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OINPEJIEJIEHUE MPO®UJISA MTOBEPXHOCTHOM BOJIHBI
IO BUJAEO3AIIMCHU B KAHAJIE C ITPO3PAYHBIMU CTEHKAMMH

W3mepenne OTKIIOHEHHS TOBEPXHOCTH BOJBI B JTaOOPATOPHBIX IKCIEPUMEHTaX CTAHAAPTHBIM METOJIOM C TIOMOIIBIO
CTPYHHOTO BOJIHOTpada Mo3BOJISET MOJYYUTh HHPOPMAIMIO TOJBKO O BPEMEHHBIX XapaKTePUCTHKAX MMOBEPXHOCT-
HBIX BOJH. B naHHOl pabore mpezjiaraercst METO paclio3HaBaHUs C MMOMOIIBbIO BUIEO3ANMCH MPOGHIIS BOJHBI —
3aBUCHMOCTH OTKJIOHEHHS ITTOBEPXHOCTH BOJBI OT BPEMEHHM M KoopauHatThl. Jlist paboTel MeToma HEoOXOAMMO,
4T00BI IPO(MIIE BOTHEI OBUT BU3yalbHO HaOMIOZAaeM, HalpHMeEp, Yepe3 Mpo3pavHylo CTEHKY JIabopaTopHO#l ycra-
HOBKH. [y peanuzanmy MeToga HEOOXOAMMBI TOJIBKO BHJICOKaMepa M MCTOYHHMKH CBETa HOA BOxoH. Paspaboran
ITOPUTM OIpENIeNICHHs] OTKIIOHEHHUS TIOBEPXHOCTH BOJIBI, CO3/IaHO COOTBETCTBYIOIIEE NMPOrpaMMHOE 00ecIieueHue.
JleMoHCTpHpyeTCsl Xopolllee BU3yaJlbHOE COOTBETCTBHE (QJITOPUTM pPaclo3HaeT TO, YTO BUAMT TIJa3 UEIOBEKa)
Y COBIIQ/ICHHE 110 CIIEKTPY C CUTHAJIOM HCIIO0JIb30BaHHBIX B 9KCIIEPUMEHTAX BOJHOIPaQOB.

Kniouegvie cnosa: TOBEpXHOCTHBIE BOJTHBI, KOMIIBIOTEPHOE 3pEHME, Kamepa 00CKypa, JUCKPETHBIN orlepaTop

Jlammaca ot rayCCoOBa CIIaKMBaHUs, AUJIaTalusa

BBEJIEHME
MN3yueHne NOBEPXHOCTHOIO BOJIHEHHSI BAXKHO
HC TOJNBKO KaKk MHTCPCCHAs HaydHas 3ajada,

HO WU UMCET MPAKTHUYCCKYIO0 3HAYMMOCTD, [IOTOMY 4YTO
JaHHblE O BOJHEHUH HEOOXOOMMbI BO MHOTHX IIPH-
KJIaIHBIX 00JacTsaX, TaKUX Kak KopaliecTpoeHue,
THIIPOJIOKALINS, IPOrHO3UPOBAHUE MTOT0JIBI M KJIUMATA.
AKTHBHO Pa3BHUBAIOTCA PaAUOJIOKAIIMOHHBIC, OIITUYC-
CKHUEC U KOHTAKTHBIC METOABI U3MCPCHUA MMapaMETPOB
MOBEPXHOCTHOTO BOJIHEHUS. BeCKOHTaKTHBIE METO/BI
HU3MEPCHUA BOJIHCHUSA ONTHYCCKHMU CPCACTBAMH HUC-
MIOJTBE3YIOTCS Kak B JabopaTopHbIX [1, 2], Tak U B ecte-
CTBEHHBIX YCIOBHSIX [3, 4].

B onpeneneHHbIx ciydasx, Npu ClEUUAIbHOM MO-
CTaHOBKE AKCIEPUMEHTA, allTOPUTM OIIpeeNIeHHs 10~
JIOKCHHA TMOBEPXHOCTU BOABLI MOXHO Pp€ajin30BaTh
HPOCTHIM CPaBHEHHEM SIPKOCTU C IOPOTOBHIM 3Haue-
HueMm. B pabote [3] Boma 3acBeumBacTCs JIa3epPHBIM
HOXXOM B TEMHOM IIOMEIEHUU WM B TEMHOE BpeMs
cyTok. Tak Kak BOJla paccernBaeT Ja3epHOe N3TyUYeHHE
HaMHOTI'O 3aMeTHee, YeM BO3AYX, BCE, YTO HIDKE Ipa-
HUIIBI BOJIbI, — CBETJIOE, a BhIIIIE — TeMHoe. B pabo-
Te [2] OTAENBHO CTOSIIHMK KaHaJl MPHUIIOAHST, U €CTh
BO3MOKHOCTH HaOIIIO/IaTh 4epe3 ONMKHIO OOKOBYIO
CTCHKY BCIO TONINY BOJbl M TpaHUIy pasjena,
npu nuddy3HON TOJBOIHON MOJCBETKE TPaHHUIIA BO-
JIbl OTAEJISIET CBETIIYIO 00J1acTh OT TEMHOM.

Korpa sipkoctHas kapTuHa Gojee clIoXHasl, TpaHu-
Iy BOJIBI MOKHO TIBITATHCS OOHAPYKUTH aJrOPUTMOM
"edge" pacmozHaBaHus KpaeB. B pabore [1] mcmonb-
3yeTcs pPacHo3HAaBaHWE C IOMOIIBIO ITOMCKAa MAaKCH-
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MYMOB IIPOU3BOJHBIX IO HAIIPABJICHUAM OT APKOCTH.
OpHako Ha BBIXOJIE alTOpUTMa OOHAPY)KEHHS KpaeB
MoJTyyaeTcsl OMHapHOE N300pakeHUE, TIIC SAMHHIIA —
3TO Bce KpaeBble TOYKH. llpm 3TOM TpeOyroTcs Io-
TMOJIHUTCJIbHBIC YCJIOBUA, ‘ITO6I>I HUCKIOYUTH JIMIITHHUEC
TOYKH: B KaYeCTBE IPaHUIIBI OyayT paclO3HAHBI TaK-
e DJIEMEHTBI KOHCTPYKIMU YCTAaHOBKH, OJMKH, KAl
BOJIBI M 3arpsI3HEHUS Ha CTEHKe OacceifHa.

B nanHoit paboTe anst onpeseneHus TpaHUIBI pas-
Jefia BO3yX — BOJIa MCIIOJIB3YETCSl TIOXOXKUH TOAXO/:
CHayaja MPUMEHSETCS aJTOPUTM OOHApYKeHHs Kpa-
€B, 3aTeM MNPOBOAMTCS CpaBHEHHE SPKOCTH H300pa-
JKC€HHUs C HOPOroBbIMH 3HAUYCHUAMU JIA MOJYUCHUSA
JOTIOJTHUTEINIFHBIX YCIIOBUI Ha NMPHUHAUICKHOCTD TOY-
KM TPaHHUIIe BO3AyX — BOJA.

OKCIIEPUMEHTAJIbHAS YCTAHOBKA

B BerpoBOiHOBOM KaHasie OOJBIIOTO TEPMOCTpA-
TUGUIMPOBAHHOTO ombITOBOro Oacceitna UII® PAH
ObUTa coOpaHa yCTaHOBKA JUJISl MCCIENOBAHHS TPaHC-
(opMaIuu TMOBEPXHOCTHOI'O BOJIHEHUS Ha HEOJHO-
pOIHOM TedeHHMH. [l CO3MaHMsl TEYEHHsI C OJHOU
CTOPOHLI KaHaJIa IMOoJ MOBEPXHOCTHIO BOABLI HA FJ'Iy6I/I-
He 5—7 cM pacnojarajics MHXEKTOp TE€YEHHH, ¢ py-
roli — BcachIBalOIIMKA KiamaH. J{JIsg co3gaHus II0-
BEPXHOCTHBIX BOJIH B KaHaJle HMCII0JIb30BAJICS BOJIHO-
MPOIYKTOP, PACIOJOXKEHHBI Ha paccTosHUU 6 M
OT MHJKEKTOpa Te4eHUM. XapaKTEepUCTUKU ITIOBEPXHO-
CTHOTO BOJIHEHHSI M3MEpPSUINCh HECKOJIBbKHUMH Kajauo-
POBaHHBIMH CTPYHHBIMH BOJHOTpadaMu U CO3AaHHON
JUTSL 3TOTO AKCIIEPUMEHTA ONTUYECKON YCTaHOBKOM.
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Puc. 1. Kamgp u3 Bugeo (oOpe3an mo BepTHUKAIHM) B IKCIIEPHMEHTE ¢ TOBEPXHOCTHBIMHU BOJHAMH 4acTOTHI 2 'l
0e3 TeyeHusI.
BenbiM 11BeTOM 0003HAYEHBI PACCTOSIHUS MEXIy OOBEKTaMH, YepPHOH paMKkoil oOBejeHa oOpabarhiBacMas 00-
JIacTh, TIOKa3aHHAas Ha puc. 4

Cpasy oTMeTHM, YTO JaHHAsl yCTAaHOBKa M OTpado-
TaHHBIE C €€ TIOMOIIBI0 AITOPUTMBI U3MEPEHUs CMe-
LIEHUS! BOJAHOW TMOBEPXHOCTU MOTYT HCIIOJIb30BATHCS
B JpPYrHX JIa0OpaTOPHBIX JKCIIEPUMEHTaX, TIE €CTbh
BO3MOXXHOCTh BUACO(GUKCAIINN HW300paKeHUs  II0-
BEPXHOCTH BOJIBI.

Buneokamepa JVC Everio GZ-HM200 chHumana
JIBE€ METPOBBIE CEKIIMHM KaHala ¢ YaCTOTON 25 KaapoB
B CeKkyHay, paszpemenueM 1920 x 1080 mnukcenei,
yBenuueHne MuHuMasibHoe. Kamepa Obuia npenBapu-
TENbHO OTKaquOpoBaHa MYTEM CBEMKH CETKH
10 x 10 cM ¢ W3BECTHOTO PacCTOSHUS, YTIOBOE pas-
pemenne Ap = 0.02352° / nukcenb, UCTOPCHS OTCYT-
CTBOBaJIa — M300pa’K€HNE CETKHU HE NCKAXKAIOCh.

s u3MepeHni ONMMCHIBAEMBIM CIIOCOOOM HYXHO
3HaTh PACCTOSIHHUE J0 U3MEPsAEMOI BOJIHBI M YIOJI 3pe-
HUS KaMepbl Ha CIOKOHHYI0 BOAy. BbicoTa kamepsl
HaJ ypoBHEM BOJbI B KaHaine — 105 cm, paccrosiHue
[0 TOPU3OHTAIM OT KaMephl A0 IEpeIHEH CTEHKH
KaHama — 275 cm, mmpuHa kaHana — 70 cm, pac-
CTOSIHME MEXAy OonTaMu KpEIUIEHUs] CTEHKU KaHa-
ma — 10 cm. [l HarmsgIHOCTH pa3Mepbl OTMEYEHBI
Ha Kajjpe U3 BUAeo Ha puc. 1.

3amauya cocTosiia B TOM, YTOOBI C IIOMOILBIO
MAIIMHHOTO 3pEHUs Ha KaKAOM KaJape oOBecTH
"3axJyiecT” BOJIH Ha 3agHeW cTeHke KaHaia. Mccneno-
BaJIMCh HeoOpylIuBaromuecs BOJHBL. [lo Matpuie
M300paKeHHs HYXKHO TOJYYUTh OJHO3HAYHYIO (PyHK-
IMIO TPAHUIBI BOJBI B MMUKCEISX (X)), @ 3aTeM Hepe-

CUMTaTh pPa3Mepbl PACHO3HAHHOW (QYHKIUH Y,(X,)
B peasibHbIE pa3Mephl B MeTpax y(x), Tae y — BepTH-
KaJbHasi KOOpJHMHATa, a X — KOOpAMHATA BJIOJIb Ka-
Haja.

IMPEOBPA3OBAHME KOOPAMHAT

CxeMa ONTHYECKON yCTAaHOBKH U YNPOIIEHHAs! MO-
JIeNb  BUJGOKAMephl B BHIE  KaMepbl-OOCKYpHI
M300pakeHbI Ha pHC. 2.

Tak Kak AUCTOPCHUSI OTCYTCTBYET, TO MOKHO TOJIb-
30BaThCSl MOJIETBIO KaMepBhI-00CKYpHI [5], KoopauHa-
ThI H300paKEHUSI TOUKU B MUKCENAX Ha MaTpUIE TPO-
MOPIMOHATILHEI €€ MPOCTPAHCTBEHHBIM KOOpIWHATAM
OTHOCHTEJIFHO KaMepHlI:

Y _ X

_fe MY
fp Zc’ fp 2 ’

TIe TOE X, V. ¥ Z. — NPOCTPAHCTBEHHBIE KOOPINHATHI
TOYKH, TPOCHUPYEMOH Ha  MaTpUly Kamepbl
(Touka A Ha pucC. 2), OTHOCHTEIHHO KaMephl (Hadaio
KOOpAWHAT B OOBEKTUBE, OCb Zz. IMPOXOAUT Hepes3
OOBEKTUB M LEHTP Kaapa); X, U ), — HU3MEpscMbIC
B MUKCEJISIX TOPU3OHTAIBHBIE U BEPTHKAJIbHBIE KOOP-
JUHATBl TOYKHM HA MAaTpUIEe OTHOCHUTENBHO IIEHTpa
Kajpa (touka B na puc. 2); f, — paccrosiHue oT 005b-
EKTHBa JI0 MaTPHIIBL.

(D
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Puc. 2. Cxema ONTHYECKO# YCTAHOBKH C KAMEPO-00CKYPOH.
Touka A Ha 3a1Heil cTeHKe KaHana oToOpaXkaeTcs B TOUKy B Ha MaTpurie kamepsl

Jns ynoGcTBa BhIpasuM f, B NHUKCENAX 4epe3 U3-

BECTHOE  YIJI0BO€  paspemieHue  f,= ctg(Ag) =
= 2436 nukec.
KoopauHatel OTHOCHTENBHO KaMephl —CBSI3aHbI

C KOOpAMHATAMU X W ) Ha 3aHEH CTeHKe Oaccelina:
x:xc’ yc:yCOS(p’ Zc:ro_ySin(pi (2)

rae ro = 3.6 M — paccTosiHME OT KaMmephl 10 YPOBHS
CIIOKOMHOM BOJBI HAa 3a/IHEM CTEHKE MO UEHTPY Kajapa,
@ — Yrol MEXIy OChIO0 Z. M HOPMaJbl0 K CTEHKE
(coBmazmaer ¢ yrioM HakjiIoOHa Kamepbl K TOPHU3OHTY).
Torma xoopaWHATHI Ha CTEHKE OacceifHa MOXXHO BBI-
YHUCJINTb, 3Had KOOPAWHATBHI IIHUKCEIIA Ha MaTrpule
CIIETyFOIINM 00pa3oM:

x=r7°xp =1.477[ MM }xp,

IINKC

3)

¥ MM

~_0 -
YR y,= 1.544 Y,

fcoso TTUKC
[MonTopa MwIIMMETpa — paspelieHue, J0CTaTou-
HOEC JUIsL HU3MCPCHUA IMOBECPXHOCTHBIX BOJIH

B 3TOM JKCIEPHUMEHTE: aMIUIMTyla KoyieOaHUil BOJI-
Honpoxaykropa — 10 MM, yactrota — ot 1.4 1o 3 I',
COOTBETCTBEHHO IWHBI BOJIH — OT 17 mo 70 cm
(TIpu OTCYTCTBUM TEUEHUS).

PACITIO3HABAHUE KPAEB

Anroput™m pacrio3HaBaHusl npoduiis paboTaer
¢ pacTpoBeIMU M300pakeHusiMu. CHavanma BHIEO pac-
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KaJpOBBIBaeTCs B HA0Op bmp-n3o0paskeHuii ¢ mMoMo-
mpio FFmpeg [6]. 3arem BeiOMpaercsi oOpabaTbiBae-
Masi 00JIacTh M300paKeHHsT W AJIsl Hee Moa0upaeTcs
HaboOp TapaMeTpoB, YHUCIOBHIX MoporoB. OOmacTh
n3o0paxenus (puc. 3, a) npeolOpa3yercs B rpajaiuu
Ceporo — MaTpully HaTypaiabHbIX uncen ot 0 go 255
I(x,, v,). K Heil npuMeHsieTcs cTaHIapTHBIN allrOpUTM
oOHapyxeHus kpaes [7]. Ha puc. 3, 0, 6enbiM iBeTOM
OTMEYEHBl  KpaeBble  IMKCENM,  PaCHO3HAHHBIE
¢ momoltieio anropurma "edge” MatLab, ucnomnb3yer-
cst metox LoG (Laplassian of Gaussian).

Mertos 0OHapyKeHHs KpaeB 3aKII04aeTcs B CBEPT-
Ke HM300pakeHHs C HEKOTOPHIM SIPOM, MaTpHIEi
¢unprpa H. B Metone LoG B kadecTBe MaTpHIIBI
¢uneTpa H Oepercst nuckperHsiii onepatop Jlamnnaca
OT rayccoBa CTJIQ)KUBAHUSL:

H =LoG(x,.y,) =

L[| Xu+m

207

X2+ y2 “4)
2 eXp 2
o

rzie KBaJpaTHble CKOOKH 03HA4aroT B3STUE 110 Jac-
TH, 0 — NapaMeTp CIJAXUBAHUA B INHKCEIX, X,
U YV, — LEJIOYUCICHHbIE KOOPJAMHATBHI B IHKCEIAX
B mpejenax £[3c].

Jlanee uiyTcs HylIM WIM MakCHUMYyMbI pe3yJbTaTa
ceeprku I+*H. B LoG nemaercs mouck Hyew,
HO BMECTO CTpPOTOI'O PAaBEHCTBA HAIEKHEE HANUTH
MTUKCEIM, B KOTOPbIX MOAYJIb CBEPTKM MEHBIIIE HEKO-
TOPOTO  MAaJoro IOPOTOBOIO  3HAYEHHS  thF g
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Puc. 3. Minroctpanus K aNrOpUTMY paclio3HaBaHUS MIOBEPXHOCTH BOJBI.

a — oOpabatbiBaeMasi 00IacTh N300paKEHHS SManI/ILIa I); 6 — xpas (matpuua B,,,), pacnosHas-
Hple MeTooM LoG ¢ moporoM thr.g,, = 4x10 ", crnaxuBanue o = 3; B — TOYKH U300paXkeHus, sAp-
4e MOpPOroBOro 3HAUEHUs thryg,, = 120; I — TOYKHM HM300pakeHHs, TEMHEE MOPOrOBOr0 3HAYEHHS
tht jan.= 80; 1 — Macka sipkocTi (Matpuua By,;,,) mocne 1unaTaluyu U TPaHCIALUMU; € — TOYKH Kpa-
€B, TIOTA/IAI0NIIE B MAacKy ApKocTH (Marpuna B); >k — BeIOpaHHBIC B IIUKJIE TOYKH TPAHUIBI YP, XP
Ha (hoHe N300paKeHUs
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B pesynbraTe mommkcensHOTO cpaBHEHUs (5) mo-
Tydaercst OMHapHas Matpuua B,y (x,, y,) 13 3HaUeHUI
0w 1, rae 1 o3Ha4aeT, YTO MUKCEND SBJISETCS Kpae-
BEBIM:

B, =(1*H|<hr,,). )

edge

AJNbTepHAaTHBHBIE CTaHAAPTHBIE METOIBI OOHApY-
JKEHHsI KpaeB, OCHOBAHHBIC Ha TIOMCKE MaKCHMYMOB
1OCJIE CBEPTKH C (PUIBTPOM AUCKPETHOIO OIeparopa
IIPOU3BOJHOM IO HANPABIEHUIO, ¢ HALIEH TOYKHU 3pe-
HUsI, MEHee MOAXOAAT IJI AaHHOW 3a7ayd, TaKk Kak
c OOnbpmieli BEPOSTHOCTHIO OOHAPYKHUBAIOT Kpas
MMEHHO B 3aJlaHHOM HampasiieHud. Hanpumep,
MIpH UCTIONb30BaHnU onepatopoB Cobens u [IpeBurra
n300paXeHUE KpaeB TMOIydYaeTcss M3 BEPTHKAIBHBIX
U TOPU3OHTANBHBIX JIMHHUK, g omneparopa KsHHuU
emie A00aBIstoTCsA TUHUE Ton 45°. HakioH HEoOpy-
IIMBAIOLIMXCS BOJH MEHSETCS IUIABHO M OOBIYHO
He mpeBbimiaetr 30° (mrs BomH CTOKCa 3TO JAOKa3aHO
[8]). Bo3moxHO, omeparop, crenuaibHO CKOHCTPYH-
POBaHHBIN IS ITOMCKA JIMHUM C HAKIOHAMM K TOpH-
30HTY B HEKOTOPOM HEOOJBLIOM AMAana3oHe, B 3TOH
3anmade Oymer paborats Jydire, uem onepatop Jlama-
ca OT rayccoBa CIJIa)KUBaHMUS.

MACKA APKOCTH

OOnapyxeHHasi Ha TpEIBIAYIIEeM dTare TpaHd-
na — 910 Marpuua u3 0 u 1, rae ctoadusl — BepTH-
KallbHBIE KOOPAWHATHl THKCENeH Ha H300paKeHHH,
CTpOKI/I — I‘OpI/ISOHTaHBHBIC KOOpI[I/IHaTI)I. B OJHOM
CTOJIOLIE MOXKET OBITH HECKOJBKO EIUHMIl, a HaM
HY)KHa oJiHO3HauHas (yHKIMsI. HeoObxommumo uCKITto-
YUTHh KaK MOXKHO OOJIbINIE JINITHUX €UHMII, KPaeB, HE
JeXKaIX Ha TPAHUIE BO3TyXa H BOJIBI.

Bo-nepBriX, Bce mpoLeayphl JEIalTCs B OrpaHu-
YEeHHOM M0 BePTUKAIH Iuarna3oHe. Bo-BTOpEIX, M3-3a
(hOKYCHPOBKH TOJBOJHON MOICBETKH MOBEPXHOCTHIO
BOJIBI TPEOHHM BOJH — CBETJIbIE, 4 BIIAJUHBI — TEM-
Hele. Ha puc. 3, B, OTMEUYEHBI TUKCENHU SIpUe MOPOro-
BOT'O 3HaueHHus thryg, = 120, a Ha puc. 3, T — TeMHee
3HaYeHUs thr,, = 80. [loporoBeiec 3HAYCHHUS SIBJISIOT-
Cd BXOOHBIMHU HapaMeTpaMH METO4a W HA MJAaHHOM
sTame pa3pabOTKH anropuTMa MOJOMPAIOTCS JKCIIe-
pumenTtansHO. [louck kpaeB Ha puc. 3 UMEET CMBICT
JIeNaTh OT BIAIWHBEI 0 TPeOHS MOBEPXHOCTHOW BOJ-
HBI, TO03TOMY IIOMCK CBETJIBIX IHKCENIeH aemaeTcs
B UMHTEpBAJE 10 BBICOTE BBIIIE CIIOKOMHOW IpaHMIIBI
BOJIbI IO MAaKCUMAJIbHOW MPEANOJaracéMoil BEJIMYHHbBI
FpC6H$I, AHAJIOTUYHO IIOHUCK TEMHBIX — B I/IHTCpBaIIe
HIKE CITOKOMHOM BOABI 1O MaKCHMAaIbHON BEITUUHHEI
BIIAQIUHBEI.

I'panuma Boap! MPOXOJUT TIOJ CBETIBIMU OONACTSI-
MU HaA/J I'pe6H}1MI/I " 1o TCMHbBIMHU 06H3CT$IMI/I y BIIa-
muH. Jlake TIpu TIPaBWIIBHO BBICTABICHHOM IIOPOTE
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TEMHBIE€ WM CBETJIBIE OOJIACTH MOTYT OBITH pa3perxe-
HBI, TIOOTOMY CTOWT WX "pa3Masate", c/ejaB CIUIOINI-
HBIMH, M CIBUHYTb BHM3 (puc. 3, n). bunapnyro
MaTpHIly, MacKy sIPKOCTH, KOTOpasi BBICTYIAeT B Ka-
4eCTBE JONOJHUTENBHOTO YCIOBUS Ha 001acTb,
rzae Morja Obl MPOXOAUTH IPAHHULA BOJIBI, MOXKHO 3a-
MUCaTh Kak:

By, =(((12thn, )0 (1<1th,,, ) @ s)v . (6)

rne @ o6o3HauaeT MOP(OIOTUUECKYIO OIEPAIHIO
mutataiuu [3], s — CTPYKTYpHBIH 3JeMeHT (31ech —
MPSMOYTOJILHUK W3 eIUHHIl 8 X 4), HIDKHUA WHJCKC
O3HaYaeT TPaHCIAIHIO Ha BekTop v (3mech [0, 4] —
CABUI' BHM3 Ha YCTBIPC HI/IKCGHH).

BbIGOP TOUEK I'PAHMIIBI BOAbI

st cykeHust 00JIaCTH MOUCKA KPAaeBbIX MHUKCENEH,
KOTOpBIE JEHUCTBUTENBHO SIBJIAIOTCA TPAHULICH BOJBI,
npumMmensiercs: jorudeckoe "U" (7) mexmay kpasmu,
oOHapyxeHHbIMU MeToioM LoG (5) m Mackoii sipko-
cta (6). Ha puc. 3, e, m300paxkeH pe3yibTaT 3TOH
orepaiu, T.e. Te Oejble MUKCEeNH U3 pHc. 3, 0, KOTo-
pBI€ TIOMANaloT B Oeyto o0iacTs Ha puc. 3, 1.
B = Bedge M Bbright . (7)

Ha cnenyromem srtame BbIIOJNHSAETCS LUKI for,
YHUCJIO WIaroB KOTOPOTO PAaBHO YHUCIY CTOJOIOB
B Marpuie B (T.e. mimHe M300pakeHHs IO TOPU3OH-
Tanu), BHYTPH IMKIIA €CTh HECKOJILKO YCIOBHH if- By-
JeM TIOCIeIoBaTeNlbHO TiepedupaTh cTonbubl B, Ha-
ypHAass ¢ TmepBoro (MO0 ¢ TOCIEAHEro), TOoKa
HE BCTPETHTCS CTOJOEl, CyMMa 4YHCel B KOTOPOM
paBHa €QWHUIE, TOIZA NPOUCXOAMUT IEpBasl 3alHCh
B MAacCCHUBBI YP U XP BEPTHUKAIbHBIX U TOPU3OHTAIIb-
HBIX KOOpDAMHAT T'paHMLbl BOABL. MBI 3aluCBIBaEM
B MaccHB Xp HOMep cToi01a, a B MACCHB Yp — HOJIO-
KEHHE eIWHHIBI B cTondie. BozpmeMm ciemyrommid
cTojben W HalijieM CyMmMMy dYricenl B HeM. Ecim oHa
0O0JIbIlIe WK paBHA CIUHUIIC, TO 3TO IMOTCHIIMATLHBIN
KaHIMOAaT Ha 3alich B MaccuB: OyleM 3aluchIBaTh
B Xp HOMEp 3TOT0 CTOJI0Ia U B YP MOJIOKEHHE €HHH-
I[bl, KOTJa OHAa E€IWHCTBEHHAs, JMOO TO MOJOXKEHHUE
TOYKHM TPAaHHULBL, I KOTOPOrO MOIYJIb Pa3HHIIBI
C TIOCJIEIHUM 3JIEMEHTOM B MAacCHUBE YP HaMMEHbBILIUIL.
3anuce He MMPOU3BOAUTC, €CJIM TOYKA-KaHAUAAT OacT
CIIMIIKOM OOJIBIION CKAa4OK KOOPAMHATHI (B3AT MOPOT
Ooubnie Tpex nukcernen, yp[j+1] — yp[j] > 3) u cium-
KOM OOJBILIYIO MPOU3BOIHYIO (BEIOpaH MOPOT MOYJIS
npousBoaHou 0.3,

|(yp[+11 = yp[iD / (xp[j+1] — xp[j]| > 0.3).

B pesynprare 3amonHAIOTCS I1Ba MaccuBa yp U Xp
BEPTUKAJIBHBIX ¥ TOPU30HTAIBHBIX KOOPIUHAT TPAHUIIBI
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Bonbl. Ha puc. 3, x, Oenbie nmuHUM CPOPMUPOBAHEI
OTOOpaHHBIMU 110 ONHCAHHOMY BBIIIE€ AJITOPUTMY
KpaeBbIMH MHUKCceIIMHU u3 puc. 3, a. Ilpu sTom Heko-
TOpbIE O0NACTH TMOBEPXHOCTH BOJBI OKA3aJIMCh IPO-
MyIIeHbl, TOTOMY 4TO Win "edge” He Hamen kpas (Ta-
Koe OBbIBacT, KOTJla TPaHMIly IJIOXO BUIHO Ha IJia3),
WIX B 3TOW 00JIaCTH HEIOCTATOYHO SIPKOCTHU VIS NIPO-
XOXKJICHHS Oopora SIPKOCTH, WM TOYKHA OTOPOIICHEI
IPU MPOXOAE IO TOPU30HTAIM aJrOPUTMOM Kak He
YAOBIIETBOPSIFOIIUE BHIIIEONHCAHHBIM KPUTEPHSIM.

I'pannnia o6macTi MOBEPXHOCTH BOJABI BOCCTaHAB-
JUBAETCS B NPONYLICHHBIX MeCTaX C IOMOIIbIO
HWHTEPHOJAINNA AKUMBI [9], KOTOpasi B JAHHOM CTy4ae
Jy4Iie CIUTaiH-HHTEPIIONSIINA, T.K. 0oJiee yCcToHYInBa
K BbIOpocam. Takxe, 4ToOBI N30aBUTHCS OT BHIOPOCOB,
CJIeBa U CIpaBa 3a KpasMu Kajpa 100aBisieTcs 1o ABe
TOYKH Ha ypOBHE cNOKOitHOM Bojwl. Ha puc. 4 uzo-
OpaxeHa MHTEPIIOJIMPOBAHHAS Ha BCeH HAOJI01aeMOM
KaMmepoii 00JacT TOBEPXHOCTH BOABI Ha (POoHE 3aHEH
CTEHKH KaHaJa.

Ha puc. 5 npencraBnena BbICOTa TOBEPXHOCTH BO-
Il B 3aBHCUMOCTH OT BPEMEHU W TOPH30HTAILHOMN
KOOpAMHATHI, NIepecCUUTaHHasi U3 MHUKCeJIed B CaHTHU-
MeTpbl 1o popmyiiam (3). Ha puc. 5, a, mokasansl pe-

3yNnbTaThl 00pabOTKM JKCIEPHUMEHTa C TOBEPXHOCT-
HBIMH BOJIHAMHM dYactorod 2 I'1, 0e3 TeueHwus,
Ha puc. 5, 0, — pe3ynbTaThl 00pabOTKH IKCTIEPUMEH-
Ta C TIOBEPXHOCTHBIMU BOJHaMH yacToToi 1.4 ' mpu
HJINYMN HEOAHOpoJHoro tedeHus. Kapruna ans mo-
BEPXHOCTHBIX BOJH 0e3 TedeHus (puc. 5, a) peryssip-
Ha: Oerymye B OJHY CTOPOHY BEPILUHBI BOJH — CBET-
Jble TMapaielbHble HAKJIOHHBIE JIMHUMA. 3aMETHBI
WCKa)XEHVsI, BBI3BAHHBIE OCOOEHHOCTHIO 00pabOTKH
B paifone x =0 cM u x =42 cM, Tae 3a7Hs1 CTeHKa
3aropokeHa  Oankoil kaHama W BOJHOrpadom
COOTBETCTBEHHO. beible 1 4yepHble TOHKHE TOPH30H-
TanbHbIC JIMHUM TOSBISIOTCS TPH HENpaBHIBLHON
00paboTke o0sacTH Kajapa alTOPHUTMOM, KOT/Ia OH
"cpbiBaeTcs" B OJIMK Ha BOJIC MJIM HA CTCHKE KaHaa.

Ui QMHHBIX HOBEPXHOCTHBIX BOJH Ha HEOIHO-
ponHOM TeueHuH (puc. 5, 0) 3aMeTHa TpaHChopMaITHs
ux (a3oBoii CKOPOCTH — MEHSETCS HAKIOH CBETIIBIX
JUHUA C KOOPAMHATOW, Ha Oerymme BIIEBO BOJIHBI
TaKXKe HaKJIQABIBACTCSl OTpaskeHHas Oeryiasi BIIPaBo
BOJIHA MEHbBIIEH aMIUINTYZBI, YTO NPUBOIAUT K (op-
MHUPOBAHHUIO Y3JI0B — MPOBAJIOB IMOYTH 10 HYJS BJOJb
CBETJION HAKIOHHOH JINHUH.

1.5

|
=
n

o
BoicoTta MOBCPXHOCTH BObI y, CM

b -1.5
-80 -60 -40 -20 0 20 40 60 80
Koop/uHara ¥, cM

o
n

s

(=1
BEICOTA TIOBEPXHOCTH BOJIBI Y, CM

el B

-80 -60 -40 -20 0 20 40 60 80
KoopauHaTta x, cM

Puc. 5. Tlpumep pe3ynbpraTta 00pabOTKH BUICO aTOPUTMOM.

a — BoutHBI A = 40 cM, vacTtoTa 2 ', 6e3 TeueHust; 6 — BOJHBI A = 70 cM (camble IJIMHHBIC U3 BOCIPOU3BOIU-
MBIX B 3KCIIEpUMEHTE), yacToTa 1.4 ['1, B mPUCYTCTBUH HEOHOPOIHOTO TCUCHHUS. BhICOTa OTKIIOHEHUS TIOBEPX-
HOCTH BOJIbI Ha CTEHKE KaHalla B CAHTHMETPAax MOKa3aHa B rpajialiisx Ceporo Ha IUIOCKOCTH (FOPU3OHTAbHAS
KOOpPJIMHATA — BPEMsI); HOJIb — MOCEPEIMHE MEX/y CEKIMSIMHU KaHalla, OCh X HAIpaBJeHa BIIPABO, BOJIHbI OeryT

CIpaBa HaJICBO
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OIIPE/IEJIEHME [TPO®UJISA TIOBEPXHOCTHOM BOJIHBI 110 BUJIEO3AIIMCHU

s curnama CTpyHHOro BOJHOTpada M BBICOTHI
CMELIEHUSI BOJHOM MOBEPXHOCTU Yy 3aJHEH CTEHKHU
KaHaja, TMOJYYeHHOH ¢ MOMOIIBI0 ONTHYECKOH ycTa-
HOBKM, Obllla BBIYMCIIEHA CIIEKTpajbHas IJIOTHOCTb
momraoctd (CIIM) no ¢pparMeHTy 3anucu ATUTEIBHO-
cteto 100 c B cepenuMHe S3KCHEPUMEHTA METOAOM
nepuogorpammsl Yamua (Welch) ¢ okaom 10 ¢ mepe-
KpeITHeM OKOH 15/16. CpaBHEHHE CHEKTPOB ISl TeX
K€ DKCIEPHMEHTOB, YTO U Ha pHUC. 5, MPEJCTaBICHO
Ha puc. 6. MeTtoa AeMOHCTpHpyeT OJIM3Koe coBmaje-
Hue mukoB CIIM mo gacToTe, MIMpUHE W aAMIUTUTYAE.
Ms1 npearnonaraeM, 4to MojabeMa B CIIEKTPE BOJIHE-
HMSI, OLIEHEHHOI'0 110 BHeo, B obnactu 0 'y MoxHO
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n30exaTh, €CIIM UCII0JIb30BaTh IITATHB CO CTAa0MIIN3a-
UEeH.

IIpsiMoe cpaBHEHHUE BBICOTHI BOJAHOM TOBEPXHOCTH,
U3MEPEHHOM B OJIHOM M TOU K€ TOUKE ABYMsI METOJAA-
MH, K COXaJeHHIO, CJelaTh He IOIY4YHIIOCh,
T.K. CTpyHa BoiHOTrpada OblIa HATSHYTa TMOCEpeIuHE
KaHala W caM BOJHOTpad 3aropakuBall 3aHIOI0
CTeHKY. TeM He MeHee Ha puC. 7 HA OJHOM Tpaduke
n300paKeHbl OCHUIUIOTPAMMEI, IOJYYEHHBIE JBYMS
METO4aMU B 6HI/I3KI/IX TOYKax IJIA OIlbITa C IIOBEPXHO-
CTHBIMHU BOJIHaMH yacToToi 2 I’ 6e3 TeueHus.
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pu 06paboTKe BUEO U IO 3aIKCH CUTHANA BOJIHOTpada.
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Puc. 7. CpaBHeHHE OCIMJUIOIPAaMM BOJIHEHHS B TOYKE, H3MEPEHHOH CTPYHHBIM BOJIHOTpadoM U TO-
Jy4eHHOW 1o 00pabdoTKe BHAEO U1 SKCIEpHMEHTa '"TOBEPXHOCTHBIE BONHBI dacToToit 2 I'm,

6e3 Teuenus” (cM. puc. 5, a; 6, a)
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3AKJIIOYEHUE

Pa3zpaboran nerko peammzyemblii METOJA THUCTaH-
UOHHOTO ONTHYECKOTO M3MEPEHHsl MapameTpoB IO-
BEPXHOCTHBIX BOJIH AJIs JIAOOPATOPHBIX HKCIEPUMEH-
TOB. B oTnnume oT craHmapTHBIX METOJOB U3MEPEHUS
C MOMOILBIO CTPYHHBIX BOJHOTPadoB, TaHHBIA METOJ
MO3BOJISIET ONPEENIATh HE TOJIBKO BPEMEHHBIE Xapak-
TEPUCTUKU MOBEPXHOCTHBIX BOJIH, HO U IMPOCTPAHCT-
BEHHbIE. JTO CTAHOBUTCS NPUHUUIHNAIBHBIM B 3KCIIE-
pPUMEHTax, B KOTOPBIX TUCIEPCHOHHOE COOTHOLICHUE
MEXIy NEepUOJOM M JUIMHOW IHOBEPXHOCTHBIX BOJH
CTaHOBUTCA CJIOKHBIM, HAIIpUMEP, BCICACTBUEC BO3-
JNEHCTBUSA HEOTHOPOAHBIX TEYEHUH WIM HEIUMHEHHO-
CTH NIOBEPXHOCTHBLIX BOJIH.

[IpumeneHue moaxoxa B LIEIOM MOXKET ObITH Ha-
MHOI'O IIUPE, YeM JJIi KOHKPETHOrO KaHaja U BOJH
C KOHKPCTHBIMHU ITapaMEeTpaM B 9TOM KaHaJIC, CHATBIX
KOHKpeTHOH kamepoil. [Togxox 3akmrouaercs B:

1) kanuOpoBKE KamMepbl U U3MEPEHUU PACCTOSHUS
JI0 00BbEKTa BUAECOCHEMKH;

2) BbIJIEJICHUH TpaHMIl HA KaJpe OJHOW W3 pa3Ho-
BUAHOCTEH CTaHJAPTHOIO METOAa OOHAPY)KEHUS
KpaeB "edge”;

3) BBEJICHUM JIOTIOJIHUTEIIBHBIX YCIOBUN Ha TOYKHU
IPaHMLBl, 3[I€Cb — 3TO OIpPaHUYECHHE 110 BEPTHKAIN
Y KaHaJ IPKOCTHU (ISl €CTECTBEHHBIX YCIOBUH, TAKHX
KaK 3axXJIeCT BOJIH Ha BEPTUKaJIbHOM CTEHKE IHUpca,
MO>KHO TIONPOOOBAThH MCIOIH30BATh KAHAN I[BETA);

4) mpUMEHEeHNH JIOTHMKH BhIOOpa TOYEK, MPUHAJ-
JIeKAIUX TPaHUIIE BO3IYX — BOJA;

5) UCIIONB30BaHUK WHTEPIIOJISIHH.

QDunancuposanue

Hccnenosanue nognepxano rpantoM Poccuiickoro Ha-
yaroro ¢onrma Ne 24-27-00363, https://rscf.ru/project/24-
27-00363/.
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VIDEO RECOGNITION OF SURFACE WAVE PROFILE
IN A CHANNEL WITH TRANSPARENT WALLS

V. V. Bakhanov, V. 1. Kazakov, D. D. Razumov, M. B. Salin

Federal Research Center A.V. Gaponov-Grekhov Institute of Applied Physics of the RAS,
Nizhny Novgorod, Russia

In laboratory experiments with waves on the surface of water, measuring the height at a single point is not
always sufficient, for example when using a string wave recorder. The paper proposes a method for analyzing
the wave profile - the relationship between height, time, and position. For this method to be effective, the wave
profile must be visible, for instance, through a transparent wall or from above the water's surface. Additional
equipment required for this method includes a video camera, underwater lights, and a measuring tape. A good
match is achieved (the algorithm recognizes what the human eye can see) and there is a match in the waveform
spectrum.

Keywords: surface waves, computer vision, pinhole camera, Laplacian of Gaussian edge detection, dilation
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INTRODUCTION

Studying surface waves is important not only as an
interesting scientific problem, but also has practical
significance, because wave data are needed in many
applied fields, such as shipbuilding, sonar, weather
forecasting, and climate change. Radar, optical, and
contact methods for measuring surface wave parame-
ters are actively developing. Non-contact methods for
measuring waves using optical means are used both in
laboratory [1, 2] and in natural conditions [3, 4].

In certain cases, with a specially designed experi-
ment, an algorithm for determining the position of the
water surface can be implemented by simply compar-
ing the brightness with a threshold value. In [3], water
is illuminated with a laser knife in a dark room or at
night. Since water scatters laser radiation much more
noticeably than air, everything below the water line is
light, and above it is dark. In [2], a free-standing
channel is elevated, allowing observation of the entire
water column and the interface through the near side
wall. In diffuse underwater illumination, the water
boundary separates the light from the dark region.

When the luminance pattern is more complex, the
water boundary can be detected using an edge detec-
tion algorithm. In [1], edge detection is used by
searching for the maxima of directional derivatives of
brigtness. However, the edge detection algorithm pro-
duces a binary image, where the value 1 represents all
edge points. This requires additional conditions to
eliminate unnecessary points: structural elements of
the installation, glare, water droplets, and contami-
nants on the pool wall will also be recognized as
boundaries.

In this study, a similar approach is used to deter-
mine the air-water interface: first, an edge detection
algorithm is applied, then image brightness is com-
pared with threshold values to derive additional condi-
tions for determining whether a point belongs to the
air-water interface.

EXPERIMENTAL SETUP

A setup for studying the transformation of surface
waves in a non-uniform flow was assembled in the
wind-wave channel of a large thermostratified expe-
rimental tank at the Institute of Applied Physics of the
Russian Academy of Sciences. To generate current,
a current injector was located below the water surface
at a depth of 5-7 cm on one side of the channel, and
a suction valve on the other. A wave generator, lo-
cated 6 m from the current injector, was used to gen-
erate surface waves in the channel. Surface wave cha-
racteristics were measured using several calibrated
string wave recorders and an optical setup designed
specifically for this experiment.

It should be noted that this setup and the algo-
rithms developed for measuring water surface dis-
placement can be used in other laboratory experiments
where video recording of the water surface is possible.

A JVC Everio GZ-HM200 video camera filmed
two meter-long sections of the channel at 25 frames
per second, with a resolution of 1920 x 1080 pixels
and minimal zoom. The camera was pre-calibrated by
filming a 10 x 10 cm grid from a known distance. The
angular resolution was Ap = 0.02352°/pixel, and there
was no distortion — the grid image was unaffected.

Measurements using this method require know-
ledge of the distance to the wave being measured and
the camera's angle of view on calm water. The cam-
era's height above the water level in the channel is
105 cm, the horizontal distance from the camera to the
front wall of the channel is 275 c¢m, the channel width
is 70 c¢cm, and the distance between the channel wall
mounting bolts is 10 cm. For clarity, the dimensions
are marked on the video frame in Fig. 1.

Fig. 1. A vertically cropped video frame from an
experiment with 2 Hz surface waves without current.
The distances between objects are shown in white,
and the black frame outlines the treated area shown
in Fig. 4

The task was to use machine vision to trace the
wave "overlap" on the rear wall of the channel in each
frame. Non-breaking waves (solitons) were studied.
Using the image matrix, we needed to obtain a unique
function of the water boundary in pixels, y,(x,), and
then convert the dimensions of the recognized func-
tion y,(x,) into actual dimensions in meters, y(x),
where y is the vertical coordinate and x is the coordi-
nate along the channel.

COORDINATE TRANSFORMATION

The diagram of the optical setup and a simplified
model of an obscura (pinhole) camera are shown in
Fig. 2.

Since there is no distortion, the obscura camera
model [5] can be used; the pixel coordinates of a point
on the sensor are proportional to its spatial coordinates
relative to the camera:

Y X Yy _Ye
A (D

p ¢ P ¢
where x. y. and z. are the spatial coordinates of the
point projected onto the camera sensor (point A in
Fig. 2), relative to the camera (in the lens, the z, axis
passes through the lens and the center of the frame); x,
and y, are the horizontal and vertical coordinates of



the point on the sensor, measured in pixels, relative to
the center of the frame (point B in Fig. 2); f, is the
distance from the lens to the sensor.

Fig. 2. Diagram of the optical setup with an obscura
camera.

Point A on the rear wall of the channel is mapped to
point B on the camera sensor

H=LoG(x,,y,)=

1 X+ X+ Y
:_Lw“(l_ 207 jexp[ 207 ’ (4)

where square brackets denote the integer part, o is the
smoothing parameter in pixels, and x,, and y,, are in-
teger coordinates in pixels within £[3c].

For convenience, we express f, in pixels using the
known angular resolution: Jo=rctg(Ap) =
= 2436 pixels.

The coordinates relative to the camera are con-
nected to the x and y coordinates on the rear wall of
the pool:

X=X, y,=ycosQ, z, =1, — ysing, 2)

where 7y= 3.6 m is the distance from the camera to the
still water level on the rear wall at the center of the
frame, ¢ is the angle between the z, axis and the nor-
mal to the wall (coincides with the camera's angle to
the horizon). Then the coordinates on the pool wall
can be calculated from the pixel coordinates on the
matrix as follows:

x=loy —q477) MM
7 nuke | 7

A MM
~ =1.544 .
fcosg Yr |:HI/IKO:|yp

One and a half millimeters is the resolution suffi-
cient for measuring surface waves in this experiment:
the wave generator oscillation amplitude is 10 mm,
the frequency is from 1.4 to 3 Hz, and the wave-
lengths, respectively, are from 17 to 70 cm (if there is
no current).

)

EDGE DETECTION

The profile recognition algorithm works with raster
images. First, the video is framed into a set of BMP
images using FFmpeg [6]. Then, the image region to
be processed is selected, and a set of parameters and
numerical thresholds is selected for it. The image re-
gion (Fig. 3, a) is converted to grayscale — a matrix
of natural numbers from 0 to 255 I(x,, y,). A standard
edge detection algorithm is applied to it [7]. In Fig. 3, b,
edge pixels, detected using the MatLab "edge" algo-
rithm, are marked in white; the LoG (Laplassian of
Gaussian) method is used.

The edge detection method involves convolving an
image with a kernel, the filter matrix H. In the LoG
method, the filter matrix H is the discrete Laplace op-
erator of Gaussian smoothing:

Fig. 3. Illustration of the water surface recognition
algorithm.

a — image region being processed (I matrix); 6 —
edges (matrix B,g,) recognized by the LoG method
with the threshold thr g, = 4% 1074, smoothing o=3;
B — image points brighter than the threshold value
thrjgy= 120; T — image points darker than the thre-
shold value thr .= 80; o — brightness mask (Bpyign
matrix) after dilation and translation; e — edge points
falling into the brightness mask (B matrix); x — the
boundary points yp, xp selected in the loop against
the background of the image

Next, the zeros or maxima of the convolution
I+H result are searched for. In LoG, zeros are
searched for, but instead of strict equality, it is more
reliable to deteremine pixels in which the convolution
modulus is less than a small threshold value, thrq..

The pixel-by-pixel comparison (5) yields a binary
matrix Bege(x,, ¥») of values 0 or 1, where 1 indicates
that the pixel is an edge pixel:

B, =(I+H|<rhr,,). (5)

Alternative standard edge detection methods based
on finding maxima after convolution with a discrete
directional derivative filter are, in our opinion, less
suitable for this task, since they are more likely to
detect edges in a given direction. For example, using
the Sobel and Prewitt operators, the edge image is
obtained from vertical and horizontal lines; for the
Canny operator, lines at 45° are added. The slope of
non-breaking waves (solitons) changes smoothly and
usually does not exceed 30° (this has been proven for
Stokes waves [8]). Perhaps an operator specifically
designed to find lines with slopes to the horizon with-
in a small range will perform better in this task than
the Laplace operator from Gaussian smoothing.

BRIGHTNESS MASK

The boundary detected in the previous step is
a matrix of 0 and 1, where the columns are the vertical
coordinates of pixels in the image and the rows are the
horizontal coordinates. A single column can contain
several 1s, but we need a single-valued function. It is



necessary to exclude as many extra 1s as possible, i.e.,
edges that do not lie on the air-water boundary.

First, all procedures are performed within a limited
vertical range. Second, due to the focusing of under-
water illumination by the water surface, wave crests
are light and troughs are dark. Figure 3, B, shows pix-
els that are brighter than the threshold value
thr;gn= 120, and Figure 3, r — that are darker than
the value thr,,= 80. The threshold values are input
parameters of the method and are selected experimen-
tally at this stage of algorithm development. It makes
sense to search for edges in Figure 3 from the trough
to the crest of the surface wave, so the search for light
pixels is performed in the height interval above the
calm water boundary up to the maximum estimated
crest height, and similarly, the search for dark pixels
is performed in the interval below the calm water up
to the maximum basin depth.

The water boundary passes under the light areas
above the crests and under the dark areas near the
troughs. Even with a correctly set threshold, dark or
light areas may be sparse, so it is worth "smearing"
them, making them solid, and shifting them down-
ward (Figure 3, m). A binary matrix, a brightness
mask, which acts as an additional condition on the
region where the water boundary could pass, can be
written as:

B, = (((1 > thryy, ) O (1< thr,,,, )@ s)v . (6

where @ denotes the morphological dilation operation
[3], s is a structural element (here, a 8 x 4 rectangle of
1), and the subscript denotes the relation to the vector
v (here, [0, 4] is a downward shift by four pixels).

SELECTING WATER BOUNDARY POINTS

To narrow the search area for edge pixels that ac-
tually represent the water boundary, a logical "AND"
(7) is applied between the edges detected by the LoG
method (5) and the brightness mask (6). Figure 3, e,
shows the result of this operation, i.e., the white pixels
from Fig. 3, 6, that fall within the white area in
Fig. 3, m:

B=B M Bbrig/zt‘ (7)

The next step involves executing a for loop, the
number of steps of which is equal to the number of
columns in matrix B (i.e., the horizontal length of the
image). Within the loop, there are several if condi-
tions. We'll iterate through the columns B sequential-
ly, starting with the first (or last) one until we encoun-
ter a column which sum equals one, then the first en-
try into the yp and xp arrays of vertical and horizontal
coordinates of the water boundary occurs. We enter
the column number to the xp array, and the position of

edge

the one in the column to the yp array. We take the
next column and calculate the sum of the numbers in
it. If it is greater than or equal to 1, then it is a poten-
tial candidate for entering the array: we enter this col-
umn number to xp and the position of the 1 in yp
when it is the only, or the position of the boundary
point for which the absolute value of the difference
with the last element in the yp array is the smallest.
The input is not performed if the candidate point
yields too large coordinate jump (a threshold greater
than three pixels is chosen, yp[j+1] — yp[j] > 3 and too
large derivative (a threshold of 0.3 is chosen for the
absolute value of the derivative,

((ypl+11 = ypliD / (xpl+1] = xp[iD| > 0.3).

As a result, two arrays, yp and xp, of the vertical
and horizontal coordinates of the water boundary are
filled. In Figure 3, x, the white lines are formed by
the edge pixels from Figure 3, n, selected using the
algorithm described above. However, some areas of
the water surface were missed because either the
"edge" function did not find an edge (this happens
when the boundary is poorly visible to the eye), or the
area lacks sufficient brightness to pass the brightness
threshold, or the points were rejected by the algorithm
during the horizontal scan as not satisfying the above-
described criteria.

The boundary of the water surface area is recon-
structed in the missed locations using Akima interpo-
lation [9], which in this case is better than spline in-
terpolation because it is more robust to outliers. Also,
to eliminate outliers on the left and right edges of the
frame, two points are added at the level of calm water.
Figure 4 shows the water surface interpolated over the
entire area observed by the camera against the back-
ground of the rear wall of the canal.

Fig. 4. Interpolated water surface against the back
wall of the channel (black and white line).

Figure 5 shows the water surface height as a func-
tion of time and horizontal coordinate, converted from
pixels to centimeters using formulas (3). Figure 5, a,
shows the processing results for an experiment with
surface waves at a frequency of 2 Hz, without current;
Figure 5, 6, shows the processing results for an expe-
riment with surface waves at a frequency of 1.4 Hz in
the presence of a non-uniform current. The pattern for
surface waves without current (Fig. 5, a) is regular:
the wave crests traveling in the same direction are
light parallel inclined lines. Distortions caused by the
processing feature are noticeable in the region of
x = 0 cm and x = 42 cm, where the rear wall is
blocked by the channel beam and the wave recorder,
respectively. Thin white and black horizontal lines



appear when the algorithm incorrectly processes
a region of the frame, causing it to "break down" into
a highlight on the water or channel wall.

Fig. 5. An example of the result of video processing
by the algorithm.

a — waves A = 40 cm, a frequency of 2 Hz, no cur-
rent; 6 — waves A = 70 cm (the longest waves repro-
duced in the experiment), a frequency of 1.4 Hz, with
a non-uniform current. The height of the water sur-
face deviation on the channel wall in centimeters is
shown in grayscale on the plane (horizontal coordi-
nate—time); zero is the midpoint between the channel
sections, the x-axis is directed to the right, and the
waves travel from right to left

For long surface waves in a non-uniform current
(Fig. 5, 0), a transformation of their phase velocity is
noticeable: the slope of the light lines changes with
the coordinate; a reflected wave traveling to the right
of smaller amplitude is superimposed on the left-
traveling waves, leading to the formation of nodes —
dip points almost to zero along the light inclined line.

For the string wave recorder signal and the water
surface displacement height at the rear wall of the
channel, obtained using an optical setup, the power
spectral density (PSD) was calculated from a 100-
second recording fragment in the middle of the expe-
riment by means of the Welch periodogram method
with a window 10 and overlap of windows 15/16.
A comparison of the spectra for the same experiments
as in Fig. 5 is shown in Fig. 6.

Fig. 6. Power spectral density of surface waves at
a point, obtained by video processing and from the
wave recorder signal.

The parameters of experiments (a) and (0) are the
same as in Fig. 5

The method demonstrates close agreement be-
tween the PSD peaks in frequency, width, and ampli-
tude. We hypothesize that the increase in the wave
spectrum estimated from the video at 0 Hz can be
avoided by using a stabilized tripod.

Unfortunately, a direct comparison of the water
surface height measured at the same point using the
two methods was not possible, because the wave re-
corder string was stretched across the middle of the
channel, and the wave recorder itself obscured the rear
wall. Nevertheless, Figure 7 displays waveforms ob-
tained by both methods at close points for the experi-
ment with 2 Hz surface waves without current on
a single graph.

Fig. 7. Comparison of oscillograms of waves at
a point measured by a string wave recorder and ob-
tained as a result of video processing in the experi-
ment "surface waves with a frequency of 2 Hz, with-
out current" (see Fig. 5, a; 6, a).

CONCLUSION

An easily implemented method for remote optical
measurement of surface wave parameters for laborato-
ry experiments has been developed. Unlike standard
measurement methods using string wavegraphs, this
method allows one to determine not only the temporal
characteristics of surface waves but also their spatial
ones. This becomes crucial in experiments in which
the dispersion relationship between the period and
wavelength of surface waves becomes complex, for
example, due to the effects of non-uniform currents or
nonlinearity of surface waves.

The applicability of this approach as a whole can
be much broader than just a specific channel and
waves with specific parameters in that channel, cap-
tured by a specific camera. The approach involves:

1) calibrating the camera and measuring the dis-
tance to the video object;

2) detecting boundaries in the frame using one of
the variations of the standard edge detection method;

3) introducing additional conditions on the boun-
dary points, here it is a vertical constraint and a lu-
minance channel (for natural conditions, such as
waves crashing on a vertical pier wall, one can try
using a color channel);

4) applying logic to selecting points belonging to
the air-water boundary;

5) using interpolation.
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