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疎な画像列からの複雑物体表面の推定に関する研究
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あらすじ複雑な表面材質の推定は現実環境に対する光学的な整合性を解決するための重要な課題である．これ

に対する解決法としては様々な従来法が存在するが，物体表面上で任意に変化する反射特性の推定に膨大な数の画
像列を必要とする問題があった．そこで本論文では，少ない画像枚数で複雑な材質の物体表面反射特性を推定する

問題を解決する新しい手法を提案する．提案手法では，まず物体表面反射を分析し，拡散反射が低次元線形空間で
近似できることを利用して，少ない画像から鏡面反射成分を抽出する．次に，効率よく非線形の鏡面反射成分の係
数を推定することで,･通常では悪条件問題となる部分を解決し，疎な画像列から複雑な表面特性を推定することが
可能になる．

キーワードインバースレンダリング，複雑な表面材質，複雑照明条件
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AbstractReal-worldobjectsareusuallycomposedofdifferentmaterialswithcomplextextures・Acquiringspatialreflec‐
tanceappearanceofobjectsrequlresadensesetofimagesRecoveringspatiallyvarymgreflectanceisusuallyconsideredasa 
numericallyill-conditionedproblemfbravelysparsesetofimageslnthispapeEweaddresstheproblem,ａｎｄproposcthe 
techniqUesfbracqumngspatialappearanccsofrealobjectshomsparseimagesSpatiallyvaryingreflectancerecoveryisin-
vestigatedundercontlolledlightmgandgeneraldistamlightingconditionsRegardmgcontrolledilluminationconditions,wc 
proposeeffHciemalgorithmstorecoveracomp1eteobjectmodcl,mcludmgboththeshapeandthespatialreflectance,fiomfbur 
smgle-lightimagesRegardingdistantiUuminationconditions,wedeveloPedanalgorithmtorecoverhigh-qualityspatially 
valymgBRDFsunderarbitmlyilluminationusingasparseimageset(6~lOimages).Therecoveredspatiallyvalymgsurface 
modelscanbeusedtocreaterealisticrenderingsoftheobjectundernovelscenes 

KeywOrdSpatiallyvalyingreHectances，Rencctancerecovely，Distantillummation 

andillummation・InlEcemtWars,1heにhasbemasigniiicantmten己stm

mveuBelmderingteclmiqucstoObtainlUalisticlmgmdeHingattlibuteshoma 

setofphotOgmphs､HoweveEmveUse画】delingpId〕lemsusuallyr己quiに

cxtIBmelycomplexandcostlyplDcesses.、lediHicultvofobtainmgaccu‐

１.IntlUduCtion 

TheceHmalpmblemmcomputergmphicsiscl巳atmgphotolcalisticim‐

ages・InoldclrtosWnlhesizeIUalisticimages,physicallyもascdrmdeYing

algomhmslc甲lilcacculHlemputmodclsfrgeomehWcUoctivcpmpqties
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mtemodelsofascp1ehasbeenamaiorlimitingflctorinl己alismofphysi‐

callyとbasedIcndeYingtoday

AmajorchallqlgeistheacqUisitionofspatial泥UectanceappeaJmocof

objects・Ｒｅ劃ごwDrldObjectsgeneIn11yhavcSpGtiallyvHJyingreflectance

pmpemesovcTsulf配Ｃｓ・Fbraspatialb/vaIyingmatefia1,1℃covelyalgO

mhmsestimatelhc6jﾋｶﾞ)１ｺClimuzhg化α、c巴qHFlﾚﾌﾞＭｉｍ/i4PjUl1bｿ，のRDF)at

eachpoint,ｄｅｍａｎｄｍｇｄ巳mscimagesandacosUyhUingpmcess・Inlhis

papq;ｗｅfbcusonmvcmelmdemlgpmblemfbrac叩ilingthcspaUalaD

p医mmccsofl己alObjoc巴

1.1.PIwiousWoIk 

onlyoneortwomatelialSthcymcovcnUdlheSpatiallWIJyingBRDFand 

lhcshapcfmDmasmallnumberofimages, 

ColemmBndJBin[5]haspmposedaSpeculalitydctectionmdhodto 

avoidlheiU-comdjtimedpmblemlmpmvemmtswerealggestedbySolo 

monandlkcuchiPOLandlccqlUybyBal百lWandPemu[2]・Thisapp…h

isbasedonasmctconshHintlhatnospecularlcncctionspalialb'oveIlaps 

amonglhcimagCsBybcaUnghighligh低asouUidstodlcLambcman

modcl,lhemeU1odeo囚cludcslhehighlightedpixclandlDcovcmslhcsuI企ce

nonnalwilhtheolhe応．

1.1.2COmpl画muminHtion

CompamtivelylesswmkhasbeenCbncundergmemlUlumination・Ｙｈｅｔ

ａＬＰ３]pIesenltedaninv…mdiosiymeUTodlDesUmate函ect日nccby

using40imagestakenatdiHeImtviewpoin⑮ｍａｃｌｏｓｅｄｓｃｍｃ・

High-h℃中qDcyvaJiationisallowedinlhedmbSCI巳nectBnccwilhthc鴎

sumptionlhatlhcspccularl巳uccmcewnscomsbantfbra副I企画e・BoivinBnd

GagllowicznmcovcrU1cunifbrmBRDFsofd1csuJf幻esinascQ1cusmg

oneimagcBoUlmeUlodsl噂covcTBRDFsbyaniにIHtiveestimatiompIocess

witlwelycostlymdiosiWcomwhltion・

InsteadofcolwcmionalligdlMmnspoHtoommanon,somemcdlods(ｅｇ 

[1Ｌ[16],[181)havebempmposedtoIcpI己sent釦ectionmtemnofsphc【i-

calhaxmonicsﾊﾞｽnestinetal､い]pmposedamethodtoIBccnstmctthc

BRDFsofnon-LambeTtian皿IfhcesbyestimaUngUbecoc6Hciemtsoflhc

sphcIicalhalmonics・Howeveu;theirlBmtsshowsdTateventhemodemclv

complexBRDFslBquiI巳laqgCnumbersofspheIicalhaJmonicbasisfimc

honstobel己p【巳smtedcomcUyTbaddl己sslhepmblem,RamamoorUUand

HanYhan[17]p１℃sentedasinglopmccssingmedlodofinvczBclmdqing 

underdistantilluminatiommleyplDposcdanalgoliUlmconsistedofncsted 

pmceduIBswithadualang11arandh巳qlexlcy-space1℃pIUscmtahcn.Ｈ、ハト

evBnboth[22]and[17]uc[plilcalaIgCnumbeTofimagesfbrU1cestimation 

ofspatiallywllying1℃Ucdmce 

WehavcbrieUyI巳view巳dlhcpI己viouswmkonspaUalappcamnccacqui‐

sition・LjulcU6emmlccxistscnspanalappeamnccl巳covewwilhspalsc

images,pamculallyundergememlmummatimconditioms・PIBviousmelh‐

odsdemanddenscinputimagcs,orconstmmtsaI己imposedonmatenalsand

ughtingconditioms 

l・ZOvemew

RecoveIyofspaliaUyvalyingmatcnalshumspaJ己eimagCsisccmsideTBd

asanm-comditionedpIbblem､Inthispapq;ｗ己add1℃sslhcpId〕1ｃｍ,md

dcscuibcUlcteclmiqucsfbracquilingtmlyspatialappcamnccsof画objccts

whichaIEc伍ciQltandI巳qui泥onlyavenysmaUimagCseL

SpatiaUyvaIymgBRDFI･covcZyismvcSUgahedundcrcontmUedligling 

andgqlemldist日ntlig1tingccnditicms,rcspectively・Wbshowlhallhe

high-hcquencywllyingtemnofthexcnectionconsistsoflhcdiHilselcUec‐ 

honcompcmcmtWedcmcnsmtclhchighf已卯lemq/vaJyingdiHhsetcmm

canbclEmovedwilhasmallsetofimagCssincethediHilsel巳Uectimlcanbe

appmximatedbyalow苞dimemsionallmearsubspacc・ThisaIlowsustoe藩

hnctlhcIow迄h己quemcyvaJymgtermofthcl己BecUon2ndaddl己sｓｔｈｃ

1.1.1.⑰mmllediUumination 

NOn-LambeltianBRDFisacomplicated4Dfilnction・Agcatdcalof

wolkmmvemsclmdcringhasbeemcomductcdinhighlyconhdledHghting 

oondiUonswhichusuaUyassumclhatiUuminationsoumcisasinglcpoint 

soulcc・TYEdilionalb6BRDFismcasmlBdwilhagomoT巳UecUometersystem，

positioningapointsoumcanddetectomM1hr己specttoaUatmajeTiaLA

measu”system(ｅｇ[１２],[14],[l5DgemeIHllydcmandsav巳[ylaIgesetof

mcasulEmentsmoIdermcaptulehigMc〔FmcymfbHmfUion,副chasshalp

highligl】tsTnclcconsmlctionofspahallyvalyingBRDFsI噂印jilcssamplhlg

６Dfimction,Ｍ]ichwouldbctediousifnotimpossibleSomcmethods 

mcovcTonlya皿bsetoflheBRDEFbreXample,Debcvecetal[6]ｍｅa牙

u1cdthe2DHghtingdePendentwuiation(64mimages)withhxcdview＆ 

pomtandconstluctedamectBncemapfbreachpoint 

Mostmcdlodsappm！dmatcmcctanceumgananalytic1℃Uectionmodcl， 

ihcrd〕ysimplib/1hcpmblcmhomlccovelinga4Dhmcdontothatofesti‐

matingahandfillpammeters・HoweveI;fittingpmccssesstilldcmandalalgC

setofsamplestold3ustlycStimajethepammetcTs､SatoctaL[１９]usedabout 

l20imagestoeshmabespahdI己flectEmccwilhTbmmceSpaJTowmodＣｌ、

Theestimationofspatiall巳flec0BncchDmasmallimageseLwhichismfhuct

aniUCondtioilcdpmblcmwithoutanyas団mptions,isvclychallmgng

RecentlyLenschetaL[13]desclibedanac91isitionpmcessfbrspatially 

valymgBRDFshDmspalselmagCset(about１浬5）Ｔ１】eypamtioned

lhcmI企cepomtsmtoclusteIBcolTeSpondjngtodiHbnEmtBRDFsandbuilta

setofbasisBRDFstodescribethel巳Ucct2nccofcachpointTheirmclhod

howcvcropemtesundcTthcas副lmPtionlhatlhcsurfhcciscomposedofa

fbwdiHbImtBRDFs，whichcannotbeappliedtolhesulfhcewilh 

higM己qumcyvaliationmBRDII

meTBaJ己ｓｏｍｃｍｅｔhodstolpcoveTbolhlheshapeandlｈｅにUectancc

pmpevtiesofanObjoctusingtechnkPesbasedonPhotomclriｃＳｔｃｌＥｏ 

Ｈｅ『mnannandSci⑰[lOlpmposodthcempiricalmethodsfbTSWatialmate

Iialsl己coveUyTheirappmach泥甲ilEsamapenalse2memtationanda1℃1℃､塔

cmccObiectfbreachma6enaltobuildIook-uptablesK&WmdCaclli[11］ 

mvcsUgajedthcplOblcmuslngananalyticYCdectionmodclwithoutanv 

assumpUms・Ｔ１]qyapplicdnonlinearl巳9℃ssiontoalaJgCnumbeT(thou-

sands)ofmputimagesGOldmanctalP]dcvclolmaPhotomebicStemo 

applDachbasedon[l310ntheassumptionlhatlhesulhceiscomposedoｆ 
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１ｍぜ､$聯
iU宅mditionCdpmblemfbrhthngpmcess・Theconmutionsofthepapcr

al巳：，

．Nﾊ庵1℃p【巴sqDtanaPPIm胆htolBcoverbod11heshapeandlheSpaUally

V臼JyingBRDFmmfburimagesundeTconhdledmuminati０，．

．１ﾊbIcpmps目】tanappmachtomcove句edthcspatiallyvaJyingBRDF

hUmasmallsetofimages(GlOimages)unde『碑qHldistantu‐

－１uminahoHi・

Ｔｈｅ1℃stofthepapeTisoIganizedasfbllow:SeCUon2e9GplainsthelごUec

lionmodelBnddiscusseslhc釦ectionofa副IfacewiIhspaliallywllymg

BRDF:SectioHl3descuibesmJTmethodofsulfBceIDcovqyundercmtmUed 

illuminmkmconditions・Sectim4describescurmelhodofmveuse釦ecta

mehyundergmemlmummalionconditions,Thee低bcUvemessofmralgD

xithmsissuppomtedby啄pcnmmtallCsul⑬p､菌cmedmSoction5Conclu‐

slonsaJcplEsqltedmSeCUon6・

ZHMkTdimModd 

InthissecUcn,weM11desqibethcl巳necUonmodelofsuI企ＣＣＳ,anddis‐

cusstllepmblemsfdPestimBtingSpatiallｙｖａｌｙｉｎｇＢＲＤＦｈＤｍＳｐａＪｇｅｉｍ－ 

ａｇＣｓ、

2.1．DidDmmmHFRPfUG正｡i⑪ｎＭＯｄｄ

R嗣鐸H幻而“、鱈r8DOFg8O“

幹樺ざ０８(ｍｓｖ別沁鈩時Uc0tR

⑭■夕－－－▲＝￣

tDif1mgslmD〆、鍬８Iili 

LillJLllLLi室
豚白熊ハ

ノ

′ 

~へ<～へい～～へ、￣、
ＱｏｏＣＣ０・～。ｏ●ｃ・・・c・・・・・・・・・・・。。。・・・、。．．‐．・－．－・■・－。｡｡・・・ｏ￣

dUet西.､ｈ

酎〆〆・一〉一

⑥ 

F噂正lThc2DhnnsfbrfimctionsofdiHel巳ntpoUntsonate,､｣JDd皿Iface．

ｗhe”1hcdmsclcUectBnccP`(x）dcpmdsonlhcpigm…,which 

debem1mesUlediBmseooloroflhematemial.（x;②,②）isaoomplex 

nonlhDearfimclion､TiulyspaUaUyvmyingBRDFswIyinbodllhcdiEhse 

andtheSpeQllar歴Hectmces・ThcdiBilsemecmceu田｣aUyhas

higM平団cyofvmation､HowweublheSpecmlarl巳UCC随nceonlydepemds

omhcindexofにfnactionandlhesuIfacefhcctconditionsbWhichwuuldnot

changehigh-heqIlenUybT11q迫fbIB,thespoqllarl巳noctEnoepmpeWUcshayea

slowlyv2IyingnHtupe・Inlcalwmld,｡｡』e砿aIcua1aUyoomposedofoneoT

afbwofdiHb8mtmabeTials1・

Z2R2flecniononSpHtMREflectanceSmfnDes 

Wbconsidenheincidemtillumin2nionisdismntilluminmonwhichallows 

ustousethesamelightmghmctionl巳gaIdlessofmrfncclocaUion､Wbcon‐

sid廓cuwedObjectSaccmmtingfbTattBchedbutnotcastdladows・Also，

intenUdecdonwillbeig）1ｍ己d

lfUlcHgdltsom℃eisaunifbvmpoimtlightsoumc,themdianceatxindi‐ 

1℃ctionあ。canbc耳1℃smtedbM
八

Ｊ(”｡)＝′(x;の''’６５６')<f，

＝2ﾕﾑlE1max[CD1剛】ご+氏(jr；⑦/,勿・,)max[の,､凧0]§(3)

ｍＤｒ 

館n座0i亜

szujh“ 

n浬IIE2DichlDmaliclEmecticnmodcl．

一二Z￣Ａｎｏｐａ叩cdielechicmateiiallM1houtmulti-lBysmlcmIciscomposedby

asuppoHUngsubsmheinbowhichoolomcdpigmcntparticlcsalcembeddcdas 

slBownmFig1肥LThcmectionofopaqucinhomogB81eousdielectncd〕－

jectsc2nbemodclcdasalinearcombinalionofdmseandspcQ｣larmencc‐ 

tiom,whjchlmownaslhe`ｶﾞMllll"，`zliW1ﾂ?bcIMOﾂmlal2fT1]elightl巳UccOed

dilDcUyatsu虚cec8u1sespccularl巳flectionThelBiinctedmMsdiHilsedby

lhcpignmtpaxticlcsandpmd1cesanisompicdistributionof3cmercdHght 

lBsuldngindiHhse1cilectioI1TheBRDF′atalocationjrcanbee】G

pmessedas 

/(x;勿j,の｡)＝九(x;面,,勿｡)＋Ｘ(x;面j,面｡)，（１）

whcに国ａｎｄあ。ａＪ℃themcidemtHndou⑭ingdiIections,IcSpoCtivclyh

L(x;ゑ,Z｡）ａｎｄ（は;の1,面｡）ａlethcdiHiIscandspecularBRDFs，

ICspectivclylnthispapeu;wedenotecolowectoIgbyusingaboldsymboL 

．ｇノー{んん几}・ThcdiHhscBRDFcanbcappmximatedby：

ノ;,(x;ゐあ｡)＝とL』E」 （２） 
汀

J功｡。

whcrBwchavcmixedlocal(prime｡)andgld,aI(unpnmcd)coo【dinates，

/(”/,勿・')＝′(x;のj',勿・')max[〃,･万,O｝isthcransfbrfimc

tion,whichabsoXbslheclampcdcosinetq､;andifislhcmtensiwoflhe 

pointlighL両isthesulfhcenom1aLUndcrgdlemldistantmummation，

I(x,d5｡）canbecomputedbymteg1颪ungoverallmcomingdilcctionof

d1chemispheIeQ,Fas： 

’“｡)=ＬＬ⑥i)肱叩J)烟

‐し恥)半剛叩帆偶）
－－－ 

」関〃

÷し"L(ＭＭ/,⑦｡')max[叩Ｍ，
J率忽

’InlhjspapeX;welCibrtoasu虚ccwhichhasthe麺nespecUlarpmpeu-
● 

tiesasamatelial． 
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鬮圏
鰯鬮

whcTBL(ct)i）islhcincidemtmdiance 

LetusfilBtconsidcmhecasewhcにasulfhcehasonlyoncmateuial,i,e

thcspecular歴HectanceisidqlticalfbrthesuIflceThctlHnsferfimcdomofa

pointonlhcalr企cecanbeexpIessedbylcplacing（(x;d5j,の｡）ｗｉＵｌ

Ｌ(あ”⑦｡）ａｓ：

ノ(x;句/,の｡,)=必辿max[⑦`丙,O】+Ｌ(句1,句｡,)max[団1.万,0]，（５）
元

Fig1唾１iⅡus⑪aLcsUleh石nsfbTfimctionsin2DatdiHb画tpomtsomate涯

tuIEdsulfhcc,ｗｈ率BAislhcanglebetwem万andthchalfvcctorof

aandあ｡、AsshownmFiglIcl,thetJmlsferfilnctionswithlcspectto

lhediEhselBnectancecomponemthavelalgemnahonsbandlhoscwilh 

藤pccttotheSpecularlB0ectnncecomponemthaveacomplicatednqllincar

chamctenstic・Hence,itisnecessaIyfbIPIBcovcIymgouithmsmesUmatethe

BRDFofe錘hpointonlhemI企ceRDcov巳ling仇Ｃｌ巳ＵＣＣ腿mccwithspal日c

imagesisnumelicallym-cmditioned 

FbraSpadall巳Ucctancc皿Ifhgc,1heにUectionhmctionomthcsulfacehas

highn℃q1mcyvanahonsbecauseofitsdiEmsemect8mcecompmlmL 

Wi巾SpaⅡ髭images,ifwecaneDdmcMhespeculartermhDmlhevanous

BRDF1thcesUmationpuOblemwillnotbeUl-ccmditionedbecaused1e 

specularBRDF(、RDF)hasaslowlyvmyingnamに．

3.SmfnceRecovenyund画COntmllednIuminatiom

hmhesecU、,weeDqpl8jnhowto妃solved】epmblemundeTconhcUedil‐

luminahon､WBnlstd巳ScnbeamelhodtoexmCtlhespeQllar”Hectionhum

aninputimagesetThcn,weintmduceanalgolithmtomcoverlhcsh2pe 

andSpaUallyvalyingBRDFofanobjocthDmUlcimages・Qnrmpltisfbur

imageofanobjectt日kmundad皿bImtdnglepointsoumesatahxedvielハト

pointTHclightsoumcsalclmoMI、

皿.SpemlarREflectionComponemtExtmEtion

UndersmgjepointilluminaUon.wecansolvelhepmblcmwithfburim‐ 

ageaWedenoiclMhUlummantbyUlevoctor5ﾊｰｾﾞﾊ感,whe届くk
isUleUlummationiImdiamuoeand感isthcmcidqltdhcctiomLSmceamy

d]Ipcoflhcincid因]tmuminationdiIpctionsaJ己lineallyindepqndem,thcfbur

illummantscanbcexpIBssedasfbllowB： 

４１５１＋A252＋A'５３＋A４５４＝ｑ （６） 

Ａ 

:……....Ａ 

i､､.－…ｼ〃

Fi図n℃３EDUmctionofspecularl巴UecUomcompments､LeftFburmlmt
imagesofatexmucdbalLRightRcalltofjL.Ｉ 

ThcI℃fb”,inaocoldanccwithEq､３，wocanにmovelhcdihHlsetennsofa

nm-shadolwdimdianoesetI＝(11…１４）bymultiplyingI(r） 

bythccoe団ciqltAas：

AI(x)＝Ａ･(1噸(x)+ら"(x))＝Ａ･傘．(x）（９）

T11us,wecandimecdyexmctlhespecularcompmmtsfbrdBeunshadowed 

pointswithoutanycomplexandhagjIesepaI3tingpmcessFYg1Ic3shmﾊB 

thatafiermultiplyinglhcfburimagesbyA，thediEiBsemectionteTmsalB 

o6beLwhcTごddcpcndsonomlylhel喝htset・

Withlhespeqnar団ecUoncompmq1tseXmctedthcpmblemofda庇l

inade9Lapyisl巳solved・WbcanlubusUWCcov巳｢血esloMyvaIyingspecular

応flectanccwithlheunshadowedpoinlswhmUDcmfmccgemnehyis

lmoM1・ConsequendMwecanaddlBssthcm-conditiomedpmblemfbrSpa‐

tiallyva1yingBRDFwilhlhcspaIselmages 

3､2.EstinmionofdneSmfaceMOdel 

lnlhissection,weintmduceanalgomhmtol⑥coverafilusmfacemodel 

withfburimagCs､ＷＢＥI3tdesclibehowtousethcchmmalicpointstoYe 

covcr1hcspocular団ecmocpammete応andUHmeXplainUncalgomhm

usedtomcovelPamrfacemodelbyusinglhespecularlcUcctance・

InondcrtolBcov巳T1hemIfhccgeomehyhumlhecolorinfbImationof

pixe1s,ｗｅ…melhaMhcmrfapeissHtisfiedwilhlhcNmmodclOWb 

assumethatthespecularlBHectanceI巳mainsmvanablefbra団llface,MUle

alIoWingthatUlediDhse媚UectmcevariesalbilmJilyovaaslMme・Wewill

e,q〕lainhowtocopcwilhwuyingspecularBRDFsinSectiom4

3.2.1.RecovelingSpecularREnectancewithChmmutic 

Pomts 

AccoIdingtolhcNIRmodel,thespeqJlarl巳Uectioncomponemhaslhe

samespcchnldismbulionThcilmdianccI(x,句｡）canbccxpm℃sscdby

lcwlitingEq3as： 

I(鴎⑦｡)＝2竺1』E1max[の,〃]ど+/l(jr;の/,６５．，)max[勿,､万,0]§

orａｓ： 

』(ご]＝０，（７）

wh罪［ｑ＝(「Ｊ…§ｲ)Tisthcmuminationmamx,thecoeHicient

vectorA＝(Ａｌ…４４）cmbecomputeddhpcdyhumtheImoM1 

Hluminanonfb｢eaclncolorchannel・BecaJse・fbranunslmowDdpoinLthc

diHhsＣｌ巳dectionisalinearfhnctionofitsincidcntillumination,wecan

deTivehDmEq71hatanynon-shadowedLambeI1iansetofin歴ldianccs

Ja"=(駒…為）shouldsatisfV：

ＡＩ“(x)＝2竺L』2刀(ご}丙＝ｏ （８） 
兀

一物－－Ｊ…ビ
ノ肉ｒ

（10） 

IflhechlDmaticilyofapixclisｄｉｎｅ１℃nthDmthatoflhemuminalion,1ｈｃ 

ｇｃｏｍｅｍｃｍｂｒｍａｔｉｏｎｃａｎｂｃｄｉ1℃ctlvd〕tainedhDmthcsepixelsbyusing

lhecuesofcoloTinlbmlation 

－３５８－ 



Wenlgtconsider1hecascthatthecolorofthekoluluminanom 

占厘=(ご’第創)ispuIcwhi垣ｉｃご=篭=億雲ごAccomdingmEqlO，
wecansimplW巳movcthcspeculartemnhDmlhcilmdianccI皮using：

１k(jc)=/j(x)-1$(x)＝５$6(x)max[の'.丙,O］（,,）
６(r)＝的,"(x)－ぬv(x)，

whe【ｐｐ`＝(pdr,p“,p“）islhediHhsel己UectnnceinRGBSpacc,uis
U1cmaximumcolorchameloflhcinndianoeI(x),Bndvisthcminimum 

channel,ie.’唖＝"l(z】c/)DojM''19,16ノ.Ｅｑ､１１canbcexOendedtolhc

genemlcaseofahmM1ilIummationtoobtainthcfbllowing： 

『ｗ'③-誉1$は)-…叩｝肌(鰹）
６(r)＝β`jU(Ｘ)－β`,v(x)， 

wheT己1hemteI1sityjk(Ｘ）hasidemticalgeometlicalinfbHmalionto

I“(x）undcrlhelFUluminationUSing7＝('１…'4)ア。〕tajncd
6omEql2,1hcsurflcenolmalfDranunshadow巳dpointcanbel⑥covelBd

bM 

６(x)〃=([§"]T[§｣)-1[鼻]ＴＺ

［具]薑(ご』…動ァ鰯＝蕊の,，（'3）
whcHc［幻isdlemumimnionmahixofchanneluaｎｄ６(x）isascale、

３．２２ChmmaticPointSelection 

RatherlhanallofthechromalicpjXels,weonlyusetheldiablepixcls,fbr 

whichlhcintensitiesofthcmpdmumandminhnumchannelsaJ℃distincdy 

diHbK巳uDtlfthedneumccbetw⑥enlhctwDchannelsissmal1,1hcvaIiationm

ilmdianceduetogpometricalaHbctionbecomessmsitivctonojscinthc 

lmageS 

Eq､gandEq・l3alBonlysatishcdMlemhefburilmdiancesofapointalご

non-shadowed､since,lbr2mynon-shadow巳dilTHdianccset，Ａ鰹.ｊ(x）

shouldbeO,whc1e4islhccocf5cimtvccto『ofchalmcluInthealgC

ntｈｍ，ｗｅｄｅｔｅｃｔｓｈａｄｏｗｓａｎｄｎｏｉｓｅｂｙａｎａｐｐIDpiatcUI巳sholdof

４．j(X):ifＡｕ．ｊ(工）exoeedsalhlcsholdwewillnotcbosethc

pomt 

3.2.3.EstimationofSBRDF 

ForamlfaccM1hmanychmmaticpoints,ｗ己ｃａｎｏｂｔａｉｎａｓｕ団cimt

numberofsampleswilhlhel⑥coveI己dsulfhccnolmalstocstimatelhc

SBRDFIObusdybManydiHbHEntBRDFmodclswithdiHeuUntsUmgU1sand 

w巳almesshavｅｂｃｃｍｐｉＤｐｏｓｅｄＷｅｄｅｍｏｂｅｌｈｅＳＢＲＤＦＪ》!αﾒﾖﾉｂＳﾉ

ﾉｽ5:国,②),whqeDisthchtpammctel･setofdleSBRDEand

dcfnethcSpccularpixelsI(jr)＝八・Ｊ(jr).Thesqual己cmrbetwecula

givcnSBRDFandaspecularmcasulcmcntiscomputedasfbllows： 

ｅ'７Ｗ(J(x),（(5)） 

三三脾〕‐言い:“"身イ(川
ｍｃＳＢＲＤＦｔｈｅｎｃａｎｂｅｃｏｍｗｔｅｄｕｓｉｎｇａnonlinearminimizHtionalgC 

lilhm： 

－３５９－ 



SubscqlmUyb1hcdiⅡUselcUcctancecanbeIccovcmdwithE９．１６.Given 

U1cnonnalsdesu曲ccshapecanbelpconshuctcdbyusingthemeUmdof

FmnkotandCheUappa[8]fbracontinuousalIfhcc、

４ｈＶe藤IMlectometHyunder⑰mpleuKnmmm8uIion刊

InlhissecUon,wcexplajnlhcspatiaUyvalyingBRDFI巳CCV画yunder

geneIH1distBntiuummatiom.］ﾊ尼hl5timuduceamed1odtoe5[n石Ctthe

specularl巳nectiomcompcm印tundergmeuBlmumination・Then,wedc

scribemalgoKithmtomcov巳Tab｢ulysp【niaUyvmyingBRDFmodeIofa

a】If白Dcwllichccnsistsofmultiplcmatelials、

TheinmofouralgoYidlmconsi懇oflheobjectgComeU】ａsmallsetof

imagestakq1atamedvicwpointunderdimbl巴ntiUuminaUomconditiqls，

mdlheeHwimnm印tmapsoflhemuminHtions・WeconsiderI旧almatqials

withspaUalvHJiationinboU11hcdiHUseandhespeQllarl己Hectmce､We

assumeUmUXeHluminatimDhashigM巴q1encycomponentsinondemobe

ablemIUcon副皿ctBRDFpeTfbcOy

４１.SIDecularREmectionCDmponemExtmction 

AccoldingtolhewoIkof[1land[181,IambeIUmmectiononasuIfb胆ｅ

ｃａｎｂｅ“cuImclyappmDdmatedbydhelow-dimmsionallincar副bspacc

oonshuctodbysphcncalh8nmonicfimctions雁dmobespllc[icalhalmm‐

icsbyY胸!(ノー0,1,…;、＝-ﾉ,…,ﾉ)、1ｓ11,1hcmuminaliomc3nbc

el[p､噂ssedbySphemicalhanmonicsasL(あ,)=エ｡Z:二1,L陸y塗(あか
T11edihbse泥nectiontemlofEq41hmisgjvenby：

’"⑨薑半鱗ﾙﾎﾟＭｎ （19） 

ｗｈ率thecocf5cientaノvanishesfbroddvnluesofノ＞１，andevem

tenns盆l1oHvc1ylapidlyasO(ﾉﾕｺﾞ)(See,cg｛1])T11q℃fbI己,thedi6hlsc

lcilecUqncanbcappmDdmtedwithjustafewlow･泣廊hamlomics：

’麺(幻蕾半三二ＷＭｎ伽
WbdefncIi(x,万)＝(P`(x)/汀)αハ(丙）ａｎｄＬｋ＝Ｌ鯰，wllcに

ハーノｘ(ﾉ＋1)＋、＋ＬＥｑ､20cfmbcwlitbenas：

ＤＯ 

Ｉ"(x)富ＺＬ（(】c,万),ﾉV=(ｒ+l)２（21）
ルーl

WetakeN+limagesundeTdiHeImtughtingS,ａｎｄｕｓｅＬノtodenotethc

j酌mummtioMj=(Zイ…Ｌｉ)isdefncdaslhc…『･fit圏NIow
haJmomicscoe伍cimtswhichcanbCcomputedlMUD1helmomiIluminalicn・

T11cdiHilscl巳UeclioncompomentundeTjolUlummationthencanbccxP

pmessedbylcwlitingEq21as： 

’ぁ(r)雷ｸﾞﾉ.伝(城)…nW(jQ万))？（22）
ASSuminglhaltheNlowoldeThalmonicstelmsofanyNincidemlighL 

mgSal巳linearindepa1denL1heCsoflhcN+l1ighdngScanbeeD[p【巳ssed

asfbllows： 

Ａ'２１＋…＋Alw12斤十!＝０，（23）

OTWYntUSqmB2 

Ａ１翼("+,,．[β恥1,瓜"=０， (24） 

whe9｡Ｉh…伍ciemv…ふい…Ａ"瓢)｡anbocomWted
mm噸eiUum…hmnmiccoe伍cicntmanix[『]=し'…『鰯釧γ
SinoethcdiBilsc雁Ucctionc8mbclincarl巳pIBsentedbylhcbasisoflhc

halmoniciimcUon,ｗｅc[mdelivchqnEq､22thatanydiBilscにuecUcnset

ofimmsitiesL極=(I劫…Ｉ聯rshould麺珂：

ＪＬ'はＭ(5)(iiM…亀(鶏而))に‘（麺）
ｎler巳fb【c,ｉｎ[moldancewiIhEq､４，wec8nl巳movelhediHiJsel巳Ucclion

com…tbymultiplyingih蔭hmdimccset7は)=(Ｊ１…Ｉ"瓠r
bylhco砿etvectorAasfbllows：

コル)=Ⅱ(Z1,(ｴ)+乃傘(ｴ))雷みろ.｡(ひ（26）

AsancallLWBcandimCdydeIiVcthespe印larcompmentbymultiplying

lhcspaJ百eimagesetbyA，wilhoutanycompl甑andh電lcscpal画hng

pwDccssThediHhsclcmcctiontqmswhichhavehigjlPhc印JmcyvaIiationS

alBo6由eLandw℃obt日inanimagCwhichincludcsonlyUlcSPCcmlarmeo

timcomponmtofthemea団１１巳mentslﾊに1℃fbrtolheimageasthcspeqjlar

imagc・Foracon輝djcctwid]outcastshadDwsandinteTTcUoctions,the

o6betcoe団cientdcnlydepmdscuMhchghtingset

Wilhlhespemlarl己Uectioncomponentqmcted,ｗｃｃａｎｌ巳solvethe

pmblemofdatainadc〔FacyfbrSpaIseimages､Fbramrf隆Ce湖1hunifbIm

specIllarpmpeTties,wecanmbustlyl巳coverd1cspecmarmectBncchum

血eSpecularimagewiIhalMhepointsovemhe釦Ifucelnlhccaseofa副炉

fhDeMthmuhiplem圏teiials,sincespecularmecmccpmpcItieshave

slowlyvaJyingnatulc,恥cmnobtEdnenoughspemlariJmdiancesampIesof

amateTialtoe副imateitsSpecularにnectmlcc・Consc叩ｑｍＸｗ巳cmaddI己ss

lheiU毛omdilionedpmblemfbrBRDFImoveuywilhspm3eimages、

41.1.HOwmanyimagesatle51stsllouldwe腿qui、？

Accoldjngtolhcl已団lltsof[1]and[l6LmoHcdDan”％oftheencngycan

becapmI巳ｄｂｙＴ＝２(ﾉV＝9)，i､c・dinselBUectioncanbeacqlmely

applDximatodbvthc9Dlincam】bspaceoonstJuctedbyspllclicalhammnic

filnctions・AsmjghtfbIwaldmedmdistouselOimagesundcrdiHblcllt

lightingcomditions,andtocomputelhcoIIbctvectorAwilhthesphencal 

harmoniccoc伍cientmatlix［C]oftheilluminaU０，s`Howcv巳Ub1hc9D

appluximationisheldfbr1heWholespheHBofpossiblcnoImal・Ata5xed

viaXIpoinL…haveonlylheuppeThemisphelBofnomnalswhichshould 

pmduceanapp、)dmationwithIow巳rdimmsionasRamammothihasdi野

cussedin[16]Inlhiscas＆wccancomputeanoptimalbasisoflhcdjHilse 

にUccUonSpE胆efbraspecihcobiectundcr1heUghtsetlM1hSVDme1hod

andcbtainＡｂｙｕｓｉｎｇＵ１ｅｂａｓｉｓ､EmpilicalIybdiDmse団ectionundeTa

iixedviewpojntliesvqyClosetoa5Dmbspacc,ｉｃ・atleast6imagesal己

1℃quiに。

4.zFittingPmCeSsfbrMultiPleMaLeuialS 

lnthissccUonw℃wiUeXplainhowweCslimabethcBRDFsfbrasuI企ce

composedofmultiplcmaneuials． 

－３６０－ 



ＯｉＣ９丹

魯．＜ｘｙ

Ａ唾

出０３･恥･《qP9く9㎡何●
ず?､ﾒ･部｡牡●
ハヶ《｡， 河●
ｒ兵.”..》.､.4$坊◆

､法げ゛ 句●
あき.くら齢“幻Ｄ
Ｈもシバ毎゜｡￥.．辻●
へ,．Ｌ-へ毎ニナ｡、 灯｡
、9《qｍＱＲ●
舐0.9゜ﾌﾞ;ｈ兵夕&.●●
▲と'･印騨やiLWが◆
ブ向,.…`いゐＵＩ●
、-1勺描く小ハハ再U
'..〉･や…小氏》為敏●
;ＤＣ館や.“●
P.:企秋六nGb沼◆

）.:－．･か｡：rM9牛Ｐロ◆
９.該ぶり牡、《●：。やへ,◆,､卜し“

．;蝿罫騨蔦タ
パゲ衣'9;,鞍域●
J･瀧も夢.⑫幻●
ヂニ錬十囚3Ｇ＄没守
･ｻﾞ埒0企二F年◆

、…輝学熟;Ｋ：◆・
・蜂轆碑久《●
鷺｡d《:””か４A

出･･ＤＣＰ⑰PDR・ 刃、①
f･;p8q-C⑯９ｳﾙﾊ、◆

、へ祝P:ｗＰ－･寸 独●
い-“O:礼:◆･buか0.、”●
卜･《,や0-5-◆て～･’､⑭女稗０
．.'､恥･～〃くげか“鱒●

．､ゾ､１ｔ舷み,.ｂ、◆
「90G$ど静か゛1..ｶ台鱗◆
:;w9bhP);:hWx暁ひ.＄●

w出繩鱗撰:：§；
…銭:戦葛‘
ず．やゾヘヘ⑧●
が..蚊●

もA'か.や';･中’.一再●
：いくシギ?,j〆o9f慰合

メ瀞？；．．
Ｆ-㎡一･二･.ャ坪も8凶古◇
､`己G③6分：ppt,凶』●

…鑪鍋溝）識篭Ｆ
、..｡Ｆ･斡溢038,麹●
)〆５４<Ａ３ハ（会■◆

…;織笛:瀬jj〈弱：十・門ぺP'｡＞,ＡＰＪ･句●
衝9歩.シ牧●

心･ぐ゜?》､《､サガ●
０㎡A田'F9e､･Ｍ１<６８｡＞鞍◆
?〆へ９，～g’仁ルー.わ徳●

６･井口か ケガ◆
`ケウｔｏへﾛ,分○女，、GUI◆

､節､ｗ;Ｒｂﾒﾕｼ《ｑ･･qre.企律●
…･汁P･ずbウハ《゛やﾛ.抄鉢◆
や､弓､Jg-（･３－号ＰがＯ

｝.R､今｡､Bとび｡ト幻●
…”･･5,B-II-pⅧＰＳ０ 
Ｖ$ｒ之;一寸+§'゛.＞域●

､卜.､｡-ＷP…･に.'ず?Ｐ幻◆
:..？o》｝･〆､8Ｆﾅ:＞学1ｈＪ蛍、●

母上》･Cwh砥■Ｐひ毎●
：:Ddhm1βﾅベハ九句の
６ﾅﾖ、ブ'岩｡:《ｼ位◆
Ｕ：釘C9yU酵母◆

盛ね<Ｏ七・J分ら･ ウ戦●

わくぐげ“ご）6２心⑪●
:c-1Hらか1'.｡｡のが０
．.'ざ）..､ｆ８９ＰＯ.＄吟■●

シ』･ＤＬｇＣ』ｆｆｐｆい1W●
9.．*,ｆＤｇし矛8㎡，キリ仁UC
fmB…》２Ｗ､.＞Ａ◆

‘出＞鋲●：｡ゴロ や羊◆
く-ｓ一･℃ごｒ・ｒ Ｃ 毎
゜へキジ袋や､Gd●勾
舛ゲ.､ｊ･叩・９シ③

《少I<･'圦介ワザザ: かＯ白
くP>Aihi9今竿戸●■

か･･も｡“｡＄一・Ａ沙◆卿
巾～汝′裾の②
功令6台8.4`ひ●芯

，.《い…す.へ8..㎡Ｑ､さ▲Ｐ◆役
v●｡ｑ血学｡じゃ●旬

】｡､ミペ韓◆◆⑤4t汁もう●●
３，；今◆ｃ:”''9か◆旬

カウ,r郡Ⅲ0分騨
鷲Bfp-o叩JMHQ少●＄

へﾄﾝ’｡挿巧

ＧＣ９Ｉら’：R・ＡボツＬＡ烏_き

4.3.ＳＢＲＤＦＭｏｄｄ 

ｌﾊにuse姪LafbUhmemodel[12]inourwofk脈oonsidcmnlyisohupic

mHtelialsinthcclusteuingprDcess,TheLafbrtuncmodclfdFisompic野

fhcesisqGPK巳sSedas：

氏(句/,瓦，)-Ｚ(cw(の鯵'の.蟹'十のハノ)+ｑＡ'`ijb曇ﾂ１，

Ｇ７） 

Ｗheに⑰｡ianddDo1aJctheincideHltandoulgoingdilBctionsinlhc

皿rfBoelocalcooNdinalesystems１℃specUvdyG劇4ｑ,皿｡)IIalcthepa

mmeteUsfbrlobeloflhＣＳＢRDF 

4.4ClustenngAlgomhm 

FbT1hcpoin心ofUlcsamcmateUial,theyshouldhavcanidenti函SBRDR

WeemployaclusberpJucessmspilitedby[13]toclusberlheSpecularmeas‐ 

u1℃、、低underthedistmItiUummahcmconditiouLInourmethod,how己vq；

e［唾hdustercoITESpondstoamatenali.c・aSBRDF:Sincespecularl己HccP

tanceplupmieshavcaslCwlyvaIyingnatu応,itismUomaltog目neuHtCcluら

teu君c、巳spondmgtoSBRDFIncommsL【13]isaccoldmgtoBRDEwhich

canmtbcapPliedfbrllighlycOlorfUlmr企ocs

ThcclustenngalgomhmisshownｍＦｉｇｌに６Wbdcnnelhespecular

pixdsI三Ａ･Ｉ，IhelightingL＝」･LandthcSBRDFノーノ;・

T1】Ｃｓ〔Plal巳eITmbctweenagiv巳nSBRDFノandaspecularmcasulBmqnt

iscomputedasfbllow： 

…ｻﾞ(態)-黒い)-'1,胴)ﾉi(“)m叩,ｗ5ﾉﾄﾞ
（28） 

Weva1ucthc91aliWoflheappm0dmationmaclustcrAノusmglhc

耐elalives〔F】a1℃eTImdedinedas：

…ｱ(Ａｊ)＝Ｚ…rji(x)/ＺＺ７`は)？（21）
ｘＥＡノ ｘＥＡＪご＝｢,９，b

WeEr5tcstimatcaSBRDFwilhaninitialclusterconsistingofaUspecular 

pixels・T11mwegOintolhcsplitdngsteptospliMheclustermtotwonew

clusten百eachwilhaCHHeI己ntSBRDFmode1.

44.1.Splitting 

WbdemoteaSBRDFmodelby/(5;の,,あ゜），wheTc5isthcpa‐

IHmetersetoflhemodel､WeneedtocomputelhedilBctionofmaximum 

FH図ｍＥ５Ｔ１】Ｃｌ巳Uectancepammete応ｏｆａｏｎｃｌｄ〕cLafbJtuncBRDF
appmximgtiomfbmlllOOsamplesind1clImT71I征RLdatBbase．

vananceinlhcpammeterspaccmoIdertogencmtetwonewSBRDFsto 

splitlhepaIBmeteT宮space・InstcadofconmpleXcalculaUoms,wcpmposea

newmcU1odtogq1cmtelheSBRDFsbymldngadvantageoflhefbmnoflhe 

Lafbmmcmodcl 

Oneld〕eLaibltunemodelisuscdmthesplittingstcpwhichismfliciem

fbrlheclusterspliUingpmcedl唾Ｔ１Ｂｃ５ｏｆｄｌｃＬａｌｂｌｔｕｎｃｍｏｄｃｌｉｓ

に可,Ｃ`,γ),whqcγislhespecularexponq1t,ｑ,andGmdicalelhe

ofPspeulIaIiUoflhcId〕cAsshowninFigu”5,｡’andCHI巳maincloseat

lhcvalueofonefbrmostmateUials,espccialIywhmγisbig・Omlhcother

hand,Yclmgesmuchwilhdi錘r巳ntmaOenals・Ccmse〔F1emly9wecancon‐

sidergp1qH11yYhaslhcmaximumvBIianccinlhcpammetcT則〕ace・T11euc‐

fbn3,wBccmstmcmhetwDmitialSBRDFsoflhespIiUingstepas： 

万(C",C霞,γ+1;あ,,の｡),and万(C",C紗1;め,,の｡）

Afier1hcmitialization,thcspecularpiXclshDmlhcoligjnalclusOerA 

aucassignedmtolhenewclustcmsAiandAiaccoYdingtothcirdis‐ 

tanceel7w>(jr）tothctwoSBRDFsﾊﾑａｎｄ/yLThen,ｎ．w 
SBRDFpamme6crsof（k邦ａｎｄ万十lalChtt｡dagajntolhespoculaT

pixclsmcadllheclusterAiandAi.VIにiにI図tclhclcclustcmingand

httinguntillhelEalltingBRDFsandclusteUBhavccolwelgedThesupe8＝ 

scTiptkdenoteslhcitelHtionnumbeTi 

くつ 匠
団
Ｓ
Ｓ
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Havinglhcncwclustq石andlhenewSBRDFs,wecanregmlpalllhc

specularpixelsmdcstimabeanexactfhULaibmJncmodclfbTcachclustcm： 

T11jsgobalKDclustc【ingisl巴peahcdunliltheSBRDFsaJccouweIgemLClus‐

tenngpmccsswillhnishwhenZ′…(A,）issmallcrlhansom…r 
lhedcsimdnumbcrofmatenalsisl己achedO1herwise,theclusterwilhlhe

laIgcstldatives9laにdTorischosetosplitlhcncxL

4､5.RecovelinglhemllBRDF 

WilhlhcspeqllarpmpcmesobtBinedwecamBcoverthcdiHhseにUCC‐

tanccateachpointfiumthegjvcndamBysubtractingtheSpecularcompひ

nmthomdjcpixclmtensi奴thediDilsecomponentIあい)is｡，､inable
byusingEq4AccoUdjngtoEq､22,thedimse雁flectBmcclhencanbeoom‐

pUtedby： 

A(x)＝argmine"Ｄバハ(虻)）

-…zα'抑‐半譜胤ｗｌｊｏ）
Ⅳ＋１ 

k＝l 

Inouralgomhm,we1℃movclhctwoblightcstI』i`(x)andtwodaJkcst
onewhichcanythelalgeenul宙ｈＤｍｌｈｅｓｅＬａｎｄｕｓｅｔｈｃｍｉｄｄｌｅ５ｏｆ

Ｉを(虻)0ocompjteP働(ｘ)withEq30

aReglnl⑬ 

IndlissecUom,weshoWoureD中e8imemt日hBsultsofourimplememsoflhe

pmposcdmeUmdsnlcobioctsinourcD叩erimemtshavehighlytexUll巳dand

cololfillmrfhceq;whichaJBveIydiⅡeJmthDmlhoseusedmdlepHDvious 

sm的[l3lInlheexpqimmts,aDELLPWS530(CPU:Pcmlium4Xeon

22GHzx2;Memory:2GB)wnsused 

S1・ResultsofSmfn⑩ｅＲ①coveHyumder⑰ntmHedljg11ting

WBnlstshowlhel巳alltsofourPhotomehicSteIcomcthodundercom‐

Fign1℃７CompalisonofanodginalimagctoanimagCl巳､dcIcdwilh
mcovclCdpalamctcm.Ｌ:OTigjndimage.Ｍ:Rmdemdimagc・ＲＤｉｆ
Ｈ３【mcc

hDUcdlightingwilhfbUrimages 

5.1.ＬＲＢ割nltsfDrSimuIatedOhjects

WetestedlhcpmposcdalgolithmonanumbcTofsimulatedcbjccts， 

whichaUowCdustovqiMleaccumcyof1hcalgonthmandcompaJcdlc 

obtainedl巴、樋togIDundhulhdata

lﾊﾋusedthcRADIANCEImdclingsysbemP1]mpmduceburinput 

photogmPhsofand｡jectundeTapointsoumchumdimeIultdimcUomsnlc 

simulatedobjectsWe『℃Imdcl巳dlM1hlheisohDpicmhrd，slcuectiommodc&

'M仲山ﾊ鶉=晨鶚,(Ⅱ兀

whcJ己０''０．２ndOhalc1hegeomehica】mgIes，Ｐ`(x）islhe

dinse釦ecOancQandP‘ａｎｄａａＪ巴1hespeqlIar応HectancepalHme

temlnotheTwolds'１ﾊbld，ｓＳＢＲＤＦｃａｎｂｅｅＤｑｐｕ巴ｓｓｅｄａｓ

Ｌ((ハ,α):勿`,あ｡）

FirgL1hccomPletesetofにmltsfbrateXml⑥dbEmispIBsmtedQ1coflhe

RDurinputimagCsisshovImmFigu雁100efD・ThcSBRDFwaslObustly

estimatednUmlhcchmmaXicpointsasdcscuibedｍＳｅｃｔｉｏｎ３２,Wilhthe 

specular団ectance,thediHhseにncctmcesandthemIfi胆ｃｎｏＩｍａｌｓ…

mcoveI己｡､ＴｈｃｍｍＩｍｎｎｉｎｇｔｉｍｅｉｓappmximatelyl5secmds,whcl巳the

image…is256物56.Figlm8⑨and(C)ShowlhediHilsealbedomapand

lhcncedlemap,1℃specUvclyFiguに8(｡)showslhcsulfuccshapcl己covcTBd

hcmlhcnoImals・ThespcqllarlBHectBncepaJnmcteYBaJBUsbedmThblel、

InFiguに8(b),1hepmposedmeIhodiscompal巳dwidllhatofColemanand

Jain,M1ichuscslhcsamemputimages､ThemedlodofColem2mandJain 

iililedtoYBcoverthesuIfhcenonnalsfbrlhclocationsatwhichhighlights 

ovedaplnaddition,someelTmsoccull巳dmhighlight/ShadowdeOectionln

combasLthesulfacenoumalsweIBY℃coveにdcomCcUybylhepIDposed

med1od 

WealsotestedUlepuDposedalgomthmwithamalbleballandasynthetic 

o１日ngcWhilcthe皿If圏ceoflhemalblchascomplcxvalialiounindiHilsc

lもflectBnce,1hesulfhuceoflheolHngChashigMc〔Flencyspatialvalialionm

dlc即IfhccnoTmaLFigumelOshowsUle【己covcTpddHⅡilseI巳Bectancemap

fbrlhemaJblebalIandlhenolmalmapibmhcomnge・The、iginaland

1ccovclcdBRDFpammeteIsofUlcseObjcctsalclistedm、〕leLThcal鴎

IilhmsucccssfhllylBooveTBdU胆sulf白ccpammetdぢibrbod1objocts

⑥CbmpaJisoluofdlcgmf圏ccnmmfus1℃ccvcledby

UtcpmposedmeUlodOefDmdbWCoIemanandJain芯
methodOight） 

③DmscmzP 

.:＊:：$：；::‘ 

i:iii鑿ii9i鬮ﾄｲｮ.：． 
､｡CQ｡Jf 

(c)Neemeimagc (｡)RqDou宙tmctcdsuIftlce

FiguIP8R巳alltsbracoloI巳。ball．
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(a)L:MaZblcbaUR8dEbSci道mcclHmcc⑥L:OiYmgebaURmmmalmHp

m囚I】℃l0RsalItsfbramBJblebellandanomnge．

OORgalimgges 

TkhMelCompaJisionbctwemhueandIBcoven己dBRDFpammeteU宮of
thesimulah｡dobjec伯．

Ｔｍｅ ｌＯＯＯ５６ 

Ｆ前,ｍ､淫ZｌＯｇ８o５６

ＴＹｕｅ Ｏ５０o15 

FsdUmZTErlO56o１５ 

Ｔｍｅ ６００２０００１００５０o10 

FBhnwaiE9H。89195010０５３０１４

⑥R且n.回已｡(BamevieuCSmleli獣、喝）（｡)Smfhce3Dsh2Pc

Havingl巳coveI己dlhcBRDFandthesulfacenolmal,ｗｃｃａｎｌ己ndcrob-

jec心undernewvlewsandlightings・FiglYWshowsthe画denngl巴allt

compaIDdtolheongnallcmlLFiglIe7(､9ht)showsU1cdimelcnccbetwcql 

Ule画delingandtheoMiginalimagesTheqlmsinlhcdiHbumceimage

occuronlheedgesofdinbTellt-colomdsegI1en色asalBsUltofbcintegm＝

honpmcessofthcIEndenngsystem、

5.1.2.ＲＧＢmIMbraR2alScme 

WealsotestedlhepmposcdmcdodonrBaldjects・TheimagcSw巳Hc

captul己dusjngaCCDcamqH(CanonEOS-20D)wilhnogammacon巳c-

tioM1epalameteusofwhichweuccomputedbytheCaliblntionTbolboxof 

MatlahFourPLP(60Ｗ)halOgenlampsweにsetappmximatcly2mebeH百

hDmlhedqjects(diameter〈20cm),whichwen己usedaspointsoumcsThc

illuminatiomsweにmcasul巴dbyanmuminometer低onicaMinolm

CL〆200)．

AnapplemadeofwnxisusedmlhisexpenmenthoIdertoavoidsatu‐ 

Ialcdpixcls,weusedthcmputimagesmahigh-dynamicl日ngCmdiancc

modeLFburhighdynamiclangelHdianceimagcswcT巳acquilcdhDmtwo

e5qpo＆｣1℃sibrtheapple・Figul己9(a)曲owstwDofthempQltimagesfbrthe

apPle,Icspectivelymlcovellappedhighligh低amongtheinputimagescan
bcsecnmbolhcaSes・

ThcdiEmsel巳UectanccmapandlhesulfhceshapcmcovemdbylhepHC

posedmethodaJ己shoMUinFiglに，(b)and(｡),1℃SpecUvelyBFigJ1℃，(c）

showslhel己mdenngI己alltsu副nglheY己coveTDd副rhlcemodelunderthe

samcconditiomsaslheinputimages・TheUeisqualitati肥a81℃emenLwilhlhe

highlightssimilarinal己ablighmcssandpositionovcnhcsulfaces,which

vcnhesthecolTecmessoftheestimatedsulfblcepammetelB・Ｔｈｅ1℃ndering

l巳sultsunderthenovcllightingsandviewsaJcsllolM1inFigU泥，(e)．

⑥ＲＢｎｄ国Ddmcvclvicwbnovcllig1ting)陸fhlocaliUumina‐
limRi創止ghbaliUumination

FHgIl診,Rcsultsofanapple

5.ZResultsofhveuBeREHeCtometHyunderComplex 

ljgmng 

lAbtesbedlhepmposedappmachibrmcovelingBRDFundergenemlil‐ 

luminanononsimulatedobjectswhichallowedustoveriMlea・culacyof

thealgclhhmo 

5､2.1.REsultsfOrasuHfhucewithonem麺enm

FirsUMw℃testcdUlepmposedalgomhmonahighlytemllcdsphelBwith 

omematelialbyusing9DspheIicalhamBomicappmximationsWepuDduced 

lOmputdqjectimagesunderdiHe1mtUlummationsbyusingthecnvilun‐ 

mcmtmapsin[7lTheimagCsalc画deiCdM1hanisotmpictow巳lobcla-

iblmnemodel・TheinputtoouralgomhmConsistsoflhesulfhcesgemnebM

andlhclOse伯｡flheObieCtimagcsandlhccolTcspondingcnvimnmqnt

maps・Thcmputse岱日J己showninFigJにlL

WefilgtcomputedU1e9HghtingcoeD5ciemtsfDrcachuIuminaUoncondi‐ 

tion､ScqumtiallymlcoHSetvcctoTAhcmlhelightingmehHciemtset 

Then,iheinputimagcset[昨(Z､鰯…７…ｒ…ultipmcdby
AmordertoIBmovｃｌｈｅ。i⑪SCI巳UectioncompmcmtsinthcimagCs，

wheT℃Idenotesal]thepiXclsetsinlheimagCsFigul巳１１(IighOshows

d1espccularimagC4･[I］andU1especularqwimnmentmapd･[ＬＬ 

1℃spectivelyハハbcansecthevaJyingdiHUselBnecIionshavebeqloHbetm

Mththcsimplelinearcomputatiomwd･[I］wasusedasthe 
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(c)団､』seにiectamerr臼ｐ（｡)L:尼mleIirUirT垣ge.Ｒ:o『igir直lbnage・

FNgnlH⑫13.Ｒ巳aHl⑱fbrssurfbcewilhmultiplematenials

晟Z2REsultgfbramrfncewithmultilDIemDOe面als

WbtestedUlepuDposedalgoIilhmonahigh]yteXmJCdsphelcwiU1thIce 

diHbIcntmabenalstovcnlylhee6HcimcyofUlcpmposedclustenngalgo 

Iithmlﾊにused9DsphencalhamnonicappmximationfbrexmcdngUle

SpecularoompmmLQleoflhe画mputobiectjmagesisshmMninFigJIe

l3(dlighl).meoliginaldis瞳butionpalbemoflhcdlmcmatqialsisshown

inFi即尼13①lefDbwheにthemydlowandbluepa店dq1otelhcdiHbl迄

entmaneuials・The1℃aUtof4･[I］ｉｓ曲oM1mFig｣に13③､Wbinputted

lhcvalueof3aslhempdmumclusternumbenAfterIhepmposedfitIing 

pIDcesshadbeenhnished,weObtainedacompacteXpI巳ssionfbrd1cspa芦

UallyvmyingBRDFmodeloflhe副I企ceincludingadiEhseI巴uecmce

mapshowninFigUに13(c),asctofclustersshoM1mFiguに13①IighOand

UlecouT己sPondmgsetoflheSBRDFsにp【己Ｓｄ１ｔｅｄｉｎＴｈｂｌｅ３,whichshows

thatdlepmposedmed1odcanchHcimUylpcov巳rlhewholeBRDFmodcl

hDmlhespaI3elmagcseLFig11cl3⑥I己pBs団]tsIhcHCndeling…ltbO／

usingthclBcovBmdm0ctancemodel・

qCmUcUUUBims 

THemainｇｏａｌoflhispapeTistheappealzmceac卯isitionfbrthel巳ald＞

jecM1parliGularlheObiectswithspasticallyvalyingBRDFs、

nlepaper2ndJ巳ssedlhepId,IemfbrSpatiall巳Uectancelpcovenyusmga

veIySpaIselmagCseLBytakingadv2ntagcoflhelow-dimmsionalchaJEo 

tenSticofdiHhsel巳nectionfimctims,ｗ己camEmov巳ddlehigMp叩ency

valymgtelmshumlheBRDF息byusingasparsesetofimagCswithalinear

combinaUmmelhod・Smcelhespecularpmpelticshaveaslowlyvmymg

natuに,wccanmbusllyesUmabethcSpaUalspeQ1Iar団ectanoenumlhe

obsewations,ｍｄａｃ９Ｊｉ泥ahigh-qualilya側DealHnceofspaliaIlyvmymg

BRDFWepYuposedasetofteclmiqucs8mdalgowithmstoaddjBsslhe 

ill-conditiomcdpmblemfbrsparseimagCsinspatialにnectBnccY巳cove8yln

d1cfbllowingweblieUymmmanzeouralgomhms． 
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lhcにalspecnlarcomponentA･[I…］ThcdnbnEnccbetw⑥ｅｎｄ･[I］

２，．Ａ．[LJisshoMnmFig｣Iel2(ajighMheSBRDFwasestimabed 

hD、。】espemarlcuectionimagcandlhecnｖｉｍｎｍｅｎｔｍａｐｂｙｕ劇､ｇａ
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WbalsotestthepmposedalgoIithmusingSVDappmXimaticnhDm6 

1magcs､Ａ5Doptimalbasis…computedhDmlhcsulfhcenolmalsandUEc 

illummatimconditionswhhSVDThccompaJisonofdlcestimatingl巳sults

withlhetwoappmximationmelhodsispl己sentedmT泊ｂｌｅ２・Asnblc2

mdicatcs､lhclcuoctanccmodelcanbcmcovclcdmoccssfilUybyusinglhe 

pmposedalgolithmwilhboUltheappmximatiommdhods・T1lecstimatims

ofMrlhchighc『ｈｃ卯emcylcUcctionldlehavcIalgcrelYDrscompanng
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