver assistance.
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AHHOTauuA

DKCMlyaTauma JOPOXHO-CTPOUTENIbHON TEXHWKM CBA3aHA C BbICOKMMM 3aTpaTaMM TOMIMBA U WHTEHCMBHBIM M3HOCOM Y3J/IOB, KOTOpbIE B 3HAYUTENbHOM
CTeneHn OnpefenAtoTcA CTUNeM BOXAeHUA onepatopa. B pabote npeanaraerca MynbTMMOAanbHaa METOAMKA MHTErpanibHOM OLIEHKU CTUMA BOXAEHUA,
OCHOBaHHasA Ha COraCcOBaHHOM MpUMeHeHUM HU3KoypoBHeBbIX CAN-AaHHbIX (CUrHanbHAA MIOCKOCTb) U arperMpoBaHHbIX MoKasaTenen pacxoa ToMnmBa
(nonb3oBarenbckas MIOCKOCTb) C UCMOJb30BaHUEM CKBO3HOTO UAEHTUdMKATOpa Noe3aKku. B oTnnume oT cylijecTBytoLMX NOAXOA0B, OPUEHTUPOBAHHBIX Ha
KnaccuduKaLmio CTUNA Mo OTAENbHbIM NapaMeTpaM, NpeAsioXKeHHasA METOoAMKaA No3eosiAeT GpOpMUPOBaTL UHTErPasbHbIA HAEKC arpeCcCMBHOCTU BOXAEHUA
(Driver Aggressiveness Index, DAI), koppenupytowmii ¢ TonnmeHon a¢pdektnsHocTbio. Banuaaums sbinonHeHa Ha oTkpbiToM fataceTe Vehicle Energy
Dataset (VED), copepxauem cekynaHble CAN-3anmcn 299 astomobunen (26 286 noesfok). MokasaHo, 4to DAl nMeeT 3HauuMMyto MONOXUTENbHYHO
KOPPEeSALMIO CO CPeAHUM MaccoBbIM pacxofoM Bosayxa (MAF), ncnonbsyeMbiM B KaqecTBe MPOKCKU pacxoAa TOMMBa: Ha ypoeHe moesgok ! = 0,280 (p <
0,0001), Ha ypoBHe Bogutenein ! = 0,292 (p < 0,0001). Hay4Has HOBM3Ha 3akntO4aeTcA B MEpeHOCe METOAONONMU COMTaCOBAHHOIO aHaiu3a ABYX
nnockocteit (aHanornyHo TEID B cetax LTE) B 3agady ckopuHra BoauTeneit, a Takke B ajanTalUv MOAXOAA 1A AOPOXKHO-CTPOUTESNIbHOM TEXHUKM.
[MpakTnyeckas 3HAYMMOCTb COCTOMT B CO3JAaHWM OCHOBbI [NA CUCTEM MOHUTOPWHIA aBTOMAPKOB, MO3BOMAIOLMX CHWXATb Pacxof TOMAMBA U
SKCMyaTaLMOHHbIE PacXofbl 32 CHET OO6BLEKTUBHOM OLIEHKN CTUA BOXAEHMA.

Knioueebie cnoea: cmunb soxdeHus, CAN-wuHa, menemamuka, ckopuHe eodumesed, MySbmumodasbHbIl aHanus, udeHmugukamop noe3oku, dopoxKHO-CmpoumesbHasa
MexHUKA, monsueHas 3¢cpekmusHocme
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The papers which are discussed at the conference can be divided into the following chapters:

1) Synchronization Systems and Devices;
2) Signal Generating and Shaping Devices;

3) Signal Processing Devices.

4) Special chapter: “Problems of microwave electronics” named after V.A. Sointsev

5) Photonics and mathematics for moving objects

6) Synchronization of information technology processes and technological controlling

7) Optical Methods and Devices

All accepted and presented Papers following the conference will be submitted for inclusion into IEEE Xplore

Materials are available in English

http://media-publisher.ru/en/conference/



