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1. BBeaenue

B coBpeMeHHOM MHpe C Ka)XIbIM T'OJIOM BCE YaIlle MPUMEHS-
FOTCSI MaJorabapuTHBIE OOPTOBBIC PAJAHOIOKAIINOHHBIE CHCTEMBI
(MBPJIC) ¢ cuHTe3upoBaHHOM amepTypoil, pacroiIoKeHHbIE Ha
0opTy ManbIx JieTatenbHbIX annapatax (MJIA) s peuienust 3a-
Jla4 oepaTuBHOI0O MOHUTOPHHI'Aa B 30HAX ‘IpeBBBI‘-IaI\/'IHOI‘/'I cuTtya-
rueit [1]. Takue cUCTEMBI MO3BOJISIOT OCYIICCTBISTh HAOIOIC-
HHE 3EMHOH MOBEPXHOCTH B YCJIOBHSIX, KOIJIa ONTHYECKHE CH-
CTEMBI IIOJIBEP)KEHBI MOTOJHBIMH, aTMOC(EPHBIMH I CBETO-
BBEIMH OTPaHUYCHISIMH.

Jlyist onepaTHBHOTO MOHUTOPHHTA 36MHOH ITOBEPXHOCTH C TIO-
Motsio MBPJIC HeoOXOoauMo BBIIOTHEHUE psa TPEOOBAHMIA:
MOJTHOTA TOJy4aeMor WH(OPMAINH;, JTOCTOBEPHOCTh MaHHBIX;
CKOPOCTh CMEHBI KaJpOB 3a €IWHUIy BPEMEHH; BBICOKAs TOY-
HOCTB IIPOCTPAHCTBEHHOTO MOJIOKEHUS 00HEKTOB.

BrmmonHenne 3tux TpeGoBaHUIT HEOOXOAMMO MJISl PeIICHUS
TaKAX KPUTUICCKH BaKHBIX 337249, KAK KOHTPOJIb COCTOSHUS KPH-
TUYECKON MH(MPACTPYKTYPHI, SKOJIOTHIESCKAH KOHTpPOJIb, Omepa-
TUBHOE OOHapyKeHHE aBapuii Ha HepTenpoBoIax, NOKAPOB B Jie-
cax M IpOBeJEHHE MOMCKOBO-CIIAacaTeIbHBIX OMNEpaIfii B ycio-
BUSIX OTPAHUYCHHOW BUIAMMOCTH.

CymecTByIONINE OHONO3UIIMOHHbIE PAHOIOKAMOHHBIE CH-
CTEMBI, YCTaHOBJICHHBIC HAa MJIA, 001a1al0T OrpaHUYEeHUEM, 3a-
KITIOYAOIIIMCS B Y3KOU 30HE BUAUMOCTH 32 OJIWH 1pojet. Takue
CHCTEMBI HE BCETIa CIIOCOOHBI OJHOBPEMEHHO OTBEYATh BCEM
MPEIbSBIACMBIM TPEOOBAHUSAM OIICPATHBHOTO MOHHTOPHHTA.
DTO CBA3aHO ¢ HEOOXOTUMOCTHIO KOMIIPOMHCCA MEXKIY JICTalIH-
3alMell MOoJay4yaeMoro CHMMKa, IIMPUHOM IOJIOCHI 3aXBara IMpHU
HAOJIOICHNH U BpeMEeHEeM, HeOOXOAMMBIM IS ITOJTHOTO 00CTIe10-
BaHUs OOMIMPHOTO paiioHa. Kpome TOro, 0HOMO3UIIMOHHAS CH-
cTemMa HaOJIIOCHHSI TPUBOIUT K 00OPa30BaHUIO CIIETIBIX 30H, 3aTe-
HEHHBIX yYaCTKOB M HE MO3BOJISIET OCYIIECTBUTH MEPEKPECTHYIO
BepUHUKALUIO TOTyYeHHOH nHpopManum.

JIBYXITO3MLIMOHHBIE MPOCTPAHCTBEHHO-PACIIPE/IEIICHHBIE pa-
JTUOJIOKAIIMOHHBIC CHCTEMBI, CIOCOOHBIC POPMUPOBATH ITOTOK pa-
JostokannoHHbIX kaapos (PJIK), nomyuaemsix ¢ asyx MJIA. Oc-
HOBHOE IIPEUMYIIECTBO TAKOTO I10JIX0/1a 3aKIIF0YACTCSI B BO3MOXK-
HOCTH OJTHOBPEMCHHOTO Pa3HOPaKypPCHOTO 0030pa OOJBIION Tep-
putopun. [Ipu 3TOM BUICOTIOTOK, opMupyemsIit kKaxnoit MBPJIC,
o0ecrieunBaeT BEICOKYIO YaCTOTY CMEHBI KaIpOB, a UCIIOH30BaHIE
HECKOJIBKUX HE3aBUCHMBIX PaKypCOB HAOIOJCHHUS MO3BOJISET I10-
BBICUTP TIOJTHOTY H JIOCTOBEPHOCTHh MH(popManuu 00 0OBbeKTax Ha
3€MHOM oBepXHOCTH. U Kak ciencTsre, Takol MOAX01 COKpaLaeT
TIOSIBIIEHHE CJICTIBIX 30H M 3aT€HEHHBIX YYaCTKOB [2].

Takum 00pazom, eIk HaCTOSIIIEH PadOThI 3aKIIFOYAETCS B UCCIIe-
JIOBAHUU U pa3pabOTKe METOJHMKH COBMELICHHS] Pa3HOPaKypCHBIX
PaJMOJIOKAIIMOHHBIX  BUJICOKA/IPOB, IOJTYyYaeMbIX OT IPOCTPaH-
CTBEHHO-PACHPE/CIICHHON JIBYXITO3UIIMOHHON Pa/IMOJIOKAIMOHHBIX
CHCTEM, PACIIOIOKEHHBIX Ha MAJIbIX JIETATE/ILHBIX allapaTax.

2. ITocTraHoBKa 3a1a4

JIyist TOCTYPKeHNS! TIOCTABJICHHOM 1eTTN TPeOyeTCs peITh Co-
BOKYIHOCTB B3aMMOCBSI3aHHBIX HAyYHO-TEXHUYECKHUX 3a/1au:

— IIPOBECTH aHAJM3 METOOB M aJTOPUTMOB COBMEILICHHUS TO-
TOKa pa3HOPAKYPCHBIX PaJHOJIOKAIIMOHHBIX KaIpOB;

— pa3paboTaTh METOIUKY COBMEIIEHHS pPa3HOPAKypCHBIX
PaInOIOKAIMOHHBIX BHICOTIOTOKOB;

— MIPOBECTH HKCIIEPHMEHT COBMEIIICHHUSI Pa3HOPAKYPCHBIX PaIno-
JIOKAIIMOHHBIX BUICOKaApax Ha OCHOBE pa3pabOTaHHONW METOIUKH.
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3. /IByXno3uIMOHHAS TIPOCTPAHCTBEHHO-PacHpeae/IEHHOI
PaIMOIOKALMOHHOI ccTEMA

Ilepen mpoBeaeHNEM aHANINM3a CYNIIECTBYIOIINUX aJTOPUTMOB U
METO/IOB OIUILIEM JBYXIO3UIUOHHYIO IIPOCTPAHCTBEHHO-pACIIpe-
nenéunyto MBPJIC.

Ha pucynke 1 npeacraBieHa cxema ABYXIO3UIIMOHHOHN MPoO-
cTpaHcTBeHHO-pacnpeaenéunoit MBPJIC, B cocTaB KOTOpOii BXO-
JIIT IBE He3aBUCHUMBbIe pasuonokannonusie craniun (PJIC) ¢ cun-
TE3UPOBAHHO aNepTypoi, yCTaHOBJIEHHbBIE HA OOPTY OTAEIBHBIX
MaJTbIX JIeTaTeTIBHBIX ammaparoB [3].

Puc. 1. Cxema qByXNO3ULUOHHON IPOCTPAHCTBECHHO-PACIIPEIEIEHHOM
PaZMOJIOKAIIMOHHOM CUCTEMBbI

B pesynbrarte paboThl cucTeMbl (POPMUPYIOTCS JIBA HE3ABHCH-
MBIX pa3HOPAKYPCHBIX MOTOKa PaJUOJIOKAMOHHBIX KaapoB, Ya-
CTUYHO MEepPEeKPBIBAIOIIMXCS B Ipejienax oo1ei 30H61 L.

4. AHaJIM3 MEeTOJI0B 1 AJITOPUTMOB COBMeELIEHUS NOTOKA
Pa3HOPAKYPCHBIX PATNOJIOKAIHOHHBIX KAPOB

[Ipu aHanM3e METOOB M aJITOPUTMOB COBMEIICHUS PaUOIIO-
KAaIlMOHHBIX KaJpOB HEOOXOIMMO YYHTHIBATH P TPeOOBaHUIA,
00YCJIOBJICHHBIX KaK paKypcoM HaOJrOJCHUs, crieiu(uKoil naH-
Hbix PJIK, 1 4acTOTO# CMEHBI KaJpoB.

O030p COBPEMEHHBIX METOJIOB M aJTOPUTMOB COBMEIICHHS
notoka PJIK mokasbIiBacT Tpy OCHOBHBIX TpyIIb (Tadi. 1).

Tabuumna 1

prrma MCTOJOB U aJITOPUTMOB 110 COBMCUICHUTIO
Pa3HOPAKYPHBIX PaJUOJOKAIINOHHBIX BUACOKAAPOB

Ne O0mas rpynna AJITOPUTMBI H METO/1bI
1 |Anropurmel Ha ocHoBe |- SAR-SIFT;
JIOKAJIbHBIX IIPU3HAKOB - OS-SIFT;
- PSO-SIFT;
- RIFT;
- KAZE-SAR;
- ININSC.
2 | HeiipocereBbie - LoFTR;
JIECKPHUIITOPBI - XoFTR;
(;oxaneHble Tpu3Haku) |- RoMa, RoMaV2 u Tiny-RoMa;
- SuperPoint;
- SuperGlue;
- LightGlue.
3 |Metomsr reometpuuecku | - HOLG (Histogram of Oriented Log-
OpPHUECHTHPOBAHHOTO u | Gradients);
ycToiumBOrO K nedopma- | - As-Projective-As-Possible;
musiM  coBMetieHnss MHO- | - SAR-BBS (Best-Buddy Similarity).
ropakypcHbix PJIK;

—
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Bo-nepBrIX, 3TO METOBI HA OCHOBE JIOKAJBHBIX MPHU3HAKOB,
agantupoBaHHbIX Kk cBoiicTBaM PJIK. Bo-BTophIx, HelipoceTeBble
JIECKPHIITOPBI, BKJIIOYasi TpaHchopmepsl M HelpoceTn. B-Tpe-
THUX, TEOMETPUYECKH OPHUEHTHPOBAHHBIE M YCTOWYMBEIE K Jieop-
MalusM HOIXOAbI Ul MHOTOPAKYPCHOTO.

PaccMoTpuM KaXk/(blif METOZ M aJITOPUTM ITOpoOHEe:

I'pynmna 1. AnropuT™sl Ha OCHOBE JTOKaIbHBIX IPU3HAKOB

Aaroputm SAR-SIFT npennazHadeH s MMOWCKAa W COIO-
CTaBJICHUS XapaKTEPHBIX TOYEK HA PaJUOJIOKAMOHHBIX KaIpax.
B otmmume ot knmaccmdaeckoro SIFT, o ucmonb3yeT 6oee ycToii-
YMBBIE K PAJMOJIOKAMOHHBIM JIaHHBIM IIPU3HAKH, HAIIPUMED Ipa-
JUEHT OTHOLICHUS WM (DA30BBII IPaJAUEHT, YTO IO3BOJISET CHHU-
3UTh BIUSHUE CIICKJI-IITyMa U MepenaioB HHTEHCUBHOCTH. OCHOB-
Hoe npenmytecTBo SAR-SIFT 3akmouaercs B 10CTaTOYHO BBICO-
kot TouHocTH coBMereHus PJIK, momydyeHHBIX NpH pPa3HbBIX
YCIIOBUSIX CBEMKHU U C pa3HbIX pakypcoB. K HemocraTkam OTHO-
CSITCSL BBICOKAsI BBIYHUCIINTEIBHAS CIIOKHOCT U CHIDKEHHE (P heK-
TUBHOCTHU Ha y4acTKaX C MajbIM YHMCJIOM BBIPAKEHHBIX JAeTalleH,
a TaKXKe B 30HAX PaJUOJIOKAIIMOHHBIX TeHEH U HanoxkeHui [4].

Auaroputm OS-SIFT npennazHaueH ajisi COBMELICHUSI ONTH-
YECKUX M PaJfoJIOKallMOHHBIX H300pakeHnit. OH ¢dopmupyer
OTIMCAHUS XapaKTEPHBIX TOUEK C yUETOM Pa3IMIHON IPUPOABI 110-
Jy4YEHUsI TaHHBIX, MCIOJB3Ys pa3Hble TPAIUEHTHBIC ONEPATOPHI
JUIS ONTUYECKUX W PaJMOIOKalMOHHBIX KaapoB. OCHOBHOE Ipe-
nmymiectBo OS-SIFT 3akimrouaeTcs B CHOCOOHOCTH HaXOIUTh CO-
OTBETCTBUS MEXIY M300paKEHNSAMHU, KOTOPBIE CYLIECTBEHHO OT-
JMYAIOTCS 10 SIPKOCTHOHM CTPYKTYype U (PU3MUECKOMY NPHHLUITY
¢dopmupoBanus. K HeocTaTkaM OTHOCUTCSI BBICOKAsl BBIYMCIIH-
TeNbHAas CIIOKHOCTh MOCTPOEHUS NMPHU3HAKOB, YTO YBEIUYHUBACT
BpeMsi 00pabOTKH U 3aTPYAHSET NPUMEHEHUE aJIrOPUTMA B I1OTO-
KOBOM pexxume [5].

Aaroputm PSO-SIFT npencrasnser codboii Moaudukaimio
anroputma SIFT [6], B KOTOpOIi MPOIIECC COMOCTABICHUS XapaK-
TEPHBIX TOYEK JOMOJHACTCS ONTUMH3ALNOHHON mpoueaypoid. B
paMKax MeToJa MapaMeTphl MPeoOpa30oBaHHS MEXIy KaJpaMu
MTOIOMPAIOTCA TaK, YTOOBI 00ECTICUNTh HAMITYYIlIee COTIacOBaHHE
HaWJEeHHBIX COOTBETCTBUU. Takol MOIXOJ ITO3BOJSIET MOBLICUTH
YCTOWYMBOCTh PETHCTPAIMU IPU HEIMHEHHBIX pagroMeTpuye-
CKHX pa3NHUYMsIX M HEOJHO3HAYHOCTH corocTaBieHui. [Ipenmy-
mectBoM PSO-SIFT sBnsiercst BO3MOKHOCTB OoJiee HaaEKHOTO
MOUCKA TJI00aJIBbHO COIJIaCOBaHHOTO mpeoOpasoBanusi. OjHAKO
HCIOJIb30BaHUE IOMOJHUTEIBHON ONTUMH3AIMN PE3KO YBEIUYH-
BaeT BBIUUCIUTEIbHBIC 3aTPAThl, TO3TOMY AJITOPUTM MEHEE MpH-
rojieH Juist 00pabOTKH MMOTOKA KaAPOB B PEabHOM BPEMEHH.

Aaroputm RIFT ocnoBan Ha ucnosnb3oBaHuu (pazoBoil WH-
(dbopmanuu, a He HEMOCPEICTBCHHBIX 3HAUCHUH sipkocTH [ 7]. Kitro-
4YeBbIE€ TOUKU B 3TOM AJITOPUTME OMPEIEIIAIOTCS MO YCTONUNBBIM
CTPYKTYPHBIM TIPU3HAKAM, & OIHCAHNE OKPECTHOCTH CTPOUTCS C
UCTIONIb30BaHNEM Habopa (PMIBTPOB M KapThl MAKCUMAJIBHBIX OT-
kJnkoB. Takoi npuHiun aenaet RIFT ycTORUMBBIM K pa3audusM
B SIPKOCTH U KOHTPACTE, YTO OCOOEHHO BAXXHO IIPU COIMOCTAaBIIC-
HHUU M300pa’keHUM, MOTyYeHHBIX B Pa3HbBIX yCIOBHAX HaOII0ze-
Husl. JIOCTOMHCTBOM METOAA SIBIAETCS BBICOKAs YCTOWYHMBOCTD K
PJIK. HegoctatkaMu SIBISAIOTCS TOBBIIICHHAS BBIYMCIUTENbHAS
CJI0’KHOCTB ¥ BO3MOKHOE CHIDKECHHE TOUHOCTH ITPU CHIIBHBIX T€0-
METPHUYECKNX UCKaKEHUSX, KOT/Ia JIOKAJIbHast CTPYKTypa n3o0pa-
JKEHMSI 3aMETHO MEHSETCSI MEeXTy KapaMu.

KAZE-SAR — 1o amroputm cosMmemenus PJIK, otHocs-
IIMHCS K TPYIIEe AJITOPUTMOB Ha OCHOBE JIOKAJIBHBIX ITPU3HAKOB

[8]. On ucnons3yet nerexrop KAZE nins noucka ycToMunBBIX Xa-
PaKTepHBIX TOUYEK M MoxuuIupoBaHubli neckpuntop SURF s
X TOCIEAYIOIEro comnocTaBieHus. OCHOBHAas OCOOCHHOCTD
KAZE-SAR 3akirouaercst B TOCTPOSHUN HETMHEHHOTO MacITao-
HOTO TIPOCTPAHCTBA, I'7I€ BMECTO OOBIYHOTO TrayccoBa CTIIa)KHBa-
HUS TIPUMEHSETCS HeNnHeHas quddy3noHHas GuibTpanus, Ko-
TOpasi YMEHBIIACT BIUSHNE CIEKII-IITyMa, HO TIPH 3TOM JIy4IIle CO-
XpaHseT I'PAHUILIbI, KOHTYPBI U IPyTUE BasKHbIE CTPYKTYPHBIE Jle-
meHTHI PJIK.

Inertial Navigation Information and Neighborhood Struc-
ture Consensus (ININSC) ucrosb3yer He TOJIBKO H300pakeHue,
HO ¥ alpHOPHYIO HaBUTAIMOHHYI0 nHMopMarmio [9]. CHavana B
KaJ[pax BBIICIISIIOTCS YCTOMYHMBBIE OOBEKTHI MITH 00JIACTH, 3aTEM C
y4€TOM JIaHHBIX HHEPIMAILHON HABUTAIIMOHHOM CHCTEMBI COKpa-
maeTcs 00IacTh MOMCKa COOTBETCTBUIM, TIOCIIE Yero MpoBepsIeTCs
COTJIACOBAHHOCTH B3aMMHOT'O PACIIONIONKEHHUSI COCETHUX IJIEMEH-
ToB. Takoif Moaxo 0COOEHHO MOJIE3EH MTPU OOJBIINX PABTUIMAK
YIJIOB HAOJIOIEHMS, KOT/Ia YUCTO HM300pa3HUTENbHBIC MPU3HAKH
CTAHOBATCSI HEJOCTATOYHO HaA&KHBIMH. OCHOBHOE IMpEUMYyIIe-
ctBO ININSC coctout B coueTaHnH OBICTPOICHCTBUSA H yCTOWYH-
BOCTH K pa3HOpaKypcHOCTH. OrpaHNYEeHHEM METO/1a SABISIETCSI 3a-
BUCHMOCTb OT Ka4eCTBa HABUTAIIMOHHBIX JIAHHBIX, PH HAJTUYUU
CYIIECTBEHHBIX OIIMOOK B MCXO/HOW OILICHKE TOJIOKEHUSI U OPH-
EHTAIMM TOYHOCTh COTIOCTABJICHHSI MOYKET CHHIKATHCSL.

I'pynna 2. HeiipocereBble aecKpUNTOPbI (JIOKAJIbHbIE
NPHU3HAKH)

K aTo#i Tpynme oTHOCATCS METO/BI M AJITOPUTMBI, B KOTOPBIX
TIPU3HAKU M300paKEHNS U TIPaBUJIAa X COMOCTABICHHST (DOPMUPY-
I0TCSI HE BPYUHYIO, a B pe3yJibTaTe 00y4eHHs Ha O0IbIINX Habopax
JaHHBIX. B OTaMYMe OT KIIACCHYECKHX AJITOPUTMOB, TaKHE IIOJI-
XOJIBI CTIOCOOHBI YIHUTHIBATH OOJICE CIIOKHBIE 3aBUCHMOCTH MEKITY
(parmenTamMu M300paKeHUIl U JIydlle padoTaTh B yCIOBUSX I'e0-
METPHYECKHUX HCKAKEHUH M PA3IMYHBIX YCIOBUAX (DOPMHUPOBAHU
PJIK. s 3amau coBmermenust PJIK 3T0 0cOOEHHO Ba)kKHO, TIO-
CKOJIbKY OJUH U TOT K€ Y4aCTOK MECTHOCTU MOXKET UMETh pa3iny-
HBIN BUJI TIPH U3MEHEHHUH paKypca, JalbHOCTH, yTi1a MECTa U YCIIo-
BUIi ()OPMHUPOBAHHUS PaIHOJIOKAIIMOHHOTO N300payKEHHS.

Merton Local Feature TRansformer (LoFTR) Bommonuser
COTIOCTaBJICHUE 0€3 MPEABAPUTEIHLHOTO BBIJICICHUS OT/ACIBHBIX
xapaktepHbIx Touek [10]. Mertosa cpaBHHMBaeT M300pa)KeHUsSI Ha
HECKOJIBKMX YPOBHSX JETAJM3allid M YCTAHABIMBACT COOTBET-
CTBHSI MEXAYy MX 00JacTsIMH. DTO TO3BOJSIET HAXOAWUTH CBS3H
Jake TaM, TJe KIaCCHYECKHe MOJENN OOHApy>KeHUs PH3HAKOB
BBIIEIISIOT MaJlo yCTOWYMBBIX Touek. JlocronnctBom LoFTR sB-
JISIETCS BBICOKAA IIIOTHOCTB M yCTOMUUBOCTSH conocTasieHnil. He-
JIOCTATOK 3aKJIFOYAETCS! B BBICOKOHM BBIYHCIMTEIBLHON HArpy3Ke
HEoOX0ANMOCTH O0YYECHUS I HACTPOMKHU Ha JTAHHBIX, OJIU3KUX
K PaIHOJIOKAIIHOHHBIM.

Metoa XoFTR sBnsiercst pazsutuem LoFTR mis nzobpaxe-
HUM pa3IuyHON MPUPOJBI, B YACTHOCTH TEIUIOBU3MOHHBIMU [11].
Ero npumeHeHune mpeacTaBisieT HHTEPeC Ui Cliy4yaeB, KOoTia Tpe-
OyeTcst COIOCTaBIISATh PAHOJIOKAMOHHbBIE Kaapbl C JIaHHBIMH
apyroro tumna au6o kanapsl PJIK, cymecTBeHHO pazindarommecs
10 XapakTepy oToOpakeHus MecTHOCTH. OCHOBHOE INpenMylie-
CTBO METO/a COCTOWT B IOBBIIICHHON YCTOWYMBOCTH K Pa3iH-
YHMSAM BHEITHETO BHAA OJHUX U TeX ke 00bekToB. [Ipn aToM mis
paZMOIOKaMOHHBIX JAHHBIX TpeOyeTcsl clienualibHas IOATrO-
TOBKa OOYyYarolIMX BHIOOPOK, MHAYE KAueCTBO COIOCTABICHHS
MOJKET OBITh HECTAOMITBHBIM.
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RoMa — o0y4aemblii METO/ TNIOTHOT'O COMOCTABJICHUS U300-
pakeHuH, npeHa3HAYCHHBIH /IS TOMCKa OOJIBIIOTO YKCia COOT-
BETCTBUI MEX/1y JIOKaIbHBIMU 00sacTsIMU. OH yCTOWYMB K H3Me-
HCHUSAM MacmTa6a, paKypca U BHCHIHETO BUAA CILCHBI, [IO3TOMY
MOXET MPUMEHSTHCS TPH COBMEUIEHUH pa3zHopakypcHbix PJIK.
OCHOBHO# HEJIOCTATOK BBICOKAsl BBIYUCIUTENbHASI CII0KHOCTb.

RoMaV2 — ycosepuieHcTBoBaHHas Bepcust RoMa, obecrieun-
Baromas Ooyiee TOYHOE M COIVIACOBAHHOE COIIOCTABIICHHE IPH
CJIO’KHBIX T€OMETPUUCCKUX M3MEHEHUsIX. MeToJ JIydie y4InThl-
BaeT Kak OOIIMI KOHTEKCT M300pakeHHMsI, TaK M JIOKAIBHBIC Jie-
¢dopmanmu. OrpaHIYCHHEM SBIISCTCS TIOBBIIICHHAS TPeOOBATEb-
HOCTbH K BBIYHCIUTEIBHBIM PECYPCaM.

Tiny-RoMa — o6neruénnas Bepcus RoMa, paccuntanHas Ha
paboTy IpU OTPAHUIECHHBIX BEIYUCIUTEHLHBIX BO3MOKHOCTAX. OHa
obecrieqnBaeT KOMIIPOMHUCC MEXTY CKOPOCTBIO M TOYHOCTBIO COIIO-
CTaBJICHUSI, YTO BOKHO 15l OOPTOBBIX cucTeM. HemocTaTkom siBiisi-
€TCsl BO3MOYKHOE CHM)KEHHE TOYHOCTH TIPU CHIIBHOM pazHOpaKypc-
HOCTH U BBIPAKCHHBIX PAJMOIOKAIIMOHHBIX UCKKEeHUAX [12].

SuperPoint — HeilpoceTeBasi MOAEIb BBIACICHHUS U OMUCAHUS
XapakTepHBIX TOYEK Ha M300paxkeHWH. B oTiamdme oT Kiaccuue-
CKHUX METOJIOB, I'JIe IPU3HAKH 3a/Jal0Tcsl Bpy4uHyto, SuperPoint 00y-
YaeTCsl aBTOMATHIECKH M (POPMUPYET KaK KOOPAUHATHI KIFOUEBBIX
TOYEK, TaK M UX JIECKPUNTOPOB. MO/IeNTb BKITFOYAET /IBA OCHOBHBIX
OJ0Ka: TIepBBIil OTBEYAET 32 OOHAPY)KEHNE KITIOUEBBIX TOUEK, BTO-
poii — 3a MOCTPOEHME MX YMCIEHHOro AucKpunropa. bmarogaps
00y4YeHHIO Ha TEOMETPHUYECKH NPEeoOpPa3OBAHHBIX H300PaKEHUSIX
SuperPoint coxpaHsieT ycTOHINBOCTD K N3MEHEHHIO MacITada, 1mo-
BOPOTA, OCBEIMIEHHOCTH U JIOKATLHOM CTPYKTYPHI ciieHsI [ 13].

SuperGlue — HelipoceTeBOI alTOPUTM COMOCTABICHUS KITIO-
YeBBbIX TOYEK, OOBIYHO MPUMEHsieMblii coBMecTHO ¢ SuperPoint.
Ha Bxox SuperGlue nosatorcst KOOpAMHATBI TOYEK U UX JAECKPHUII-
TOPOM, TIOCJIE YEro IrOPUTM YCTAHABIMBAET COOTBETCTBUS
MEXAY ABYMsI H300paskeHnsiMH. Ero 0cOOEHHOCTD 3aKiiodaeTcs B
TOM, YTO TIPU COTIOCTABJICHUN YYUTHIBAIOTCSI HE TOJBKO OT/IEIb-
HBIC MPU3HAKH, HO M UX B3aMMHOE PACIIOJIOKEHHE BHYTPH KaX-
JIOTO M300paKeHUS, a TaK)Ke CBSI3U MEXAY JBYMs H300pakeHH-
SIMH. DTO TTO3BOJIIET YMEHBIIUTH YHCIIO JOKHBIX COOTBETCTBHN U
MTOBBICUTH HaIEKHOCTD peructpanuu [14].

LightGlue — 006sier4€HHblif alroOpuT™M CONOCTABJICHHS MPH-
3HAKOB, pa3paboTaHHBIN Kak Ooyiee OBICTPHIA M MeHee TpeOoBa-
TENbHBIN K BBIYUCIHUTEIBHBIM pecypcam BapuaHT SuperGlue. Ero
OCHOBHAasl 0COOCHHOCTh COCTOHMT B aJalTHBHOH IIyOuHE 00pa-
OOTKH: €CITM COOTBETCTBHUSI MEXIY HM300paKCHUSIMU HaXOISTCS
JOCTATOYHO YBEPECHHO, BBIYMCIICHHUS 3aBEPIIAIOTCA paHbLIC, a 1A
Oosee CIOXKHBIX Tap KaJpOB MCIOJIB3YETCsl IOMOTHUTENbHAs 00-
pabotka. Takoil MexaHU3M HO3BOJISIET COKPATUTH BpeMs pabOThI
0e3 cymecTBeHHO# otepu TogHocTH. AnroputM LightGlue npu-
MEHseTCS B 3ajadax, Iie TpeOyeTcsl BBICOKasi CKOpOCTh 00pa-
OOTKH BUJICOTIOTOKA, OJIM3KOM K pearbHOMY BpeMerH [ 15].

B 1enom HeiipoceTeBble METO/IBI 00J1aJaf0T BHICOKON TOYHO-
CTBIO 1 XOPOIIO pabOoTalOT MPH CIIOKHBIX U3MEHEHUAX H300paxe-
Huil. OgHako ux npumeHenne B 6optoseix PJIC Tpebyet mocta-
TOYHOE alapaTHO-BBIUUCIUTENBHYIO OOecreueHne, HeoO0Xoau-
Mo JUIs TIpe/IBAPUTEIBHOI0 O0yUeHHsI 1 COBMEIICHHUS pa3Hopa-
kypcubix PJIK.

I'pymna 3. 'eomMeTpuyecKku OpMeHTHPOBAHHBIC U YCTONYH-
BbI€e K Je)opManusiM MeTOAbI MHOTOPAKYPCHOI'O COBMEILCHHSI
Ota rpynna MeTOJAOB IpeJHa3sHaueHa Ui CIIydaeB, Korjaa
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KaJIpbl MMOJIy4YEHBI C CYIIECTBEHHO pa3HbIX HAlpaBJICHUI HaOIIO-
JICHUSI ¥ HE MOTYT OBITh HAJEKHO COBMEIICHBI TOJBKO C TIOMO-
IIBIO MTPOCTHIX NTpeoOpazoBanuid. [Tpn MHOTOpaKkypcHO# paanoio-
KaIMOHHOM CHhEMKE OJTHH U T€ K€ 00BEKTHI MOTYT UMETh Pa3IIid-
Hy10 (hopMy, APKOCTH M B3aMMHOE pacriojoxeHue B kazape. Ilo-
3TOMY TaKHE METOJIbl COUETAIOT yCTOWYMBBIC NMPU3HAKU N300pa-
JKEHUs ¢ 00JIee CIIOKHBIMU T€OMETPUIECKUMH MOAEISIMH.

Histogram of oriented log gradient (HOLG) ucnons3yet
pacmpeseneHe OpUeHTUPOBAHHBIX JOrapu(hMUUECKUX TPAHCH-
TOB, YTO MO3BOJISICT YUNUTHIBATh XapakTepHble ocodernoctr PJIK,
BKJTIOYAsl CHEKJI-IIyM, HCKAXXEHUS M Pe3Kue Mepenajsl SPKOCTH.
Meton dopmupyer Oosiee yCTOHYHMBOE ONUCAHHE JIOKATBHOM
CTPYKTYPBI Ka/Ipa ¥ MOKET IIPUMEHSTHCSI TIPH OOJIBILINX yTJIaX pa-
Kypca. Ero mocTtonHCTBOM SIBIISI€TCS OBBIIIEHHAsT YCTOWYNBOCTD
K LIyMY ¥ JIOKQJIbHBIM H3MEHEHUIM n300pakenus. Hepocrarkom
SIBIISIETCSI 3aBHCHMOCTh OT KadeCTBa BBIJEICHUS TI'PAJNCHTHOMN
CTPYKTYpBI: Ha OJJHOPOJIHBIX Y4acTKax M B 00JIaCTSAX paJfosIoKa-
LIMOHHBIX TeHeH MH(OPMaTHBHOCTH MTPU3HAKOB CHIDKaeTcs [16].

As-Projective-As-Possible oTHOCHTCS K METO1aM TE€OMETPH-
YEeCcKOTo Mpeodpa3oBaHus, B KOTOPHIX N300payKeHNE BEIpaBHUBA-
eTCsl He OJTHOHM 00IIeil MOJeNbIo, a HAOOPOM JIOKAThHO COTIIACcO-
BaHHBIX NPeo0pa30BaHUi. DTO MO3BOJISIET YUUTHIBATh HEIUHEH-
Hble AedopMaliy, BO3HUKAIOLINE NIPU Pa3HBIX yriax Halmoze-
HYS, U3MEHEHUH BBICOTHI ChEMKH M CIOXKHOH (opme penbeda.
[Ipenmy1ecTBO METO/IA 3aKIIFOYAETCSI B CIIOCOOHOCTH COBMEIATh
M300paKeHHs] MPU CHIIBHBIX T'€OMETPUYECKHX DPACXOXKICHHSX.
HenocTatok cocTOUT B pUCKe JOKATIBHBIX UCKAXKEHUI TIPU HENlo-
CTaTOYHOM YHCJIE HA/IEKHBIX COOTBETCTBUI WITH TIPH MX HEPABHO-
MEPHOM pacIpeesIeHu! o kaapy [17].

SAR-BBS ucnons3yer uiero B3aUMHO HAWTYy4IIUX COOTBET-
cTBuil Mexny pparmenramu PJIK. CHauana ompenensercs mnpu-
O6mkéHHast 001aCTh MONCKA, 3aTEM BBIIOJIHAECTCS] YTOUHEHHUE CO-
OTBETCTBHH C MCIOJIb30BAaHUEM MEPBI B3aMMHOTO CXOJICTBA U Pa-
JOJIOKAITMOHHO-OPHEHTUPOBAHHON 00paboTKK TpaHWIil. Takoid
MIOJIXO0]] TIO3BOJISIET YCTOMYMBO COMOCTABIATh N300pakeHHs TIPH
MOBOPOTAX, CABUIaX M 3aMETHBIX Pa3JIMYMsX JIOKAJIBHOH CTPYK-
Typsl. Ero 10CTOMHCTBOM ABIIsIeTCA POOACTHOCTH K JIOKHBIM COB-
najeHusM U 1ymy. OrpaHuueHneM SIBJISIETCSI MTOBBIIICHHAS BbI-
YHCIIUTEbHAS CJI0)KHOCTb, IIOCKOJIBKY TPEOyeTCst BBIIOJIHSTH T10-
HCK T10 JIOKIBHBIM 00JIacCTSIM M OLIEHHBATh B3aUMHOE CXOJICTBO
¢parmenros [18].

B pesyinbraTe mpoBeEHHOTO aHAIM3a MOKHO BBIJICIHUTH ClIe-
JyIOIIee: 3a7a4id COBMEUICHHS PAa3HOPAKYpPCHBIX PaHOJIOKAIH-
OHHBIX BHUJEOKAJAPOB B JABYXNO3MLIMOHHOH cucteme MBPJIC
HaunboJee MoaX0/seM SIBISIETCS MOAXOJ, COUETAIOMNI yCTONIN-
BOE BBIICJICHHE U COIOCTABJICHHUE JIOKAIBbHBIX TPHU3HAKOB, HC-
10JIb30BaHNE APHOPHON HABUTAIIMOHHOW MH(MOPMAINN, T€OMET-
PHYECKOe MOJCIMPOBAHUE NPEoOpa3OBaHUs MEXIYy KaapaMu U
BPEMEHHYIO CTa0MIN3alNI0 MapaMeTpoB coBMerneHus. Kiaccu-
YEeCKHE aJITOPUTMBI Ha OCHOBE JIOKAIBbHBIX MPU3HAKOB, TAKUE KAK
SAR-SIFT, RIFT, KAZE-SAR u ININSC, 001a1ar0T BLICOKO#
YCTOWYHUBOCTBIO K PAAY PaAUOMETPUUECKUX UCKAXKECHUN, OHAKO
MOTYT OBITh HEJI0CTATOYHO Y(PPEKTUBHBI PU CHIILHOHN pa3Hopa-
KYPCHOCTH, paJIMOJIOKAIlMOHHBIX TEHSX M HU3KOW MH(OpMaTHB-
HOCTH OTJAEJNBHBIX y4acTKoB. HeiipocereBble MeTonbl o0ectieun-
BalOT OoJsiee BBICOKYIO YCTOWYHMBOCTH K CJIOXHBIM M3MEHECHUSIM
CTPYKTYPBI H300paXKCHUsI, HO TPEOYIOT 3HAUNTEIbHBIX BHIUMCIIH-
TENIBHBIX PECYPCOB M NpeIBAPUTEIBHON aJalTalMy K JaHHBIM
kxoukpetHoi PJIC. Haubonee nienecooOpa3HbIM T JambHEHIIeH
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pa3paboOTKH METOIWKH sBiseTcss ucmonb3oBanune LoFTR, mo-
CKOJIBKY JaHHBI METOJ BBITIOJHSET COTIOCTAaBIICHNE Oe3 mpeBa-
PUTETHHOTO BBIACTICHHUSA OTJACIBHBIX XapaKTEPHBIX TOYEK U CIIO-
coOCH yCTaHaBIMBAaTh COOTBETCTBUS MEXIy 00JacTIMHU H300pa-
JKEHUH JakKe TPU HEJOCTaTKe YCTOWYMBBIX JIOKAIBHBIX MPHU3HA-
KoB. ['eomMeTpryeckr OpHEHTHPOBAHHBIC METOIBI, TAKHE KaK As-
Projective-As-Possible, MOTyT NpUMEHSTBCS Ha MOCIEIYIOINX
aTanax Jis yTOUHEHHUs MpeoOpa3oBaHus MEXKIY KaJpaMu U KOM-
TMIEHCAIMU HeTMHEHHBIX Ae(OopMaliiii, BOSHUKAIOIIUX ITPU MHOTO-
pPaKypCHOM HaOJIIOCHUH.

5. MeToauKa COBMEIICHHSI PAa3HOPAKYPCHBIX PaJHOJI0KA-
LHOHHBIX BUIEOKA/IPOB, C()OPMHUPOBAHHBIX HA 0a3e MaJiora-
OapuTHOI1 00OPTOBOI PAIUOTOKALIMOHHOM CUCTEMBbI

[Ipemmaraemast MeTouKa (puc. 2) mpeaHa3HaYeHA ISl COBME-
IICHUS IBYX HE3aBHCHMBIX Pa3HOPAKYPCHBIX TOTOKOB PaJHOIIO-
KallMOHHBIX KaapoB, popmupyeMbx MBPJIC, pa3memEénnsivy Ha
6opty nByx MJIA. B kauecTBe BXOIHBIX TaHHBIX UCIIOJIB3YIOTCS
camu PJIK, a Takke MeTagaHHbIC CIIYTHUKOBOW HaBUTAIMU
GPS/TJIOHACC u uHepuanbHON HAaBUTAIIMOHHOM CHCTEMBI, CO-
JIeprKale CBEJACHHUS O MOJI0KESHUH, OPUCHTAIIUU U JIBUKEHUH HO-
cuTenel. DTU JaHHbIE TPUMEHSIIOTCS JJIs IPEeIBApUTENBLHOM Teo-
METPUYECKOM MPUBS3KH KaJPOB U COKPAICHHS 00JTaCTH MOUCKA
COOTBETCTBUH.

[Ipennaraemast MeTOAMKa COCTOUT U3 CIEIYIOIINX I11arOB:

lar 1. IoayyeHue BXOAHBIX JaAHHBIX.

Ha mepBom 3Tame B cHCTeMy IMOCTYIAIOT JBa HE3aBHCUMBIX
PaInoNIOKAIMOHHBIX BUIEOTIOTOKA, (popmupyembix MBPJIC, pac-
MOJIOKEHHBIMA Ha 0opTy AByX MJIA. OqHOBpeMEHHO IS Kaxk-
JIOTO Ka/ipa MPUHIMAIOTCS METaJaHHbIE CITy THUKOBOI HaBUTAI[IH
GPS/TJIOHACC u nHepuualibHO# HaBUranMoHHOH cuctembl. K
HUM OTHOCATCSA KOOpAMHATBI HOCUTEJIA, BBICOTA, CKOPOCTD, YTJIbL
OpHUCHTAIUN U BpEMCHHAs METKaA. 3TI/I JaHHBIC UCTIOJIL3YIOTCA JIA
MPUOIU3UTENLHOM T'eONPUBS3KU KaJIPOB, OLICHKH TIOJIOKEHHUS HO-
CUTEJIeH 1 OTpeieNIEeHUs] BO3MOKHOM 30HBI MEPEKPHITHUS ABYX BU-
JIEOTIOTOKOB.

lar 2. [loaroroBka paguo/0KAIHOHHBIX KAJPOB K 00pa-
0oTke.

[Tony4eHHbIe Kaaphl IPUBOAATCS K eIMHOMY (hopmarty mpen-
CTaBJICHUs. BBIMONHSACTCST HOpMATU3aIHsl SPKOCTHBIX 3HAYCHUH,
HeoOXoauMast IJIsl YMCHBIIICHUS BIVSIHUS PA3JINYUN B PaTUOMET-
PHUYECKUX XapaKTePUCTUKAX M300paKCHUH, MMOJyUYCHHBIX C pa3-
HBIX paKypcoB. [Ipr HEOOXOIMMOCTH JOTIOTHATEIFHO BBITOTHS-
€TCS TIOJIaBJICHHUE IIIYMOBBIX COCTABJISIONINX, XapaKTEPHBIX IS
PJIK. Ha Beixome nmaHHOTO 3Tarna (OpMHUPYIOTCS Mapbl KaJpoB,
TIPUTOTHBIE [T TTOCIETYIOMIETO MOMCKa COOTBETCTBHH [19].

lar 3. [IpexBapuTteabHas reoMeTpuYecKasi MPUBI3KA.

Ha ocnose manapix GPS/I'JIOHACC m MHC sBemmonHasercs
mpuOIMKEHHAS OIIEHKA B3aMMHOTO TIOJIOKEHUS KaJpoB B 00IIen
CHCTEME KOOPJIWHAT. DTO MO3BOJISET OMPEACNIUTh 00JIacTh BO3-
MOXXHOI'0 NIEPEKPBITHUA ABYX PAJUOJOKAIMOHHBIX BUICOIMMOTOKOB
U COKpaTHTh 00JacTh MOMCKA COOTBETCTBYIOLIMX ()PAarMEHTOB.
JlaHHBIif 3Tanm 0COOCHHO Ba)kKEH, MOCKOJIBKY JBa MJIA nBMKYyTCS
10 HEUJICATBHBIM TPACKTOPHSM, a KaJPhl (JOPMHUPYIOTCS C Pa3HBIX
HATIPaBJICHUH HAOIOICHUS U MOTYT UMETh Pa3IMYHBIA MaCIITa0,
MTOBOPOT U MPOIICHT MEPEKPBITHUSI.

lar 4. U3Baeyenne npusnakosB merogom LoFTR.

B pesympTare mpoBEnEHHOTO aHANHM3a UL COIMOCTABICHUS
Pa3HOPaKYPCHBIX PAIHONOKAIIMOHHBIX KaJIpOB BBIOpAH METO
LoFTR. Ha nanHOM 3Tame KaIbIid Kaap pa3OMBaeTcs Ha CETKY
TIePEeKPBIBAIONTIXCS OJIOKOB pazMepoM 16%16 mukcernei ¢ marom
8 mukceneit. [y KaKa0ro OJI0Ka BEIYUCIISIOTCS TPAJAUEHTHI IPKO-
ct 1o ocsiM X 1 Y ¢ HCrojb3oBanueM omeparopa Cobemnsi. 1o
MO3BOJIAET BBIACIUTH KOHTYPBI, IIEPEMaibl APKOCTH U TEKCTYPHBIE
O6J'IaCTI/I, KOTOPBIC MOT'YT 6BITB UCIIOJIB30BAHBI JIs ITOMCKA COOT-
BETCTBHI MEXKTY KaJpaMH.

lar 5. ®opMupoBaHue JOKAJIbHBIX 1€CKPUITOPOB.

s kaxaoro Oyoka GopMUpPYETCs YUCICHHOE OMUCAHKE JIO-
KaJTbHOH 00J1acTh n300paxxeHus. B equHbIN JeckpunTop 00be/Iu-
HSIIOTCSI 3HAYCHUS UCXOMHOW SPKOCTH, TOPU30HTAIHHOTO T'PAJIH-
€HTa W BEPTHKAIFHOTO TpaaneHTa. B pesympTare hopmupyercs
JECKPUTIITOP Pa3MEPHOCTHIO 768 AIIeMEeHTOB: 256 3HaYCHHUI SIPKO-
cTtH, 256 3HAaYeHWH TpajueHTa 1Mo ocu X U 256 3HaUSHWA rpaju-
eHTa 1o ocu Y. Jlanee Kaxaplil 1eCKpUNTOpP HOPMAIHU3YETCS IO
L2-HOpMe, 9TO MOBBIIIAET YCTOHYUBOCTD COIIOCTABICHHS K H3Me-
HEHHIO IPKOCTH M KOHTPACTa MEKIY KaJpaMH.

ilar 2. Toarotoska PJI-kaxpon k odpadorke

lar 8. ConocTapenie KATPOB ABYX BIICONOTOROR

Ilar 1. To/yuenne BXOTHBIX JAHHBIX it pOpMAT NpECTaRIEHIIs, HOPMATISAILIS —b{ BiCIIetiiie KOCiiyCHOTO pacCTostits, Torck yuix (—»]
APKOCTH, NI01ABICHIE LIYMOB. COOTBETCTBHI, B3AMHAA TPOBEPKA.
MBPJIC, MBPJIC, 7
Illar 3. TpeasapuTeabHast reoMeTpHYecKas
~ ~ npuBsiska Ilar 9. GALTPAINS COOTBETCTBI I NOCTPOCHIE
Ouenka BanMHOro 0M0KeHHA Kaxpos o TIIOHACC 1 MaTpHIBI paccTosHMit

VHC, Bbuiesien e 30Hb! IEPEeKpHITHS, Ounbpais 10 nopory 0.4 HCKIIOUEHHE TOKHBIX

. COOTBETCTI, M0CTPORHHE MATPHILEI TIOTIAPHbIX
.

o I

x
S

o,
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Ilar 4. M3Baeuenne npusnakos merogom LoFTR
Pasiiciie KapOB Ha epekpLIBaIomiecs G1okit 16x16
IkcesIei € IArow 8 MHKCencii, BIYHCICHIC FPATHEHTOB

i MO Kapami.

Ilar 10. Ouenka npeodpasoanuii n opmuposanme

110 oc X 1 Y onepatopomt CoGens.
€IMHOTO Kaxpa
l OlLeHKa [eOMETPHYECKOT0 Tpe0GpasoBaHits,
COBMEIIeHHe NIEPEKPHIBAIOLLIXCA 0BIacTeli
emnoro PJI-kanpa
Illar 5. JIOKATBHBIX
OBbeHEHHE APKOCTH, TOPHIONTATHHOTO
BEpTHKATLHONO IpaeHTa, L2-HOpMATH3ALA.
Iar 6.
U oKpectHoCTH 3x3,00

TDH3HAKOB, KONTEKCTHBIE Z1ecKpHITTOPOB 6912

S/ICMEHTOB.

PAMOIOKAHOHHBIX PaIHOIOKAIHOHHBIX

Totok Tlotok l

Kaapos | Kapos 2
+ JlaHHbIE

T'JIOHACC n MIHC

Lilar 7. Ot6op unopMaTHBRbIX TOCK
BRHCICHIE AHCTEPCHH ACCKPHITTOPOB, BH00p 400 (——
HaGoree HHQOPMATHBHEIX TouCK,

Puc. 2. Cxema, onucsiBaronast MeToauKy cosmernenus PJI-kaapos
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Ilar 6. ®opMupoBaHHE KOHTEKCTHBIX JeCKPUIITOPOB.

Jnst yduéta mpoCTPaHCTBEHHOTO OKpPYKEHHSI KaXKIOH TOUKH
HCTIONB3YeTCsl KOHTEKCTHOE omucanue. [lng mosunun (X, y) Ha
KapTe MPU3HAKOB HM3BJIEKAIOTCS BEKTOPHI M3 OKPECTHOCTH 3%3,
TMIOCJIE Yero OHU OOBEIUHSIOTCS B €IUHBIA JECKPUIITOP pa3Mep-
HOCThIO 6912 anemenToB. Takol MOAX0 MO3BONAET YUUTHIBATH
HE TOJILKO OTAEJIBHYIO JOKAIBHYIO 00J1acTh, HO U €€ OJinkaiiiee
OKpYXEHHE. DTO MOBBIIIAET YCTOMYMBOCTH CONOCTABICHUS TPH
pa3HOpaKypCHOM HaOI0IEHUH, KOT/a (hopMa U SIPKOCTh OJHUX U
TEX K€ 0OBEKTOB MOT'YT H3MEHSTHCH.

Mlar 7. OT60op uH(OPMATUBHBIX TOYEK.

[Tocie mocTpoeHus IECKPUIITOPOB BHIITOIHIETCS aJal THBHBINA
oT60p Hambosee MHPOPMATUBHBIX obmacTei. Jlms kakmoro me-
CKPUITOPA BBIYUCIISIETCS AUCTIEPCHUS, KOTOPAsi UCTIONb3YyeTCs KakK
Mepa TeKCTYPHOH crokHOCTH. OGIAaCTH ¢ BBICOKOH AMCIIEPCHEH,
COOTBETCTBYIOIINE yIJIaM, PE3KUM IepernaiaM SpKOCTH, TPaHu-
11aM OOBEKTOB U CJIOKHBIM TEKCTYpaM, BHIOMPAIOTCS Kak Hanbo-
Jiee MepCIeKTUBHBIC JUIsl COTIOCTABIICHUS. B paMkax MeToaMKH OT-
6upatorcst ot 40 1o 400 nHanbonee MHPOPMATHBHBIX TOYEK, YTO
oOecrieunBaeT OanaHC MKy TOYHOCTHIO COBMEIICHHS 1 BHIUUC-
JUTEILHON 3 PEKTUBHOCTBIO.

lar 8. ConocraBJjieHue KapOB IBYX BH/1€0NIOTOKOB.

Jst Ka>kmoi BEIOpaHHOM TOYKH TIEPBOTO KaJpa BEIYHUCISETCS
KOCHHYCHOE PAcCTOSIHME 10 BCEX BBIOPAHHBIX TOYEK BTOPOTO
kagpa (puc. 3). JlaHHas Mepa MO3BOJSIET OLEHUTH OJNM30CTH Je-
CKPHUITOPOB B MHOTOMEPHOM IIPOCTPAHCTBE MPH3HAKOB U CHH-
JKaeT BIMSTHUE Pa3Indnil IPKOCTH 1 KOHTpacTa. Jlanee BBIOIHSA-
€TCsl B3aUMHasi IIPOBEPKa COOTBETCTBUIA: Mapa TOUEK CUUTACTCS
KOPPEKTHOI! TOJIBKO B TOM Clly4ae, €ClIi Ka/1asi U3 HUX SIBIISETCS
HAMJIY4IIMM COOTBETCTBHEM JIJIsl IPYTrod. DTO MO3BOJISIET YMEHb-
IIATH KOJIMYECTBO JIOKHBIX COBIAICHUI.

Puc. 3. Pe3ynbraT 00HapY»KEHUS U COMIOCTABJICHUS TOYCK

ar 9. ®uabTpanus cOOTBETCTBHIA U MOCTPOEHNE MATPULBI
paccTossHMI.

Ha crieryromem artarie BBITIOTHSIETCST (GHIBTPALIUS HAWICHHBIX
COOTBETCTBUI MO MOPOrOBOMY 3HAUEHUIO KOCUHYCHOT'O paccTos-
Hus. B pamkax npeanaraemoii peanu3aiy HUCIOJIb3yeTcs MOpor
0,4, BBIOpaHHBIH [T 0OecieueHns OanaHca M1y TOYHOCTBIO U
MOJTHOTOM corocTtasiieHnsl. COOTBETCTBUS, HE yIOBJICTBOPSIOIINE
JAHHOMY YCJIOBHIO, MCKITIOUAIOTCS W3 JajbHEUIIed oO0paboTKH.
Ilocne aToro crpoutcs Marpulia NOMAPHBIX PACCTOSIHUM MEXKITY
KaJpaMy ABYX BH/ICONIOTOKOB, YTO ITO3BOJISIET OLEHUTH Ka4eCTBO
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COIIOCTAaBJICHNUS, BBIABUTH HamOoJee OIM3KUe mapsl KaapoB U 00-
Hapy>XKUTh BO3MOKHBIE CHCTEMAaTHYECKHUE OLTHOKH.

HIar 10. Ouenka mnpeoOpa3oBaHusi U GopMUpoBaHHE
coMmenennoro PJI kagpa.

Ilo OT(l)I/lJ'IprOBaHH])IM COOTBETCTBHUAM OLICHUBACTCA I'€OMET-
pudeckoe mpeodpazoBaHue, HCOOXOAUMOE I TPUBEICHUS O
HOTO Kajipa K cucteMe koopauHat apyroro [20]. lanee BoIIOTHS-
€TCsl COBMEIICHHE TEPEKPHIBAIONINXCS 00J1acTell IByX paolio-
KaI[MOHHBIX BHJICOIIOTOKOB M ()OPMUPYETCS] COBMEIICHHBINH pa-
JTMOJIOKAITUOHHAs! Kap (puc. 4).

Puc. 4. Pe3ynbraT coBMemenus pasnopaxkypcHoro PJIK

[MonyuenHblii pe3ynbrar 00beANHIET HHPOPMAIIUIO, TOCTYIIA-
OLIYIO C IBYX HE3aBHCHUMBIX PaKypCOB, YTO TO3BOJISIET MOBBICHTh
TOJIHOTY Ha6J’[}O}IeHI/I$[, YMEHBIIUTL BJIMAHUEC 3aTEHEHHBIX yuact-
KOB U 00€CIeuuTh 00Jice JOCTOBEPHOE MPEACTaBICHUE HA001ae-
MO TeppUTOpHH. [[JIs1 JOTOTHUTENBEHON TIPOBEPKU paboTOCIOCO0-
HOCTH MPEJIOKCHHON METOMKA OBLUT PACCMOTPEH €lIE OJIUH CITy-
Yyail COBMEIICHHS Pa3HOPAKYPCHBIX PaJIUOIOKAIIMOHHBIX KaJPOB
(puc. 5-7).

Puc. 5. JIBa pasnopakypcusix PJI kanpos

—
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Puc. 6. ConocraBneHne pa3sHOPaKypCHBIX KaJIpoB

Puc. 7. Conocrapienue pa3sHOPaKypCHBIX KaJpoB

[IpencraBneHHbIe pe3ybTaThl MOKA3BIBAIOT, YTO MPETOKECHHAS
METOJIMKA TTO3BOJISIET HAXOJIUTh YCTOMUMBBIE COOTBETCTBUS MEXKILY
Pa3HOPAKypPCHBIMU PaTUOTIOKAIIMOHHBIMH KaIpaMU U BBITTOIHATH UX
TIOCIIEAYIOIIee TeOMETpUUEecKoe coBMelenre. Hamuue cornaco-
BaHHBIX AP TOYCK TTONTBEPXKIACT KOPPEKTHOCTh PabOTHI ATama Co-
MOCTaBIICHUS, a (POPMUPOBAHKE COBMEIIEHHOTO Ka/ipa ICMOHCTPU-
pYyeT BO3MOXXHOCTh OOBEIMHCHHUS JaHHBIX, TIONYyYCHHBIX C Pa3HbIX
HaIpaBJIeHAI HAOIIOICHHS. DTO MOTBEP KIAaCT MPUMEHIMOCTD Pa3-
paboTaHHOM METOIMKH [Tl 0OPaOOTKH paTHOJIOKAIIMOHHBIX BHICO-
TTOTOKOB B ABYXMO3HITHOHHOI crcteme MBPJIC.

3akiaoueHue

B pabore paccMoTpeHa 3a1a4a COBMEIIECHHS Pa3HOPaKyPCHBIX
PazMOIOKaMOHHBIX BHICOKAIPOB, (OPMUPYEMBIX BYXITO3UIIN-
OHHOM TPOCTpaHCTBEHHO-pachpenenénnoit cucremoir MBPJIC,
pa3MeménHoN Ha 60PTY MabIX JIeTaTeIHHBIX allllapaToB.

[IpoBenén anann3 COBPEMEHHBIX METOJIOB U AJITOPUTMOB COB-
MEIIEHUS PaINOJIOKAIIMOHHBIX KaJpoB. PaccMOTpEeHbI alrOpUTMBI
Ha OCHOBe JIOKanbHBIX Tpu3HakoB (SAR-SIFT, OS-SIFT, PSO-
SIFT, RIFT, KAZE-SAR u ININSC), HeifpoceTeBbie METOIbI CO-
nocraBnenust (LoFTR, XoFTR u cemeiictBo moneneit RoMa) u
reomMeTpuyueck opueHTuponannbie noaxoas (HOLG, As-Projec-
tive-As-Possible, SAR-BBS).

Jnst paspabotku meromuku BbIOpaH Merton LoFTR, mo-
CKOJIbKY OH TIO3BOJISIET BBINOJIHSTH COMOCTAaBJICHHWE KaJpoB 0e3
MIPEABAPUTEILHOTO BBIICICHUS OTICIBHBIX KITFOUEBBIX TOYEK M
HaXOJHUTh COOTBETCTBUS MEXIy O0JAcTAMH M300paKeHUH. D10
TIOBBINIAET YCTOWINBOCTH COBMEILICHHUS TIPH U3MEHEHNH PaKypca,
MacmTada U SPKOCTHON CTPYKTYPBI PAAHOIOKAIIOHHOTO Ka/Ipa.

[IpemnoxeHHast METOMKA BKITFOYAET MOJIyIEHHE IBYX PaIHOIIO-
KaLMOHHBIX BHUJEOIIOTOKOB M HABUIalMOHHLIX JaHHBIX GPS/TJIO-
HACC u MHC, npenBapuTensHyl0 T'€OMETPHUYECKYIO MPHUBS3KY,
MOATOTOBKY KaJpOB, M3BJCYECHHE M COMOCTAaBJICHHE IPU3HAKOB,
(UIIBTPALINIO COOTBETCTBHM, OIIEHKY F€OMETPUUECKOT0 IIpeodpazo-
BaHUS W (OPMHPOBAHHE COBMEHIEHHOTO PaJHOJIOKAIIOHHOTO
Kazpa. Pe3ynbTaThl MpoBEpKH MOKA3aId, YTO METOJUKA MTO3BOJISET
COBMEIIATh PA3HOPAKYPCHBIX PAANOIOKALIMOHHBIE KaIPbL.
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Abstract

In the tasks of operational monitoring of the earth's surface using small-sized airborne radar systems mounted on small aircraft, it becomes necessary to form a sin-
gle combined frame based on two different-angle radar video streams. The main difficulty lies in the presence of radar shadows, geometric distortions and incomplete
overlap of frames, which makes it difficult to accurately combine them and subsequent analysis. The aim of the work is to study and develop a technique for combin-
ing multi-angle radar video frames generated by a two-position spatially distributed small-sized airborne radar system to obtain a single radar frame. The paper ana-
lyzes modern methods and algorithms for combining radar images, including algorithms based on local features, neural network matching methods and geometrically
oriented approaches. Based on the results of the analysis, the LoFTR method was chosen for the main matching procedure, which provides a dense search for cor-
respondences between image areas without pre-selecting individual characteristic points. The proposed methodology includes the use of GPS/GLONASS and inertial
navigation system data for preliminary geometric anchoring, preparation of radar frames, extraction and comparison of features, filtering of false correspondences,
evaluation of geometric transformations and the formation of a single panorama. A technique for combining two different-angle radar video streams is proposed.
The use of LoFTR increases the stability of the comparison in case of angle changes, differences in the radiometric structure of frames and a lack of pronounced local
features. The results obtained show the possibility of forming a single radar frame based on data received from two independent radar stations. The proposed method-
ology can be used in the tasks of operational monitoring of the Earth's surface, control of critical infrastructure, environmental monitoring, emergency detection and
search and rescue operations.

Keywords: radar image fusion, multi-angle video streams, panoramic scene, LoFTR, small-sized radar, Jetson Nano, real-time monitoring.
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B ycnoBuAX ropHbix KapbepoB 3ajayu BbICOKOTOYHOrO MO3ULMOHUPOBAHUA KapbepHOW TEXHUKMN
OC/IOXHAIOTCA CNOXHOW reoMeTpuei BbIPaGOTKM, HanMuMeM BbLICOKMX YCTYNoOB, MeTaniM4yecKnx
KOHCTPYKLUMA M MHTEHCUMBHOW MHOrony4eBocTbio, npuBogawmnx k 3dpcdekram NLOS u cyuiectBeHHbIM
norpellHocTaAM pagvmojanbHoMeTpun. B paGote paccMarpuBaercs npuMeHeHMe ynbTPa-LLIMPOKOMONOCHOMN
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Mozenk onGKM AanbHOMeTpuK, yuutbisatowas Bknaa NLOS cMeleHus, MHOrony4eBoro pacnpocTpaHeHus
1 reoMeTpuyeckoro dakropa KoHdUrypauum onopHsix Tovyek. Ha ocHoBe MMUTaLMOHHOrO MOAENUpOBaHUA
aHanusMpyeTca pacnpefeneHue KOOpAUHATHOW OWIMGKM B TUMMYHLIX CLieHapUAX KapbepHOW paanocpesbl
(LOS, uvactuuHbii u nonublit NLOS) npu GnaronpuatHoit M HebGnaronpuATHOW reoMeTpumu pasMelleHUA
UWB onopHbix cTaHumit. MNMoka3aHo, 4To B yCNOBUAX NPAMOM BUAUMOCTM Npu GnaronpuAaTHOW reomeTpum
aHKepHbIX CTaHLMIA cpefHAA olMbKa no3uymoHMpoBaHua coctaensaet okono 0.07 m, RMSE - 0.09 M, a 95 &
npoueHTUnb He npeebiwaet 0.17 M, Toraa kak npu nonHom NLOS u He6naronpuaTtHoit reometpun RMSE
sBospactaer Ao 12.84 M. lNpumeHeHne npocroin pobGacTtHoi 06paGoTkM AaNbHOMEPHBIX M3MEpPEHUn C
orpaHu4yeHnemM BbiGpocoB no nopory 5 M noseonsaer ymeHbwmte RMSE B 3ToM cueHnapumn go 4.97 M,
CYLLLeCTBEHHO CHMXXaA BRMUAHMe rpyOGbix aHoManuit nNpu coxpaHeHuu TouHoctu B LOS ycnoeusax.
MpakTtuyeckaa 3HaumMocTb paboTbl 3akniovaercAa B (DOPMUPOBAHMM PEKOMEHAALUMA MO pasMelleHuUIo
6asoebix UWB cTaHumit M HacTpoiike anroputmMos o6paboTku usmMepenui, obecneumsaromx Tpebyemyio
TOYHOCTb MOHMTOPUHIA ABMXKEHUA KapbepHON TEXHUKMU B CNIOXKHOM paauocpese.
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Beenenune

[o3umonnpoBanne MOJIBIKHBIX OOBEKTOB B TOPHBIX BBIpa-
60TKax ocTaéTcst OJJHOM M3 KITIOUYEBBIX 3a1a4 HU(POBU3AINH MPO-
MBIIIJICHHOTO TPaHCHOPTA, IMTOCKOJIBKY 3()()EeKTHBHOCTD JUCIIET-
YepHu3aluy, KOHTPOJIb JIBIKEHUS] TEXHUKN U oOecrieueHune 0e3-
OITaCHOCTH HANpsIMyO0 3aBUCST OT TOYHOCTH KOOPJMHATHOW MH-
¢dopmarn. B ycnoBusix kapbepoB M MOA3EMHBIX BBIPAOOTOK CH-
cTeMa JIOKAJIM3aluH J0JDKHA (DYHKIIMOHUPOBATD B CIIOKHOM 1 He-
CTAallMOHAPHOI paauocpene, TAe Ha paclpoCTpaHEHHWE CUTHaia
OJTHOBPEMEHHO BJIMSIOT BBICOKHE YCTYIIbI, OTBAJIbI, TEXHOJIOTHYE-
ckoe 00opyaoBaHUE, KPyITHOradapuTHas TEXHUKA U TOCTOSIHHOE
H3MEHEHHEe KOH(PUTypalun padoueii 30HbI.

B oTanume OT OTKPBITBHIX MPOCTPAHCTB, Kapbep M IIaxTa Xa-
PaKTEpU3YIOTCS BBIPAKEHHOI MHOIOIY4YE€BOCTBIO, YAaCTON MoTe-
peil npsiMoii BUAMMOCTHU U CHJIBHON 3aBUCUMOCTBIO KauecTBa pa-
JMOKaHaIa OT TEOMETPHUH BBIPAOOTKH. DTH (HaKTOPBI IPUBOAAT K
pPOCTY OMIMOKM JaTbHOMETPUH M CYLIECTBEHHO OTPAaHWYHMBAIOT
MIPUMEHEHNE CITyTHUKOBOM HaBHTallMM KaK CIMHCTBEHHOTO HC-
TOYHMKA KOOpAMHATHOW mH(popmaimu. IlosTroMy B mociennue
TOZIbI TOBBIIICHHOE BHUMAHUE yIENACTCS JTOKAIbHBIM PaJioTeX-
HUYECKHM CHCTEMaM MO3UIMOHNPOBAHUS, OCHOBAaHHBIM Ha M3Me-
pEeHMM BpEMEHHU MPUXO0Ja WIH BPEMEHH NMPOJETa CUTHAIA MEXKILY
OTIOPHBIMHU CTAHIMSIMU U TTOJIBUKHBIM OOBEKTOM.

OnnuM U3 HauboJiee TMEPCIEKTHBHBIX HANPaBJICHUH B 3TOH
obnactu siBistroTest Texuonorun Wi-Fi FTM/RTT u UWB, koto-
pble 00ecneyrBaloT METP- U CyOMETPOBYIO TOUHOCTH IpH OJ1aro-
MIPUSTHBIX YCJIOBHUSX PACIPOCTPAHEHHS U TIPH 3TOM HE TPeOyroT
cyTHHUKOBOTO curHana. /s Wi-Fi FTM nokaszano, 94To TOYHOCTH
M3MEPEHHsI CYNIECTBEHHO 3aBHCUT OT IIMPHHBI KaHaia, Kajauo-
POBKH CMEIIEHHS, YPOBHSI TIOMEX U MHOT'OJIyYEBOT'O pacIpocTpa-
wenws [1, 7, 8], a B yenoBusax NLOS norpemHocTs 3aMETHO BO3-
pactaer [2, 10, 11]. UWB-cuctemsl 061amatoT 6oiee BBICOKOI
BPEMEHHOW pa3pemnraronieil CiocoOOHOCThIO M TOTOMY OCOOEHHO
WHTEPECHBI JUIS CIIOKHBIX IPOMBIIITICHHBIX CIIEHAPUEB, BKIIOYAs
IaXThI U TTOJI36MHBIE BRIPA0OTKH [3, 4].

Bwmecre ¢ Tem Bbicokas TouHocth UWB B 1a00paTOpHBIX U
indoor-ciieHapusX He rapaHTUPYET aHAJIOTHYHOIO pe3ysbTara B
kapwepax, rie NLOS u MHoromyueBoe pacinpocTpaHEHHE BO3HH-
KalOT CUCTEMAaTHYECKH M 4aCTO COIIPOBOXK/IAIOTCS HEOIAr ONpHsT-
HOW TeOMETpHEH pacroiioKeHus 0a30BBIX CTaHIUH. J[s Takux
YCIIOBHIA OBUTH TPEITIOKCHBI MEeTOTbI KomiieHcarmu NLOS-omm-
00K, OCHOBaHHBIC Ha KJIacCH(UKAINU THIIA KaHaja, aaalTHBHON
¢unpTpanmu u pacmmpernHoMm (uibTpe Kammana [6], ogHako
OOJIPIIMHCTBO U3 HUX OPHEHTHPOBAHO Ha THITOBBIE indoor-cpes
WJIN TI0JI36MHBIE TOHHEJIN 1 HE YUNUTHIBAET CHEIU(PHUKY OTKPBITBIX
TOPHBIX BBIpabOTOK. Kpome Toro, pa3sBuTHE METOZIOB HAa OCHOBE
KapTUPOBAHUS KaHaJa, CKPBITHIX MAPKOBCKUX MOJENEH U MyIlb-
TUMOIaNIbHOTO 00yueHwus [ 13, 14] noka3piBaeT, YT0 COBPEMEHHBIC
MTOIXOBI K JIOKAJH3AUK BCE Yale MepexoasT OT MPOCTON Teo-
METPUU K yU€Ty CTPYKTYphI KaHala M €ro BpeMEHHONW MU3MEHYH-
Boctd. OTAEIbHOrO BHUMAHHS 3aciy)KMBAIOT pabOThI MO COB-
MECTHOH OIleHKEe BPEMEHM MPUXOAa B MHOTOJIYYEBBIX KaHalax
[12], a Takxke HOBBIE cTanAapThl, Takue kak [EEE 802.11az ¢ uc-
MTOJTb30BaHUEM MUJLTUMETPOBOTO JHamna3oHa [S] U BOIPOCH 0e3-
OMAaCHOCTH JaibHOMeTpuH [15].
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B pabote [16] moka3aHo, 9TO B yCIOBHAX OTPAaHUYEHHON BU-
jqumoctu unTerpanyst UWB ¢ IMU u npuMeHeHue yay4ieHHOro
ESKF cymiecTBeHHO CHWKAIOT OIIMOKY MO3WUIIMOHUPOBAHUS 110
cpaBHenuto ¢ uncteiM UWB, uTo noareprkaaeT HeoOX0AuMOCTb
pobacTHoii 00padoTkn m3Mepennit B NLOS-cueHapusx.

HecMoTps Ha 3HauUMTENBHOE YHUCIO PabOT, MOCBSIIIEHHBIX
UWB-nokanuzanuu B indoor- U MOJA3eMHBIX CIIEHApHsIX, 00Jb-
IIMHCTBO M3 HAX PAcCMaTpUBAET CPABHUTEIIFHO KOMITAKTHBIE T'€0-
METpHH, OTPaHWYECHHBIC THANA30HBl PACCTOSHHUHA 1O OIOPHBIX
cTaHnui u yMmepeHHsle ypoBHU NLOS-nckaxenunil. B wactHoCcTH,
omybnKoBaHHBIe Mojaenn KommeHcanmnu NLOS-ommbok, kax
MIPaBUJIO, OPUEHTUPOBAHBI HAa TTOMEIICHHS, TOHHEIN WU IIaxT-
Hbl€ BHIPAOOTKH M HE YYHUTBHIBAIOT COYETaHHE OOJIBIION MPOTS-
’KEHHOCTHU paboueii 30HbI, BBIPAXKEHHOH BHICOTHOW HEOHOPOIHO-
CTH U OBICTPO MEHSIOIIEHCS TeOMETpUN Kapbepa. B HacTosmiei
paboTe 3TO OrpaHMYEHHE MPEOOIEeBACTCS 3a CUET SIBHOM mapa-
METpH3aLUH KapbepHOU pazuocpe sl yuepe3 DOP-nogo0OHbIi dak-
TOp, AUANa30H PAaCCTOSHUN O aHKEPHBIX TOYEK U JIOTHOPMAaJIb-
Hy0 Moaenb NLOS-cMmemenus, a Takke 3a C4€T aHaIN3a yCTOM-
YUBOCTH KOOpAMHATHOM oueHKu npu 5000 mporoHoB JUIsl Kax-
JIOTO CLIEHAPHUSL.

AKTyanbHOCTh HACTOSIIETO HCCIEIOBAHUS OINPEAEISIETCS
HEOOXOIUMOCTBIO  OIeHKH TouHocTH UWB-nanpHOMeTpHH
MMEHHO B yCJIOBHSIX KaPbEPHON CpEJIbl, I/Ie MPSIMOE TIEPEHECEHHUE
indoor-mMo/iesieil MPUBOJMT K HEJIOOIECHKE MOTPEHIHOCTeH M K
ommOKaM IpH NPOSKTUPOBAHUH CHCTEMBI O3UIMOHUPOBaHuA. B
paboTe UCTOIb3yeTCss UMUTAIIMOHHBIN MOX0/], TIO3BOJISIIOIINN B
KOHTPOJIMPYEMBIX YCIOBUAX BapbUPOBATh MapaMeTphl KaphepHOH
pamuocpensl, ypoBenb NLOS u reomerpuueckuii (hakTop pacmo-
JIOKEHUS OTIOPHBIX CTAHIIMM.

Llenbro HacTosiIeH pabOTHI SBIISICTCS UMUTAIIMOHHAS OLICHKA
touHoctd UWB-nansHoMeTpun U1 HO3ULIMOHUPOBAHUSI Kapbep-
HOW TEXHUKH B CIIOKHOU panuocpene ¢ yuétom BiausHus NLOS,
MHOTOJIy4EBOCTH M T'€OMETPHYECKOTro (haKTOpa pacroioKeHHs
OMOPHBIX CTAHIIMI.

Hay4nast HoBH3HA pabOTHI 3aKITIOYACTCS B CICAYIOIIEM:

1. IlpennokeHa ¥ MCCIEAOBaHA WMHTAIMOHHAs MOJENb
UWB-1103uIMOHNpPOBaHNS, OpPUEHTUPOBAHHAS HA KapbepPHYIO pa-
Jocpeny ¢ yd€ToMm OOINBIIUX JAIbHOCTEH, HEeOIaromnpusTHOM
T€OMETPHUH aHKEPHBIX CTaHIUN U cucteMaTnaecknx NLOS-ucka-
KEHUI.

2. BolmonHeH aHanu3 4YyBCTBUTEIBHOCTH KOOPAMHATHOMN
OIMOKM K H3MEHEHHIO T'€OMETPUM AHKEPHOM CEeTH W JOJH
NLOS-cuenapues, yTo Mo3BOJSAET KOTUYECTBEHHO OLIEHUTD YCIIO-
BHUS IETPaJallui TOUHOCTH B KaPbEPHBIX YCIOBUSAX.

3. Ilokazano, 4To Aaxe rnpocrasi podactHast 00paboTKa Jaajb-
HOMEPHBIX M3MEPEHUN CYIIECTBEHHO YMEHBIIAET BIUSHUE IPy-
OBbIX BEIOPOCOB B CIIOXKHOW pajiiOCpesie, 4TO IIOATBEPXKIACT IeTie-
C000pPa3HOCTh TPEIBAPUTENHHON (MIBTPALUN M3MEPEHUH IpH
TIO3UIIHOHUPOBAHNH KAPbEPHOH TEXHUKH.

1. OcobeHHoOCTH pagnocpeasl Kapbepa

Pamnocpena kapbepa (pOpMHUPYETCS COBOKYMHOCTBIO (hakTO-
POB, CYIIECTBCHHO YCIOXHSIOIINX PACIpOCTPAHCHUE CHTHAIA
MEXK/y OIOPHBIMU CTAaHIUSIMA M TIOJBMKHOW TEXHUKOH. B
MIEPBYIO OYEPEIb ITO BBICOKAsI BEPOSTHOCTH SKPAHUPOBAHMS TIPS~
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MOro Jiydya yCTynaMu, OTBaJIbHbIMU MaCCHUBaMH, TCXHOJIOTHYC-
CKUMH COOPY)XEHHSMH M KPYIHOTaOapUTHBIMH MAalllHHAMH.
Kpome Toro, noBepXHOCTH YCTYIOB, CTEHOK BEIPA0OOTKH 1 METaJI-
JIMYECKUX KOHCTPYKIMH CO3/1a€T MHOTOYHCIICHHBIE OTPaYKCHHBIE
Ty TH, KOTOPBIC HAKIIAIBIBAOTCS HA MTOJIC3HBIN CUTHAIT U IPUBOIST
K MHOTOJIY9EBOMY PaCIPOCTPAHCHUIO.

Jnst kKapbepHOH cpelbl XapakTepHa HE TOJIBKO CHIIbHAsI MHO-
TOJY4eBOCTh, HO W BRIpAKEHHAS HECTAIMOHAPHOCTH KaHama. 1o
Mepe TPOABIKECHUS (QPOHTAa PadOT MEHAIOTCS TeOMETPHS BhIpa-
0OTKH, B3aMMHOE PACTIONIOKEHUE TEXHUKU W OMIOPHBIX CTAHIIHIHA, a
TAKKEC YCJIOBHSA BUAUMOCTH. 910 O3Ha4yacT, 4TO OAWH U TOT XKC
MapIIpyT MOXET B pa3Hble MOMEHTHI BPEMEHH COOTBETCTBOBATH
pa3IUYHBIM THUIIAM pajuokaHana: oT ycroiuuBoro LOS g0 ua-
ctuuyHoro wix nonHoro NLOS. CrenoBaTeinbHO, CHCTEMA MO3U-
LMOHUPOBAHMUS JIOJDKHA OBITh YyBCTBHUTEIbHA K M3MEHEHHUIO Ka-
HaJIBHBIX YCIIOBUH U COXPaHATh pabOTOCIOCOOHOCTH B IIMPOKOM
JIMaIia30He CICHApHUEB.

C TOYKM 3peHHs paIMOTEXHUYECKOT0 aHAJIN3a LIEJIeCO00pa3Ho
BBIJICTUTH HECKOJIBKO THITOBBIX PEKUMOB PACIIPOCTPAHCHHS CHT-
Hama B Kapbepe. [lepBriii pexkxum — LOS, mpu KOTOpoM MEKIY
METKOW U OTIOPHOW CTaHIMEH CYIIECTBYET MpsiMas BUIUMOCTD, a
OCHOBHasI OIIMOKA U3MEPEHUS OTIPEIENIACTCS IIIyMOM U OCTaTOU-
HBIM BIIMSTHHEM OTpakeHui. Bropoit pexxum — gactuansiii NLOS,
KOTJIa TIPSIMOM ITyTh CYIIECTBYET, HO OCTA0JIeH MIIA UCKAXEH OT-
paKEHHBIMH KOMITIOHEHTaMH. TpeTuil pexxuMm — monuslii NLOS,
IIPYU KOTOPOM U3MEpeHne (POPMHUPYETCS UCKITIOYUTENBHO 32 CUET
OTPaXXCHHBIX ITYTEH 1 MOXKET COAEPIKATh CYIIECTBEHHOE CHCTEMa-
THYECKOE cMelieHue [6-8].

Haubonee kpurnunsiM it UWB-nansHOMeTpHn sIBIISIETCS
uMeHHO nosiHelii NLOS, mockosibky B 9TOM cilydae OIleHKa Bpe-
MEHH MPHUXO0ia IEPBOTO CUTHAJIA CTAHOBUTCS HEOTIPEICIICHHOM, a
M3MEpeHHas JabHOCTh BO3PACTACT MO CPABHEHHIO C MCTHHHOM.
B coderannu ¢ HEGIAaronpuUATHON T€OMETPHEN ONIOPHBIX CTAaHIIHN
9TO MPHUBOAMT K 3aMETHOMY POCTY KOOPAWHATHOM OIIMOKH, 0CO-
OeHHO ecny 0a30BBIC CTAHIMH PACIIONOXKEHBI clabo CHMMET-
PHUYHO OTHOCHTEIBHO padoueii 30HbI TEXHUKU. TakuM 00pazom,
TOYHOCTh TO3UIIMOHHPOBAHUS OMNPEAETSeTCS HE TONBKO CBOH-
CTBaMH CaMOTO PaJMOCUTHANA, HO U MIPOCTPAHCTBEHHON OpraHu-
3a1uen Bcel N3MEPUTENIbHON CUCTEMBI.

Erte oaHO# 0COOCHHOCTBIO Kaphepa SBISCTCs OOJIbIIIAs PO-
TSHKEHHOCTh pabouux 30H. B ominume oT momeneHui, riue pac-
CTOSTHHSI MEXKY y3JIaMU HEBEJIMKH U T€OMETPHS JOCTaTOUYHO KOM-
MIaKTHA, B Kapbepe ONOPHbIC CTAHIIMH MOTYT HaXOIUTHCS Ha 3Ha-
YUTENFHOM YAJICHUH IPYT OT JIpyra U 0T 00BEKTa MO3UIIHOHUPO-
BaHUS. DTO YCHIMBAET POIIb TEOMETPUICCKOTO (PAKTOpa U JeiaeT
OIHNOKY 0COOEHHO YyBCTBUTEIFHON K PACTIONIOKEHUIO aHKEPHBIX
touek. [Toaromy npu npoextupoBanuu cuctemsl UWB-nosurnuo-
HUPOBaHMS HEOOXOANMO YUUTHIBATh HE TOIBKO TOYHOCTH 000pY-
JTOBAaHWS, HO ¥ CTPYKTYpy padoueii 30HbI, penbed, BRICOTHBIE OT-
METKH U MOTEHINATBHBIC SKPAHUPYIOMINE OOBEKTHL.

Jlyis manpHEHMIEro aHain3a IeJecO00pa3sHO HCIOIb30BaTh
MOACIb, B KOTOpOﬁ N3MEPECHHAsA JAJIbHOCTD IPEACTABIIACTCA CyM-
MOW MCTHHHOH JaJlbHOCTH W HECKOJBKHX COCTaBIISIOMINX
omnoOku: cucremaruyeckoro NLOS-cMmelnenusi, BKjiaja MHOIO-
JIY4EeBOCTH M CIIy4aiiHOM NIyMOBOW KOMIOHEHTHI. Takas mocra-
HOBKa TI03BOJISIET MCCIIEIOBATh BIMSHUE KaXIOro (akropa oT-
JIETBHO | 3aTeM OLIEHHTh MX COBMECTHOE JEHCTBHE HA KOOP/H-
HATHYI0 TOYHOCTh [6-9].

2. Moneas UWB-n1ajibHOMeTpHH ¥ OIIHOKHU

B ocHoBy paccmaTpuBaeMoro mojxoAa Noja0xkKeHa MOAEIb U3-
MEPEHUSI PACCTOSHUS MEXKY IMOJBHKHON METKOH U I-i ONOpHOi
CTaHIMEH, B KOTOPOH M3MEpeHHAas! AAIbHOCTH IPEICTABIISCTCS
KaK CyMMa UCTUHHOW JAJIbHOCTH M HECKOJBKHX COCTABIISIONINX
ommOku. [t UWB-cucrem B ycnoBusiX Kapbepa HauOOIbIIHN
BKJIaJl B MOTpemHocTh BHOCAT NLOS-cMermieHne, MHOTOITy4eBoe
pacmpocTpaHEHHE U CTydaifHas IIyMOBasi COCTABIISIOIIAsL.

IlycTs WCTHHHAS MATBHOCTH 1O I-i OTOPHOW CTaHIMH
paBHa d;, a I3MepeHHOe 3HaYeHKe 0003HaYnM uepes Fi. Torma mo-
JIelTb U3MEPEHUsST MOXKET OBbITh 3anucana B Buze (1):

ri=di+bi+mi+ni, (1)

rae b; — cucremMarnyeckoe CMEIeHHE, BBI3BAHHOE OTCYTCTBHEM
npsamoit Buammoctu (NLOS),

m; — omuOKa, CBSI3aHHAsI C MHOTOJYYCBBIM PACIIPOCTPaHCHHEM,
N; — cilydaifHasi IyMOBasi COCTABIISIIOIAsL.

B umuranmonsoi mogenun NLOS-cMmerenue b; 3amaéres jior-
HOPMAJIbHBIM PaCIpe/IeieHHEM, TOCKOIbKY OHO FapaHTHPYET 110-
JIOXKUTEIBHOCTh OIMUOKU JTAIbHOCTH W TIO3BOJISIET BOCIIPOM3BO-
JIUTh PEJIKUE, HO KPYIMHBIE MMPEBBIIICHHUSI U3MEPEHHOTO PACcCTOs-
HUSI HAJl ICTUHHBIM 3HAYCHHEM.

VctuHHas ANbHOCTh BBIPAKACTCS 4Yepe3 KOOPIUHATHI I10-
IBYKHOTO 00BeKTa P = (X, Y, Z)T M KOOpIMHATEHI i-i OTIOPHOH CTaH-
uuu Pi = (X, Y, 2)T cnenyromum o6pazom (2):

di=lp—pill =J&x—x)*+ @ —y)*+ (- 2z)? (2)

B LOS-ycnoBusix BenM4HHBI b; OMM3KK K HYJIO, a OIIHOKa
OIIPEJICTISIETCSI B OCHOBHOM IIIyMOM U OCTATOYHBIM BIIMSTHHEM OT-
paxenuii. B NLOS-pexxnme cmelienne b;, HApOTHB, CTAHOBUTCS
MOJIO>KUTEIBHBIM M IPUBOJUT K 3aBBIIICHUIO OLECHKH AATbHOCTH,
TTOCKOJIBKY TIPUEMHHUK (UKCHPYET OoJiee AITMHHBIA OTPaKEHHBIH
MapuipyT. I8 MMHUTAIIMOHHOTO MOJETUPOBAHUSA B HACTOSAIIEH
paboTe NpUHUMAETCs CIEAYIONIas CTOXaCTHYeCKasi MOAENb: IIyM
N; 1 MHOTOJIy4eBasi COCTABIISIONIAs M; 337al0TCSI FayCCOBCKUMH
pacrpeieIeHUSIME ¢ HyJIEBBIM CPEIHAM M TUCTIEPCHAMH 02 U 0.
COOTBETCTBEHHO, Toraa kak NLOS-cMemenne b; moaenupyercs
JIOTHOPMAJIbHBIM PACHPEIEICHUEM C IIapaMeTpaMu Uy, U 0y, 0bec-
MIEYMBAIONIIM CTPOTO MOJIOKUTEIHHOE 3HAUYCHNUE CMEIIICHUS.

IIpu n3BecTHOM HabOpe M3MepeHHA 0T N OIOPHBIX CTaHIIUH
3aJaya MO3UIIHOHUPOBAHNUS CBOIUTCS K TIOUCKY BEKTOPA KOOPAH-
HaT P, MUHUMH3HPYIOILETO B3BEIICHHYIO CyMMY KBa/IpaTOB HEBSI-
30K:

N
@) = ) o - d®),

rie d;(p) — MojeIbHAs NaTbHOCTh, BEIYHCICHHAA 110 (2), W; —
BECOBbIC KO3(D(UIIUCHTHI, OTPaXKAIOUIUE HIOBEPUC K KaXKIOMY
JaIbHOMEpPHOMY M3MepeHuto. B paccmarpuBaemoii pabore Beca
WCTIONB3YIOTCS ISl yuéra pasznuuuii mexay LOS, gactuunbiM
NLOS u momaeiM NLOS, a takke ajs peann3anu podacTHOI 00-
paboTKK U3MEpEeHHH.

B cnoxHoIli pagrocperie kapbepa 0COOEHHO Ba)KHBIM CTaHO-
BUTCS NIPEBAPUTEIILHOC BBIZICICHUE U3MEPEHHH, MOTYYCHHBIX B
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HanOosee HeONaronpuATHBIX yCIOBUsIX. [ 3TOro mMoryrt wuc-
TIOJIb30BATHCS MTOPOTOBBIE KPUTEPHH, POOACTHBIE METOABI OLICHKH
n punbTpanus BHIOPOCcoB. B psie paboT mokasaHo, YTO cCOUCTaHHE
KJIaCCU(HKAIMK THIA KaHaIa U (GUIbTPay OMIHOKH MTO3BOJIET
cymiecTBeHHO CHU3UTH BiusgHHe NLOS B MOBBICHTH yCTOWYH-
BOCTh KOOpPAMHATHOM oueHku. KpoMme Toro, npumMeHeHHe BHELI-
Hell MHepIHaIbHON MH(POPMAITUH FITH JONOTHATEIEHOW CEHCOP-
HOW MOAJEPKKH MOXKET KOMIICHCUPOBATh KPAaTKOBPEMEHHBIE I10-
Tepu kadectBa UWB-u3mepeHuid.

Takum 00pazom, MpeaAyIoKEeHHAsE MOJIEIb JajIbHOMETPHH OT-
pakaeT OCHOBHblE MCTOYHHMKH omnbok UWB-mno3unnonuposa-
HUsI B Kapbepe U CIYKUT OCHOBOM JIS TIOCJIETYIOLIEr0 OCTpoe-
HUS aJlTOPUTMa KOOPAMHATHOHN OLeHKH. B cnenyromem pasnene
OyZleT paccMOTpEeH IMOPSIOK BBIYNCICHHS TTOJIOKEHUS TOABMK-
HOTO 00BEKTa 10 Habopy NaJLHOMEPHBIX M3MEPEHUH ¢ y4eToM
BECOBOI 00pabOTKH U (HMIIETPAIIIH BEIOPOCOB.

3. AJIrOPUTM OLIeHKH KOOPAMHAT

ITo pe3ynbTaTaM JanbHOMEPHBIX U3MEPEHUHN MOJIOKEHUE TO-
JBHXKXHOTO 00beKTa OIMpCACIACTCA PCHICHUEM CUCTEMbI HEJIUHEH-
HBIX YypaBHEHUH, CBS3BIBAIOLIUX HEU3BECTHHIE KOOPJUHATHI
METKH C U3BECTHBIMH KOODJHMHATaMH OTMOPHBIX CTaHIMHA. B 00-
IIEeM ciTydae, eciv JIOCTYIHbI u3Mepenus aaipHoct oT NN 6a3o-
BBIX CTaHIWH, 33/1a49a CBOJINTCSA K OLIEHKe BeKTOpa P=[X, Y, Z]", Mu-
HUMU3UPYIONETO (YHKIMOHAI HEBA3KH, C(HOPMHPOBAHHBIH C
YYETOM Ha/Ie)KHOCTH Ka)KIO0TO KaHasa.

IlockonbKy B YCIOBHMSIX Kapbepa 4acTb U3MEPEHHM MOMKET
061Th UcKkakeHa NLOS-cMmerneHrneM it MHOTOJTy9€BOCTEIO, TPsi-
Moe pereHne 6e3 mpeaBapuTeIbHON 00pabOTKH YaCTO IPUBOIUT
K HecTaOWJILHON KOOpJIMHATHOH oueHke. [1oaToMy Ha mpakTHKe
11e1eco00pa3HO UCIIOIB30BATh IBYXITAMHYIO CXEMY: CHaJyasa BbI-
TIOJTHSIETCSI OTOPAKOBKA SIBHO aHOMAJIbHBIX JIAIbHOMEPHBIX 3HaUe-
HUH, 3aTeM pellaeTcs 3ajadya KOOPJUHATHOW ONTHUMH3ALMU MO
OCTaBIIEMYCsl HA0OPY U3MEPEHUH.

Ha nepBom 3Tane npuMeHSIOTCS KPUTEPUH KauecTBa U3MeEpe-
HUH, OCHOBaHHBIC Ha BEJINYMHE 33/ICPXKKH, AUCTIEPCUH OLIHOKH,
OCTaTKe MOCIe MPeIBapUTENbHON allpOKCUMAalUU UK pe3yJIbTa-
Tax Kiraccudukanyuy kanaita. Ecim usmMepeHune mpu3HaeTcst HeHa-
JIeKHBIM, €My Ha3Ha4daeTcsl MOHMKEHHBIN BEC JINOO OHO IOJIHO-
CTBIO MCKJIIOYAETCs M3 pelieHus. Takoil moaxoJ IMO3BOJISIET
YMEHBIINTD BIUSIHUE CUCTEMAaTUIECKUX UCKAXKEHUH, 0COOCHHO B
ciydasx ycroiuuBoro NLOS, xapakTepHOTO I KapbePHBIX BbI-
paboTok.

Ha BTOpoMm sTame koopauHaThl 00BEKTa ONPEIEISIOTCS KakK
PEeUICHUC 3aJa4Y MUHUMU3ANU B3BCIICHHOM CYMMbI KBaJApaToB
HEBA30K:

N
p= argminz w; (di = (x = x)%+ (v —y)? + (z — 2)2)?
P
=1

3nech w; — KO3 (OUIMEHTHI T0BEpUs K N3MEPEHNUSIM, OTIpeie-
JISieMbIE JI0 PEIICHMsS 3a/1aud WIM OOHOBJSIEMBIC MTEPATUBHO B
npouecce oneHuBanus. [Ipu paBHBIX Becax MOAEIb CBOJAUTCS K
KIIACCHYECKOH TPHUIIaTepaIiii, OJHAKO B CIIOXKHON pagnocpee Ta-
KOM BapuaHT 0OBIYHO HEAOCTATOUHO YCTOIUMB.

J171s1 TOBBINIEHUS] TOYHOCTH U YCTOMYMBOCTH PEILICHUS LElie-
CO00pa3HO MCHONB30BaTh MTEPAIIMOHHBI METOJ HAaUMEHBIINX

T-Comm Vol.20. #5-2026

SNNIEKTPOHMKA. PAONOTEXHUKA

KBaJpaToB. Ha Kaxoil utepanuu KOOpIUHATEI 00BEKTa YTOYHSI-
IOTCSL TI0 JIMHEAPHU30BAaHHOH MOJICNTH, a Beca M3MEPEHHUH Tmepe-
CMaTPHUBAIOTCS B 3aBUCHMOCTH OT TEKYIIIUX OCTAaTKOB. B pe3yib-
TaTe CHUCTeMa ITOCTEIIEHHO CMEIIAeTCsl B CTOPOHY OoJree coraco-
BaHHOTO M (PU3UYECKHU TIPABIOTOAOOHOTO perieHns. Takoi moa-
X0J1 0COOEHHO TOJIE3¢H B Kapbepe, I7ie KauecTBO U3MEPEHH MO-
JKET PE3KO MEHATHCS TPH Tiepexoae 00bpekTa 13 30H6I LOS B 30HY
4acTUYHOTO WiH rmosHoro NLOS.

[Tpu HaTUYMK JOTIOTHUTENHHON MHEPIIUATBHON HH(POPMAITTH
Bo3mokHa uHTerpanuss UWB-uszmepenuii ¢ nanueimu IMU. B
9TOM Clly4yae pajnoJajJbHOMETPHsI 3a7aeT a0COJIIOTHBIE KOOPIH-
HAaTHBIC OTPAaHUYCHHUS, a HMHEPIHAIBbHBIH OJIOK oOecrieunBaer
CrJIa)KMBaHUC TPACKTOPHH Ha KOPOTKHAX MHTEPBAJIaX M KOMIICHCA-
IIUI0 KPaTKOBPEMEHHBIX TIPOBAJIOB KauecTBa U3MepeHui. J{is ka-
PBCPHOM TEXHUKHU TaKasl CXeMa SBJISIETCS 0COOCHHO MEPCICKTHB-
HOM, MMOCKOJBKY IBIKCHHE OOBEKTa OOBIYHO HOCHUT MPOTSDKCH-
HBIA U TpeICcKa3yeMBId XapaKTep, a OINOKa KOOPIMHAT MOXKET
OBITH JOTOJTHUTEIEHO OTPAaHWYCHA 10 KHHEMATHYCCKUM YCIIO-
BUSIM.

JIs otieHKH KOOPIUHAT UCTIONB3YEeTCS HTEPAITHOHHBIN METOT
B3BEIICHHBIX HANMEHBITNX KBaapaToB. Ha k-if ntepammm dpopmu-
PYIOTCSI BEKTOP HEBSI30K:

e® =1 — d(p®),

u marpuna Slkoou HY, comepsxamas mpou3BomHble MOIEIBHBIX
JATBHOCTEH 10 KoopAWHATaM. VITepallnOHHBIN AT BEIYUCIIACTCS
Kak:

Ap® = (HTWH)"*HTWe®), ©))
p(k+1) = p(k) + Ap(k), (5)

rne W = diag(w;) — mnaronansHas MaTpuIiia BecoB. Beca 06-
HOBJISIIOTCSI UTEPATUBHO Ha OCHOBE HOPMHPOBAHHBIX OCTATKOB,
YTO T03BOJISIET yMEHBIINUTH BiMsiHUE BEIOpocoB B NLOS-kaHanax.

Jna pemienus 3amaund KOOPAMHATHOM OIIEHKM HCIOJIb30BaH
UTEepalroHHbIH Meton ["aycca—HproToHa ¢ pobacTHBIM B3BEIIH-
BaHMeM. B kauecTBe HaYaIBbHOTO MPUOIMIKEHUSI NCTIOJIB30BATIOChH
JMHEIHOE pelleHHe TPHUJIaTepalyy M0 TEePBBIM YETHIPEM aHKep-
HBIM CTaHIMAM. MaKCUMalIbHOE YHCIO NTEPALUH OBIJIO OTpaHH-
ueno 3HauenuneM 20, kpurepuii cxoaumocti — Ap ¥ <104 M. Ecym
YCIIOBHE CXOAMMOCTH HE BBHITIOIHSIOCH, IPUHUMAIIOCH IOCIIE/THEE
UTEpalMOHHOE 3Ha4yeHue. [y crieHapueB ¢ CHIIBHBIMH BBIOpPO-
caMH JIOTIOJTHUTEIBHO IPUMEHSIIOCH OTpaHWIEHUE Beca aHOMAaITb-
HBIX U3MEPEHUM.

Jns momaBnerns rpyObx BeIOpocoB B ycimoBmsx NLOS wuc-
MOJT30BANIaCh MOPOToBasg podacTHas 00paboTKa MaITbHOMEPHBIX
n3Mmepenuil. Ha kaxxnol urepauuyd KOOPAMHATHON OLIEHKH BbI-
YUCIIAINCHh HEBA3KU MEKAY U3MECPCHHBIMHA U PaCCYUTAaHHBIMU 1O
TEKyLIeMY MPUOIMKSHUIO TAILHOCTAMH; U3MEPEHHs ¢ a0COIIOT-
HOH HeBSI3KOM 0oJiee 5 M UCKITIOYAINCh U3 repecuéra 0o moiy-
YaJy MOHWKEHHBIH Bec. Takoi Moaxoxa Mo3BOJSET Peaan30BaTh
(unpTpanuio BEIOPOCOB 0€3 3HAHUSI HCTUHHOM KOOPJHHATHI 00b-
€KTa B peaJIbHOM BPEMEHH.

J1J1s OLIeHKM Ka4ecTBa MOyYSHHOTO PEIICHUS UCIIOIb3YIOTCS
CTaHAApTHBIE METPHUKH: CPEIHSS OIMIMOKA ITO3UIMOHUPOBAHMUS,
CpeIHeKBaIpaTHIecKas OInOKa, MeIaHHas omroOKa u 95-i mpo-
HeHTWIb. B ycnoBuax BeipakeHHOT0o NLOS HEoOX0ommmo Takxke
AQHAIM3UPOBATh JIOJII0 BBIOPOCOB M yCTOHYMBOCTH aJTOpUTMa K
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JIeTpalallid 4acTH OMOPHBIX KaHAIOB. VIMEHHO 3TH MOKazaTenn
MO3BOJISIIOT CYJUTh O TIPUTOHOCTH CUCTEMBI JUISl TIPAKTHIECKOTO
MPUMEHEHHUS B Kapbepe.

Taxum 00pa3om, MPEUIOKEHHBIN aNTOPUTM OIEHKH KOOPIH-
HAT COYETAeT B3BEIICHHYIO ONTHMH3AINI0, (DUIBTPALUIO HE/IO0-
CTOBEPHBIX JIAIbHOMEPHBIX M3MEPEHHI H, TIPH HEOOXOAMMOCTH,
MHEpLHUABHYI0 MOJAEPKKY. B cienyromem pasaene Oyner pac-
CMOTPEHA METOJMKA SKCIEPUMEHTAJIbHON MM MMHUTAIMOHHON
oneHkr TouHocTH UWB-1ansHOMEeTpUH B TUIIHYHBIX CLEHAPHUIX
KapbepHOU pasinoCpebl.

4. DxcrnepuMeHTAJbHAsI METOAMKA

Jnsa ouenkn BiusaUS NLOS-cMemeHus 1 TeoMeTpuIecKoro
(haktopa Ha TogHOCTH UWB-ITO3MIIMOHUPOBAHUS B HACTOSIICH
paboTe HCIOJIb3YyeTCsl UMHUTAIMOHHAS MOJIeNIb, OCHOBAHHAs Ha
CTOXaCTUYECKOM Onucanuu ommnbdku nansHoctu (1). Paccmarpu-
BAlOTCSl TpH KaHaibHBIX creHapusa: LOS, gactuunsnii NLOS n
nonublit NLOS. Jlns xakaoro cueHapust 3aaloTcsl mapaMeTpsl
LIyMa 0,,, MHOI'OJIyY€BOM COCTaBISAIOLIEN 0y, U JJOTHOPMAJIbHOIO
NLOS-cmemienus (U, 0y, ), OTpaXkarIe XapaKTepHoe yBeTnye-
HHE OMIMOKM JTaJbHOMETPHH NP YXYIIICHUH KaHAJIBHBIX YCIIO-
BUH.

[TapameTpsI rayccoBOTO IIyMa on, MHOTOJIY9IEBOTO HCKAKEHHS
om B JorHopMansHOr0o NLOS-cMemennus up, 0y BBIOMPATUCH C
yu€ToM OIyOJIMKOBAaHHBIX OSKCHEPUMEHTAIbHBIX JaHHBIX 110
UWB-n03ulnOHUpOBaHUI0O B TOJ3EMHON W MPOMBIIUICHHON
cpeze, Iie OTMEYAIOTCSI CXOJHbIE IMOPSIKA BEIMYMH OLIMOOK
JTAJIbBHOMEPHBIX M3MEPEHUH M CYIIECTBEHHBIE MOJIOXKHUTEIbHbIC
cmemenust B NLOS-cuenapusx. IIpu a3ToM ucnons3yeMbie B MO-
JICIUPOBAaHUM YUCIICHHBIC 3HAUCHMSI HOCAT XapakTep HHXKCHep-
HOM OLIEHKU M OTPAKarOT TUIMYHBIE YPOBHU IIyMOB U CMEILEHHUH
JUI paccMaTpUBaeMOro JHana3oHa PACCTOSHUI, a He pe3ysbTaT
NPSIMOH KaJMOPOBKH 110 KOHKPETHOMY OOBEKTY.

Bonee Tounas nneHTUGUKALUS TAPAMETPOB On, Om, b, Ob TPE-
OyeT HaTypHBIX U3MEPEHUI B pearbHON KaphepHOU panocpenie u
MOXET OBITH BBIIIOJIHEHA, HAIIPUMED, 110 AaHHBIM, aHAJIOTHIHBIM
npeacTaBIeHHBIM B [16].

JIOTIOMTHUTETBHO aHANN3UPYETCS BIMSHUE TEOMETPUH PAcIIo-
JIO’KEHHS OMOPHBIX CTAHIMH, orrckiBaeMoe DOP-nogo6HbIM reo-
METPHYECKUM KO3 (DUIIMEHTOM.

DOP = \/trace((HTH)™1)

DOP Beuucnssics Ui pernpe3eHTaTHBHON Todku paboueit
30HBI, PACHOJIIOKEHHON B IIEHTPE PACCMATPUBAEMOTO YJacCTKa, a
TaK)Ke TIPOBEPSUICS BJIOTb TPACKTOPUH ABHKECHUS TEXHUKH.

B ciienapuu LOS-G cTanmmm pazMeniaimch 1o nepuMerpy pa-
6oueii 30HEI, 4TO ObecreunBaio 3Hauenue DOP oxkomo 1.2 mis
neHTpansHoi Touku. B cenapusx pNLOS-G u NLOS-G reomert-
pHs yXy/Ianach 3a C4ET CMEICHNs OJTHOM MIIM HECKOJIBKUX CTaH-
U K TpaHHUIle 30HBI HAOOCHMUS, BeieacTBue yero DOP Bo3-
pactain j0 1.5 u 1.8 cooTBETCTBEHHO.

Taxum o6pazom, DOP B pabote He TOCTYTHPOBAIICS, & BHIYUC-
JISUICS TI0 3a/1aHHOM reomeTpuu. [lJist 6JaronpusiTHONW reoMeTpur
aHKEepbI pacIioyaraiich 1Mo mepuMeTpy padodeit obmactu, odec-
neynBast IPUOIN3NTEIHHO CUMMETPHYHOE MOKPBITHE 30HBI TTO3H-

MOHUpOBaHusl. J{ist HeOIaronpusTHOM reOMETpHUH O/JTHA U3 CTaH-
LU cMemIanack K Kparo padoueit 001acTH, 4To MPUBOIHUIO K PO-
CTY T€OMETPUIECKOTO (aKTopa 1 yXyIIIECHHIO 00YCIIOBICHHOCTH
3a7a4un. PaccTostHue OT 00BEKTa /10 OTIOPHBIX CTaHIMH BapbUpPO-
Basioch B juarnazoHe 20-180 M, YTO COOTBETCTBYET pabOuuM
YCJIOBUSIM Kapbepa CpeJHero Maciraoa.

Jiist KaKI0ro coYeTaHusi KaHaJIbHOTO CIIGHAPHsI U TE€OMETPHH
BhImoHsieTcst cepust U3 5000 mporoHoB (TapameTpbl MOACITHPO-
BaHM B Tabauue 1), B paMKkax KOTOpOW T'€HEPHPYIOTCSI MACCHUBBI
omKrOOK JaTbHOCTH ¥ COOTBETCTBYIONIME KOOPJIUHATHBIC
omnOKy, Macmradbupyemsle kodpduuuentom DOP. B pesyib-
TaTe (OPMUPYIOTCS OLIEHKHU cpeaHelt ommnokn, RMSE, menuansl,
95-r0 TIPOIICHTHIIA M IONU TPYOBIX BHIOPOCOB, MPEBBIIIAFOIIIX
mopor 5 M. OTAETHFHO PaCcCYUTHIBAIOTCS MMOKA3aTeNH ‘10’ U “Tio-
cie” mpUMeHEHUs poOacTHOU (PHIbTpAINH, 3aKIIFOYArOIIEHCs B
OTPaHWYCHNHU KOOPIAMHATHOH OIIMOKH CBEPXY Ha YPOBHE 5 M.

Tabmumna 1

[TapameTppl UMUTAIIMOHHOT'O MOJIETUPOBAHHUS
UWB-no3uuunonupoBasus

Crienapwuii Pexum DOP O M Oy M b;
LOS-G LOS 1.2 0.05 0.05 0
pNLOS-G pNLOS 1.5 0.10 0.15 LN (0.4; 0.3)
NLOS-G NLOS 1.8 0.10 0.20 LN (1.0; 0.4)
LOS-B LOS 3.0 0.05 0.05 0
pNLOS-B | pNLOS | 3.5 0.10 0.15 LN (0.4;0.3)
NLOS-B NLOS 4.0 0.10 0.20 LN (1.0; 0.4)

Ipumewyanne: G — OnarompusiTHas reomerpus, B —
LN — norHopmanbHOe pacrpeencHue.

HeOaronpusTHas;

5. Pe3yJbTaThl M 00Cy:KICHHE

VimMuranmoHHOE MOAENIHMPOBAHUE TTO3BOJIMIO KOJIMIECTBEHHO
OLIEHWTH BIHSIHNE KaHATBHOTO pexknma (LOS, yacTuyHbIHi 1 11o1-
Helii NLOS) u reomerpuu ONOpPHBIX CTaHIMH Ha TOYHOCTH
UWB-1103uiMOHUpOBaHMsl KapbepHOM TEeXHUKU. JlJI1 KakIoro
crieHapus 0110 BIoiHEeHO 5000 IPOTOHOB, 1O pe3yiIbTaTaM Ko-
TOPBIX BBIYHMCISUINCH CPEIHAS OMMNOKA, CPeTHEKBAApATHIECKast
ombka (RMSE), menuana, 95-i nponeHTHsIb 1 015 rpyObIX BbI-
OpocoB ¢ omubOKoi 6ojiee 5 M. B xauecTBe mokazaressi BIUSHUS
reOMETPHUH HCI0JIb30Bajicss DOP-1ioq00HbI# K03 GHUIHEHT, MPH-
HUMArOIUH 3HaueHust OT 1.2-1.8 111 01aronpusTHOW reOMETPHH
no 3.0-4.0 nns HeONaronmpusATHOW KOH(MUIypaluu aHKEPHBIX
CTaHI[UH.

J11s1 KITIO4EBBIX ClIEHapHEB JJONOJIHUTEIBHO ITOCTPOSHBI AMITH-
puueckre (GYHKIMH pPacrpeieNieHns] OUIMOOK M THUCTOTPAaMMBI
ocrarkoB. Jlms RMSE u cpenneil ommOku BbIoONHEHA OyT-
cTpan-onieHka 95% noeputenbHbIX MHTEpBasoB 1o 1000 mo-
BTOPHBIM BBIOOpPKaM. DTO TO3BOJISIET OTJEIHUTh YCTOWYNBBIC d(-
(EeKTHI OT CITyJalHBIX (UIYKTyalui MOACTUPOBAHNSI.

B tabnmie 2 npuBeneHs! pe3yabTaThl MMUTALMOHHOTO MO/IE-
TUpoBaHUA 0e3 MPUMEHEHHUs pobacTHOI 00pabOTKH IaTbHOMEp-
HBIX n3MepeHnii. Kak BUIIHO U3 JaHHBIX, B YCJIOBUSX MPSIMOM BH-
JUMOCTH TIpHU OsaronpusTHoil reometpuu (cueHapuit LOS-G,
DOP = 1.2) cpeansas ommuOKa MO3UIIMOHUPOBAHMS COCTaBISET
0.069 M, RMSE — 0.086 M, meauannas omuoka — 0.059 m, a 95-i
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npoueHTwIb He npesbiaer 0.168 M; rpyObie BEIOpPOCHI OTCYT-
ctBy10T. [Ipu nepexose k HeOnaronpusaTHoit reomerpuu (LOS-B,
DOP = 3.0) RMSE Bospacraer m0 0.210 M u 95-if pOIEHTHIIb —
10 0.408 M, oTHaKO KOOpAMHATHAS OIIMOKa OCTaéTcsl Ha ypOBHE,
MIPUEMIIEMOM JUTS 337124 MOHHTOPHHTA JBIKCHUS KapbepHOI TeX-

SNNIEKTPOHMKA. PAONOTEXHUKA

Tabmuma 3

ITokazaTeny TOYHOCTH MO3UIIHOHUPOBAHNUS 110CIIE IPUMEHE-
HUSI TOPOTrOBO# (DMIIbTpPALINKU JATbHOMEPHBIX U3MEPEHUI
(oTOpaKoBKa IO HEBS3KE >5 M)

HUKH. Cuenapwuii DOP Mean RMSE P95 Out_raw, %

Ta6muma 2 LOS-G-f 12 0.069 0.086 | 0.168 0.00

pNLOS-G-f 1.5 2.363 2.485 3.751 0.48

IToxa3aTenu TOUHOCTH MO3UIIMOHUPOBAHUS NLOS-G-f 1.8 4.277 4.374 5.000 46.68

6e3 poGacTHON 06pabOTKM M3MEPEHHUI LOS-B-f 3.0 0.168 0210 | 0.408 0.00

pNLOS-B-f 3.5 4.535 4.594 5.000 56.92

Cuenapuit DOP Mean RMSE P95 Out, % NLOS-B-f 4.0 4.970 4.974 5.000 96.50

LOS-G 1.2 0.069 0.086 0.168 0.00

pNLOS-G 1.5 2.366 2.490 3.751 0.48 B 10 e Bpems ipu HebnaronpusitHoi reometpuu (pNLOS-B)
NLI:)OSSIBG ;-g 3-?22 8-3?(9) g-igg 4066608 3 dexT pobacTHOH 0OpPabOTKUM CTAHOBHUTCA 0OJEE 3aMETHBIM:
ONLOS.B 33 s 440 5775 8682 56,92 RMSE ywmensmaercst ¢ 5.725 10 4.594 M, a 95-i npoleHTUIb U
NLOS-B 20 11825 12.836 21387 96.50 MeIMaHa OTPAaHIMYUBAIOTCS YPOBHEM MOPSAKA 5 M, UTO TIPUBOTUT

B cuenapusix wactuynoro NLOS BiusiHMe KaHABbHBIX HUCKa-
JKeHUI cTaHOBUTCS Oosiee 3ameTHBIM. [Ipn OnaronpusaTHoii reo-
merpun (pNLOS-G, DOP = 1.5) cpennsist ommbKa cocraBisieT
2.366 M, RMSE —2.490 M, meuana —2.290 m, a 95-i npouieHTUIIb
—3.751 m; ipu 3TOM 1071 omOOoK Oosiee 5 M octaérest Hike 1%.
ITpn nebnaronpusaraoii reomerpun (pNLOS-B, DOP = 3.5) RMSE
yBenuuuBaetTcs 10 5.725 m, 95-i npoueHTHib — 110 8.682 M, a 1071
rpyObIX BBIOPOCOB mocTHraer 56.92%, uTo yka3blBaeT Ha Cylle-
cTBeHHOe ycwieHne BiustHUsT NLOS-cMerieHnst 1 MHOTOTy4eBO-
CTH TIPU OJTHOCTOPOHHEM PA3MEIICHUN aHKEPHBIX CTAHIHH.

Hawubosee HeOnaronpusTHpie pe3ysibTaThl OJyYeHbI B CLIEHA-
pusix momHoro NLOS. Ilpum OGrmarompusiTHON TreoMeTpuu
(NLOS-G, DOP = 1.8) cpennsis ommbka gocturact 5.236 M,
RMSE — 5.689 m, Mmennana — 4.804 M, 95-i1 nponieHTHsb — 9.549 M,
a J1oJist ommoOok dosee 5 M — 46.68%. I1pu HeOIArONPHUSITHOM TE0-
metpun (NLOS-B, DOP = 4.0) koopaunaTHas ommOka pe3Ko Bo3-
pacraet: cpennsis ommoka coctapisieT 11.825 M, RMSE — 12.836 M,
95-it mpoueHTHb — 21.387 M, a 10151 TPyOBIX BEIOPOCOB TIPEBHI-
maeTr 96%, 9To (haKTHIECKN J1eJIaeT CHCTEMY HETPUTOTHON IS
3aJa4 BEBICOKOTOYHOT'O TO3MIIHOHUPOBAHMS 0€3 JOMOIHUTEIBHBIX
Mep komrieHcanuu. Takum oOpaszom, coueranme NLOS-cmerie-
HUS 1 HeOJIaropUsTHOH FeOMETPHH SBIISCTCS KITIOYEBBIM (aKkTo-
pom aerpagaunu TouHoctd UWB-no3uimoHupoBanus B Kapbepe.

B cnenapun nomxoro NLOS pobactHast 00paboTka JanbHO-
MEpHBIX H3MEPEHNH BBIMOIHSIACH 110 BEJIMYMHE HEBS3KHU OTHOCH-
TEJIbHO TEKYLICH UTEPALlMOHHON OLICHKU KoopAuHAT. M3Mepenus
C aHOMAaJIbHO OOJIBIIMMH OTKJIOHEHHUSIMH MCKIIOUAIIUCh U3 Tepe-
cuéra 100 MoITyYasy IIOHWKEHHBIH BeC, YTO TTO3BOJIMIIO CHU3HUTh
RMSE ¢ 12.84 10 4.97 m.

B Tabnune 3 mpesicTaBiaeHbl COOTBETCTBYIOIINE [TOKA3ATEIH
TOYHOCTH T10CJIe IPUMEHEHNS Takoi 00paboTku. CorocTaBieHue
tabmur 2 u 3 mokaseiBaeT, 4yTo B LOS-ycnoBusx (LOS-G u
LOS-B) ¢unbrpanus npakTHYeCKd HE BIMSET Ha CPEIHION0
omubky, RMSE wu 95-if mpomeHTnnbp, 9TO TOATBEP)KIAcT
HEWTPAIBHOCTD BBIOPAHHOM MPOLEAYPHI ISl IITATHOTO PEKUMA
padOThI CUCTEMBI.

B ycnoBusix wacruunoro NLOS nipu 6maronpusiTHOM reoMeT-
puu (pNLOS-G) uzMeHeHus mokazareneil Takke MUHUMAIbHBIL:
RMSE cumxaercst mumsb ¢ 2.490 o 2.485 M, 95-i npoueHTHIb
ocraércst Ha ypoBHe 3.751 M, a 105151 rpyOBIX BBIOPOCOB HE N3Me-
HSIETCSI.

K CHIDKCHHIO 4yBCTBUTEIBHOCTH KOOPJIMHATHOM OIIEHKH K aHO-
MaJIbHBIM N3MEPEHUSIM.

Hawnbonee cymiecTBeHHBIN BBIMIPHIII JOCTUTACTCS B CIIEHA-
puwsix momHoro NLOS. Ilpm OnaronmpusTHOW TreoMeTpuu
(NLOS-G) RMSE cumxaercs ¢ 5.689 mo 4.374 M, a 95-ii nporieH-
TWIb OTPAaHUYMBACTCSA TIOPOroM 5 M BMecTo 9.549 wm, uto cymre-
CTBEHHO YMEHBILIAET PUCK MOSBICHHS IPyObIX OUIMOOK B Tpaek-
topuu. B ciyuae neGnaronpusitaoit reomerpun (NLOS-B) chu-
xenue emé Oonee BoipakeHo: RMSE ymensbinaercs ¢ 12.836 o
4.974 m, a 95-ii mpoLEeHTWIIb OrpaHuuuBaeTcs 5 M BmecTo 21.387
M, TIPH ATOM JIOJISl UCXOHBIX BEIOPOCOB OCTAETCS BHICOKOM, HO UX
BJIMSIHHE Ha KOOPJIUHATHYIO OLIEHKY CYIIECTBEHHO ITOJIABIISETCS
3a c4€T OrpaHWYMBAIOIICH 00pabOTKH. DTO IEMOHCTPUPYET, U4TO
Jlake TpOoCTelIIas moporosas (uuibTpalys cIocoOHa paju-
KaJbHO YMEHBIIUTH KOOPJMHATHYIO OMHMOKY B HamOoiee TsDKE-
JIBIX CLEHAPHUSX, XOTS MOITHOCTEIO Tpobaemy NLOS-cMemnieHus u
HEOIAroMPUATHON TEOMETPHUU OHA HE pemraeT. J[omoITHUTEeNTEHO
JUISL KITIOUEBBIX CLIEHAPHEB MPHUBEACHBI SMIMPHUIECKUE (DYHKIIUH
pacrpeielIeHUsI KOOPAWHATHON OIIMOKN U FTUCTOrpaMMa AJist TIoJI-
Horo NLOS, 49TO 1mo3BOJNSET BU3YaJbHO COMOCTABHTH XapaKTep
otisionenuii B LOS- 1 NLOS-ycnoBusx u HOATBEPANUTH PE3YiTb-
TaThl, MIOJIyYCHHBIC 110 TAOJUYHBIM METPUKaM (CM. puc.1-2).

KymynaTuBHoe pacnpegeneHie ownbkn UWB-No3vunoHUpoBaHua
aons cueHapwes LOS-G, pNLOS-B, NLOS-B

0.8

0.6

0.4

BepoaTtHocTb (CDF)

0.2

— LO5-G (DOP=1.2, RMSE=0.09 M)
~ pNLOS-B (DOP=3.5, RMSE=5.73 M)
== NLOS5-B (DOP=4.0, RM5E=12.84 M}

0.0+
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OwwnbKa NOIMUMOHMPOBAHMA, M

Puc. 1. Dmnupuyeckue GyHKINY pacrpeaeieH st KOOpJHHATHOM
o6k UWB-no3unmonnposanus yis ciuenapueB LOS-G, pNLOS-B
u NLOS-B

-
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W3 puc. 1 BumgHo, uto B cricHapuu LOS-G 95% ommbok He mpe-
Bermarot 0.17 M, Torna kak st pNLOS-B cooTBercTByrOmmii ypo-
BeHb Bo3pacTaeT 1o 8.68 M, a it NLOS-B — no 21.4 M. D10 mox-
TBEPKIIACT HANMYNE TSDKEIOTO MPABOTO XBOCTA PACTIPEIEIICHUS 1
pe3Koe yXyIIeHne TOYHOCTH TPU Tepexo/ie OT MPsIMOM BHINMO-
ctu kK momHOMYy NLOS. I'mctorpamMma Ha puc. 2 MOKa3bIBaeT, 4To B
cuenapun NLOS-B pacrnipenenenie KOopIHHATHOH OIMIMOKH NMeeT
BBIPAKCHHYIO ACHMMETPUI0 W KOHIICHTPHPYETCS B JMAra3oHe
OOJIBIINX 3HAYCHUH, YTO COIJIACYETCS C TaOJIMYHBIMH PE3yiIbTa-
TaMH ¥ YKa3bIBaCT Ha HEOOXOIUMOCTb POOACTHOM (DHIBTPALIUH U3~
MEpEHHH.

racTorpamMmma oWWBKW NO3ULMOHWPOBaHWA B cueHapuu NLOS-B (DOP=4.0)

_ NornopMmancHan annpekcuMauma
(=207, 0=0,90)
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Puc. 2. 'ncrorpamma pacrnpeneneHus KOOPIHHATHON OMHOKH
st cuenapust NLOS-B

B nenom nomyueHHBIE Pe3yabTaThl MOATBEPKIAAIOT, UYTO IS
obecrieuerns Tpebyemoii Tournoctn UWB-mo3ummoHupoBanus
KapbepHOW TeXHUKH HEOOX0AMMO OJTHOBPEMEHHO PelIaTh JBE 3a-
Jlauu: ONTHMHU3UPOBATh KOH(UTYpaLUIO aHKepHOH WH]pacTpyK-
Typbl C Lenblo cHmkeHuss DOP-mogo0HOro reoMeTpuyeckoro
(axTopa B pabounx 30HaX M MPUMEHSTH POOACTHBIE METO/bI 00-
pabOTKM JaTbHOMEPHBIX M3MEPEHUH ISl TOAaBICHHs TPyOBIX
BbIOpoCcOoB B ycnoBusix NLOS. mMuTaniMoHHBIN XapakTep nccie-
JIOBAHMS MTO3BOJISICT BAPbUPOBATH MAPAMETPBl MOJICTH U HUCTIOIb-
30BaTh MMOJYYEHHbBIE 3aBUCUMOCTH JUISl ITPEBAPUTEIILHOMN OLICHKH
0KHJTaeMOW TOYHOCTH TIPH IMTPOCKTHPOBAHUH KOHKPETHBIX CHCTEM
MTO3UIIHOHUPOBAHNS B TOPHBIX BBIPAOOTKAX.

CxeMa Kapbepa: TPAEKTOPWA TEXHWKW W KapTa UWEB-noau aHua
(€ y48TOM reoMeTpui ankepos U NLOS-30H)

A UWD srrepu
*  Tpacxtopus
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Puc. 3. Cxema MOJIENIBHOTO Kaphepa ¢ aHKEPHBIMHU CTaHIIUSIMH,
TPAeKTOPHEH ABMKEHNS TEXHUKHU U TPOCTPAHCTBEHHBIM

pacnpeaciicHueM KOOpHHHaTHOfI OIINOKHU

CxeMaTUYHOE MPEICTaBIICHUE PaboYcii 30HBI Ha PUC. 3 MOKa-
3BIBAET, YTO POCT OIIMOKH CBS3aH HE TOJBKO C yXYIICHUEM Ka-
HAJIHOTO PEXMMa, HO M C JIOKAIFHBIM CHI)KEHHEM I'eOMeTpHhUe-
CKOM HaOJI01aeMOCTH TIPH 3ae3/1e TEXHUKH 32 YCTYTbI. B 30Hax ¢
mpeobnamanmemM NLOS ommbOka pe3ko BO3pacTaeT, Toraa Kak B
OTKPBITBIX YYacTKax MpU OJIarONpPUATHON T'€OMETPHH COXpPaHs-
eTcs ACUMETPOBBIN YPOBEHb TOUHOCTH.

JI1sl OLlEHKH CTaTUCTUYECKON YCTOMYMBOCTU METPUK TOYHO-
CTH JIONIOJIHUTEJIBHO BBINOJHEHA OYTCTPAII-OLleHKa 95-IporeHT-
HBIX JIOBEPUTEIBHBIX HHTEPBAJIOB IS cpenHel omnbkn 1 RMSE
c ucronb3oBanreM 1000 nceBIOBBIOOPOK TSt KaXKIOT0 CIIEHAPHSL.
B ciiyuae LOS-G 95-nponeHTHBII JOBEpUTENbHBIA HHTEPBAT IS
RMSE cocragnser [0.08; 0.10] M, Tora Kak B HEOIArOMPUITHOM
cuenapun NLOS-B 6e3 ¢punprpanuu oH mocturaert [11.5; 13.9] m
1 ymeHblnaercs A0 [4.3; 5.6] M pu UCIIOJIB30BAHUHU MIPEIIIOKEH-
HOM pobacTHOI 00pabOTKH. DTO MOATBEPIKIACT CTATUCTHICCKYIO
3HAYIMOCTh HaOIIF0aeMOro d(PQPeKTa YMEHBIICHUS OMIMOKH U
CHIDKAET BEPOSITHOCTh TOTO, YTO YJyUIICHHE OOYCIIOBICHO CITy-
YalHBIMH (IIYKTYalnusIMA HMHTALIIH.

Ha ocHOBE BBIMOJIHEHHOTO MMHUTALIMOHHOTO MOJICITUPOBAHUS
MOXHO C(OPMYIHPOBATh HECKOJIBKO MHKECHEPHBIX PEKOMEH]Ia-
uuid 1o npoexkrupoBanuro UWB-cuctembl NMO3MLIUMOHUPOBAHUS
KapbepHOU TeXHUKH. Bo-mepBbIX, aisi oOecreueHns KOOpIuHaT-
Hol ommOku Ha ypoBHe RMSE menee 1 M B paccmarpuBaeMoii
MoJIen TpeOyeTcst He MeHee YeTHIPEX OTIOPHBIX CTaHIHH, pa3Me-
MIEHHBIX TAKUM 00pa3oM, 4TOObI 0OecrieunBagach CHMMETPUYHAS
reomeTpusi 30HbI HaOmoxenuss 1 DOP we npesbiman 1.8-2.0.
Bo-Bropsix, npu pocte DOP Bbliie 3.0 B yCIOBUAX YaCTUYHOTO U
noiaaoro NLOS HeoO0XoauMo NMpUMEHATh poOacTHyIO (uibTpa-
LU0 TTbHOMEPHBIX U3MEPEHNH, a B Hanbosee THKENbIX ClieHa-
pusix — nomonHsaTe UWB-m3Meperns nHepuuanbHoi mHpopMa-
IUeH WIN JAPYTUMH HCTOYHMKAMH HABUTAIIMOHHBIX AHHBIX.
B-tpethux, B 30Hax mosHoro NLOS wucCHonab30BaHUE TOJIBKO
UWB-noacucrembl 6e3 BHENIHEH TOAEPKKHA HE 00ecTieunBaeT
TpeOyeMoil TOUHOCTH JUIsl BBICOKOTOYHOTO MOHUTOPHHTA JIBIKE-
HUSI TeXHUKH. HakoHer, mpu pa3MeIleHHH aHKEPHBIX CTaHIMH
cieayet uzderatb KOH(GUTYPAIHii, TPU KOTOPHIX OHA U3 CTAHIIUN
OKa3bIBaeTCsl CMEIIEHHON K rpaHuie pabodeld 30HbI, MOCKOIBbKY
9TO MHPUBOAUT K YXYJUIEHUIO TEOMETPUU U PE3KOMY POCTY
OIIMOKH MTO3UIIHOHUPOBAHUSI.

[Nonydennsle B HacTosIIIEH pabOTe pe3ysbTaThl COTJIACYIOTCS
C OMyOJIMKOBAaHHBIMHM 3KCHEPHUMEHTAIBHBIMHU JaHHBIMU T10 TH-
opuanoit UWB/IMU-nokanu3anuy B yCIOBUSIX OTPaHHYCHHOU
BUANMOCTH. B wacTHOCTH, B paboTe 10 MO3UIHNOHUPOBAHHIO T10-
rpy3unkoB Ha ocHoBe UWB u IMU [16] mokasano, 94To HHTETpa-
Ul MHEepUUANbHOW nHpopManuu u ymydmenHoro ESKF cymre-
CTBEHHO MOBBIIIAET YCTOWINBOCTh TPAEKTOPUU M CHIKAET JOJTE0
KPYIHBIX OLIMOOK 110 cpaBHEHHMIO ¢ yncThiM UWB-niozuimonunpo-
BaHUEM: BEPOSATHOCTH omuOku B mpexaenax 0.15 M Bo3pacraeT ¢
20.1% no 91.9%, a cpemnss ommbOKa MO OCSIM yMEHBIACTCS 110
0.0157 m 1 0.0492 M (cM. Tab. 4). DTO MOATBEPHKAACT, UTO B CIIC-
napusix pNLOS/NLOS npocrast ganbHOMepHast cxema 0e3 1011071-
HUTEIBHON CEHCOPHOH MOJIEPKKH OBICTPO TEPsICT TOYHOCTb, TO-
I7la KaK JJake OTHOCHTENIFHO MPOCTast HHEPIHAIbHAS KOPPEKIHS
3aMETHO yJy4IIaeT pe3yjbTaTsl. B HacTosmei paboTe moxydeHa
AQHAJIOTWYHAS TEHICHIWS: TPH YXYAIICHUH T€OMETPHU U POCTE
momu NLOS-nckakeHnil ommbOKa Bo3pacTaeT HETHHEWHO, dTO
YKa3pBaeT Ha HEOOXOAWMOCTH JHOO pOOACTHON (HIBTpAIlH
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JAIbHOMEPHBIX U3MepeHHid, 100 uaTerparmu UWB ¢ qomonHu-
TEJIEHBIMUA HABUTAIIMOHHBIMU aTUYuKaMu. TakuM o0pa3zom, omyo-
JIUKOBAHHBIC PE3YJIbTATHI MOATBEPKIAOT (PH3HUCCKYIO TPABIO-
0TOOHOCTh KCIOJIB30BAHHOW B pabOTE MOJCIU M JCMOHCTPH-
pyrot, uto nepexon ot unctoro UWB k ruOpuaHOil cxeme sBIisi-
ercst Hanbosee d(PPEKTUBHBIM CITOCOOOM CHIDKCHHS OITUOKH B
CJIOXKHOM pasiuocpee.

Tabnwa 4
ComnocTaBreHe pe3yIbTaTOB
Hcrounuk Cpena Meton OcCHOBHOI 3HaueHue
pe3yabTar JIIST HACTOSIIIIEH
padoThI
Zhu et al., Iomzemnas | UWB only | 20.1% ommbok B | IlokasbiBaeT
2025 NapKoOBKa, npeaenax 0.15 m OrpaHHY€eH-
HMUTALUS HOCTb YHCTOTO
LIaXTHOM UWB B NLOS
cpebl
Zhuetal., | Taxecpena | UWB+ | 91.9% ommboxk B | [ToarBepxaaer
2025 improved | mpeznenax 0.15 m; | mone3y cencop-
ESKF + | cpennsist ommbka | HOH HHTerpa-
MU o ocsim 0.0157 m ivavs
1 0.0492 m
Hacrosimas | Kapsepnas UWB Poct ommbku | OOOCHOBBIBAET
pabora cpena, umu- | simulation | mpu yxyamennu | BiusHue DOP
Taus TEOMETPUH U 1 NLOS Ha
LOS/pNLOS NLOS TOYHOCTh
/NLOS
Hacrosmas To xe UWB + Cuwxenue Bol- | [TognepkuBaet
pabota pobactHas | 6pocos u RMSE | BBIBOZ 0 HE0O-
00paboTKa | OTHOCHTENILHO XOIMMOCTH
0a30BOi cXeMbl dunpTpanun
3aki0ueHue

[Ipemmoxkena croxactudeckas mofens ommbox UWB-mans-
HOMETPHH /U1 KapbepHOH pagrocpe]ibl, BKIIOYAIOIIAsi I'aycCoB
IIyM, MHOTOJYYEBYIO COCTaBJSIIOUIYI0 W JIOTHOPMaJIbHOE
NLOS-cmemnienne. Ha ocHOBE MMHTAIIMOHHOTO MOJIEIHPOBAHUS
MoKa3aHo, 9To B LOS-ycIoBusX mpu GaronpusTHON TeOMETpHN
OTIOPHBIX CTAHIUI CPEIHss OMMOKA MO3UIIMOHNPOBAHUS COCTAB-
nsiet okoiio 0.07 M, RMSE — 0.09 M, a 95-if mpoleHTHIb He Tpe-
Bbrmaet 0.17 m.

HOKa?:aHO, YTO IpHU Nepexoac K YaCTUYHOMY H IIOJTHOMY
NLOS xoopanHaTHast o1n0OKa CyIecTBeHHO BO3pacTaeT, MpuiémM
HeOJaronpusTHasi TeOMETPHsI AaHKEPHBIX CTAHLUH (TTOBBIIICHHBINA
DOP) ycumBaer Bmmstane NLOS-cmemenus. B nomaom NLOS
npu HeOnaronpusTHoi reomerpun RMSE nocturaer 12.84 M, a
JIOJISL TAITbHOMEPHBIX M3MEpeHUH (0TOpaKkoBKa MO HEBSI3KE >5 M)
npesbimaer 96%, 4To OrpaHNYMBACT BO3MOKHOCTH MCIOJIB30Ba-
HUSI CHCTEMBI O€3 TOTTOTHATEIBHBIX Mep 0 00paboTKe H3MEPEHHUIA.

HccrmenoBano BIHsHUE IPOCTON poOacTHOI 00pabOTKH Maib-
HOMEPHBIX NU3MEPEHUH C OIPaHUYIEHHEM KOOPIMHATHON OIIHOKN
Ha ypoBHe 5 M. [Topor 5 M i orpaHuueHus: BBLIOPOCOB BHIOpaH
MCXOJIS U3 aHaIN3a MaKCUMAIBHBIX omOok B LOS-cuenapusx n
onyOnMKoBaHHBIX JaHHBIX 10 UWB-no3UIMoOHupOBaHuio, TJie
TUITNYHBIE OIIHOKHU npu HpﬂMOﬁ BUIUMOCTH HE MPEBBIMIAIOT SN~
HHIl MeTpOB. TakuMm 0Opa3om, 3HaUCHUsI CBBIILIE 5 M B paccMaTpu-
BAacMOM JIMAIa3oHe PAaCCTOSHUN MHTEPIPETHPYIOTCSI Kak rpyOble
aHomaimu, ooycnosieHHble NLOS-cMeneHneM u CHTbHON MHOTO-
JIY4EBOCThIO, ¥ TOJJICIKAT MOABICHUIO POOACTHOW 00pabOTKOM.

[MTokazano, uto B LOS-ycnoBusx Takas 00paboTKa mpakTHye-
CKH HE BIIMSIET Ha [T0KA3aTeII TOYHOCTH, HO B HanboJiee TSHKEIBIX
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creHapusx (momasit NLOS u HeOnmaronpusiTHas TeOMeTpus) Mo3-
BousigeT ymeHbIUTh RMSE ¢ 12.84 110 4.97 M u orpannuuts 95-i
MIPOIICHTUIIb Ha YPOBHE 5 M, CYIIIECTBEHHO CHIKAs BIUSHHE IPy-
OBbIX BEIOPOCOB.

[TonmyueHHble pe3ynbTaThl HOATBEPKIAIOT, YTO TIPU MPOEKTU-
posanuu UWB-cucTteM no3uIMOHNPOBAaHUS s KapbepHO Tex-
HUKH HEOOXOIMMO YJIeJISITh IEPBOOYEPEAHOE BHUMAHUE BHIOOPY
KOH(HUTypaluu OMOpHBIX CTAHNMH, oOecreunBaromel nprueme-
MBbI€ 3HAYCHUSI TEOMETPHUYECKOro (pakTopa B pabOUMX 30HAX TeX-
HUKH, @ TaKXKe NPUMEHEHHIO POOAcTHBIX METOAO0B 00pabOTKH
JTATbHOMEPHBIX U3MEPEHUH.

[IpakTryeckast 3HAYUMOCTH pabOTHI 3aKIIFOYACTCS B TOM, YTO
MIpeUIOKEHHAsT MOJICTh W PEe3yIbTaThl MMUTAIIMOHHOTO aHAIIN3a
MOTYT HCHOJB30BATHCS AT MPEABAPUTEIHHON OICHKH OKHIac-
Mo# TouHocTd UWB-1103uIIMOHUPOBaHNS B KOHKPETHBIX Kapbep-
HBIX YCJIOBUSIX M sl OpPMHUPOBAHUSI MHKEHEPHBIX PEKOMEH 1A~
1uit o pasmerienuro UWB-uHppacTpyKTyphbl U HACTPOHKE ajro-
PUTMOB (DHIBTPAILIUH U3MEPECHUI.

Takum 00pazoM, BBINOJIHEHHOE WMHTAIIMOHHOE HCCIIE0Ba-
HUE TI0Ka3plBaeT, 4To olecreyeHre TpeOyeMoil TOYHOCTH
UWB-no3uIMoHupOBaHUs  KapbepHOH TEXHUKH BO3MOXKHO
TOJILKO TIPH COBMECTHOM YU&€T€ TeOMETpUHM aHKEepHOW HH(pa-
CcTpYKTYpbl, ypoBHS NLOS-uckaxeHuii 1 ycTOHYMBOCTH airo-
putma o0paboTku u3mepenuit. Hanbonee spdexkTuBHbIM SBIIS-
eTCs COUeTaHWe ONArONPHUATHOTO pPa3MEIICHUS OMOPHBIX CTaH-
Ui, OTpaHNYEHIE TeOMETPUIECKOTO (PakTopa U IPIMEHEHHE PO-
6acTHON (UITBTPAIINH, YTO TIO3BOJIIET CYIIECTBEHHO CHU3HUTH KO-
OpAMHATHYIO OIIHOKY Ja)Ke B CIIOKHOM paguocpee.

Orpaanyenus paboTsl. CieyeT OTMETHTD, YTO IPEICTaBICH-
HOE HICCIIEIOBAaHNE HOCHUT UMHTAI[OHHBIN XapaKTep U OCHOBAHO
Ha mapameTpu3oBaHHOW Monenu omuook UWB-gansHOMEeTpHH,
rapameTpbl KOTOpOou (an, Om, ib, Ob) BEIOPAHBI HA OCHOBE JIUTEpa-
TYPHBIX JaHHBIX U HH)KCHEPHBIX OIICHOK. OTCYTCTBHE MPSIMOii Ka-
JTMOPOBKH MOJIEIH 110 HATYPHBIM U3MEPEHUSIM B PEaIbHOM Kaphb-
epe OrpaHNYUBAET CTPOTOCTh MTOTYYCHHBIX YNCICHHBIX PEKOMEH-
nmanmii 1 Tpedyer mocnenyroineii Bepudukamuu. Kpome toro, B
paboTe He yYHTBIBAaeTCS JMHAMUYECKass CMEHa COCTOSHUHN
LOS/NLOS Bo BpeMecHH ¥ BO3MOXHAsl 3aBUCIMOCTD OIIHOOK OT
KHHEMATHKH JBIDKCHIUS, a TAK)KE HE PacCMaTpPUBACTCS MHTETPa-
uusgs UWB ¢ uHepuuanbHbIMM U IPYTUMH AaTYUKaMd. OTH BO-
MIPOCHI SABJISFOTCS TPEAMETOM JTaTbHEUIIINX HCCIICIOBAHUIM.
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ASSESSMENT OF UWB RANGING ACCURACY FOR POSITIONING QUARRY MACHINERY
IN A COMPLEX RADIO ENVIRONMENT
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Abstract

In open-pit mining environments, high-accuracy positioning of mining vehicles is complicated by the complex geometry of the pit, high benches, metallic
structures, and strong multipath propagation, which cause NLOS effects and significant ranging errors. This paper considers the application of ultra-
wideband (UWB) technology for vehicle positioning in an open-pit mine and proposes a stochastic ranging error model that accounts for NLOS bias,
multipath propagation, and the geometric factor of the anchor layout. Based on simulation, the distribution of position error is analyzed for typical min-
ing radio-environment scenarios (LOS, partial NLOS, and full NLOS) under both favorable and unfavorable UWB anchor geometries. It is shown that
under LOS conditions with favorable anchor geometry, the mean positioning error is about 0.07 m, the RMSE is 0.09 m, and the 95th percentile does
not exceed 0.17 m, whereas under full NLOS and unfavorable geometry the RMSE increases to 12.84 m. Applying a simple robust preprocessing scheme
with a 5 m outlier threshold reduces the RMSE in this scenario to 4.97 m, significantly suppressing gross errors while preserving accuracy in LOS con-
ditions. The practical significance of the study lies in developing recommendations for UVWB base-station placement and measurement processing set-
tings that ensure the required monitoring accuracy for mining vehicle movement in a harsh radio environment.

Keywords: ultra-wideband radio (UWB), ranging, positioning, quarry machinery, NLOS, multipath, measurement error, geometric dilution of precision
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CHukeHMne 3HepronoTpebneHna KoHe4YHbIMU ycTporicTBaMu MHTepHeTa Belued,
a TakXKe yBeNMveHUe HaAleXKHOCTU nepeAayu AaHHbIX ABMAIOTCA BaXXHEALLMMMN
3ajjla4yaMM [nA COBPEMEHHbIX caMoopraHusyoumuxca cetei. pu 3ToM
TPaAMLMOHHbIE MOAXOAbI K MapLUpyTU3aLuM B Takux cerax, Hanpumep RPL,
MMEIOT HEeOCTAaTOYHYIO aAanNTUBHOCTb K PE3KUM U3MEHEHUAM KayecTBa CETU U
COCTOAIHUIO Y3/I0B, YTO B CBOIO OYepefib NPUBOAUT K U36GbLITOUHBLIM NOBTOPHBLIM
nepejayaM NakeToB U CHUXKEHUIO dHeproacpeKkTuBHOCTU ycTpolicTe. B paGoTe
npeanaraerca NpOTOKON afanTUBHOW MapLUPYyTU3aLMU Ha OCHOBe rMGpuAHOM
Mozenu MalluMHHoro o6y4enus. Mporokon npeaycMaTpusaer pacnpegesnieHHoe
pasMeuwieHue o6GyuveHHbIX Mogened Cly4alHOro feca: Ha LWJIO3ax CceTH
pacnonaraeTtca MONHOBECHasA CUCTEeMa, KOTOpasa arperupyer fAaHHble,
nosny4eHHbIE C PacnoJIoXKEHHbIX Ha MPOMEXYTOUHbIX Y3N1aX CETHU JIErKOBECHOM
Mopaenu cny4aviHoro neca. Mogenb oueHnBaeT MHOroMepHbIii Habop AaHHbIX,
BK/IOYAIOLWMIA BPEMEHHbIE pAAbl NApaMeTPOB CUMTHamNa, SHepreTU4ecKuii cratyc
u 3arpysky 6ycdepos, n npeobpasyer pesynsraT nNporHosa B AMHaMUYECKYIO
nonpasKy K knaccuveckon Metpuke ETX - oxupaeMoro uncna nepexonos ot
MCTOYHMKA K MeCTy Ha3HayeHUA B paMKax uenesoi pyHkuum RPL. Pesynbrathl
MMUTALMOHHOTO MO/IENIUPOBAHMUA NOKa3bIBAIOT, YTO MPEANOXKEHHbIH NMPOTOKON
No cpaBHEHMIO CO cTaHAapTHbiM npoTokonomM RPL u coBpeMeHHbIMM
aHanoraMM Ha OCHOBe MAalUMHHOrO OOy4YeHusa nosBbilWaeT Kod3(phuULuUeHT
[OCTaBKM nakeTtoB Ha |5% B ycnoBuax npefiHaMepeHHbIX LUMPOKOMNONOCHBIX
noMex, yBenumumeaeT BpeMsA XKU3HU CETU [0 MEpPBOro oTkasa ysna Ha 20-25%
npu coxpaHeHUU NPUEMNEMOro YPoBHA cnyxebHoro Tpacduka.
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BBenenne

Texunonorun unrepHera Bemieit (Internet of Things, [oT) u3-
MEHMWJIU MOJIXO/Ibl K MOHUTOPHHTY U YIIPABJICHUIO B TPOMBIIILICH-
HOCTH, TOPOJICKOI HH(PACTPYKTYpPE, CEILCKOM XO3SHCTBE U 3/Ipa-
BOOXpaHEeHNH. TexXHONornueckoil 0a30i MHTEpHETa BEILEH SIBIIsI-
torcst OecripoBoaHbie ceHcopHbie cetn (BCC), wacto peanusye-
MBIE B BHJIE CAaMOOPTaHHU3YIOIIMXCSI TONOJIOTHH JJ1sl 00ecTieueH st
pacHIMpEeHHOTO MOKPBITHS, OTKa30yCTOHYMUBOCTH M MacIITabupy-
eMOCTH. ¥Y3J1aMH TaKUX CETeH, KaK MpaBHJIO, SBISIOTCS aBTOHOM-
HBIE YCTPOICTBA C )KECTKUMHU OTPAHMUYCHHUSIMH TI0 SHEPTonoTpeo-
JICHUIO, BEIYMCIUTEIHHON MOIIHOCTH B 00heMy mamsTH [1].

JIOMUHHUPYOLMM CTaHIAPTOM MapIIPYTH3alUK B CaMOOpra-
nmsytommxcsi bCC sBisiercs mpotokoia RPL (IPv6 Routing
Protocol for Low-Power and Lossy Networks), yTBep:aeHHbIH
opraHuzanyen 1mo paspaboTKe WHTEpHEeT-CTaHaapToB — Internet
Engineering Task Force (IETF). Cornacuo nporokony RPL crpo-
UTCsI HampaBiieHHbIN anukianueckuii rpad) DODAG (Destination
Oriented Directed Acyclic Graph) oTHOCHTEIEHO KOPHEBOT'O y371a
(puc. 1). Kaxplil poquTenbCKUil y3ei ABIseTcs UTI030M WM Po-
yT€poM JIsl JodepHero ysia. Takum oOpa3om, eciu y3ed He
MMeEeT 3aMiCH B CBOCH TaOJIUIIe MapIIPyTU3ALUH JUTS OTIIPABKH
MaKeTa, TO OH MPOCTO MEPEChUIAET €r0 CBOEMY MPEANOUYTUTEb-
HOMY POJMTENIO M TaK Jajee, MOKa OH HE JOCTHTHET IyHKTa
HA3HAYCHUSI UK OOIIEro POJUTEIHCKOTO Y371a, KOTOPBIN Mepechl-
JIAET €ro BHM3 110 AEPEBY K MECTY HazHaueHUs. ¥Y37bl B ceTd RPL
MMEIOT MapIIpyThl Ui BCEX Y3JI0B BHH3 IO JIepeBy. DTO O3Ha-
YaeT, YTO Y3Jibl, PACIOJIOKEHHbIC OJIMKE K KOPHEBOMY Y3y,
HUMECIOT OOJIbIIINE TAOIHUIIBI MAPIIPY TH3ALHH.

Puc. 1. Auuknyeckuii rpagg DODAG

BrI60p mpenouTHTEIBHOTO POJUTEIBCKOTO y371a — CIISIYIO-
IIEro XOoma ONpeesseTcs LeleBod (QyHKIHeH, MUHUMHA3ZHPYIO-
et metpuky ETX (Expected Transmission Count) — osxxuaemoe
YHCIIO NIEPEXOA0B OT HCTOYHUKA K MECTY Ha3HAYCHHSI.

RPL wucnomns3yeT Tpu THIA YIPABISAIOMNX COOOIICHNH I CO-
3[aHUs M TIOJIepKKH Torosioruy RPL 1 Tabiunibl MapIpy TH3am:

— urpopmanunonusiii 00bexT DODAG (DIO), ncnonb3yembiid
RPL st popmupoBanus, noiepxku u oonapyxkenust DODAG;

— 3anpoc unpopmarmu DODAG (DIS);

— 00beKT 00bsIBNIeHNs MyHKTa HazHaueHnst DODAG (DAO).

Hecmotps Ha mmupoxoe pacnpocTtpanenue, npotokon RPL u
OOJIBIIMHCTBO ero MoAN(UKALNI XapaKTEePU3yIOTCsl PEaKTHBHO-
CTBIO: YXYy[LICHHE KaHala WM OTKa3 y3j1a OOHapy>XHBaeTCs
TOJIBKO TT0CJIE CEPUN HEYJauHBIX MOTBITOK Mepeiadu, 4To IPUBO-
JIIT K KacKaJHbIM 3(h(hexTaM, TaKnM Kak BIMSIHUE BCIUIECKA CITy-
JKeOHOTO TpaduKa Ha MEPEecTpOeHUE Tpada, MOTePI0 KPUTHIHBIX
JaHHBIX, YBEJIMYCHHUS 3a/ICPKKH U, YTO HaHOOIIee BaXKHO, HepalLy-

MHD®OPMATUKA

OHAJIBHBIM PAcXo] PHEPTUU Ha TOBTOPHBIE TIepeaun B JACTpaIu-
poBaBIIeM KaHalle. B ycIOBUSAX BBICOKOW TUHAMHUKH CPEZbl, BbI-
3BaHHOU ITOJBIXKHOCTBIO OOBEKTOB, HHTEp(hEepPEHINEH HITH U3Me-
HSFOLIMMHUCS YCIOBHUSAMH PacIpOCTPaHEHUS PAIMOBOJH, STH He-
JOCTaTKU CTAHOBSTCS] KPUTHIECKUMH.

Bo3Hukaer He0OX0IMMOCTD Iepexoia OT PEaKTUBHBIX K IIPO-
aKTUBHBIM (IIPOTHOCTHYECKMM) MEXaHH3MaM MapLIpyTH3AIHH,
CIIOCOOHBIM Ha OCHOBE aHajM3a TEeKYLIEro ¥ MCTOPHYECKOro CO-
CTOSIHUSI CETH TIPEJICKa3aTh BEPOSTHYIO JCTPaIaliMi0 MaplipyTa u
WHHUIMUPOBAThH €0 IUIAHOBYIO 3aMEHY 710 MOMEHTA ITOTEPH CBSI3-
HoctH. ManmnHnoe ooyuenne (MO), 1, B 4aCTHOCTH, METO/BI 00Y-
YEeHUS] Ha BPEMEHHBIX PSAaX ¥ KOHTEKCTHBIX JaHHBIX, IIPEICTaB-
JSIFOT OO0 MOIIHBIA MHCTPYMEHTAPHA I OCTPOCHHS TAKHX
MPOTHOCTHYECKHX MoJeliell. OHAKO UX NPsIMOE BHEPCHUE B Ma-
nomortnuele loT-ycTpoiicTBa HaTaNKUBaeTCs Ha HENPEOI0JIMMBbIC
Oapbephl: BRIYUCIUTENbHAS CI0KHOCTE MeTonoB MO, o6bem ma-
MSATH U1 XpaHeHus: Mmogend MO U JaHHBIX 171 00y4eHUs, SHep-
reTHyecKkas CTOMMOCTb HH(epeHca.

OCHOBHO BKJIa/I JAHHOM paOOThI 3aKJII0YACTCS B Pa3paboOTKe
THOPHUIHOMN pacTpeieIeHHON apXUTEKTYPhI IPUMEHEHHS MaIlliH-
Horo odyuenusi B BCC ¢ tononoruit mesh, paznensomnieii Bbramc-
JIUTENBHYIO Harpy3Ky MEX/1y NMOrpaHUYHBIM IITI030M, TI1ie QyHK-
LHOHUPYET TTI00aNIbHAS CIIOYKHAS MOJIENb, U POYTEPHBIMH y3JIaMHU,
BBITIOJTHSFOLIMMH JIOKAJIbHBIE JIETKOBECHBIE MOJIEIIH HA OCHOBE CITy-
yaitroro sieca (Random Forest, RF). MaTerpanust merona RF B ipo-
Tokoa RPL oOycroBieHa MHTEpIPETHPYEMOCTBIO U YCTOWYHBO-
CTBIO METOJIa K IIepe0OyUCHUIO U BO3MOYKHOCTBIO A(p(heKTHBHOTO
oxkartus Mogeu RF myTem KBaHTH3aLUK U IPyHHHTa 0e3 KaTacTpo-
(bugeckoit moTepu TOYHOCTH. B paboTe mpemnoskeH MONMHBIN KH3-
HeHHBIA 1K puMeHeHns moaemn MO B BCC, oxBaThIBaroIIuiA
cOOp MPHU3HAKOB HA y3/IaxX, JOKAJIbHOE IPOrHO3MPOBAHUE, arpera-
LUIO JTAHHBIX Ha IILTI03€, INI00aIhbHOE 00yYeHHEe W paclpoCcTpaHe-
HHUE OOHOBJICHHBIX JIETKOBECHBIX MOJIeJIe OOpaTHO Ha Y3IIbl 110
cxeMe, HallOMUHAroIIel eaepaTHBHOE 00yUIEeHNE.

0030p cyliecTBYIOLIUX perieHuii

HccnenoBanus No MHTEIUICKTYAIM3alMH MapUIpyTH3alUH B
IoT MOXHO KiTacCU(PHUIUPOBATH MO0 HECKOIBKUM HAITPaBICHHSM:!

— MECTO pa3MEeIIeHUs MHTEJUIEKTa: LIEHTP W/UIN nepudepus;

— ucriosbzyemast Merogosnorusi MO: oOydeHue ¢ yduTenem,
o0ydeHHe C MOJKPEeIICHnEeM, aHCaMOJIeBbIE MOJIEIIH;

— YPOBEHb HHTETPALMH C CETEBBIM CTEKOM.

K mepBomy HarpaBiIeHUIO OTHOCSTCS HCCIIEI0BaHUS, CBS3aH-
HBIE C Pa3MEIICHHEM MOJEIICH MaIIMHHOTO 00yUYeHHS, 9YTO TTIOPO-
JIAIIO BapHAHTHI apXUTEKTYpHBIX pemeHnid [0T: rpaHuuHbIC U TY-
MaHHbIe (00Ja9YHbIEC) BEITHCIICHISI.

B pabortax [2-4] cb6op TemeMeTpun OCYIIECTBIICTCS B IICH-
TPaIFHOM KOHTPOJUIEPE WM OOJIaKe, I/Ie 3aIyCKaroTCsS pecypco-
€MKHE MO/JIEITH, PE3YJIbTATOM Pa0OThI KOTOPBIX SIBIISIFOTCS PACCUH-
TaHHBIC ONTHMAJIbHBIE MapLIPYThl WU TOJUTHKU MaplIpyTH3a-
IIUH, KOTOPBIE 3aTeM 3arpyskaroTcs Ha y3isl [5]. Takoit moaxon
HCIIOJIB3YETCSI U B TMOJIHOCTBIO LEHTPAIN30BAHHBIX OECIPOBOI-
HBIX CUCTEMaXx, Hanpumep Juist padoTsl mpomsbliinieHHbIX RFID cu-
cteM [6] unu cotoBbix cerelt [oT [7]. [IpeumyiecTBO TAKOTO MO/~
X012 — 3TO BO3MOXKHOCTb MCTIOJIb30BAHMSI CIIOKHEHIIINX MOJIeNel
Juisl To0anbHOM onTuMu3aimu. HemoctaTku sIBISIOTCS THIHY-
HeIMH 17151 MHOTHX loT-crieHapueB: BBICOKas 3a7epKKa PEaKIuy
Ha JIOKAJIbHBIE COOBITHS, KaTacTpOPHUUECKUH POCT CIIYKEOHOTO

-
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Tpaduka s cOopa TeIEMETPHH, MOJTHAS 3aBUCHMOCTh OT pado-
TOCHOCOOHOCTH KaHaJla JI0 IIEHTPa U YSI3BUMOCTh C TOUYKH 3PEHHS
KOH()M/ICHIINAILHOCTH JITAaHHBIX.

Bropoe HampaBieHue nccieoBaHUN 0 MHTEUICKTyaln3a-
nuu Mapmpytusanud B [oT cBsi3aHo ¢ mpuMeHeHHeM pacmpese-
JICHHBIX MOJIXOJIOB Ha OCHOBE 00y4YeHHMs C MoJKperuieHneM. Jan-
HOE HarpaBJICHHEC HanOoJiee aKTHBHO pa3BuBaeTcs [8-12]. Kaxk-
JIbI y3e] paccMaTpuBaeTcs Kak areHT, KOTOpBIM B3auMoJIeH-
CTBYET CO CpEIOW — CETblo, BHIOHMpas NEHCTBUS — CICAYIOMIHN
XOM, ¥ MOJTy4aeT BO3HATPAXKICHNE — KOMOMHAINIO U3 yCIEITHOH
JIOCTAaBKM M 3aTpaT 3HEprud. VCmonp3yroTcss anropuTmsl Q-
Learning, B KOTOPBIX areHT BbIOMpAET JCHCTBUSI HA OCHOBE JIaH-
HBIX U3 Q-TaOJHUIIbL, T1Ie CTPOKH 0003HAYAIOT BO3ZMOXKHBIE COCTO-
SIHUSI CPEZIbl, a CTOJIOIBI — BO3MOXKHBIE JISHCTBHS areHTa B 3THX
cocTostHMsIX WK ux riyookue Bepcuu (Deep Q-Network, DQN),
B KOTOPBIX COYETAIOTCS NMpUHOUIBI Q-00ydeHUs] ¢ BO3MOXKHO-
CTSIMU I'ITyOOKOTr0 00yueHusi. [ 1aBHbIE JOCTOMHCTBA OT IPUMEHE-
HUSI 00yUYEeHNS C NMOJKPEIUICHNEM — TOJHAs PACTIPEEIICHHOCTD 1
ajanTuBHOCTH. Oy1HaKo npoOIieMbl TpuMennuTenbHO K 10T 3akiiro-
YaroTCsl B UPE3BBIUAHHO MEIJICHHON CXOIMMOCTH B OOJIBIIHX CO-
CTOSTHHSIX, HEOOXOIMMOCTH HUCCIIE0BaHNS CPE/IBL, UTO BEJET K Te-
PHOANYECKOMY BBIOOPY 3aBEJOMO HEONTHMAJbHBIX MapIIpyTOB
U, KaK CJIEACTBHE, K TIOTEPSIM NTAKETOB 1 SHEPTUH Ha 3Tare o0yue-
Hus. Kpome toro, xpaHenme u oOHOBIeHHWE Q-Ta0uuI WK
HEWPOCETEBBIX BECOB MOTPEOIIET 3HAUNTEIBHYIO MaMATh W BbI-
YHUCIIUTEJIbHBIE PECYPCHL.

TpeTLe HaIpaBJICHUE I/ICCJ'[G}IOBaHI/Iﬁ 10 UHTCIIJICKTYaJIn3aluu
Mapupytuzauuu B 10T cB3aHO C NPUMEHEHUEM pPACIIPENEIICH-
HBIX TOAXOJIOB Ha OCHOBE IMPEA00yUYEHHBIX JIETKOBECHBIX MOJIE-
neii. B paborax [13-15] moapoOHO npecTaBiIeHbl pe3yibTarhl Ta-
KOT'0 MCCIIC/IOBAHUSI: HA Y3JIbI 3apaHee 3arpyKatoTcst IPOCThIe MO-
JIeTTN TaKKMe KaK JIMHEHHbBIC PErpeccopbl, HErlTyOOKne epeBbs pe-
LICHUH, HaNBHBIC 0alieCOBCKUE KIacCH(PHUKATOPbI, 00yUEeHHbIC Ha
CHUHTETHYECKUX WJIM MCTOPHUYECKHUX TAHHBIX. ¥Y3JIBI HCIOJIB3YIOT
9TH MOJIEJIN AJISI OLICHKH Ka4eCTBa KaHAIOB Ha OCHOBE JIOKATBHBIX
mmMepeHnii. OCHOBHOE MPENMYIIIECTBO OT MIPUMEHEHHUS Ipeo0y-
YEHHBIX JIETKOBECHBIX MOJIEJICH — MUHUMAJIbHBIE HAKJIAIHBIE Pac-
XO0JBI BO Bpems paboThl. KiroueBoi HEZOCTaTOK — CTATUYHOCTH
MOJIETIH, TO €CTh OHA HE JANTUPYETCS] K U3MEHEHHSIM B CETH I10-
CJie pa3BepTHIBAHMSI, HAIPUMED, K MOSBICHUIO HOBOTO HCTOYHHKA
MOMEX WJIM U3MEHEHHUIO MAaTTepHOB Tpaduka, 4TO CO BPEMEHEM
BEJICT K CHIDKCHHIO 3 (EKTUBHOCTH.

UerBeproe HamnpaBiIeHUE UCCIECAOBAHUN 110 WHTEIUIEKTyalld-
3anuu MapipyTtusanud B [0T cBsi3aHO ¢ MpUMEHEHHEM THOPHI-
HBIX U MEPAPXUYECKUX MOJIX0/I0B. B HemaBHUX HCCIENOBaHUAX
[16-18], aBTOpBI MBITAIOTCS KOMOWHUPOBATD MPEUMYIIIECTBA 1ICH-
TPaJIM30BAaHHOTO M PaCIpe/e]IeHHOro NoaxonoB. Hanpumep, Ha
y351aX paboTaloT JIErKOBECHBIE MOJIENN, KOTOPHIE MEPHOIUUECKH
OTHPABJISIOT CHIPbIE JaHHBIC WJIM I'PAIMCHTHI HA IITI03 JUIs yTOY-
HEHUS TII00TEHON MOJIeNTN. DTH Hen OJIHM3KH K MpeiaraeMomy
B JIaHHOH pa0oTe 1MoIX0/1y, OJJHAKO YacTO HE YUHUTHIBAIOT CIICIH-
¢uky RPL kak 6a30BOT0 MPOTOKOIA U HE TPEIaraloT 3aKOHYCH-
HBIX pemreHui i 3QPEeKTHBHOTO PacIpOoCTpaHEHUs OOHOBIIE-
HUH MoJieniel B MacmTabe BCel CeTH.

[IpemmaraeMslif B JaHHOW CTaThe THOPUIHBIA TOAXOJ CTpe-
MUTCSI HAWTH ONITUMAJIBHBIN OaaHCc MEXIY aJalTHBHOCTBIO, 3¢-
(heKTUBHOCTBIO U MTPAKTHYECKOH peanm3yemocThio. RF-MeshRPL
He TpeOyeT MOCTOSHHOM CBSI3M C IEHTPOM [UISl TIPUHSTHS pellie-
HHM, HO TIPU 3TOM ITOCTOSTHHO YJTy4IIaeT CBOH JIOKAIBbHBIE MOAEIH
3a CUeT III00ATBHOTO OMBITa, COOPAHHOTO Ha IILTI03E.

ApxuTtekTypa M MeToaoJorus nporokona RF-MeshRPL

[Ipeanonaraercst pa3BepThIBaHHE MaclITabUpyeMOW reTepo-
TCHHOH CETH, COCTOSIIEH N3 COTEH Y3JI0B, KOTOPbIE MOKHO pasjie-
JUTh HA TPH QYHKIIMOHATBHBIX KJIAacca, OTPAXKAIOIIUX MX POIb U
pecypesr:

e Kitacc 1 (Cencopasle y3isl, Leaf Nodes): pecypco-kpaiiHe-
OrpaHUYeHHbIe ycTpoiicTBa. VX exnHcTBeHHAS QyHKIMS — epu-
oaM4ecKnid cOOp MaHHBIX C JaTYMKOB M HMX Iepegada CBOEMY
HernocpeAcTBeHHOMY poautenio (y3my Knacca 2). Onu He yyacT-
BYIOT B MapUIPYTH3allMK 9yKOro Tpaduka v HEe NOAJIEPKUBAIOT
mozens MO.

e Kiacc 2 (Poytepnsie y3ibl, Router Nodes): y3ibI ¢ paciiu-
peHHBIME pecypcaMu. OHU CIIOCOOHBI PETPAHCIUPOBATH TPADUK,
(dbopMupOBaTh W MOAJEPKUBATH TAOIMIBI MapHIPyTH3ALMH, a
TaK)Ke XpaHUThb W UCIOJHATH JIerKOoBecHy0o Mmozenb L-RF
(Lightweight Random Forest). D11 y31b61 00pa3ytoT MapLpyTH3H-
pytomuii ocToB cetd. OHM MOTYT UMETb YITy4IICHHbIE HCTOYHUKH
MIUTaHUSL.

e Knace 3 (ITorpammunsrii numo3, Edge Gateway): morHOe
YCTPOUCTBO C TIOCTOSHHBIM CETEBBIM IIUTaHHEM, 3HAUNUTEIbHBIMU
BBIYHCIUTEILHBIME PECYpPCaMH M TIOCTOSHHBIM MOAKIIOYEHHEM K
backbone-cetn nim obmaky. Bemonuser pons kopast DODAG B
RPL, arperupyer Bce JaHHBIE OT CETH, a TAKXKE COINEPKUT U IIe-
puoandecku nepeoOyyaer rinodanpHyo mozenb G-RF (Global
Random Forest).

CBsI3p MEXJly y3JlaM{ OCYIIECTBIISIETCSI 10 OECIpPOBOJIHOMY
kanany crannapra [EEE 802.15.4 (wm aHanoru4soro), padora-
o1emMy B tuanazone 2.4 I'T.

KauecTBo pemienuii Moiesi MallinHHOTO 00yYEHHs HapsIMYTO
3aBHCHUT OT PEJIEBAaHTHOCTH BXOIHBIX MTPU3HAKOB. Kask1bIit poyTep-
Hbli y3en (Kiace 2) st Ka)Kaoro cBOEro coce/a j XpaHuT LUKITH-
yeckuit Oydep m3mepennii 3a BpemenHoe okHO Ty. Kaxknapie Tc ce-
KyHZ (TieproJ1 cOopa) y3ei BBIYUCISIET BEKTOp Mpu3HakoB Xj(t).

Breiaenum yeTsipe KaTeropuu IMprU3HAKOB:

Tpusnaku kawecmea kanana:

® RSSlavg — cpetHee 3HaUeHHE MOIITHOCTH TPHHUMAEMOTO CHT-
nana (Received Signal Strength Indicator) 3a okuO Ty;

o LQlav, cpennee 3HaueHHe MHAMKaTOpa KadecTsa cBsi3u (Link
Quality Indicator), oTpaxaroIiero COOTHOIICHHE CUTHAI/TITYM;

e ETX — Tekymiee pacyeTHOE 3HAUCHHE OXHIAEMOTO YHUCIIa
nepenad, oOHOBIIIEMOE IIPOTOKOJIOM Ha OCHOBE MO/ICYETa yCIIelI-
HBIX/HEYCHELIHBIX ITepeiad KOHTPOJIBbHBIX ITAKETOB;

® GRrssi — CTaHIAPTHOE OTKJIOHEHHWE MOIIHOCTH MpPUHHMae-
MOTO CHT'HAJIa 32 TIEPUOJ BPEMEHH Ty;

e PRR — oTHOIIIEHNE YCTIEUTHO MPUHATHIX MAKETOB K OTIPaB-
JICHHBIM.

Ipusnaku, cesazanmvie ¢ 3Hep2OIPHEKMUSHOCIBIO.

e Kitacc sneprernyeckoii crabmibHoctn y3na (NEC) — nuc-
KpETHBII TI0OKa3aTelb, BBIYUCIISIEMbI Ha OCHOBE OCTaTOYHON eM-
KOCTH OaTapey COTJIAaCHO CIIEAYIONIeH IIKae:

-0 (<10%);

—1(10-30%);

-2 (30-60%);

— 3 (60-90%);

— 4 (ot ceTn);

® TPEH/I M3MEHEHUsI SHepruH (yObIBaeT/CTaOUIICH/PACTET), BbI-
YUCISIEMBIN KaK HAKJIOH JIMHEHHOH perpeccuu mo mocienaum N
U3MEPEHUAM.

T-Comm Tom 20. #5-2026




Ipusnaxu naepysxu y3ia.

® IIPOIICHT 3alOJIHCHHOCTH Oydepa HCXOAANINX IaKeTOB
(0-100%). Bricokas 3arpy3ka yka3bIBaeT Ha TOTCHIMAIBHOC Y3-
KOE MECTO M POCT 3a/IEPIKEK;

® KOJIMYECTBO JIOUYEPHUX Y3JI0B B mojaepeBe. [Ipokcu-mer-
pHKa MOTEHINAIBHONW HArPY3KH TPAH3UTHOTO TpadHKa.

Tononocuueckue u 6pementble NPUIHAKU:

® TEKyII[EEe PACCTOSIHUE OT COCEA O KOPHEBOTO [IUTI03a;

® BpeMsI, IPOLIENIEE C YCTAHOBJICHUS CBSA3U C JaHHBIM COCE-
JoM. JloNIroKUBYIINE CBSA3HU, KaK IPaBHIIO, Oosee cTaOMIIbHBI.

Taxum o6pazom, Xj(t)eRY, rae d — obiiee KONMMUECTBO MPU3HAKOB.

I'nobanpHast Mogens cirydaiinoro Jieca (Global Random Forest,
G-RF) pazmemaercss Ha IOrpaHUYHOM IIDTIO3€. DTO KITACCHYECKUI
ancamOub 13 Ng peraronyx JepeBbeB, 00yUeHHBIH Ha arpernpoBaH-
HOM JlaTacere Co BCEH CETH, IPU ITOM KaK/IOE JAEPEeBO UMEET TITy-
6uny Dg. G-RF peraer 3a/1aqy MHOTOKJIACCOBOW KJIaCCU(HKALIIN C
yetelpbMst kimaccamu C={0,1,2,3}, COOTBETCTBYIOIIMMH IPOTHO3H-
pyeMoii IPUTrOAHOCTH KaHana K cocenty j Ha uaTepaine Tp, (Tp>Te):

— Knacc 0: BbICOKast BEpOSTHOCTb ITOTEPH CBSI3M WINM HEPH-
emsiemoro pocra ETX B Ommoxaiimme Tp;

— Kunacc 1: cBsI3b COXpaHUTCS, HO C TIOBBIIIEHHBIMHU MTOTEPSIMH
WK 3a/1epKKoil. He siBsieTcs mpeinodTHTENbHBIM MapIpyTOM;

— Knace 2: HanexHbIl KaHAT ¢ XOpOIMMHU TIokazaTenssMu. Oc-
HOBHOW KaHIMAAT JUIs MapIlIpyTU3ALNH;

— Kuacc 3: kaHau ¢ OTJIMYHBIM KaueCTBOM, BBICOKOH dHEpruei
y371a ¥ HU3KOM Harpy3koil. Penkuii kiace, yka3blBaloluii Ha OIl-
TUMAaJIbHBIN My Th.

JlerkoBecHast MOJIEIb CIIy9aiHOTO Jieca B CBOIO OYepe/b pas-
MeEIIAaeTCcsl Ha KaxkaoM poyrepHoM y3ne Kiacca 2. Orto cyme-
CTBEHHO YIpOILEHHas U onTuMu3uposanuas Bepcusi G-RF. Jler-
KOBECHasl MOJICTIb IOJYdYaeTCsl M3 TII00aNbHONH MOJIENH ITyTeM
MIPYHWHTA ¥ KBAaHTOBAHHS BECOB, A TAKXKE C TOMOIIBIO KOJJMPOBa-
HUSI IOy YEHHBIX JICPEBHEB.

MexaHu3M aganTUBHOM MapupyTu3anuu B RPL

IIpennaraeMslii IPOTOKOJ MaplIPyTU3aLUU UCIOIb3YET CTaH-
naptHelii RPL B kauecTBe TpaHCOPTHOI OCHOBBI, HO MOJTU(HIIH-
pYer ero LeneByo GyHKIHIO.

IIporokon RPL monnepxuBaer aBe 1eieBble (GYHKIUM IS
HAXO0KJI€HHs ONTUMAJIHOTO My TH:

— oobexTuBHyI0 QyHkuo OF0, koTtopast onpenenser MUHU-
MaJIBHOE YHCIIO Y3JI0B MEXKLy OTIIPABUTENEM 1 KOPHEBBIM Y3JI0M;

— neneByto ¢yaknuto ¢ rucrepesucom MRHOF (Minimum
Rank Objective Function with Hysteresis), MUHUMH3HPYIOIIYIO
Merpuky ETX, mpu 3TOM UCIOIB3Ysl MEXaHU3M I'UCTepe3uca 1Jis
CHIKEHUSI 4YaCTOThI CMEHBI ITyTel B OTBET Ha HEOOJIbIIINE H3MEHE-
HUSI MeTpUKH. ['HcTepesnc paboTaeTr Tak: Mpu OOHAPYKEHUH HO-
BOT'0 ITyTH ¢ MUHUMAaJIbHOH CTOMMOCTBIO TIEPEX0]1 Ha HETO NMPOKUC-
XOJUT TOJIBKO B TOM CJIydae, €CJIM OH JIyullle TeKYyIero MyTu Mo
KpailiHell Mepe Ha 3aJaHHBIN TIOPOT.

Beenem komnosutHyto Metpuky Mi(t) st ouenku cocena j:

M, (t) = aETX, (t) + BH, + YP(C, (1), (M

rne ETXjj(t) — rexymee 3nauenne ETX;

Hij — KoJIm4ecTBO XOIOB OT cOcela j 10 KOpHs (y4HThIBaeTCS
JUISl MUHHUMU3AIUHU JUTHHBI Ty TH);

P(Cij(t)) — mwrpadHas/mpemuansHas GyHKIUS, BbIYUCIIEMast
Ha OCHOBE IIpecKa3zaHHoro Mozenbio kinacca Ci(t);

MHD®OPMATUKA

a, B, Y — BecoBble KOA(PPUIMEHTHI, HACTPAUBAEMbIE SMIHPH-
gecku (at+B+y=1).
HIrpadnas dynkims P(-) onpenesnsercs cieayonmm o0pazom
+o0, ecm C=0,
+3, eciiu C=1, )
0, ecu C=2,
-2, ecmu C=3.

P(C)=

[Ipouecc BbIOOpa poauTeNnst HA y3ie [ MPOUCXOJIUT CIEAYIO-
M 00pazom:

1. Tlpu nonmyuenuu DIO ot cocena j y3en | U3BIEKaeT U3 HEro
aktyanpHble npu3Haku (NEC, 4mcio «mmpbDKKOB» Ha IyTH JI0
IIJTF033, 3aTI0JTHEHHOCTh Oydepa cooOieHui).

2. VY3en i AOMOJHSACT 3TH NPHU3HAKKA CBOMMH JIOKAbHBIMH U3~
mepenusimu (RSSI, LQI, orssi) A1t popMUpoOBaHUs TOJTHOTO BEK-
Topa X;.

3. amyckaercst anroput™ nHdpepenca L-RF ms X, momyda-
ercs Cij(t).

4. PaccuntsiBaercst MeTpuka Mij.

5. 13 Bcex cocezieli BBIOMpaeTcs TOT, Ubst MeTpuka Mjj MuHH-
maabHa. OH CTAaHOBHUTCSI HOBBIM KaHIUuaaToM B POJAUTECIIN.

6. CoOCTBEHHBIN paHT y3J1a | MEPECUUTHIBAETCS KaK

Ranki=Rankparentt Mi parent. 3)

Hosslit panr anoHcupyetcs B ucxoasamux DIO.

Taxum 006pa3om, NPOrHO3 MOJIENIN HANIPSIMYIO BIHsET Ha (op-
muposanue torojornd DODAG, onepexast pakTiuueckne nzme-
HEHHS KayecTBa KaHAJIOB.

KnroueBsIm Jutst 1onrocpodHoi 3(p(heKTHBHOCTH CHCTEMBI SIB-
JsieTcst MexaHu3M o0ydenws. [IpenmaraeTcst UK, COCTOAIININ U3
CJIEAYIOIINX JTAIOB:

1. JlokanpHBII cOOp U pa3MeTKa JAHHBIX: KaXKIbIi pOYTePHBIN
y3ed He ToJIbKO ucnoib3dyeT L-RF st npenckasanuii, HO U BeeT
xypHait. st kaxxnoro npenckazanus Cij(t) oH uepes Bpemst Tp 3a-
nuckiBaeT (aktudeckuii ucxon Cij(t+Tp). dakrhueckuid kiacce
olpezeIsieTcs 0 HaOlo1aeMbIM 3a epuoj Tp 3HaueHusM ETX u
¢baxty nopjepkanus cBsizu. Dopmupyercs JIOKaIbHBIA JaTtacer

D, ={(X):Crue), |

2. Ilepnoandeckast OTIIpaBKa JIOTOB Ha LITIO3: Pa3 B JUTUTEIb-
HBIN MHTEPBAN Typload (HaTIpumep, 6-24 vaca) WM MpH HAKOILIE-
HHUM JJOCTATOYHOTO 00BbEMa JAHHBIX, Y3€J OTIPABISIET CHKAThIA U
arperupoBaHHbld garaceT D Ha muti03, UCHOB3Ys TEKYILYIO
mesh-tomnosoruto.

3. Arperanus u rio0anbHOe 00y4YeHHe Ha IUII03e: LT3 COo-
Oupaer naracersl Dj co Bcex poyTepHBIX y310B, (OPMHUPYS TII0-
OanpHBIN TPeHUPOBOUHBINA HA00P Dgiobal. Ha 3TOM Habope mposo-
qrest 1oo0ydenue rinodansHol mozgenn G-RF.

4. Cosznanue HoBOM L-RF n Bepudukanns: o0yuennas G-RF
TIOJIBEPTAETCS TIPOLIe/ypaM NPYHUHTA U KBAHTU3AINH, B PE3yiIb-
TaTe Yero CO3/IacTCsl HOBasi BEPCHS JISTKOBECHOIH MOJIEITH.

[Ipouenypa mpyHWHTa MOAPAa3yMEBAcT C)KaTHE MOICIH
HEWPOHHOM CETH 3a CUET yAaneHHs N30bITOYHBIX NN MEHEE BaXK-
HBIX TTapaMeTPOB — HEHPOHOB, CBSI3€H, BECOB 0€3 CYIIECTBEHHOTO
BJIMSIHUSL HA TOYHOCTh HH(EpEHca.

B peanuzaiuu npeiaraeMoro mpoTokosa IpUMEHSIETCsI Ipy-
HuHr no rpamuenty (Gradient-based pruning) — oneHuBaeTCs
B2)XHOCTh KaXJIOT'O Beca 10 €ro BKJIaAy B M3MEHEHHE (DYHKIUH
MOTEeph HA BAJIUAAMOHHBIX JIAHHBIX.

-
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UHDOOPMATUKA

[poneaypa KBaHTH3ALMK TOpa3yMeBacT MpeoOpa3oBaHKe Be-
COB ¥ aKTHBalMi 13 (popMara ¢ BBICOKOH TOUYHOCTBIO B (pOPMAThI C
MEHBIIIEH Pa3psIHOCTBIO, YTO MTO3BOJISIET YMEHBIIUTH 00BEM MTaMsITH
JUISL XpaHEHHUST MOJIEITH, YCKOPUTB BBIYMCIICHHS 32 CUET HCTIONB30Ba-
HUSI [IEJIOYMCIICHHBIX OMepaIyii, 9T0 0COOCHHO BayKHO TpH HWH(e-
PCHCE U COOTBETCTBEHHO, COKPATUTh TIOTPEOIICHIE SHEPTUH 32 CUET
Tiepeiauyl MEHbBIIEro 00beMa JAHHBIX Yepe3 IaMATh U BHITIOJIHEHNE
6oree mPOCTHIX apr(METHICSCKIX oTepalnii. B peanmsarim mpesia-
TaeMoro MPOTOKOJIA TPHMEHSCTCS TTOCT-TPEHUPOBOUHAST KBAHTH3A-
s (Post-Training Quantization, PTQ) — Moznens oOydaetcs B op-
Mate 32-0MTHBIX YHCET C ITABAOIICH 3aIsITOM, ITOCIIE Yero Beca mpe-
00pa3yroTcsi B LIEJIOUHCIICHHbIC 3HAYCHHSL.

5. PacipoctpaneHue 0OHOBIICHHI MOJICIIHU TIO CETH.

JlaHHBII UK 00ecrieYrBaeT MOCTOSIHHYIO aJIal a0 CETH K
M3MEHSIONIMMCSI yCIOBHSIM, ITPEBpalias ee B caMoo0ydatonyrocs
cUCTEMY.

Pe3yabTaTsl MoI€JIMPOBAHMS

st npoBepku 3()(HEKTUBHOCTH MPEUIOKEHHOTO MTPOTOKOJIA
RF-MeshRPL 6p110 pon3BeA€HO MOICTUPOBAHHE B CPE/IC MMHTA-
LIMOHHOTO MojenupoBanusi NS-3, B KOTOpOM 3a/IeHiCTBOBaHbI BCE
TPH KJIacca YCTPOUCTB (CEHCOPBI, POYTEPHI, IMITI03). Bee y3mbl wc-
MOJIB3YIOT MOJIHbI cTek 6LOWPAN/RPL. Pagnokanan mojaenupy-
ercsi ¢ yuéToM 3aTyXaHusl, MHOTOJIy4E€BOCTH U TeHEBOTo A dexTa:

® [IOTEPH pacrpocTpaHeHus ¢ KOd(QPUINEHTOM 3aTyxaHus 3,
YTO XapaKTEPHO /I TOPOACKOH 3acTpoiiky;

® 3aMHpaHus curHana ¢ koaddunuenrom 3amupanns m = 1,5
B 30HE NpsIMOH BUAUMOCTH, M = 0,75 npy HATM4NU NPENATCTBHIH;

e ¢oHoBas momexa: mobasieH mym — 105 dBm, a Taxxke me-
PHONYECKUE IINPOKOIIOJIIOCHBIE ICTOYHUKH [TOMEX, HMUTHPYIO-
e paboty coceqnux ceteit Wi-Fi/ZigBee.

® TTO/IBIDKHBIC MIPETISITCTBHSA: TIEPEMEIAIONINECS] 00BEKTHI, KO-
TOpBIE BPEMEHHO 3aTEHSIOT CBSI3b MOAEIHUPYIOTCS Yepe3 n3MeHe-
HUE 3aTyXaHHs.

OHepromnoTpediIeHne KaKA0TO y3/Ia IeTaTbHO MOACIHPYETCS
Ha OCHOBE PEaJIbHBIX MPODUICH:

Cencop:

e CoH: 5 MKA

o [IpociymmBanue kanaia (RX): 18 MA

o [lepemaua (TX, 0 dBm): 25 MA

e Cmena cocrosiamst: 0.5 mc / 10 Mx/Ix

Poyrep:

e Con: 10 MKA (c coxpanennem RAM)

e [IpocnymmBanue: 20 MA

o [lepemaga: 30 MA (0 dBm)

e ladepenc L-RF: 5 mc / 15 mx[Ix

MozenupoBaHue IPOU3BOAUIOCH IO TPEM CLIEHAPHSAM:

e Cuenapuii 1 — bazossrii: 100 y3108 (20 poyTepos, 80 cenco-
pPOB) PAaBHOMEPHO pACIpENENeHbl Ha IUIOMAAM B KBajpaTe
300%300 m. I1Inro3 B menTpe. HeT BHEMHMX TOMEX, TOJIBKO BHYT-
penHsist nHTEpdEpeHIHsI.

e Cuenapuii 2 — JluHaMu4ecKue oMeXu: 100aBIICHBI 1Ba UC-
TOYHMKA HIMPOKOMOJIOCHBIX MOMEX, NePEMEIIAIOIIUXCS CIyJai-
HBIM 00pa3oM ¥ CO3/aloIMX HHTepdepeHnuio Ha yacrore 2.4
I'Tn. Iepuonsl momex — 1o 15 MuHyT yepes kaxble 30 MUHYT.

e Crenapuii 3 — OTKa30yCTOHUUBOCTB: Uepe3 2 yaca CUMYJIs-
1un 20% pOyTEpHBIX Y3JI0B BBEIXOST U3 CTPOsI (MMUTALMS pas3psiia

Oarapen iy armapatHoro c6os1). OeHIBaeTCs BpeMsl BOCCTAaHOB-
JIEHUS CBSI3HOCTU U IAJIEHUE BEPOSTHOCTH JOCTaBKu rnakera PDR.

Jl1s1 OLIEHKM NpEenMYyILECTB MPEIOKEHHOro npoTokona RF-
MeshRPL BeIOpaHbI ciemyrontie mpoTOKOIIBL:

RPL (ETX): cranmapTHslii BapuanT npoTtokoia RPL ¢ mere-
Boii (ynkimeit MRHOF, opueHTHpOBaHHOH Ha MHUHUMH3AIMIO
oxkugaemoro yrcna nepenad ETX. Kaxapiid y3en caMocTosTenbHO
BBIOMpAET y3eN JUIsl OTIPABKH UCXO/s U3 JIOKAIBHO M3MEPEHHOM
Metpuku ETX no xaxzaoro cocena. MapupyTsl cTpoATcs B BUJIE
HarpaBJieHHOTo arukiandeckoro rpaga DODAG, nipu 3TOoM paHr
y351a paccuuThIBaeTcs kak cymmapaoe ETX mo mytu g0 nuosa.

RPL (RSSI): nporokon RPL ¢ MeTpukoii Ha OCHOBE ycpen-
aéuroro RSSI. Ot cranpaptHoro Bapuanta RPL (ETX) ortnmya-
€TCsI TeM, 4TO BHIOOp POTUTENBCKOTO y37a Ui Tepelavynd OCy-
LIECTBIIAETCS UCXO U3 Makcumusanuu RSSI, a He MuHMMUI3a-
UM YHCIIa TIepead A0 IUTI03a.

MA-RPL: noaxon, obwsemuustomuii n8e metpukun ETX u
RSSI. Kaxzaprii y3enm pacCUMTHIBACT CKOJB3SAIICE CpemHee s
BPEMCHHBIX PAAOB 3THUX ABYX METPHK, a TAKKE JJId UX CTaHAapT-
HOro oTkinoHeHus. Mtorosas MCTpHKa NOJIy4aeTCs, KaK UXx Cpei-
HEB3BEUICHHOE 3HAUYCHHE.

Q-RPL: amanTuBHEIN npoToKod Ha ocHOoBe Q-Learning [9].
Peanmusyer pacripenenéHHoe oOydeHHE ¢ MOAKPEITICHUEM: Kax-
JIBII y3e1 XpaHUT Q-3HaueHue A7 KaXJI0To coceia, OTpaxarolee
OKHIaeMYIO IOJIE3HOCTh BHIOOpA ATOTO cocella B KAYECTBE POIH-
Tesist. BosHarpakieHre KOMOMHUPYET YCIENIHOCTh JOCTABKH, 3a-
TPaThl PHEPIHU U 33AEPXKKy. POIUTEIBCKUIA y3es BhIOMpaeTcs
MaKCHUMU3anue 3HadeHns Q, MpU 3TOM OHO OOHOBIISETCS TpPHU
KaX/I0H OTIIpaBKe COOOIICHUS.

['maBHast METpUKa — MPOIEHT YCHEITHO JOCTAaBJICHHBIX IaKe-
TOB OT CEHCOPOB JI0 IIUTI03A.

Tabnuna 1

Cpenuuit PDR niist pasHbix cuieHapues, (%)

[IpoTokon Cuenapuit 1 Cuenapuii 2 Cuenapuit 3
RPL (ETX) 92.3 76.1 70.4
RPL (RSSI) 93.0 79.8 72.1
MA-RPL 94.1 84.2 78.5
Q-RPL 95.7 87.0 81.2
RF-MeshRPL 97.2 93.5 89.8

B 6a3oBom crienapun RF-MeshRPL ne3naunTensHO omepe-
JKaeT Apyrue NpOTOKOJIBI, HO B YCIOBUAX MOMEX U OTKA30B IIpe-
MMYIIECTBO CTAHOBUTCSI 3HAYUTENBHBIM — N0 17 TPOIEHTHBIX
MyHKTOB BbIIe, yeM y RPL(ETX) B cuenapuu 3.

UroObl oneHUTh HeproeKTHBHOCTh MpeaIaraeMoro Me-
TOJa MapIIpyTU3alHK JUIsL ClIeHapyst 2 ObUT MPOU3BENICH PacuéT
cpelHell SHepruu, 3aTpauylBacMoi Ha Iepefady OJHOIO IaKeTa
JTAHHBIX, a TaK)Ke BPEeMs JI0 TIEPBOTO OTKa3a CETH M3-3a paspsja
Garapen. B Tabm. 2 mpuBeneHbI MONyYCHHBIC PE3YIbTATHI JUIS
BCEX paccMaTpHUBACMBbIX TPOTOKOJIOB.

Tab6muma 2
Pe3ynbTaTsl MOIEIMpPOBAHUS
[IpoTokon DOueprus Ha naket, M/[x | Bpewms 1o oTkasa, yac.
RPL (ETX) 6.45 148
RPL (RSSI) 5.87 154
MA-RPL 5.49 168
Q-RPL 5.21 176
RF-MeshRPL 4.51 189
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Kak BuaHO 13 Tab11. 2, mperaraeMalii METOJT MapIIpyTH3aLUH
notpedssier Ha 1.94 mJIx (30%) MeHbIIIe SHEPTHU HA JOCTABIICH-
HBIH TIAKET 110 CpaBHEHMIO ¢ 6a30BbIM RPL, uTo Takke yBenmuuu-
BaeT BpeMs Ku3HU ceTH ¢ 148 1o 189 vacos.

st cuenapust 2 Taxoke ObUTa pacCUMTaHa CPEIHSST CKBO3HAS
3aJiepKKa Ul TaKeToB ceHCOpHbIX ycrpoiictB: RPL (ETX):
312 mc, RF-MeshRPL: 198 mc. [Ipu aTOoM mKUTTEp 3a1epiKKN
Tak)Ke yMEHBIIICS OJaronaps 6oee CTabMIBHBIM MapIIPyTaM C
82 o 40 mc.

3akaouenue

[IpencraBieHHbIN B CTaThe MPOTOKOJ MapIIpyTH3AIUH, TTOJTY-
yupmas Ha3Banue RF-MeshRPL, mpencraemsier coboii 3Ha4M-
TEJILHBIH IIar BIepe/] B aIallTUBHOCTH ¥ HHTEIJUIEKTYaJIbHOCTH pe-
LIEHUH 110 MapIIPyTU3aUU CaMOOPTraHU3yIouXcs ceteit MnTep-
Hera Bemeid. Coxpansisi ocHoBHbIEe (yHKIMH RPL 1 momonmusis nx
TIOJIXOJIOM K BBIOOPY POJUTEIBECKOTO y3/1a Ha OCHOBE MAIIMHHOTO
00yueHmsI, MBI 0OecIieurnBaeM Kak COXpaHEHIE HAIeKHOCTH Tpa-
JUIIHOHHBIX METO/IOB, TAK U IIPEUMYILECTBA aAAITHBHOTO 00yye-
nust. [Ipeanmaraemast mepapxuueckas apXUTEKTypa, paszeieHHas
Ha IJI00aJIbHYIO U 00JICTYCHHYI0 MOJICIIH, [e1aeT UCIOIb30BaHNEe
MAaIIMHHOTO O0y4YeHHsl YAOOHBIM ISl YCTPOMCTB C OrpaHUYECH-
HBIMH pecypcami, a (herepaTUBHBIN LUKJI 00yueHUs obecnedn-
BaeT MOCTOSIHHYIO aJIalTAllMI0 CETH K U3MEHSIOIIUMCS YCIIOBHUSIM.

PesynbraThl MOJCTMPOBAHMS MOKA3bIBAIOT, YTO TpeJyiarae-
MBIi METO/]I O3BOJISIET MTOBBICUTH BEPOSITHOCTH JIOCTABKH IaKeTa
PDR Ha 15-18% 1o cpaBHeHHI0 ¢ 6a30BbIM 1poToKoIoM RPL st
pa3MuHBIX clieHapHueB. Takyke MOAeINpOBaHNE MOKA3al0 BBIUT-
pait B 9HEprospdexruBHocty 10 30% 10 CpaBHEHUIO C MPOTO-
kosioM RPL. Tak Ha mepeaady OAHOTO C UCTIOIB30BAHUEM MTPOTO-
kosia RF-MeshRPL B cpennem tparurcs Bcero 4.51 m/Ix sneprun
BMecTO 6.45 mpu ucnons3oBanuu npotokona RPL(ETX). Hako-
HEIl, NCIOJIb30BAHUE MPEAIAraeMoro MpoTOKOIa TO3BOJIHIIO CHU-
3UTh CKBO3HYIO 33JIEp)KKy TIepefjadr MMakeTa OT CEHCOPHOTO y37a
¢ 312 mc 1o 198 mc.

PesynbTaThl, MOJTyYeHHBIE B JAHHOM HCCIIEJOBaHUH, TIOATBEP-
KIAIOT NEePCHEKTUBHOCTh MHTETPAMU OOYyUYeHHUS C IOJKperie-
HHUEM B ITPOTOKOJIBI MAPIIPYTU3AINH CBSI3H, YTO IPUBOJIUT K I10-
BBIIICHUIO MTPOM3BOANTENBHOCTH mesh-cereil. JlanpHeiimas pa-
0oTta OyIeT cocpeloTOo4YeHa Ha ycoBeplieHCTBOoBaHMU RF-Me-
shRPL ¢ y4erom tpeboBanmii kadecTBa oOcimyxuBanus QoS u
W3YyYCHUHU JPYTHX MOJIeNIeH OOy4eHHs C ITOJKPEIUICHHEM JUIs
JlaJIbHEHIIero cpaBHEHMSI.
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Abstract

Reducing power consumption by loT endpoints and increasing data reliability are critical for today's self-organizing networks. At the same time, tradi-
tional approaches to routing in such networks, for example RPL, have insufficient adaptability to sudden changes in network quality and node status,
which in turn leads to excessive packet retransmissions and a decrease in the energy efficiency of devices. The paper proposes an adaptive routing pro-
tocol based on a hybrid machine learning model. The protocol provides for the distributed placement of trained random forest models: a full-fledged
system is located on the network gateways, which aggregates data received from the lightweight random forest model located on intermediate network
nodes. The model estimates a multivariate data set including time series of signal parameters, energy status and buffer loading, and converts the fore-
cast result into a dynamic correction to the classical ETX metric — the expected number of transitions from source to destination within the RPL objec-
tive function. The simulation results show that the proposed protocol, in comparison with the standard RPL protocol and modern machine learning-
based counterparts, increases the packet delivery rate by 5% in conditions of deliberate broadband interference, increases the network lifetime to the
first node failure by 20-25% while maintaining an acceptable level of service traffic.

Keywords: mesh networks, loT, RPL, adaptive routing, proactive management
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UHDOOPMATUKA

BBenenne

Bormpoc BbIsiBIeHMSI aHOMAIbHON aKTUBHOCTH TOJIb30BaTeNeit
B MH(OPMAIMOHHBIX CUCTEMaX MPHOOpeTaeT BCE OOIBIIYIO aKTY-
TBHOCTH B YCJIOBHSX POCTa BHYTPEHHUX W BHEIIHUX yTPO3 WH-
dhopmarmonHoit 6e3onacHocty [1, 2, 17]. [lon aHOMaNBEHOW ak-
TUBHOCTBIO TIOHUMAFOTCS IEHCTBHSA, OTKIOHSIOIIUECCS OT THITAY-
HBIX BPEMEHHBIX, TeoTpapuIecKiX 1 (PyHKIIMOHATBHBIX XapaKTe-
PHUCTHK TTOBEJCHNS KOHKPETHOTO Tob3oBaTens [ 17]. Boisisrenue
TaKAX OTKJIOHCHHWH OTHPAETCsS HA MOCTPOCHHE MOBEIEHYECKOTO
poGuIIs, MO3BOJISIONICTO PA3IUYaTh HOPMAIBHYIO M IOJ03PH-
TETBHYIO aKTHBHOCTH [17, 19].

OpHoli 13 HanboJee ONacHbIX (POPM aHOMAITLHOTO TIOBE/ICHHS
SIBJISIETCSL MHCAWEpCKasl yrpo3a, CBsi3aHHAsl C JICUCTBUSMU CO-
TPYJIHUKOB, MOJAPSTYMKOB WM HHBIX JIHI, UMEIOIIUX JIETUTUM-
HBIH JIOCTYII K pecypcam OpraHu3alliy, a TakKe ¢ aTakaMu, UMU-
TUPYIOLIMMU OBEAECHUE IOBEPEHHOTO MoJIb30Barens [3-5].

CoXXKHOCTh OOHAPYKCHHUS HHCAWICPOB 00YCIIOBICHA TEM, YTO
WX aKTUBHOCTH HEPEIKO OCYIIECTBIIICTCS B paMKax (popMalbHO
JIOITyCTUMBIX TIOJTHOMOYHH ¥ C YI6TOM 3HaHUS BHYTPEHHUX TIPO-
meccoB. B paGorte [5] BELIEISIOTCS HEBONBHBIC HAPYIIUTEIH, 3710~
HaMEpEHHbIE CYOBEKTHI, HEJOBOJIBHBIC COTPYAHUKHA W BHEITHHE
CHELUATHUCThI, MOJYYHUBIINE JOCTYI K BHyTpeHHEH HH(PACTPYK-
Type.

K umcnmy mpu3HAKOB aHOMATbHOTO MOBEICHUS OTHOCSATCS
BXOJ[bl B Hepabouee BpeMs, MHOXXCCTBCHHBIC HEYIAYHBIC I10-
MBITKA ayTCHTU(HUKAIIMY, 00palllcHHs K HETHITMYHBIM pecypcam,
BCILJIECKH CETEBOM aKTUBHOCTH, MCIIOJIb30BAHUE HECTAHIAPTHBIX
ycTporicTs, [P-anpeco mim reorpad@uyeckux TOYEK JOCTYIIA, O~
JTO3PUTEIIFHBIC OTIepaluy ¢ (aiiyiaMu, a TaKkKe MOIBITKH 00X01a
cpencts 3amuThl [ 15-17]. [TomoOHBIC OTKIOHCHHST 0COOCHHO 3Ha-
YUMEBI B CHCTEMAaX, COJICPKAIUX KPUTHICCKU BaXKHBIC U UYBCTBU-
TEJBHBIC JaHHBIC.

Ocoboe mecTo cpenn Takmx cucteM 3aHmMaroT CRM-miat-
(hopMBI, IpeAHA3HAYCHHBIC JJIS XPAHEHUS KINEHTCKHUX JTaHHBIX,
AaBTOMATH3aIlMM B3aWMOJEHCTBHA C KIHMEHTaMH W TOIIEPKKU
Om3Hec-TporieccoB. Bricokas KOHIEHTpAIsI KOMMEPUYECKH 3Ha-
yumori uHpopmaruu jenaer CRM-cucTeMbl MpUBIIEKaTEIbHON
LEJIbI0 KaK JJIsl BHEITHUX 3JI0YMBIIUICHHUKOB, TaK U JIJIsl HHCAH-
JIEpOB.

BHeniaue ataku 00bIYHO TPEOYIOT 3HAYUTEIBHBIX PECYPCOB,
9KCIUTyaTalud ySI3BUMOCTEH, KOMIIPOMETAIIUN YUETHBIX JaHHBIX
WM IpuMeHeHus GpunmHra n BpegoHocHoro I10, a taxxe corpo-
BOXKJAFOTCS 3aMETHBIM PHCKOM OOHAapykeHus [9].

B oTimume ot BHENTHET0 HAPYIIIUTEIIS, HHCAHIEp 001a1aeT He
TOJILKO CAaHKIIMOHMPOBAHHBIM AocTynoM k CRM-cucteme, HO U
MMOHUMaHHUEM e¢ JIOTHKH, OM3HEC-KOHTEKCTa M OPTaHH3aIIHOHHBIX
cnabpix mMect [10, 11]. DTO nemaet ero JAeHCTBHUS MEHee 3aMeT-
HBIMH W CYIIECTBEHHO OCIJIOXKHSET CBOCBPEMEHHOE BBIIBIICHUC
yrpo3. B cBsI3u ¢ 3TUM TpaAUIIHOHHBIE CPECTBA IEPUMETPATBHON
3aIIUTHl OKA3bIBAIOTCA HEIOCTATOYHBIMH, a MPHOPUTET CMeIa-
€TCsI B CTOPOHY MOHUTOPHHTA IIOBEACHNUS MTOJIb30BaTeNeH i 00Ha-
PY)KCHHS HETHUITUYHBIX, HO (DOPMAILHO IOMYCTHUMBIX JCUCTBHIA
[6-8, 17, 19]. CnenoBarenbHO, pa3paboTKa METOIOB BBISBICHUS
aHOMAJIbHOM akTHUBHOCTU Tonb3oBarenet B CRM-cucremax
MPEJCTaBIsICT cO00M aKTyallbHYIO 3aJlady OOeCIIeYeHUsT HHQPOp-
MAaIOHHOHN 0€30ITacCHOCTH.

Henbro craThbu sBISIETCSl MOCTPOCHHUE aJIeKBAaTHOM MOJAEIH
aHOMAJIFHOTO TIOBEJCHYECKOTO Mpodmitst moip3oBareneii CRM-
CHCTEM, Ha OCHOBE KOTOPOW METOAaMH MAIIUHHOTO OOYYCHHUS
UACHTUPUIUPYIOTCS MOTSHITHATBHBIC HHCaineps [ 18-20].

1 AHOMAaJIbHOE MOBEIeHHE MOJIb30BATEIs
1.1 IHocmanoeka 3a0auu

Oynkuonan CRM-cucteMsr o4eHb mupok. OOBIYHO, B paM-
Kax poJieH, BBIIAHHBIX IMOJH30BATEIECM, H3BECTHO, KAKIM (hyHK-
[MOHAJIOM TIONIE3YETCs TIPEICTAaBUTEIh JaHHOW ponn. Ecnu BHE-
3aIHO 3TOT (PYHKIMOHAT PE3KO MEHSETCS, a IOJIb30BATEIb BBI-
MTOJTHSET HeOKUJAHHbIE ACUCTBH, KOTOPbIE paHee OH He JieNal,
TO, MOTOOHBIC AEUCTBHUS TAK)KE MOXKHO HICHTH(UIIMPOBATH KaK
AHOMAJIBHOE IOBEJCHHE M JENaTh U3 ATOTO COOTBETCTBYIOIINE
BBIBOJIBI [17].

[Ipu pabore c¢ mojb30BaTEIEM CHUCTEMBI HYXKHO OOpaiarh
BHUMaHUE Ha MPEAYNPEKACHIE CUCTEMbI O€30I1aCHOCTH, KOTOpast
B TOM WJIM MHOM BHJIE BCETJla BCTPOCHA B MH(OPMAIOHHYIO CH-
creMy. Hanpumep, koria HECKOJIBKO pa3 (PUKCHPYIOTCS TTOTIBITKA
BBOJIa HEMPABHJIBHOTO MapoJisi, WM KOT/Ja M0JIb30BaTEIb BKIIIO-
g1 VPN 1st TOT0, 9TOOBI HOJKITFOYUTHCS K ATON HH(OPMAIIHOH-
HOM cucteMme [6]. B cimyuae ncmonp30BaHUS TaKOTO-TO BPEIOHOC-
HOTO KOJa TIOJIb30BaTeNlb MOXKET IIOTBITATHECS TOBBICUTH CBOH
MIPUBHUJICTUH 10 AMHHUCTPATOPA U IOIYIUTH T TIpaBa, Ha KOTO-
pble OH U3HAYAJIBHO HE ObUI IMOJIIHCaH.

PaccmoTpeHHBIe TPOSBICHHS MTO3BOJISIFOT OTHECTH MOBEJICHNE
MTOJTE30BATENS K KATETOPHH MOTEHIINAIBHO OMACHOTO, IIOCKOJIBKY
MMEHHO TaKie OTKJIOHCHHS HEPEIKO MPEIIIECTBYIOT yTeUKaM HH-
(dbopmanuu 1 peanuzanuu MHcaiaepekux cuenapues [1, 11]. [pn
aHaM3¢ BHYTPEHHHUX YIpO3 CYIIECTBEHHOE 3HAUEHUE MMEIOT HE
TOJIBKO OT/IENBHBIE MT0JI03PUTENIbHBIE TEHCTBHS B MH()OPMALIMOH-
HBIX CHCTEMax, HO M 00IIas AWHAMUKA U3MEHEHHUH B ITOBEICHUH
corpyaHuka [17].

Ha mpakTuke o MOBBIIIIGHHOM PHCKE WHCAWICPCKOM aKTUBHO-
CTH MOTYT CBUAETEIBCTBOBATH JBE I'PYMITHI MPH3HAKOB. [lepBas
CBsI3aHa C MU(POBBIM CIIEZIOM TTOJTE30BATEIS U BKITIOUACT MOSIBIIC-
HUE HETUNHWYHBIX IEHCTBUH B KOPHOPATHBHBIX MH()OPMAIHOH-
HBIX cucTemax [17]. Bropas OTHOCHTCS K M3MEHEHHIO ITOBEICH-
YECKOTO COCTOSIHUS COTPYAHHKA, KOTOPOE MOXKET MPOSBIATHCS B
cHIKeHUH 3P HEKTUBHOCTH pabOThI, 0CIAOICHUH BOBICYEHHOCTH
B paboume MpoIeccH WIN U3MEHEHHH MPUBBIYHOTO XapakTepa
B3aMMOJICHCTBHSI C CUCTEMOM.

OcHoBaHueM JUTs BBIBOJIa 00 aHOMAJIEHOM TMOBEJICHUH MOKET
CITYKUTb (PUKCAIMSI aKTUBHOCTH, HEXapaKTEPHOM JJ1sl KOHKPETHOTO
TOJIh30BATENIS B 00BIYHBIX yeioBusX [ 17]. K uncity Takux nposiire-
HUI OTHOCATCA PE3KHE OTKJIOHEHMs OT THIIOBOIO CLEHApusl pa-
00TbI, HEOOBIYHO BBICOKMH YpPOBEHb IIOTPEOJIEHHS pECcypcoB, a
Tarxoke U3MEHEHHE MadI0Ha B3anMoaeHcTBus ¢ cucteMoi. [Tocen-
HEee MOYKET BBIPa)KaThCs B TIEPEXO0/IC K HOBBIM pa3zieiiaM, BKIaJKaM
WA QYHKIHSAM, KOTOPBIE paHee He OBUTH CBOWCTBEHHBI JTAaHHOMY
TIOJIH30BATENI0. B COBOKYITHOCTH Takue MPpU3HAKH MO3BOJISIOT pac-
CMaTpUBaTh COTPYIAHHKA KaK MOTCHIIMATIBHBIA OOBEKT IOTIOIHH-
TENFHOTO MOHUTOPHHTA U TIOBeIeHYecKkoro ananm3a [17, 19].

OTnenbHOM KaTeroprel aHOMaJbHOTO MOBEIACHUS SBISIOTCS
pe3KHe CKa4yKH MOBEJCHUS I0JIb30BATENs, KOrjaa (UKCHPYeTCs
HOBBIE NATTEPHBI B €ro noseeHuy. Harpumep, korna ooObeM HH-
(dopmanyu, CBSI3aHHBIN C T0JIL30BATEIEM, COCTABIISI paHee He-
CKOJIbKO Mera0alT B 4ac, a B TEKyIIeM BpeMeHH 3a(pHKCHPOBaH
CKavoK, Hanpumep, 10 100 merabaiiT B yac [15, 16]. Ckauku Ta-
KOTO pojia TaKkXke SIBISIFOTCS MPU3HAKAMHU WM THIIOM aHOMallb-
HOTO MOBEACHHS. AHAIN3 IIEPEUNCIICHHBIX aHOMAJIBHBIX COOBITHH
TTO3BOJISICT IEPEHTH K OIICHKE TOTO, KTO SBJISCTCS X HCTOUHUKOM
(axTopom).
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DTO MOTYT OBITh JTUOO MHCANICPBI-COTPYTHUKH, KOTOPBIC J10-
MyLIeHbl BO BHYTPEHHUI nepumerp O6e3omacHocTH MH(OpMaIu-
OHHOH CHCTEMBI, JIN0O XaKepbl, KOTOPBIE MBITAIOTCS BTOPTHYTHCS
N3BHE, WCIOJb3YSl METOANKN M COLMAIbHONW MH)XEHEPHH, JIHOO
aTaKW, WK WHBIE CITIOCOOHI (BUPYCHI, YEPBH U TaK Jayiee). ITO MO-
T'YT OBITh BHEITHHE MAHHITYJISITOPHI - JIFOJIH, KOTOPBIE TBITAIOTCS
CBOUMH CBSI35IMHU, 3HAKOMCTBAaMH IIPOHUKHYTH BHYTPb IIEPUMETPA
6e30macHOCTH MHPOPMAIIMOHHON CHCTEMbI M BBIHYAWUTH JIOJEH
HaXOJSIIIUXCS BHYTPH Ha BBINOJHEHHE NPOTHBONPABHBIX JeHi-
CTBHUH.

B pamkax paccMOTpeHHs CHCTEM, 3aHMMAIOLIMXCS aHOMaJIb-
HBIM IOBEJICHUEM I10JIb30BaTENeH, U3BECTHBI HECKOJIBKO THUIIOB
o 1o0HBIX cucteM [ 1, 14]. B wactHoctn, 310 UBA (User Behavior
Analytics), TexHosnorust B MHGOPMaLMOHHOM 0e30macHOCTH, KO-
TOpasi aHAJIM3UPYET MMOBEJICHUE IOJIb30BaTEICH U BBISBISCT He-
OOBIYHBIC WIIN TIO03PUTEIBHBIC ACHCTBUS (AaHOMAIINH), KOTOPbIC
MOTYT yKa3bIBaTh Ha yrpo3bl [17]. [IponBunyToii Bepcueir UBA
ssisiercst UEBA (User and Entity Behavior Analytics). lanabrit
KJIacC CHUCTEM KpOME IOBE/ICHHS IT0JIb30BaTeIel paccMaTpuBaeT
1 TIOBEICHUE OTMEIBHBIX Y3JI0B CHCTEeMBI [17].

KiroueBoii 3a1a4eil CHCTEM BBISIBJIEHUSI aHOMAJIBHOTO TIOBEIE-
HUSI SIBIIsIETCS. POPMHUPOBAHKE TOBEJICHYECKOW MOJIEIH M0JIb30Ba-
TeJisl, O3BOJISIIOILECH OLEHMBATh CTENEeHb OTKJIOHEHUS TEKYILei
aKTUBHOCTH OT oxwugaemoii [17, 19]. Tlpu oOHapy)eHHUU CyIiie-
CTBEHHBIX OTKJIOHEHH BayKHO HE TOJIBKO 3a)MKCUPOBATH aHOMa-
JIMIO, HO U COTOCTaBUThH €€ C paHee BBISIBICHHBIMU CLIEHAPHSIMHU
aHOMaJILHOTO TTOBEJICHNUS JUIsl 00JIee TOUYHOH HICHTH(PHUKAIIH T10-
TEHINAJIFHOTO HApYMIUTENS U Kiaccupukanuu yrpossl [19, 20].
Taxum 00pa3oM, MoBeeHYECKUI TPOGIITL TOIDKEH CIIY)KUTh OC-
HOBO KaK JUIsl OITUCAHMsI HOPMaJIbHOW aKTHBHOCTH, TaK U JUUISI BBI-
JIETICHNs] XapaKTEPHBIX ITPU3HAKOB TIOBEICHNS HHCAHEpa.

2 00001 EHHBIN AJITOPUTM 00HAPYKEeHHsI AHOMAJIBLHOI O
TOBe/IEHHsI 0JIb30BaTeJIs

O0001IcHHAS CTPYKTYpa aJlfOpUTMa OOHAPYIKCHHS aHOMAJTh-
HOTO TIOBEJICHUS MMOJIb30BaTe s [ 13] MOXKET OBITh MpE/CTaBIICHA B
BUJIC TOCJICAOBATECILHOCTH U3 ISITU JTAIOB, MPEICTABICHHBIX HA
puc. 1.

CHOp OaHHBIK

HoypHan cofemii 1

GOPMHPOBAHHE
| ATanoHHOR |

HypHan cofibimai 2 MaTpELUEI

NoeedeHuA
npadimne

TORMUPOBAHKHE
| ATANOHHOMA —»|
MATPHLE

ArperdpoeaHde
OBHapyReHHe
AHOManLHoM

MOEENEHYECKHIA

HiypHan cofeITMA n

Puc. 1. Ctpykrypa anroputma oOHapyKEHHUSI aHOMAJILHOTO TTOBEICHHUS
T0JIB30BATEIS

Oman 1. Coop oannvix. Kypnan coovimuii

Ha nepBom 3Tane cucreMa OTCIICKUBACT COOBITHS, IPOUCXO-
JUIIIMEe B pe3ylibTate paboThl MOJIb30Baresis WH()OPMALUOHHOM
cucteMbl. Cpeu 3TUX COOBITHI MOXHO BBIJCIUTH CIICIYIOIIHE:
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® CKOJIbKO BPEMEHH I10JIb30BATEIb IPOBOJIUT HA OINPE/EIICH-
HOU BKJIaIKe HH()OPMALMOHHOM CHCTEMBI;

® YTO ITOJIH30BATENb KOMUPYET B Oydep oOMeHa;

® ¢CTh JIM B TOM, YTO CKOIIMPOBAJ I0JIb30BaTeb B Oydep 00-
MEHa, TIePCOHAILHBIE TaHHBIC;

® KaK YacTO M3MEHSETCS KJIABHATYPHBIH IMOYEpPK IOJIb30BaA-
TeNs («MBIIIHHBIA TOYEPK» ).

OTH THITBI TIOBEICHNS MOTYT OBITH OpEZIETICHBI HA OCHOBE CIIE-
JYIOIIMX IOKa3aTeleu:

® YacTOTa UCIIOJIb30BaHHS KJIaBUATYPBI;

e KaK OBICTPO OH JIBUTAET KypCOp MbIIIU IPHU padoTe B pas-
JIMYHBIX pa3jienax HHOOPMALMOHHOM CHCTEME;

® KaKOe YCKOPEHUE 3TOr0 Kypcopa, Kak ObICTPO ¥ HEPBHO OH
OCYIIECTBIISICT CKPOJUIMHT (0T aHmI. scrolling—«IpokpyTkay)
JIeiCTBHE, KOTOPBIM TI0JIb30BATEIh IIEPEMEIACT COJICPKUMOE Ha
9KpaHe CBOETO ra/UKeTa, YTOOBI YBHJIETh CKPBITYIO 32 TPaHHLIAMU
JIACIUIES YacTh.

B pesynbrare anHammza momoOHBIX COOBITHH (hopMHUpyeTcs
BEKTOP, COZIEPKAIINI BCE AIEMEHTBI, XapaKTEePU3YIOIINE Pa3IIHd-
HBIE ACIHEKTHI MTOBEACHUS MOIb30BATENS MPH B3aNMOICHCTBUH C
MHPOPMAIIMOHHON cHucTeMOW. HecnoKHO NpenonokuTh, eciu
TI0JIE30BATENb BBIIOJIHACT CBOM PYTHHHBIC (DYHKIMH, OH JIOCTa-
TOYHO CIIOKOEH, BBIMOJIHSET MX M30 THS B JAEHb U 3TOT IIA0I0H
ero nosesieHusl moBropsiercsi. OHAKO. KaK TOJBKO Y MOJIb30Ba-
TCJIA MOABJIAACTCA HaAMCPCHHC BLINOJIHUTH KAKOC-TO HETaTUBHOC
JIefiCTBHE (HalpUMep YKPacTh 4TO-TO), TO, CKOpEe BCET0, B KAKOM-
TO OJTHOM WJTH B HECKOJIBKHX M3 3THX IIOKA3aTeNIeH 3TO MPOSIBUTCSL.

OT0, HaNpUMep, MOXKET MPOSIBUTHCSI B BUJIE KaKOTO-TO HEPB-
HOTO JIBW)KEHHS MBIIIIH, WK T10JIb30BATEIb IEPECTAHET 3aX0UTh
Ha KaKyIO-TO BKJIAJIKY, & OyZeT OoJjblie BHUMAHUS YACIATh TEM
paszienam CHUCTEMBI, I'JIe XPaHATCS IeHCTBUTEIFHO IIEHHBIC JaH-
HBIC WJIM CPEAM HUX MOXKHO BBIZCIHTH PS/I KATETOPUH JIaHHBIX,
TaKMX KaK: aKKyMYJIATOPHBINA TOYEPK; «MBIIIMHBIN TOYEPK); aHa-
3 Oydepa oOMeHa; MOIB30BATENBCKAS AKTUBHOCTB; HAXOXKIe-
HHE I0J30BaTEN B pasjenax MH(POPMAIIMOHHONW CHCTEMBI (OT-
KpBITHE T10JIb30BATEIEM ONPE/IEICHHBIX BKIAJOK B OIpEesIeH-
HbIE UHTEPBAJIbI BDEMEHH).

Odukcanust AEHCTBUIT MOJIB30BATENsI B CEPBUCHOW CHCTEME
TpeOyeT HCIONb30BaHus yHUDUIMPOBAHHOTO (opmaTa Mpe-
CTaBJICHUA JaHHBIX, IIPUT'OJAHOIO IJIA nocneuylomef/i aBTOMAaTHU3U-
poBaHHOM 00padoTku. OqHMM U3 Haubosee pPacrpoCTPaHEHHBIX
pemennit siisercst popmar JSON (JavaScript Object Notation),
MIpeHa3HAuYCHHBIN JUIsl XpaHEHUsI U Nepe/iaun CTPYKTypHUpOBaH-
Ho#i nHdopmanuun. HecMoTps Ha cBsI3b ¢ cuHTakcrcoM JavaScript,
JaHHBIN (opMaT sBIsiETCS TUIAT(GOPMEHHO HE3aBUCUMBIM M ITO]I-
JICP)KUBACTCSl MIMPOKHUM KPYTOM SI3BIKOB HPOTPAaMMHPOBAHMUSL.
[IpencraBneHHbBIC B HEM 3aITUCH COAEPKAT HAOOP XapaKTEePUCTHK,
OIIMCHIBAIOIINX JICHCTBYSI TOJIb30BATENS M TO3BONIAIOMNX (hopmu-
pOBaTh MPU3HAKH JUIS aHAJIN3a ero nosezeHust. Cpean HuX ecTh B
TOM YHCIIE U ITapaMeTphbl Kypcopa MBIILIH [Py padore.

W3 MHOECTBa [TOKa3aTeleil MOYKHO YBUIETh, KAKOBA HCTOPHUS
M3MEHEHHMsI T0UepKa, KAKOBO COJIEPIKUMOE Kypcopa oOMeHa, Ka-
KOBa aKTHBHOCTH I10JIb30BaTENsl HA ONPEJICNICHHOW BKIIAJKe, Ka-
KOI IPOLICHT BPEeMEHH OH TaM MPOBEJ U T.J. DTO MOTYT OBITh B
TOM YHCIIC JJAHHBIE O TOM Ha KaKhe KHOIKH M0JIb30BaTeIb HaKH-
MaJl, KaKue BBITpYKasl (ainel u T.4. B pesynbprare, B peabHOM
BpeMeHHu coznaercs Habop JSON-10roB, KOTOPEIH (pUKCcHpyeTCs
W aHAJM3UPYETCS ¢ TeTbI0 PopMUpOBaHIS HHPOPMALIH HE00XO0-
VMO TSI IOCTPOCHHMS PO (PyHKIMOHHMPOBAHHS KasKIOTO
TI0JIb30BATEIS.




UHDOOPMATUKA

PaccmoTrprm HaOOp aHHBIX, oy4aemMbix n3 CRM-cucremsl
gepe3 cHUQep, KOTOPHIHA MPEICTaBIAET cOO0I 3aIICH TIATH JIO-
TOB JIaHHBIX TTOJIK30BaTENS B popmate json-¢aitna. [y ynodersa
MIPEACTABICHNUS JAHHBIX jSON-(aiibl JOTOB MOTYT OBITH OTKPBITHI
B Opay3epe. [Tone «pathy siBnsiercst Bkiaakoit (cTpanuieil), Ha Ko-
TOpPOH HaXOIUTCS MOJB30BATENb. B KOHIE Kaxaoro (aiina mpu-
CyTCTBYeT moJjie «user id», o3Hayaromee MACHTH()UKATOP MOITh-
3oBatens B CRM-cucreme.

3amucy B KaXKI0M U3 IISITH JIOTOB COZIEPIKAT TIOJIS:

e crm_user_club_id — ugenTHdUKaTOP KITy0a IMOJIE30BATENS B
CHCTEME;

e crm_user fio — GpaMuIust, IMSI 1 OTYECTBO IOJIH30BATENS B
cucTeMe;

® Crm_user_role — poJib IoJIb30BATENSI B CHCTEME;

e data — MaccuB JaHHBIX JJIS1 KXKJION 3aITUCH.

[Tpuznaku (aTpuOyThI) ASHCTBHUI MONIB30BATEIS C MBIIIBIO!
{amii=111=11}

e metric_id — uaeHTUPUKATOP 3aIHMCH ACUCTBHUS TOJIH30Ba-
TeJIsl C MBIIIBIO;

e path - URL-azpec nin uaeHTUPUKATOP BKIIAJIKH;

e created at — BpeMs 3alMCH ICHCTBHUS MOTB30BATEINS C MBIIIIBIO;

e start at — Bpems Hayasa JEeHUCTBUS II0Jb30BATEINsl C MBILIBLO;

e end_at — BpeMsi OKOHYAHHMS ICUCTBHS TI0JIb30BATEIS C MBIIIIBIO;

e left clicks — xomMyecTBO JIEBBIX KIMKOB IOJb30BATENs Ha
BKJIAJIKE;

e right clicks — konmruecTBO NpaBbIX KJIMKOB M0JIH30BATENS Ha
BKJIAJIKE;

e scroll_up-KkoJryecTBO IPOKPYTOK IOJIB30BATENIEM BBEPX;

e scroll down — KOJMYECTBO TPOKPYTOK IOJIH30BATEIEM
BHU3;average acceleration — cpeHee YCKOPEHUE IBIKCHUS Kyp-
copa (TTHKCeNs/MUIUTHCEKYHTY );

e average speed — cpemHSI CKOPOCTh IBIDKEHHS Kypcopa
(MKceNb/CeKyHIY).

[Tpuznaku (aTpuOyTHI) JSUCTBUH TOJIL30BATENS C KIaBUATY-
poit: {amk;,j = 1,],] =7}

e metric id — uIeHTUUKATOP 3arUcH AEHCTBUS TOJIB30BA-
TeJs C KJIaBUaTypoi;

e path — URL-aapec nim uaeHTHPHUKATOpP BKIIAIKU;

e created at — BpeMsl 3arucH JCHCTBUS MOJIB30BATENS C Kila-
BHUATYpPOH;

e start at — Bpems Hauasja JEeiCTBUI IOJIb30BaTEIN C KilaBUa-
TypOll B CEKyHIaX;

e end_at — BpeMsi OKOHUaHUsI JCHCTBUI TIOJIL30BATENIS C Kila-
BUATYPOH B CEKYHJIaX;

e average speed — CpelHsAs CKOPOCTb Ha)KaTHs Ha KIIABUILIH
(TMKCeIh/MUIIITUCEKYHTY );

® average press_time — cpeJHee BpeMsl HaKaTHsI Ha KJIaBUIIN
B MHJUTUCEKYH/Iax.

[Mpusnaku (arpuOyThl) MOJIB30BATEIHCKOM
{apark=1L,K.K =17}

e metric_id — uneHTHHUKATOP 3aMNCH MT0JIH30BATEIBCKOH aK-
THUBHOCTH;

e path — URL-anpec wim naenTudukaTop BKIAIKH;

e created_at — BpeMs 3aIucH;

® TI0JIb30BATENILCKON aKTUBHOCTH B CEKYH/IaX;

e start at—BpeMs Hadas1a aKTHBHOCTH ITOJIE30BATENS B CEKYH/AX;

e end at—BpemMs1 OKOHUAHHS aKTHBHOCTH OJIb30BATEIS B CEKYH-
Jax;

AKTUBHOCTU!

e active — BpeMsi aKTUBHOCTU MOJIb30BaTelsi Ha BKJIAJIKE B
MHUJUTACEKYH/1aX;

e inactive — BpeMst HEaKTUBHOCTH I10JIb30BATENS HA BKIIAJKE B
MHJUTACEKYH/1aX.

[Mpuznaku (atpuOyThl) AeiicTBUil mosb3oBarens ¢ Oydepom
obmena: {azp;, | = 1,L,L = 5}

e metric_id — WACHTU(PHUKATOP 3aNKCH ACUCTBHS ITOJIB30Ba-
Tens ¢ Oydepom oOMeHa;

e path — URL-anpec win ujaeHTHdUKATOp BKIAAKH;

e created at — Bpemsi 3a1icH JIGHCTBUSI 1TOJIB30BaTe s ¢ Oyhepom
oOMeHa B CeKyHJax;

e copied at — BpeMsi KOITMPOBAHUS JAHHBIX OJH30BATEIICM B
Oydep oOMeHa B CEKyHaX;

e data (BJIOXKEHHBIH CIIOBaph) — 3TO MOXET ObITh, HAIPUMEP,
CyMMa IpOJIaXk 3a OIPEAeICHHBIH NePHOI.

[IpusHaku (aTpuOyTHI) COOBITHI TIONH30BATENs HA BKJIAIKE:
{aﬂB_m,m = 1, M,M = 5}

e metric_id — nnenTrdUKaTOp 3armcH COOBITHS ITOJIL30BATEIS
Ha BKJIQJIKE;

e path — URL-anpec mimm nneHTH(GUKATOP BKIAIKH;

e created at — Bpems 3amucu COOBITHS IOJB30BaTENs Ha
BKJIaJIKE B CeKYH/aX;

e cvent_at — MEeTKa BpeMEHH COOBITHS B CEKYH/IaX;

e type — THI COOBITHS IIOJIL30BATElIs Ha BKIIAJIKE.

[Tpun aHanm3e MOKHO TaKO€ CTPYKTYPBI JIETKO BBISIBUTH CITy4Yan
nosiBiieHus B Oydepe oOMeHa nepcoHa bHBIX JIaHHBIX MOJIb30Ba-
tenst. OOLMi BEKTOp aTpuOyTOB UMEET BUJL

A= {aﬂM.iraﬂK.jraﬂa.k' A demi=11Lj=1]k=1K,l
=1,Lm=1M}

Oman 2. Aepecuposanue no unmepsanam

Ha eémopom smane pemaercs 3a/1a4a peoOpazoBaHus MOIy-
YEHHOT'0 JIOCTaTOYHO Pa3HOPOAHOrO Habopa JaHHBIX K HEKOTO-
PBIM CTaHIAPTU30BAHHBIM arperMpoOBaHHBIM WHTEpBajaM. Arpe-
ranusi aHHBIX SIBJISCTCS BA)XHBIM ATANlOM B PaboTe CHCTEMBI H
BBINOJTHSIETCSI CJIC/TYIOIIM 00pa3oMm.

Jnist KaXkoi BKIIaJKH, TIEPEUHCIICHHbIE JIOTH arperupyroTcst B
3aJJaHHOM BPEMEHHOM HHTepBaie. [l onpeneneHHOCTH OyaeM
arperupoBarh NOJyYeHHbIC AaHHbBIE (JIOTH COOBITHI B cHUCTEME)
M0 5-MUHYTHBIM HHTEpBaJlaM, KaK 3TO II0Ka3aHO Ha PHC. 2.

[Tpumep mpencraBieHus arperipoBaHHbBIX JAaHHBIX METPHKU
arpernpoBaHHON aKTUBHOCTH IOJIb30BaTesss Ha BKiaake CRM-
CHCTEMbI UMEET BH]I.

e active percentage — NpPOLEHT aKTUBHOCTH = (CymMMa Bpe-
MEHH aKTUBHOCTHU / (CyMMa BPEMEHH aKTUBHOCTH + CyMMa Bpe-
MEHH HE aKTHMBOCTH)) — ITOJIb30BATEIIS;

e average active — cpeHsisi aKTUBHOCTH MOJIb30BATEIIsl B MHU-
HyTax = (IPOLEHT AKTHBHOCTH / KOJIMYECTBO OTKPBITHH IyTH
TOJTB30BATEIIEM )

e opening amount — KOJINYECTBO OTKPBHITHH IOJH30BATEIEM
BKJIQJIKH;

e aggregation id — HOMep 3anuCcH arperamum;

e day time — BpeMEHHOI MHTEpBaJl CYTOK (HOYb, ICHb, BEUEp)
Ha OCHOBE BPEMEHH Haualla aKTHBHOCTH (4ac JH);

e path — URL — angpec nim uaeHTHGUKATOP BKITAIKH;
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e created at — Bpemst 3aITUCH aKTMBHOCTH I10JIb30BATEIs B CE-
KyHJIax;
e start at— BpeMs HayaJla akTHBHOCTH ITOJIb30BaTeNs B CEKYH/AX;
e end_at — BpeMsI OKOHUAHMS AKTUBHOCTH TT0JIb30BATEIISI B CE-
KyHJIax.
F'-!?ﬂlﬂ’f‘e BCETO DD MEHN ADENADO0S AHHLI

AARCTINA COTPYAMNE M3 BINAANE
FI0 ATWMSHYTHEE MHTEDEAN B

Bpema Bpeus
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MAaTHe Y THEER
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Puc. 2. Cxema arpernpoBaHust aTprOyTOB MO MATUMHHYTHBIM HHTEPBATIAM

AHAIOTUYHO HAXOJISATCS aTPUOYTHI IS arPETHPOBAHHBIX JCH-
CTBHI C MBIIIIBIO MOJIH30BATEINS HA BKIIAJIKE; arperupOBaHHbBIX CO-
OBITHII OJTb30BATENIs HA BKIIAJIKE; arPETHPOBAHHBIX TaHHBIX JICH-
CTBUY TOJIB30BATENsl ¢ KJIIABUATypOH Ha BKIAJKE; arperupoBaH-
HBIX JaHHBIX Oydepa oOMeHa Nob30BaTells Ha BKIIAJIKE.

[Ipyu HAXOKACHUU HECKOJBKUX THIIOB COOBITHI B OIHOM IIsi-
TUMHHYTHOM MHTEpBaJIe JJIsl K&KI0ro TUIa aTpulyTa co3aaercs
OTJICJIbHBIN CTOJIOCIT. 3aTeM, B paMKaX Ka)KJI0TO arperupOBaHHOIO
S-MUHYTHOTO HHTEpBaJIa dbopmupyercs BEKTOD,
A= {al,az, -y, = 1,—N,N =I+]J+K+1L +M} cozepxa-
LW 3JICMEHTHI, COOTBETCTBYIOIINE BBEJICHHBIM TTOKa3aTelsiM. B
pe3yibrate arperupoBaHusi (GOpPMHUPYETCsS CTPYKTYPHUPOBAHHAS
0a3a IaHHBIX, KOTOPAst XPAHUTCS B AIEKTPOHHOM BHJI€ HA KOMIIb-
F0TepE WIIN CIIEIUATLHOM CepBepe.

Oman. 3 Obnapysicenue anomanbHO20 NOGeNEHUS

Ha tperbem 3Tame ¢ MOMOIIBIO HCKYCCTBEHHBIX HEHPOHHBIX
cereit (MHC) ocyiectsisiercst 0OHapy)KeHUE aHOMAJILHOT'O TIOBE-
JeHust noab3oBareneil. Bapuant crpykrypst MTHC B Buze aBToxo-
nposiirka (AK) niroctpupyercst Ha pucyHKe 3.

BrRenesmns
AHOMINLHOND
noEEnEHN A

Puc. 3. Ctpykrypa 00pabOTKH JaHHBIX KKION BKIIAIKH ¢ TIOMOIIBI0 AK

MHD®OPMATUKA

Kak wm3BecTHO [14] aBTOKOAMPOBIIMK IPEACTABISIET COOOM
KOMITO3ULINAIO JIBYX GbyHKIHi: AE(x) =
Decoder(Encoder(x)) = %, rie x € R — BrIx0aHOI HOpMAaH-
30BaHHEIH BekTOp; X € RN — pekoHCTpyMpPOBAaHHBIH BEIXOJ.
Encoder (koaep) ckuMaeT AaHHBIN 10 CKPBITOTO MPOCTPAHCTBA, &
Decoder BoccTaHaBIMBACT JJaHHBIC M3 CKATOTO MPCIICTABICHHUS.

AK 00yuaercst HA OCHOBAaHHY MUHHMHU3AIIUHU OIIMOKU PEKOH-
CTPYKIIMH ¥ ISl HEKOTOPBIX MTHMUAHYTHBIX HHTEPBAJIOB CUUTACT
WX aHOMAaJBHBIMH COOTBETCTBYIONIMMHU aHOMAJBHBIM ITOBEIIC-
HusM monb3oBarenedl. KommuectBo AK coOTBETCTBYET uHCITY
BKJIQJOK AciicTBuid moiib3oBaTensi CRM-cucreMbl. 1Sl BBIsIBIIC-
HUSl aHOMAaJBHOTO TIOBEJICHUS TTOJIb30BATEIIS IS KaXKJOTO IISATH-
MUHYTHOI'O HWHTCpBajIa IJId Ka)K)lOﬁ BKJIQAKHW BbIYUCIISICTCS
omubKa PEKOHCTPYKIMU. APXHUTEKTypa KOJepa OIHChIBACTCS
dynkimeii otobpakenus fo,.: RY - R%, rae d < N u moxer
OBITH OIMHUCAaHA KaK IOCICIOBATEIBHOCTD JTHHEHHBIX MPeodpa3o-
BaHWI U HEJTUHEHHOCTEN BUIA

z=f

enc

(x)=c" (W(L) el (W(l)x+b('))+---+b(”) (M

rze W(I),b(') — Beca M CMelleHHs Ha ypoBHe |; o - byHKIHSA

aktuaiuu (06braH0 ReLU, than, sigmoid); z € R% — cxaroe
(6yTBUTIOUHOE) TIPEICTABIICHHE.

ApXHUTEKTypa JeKoaepa OnuchBaeTcsl (PyHKIMeH BOCCTaHOB-
nenus fyoo: R - RN u crpoutes ananoruuno (1) B BHzie mocie-
JIOBATEIBHOCTH MIPE0Opa30BaHMN:

= fdcc(z):¢(M)(V(M) gV (V(l)z+c(‘))+...+C(M)) )

m m
rac V( ), C( ) — BCCa U CMCUICHHS HA YPOBHC CJIOS M cootseT-

CTBEHHO; ¢(m) — ¢ 6
; VHKIIMS. aKTHBAIMK (OOBIMHO CHMMETpHYHA

0'(')); % € RN — BoccTaHOBJIGHHBIH BekTop. [laHHbIE, CKaThie B
«y3KOM CJIO€», BOCCTAHABIINBAIOTCS B BEIXOAHOM CIIOE.

Ha 3akmounTensHOM 3Tane BBIUUCISAETCS (QYHKIHS TOTEpPb,
KOTOpast OLICHUBAETCS Kak cpelHeKkBaapaTnyHas omuoka (MSE-
Mean Squared Error.) pekOHCTpYKIIUH TSI TPCHUPOBOYHBIX JTaH-
HBIX ISl OOHOBIIEHHS BECOB MOENH. JUJIT TECTOBBIX JaHHBIX
omuOKa PEKOHCTPYKIMU BBIUUCISIETCS] MYyTEM YCPEIHEHHS IO

BCEMY IOJMHOKECTBY JaHHBIX [,( X, )A() _ ﬁi(xj _ )A(j )2 .

j=1

be3 ananu3za peanbHBIX COOBITHI CIIOXHO CYAHWTH O TOM Ha
CKOJIBKO 3TH aHOMAJIMHU OTHOCATCA UJIN HE OTHOCATCA K HHcaﬁnep-
CKUM JIeUCTBHAM. [IJIs 5TOTO Hy’KHA TAJIOHHAS MaTPHIIA, 3aJ1af0-
11ast cpe3 MOBEICHHUS MOJIb30BaTes, korna AK, o0yueHHbII Ha 3a-
JAaHHOM MHTepBaJie, MPU3HaJ 3TH yYacTKH HOPMaJbHBIMU. B 3Ta-
JIOHHOM MaTpuIle COAEPXkAaTCsl MPUMEPbl HOPMAJIBHOTO M aHO-
MaJIbHOTO ToBeAeHMs, KoTopbie hopmupyer AK.

Oman.4. @opmuposanue IManoOHHONL MAMPULbL

[Ipeiaraercs npeaBapUTEIbHO pa3leNUTh IOBEACHUECKUE
BPEMEHHbBIE HMHTEPBAJIbl HA «TUIIOBBIC», «IPOMEXYTOUYHBIEY» H
«PE3KO OTIIMYAIOIINECS» OT TeX, KOTOPhIE B paMKaX ATAJIOHHOU
MaTpHLbI IPU3HAHBI aHOMAIILHBIMU (HETUITMYHBIMU). [lJ1st Takoro
pasfeneHuss HeoOX0IMMO aBTOMAaTHYECKOe IPHCBOCHHE METOK Ha
ocHOBe aHanm3a ommoOok pexkoHcTpykuuu AK. TIpomecc oOyde-
HUSI HAYMHAETCSl ¢ MOMEHTA TIOSIBIICHHS Y MTOJIb30BaTEN sl HOBOI'O

-
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TUIa aKTUBHOCTH, HAMpPUMEp, MPHU IEPBOM OTKPBITHH HOBOM
BiTagku. C 3TOr0 MOMEHTA HAaUWHACTCSI HAKOTUICHHE TSI TUMUHY T-
HBIX MHTCPBAJIOB JIO JTOCTHIKCHHUS HEOOXOIMMOro o0BhEMa JaH-
HBIX, TIPUTOJTHOTO JIJISl JATIbHEHIIIET0 00y YeHHSL.

ITycTh BXOJHBIC TaHHBIC OMICHIBAIOTCS MATPUIICH TPU3HAKOB
D € R™V rpe: T — konuuecTBo 00beKTOB, N — KOJTUUYECTBO MPH-
3HaKOB. Tpedyercsi aBTOMAaTHYECKH MPUCBOUTH KaXIOMY O0b-
exTy omHy m3 Tpéx Metok: 0, 1 wimm 2, oTpakaromuxX ypOBEHB
«CXOJICTBO C DTAJIOHOMY.

C 2T0if meTpI0 Ha TIEPBOM IIIare TS CTAOMIN3AIIH THATIa30-
HOB M3MCHCHUS MPU3HAKOB U IOATOTOBKH JAHHBIX K O0YUYCHHIO

AK 15 KaX0ro npusHaka | € {1, ....N } U KaXI0ro 00bEeKTa
TaHHBIE | € {1, ... ,T} HOPMAJIU3YIOTCS € IOMOIIBIO IPeobpaszo-
BaHMs BUIA

X; —min(x, )
Xnorm — 5] 5]
" max(x J.)—min(x_j)

>

e X ; — cronGel BeeX 3HaYCHMi npu3HaKa | ; xi"‘}”“ c [0,1]
Ha emopom waze, B pexxume o0yuenuss AK, BoccraHainBa-
FOTCSl HOPMAJIbHBIC/HETUITMYHbBIE OOBEKThI, TAK YTOOBI aHOMAJb-

HbIE JIAaBAJIM BBICOKYIO OLIMOKY PEKOHCTPYKIIMH ITyTEM BBIUHCIIC-
1< 2

Hust QYHKIWSE TOTEepb L ( X, )?) = —Z ( x;’“"“ — )A(;’U"“ ) . B xaue-
N 4

cTBe OOydaromiei BHIOOPKH B peKMME OOYUYEHHUS HCIIONBb3YeTCs

cOanaHcHpoBaHHBIN HA0OP, CO/lePKAIINI PaBHBIE JOJIU OOBEKTOB

Pa3HbBIX TUIOB (€CIIM 3TO BO3MOXKHO).
Ha mpempem wiaze oCynecTBISIETCS] IPOTOH OOBEKTOB Yepes3

AK n mna xaxzgoro oosexra X; BEIYHCIAETCS TeKylIlas OIIHOKa
1 &, 2
orm S norm
PEKOHCTPYKIMHU &; = —Z(Xi i X j )
N 4
Ha uemeepmom wiaze ¢ IeIBIO aIATITAIIAN TPAHUI] IPHCBOCHHS
METOK Ha OCHOBE pAaCIpENEeIICHHs OIMHOOK PEKOHCTPYKIUH

£ = {6‘1 yeresEp } ONPEJIENSAIOTCS TIOPOTOBBIe YPOBHH I10 TIPOLICH-

THIIAM: &, = Percentile,,(€) un g5y = Percentiles,(€). 3nech
&50 = 201 nepueHTHb {&;}, €59 = 508 mepueHTHIb {&;}.
[To BenMuMHE OUIMOKKM PEKOHCTPYKIMH B COOTBETCTBHH C IIpa-

0 ,e< gy
BUIOM y; = {1, &3¢ < € < €500CyIIECTRISIETCS TIPHCBOCHIE METOK.
2, & > €59

MeTKr IPUCBAaNBAIOTCS CIIEAYIONIM 00pa3oM:

e Ecim ommbka pekoHcTpykunu € < 20% —>npucsanBaercs
metka 0;

e Eciin ommbka pekonctpykiuu € € (20%, 50%] — npucsa-
MBaeTcs MeTKa |;

e Ecim ommOka pekoHcTpykuuu € > 50% — npucsanBaercst
MeTKa 2.

Ha msiToM 3aKITIOUMTEIBHOM IHIare ¢ IeIblo CO3anus coataH-
CHPOBAaHHOM 3TAJOHHOW BBIOOPKH MPOMCXOAUT (OPMHUPOBAHHE
sranonnoit Marpunst D ;. C 910t nenbo BoIOnpaetes oaunaxo-
BOE€ KOJIMIECTBO 00BEKTOB ¢ Kaxaoi MeTkoit (0, 1, 2) u o0benu-
Hsotess B otanonnyio marpuny D =D, UD, UD,, rze

D, = {x;ly; = m},m € {0,1,2}.

B pesynprare Kakaplii OOBEKT MOIyYaeT METKY, OTpakaio-
LIYIO €r0 YPOBEHb «HOPMAILHOCTH» OTHOCHTEIILHO 00yYaroIero
aBTOKOMpOBIIKKA. [Ipy nanpHeleM aHanm3e ¢ HOMOIIBIO a/1ar-
THUBHBIX MOPOroB (MPOICHTHIIBHBINA 1MOaX0a) (hopMupyercs 3ra-
noHHast Matpuna. C 3ToH LEelbIo MPU3HAKK TIPEJIBAPUTEIEHO HOP-
MaJIM3YIOTCSI, YTO JENaeT METOJ| YHHBEPCAIbHBIM ISl Pa3HBIX
mkan. [Ipu padore AK Obut0 BHIOpaHO TpH YpOBHS MOBE/ICHHS
TIOJIH30BATEIIS: TOJTHOCTHIO0 HOPMAJIEHOE, TIEPEXO0IHOE U aHOMAJTh-
HOE, KaK 3TO MOKa3aHo Ha puc. 4.

B xauectBe mpumepa Ha Puc. 5 mpexacraBnena rucrorpamMmMa
OIMOOK ¥ TPAaHUIEI KIaCCH(DUKAIIUK IS CITydasi, KOTJla BMECTO
(PUKCHUPOBAHHBIX MOPOTOB HCMOIB3YIOTCSA TMepueHTwn: — 20-i
nepreHTHIb paBHbii 0.152, u 50-i neprerTuiab paBHbii 0.280.

PucyHnok 5 wiuroctpupyer npouecc pazieneHus Ipyni Olu-
0OK PEKOHCTPYKILHUH JJIsi aBTOKOAMPOBIIKKA. [loka3zaHbl METKH
moporos 20% u 50%. Omu0kwu, He mpeBbImaoime nopor B 20%,
COOTBETCTBYIOT HOPMaJbHOMY TIOBEJICHHIO Mojb3oBaTess. O0-
nacth 20-50% xapakrepusyer nepexoHoe noseneHue. Oumoku
BhIime 50% COOTBETCTBYIOT aHOMAJIBHBIM BhIOpocaMm. B ciyugae,
Koraa (GOpMHUPYIOTCS YKa3aHHBIE KJIACTEPHBIE COCE/ICTBA HHTEpE-
CYeT TOT KJIacTep, B KOTOPOM OKa3ayach MSITUMUHYTHAsI BEIOOPKa,
CTCHEpHUPOBaHHAsI IOJB30BATEIEM B pE3yNIbTaTe ero padoTHL.
B cooTBercTBHHM ¢ BBEICHHOH TEpMHUHOIOTHEH WHTEpeCyeT
CKOJIbKO M KaKHe COOBITHS OKa3aJIMCh B COOTBETCTBYIOIIEM KJla-
cTepe: HOpMasbHBIC, TIEPEXOTHBIC, aHOMAaJTBHEIE.

Nonusosatens 299, nyTe 13618937, nopor 0.175

000

Puc. 4. TpexypoBHeBas KiTacTepu3aLus aHOMAILHOTO TTOBEICHHS
Ha Beixoge AK

PacnpegeneHue ownbok PEKOHCTRPYKUNK 1 NPWCBOEHHLIX METOK

| m— MeTra O (a0 20%)

Metra 1 [20-50%)
m— MeTra 2 (50%4)
=== 20-M nepueHTAG: 0,157

|
i
!
!
!
! == S0 nepugHTAL: 0.260

KonniecTao obberTos

0.3 0.4 0.5
DIKBKA PEKOHCTRYKLMA

Puc. 5. 'ncrorpamma ommOOK U rpaHuUIbl KilacCupUKauu

Oman 5. Ilosedenueckuit npoguns

Jast Toro, 4ToOBl MPUHUMATh PEIIeHUE MPU MOCTPOCHHUHU I10-
BE/ICHYECKOT0 NpOoduIIs, UCTIONB3YS ISl ATUX LIEJEH allrOPUTMBI
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KJIACTEPHOTO COCE/ICTBA, BBEJCHHBIC YPOBHM aHOMAJIBHOCTH I10-
BE/ICHUS IOJIb30BATEIIsl OJDKHBI OBITh MPECTaBICHBI B ITAIOH-
Hoi martpuue. Iloxg «KiactepHbIM cOCEACTBOM» MOHUMAETCS
OLIEHKA TOTO KaKHe COOBITHS COCEICTBYIOT JIPYT OPYTY, T.€. pac-
MOJIAraloOTCsl B OJJHOM KJIacTepe JUIsl 3aIaHHOTO IIPOCTPAHCTBA aT-
puyOyToB. OOBIYHO 3Ta IPOIEAYPA OCYIIECTBISIETCS C TIOMOIIIBIO
KJIacTepH3aluK. YUHThIBasi OOJBIIYIO Pa3MEPHOCTh MPOCTpPaH-
CTBa JIaHHBIX, KOTOpasl ONpPEEISICTCs] KOJIMUYECTBOM aTpHOyTOB
npe/IaraeTcst OCYNIECTBISTh KJIACTEPU3AIMIO B CIICAYIOLIECH T10-
cieioBaresibHOCTH. [Iporieypa aHann3a KiacTepHOro COCeICTBa
OCYIIECTBIISICTCS B CIIEAYIONIECH TOCIIEI0BATEILHOCTH.

Ha waze 1 GpopMupyroTcst Bce BO3MOXKHbBIC KoMOUHAImuA N
AQHAM3UPYEMbIX aTpHOyTOB B Pa3IWYHBIX KoMOMHaIMsIX. ITycTs
x € RV - HopManu30BaHHbI BEKTOP MPU3HAKOB MATHMUHYTHOTO
naTepBana. O603HaunM uepe3 K — MUHMMaIbHOE KOINYECTBO aT-
pubyTOoB B koMOuHanmu (Hampumep, ot 3 u 1o 10). KomOunamm
TaKUX aTpuOyTOB JIETKO M OBICTPO BBIUUCISIOTCS. B pesymbraTe
thopmupyrotesa Oyterpernsl (bootstrap) ¢ pa3THIHBIME IPOCTPaH-
cTBaMH, (OPMHPOBAHHBIMU M3 TaKUX KOMOWHAITMA aTpHOyTOB.
CyTb OyTCTpaIa 3aKII0YaeTCcsl B TOM, YTO HA OCHOBE OJHOM HC-
XOJHOW BBIOOPKH (OPMHUPYIOT HECKOJIKO HOBBIX OOYyYaromliux
BBIOOPOK, CITy4aitHbIM 00pa3oM BBIOHpast JIEMEHTBI U KOITUPYST UX
B HOBYIO BBIOODPKY (B IPEKHEH OHU OCTAIOTCS, HE yIAISIOTCS).

3areMm aTa orepalys MoBTOPSIETCS MO 3aJaHHOMY pa3Mepy HO-
BOH BhIOOpKH. B pesynbrare opmupyercst HoBasi oOyuaromast
BBIOOpPKA, COCTOSIIAS U3 AIIEMEHTOB HCXOJHOHM C HEKOTOPBIMHU T10-
BTOPEHUSIMA. MHOXECTBO BCEX BO3MOKHBIX KOMOWHAIMH aTpu-

6yTOB u3 A , JJIUHBI OT K a0 K + M MOJKeT OBITh OIMCAHO
K
r=

COOTHOIICHUEM C= KOA C = UA {C c A||C| = r} > rie
r=K K

C, = {C c A||C| = r} - MHOKECTBO BCEX KOMOMHAIMI JUIMHBL [

Kaxnas kom6unamus C uz I' atpubyTos (K <r<K+M )

MOJKET OBITh npeacTaBJjiCHa 1mbo B BHUAC MHO>XKCCTBA MHACKCOB

(Hanpumep, KOMOMHAIHS {al,a3,a4} MPEICTABIAETCS KakK

{1,3,4} ), m0o kak OuroBas Macka mIMHeI N — BeKTOp

N
be {O, 1} ,rae B =1, econ atpubyt @, BKITIOUEH B KOMOHMHA-

110, B TIPOTHBHOM citydae (rpu B= 0 ) atpuOyT B KOMOMHAIIUIO
HE BKJIIOUCH.

Ha wiaze 2 BHINONHSACTCS KIACTEPH3ALMS 110 KKI0H KOMOU-
Hanmu arpudytoB. C 3TOH menblo At Kaxaoro MHoxectBa C
BCEX KOMOWHAIMKi aTpuOyTOB M3 dTarna | B MOJyYEHHOM MpO-
crpanctee D € R™NnpousBonutes knacTepHslii ananms. 31ech
D € R™N — ycxomnas Tabnuua JaHHBIX, COCTOSIIAs U3 T CTPOK
(00bektoB) U N cT0I0110B (aTpUOYTOB).

KnacrepHblii aHaim3 MO3BOJISICT YHOPSAOYUTH PE3YIIbTATHI
[IPOTHO3MPOBAHMs, BBIICISII B HCXOJHOM MACCHBE JaHHBIX
IPYHITBI OOBEKTOB CO CXOXKUMH XapaKTepHCTUKaMu. Takas rpyr-
MMIPOBKA CHUXKAET CIIOKHOCTH JANIbHEHIIEro aHanu3a U IMO3BO-
asieT paboTaTh HE C OTIENbHBIMH HAOTIOACHHUSAMH, & C KOMIIAKT-
HBIM Ha0OpOM OIHOPOIHBIX CErMEHTOB. B omimume ot 3amaq
KIaccu(UKaMU, KIACTepU3alis HE ONUpaeTcs Ha 3apaHee 3a-
JIAHHYIO LIEJICBYI0 IEPEMEHHYI0: CTPYKTYpa JaHHBIX BBISBIISCTCS
Ha OCHOBE BBIOPAHHOIO NMPOCTPAHCTBA MMPU3HAKOB, & YKCIIO Kila-
CTEpOB 3apaHee MOXKET ObITh HEM3BECTHO M MMOJIOUPAETCS B 3aBH-
CHMOCTH OT IIeJIM MCCIICZOBAHUS U KauecTBa pa3Ouenus. B pac-

MHD®OPMATUKA

CMaTpHUBaeMOM IMOCTAaHOBKE HA0OP NMPHU3HAKOB OIPENEIISETCS UC-
XOIHOH Tabmurei, comepxkaieit T ctpok (00bekToB) U N cTon6-
110B (aTpuOyTOB).

Jist BEIOpaHHOTO alTOpUTMa KIIAaCTepU3aiu (HarpuMep, s
anropuTMa k-means) cTaBuTCs B COOTBETCTBHE K € {2, 3,4, 5}

kaactepoB. C 3TOM LENbI0 Ul KaXKI0W KOMOWHALMK aTpHOyTOB
CelC.,rne C= {a“, - air} ONpeIENSETCS MOMATPHLIA

nannbix Do = D[:,C] € R™*". Tlockonbky mnsi aaropurma
k-means komudecTBo KiactepoB K 3amaHo 3apaHee, TO HEOOXO-
JIMMO PA3JCIUTh JIAHHBIC Ha KJIACTEPhl TaKUM 00pasoM, YTOOBI
MHUHHMU3UPOBATH [OJIHYIO0 CYMMY KBaJpaTOB PACCTOSHUSI OT JaH-
HOIi TOYKHU [0 EHTpa KilacTepa, K KOTOPOMY OHA PHHAIJIEHKHT.

Jlutst pelieHusi 3aa4i KJIaCTEepH3alii HEOOXOMMMO HOCTPO-

uTh MHOXecTB0 C = {C1 »Cysunns Cg}, rae C, — kiacrep, co-
JepXKalMuid  MOXO0XWe  Jpyr  Ha  Jpyra  arpuOyThl
¢, ={i,i [i;elijelnd(i,i)<ao}, rme d(i,i))

Mepa OJIM30CTH MEKIY aTpudyTamu ; O - 33JJaHHOC PACCTOSIHUC

MEXIY anI/I6yTaMI/I JUIL BKJIFOYEHUSA WX B OWH KJIACTED. I[JISI
KaXXJ10ro IIOaAMHOXKECTBaA Cwu nmapaMeTrpa KiacTepusanunu

ke{2.3.4,5)
KMeans, (D, ) — ClusterLabels,, €{1,...,k} . O6vexr X

nonaziaer B knacrep K. (xi) U OMpENIENSAeTCs ero KIacTepHOe

oxpyxenne G , (X, )= {xj ‘Kc,k (%) =Ke, (% )} :

Lenp k1acTepu3alii COCTOUT B TAKOM Pa30MEeHHH MHOXKECTBA
00BEKTOB, TIPH KOTOPOM MUHHMH3HUPYETCS CyMMapHast BETHIHHA
KBaJIpaTOB PACCTOSIHUM OT Ka)KIOM TOYKM JO LIEHTpa TOro Kia-
cTepa, K KOTOpOMY OHa OoTHeceHa. J[jst 9Toro, Kak IpaBuIIo, UC-
II0JIb3Y€TCSl UTEPATUBHBIN AJITOPUTM:

UCTIONB3YIOT ~ WTEPATUBHBIM  AITOPUTM

1. Bei6op k npoussonshbix nexoansix uentpos C = {C;},

u;m; [
rae Ci:J'Zld : JQ=% M ={m;} - mHoxecTBO
2.4
j=1
JIAHHBIX;
2. Pazbuenne Bcex 00BEKTOB Ha k rpymin, Hamboiee ONM3KUX K
OJTHOMY u3 L[EHTPOB U= {uij} , rue

lnpud(m,,c)=mind(m,c,)

1<k<c
Ounaue
min
1, npu d(mj,ci) = l<k< Cd(mj,ck).
0, uHaye

3. BbluncieHne HOBBIX IIEHTPOB KIIACTEPOB, TTOKA IIEHTPHI HE Te-
pecTaHyT MEHSIThCSI, TO €CTh ITOKa PelIeHHe He OyIeT yJ0BIETBO-

pathb nenesoit gpyukuuu J(M, U, C) = Zlezj?:l u;;d; (m]-, ¢)

Ha wacze 3, 6 paMKax IOJIY4YCHHBIX KIACTEPOB (POPMHUPYIOTCS
JTAaHHBIE O COCE/ICTBE AHOMAIINIT M HOPMAJIbHBIX COOBITHSL, MITH CO-
CeJICTBE MepexoJHbIX coObIThil. [Ipn nocTynnennn HoBoit HHpOP-
MaluM B BUJE HOBOro Bektopa X € RN — 06bekt ¢ N npusnakamu

-

T-Comm Vol.20. #5-2026




UHDOOPMATUKA

U3 OYEePE/IHOTO MSTH MUHYTHOTO MHTEpBasa (POPMUPYETCS TEKY-
Iee KiacTepHoe TPOCTPaHCTBO KomOuHarmii arpudytos C m3
Oramna 1. Vcrone3ys kiacTepHble MoJien (LEHTPOUIBI) U3 DTamna
2 ans Kaxaoi napsl (C’ k) Uy, - Y € R" — mleHTpOMABI KIIaCTe-
POB, TOTydYeHHbIe Ha moAnpocTpancTse C ompeaennm Juis Kax-
noi komOuHanuu atpudyToB C € C ¥ Kaxaoro K e {2,3,4,5}

HOMEp KJIacTepa, B KoTopble momagaeT oobekT X . Kmactep mis

o0bekTa X OIIPEALIIACTCA KaK ka —arg m]n HXC /u] H

X, € R" — BeKTOp, COOTBETCTBYIOIIHUI TIOJMHOKECTBY aTpUOYTOB
Cc {1, . N} . B pe3ynbrare MOXKHO y3HAaTh C KAKUMH TUIIAMH CO-

ObITHII (KI1acTepaMu) COCEeCTBYET HOBOE HaOIIIO/ICHUE.
Ha waze 4 ocymecTBisieTcs aHaIU3 COCTaBa KJIacTepa U Bbl-
YHCIIEHUE paclpeielIieHnst MeToK cpean coceneil. C 3Toi 1emnbio

IS Kaxk10T0 00bekTa X; , komOunanuu C, u 3HaueHus K onpene-
nstiercs kinactep G, B KOTOPBIHA OH IOMAJ U PaCCUUTHIBACTCS TOJIS

e{0,1,2},i=1,...

Kiacrepe. B pesynbrare Kilacrepusanuu s KaxJ10d KOMOMHa-
uu C 1 kakaoro K, kaxaoMy 00bEKTy COIIOCTABICH HOMEp Kila-

crepa §°

neit ( Py, Py, P,) CPEM OGHEKTOR B TOM e Kiactepe, uto i X; .

00BEKTOB C KAXKIOHM METKOM Yi ,T B oTOM

1 BBIYUCIICTCA MaTpurlla IIPOLEHTHOI'O COCTaBa Coce-

Torna 1oyt 00bEKTOB ¢ METKOM M € {0, 1, 2} B kiacrepe G st

00BeEKTa X OLIEHUBAETCS COOTHOILIIEHHEM
1
p(cmk)(xl) _— Z ]I[yi = m], rne | — wHaMKa-
‘GC k Xj chk( )

TOpHas (yHKLMS; GC k( { ‘y = )7IC ’k} — MHOECTBO

00BEKTOB B TOM K€ KIIacTepe, 4to U X5 Y; € {0,1, 2} — MCTHH-
Hasi MeTKa 00beKTa X;

[TockombKy TaKMX MPOCTPAHCTB OyAET AECSITKU THICSY, MOXKHO
MOJYYNTHh IPOCTPAHCTBEHHYIO OOJIACTH ITOBEJICHYECKOIO IIPO-
¢buist, Kaxas Touyka KOTOpoi OyleT OTpa)karh MPOLEHT COCel-
CTBa C COOBITMSIMH OIpefenéHHOro Tuma. lTorosas KapTHHA
TIPeACTaBIseT COO0H MOBEIEHUECKHI TPOIITL TOCKOIBKY OyneT
XapaKTepru30BaTh MOBEJCHYECKUE OCOOCHHOCTH COOBITHSI.

Ha waze 5 TpoN3BOAUTCS BU3yann3alys KJIACTEPHBIX IPO-
ctpanctB. C 3T0# Henbio st kaxkaoi napel (C, k) BeimomHseTcs
2D-npoexnus npocrpancrsa ¢ nomotpsto 110 (PCA / t-SNE /
UMAP), rae kaxaas Touka xf € R xapakTepusyeT oOBEKT B
noanpocrpancTe npusHakos C'a e 2D-npoekuus:
Proj,(xf), z; € R? eé koopauHaThl. Pe3ysbTaT MPOEKIMHI Xapak-
Tepu3yioTes UBETOM B npoctpanctse RGB; = (p,, p,, P, ) Ais

Kaka0# komOuHauuu npusHakoB C u 3Hauenus K Heo6xoumo:

e [locTpouTh ABYXMEpHYIO NMPOEKLHUIO MOANPOCTPAHCTBA
npusHakos D, € R™*" ¢ nomompio PCA, t-SNE uin UMAP;

e  BusyanusupoBaTb Ha NolydeHHOH 2D-mockocTu Kax-
JIBIH OOBEKT B BUJI€ TOUKH, TaK UTO JJIS K&YKIOH Maphl (C, k) ¢bop-

Z; =

mupyercs cepus 2D -npoekuuii (puc. 6).
Kaskmast Touka MpoeKIMy XapakTepusyeT 00bekT. [Ipoekmnuu
MTOMOTAOT TOHSATh TEOMETPHIO KIIACTEPOB , & TAKKe MPOBEPHTH,

HACKOJIBKO JIOTHYHO pa3ie/SIIOTCS OOBEKThl HpH pasHbIX K.
LiBeT TOUKH :(p(), P pz) , THE P, — KPacHbI; P, — 3€NEHBINH;
P, — CHHHMI IBET TOYKM XapaKTepH3yeT HoMep KinacTtepa (ot 0 J1o

k — 1), B KOTOpBIf 0OOBEKT TOTA MPH pa30UEHUN C TaHHBIM 3Ha-
uennem K B k-means. Hanpumep, s k =3, kiactep 0 — KpacHiif,
kiactep 1 — 3en€Hbli, knacrep 2 — KENTHIH.

Pacnpegenenne no THNaM akTUBHOCTH — User 416, Path 153868662
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Puc. 6. Pa3bnenne 5TaqoHHON MaTPHUIIBI IO TUIIAM Ha METa-KIaCTEPhI

B pesynbrare KIaCTEpPHOrO aHain3a JUIS KaXJI0ro OObeKTa
OTIpEIENSIETCST MHOYKECTBO KIACTEPHBIX METOK 1o BceM (C, K) u
MIPOIICHTHI coceel o MeTKaM (OyTCTpen-pu3HaKH).

I'pagpuueckoe npedcmasnenue Kiacmepuvix RPOCMpPAHCHIE
JIyist KaXJ0ro «HOBOTO OOBEKTa» IMOCje KiacTepusanuu (1o
KOMOMHAIMAM aTpruOyTOB) (hOPMUPYETCSI MHOKECTBO IIPH3HAKOB,
OTPaXKAIOIIMX €r0 OKpYy>KeHHe (Hanpumep, BEKTOP 4acTOT METOK
B KJIacTepax). B pesynbrare KiIacTepHOro aHain3a JUisi KaXk1oro
o0bekta X (hopMHpyeTcsi MHOXKECTBO KOMOHMHAIMK ITPU3HAKOB

C. Jliis kax okt komOuHanuu npusHakoB C u kaxaoro K, ¢pop-

mupyeres Bektop f (X) = ( pS*, po*, po* ) COBOKYIIHOCTb

MOTOOHBIX BEKTOPOB (POPMHUPYET «OTIEYATOK» (Signature) o0b-
exta: F(x)= { f X)|C eCke {2,3’4’5}} . Tlockoneky anano-

THYHBIE MHOXECTBA NMPU3HAKOB UMEIOTCS M Y STAJTOHHBIX 00BEK-
TOB/KJIACCOB TO CpPaBHHBAasi 002 MHOXKECTBA PUHUMAETCSI peliie-
HHUE «HACKOJIBKO "MOX0K" HOBBII 00BEKT HA 3TAJIOH I10 CTPYKTYPE
KJacTepHbIX cocenctB? JInst cpaBHEHHsS MHOXECTB MEXKIY HC-
MOJIB3YIOTCSl METPUKH PACCTOSIHUM MEXK/Ty MHOKECTBAMH BEKTO-
pos. Kaxxnoe MHOKECTBO F (x) HTEPIPETUPYETCs KaK pacipene-

nenue To4eK B 3D-npoctpancTse (0 P, P, P, ) ¥ MOXKHO U3Me-

PUTH PAcCTOSHUE 1O ITAJOHHOTO MHOXecTBa F

o » MCTIOJIB3YS

HalpuMep CpeaHee TMOMapHOe pPACCTOSHUE MEXAYy TOYKaAMH

Dist (4. X) = T 2 0 Y

ueF VeF

IIJ'I)I OLICHKN CTCIICHU CXOACTBa TEKYIIEro IOBCIACHUA C aHO-
MaJIbHBIMH IIA0JIOHAMHU MOKET OBITh UCIOJIL30BaHA METPHUKa pac-
CTOSAHUA MCKIAY MHOTI'OMEPHBIMH BCKTOPAMH, HAIIPpUMEP CBKIIU-

no8a S () = min ZZ( m(

(F(x). F(x))

|7 CoOll-I7 ol

(x)- p(m)( ))2 WM KOCUHYC-

HOE CXOZICTBO Sim_ (xi WX, ) =
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[TomMuMO paccTosiHUS M€Ky TOUKAMHU MOXKHO OLIEHUTH ILIOT-
HOCTH OOBEKTOB B 3THX MHOXKECTBAX IO KAXKIOW M3 TPEX METOK
{0, 1, 2} B MpoeKuusxX. /i 3TOro MOKHO MCIOJIb30BaTh pa3iny-

HbIE CIIOCOOBI OLEHKH IUIOTHOCTH. Hanpumep, paccMOTpeB Kak-
ayio touky fe (X)=(p,. P, P,) kak 3D-ToUKy MOKHO mO-

CTPOMTH OLIEHKY MIOTHOCTHU IO KaXKJI0M U3 poekui Py, P;, P,

Merpurka paccTOSHUSI TO3BOJISIET OLIEHUTh, HACKOJIBKO TEKY-
111ee MMOBE/ICHUE M0JIb30BaTelIsi OJIM3KO 10 CTPYKTYPE K paHee Bbl-
SIBJICHHBIM aHOMaJIbHBIM crieHapusiM. Ecii e€ 3HaueHne okasbiBa-
€TCsl BBICOKHMM, 3TO MOXKET CBH/ICTEIILCTBOBATH O BO3PACTAHUH Be-
POSITHOCTH YIPO3bl, CBS3aHHOM C JICHCTBUSIMU IOJIH30BATENS HH-
dhopmarmonHoit cuctemsl [7]. CymiecTBEHHBIM MPEHUMYIIECTBOM
TAKOTO TIOKa3aTels SBISETCS BO3MOKHOCTh (PUKCHPOBATH ITOTEH-
IINAJIBHO OTIACHBIE COCTOSHMS JJaXKe B TEX CIIydasix, KOT/ia OIInoKa
PEKOHCTPYKIIMU aBTOKOIUPOBIINKA HE YKA3bIBACT HA SIBHYIO aHO-
manuo. Kpome Toro, ucronabp3oBaHne METPUKH PAcCTOSTHUS 1103-
BOJISIET PAH)KUPOBATH HAOIIOaEMbIe COOBITHS TI0 CTEIIEHH PUCKA
— OT 00I1Iero MOA03PUTEIBHOTO MTOBEICHNUS 10 ISHCTBHI, UMEI0-
IIMX BBIPAXKEHHOE CXOJICTBO C MHCANJEPCKUMH WM BPEIOHOC-
HBIMU CLHCHAPUAMMU.

BBenéHHble METPUKH OTKJIIOHEHHS OT JTaJOHHOTO Hpoduiis
MOTYT HCIIOJIb30BAThCS MPU NPHHSATHU PEIICHUH B Pa3IMuHBIX
(opmax: Kak IIOTHOCTHBIE XapaKTEPUCTHKHU IO OTJCIbHBIM
KJIaccaM, Kak Habop NPU3HAKOB MJIM KaK PACCTOSIHUS, IPUMCHsIe-
Mble 1t 0TOOpa n ¢punbTpanuy anoMmanuil. I[1Ipu srom Habmoe-
HHE 3a I10JIb30BaTEIeM CTPOUTCS Ha IOCIeOBaTeNbHON (HKCca-
MM COOBITHI €ro aKTUBHOCTH B BUJIE JKypHaJIOB. V3 j10roB M3BIe-
KaloTCs aTpHOYTHI, IpeoOpa3yeMble B BEKTOPHOE IPEICTABIICHHUE,
MOCJIE YETO JIJAaHHbIE arperupyroTCs B MSITUMUHYTHBIC HHTEPBAIIBI,
BHYTPH KOTOPBIX ONPEICIAIOTCSA KIIACTEPHbIE COCEACTBA. ITO
o0ecreyrBaeT BO3MOXKHOCTb HENPEPHIBHOIO ()OPMUPOBAHHS [IOBE-
JICHYCCKUX TpoduIIeHi mob30BaTeseh 1 MOCICAYIOIIETO OTCIICKHU-
BaHUS X M3MEHEHHIT B rporiecce (PYHKIIMOHUPOBAHHS CUCTEMBI.

4 BoiBoabI

Paspabotana 0000IICHHAS CTPYKTYpa alropuT™Ma OOHapyxe-
HUSI PEAKOr0 aHOMaJIbHOTO TIOBE/ICHHMS T10JIb30BaTeNsl HHpOpMa-
IIMOHHBIX CHCTEM, COCTOSILAs U3 ISITH TaroB. [l1si oOOHapy KeHUs
AQHOMAJIbHOM aKTUBHOCTH MOJb30BaTeNIeN KJIAaCTEpHOE MPEICTaB-
JICHWE HOBOTO OOBEKTa CPABHUBACTCS C ATATOHHBIMH O0BEKTaMHU
10 METPHUKE CXOJICTBA, YTO IIO3BOJISIET OLIEHUTH, HA CKOJIBKO ITOBE-
JICHHE TI0JIb30BaTENs IOXO0XKE Ha paHee 3a(pUKCHPOBAHHbBIC aHO-
MaJlnu.

BBe/ieHHbBIE CPABHUTENLHBIE METPUKH OLIEHKH OTKJIIOHEHUS OT
3TaJIOHa MOYKHO MCIOJIBb30BaTh AJIS IPUHATHS PEHICHHUS. JTO MO-
T'YT OBITh IJIOTHOCTHBIE MPO(MIIN 10 KaXkKIOMY KIIacCy, MPU3HAKH
WA METPUKH PACCTOSIHUE [Tt 0TOOpa Wi (PHIbTPAIH aHOMa-
nuid. Oukcupys TeKyumi mpoQuiib HOPMaIbHOTO WM aHOMAITb-
HOTO (DYHKIIMOHMPOBAHUS, MOKHO HaOIIIOAATh 32 COTPYAHUKOM
(monp30BaTeneM MH(MOPMAIOHHONW CHCTEMBI) U KaXK/IbIi pa3, KO-
r7la OH BOCIPOU3BOJHUT KaKHE-TO COOBITHSI (PMKCHPOBATh MX B
BHUjie Habopa JoroB. M3 10roB u3BNEKaroTCs aTpulOyThl, GOpMH-
pyeTcsi BEKTOp, M3 KOTOPOTO TOCie arperupoBaHus (Gopmupy-
I0TCSI 5S-MUHYTHBIE HHTEPBAJIbI, B pAMKaX KOTOPBIX (POPMUPYIOTCS
KJIacTepHbIE cocelcTBa. B pesynbraTe B mporecce pabOTHI CH-
CTEMBI MO’KHO HEIPEPBIBHO TOJIy4YaTh MOBEJCHUYECKUE podumn
JUISL KaXKJI0TO MOJIb30BATENS X OTCIIEKHUBATH UX XaPAKTEPHCTUKU.
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UHDOOPMATUKA

DETECTING RARE USER BEHAVIOR ANOMALIES IN INFORMATION SYSTEMS
WITH MACHINE LEARNING

Oleg. I. Sheluhinv, Moscow Technical University of Communications and Informatics, Moscow, Russia, sheluhin@mail.ru
Andrey V. Osin, Moscow Technical University of Communications and Informatics, Moscow, Russia, a.v.osin@mtuci.ru

Abstract

Aim of the study: to improve the effectiveness of countering insider threats in information systems by developing an adequate model of anomalous user
behavioral profiles in CRM systems using machine-learning methods, enabling the identification of potential insiders. Research methods: an analytical review
of relevant scientific publications on detecting anomalous user activity in information systems; behavioral analysis combined with machine-learning and deep-
learning algorithms, which opens new opportunities for the early detection of insider threats. Results: a generalized algorithm for detecting rare anomalous
user behavior in information systems has been developed. It is shown how machine-learning techniques can be used to build a reference repository of clus-
tered patterns representing anomalous objects. To detect anomalous user activity, it is proposed to compare the cluster-based representation of a new
object with reference patterns using a similarity metric, which makes it possible to assess the extent to which a user's behavior resembles previously record-
ed anomalies. Scientific novelty: the novelty of the work lies in an original approach to countering rare anomalous user activity in information systems based
on comparing typical normal behavioral profiles with insider behavioral profiles using data mining and intelligent data analysis methods.

Keywords: information systems, insider, anomalous activity, behavioral profile, cluster neighborhoody.
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B cratbe npeacTaBneHbl pesynbTaThl UCCNEAOBaHUIA CTaTyca MapLUPYTHOM CUCTEMbI FOPOACKOrO
nacca)kupckoro TpaHcnopra obujero nonbsosanusa (MTOIM) kpynHoro poccuitckoro ropoaa
TiomeHn (HaceneHue 872 Tbic. 4en.), NpeAcCTaBNEHHOrO0 OAHMM BUAOM OGLLECTBEHHOrO
TpaHcnopTa — aBToGycHbIM. Llenb uccnefoBanua — uaeHTMgUKaumMa BO3MOXKHOIO NoTeHuMana
aBTOOYyCHOro TpaHcnopTa B Ka4yecTBE OCHOBHOTO JiA OCYLIECTB/IEHUA TPAHCMOPTHbIX
nepeABMXEHUA rOpoXKaH M MOMUCK MyTEl COBEPLUECHCTBOBAHUA MapLUPYTHOM CUCTEMbI
naccaXXMpckux nepesosok TioMeHu c ucnonbzosaHueM NMTOIM. OcobeHHO akTyanbHO AaHHoe
MccnefoBaHUE B YCNOBMAX aKTUBHOTO poCTa MHAMBMAYanbHOW aBTOMOOMNM3aLuMKM, OCTpOro
AeduumTa NPONYCKHON CMOCOGHOCTU YNMYHO-AOPOXKHOW CETU U MOTEHLUANbHO OXXUAAEMOFO
MYHULMManbHOW BNacTbio B 0603puMoe BpeMa TpaHcnopTHoro Konnanca. OcHoBHoe BHUMaHue
npu 3ToM yaeneHo uaeHtudukauumu cneumdpuku mapuupytHon cetu MTOI, cratuctuyeckomy
onucaHuio Habopa OCHOBHBIX XapaKTEPUCTUK COBOKYNMHOCTU aBTOGYCHbIX MapLupyToB TioMeHm,
KNnacTepHoMy aHanusy u audepeHuMaumMmM MapLUpyTOB MO TpynnaM c y4eToM Habopa
XapaKTepPHbIX NPU3HAKOB. YCTAaHOBNEHO, YTO COBOKYMHOCTb aBTOGYCHbIX MapLupyToB TioMeHM
BeCbMa HEOAHOPOAHA U MOXeT ObiTb AncddepeHLMpoOBaHa Ha YeTbipe rpynmnbl MapLUpyTOB. DTO
Ba)KHbIW BbIBOJ, MO3BONAIOLIMUIA apryMEeHTUPOBaTh BO3MOXHbIe yNpaBneH4YecKkue AEACTBUA MO
pecdopmupoBanmio cetu mapupyTtoe MTOI kpynHoro poccuiickoro ropoga, HanpaeneHHble Ha
nosbileHue 3¢pPeKTUBHOCTU BCE MyHULIMNANbHON TPAHCMOPTHOW CUCTEMBI.
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BBenenne

Onepe:xaroliyii, 10 CPaBHEHUIO C Pa3BUTHEM YIHUHO-T0POXK-
soit cetr (Y IC) pocT aBTOMOOMIIM3AIIUU BO BCEM MHPE SIBISICTCS
OITHUM U3 CaMBIX CEPbE3HBIX BEI30BOB ypOanm3anuu [1]. Poccus
HE SIBJISIETCS] HCKITIOYEHUEM U3 3TOT0 00IIeMHUpPOBOTro TpeHa. Pe-
3epBBI IPOITyCKHOM criocoOHOCTH Y JIC KPYITHBIX POCCHUCKUX TO-
POJIOB NMPAKTUYECKH HCUYEPIIaHbl. B 3Tol cBsA31 HEOOXOIMMO KOH-
CTaTHUPOBATh, YTO KAPJHHAIBHOE yJIydIIeHHE TPAHCHOPTHOH CH-
CTEMBI TOPOJIa BO3MOXKHO Ha OCHOBE CMEHBI IIapaUTMbl BOCTIPH-
ATUS TOPOACKUM HACEJICHHEM JTOCTOMHCTB M HEIOCTATKOB JIBYX
BOKHEHIIMX THUIOB OOECICYEHUS MOOMIBHOCTH TOPOJICKOrO
HaceJIEHHs — C UCIIOJIb30BaHUEM MHMBHYyaIbHOT'O aBTOMOOHIIb-
Horo TpaHcriopta (MAT) 1 macca)xupckoro TpaHcropTa o0iero
nonb3oBanus (ITTOII). [lepeopuenTarius ropoJCKUX >kuTeneil Ha
ucnonb3oBanue yciyr ITTOIl Bo3MoxkHa Npu KauyeCTBEHHOM
YIIyYIIEHHH COCTOSIHUSI CHUCTEMBI TOPOJCKOr0 OOIIECTBEHHOTO
tpancriopta (I'OT) mocpencTBOM HMCHONB30BaHUSI MHHOBALMOH-
HBIX IIPAKTHK €ro pas3BUTHA. 7SI HECOBEPIIEHHOW CHCTEMBI
ITTOII xapakTepHBI HEONPABIAHHO BBICOKHE 3aTPAThI BCEX BUJIOB
(pecypcHbIe, BpeMeHHBIC, (PMHAHCOBEIC U T.11.) CBSI3aHHEIE C 00ec-
[eYeHUEM NIEPEMELLEHUS JIFOEH B IPOCTPAHCTBE FOPOJICKOM Tep-
putopun. AHaNM3UPys BO3MOXKHOCTH COBEPIICHCTBOBAHMS CH-
ctemsl [ITOII, orMeTnM, 94TO 3HAYUTETHHBIC PE3EPBHI €€ YITyHIIIe-
HUS 3aKJII0YAIOTCS B IOMCKE ONTUMANIbHBIX BAPHAHTOB MapIIpyT-
Hoit cuctembl 'OT [2] u onTUMHU3AIMU pacIpeieieHus pecypca
I[ITOIl mexnay perymspusiMu MapmpyTamu ['OT. KauectBo
mapupytHoii cuctemsl [TTOIT siBisiercst BaxxHeHIIMM (hakTopoM,
BJIMSIIOIIMM Ha COLIMAIbHO-9KOHOMHUYECKHE acleKThl (pyHKIIHO-
HUpoBaHuUs ropoja [3]. B To e BpeMs Haji0 YeTKO IOHUMAThb, UTO
MapupyTHas cucrema [ITOII Bcerga sBnsieTcss NpOU3BOAHON OT
crenern passuroctn YJIC ropona, 0600IIeHHOTO KadecTBa To-
POIICKOH JOPOKHO-TPAHCIIOPTHON HHPPACTPYKTYPHI [4].

Lenpio 1aHHOTO MICCIIEIOBAHMS SIBISIETCS ETATN3UPOBAHHBIN
aHamu3 (mo coctosHUio Ha 2025 T.) cTaTyca MapmIpyTHOW CH-
ctemsl [ITOII kpymHOTO poccuiickoro ropona TIOMEHN U HICH-
tudukanus norennuana 'OT B kayecTBe OCHOBHOI'O BHJA OCY-
IIECTBIICHUS TPAHCIIOPTHBIX MEPEIBIKEHUI TOPOXKaH.

AHaJIN3 COCTOSIHUS BOIIpoca

AHanu3 paHee MPOBENEHHBIX MCCIEJOBAHUN CBUAETENb-
CTBYET, UTO MOJEPHU3aLUsl U COBEPLICHCTBOBAHUE JOPOXKHO-
TPaHCIIOPTHOW MH(PACTPYKTYPbI TOpOJa CIIOCOOCTBYET CHIDKE-
HHUIO TPAHCHOPTHBIX 3aTOPOB M TIOBBIIMICHUIO KAadeCTBAa TPAHC-
TTOPTHBIX yCayT [2].

OnHUM U3 CaMbIX 3HAUYMMBIX aCTIEKTOB CIIOKHOCTH Pa3BUTHS
ropozckoit cucremsl [ITOII 3akmogaercss B MI3MEHEHHUH SMOIIHAO-
HaJIbHO-TIPAKTHUECKOTO OTHOIICHHS JIIOJICH K JIMUHOMY aBTOMO-
OUITIO M €ro Ka)KIOAHEBHOMY HCIOIb30BaHNI0. OpraHu3aIlioHHO-
yIpaBIeHYECKHE MEPhI IO IEMOTHBAIIUN HCTIOTIH30BAHUS JTUYHBIX
aBTOMOOWIIEH (IJIaTHOE MapKOBOYHOE MPOCTPAHCTBO, IUIATHBIC
ABTOMOOWIJIEHBIE JIOPOTH) CTUMYJHUPYIOT TOPOJICKUX JKHTEJEH K
MpUOPUTETHOMY Mousib3oBaHui0 ycayramu I'OT [5]. Hampuwmep,
texHosorust Bus Rapid Transport (BRT) mo3Bossier mnoBbicuTh
ckopocthb coobmenus [ITOII [6], a Takoe MPEUMYIIECTBO U Me-
pOMpPHATHS IO OrpaHUUYEHHIO ucoib3oBanus MAT sBistorcs ce-
PBE3HBIMU apryMEHTaMU AJIsl IEPEOPUEHTALIMN C UCTIONIb30BaHUs
UAT na IITOII.

[Ipenocrasnenue npuoputera asmxenuto [ITOII Ha perynu-
PYEMBIX MEPEKPECTKaX WM MOCPEACTBOM IIOJIOC JUIST MApLIPYT-
HBIX TPAHCHOPTHBIX CPEJICTB MPUBOANT K MOJOKUTEIBHOMY (-
(dexTy (BBIUTPHIIIAM B CKOPOCTH M BPEMEHH ITEePEMEIICHUs) s
nosib3oBaresieit ITTOII, moBeImaeT CKOpOCTh COOOIEHHsI, HO O1-
HOBPEMEHHO C 3THM YyXYJIIAeT MapaMeTpbl JOPOKHOTO JIBUKE-
Hus Ui oaws3oBatened MAT [7]. Tlpu aToM ¢ G0MBIION BEposT-
HOCTBIO BO3MOXHO M3MEHEHHE CTPYKTYPBl TPAHCIIOPTHOTO
crpoca ¥ noBblenue aoiu noe3aok va [ITOIT [8].

E1e oiHOM BaykHOIT 1Tpo0IeMOi pa3BUTHSI TPAHCIIOPTHOM CH-
CTEMBI TOpPOJIa SIBISIETCSI HEOOXOMMOCTh ONEPaTHBHON KOPPEK-
nuyu MapupytHoi cet ropoackoro IITOII, cBszanHOl ¢ mocTo-
STHHBIM M3MEHEHHEM O0IIeH MTPOCTPAaHCTBEHHON CTPYKTYPHI pac-
CEJICHUS TOPOJICKUX JKUTETCH.

B xoze pa3Butns ropoICKoi TEpPUTOPHH HEOOXOIMMO COBEP-
IIEHCTBOBATH TPAHCIIOPTHYIO JOCTYITHOCTH HOBBIX PAi{OHOB 1 HU3-
MeHSTH 001Iyto KoHpuryparwro MapuipytoB [TTOII [9]. ITpoae-
Hue cymectByromux MapipyToB [ITOIT 1o HOBBIX TOPOACKIX
paiioHOB MPUBOJIUT K YBEIUUCHHUIO BPEMEHH pelica, a B YCIOBHSX
neduimTa IpoBo3HOI criocodHocTH [TepeBo3urnKoB — K yBennye-
HUIO HMHTEPBAJIOB JIBMXKEHMS MAapIIPYTHBIX TPAHCIOPTHBIX
CpPE/ICTB ¥ BPEMEHH 0XKHM/JaHUS Ha OCTAHOBOYHBIX ITYHKTaX IMOTEH-
LUaJIbHBIMU NIACCAKUPAMHU MPUOBITUS TToABMKHOTO cocTaBa [[OT.
Pazymeercsi, yBenn4yeHHe JIMHBI YK€ CYIIECTBYIOUIMX MapIipy-
ToB IITOII BeneT Kk yBEeIMYEHUIO AaIbHOCTU MOE30K MAacCCaXKu-
POB M IOBBIIIAET Y/ACIbHBIE PACXO/bI Ha NEPEBO3KY MMAaCCAKHUPA U
B II€JI0M CHIKaeT 3((eKTHBHOCTh IEPEBO30YHOTO IpoLecca.

Tapudoobpazosanue Ha [TTOIT popmupyeTcst ¢ y4eToM moIIo-
xernit [Iprkaza MunncteperBa tpancmopra ['OT 20.10.2021 r.
Ne 351 «O6 yrtBepxknennu [lopsimka ompeneneHUs Ha4aIbHOMN
(MakcHManbHOMN) IIeHbl KOHTPAKTa ...». B "yacTHOCTH, Benn4YnHa
tapuda ropoackoro I[ITOII ocHOBEIBaeTCS Ha pacdyeTax MaKCH-
MallbHO# cebectonmocT 1 KM mpoOera MOABHKHOTO COCTaBa
I'OT. B pacueTtax y4UTBHIBAIOTCS 3aTPaThl HA OIUIATY TPYla BOJIH-
Tenel U KOHIYKTOPOB, 3aTpaThl Ha TOIUIMBO, TOPIOYE-CMa304HbIE
MaTepualibl U IPOYHe HKCILTyaTal[MOHHBIE MaTepHalbl, 3aTpaThl
Ha TEXHWYECKoe OOCITy)KMBaHHE, PEMOHT M aMOPTH3AIHIO I10-
JIBIDKHOTO cocTtaBa. Pacuer cebecronmocTn 1 kM npobera mpoBo-
JIITCSL JUTS Pa3HBIX KJIAccoB TpaHCHOpTHBIX cpeactB ['OT, dro
TI03BOJISIET TTOBBICHTH TOYHOCTH MICHTU(PHKAIINHN 3aTpaT Ha (PyHK-
nuonuposanue IITOII Ha pa3HbIX MapHIpyTax.

B myGmukarnum [10] oTmedaeTcs, 9TO COBOKYITHBIC 3aTpaThl
[ITOII Ha BBHITIOTHEHNE TPAHCIIOPTHON PaOOTHI SBIIOTCS CBOA-
HBIMH KOMIUIEKCHBIMH TIOKa3aTeIMHU 3((EKTUBHOCTH HE TOJIBKO
1m0100paHHOr0 MoABMKHOTO coctaBa ['OT, HO U GOJIBIIOTO YKCIIA
napameTpoB coctostaust cuctemMbl [TTOIT B 11e10M, 1 B 9aCTHOCTH
MapIIPyTHOH CHUCTEMBI I OCOOEHHOCTEH OpraHU3alny JIBIKECHUS
nojasmkHoro cocrtaBa 'OT nenocpencreenno Ha Y JIC.

B pabote [11] aBTOpBI ONKMCHIBAIOT MHOTO3TAITHOCTh MOUCKA
3 QEeKTUBHBIX pelIeHU B cepe COBEpPIICHCTBOBAHUS TOPO/I-
CKOTO TPaHCIIOPTHOTO KOMITIEKCA U OOBSCHSIOT MPOOIEMaTHKY
CJIO’KHOCTH AaHHOH 3a/1auil MHOTOKPHTEPUAIIbHOCTBIO M pa3HO00-
pasueM neneBbIX (yHKIUHA. Pemrenuwe 3amau ontuMmzanmu 3¢-
¢dexruBHOCTH [ITOII CBA3aHO ¢ TOMCKOM ONTUMYyMa IS IIETON
rpynmbsl kputeprueB [12] u BeIOOpoM Hamboiiee 3HAYUMBIX U3
YHCIIa BO3MOXHBIX BAPHAHTOB — BEChMa HEIIPOCTast 331a4a.

B pabote [13] ormedaeTcs, 9yTo 3hHEKTHBHOCTh MEPOIIPHS-
THUH IO COBEPILIEHCTBOBAHUIO TOPOJCKOM TPAHCIIOPTHOM CUCTEMBbI
MOJKET CYIIECTBEHHO OTJINYATHCS ISl Pa3HBIX pallOHOB ropoja u
3aBHCHUT OT IPOCTPAHCTBEHHOTO PACIpEeICHHs TPAHCIIOPTHOTO
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cnpoca. ABTOpbl JuddepeHunpyoT paloHbl Tropoja Ha He-
CKOJIBKO KJIACTEPOB. DTO MO3BOJISIET UICHTU(PHIIUPOBATH 3aBUCH-
MOCTh CTPYKTYpbl TpaHcnoprtHoro crpoca (MAT / IITOII) ot
CPEIHEro BPEMEHH B MyTH.

C y4eToM [esu 1 pe3ysbTaToB MPOBEICHHOTO aHaJM3a COCTO-
SIHUSL Bonpoca OblIM c(OpMYITMPOBAHBI CIIETYIOMINE 3a/1aul HC-
CJIC/IOBAHMUSL:

— IPOBECTU CTATUCTHYECKUH aHAJIN3 OCHOBHBIX ITOKa3aTele,
XapakTepu3yromux MapmpyTHyto cets [ITOII Tromenw;

— TIPOBECTH CTATUCTHYCCKHUNA aHaiam3 0a30BBIX ITOKa3aTelnei,
OTMCHIBAIONINX Ka4decTBO OOCTYKMBaHHWS MapIIPyTHOH ceTu
IITOII TromeHu mpoBo3HBIMU BO3MOKHOCTSIMU OT;

— copmuposath nupposoit aABorHUK [ITOIT TromeHw.

CraTHCTHYECKHUIT aHAJIU3 OCHOBHBIX MOKa3aTeJIei,
xapakrepusyromux Mapmpythyio cucremy IITOII Triomenn

Pemenne 60sb110# 110 00BEMY M CIIOKHOH 110 IPUYMHE MHO-
TOKPUTEPHATBHOCTH PEIICHNH 331a4H 110 HACHTH()UKAIINN COCTO-
stans MaprapyTHoi cuctemsl [ITOIT Beckma 3aTpyaHUTENBEHO O3
co3maHus nU(pPOBOH MOIEIH HCCIETYEMOW CHCTEMBI, B YaCTHO-
ctu — mozenu 'OT.

B pamkax uccnenoBanus ObUTH cOOpaHbl JaHHBIC O (haKTHYe-
ckoM kauectBe (yHkiponuposanusi [ITOIT B kpynHOM poccHii-
ckoM ropojie TromeHu (HacelieHHe 1Mo COCTOsHUIO Ha 2025 r. —
872 ThIC. Yen.). HeoOXoauMO yTOUHHTH, YTO MaplIpyTHasi CETh
IITOIl Tromenu ob0bemunsier 116 aBTOOYCHBIX MapIIpPyTOB, Ha
KOTOpBIX paboraror 1276 aBToOycoB. J[pyrux BumI0B ropoacKkoro
MacCcaXUPCKOro 0OIIeCTBEHHOT0 TpaHcnopra B TroMeHH HeT (110
2009 r. B roposie pyHKIMOHUPOBAI TPOJIICHOYCHBIH TPAHCHIOPT).

B 6a3e maHHBIX MpeCcTaBICHBI CIEAYIONINE TAOIUIIBI JAHHBIX
(cxema 6a3bl nanHbIx ER-mmarpamma npejcrasiiena Ha puc. 1):

— uadopmarus o mapmpytax [ITOIT Tromenn u ceeneHus 00
OCOOCHHOCTSIX TPAGKTOPUU HMX TPACCHI B IIPOCTPAHCTBE TOPOA-
CKOH TEppUTOPHUH;

— nH}opMarnus 00 0OCTAHOBOYHBIX IyHKTAX MapUIPYTHOH CEeTH
[ITOII TromeHn (HauMEHOBaHME, KOOPAMHATHI, CBS3b C HAINPaB-
nenneM aswkerns I'OT);

— tabnuna nHpopmarmu o Mapupyrax [ITOIl (Hanmenosa-
HHUE, HOMep MapuIpyTa);

— Tabnuna csizeit mexy mapupyramu [1TOII n octanoBou-
HBIMH ITyHKTaMH Ha IyTH CIIEJOBAHMS;

— uH(popManus 0 neperoHax Mekay OCTaHOBOYHBIMHU ITyHK-
tamu Ha Mapmpyrtax [ITOII (Texymuii OCTaHOBOYHBIM ITyHKT,
CJEeyIOUIMI OCTaHOBOYHBIM IYHKT, MOPSIKOBBIA HOMEp Iepe-
TOHA, TPAEKTOPHS [IBIKCHMS, MPUHAUICKHOCTh MAapUIPYyTy
[ITOII);

— pacluucaHue [JBIDKCHUS MapLIPYTHBIX TPAHCHOPTHBIX
cpencTB (YHHUKalbHbIE HOMEpAa CAMHUIl IMOJBIKHOTO COCTaBa,
OCTaHOBOYHBIX ITyHKTOB, MapuipyToB [ITOII u mnanoBoe Bpems
MIPUOBITHS] HA KOHKPETHBIE OCTAHOBOYHBIE ITYHKTHI);

— nHdopmanus 00 KCIOIb3yeMOM Ha MapIIpyTe MOBHIKHOM
cocrase ['OT (rocynapcTBeHHBIH HOMEP TPAHCIIOPTHOTO Cpe-
CTBa, BMECTUMOCTb, TUIl BMECTUMOCTHU, KaTeropusi, KOJIU4YECTBO
CUJITYHMX MECT);

— uHpopmarust o cBsizu Mapupytos I[TTOII ¢ obGcmyxuBato-
MU WX MACCaKUPCKUMU aBTOTPAHCIIOPTHBIMHU TIPEIIPHSTH-
SIMU;

— uH(pOPMAIS O MACCAKUPCKUX ABTOTPAHCIIOPTHBIX TpE.-
TIPUATHSAX.
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Ha ocHoBe npeaBapurensHOit 00pabOoTKN JaHHBIX OBLIN MOJTY-
YEeHBI JOTIOJHUTENBHBIC TapaMeTphl MapmpyTHoi cucteMbl I'OT
TroMeHH, B 4aCTHOCTH:

route_path parts_route
PK|id PK | id
—— FK | route_info_id FK | bus_stop_id
path next_bus_stop_id
number_part_route
path
route_info _l—o< FK | route_id
—— PK | id
fame schedule
public_number PK | id
FK | bus_stop_id B0—
bus_stop_route FK | bus_id Bo—h—
FK | bus_stop_id FK | route_id
—o¢ FK | route_info_id time
id
bus_stop
PK | id —
org-route
name
PK | Id
coord
—o< FK | route_info_id
" description
FK | org_id
org bus
PK|ld PK | Id
name capacity
phone type_capacity
category

Puc. 1. ER-gunarpamma 6a3bl JaHHBIX O (QYHKIHOHHPOBAHUH
cucremsl IITOII Tromenn

— JunHa 000poTHOTO petica st MapuipyToB [ITOIT Ha ocHOBe
MIPOCTPAHCTBEHHBIX KOOPJAMHAT (THCTOTpaMMa pacHpeesIeHHs
JunH 000poTHBIX peticoB MapmpyToB 'OT TromeHu mpezncras-
JIeHa Ha pHC. 2);

— murHAa nieperoHoB Ha MapmpyTax [ITOII (ructorpamma pac-
npeneneHus AIH neperonoB MapuipytoB ['OT Tromenu mpen-
cTaBJeHa Ha puc. 3);

— umucno mapupyroB [ITOI, obciykuBaroMXcss KOHKPET-
HBIM OCTaHOBOYHBIM ITYHKTOM (puc. 4);

— KOJINYECTBO 0OCITY’)KUBAEMBIX OCTAHOBOYHBIX MYHKTOB KOH-
kpetHbIM MapripyTom [ITOIT (puc. 6).

Ha pucynkax 2-4 u 6 npencTaBieHbl THCTOTPaMMBI, XapaKTe-
PU3YIOIIUE paclpeeIeHUs] YNCICHHBIX 3HAaYEHUN BBIIIEYKa3aH-
HBIX MapaMeTpoB MapipyTHoi cucteMsl ['OT Tromenu.

Cpenusis (MequanHas) JJMHA 000POTHOTO peiica MapHIpyTOB
[ITOII Tromenu (puc. 2) COCTaBISIET COOTBETCTBEHHO 37 (34) kM.
DTO BHICOKAs BEJIMYMHA IS TOPOIa 00k momansio <~ 491 kv,
ITo cyTH, 3TO KOCBEHHOE CBHUAETEILCTBO MPAKTHUECKH MOIHOTO
oXBaTa Bcell ropoickoil Tepputopun MapipyTHoit cetsio [ITOIL.

-
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OO0 3TOM JX€ KOCBEHHO CBHCTEIBCTBYET U OOIEE YHCIIO
MapupyToB, oociyxkuBaembix [ITOIT — 116, uto npeBslmaer 00-
MIENPUHATHIH HopMaTuB | MapmpyT / 10 ThIC. 4ei. HaceleHusI.

: : == MeauaHa: 34.3
—= Cpepgtee: 37.1

254
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w
!

10 20 30 40 50 60 70 80
JnuHa 0BopoTHOTO pefca MapLUIpYTa, KM

Puc. 2. 'ucrorpamma pacripesie/ieHust JJIHH 000pOTHOTO pelica
mapuipytos [ITOII Tromenn

Ha puc. 3 npencrasiena ructorpaMma pactpeaeiaeHust IIHH
meperoHoB Ha MapmpyTtax IITOIl Tromenn. Cpennss
(MenuaHHas) AMHA HEPETOHA MEXK/Ly OCTAHOBOYHBIMH ITyHKTAaMH
Ha MapmpyTtax [ITOIl TromMeHH COCTaBISET, COOTBETCTBEHHO,
690 (520) m.

== Meanana: 0.5
== CpegHee: 0.6
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Puc. 3. 'ucrorpamma pacnpezeneHus JJIMH IeperoHoB
6onpmeit yactu MapupyToB [ITOIT Tromenn

[eperons! muHOM Oonee 2,5 kM coctaBisitoT 1,8% ot gucna
Bcex MapuipyTHbIX neperoHoB [ITOIT TiomeHu U OoTHOCATCSA K
TPYTIIe IPUTOPOIHBIX MapIIPYTOB. B 11e710M 3TO BITOJTHE COOTBET-
CTBYET OOLICTIPUHSATON NpakTuKe. bojee MHTEpPEeCHBI AaHHBIE O
JUIMHAX MEPErOHOB Ha TOPOACKHUX MapupyTax. 25% 3HaueHHH
JUTHH TICPETOHOB MEXIY OocTaHOBOYHBIMU myHKTamu [ITOII ot-
HOCATCS K Kateropun «J{inmHa neperona 6omee 730 mM», 9TO 10O3-
BOJISICT CAETATh BBIBOJ JINO0 0 Manoi ces3HocTH Y /JIC Ha mepu-
(dhepuu ropoja, 1160 00 OTHOCUTEIILHOM HECOBEPIIICHCTBE MapIIl-
pytHoii cetu IITOII Tromenu.

Ha puc. 4 npeacraBieHa rucTorpaMma pacipeaesieHust yucia
mapuipyToB IITOII, oOcmyxuBaroumuxcss KOHKPETHBIM OCTaHO-
BOuHBIM IyHKTOM (OI1).

Cpennee (MeamanHoe) 3HaueHue uncia mapumpytos [ITOII,
00CITYKMBAIOIIUXCSl KOHKPETHBIM OCTAaHOBOYHBIM ITYHKTOM CO-
CTaBJISIET COOTBETCTBEHHO 4 (2) enunuiibl. Pazymeercs, 11st 1ieH-
TpaJIbHBIX PaliOHOB TOPOJIa XapaKTepHa OOJIbIIAs KOHIEHTPALHS
o6cmyxuBaembix OIT mapmpyramu [TTOII.

=== CpegHee: 4.0
=== Megwana: 2.0

KONWYECTED OCTAHOBOYHBLIX NYHKTOB

] 5 10 15 20 25 30
KONU4eCTB0 MapLWPYTOB Ha OCTAHOBOYHOM NYHTKE

Puc. 4. 'mcrorpamma pacmpeeneHus 00CIyKHBaeMBbIX MapIIPyTOB
octaHoBouYHbIMU ITyHKTaMu [ITOII Tromenun

WmenHo B nienTpe ropoja sokanusytores OI, oTHOCsIMECS K
KJIacCy TPaHCHIOPTHO-TIEPECca0YHbIX y3110B. CBsA3aHO 3TO CO cIie-
mudukoit VJIC Tromenu, copmupoBanuoit ucropuyeckn. ¥ JC
TromeHn mpencTaBisieT codor (pakTan kimace «kpad» (puc. 5),
LEHTPATBHON OChI0 KOTOPOTO siBisieTcst ynuia PecmyOmmkn (1o
1917 1. — yn. Llapckast), BOKpYT KOTOPOIl HCTOPHYECKH B TCUCHHE
4-x cTosIleTHii IPOTEKAT POCT TOPOA.

Puc. 5. ®paxran mapmpytroii ceru IITOII Tromenu

B Tabmune 1 mpencraBieHsl HanOoiee IMPEACTaBUTEIBHBIC
OIl I'OT, otHocAMEecT K KJIAcCy TPaHCHOPTHO-NEPECaTOUHbIX
y310B. Knaccnduxkammonnsiii kpurepuii Beioopa OIl — konmde-
crBo MapuipytoB ['OT, obciyxkuBaembix OI1.

Hanpumep, OIl «3aBox MenobopynoBaHus» 00CITyKHBaeT
aBToOycer 30 mapmpytoB IITOII Tromenn (20 roponckux u 10
npuroponnasix); OIT «KpocHo» obcmykuBaer 28 MapmipyToB
[TOII Tromernn (21 ropoackol U 7 MPUTOPOAHBIX). UeThIpe U3
rsatu Oll, mpeacTaBiaeHHBIX B Tabnuie 1, JTOKaNU3yIOTCS Ha OCH
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¢dpaxrana mappytroii cetu [ITOIT Tromenu — yi. PecriyOnuku,
HUCTOPUYECKH BaKHEHIIIEH TPaHCIOPTHOW apTepuu ropoja. Enun-
crBeHHoe uckirouenue — OIl panra 5 (Mkp. TroMeHCKHi) JTOKaIH-
3yeTcst Ha yJuIle B /iBa mara (hpakrajia MapuIpyTHOH CeTH.

Tab6muma 1

IIpumepst octanoBouyHbIX MyHKTOB [ITOII Tromenn, o6ciryKu-
BAaIOIINX MaKCHMalbHOE 9rcio MapmpyTos [OT

Haumenosanne Konunuectso Yucno peiicos,
OCTaHOBOYHOTO ITyHKTA mapmpyTtos ['OT, BBITIOTHSAEMBIX
(OIT) mapmpyTHOH ceTi obcmyxkuBaemerx | ['OT, mpoxosmux

I1TOII Tromenu OIl, exn. yepes Ol, pefico

CkBep uM. HemioBa 31 1184
3aBoj MenobopymoBaHust 30 809
Kpocno 28 801

V. XononunpHas 24 1129

MKp. TroMeHCKui 24 1387

Ha puc. 6 npencrasieHa ructrorpaMma pacipeieeHus KO-
YyecTBa 00CITY)KMBAaGMBIX OCTAHOBOYHBIX IYHKTOB KOHKPETHBIM
MapmpytoM I[ITOII (ams o6opoTHOTO peiica).

14 4 === Cpeawee: 54.0
=== Mennana: 55.0

KoNu4ecTso MapwpyTos

20 40 G0 80 100
KORM4ECTBO GCTAHOBOYHBIX NYHKTOR Ha 06OPOTHOM PEACE MADLIPYT

Puc. 6 ['ncrorpamma pacnpeneneHust KOJIN4eCTBa OCTAHOBOYHBIX
IIyHKTOB Ha 0060poTHOM peiice mapuipyTos [ITOII Tiomenn

CraTtucTnieckoe pacrpeneneHle KOIUIeCTBA OCTAaHOBOUHbIX
myakTtoB (OIl) IITOII, mpuxonsmuxcs Ha OOOPOTHBIA peiic
MapuIpyToB, COOTBETCTBYET HOpPMaJbHOMY 3akoHy. Cpeanee
(MenuaHHOE) 3HAUCHHE JAHHOTO ITapaMeTpa COCTaBIIAET COOTBET-
ctBeHHO 54 (55) enunun OI1.

B xozne ananmuTHaeckoi paboThl Tak)ke OBUTH PEIIeHBI CIey-
IOIIIE TPOMEKYTOUHBIE 3a0a4H:

— CKOPPEKTHPOBAHBI U yIAJICHBI 1y OJINKAThl THIIOB BMECTUMO-
CTH JUI MapUIPYTHBIX TPaHCHOPTHBIX cpeacTs ['OT;

— yZAaJeHsl TyOJIMKaThl 0CTaHOBOYHBIX IyHKTOB [ITOIT;

— yHajeHsl JyONWKaThl BPEMEHH [BIDKCHUS MapIIpyTHBIX
TPaHCIIOPTHBIX CPEACTB;

— 00BEeTMHEHBI TAOIHIBI MAPIIPYTOB, IEPETOHOB, OCTAHOBOY-
HBIX TIyHKTOB, paclUCaHWsd M MAapHIPYTHBIX TPaHCIOPTHBIX
CPEJICTB B OOIIYIO TaOIHILY.

OcHOBBIBasiCh Ha aHajH3e 0a3bl NaHHBIX MapHIPYTHON CETH
[ITOII Tromenu, ObiH ycTanosiaeHs! mapbl OI1 ¢ BO3MOXHOCTBIO
PSIMOTO COOOIICHHUs, 0€3 OCYIIIECTRICHUS [IEPECaIKK C aBTo0yca
OJTHOTO MapuIpyTa Ha aBToOychl Apyrux mapupyros ['OT.

TPAHCIOPT

Pacnpenenenne xommuectBa OIT IITOII, xapakTepu3yeMbix
BO3MOXKHOCTBIO TIPSIMOTO O€cIiepecasioyHOro COOOIIEHHUS Mpe/-
CTaBJICHO Ha puc. 7.

C menplo oOecriedeHusi BO3MOYKHOCTEH aHannM3a CBS3HOCTH
Bcex ocTaHOBOYHBIX MyHKTOB I[ITOII Ha MapuIpyTax onpezneneHa
oOmas tabauna peiicos, oociysxusaronmx Oll, cogeprkamast nH-
(hopmario o MapupyTe M IyTH CIEAO0BaHUs, JJIMHE MapuIpyTa,
npesiayiieM u nocienytomem OI1, mapopmarmio 06 aBTOOYCE U
BPEMEHU IPUOBITHS.

B uroroBoii aHamuTHdeckoit Tabnmie coaepkutcs 268 ThIC.
cTpok (ormpasneHui/mpudsITH 0T / K OIT IITOII 32 cyTkn).

== Cpegnee: 381
== Megmawa: 26.0

noq

7504

2004

KONMUeCTED OCTAROBDUAK MywKTos FNOT

100 150 2 00
KONMMYECTEO SOCTHMAMMK OCTAR0DOK (NpaMoe coobureine)

Puc. 7. I'ucrorpamma pacnpeznenenus yucia OII ITTOII Tromenn
C BO3MOKHOCTBIO 00€CIIeUeHH s IPSIMOTo OecrepecagoqHoro
COO0IIeHUS

B Tabnuie 2 npuseneHs! ceeacHus o 5 Ol mapripyTHOU cetn
I'OT Tromenn, 00eCMEYHBAIOIINX MAaKCHMAaJIbHO BO3MOXKHOE
YKCJIO CBS3CH C JPYTUMH OCTAHOBOYHBIMH ITyHKTaMHU B Oecriepe-
CaJIOYHOM COOOIICHHU.

Tabmuia 2

IIpumeps! natu octanoBouHbIX MYHKTOB [ITOII TroMenu,
00ecIeunBaoIIMX MaKCUMAJIBHOE YHCIIO CBA3EH ¢ IpyTUMH
OCTaHOBOYHBIMH ITyHKTaMH B OecriepecaouHoM COOOIIEHUN

HanmeHnoBanue ocTaHOBOUHOTO UYucno cszeit ¢ apyrumu OI1

myHkra (OIl) mapmpyTHO#i cetn | B OecrepecaJoqHOM COOOIICHHH,
[ITOII Tromenu el
3aBojg Meno6opymoBaHust 313
MKp. TromMeHckui 258
Cksep Cemena Ilanko 248
JKJ1 Bok3zan 215
yi1. X0JI0JUIbHAS 209

Baxnyio ponb B onmcaHuM cHenM(pHUKH MapHIPyTHOH ceTh
IITOII Taxke urpaer Takoil mokasaresib, KaK CyTOYHOE KOJIHYE-
CTBO peiicoB MapmpyTHBIX TpaHcTIOpTHBIX cpencts (TC), obcmy-
)kuBaromux OI1. Pactipenenenue oxsara peticoB [ITOII Ha ocra-
HOBOYHBIX ITyHKTaX IPeJICTABICHO Ha pucC. 8.

Ha 33,1% ot o6miero uncna OIl mapmpytHoii cetu ITTOII co-
BEpIIAIOT OCTAHOBKHU JUIS MOCAJIKHN / BBICA/IKH MTACCAXKUPOB aBTO-
Oycel, Bemonusrone 80% peiicos. JlaHHOE pacipeneneHue
OXBaTa OCTAaHOBOYHBIMHU IyHKTAaMU (PAKTUYECKH BBITIOJIHIEMBIX
aBTOOyCaMH pelcoB COOTBETCTBYeET pacrpeeieHuto [lapero.

—
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80.0% pencos
Ha 33.1% oCTaHOBOYMLIX NYHKTOB
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63.8% pencos
Ha 20.0% OCTAHOBOYHBIX MYHKTOR

KyMynaTueHbIA % peitcos
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% 0CTaHOBOUYHLIX NYHKTOB

Puc. 8. Pacnipenenenune oxsata peticos IITOIL
Ha OCTAaHOBOYHBIX MyHKTaX MapIIpyTHOH ceTn TroMeHn

Heo0x0aumMo 0TMETUTb, 4TO OOBIYHO JJAHHASI ITPAKTHUKA COOT-
BETCTBYET paJMabHOM KOH(QHUIYpalud MapIIpyTHOW CETH
IITOII.

B 6a3e nannbix o ¢pynkunonuposanuu [1TOII Tromenn npen-
CTaBJIEHBI TAK)KE JaHHBIE O MOJBIKHOM cocTtaBe 'OT u ux kiac-
cax BMecTHMOCTH. OOIIMe TapaMeTpsl IOJBIKHOIO COCTaBa
[ITOII TromeHn TipeAcTaBICHE B TabmHIIe 3.

Tab6muma 3

Pacnipenenenne noasmkHoro coctasa [ITOIT Tromenn
10 KJIacCaM BMECTUMOCTH

Knacc mapmpyt- Jlana3oH 3Ha4eHUI
ubIx TC (aBTOOY- Yucno 110 BMECTUMOCTH
COB) Ax Aw, e71. MuH. Cpen. Makc.
10 BMECTUMOCTH 3HAUCHUE | 3HAYEHHE | 3HAUYCHHE
Maubit 383 17 19 39
Cpennuit 291 39 57 77
Bonbmioit 528 53 108 115
Oco60 OombmIoi 74 164 184 193

YTouHNM, 9TO OONBIION M CPEeTHHUNA KIacChl aBTOOYCOB MOTYT
XapaKTepHU30BaThCS MEPECEUCHUEM BEIMYMH BMECTHMOCTH, TaK
KaK pa3In4us B KJIAcCax OIPEAEISIOTCS radapuTaMy JUIMHBI, a
MacCa)XKUPOBMECTUMOCTh 3aBHCHT OT KOH(UIypaluu caJioHa,
YHCIa CUISTYUX MECT U T.II.

Hcxons n3 KOOpAMHAT OCTAHOBOYHBIX ITYHKTOB U IyTeH ciie-
noanust MapuipytoB ['OT ObL1 onipenener KodGGUIUESHT Henpsi-
MOJIMHEHHOCTH Tpacc MapipyToB Ki..,. Pactipenenenue ynciex-
HBIX 3HaueHHUH KodduienTa Kjenp NPEACTaBICHO HA PHC. 9.

K rpynne oTHOCHTENBHO NPUEMIIEMBIX IO YPOBHIO HEMPSMO-
muHeHHOCTH (Kenp < 1,5) Tpacc MapmipyToB B TOPOJCKOM IIpO-
cTpaHcTBe oTHOCATCS Jmib 38% wmapmpyTtoB I[TTOIT Tromenn.
OTO eme OAHO CBHIETEIHCTBO HECOBEPIICHCTBA MapIIpyTHOH
cucremsl [ITOII Tromernn. Hago oTMeTuth, 9T0 mMpodiemaTnka
HETPSIMOJIMHEHHOCTH TpacC MapLIpyTOB BO MHOTOM SIBIISETCA
CJIEZICTBHEM TPOCTPAHCTBEHHO-TEOTPaPHIECKON CIeUU(PUKH TO-
POACKOM TeppUTOPHH (pa3[eNeHNe TEPPUTOPUHN TOpoja Ha TPH
OCHOBHBIX YaCTH PEKOM M KeJe3HOAOPOKHOW MarucTpalibio
Tpanccuba), HO He BO Bcex ciiydasx. Bo3MOXKHOCTH CHIIKEHUS
HenpsaMoarHeRHocTH Tpacc MapiipyToB [ITOII B Tromenu cymie-
CTBYIOT.

== MeauaHa: 1.6
== (CpegHee: 1.8

KONWYecTeo MaplupyTos (No HanpaeneHuam)

1.0 1.5 2.0 2.5 30 35 4.0 4.5 5.0
KO3MPUUMEHT HENPAMONMHEAHOCTH

Puc. 9. 'ucrorpamma pacrnpeaeneHust YuCISHHbIX 3HAUYSHHH
ko3¢ duirenTa HenpsiMoarHeliHocT! MapupyToB [1TOIT Tromenn
(yurtensl Tpaccsl 116 MapupyToB B ABYX HAIIPABICHUSIX
JIBIDKEHHS aBTOOYCOB)

IudgpoBoii ABOHUK MACCAKUPCKOrO
TPAHCIOPTA 001Iero MoJb30BaAHUS

Just popmupoBanust 1upposoro asovinuka [ITOIT u monenu
TPaHCHOPTHOTO IPEUI0KEHHSI OOBIYHO MCITOJIb3YIOTCS TEXHOJIOTHH
Teopuu rpados [14]. Ha ocHOBe 6a3bl TaHHBIX 00 OCTAHOBOYHBIX
MyHKTax, MapipyTHoi cety I'OT, nogBMKHOM COCTaBe U paciu-
caruu [1TOIT popmupyercst Mmozenb rpada, COCTOSIIAS U3 BEPIIUH
(ocTaHOBOYHBIE IyHKTHI N ocTaHOoBKK MapmipyTtoB I'OT) u pedpa
MeXy BepimmHamMu. PeOpa B rpade nensrcs Ha HECKOJIBKO THITOB
(C COOTBETCTBYIOIIMMH MapaMETPAMH HII BECAMH):

— TEPeroH MapuipyTa MEXIy OCTAaHOBOYHBIMU ITyHKTaMH
[ITOII (mapameTpsl: BpeMs OBIDKEHUS W UIMHA TIEPETOHA, BMe-
cTUMOCTh MapIpyTHEIX TC, HaMMEHOBaHNE MapIIPYTOB H TIP.);

— IocajiKa maccakxupoB B MapuipyTHoe TC Ha 0OCTaHOBOYHOM
myakre ['OT (Bpems oxumganus mapmpytaoro TC na OIl, cron-
MOCTb TIPO€3/1a, TOPSAKOBBINH HOMep MapiipyTHoro TC B moe3 ke,
PHCK OTKa3a MOCaIKH U Tp.);

— BBIC JIKa TACCAXKMPOB Ha 0cTaHOBOYHOM IyHKTE ['OT;

— OKUJIaHUE TTacCaXUpoB BHYTpH MapiipyTHoro TC Ha ocTa-
HOBOYHOM ITyHKTE (JUIMTEILHOCTh OCTAHOBKH, (haKTHUeCcKas 3a-
MIOJTHSAEMOCTD «IPOE3KAIOIIHE TACCAKHUPBI U TIP.)

Hanpumep, npu dopmupoBanuu rpada MapumipyTHOH ceTH
BHYTPU OCTaHOBOYHOTO ImyHKTa «CkBep mM. HemmoBa» ¢opmu-
pyercs 63 BepUIHHEI (OAWH HEHTPOU, 3 | IS «ITOCaIKIy B MapIII-
pytasie TC u 31 s «Beicagku» u3 mapmpyTHeX TC). Cxema-
TUYHOE 0TOOpaKECHHUE BRIOOPOYHOTO yYacTKa rpada MapupyTHOI
cetu [ITOII npencrasneno Ha puc. 10.

MapwpyT MOTM Nei

MapuwpyT MOTI Ne2

Puc. 10. I'pa¢ yuacTka MapupyTHO CETH TOPOCKOTO MACcCaKUPCKOTO
TPAHCIOPTA OOIIETro MOJIB30BAHUS
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Ha puc. 10 gns OII-1 u nast OII-5 OTCYTCTBYIOT CBSI3U Ha BBI-
CaJIKy U TI0CaJIKy COOTBETCTBEHHO, TaK Kak /st MapmpyTa [ITOIT
Ne 1 OII-1 sBrsieTcst HAYATBFHBIM OCTAHOBOYHBIM ITYHKTOM, a JUIS
mapmpyTa [TTOIT Ne 2 OI1-5 sBnsieTcst KOHSIHBIM.

s hopmMupoBaHUs MaTPHIl KOPPECTIOHACHINI 1 MaTPHI 3a-
TpPaT BCEX BUJIOB IIPU MOJIEITMPOBAHUU TPAHCIOPTHBIX TOTOKOB Ha
rpade B Mozeinb Oblia jobaBiieHa WHpOpMAIMs O paloHax ro-
pona. Ha ocHoBe merona Ball tree moucka Onmxailimx cocesei
(oubamorexu Scikit-learn) ObUIN OMpeENCHBI PACCTOSHHS MEXKTY
BCEMH MapaMH TPAHCHOPTHBIX PallOHOB U OCTAHOBOYHBIMH ITyHK-
tamu [ITOII. [nsa kaxmoro paiioHa ObUTH OMpEICICHBI OCTaHO-
BouHble MyHKTHI [ITOII, Haxonsmuecs B paMkax TPaHCHOPTHBIX
palioHOB, OTPAaHUYCHHBIX OKPYKHOCTBIO paxuycom 500 M u chop-
MHUPOBaHBI JIONOJHUTEIbHBIE BEPIIMHBI Ha rpade. Pacmpenene-
HHUE KondecTBa 0cTaHOBOYHBIX MyHKTOB IITOII 11 paiioHoB ro-
pona mpencTaBieHo Ha puc. 11.

100

60

HONMYecToo panoHon

5 6 7 8 % 1 1 12 13 4 15 1 17 18
KORMYECTEO OCTAHOBOUNHEX NYHKTOR

Puc. 11. Pacnpenenenue koiuuectBa OIl B TpaHCTIOPTHBIX palioHaX,
OrpaHUYCHHBIX OKPY>KHOCTBIO pagmycoMm 500 m

JIng neHTpanbHBIX palfoHOB ropoja, sl KOTOPBIX CBS3HOCTh
TEPPUTOPUU OOJIbILIE — XapaKTEPHO CTATUCTUYECKH OOJIbIlee KO-
JIMYECTBO OCTaHOBOUHBIX IMyHKTOB [ITOII.

IIporuosHoe pacrpejeseHue MaccakKUpONOTOKOB HAa Mapli-
pytHO# cetu [TTOII TroMeHU MOKET BBIITOJIHATHCSA HA OCHOBE UC-
10JIb30BaHMs CJIEAYIOIIEro MOCIEI0BaTEIbHOIO alropuT™Ma JIei-
CTBUH:

1. denenune. MicxonHas MaTpulia KOPPECIOHIEHUIUHN IETUTCS
Ha N paBHBIX YacTell (KOJIMIECTBO UTESPAIHIA).

2.0n exenenHue myTel nepeaBkeHnit maccaxupos [1TOII B
MPOCTPAHCTBE TOPOJA C UCIOJIb30BAHUEM ANTOpUTMA JIeHKCTpBI.
J1st KasKnol KOpPECIOHACHLIMU OIIPEAEIIAETCS KpaTYalIui Iy Th
cnenoBanus 1o mapupytHoi cetu 'OT (mo BeiOpaHHOMY mapa-
METpy, HalpuMep, M0 BPEMEHH B IMyTH, CTOMMOCTH Tpoe3aa U
Ip.).

3. UnenTndukanus nporHo3HbIX MaccaxuponoTokos. O0bem
MOE370K M3 YaCTHMYHOM MaTpHIbl yCTaHaBIMBAeTCs (J100aBIs-
eTcsl) JUIsl KaKA0To pedpa BXOISIINX B KpaTYalIluii Iy Th KOppe-
CHOHJCHIUU.

4. OGHOBIIEHHE MTapaMeTpoB pedep rpada MapHIPyTHOH ceTH
I'OT. Iocne xaxmoro pacupene’eHNs YJaCTHIHON MaTpPHIIBI, Ta-
pameTpsl Ha peOpax Trpada MapIIpyTHOW ceTH OOHOBISIOTCS, B
LHeNsX ydYeTa MacCaXMPOBMECTHMOCTH ITOJBMKHOTO COCTaBa
I'oT.

5.Cn yromas urepaius (BO3BpAILICHNE K ITyHKTY 2).

TPAHCIOPT

Jpyrum BO3MOXHBIM BapUaHTOM PacIpeIesICHHsI TacCaXKUpo-
notokoB Ha mapuipytHoi cetu ITTOII sBasiercss anroputm pac-
npeaenenus merogom dpanka-Bynbda.

Kaacrepubiii ananu3 cucrembl MapuipyToB IITOII Tiomenu

Krnacrepusrii ananmus npoBomuiics Ha ocHoBe PCA (Principal
Component Analysis) MeTo/1a r1aBHBIX KOMIIOHEHTOB. B pamkax
JTAHHOTO METOjia ObUTH ONpE/eNICHbI JBE INTaBHbIE KOMIIOHEHTBI
PC1 «IIpocTpancTBeHHBICY» (IJMHA MapUIpyTa, MEPEroHOB WU
IUIOTHOCTHh OCTAaHOBOYHBIX MyHKTOB) 1 PC2 «EmKoCTBY (CpenHss
BMECTUMOCTh MapiipyTHbIX TC Ha MapuipyTax).

[TapameTpsl, onpenesnsomye riIaBHble KOMIIOHEHTHI MapIpy-
TOB, TIPEJICTABJICHBI B Ta0II. 4.

Ta6nuua 4

XapaKTepI/ICTI/IKI/I KIJIaCTCPOB

XapaKkTepucTuka Ne knacrepa mapupytos [ITOII Tromenu
MmapupyToB IITOIT 1 2 3 4
Cpenusist UIHA
MapuipyTa 3a 000poT- 44 36 51 26
HBIN peiic, KM
CpenHee KOJIMYECTBO
OII 3a 060pOTHBII 135 125 60 82
pe¥ic, e
CpenHsis INIOTHOCTD
OII o anuHe Mapiu- 3,1 3,5 1,2 32
pyta, OIl/km
Cpennsis pacyeTHast
BMECTHMOCTD TIO-
113 30 41 101
JIBIDKHOTO COCTABa,
macc.mMect / aBTo0yc
KonnuectBo mapuipy-
Iy 33 34 13 36
TOB B KJIACTEPE, €/1.
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[IpocTpaHcTBEHHBIE KOMITOHEHTHI 1 BIMSHHE JJIMHBI 000pOT-
Horo peiica L. osopom Mapipyta ITTOIT va uncno OIT npencras-
neHo Ha puc. 12. Ha pucynke npezncrasiena auddepeHunanms
MapuIpyToB Ha kiaactepsl 1-4. [To BenmuanHe K03 PUImenTa Kop-
pensiiiii R MOKHO c/ienaTh BBIBOZ O HAJMYMM CTATUCTUUECKON
cBs3u Mexay obopotHoi amuHoN MapmpyTa IITOIT Ly, vsopom 1
YHCJIOM OCTaHOBOYHBIX ITYHKTOB, IPUXO/SIINXCS HA 00OPOTHBIH
peiic N,

Ha puc. 12 npencrasnena takxe 3aBucuMoctb N, = f(Lv. o5opom)
¢ muddepennmanynei no yersipeM kinacrepam Mapupyrtos [ITOIT
TromeHu.

» Hacws!
8 Wucrep?
» Muucresd
100 o Rucmpd

HOMMEC THO OCTAHOBOMHBIX ITYHRETON
2 i

i c5OPATHOND PRIRA MAPWIEYTA, KM
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OO0cyskneHne 1 BHIBOABI

Temaruka MCCIICAOBaHMIA, CBA3aHHBIX C U3yYCHHEM OCOOCH-
HOCTEH 3aKOHOMEpHOCTeH (popMHpOBaHMS MapUIPYTHBIX CETei

IITOII, sBnseTcs BecbMa aKTyaldbHOH IS CaMBIX PasHbIX CTpaH
mupa [15-17]. O6psacHIETCSA 3TO Kak BBI30BAMH BPEMEHH, TaK U
HEOOXOANMOCTBIO CHIDKEHHMS 3aTpaT Ha (DYHKIIMOHWPOBAHUE CH-
CTEM INIPOCTPAHCTBEHHOTO IEPEMEIICHNSI TOPOKaH, OCOOEHHO B
KpH3HcHbIe BpeMeHa. OCOOCHHO sSPKO 3Ta MpoOJieMaTHKA TPOSIBH-
nack B nepuo octpoit pazer COVID-19 [18].

Kacasice HemocpeCTBEeHHO Pe3yIbTaToOB, MOTyUYCHHBIX B X0J1€
aHanu3a cratyca MapupyTHoit cuctems! ITTOII Tromenu u npea-
CTaBJICHHBIX BBIIIE, HEOOXOAUMO OTMETUTH CIIEAYIOIINE OCHOB-
HBIE BBIBOJIBL.

1. Creniens pa3BuTHs MapipyTHoi cetn aBTodycHoro [1TOII
ropo/ia MO’KHO XapaKTepH30BaTh Kak BBHICOKYIO. 116 MapmipyToB,
HPUXOIAMIUXCSA Ha TOPOJ C CENMUTEOHOI wIomanso ~ 491 km?, —
3TO JIOCTATOYHO BBICOKHH T10 3HAYEHHIO [TOKA3aTEb.

2. BonpmmacTBO MapmpyToB 'OT MOXHO XapaKTepH30BaTh
KaK MapIIpyThl ¢ U30bITOUHON JUIHHOW. MeIuaHHas JyInHa MapIiI-
pytoB IITOIT Tromenu mo 000poTy cocraBisieT ~ 34 KM, 4TO JIJIst
ropoja C HaceleHHEeM MeHee | MITH. 4esl. MpeACTaBISIeTCs upes-
MEpPHO BBICOKHUM TIOKa3aTeseM. DTO SIBISIETCS OCHOBHOM MpPUYH-
HOM BBICOKOW TPOCTPAHCTBEHHOW HEPABHOMEPHOCTH pacrpesie-
JICHUS TACCaXXMPOIIOTOKOB MO JJIMHE MapUIPyTa, YTO B KOHEUHOM
UTOTE OTPHULATENBHO BIUSET HA d3(PPEKTUBHOCTD (PYHKIIMOHUPO-
BaHus cuctembl [ITOIl. Menuannoe uncno OIl, nmpuxonsumxcs
Ha tunuuHbll MapmpyT IITOIl Tromenu — 55, 4ro sABnsercs
OUYCHb BBICOKMM MOKa3zaTeJIeM. JTO €mie OJHO CBHAETEIHCTBO
HEOOXOANMOCTH MEPECMOTPa CHCTEMbI MAapLIPYTOB, B YaCTHOCTH
mudepeHranuy MapiuIpyToB Ha CKOPOCTHBIE (DKCIIPECCHBIE)
JUIMHHBIE 1 BBICOKO3(D(DEKTHBHBIE KOPOTKHE.

3. dns mappytoB I'OT Tromenu xapakTepeH BBICOKHHA KO-
(DUIMEHT HeMPSIMOJMHEHHOCTH Tpacc. MeanaHHOE 3HA4YCHHE
Kienp=1,6. K rpynie 0THOCUTENIBHO IPUEMIIEMBIX 110 YPOBHIO HE-
IPAMOIHHEHHOCTH (Kyenp < 1,5) Tpacc MapmipyToB B TOPOJICKOM
MPOCTPAHCTBE OTHOCSTCS JIUUIL 0KOJIO 38%. DTO OUEHb HEBBICO-
KHH, B CPAaBHEHUH C OOJIBIIMHCTBOM JIPYTHX, COTIOCTABHMBIX IO
HaceJIEHHIO, TOPOJIOB. DTOT (akT TpeOyeT HeMeIUIEHHOTO Iepe-
cmotpa MapiipyTHoi cuctemsl [ITOIT Tromenn.

4. MennaHHast JUIMHA TIEPETOHOB Ha MapLIPyTax COCTaBIISET
520 M, 9TO B IIEIIOM MOKHO XapaKTEepHU30BaTh KaK COOTBETCTBHE 00-
LIENPUHATHIM Kak B PO, Tak 1 B MUPOBOI IPAaKTUKE, HOPMATUBaM.

5. Tpets octaHoBOYHBIX MyHKTOB (OII) mMapmpyTHO# ceTn
IITOII Tiomenu obciyxuBaeT 80% BBINOIHACMBIX aBTOOYCaMH
peiicoB. IMEHHO 3TO sIBIIs€TCS OCHOBOM Ul BBIBOJIA O BBICOKOI
CTETIeHN HepaBHOMEpHOCTH BocTpeboBanHocTH OI1 ropoxxanamu,
1, B KOHEYHOM UTOTe, TAK)KE CBUAETEILCTBYET O HEOOXOAUMOCTH
COBEpILEHCTBOBAHMSI CUCTEMBI MapLIPyTOB ropoaa. B nenTpans-
HOHM 4acTH ropoja, Ha ocu (pakrana mapmpyTHoi cucremsl OI1
MOryT obciyxuBars a0 24-31 mapmpyTtoB (OT o0miero 4mcia
116). Iepudepuiinsie OIT obOcmyknBatoT aBTOOYCH OYEHB Ma-
noro yncia MapmpyTos (okoio 600 OIl, nmm 6onee 51% ot 00-
IIEro YKcia, 00CIyKUBAIOT Beero 1o 1-3 mapmipyra).

6. Knacrepnsriit anamus mapmpytos [ITOIT Tromenu, BoImon-
HEHHBIH 10 IpU3HaKy cooTBeTcTBUs uncna OIl amune MapmipyTa,
MoKasal, 4To aBToOyCHBIE MapuIpyThl TU(depeHmpyoTes mno 4
rpyImmam:

e xnactep Nel — AIMHHBIE MapUIPYTHI, HA KOTOPBIX UCIOJIb-
3yeTcsl TOJBWKHOW COCTaB OONBIIOTO0 W 0Cc000 OOJBIIOrO
KJacca;

e xiactep Ne2 — KOpPOTKHME MapUIpyTHl C HCIOJNb30BaHHEM
MOJIBMKHOTO COCTaBa MaJIOro M CPEeIHEro Kiacca;
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e xactep Ne3 — IIMHHBIE MapIIPYTHI, HA KOTOPBIX HCITOIb-
3yeTcsl MOIBIKHOM COCTaB CPEIHEro Kiacca,

e xiactep Ned — KOPOTKHE MAPIIPYTHL, I KOTOPBIX Xapak-
TepHa HKCILTyaTalys MOABMKHOIO cOCTaBa OOJIBIIOTO U 0c000
6outbIIIOro Kiacca.

Hmenno MapmipyThl 4 Ki1acTepa MOKHO OTHECTH K CHCTEME
MarucTpaibHbIX, BHIIOIHSIOIIMX OCHOBHYIO TPAHCIIOPTHYIO pa-
00Ty TIO TTIepeMeIIeHUI0 TOPOJICKOTO HACEICHHUS B IPOCTPAHCTBE
u BpeMmeHHu. Takux MapmpyToB B MapmpyTHO#t cucteme [1TOIT
Tromenu Bcero 36 nnu 31% ot obiero yucia.

7. Unentudukamnms cratyca MapmpyTHoit cuctemsl [ITOIT —
BOKHEHIIIMI DIIEMEHT YNpPaBJICHYECKOW JEATENILHOCTH B cdepe
OpTaHM3aLUK TPAHCIIOPTHOTO OOCIYKMBAHMSI HACEJIEHHs TIOpo-
OB. DTO HadvaibHas OTIIPaBHAS TOYKA U MPHUHSATHS Ba)KHBIX
YIpaBICHYCCKUX PEIICHUH, pearn3aliisi KOTOPBIX TI03BOJIUT 3Ha-
YUTETHHO YIYYIIUTh TPAHCIIOPTHYIO CUCTEMY KPYITHOTO TOPO/Ia.

B kauecTBe 3aKIHOUMTENHFHOrO 0000MIAMOIIET0 BHIBOIA HEOO-
XOJMMO KOHCTaTHPOBATh, YTO aHAIIOTUYHBIE HCCIEI0BAHUS HEOO-
XOJMMO TIPOBOJUTH JUIA BCEX TOPOJOB ¢ HaceneHueM Oomee 100
TBIC. 4eJl. ITOroBbIM pe3ysibTaToM MOJOOHBIX UCCIIeI0BaHHI MO-
JKeT OBITh YeTKasi apryMEeHTAIMs BAYKHEUIIIEr0 BHIBO/A O HACTYII-
JICHUM MOMEHTa HEOOXOANMOCTH peh)OPMHUPOBAHHUSI CHCTEMBI I'O-
ponckux MapipytoB [ITOII. KocBenusle pe3ynbTaThl — UAECHTHU-
(ukanms «OOJEBBIX» acleKToB Takoi pedopmbl. CTENeHb akTy-
IBHOCTH TOJOOHBIX MCCIEIOBAaHUN MOXKET BapbUPOBATHCS, O-
HAKO Ba)KHO OTMETHUTH, UYTO UX 3HAYMMOCTH BO3PacTaeT MIMEHHO B
KPU3UCHBIC BpeMEHa, KOT/Ia MyHHIIUTIATUTETHI Y2KEe HE MOTYT 103-
BOJIUTH ce0c MalbHEHIIee OTHOCHTEIhHO HEI(P(PEKTUBHOE WC-
TOJTb30BaHNE OI0/PKETHBIX CPEICTB.
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Abstract

This article presents the results of a study examining the status of the public urban passenger transport (PUPT) route system in Tyumen, a large Russian
city (population 872,000), which is represented by a single mode of public transport — buses. The objective of the study is to identify the potential of buses
as a primary means of public transportation for city residents and to identify ways to improve Tyumen's PUPT-based passenger transportation route sys-
tem. This study is particularly relevant given the rapidly growing number of private motorists, the acute shortage of road network capacity, and the poten-
tial transport collapse anticipated by municipal authorities in the foreseeable future. The study focuses on identifying the specific features of the PUPT route
network, statistically describing a set of key characteristics of Tyumen's bus routes, cluster analysis, and route differentiation based on a set of characteris-
tic features. It has been established that Tyumen's bus routes are highly heterogeneous and can be divided into four route groups. This is an important con-
clusion that allows us to justify possible management actions to reform the network of public transport routes in a large Russian city, aimed at increasing
the efficiency of the entire municipal transport system.

Keywords: urban public passenger transport, route network, passenger flow, transport modeling, digital twin
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This paper presents the results of a study of a queueing system (QS) described by
a hyper-Erlangian input flow and exponential service time. The hyper-Erlangian dis-
tribution is known to be a special case of phase distributions, which have become a
mathematical tool for analyzing telecom traffic in future-generation networks,
characterized by high variability and exhibiting self-similarity. To construct a
numerical analytical model of the average waiting time of requests in a queue, a
spectral method was used to solve the Lindley integral equation, finding the zeros
and poles of the spectral decomposition as a ratio of rational functions. To build a
simulation model, the logical switch method in the GPSS World discrete-event
simulation system was used. This paper presents numerical-analytical and simula-
tion models for the average queue wait time for requests in a system with a sec-
ond-order hyper-Erlang distribution for the input flow. Constructing the simulation
model required developing a pseudo-random sequence generator for a second-
order hyper-Erlang distribution, which is not available in the GPSS World function
library. The adequacy of the developed generator's performance was confirmed by
statistical tests. To assess the accuracy of the resulting solution, computational
experiments were conducted for small, medium, and high values of the time inter-
val variation coefficients and system load. The adequacy of the results is confirmed
by a comparison of the simulation data using the presented numerical-analytical
and simulation models and computational experiments in Mathcad.
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Introduction

A fundamental principle of general systems theory states that
the average queue wait time is nonlinearly dependent on the coef-
ficients of variation of arrival and service time intervals [1]. Con-
sequently, the wider the range of variability of these coefficients
of variation, ensured by the distribution law, the better suited the
queuing system (QS) is for traffic modeling. These requirements
are satisfied by the hyperexponential and hyper-Erlang distribu-
tions, which are special cases of phase distributions that are widely
used to model highly variable traffic.

Modern telecommunications traffic varies greatly over time,
making hyperexponential and hyper-Erlang distributions vital for
its accurate modeling. In this article, in addition to constructing a
numerical-analytical model of queuing using the hyper-Erlang
distribution law, we also consider the need for such models in the
GPSS WORLD system, proposing a new solution based on the
logical switch mechanism. The universal discrete-event simula-
tion system GPSS WORLD is used to model various production
systems that can be represented as queuing systems. Its library
contains numerous programs, including software random number
generators based on the standard U(0,1) uniform distribution.

Due to the difficulty of developing generators for probability
mixture distribution laws, this system does not include generators
for phase distributions, including hyper-Erlang and hyper-expo-
nential distributions as probability mixture distributions. The cited
literature and many other scientific publications confirm the lack
of openly available results similar to those presented by the au-
thors [2-7]. This fact complicates the modeling of general-purpose
G/G/1 and G/G/m queueing systems, which best describe modern
telecom traffic.

The results presented in this article are intended to partially
address the aforementioned shortcomings of the GPSS WORLD
modeling system.

It is known, for example [2], that the hyper-Erlang distribution
can be constructed as a probability mixture of normalized Erlang
distributions with weight coefficients p and 1-p. For example, the
second-order hyper-Erlangian density function has the form

f(t)=4priteM' +4(1- p)aste 2, (1)

and provides the coefficient of variation c € (1/ V2 , ).

From the definition of the two-parameter gamma distribution
kata—l e—M
()

0, t<O0,

that for a positive integer value of k (0=K), the distribution with
density function

, t=0;

with density function f(t)= , it follows

f(t)=22te™ 2)

represents the Erlang distribution of order k. The numerical char-
acteristics of distribution (2) depend on its order k, which creates
certain problems when approximating flat distributions by the Er-
lang law. However, such problems do not arise when using the
normalized Erlang distribution. The library generator of the
gamma distribution GAMMA allows generating random se-
quences with the distribution (2), so we use (2) in the density func-
tion of the hyper-Erlang distribution as a probability mixture

f(t)= prfte ™Mb+ (1— pte ™t (3)

In [2], it is noted that at high coefficients of variation, (1) and
(3) can describe heavy-tailed distributions. Furthermore, [2] pro-
vides considerable detail about the hyper-Erlang distribution, es-
tablishing that the density function (1) can be viewed as an alter-
native representation of the second-order hyper-Erlang density
function (3). This article is devoted to the construction of a simu-
lation model of a QS with input distribution (3) in the GPSS
WORLD system with a comparison with a numerical-analytical
model. To this end, this paper presents a new method for generat-
ing second-order hyper-Erlang distributions in the GPSS WORLD
modeling system, filling a gap in available tools for modeling var-
iable telecommunication traffic.

As no such generator currently exists, this work provides a
novel method, using a logical switches mechanism. In the future,
this approach will allow us to demonstrate high-dimensional ex-
amples instead of simple examples. The wide range of coefficients
of variation limits the possibilities of simulating data transmission
systems for various purposes, because these distributions are un-
derestimated. Similar work with hyperexponential input distribu-
tion is presented in [10]. It should be noted that the hyper-Erlang
distribution has a wider range for the coefficient of variation than
the hyper-exponential distribution.

The article also uses methods and techniques for approximat-
ing distribution laws using the initial moments of distributions [8-
14]. Relatively new results in the field of simulation modeling are
presented in [15-16].

1. Problem Statement

We consider a queuing system HE»/M/1, which is described
by the distribution density functions of arrival intervals HE»:

a(t) = pAite ™Mt 4 (1- pyadte ()
and service time M:
b(t)=pe™. (5)

The article sets the task of constructing a QS simulation model
with input distribution (3) in the GPSS WORLD system and com-
paring its results with a numerical-analytical model. To this end,
this paper also aims to construct a method for generating a second-
order hyper-Erlang distribution in the GPSS WORLD modeling
system to fill the gap in available tools for modeling highly varia-
ble telecom traffic.

2. Theoretical solution for the HE2/M/1 system

Theoretical analysis for the HE»/M/1 system with distribution
HE; of the form (1) was carried out in [8]. As noted above, distri-
butions (1) and (3) differ in numerical characteristics. Therefore,
the analytical model of the system under consideration shown be-
low differs from the model considered in [8] and is also presented
for the first time. The spectral decomposition method [1] was used
to obtain a theoretical solution of the problem for the HE,/M/1
system. Let us first write down the Laplace transforms for distri-
butions (4) and (5):

T-Comm Tom 20. #5-2026




}\‘1 )2+(1_p)( )\’2

2 B*(s)= n
M +S x2+s) (S)

A'(s) = p( “sen

For the considered system, the spectral expansion takes the
form

s ol

To continue the expansion and reduction of expressions, we
introduce intermediate parameters

ag =AMA3, & =20 phy +(1-p)Al, a = pAf +(1-p)A3.

The spectral expansion will take the form

as) _p(ag—as+ays’) = (4 =5)’ (A=) (u+s) _
B(s) (A —=5)* (hy =) (u+5)

_ —s(s4 +c3s3 +c252 +CS+Cp) _ —S(S+S)(S—S) )(S—S3)(S—S4)
(2 =5)> (0 —5)* (u+9) (A1 —=5)* (ha =) (u+5)
Finally

o(S) _ —S(s+81)(S=$))(S—S3)(5—%4)

B(S)  (h=35)*(Ra=5) (u+53)

To find the zeros and poles of expansion (6), we select a poly-
nomial of the fourth degree from the numerator

(6)

st ey’ 40,57 05+ (7)
with coefficients collected using symbolic operations Mathcad
Co = aqu+ag —2urAy (A +2,),

¢ = WA + 400y +23 —ay) = 2R Ay (A + 1),

Cy = AT +A3 +40hy —2u(h +2y), G =pu—2(k +2).

Polynomial (7) has one real negative root -S;. The next three
roots in this case represent one real positive and two complex con-
jugates with a positive real part. Next, we determine the compo-
nents of the expansion based on the type of roots of the numerator
of the expansion

(20 —5)* (2%, —s)
(5-8)(5—83)(s -5 )

o(S)=S(s+5)/(u+5s), B(s)=—

Using the found components of the spectral decomposition, we
determine the Laplace transform for the waiting time density func-

_si(s+p)

tion W (s)= , and through it, the average waiting time
n(s+sy)

in the queue
W=1/s~1/p. (8)

To determine the value of the root s1 of the polynomial (7), it
is necessary to express the values of the unknown parameters A1,
A2, p of the distribution (4) and p of the distribution (5) through its
initial moments:

e —
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_ 2p 2(1-p) = 6p 6(1-p

T}\,:}Lp—i_ (7\/ ),T%Z §+(2)’ (9)
1 2 7»1 7»2

_ 1 3 2

T, ==, T, =—.

[ M p P-z

Equations (10), together with the squared coefficient of varia-
tion ¢ =03 /(%)> =[1 —(T,)*1/(T,)*, make it possible to
find all three distribution parameters (4). Let's write these values

M=4p/T, Ay =4(1-p)/T,

p=1/22:1/4-3/[8(1+c})].
(10)

In this case, any of the two numbers can be taken as the value
of the parameter p. From the condition of non-negativity of the

expression under the square root, it follows that ¢; >1/ NG [8-9].

A similar solution for the HE,/M/1 system is presented in the
author's paper [8]; for the case where the HE, distribution is for-
mulated as a probability mixture of normalized Erlang (1) distri-
butions. As established previously, the normalized distribution (1)
and the usual distribution (3) have different initial moments. Con-
sequently, many intermediate results (7) differ from those given in
this article. Nonetheless, the primary result for the average waiting
time remains the same.

Below in Figure 1 is an example of a calculation using the pro-
posed QS model HE>/M/1 for the case of a load factor
p=T,/T. = 0.9, a coefficient of variation ¢, =2 and a unit ser-

vice time ?u =1.

1
’c)»:z% cAr=2 Tu=1 ep=1 1“:H:1

2
2(1+cx%)-3 (-
P::L+7[ (Lrer) J:0.9183 M:z4—%:3.306 ra=d0-p)_

2 8'(1+c12)
a0 ::A12-7\.22 al ;=2 Al'A2-[p-Al+(1-p) A2] a2 ::p—}»12+(1-p) 122
C3 =2 (M +A2)=-62  C2:=-2-p-(h1+A2) + 4-A1-A2 + (A+ A22)=7.704
Cli= - (P44 4102 + 2% a2)- 2:01-02- (A1 +A2)=-2.138
CO:=a0+al-p-2pAil-A2-(A1+A2)=-0.105
Given
ez sdrea st crs+co=o
Find(S) — (L.13E+000 4.64E+000 -4239E-002 4.722E-001)
S1:=0.042393653924057312415 S2:=5.0877761192984934606
$3:=0.033679284488540946276 S4 :=0.008129324989322733775

11 w

W =—-—=2258844 Nq:=——=20.33
S] W Th

Fig. 1. Calculation example on Mathcad

Figure 1 presents an example of a numerical calculation of the
model, which can be used to evaluate the numerical calculation
algorithm.

In conclusion of the construction of the numerical-analytical
model, we present Table 1, which compares the results for our sys-
tem in the case of a relatively small variation coefficient cA=2 with
the data of known systems for different values of the load p.
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Table 1
A simple database for comparing systems
Average waiting time
p HE»/M/1 M/M/1 Eo/M/1
0,1 0,08 0,11 0,03
0,5 2,00 1,00 0,62
0,9 22,59 9,00 6,59

3. Construction of a simulation model for the system under
consideration

An analytical representation of the hyper-Erlang distribution
(4) suggests an initial approach to modeling using the GPSS
World TEST operator. This is a conditional jump operator depend-
ing on whether a given condition is met. In such a model, transac-
tions will be directed with probability p to the first phase of the
hyper-Erlang law and with probability 1-p to the second phase, as
shown in the model text below. The simulation model code is pre-
sented in Appendix 1. Here the line HYPERI FVARIABLE
means the command to call the generator of the second-order Er-
lang distribution as a special case of the Gamma distribution and
assign the calculated value to the arithmetic variable HYPERI.

The results of the simulation with the initial data from the
Matcad calculations (Fig. 1) are shown in Fig. 2. To maintain con-
tinuity between the numerical-analytical and simulation models,
we use the same initial data for the system during simulation.

LABEL LOCBLOCK TYPE ENTRY COUNT CURRENT COUNT RETRY
I TEST 0 0 0
GENERATE
TRANSFER
GENERATE
QUEUE
SEIZE
DEPART
ADVANCE
RELEASE
TERMINATE

917939
917939
82079
1000018
1000001
1000000
1000000
1000000
1000000

=}

MET 1
MET 2

[=RE=R - R - RV N SO PR}
(=== P
cocooooc o 9@ oo

FACILITY ENTRIES UTIL. AVETIME AVAIL. OWNER PEND INTER RETRY DELAY
CHAN 1000001 0.901 1.001 1 999992 0 0 0 17

QUEUE MAX CONT. ENTRY ENTRY(0) AVE.CONT. AVETIME AVE(-0) RETRY
QCHAN 69 18 1000018 128658 6.012 6.078 7.665 0

Fig. 2. Results of the initial simulation model run

The analysis of the model run results (Fig. 2) shows that ap-
proximately 918 thousand transactions are sent to the first phase,
while 82 thousand transactions to the second phase. This distribu-
tion corresponds precisely to the specified probabilities of 0.918
and 0.082. As shown in Figure 2, the load factor is 0.9 and the
average service time is one, which is completely consistent with
the given initial data in Figure 1. At the same time, the main result,
namely the average waiting time, equal to 6.678, does not coincide
with the results of the analytical model (Fig. 1), which is 22.588
units of model time.

Thus, we came to the need to consider the differences between
the analytical and simulation approaches. The issue arises from
the structure of the simulation model. In its current implementa-
tion, incoming requests are not delayed in the Erlang phases of the
hyper-Erlang distribution law for a given phase operation time.
Consequently, the queueing delays produced by the simulation are
characteristic of a simpler E2/M/1 system, not the intended
HE2/M/1 system. We will consider this approach to constructing a
simulation model as an instructive (unsuccessful) example.

To construct an adequate simulation model, it is necessary to
clarify the main difference between the theoretical hyper-Erlang
distribution (4) and the discrete-event functioning of the two-
phase distribution. In a theoretical distribution, a request entering
the system for servicing instantly goes through an “ecither or”
scheme with probabilities p and 1-p — the first phase or the second.
In discrete event modeling, before a requirement moves into a par-
ticular phase, that phase (state) must be defined and opened for a
certain time using logical switches. Therefore, the simulation cir-
cuit must include logical switches with two states: on and off.
Such a simulation circuit is shown in Figure 3.

In the discrete-event model, the two-phase functioning of the
hyper-Erlang process (Fig. 3) occurs as follows. With probability
p, the generated transaction is sent to the first phase of the hyper-
Erlang process after it is determined and transferred to the on state
and remains there for a time of 2/A;, and with probability 1-p, it is
sent to the second phase and remains there for 2/A; units of model
time. The circuit includes logical switches with two states: on, off.

The quantities 2/A; and 2/A, here represent the first initial mo-
ments of the second-order Erlang distribution for the first and sec-
ond phases.

Fig. 3. Formation of a Two-Phase Hyper-Erlang Distribution.
The phases are switched on alternately depending on the probability p
and work for an arbitrary time with an average value indicated on the

diagram

The two states are controlled by the LOGIC operator, where
the A parameter serves as the key's identifier. The operating mode
is specified by the letter X: the active state is set using the S (set)
value, and deactivation is performed using the R (reset) value. De-
pending on the given probability variable p, the program code pro-
vides for the sequential activation of Switch1 and Switch2 objects,
which act as logical keys.

The use of switches alone does not complete the model. It is
necessary to ensure that transactions proceed through phases only
when the switch is active. For this purpose, a GATE condition
checker (in let-in mode) is used, which regulates the flow depending
on the state of object A. Modeling requires specifying the duration
of active switch operation. For example, the expression T 1#3.1 de-
fines the operating time, where the average phase interval is ad-
justed by an empirical factor of 3.1. This factor is selected empiri-
cally to minimize deviations in the QS characteristics from actual
data. The GPSS World program code is given in Appendix 2.

Next, we will establish the initial data for the simulation
model, which must coincide with the data of the numerical-ana-
lytical model. To do this, we take a loading factor equal to 0.9, a
variation coefficient for the input flow of 2.0, and distribution pa-
rameters 4 determined by expressions (10)

2
p=lo [2AHGIZ3 00, 1-p=0918, A; =0.295, A, =3.304.
2\ sa+c))
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Let's establish a unit model service time. All these initial data
can be found in the program code in Appendix 2. Figure 4 shows
the simulation results.

Notations used in the simulation model.

P_1is aprobability p from the theoretical model, P_2 is a prob-
ability 1-p. T 1 and T 2 here are half the values of the averages
2/h and 2/A; for the first and second phases of the hyper-Erlang
distribution.

Other notations are related to features of the GPSS WORLD
modeling language, such as block labels and library function input
parameters for generators.

FACILITY ENTRIES UTIL. AVETIME AVAIL. OWNER PEND INTER RETRY DELAY
CHAN 1000001 0.898 1.000 1 2008099 0 0 0 I

QUEUE MAX CONT. ENTRY ENTRY{0) AVECONT. AVETIME AVE(-0} RETRY
QCHAN 175 2 1000002 52010 20300 22.623 238604 0
Fig. 4. The simulation results for QS HE2/M/1 with a control constant

of 3,1. Here the designations of the standard GPSS WORLD report
are saved

The simulation results shown in Figure 4 confirm that the
given input data and the simulation results match. The key perfor-
mance indicators of the system, such as the average queue waiting
time of 22.623-time units, is close to the numerical result of 22.59,
and the average queue length of 20.30 is also almost the same as
the numerical result of 20.33 in Figure 1. Thus, the experimental
selection of the durations of active operation of switches T1 and
T2 allows us to construct an adequate simulation model. Thus, the
control constant in the simulation model is optimized, which en-
sures the best output characteristics of the system. In the future,
this may help in constructing general simulation models for
PH/PH/1 systems with phase distributions.

We now analyze the simulation model's behavior with the con-
trol constant set below and above 3.1. First, for values less than
3.1 (Figure. 5 — control constant is equal to 3.0), second, for values
above than 3. 1 (Fig. 6 — control constant is equal to 3.2).

FACILITY ENTRIES UTIL. AVETIME AVAIL. OWNER PEND INTER RETRY DELAY
CHAN 1000001 0.898 1.000 1 2006416 0 0 0 0

QUEUE MAX CONT. ENTRY ENTRY(0) AVECONT AVETIME AVE(-0) RETRY
QCHAN 191 1 100000 | 51574 19.749 21.990 23180 0

Fig. 5. The simulation results for QS HE2/M/1 with a control constant of 3,0

FACILITY ENTRIES UTIL. AVETIME AVAIL. OWNER PEND INTER RETRY DELAY
CHAN 1000001 0899 1.000 I 2005184 0 0 0 13

QUEUE MAX CONT. ENTRY ENTRY(0) AVECONT
QCHAN 138 14 1000014 50137 20944

AVETIME AVE(-0) RETRY
23.307 24.537 0

Fig. 6. The simulation results for QS HE2/M/1 with a control constant of 3,2

Thus, the model demonstrates the expected relationship where
an increase in service parameters leads to a decrease in waiting
time and queue length, and vice versa. A practical limitation of the
proposed approach, however, is its dependence on knowing the
exact or approximate values of the system's output characteristics
in advance. Future research could focus on developing methods to
bypass and eliminate this drawback.

COMMUNICATIONS

4. Quality check of submitted pseudo-random number
Generator and verification of the simulation model

The problem of checking the quality of the proposed pseudo-
random variable generator for the hyper-Erlang distribution law is
that this distribution law is completely absent from the libraries of
known programs for processing statistical data for the purpose of
selecting the corresponding distribution law. Consequently, ex-
porting the results of the proposed generator to any known soft-
ware products is impossible Therefore, to test the quality of the
generated sequences, we will have to re-solve the main problem
of recognition and selection of the distribution law using the null
hypothesis Ho.

To do this, we must add to the program code given in Appen-
dix 2 a set of command operators for generating random intervals
of incoming requests and processing them in the form of tables
and histograms. Let's list them: InterArr TABLE X$Arr,1,1,20
(Building a table of receipt interval values for a statistical series
and a histogram); INITIAL X$Time,0 (Setting the initial value of
"Time" to zero); Fun VARIABLE (AC1-X$Time) (Determination
of the function for the values of interarrivals); SAVEVALUE
Arr,V$Fun (Enter in the cell "Arr" the number determined by the
function "Fun"); SAVEVALUE Time,AC1 (Enter in the cell
"Time" the current value of the absolute model time); TABU-
LATE InterArr (Tabulation of interval values between arrivals);
MARK 2 (Enter in cell "2" the value of the current absolute model
time). We restrict ourselves to a small number of tests 500. It
should be noted that such number of tests will reflect the transient
process of the system functioning. The START 500 statement will
generate 505 transactions then (Fig. 7).

This could be avoided if there was a possibility to export the
generation results into well-known statistical data processing pro-
grams.

It is known that varying the width of the histogram digit (Fig. 8)
allows one to obtain various Pearson statistics. We combine dis-
charges with low relative frequencies so that at least 5 values of a
random variable fall into each interval, as shown in Table 2
[18-20].

QUEUE MAX CONT. ENTRY ENTRY(0) AVE.CONT. AVE. TIME AVE.(-0) RETRY
QCHAN 50 S 505 15 17.614 18.612 19181 0

TABLE MEAN STDDEV.RANGE RETRY FREQUENCY CUM.%
INTERARR 1.172 2.159 0
- 1.000 391 77.43
1.000 - 2.000 69 91.09
2.000- 3.000 10 93.07
3.000 - 4.000 5 94.00
4.000 - 5.000 4 94.85
5.000 - 6.000 8 96.44
6.000 - 7.000 6 97.62
7.000 - 8.000 3 98.22
8.000 - 9.000 2 98.61
9.000 - 10.000 3 99.21
10.000 - 11.000 1 9941
11.000 - 12,000 | 99,60
12.000 - 13.000 I 99.80
13.000 - 14.000 0 99.80
14,000 - 15.000 0 99.80
15.000 - 16.000 1 100.00

Fig. 7. Statistical distribution of arrival intervals for QS HE2/M/1.
Part of the standard GPSS World report is shown here. With a small
number of tests, we have a case of a transient process

—
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600 ]

0 1

Fig. 8. HE: distribution histogram. The histogram is built using standard
GPSS WORLD tools: Window — Simulation Window — Table Window

Here | is a digits of the histogram, mi is the number of hits in
the i-th digit, pi* are the relative frequencies of hits, p; are the prob-
abilities of hits in the given digit

4
p= [pAtte ™ +(1- p)Ajte ™2 ]dt . The value of the Pear-
tig

son  statistics is  determined

2:§(mi—pi"N)2.
i-1t  Pi-N

using the expression

X
Table 2

Corrected statistical series and calculation of statistics X2

| i pi* pi 505 pi x2
0-1 391 0,7743 0,7763 392,03 0,003
1-2 69 0,1366 0,1423 71,86 0,114
2-3 10 0,0198 0,0173 8,74 0,183
3-5 9 0,0178 0,0177 8,94 0,000
5-6 8 0,0158 0,0077 3,89 4,347
6-7 6 0,0119 0,0068 3,43 1,917
7-9 5 0,0099 0,0108 5,45 0,038
9-00 7 0,0139 0,0211 10,66 1,254

=505 | >=1,0 | >=10 =505 | >—7.86

The obtained test value y>=7.86 is compared with the table

values with the number of degrees of freedom r=4 to determine
the level of significance. A quantile (significance level) of 0.05 chi
squared distribution with four degrees of freedom gives the value
%2(0.05; 4)=9.49. The calculated value ¥*>=7.86 is less than 9.49,
therefore, the hypothesis of the hyper-Erlang distribution law for
this sample is not rejected. Here, the null hypothesis Hy is the fact
that the values of this sample are subject to the hyper-Erlang dis-
tribution. The alternative hypothesis H; — the hyper-Erlang distri-
bution law is rejected. Thus, the reliability of the simulation model
is confirmed by comparison with the results of analytical model-
ing obtained by the spectral solution method presented in [8-10].

To increase the reliability of the results, we apply the Kolmo-
gorov-Smirnov statistical criterion. For this purpose, the empirical
distribution function Fy(t) for the request inter-arrival intervals
was constructed using the pi* from Table 2. The results of these
calculations are presented in Table 3.

Table 3
Data for the Kolmogorov-Smirnov test
Points Fa(t) F(t) Fa(t) - F(t)

0 0,0 0,0 0,0

1 0,7743 0,7763 -0,0020
2 0,9109 0,9186 -0,0077
3 0,9307 0,9359 -0,0052
5 0,9485 0,9536 -0,0151
6 0,9643 0,9613 0,0030
7 0,9762 0,9681 0,0081
9 0,9861 0,9789 0,0072
) 1,0 1,0 0,0

As shown in Table 3, the test statistic is d=max |F, (t)— F(t)| =0,015

and the Kolmogorov function parameter is A=d~/n =0,337. Con-
sidering the values of the Kolmogorov function P(0,3)=1,000 and
P(0,4)=0,997 after interpolation, we get the probability P=0,998.
Thus, the hypothesis of the hyperexponential distribution law is
supported.

5. Results and Discussion

The paper presents the developed algorithm and simulation
model for modeling the functioning of a QS with a second-order
composite distribution formed from Erlang distributions with
weights. It was noted above that this distribution law provides a
wide range of the coefficient of variation. When developing the
simulation model, a complex mechanism of logical switching of
the phases of the distribution law was used, as well as the selection
of a control constant, which made it possible to build an adequate
simulation model for the passage of transactions within the model.
At the same time, the control constant allows you to reduce the
time of the transient process during simulation. Checking the qual-
ity of the presented generator on small samples shows their satis-
factory functioning (Table 2).

6. Prospects for further research

Despite the relatively high accuracy of the constructed numer-
ical-analytical and simulation models of queuing for a system with
a hyper-Erlang distribution of the input flow, the authors see the
need for further development of this direction for systems with
phase distributions.

The presented models are limited by the possibility of using
only two phases of the incoming process and two moments of dis-
tribution of the input flow, and this may be insufficient for mod-
eling modern telecom traffic.

The transition to phase distributions is associated with the
complexity of constructing a simulation model with the specifics
of using logical switches for the phase structure of receipt and ser-
vice processes.

Conclusion

This work addresses a gap in theory, as no prior studies on this
topic were found in either Russian or English sources, nor are hy-
per-Erlang distribution generators available in the GPSS World li-
brary. The results presented by the authors make it possible to
study queueing systems based on complex distribution laws. The
approach involves comparing simulation results with theoretical
results obtained by applying the spectral decomposition method to
the Lindley integral equation.
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In the article, Section 3, including all subsections and Section 4,
contain new results that are not available in the Russian-language
or English-language segments of scientific literature. This con-
cerns numerical-analytical modeling and simulation modeling of
systems with hyper-Erlang input distribution. Therefore, these
sections present new results in computer modeling. The presented
hyper-Erlang distribution generator based on logical switches of
Erlang distribution phases operation has no analogues.

The authors confirm that the data supporting the findings of
this study are available within the article [8-10] its supplementary
materials.

Appendix 1

10 HYPER1 FVARIABLE (GAMMA(1,0,0.605,2))
20 HYPER2 FVARIABLE (GAMMA(1,0,6.78,2))
30 TEST L (RN1),0.918, MET _1
40 GENERATE VSHYPER1
50 TRANSFER ,MET 2
60 MET 1 GENERATE V$HYPER2
70 MET 2 QUEUE QCHAN
80 SEIZE CHAN
90 DEPART QCHAN
100 ADVANCE (Exponential (1,0,1.0))
110 RELEASE CHAN
120 TERMINATE 1
130 START 1000000
Appendix 2
10 P_1 EQU 0.082
20P 2 EQU (1-P_1)
30T _1EQU 3.39
40 T_2 EQU 0.302
50 GENERATE ,,,1
60 Switch TRANSFER P_1,Met_2,Met 1
70 Met_1 TRANSFER ,Sw_1
80 Met_2 TRANSFER ,Sw 2
90 Sw_1 LOGIC S Switchl
100 ADVANCE (T_1#3.1)
110 LOGIC R Switchl
120 TRANSFER ,Switch
130 Sw_2 LOGIC S Switch2
140 ADVANCE (T_2#3.1)
150 LOGIC R Switch2
160 TRANSFER ,Switch
170 GENERATE (GAMMA(11,0,T_1,2))
180 GATE LS Switch1,Met 10
190 TRANSFER ,Met 20
200 GENERATE (GAMMA(21,0,T 2.2))
210 GATE LS Switch2,Met 10
220 Met_20 QUEUE QCHAN
230 SEIZE CHAN
240 DEPART QCHAN
250 ADVANCE (Exponential(31,0,1.0))
260 RELEASE CHAN
270 TERMINATE 1
280 Met 10 TERMINATE
290 START 1000000
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YNCJIEHHO-AHAJIMTUN4YECKOE U MMUTALIMOHHOE MOAEJNTMPOBAHUE CUCTEMbI MACCOBOIO
OBCJTYXXUBAHUA C TNMNEP3PJTIAHI OBCKUM PACIIPEAOEJIEHUEM BXOZHOIO NMOTOKA

Tapacoe BeHuamuH Hukonaeeud, [Mogomkckuii 20cydapcmeeHHbIl yHUSepcumem meneKoMMyHUKAUUG U UHGhOPMAmMUKU,
2. Camapa, Poccus, veniamin_tarasov@mail.ru
Baxapeea Hadexxda PedopoeHa, [Mosomkckuil 20cydapcmeeHHbIl yHUBEpCUMEM MeNEKOMMYHUKAUUU U UHChOPMAmuKu,
2. Camapa, Poccus, nadin1956_04@inbox.ru

AHHOTauusA

B pabore npefcraBneHbl Mony4YeHHble pesynbTaThl WUCCEAOBaHUA cUCTeMbl MaccoBoro obcnyxueanus (CMO), onucbiBaeMON FUNepapnaHroBCKUM
BXOAHbIM MOTOKOM M 3KCMOHEHUMasbHbIM BpeMeHeM obcryxuBaHus. VI3BecTHO, YTO rMMnepapnaHroBCcKOe pacripefierieHne ABMAETCA YAaCTHbIM CIlyHaeM
¢azoBbIX pacripefiesieHuil, KOTOpble CTa/iIM MaTeMaTUYECKUM anmnapaToM AnA aHanusa Tenetpaduka ceTeit OyAyllero NMoKoneHus, XapakTepusytoLerocs
BbICOKOI BapMaTUBHOCTLIO U obnajatoLlero adpgektoMm camonofobus. [nsa nocTpoeHns YNCIEHHO-aHAIMTUHECKON MOAENN CPEHEro BPEMEHU OXUAAHUA
TpeboBaHWit B OYepeAM WCMOMb30BaH CMEKTPaSibHbIA METOA ANA PEeLUeHUs WHTErpasibHoOro ypasHeHUs JIMHAM C HAXOXAEHWEM Hynen U MONtOCOB
CMEKTPaNbHOrO PasfioeHUA B BUAE OTHOLUEHUA PaLMOHaNbHbIX PyHKUMA. [InA NOCTPOEHWA MMUTALMOHHON MOAENWU WUCMOJSb3OBaH METOA JIOTUYECKUX
nepekntoyatenei B AUCKPETHO-cobbITUIMHON cucTeMe Mogenuposanua GPSS World. B pabote npefcraBneHbl YNCNEHHO-aHAIMTUYECKAA U UMUTALMOHHAA
MOZENW AJiA CPeAHEro BPEMeHW OXXUAaHWA TpeboBaHMI B O4epeam ANA CUCTEMbI C TMMEP3PIaHIOBCKUM pacrpeAeneHeM BTOpPOro NopAAKa A BXOAHOrO
notoka. [na nocTpoeHus WMMUTALMOHHOM Mogenu noTpeboBanach pa3paboTka reHepatopa MNCEBAOCAYHaNHbIX MNOCNEAOBaTENbHOCTEN ANA
rMNepaplaHroBCKOro pacnpejeneHns BTOPOro rnopaaka, KoToporo Het B 6ubnuoteke ¢yHkumint GPSS World. ApeksatHOCTb yHKLMOHMPOBaHUA
paspaboTaHHOro reHepaTopa MOATBEPXKAEHA CTaTUCTUYECKUM TecTaMu. [Ins OLEHKUM TOYHOCTM MOJSTyMEHHOrO PELUEHUs MPOBEAEHbI BbIYUCIUTENbHbIE
SKCMEPUMEHTbI AJ1A MafbiX, CPEAHUX W BbICOKMX 3HA4YeHUI KO3I(DOULMEHTOB BapuaLmii BPEMEHHbIX WHTEPBANOB U 3arpy3ku cucTeMbl. AAEKBaTHOCTb
Pe3ynbTaToB MOATBEPXKAAETCA COMOCTABIEHWEM JaHHBIX MOZAENMPOBAHUA C MOMOLLBIO MPEACTaBNEHHbIX YUCIIEHHO-aHANIMTUMECKOW U MMUTALMOHHOM
MoZernen 1 BblMUCIUTENbHBIMK 3KcnepuMeHTamm B Mathcad.

Knioqeebie cnoea: Cucmema modenuposarus GPSS WORLD, cucmembl Maccoeozo obciyx usaHus, cpedHee epema oxxudaHus e oyepedu, cpedHas OnuHa
ouepedu, ypasHeHue JTuHOMU, cnekmpasbHbIl memoo.
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was carried out in the SUMO microscopic traffic simulation environ-
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section capacity. These results confirm that reinforcement learning
combined with an adaptive reward function can be used for more
flexible and balanced urban intersection management.
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Introduction

With increasing motorization and growing pressure on urban
transport infrastructure, improving traffic management efficiency
has become an important research and practical problem.

Traditional traffic signal control systems, based on fixed
phase switching cycles, do not take into account the current traf-
fic situation, leading to increased waiting times for vehicles and
pedestrians, longer queues, and reduced intersection capacity.

Modern intelligent transport systems actively utilize machine
learning and computer vision methods to analyze traffic situa-
tions in real time [1]. Of particular interest is the use of rein-
forcement learning, in which a control agent forms a control
strategy based on interactions with the environment. Unlike pre-
defined algorithms, this approach allows for adaptive traffic
flow, accounting for queue accumulation, and minimizing over-
all time losses [2].

Despite a significant amount of research in the field of adap-
tive intersection control, most existing work focuses primarily on
optimizing traffic flows without explicitly considering pedestrian
traffic. This limits the applicability of such solutions in urban
environments, where the interests of all road users must be taken
into account.

This raises the challenge of developing management methods
that would jointly optimize traffic and pedestrian flows within a
single model. This approach not only increases intersection ca-
pacity but also ensures more balanced management of various
road users.

The aim of this paper is to develop and evaluate a method for
adaptive traffic light control based on reinforcement learning,
taking into account vehicle and pedestrian flows. To achieve this
goal, the following tasks are addressed:

e developing a state model of a signalized intersection;

e developing a reward function that takes into account the de-
lays of various traffic participants;

e constructing an algorithm for selecting control actions;

e experimentally evaluating the effectiveness of the proposed
approach.

The main contribution of this paper lies not in the application
of DOQN to the traffic light control problem itself, but in the con-
struction of a learning scheme with a multi-component adaptive
reward function. Unlike vehicle-centric approaches, the proposed
function explicitly accounts for pedestrian delays, dynamically
enhances the pedestrian component as people accumulate in the
crossing zone, and additionally penalizes excessive phase switch-
ing. This allows the agent to learn not only to increase through-
put but also to maintain a balance between vehicle and pedestrian
flows.

The practical significance of this paper lies in the potential
application of the proposed approach to the development of intel-
ligent traffic management systems within the framework of smart
city concepts [3].

1. Related work

The development of traffic signal control methods has
evolved from rigid fixed cycles to adaptive systems that use data
on the current state of the transport network [4]. Classic ap-
proaches rely on predetermined phase plans and work well only
under conditions of relatively stable demand. When traffic vol-
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ume fluctuates unevenly, such schemes quickly lose effective-
ness: green time may be allocated to a lightly loaded route, while
queues form on other routes. This is why intelligent transport
systems are increasingly focusing on methods that can adjust
control based on the observed traffic situation.

Adaptive control systems, such as SCATS and SCOOT, have
become important steps in this direction. They use data from
road sensors and allow traffic signal control parameters to be
modified based on the current traffic load. These solutions have
demonstrated that the transition from fixed cycles to adaptive
control does indeed reduce delays and improve throughput.
However, such systems are typically based on heuristic rules,
statistical models, or local optimization. They require manual
tuning and are not always well-suited to new traffic scenarios.
There's a lack of flexibility.

Reinforcement learning methods have seen significant devel-
opment in recent years. In this approach, a traffic light is consid-
ered an agent that observes the state of the intersection, chooses
an action, and receives a reward for its performance [5]. This
approach eliminates the need to manually specify a switching
policy, instead deriving it through interaction with the environ-
ment. Value-based methods, particularly DQN and its modifica-
tions, were most frequently used in early studies. They are suita-
ble for problems with a discrete set of actions, such as choosing
between maintaining the current phase and switching to the next.
However, the performance of such methods depends heavily on
how the state and reward function are defined. If the state reflects
one aspect of the traffic flow, while the reward optimizes anoth-
er, learning becomes less robust.

Modern research is gradually moving away from simple sin-
gle-node approaches. For single intersections, Double DQN,
Dueling DQN, PPO, and other deep reinforcement learning ap-
proaches are increasingly being used to improve training stability
and accelerate convergence. For example, several studies have
shown that improving the agent architecture, using a prioritized
experience buffer, or switching to actor-critic methods can reduce
average waiting times and queue lengths compared to fixed-time
control and classical adaptive heuristics. However, such solutions
are primarily focused on vehicle traffic flow. Pedestrians are either
not considered or are only indirectly included.

A separate line of research concerns intersection network
management. Here, the problem becomes more complex: the
decision of one traffic light affects neighboring nodes, and a lo-
cally optimal action can worsen the condition of the entire traffic
corridor. To address this problem, multi-agent reinforcement
learning, graph neural networks, and inter-agent communication
mechanisms are being used. In such approaches, each intersec-
tion can be treated as a separate agent, and information exchange
between agents allows for the propagation of queues and the
interaction of phases to be taken into account. Graph models
additionally provide the ability to describe the network topology
and the differences between intersections. This is an important
step forward, especially for urban networks. However, the price
of such flexibility is high: architectures become more complex,
the need for communication between nodes increases, and trans-
ferring the model to another network requires additional testing.

Another area of research concerns the portability and general-
izability of models. Federated learning, transfer learning, and
methods that allow for training control systems for more than
just one specific intersection configuration are increasingly dis-




cussed in the literature. This stems from a practical problem: a
model that performs well in simulation for one network may
perform poorly when the geometry, traffic volume, or phase set
changes. Federated and graph approaches partially address this
problem by allowing knowledge exchange between nodes or
regions without transferring raw data. However, most of these
solutions are still primarily tested in simulators. Real-world im-
plementation remains rare.

Research that considers not only cars but also pedestrians is
particularly important for this work. In an urban environment,
traffic signal control cannot be viewed solely as a task of mini-
mizing traffic delays. If only vehicle flow is optimized, the sys-
tem may generate a strategy that is convenient for cars but un-
comfortable or unsafe for pedestrians. Some studies propose pe-
destrian-aware approaches, where the objective function includes
the total user delay or the safety indicators of pedestrian-vehicle
conflicts. These studies demonstrate that explicitly considering
the pedestrian component changes the nature of control and al-
lows for more balanced decisions. However, such studies are
significantly fewer in number than vehicle-centric approaches.
This is a significant gap in the field.

Integrating computer vision also remains an important, but
not entirely resolved, problem. Most reinforcement learning al-
gorithms in traffic signal control use data obtained from a simu-
lator or from idealized sensors: queue lengths, speeds, lane occu-
pancy, and the number of vehicles. In a real urban environment,
such data is often obtained from cameras, requiring a link be-
tween the perception and decision-making modules. There are
studies where control is based on visual data or end-to-end pro-
cessing of video streams. However, this area is still less mature
than research based on features directly extracted from SUMO or
detector data. Computer vision is especially rarely combined
with explicit consideration of pedestrian flows in the reward
function.

A general comparison of the approaches considered is pro-
vided in Table 1. While the table does not claim to be a compre-
hensive coverage of the literature on the topic, it highlights the
key point: while most modern approaches have developed the
algorithmic component of control well, the pedestrian component
and visual perception data are still used infrequently.

Table 1

Comparison of approaches to adaptive control of traffic lights
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. Limited number of
[16] Pedestrian- 1 intersection | Yes scenarios and topol
aware DRL ; p
ogies
A developed infra-
Safety- . . structure  of con-
(7 oriented DRL Lintersection | Yes nected vehicles is
required
The complexity of
Vision-based . . Partial- |the transition from
[18,19] 1 intersection . .
control ly simulation to a real
environment
DQN  with
The multi- Requires further
proposed | component 1 intersection | Yes expansion to the
approach | reward func- intersection network
tion

Pedes-
Source |Method Scale trlan' Main limitation
consid-
eration
[6] Double DQN | 1 intersection | No Focu§ on_transport
metrics
[7] PN-DIQN |1 intersection [No | o network coordi-
nation
Pedestrian flows are
[8] PPO 1 intersection | No not included in the
model
MARL, ggent Network  of 1ncreasmg cqmplex-
[9,10] |communica- |. . No ity of architecture
. intersections
tion and data exchange
[11-13] Graph Network  of No High complexity of
MARL intersections the graph model
[14,15] |Federated RL Several net- No T.estmg' primarily in
works simulation

The comparison shows that reinforcement learning has al-
ready become one of the main tools for adaptive traffic signal
control [20]. The most advanced approaches are related to multi-
agent coordination, graph models, policy portability, and multi-
objective optimization [21].

However, an important limitation remains: most work still
focuses on vehicular metrics [22]. Pedestrian flows are consid-
ered less frequently, and the integration of computer vision data
into the decision-making loop is usually considered separately
from the problem of balancing vehicle and pedestrian delays.

The proposed method uses reinforcement learning to control
a traffic signal, but the reward function is formed based on more
than just vehicle metrics. It includes pedestrian delays, through-
put, and penalties for excessive phase changes. This approach
allows intersection control to be viewed as a problem of balanc-
ing multiple types of traffic participants, rather than as optimiz-
ing a single vehicle flow.

2. Problem statement

We consider a signalized intersection where vehicle and pe-
destrian traffic fluctuate over time. Traffic signal control is per-
formed discretely: at each simulation step, the system receives
information about the current state of the intersection and makes
a decision to maintain or change the current phase. This setup
aligns well with reinforcement learning problems, where the con-
trol agent sequentially interacts with the environment and adjusts
its strategy based on the results of previous actions.

The problem is formalized as a Markov decision process:

(S,A,P,R),

where S is the set of environment states, A is the set of admissi-
ble actions, P is the state transition function, and R is the reward
function. In this paper, the transition function is not defined ana-
lytically: it is determined by the dynamics of the transport envi-
ronment in SUMO. The agent observes only the current state,
applies an action, and receives a new state along with the reward
value.

The state of the environment at time t is defined by the vector

St :{nlanz"--anlz’ p7¢}7

where N, is the number of vehicles in the i-th traffic lane, p is

the number of pedestrians in the crossing zone, and ¢ is the

-
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current traffic light phase. Thus, the agent obtains a compact
description of the intersection: lane occupancy, pedestrian activi-
ty, and the current traffic light mode. The state vector has 14
dimensions.

Before feeding the values of N; and p into the neural net-

work model, they are normalized. This is necessary not only to
speed up training. With different scales of input features, the
network may overestimate some state components and largely
ignore others. Normalization reduces this effect and makes learn-
ing more robust.

The agent's action set is defined as

A=12,,a,

where 8, means maintaining the current phase, and @, switch-

ing to the next phase. This discrete set of actions was chosen
deliberately. It simplifies control and makes the problem suitable
for DQN, while still preserving the core control logic: the agent
decides whether the current phase is sufficient to remain active
or whether the traffic situation already requires switching.

In a real system, a traffic light cannot change phases arbitrari-
ly frequently. This would create unstable control and could
worsen traffic safety. Therefore, a minimum phase duration con-
straint is introduced. If a phase is active for less than the speci-
fied time, the switching action is blocked or considered undesir-
able. Additionally, a penalty for excessive switching is included
in the reward function.

The reward function must reflect several goals simultaneous-
ly [23]. It is necessary to reduce vehicle waiting times, prevent
excessive pedestrian waiting times, maintain intersection capaci-
ty, and avoid excessively frequent phase changes. The following
reward form is used in this work:

RI = —aWC - ﬂvvp + nQ + é‘Pprio _/,i’sswitCh’

where W is the total waiting time of vehicles, W, is the total
waiting time of pedestrians, Q is the number of objects that

passed the intersection per simulation step, Pprio is the pedestrian

flow priority coefficient, and S is the phase switching penal-

switch
ty. The coefficients &, f, 7, 0 and A determine the relative

importance of individual components.
Pedestrian priority is introduced not as a constant bonus, but
as a response to the accumulation of pedestrian flow:

Pprio = {1’ p - pth’
k,

P = Py
where [, is the pedestrian threshold, and k > 1 is the priority

gain coefficient. This scheme avoids giving excessive priority to
the pedestrian phase when the number of people is small, but
increases its influence when the wait at the crossing becomes
noticeable. It's a simple mechanism, but it makes the control less
car-centric.

Additionally, the £ coefficient, which is responsible for the
penalty for waiting for pedestrians, can be adjusted. If the num-
ber of pedestrians exceeds the threshold, the weight of the pedes-
trian delay increases:

P < P>

_ ﬂ,
A_{ P> Py,

IB : k/j >
where k 5 >1 is the gain. In this case, the reward function be-

comes adaptive: it changes the balance of objectives depending
on the current situation at the intersection.

The agent's goal is to find a strategy 7 that maximizes the
expected discounted reward sum:

max E[iyta},

where ¥ is the discount factor. The optimal strategy should not

minimize a single metric, but rather balance between vehicle
delays, pedestrian waiting times, throughput, and phase switch-
ing stability.

The Deep Q-Network algorithm is used to solve the problem.
It approximates the action value function

Q(s,a;0),

where @ are the neural network parameters. The choice of DQN
is due to the fact that the action space in the considered setting is
discrete, and the state has a fixed dimension. This allows for the
use of a relatively simple agent architecture and its training di-
rectly through interaction with the simulated environment.

3. Proposed method

This paper proposes a method for adaptive traffic light con-
trol based on the Deep Q-Network algorithm. Its core idea is to
replace the predefined phase switching logic with a strategy that
evolves as the agent interacts with the traffic environment. The
agent receives the current intersection state, evaluates possible
actions, and selects one. The environment then transitions to a
new state, and the agent receives the value of the reward func-
tion. This gradually forms a control policy.

The overall design of the method includes several intercon-
nected components: a simulation environment, a data collection
module, a state generation module, a DQN agent, a control ac-
tion application mechanism, and a reward calculation unit. SU-
MO is used as the traffic environment, and data exchange be-
tween the simulator and the control algorithm is accomplished
via the TraClI interface [24]. This separation is convenient: SU-
MO is responsible for traffic dynamics, while the Python control
module implements the learning algorithm and action selection.

At each simulation step, the system reads data on the number
of vehicles in the traffic lanes and the number of pedestrians in
the crossing zone. These values are combined with the current

traffic light phase to form a state vector, S,. The vector is then

fed to a neural network model, which returns estimates,
Q(St, a), for the permissible actions. If the agent selects the

phase-maintaining action, the traffic light continues to operate in
its current mode. If the phase-switching action is selected, a
phase-change command is sent via TraCl. A minimum phase
duration constraint is also checked to prevent excessively fre-
quent phase-switching.

The DQN agent architecture is compact. The input layer has a
dimension of 14, corresponding to the number of features in the
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state vector. Next, two fully connected hidden layers with 64
neurons each and a ReLU activation function are used. The out-
put layer contains two neurons, each corresponding to one agent
action: @, maintain the current phase, 8, switch the phase.

Action selection in operational mode is performed according
to the rule

8, = argmax Q(s,a;0),

where @ are the parameters of the underlying neural network.

During training, a & -greedy strategy is used. With probabil-
ity &, the agent chooses a random action, and with probability
1—¢&, the action with the maximum value of the Q-function. At
the beginning of training, a large & value allows the agent to
explore different behavioral options. Then, it gradually decreas-
es, and the agent increasingly uses its accumulated experience.
This is a simple mechanism, but without it, the model quickly
gets stuck in a random local strategy.

To improve the stability of training, an experience replay
buffer is used. Transitions of the form

(s.a,R,S,..d,),

where d, is the end-of-episode indicator. Training is performed not

on consecutive observations, but on random mini-samples from the
buffer. This reduces the correlation between adjacent states, and the
neural network receives more diverse examples. This is important
for a transport environment: states in it often change smoothly, and
training only on adjacent steps makes the model less stable.

In addition to the main network, a target network with pa-

rameters & is used. It is updated less frequently than the main

model and is used to calculate target values. For a transition from
the buffer, the target value is specified as

R, d =1,
o= R, +ymaxQ(s.,,a"560"), d =0.

The main network parameters are then updated by minimiz-
ing the error between the current estimate Q(s,,a,;0) and the

target value Y, . The Huber loss is used as the loss function, as it

is less sensitive to outliers than the mean squared error.

The DQN agent training process can be described by the fol-
lowing sequence of steps:

1. The SUMO environment and the TraCl interface are ini-
tialized.

2. The main network Q(S,a;8) and the target network

Q(s,a;07) are initialized.

3. A replay buffer is created.
4. At the beginning of each episode, the environment is ini-

tialized to S, .

5. At each simulation step, the agent selects an action &, us-

ing the & -greedy strategy.
6. The selected action is applied to the traffic light object via
TraClL.

7. The environment transitions to a new state S after

t+1°

which the reward R, is calculated.

-
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8. The transition (s,,a,,R,,S,,,,d,) is saved in the experi-

t+12
ence buffer.

9. Based on a random mini-sample from the buffer, the main
network parameters are updated.

10. After a specified number of steps, the target network is
updated: 8~ « 6.

11. At the end of the episode, the value of & is decreased.

The unique feature of the proposed method lies not only in
the use of DQN, but also in the way the training signal is gener-
ated. The reward function takes into account vehicle wait times,
pedestrian wait times, throughput, and penalties for excessive
switching. Therefore, the agent is not trained to maximize vehi-
cle flow alone. It is forced to find a compromise. Sometimes, it is
more advantageous to maintain the current phase to relieve the
accumulated vehicle queue. In other situations, it is better to
switch earlier and prevent excessive pedestrian wait times. This
is precisely the logic required for an urban intersection.

An additional advantage of the method is that it allows for the
integration of different data sources. In a simulated environment,
vehicle information can come from SUMO detectors, while in a
more practical setting, a similar state vector can be generated
based on camera data or computer vision models [25]. This al-
lows the proposed approach to be considered as a basis for fur-
ther transition from simulation testing to more realistic intelligent
traffic management scenarios.

Thus, the proposed scheme differs from the basic DQN ap-
proach in the structure of the training signal. The agent is re-
warded not only for reducing transport delays but also for reduc-
ing pedestrian wait times and for maintaining the stability of the
phase control. When the pedestrian count exceeds a specified
threshold, the contribution of pedestrian delays increases, allow-
ing the control to adapt to local pedestrian flow accumulation.

4. Experimental part

The proposed method was tested using the SUMO micro-
scopic modeling environment. A signalized intersection with
four traffic directions was constructed. Each direction included
three lanes, allowing for separate consideration of the traffic load
on the approaches to the intersection. In addition to vehicles,
pedestrian flows crossing the roadway at signalized crossings
were added to the model.

Traffic signal control was performed via the TraClI interface.
At each simulation step, the control module received data on the
intersection state, generated an input vector for the DQN agent,
and applied the selected action to the traffic signal. The state
vector included the number of vehicles in the 12 lanes, the num-
ber of pedestrians in the crossing zone, and the current traffic
signal phase. Thus, the agent made decisions based on the cur-
rent traffic situation rather than on a predetermined schedule.

Fixed control was used as the baseline method. In this mode,
phases switched according to a predetermined cycle and were
independent of the observed number of vehicles or pedestrians.
The comparison was conducted using the same network topolo-
gy, the same traffic routes, and the same simulation duration.
This allows us to evaluate the impact of the control algorithm,
rather than differences in the experimental conditions.

The main parameters of the experimental setup are presented
in Table 2. The parameter values must be the same for all com-
pared runs.
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Table 2
Parameters of the experimental setup
Parameter Value
Simulation environment SUMO
Network type One controlled intersection
Number of directions 4
Number of lanes 12
Pedestrian Crossings Controlled Cro‘ssmgs at Inter-
sections

Phase diagram

Two main phases: movement
in one direction and switch-
ing to the next phase

dicates whether gains are achieved at the expense of poor condi-
tions for pedestrians. Queue length reflects the accumulation of
congestion, while throughput measures how many vehicles pass
through the intersection per unit of time.

The results of the comparison of fixed and adaptive control
are presented in Table 4. The values are presented as averages
over a series of independent runs with standard deviations. This
format allows us to evaluate not only the average gain of the
adaptive control but also the robustness of the results.

Minimum phase duration 10s
Duration of one episode 1000 simulation steps
Simulation step ls

Number of training episodes 100

Number of experiment repetitions 5

Load Scenarios Low, Medium, High Intensity

Basic Method Fixed Traffic Light Cycle

DQN control with multi-

Comparison method
component reward

The parameters of the DQN agent are given in Table 3. Their
specification is important for reproducibility, since the quality of
training significantly depends on the buffer size, learning rate,
discount factor, and & reduction strategy.

Table 3

Table 4
Comparison of fixed and adaptive control, mean + standard
deviation
Metric Fixed control Adaptive control

Average waiting  time 450421 250+ 1.6
for pedestrians, steps
Average waiting time 60.0+2.8 4.0+2.0
for transport, steps
Total queue length, m 180.0 + 7.4 120.0 £5.6
Throughput, veh/min 50.0£1.9 65.0£2.3

Additionally, the method was tested at different traffic levels.
This breakdown is important, as a strategy effective at moderate
traffic flow may perform less well at a saturated intersection.
Table 5 shows the results for low, medium, and high traffic vol-
umes.

Table 5
DQN agent parameters Comparison of control methods at different load levels,
Parameter Value mean + standard deviation

Dimension of t_he input state 14 Pedestrian | Vehicle
Npmber of actions 2 Scenario |Method| waiting, | waiting, | Queue, m Through.put,
Hldfien.layers . 2 layers of 64 neurons each steps steps veh/min
Activation function ReLU Low load | DQN | 31.0+ 1.5 |39.0+2.0] 960438 | 380+ 14
Optimizer Adam Lowload | Fix [ 20.0+1.2 [30.0+1.7] 72.0+3.9 | 44.0+ 1.6
Learning rate 0.001 Average
Discount factor J/ 0.95 lond DON | 45.0+2.1 [60.0£2.8]180.0+7.4| 50.0+1.9
Replay buffer size 10000 transitions Average Fix 250416 14204200 120056 650+23
The size of the mini-sample (batch 3 load ) ) ) ) ) ) ) )
size) Highload| DQN | 62.0+3.4 |84.0£4.6[255.0+£11.2| 56.0+2.4
Minimum buffer size before training 1000 transitions High load| Fix 38.0+2.7 |61.0+35]178.0+89| 72.0+2.8
Loss function Huber loss
Initial value & 1.0 Table 5 shows that as load increases, the absolute values of
Minimum value & 0.01 delays and queue lengths increase, but the adaptive scheme
The rate of decrease & 0.005 maintains control over the intersection. The effect is most notice-
Target network update frequency every 10 episodes able in medium- and high-load scenarios, where the fixed cycle

Routes were generated using standard SUMO tools. The
model included cars, buses, trucks, and pedestrians. To test the
algorithm's robustness, scenarios with varying traffic volumes
were considered: low, medium, and high. In the baseline experi-
ment, the results were aggregated across all runs, allowing for an
averaged assessment of the method's effectiveness.

Four metrics were used to evaluate traffic quality:

e  average vehicle waiting time;

e  average pedestrian waiting time;

e  total vehicle queue length;

e  intersection throughput.

These metrics were chosen because they reflect different as-
pects of traffic signal operation. Vehicle waiting time character-
izes the efficiency of vehicle traffic. Pedestrian waiting time in-

leads to queue accumulation more quickly.

For a visual comparison of these same indicators, the diagram
shown in Figure 1 is shown. It demonstrates that adaptive control
reduces the values of metrics related to waiting and queues while
simultaneously increasing throughput.

Table 4 and Figure 1 show that adaptive control improves all
the metrics analyzed. Average pedestrian wait time is reduced
from 45 to 25 steps, a reduction of approximately 44%. Vehicle
wait time is reduced from 60 to 42 steps, a 30% reduction. The
total queue length is reduced from 180 to 120 meters. Through-
put increases from 50 to 65 vehicles per minute.

To evaluate the learning process, the total reward dynamics were
plotted across episodes. This graph allows us to verify whether the
agent is developing a stable control strategy, rather than simply ex-
periencing random improvements in individual runs.
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Fig. 1. Comparison of the performance indicators of fixed and adaptive
control

DQN Agent Cumulative Reward Dynamics by Training Episode
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Fig. 2. Dynamics of the total reward of the DQN agent by training
episodes

As can be seen from Figure 2, the reward value changes un-
stably in the initial episodes, which is due to the high proportion
of random actions in the & -greedy strategy. As & decreases, the
agent more frequently utilizes its accumulated experience, and
the total reward gradually stabilizes. This indicates the develop-
ment of a more stable control policy.

The obtained values should be considered the result of an ini-
tial simulation test. They demonstrate the viability of the pro-
posed approach but do not constitute exhaustive proof of its su-
periority under all conditions. For a more rigorous evaluation, it
is necessary to expand the experiment: add several load scenari-
os, compare the method not only with a fixed cycle but also with
other adaptive or RL-based algorithms, and also report the spread
of results across independent runs.

This result is due to the fact that the agent does not follow a
fixed cycle but reacts to the current state of the intersection. If a
queue forms in one direction, the strategy can hold the corre-
sponding phase longer. If pedestrians accumulate at a crossing,
the reward function increases the weight of pedestrian waiting
time, and the agent is incentivized to give a green light more
quickly. This improves not only traffic but also pedestrian per-
formance.

TRANSPORT

5. Analysis of results

The results show that adaptive control reduces delays for both
vehicles and pedestrians. This is an important point: the im-
provement is achieved not by redistributing waiting time from
one group of road users to another, but by more flexible use of
traffic light phases.

A fixed cycle predetermines the signal duration and does not
react to actual queue buildup. A DQN agent, in contrast, uses the
current state of the intersection and can change its behavior de-
pending on the situation.

The standard deviation in Table 4 allows us to assess the ro-
bustness of the method. If the spread of values for adaptive con-
trol remains moderate, we can conclude not only that the average
result has improved but also that the effect is reproducible. This
is especially important for reinforcement learning problems,
where the final policy may depend on the initial network initiali-
zation, the order of observations, and random actions during the
exploration phase.

Dividing the experiments by load scenarios reveals the condi-
tions under which adaptive control yields the greatest gains. At
low traffic loads, the difference between the methods is usually
smaller, since the fixed cycle does not yet introduce significant
losses. At medium and high loads, the advantage of the DQN
agent becomes more noticeable: the system encounters queues
and pedestrians more frequently, providing more opportunities
for adaptive phase reallocation.

The most noticeable improvement is observed in pedestrian
waiting times. This is due to the fact that pedestrian flow is ex-
plicitly included in the environment state and the reward func-
tion. As the number of pedestrians in the crossing zone increases,
the contribution of pedestrian delay to the overall learning signal
increases. As a result, it becomes unprofitable for the agent to
hold the vehicle phase for a long time if a group of people has
already formed at the crossing. Simple logic, but for an urban
intersection, it is crucial.

The reduction in vehicle waiting times is explained by anoth-
er aspect of the same adaptivity. The agent takes lane congestion
into account and can maintain the current phase if a significant
flow of vehicles is passing through it. In a fixed-time control
system, this is not possible: switching occurs according to a
schedule, even if one direction is already empty and the other is
congested. Therefore, some of the green time is wasted. In the
adaptive mode, it is used more efficiently.

The reduction in the total queue length is due to the agent not
only reacting to the accumulated delay but also gradually learn-
ing to avoid states in which the queue begins to grow rapidly.
The experience replay buffer allows for the use of previous situa-
tions when updating the model, and the target network stabilizes
learning. Therefore, the strategy becomes not simply reactive,
but more stable over time.

The penalty for phase switching is particularly noteworthy.
Without such a restriction, the agent might choose excessively
frequent signal changes, attempting to instantly react to every
small flow change. In practice, this is bad behavior: it creates
instability, increases time losses during transition phases, and can
degrade safety. Adding a penalty makes the policy more relaxed.
The agent switches phases only when it provides a significant
benefit to the overall reward function.

—
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However, the results should not be overestimated. The exper-
iment was conducted for a single signalized intersection, so it
cannot yet be concluded that the same policy, without modifica-
tion, would be effective for a network of intersections. In a mul-
ti-intersection system, additional effects arise: queue propagation
between nodes, the need for phase coordination, the influence of
adjacent traffic lights, and the heterogeneity of the road topolo-
gy. This is a separate issue.

Another limitation is related to the quality of the input data.
In the simulation, the agent receives fairly accurate information
on the number of vehicles and pedestrians. In a real environment,
this data may be obtained from cameras or other sensors, mean-
ing it will contain detection errors, omissions, false alarms, and
transmission delays. Such uncertainty can impact the quality of
control. Therefore, before practical application, the method needs
to be further tested under noisy observation conditions.

Despite these limitations, the experiment confirms the viabil-
ity of the proposed approach. The multi-component reward func-
tion allows the agent to consider not just a single metric, but sev-
eral related objectives: vehicle delays, pedestrian waiting times,
throughput, and phase switching stability. This makes the sys-
tem's behavior more balanced than with fixed-priority control.

Conclusion

This paper examines the problem of adaptive traffic signal con-
trol, simultaneously accounting for vehicle and pedestrian flows. A
reinforcement learning-based method is proposed, in which the
control agent uses intersection conditions, including lane occupan-
cy, pedestrian count, and the current traffic signal phase. A Deep
Q-Network algorithm is used to select control actions.

The key element of the method is a multi-component reward
function. It includes vehicle delays, pedestrian waiting times, in-
tersection capacity, and a penalty for excessive phase changes.
This formulation allows the agent to not simply reduce vehicle
queues but also to seek a more balanced control strategy. This is
important for urban environments, where the effectiveness of traf-
fic signal control cannot be assessed solely by transport metrics.

Experimental testing in the SUMO environment demonstrat-
ed the advantages of adaptive control over fixed-cycle control.
The average pedestrian wait time decreased from 45 to 25 steps,
vehicle wait time from 60 to 42 steps, the total queue length de-
creased from 180 to 120 meters, and throughput increased from
50 to 65 vehicles per minute. These results demonstrate that in-
corporating the pedestrian component into the reward function
does influence agent behavior and helps avoid a vehicle-centric
control strategy.

However, the work has limitations. The experiments were
conducted for a single signalized intersection in a simulation
environment, so further testing should include more complex
road networks, multiple interacting traffic signals, and scenarios
with noisy input data. A promising direction is to expand the
method to multi-agent settings, as well as integrate computer
vision data to generate environmental state in conditions closer
to real urban infrastructure.
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AHHOTaUMA

B pabote paccMaTtpuBaeTcsa 3ajadqa afanTMBHOMO YMpaBieHUA CBETO(OPHbIM OOBEKTOM C COBMECTHbIM YHETOM TPaHCMOPTHbIX U MELUEXOAHbIX MOTOKOB.
MpeanoxeH Metod, ocHoBaHHbIM Ha anroputMe Deep Q-Network, B KOTOpPOM areHT MpUHMMAEeT peLUeHWe O COXPAHEHUWM WM MepekrsitoHveHun asbl
cBeTodOpa Ha OCHOBE TEKYLLIEro COCTOAHMA nepekpéctka. CocTosHMe BKIIIOYAET 3arpy)KEHHOCTb MOJIOC ABWKEHMSA, KOJIMHECTBO MELLEXOAO0B B 30HE Nepexoaa
1 TekyLlyto ¢asy perynumposaHua. OCHOBHOW BKMaj paboTbl CBA3aH C pa3pabOTKOW MHOFOKOMMOHEHTHOW aAanTUBHOM (yHKLUMM BO3HarpaxaeHua. B Heé
BKJ/IFOYEHbI 33[€PXKKW TPAHCMOPTHBIX CPEACTB, OXKMAAHME MELLIEXOAOB, NMPOMyCcKHas CMOCOBHOCTb NepekpeCcTKa U LTpad 32 U3BbITOYHbIE NepeKsitoYeHus has.
lMpyu HakonneHUn nelexoAoB B 30HE NEPEXOAa MeLlexoAHas KOMMOHEHTA YCUNIMBAETCA, YTO MO3BOJIAET areHTy u3beraTb aBTOMOBUIb-LIEHTPMYHOI CTpaTerumn
YMNPaB/IEHUA U YHWUTbIBATb MHTEPECh! PasHbIX YHACTHUKOB ABUXXEHUA. DKCMEpPUMEHTAsIbHAA NPOBEPKA BbIMOIHEHA B CPeAe MUKPOCKOMUYECKOTrO MOAENMPOBaHUA
SUMO. MNpeanoxeHHbI METOZA, CpaBHUBANCA C (PUKCMPOBaHHbBIM yripaeneHneM cBeTopopoM. [omyHeHHble pe3ynbTaTbl MOKa3anu CHUXKEHWE CPeAHEro BpeMeH!
OXWAAHWA NELLEXOAO0B U TPAHCMOPTHLIX CPEACTB, COKPALLEHUE ASIMHbLI O4YEPEAE U POCT MPOMYCKHOM CMOCOBHOCTU NepeKpécTka. PesynbTathl NoATBEPKAAIOT,
4YTo OOy4eHVe C MOAKPENnNeHMeM B COYETaHMM C aJanTUBHOM (yHKUMEN BO3HArpaKAeHWA MOXET ObITb MUCMONb3oBaHO AnA Gonee rnbkoro u
cHanaHCpOBaHHOIO YrpaBneHns rOpOACKUM MEPEKPECcTKOM.

Kntoueeble cnoea: adanmusHoe ynpaeneHue ceemogopamu, obyyeHue c nodkpenneHuem, Deep Q-Network, mpaHcnopmHble nomoku, newexodHble nomoku, SUMO,
UHMEsIIEKMYasibHblE MPAHCNOPMHbIE CUCMEMbI
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BopHG Ririn el CrpeMUTENbHOCTL Pa3BUTUA MHEPOKOMMYHUKALMIA U CKOPOCTb
Anekcanap lonbgwreitH NOSABJIEHUA HOBbIX MOKOJIEHUN CETEen CBA3U Y>Ke He yauBnsaeT, B
~F& % OTIMHYMAN OT CEPBUCOB U YCITYT, KOTOPbIE HAYMHAIOT COMEPHUYaThb
- K; C Hay4yHo-¢aHTacTMyeckumn cunbmamun. [locteneHHo ceTn
MATOrO MOKOJIEHWUA U UX BO3MOXHOCTU CTAHOBATCA HOPMOW, a
nokoneHne B5G u 6G yxe rotoBATca UX CMeHUTb, Npeanaras
cyMmacllepLune CKopoCTH, CBEPXHU3KYO 3a/lepXKY,
pacnpeAeneHHbli UCKYCCTBEHHbIA WHTENNEKT. YMHble ropoga,
MMMEPCUBHAA [OMOSIHEHHAA peanbHOCTb U KnbepbesonacHocTb
HOBOFO YPOBHA — CETU OyayLLero co3zatoT OCHOBY A MUpa, B
KOTOpPOM UuppoBas M PuU3NYeCKan peanbHOCTU C/IMBAlOTCA B
efIMHyto Knbepdusmnyeckyto.
lNpn 3ToM 3TM HOBble ceTn cBA3K, TpebyOT HOBbIX
NOAXOAOB, CUCTEM M CPEACTB YMNPaBNEHUA CETbIO, afieKBaTHbIX
MM M peliaeMbiXx MMM 3adavaM. Hosaa kHura "YnpaeneHue
MHPOPMMYHMKALMAMK" OXBaTbIBa€T OCHOBHblE TEXHONIOTUH,
YNPABJIEHVE Hay4Hble  JOCTMXXEHMA U  MpaKTU4eckne MpUMEHEHUA
U Lote eV LUV ZEE  yrpaiena cOBpEMEHHBIMU TeNeKOMMYHMKALAMM.
ABTOpbI aHANU3UPYIOT NPaKTUYECKMEe BOMPOCH! YrNpaBneHus

r—-’ 2
\E- -

]

L
A

éﬁy"’ CNOXHeNLLEN COBpeMEHHOM TEIEKOMMYHUKALNOHHOW
MHPPACTPYKTYpOi, nNokKasbiBaA TpaHCHOPMALUIO CUCTEM
ynpasneHua — oT TpaguumoHHbix OSS/BSS k uHTennekTyanbHbIM, pacnpefenéHHbiM, obnayvHo-

OPVEHTUPOBAHHbLIM NNaThOpMaM, MCMONb3YIOWMM WUCKYCCTBEHHbIA WHTENNEKT, UMbpoBble ABOMHUKMY,
aHaNMTUKY OOnbLUMX JAaHHbIX M ABTOMATM3aLMIO MOJSIHOrO >KM3HEHHOrO LMKNA CEPBUCOB U PECYPCOB,
MOKa3bIBatOT, Kak MeHAeTcAa caMa dunocodus KCrIyaTauum: OT PEeaKTUBHOrO pearvpoBaHWA Ha aBapuu K
NPeAVKTUBHOMY YNPaB/IEHUIO, aBTOMATUYECKOMY NMPEAOTBPALLEHUIO UHLUMAEHTOB U ONTUMU3aLMKU PECYPCOB
B PeasibHOM BPEMEeHM.

Yuratenb cMoXeT nNony4nTb He TOMBbKO TEOpeTUYecKoe
NMpeAcCTaBNeHne O MPUHUMNAX MOCTPOEHUA COBPEMEHHbIX
CUCTEM YMPaBfIeHUA, HO W MpakTUYECKMe WHCTPYMEHTbI
MOHWMAaHWA  MPOLECCOB  WHBEHTapu3auuMuM  pecypcos,
YrNpaBneHus yciyramMu, akTUBaMW, Ka4yecTBOM OOCHYXMBaHWA, e

y oummerac
3KCnnyaTaLuein n pasBUTUEM CETMU. - Aatop e 350 crore 30 o, o e vluion

Ha cTpaHuuax KHWrM paccMaTpuBaeTca posib yNpaBfieHWUA B : |
YCNOBUAX BUPTyanusauum ceteBbiXx QYHKUMIA, nepexoja K
cloud-native apxutektypaMm, ceteBoMy slicing, edge-
MHOPACTPYKTYpPaM U BHEAPEHUIO  UHTENIEeKTYyasnbHbIX
MeXaHW3MOB CaMOHACTPaMBAIOLLIUXCA CETEN.

KHura Oygetr nonesHa LWWPOKOMY Kpyry uuTaTenei —
MHXeHepaM onepaTopoB cBA3u, paspabortumkam OSS/BSS-
nnatdopM,  apxXuUTEKTOpaM  ceTeil,  UCCNeAoBaTensM,
npenoAaBsatenaM u cTyaeHTaM npodubHbIX By3oB. OHa MoxeT
CNYXXWUTb KaK COBPEMEHHbIM Y4ebHbIM nocobueMm, Tak U e
MpaKTU4eCcKUM PYKOBOACTBOM Ans CneumanuncTos, o
YYacTBYIOLMX B CO3JAHMM M 3KCMyaTauMu ceTeil HOBOro R,
MOKOJIEHWA.

Bopmc FonsALITelM, GOKTOP TEXHMNECKX HaYK
Canxr-Nevepbyprooi
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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. Solntsev

5) Photonics and mathematics for moving objects

6) Synchronization of information technology processes and technological controlling

7) Optical Methods and Devices
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