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HAXOXXJIEHUE BEKTOPA YKJIOHOB B3BOJTHOBAHHOM BOJJHOM MOBEPXHOCTH
IO EE N30BPA)KEHHUIO B YCJIOBUSIX ECTECTBEHHOT'O OCBEIIIEHUS

Crarps nocrynuia B pepakiuo 30.03.2018, nocne gopadorku 04.08.2018.

[IpencTaBneHbl HEKOTOPBIE PE3YNBTATHl ANPOOANH ANTOPUTMA BOCCTAHOBJICHHS BEKTOpA YKJIOHOB B3BOJHOBAHHOM
BOJJHOM TOBEPXHOCTH MO €€ M300paKEHHIO, MOMYyICHHOMY B YCIOBHSAX €CTECTBEHHOTO OCBEIICHHS IPH SICHOM, 0€300-
magHOM HeOe. J{71st sKcTIeprMeHTa HCIToIh30BaJICs Ha{yBHOM OacceifH nuameTpoM ~ 2 M. J{ns ocabnenus curaana oopart-
HOTO paccesHUs BO/a HACHIIaIach HUTPO3UHOM. 300paxenus GpUKCHpOBaIiCh Ha I(POoByIO GoTokamepy. BomHenne
CO3aBAJIOCh Bpy4uHYH0. Kpome n300paxeHust B3BOIHOBAHHOMN BOJHOM MOBEPXHOCTH HCIIONB30BaNach (hororpadus «3ep-
KaJbHOTO» ydJacTKa HeOOCBOIA, OTPAXEHHOTO B BOJIE B OTCYTCTBHE BOIHEHMs. Vcronmb3yercst mpulOnmkeHne, B paMKax
KOTOPOTO pacmpeAesieHne IPKOCTH Heba, OTpakEHHOTO B CIIOKOWHOW BOJIE, B TIPE/IETax KaJpa MOKET CUUTATHCS JIMHEH-
HBIM. B yKka3aHHBIX BbIIIE yCIOBHSX, ObliIa HaiileHa KOMITOHEHTA BEKTOpPa YKIOHOB, KOJUIMHEAPHAS TPAIUEHTY SIPKOCTH
HebocBoma. [l e€ HaxXOXKICHUS MCIIONB30BaIOCh N300payKeHNE B3BOJTHOBAHHON BOMHOW MOBEPXHOCTH | (oTorpadus
TOTO )K€ yJacTKa BOJBI B OTCYTCTBHE BOJIHEHHUS. BTOpas KOMIIOHEHTa ONpeersiiach HENOCPEACTBEHHO 0 HAHICHHOM,
UCTIONB3Ys! TOT (aKT, YT0 00€ KOMIOHEHTHI BEKTOPA YKJIOHOB SIBIISTFOTCS] TIPOU3BOAHBIMH OTHOH CKaISIPHOH (pyHKIINHM —
(YHKINH BO3BBIIICHUH BOIHOW MOBEPXHOCTH. MCTIONB3yeMBIi alTOPUTM TO3BOJISIT C MIPHEMIIEMOH TOYHOCTBHIO HAUTH
YKJIOHBI BOJH, OETyIIMX B Pa3HbIX HAIIPABICHHUAX, KPOME TEX, YTO PACIPOCTPAHSIINCH BOIM3M HOPMAIN K TPAIUCHTY
SIPKOCTH HeOa.

KuroueBble ciioBa: HaOIrOICHNE MTOABOAHBIX OOBEKTOB C BO3IyXa, THAPOONTHKA, B3BOJHOBAHHAS BOIHAS IIOBEPXHOCTD,
N300paKeHHE.
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DETERMINING THE VECTOR OF SLOPES OF THE WATER SURFACE
FROM ITS IMAGE UNDER NATURAL ILLUMINATION
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Some results of restoration of a vector of slopes of the wavy water surface on its image received under the conditions
of a natural lighting at a clear sky are presented. For the experiment an inflatable pool with a diameter of ~ 2 m was used.
For the attenuation of the backscattered signal the water is saturated with nigrosine. Images were recorded on a digital
photocamera. The waves were created by hand. Except the image of the wavy water surface the photo of the area of the
sky, reflected in calm water participates. Distribution of brightness of the sky reflected in quiet water within a photoshot is
considered to be a linear. Under the above conditions, a component of the slope vector, collinear to the brightness gradient
of the sky, was found. For its finding it was used the image of the wavy water surface and a photo of the same site of
water in the absence of waves. The second component was determined directly from the found one, using the fact that
both components of the slope vector are derivatives of one scalar function — the function of the water surface elevations.
The algorithm used made it possible to find the slopes of waves running in different directions with acceptable accuracy,
except for those that propagated near the normal to the sky brightness gradient.
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Typraes JI. I

Kak Op110 oka3zano B paboTax [ 1—6] uckaskennst n300pakeHus MOPCKOTO THA MITH TIOIBOJJTHOTO OOBEKTa,
BO3HHKAIOIIHME B pPe3yJbTare MPEIOMIICHUsI CBETa Ha B3BOJHOBAHHOW MOBEPXHOCTH MOps (pedpaKkiuOHHBIE
HCKa)KEHHS), MOTYT OBITh YACTUYHO WJIM MOJHOCTBIO YCTPAHEHBI IyTEM COOTBETCTBYIOLICH 00paOOTKH 3TOTO
n300paKeHUs1 ¢ UCTONb30BaHWeM MH(opManuu o peibede BomHOW moBepxHocTH. B paborax [1, 3] Obutn
MIPEAJIOKEHBl AITOPUTMBI BOCCTAHOBIICHHS NMPABMIIBHOTO M300pakeHHss 00bEKTa 10 OJHOW pealu3aluy ero
HCKaKEHHOTO M300pakeHust. B pabote [7] Ob11 npeyioskeH MeTo ] HaXOXKICHHSI BEKTOpa YKIOHOB BOAHOM TO-
BEPXHOCTH 10 OMUHOYHOH e€ hoTrorpaduu ¢ ucmonp30BaHnEM HHPOPMAIH O paclpeesiCHHH IPKOCTH Heba
Ha «3epKaJbHOM» ydacTke HeOocBoza. B nanHol paboTe mpeArpruHsTa MONBITKA PEeann30BaTh TaHHBIH METO
Ha MPAKTUKE B YCIOBUSAX €CTECTBEHHOTO OCBEILICHHMSI.

HNudopmanmro 06 yKIIOHaX ydacTKa BOJHOH MOBEPXHOCTH MPEAIoaracTcsi moimydarb ¢ HTOMOMIbI0 (oTo-
KaMephbl, pETUCTPUPYIOLICH OTpa)KeHHBIH MOBEPXHOCTBHIO CBET HEeDa, T. € M3BJIEKATh €€ U3 M300pakeHHs IO~
BEPXHOCTHBIX BOJH BHE 30HBI COJHEYHBIX ONUKOB. Pemienue 3Toi 3amaun TpeOyeT 3HaHUS pacnpeaeieHus
SIPKOCTH Ha «3epKaJbHOM» y4acTKe HeOOCBOIA.

Ecnu ConHile HaxoauTCst BONU3U «3€pKAIBHOTO» yJacTKa Heba, TO B 1MoJie 3peHust OyAyT Momajaarh coil-
HeuHble OnukH. Ecnm BOMM3M «3epKajJbHOTO» ydacTKa Heba pacrosioKeHa COJSIpHasi TOUKa, TO CBSA3b MEKIY
YKJIOHaMH TOBEPXHOCTH H €€ SIPKOCTHIO OyZeT HeoqHO3HauHOH. CrieioBaTeNbHO, TPpY HAOMIONEHUN B HAIIPaB-
JICHWW BOJM3M HaJupa ONTHUMAaJbHbBIC YCIOBHS JIJIsl BOCCTAHOBJICHHS MPO(UIS MOBEPXHOCTH PEaU3yIOTCs
IIPU yMEPEHHBIX YIIOBBIX BhicoTax ConHIIa U 6e3001auHOM «3epKabHOMY ydyacTke HebocBoaa. Kpome toro,
(oTochéMKa O yriiaMu OJM3KUMHU K HAJAUPY P OTHOCUTENBHO CIA00M BOJTHEHHH TTO3BOJISIET TTOJIb30BATHCS
MpUOIIKEHNEM, B paMKaX KOTOPOTO MOXXHO HE YUUTHIBaTh 3aBUCUMOCTH (PPEHETEBCKOTO KO PHUIMEHTa OT-
PaKEHHS OT YKJIOHOB OBEPXHOCTH W OT HAMpaBJICHHUS BU3UPOBAHUSI.

Jist TOrO, 4TOOBI OTAETUTH N300paKEHNE BOJHOM MOBEPXHOCTH OT U300paKEHUsI JIHA, a TAK)KE OT CUTHA-
Ja 00paTHOTO PacCEsHUs, CO3aBAEMOr0 TOJILEH BOJBI, MPEANONaracTcs OCyIEeCTBIATh (OTOCHEMKY THA U
BOJHOH MOBEPXHOCTH B Pa3HBIX CIEKTPAIbHBIX AuanazoHax. OIHAKO U TOTO, YTOObI MPOAEMOHCTPUPOBATH
MPUHIHUIHATBHYI0 BO3MOXKHOCTD OTIPENIENICHHsI YKIOHOB 110 H300paKEHHIO TIOBEPXHOCTH B PACCESTHHOM CBE-
Te HeOa JOCTAaTOYHO CYIIECTBEHHO YMEHBIIUTH BKIIAJ APYTHX KOMIIOHEHT B (popMHUpOBaHUE H300paXKCHUSI.
OnnuM n3 HanboIee MPOCTHIX PEHICHUH B 1TAOOPAaTOPHBIX YCIOBUSX SBISICTCS HACHIIEHUE BOIBI HUTPO3UHOM
— BEILECTBOM, 00JIaIal0NIMM CHIIBHBIM MOIIOMICHUEM B ONITHYECKOM JHAana3oHe.

JkcnepuMeHT. s TpoBeneHUS DKCIIEPUMEHTa WCIOIB30BAJICS OTKPBITHI OacceifH auaMeTpoM
~ 220 cMm, 3anonHEHHBIA ~ 500 TUTpaMu BOIBI, COAEpKAIICH 3HAYNTETHFHOE KOJIMYECTBO HUTpo3uHA (puc. 1).
HeoOxoammo ObU10 HAWTH yCIOBHS, TIPH KOTOPBIX, C OHOI CTOPOHBI, BOJTHEHNE OBLIO OB SIBHO Pa3IHIUMBIM
1 (PUKCUPYEMbIM IpHU IoMoIIHK (horoamnnapara, a ¢ APyrol — yKJIOHBI BOJIH HE ObLIM Obl HACTOJIBKO BEJIMKHU,
9TOOBI OTpPaKaTh MMOCTOPOHHUE 00BEKTHI (purc. 2). TunmnaHoe n300pakeHre B3BOTHOBAHHON BOITHOMN MTOBEPX-
HOCTH TTOKa3aHo Ha puc. 3. Ha Bcex prcyHKax BIOJIb OCEH OTI0KEHBI YCIOBHBIE €IUHUIIBI (TTMKCETH).

-

Puc. 1. Bua cBepxy BHM3 Ha HajtyBHOU Oacceiin. UepHoTta Bozibl B Oacceiine —
CJIJICTBHE COJEPKaHUs 3HAUUTEIBHOTO KOJTMYECTBA HUTPO3HHA.

Fig. 1. Top down view on the inflatable pool. The black colour of the water in the pool —
is due to the significant amount of nigrosine.
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Puc. 2 BonHeHue Xxopoio pa3jinuaumo,

HO IIPpU 5TOM COACPIKUT OTPAKECHUE 100 300 500 700
TOCTOPOHHUX 00BEKTOB.

Puc. 3 Tunnanoe n300paskeHne B3BOTHOBAHHON BOJTHOI 10~
IMaska yka3biBaeT Hanpasienue Ha ConHie.

BEPXHOCTH HEMOCPEICTBEHHO IIEpEe ONeparueil BOCCTaHOB-
Fig. 2. Waves are visible clearly, JIeHUs! yKJIOHOB. JIMHEHHBIH pasmep u3o0paxeHus ~ 1M* 1m.
but it contains a reflection of foreign objects.

The ruler (bright glare) indicates the direction of the Sun Fig. 3. A typical image of the wavy water surface just before the

" slope recovery operation. The linear size of the image is ~ Im*1m.

[Ipu ¢pororpadupoBaHiK BOJHOI MOBEPXHOCTH B YKA3aHHBIX BBIIIE YCIOBUSX, IIOMEXH BHOCAT 3HAYM-
TeNbHBIA BKJIAJ B (hopMupoBaHKe n300paxkeHus. [Ipu HaOMONEeHHN B HANPaBICHUH OKOJIO HaJWpa BOAHAS
MOBEPXHOCTH OTpaxkaeT ~ 2 % SPKOCTH «3epKaILHOTO» ydacTka Heba. B coueranuu ¢ TeM, 4To SIpKOCTh HeOa
BeCchMa MEJIJICHHO MEHSIETCS B TIpe/ieNiaX Kaapa, KOHTPACTHOCTh N300paKEeHHsI TUIOCKOH BOJHOM MOBEPXHOCTH
OKa3bIBaeTCsl He0OJbIOM (puc. 4 u puc. 5). Ha puc. 4 — u3o0OpakeHue TIOCKON BOAHON moBepxHocTu. Ha
pHC. 5 — pacrpe/elieHre SPKOCTH BIIOJb HATpaBlICHHs, YKa3aHHOTO CTPEJIKO Ha puc. 4 (TOHKas JoMaHas
nmuHus). Ha puc. 5 Xxopolio pa3nuduMel 1 METKOMAcIITaOHbIe TIOMEXH (BBI3BaHbI, B OCHOBHOM, (OTOKaMepoii),
u Oojee KpynmHoMacITaOHble (BBI3BAHBI ClieIaMH TUNIEHKH Ha TOBEPXHOCTH BOJBI, yCTPAHUTH KOTOPHIE B yCIIO-
BHUSIX HATYPHOTO KCIIEPUMEHTA HE MPEACTABIISIETCS] BOZMOKHBIM).

100 300 500 700

Puc. 4. 300paxeHne TI0CKOI BOJHOM noBepxHOCTH. CTpelika yka3biBaeT HanpasieHne Ha ColHie.

Fig. 4. Image of a flat water surface. The arrow indicates the direction of the Sun.
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Puc. 5. Pacnipenesnenue s(pkoCTH BIOTIb HAIIPABJICHHUS, YKA3aHHOTO CTPEJIKOI Ha puc. 4 (TOHKas TIoMaHast JTMHUA).
bonee KUpHasd npsaMas JUHUA — PE3YyIbTaT YCPEAHCHUA METOIOM HAMMCHBIIINX KBAAPATOB.

Fig. 5. The brightness distribution along the direction indicated by the arrow in fig. 4 (thin broken line).
A fatter straight line is the result of least-squares averaging.

B paGorte [7] onucansl 2 moaxoaa K BOCCTAHOBIEHHUIO BEKTOPA YKIIOHOB — OJIMH UCTIONB3YeT MPHOIHKe-
HUE, B paMKax KOTOPOTO pacipesiesieHue SpKoCTH Heba B Ipeziesiax KaJipa MOXKeT CUMTaThCs IMHEHHBIM; B APY-
TOM paclipesielieHre sIpKOCTH HeOa B Mpe/iesiax Kaapa 00agaeT akcuajabHOH CUMMETpHEN ¢ 0ChI0, HallpaBJIeH-
Hoit Ha Connre. M3 puc. 5 BUAHO, 4TO U3MEHEHHE OTPAKEHHOMN ApKOCTH Heba B Mpejieax Kajapa COmoCTaBIMO
C BEJIMUMHOM NomeXx. B JaHHBIX YCIOBUSIX BTOPOU MOIXO/ HE PEAIU3YET CBOUX NPEUMYILECTB MEPE IEPBbIM.
C Touku 3peHusi 00bEMa BEIYUCIEHUH MEePBBIN MOAX0 3HAYUTEIHHO MPOIIIE, /Jalee UCTIONb3YEM €ro.

HanpaBuM ock x nexkapToBOi cHUCTeMBbl KOOpAMHAT B HampaBieHud Ha ConHie. O603HauMM BEKTOP
YKJIOHOB B3BOJIHOBAaHHOW BOJIHOHM moBepxHOCTH 4epe3 N (x, ). Torxa, cormacHo [7], KOMIIOHEHTa YKIOHOB
N, (x, y) Haxomurcs no popmyre:

IBR()C,y) -[BR(‘x’y) (1)
15 (x, )

X

nx(xﬁy) =
2H

3neck 1.5 (x, y) — m300paxxeHne BOXHOM MOBEPXHOCTH B OTCYTCTBUE BOJIHEHUs (puc. 4), I.*(x, y) — u30-
OpakeHre BOJHON NMOBEPXHOCTH MPH HATUYWUX BoHEHUs (puc. 3). H — BbIcoTa (hoToammapara Haja CpeTHUM
ypOBHEM BOABI B Oacceiine. [l HaxokIeHUs MPOM3BOJHON B 3HaMeHaTene BelpakeHus (1) mpoBeném mm-

HeliHoe crmaxusanue /.°(x, y) METOIOM HaMMEHBIUMX KBAJIPATOB BJOJIb KAKIOU 1IENOYKU IHUKCEIOB B Ha-
paBjieHuH X (B KayecTBe MpHUMEpa cM. puc. 5). BelunTanue B yMciauTeNe BBINOMHICTCS Oe3 MPUMEHEHUS
CTIIA)KMBAHHUA.

[Tocne HaXOKIEHHUS KOMIIOHEHTBI YKJIOHOB M (X, ) BCTAET BOIPOC O HAXOXKICHUU BTOPOH KOMIIOHEHTBI
BEKTOPA YKIOHA — 1 (X, y). C MaTeMaTHYECKOH TOUKH 3pCHIS JaHHAs ONEPALHs — HE Y4TO HHOE, KaK 3aja4a
HaXOKJICHMS FPaMeHTa TaaKol (yHKIUHU ABYyX MEPEMEHHBIX MO OJHOW M3 €ro KOMIOHEHT. Pemenue ocHo-
BBIBACTCSl HA TOM, YTO 00€ KOMIOHEHTHI BEKTOPa YKJIOHOB BBIPAXKAIOTCS Yepe3 OJHY CKAJSPHYIO (QYHKIHUIO
— (yHkuunio Bo3BbIICHUI MOBEpXHOCTH. COOTBETCTBYIOILMI alrOpUTM MOAPOOHO omucaH B [7]. YkaxeMm
JIMIIb, YTO JUIS €r0 MPUMMEHEHUs HEOOXOMMMO NPOM3BECTH CIIAKMBaHUE M (X, V), HalJeHHOH 1o (opmyine
(1). CrmaxxuBaHue MPOBOAMUTCS MPH MOMOIIHM JBYMEPHOH CIUTaiH-UHTEPIONSLIUH, KOTOPYIO B Pa3HOM JHTe-
parype HasbIBaloT JInOo OeTa-cruiaitHoM, nnubo B-craiinom, a mo cytn — ynpowénneiid Bapuant NURBS
(Non-Uniform Rational B-Spline), ncnonszyemslii B iporpamMmmax komnbtotepHoid rpaduku. [IpuHuumme! mo-
CTPOCHUS M CBOMCTBA JAHHOTO CIUIal{Ha OMKCBIBAIOTCS, HarlpuMmep, B [8]. CienyeT OTMETUTD, YTO UCIIOb3Ye-
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MBI/ QITOPUTM HE MOXKET BOCCTAHOBHUTH YKIJIOHBI BOJTH, OCTYIIMX CTPOTO BIOJIb OCH Y, T.€. IEPIICHANKYISIPHO
IpajiieHTy IpKOCTH Hela.

Pesynbrarel. [IpuBeném HecKoNMbKO pe3ynbraToB (puc. 6). B komonke a — ¢parmeHTsl poTorpaduit
B3BOJIHOBAaHHOM BOJIHOM MOBEPXHOCTH — UCXOJIHOE M300paXKEHUE JIJISl ONIEPAI[H BOCCTAHOBIICHUS YKIIOHOB.
B xomonke 6 — HaiineHHoe (110 M300paKEHUIO B JIEBOM CTOJIOIE), coracHo (1) pacmpenerneHne yKIOHOB
N, (x, ¥) (YKJIOHBI B BEPTHKAJIBLHOM HANpPABJICHUH). B KONOHKE 6 — pacnpesiesieHne yKIOHOB ny(x, y) (YKJIOHBI
B TOPU30HTAIHLHOM HAIPABIICHNUH), TIOTYYEHHOE METOIOM CIICKTPAIbHON (uiIsTparuu [7], MpuMEeHEHHBIM K
n300paxeHuto B cpennem cronbue. Takxke, MPUBEIEHB MAKCHMAIIbHBIE 1 MUHUMAIIBHBIE 3HAYEHUS 1 (X, V) U
ny(x, y) B Ipefesiax COOTBETCTBYIONIETO Kaapa. Eciu BoHEHHE HEe HACTONBKO CHIIBHOE, 9TOOBI (poTorpadus
BOJTHOHM TIOBEPXHOCTH COZIEPIKaIa OTPAKEHHE TIOCTOPOHHUX OOBEKTOB, TO 3HAUCHHS YKIOHOB YKIIQ/IbIBAIOTCS
B oTpe3ok [—0.3, 0.3]. OOpaTHbIif cydail MoKa3aH Ha HIKHEH ceprur H300paKeHUH.

a a 0 b 6 c
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Puc. 6. Pe3ynbrarsl.
@ — MCXOJIHOE M300paKEeHHsI B3BOHOBAHHOM BOJIHOM oBepXHOCTH " (x, ) ; 6 — YKIIOHBI B HaNPaBJIEHHH TPaTUEHTa
ApKocTH Heba M (X, ); 6 — yKJIOHBI B HATIPABIEHHH, NEPTIEHMKYIAPHOM TPATHEHTY APKOCTH Heba ny(x, ).
Fig. 6. Some results.

a — original image of the wavy water surface IBR (x,y); b — the slopes in the direction of the brightness gradient
of the sky 1 (x, y); ¢ — the slopes in the direction perpendicular to the brightness gradient of the sky ny(x, ¥).
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skeskeosk

W13 cpaBHEHHs PHCYHKOB B KpaifHEM JICBOM M KpallHEM MPABOM CTOJIONAX BUIHO, YTO €/1Ba HAMCUCHHBIC
Ha ()OTOCHUMKE BOJIHBI, OCTYIINE B TOPH30HTAILHOM HAIIPABICHUH, CTAHOBSATCS XOPOIIO 3aMETHBI, TTOCIIE CO-
OTBETCTBYIOLICH 00padoTku. B mienom, 00paboTka n3o0pakeHnit 00eCIieYMBaeT Xopoliee BU3yalbHOE COOT-
BETCTBHE MEXIy UCXOIHOU (oTorpadueii u HailICHHBIMH KOMIIOHEHTaMH BEKTOPA YKJIOHOB.

Jlnst monyveHus: KOJIMYECTBEHHBIX OI[CHOK MOKHO IPE/IIOKHUTh MCIIONB30BaTh BEKTOP YKIOHOB, HalICH-
HBIIl 110 OMMCAaHHOW METOAMKE, JUIS KOPPEKIUH U300pa)KeHHId TTOIBOAHBIX O0BEKTOB, HCKOKEHHBIX TOBEPX-
HOCTHBIM BOJTHEHHEM. COOTBETCTBYIOLIMI IKCIICPUMEHT, MTPOBEAEHHBIN B JTAOOPATOPHBIX YCIOBUSIX, OIHCAH
B [4].

Paboma evinonnena npu punancosotl noooepacke HUP UTID PAH «0035-2014-0022 Paspabomka paduogusuue-
CKUX Memo0o0s ucciedosanusi okeana. (12.13)».
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