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eslimationinthegradientdireclionforeachpcl・Wcwillshowthat  
dlisoptlCalnowestimationcanbcompulCdafLerlheGHTmcLhd・  
ThecombinalionoflhelwOWi11sharpcnlhevcl∝LlyCOmpOrLent  
wiLhinawindow．AnexampledemonstTatingLhcperrOrmanCCOf  
thisleChniqucwiIltM，preSenLed・  

Ⅰ．1）Motion Estimation Methods  
AstudyorlhedirrcrcntmoLioneslimationmclhodsinanimage  
sequencequicklyshowsLhatthesemelhodsmustbcclassifiedin10  
twomajorlypeS（1）：fcalワreSbasedmeLhods（OVerallvicw）and  
血mさ陀n血1meth∝ls（l∝alvleW）．  
These methods are called global methods whcn Ihc velocily 
eslimaLionisadisplaccmentmean value rora scLOrplXCIs・  
PfimarclyLhecrosscorrelaLionmethodisused・GIobalmcthodsciln  
use workspacetTanSrOrmations whcreLheproblcmissupposcd10  
besimplicr10reSOIve・TheselcchniquesLakeintoaccountLhc  
FourierandlheHoughtmnsrormmeLhods・¶ekincmaticvccLoris  
globalandsimilarroralllheplXelsinlhewindow・ThcmcLhodof  
selectionoflhewindowswi11tnpresenledauhcendorlhissccuon  
（Cf．Ⅰ．3）・LoはImeLhodsareinteres血ginlhe讐nSeLhallheyprovide  
adcnsekinematicricldofestiTr［ateS：amOtlOnmCaSurCmCnlfor  
eachpixclislheorclicallypossible・TheleChniqucsuscdusua11y  
refer101heopdcalnow？OnStTaintequalionwhichlinks（dlrOugha  
nrstorderTaylorexpans）On）Lhespatio－LemPOraldcrivalivcsofdle  
irradiance runclion10Lhc kinemalic vecLOr．ScnsiLivcIO nOisc  
becauseorLheirdiffcrcnLialnalure，lhese10CalmclhodsllaVClhe  
gTeatadvant2LgeOrnOlimposlnganyCOnSlraintonlhcl〉・PCOr  
displaccmcntlO be quanLified・UnrorlunaLCly・Only sma11  
displacernenlSCantXCOrrCCdyesLimalCd・  
lndced，theobjcc10fa111hescmelhodsis10derincancnLJLy，Wh）Ch  
isnotinilSClrimrnedic11yquanLiriablc，lhroughdirrcrcnLrilLcrsOr  
malhemalical100ls．   

Ⅰ・2）Aperture probleヮ  
TTteaperlureprOblcmisLhemalnlimilalionwhcndisr）laccmcnt  
COmpOnentSarCCOmPulCd（2）：beca㌣SCOrLheaperlurCprObtcmwc  
canonlyl∝a11yesl）malCLhevcl∝1ty・prqJCCledonlhcgradicnl  
direclionforanoricntcdshapc，aSShownonrigurcl・Thcvcloclly  
componentspara11el10thccdgcdircclionremainsinvisiblc・  
tnourapplicationwchavenoinrormalionaboulLhcdcplhoror  
distance betwccn clouds．This meanslhaL SOme OCClusion  
phenomenon may occur becausc ol relalive vclocily duc to 
PerSpeCdveprqjcclion（ngurc2）・Morcoverlh¢Ve］∝iLyCSlimaLion  
lSafunclionorlheazimulhangleandlhedirecLionofLhcwind  
vector：WCWi11nothave10eSlimateancgo－mOLionovcrLhcwhole  
image・Forthisreasonwepropose10placesma11windowsinour  
imagewheretJlerCismotion・ThisshoulddccreaselhcprobabililyOr  
havingan∝ClusiononthcsetorpixcIsonwhichⅦ2rCl・・・Crking・  
Asecondproblemislhatlhecloudshavehazンedgcs・dis10rled  
shapeSandmayhavevcryliulesttucture・flcrcwe rorm Lhe  
hylX）thesislhaldisLOrSionbcIwCCntWOimages，duetolhcICmpOral  
samplingralc，is unpercepLiblc・This hypoLhesis wi11bclaLer  
Verinedonrealimagcsequcnce．   

I．3）The choice or working windows soIYed  
by an entropy criterion   

Fis11ywentslapplieda3x3medianrillertOeliminaleimpulsionnal  
noisewithoutblurringthecloudcdges・WedcleCtmOLionLhrougha  
dirrerenceofimdianccin山me，thaliswhyweproTX）Se10COmPule  
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lnaninfraredsurveillancesysleminanaerospaceenvironment  
（whichistaskedwiLhLhedetecLionofremotesourcesthuswiLha  
Yerylowresolution），lhecloudyskyYelocityestimaLionshould  
generatealowerfalsealaTmraleindiscriminaLlnglhemotion  
bcIween different movlng ShapeS．by means ofa background  
vel∝11y map・TheopLICalnowconstraintequation，basedona  
TaylorcxpansionoftheinlenSllyfuncdon，isoftenused10eSlimale  
themolionforeachpixel．Howeveroneofthemainproblemswe  
racedwiLhmolioneslimationisLhaLweCannOthaveforoneplXela  
COmPleleknowledgeofLherealvel∝itybecauseofLheapcrtuTe  
problcm・Anolherkinematicesdmalionmethdisbasedonmatched  
filtcr（Gen？ralizedHoughTransform（GHT））・itgiYeSaglobal  
vel∝ilyeStlmationforasetofpixels．OntheonehandweobLaina  
localveloclty eSlimation foreach pixelwiLhliulecredibility・  
bccauseoflhesensiliYILyLOnOiseoflheoptlCalnow；Onlheother  
hand．weobtainaglobalrobusLkinemalicestimationidenticalfor  
allplXels・ThispaperaimstoadaptandimprovelheGHTinour  
lyplCalapplicationinwhichonehastodiscerntheglobalmovement  
OrO旬ecIS（Clouds）whaleverlheirfoTmmaytN：（CIoudswiLhhazy  
CdgcsordistortedshapeSOreVenClouds thathaveverylittle  
SLruCture）・WeproposeanimproYemenLofLheGHTalgorilhm  
lhroughanimagesegmentationuslngpOlarconst∫aintsonspatial  
gradicnLS：OneplXel，atLimeL，WilltN，maLChedwiLhanoLheroneat  
timcL＋AT．onlvirthedireclionand modu］11SOrthegrコdiprlt3re  
simi）ar．Thistechniquc，Whichisveryerficient，Sharpensthcpeak  
andimprovcslhemoLionresolulion・Eachoflheseeslimalionsis  
calculalCdwiLhinwindowsbelonglngtOlheimagc，lhcscwindows  
bcingsctccLCdbymcansorancnLTOPyCrilerion・Usinglheproperly  
OrLheaperlurCprOblcm，alllhcpIXelsselectedforlhcGHTwi11  
havc thcir own optical now as a vclocity componenl. This 
kincmalic vcc10rWillbccompulCdaccuraLclyby meansorlhc  
OptlCaInowconstraintequationapplicdonLhedisplaccdwindow・  
Wcshowed山at，forsmalldisplaccmenLs，LheoptlCalnowconsLraint  
Cqualion sharpcnslhe rcsulLS Orlhc GHT．Thus a scmi・dcnse  
vcl∝itync］disobtainedforcloudcdges・Avel∝11ymapCOmPuLCd  
onrcalsequcnceswiLhLhcscmclhodswi］1beshown．Inlhisway．a  
kincmalicparamcLCrWi】lallowdiscriminalionbcLweCnaLargCtand  
thccloudybackground．  

7（EYWORDS：Motion estimatioTl，PatterrlreCOgnition，  
Generatized Hough T川nSrOrm，CrosscorreIation，  
Optica1日ow．  

1）Introduction  
This p叩Cr COVerSlhcdctccLion and ne estimalion orc）oudy  
kinemaLicnelds．tlwilLprcscntLheLwOmainexisungmcLhodsor  
mcasuringLhcmolionandLherTuinphysicallimitalioTutOaCOrrCCt  
mcasurcmcntorlhevcl∝1Ly．ThcfirsIsectionproposeameLhod  
bascdonancntrot）yCrilCrionlhaLdcICCLSandlo∽lizcsLhcimage  
arcas（Ca”cdwindows）whcrcthcrcismotion．Thcsccondscction  
Wi】1proposcthrccmculOdsbelonglngLolksctorgIobalmcLhods：  
thcFouncranalysis，dleCrOSSCOrrClaL10nmC山dandtheGcncmliwd  
HoughTransform（GHT）．ThishsLOnCWi11bcimprovcdbyusinga  
POIar constraint during Lhc malChing proccss・Two crcdibiliLy  
vcc10rS Willbc uscdin ordcr to wcigh Lhe eslimatcs．TIICr  
scgmcnlationwiLhinLhcwindowsbcLwCCnmalChingplXCIsand  
PIXCIslbtaJeC］iminalCd，Wi”bcprescnlCdin山isscclion・Thc  
thirdsecLiondca）swiLhadi［rcrcnLialmcLhodwhichgivcsrurLTICr  
YCl∝一Iyinrormalionrorcachpel・ThisIocalmcthodisnol’lblc10  
takcin10aCCOunLlargc displaccr！lCnLS but can g．vcilVClocILy  
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山ededvatjveintimeasb110WS：  

dirr（X，y）＝abs（ー（x，y，l）－ー（x，y，l＋AT））  
WherefreprescntstheimagesequenceandATthesamplingtJrne．  
Inourapplicalionwewanltoleadourpr∝eSSintoreglOnSOf  
gTeaLeStdislurbance．OurhyTX）LhesisisbasedontheEhcILhalmOdon  
induccsmoredisturbanceLhaTLnOisedoesindlepiclureObtained  
usl叩Ih¢aboveromula．  
Themainpnnclp】eis10placelhcworkingwindowsinareasin  
WhichtemfX）ralevolutionofLheirmdianceismoststochastic（1east  
detcrmined）．Theentropyfhctor．asderinedbelow．isameasuTement  
OfthemeaninccrLjtudeinasl∝haslicseL：  

Fl、I  

H＝－ ∑ Pi・log（Pi）  
i●．ヂl・1  

Whcre Pirepresen【Slhe probabilily of pixels（wiLh  
irradiancei）ap匹aringinlhewindow，eaChpixclbeingcodedinm  
bits．TTtcpiclureisdividcdin10rOuTquadmr［tS．  

Oneachpicture，WeaPplyarecursivespliLa］goriLhnLhat  
CutSeVeryWindowdowninLOrOurSmallcrones．ALeaChstepwe  
COmputefournewenlrOpyCrilCriawhicharecompaTedwithLhe  
precedingenけOpyValues（intJlefatherwindow）andwiLhthosein  
thethreebrolherwindows．The）aTgeStenlrOpyfactorisalways  
Chosen．TTtcalgoriLhmsLOpSWhenawindowsmallcrlhan30x20  
plXelsap阿S．  
The maximum entropyis ob（ained wilhequtprobabilitylnlhe  
histogram ofdiff（X，y）．This selSlhe upperlimitoflheentropy  
CnlenOn：  

0≦H≦log（か5）．  

nisentTOpyteChniqueglVeSgOOdresullSforrealscquences．  
WeobservedLhat ourwindowswerecrealediMLreaSOfgreatest  
血smね抑00挿卯柁3）．   

ⅠⅠ）Gtobal Methods  
rIllisscctionshowsthrccglobalmeLhods．   

ⅠⅠ．1）The Fourier transform method  
TTteFouriertmnsformmethodgeneraLeSdlemOtioninromalionby  
COmputinglhephasedifrercncetnlwecnLwOtimesamples（Onlyin  
LhecaseoftranslatorymoLion（9））・How？Ver，nOtOnlydoesLhis  
method enLaila verylong compu11ng tlme When applicd to a  
bidimensionalsignal，butitcan only txusedinlhccaseora  
tTanSlationon aslngleobject．In addition，lhemovlngSOurCe  
SpeCtmmfeaturesmusttnknown・Inconclusion，dlereaTetOOmany  
COnStTaintsforuseinourappljcation．  

ⅠⅠ・2）The 
． 

runcdonr（X・y・t）intime：f（X＋Ax，y＋Ay，t＋AT）＝f（x，y，t））where  

（AxAy）representsLhedispla？emenlandATistheLemporal  
Samplingrale．ThecrosscorrelatzoncanalsobccalculaLedfortwo  
previouslybinarizedimages（CrOSSCOrrelaliononsegmenLedimages）  
todecreaBePr∝eSSlngtlme．  
¶enom山izedm組Ⅰ－CrOS父mla血nexpre路ionis：  

c品＝三豊［（匝－A．叫叫一帖AT曲れれ，．）・㈹刀  
－M■－Ⅳ  

A［AhAy・A］isa5padoternTX！raIvectorofLhedisplacemenland腑）  
reprcscnLSdleaYerageintens）tyYalueofutcimagefaltimet．  
rnleCOrrelalionfactorisalsodehedas：  

c品＝豊里［（ー（。・A▲，叫トムT）一帖AT油m几．ト刷刀  
n■■H t一－Ⅳ  

ⅠⅠ・3） The genera‖zed IIough trans†orm   
melhod  
Thcgeneralizcd Houghlransformmethod mustbeapptied10  
binarizedpictures・IldescritN，SamaPPingtcLwccn匹1ntSinfbaLure  
SPaCeSandpointsinparame竺rSpaCeS・Sklansky（3）hasshownlhat  
LhistransfbrmmelhodisequlVaIenttoamalChcdfillenngproccss  
belweentheselectedpaLtematlime一，l●．andLJICimagcaLLhcncxt  
timesample：●一l＋AT■●・ThereisalsoanequlVa】enccbcLwecnLhc  

GeneralizedHoughtnnsformmelhodandLemPlalCmatChing．Or  
COurSe，this methd gives beller rcsultslhan the corrclalion  
techniquebecausewemoreaccuralelydcElncthepaLtCrT．rCqUircdin  
thenewpicltm・WeobtainaclusLeraTay（Ca］ledaccumu］aLor）where  
lhepcakpositionproYidestheesILrnalionoflhedisplaccmcnt  
VeCtOr・WehaveimprovcdthcperLbrmanccoftheGcncralizcdHough  
TransformmeLhodbyus）ngapOlarconstTaintinLhemaLChing  
pr∝eSSWhichsharpenSthepcakemergcncc．ThemaLhcmalical  
bmulalionorlheGmisasrollows：  

blαm叩blwO印adatvec10rS．  

Letb（β）＝b（xβ，yβ）lhcbinarizedwindowlhrcsho）dbykccpingN  
PCIsofthclargergradientmodulus（Cf．2．4）．  

Leth（OL）＝h（xα．yα）lheNvec10rSbc）ongingLOlhescto［scIccLcd  
pOln15：  

加悦Chb（α）＝1，Ie【h（XO・Xα，yO－yβ）＝1wilh（XO，yO）  
representhgLheonginorIJleSpaCe・  

Finally，1elA（a）＝A（Xα，yα）lheaccumu］atormatEixwhichhas  
bccninitlalizedwithzerovalues；   

A（；）＝ ∑ h（xα－Xp，yα－yβ）・b（Xβ，yβ）  
β（X勅）  

Eachcelloflhemabix＾hasacounterandrorcachpixeTseTcc（Cdin  
tJlebinarizedwindow．Nce11saTerCaChedbylheproccss（rigure5）．  
Atlheend，Lheposltionoflhelargcrcountcrcorreponds101he  
patlemposltioninthcnextrrame．  
Hereaquesdonisraised：howatethemalChingpolnLOrinlcrcsl  
由良ー忙（1？  

Cloudshavchazyedges，disLOrtedshapcsandnointernalstruClurc．  
dluSitisvcrydirnculLLOknowwhalP▲XelhmdiunccwilltK，kcpLln  
thenewplCture・WeresoIYCthisproblembyuslngSobcl－scight  
directionedgcdetec10r（4）andbyonlyconsidcringLhehighcst  
gradientmodules・TheseamdlePOlntSOfinlerCStandaTeuSCdror  
palternmatching・WealsoneglccttLleClouddescrJPtlOnuS［ngSt，lng  
edgcswhichareunrcalぬblewhendescdbingc］oudfeaLuTeS（5）．  

ⅠⅠ・4） Threshotding by a correlation  
⊂riterion  

WiLhlhelwoprececdingmelhodsLhereisalhresholdchoicc10do  
（howmチnygradientswilhhighmodulusaTe10t光kepl？）．Inour  
applicauon・WeWantbextmclthccloudsrromthcbackgroundLO  
ObLBLinabinarylmagethatcanbeusedbylhegcneralizcd＝ough  
b．ansfbrmmelhod・TTlisthresholdchoicecanbchcuhstjc（invariablc）  
OrprOCeSSed（matchedinLimc），SomcmelhodsarcbasedonLhc  

bimodalhistogramseaTChbymeansofib，rativemethods・Tlleydon・l  
alwaysprovidesatlsractoryrcsultsandpr∝eSSlng11medependson  
thedistancebelweenLhebimodalhis10gramm∝lclandLhereal  
histogTam・Herethepr∝eSSCOnSistsofabinarizadondlaLpreSerVeS  
thesamcmeanvalueLbr（WOimages．andLhatL（iesLOhavcLhe  
COn℃1adonねclαblween山em，ne∬tOl（6）．  

N  N  
lelP（鴨）＝∑P（沌】）and 叩s）…∑P（持］）  

都・  
WhereP（X［i］）istJICPrObabilityorhaYjnglheintcnsityx［i】inlhe  
rawimagexzuldsisdleVariablethrcsTY）1d．  
TllepictLlreisbinari2CdwithLwOValues：yl（ifx（i）＞S）andy2（ir  

X（i）≦s）・ y－≡   yo：  

Weobtainacrossco耶Iationfunctionwhichis8runClionors：  

Ci声  
Cご声・   Whe柁－1≦Cr〆刃≦1  

¢イl）．¢イt・AT）   

鵬。如＝E瞳l）－叫）円  

ThishsIEorTnulaglVeSgOOdnormalizedresults，bu＝herequired  
COmPulaLion timeis high t光CauSe StandaTddeYiation hastotN5  
Ca］culatedre匹aLedly・CrosscorrelationonFeVlOuSlysegmentedaJld  
bi血dimagescanbccomputedmorequickly（h氾1eanopemljons）  
WhichimprovesthequaliLyorLhccorrehlionpcak・  

On］ymnslationorasing】erigido坤光LonastaLionnarybackground  
Canbeperfec11yde蛤Cted．11isdlerelbredimculttousedlismeLhod  
OnWindowsthataLretOOlaFge，becausecloudscanappearandmoYe  
＆LdifferenlSpeedsandindirftrentdhctjons．Howevcr．LhismedlOd  
SCCmS10tXaPplicable toisolalCd cirTOSLTatuSOrStTatOCumulus  
Cbudsonblueskybackgrou¶d．  

伽（鴫）＋か鴨川抑k硝）  
P（■舟〉＝  

¢暮・C～  

Wk柁E【x】柁鱒nt5血averageor血相wpic山柁；¢x血s伽d訂d  
deYia血nofthemwpICLureandoxsthestandarddeYiatjonorLhe  
bi伯山zdpicIu℃（ru忙山onors）．  

The high valueorp proYides Lhe thrcsho］d Yaluc S，Which   
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maximizestheSNRbelweCntherawplCtureandthethresholded  
image．TTLismethodisintereslingbecauseofitsconstantpr∝eSSlng  
time：Wealwaysobt且inaLhresholdadaptedvalue．Anexample  
Showingdleperformanceofthistechniq此1SpreSenLedinfigure6．   

H．5）ImproYementS and credibility YeCtOr  
H．5．1） Crosscorrelation  
AtwocomponentcredibililyYCCtOrisdehedwhichdescritnsthe  
q也1ilyo一山e田山madon（ngu化7）．  
α由江dks山equalilyo【山e柁犯11山onandisnomali雄dbtweenO  
aJldl．TntheperfectLheoreticalcasc．weobtainaDirac■spulseand  
Oい＝1（inrinile柁弧1ution）．  

ⅠⅠIO）OpticaInow estimator  
BasedonafirstTaylorexpansionofLheintensityfuncLion，the  
opticalnowcons鵬inleqtJationlinkstJlekinematicparameLertOthe  
S関山o一比m匹椚両群血ienlaSわ110WS（7X8）：  

f．丈＋らタ＋仁＝0  

†血（L・ら・哀）椚加加deriYadvesor山e血inl印Sity加c血  
ms匹∝a血也me・  
訂d  

i＝生爪d夕＝生  

AT  AT  
ATis山e比m匹ml姐rnplingmle．  
8∝auS80一山ea匹nu陀，山ep陀∝ding叫心donhぉauれ1que犯1udon  
Y∝k汀山al姐dsfy：  

fxクーら丈＝O  
TTLuS，tJleOPLicalflowc∝fricienlSatpixeliaTedennedas：  

C打（Ax．Ay）  
α＝  

▲1◆3 ムy◆3  

∑ ∑C㌫（i．j）  
l暮Al・ユトム「き   

wk托m■ス（Cli．j））＝C㌫（A．．A，）  

βdescribesthematchingproαSSqualityaJldisnormalizedbetwccn  
Oandl．IncaseofperfeclmalChing．weobtainβ＝1（perfect  
matching）．  

らiもi  
yi＝   Xi＝  

招丁官   ノ1璃丁百  
G（A．，A，）  

N  
β＝  ⅠⅠⅠ．1）Validity or the constraint equation  

neconsmintcquadonassumeslhalamOdelizationorLheimdiance  
functionf（X．y，l）according10afirstorderTaylor●sexpansionis  
Yerificd．lnourstudy，fisadigilalslgnal；i・e・adiscrcleand  
qua血ndsignal・Ir血COnSけainl∝岬IionisalwaysYaIidwhen  
malhematica11imitsarecomputedwehavetoYerinedtJlaltJleSC  
hypothesisarerea11yrepeCted・llleeaSieslmeaJICOnSisLSincheking  
thaL theirradiance function slope does nolexCeed Lhe paltCrn  
disphcement≠atiswhywehaYelowpassfilteredLheimagetxforc  
COmputing山eopdcalnowc00mCient5・  

ⅠIl．2）lnterest o†computing opticalrlow  
WeproposedamethodbasedonanopllCalnowestimationthatwi11  
locally sharpen the global translatory motion estimation. This 
method，basedonadirferentialanalys】Sisobviouslylessrobusl  
thanthematchedfilterandlimitedtolowdisplacements：aSlhe  
speedincreases，therobuslneSSdecreases・Butaflerlheg！obal  
displ肛こi㍍∽tCS山れa山on，山ees山ma【io－■Or血upLICaln叩Vuiueこ・  

Eorthepixelsprecedlyse）ectedfortheGHTcomputationallowto  
sharpenthekinematicmap・TheoptlCalnowestimaliontake＄into  
accounlhomothelic or rotBtionalmovement，discriminateslhe  
moticntn【weendifferentpaltemwithinawindow・   

IH．3） 亡OnCtuSion  
ThismethoddlatCOmbinesoptlCalflowcslimalionarlerglobal  
displacemenlgIVeSaSCmi－denscvelocttymapasshowninfigure  
lO．   

ⅠⅤ）Some resulls  

’meresu］ts，ObtaineddirecLlyonarealimagesequeTWe．Showalow  
resolution，tLhepcak（CL）oflhecrosscorTelalionma血forLhe  
motionesいmaL10n，butLhelikelihoodmeasurement（β）txtwecn  
these picluresis exce11ent（αandβareoften†riltenaSa  
perCenLage）．Thisimplies LhalLhereisliule dis10rLJOn between  
CloudsfromonesampletothenexL．Wecanimprovetheresoludon  
Withbinarizedimagcsbutthelikelih∝通decreases．   

ⅠⅠ．5，2）Generalized Hough Transform  
WehⅣe血沌ndac陀dibililyv∝l即前山IWOCmI氾l帽nbwhkh  
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