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CTPYKTYPHO-OPUEHTUPOBAHHBIN MNMPEJIBAPUTEJIBHBIN
OTBOP BUAEOKAJIPOB BECIIMJIOTHOI'O JIETATEJBHOI'O
AIIITAPATA JIA 3AJJAY KPOCC-MOJAJBHOI'O COITOCTABJIEHUSA
CO CIIYTHUKOBBIMU HN30BPAKEHUAMHNU

PaccmaTpuBaeTcs 3aa4ya npeBapUTeNbHOr0 0T00pa Hanbosiee MHPOPMATHBHBIX BUICOKAPOB JUIsl CUCTEMBI BU3Y-
JIBHOIM HaBHMralUKM OECIMJIOTHBIX JIETATENILHBIX alllapaTroB, OCHOBAHHOM Ha KPOCC-MOAAIBHOM COINOCTAaBICHUHU
CO CIIYTHUKOBBLIMU 1/1306pa>1<eH1/1>1M1/1 B YCJIOBUAX OI'paHUYCHHBIX BbBIYHUCIIUTEIBHBIX PECYPCOB. Bricokas ygacToTta
(OpMUpOBaHUS BUICONOTOKA NPHBOJHUT K CYLIECTBEHHOMY OOBEMY BXOJHBIX JAHHBIX, TOIZA KaK MOJEIH COIOC-
TaBJIeHHs 00JIalaf0T OTPaHUYCHHOM NPOITyCKHOI ClIOCOOHOCTRIO. B pesynbraTe B pexxnMe pealbHoro BpeMeHH 00-
pabaThIBaeTCs JIMIIb YacTh KaJIpoB, YTO MOBBIIAET PUCK NPOIycka Hanboiee HHHOPMATUBHBIX H300pakeHui. [1o-
Ka3aHO, YTO KaJpBbl, COCpIKaIIe I€OMETPUIECKH YCTOHYMBBIC CTPYKTYpPHI CLICHBI, Ha0JlI01aeMble Ha Pa3HbIX Mac-
mTabax U300paXKEHUI U UMEIOIINE COTTTaCOBAHHYIO OPUEHTALUIO TPAHHULL, 00J1a/lal0T O0see BBICOKOH BEPOATHOCTHIO
YCHeUIHOro COMoOCTaBJICHUA CO CIYTHUKOBBIMU 1/1306pa>1<eH1/1>1M1/1. O6OCHOBaHa HeO6XO,Z[l/IMOCT]) UCIIOJIb30BaHU
CTPYKTYPHBIX KPHUTEPUEB, OPUEHTHPOBAHHBIX Ha 33/1a4M COIIOCTABJICHHS.

Kniouegvie crosa: 6ecIIOTHBIE JIETaTEIbHBIE alllIapaThl, KPOCC-MOAAILHOE COMIOCTABIICHUE N300pakeHNH,
IpefBapuTEIbHBIN 0TOOP KaapoB, CTPYKTypHast HH(YOPMATHBHOCTE, BEHBIIECT-TIPEOOpa3oBaHue,
MYJIETUMACIITAOHBIH aHAIN3, CITyTHUKOBBIC H300paKeHHs, BU3yaJIbHAsl HABUTALIHS

BBEJAEHUE

Kpocc-MonmanpHOE comocTaBieHHEe H300paKEHHH,
HalpaBJICHHOE HA YCTAHOBJICHHE NPOCTPAHCTBEHHBIX
COOTBETCTBHH MEXAy HW300paKEHUSAMH, TIOTy4eH-
HBIMH DPa3JIMYHBIMH CEHCOPHBIMHU CHUCTEMaMH M IIPH
CYIIECTBEHHO OTJHYAIOLIUXCSA YCIOBHUSX CBEMKH,
ABJISIETCS. OHON U3 KIIFOUEBBIX 33/1a4 KOMIILIOTEPHOTO
3pCHUA. B xonTekcte AUCTAHIIMOHHOTO 30HANPOBAHUA
¥ aBTOHOMHBIX CHCTEM J[aHHas 3ajada IpuoOperaer
0c0o0yI0 3HaYMMOCTb, MOCKOJBKY TOYHOE COIMOCTaB-
JeHne  M300paKeHWH  CIYXXHT  OCHOBOW st
reorpauueckoil MpPUBSA3KHM, HABUTALUM, PEKOH-
CTPYKLIMM CLIEHBl M NPUHATUS PELICHUA B PEAILHOM
BpPEMEHHU.

B wactHOCTH, comOCTaBjieHUE W300paKECHUM, IMO-
JY4YEeHHBIX C OECHMJIOTHBIX JIETATEIbHBIX alIlapaToB
(BITJIA) u crmyTHUKOB, MpeACTaBisieT cOOOM KpaiiHe
CIIOKHYIO KpOCC-MOJalbHYyI0 3anauy. M3o0pakeHus
¢ kamepbl BIIJIA ¥ CyTHHKOB NPUHLMIHAIBHO pas3-
JIMYAIOTCS TI0 MaciuTaly, pakypcy HaOIIOACHHUS, TIPO-
CTPAaHCTBEHHOMY PpAa3peLICHUI0 M TI'€OMETPUYECKOH
CTpYKType ciieHbl. CIyTHUKOBBIE M300pa)KEHHUs, Kak
npaBuiio, (OPMHUPYIOTCS B OPTOIOHAIBHON NMPOEKIIUH
Y OXBaTHIBAIOT OOIIMPHBIE TEPPUTOPHH, TOTNA Kak
nzobpakennss BIIJIA xapakTepnsyroTcsi orpaHHYeH-

HBIM TIOJIEM 3pPEHUS, BBIPAKEHHBIMU MEpPCIEKTHBHBI-
MH HCKa)XCHUSIMH M BBICOKOM BapHaTHUBHOCTBIO pa-
KypcoB. OTH pa3InyMsl CyIIECTBEHHO YCIOXKHSIOT yC-
TAHOBJIEHUE YCTOHYMBBIX COOTBETCTBHM MEXIY H30-
OpaXCHUSIMU.

Cospemennsie cuctembl BIUJIA [1] ocramaroTcs
KaMepaMH C BBICOKOW 4aCTOTOM KaJIpOB, YTO IPUBO-
IUT K (OpPMHUPOBAHUIO IUIOTHBIX BHJICOIOCIIENOBA-
TENBHOCTEHl M 3HAYUTENBHBIX ITOTOKOB BH3YaJbHBIX
JNaHHBIX. B TO ke Bpems MeToJbl KPOCC-MOAAIBHOIO
COIIOCTaBJICHUS N300paKEHNH ¢ KaMephl U CITyTHHKA,
KaK MpaBUiIO, OCHOBAHbBI Ha BEIYUCIUTEIBHO CIOXKHBIX
MOJIEJISIX, BKJIFOYasl IITyOOKHe HEHPOHHbIE CETH, IJIOT-
HbIE [2] WU MOYIJIOTHBIE [3] anropuTMBI COMOCTAB-
JICHHS ¥ TIPOLIEyphl T€OMETPUIECKON HOpMaTU3alHu.
B pesynprare npomyckHas criocoOHOCTh TaKUX MOJe-
Jiell OoKa3bIBaeTCsl CYLIECTBEHHO HIKE CKOPOCTH IIO-
CTYIUICHHUS JaHHBIX OT CEHCOpOB, YTO JeNaeT oOpa-
OOTKY BCEX KaJIpoB B PEKUME PEATLHOIO BPEMEHH
MPAaKTUYECKH HEBO3MOXKXHOU. B yCI0BUSIX OrpaHUYEH-
HBIX BBIYUCIIUTENBHBIX PECYPCOB CHCTEMA BBIHYXCHA
BBINOJIHATh YACTUYHYIO 00pa0OTKy BXOIHOIO IOTOKa,
YTO IOBBIILIAET BEPOSITHOCTH MIPOIYCKa KaIpoB, obJia-
JaroImMXx HauOosblied MHQOPMATUBHOCTRIO U obec-
MEYNBAIOIIMX ONTHUMAaJbHBIE YCJIOBHS MJIsl Kpocc-
MOJIaJIbHOTO COTIOCTABIEHMUS.
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B Takux ycrnoBusx oco0yr BaXHOCTH MpHOOpeTa-
eT 3a/la4a IPEeABAPUTENBLHOI0 0TOOpa KagpoB, LENbIO
KOTOPOH SIBIISIETCA COKpAILEHHE BXOJHOIO ITOTOKA JIaH-
HBIX 3a CUCT MCKIIIOYCHMS KaApOB, MAJIONPUTOAHBIX IJId
MOCJIEIYIOUIET0 KPOCC-MOJAIBHOIO COIIOCTABJICHUS.
B orimume oT KimaccHMUECKHMX 3a/1ad BUACOCENIEKIINH,
311eck TpedyeTcst 0TOOp HE MPOCTO BH3YAIBHO KadeCT-
BEHHBIX W300paXCHUM, a KajJpOB, O0JIAJAIOIIUX BbI-
COKOIl MH(QOPMAaTUBHOCTHIO UMEHHO C TOYKH 3PEHHS
YCIIEIIHOTO COTMOCTABIEHUSI CO CIYTHUKOBBIMH H30-
OpaXCHUSIMU.

Haubonee pacnpocTpaneHHBIE TOAXOIBI K OTOOPY
KaJApOB OCHOBBIBAIOTCA Ha MCIIOJIb30BaHUU O6HII/IX
METPHUK KauecTBa M300pakEeHHs, TAKMX KaK PE3KOCTh,
KOHTPACTHOCTh WMJIM JHEPTUsl B YaCTOTHOW 0ONacTH
[4-6]. IlomoOHBIe KpuTeprU >PPEKTUBHO BEHISBISIFOT
TEXHUYECKU Ae(eKTHbIE KaJApbl, HANpPUMEp, Pa3Mbl-
ThIC WK 3allyMJICHHBIE W300paxkeHus. OIHAKO B 3a-
Jadax KpocC-MOJAIbHOIO COIOCTABJICHUS TaKUe MET-
PUKH OKa3bIBAIOTCA HEAOCTATOYHBIMMU. BI/I3yaJ]I)HO
YeTKHe U KOHTpacTHbIe Kaapbl BIIJIA He rapantupy-
IOT HaJIW4hs YCTOMYMBBIX CTPYKTYPHBIX IIPU3HAKOB,
COIJIACOBAaHHBIX C TIE€OMETPUEH CIyTHHKOBBIX H30-
OpakeHUl, ¥, CJIEOBATEIbHO, HE 00s3aTeIbHO TPHU-
BOJSIT K YCIIEIITHOMY COTIOCTaBJICHUIO [0, 7].

OCHOBHO# TPUYHMHON 3TOTO SBIAETCS TO, HUTO
KJIaCCHYECKHWE METPUKM KauecTBa OLIEHMBAIOT TIpe-
HMMYIIECTBEHHO HU3KOYPOBHEBbBIC BU3yaJlbHBIE Xapak-
TEPUCTUKH, HE YYUTBIBAsA CTPYKTYPHYIO U I'€OMETpPHU-
YECKYl0 COBMECTHMOCTb M300paK€HHH Pa3IUYHBIX
MOJAQJIBHOCTEN. B 4YacTHOCTH, MEJKUE TEKCTypHbIE
JeTany, TEHHW, HOABWXKHbIE OOBEKTHI U JIOKAJIbHbIE
W3MEHEHUS! OCBELICHUS MOI'YT CYIIECTBEHHO IIOBBI-
IaTh BU3yalbHOE "Ka4ecTBO" Kajpa, HO P STOM HE
BHOCHUTH IOJIE3HOW MH(POPMALUK IS COTIOCTaBICHUS
CO CIYTHMKOBBIMH HM300pa)KEHUSIMH, B KOTOPBIX JI0-
MUHUPYIOT KpyIMHOMAcIITaOHbIE W CTaOWJIBHBIE Te0-
METPUYECKUE CTPYKTYPBI, TAKUE KaK JOPOKHAs CETh,
3aCTpOMKa WIN TPaHULbl JaHmagTa.

Takum 00pa3oM, BO3HHKAeT HEOOXOIUMOCTb
B pa3pabOTKe METOJIOB MpPEIBapPUTEIBHOIO OTOOpa
KaJpOB, OPUEHTUPOBAHHBIX HE HAa CyObEKTUBHOE HJIH
BU3YyaJIbHOE Ka4eCTBO M300paKEHHsI, a Ha OLIEHKY €ro
MOTEHIIMATBHON MIPUTOAHOCTH AJISI KPOCC-MOAAIBHOTO
comocTaBjieHusa. Takue MCETOAbI NOJIKHBI YYUTBIBATH
CTPYKTYpPHYIO MH(OPMATHUBHOCTh KaJPOB, X YCTOM-
YUBOCTh K U3MEHEHUIM MacIlTada u paKypca, a TakxKe
CHOCOOHOCTD COXPaHSTh COTJIACOBAaHHYIO MPOCTpaH-
CTBEHHYIO OPraHHU3allMI0 CLEHBl MEXAy H300pae-
Husmu BITJIA u cmyTHUKa.

B nanHoii paboTe npeuiaraercs moaxo] K mpeiBa-
putenbHOMY OTOOpY KaapoB c¢ kamepbl BIUIA, Ha-
MIpaBIICHHBIA Ha TOBBIMIEHHE Y(PPEKTUBHOCTA KPOCC-
MOJAJILHOTO COTOCTABJICHUSI CO CIIyTHUKOBBIMH H30-
OpakeHUSIMH B YCIIOBHSAX OTPAHUYEHHBIX BBIUUCIIH-
TEJTHHBIX pecypcoB [8, 9]. B ornmuune ot cymecTByro-
X METOA0B, OPUCHTHPOBAHHBIX Ha O6HII/IC MCTPUKHN

A. C. ®ATEEB u np.

KadyecTBa M300pakeHHUsI, TpejiaraeMblii MeToll POKY-
CHpYeTCSl Ha aHalM3€ CTPYKTYPHBIX XapaKTePHCTHK
M300pakeHNs], PEJICBAHTHBIX 3a7ade COMOCTABICHHS.
DTO MO3BOJISAET CYLIECTBEHHO COKPATHTh KOJIMYECTBO
o0OpabaTeIBaeMBIX KaJIpoB 0€3 IMOTepru TOYHOCTH T'eo-
rpaduuecKol MPUBSA3KH U TOBBICHTH MPAKTHYECKYIO
HNPUMEHHMOCTh CHCTEM KPOCC-MOAAIBHOTO COMOCTAB-
JICHU B pC€aJIbHBIX CIICHAPUAX.

INHOCTAHOBKA 3AJJAYN

Mycts F =1

t(t=1)
MmoilydeHHass ¢ OOpTOBOM KaMmepsl OeCIMIOTHOTO
JIETATENBHOIO almnapara ¢ BBICOKOW 4acTOTOM KaJapoB,
rne T obozHawaer oOmIiee 4YHMCIO KaapoB B pac-

— BHUACOIIOCICI0BATCIIBHOCTD,

CMAaTpUBa€MOM BpPEMEHHOM MHTepBane, a [ —
CIIyTHHKOBO€  HU300pak€HHE  COOTBETCTBYIOMIEH
TEPPUTOPHH.

BBI/II[y OIrpaHUYCHHBIX BBIYHUCIIMTEIBHBIX PECYPCOB
o0paboTtka Bcex 7 KaApOB BUAEONOCIENOBATETFHOCTH
IJISL  KPOCC-MOJAJBbHOTO COIOCTABJICHUS SIBIISCTCS
MpPaKTUYECKH HEBO3MOXKHOUM. B cBsizu ¢  sTum
TpeOyeTcs BEIOpaTh IMOJIMHOKECTBO KaJIpOB

F'cF,|F|<T,
KOTOpbIe 00J1a/1at0T HauOobIIeH TPUTOTHOCTHIO IS
MOCIIEAYIOMIET0 conocTaBineHus: n3oopaxkenuii bITJIA
CO CITYTHUKOBBIMU JaHHBIMHU.

B omimume OT TpaguIMOHHBIX METOAOB OTOOpa
KaJIpOB, OCHOBAHHBIX Ha BU3yaJbHBIX METPHKAX Kade-
CTBa M300paxkeHHs, B JAHHOH paboTe CTaBUTCS 3aJa4ua
OLICHKH CTPYKTYpHOH MH()OPMATHBHOCTH Kajpa, OT-
pakaromieit ero cmocoOHOCTh 00eCTIeYnBaTh YCTOWYH-
BbIE T€OMETPUUYECKHE COOTBETCTBHS B 3a/ade Kpocc-
MOJIaJIbHOTO CONOCTABIICHUS.

MVYJIbTUMACIITABHBIA CTPYKTYPHBIN
AHAJIN3 C UCIIOJIb30OBAHUEM
2D-BEUBJIET-IIPEOBPA3OBAHNS

OnucaHnue npeobpazosanus

JInst  aHanmu3a  CTPYKTYPHBIX — XapaKTEPUCTHK
M300pakeHHsd Ha PA3IMYHBIX POCTPAHCTBEHHBIX
Macmrtabax HCHOIb3YyeTCsl JIByMEpHOE JHUCKPETHOE
BeliBneT-mpeodpazoanue [10, 11], obecrieunBaroriee
COBMECTHYIO IPOCTPAHCTBEHHO-UYACTOTHYIO JIOKAJIH-
3aIMI0 TIPU3HAKOB.

Iycts 1 € R™ — Bxomuoe uszobpaxenue. JIpy-
MEpHOE JUCKPETHOE BEWBJIET-NPeoOpa3oBaHUE CTPO-
WTCSl HA OCHOBE IOCJIEIOBATEIHHOIO MPUMEHEHHUS OJ1-
HOMEPHBIX (UIBTPOB MO CTPOKaM M CTOJOLaM H30-
opaxenns. Ilycte g 1 £ 0003HaYAIOT COOTBETCTBEHHO
BBICOKOYACTOTHBI M HU3KOYACTOTHBIA (UIBTPHI aHa-
mu3a. Torma omepanuu BEHBJIET-Pa3ioKEHHUS] MOTYT
OBITH 3aIMCaHEl B BUIC
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CTPYKTYPHO-OPUEHTUPOBAHHBIN TIPEJIBAPUTEJIbHBII OTBOP BUJIEOKAJIPOB

L=(I*h)d2, G=(1*g)i2,

rae (*) oboszHawaeTr CBepTKy, a |2 — oOmepanuio
IBYKpaTHOH Aauckperusanun (downsampling).

Ilocrie mocnenoBaTeNnbHON (GUIBTPAMA IO CTPO-
KaM H CTOJIOIIaM ()OPMHUPYIOTCS YEThIpe MOAIUAINa30-
Ha:

(AlaHjal/laD[)a

rae A — annpokCUMUPYIOIIUMN [OJAMAana3oH (Hus-
KHE 4YacTOThl II0 OOOMM HampasieHusM), a H,, V,
u D, 1pencTraBisiOT COOTBETCTBEHHO T'OPHU30H-

TaJIbHBIC, BCPTUKAJILHBIC W JUATOHAJIBHBIC JC€TaIu
n300paKeHusl.

AnnpoxkcuMupyroImuil noaguanazoH A, pekyp-

CHBHO HCIIOJB3YETCS Ul IOCTPOEHUS CIIEAYIOLIEro
YPOBHS Pa3jOKEHHs, 9YTO NPHUBOAUT K Hepap-
XMUUYECKOMY MYJIbTUMACIITAOHOMY TpPEACTaBICHUIO
M300pakeHus:

I—-{4,,H,.V,,D,,...H.,V,,D},

rae L o00o3HavaeT 9ncio YpoBHEH pas3oKeHusI.

Takoe TmpeacTaBlIeHHE IMO3BOJIET  BBIACIATH
CTPYKTYpHBIE KOMIIOHEHTBI M300pa)kKeHHsI Ha pa3iny-
HBIX TPOCTPAHCTBEHHBIX MaciuTabax, YTO JiesaeTr
BEHBIIET-PA3/I0KEHUE YAOOHBIM HHCTPYMEHTOM JUIS
aHAJIN3a TEOMETPUYECKH YCTOMYMBBIX 3IEMEHTOB
CIIEHBI, TAKUX KaK KOHTYpbI, TEKCTYpHbIE MATTEPHBI
U HalpaBJ€HHbIE CTpPYKTyphl. Ilpumep BeiiBier-
pa3IOKEHUs] CHHTETHUYECKOro H300pa)xKeHus IMpes-
CTaBJICH Ha puc. 1. B xadecTBe BXONHBIX JaHHBIX HC-
NOJIBb3YeTCsI MCKYCCTBEHHO C(OpMHUpOBAaHHAS CIIECHA,
coJleprKalias TOPU30HTANIBHBIE, BEPTUKAIBHBIE U M-
TOHAJIBHBIE JINHEHHbIE CTPYKTYpHL. [IpumeHeHue cun-
TETHYECKOT0 M300paKeHHs! MO3BOJISIET HATIISIHO MPO-
JEMOHCTPHPOBATh  HAIPABIEHHYIO CEIEKTUBHOCTD
2D-BeiiBneT-npeoOpa3oBaHusl B yCIOBUSX KOHTPOJIH-
pPYEMOIl TEOMETPHH CLEHBI, HCKIIIOYasl BIUSHUE TEK-
CTYPHBIX U (OTOMETpUYECKUX (PAKTOpPOB, XapakTep-
HBIX JJIs1 pEaJIbHBIX JTaHHBIX.

105

Kak BumHO 13 puc. 1, ko3 uIMeHTs eTain3a-
UM TIEPBOTO YPOBHSI Pa3iOKEHHUS BBIIEISIOT CTPYK-
Typsl B COOTBETCTBHH C WX OpPHCHTAIMEH: TOPU3OH-
TaJbHbIE KOMIIOHCHTBI KOHIICHTPUPYIOTCS B TIOJHaNa-

30H H, , BepTHKaJlbHbIE — B V,, @ IMarOHAJIbHBIE —
B D, . Ilpn 3TOM anmpOKCHMHUPYIOUIHA KOMIIOHEHT

COXpaHseT OONIYI0 TEOMETPHUIO CIeHBI. JlaHHBIN TpH-
Mep WUIIOCTPUPYET CIOCOOHOCTh  BEWBIET-Tpe-
00pa3oBaHUsl BBIIOJNHATH HNPOCTPAHCTBEHHO JIOKAJIH-
30BaHHBIM M HANpPaBIEHHO-UYyBCTBUTEIbHBIN aHaIN3
I/I306pa)KCHI/I$1, YTO SIBJISIETCS KIJIIOUEBBIM CBOMCTBOM
IIPY OLIEHKE CTPYKTYPHOM MH(GOPMATUBHOCTH KaIpOB
JJIS1 COTIOCTABIICHUSL.

B otnmuawne ot npeobpazoBanus Oypre [12], obma-
JAIONIEr0 TJI00aJIbHOM YaCTOTHOW JIOKaJH3alueH,
BEHBIIET-IIpe0Opa30BaHUE COXpaHsEeT IPOCTPAHCT-
BEHHYIO JIOKAJIM3aLMI0 CTPYKTYPHBIX 3JIEMEHTOB. JTO
0CcOOEHHO BaXHO JIsi W300paKeHHWH, MOJTYYEHHBIX
¢ xamepnl BIIJIA, kKoTopble yacTo conepKaT BbIpa-
KEHHBIE TPaHMIIBI OOBEKTOB, JINHEHHBIE CTPYKTYpPHI
(moporu, 3maHus, TPaHWIBI TONieH) M TEKCTYPHBIE
AIIEMEHTHI PA3TUYHOIO MPOCTPAHCTBEHHOIO MacIITa-
06a. B psage pabotr mns omeHKH HWHGOOPMATUBHOCTH
n300pakeHUI HMCHONB3YIOTCS 0Oojiee MpPOCThIE JIO-
KaJbHbIE TIOKa3aTeNlM, Takhe KaK DHTPONHS H300pa-
xenwus [13], rpaguentHbie MeTpukH [14], Mepa pes3ko-
cTH Ha ocHoBe Jlamnacuana [15], a Takxke XapakTepu-
CTHKH, OCHOBaHHBIE Ha TEH30pe CTPYKTypsl [16].
HaHHbIe METO/JIbI OTPAXKAIOT OTACIBbHBLIC ACTICKTHI JIO-
KaJIbHOM KOHTPAaCTHOCTH WJIM CTATHCTUYECKOrO pas-
HOOOpa3ust M300paKEHUs,, OJHAKO HE YYUTHIBAIOT
B3aUMOCBA3b CTPYKTYPHBIX 3JICMCHTOB HAa Pa3JIMYHBIX
IPOCTPAHCTBEHHBIX  Macmrabax. Mcmonbs3oBaHue

BEUBIIET-Pa3JI0KEHUs [TO3BOJIIET aHAJIM3UPOBATh pac-
IpeneNeHne 3HEPrul CTPYKTYPHBIX KOMIIOHEHT Ol
HOBPEMEHHO B MPOCTPAHCTBEHHOM M 4YacTOTHOW 00-
JacTsX, 9TO JeNlaeT JaHHBIA noaxoj Oojee Mmoaxons-
UMM JUISL BBIABJIEHUS T€OMETPUUYECKH YCTONYMBBIX
CTPYKTYP CLICHBI, 3HAUUMBIX JJIs 33/1a4 YCTaHOBJICHHUS
MEXHN300paKEHYECKUX COOTBETCTBHH.

Puc. 1. Ilpumep 2D-BeiiBrneT-pa3noskeHusi CHHTETUYECKOTO U300paskeHHsL.
a — HCXOJHOe M300paxkeHue; 6 — IuaroHajgbHble KO3()(GUIMEHTHI NeTanu3aiuy D NepBoro ypoBHs; B — IOPU30HTAIb-
Hble KO3 dumeHTsl H| 1nepBoro ypoBHs; I — BepTUKaJIbHbIE KO3 (UIIMEHTHI V| [IEpBOr0 YPOBHS
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Oyenka cmpyKmypHoU UHGOPMAMUSHOCmU
8 gelignem-0oMeHe

[lycte ans w3oOpaxkeHus: | BBIONHEHO L-ypoB-
HeBoe 2D-BeiiBieT-pasznokeHue, B pe3yiabTaTe KOTO-
poro TMOIYYEHBI ANMPOKCHMHUPYIOIIUE W JETalu-
3UPYIOLIUE 0 UANIa30HbI

(4,,H,.V,,D,), 1=1,...L.

IMopgauanasonsl H,, V, u D, npeacTaBisroT coooi

MaTpuilbl KO3(pUITUEHTOB eTAIN3aliy Ha YPOBHE /,
COOTBCTCTBYIOIINE TOPU30OHTAJIBHBIM, BCPTUKAJIbHBIM
Y TMarOHAJIBHBIM CTPYKTYPaM H300paKeHHS.

[Ipenamonaraercst, YTO FrEOMETPUYECKH yCTOWYHMBEIC
CTPYKTYPBI CIIEHBI TPOSBIISIOTCS B BHIE JIOKAJIBHBIX
MAaKCUMYMOB SHEPTHHU B ACTAIUIUPYIOIIUX ITOJJuaria-
30HaX Ha HECKOJIBKMX Macmitabax. [ KonmdecTBeH-
HOM OIICHKH BBOIMTCS HOPMHPOBAaHHAs dHEpreTHYe-
CKasl XapaKTepUCTUKA YPOBHS /:

U YO I TUR

ieH, i€l ieD,

rje Hl(i) o00o03HavaeT - KO0IQPUIMEHT COOTBET-
CTBYIOLIETO IIOJIMAIa30Ha, a MOJIYJIbHBIE CKOOKH
|. . | — 9rcio KO3 UITUEHTOB B IO INAIIa30He.

Ucnons3zoBanmne kBampara kod(h(PHUIIMEHTOB COOT-
BETCTBYET OLICHKE SHEPIUH CUTHaJa HOPMBI L;:

44 =, Y

YTO COIJIACYETCSl C PHEPreTUYECKOM HMHTEpIpeTalnuen
BEHBIIET-TIPe0Opa3oBaHysl Kak OPTOHOPMUPOBAHHOTO
pasnoxxeHus. IIpu ncnonbp30BaHUKM OPTOHOPMANIBHBIX
BEHBIJIETOB BBINOJIHACTCA COXPAHEHHWE 3HEPTUH, UTO
MO3BOJISIET MHTEPIPETUPOBATh £, KaK JONI0 CTPYK-
TYpHOW DJHEPIHMH W300paKEHUS, JIOKAITHM30BAHHOM
Ha Macirabe /.

HopwmupoBka Ha gmcio ko3hGUIMeHTOB |H ;

4
|DI| obecrieyrBaeT WHBAPHMAHTHOCTh OIEHKH K pas-
Mepy MojAIuana3oHa U M03BOJISIET KOPPEKTHO CPaBHU-
BaTh YPOBHHU PA3JIOKEHUS Pa3IMIHON pa3sMEPHOCTH.
Taxkum oOpa3oM, BenuuuHa E, OTpaxkaeT cymmap-
HyI0 MHTEHCHBHOCTb HAIIPAaBJIEHHBIX TPaHUI] U TPO-
TSOKCHHBIX CTPYKTYp Ha MaciuTtade /, moaaBisis BKIa

CIly4yafHOTO IIyMa ¥ MEJKOMACIITaOHBIX TEKCTYP
3a CUET KBaJPAaTUYHOTO YCPEIHEHUSI.

b b

Meswcmacumabuas co2naco8anHocms

cmpyKkmyp
Jns NoBBILIEHUS YCTOMYMBOCTH OLEHKH CTPYK-
TypHOU UHPOPMATUBHOCTH BBOJUTCS Mepa

A. C. ®ATEEB u np.

MEKMAaCIITaOHOM  COTJIACOBAHHOCTH, OTpaXkKaromias
CTENeHb COXPAHEHUS SHEPTeTHIECKUX XapaKTEePHUCTHK
M300paKeHUs] TpPU MNEepPeXoJe MEXKIY COCeIHHUMHU
MacIITadamMu Pa3ioKeHNsI.

Hnst ypoBHeit [ n [+1 mexmacmrabHasi coriaco-
BaHHOCTbH OTIPEIEISIETCS KaK

|Ez _E1+1|
1= b

/ bl
E+E, +¢

rae € >0 — Manbslii peryisipu3upyONHi mapamerp,
o0ecredrBaroNiil YUCIIEHHYI0 YCTOHYHMBOCTH TPHU
E =E, =0.

Bennuuna C; mpuHUMaeT 3Hau€HHs B JMAala3oHe
0<C, <1 u xapaxkTepusyeT CTElE€Hb CXOJCTBa pac-
HpesieNieHNs] SHEPruM Ha COCeIHMX MaciuTabax. 3Ha-
yerns C;, ONM3KME K eUHUIIE, COOTBETCTBYIOT CIIy4a-
sIM, KOTJ]a SHEpreTHYecKhe XapaKTepUCTUKU MPaKTH-
YEeCKM HE U3MEHSIOTCS NP IEePeXoe MEXI1y MacIlTa-
6aMI/I, 4YTO CBUACTCIILCTBYET O HAJIMYUU I'€OMETPUUC-
CKH YCTOMUHUBBIX U MPOTSHKEHHBIX CTPYKTYP CLIEHBI.

Hanporus, maneie 3Hauenus C; yKa3bplBaloOT Ha Cy-
HIECTBEHHBIE pa3auyusd Mexay E, u E,,,, 94To Xapak-
TEPHO [UI1 MEJIKOMAaCIITAaOHBIX TEKCTYp, IIyMa HIIN
JIOKaJbHBIX apTe(akToOB, DHEPTHS] KOTOPBIX OBICTPO
3aTyxaeT NpH YKPYIIHEHUH MaclTada.

DyHKYUsL OYeHKU U cmpameusi
ombopa Kaopos

Hns  o0ecredeHus: CONOCTaBUMOCTU  BKJIAJIOB
pa3NMYHBIX MaclTabOB JHEPreTHYECKHE XapakTe-
PUCTHKH  HOPMHPYIOTCSI 1O  TIOJHOH  3SHEpPruu
JETATU3UPYIONINX O AHANIa30HOB:

~ E

E — ,
E +e

k=1

rae € > 0 — Mablif peryispu3upyIonuil mapamerp,
o0ecreurBaroNIil YUCIIEHHYI0 YCTOHYHMBOCTH TIPHU
MaJIbIX 3HAYCHUSAX SHEPTUU.

Takass HOpMHPOBKa yCTpaHseT 3aBUCUMOCTh OIIeH-
KH OT 00IIel ApKOCTH M300pakeHusI U 00ecTiednBaeT
BBITTIOJIHCHUE YCJIOBUA

HroroBast omeHka CTpyKTypHOW WH(pOpPMATHB-
HOCTH Kazapa [ ompexenseTcds Kak B3BELICHHas
KOMOVHAIMs HOPMUPOBAHHBIX SHEPreTUUECKUX M MEX-
MacIITa0HBIX XapaKTePUCTHK:

L o L-l
S(1)=>a,k +>BC,,
=1 =1

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 2
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Puc. 2. Cxema BBIYHCIICHHS OLICHKH CTPYKTYpHOH MH(OPMAaTUBHOCTH Kazapa S(/) Ha OCHOBE TPEXypOBHEBOTO BEiiBIIET-

Ppa3noXKeHUst H300parkeHHs

rae koddduimeHTsl oy U f; 3amalOT BKIAJ COOT-
BETCTBYIOIIUX MAacIITabOB M BBIOMPAIOTCA SMITUPH-
yecku. [lepBas cymma oOTpaxaeT paclpeaeieHue
CTPYKTYpHOH S3HEpruM IO MaclTabaM pa3ioKeHus,
a BTOpasi — CTENeHb MEXMacIITabHOW YCTOMYMBOCTH
BBISIBJICHHBIX CTPYKTYD.

Kanper BuaeonocineoBaTeNbHOCTH PaHXHPYIOTCS

1o 3nauenmno S(1,), mocie yero GpopmMupyercs mos-
MHOKECTBO

F={I, :S([,)BXO)JHTBTOH K},

rae K — 3ajanHoe 9uciio oToupaeMbIx kaapo < 7.

VYhpolieHHas cXeMa BBIYUCICHHS NPEJI0KEHHOM
OILICHKH IpeACTaBieHa Ha puc. 2. Ha Bxox MeTona mno-
JlaeTcs N300pakeHue MepeKpecTKa, CHATOrO C KaMephbl
BIIJIA, xoropoe moIBEpraeTcsi MHOTOYPOBHEBOMY
BENBJIET-Pa3NIOKEeHNI0. [l KaXa0ro ypoBHS BBIYMC-
JSIFOTCSA SHEPreTHUECKUE XapaKTepUCTUKU AeTalnu3u-
pytomux kodduumentoB £, U mokazaTean MeKMac-
mTabHoi cormacoBanHocT C). [lomydeHHbIe Benn4n-
HbI arperupyroTcs B UTOTOBYIO OLEHKY CTPYKTYpPHOM

uHpopmatusHocTH S (1), KOTOpask HCIONB3YETCs LI

PAHXXUPOBAHUA KaAPOB BUACOIIOCICA0BATCIbHOCTH.
I[J'ISI aHajin3a BKJIaJa OTACJIBbHBIX KOMIIOHEHT pac-
CMOTPUM JCKOMITIO3UIIUIO UTOrOBOTO 3HAUCHHA KpHU-

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2

tepuss (). B naHHOM nprMepe BecoBble KOdpdu-

LUEHTHI NIPUHATHI paBHbIMH eaunuLe (a, =1, B, =1),

9TO MO3BOJISIET HEMOCPEACTBEHHO OIEHUTHh OTHOCH-
TeJILHBIN BKJIa[l DHEPreTUYCCKUX U MCKYPOBHEBBLIX
KOMIIOHCHT KpUTCpPUs. PC3YJ'[I)T3TI>I JCKOMITO3HUIIUU
TIpeICTaBICeHbI B Ta0M. 1.

Taoa. 1. Bximag oOTHENBHBIX KOMIIOHEHT
B UTOTOBYIO OIICHKY CTPYKTypHOU HH(OpP-
matuBHOCTH S([)

Komnonenr | 3HaueHue Bxumag, %
E1 0.013690 0.7
Ez 0.169649 8.8
E3 1.275887 66.5
C 0.183256 9.6
C, 0.275206 14.4
5(1) 1.917688 100
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W3 nanHBIX, IpUBENEHHBIX B TabM. 1, cieayer, 4To
OCHOBHOW BKJIaJ B 3Ha4YeHHE Kputepus S ([ ) BHOCHUT

SHEPreTHYECKasi KOMIIOHEHTa TPEThEro YPOBHS Das-
noxeHus E;, 1071 KOTOPOH CoCTaBsgeT 0Koo 66.6%

0T 0o0lIero 3Ha4eHUs] OLEHKH. JTO YKa3bIBaeT Ha To,
YTO 3HAYHUTENbHAS 4YacTh CTPYKTYPHOH WMHQOpMAaIUH
CLICHBI IIpEICTaBIeHa Ha OoJyiee KPYIHBIX IPOCTPaH-
CcTBeHHBIX MacmTabax. [lomoOHOe pacmpeneneHue
SHEPTUH XapakTepHO s U300pakeHWH TOPOACKON
WHpacTpyKTypel. B paccMaTpuBaemoii clieHe mpu-
CYTCTBYIOT BBIPA)KEHHBIE T€OMETPUYECKHE CTPYKTY-
pBl — JOpPOKHBIE JIMHHH, NEPEKPECTKU U TPAHULIBI
TOPOJICKHX KBapTalloB, — KOTOpBIC MPOSBIISIOTCS
MPEeNMYIIIECTBEHHO Ha Ooyiee TpyOBIX YPOBHSX BEHB-
JIET-pa3noKeHHU .

CyMMapHBIi BKJIaJ KOMIIOHEHT COIJIaCOBAHHOCTH
MEXy ypOBHSIMH pasnoxeHus C, cOCTaBIsIET OKOJIO

24% OT UTOTOBOTO 3HAUEHUsS KPUTEpHs, YTO CBUJE-
TENBCTBYET O HAIWYNHU HPOCTPAHCTBEHHBIX CTPYKTYD,
YCTOWYHMBO TPOSIBISIOMINXCS HA COCEIHUX YPOBHSX
pa3noKeHHs.

[Ipu HEOOXOAUMOCTH MOXKET OBITH BBEIEHO [10-
MOJIHUTEIBHOE OTPaHNYeHHE Ha MHHUMAIBHBIN Bpe-
MEHHOI MHTEpBaJ MEXIY BEIOPaHHBIMHU KaJpaMH JIJIst
oOecriedeHus] pa3HOOOpasusi paKypcoB HAOIIOACHUS.

CTOUT OTMETUTh, YTO BHIYMCICHHE OLEHKH S (1 ) HE

TpeOyeT HHPOpPMAMHA O CIYTHUKOBOM H300paKEHUHN
W MOKET OBITh BBITIOJIHEHO HA PaHHUX dTamax oOpa-
00TKH.

Buiuucaumenvnas cioscnocmo

[Ipemyiaraemplii Me€TOA HMMEET BBIYUCIUTEIBHYIO
cnoxuocte O(HW) na kanp, rne H u W o06o3HauaroT
COOTBETCTBEHHO BBICOTY M IIMPUHY H300paskeHUs
B mnwHKcelmsx. Takum oOpazom, BenuuuHa HW
COOTBETCTBYET o0memy YHUCITy MUKcenel
n3oOpaxkenusa. llpm craHmapTHONW THpPaMUAATEHON
peanuzanuu 2D-BeiBneT-pa3noxxeHus U QUKCUPOBaH-
HOW AnMHE (PWIBTPaA CIIOKHOCTh aIrOPUTMa OCTAETCS
JIMHEMHOM O YKCITy TTUKCENIEH.

JluneitHOCTh OOecreunBaeTcs TeM, YTO CyMMap-
HbI 00BEM BBIYKCIICHUN 110 BCEM YPOBHSIM Pa3jioxke-
HUSl YObIBAa€T TI'€OMETPUYECKH, IOCKOJBKY KasKAbIi
MOCJIEIYIOUIH ypPOBEHb HNPUMEHSAETCS K allpPOKCH-
MHUpYIOLIEMY [OAJUAaNa3oHy, HMEIIEMy BABOE
MEHBILIUN pa3Mep MO Kaxaod koopauHare. B pe3yiib-
TaTe YHCIIO ONepauuii Ha ypoBHE / MPOMOPLMOHANTb-

Ho HW /4", a cymmapHasi CIIOKHOCTB 110 BCEM YPOB-
HsIM ocrtaeTcs nopska O(HW).

Takum oOpa3om, mpu 00pabdOTKE BUICOMOCIIEI0BA-
TenbHOCTH W3 T KajpoB 0OIIas BbIYHCIUTEIbHAS
CIIOHOCTh 3Talla CTPYKTYpHOTO aHan3a COCTAaBIIS-

erO(T-HW).

A. C. ®ATEEB u np.

[lo cpaBHEHHMIO € MOCIEIYIOUIMM 3TaloM Kpocc-
MOJIQJILHOTO COTIOCTABIICHHST U300paKCHUI BBIYMCITH-
TENBHBbIC 3aTPaThl HA BEHWBIECT-aHAIH3 SIBISIOTCS He-
3HAUYUTECILHEIMUA. B YaCTHOCTHU, IJid COBPEMCHHLIX
MoOJeNIel IIOTHOTO comoctaBiennus [17. 18], ocHo-
BaHHBIX Ha IMOCTPOCHUHU TIIIO0AILHOW KOPPENSIIUOH-
HOW MATpPHIBI WM MEXaHW3ME BHUMAHHS, BBIYUCIHU-

TeNbHAsA CJIOXHOCTH MOXKET JOCTUTaTh O(N 2),

10 YUCJIIYy TOKCHOB WJIM NPOCTPAHCTBCHHBIX HO3PIHPII71.
3mece N 0003Ha4aeT KOIUYECTBO 3JEMEHTOB IIPO-
CTPaHCTBEHHOTO TpEACTaBICHHUS M300pakeHus (TpH-
3HAKOBBIX TOUYEK I10CJIE€ IUCKPETH3alHMU MPU3HAKOBO-
ro mpoctpancTBa). [lockombky N 0OBIYHO TpOTIOP-
LHUOHAJIBHO YHMCIY HNPOCTPAHCTBEHHBIX MO3ULMN IpH-
3HAKOBOHW KapTbl, KBaJpaTHYHAs 3aBUCUMOCTb IIPHBO-
JUT K 3HA4YUTCJIBbHO 60.]166 BbBICOKHMM BBIYHCIIUTCIIb-
HBIM 3aTpaTaM IO CPABHEHUIO C JIMHEWHOH CIIOXKHO-
CTBIO NIPEBAPUTEIILHOTO BEHBIIET-aHAIM3A.

OIIMCAHUME 5KCIHEPUMEHTAJIbHBIX JTAHHBIX

Buoeouzobpasicenus

OCHOBHOIl ~ LIETIBIO  3KCIIEPUMEHTOB  SIBJISIETCS
aHaJIM3 BIMSHUS TIPEIBApUTEIBLHOTO O0TOOpa KaapoB
Ha TOYHOCTb COIIOCTaBJIEHUS, YCTOMYUBOCTb PETHU-
CTpallui ¥  BBIYACIUTENBHYIO  3(PPEeKTHBHOCTH
CHCTEMBl B LIEIOM. B 3KcrepuMeHTaIbHOM HCCe-
JOBAaHMM HCIIOJIb30BAINCH OTKPBIThIE HAOOpBI JaH-
HBIX, COZIepIKalllue N300pakeHus, ToIyueHHbIe ¢ Oec-
MNWIOTHBIX  JIETATEJIbHBIX  allapaToB, a TakKxke
CITYTHHUKOBBIC CHHUMKHU COOTBCTCTBYIOHIUX YYACTKOB
MecTHOCTH.  OCHOBHasi  4YacThb  OKCIICPUMEHTOB
MpoBoAMIach Ha MaHHBIX natacera UAV-VisLoc [19],
NpeJHa3HaYeHHOro AN 3aJaud  BU3YyaJbHOU
nmokammzan  BIIJIA 1o cnyTHUKOBBIM H300paxe-
HUSM. JlaHHBI ~ nmaraceT  CONEPXKHMT  Iaphl
n300pakeHnit: nmonydernple ¢ 6opra BIUJIA u coot-
BETCTBYIOIME CIIyTHUKOBBIE CHUMKU OJHOW M TOU K€
TEPPUTOPHUH. Hzobpaxenus XapaKTepU3yIOTCs
3HAUUTEJIPHBIMH BapHalMsAMH Macirtada, pakypca
HaOJIONEHNsI M CTPYKTYPHOTO COCTaBa CILEHBI, 4YTO
JenaeT 3afady COIOCTaBJICHHs CYLIECTBEHHO Ooiee
CJIOXHOU. J[1st aHamM3a noBeIcHHsI METOJIOB B HH(Pa-
KpPacHOM JHara3oHe JONOJIHUTENBHO HUCIIOJIb30BAIUCh
n3o0paxkenus w3 pgaracera VisDrone-DroneVehicle
[20]. JlamHBIE HAOOp MAHHBIX COAEPKHT H300pa-
XKEHUs, MOJy4YeHHbIe ¢ OECHMJIOTHBIX JIETAaTENbHBIX
anmaparoB B BUAMMOM U MH(PAaKpacHOM AHMana3zoHax
cnektpa. Ilockomeky wuH(ppakpacHble H300paKEHUSI
JaHHOTO JlaTacera HE COMNPOBOXKIAIOTCA TOYHOM
reorpa)uyeckodl  TPUBSA3KOHW, COOTBETCTBYIOIIHE
CIYTHUKOBBIE (parMeHThl Ui HHX MOJOUpaHCh
SMIIMPUYECKH Ha OCHOBE BHU3YaJbHOTO CXOJCTBA
CTPYKTyphl cueHbl. C I1eIbl0  MOJEINPOBAHMS

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 2
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Puc. 3. [Ipumeps! KaApoB SKCIEPHUMEHTATEHON BEIOOPKH.
a, 0 — KaJpsl B BUIMMOM JIalla30He; B, I — KaJApbl B HHPPaKpacHOM JHaIla30He

ycIoBUM  cioxHoro cueHapus mnonera BIUIA,
CBA3AHHBIX C PE3KUMH MaHEBPAMH M yXYIIICHHEM
KayecTBa HW300paKEHUs, K YacTH KaJpoB INpHUMe-
HANUCh  METOABl  HMCKYCCTBEHHOM  JAerpajaliu
n3obpaxkeHus. B 9acTHOCTH,  HCIOIB30BAIUCH
OlepaLuy pa3MbITHS, JO0OABICHUS 3aCBETKH M aau-
TUBHOTO IIIyMa, HMUTHpYIOLIHE 3PQPEKThl IBUKECHUSL
KaMepbl, U3MEHEHHMsI OCBEIIEHHOCTH M JErpajaluu

ceHcopa. Takme  mpeoOpa3oBaHUS  ITO3BOJISIOT
NpUOJIM3UTh SKCHEPHUMEHTANIBHBIC YCIIOBUS K peallb-
HBIM  TOJETHBIM  CIEHAapHsAM, TIPH  KOTOPBIX

HAOMIONAIOTCS  pEe3KUe M3MEHEHUs IoJIsi 3pEHUs
KaMepbl, T'€OMETPUYECKHE HCKAKEHUS WU CHHKCHUE
KOHTpacTHOCTH  u3o0paxenus. CdopmupoBaHHas
9KCHEPUMEHTAJIbHAsE BBIOOPKA  CONEPXKUT  Kalpbl
C CYIIECTBEHHO Pa3IMYHON CTPYKTypHOU WH(]OpMa-
TUBHOCTBIO.  YacThb  W300paKeHUH  COACPKUT
BBIPQKEHHBIE TE€OMETPUYECKHE JJIEMEHTHl CLECHBI,
TaKue Kak rpaHuIbl 00bEKTOB, JOPOXKHASL CETh H KOH-
TpPacTHbIE TEKCTYypbl, TOrJa KakK Jpyrue Xapak-
TEpU3YIOTCS CNaboil CTPYKTYpHOH BBIPaKEHHOCTHIO
WIM 3HAYUTEJIBHBIMU HCKAKEHUAMH. OTO IO3BOJISIET

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2

00BEKTHBHO OICHUTh CIIOCOOHOCTH TpeAaraeMoro
MEeToJla TPEBAPUTEIFHOTO 0TOOPA BBISBIATH KaJPbI,
o0Jaiarone HauOONBIIUM TMOTCHIUAIOM JUISl yC-
MENTHOTO KPOCC-MOJIAJIFHOTO COIIOCTABJIEHUS CO CITyT-
HUKOBBIMH HM300pakeHHsIMH. [Ipumepbl KaJpoB dKc-
MEPUMEHTAIBHON BRIOOPKH MPEICTABICHBI Ha PHC. 3.

HpOI’I’lOKOJl 3Kcnepumeﬂmaﬂbﬂoﬁ OYEHKU

Jns obecrieueHns: KOPPEKTHOCTH CPaBHEHUS BCeE
METOABI TNpeABAPUTENBLHOTO OTOOpa KaApoB OICHU-
BAJINCH B MJICHTHYHOM BBIYUCIHTEIFHOM IPOTOKOJIE.
OKCIEpUMEHTBl TPOBOAMINCH C HCIOJIb30BaHUEM
JIBYX MoOJeNell KpOCC-MOMANBHOTO COMOCTABICHHS:
LoFTR [17] u RoMa [18]. IlockoabpKy HCIIONB3yeMbIe
OTKpBITBIE JaTaceThl HE COJepkKaT BHACONOCIe-
JIOBaTEIbHOCTEH B SIBHOM BHJE, JJISI HPOBEACHHS
SKCIEPUMEHTOB M3 H300paxkeHuil mataceroB UAV-
VisLoc u VisDrone-DroneVehicle 6sumn chopmupo-
BaHBl ICKYCCTBEHHBIE BHJICOTIOCIICAOBATEILHOCTH.

OneHka BBINONHSANIACH HAa JECSITH BHUIEOIOCIIEHO-
BaTENFHOCTSX, KaKAas M3 KOTOPBIX cojepkaia



110

60 xampos. [locnemoBaTensHOCTH 1—7 COOTBETCTBO-
BaJIM M300paXEHUSIM, IOJyYEHHBIM B BUAMMOM JHa-
Ma30HE CIIeKTpa U cOPMHUPOBAHHBIM Ha OCHOBE JaH-
Heix nataceta UAV-VisLoc. [TocnenoBarensHocTy 8—
10 conepxanu mH(ppakpacHble W300pakeHus u chop-
MHUpOBaHbBI Ha oOcHoBe pjaracera  VisDrone-
DroneVehicle.

Jiist ka0 MOJen COMOCTaBIIEHHUs BCE CTparte-
T'MH [IPEeJBapUTEIBHOr0 0TOOpa KaJpOB CPAaBHUBAINCH
MPU HEM3MEHHOW apXUTEKTYpe CeTH, (PUKCUPOBAHHBIX
napameTpax ¥ OJWHAKOBBIX Becax MOJENU. DTO TO-
3BOJISJTIO UCKJIIOYMTH BIMSHHUE [1aPaMETPOB COIOCTAB-
JICHHUSI U COCPEAOTOUNTHCS Ha aHanm3e 3(pQeKTuBHO-
CTH METOJIOB IIPEIBApUTEIHHOTO 0TOOpA.

l'eomerpudeckass  BepuduKalusi  BBIMOJHSIACH
¢ ucronb3oBanueM aiaroputmMa RANSAC [21] ¢ puxk-
CUPOBAHHBIMHU TITapaMCTpaMu, BKJIIOUad MaKCHUMaJlb-
HOE YHCIO0 WTepaluuil U IOpOr PENpOECKLIUOHHON
omuOKu 7. B pe3ynpTarte pa3inuus B 4WCIE HaWIeH-
HBIX MHJIAHEPOB OMNPENEIAIOTCS MCKIIOUHUTENBHO Ka-
YEeCTBOM IIPe/IBapUTENHLHOI0 0TOOpa KaJIpoB MpHU IIpo-
YHnX PABHBIX YCJIIOBUAX COIIOCTABJICHUSA U T€OMETPUYIC-
cKoil prTpTpanuy.

Mempuku oyenxu
Tunbl MeTpuK

[TycTh mocnenoBaTebHOCTh COAEPKUT N KaIpOB:

{(Sf’Mi)}:]'il ’

rae S,— 3HadeHUEe CTIPYKTYpPHOI'O IIOKa3aTels Myl
i-TO Kanapa, a M,— 4uCIIO MHIIAepOB, MOIy4YEHHBIX

HOCJIe 3Tara reoMeTPUUECKOM Bepu(UKaIuu.

Jis  KOMMYecTBEHHOW OIEHKH J(PQPEeKTUBHOCTH
IIPEJIOKEHHOr0 II0AX0Ja UCIIONIb3YOTCS JIBE TPYIIIIb
METPHK:

1) KOppemsiiuOHHbIE METPUKH, XapaKTepHU3yIOLHe
CTaTUCTUYECKYIO 3aBHCUMOCTB MEXIY S, U M ;

2) meTtpukd 3(PPEeKTHBHOCTH OTOOpa, OTpaxka-
IOlIMe MPAKTUYECKUI BBIMIPHII NPH BBIOOpe Tom K
KaJpOoB.

Koppeasiumonnbie MeTpUKHU

Janras Tpymma MeTpUK TMpeAHa3HadeHa s
aHaIM3a  CTATUCTUYECKOM  3aBUCUMOCTH  MEXIY
3HAQUEHHUEM CTPYKTYPHOIrO IOKaszarens S, W YUCIOM
uHnaiepos  M,. B pabote wucnome3yrorcs aBa
KO3 (HUITUCHTA KOPPEIISALINY.

* o

HOZ[ HWHJIauepaMu IMOHUMAIOTCA TCOMCTPUICCKU COIJIaco-
BAaHHBIC COOTBCTCTBHA, YAOBJICTBOPAIOMINC BBI6paHHOI>i
MOACIN Hp€06p330BaHI/I}I.

A. C. ®ATEEB u np.

JluneiiHas 3aBUCHMOCThH OLICHUBAETCA KOA(PPUIH-
eHToM Koppessiuuu [Tupcona:

cov(S,,M,)

r=—,
OsOu

rae cov(-)— KoBapuauus, oy M G, — CTaHIapTHbIC

OTKJIOHEHHM: BEJIMYMH S, U M, COOTBETCTBEHHO.

MOHOTOHHAsI 3aBHCHMOCTH OILIEHUBaeTCsI K03pdu-
IIMEHTOM PaHT0BOH Koppernsaunu CriupMeHa:

pP= Corrrank (Si’Mi) .
Hns xaxgoro kodduIueHTa  BBIYHCIACTCS
COOTBETCTBYIOILIEE 3HAUEHHE p, XapaKTepHU3yIollee

CTaTUCTUYCCKYIO 3HAYUMOCTDH BBLISIBJIECHHOM 3aBUCH-
MOCTH.

B pamMkax mHpoBEpKM CTaTUCTUYECKOH TIHMIIOTE3bI
paccmarpuBaeTcs HyseBas runore3a H, o0 oTcyrcT-
BUU KOPPEJALIMOHHON CBSI3U MEXAY BeJIUYMHAMH S,

u M,. 3HadueHHe p onpelensercss KaKk BEpOSTHOCTh

MONTyYUTh HaOIM0JaeMoe 3HaueHrne Kod(huIueHTa
KOPPEJISLIUU IIPH YCIOBUH CIIPAaBEIIUBOCTH .
IIpn p <o HyneBas TMIIOTE3a OTKJIOHSIETCS U BbI-

SIBJICHHAs! 3aBUCHUMOCTb CUUTAETCSl CTATHCTHYECKH
3HauMMoOi. B paboTe mcnonp3yeTcs ypoBEeHb 3HAUM-
moctu o =0.05.

MeTtpuxu 3¢(peKTUBHOCTH 0TOOPa KAAPOB

JlanHas Trpynma MeTpUK MpeAHa3HayeHa JJis
OLIEHKM TPAKTHYECKOH IOJIE3HOCTH HPEAJIOKEHHOTO
KpUTEpHS NIPH BEIOOpPE MTOJAMHOXKECTBA KaJIPOB.

Omoop Top-K kadpos. O6osHaumm wyepes 1,
MHOKECTBO U3 k KaJ[pOB C HAUOOJBIIIMMY 3HAYCHUSIMU
nokasarens S, :

T, =Top-K, (S).

CpenHee 4YHCIIO WHIAWEPOB I BBIOPAHHBIX
KaJIpOB OIpEJeNAeTCs KaK:

1
:utop :EZMI' °

i€l

B kadectBe 0a30BOro ypoBHS paccMaTpUBAETCs
CIIy4alHBINi BBIOOP k KaJpOB U3 MOCIEIOBATEIILHOCTH.
[lyctb R, — ciy4aifHOe TOJMHOYXECTBO MOIIHOCTH K.
Ornenka cpegHero 4ucia MHIalepoB mpu ciaydaiftHOM
BBIOOpE BEIAUCIIEeTCA MeTogoM MonTe-Kapo:

1
:urand = ERA, ; ZM, D)

ieR,

B JaJIbHEHIIeM Random = [y
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AOCONIOTHBI  BBIMIPBIII  OT  HMCHOJB30BaHUS
MIPEJUI0KEHHOTO KPUTEPHS ONIPEAEIACTCS KaK:

A@k = Iutop - :urand'

OTHOCHUTENBHBII BRIMTPHIII IO CPABHEHHIO CO CITY-
YaliHBIM BBIOOPOM OTIpEIENISIETCS KaK:

Ratio = ﬁ
urand

OSKCIIEPUMEHTAJIBHBIE PE3VYJIbTATDBI

Tabauunoe npedcmasnenue pe3yiomamos

B nanHOoM pasnene NPUBOAMTCS aHAIN3 PE3YJib-
TAaTOB OILIEHKH MpPEAJIOKEHHOTO KpUTEepUs IHpeaBa-
putensHOTO 0TOOpa KaapoB. [lockombky abcomoTHOE
YUCJIO WHJIAepoB M; CyIIECTBEHHO 3aBHCHT OT MC-
MOJIb3YeMON MOJENU COIOCTABIIEHUS, SIKCIIEPUMEHTHI
OPOBOAMINCH JAJISL JIByX AapPXUTEKTYp MarT4yHHIa:
ELoFTR u RoMa. B skcniepuMeHTax UCIOIb30BAIUCH

111
npenoOydeHHbIe  Beca  Mojelell  u3  paboTh
MatchAnything [22]. DTu Momenu TpPEACTABISIOT
coooit  apxurtektypel ELoFTR u  RoMa,
JOTIOJTHUTENIFHO aIalTHPOBAHHbIE IS 33a7a4ll Kpocc-
MOJAJIBHOTO COTIOCTABIICHUS n300paskeHNI

(BIUTIA <> criytHHK). B mpomecce oOydeHus mapa-
METphl ceTell ObUIM ONTHMHU3HUPOBAHBI C YYETOM
pa3inyuil B CHEKTpaJbHBIX XapaKTEPUCTHUKAX, KOH-
Tpacte W MacmTade MEXIy adpOBH3YaJIbHBIMU
u CITYTHUKOBBIMHA JaHHbIMU. Taxkum o6pa30M,
CpPaBHEHHE IPOBOAUTCS HE MEXKAY HCXOAHBIMU
YHHMBEPCAJIbHBIMH MOJEJIAMH, a MEXIy HX CIIe-
MUAJIU3UPOBAHHBIMU BCPCUAMHU, aANAITUPOBAHHBIMU
IUIs1 YCIIOBUH KPOCC-MOJAJIBHOI'O CONOCTABICHHUS.
9KCHCpI/IMCHTBI MIpOBOJAWJIMChL Ha JCECATH BUIACO-
rmocIeoBaTeNbHOCTAX (Sequence), Kaxkaas U3 KOTO-
peIx conepxkana N = 60 xaapos. M3 kaxao# mocneno-
BaTEIBHOCTH OTOMpanock k = 15 Hanbonee mHpOpMa-
TUBHBIX KaJpOB COTJACHO MPEAJIOKEHHOMY CTPYK-
TypHOMY KpuTepuio. CBOJHBIE KOJIWYECTBEHHBIE pe-
3yJBTATHI SKCIIEPUMEHTOB IIPEICTABICHHI B Ta0I. 2, 3.

Ta6u1. 2. Pe3ynpTaTh! OlIeHKH KadecTBa 0TOOpa KaJIpoB AJIs MOAEH Ha ocHOBe apxuTekTypsl ELoOFTR

Sequence N k r p Top-k Random A@k Ratio
1 60 15 | 0.966 0.760 2095.3 | 1286.0 809.3 1.63
2 60 15 |0.980 0.816 3445.7 | 2248.5 1197.2 1.53
3 60 15 |0.420 0.548 932.3 324.5 607.8 2.87
4 60 15 |0.992 0.721 3446.3 | 2403.9 1042.4 1.43
5 60 15 | 0.979 0.515 3160.7 | 2351.5 809.2 1.34
6 60 15 |0.990 0.418 3501.0 | 2588.5 912.5 1.35
7 60 15 | 0.989 0.697 3711.0 | 2521.3 1189.7 1.47
8 60 15 |0.950 0.418 981.3 764.8 216.5 1.28
9 60 15 | 0.960 0.491 983.4 746.4 237.0 1.32
10 60 15 10.973 0.406 959.6 732.8 226.8 1.31

Ta6u. 3. Pe3ynpTaTh! OlIeHKH KadecTBa 0TOOpa KaIpoB sl MOJIEIH Ha OCHOBE apXUTEKTypsl RoMa

Sequence N k r p Top-k Random A@k Ratio
1 60 15 |0.578 0.552 8353.3 | 8045.5 307.9 1.04
2 60 15 | 0.965 0.564 8008.3 | 6954.7 1053.6 1.15
3 60 15 10.723 0.909 8326.7 | 4804.6 3522.1 1.73
4 60 15 | 0.883 0.879 8201.3 | 7703.9 497.4 1.06
5 60 15 | 0.065 0.164 7956.3 | 7860.3 96.0 1.01
6 60 15 | 0.729 0.479 7851.7 | 7728.3 123.4 1.02
7 60 15 | 0.966 0.491 8274.7 | 7264.8 1009.9 1.14
8 60 15 | 0.586 0.505 2552.2 | 2546.1 6.1 1.00
9 60 15 | 0.892 0.515 2518.5 | 2324.1 194.4 1.08
10 60 15 | 0.824 0.709 2716.3 | 2510.8 205.5 1.08
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Ananuz oannvix maobn. 2

Tabn. 2 comepXUT pe3yiabTaThl I apXUTEKTYPHI
ELoFTR, Torma kak tabmi. 3 COOTBETCTBYET apXHTEK-
Type RoMa. B Tabmuuax ams Kaxmoi mocienoBa-
TEeTHHOCTH (Sequence) MpHUBENEHBI 3HAYEHUS KOppe-
JISIUOHHBIX METPHK (7, p) M TOKa3aTenell mpaKkThye-
ckoit addextuBHOCTH O0TOOpa (TOp-k, Random,
A@k , Ratio). KoppensiiiuoHHbIE METPUKU XapakTe-

PHU3YIOT CTENEHb COMVIACOBAHHOCTH CTPYKTYPHOTIO TO-
Kazarensa ¢ (JaKTHYECKOW YCIIEIIHOCTBIO COIOCTaBIIe-
HUs, B TO Bpemsi kak merpuku Top-k, A@k , Ratio

OTpaXalT TPaKTHIECKyl0 3()QeKTHBHOCTH 0TOOpa
KaJIpOB.

Craructuueckas 3HAYUMOCTh K03 uIMeHTOB
KOPpEJSIIMK OLICHUBAJIACH II0 COOTBETCTBYIOLIMM p-
3HAYEHUSIM. 3HAYUMBIMHU CUUTAIMCH KOI(PPUIMEHTEHI,
JUIS1 KOTOPBIX BBITIOIHSAJIOCH yeiioBue p <0.05.

Kak cnenyer u3 tabn. 2, B GOJIBIIMHCTBE TOCIEAO-
BaTEJILHOCTEH HAOMIOIAaeTCsl BBICOKAS MOJIOKHUTEIIbHAS
KOppeJsiysa MEXAY 3HAa4eHHEM CTPYKTYpHOI'O IOKa-
3aTeNsl U YMCIIOM WHanepoB. s NeBITH U3 JAECATH
nocneaoBatenbHOCTe Koaddumment [lupcona mpe-
BeimaeT (.95, 4TO CBUAETENLCTBYET O CHUIBHOM JIH-
HEWHON 3aBHCHUMOCTU MEXAY OLIEHKOH CTPYKTypHOH
WHPOPMATUBHOCTH Kapa U YCHEIIHOCTBIO COIMOCTaB-
neHus. MckimodeHueM  SBISETCS  [1OCIIEOBATEIb-
HOCTh 3 (r = 0.420, p = 0.548), TIe KOppeNAInoHHAS
CBSI3b BBIPAXKEHA 3aMETHO cliabee.

Bbicokue 3HaueHHMs KOPPEISIIMOHHBIX METPHK
YKa3bIBAIOT Ha TO, YTO IPEIJIOKEHHBIN CTPYKTYPHBIN
MOKa3aTenb aJeKBaTHO OTPaKaeT BEPOATHOCTb YC-
MEIIHOTO COIOCTaBJIEHUsI Kajpa CO CIYTHHUKOBBIM
n3o0pakeHneM. VIHBIMU cioBaMu, KaapHl ¢ Oolee BhI-
PaXXEHHOM CTPYKTYpHOW OpraHu3allMed Ha pa3HbIX
Macmradax, Kak MpaBuio, 00ECIedrBaloT OOJbIlIee
YUCJIO YCTOMYMUBBIX TIE€OMETPUYECKUX COOTBETCTBUMI
nocJje dTamna Bepuukanuu. ITo MOATBEPKIAET THUITO-
T€3y O TOM, YTO CTPYKTypHast HH(HOPMATUBHOCTb M30-
OpaskeHHsl SBJISIETCS] BaXKHBIM TOKa3aTeeM YCIICeUIHO-
CTH KPOCC-MOJAJIbHOTO COIIOCTABJICHUSI.

[MpakTtnueckass 3pHEeKTUBHOCTH IMPEIIOKEHHOTO
KpuTepus oTOOpa MOATBEPXKAAETCS 3HAYCHUSMH IIO-
Kazareins Ratio, KOTOPBIN JiJ1s1 BCEX MOCJIEN0BATENbHO-
CTel MpeBbIIaeT SAMHUIY. DTO O3HAa4YaeT, YTO OTOOp
KaJpOB [0 CTPYKTYPHOMY KPHUTEPUIO CTaOMIBHO Ipe-
BOCXOJUT CITy4alHBIA BHIOOP. OTHOCUTENBHBIN BBINT-
phlll Bappupyercd B auamnazoHe ot 1.28 mo 2.87.
Haunbonee BoipaxkeHHBIH 3QdekT HabmomaeTcs B Mo-
cienoBare’dbHOCTH 3 (Ratio 2.87), HECMOTpS Ha OTHO-
CUTEIbHO HM3KHE 3HAYEHUS KOPPEISIIHOHHBIX MET-
puK. JlaHHBII pe3ysbTaT yKa3blBAa€T HA TO, YTO JAXKe
pu ocNabIeHNH TII00ATBHON KOPPEIAINOHHON 3aBH-
CUMOCTH KPHUTEpHH CHOCOOCH BBIIENATH HEOOJBIIOE
MOJMHOXKECTBO KaJpOB, COIEpXalluX HauOojee HH-
(dbopMaTUBHBIE CTPYKTYpHBIE DJIEMEHTHI CLIeHBI. Bepo-

A. C. ®ATEEB u np.

SITHOM NMPUYMHON TAKOrO TOBEICHHS SIBISAETCS HEOM-
HOPOJHOCTb CTPYKTYPBI BHAEOIOCIEI0BATEIbHOCTH,
KOT[la JIMIIb HeOOJbIIas 4YacTh KaJApOB COACPKUT
reOMETPUUYECKH YCTONUMBBIE 3IEMEHTHI (IOPOTH, Ipa-
HUIIBI 3aCTPOMKH, KOHTYpHI OOBEKTOB), oOecredu-
BAIOIINE BBICOKOE YHCIIO COOTBETCTBUI.

Jlaxxe B TOCIENOBATENBHOCTIX C YMEpPEHHBIMU
3HAYEHUSIMM PAHrOBOIM Koppeisiuuu (Hampumep, Io-
cienoBare’dbHOCTH 5—10) MpakTHUECKUH BBIUTPHILIT
OCTaeTCs 3aMETHBIM. DTO CBHJIETENBLCTBYET O TOM, UTO
NPEAJIOKCHHBIA KPUTEPHU BBIMOJIHAET HE TOJBKO
(YHKLIMIO paHmXHPOBaHUsSI KaJIpoB, HO U 3(deKkTuBHO
KOHILIEHTPUPYET BBIYMCIUTENBHBIE PECYpCHl HA Hau-
Oonee MHGOPMATUBHBIX (pparMeHTax BUAEOMOCIEN0-
BaTEJILHOCTH, YTO OCOOEHHO BaXKHO B YCJIOBHAX OIpa-
HUYEHHOTO BBIUYMCIUTEIBHOTO OrOJKeTa OOPTOBBIX
CHUCTEM.

Ananuz oannvix maoba. 3

B Tabn. 3 mpuBeneHsl aHAJOTHYHBIE PE3YIIbTATHI
it mojenu RoMa. AOcontoTHBIE 3HAUeHHs YHcia
WHJIaliepOB B JaHHOW KOH(HTYpalWH CYyIIeCTBEHHO
BbILIE IO cpaBHEHUIO ¢ apxutektypol ELOFTR, uto
oTpaxkaeT Oosiee BHICOKYIO MIIOTHOCTh HalIGHHBIX CO-
OTBETCTBUH. DTO cOrjlacyercsi ¢ 0COOCHHOCTAMHU ap-
XUTEKTypbl RoMa, OpHeHTUPOBaHHOW Ha IOJyYeHUE
0oJiee MIIOTHBIX U MPOCTPAHCTBEHHO PacIpeleIeHHbIX
COOTBETCTBHH.

Jnst GonpIIMHCTBA MOCIIEIOBATEIEHOCTEN HAOIII0-
naeTcs TOJIOKHUTENbHAs KOPPEISIUsS MEXIY CTPYK-
TYpHBIM TIOKa3aTelleM M YMCIIOM HHJaiepoB, OJHAKO
CTEIEHb ATOM 3aBUCHMOCTH BapbHPYETCS 3aMETHO
cwibHee, yeM B cinydae ELoFTR. Haubosnee Bricokas
paHrosas Koppessiius HaOJromaeTcs B IOCIEN0Ba-
teapHOCTSIX 3 U 4 (p ~ ot 0.88 mo 0.91), Torma kak
B OTHEIBbHBIX IOCJIEAOBATEIBHOCTAX (HAaIpUMep, IOo-
CJIEIOBATEIBHOCTD 5) KOPpEJSAIMOHHAs CBS3b IMpak-
TUYECKH OTCYTCTBYET. OJTO MOXET OBITh CBSI3aHO
¢ TeM, uTo RoMa MeHee 4yBCTBUTEIIbHA K JIOKAJIbHBIM
CTPYKTYpHBIM OCOOEHHOCTSM H300paK€HHd H CIIO-
cOoOHa HaXOAUTh COOTBETCTBHUS AK€ B YCIOBHAX Clia-
OOBBIPAYKEHHOM T€OMETPUIECKOM CTPYKTYPHI.

[IpakTHyeckuil BBIMIPHIN MPEABAPUTEIBLHOIO OT-
6opa ans RoMa B cpenHeM siBisieTcst Ooliee yMepeH-
HbIM. 3HadyeHus: Ratio B OOJBIIMHCTBE MOCIIENOBA-
TeJabHOCTEN HaxoxsaTcs B AuanaszoHe ot 1.01 mo 1.15,
YTO yKa3bIBaecT HA CPaBHUTEIHHO HeOOMbINOE, HO CTa-
OMIIFHOE TPEBOCXOJCTBO CTPYKTYpHOTO OTOOpa Haj
ciyyaiiHeIM BeIOOpOM. Haubonee BbIpaskeHHBIH -
ekt HabOmrOmaeTcss B mocienoBarenbHOCTH 3 (Ratio
1.73), e cTpyKTypHBIH KpUTEpHUH MO3BOJISET CyIle-
CTBEHHO YBEJIMYUTb YUCJIO HAWAEHHBIX WHIAHEpPOB.
B nocnenoBaTtenbHOCTAX 5 M § BBIMIPHIII HpaKkTHYe-
CKH OTCYTCTBYET, YTO MOXET OBITh CBSI3aHO CO CTPYK-
TYPHOH OJHOPOIHOCTBIO CLIEHBI WJIM MaJlol Bapua-
THBHOCTBIO Ka/IpOB BHYTPH TOCJIEI0BATEILHOCTH.
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CpaBHeHUe IBYX KOH(UTypamnuid MO3BOJSET Cje-
JaTh HECKONBKO BAXKHBIX HaOMOAeHHUH. Bo-TepBoIX,
UIst 00enx MojeNel MpeIIOKEHHBINH CTPYKTYpPHBIH
KPUTEPUI JEMOHCTPUPYET IIOJIOKUTEIBHYK CBS3b
C YCHELIHOCTBIO COIIOCTABIICHUS], YTO MIOATBEPIKAACT €r0
MO/IEJIbHO-HE3aBUCUMBIN  XapakTep U IEPEHOCHMOCTb
MEXIy Pa3IMYHBIMH  ApXUTEKTypaMHd  MAaT4dHIA.
Bo-Bropeix, mis koHpurypauuu ELoFTR nabmrona-
ercss Oosiee BBIPAKEHHBIM BBIUTPBIII OT IIpeIBapu-
TEJILHOTO 0TOOpa KaapoB. DTO yKas3bIBaeT Ha Oolee
BBICOKYK) UYBCTBUTEIBHOCTb JAHHOW apXUTEKTYpbI
K Ka4ecTBY BXOAHOTO Habopa HM300paKeHWH W TIOJ-
YepKUBACT BAXKHOCTH JTama  MNpeBapUTEIBHOM
(¢unbTpalMM NpPH HCIOJIb30BAHUM MEHEE IUIOTHBIX
METOJIOB COIIOCTAaBJICHHUS.

Jns RoMa BimsiHWE TpeaBapUTENBHOTO OTOOpa
OKa3bIBACTCA MCHEC KOHTPACTHBIM, YTO MOXCET OBITh
CBSI3aHO C OOJBIIEH YCTONYMBOCTBIO APXUTEKTYPHI
K BapualysiM CTPYKTYpPHOM MH()OPMaTHBHOCTH Kaj-
poB. braronaps Gonee IIOTHOMY MEXaHU3MY COIOC-
taBieHus RoMa cnocoOHa W3BIEKaTh COOTBETCTBUS
Jake u3 MeHee HMH(OPMATUBHBIX H300paKeHHH,
BciencTBue 4ero d3h(deKT mpeaBapuTenbHOTO 0TOOpa
nposiBisieTcs ciabee. Tem He MeHee MOJIOKUTETbHBIH
BBIMIPBILI COXPAaHAETCS B OOJBLIMHCTBE IOCJIEAOBA-
TEJIBHOCTEH, YTO MOATBEPKIAET MPAKTHUECKYIO LieyIe-
c000pa3HOCTh HCHOJIB30BAHUS CTPYKTYPHOTO KpHTeE-
pHsL B KadecTBE ATala IpeABapUTENbHON (GpuIbTpannu
KaJIpOB BUIEONOTOKA.

Cpasnenue ¢ 6a3o8vimu mempuxkamu
Kavecmea uzoopasiceHus

I[HSI OLICHKHN MPEUMYIICCTB MNPCII0KECHHOI'O KpH-
TepHsl MPEBAPUTEIHHOTO OTOOpa OBLIO BBITOIHEHO
€ro CpaBHCHHE C pPAIOM IIUPOKO HCIOJIb3YEMBIX
METPHUK MH()OPMATHBHOCTH H300paskeHHs. B kauecTse
0a30BBIX METOJNOB pPacCMaTpPHBAIUCH: SHTPOIHS,
rpaMeHTHAsT METpPHKa, METpPHKa JamjacuaHa U MeT-
pUKa  TEH30pa  CTPYKTypel. BpiObop  maHHBIX
nokaszareneil O0yCIOBJIEH TeM, YTO OHU OTPayKaroT
pa3IMYHbIE aCTeKThl BU3yalbHONW HH(MOPMATHBHOCTH
KajJpa: OHTPOIHUS XapaKTepu3yeT oflee pasHo-
oOpasue SPKOCTHBIX 3HAYCHUH, TPaJHeHT W Jaria-
CMaH — BBIPAKEHHOCTh JIOKAIBHBIX IIEPeragoB
SAPKOCTH UM KOHTYPHBIX CTPYKTYp, @ TEH30p CTPYK-
TYpbl — WHTEHCHBHOCTH M HAaIlPaBJICHHYIO COTJIAco-
BAaHHOCTD JIOKAJIBHBIX I'PAAUCHTOB.

Kaxnast u3 mepeurciaeHHbIX METPHK HCIIONb30Ba-
Jach B KayeCcTBE KPHUTEPUs PAHKUPOBAHUS KaJpOB
BUJICOTIOCIIEIOBATETIBHOCTH aHAJIOTUYHO MPEIOKEeH-
HOMY BeWBIIET-KpuTeputo. HbIMU clloBaMH, OJIs Ka-
KIO0M MMOCIEeIOBATEIbHOCTH KaJpbl COPTHPOBAIUCEH
1o yOBIBAaHMIO 3HAYECHUSI COOTBETCTBYIOIIETO ITOKa3a-
TeJs, MOCJe Yero BBIOMPaoch MOJMHOXECTBO H3 k
JTydIIUX KaJIpoB, Ha KOTOPOM Jajiee OI[EHUBAJIACh yC-
IMEIIHOCTb COITOCTABJICHHUA CO CIIYTHHKOBBIM H3o6pa-
KEHUEM.
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Bo Bcex aKCIepUMEHTax JUisi CPAaBHUTEIBHBIX Me-
TOJIOB MCHOJIb30BAJIMCH OJMHAKOBBIE MapaMeTpsl OT-
Oopa: 00BeM MocIe0BaTeNbHOCTH cocTaBsur N = 60
KaJpoB, a YMCII0 OTOMpaeMbIX KaapoB k = 15. Ilo-
CKOJIbBKY 3HaueHwe Random sBisercss oOIMM st
BCEX METOJOB BHYTPH OJHOH IOCIIEI0OBATEIBHOCTH,
B CPaBHHUTEIBHBIX TaOJIHMIIaX OHO He mpuBouTCs. s
KQXKJ0r0 METOJIa YKa3bIBAIUCH KOIDUIIMEHTHI KOP-
pemsinuu [Tupcona » u CiupMeHa p, a Takxke Mokasa-
Tenu npaktudeckor addexkruBHOCTH O0TOOpa: Top-k,
A@k nu Ratio.

CpaBHeHHNE MPOBOAMIOCH OTAEIBHO AJISL ABYX ap-
xutexktyp matunHra: ELoFTR u RoMa. Takoe pas-
JETbHOE PacCCMOTPEHHE HEOOXOANMO, ITOCKOIBKY 3(-
(DEeKTUBHOCTH MpENBAPHUTEILHOTO OTOOpa MOXKET 3a-
BHCETh OT OCOOEHHOCTEH HCIONB3YeMOW MOJAETH CO-
IIOCTaBJICHUS. PGSYHI)TBTI)I CpaBHCHUA NPECACTABJICHLI
B [Ipunoxxennu B Tabm. 111 u [12. Ta6m. I11 copepxur
pesynbraTtel ans apxutrektypbl ELoFTR, a ta6m. I12
pesynbTaTsl Juist apxutekTypbl RoMa. Takoe mnpen-
CTaBJICHHE II03BOJISIET OLIEHUTh HE TOJBKO abCOIIOT-
HOE KayecTBO MPEMJIOKEHHOI0 KPUTEpHs, HO U €ro
YCTOMYMBOCTH OTHOCHUTEINIBHO PA3IMUHBIX CXEM KPOCC-
MOJIaJIbHOTO COMIOCTABIEHMUS.

Kak cmemyer w3 Ttabm. IIl, ams apXuTeKTypsl
ELoFTR npemioxeHHbIA BEUBIET-KpUTEPHUI TEMOH-
CTpUpyeT Hanboiee BBICOKYIO COTJIACOBAHHOCTB
C YHMCJIOM WHJIalepoB B OOJIBLIMHCTBE PAacCMOTPEH-
HBIX IIOCJIEI0OBATEILHOCTEH. B 4acTHOCTH, B TIOCIIE0-
BatenabpHOCTAX 01, 02, 04-08 oH oOecreuynBaeT Mak-
CHMAaJbHBIE WA OMM3KHE K MAKCHUMAaJIbHBIM 3HAYEHUS
koad¢urmenta [lupcona 7, 4To yka3bIBaeT Ha €T0 BBI-
COKYIO CIIOCOOHOCTH OTpa)KaTh U3MEHEHHUE YCIICIIHO-
CTH COIIOCTaBJIEHUS TPH MEpexojie OT Kajapa K Kajpy.
WNHbIMU cioBamM, BEHBJIET-NPEACTABICHUE JIydlle
JpYyTUX pacCMaTpUBAa€MBIX METPUK OINKCHIBAET KOJIHU-
YECTBEHHYIO CBA3b MEXIY CTPYKTYPHOH BBIpa)KEHHO-
CThIO M300paKEHHSI M YHCIIOM KOPPEKTHBIX T'€OMET-
PUYECKUX COOTBETCTBUM.

[Ipu 5TOM O MpakTU4YecKUM ToKazatessiM Top-k,
A@k w Ratio mpenMyIECTBO BEUBIET-KPUTEPHUS HO-

cuT Oonee HEOTHOPOMHBIA XxapakTep. B psme mocie-
JOBaTeNbHOCTE TPOCThIE TPaMEHTHBIE METPHKH
(TpamueHT, namnmacuaH, TEH30p CTPYKTYPHI) AEMOHCT-
PUPYIOT COTIOCTaBHMBIE HJIM Jake Ooyiee BBICOKHE
3HAYEHUs] MPAKTUIECKOTO BBIUTPHIMIA. JTO OCOOEHHO
3aMeTHO B IociiegoBaTeabHocTax 01, 06 u 08, rae j1o0-
KaJIbHBIC MEPbl KOHTPACTHOCTU U KOHTypHOI‘/'I BbIpa-
XKEHHOCTH OKa3bIBAIOTCS JIOCTATOYHO HH(OPMATHUB-
HBIMU 7151 0TOOpa KaapoB. TeM He MeHee BelBIeT-
KPUTEPHI NTOKa3bIBAET CYIIECTBEHHOE NPEUMYIIECTBO
B nocienosarensHocTax 02, 03 u 04, roe on obecrre-
yuBaeT HanOouspKe 3HaueHus Top-k, A@ k u Ratio.
Hawnboree moka3aTebHON SIBISIETCS TTOCIICIOBATEIb-
HocTh 03: ecnu [y Bcex 0a30BBIX METO/IOB 3HAUYCHUE
Ratio cocraBnsier okono 1.67, TO 111 BEUBIET-
KpUTepus OHO Bo3pacTaeT 10 2.87. DTo yka3bIBaeT
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Ha TO, YTO B YCJIOBUSAX CTPYKTYpPHO HEOJHOPOJHOM
CLICHbl MHOTOLLIKAJIbHBIN aHAJIN3 MO3BOJISIET BBIACTATH
NEeUCTBUTEIbHO MH(GOPMATUBHBIE KaApbl, TOTAAa Kak
MPOCThIE JIOKAJIbHBIE IOKa3aTeld OKa3blBalOTCS He-
JOCTaTOYHO CEJICKTUBHBIMHU.

Crnenyer Takxke OTMETHUTh, YTO Ul paja MOCIENO-
BaTeJIbHOCTEN I'paJyieHT, JIAIIacCuaH U TEH30p CTPYKTY-
pBl JAIOT MPAKTHYECKU OJIMHAKOBBIC 3HA4YCHUS Top-k,
A@kwu Ratio. Takoe NOBEACHHE 3aKOHOMEPHO, IO-

CKOJIbKY BCE€ TPH IIOKa3aTelsi OCHOBAHbI HA aHAIN3E
JIOKAJIbHBIX T'PaAUCHTOB U B 3HAUUTEJILHON CTEIeHHU
OTpaXKaroT OAMH M TOT K€ THIl CTPYKTypHOU HHGOP-
Manuv, a UMCHHO HWHTCHCHUBHOCTHL TI'PaHUIl U KOHTY-
poB. B oTiMuMe OT HUX, NPEIJIOXKEHHBI BEUBIET-
KpUTEpUN YYUTHIBAET paclpeiesieHne CTPYyKTypHOU
SHEPTrUH M0 HECKOJIBKUM MacmTabaM, 9To obecredn-
BaeT 0oJiee Ha/Ie)KHOE PA3IMUCHHE KaApOB B CIOKHBIX
CIIeHaX.

PesynbraTel mns apxurektypsl RoMa, npuBeneH-
Hble B TaOu. [12, NeMOHCTPUPYIOT WHYIO KapTHHY.
C omHO# CTOPOHBI, BEHBIET-KPUTEPHIA U 3[IECH TTOKa-
3bIBACT BBICOKHC 3HAYCHUS KOPPEIANNOHHBIX MCTPUK
B psijie MOCIeI0BATENbHOCTEH, 0OCOOEHHO B IOCJIEAO-
BarenpHOCTSX 03, 04 u 07. C Apyroi CTOPOHBI, €ro
MPEUMYILECTBO MO NMPAKTUYECKUM ITOKa3aTeNsIM CTa-
HOBUTCSI MEHEE YCTOMUMBBIM. Bo MHOrHMX mocnenosa-
TCJIIBHOCTAX TI'PaavCHTHBIC MCTPUKH O6CCH€‘-II/IB3IOT
COTIOCTaBUMBIi MM O0Jiee BBICOKWI BBIMTPHIII, a pa3-
JUYHS MEXAYy METOJAaMH OKa3bIBAIOTCS CYIIECTBEHHO
MeHble, ueM B ciyyae ELoFTR.

Haubonee sipkuit pesynprar 1t RoMa Habmiona-
etcst B mocnenoBatenbHoctu 03. Ecnu suTponus, rpa-
IUEHT, JalUlacHaH U TEH30p CTPYKTYpPhl HPUBOIAT
K CHW)KEHUIO KadecTBa OTOOpa OTHOCHTENBHO CIy-
qaitHoro BbIOOpa (Ratio = (0.82), TO BeWBIET-KpUTE-
pHii, HAIPOTHB, 00ECTIEYNBAET BHIPAXKEHHOE YIIyUllIe-
Hue (Ratio 1.73, p = 0.99). OT0 CBUIETEIBLCTBYET
0 TOM, YTO B CJIOKHBIX IIOCJIE€I0BATECIBHOCTIX MOAXO/I
Ha OCHOBE BEHBJIET CITOCOOCH BBISBISATH YCTOWYMBBIC
MHOTI'OMIKAJIbHBIC CTPYKTYPbI, KOTOPLIC OKAa3bIBAKOTCA
3HAYMMBIMU U Ui OoJiee MOIIHOW apXUTEKTYphl CO-
nocrasieHuss. OQHAaKo B OOJIBIIMHCTBE OCTAJIbHBIX
MOCJIEI0BATEILHOCTEH BBIUTPHILI BEHBIIET-KPUTEPHS
s RoMa nubo HeBenuk, 100 ycrynaer Oosee mpo-
CTBHIM 0a30BBIM METPHKAM.

CpaBHeHre OByX TaOIWI] TIO3BOJISIET ClENaTh He-
CKOJIBKO OOOOIIANIUX BBIBOJIOB. Bo-mepBbIX, mpej-
JIO’)KEHHBI BEWBNET-KpUTEpU 00JamaeT MOIEIbHO-
HE3aBUCHMOMW TOJIE3HOCTBIO: JJISI 00EHX apXHUTEKTYp
OH JIEMOHCTPUPYET IOJIOKUTEIbHYIO CBSI3b C YCIEII-
HOCTBIO COIOCTaBJIEHHUA U B OTHAEIBHBIX IOCJIEIOBA-
TENBHOCTAX OOECTEYNBAET HAWIYUIIUN IpaKTHde-
CKMM pe3ynbTar. Bo-BTOpBIX, €ro MpeuMyILIecTBO
HanOoJiee SPKO TPOSBISAETCS U apXUTEKTYpEHI
ELoFTR, To ectp mist Momenu, Oojee UyBCTBUTENb-
HOW K KauecTBY MpeABapUTEIbHO OTOOPaHHOIO HabO-
pa kxazpoB. B 3ToM ciydae aHaaM3 CTPYKTYpBI M30-

A. C. ®ATEEB u np.

OpakeHHsI Ha pa3HbIX MacmTabax AeHCTBUTENBHO Ja-
€T NMPENMYILIECTBO M0 CPAaBHEHHIO C MPOCTBIMH JIO-
KaJIbHBIMU MeTpukamu. B-tperbux, nis RoMa Bnus-
HHE IIPEeIBAPUTEILHOIO OTOOpa OKa3bIBAaeTCs MEHee
BBIP@)KEHHBIM, YTO, BEPOSITHO, CBA3aHO C OOJbIICH
BHYTPEHHEH YCTOMYMBOCTBIO JAHHOM apXUTEKTYpPbI
K BapualusaM CTPYKTYPHOH HMH(OpPMaTHBHOCTU Kal-
pOB.

TakuM 00pazom, TpeANTOKEHHBIA KPUTEPUH TIeie-
coo0pa3HO paccMaTpHBaTh HE MPOCTO KakK albTepHa-
THUBY TPaJUIIMOHHBIM METPUKaM KauecTBa H300pake-
HUS, a KaK CIeNUATM3UPOBAHHBIN Pa3HOMACIITaOHBIH
MOKa3aTeNlb, OPUEHTUPOBAHHBIH HMEHHO Ha 3a/ayy
IPeIBapUTEIbHOTO0 0TOOpA KaApoB A IOCIIEAyIoLe-
ro Kpocc-MOAAIBHOIO conocrasieHus. Ero ocHoBHOe
MPEUMYILECTBO MPOSBISETCS B CIOKHBIX CLIEHAX, I/IE
JIOKaJIbHbIE KOHTPACTHBIE XapaKTEPUCTUKHU HE IO03BO-
JSIIOT HAJEKHO OTIENUTHh JEHCTBUTENFHO WHQOpMa-
THUBHBIE KaJIpbl OT MEHEE MOJIE3HBIX.

3AKJIFOYEHUE

B pabote paccmoTpeHa 3ajaua mpeaBapuTeIbLHOTO
otbopa WH(MOOPMATHUBHBIX KaapoOB ISl CHCTEM Kpocc-
MOJIAJILHOTO COTOCTaBleHUs1 n300pakeHnii BITJIA
U CIYTHHKa B YCJIOBHUSAX OIPAaHUYEHHBIX BBIYMCIIU-
TENBHBIX pecypcoB. Bricokas yactota GopmupoBanus
BUIEONOTOKA B CHCTEMax BH3yaJbHOH HAaBUTALUH
BIUJTA npuBOAMT K 3HAYUTEIHHOMY 00BEMY BXOIHBIX
JAHHBIX, TOTAA KakK BbIYMCIHUTEIbHAS CIIOXKHOCTD
COBPEMEHHBIX aJTOPUTMOB COIIOCTABJIEHHUSI OTPaHU-
YUBaeT YHCIO KaJpoB, KOTOpblE MOTYT OBITh
00paboTaHbI B peXHME peaTbHOro BpeMeHu. B atmx
YCIOBUSIX BO3HUKAET HEOOXOAMMOCTh HPUOPHUTHU-
3allMM  BXOIHBIX M300paXEHHMH W  BBIAEJIEHUS
MOJIMHOXKECTBA KaJPOB, O0JIAAIOIIUX HAMOOJBIICH
MPUTOAHOCTHIO AJISI TOCTIEIYIOLIETO COMOCTaBICHUS.

[Ipennoxen CTpyKTYpHBIH KpuTepuid oTOOpa Kaj-
POB, OCHOBAaHHBI Ha aHAJIM3€ CTPYKTYPHI M300paxe-
HUS Ha Pa3HbIX MaclTabax W COIJIaCOBAHHOCTH OpH-
CHTHUPOBAHHBLIX KOMIIOHCHT. B otnuume ot Tpaguuu-
OHHBIX METPHK KadecTBa WM300pakeHWs OOIero Ha-
3HA4YCHMUAI, HpeI[HO)KCHHI;IfI IoKas3aTejib OPpUCHTHUPOBAH
Ha BBIABJICHUE I'€OMETPUYECKH YCTOMUYMBBIX CTPYK-
Typ, KOTOPbIE UTPAIOT KIFOUEBYIO POJIb MPH YCTAHOB-
JICHUW COOTBETCTBUI MEXy N300paKEHUSIMH.

OKcliepuMeHTallbHas OLIEHKa MIPOBOAMIACH HA I10-
CJIEIOBATEIBHOCTAX, CHOPMUPOBAHHBIX U3 OTKPBITHIX
naracetoB UAV-VisLoc u VisDrone-DroneVehicle
UL ABYX KOH(QUrypamuid Kpocc-MOJalbHOTO COMOC-
taBieHus: ELOFTR u RoMa. IlonyueHHble pe3ynbTa-
Thl JIEMOHCTPHUPYIOT YCTOMYHUBYIO IOJIOKHUTEIBHYIO
KOPPEISIHUI0 MEXAY 3HAYEHHEM CTPYKTYPHOI'O IOKa-
3aTesis M YWCJIOM WHIIAHEepOB, YTO IOATBEPKAAET
CBSI3b Pa3HOMACIITAOHOW CTPYKTYpHOH MH(OpMATHB-
HOCTH Kajlpa C YCIIEIIHOCTBIO MPOLEIYPHI COMOCTaB-
JICHHUSI.
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[lokazano, 4To TpeABapUTENBLHBIH OTOOP KaJapoB
Ha OCHOBE NPEAJIOKEHHOI'O KPHUTEpHUsi 00ecreurnBaeT
YBEJIMUEHHE YHCIa  KOPPEKTHBIX  COOTBETCTBUIL
M0 CPABHEHUIO CO CIIydaliHBIM BBIOOPOM KaapoB. Jliist
koHpurypannu ELoFTR Bemrpseim gocturaer ot 1.3
1o 1.8 pasa, 4To CBHJETENBCTBYET O BBICOKOM UyBCT-
BUTEJILHOCTH JTaHHOM apXUTEKTYphl K KaUeCTBY BXOJ-
HOro Habopa m3oOpaxeHuid. s momenn RoMa ad-
ekt oTOOpa BRIpAXKEH Cilabee, OAHAKO B OOIBITHHCT-
BE IOCJIEI0BAaTEIbHOCTEN TaKKe HAOIIOMAeTCs IOJIo-
JKUTEIbHBIA MPUPOCT YUCIA HANIECHHBIX COOTBETCT-
BH.

CpaBHenue ¢ psiioMm 0a30BBIX METPUK WHQOpMa-
TUBHOCTH HM300pakKeHHUsI IOKa3ajo, 4TO NPeasIoKeH-
HBI BEWBJIET-KpUTEpUIl obecreynBaeT Oosee yCTOM-
YUBYIO KOPPEJILUIO C YCHEIIHOCTBIO COMOCTABIECHUS
U JIEMOHCTPHUPYET MPEUMYIIECTBO B CLIEHAX CO CJIOXK-
HOW CTPYKTYpHOW oOpraHuzaiyeil. 3To NoATBEp)KAaeT

1e1eCO00Pa3HOCTh MCIIOIB30BAHMS Pa3HOMACIITaOHOIO
aHajM3a Ui OLUEHKH IPUTOAHOCTH KaJIpoB B 3ajadax
BH3yalbHON HaBHWTranmuu. Takum o0pazoMm, mpemsio-
JKEHHBIN nmoaxoa MOXKET pacCMaTpuBaTbCA KaK BbI-
YUCITUTENFHO J(PQPEKTUBHBIA MEXaHU3M IpeBapH-
TENBbHOW BBIOOPKH KaJIpoB B CHUCTEMax BH3yallbHOHN
HaBuranmu BIUJIA. Ero mpuMeHeHWe mMO3BONSIET TIO-
BBICUTh YCTONMYHMBOCTH KpPOCC-MOJAJIbHOTO COIMOCTaB-
neHuss 0e3 yBEeNMYEHMs] BBIUYUCINTENBHBIX 3aTpaT
Ha 5Tarie MaT4yuHra.

B Z[ZLHI)HCIZIHCM MpeACTaBIACTCA TMCPCIICKTUBHLIM
HCCIIEIOBAaHNE aJalTHUBHBIX CTpaTeruil oTOopa Kan-
POB, YUYUTBIBAIOIIUX AWHAMHUKY CIHCHBI U MMapaMETPbL
IBIDKEHHS, a TaKkkKe HHTerpauus IpeIoKEHHOTO
CTPYKTYpPHOI'O IIOKa3aTelisl HENOCPEACTBEHHO B IIPO-
necc 00ydeHHsI Kpocc-MOAAJbHBIX MoJeseil comoc-
TaBJICHUA.

MMPUIJIOXEHUE

Tao6u. I11. CpaBHeHHUE NPEATIOKEHHOTO BEUBIET-KPUTEPHSI C MOMYISIPHBIMU METPHUKaMH KauecTBa
n3o0paxxenus Juist apxutektypsl ELOFTR (quist kax ol mocienoBaTebHOCTH NPUBENIEHBI KOppe-
JSIIMOHHBIE METPHUKHU M NIOKA3aTe M IpakTHYeckoi apdexkTuBHOCTH 0TOOpa KaJpoB)

Sequence Meton r p Top-k A@k Ratio
01 OHTponus 0.884 | 0.815 |2148.3 862.3 1.67
I'paguent 0.756 | 0.851 | 22233 937.3 1.73
Jlanmacuan 0.870 | 0.881 | 2223.3 937.3 1.73
TeH30p CTPYKTYpBI 0.836 | 0.863 | 2223.3 937.3 1.73
Beiisner 0.966 |0.760 | 2095.3 809.3 1.63
02 OHTponus 0.918 | 0.558 |3108.3 859.8 1.38
I'paguent 0.957 |0.791 | 3265.3 1016.8 1.45
Jlanmacuan 0.953 | 0.791 | 3265.3 1016.8 1.45
TeH30p CTPYKTYpBI 0.950 | 0.791 | 3265.3 1016.8 1.45
Beiisner 0.980 | 0.816 | 3445.7 1197.2 1.53
03 OHTponus —0.008 | 0.333 | 540.7 216.1 1.67
I'paguent 0.206 | 0.569 | 540.7 216.1 1.67
Jlanmacuan 0.245 | 0.569 | 540.7 216.1 1.67
TeH30p CTPYKTYphI 0.224 | 0.569 | 540.7 216.1 1.67
Beiisner 0.420 | 0.548 | 932.3 607.8 2.87
04 OHTponus 0.919 | 0.491 | 3382.7 978.8 1.41
I'paguent 0.710 | 0.455 | 3382.7 978.8 1.41
Jlanmacuan 0.730 | 0.479 | 3382.7 978.8 1.41
TeH30p CTPYKTYpBI 0.673 | 0.406 | 3382.7 978.8 1.41
Beiisner 0.992 |0.721 | 3446.3 1042.4 1.43
05 OHTponus 0.933 | 0.733 | 3278.7 927.2 1.39
I'paguent 0.849 | 0.600 | 3125.7 774.2 1.33
Jlanmacuan 0.878 | 0.600 | 3125.7 774.2 1.33
TeH30p CTPYKTYphI 0.761 | 0.576 | 3125.7 774.2 1.33
Beiisner 0.979 10.515 | 3160.7 809.2 1.34
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Taba. II1. (oxonuanue)

Sequence Merton r Yol Top-k A@k Ratio
06 OHTponus —0.121 | 0.285 | 3419.3 830.9 1.32
['papuent 0.658 | 0.818 | 34193 830.9 1.32
Jlannacuan 0.718 | 0.745 | 34193 830.9 1.32
TeH30p CTPYKTYphI 0.634 | 0915 |3547.0 958.5 1.37
Beiisner 0.990 10.418 | 3501.0 912.5 1.35
07 OHTponus 0.823 | 0.600 | 3506.0 984.7 1.39
['papuent 0911 |0.758 |3711.0 1189.7 1.47
Jlannacuan 0.910 | 0.661 |3711.0 1189.7 1.47
TeH30p CTPYKTYphI 0.889 | 0.733 | 3711.0 1189.7 1.47
BeiiBaer 0.989 10.697 |3711.0 1189.7 1.47
08 OHTponus 0.428 |0.103 | 1022.8 257.9 1.34
['papuent 0.802 | 0.648 | 1044.0 279.1 1.36
Jlannacuan 0.813 | 0.636 | 1022.8 257.9 1.34
TeH30p CTPYKTYphI 0.771 | 0.552 | 1044.0 279.1 1.36
BeiiBaer 0.950 10418 |981.3 216.5 1.28

Taoa. I12. CpaBHEHUE MIPENTIOKEHHOTO BEUBIET-KPUTEPHS C IONMYJIAPHBIMU METPUKAMU KauecTBa
HU300pakeHus sl apXUTEKTYphl RoMa (st Kaxk 10 mocie0BaTeIbHOCTH MIPUBEACHBI KOPPEIIs-
[UOHHBIC METPHUKH U TIOKA3aTENN PAKTHUCCKOM dIPPEKTUBHOCTH 0TOOPA KAPOB)

Sequence Meron r P Top-k A@k Ratio
01 OHTponus 0.523 | 0.430 | 83423 296.9 1.04
I'papueHt 0.675 |0.770 | 8901.3 855.9 1.11
Jlannacuan 0.586 | 0.661 | 8901.3 855.9 1.11
TeH30p CTPYKTYphI 0.490 | 0.624 | 8901.3 855.9 1.11
BeitBner 0.578 |0.552 | 8353.3 307.9 1.04
02 OHTponus 0.903 | 0.697 | 8197.0 1242.3 1.18
I'papueHt 0.956 | 0.648 | 8323.3 1368.6 1.20
Jlannacuan 0.945 | 0.648 | 8323.3 1368.6 1.20
TeH30p CTPYKTYphI 0.947 |0.697 | 8323.3 1368.6 1.20
BeiiBner 0.965 |0.564 | 8008.3 1053.6 1.15
03 OHTponus —0.169 | -0.108 | 3958.7 —845.9 0.82
I'panuent 0.275 ] 0.439 | 3958.7 —845.9 0.82
Jlanacuan 0.320 | 0.439 | 3958.7 —845.9 0.82
TeH30p CTPYKTYphI 0.258 | 0.439 | 3958.7 —845.9 0.82
BeiiBner 0.723 1 0.909 | 8326.7 3522.1 1.73
04 OHTponus 0.745 | 0.770 | 7929.0 225.1 1.03
I'panuent 0.478 | 0.685 | 7929.0 225.1 1.03
Jlanacuan 0.516 | 0.733 | 7929.0 225.1 1.03
TeH30p CTPYKTYpHI 0.433 | 0.636 | 7929.0 225.1 1.03
BeiiBner 0.883 | 0.879 | 8201.3 497.4 1.06
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Taba. I12. (oxonuanue)
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05 DHTpOIHUs —0.063 | -0.152 | 7623.3 -237.0 0.97
I'paguent 0.196 0.248 8347.0 486.7 1.06
Jlammacuan 0.181 0.309 8347.0 486.7 1.06
TeH30p CTPYKTyphI 0.258 0.394 8347.0 486.7 1.06
Beiisner 0.065 0.164 7956.3 96.0 1.01
06 DHTpOIHUs 0.134 0.309 8228.0 499.7 1.06
I'paguent 0.664 0.576 8228.0 499.7 1.06
Jlarmmacuan 0.704 0.612 8228.0 499.7 1.06
TeH30p CTPYKTyphl 0.640 0.588 7995.0 266.7 1.03
Beiisner 0.729 0.479 7851.7 123.4 1.02
07 DHTpOIHs 0.821 0.503 8301.0 1036.2 1.14
I'paguent 0.890 0.576 8274.7 1009.9 1.14
Jlarmmacuan 0.880 0.636 8274.7 1009.9 1.14
TeH30p CTPYKTyphI 0.865 0.564 8274.7 1009.9 1.14
Beiisner 0.966 0.491 8274.7 1009.9 1.14
08 DHTpOIHs —0.047 | -0.255 | 2521.5 -24.6 0.99
I'paguent 0.299 0.340 2597.2 51.1 1.02
Jlammacuan 0.337 0.267 2521.5 -24.6 0.99
TeH30p CTPYKTYphI 0.289 | 0401 | 25972 51.1 1.02
Beiisner 0.586 0.505 2552.2 6.1 1.00
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INTRODUCTION

Cross-modal image matching, aimed at establish-
ing spatial correspondences between images acquired
by different sensor systems and under significantly
different shooting conditions, is a key task in comput-
er vision. In the context of remote sensing and auto-
nomous systems, this task is particularly important, as
accurate image matching serves as the basis for geore-
ferencing, navigation, scene reconstruction, and real-
time decision-making.

In particular, matching images obtained from un-
manned aerial vehicles (UAVs) and satellites is an ex-
tremely complex cross-modal task. Images from UAV
and satellite cameras differ fundamentally in scale,
viewing angle, spatial resolution, and scene geometric
structure. Satellite images are typically generated in
an orthographic projection and cover large areas, whe-
reas UAV images are characterized by a limited field
of view, pronounced perspective distortions, and
a high variability of perspectives. These differences
significantly complicate the establishment of stable
correspondences between images.

Modern UAYV systems [1] are equipped with cam-
eras with high frame rates, which leads to the forma-
tion of dense video sequences and significant streams
of visual data. Meanwhile, methods for cross-modal
matching of camera and satellite images are typically
based on computationally complex models, including
deep neural networks, dense [2] or semi-dense [3]
matching algorithms, and geometric normalization
procedures. As a result, the throughput of such models
is significantly lower than the data rate from the sen-
sors, making real-time processing of all frames vir-
tually impossible. Under limited computing resources,
the system is forced to partially process the input
stream, which increases the likelihood of missing
frames that are the most informative and provide op-
timal conditions for cross-modal matching.

Under such conditions, frame pre-selection be-
comes especially important. Its goal is to reduce the
input data stream by eliminating frames that are un-
suitable for subsequent cross-modal matching. Unlike
classical video selection tasks, this requires selecting
not just visually high-quality images, but frames that
are highly informative, specifically for successful
matching with satellite images.

The most common approaches to frame selection
rely on general image quality metrics such as sharp-
ness, contrast, or frequency-domain energy [4-6].
Such criteria effectively identify technically defective
frames, such as blurry or noisy images. However, in
cross-modal matching tasks, such metrics prove insuf-
ficient. Visually clear and contrasting UAV frames do
not guarantee the presence of stable structural features
consistent with the geometry of satellite images and,

therefore, do not necessarily lead to successful match-
ing [6, 7].

The main reason for this is that classical quality
metrics primarily evaluate low-level visual characte-
ristics, without considering the structural and geome-
tric compatibility of images of different modalities. In
particular, fine texture details, shadows, moving ob-
jects, and localized illumination changes can signifi-
cantly enhance the visual "quality" of a frame, but
they do not contribute useful information for matching
with satellite images dominated by large-scale and
stable geometric structures such as road networks,
buildings, or landscape boundaries.

Therefore, there is a need to develop frame prese-
lection methods that focus not on the subjective or
visual quality of an image but on assessing its poten-
tial suitability for cross-modal matching. Such me-
thods should consider the structural information con-
tent (informativeness) of frames, their robustness to
changes in scale and perspective, and the ability to
maintain a consistent spatial organization of the scene
between UAV and satellite images.

This paper proposes an approach to preselecting
UAV camera frames aimed at improving the efficien-
cy of cross-modal matching with satellite images un-
der conditions of limited computational resources [8,
9]. Unlike existing methods focused on general image
quality metrics, the proposed method focuses on ana-
lyzing the structural characteristics of the image rele-
vant to the matching task. This significantly reduces
the number of frames processed without losing geore-
ferencing accuracy and improves the practical appli-
cability of cross-modal matching systems in real-
world scenarios.

PROBLEM STATEMENT

Let F=1]_

an unmanned aerial vehicle's onboard camera at a high
frame rate, where T denotes the total number of
frames in the time interval under consideration, and
I is a satellite image of the corresponding territory.

Due to limited computing resources, processing all
T frames of a video sequence for cross-modal
matching is practically impossible. Therefore, it is
necessary to select a subset of frames

F'cF,

be a video sequence obtained from

F|<T,

that are most suitable for subsequent matching of
UAYV images with satellite data.

Unlike traditional frame selection methods based
on visual image quality metrics, this paper addresses
the task of assessing the structural informativeness of
a frame, reflecting its ability to provide stable geome-
tric correspondences in a cross-modal matching task.



MULTISCALE STRUCTURAL ANALYSIS
USING THE 2D WAVELET TRANSFORM

Description of the transform

A two-dimensional discrete wavelet transform [10,
11] is used to analyze the structural characteristics of
an image at different spatial scales. It provides joint
spatial-frequency localization of features.

Let IeR™” be the input image. The two-
dimensional discrete wavelet transform is constructed
by sequentially applying one-dimensional filters to the
rows and columns of the image. Let g and 4 denote
the high-pass and low-pass analysis filters, respective-
ly. Then, the wavelet decomposition operations can be
written as

L=(I*n){2, G=(I*g){2,

where (*) denotes convolution, and |2 denotes down-
sampling.

After sequential filtering by rows and columns,
four sub-bands are formed:

(AI’HI’I/I’DI)’

where 4, is the approximating sub-band (low fre-
quencies in both directions), and H,, V, and D,

represent horizontal, vertical, and diagonal image de-
tails, respectively.
The approximating sub-band 4, is recursively

used to construct the next decomposition level,
resulting in a hierarchical multi-scale representation of
the image:

I—{4,,H,,V,,D,,...H,V,,D},

where L denotes the number of decomposition levels.
This representation allows for the extraction of
structural components of the image at different spatial
scales, making wavelet decomposition a convenient
tool for analyzing geometrically stable scene elements
such as edges, texture patterns, and directional struc-
tures. An example of wavelet decomposition of a syn-
thetic image is shown in Fig. 1. An artificially gener-
ated scene containing horizontal, vertical, and diagonal
linear structures is used as input. The use of a synthet-
ic image allows us to clearly demonstrate the direc-
tional selectivity of the 2D wavelet transform under
controlled scene geometry, eliminating the influence
of textural and photometric factors typical of real data.

Fig. 1. An example of 2D wavelet decomposition of
a synthetic image.

a — original image; 6 — diagonal first-level detail
coefficients D;; B — horizontal first-level coefficients
H,; r — vertical first-level coefficients V),

As can be seen from Figure 1, the first-level de-
composition coefficients distinguish structures accord-
ing to their orientation: horizontal components are
concentrated in the subrange H, , vertical components

in V,, and diagonal components in D, . The approx-

imating component preserves the overall geometry of
the scene. This example illustrates the ability of the
wavelet transform to perform spatially localized and
directionally sensitive image analysis, which is a key
property when assessing the structural informative-
ness of frames for comparison.

Unlike the Fourier transform [12], which has glob-
al frequency localization, the wavelet transform pre-
serves the spatial localization of structural elements.
This is especially important for images obtained from
a UAV camera, which often contain distinct object
boundaries, linear structures (roads, buildings, field
boundaries), and textural elements of varying spatial
scales. In a number of studies, simpler local metrics
such as image entropy [13], gradient metrics [14], the
Laplacian-based sharpness measure [15], and charac-
teristics based on the structure tensor [16] are used to
assess the informativeness of images. These methods
reflect individual aspects of local contrast or statistical
diversity of an image but do not take into account the
interrelationships of structural elements at different
spatial scales. The use of wavelet decomposition al-
lows us to analyze the energy distribution of structural
components simultaneously in the spatial and fre-
quency domains, which makes this approach more
suitable for identifying geometrically stable scene
structures that are important for the tasks of establish-
ing inter-image correspondences.

Assessing structural informativeness
in the wavelet domain

Let an L-level 2D wavelet decomposition be
performed on image /, yielding approximating and
detailing subbands

(4,H,,Y,,D,), 1=1,..,L.

The subbands H,, V,, and D, are matrices of detail

coefficients at level /, corresponding to horizontal,
vertical, and diagonal image structures.

It is assumed that geometrically stable scene struc-
tures manifest themselves as local energy maxima in
detailing subbands at several scales. For quantitative
assessment, a normalized energy characteristic of lev-
el / is introduced:

U YOS DI TUR

ieH, iel; ieD,




where H, (i) denotes the i-th coefficient of the cor-

responding subband, and | . | is the number of coeffi-

cients in the subband.
Using the square of the coefficients corresponds to
an L,norm signal energy estimate:

44 =, Y

which is consistent with the energy interpretation of
the wavelet transform as an orthonormal decomposi-
tion. Using orthonormal wavelets preserves energy,
allowing us to construe E, as the fraction of the im-
age's structural energy localized at scale /.

Normalization by the number of coefficients |H ,| ,

|Vl|, |Dl| ensures invariance of the estimate to the

subrange size and allows for correct comparison of
decomposition levels of different dimensions.

Thus, the quantity E, reflects the total intensity of
directed boundaries and extended structures at scale /,
suppressing the contribution of random noise and
small-scale textures due to quadratic averaging.

Interscale consistency of structures

To improve the robustness of the structural infor-
mativeness estimate, a measure of interscale consis-
tency is introduced, reflecting the degree to which the
image's energy characteristics are preserved when
transitioning between adjacent decomposition scales.
For levels / and / +1, interscale consistency is defined
as

_ |E/_E/+1|
=]-—""1

: E +E, +¢
where € >0 is a small regularizing parameter ensur-
ing numerical stability if £, =F,,, =0.

The quantity C, takes values in the range 0<C, <1

and characterizes the degree of similarity of the ener-
gy distribution at adjacent scales. Values of C; close to
unity correspond to cases where the energy characte-
ristics remain virtually unchanged between scales, in-
dicating the presence of geometrically stable and ex-
tended scene structures.

Conversely, small values of C; indicate significant
differences between E, and E,,,, this is typical of

small-scale textures, noise, or local artifacts which
energy rapidly decays with increasing scale.

Estimation function and frame selection strategy

To ensure comparability of the contributions of
different scales, the energy characteristics are norma-
lized by the total energy of the detailing subranges:

E

L _ 1
E =— ,
E +e&

k=1

where ¢ > 0 is a small regularizing parameter that en-
sures numerical stability at low energy values.

This normalization eliminates the dependence of
the estimate on the overall image brightness and en-
sures that the condition is met.

L ~
YE ~1.
=1

The final estimate of the structural informativeness
of a frame / is defined as a weighted combination of
the normalized energy and cross-scale characteristics:

L - L-1
S(I)=>a,E +>BC,.
=1 =1

where the coefficients a; and S, define the contribution
of the corresponding scales and are selected empiri-
cally. The first sum reflects the distribution of struc-
tural energy across the decomposition scales, and the
second one reflects the degree of cross-scale stability
of the identified structures.

Video sequence frames are ranked by value S(/,),
after which a subset forms.

F={1,:5(1,) is included in top K},

where K is the specified number of selected frames
< T.

A simplified calculation scheme for the proposed
estimate is shown in Fig. 2. The method's input is an
intersection image captured by a UAV camera, which
is subjected to a multi-level wavelet decomposition.
For each level, the energy characteristics of the detail-
ing coefficients £, and the inter-scale consistency in-
dices C; are calculated. The resulting values are ag-
gregated into a final structural informativeness esti-

mate S (1 ), that is used to rank the video sequence
frames.

Fig. 2. Calculation scheme for the estimate of the
structural informativeness of a frame S(I) based on
a three-level wavelet decomposition of the image

To analyze the contribution of individual compo-
nents, we consider the decomposition of the final cri-

terion value S(I). In this example, the weighting

coefficients are set equal to unity (o, =1, 5, =1), al-

lowing us to directly evaluate the relative contribution
of the energy and inter-level components of the crite-
rion. The decomposition results are presented in
Tab. 1.



Tab. 1. The contribution of individual components to
the final assessment of structural informativeness S(/)

From the data presented in Tab. 1, it follows that
the main contribution to the criterion value S (I )

comes from the energy component of the third de-
composition level E;, accounting for approximately

66.6% of the total evaluation value. This indicates that
a significant portion of the structural information in
the scene is represented at larger spatial scales. This
energy distribution is typical for images of urban in-
frastructure. The scene under consideration contains
distinct geometric structures—road lines, intersec-
tions, and city block boundaries—which are primarily
evident at coarser levels of the wavelet decomposi-
tion.

The total contribution of the consistency compo-
nents between C, decomposition levels is approx-

imately 24% of the final criterion value, indicating the
presence of spatial structures that are consistently evi-
dent at adjacent decomposition levels.

If necessary, an additional constraint on the mini-
mum time interval between selected frames can be in-
troduced to ensure a variety of observation angles. It

is worth noting that calculating the estimate of S(/)

does not require information about the satellite image
and can be performed at the early stages of
processing.

Computational complexity

The proposed method has a computational com-
plexity of O(HW) per frame, where H and W denote
the height and width of the image in pixels, respec-
tively. Thus, the value of HW corresponds to the total
number of image pixels. With the standard pyramidal
implementation of 2D wavelet decomposition and
a fixed filter length, the algorithm complexity remains
linear in the number of pixels.

Linearity is ensured by the fact that the total com-
putational effort across all decomposition levels de-
creases geometrically, since each subsequent level is
applied to an approximating subrange that is half the
size for each coordinate. As a result, the number of

operations at level / is proportional to HW /4', and
the total complexity across all levels remains on the
order of O(HW).

Thus, when processing a video sequence of T
frames, the total computational complexity of the

structural analysis stage is O(T -H W).

Compared to the subsequent stage of cross-modal
image matching, the computational cost of wavelet
analysis is negligible. In particular, for modern dense

matching models [17, 18] based on the construction of
a global correlation matrix or an attention mechanism,

the computational complexity can reach O(Nz) in

terms of the number of tokens or spatial positions.
Here, N denotes the number of elements in the spatial
representation of the image (feature points after dis-
cretization of the feature space). Since N is usually
proportional to the number of spatial positions in the
feature map, the quadratic dependence leads to signif-
icantly higher computational costs compared to the li-
near complexity of preliminary wavelet analysis.

DESCRIPTION OF EXPERIMENTAL DATA

Video images

The main goal of the experiments is to analyze the
impact of frame preselection on matching accuracy,
registration stability, and the computational efficiency
of the system as a whole. The experimental study uti-
lized open datasets containing images obtained from
unmanned aerial vehicles (UAVs) and satellite images
of the corresponding terrain. The majority of the expe-
riments were conducted using the UAV-VisLoc data-
set [19], which is designed for visual localization of
UAVs using satellite images. This dataset contains
pairs of images: UAV images and corresponding sa-
tellite images of the same area. The images are cha-
racterized by significant variations in scale, viewing
angle, and structural composition of the scene, making
the matching task significantly more challenging. To
analyze the performance of the methods in the infra-
red range, images from the VisDrone-DroneVehicle
dataset [20] were additionally used. This dataset con-
tains images obtained from unmanned aerial vehicles
in the visible and infrared ranges of the spectrum.
Since the infrared images in this dataset are not pre-
cisely georeferenced, corresponding satellite frag-
ments were selected empirically based on the visual
similarity of the scene structure. To simulate the com-
plex UAV flight scenario, associated with abrupt ma-
neuvers and deterioration of image quality, artificial
image degradation methods were applied to some
frames. Specifically, blurring, backlighting, and addi-
tive noise were used to simulate the effects of camera
movement, illumination changes, and sensor degrada-
tion. These transformations allow the experimental
conditions to approximate real-world flight scenarios,
which involve abrupt changes in the camera's field of
view, geometric distortions, and reduced image con-
trast. The resulting experimental sample contains
frames with significantly different structural informa-
tiveness. Some images contain prominent geometric
scene elements, such as object boundaries, road net-
works, and contrasting textures, while others are cha-
racterized by weak structural definition or significant



distortions. This allows us to objectively evaluate the
ability of the proposed preselection method to identify
frames with the greatest potential for successful cross-
modal matching with satellite images. Examples of
frames from the experimental sample are shown in
Fig. 3.

Fig. 3. Examples of frames from the experimental
sample.

a, 6 — frames in the visible range; B, r — frames in
the infrared range

Experimental evaluation protocol

To ensure a fair comparison, all frame preselection
methods were evaluated using an identical computa-
tional protocol. Experiments were conducted using
two cross-modal matching models: LoFTR [17] and
RoMa [18]. Since the open datasets used do not con-
tain explicit video sequences, artificial video se-
quences were created from the UAV-VisLoc and Vis-
Drone-DroneVehicle dataset images for the experi-
ments.

The evaluation was performed on ten video se-
quences, each containing 60 frames. Sequences 1-7
corresponded to images obtained in the visible spec-
trum and created based on data from the UAV-VisLoc
dataset. Sequences 8—10 contained infrared images
and were created based on the VisDrone-
DroneVehicle dataset.

For each matching model, all frame preselection
strategies were compared with a constant network ar-
chitecture, fixed parameters, and identical model
weights. This allowed us to eliminate the influence of
the matching parameters and focus on analyzing the
effectiveness of the preselection methods.

Geometric verification was performed using the
RANSAC algorithm [21] with fixed parameters, in-
cluding the maximum number of iterations and the
projection error threshold z. As a result, differences in
the number of found inlayers”™ are determined solely
by the quality of frame preselection, all other things
being equal for matching and geometric filtering.

Evaluation metrics
Metric types

Let a sequence contain N frames:

{(Si’M[)}i}il >

: Inlayers are understood as geometrically consistent
correspondences that satisfy the chosen transformation
model.

where S, is the value of the structural indicator for the

i-th frame, and M, is the number of inlayers obtained
after the geometric verification step.

To quantitatively evaluate the effectiveness of the
proposed approach, two groups of metrics are used:

1) correlation metrics, which characterize the sta-
tistical relationship between S;and M ;

2) selection efficiency metrics, which reflect the
practical gain in selecting the top K frames.

Correlation metrics

This group of metrics is designed to analyze the
statistical relationship between the value of a structur-
al indicator S, and the number of inlayers M,. Two
correlation coefficients are used in this study.

Linear relationships are assessed using the Pearson
correlation coefficient:

cov (S, M,)
r=—————">,
050y

where cov(-) is the covariance, oyand o, are the

standard deviations of the variables and respectively.

Monotonic relationships are assessed using the

Spearman rank correlation coefficient:
pP= Corrrank (Si’Mi) .

For each coefficient, a corresponding p-value is
calculated, characterizing the statistical significance of
the identified relationship.

As part of the statistical hypothesis test, the null
hypothesis H, declaring that there is no correlation be-
tween the variables S, and M., is considered. The p-
value is defined as the probability of obtaining the ob-
served value of the correlation coefficient, given that
H,. 1s true.

If p<a the null hypothesis is rejected, the identi-

fied relationship is considered statistically significant.
The study uses the significance level a =0.05.

Frame selection performance metrics

This group of metrics is intended to evaluate the
practical usefulness of the proposed criterion for se-
lecting a subset of frames.

Top-K frame selection. Let us denote the set of £
frames with the highest values of the indicator S;as

1, :
T, =Top-K, (S).

The average number of inlayers for the selected
frames is defined as:
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A random selection of & frames from a sequence is
considered the baseline. Let R; be a random subset of
cardinality k. The estimate of the average number of
inlayers for random selection is calculated using the
Monte Carlo method:

1
:urand = ERk |:% ZM,iI ’

ieR;

hereinafter, Random = png.
The absolute gain from using the proposed
criterion is defined as:

A@k = lutop - lurand'

The relative gain compared to random selection is
defined as:

Ratio Hiop
Iurand
EXPERIMENTAL RESULTS

Tabular presentation of results

This section presents an analysis of the evaluation
results for the proposed frame preselection criterion.
Since the absolute number of inlayers M; depends sig-
nificantly on the matching model used, experiments
were conducted for two matching architectures:
ELoFTR and RoMa. The experiments used pre-
trained model weights from MatchAnything [22].
These models are ELoFTR and RoMa architectures
additionally adapted for the task of cross-modal image
matching (UAV < satellite). During training, net-
work parameters were optimized to account for differ-
ences in spectral characteristics, contrast, and scale
between aerial and satellite data. Thus, the compari-
son is not between the original general-purpose mod-
els but between their specialized versions adapted for
cross-modal matching.

The experiments were conducted on ten video se-
quences, each containing N = 60 frames. From each
sequence, k = 15 of the most informative frames were
selected according to the proposed structural criterion.
The summary quantitative results of the experiments
are presented in Tabs 2 and 3.

Tab. 2. Results of the evaluation of the quality of
frame selection for the model based on the ELoFTR
architecture

Tab. 3. Results of the evaluation of the quality of
frame selection for the model based on the RoMa ar-
chitecture

Data analysis in table 2

Table 2 contains results for the ELoFTR architec-
ture, while Table 3 corresponds to the RoMa architec-
ture. The tables list the values of the correlation me-
trics (r, p) and the practical selection efficiency indi-
cators (Top-k, Random, A@k , Ratio) for each se-

quence. Correlation metrics characterize the degree of
consistency between the structural indicator and the
actual matching success, while the Top-k, A@#k , Ra-

tio metrics reflect the practical efficiency of personnel
selection.

The statistical significance of the correlation coef-
ficients was assessed using the corresponding
p-values. Coefficients for which the condition
p <0.05 was met were considered significant.

As can be seen from Table 2, most sequences ex-
hibit a high positive correlation between the value of
the structural indicator and the number of inlayers.
For nine out of ten sequences, the Pearson coefficient
exceeds 0.95, indicating a strong linear relationship
between the structural informativeness of a frame and
the matching success rate. The exception is sequence
3 (r=0.420, p = 0.548), where the correlation is noti-
ceably weaker.

The high values of the correlation metrics indicate
that the proposed structural indicator adequately re-
flects the probability of successfully matching a frame
to a satellite image. In other words, frames with more
pronounced structural organization at different scales,
as a rule, provide a greater number of stable geometric
matches after the verification stage. This confirms the
hypothesis that the structural informativeness of an
image is an important indicator of the success of
cross-modal matching.

The practical effectiveness of the proposed selec-
tion criterion is confirmed by the Ratio values, which
exceed one for all sequences. This means that frame
selection based on the structural criterion consistently
outperforms random selection. The relative gain
ranges from 1.28 to 2.87. The most pronounced effect
is observed in sequence 3 (Ratio 2.87), despite the rel-
atively low values of the correlation metrics. This re-
sult indicates that even with weakened global correla-
tion, the criterion is capable of selecting a small subset
of frames containing the most informative structural
elements of the scene. A likely reason for this beha-
vior is the heterogeneity of the video sequence struc-
ture, where only a small fraction of frames contains
geometrically stable elements (roads, building boun-



daries, object outlines) that ensure a high number of
matches.

Even in sequences with moderate rank correlation
values (e.g., sequences 5-10), the practical gain re-
mains significant. This indicates that the proposed cri-
terion not only performs the function of ranking
frames but also effectively concentrates computing re-
sources on the most informative fragments of the vid-
eo sequence, which is especially important in condi-
tions of limited computing resources of onboard sys-
tems.

Data analysis in table 3

Table 3 shows paraiiel results for the RoMa model.
The absolute values of the number of inlayers in this
configuration are significantly higher compared to the
ELoFTR architecture, reflecting the higher density of
matches found. This is consistent with the characteris-
tics of the RoMa architecture, which is designed to
obtain denser and more spatially distributed matches.

For most sequences, a positive correlation is ob-
served between the structural index and the number of
inlayers; however, the degree of this relationship va-
ries significantly more than in the case of ELoFTR.
The highest rank correlation is observed in sequences
3 and 4 (p ~ from 0.88 to 0.91), while the correlation
is virtually not observed in some sequences (e.g., se-
quence 5). This may be due to the fact that RoMa is
less sensitive to local structural features of images and
is capable of finding matches even in conditions of
weakly expressed geometric structure.

The practical preselection gain for RoMa is, on av-
erage, more modest. Ratio values in most sequences
range from 1.01 to 1.15, indicating a relatively small
but consistent advantage of structural selection over
random selection. The most pronounced effect is ob-
served in sequence 3 (Ratio 1.73), where the structural
criterion significantly increases the number of found
inlayers. In sequences 5 and 8, the gain is virtually
nonexistent, which may be due to the structural ho-
mogeneity of the scene or the low variability of
frames within a sequence.

Comparing the two configurations allows us to
make several important observations. First, for both
models, the proposed structural criterion demonstrates
a positive correlation with matching success, confirm-
ing its model-independent nature and transferability
across different matching architectures. Second, for
the ELoFTR configuration, a more pronounced gain
from frame preselection is observed. This indicates
a higher sensitivity of this architecture to the quality
of the input image set and highlights the importance
of the prefiltering step when using less dense match-
ing methods.

For RoMa, the effect of preselection is less pro-
nounced, which may be due to the architecture's
greater robustness to variations in the structural con-

tent of frames. Thanks to its denser matching mechan-
ism, RoMa is capable of extracting matches even from
less informative images, making the effect of prese-
lection weaker. However, the positive gain remains in
most sequences and confirms the practical feasibility
of using the structural criterion as a stage of prelimi-
nary filtering of video stream frames.

Comparison with basic image quality metrics

To evaluate the advantages of the proposed pre-
selection criterion, it was compared with a number of
widely used image content metrics. The following ba-
sic methods were considered: entropy, gradient me-
tric, Laplacian metric, and structure tensor metric.
These metrics were chosen because they reflect dif-
ferent aspects of a frame's visual content: entropy cha-
racterizes the overall diversity of brightness values,
gradient and Laplacian characterize the severity of lo-
cal brightness variations and contour structures, and
the structure tensor characterizes the intensity and di-
rectional consistency of local gradients.

Each of these metrics was used as a ranking crite-
rion for video sequence frames, as it was earlier pro-
posed to the wavelet criterion. In other words, for
each sequence, the frames were sorted in descending
order of the corresponding indicator value, then a sub-
set of the k best frames was selected, on which the
success of matching with the satellite image was then
assessed.

In all experiments, the same selection parameters
were used for the comparative methods: the sequence
size was N = 60 frames, and the number of selected
frames was k = 15. Since the Random value is com-
mon to all methods within a single sequence, it is not
provided in the comparison tables. For each method,
the Pearson » and Spearman p correlation coefficients
were reported, as well as the practical selection effi-
ciency indicators: Top-k, A@ k and Ratio.

The comparison was conducted separately for two
matching architectures: ELoFTR and RoMa. This
separate analysis is necessary, since the effectiveness
of the preliminary selection may depend on the specif-
ics of the matching model used. The comparison re-
sults are presented in the Appendix in Tabs I11 and
I12. Table I11 contains the results for the ELoFTR ar-
chitecture, and Table II2 contains the results for the
RoMa architecture. This representation allows us to
evaluate not only the absolute quality of the proposed
criterion but also its robustness to various cross-modal
matching schemes.

As follows from Table I11, for the ELoFTR archi-
tecture, the proposed wavelet criterion demonstrates
the highest consistency with the number of inlayers in
most of the sequences considered. In particular, in se-
quences 01, 02, and 0408, it provides maximum or
near-maximum values of the Pearson r coefficient, in-



dicating its high ability to reflect changes in matching
success from frame to frame. In other words, the
wavelet representation better than the other metrics
considered describes the quantitative relationship be-
tween the structural salience of an image and the
number of correct geometric matches.

However, in terms of the practical Top-k,
A@kand Ratio indicators, the advantage of the

wavelet criterion is more heterogeneous. In a number
of sequences, simple gradient metrics (gradient, Lap-
lacian, structure tensor) demonstrate comparable or
even higher practical gains. This is especially noticea-
ble in sequences 01, 06, and 08, where local measures
of contrast and contour expression prove sufficiently
informative for frame selection. Nevertheless, the
wavelet criterion demonstrates a significant advantage
in sequences 02, 03, and 04, where it provides the
highest Top-k, A@ k and Ratio values. Sequence 03 is

the most indicative: while the Ratio value for all base-
line methods is approximately 1.67, for the wavelet
criterion it increases to 2.87. This indicates that mul-
tiscale analysis allows us to identify truly informative
frames in a structurally heterogeneous scene, while
simple local metrics are insufficiently selective.

It should also be noted that for a number of se-
quences, the gradient, Laplacian, and structure tensor
yield virtually identical Top-k, A@k and Ratio val-

ues. This behavior is predictable, since all three me-
trics are based on the analysis of local gradients and
largely reflect the same type of structural informative-
ness, namely, the intensity of edges and contours. In
contrast, the proposed wavelet criterion takes into ac-
count the distribution of structural energy across mul-
tiple scales, which ensures more reliable frame
distinguishing in complex scenes.

The results for the RoMa architecture, presented in
Table 12, reveal a different picture. On the one hand,
the wavelet criterion again demonstrates high correla-
tion metric values in some sequences, particularly in
sequences 03, 04, and 07. On the other hand, its ad-
vantage in practical terms becomes less stable. In
many sequences, gradient metrics provide comparable
or greater gains, and the differences between the me-
thods are significantly smaller than in the case of
ELoFTR.

The most striking result for RoMa is observed in
sequence 03. While entropy, gradient, Laplacian, and
structure tensor lead to a decrease in selection quality
relative to random selection (Ratio < 0.82), the wave-
let criterion, on the contrary, provides a marked im-
provement (Ratio 1.73, p = 0.99). This demonstrates
that in complex sequences, the wavelet-based ap-
proach is capable of identifying robust multiscale
structures, which are also significant for more power-
ful matching architectures. However, in most other
sequences, the gain of the wavelet criterion for RoMa
is either small or inferior to simpler baseline metrics.

Comparing the two tables allows us to draw sever-
al general conclusions. First, the proposed wavelet cri-
terion has model-independent utility: for both archi-
tectures, it demonstrates a positive relationship with
matching success and, in some sequences, provides
the best practical result. Second, its advantage is most
pronounced for the ELoFTR architecture, i.e., for
a model more sensitive to the quality of the prese-
lected frame set. In this case, analyzing image struc-
ture at different scales indeed provides an advantage
over simple local metrics. Third, for RoMa, the im-
pact of preselection is less pronounced, which is likely
due to the greater inherent robustness of this architec-
ture to variations in the structural informativeness of
frames.

Therefore, it makes sense to consider the proposed
criterion not simply as an alternative to traditional im-
age quality metrics but as a specialized multi-scale in-
dicator specifically designed for the task of preselect-
ing frames for subsequent cross-modal matching. Its
main advantage is evident in complex scenes, where
local contrast characteristics do not allow for the reli-
able distinguishing of truly informative frames from
less useful ones.

CONCLUSION

This paper examines the problem of pre-selecting
informative frames for cross-modal UAV and satellite
image matching systems under conditions of limited
computing resources. The high frequency of video
stream generation in UAV visual navigation systems
results in a significant volume of input data, while the
computational complexity of modern matching algo-
rithms limits the number of frames that can be
processed in real time. Under these conditions, it is
necessary to prioritize input images and select a frame
subset that is most suitable for subsequent matching.

A structural frame selection criterion is proposed,
based on the analysis of image structure at different
scales and the consistency of oriented components.
Unlike traditional general-purpose image quality me-
trics, the proposed indicator focuses on identifying
geometrically stable structures that play a key role in
establishing correspondences between images.

An experimental evaluation was conducted on se-
quences generated from the open UAV-VisLoc and
VisDrone-DroneVehicle datasets for two cross-modal
matching configurations: ELoFTR and RoMa. The re-
sults obtained demonstrate a robust positive correla-
tion between the structural indicator value and the
number of inlayers to confirm the link between the
multi-scale structural informativeness of a frame and
the success of the matching procedure.

It has been shown that pre-selecting frames based
on the proposed criterion increases the number of cor-
rect matches compared to random frame selection. For



the ELoFTR configuration, the gain reaches 1.3 to
1.8 times, demonstrating the high sensitivity of this
architecture to the quality of the input image data. For
the RoMa model, the selection effect is weaker; how-
ever, a positive increase in the number of matches is
also observed in most sequences. Comparison with
a number of basic image information metrics showed
that the proposed wavelet criterion provides a more
robust correlation with matching success and demon-
strates advantages in scenes with complex structural
organization. This confirms the feasibility of using
multi-scale analysis to assess frame suitability for vis-
ual navigation tasks. Thus, the proposed approach can
be considered a computationally efficient frame pre-
selection mechanism in UAV visual navigation sys-
tems. Its application allows for increased robustness
of cross-modal matching without increasing computa-
tional costs at the matching stage.

Further research into adaptive frame selection
strategies that take into account scene dynamics and
motion parameters, as well as the integration of the
proposed structural metric directly into the training of
cross-modal matching models, appears promising.

APPENDIX

Tab. II1. Comparison of the proposed wavelet crite-
rion with popular image quality metrics for the
ELoFTR architecture (correlation metrics and practic-
al frame selection efficiency indicators are provided
for each sequence)

Tab. I12. Comparison of the proposed wavelet crite-
rion with popular image quality metrics for the
RoMa architecture (correlation metrics and practical
frame selection efficiency indicators are provided for
each sequence)




