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Data-Driven Appearance Modeling
Jiaping Wang (Computer Application Technology) DirectgdHReung-Yeung Shum

In recent years, appearance modeling and rendering hagtiegitopic in computer graphics
research, and has also been a key for realistic renderingea@gnce modeling aims to model
how light interacts with objects. A data-driven approaclkppearance modeling is proposed
in this dissertation. Additionally, modeling and rendegriof mesostructures, translucent ma-
terials, and time-variant materials is addressed basedi®approach.

Speci cally, this dissertation proposes appearance nsodsgihg a data-driven approach, in-
cluding mesostructure models with full shading effectasithomogeneous translucent ma-

terials and time-variant material models:

1. A new mesostructure representation, calledesostructure distance functi¢MDF),
is presented to describe the detailed geometric featuresesbstructure which can be
easily acquired in a BTF capturing process. The MDF tabsiltite displacement from
a reference frame where a ray rst intersects the underlyirego-scale geometry as a
function of ray direction and ray position along the refeeplane. This method aug-
ments BTF rendering with the capability of handling nonfamm lighting and obtaining
approximate mesoscale silhouettes. Our approach alloalginge rendering, handles
complex, non-height- eld mesostructure, requires thaadditional geometry to be sent
to the rasterizer other than the mesh triangles, is more aotripan textured visibility
representations used previously, and for the rsttime capdwsily measured from phys-
ical samples. We demonstrate the ef ciency of our algorithma variety of BTF data,

including real data acquired using our BTF-MDF measureragstem.

2. A new material model, fogquasi-homogenoumaterials, is proposed for capturing and
rendering of translucent materials with evenly-distrdzibeterogeneous elements. This
method addresses the problem of acquiring materials froysipal samples in a way
that allows arbitrary geometry models to be rendered wiéis¢hmaterials. In develop-
ing a material model with these attributes, we capitalizedéey observation about the
subsurface scattering characteristics of quasi-homagesmaaterials at different scales.
Locally, the non-uniformity of these materials leads todntogeneous subsurface scat-
tering. For subsurface scattering on a global scale, we shata lengthy photon path
through an even distribution of heterogeneous elemerntistgtally resembles scatter-

ing in a homogeneous medium. This observation allows uggi@sent and measure the



global light transport within quasi-homogeneous matsiéalwell as the transfer of light
into and out of a material volume through surface mesostrast This material model
can be applied to geometric models of arbitrary shapes,fantkesulting objects can be

ef ciently rendered without expensive subsurface lighainsport simulation.

3. A visual simulation technique calleappearance manifolds proposed for modeling
the time-variant surface appearance of a material from cigttured at a single instant
in time. In modeling time-variant appearance, our methé@dgaadvantage of the key
observation that concurrent variations in appearance agenface represent different
degrees of weathering. By reorganizing these various appeas in a manner that
reveals their relative order with respect to weatheringelegour method infers spatial
and temporal appearance properties of the material's waathprocess that can be used
to convincingly generate its weathered appearance atgiiftgooints in time. Results
with natural non-linear re ectance variations are demmatst in applications such as
visual simulation of weathering on 3D models, increasingj@ecreasing the weathering

of real objects, and material transfer with weatheringaffe

The data-driven approach expresses the intrinsic meaharfiappearance generation in mul-
tiple ways, including model decomposition and intrinsidadenodel. The data-driven ap-
proach allows simultaneously use of multiple methods tallatihe decomposed sub-models
based on their characteristics. Advantages of differepeamnce models are integrated in
this approach and are successfully applied in modeling stestdure surfaces, translucent

materials, and time-variant materials.

Keywords: Realistic rendering, Bidirectional texture functions, &esance and shading mod-

els, BRDF, Subsurface scattering, Time-variant mater@deh
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O AR 13O0NSU o©oUSs i o f\ 1 r (reduced incident inten-
sity ¢\ 13ONSUu)N DN /=& 1] ©US§ je0 1
r (diffuse intensity) 0 p “x+ ~+«)ONSU n* " m§ s I ~n
. 2 %BONL j 6/ " a1 wepl! 9 fwueé (phase func-
tons £a4 1, 3u) "gNz N 1, +"% «¢« N UpoOUSs-. E
+n)o” 11f3u)”~gN Z7y8 $AesSt eeou) =V
C" 341 %N Affwée ~fg8upb 3Rtu! ««pN 1,
37Ft «ep OU € § | L fé=dUIU0IS Y (Fé = )i
vBgpl;! 9= p! 19 = pcos' ) a15¥ goe K I { u (mean cosine of
scatteringangl® " f é = {u 2pSu
Z,
g= , cos p(cos )dcos (1.6)



1" U Xg@

§L2 fv%é a.(X&dl1l% Uo«)ug>0 fW%éece5 § 61, 3
\ UYe cDAYg=0 f¥ées"+ 05 §K 1, «+«©UTN
c 1,e++A"f9g<0 fvée+ +5 § 61, 3N Ste s UYD

A" fviée~~ L«e?® ~“tCq €&z . § | e« Henyey-Greensteifi ¥
é [Henyey and Greenstein, 1993]

L 1 ¢
41 2g ! 0+ g2)3=2

P (51 9= 1.7)

du gLj pLS +38N 1,0@=5gN :?2 \ 1, §

+d ~5g+x+E$-" ONp- u! ~"oa N 1, Up@-=
dguN :?2ON 1AEAA5« QuT: +E®0OY 1AA580 O-kU
¢ Ed J (color bleedingg « OONU! ~\ 1r k' 80 O-k 1
J (back-lightingf E YDNe 8§ 1564 1, 3ONSU DA ! §
Uf+© 8§vk)U)" .-, ExSautesg| ~, Ak U« (Monte Carlo
simulation)[Pharr and Hanrahan,2080] 0+t 1f On DAL &8 ~ 0 « ¢
OZpéEA{ ¢y ,0Z"+« ¢y , %> -, 1 ftewae uoZ
Sail1,3SUDALs8¥{2 1, N~ t+ geéeg-, EG+xog

Li pL&8©uia pig N L §(single scatteringl) 8 g N L § (multiple
scattering) c 6 =3 ONSUu) "gN~ tB°NONL; 8uUL8E+SA
AU X(®%DA ;, O (%N 1, <+8, EO+;,p 1,P~0
E+ (%N 1, rvY" 61 ~"1, 30N¥u o6gN gs20° NONL
i 8aquaf *AirL§88éJ A0, ,5{u£a" 1, glLiji p
L 8§ u) 31 &£E —(optically thick) & Y [Stam, 1995]K UE )¥ 27 § 1 f 6 3 ON
SUu)azp g N~ +"30 pYN DALSE¥8ON"?2 1, D
NoC Cq - +058=!3f%%ékér 45%6\ 1, «ki~ o=

el eET od" 30 «etes§-, E~E YDN-. § @ 15) ¥ NU

NN /

Single Scattering Multiple Scattering
d 16:0g N L8UBgN L§
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Auéa°A LijVYai t=+>

Pm5Cq -« § [Ishimaru, 1978a][Stam, 1995]

ra(x)

= r R O A ORI O (1.8)

U¥ .~ aAXxées ¢ N Xéesgsg, fUO > NXxé ("éu"?EY ay
Up U N x "mwé" %éSL«\ 1| ¥jNUDBm' p

SK= 1 P g ) (1.9)

éuER2 ONg+ §1.84A3ONNSU8>. "f%A3ONL ‘£ 6/
b u o

400 +2 (0 g a0 +2 —g—mm—n (0 =0 (1.10)

U¥ & «+{e+pee!l 8§3pi 2f¥{e+p § "+ §184

ut© 8§¥ *Ne. §8§ UfCq/ 2 e+ * Ne §C q (Diffusion

Approximation)[lshimaru, 19783]Ju + « § vk ) U) § ~ &% "k « 1k e
© <+ ?1é&S! ) [Haberetal,2005] y{-"1t éE VYDN- §
%, AkKU[ + éd"

1.2.%77Q@C pphllSss

ZCL8E+ LjAU[F( “Zm Czg§Xép Yasgailw
() E 1AEA5 ' ?m Cz&§XhO AUE&E1¥ (@) u) C &
YE+ @R2 ON§+ Ex R2! ER2 ON§$--1R28Y Cz§
Xa“ * L8§88X&1l¥ (y zCL§E+twm - 1, plLS8(¢)L
i pL8&8%glLj pLE) Zm¥%é"3?2 " z2m:pgU1, pLE O
nA>U- 1, pLSE§ fO"ONL; [FAU(U OY = 1E£A
5'Zmu) AiCz d «~ @0 OnCz%z ACzu° A §¢..0
tL8l ~' E, 88cyvkU~ ."ZCLjYa TAIl T« -y
ONLj * 2CL&88 @ i AUzCLS&8 Ange«,k Zyu ~ «i
A a»"

1.3L4L YWeoa A 66EFEEA

b~1¥s8.,?2@ 1, tON pL88«)u)30ON Lj Lij
pL88++)u)3ON SU gLj pL8&"-,SavutL8§8eéON
* bpdS”r @O080O0ONOGEn«ap

8
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1. 2R 2 ON (opaque material§)1 , =3 Lju)t (@El7agvkwi 1
?\ ONSU8§' Xx7a8>b "w0uaON *1 +dLj pLEaQ
]/2"

2. ER 2 ON (translucent material§)1 , 3Lj Ozu) £ U6 8§72\ ONS
U 1, 3DA" »p@dau) N UCDAe«+ 8« ©°RN( 170" X
UE § Eee " 0aON *1 tdgLij pLS&§O®%"

3. 32 ON (transparentmateria)1 , 3Lj Ozu) f Uo 8§22\ ONSU

1, GUCDA++ 8+ k3* O0YLja2"gu) Uo0 (a17ce

XAzg8} e "ualON *dLj pL8&8UgL; pLE& O
]/2"

© T A8¥302R2ONUER2ON LijVYai U+>8éuBR2O0ON

£#5] t3ui A1, OON+* AU/ G ~,! 8§~ ,4auyctazx> 1iA
%o/E"

XJ-, N1, pL&8 OnA>81, "t Yw§: -, E+xolLj
Yawe” “to\ 1IN N 1 XU"XJ-, "®BA3L;pD 1

Y,& (Plenoptic Function) [Landy and Movshon, 19BlE 4\ 1| ;UN 1]
{§@oLjVYai O «A% aVviai 6fm N ' XF

Foa(gh;t ) oxht) (1.11)

30ZAa/E ¥8 -, "UgXU5Cq@OA. 1, o0'5 66U @O08§a«
+up-, NAe @08« A~ tUcl cp 1| N ' X8&p2of z
*H

Fer i(Ght) ! ofxht) (1.12)

| ~1r ,5CU\5UA 5 ( N1, DA zZm)§-,~zCVeN ¢

A. Opaque material B. Translucent material C. Transparenf material

)
\
\
\
Y
N
)

a176NLjf 1, A«@Ocet
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Auéa°A LijVYai t=+>

\{ f @,
xO

x,-\-/
4 18VeLj*Nt oUweé

OU%EéR5{z£&apa N ' Xupu

d o(Xo;! 0;t)
| ERVART A —
R(Xo;! o;Xi; i) ERICSIET) (1.13)
6 REA 3AW%Zet§A% ~“xU\ eel; 1rU DN A% ~ xU
N eely 171" éu- avYsg-, Ex? " UZNZmtutéeéesgopa
{z-p d il o)
Xo: ! o
S(Xo ! o Xi3lj)= =220 0/ 1.14
(Xoi! oiXiit ) di(xi;list) = ( )

bay¥y 8 S%uéO VeLj*Nt ©U%eé (Bidirectional Surface Scattering
Re ectance Distribution Function, BSSRDF) [Nicodemuslet®9778 X & 1.88 £ &

| A% ~ xji+ AYe o\ 1; 0 11 3AY% "~ Xp+ Alse o I N

b § BSSRDF4E £ & Li YalZEAS5" 0t .3n@pE+tT e
U£>" "¢ Spdu uf%eée‘ Y p§~ E" 1 te AtTB
€as8ae éaltA+£$-e+ 7Zmg! U %{ C > ©$%$ UDf¢C
S"3LjVYai i A¥§ ., ifLéutr . Un{z&8JNe-g$"

.$-)0 .85¢yéE, ONLjYa % U, +>" a1% %N
BSSRDF "~ «{z .9Ufm ' X&a8lp e AU{z ' X" t>0
©l t é@RrR2 avY8§Il te+ A[ £( E,8Y+9% A5 E, 8VY(
m>0 ©1 + éER2 avYsi i« AN A5 E, §Y+9~  moU E,
gyYy™"

2d &4 ? U g Pat Hanrahan C U A (http://graphics.stanford.edu/courses/cs448c-OMhtks/) “Appearance Models for
Computer Graphics and Vision'
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Auéa°A LijVYai t=+>

1.3.1 @A B3N HA EeELEEA

Li Cz BRDF(SV-BRDF)3BSSRDRA: pb ONL;j2 U@R24avYg§lh

AP1L;" " :3Q@0A, Ul , « e t C:
SXoitoiXisli) = (KXi  XoK) sverodXo0:! 03! i) (1.15)
§8£a Lj :% A5 Cz§ N [ t( AUCz*5A0 JU gL

i N J"a¥ () 0 AAwéegeO"

Ve «nYeé (BTF)[Danaetal.,1999]N \ 1, ~ moU Eg§b \ 1
, T fosl ZN o\ “xi"£4a ~:*“@0A, Ul , . e t
CsPt [ t( AUCz*5A0 JU UU gLijRN +£94avy LjC
-

S(Xoi ! osXisti) = (KXi  XoK) er(Xo! 0i!i) (1.16)
/| @ p §BTFUSV-BRDAN " 6 §¢ .. & t ANfO8§8 ~ Yp! £ 4

3O ( AY" X8110 « SBTFEA ~akLil[ t( avs
~eewBA3T £JI[ &1 2 (reference plang) § %ol i UA, « « §\
: XiUN @ xol ~@” O~ +: ( SV-BRDRO2 b Xxj=xo)8+, ¢Yputt
ETu)3 " ft:p@AY¥ x5)8 ~du BTFéa¥vk'ul[ f( w2AU
QESUT:  A{t ! "

Ve t ©UYé (BRDF)[Nicodemus etal., 197%+ n ) & SV-BRDRUBTF N
Li Cz 8+ (Exn ) o BSSDF(Bidirectional Subsurface Scattering Distributieumc-
tion3 @R2Lip {z(x 088P:AY p'A, Ul ,eCzt
cr

S(Xoito;Xi;1i) = (kXi  Xok) eror(!i5! o) (1.17)

§L" < ©°Y [ f( (micro-structure§ u ( °€ u<uExEU

a 1.10: BTF . 1 /£An

12
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§Y8U JI tNyeadt rYUlL ' 8Y@pP1l) "k ON U«[ f(
3t*p¥y~ ++5 5Ki §K-Ny +«E5 f A58XoayY
1 74Lj8&a1w¥ (a

“ ¢ U« n (Color Texture)e ~ SVBRDF ?~ U{ z &b %ONL; "~ 0t
§ | N N 1,1 ,UN 1, ¢ ¢ 1liu
S(XO!I 01XI!I I) = (kXI Xok) Texture(XO) (118)

“¢U«nf£ad ¥ ayY i ¢C3"mp Cz"

1.3.2 @& 28N  Ha e8EFEEE

BSSDF(Bidirectional Subsurface Scattering DistributionFunction)3 BSSRDRA : p b
~:aYf OMHomogenou® §Pr gLiN * 1, DAfédl Cz P~
et§ N LijCz¢b 1, DA™« O5"

S(Xo;torXis i) = sssodKXi  XoK;!i;!o) (1.19)

Diffuse BSSRDHGoesele et al., 2004][Peers et al., 2@ BSSRDF4é ©) a ON L
i:m DNwé . UFresneP~* | E:

S(oi! 0iXi11) = SF( 15 ) wlXiiXo)Fel of ) (1.20)

a ¥ " féo C8Up @ ~€9T i l'iwt{, o Y TFRWeé
" FresnelD N P ~ % @& (Fresnel transmissiof)= 2 1.4' 0 f . G+ ék [ £
A1/FE— ER2aVY8§¢ . #N" ?2Cz OY ©U (heterogeneous)U ¥ Vs
6£4a dx?)\ 0 1r2d1f*NLS&8f | xoN°N rY"

Homogeneous Diffuse BSSRDBensenetal.,,2008]3 p YON b e ? ~ U/{
z Diffuse BSSRDE ~ § @+ 1, DN P~=< N : xU\ :x feéalk
g

S(oi! X131 1) = “Fel i ) sk WFe( 5 ) (L.21)

U¥ 8§ x=Kkxi Xok"
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Auéa°A LijVYai t=+>

| pj UzEtwN§- LjVYa¥l t*kia &ESAU&EUAY
&E" SVBRDAUBSSDF « N Lj AU[! & @ Lj 2 8§{, <N
" —Sp 80U U p' Yol AY&EOC w2 akOn /A §|

66zC EUYT ~ NI *( AU[! éESEYpe> UL UAU=
> J"BTF . 3 [ f( AU[! &8 &akér L U&8§ ~du U
¥Ua AU&EUA&AY&E(U3~ 48! ?2~U {zC é(J" glLij
N . 8éupVYONéEO4ALT . %N S§~;n L-¢cakép OZk

58 éuEYONET "ty ™a ~ K"

1.3.27z888 W D G6ELEEA

ZCLjYaO *zZmCz LjVYa@®113)y XJ3pu! o?@
Li YaL™~ %%eé¥U\ zZmCpt§@oz2CL jVYaeséakaqg- LjVYa
U za"zcCcLjVYa i U% ~CAc5ff «E ='5 * K"~
X [Georghiades et al., 2005][Lu et al., 2006N & Y { & (Material History) . § 3
“¢U«n L~ (@ 118¥8U\ ZmCphtu

R (XO| I 01 XI l I i 1t) = (kX| XOk) MaterialH\story(XO; t) (122)

SoiL %A: fAReYO%ON *a"5i4a2C U«n . "

[Guetal., 2006} 3 A3 1i p, *&" 8 8 Vs SVBRDFz
mS 81 & TVSVBRDF (time-variant spatial-variant BRDF).

R(Xo:! o;Xis1ist) = (KXi  XoK) rvsverodXo;! o) !i5t) (1.23)

ga . E¥% y¢ ONL;jYazx9'Zm CzL8§8It ~KO ¥
" téN 7z L8§8&cU éuCz..u 72CLS§&¢ ..ua< t!
zva” 1,A”féa 81 f p ¢ ~t

N¢
3
wn
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14LLL; sseee)7) ) QL

1% e £4%N "~ «LjVYa A .80 A . x¢f e23f
Li Ya"éu~Uo©a. LjYag§ -, ExAulOn/E n%2 5 .
i awa .80 1% eéeL " fad.ééz)U0ua")UL" "+ fezt &
eO0OE+i 48 .{'§8 ")UOL @ 1~8,kédLjYaA{»)U
/a25L""ej-, PAF;. LjVYaeézL""

th

868éézz  BRDFE . .
BRDF4LE& (8 1.17f ' us e+ ©UY%E&8fé&' 5 /&" [Phong, 1975A u
6 ONt ! y¢* 8i a& BRDFuE 2 . UMPhong . " f 8¢é60
i A6SSac¢csay A5%é[ F( n@b §JN é06BRDF4E )
U/ 2 X Blinn Phong . [Blinn, 1977]! Cook-Torrance . [Cook and Torrance, 1982]

| Ward . [Ward, 1992] " BRDF éézL 1 ~ak~ e /2up

BRDF(! I-I 0) = kd + kS (I I-I 0;|’) (124)
L~ ©oat *U°{ % *"kee O0f XéS8ke©°it Xé8§) 0w
é £a °jt+ e e ©QUSUT YT ~  £NnZ°j e ek, ¥iY

oe¥jadvie(obey Otviéi ~k™ t>>¥;a&kbgY

D
w

eérguteétA ON L o+8VY"

€éz BRDF . 3" «+> XU¥q w©e+1i . (lightingmodel) du
UfL" 9 éap 8§§0Z{BS§ 2+AwW y¢ +>XU¥" d11PP«
0+ ¥VYl E éézBRDF . > J (BlinnPhong . )"

4 1.11:¢600+Y BlinnPhong . %> J

38 ¥ +> (J Ag[Ngan etal., 2005] Nt
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T+

ISTEr. 9N

Homogeneous Diffuse BSSRDF- .

a 1.12:é 6 4 f (dipole)

.9U=+> (J

Homogeneous Diffuse BSSRDF. 1.210 1, 3 p Y ER 2 ON ¥

«O NLj:'"ufeal
yO/a"ut) 0/«
i b
e

Homogeneou( X) = Rdlpole(r)

_ s N i ZI’ e r d N N i ZV e r dy
40 U7 q @? ", 2
8 P 8
< d = zZ+12 < z =1 _ 1+ Fgq
m:p#+ﬂ z,=(3+4A)3 0 1 Fqr
U¥ ¢ = P 322 k > NXeé (effective extinction coef cient)[Jensen et al., 2001]
U " IR XeUf>NXxeéegooe. 2=(1 g 8§ 2=(1
a 1.25%¢ Fg 2 p Fresnell ¥ | f (average diffuse Fresnel re ectance):
Z
Far = F(;n !)(n D)d
2
3 [Egan and Hilgeman, 1978]8 %N p2 CqlL " :
1:440 0:710
Far = >— + +0:668 + 0:0636
a4 1.12(@¥%N 0 t “t/ - )°o"3x \ON 1, éONL j
duit: 1 éONL | zfU" " F:1 uxi: bpe
“f u ee*z?"éulLip ?27 X 8T LXi: Xo 3ONL;

16

P ~ " 3 [Jensen etal., 200¥]§ %oN
*Ne §(@ 183~ t A« E p VY (homogeneousk?
Cq) U) [Jensenetal., 2001][Jensen and Buhler, 280214 N/ 2 X

u~L"
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lr50Z0tJ[: 1 Xo : z" 1 d83é6060©z¥8UuUT . o
e €64f . (dipole)[G. Eason and Turnbull., 1978][T. J. Farell and Bsah., 1992]
| ~"Dipole . 8¢ uONL;j z~: OE+=Ui &l5 0OZUé + E«
z"é64f . éE VYDNe§ Cqg=cupY ONEE=U¥ 1£a
5 5 aN " ~88@QU " m - weée" al112b) AuT . +> (J*

é&ééézz  TVSVBRDE . .

7 CSVBRDF . (#1234 "~m~?% A5‘7m UC§ & ™D

E\ L § §[HsuandWong,199%N 2 CSVBRDF . ) OL"~"! ,6 Saod
NL;j S«UE, 57T f8i aONLj ™MDE\pY *“Zm UCSE,
A [Blinn, 1982] ™D f .51 4a™DE\ ZCL j Yau

- O)

P2+ ) T(Xeit)

nl; nlo

TVSVBRD!(XO; ! 0 ! I;t) = 1 e (128)

U¥8ne {*+p8§ « ™MD~ a4 +1i C(albedoBpr ™D t»8§ » ™MD3 " m
¥OoU —Y"'() ™D~ afw%eéesgup ~+\ el ;UN !l m
Y " Y%eéTxot)b«e MpY3ONLj] "moUx9‘ 7Zm UC" &11%
"0t MDE\ ON3@O8Y +> J"

4 1.13:™DE\ L§ éézzCLijVYa . £>(1J

g Henrik Wann Jensent < 1 « http:/graphics.ucsd.edu/henrik
g [Hsu and Wong, 1995]
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LiYa . éA%a.LjYay- A-8~" — /a5 «0a.
"t LjYa¢~"1T~-, F"LjVYa . " {801t 9 06
. UOZT+F"i4a . LS8§8!p{B . qU° X%E 2 LjYat
~"] LjVYai Uz> t6Y,5ws8-, ,F" . ExI x é
A¥Y, §¢;...e 6a L8§!p {BidfF"LjVYa *>U | £ «
ytat> pe8?n” «/ 2 11 8¢ ..1D +> L8¥ZmUs m
e" ., E8BU f|80é"tLjYa . udOKo( Xeup

5 U 5 e«LjYa . U&gs)U L~ AG J«a§uU

£4 y¢ .AaY %E§+9U 2?n 1i/2a "

k5 pk5 “«LjYa . me8e) . é&a <& §+9

'S 0ozZp "

"ABp°A57 ey, Uxs>LjYa . L8 J 8§Y8e)eéav

J 8Y§8 Al t ® §é «yta+x>6Y, |+ Y "

+pA: " LjVYai t+> T A 1381 "« ¢yu 81 8L
Ya .1 ~143éE, LjYay- ©OUi A A:p8§8 T LéA%a.
LiYa Oneli ! 1&£A5 «; o©oU8¢s;00 k < £~Lj Ya
5L"DU LjVYal~ro k <£L ew2 &éz)Uu2 %%5KSE
“du E )YUe2aL" U4 <> 86é1J py¢a J8¢ ..6OLY
agak)UlOL" " ©JN Auéa° A i pe8o6A%a. LijVYa
k «£2~8«a»5L"8«) . ) !LjVYa "m . ! Au ~
yaa . § ,ee)DU é&é&zi +2+9¢é 1% éeL”~ Tt & "
u¥sg . ) ~Auéac°Ai A: 8u0tU%SaLjVYa S3Ans
oOLjYaL ©)woezt fUO8, 20Sa"t UO© A: A* « Kk .
{© oi " ©Sau"pe8§8§3AU[ t( I ERZ2AY uzcay
.o i IJN # o 8§ -EaJ" Oz« A OLj VYai f' |
y ¢ ONY¥ Y . T Kx9  ,+>LjYa . TK"
© It zXeyp
1.JN Auéac°Ai #. Lj Yai +<28,0U0 u~e«2a0DU

Aud”i eaUsézi 2 éXU«O8¢s¢00" n@UAN

aN LijVYa .oU"
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1" U Xg@

2JN [t( &l %é(MDF) [$( L 8EtL dLij[t( =oE
o okAdG J"¢..T . Exlyce . ¥y b "0z
fA MH\ |, ¢z +> Z{ 8Ag! BTFx>k [! O+ Jx9 (
nsp!\ 1 UA&"

N 2

3JN OOYER24aY .8E+O0zL dLi[f( *93pVYER
aYeo*5 AG J"ad | y¢OOYER2 &Y T

i A ER2aVi ?D8! U ypye %El p YONy D
EYON"

N

4.JN Au'L*6/” 2CLjVYa .8 1 t@l typzmS §-=

AT zZzm:p ypeasoOErxi azCLjYa .  8§¢JN
vm~ —5«nUozZ{"O0z+Agty ezZzCL jYai AN X
°©zL§ [« [ U°z J ~ ¢t

3 YU!'¥s8 © | tSNSuXep
1 UJN AuéacAi A pe"?2@ 0"« OAua’i
caeézi +2 éXU«O8nA ©OQauunai +2 ykLjV
a . §' AuuAai <2 &NLjYa . °~ "Auéa°Ai
Yp " «- Ui <28TUSA NLjYa .¥Uai w°Uw?j
m° ' C§8¥%pia LjVYaU2a . LjVYaw2a . +£9°X ¥m-U
I X"
1nUO0 it~ LjYa . éaes8 "~ %t 1 M BTFé
a @®88¢3[f( 1 (InUOOYER2A4aY 1 (@QoU) eéa
& 20", %1 t” SVBRDF 8§+ 2CL j Yai (1EU)=8
"co6+8> €& A :U8>10 c D% E+xé(t/ SCfA U
1 §¢y , 0 A:eeBliee LjVYa *a” %% " 06
NLEGOE7 1, 1 x£A 8§ [Gardneretal., 200%]J N {z8§
U( {0..0ftid"0UOk %N =8 1, n+x98>A A s§,
2@ ©'’X Ux91 Oog-) fAS UAUeeé osfAcco A
-, 0§ Ug o881 AU ~ 81 feéryY "3~ &aNi A6S
¥§ AO ~©03 | fAU! ™ 20"
loU@4a Aul[ t( &l w%é MDF) [ f( . 8§ %N KU
3BTFé 428 L §¥ .éav, o 8?2@ Aua” " m ONO VI
+>72{8¢%N utzZ{ ¢z Mf\ ,+> ¢y" ©¥AgJIN E=I
y ¢ . ¥ & [ £ ( .8 \?2@ °t Ye-1x£4arX
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Auéa°A LijVYai t=+>
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{ [Sloan etal., 2003/ ¢ y "

4.4, 1777\ i T8R4 > @pd 111 i

« *>pyc¢a BTFN Li&-, ., te«AY BTFL| @
b! 11 o/ §;. ~fO OK > "yk ~ *>7Z{ ~K3u
30K>.?vkeA[ +( ©®E=m \ : £ J" &a4d49@w« 8c
BTF> Z{ 210Ky A ~f8b%\ :UN :fO"&«2;p
U: plUp8 k O A:eevUl e |"XJI@+A[F( §-,-10
/ot :N > o " ( ! X&490bp « §p: A e OKS
U1 £>aV "o y¢ OKS§:-, Il t«AE°Y ONOKY
[+( pi u) £8§MDFL” OZut £al t AU&E"
{ud,8-,b 1 ~:1 8§Y " MOK" X3a 4100 « 8L pz
Vv | Y I
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4 410:0K %07 AU« ¢ 4

~ft:p88 «n<l (xy)8 -, E+xé T Lp A, t[T( f

: P8 p°= p+sD(Xy;vp) EU¥S «n ~ Xé&=«n”" mUON"m °

Y "' ~8vy «n"mcl X¥ A, ee"]L! ""OKba (Shadow map)

{ [Williams, 19788 - , G+ y Ap® A3[ t+( OK¥"T [ t(J gOK
J®2+13 BTF¥8§uot., +«BTFbA Lj)aUSedn O OKbD

agu¥z~: YO [ E( o2 Yp" Xa4100«8§p® OK
ba Ve d(p®9+ Z=g 0¥ dp®y | 1 T: Y§E+! "E YAUO
Z8dmax [ T ( e E Y" WUOZ{ EéN / U[! O+CE, 507
Z{ 813" &8L 41%N +>Z2{"AO 8§+ )uoOKbd §-,
0z(pr)+ 2 \ OK..A«§U¥ " 3p0U0c 1| Xe 1 e e 8 £> e
a  (J§&., "p YSz(pr )+ dpr)OZ[ +( p: "Sa&a~: A?3
OK¥§: -, | " $03F 1r La(x;vp)%0 BTFY%eE S . (X;vpilp)5€T: 21
XU8U¥ La(xvp) BTF4.E@3 E¥j p vkl ee!y=(p ) EO"
Z
La(p;vp) = ere(P; Vp; 1) dl g (4.46)

4.4.2 TN «ccn BEOASS > [ [I[! ! @+ 5555

' AMDF- , Gx+> [+ ( O+(@E411bPY' [ t( O+ OK(@E 4.11cy
d41¥ @ ~5x> bUE AU , 8" (@UOE:tw a¥ , GaaN
"d[F+( 5L "ou« JNtT[+( U& &,5k' "éu[FO
+5 8,50 1 A: Nug8  AUw, T[*( p: (*“BRSw
L) éuOK [0+ "8§E&, 50 +«11 Nu E, 5"up?@ &
,5Z{=+ud4U0ON"

841D« 0Z[t( O+ Z{"{ua
O+ a K@ Léa” z~Ax£, ! ~0O+ &

, 8-, =¢A32 e
Z{80E+03 ~ K=z
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10U JAUO[ £ (

4 41LA: Ul i+ [! O+, 5

e 2 ) e Al A: e« o uN 1, r0881 ON sLip: p?\ 81 1o
Lip: pol m"”~: p? MDFSD(pi;vi)§ -, Gt OZ =+ Xrpe o | pr [
t( Lij &l df =D(xs;v)si,U¥ st o pr: «n T X@8x opr: o«
nNel 8vi'A e org3p: UUcI X¥ S"aq/ 81 :pp [ £( Lj
A1 " dy= D(PpVe)Sy' X & 4120 « §XJ dr+dy jj pr pi§ @0 1, O=U
N p [$( f 8AKS1, O-BR[ ( f "XJL , ®UU
ONf éd6g8@o-, Ol Tl c 6z  ép Up,?210Z5 %N 3L

ib [ f( &, 58t , " gE&, 2" « 34/ MEtpez > [ 1
O+8-, E+! ~ YVYI (depth peelingk & [Mammen, 1989, Diefenbach, 1996]
«O NSU z~a80ZpUpy L41%N Au YVYI o +> —“¢&8§
U¥x(p)“ Lp: 1»z C ol 8zp) 1»z YS" 3moOY
| +5f ¢c§-, AkbP©z Y. A«Ustencl.A«8§- -, , 1 tut
...A « Zpeelnow Zpeelnex® ~ 5 ; c aUe~ tVYl a o \
Z{ i Ti?1 YYI"3z+tYl &a8-, Akzx> ftelL
i " -, ! ~Zpeelnold Y ..A«Z OZ c¥YIl teLj " fp8UT
" f Ye 3 Zpeelnext¢" -, , OMDFSV\ 0 ” f Ybe¢o(

44122 tO0+ &, 5 %
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Set stencil buffe to unmasked;
Enable stencil test;

Enable depth test;

Set Zpeelnext to 0.0;

For each peeling pass;

Set depth buffer to far plane;
Zpeelnow = Zpeelnext;
Enable writing of depth buffez;
Render all back faces
For all pixelspy, of back faces (pixel shader)
If S(x(py) ) is not masked
If z(pp) Zpeelnow(x(pp) ) and zpy)< Z(X(pb) )
Zpeelnext( x@Ep) ) = z(Pp);
Compute dgy) with MDF;
Z(X(Po) ) = z(Po) - d(pv);
Disable writing of depth buffez;
Render all front faces;
For all pixelsp; of front faces (pixel shader)
If S(x(pf))is not masked
Compute dg; ) with MDF

If z(ps )> Zpeelnow( x(:) ) and z: )+d(pr )< Z(x(ps))

MaskS( x(pr ) )

Compute light space coordindig of point ( x(r ), z(pr )+d(pr) )

Fetch irradiancé p, atlp, in shadow map

Shadgy with BTF value multiply with irradiancé

J (zp,

dp); 3 Y..A«¥" o0 f §-

L 41:[ $( &l %@é MDF M\ , +> —

, 0

Y. . A«™ ¢ @
, £ > ok eLj"éulL YI YVA ” fpsg8-, E+r §,
£ YUz, +dkte 3 Y. A«¥ 2z, dy?1'

E 8§

*~ YyA5¢y)s

XJzp, +0 2o, d8 @01, ~U3pUpfm [+( f "AKS§1,
t Lo~ ¥iTL"éul,U[F( f : 8-,S8aA: W01 . o
ANBTFé a+> p" X8, ! ~stencil.,A«LEXU ” f8§8“23 | Y
| ¥Ke 0o S", -, T Y. A«8%e" YI "n@p508VI
6S1' ¥ t?21e 8t vk” fE:t +#"8c-, ¢y¥8§@O| u
Y YN~ Ar T k%% "1 ~129 Yl ® E=+vIt"[t( O
+0OK > !raqlL4l o 8=k «O0O3u@! ~A:es 71 ng
e+ 8+>Lj” f@! ~BTFéa ~ 08§, YS+> OKba ..A«
v
4.4.3 /b B, Bgofy! ! !

, 37 P428GHzCPU P § » GT680wk ¢y p aAuM f\
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I+

> Z{"3-, ¢y¥§.,AkSal e+ +> OKDba (shadow mad
, LA e el Mg BTFUMDFé 4 > « 2 ((J" ¢« 3 x>¥ @
BTFUMDFé 48 -, AKkOZ«n ~ X@s§8A: e+ 1,81 =+« 1;8«n
| x§ UA~ £ o «n<l QOU<«I X"1»zf 8zt”f "t &5
Sol La3n [ %¢ A4d5S S "

+ 34/ Mt¥\ 1BTFéasg§-, "Aul o°© UMPCA) é6a@d -

~

{06 BTFéEa©) e+ AT $* L [KautzandMcCool,1999]a N § .-, 06
BTF- #| , 8~ £2 Y A8U¥z1+1t a” =~ xU\ iy Cz 8§
z~ el A:eely Cz" éAAN 1 8°0 0U) 8™~ X 4 A e« p

LE(x!)UEA 22 XeLW()"TL cAf-t A «p( O¥n

k BTFé &N 4+t A < p)gu 6 BTFé a0 E+ éb @ U-1i 8§
Xeao«|_1

X
er(Xoi ! o ti) = Wi(lo) Ei(X!4) (4.47)
i

., c Cy¥§.,r1r@ 4 A L-#],8« 33 «n¥Bu
+>8+0 " 01 eee” 1 nt*Y¥ "-—utx>4 MDFé
as8g@gl t@ 8-, 1 oU-|+=83 «ng§=0 A: ee” 1 n
t*Y¥Y ".,!'Apn,5 S5?21l«na "
4.5 ( 0J02?? @

L 42 N ©¥ " ok MDFU@ L BTFéeag§U¥s) YfU?
,O0 ea’l ~. ., BTFUMDFY“ XUl yc¢ta ¥ybp "ugea’
I LOZAU=r o "éuBTFéasg§- -, N ~% 24 RGBi

"8§MDF YéaN pzwoez” f8 « 3MDF¥" 5¢ 4 MDFé a é
§ E+ V1 wk¥ @@ "&d 41« ~“F! Al ycavYyp

%5 @ 111 &M @[, | BTF(MB) | MDF(MB)
S) YT B415% [ )| 128 128 | 12 8 12 8 75 6.3
0? (@415 ON) 128 128 | 12 8 12 8 75 6.3
70 + B4.1¥ ON) | 64 64 12 5 12 5 1.3 0.9
0/ < @4 T i) 64 64 12 5 12 5 13 0.9
0™ @416 ON) 64 64 12 8 12 8 53 3.9
X1 < @& 4.17(b) 64 64 12 5 12 5 13 0.9

L 42:BTF/IMDRR A &= OECUéaE
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] e lfiiii @88 = > BTF(FPS) = > @+ (FPS) JJJ (FPS)
asdl 11,952 186 75 47
a 4.15 3,200 110 42 27
a4.16 | 11,952 115 30 18
a4.17(a)| 4,276 186 75 49
a 4.17(b)| 4,276 110 40 25
a 4.17(c)| 4,276 115 85 44

L 43:90| uBTFIMDF s C"

BTFUMDFé a+> | u"A@” ,p ?, OBTFIMDFéa, "/ i p
s) Yf BTFIMDFé a8 N" | y ¢ & Y¥ "TE( O+U0[f( O+
OK T LUg YYI L85+> "5;MDFUBTF£> N5 ¢é6 J§' X
, O0+8Y /| j O+0OK"O 8Y [/ | O+O0OKeesA [+t
BTR¥ o Ut U2 AU&E" & 41« ~ftUo 0U<BTFt> | us§
u¥!~ 3 Y YlLg" , [%( x> éye¢"O 5¢&Y
i [ F( Kf", t! ~"BTF/IMDFé a+> (JX&a 41k «8up! »
2 Y YIL85%> [ 1( O+" L 43 N -, Z{3%> 0¥
"t | u¥ 5U8NN&aA” ©EC)H -+ 800*600

upl teN ~8U" 8BTF yp 3p! 1 i e?1 "@EY
i O U\ 1 "mCz XOK)gué[ t( pf k™ f[t
€E, Ke8§& O©Ovk 9"l £> Jp5 8-, o «Ux>"
M OK §XJ | pt ' ° ( {s8uU e\ A OK" O "t
N BTF o 31 %" U O BTFUMDF éa | “t2tpi % §
A3 x5>?¢-ip8-, =Yl eA:8m.. YVA£> Z{ ==

I+

9p—YAU , (=0 [t( L"3AU0U ,p8Ux> (JE+t@ ~°
ge)t> 1 "U¥p—YAU T ~1, <l Z2{x>
' y¢ Au JgU! *"p—YAU , %> = —

e

i p[f( C/ ~«Cqg" & 41%N ©O! ~ BTFé & § BTF/MDFé & §
( (

5

é o .{

4 4.13:0X BTFt> ( J! BTF+MDFt> ((JU y ¢ 5 ( J
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4 4.14:BTFIMDR 4330 «n2A ée +> (J"
"AO §-, Z{%> OK«eUON >. O0O+NUp—YAU , éf
q§u J UX BTFx> o o@U¢y " ., O+Cqse « f °
- 8U -A-;i@0 -C8)uaf ~ — x> (J"a4lmN O tO

N§3 @0«n?2A €z (N «n"m - Cd E) > (J8U¥«n
A @ege8 36 23 12 1"$-6udace §Xa¥ @d) =«
n2A  @é+221N §[t( U O+ Czt-C OGEEl> ©-0U"

4.6 W(((

I+

, JN ~“tBTF *Def §! [ $( &l ¥é (MDF)\ \ c
N °[ O+ J¢! fE+?2n@p! 11 e/ "MDFéaE+30@0
\BTF4 6Sp A:p¥% " .-, b« XUiTLCYyEaA MDFL "~ § ¢ O
7 BTFéa" O0z+« JN AuBTF/MDF M\ , ¢z +> Z{" .-, D«
%y OKUO+ J§e+)AM5 VY [+( Li %yOK £ J".
, (Jy28-, o "7 «p U O%¢ x> BTFN Lj w©okd AU

[+( ) -ftAa J o *
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v

a 415y ¢ & BTF/IMDFa Yba L > (J"

4 416:Uc BTF/IMDFa Yba Lj +> (J"

4 417 OKUO+ J BTF/MDFba Lj nt~f"
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3g, . ¥N63OYER24 § dp!©O©U EY " a =& "éu
OOYER24&4 ?21lyt¢ta+x> 4L] O5 8§is0 & 4KE, Lj
Cz glLji N A5 [Hanrahan and Krueger, 1993107 § 0 & , ak E,
i [ £( |[Koenderinketal.,1996]0 [t ( @=E= @O0 Lt 8§
Oz¢«Ke 1, \ I N «2agXxa51 X AlainFournier[Fiume, 2001
Sujetaa (UL AEASNEE, 4aVYs8yk &/F o , DU
B/ £> 8, "

-

wn
(¢}

o0 ER24& =9 U! EYa NUAVeglLj i ©UY%
€ (BSSRDF)[Nicodemusetal., 1978 £ & " BEJ ~ 8 % ~  BSSRDF § ~
(J "yk ypOYa BSSRDF ¢ [Jensenetal,2008]c , A{ A E
Ya p", " téeodOYvYa ?21i { 8§ <67 afagLi N A5
NaYy .", §8iau .~ §~E, |[Chenetal.,h2004]3 +> L §
¥8<6i aNavyY 1 $é1,DA?21,AkKkU[ 80 % “d” «éCE
[Dorsey et al., 1999][Pharr and Hanrahan, 2000} p § - , JN ~« é 00Y a
217 Uzxs o "UO«ef ¥! "~ 4Y . €4aE+tBS$/ 1 ytONea

a4 51:00YER24Y . ¢O«-~
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Auéa°A LijVYai t=+>

8 "l«ady¥ . E A ak?¢:AU0 * ONpS&¢.Extp [ %
> TON :+ éON?1gLj1, DALS On[ "+ rNOu« .U

2¢ AW ?2¢ AU . p8+r9«OtAua” i Uzs>¥ 2.+ A
"ON . "(~ X[Goeseleetal.,2008)- , j U« .Y ."™ay . £

& ~ 1,30 «aY¥ DA .28 ON .£&d" tA%y¢ON * U
ay . @081 L™ t% % @&R2 ON% ON . A{ A @OAU/

G ONp"u ' TeztLj: N 1| @ d0U&as58 “di1,3 t£0
N¥ DAO®% "

., 4y . Auu * noovYa gLi N A5E+I 01t @
O °Y5ypUOU"300U8ONL *77 EY ¢ak~Te«E5 gL
i N y-— "1l <& °Y5w8du U¥ EYta p! o©U 8§aVv¥ " : N
C | aU( 3B3UOA P fq " 1,30 aa SU DA3 NpU
OYa ¥ DALS8aqgq"iTdutoyYp N A5-, Gl LpVYa g
Li K . [Jensenetal., 2006 Cq/ * x "

SaoO0OYER2a4aYUOUEY! U0UOY A: 8-, N ~"tdot

©p ©® &a¥Y .u~"t™n £ U1, DN OYgLi N ©pfT~%U
Uf vé (local re ectance functio) ~ + [ £ ( \ Y& (mesostructure entrance

functionf ~ £ [ £ ( N %@ (mesostructure exiting functich) n 1 ©p *u £

a0U[t( eéN 1, Ke8§e) " «E5 UUgL;iN 8[FLj(
“*5 Lit §+x91,2L[FLj( \ !'N zy ) A J" ¢
, ¥8T L8y ¢ ON3 @011 U* e -1, x£a"121171 4"
dag¢séu avea? 1o0s8-, OE+ uofop"

., é8 ty¢e- . ¥ OOYER2ON?1 ¢ §(Jy¢ , E
a 1fk "l +U¥" & 3 CUReTé a ¥ [Danaetal., 1999 ®2 + V

c«nY%@BTF) / 2 %N £ad8¢é u U1, N L8&§8BTF UE£EaONS3
A% AU/ GU° €e ** AU/ GU°€u) Czz8BTF¢é U1,
c© £&4 @ ( 8A{?n1l,3?2;A0/ GSU N ot"d §&d
UBTFevkypees1l 3ONSU DNS§T d~BTF . ER2 ON+
> (J " t@ 8cU k 61, BLONI[F( L;iNK z7y" 3.,
. ¥8[F( \V !'N %%eé M )d 0F K"

pral

56



1EU OOYER?2 &Y

5.1 % 2830 1  «322

3ER2ON i U / i1 A6S¥s§UI I e @ E+©n 4y
UON . uC®a"ayY .i~Auél, UDNLSE [ §EtAwW ?¢
AU/ G ON >" ON .1 ~Au&a”i 8§+ U~AG+>a@ *7
A%l G ON"
5.1.1 @W\. . .

Aua”i ON§a®>8éa'a Y .N é8" ..8gLiN
L[t ( Aua JRNU g,/ 1 . ¥5" du A e e

Uri~t @O0O8ON * Czakép gdVY" ON . o «°
Pt ONU®EU * " Surface light elds[Wood et al., 2000] [Chen et al., 2082]
3%% 1i~fteg8l @30 A yp~FON * " Re ectance elds
[Debevec et al., 2000][Masselus et al., 2003] A 8§y p @01i "t e O
N * " Matusik [Matusiketal.,2002bK J N3 2 11"+ e §3°?2¢A §
b Reectance elds «{ " éuypR2 §%o6pVYN ER2 ONE§ E+
A environmentmatting a4y p 1, 0 J [Matusik et al., 2002c] [Zongker et al., 1999]
[Chuang et al., 2000]

€ uUEY®ER2 ON§DISCOe X Ul[Goeseleetal.,2004] ~ f é Au 1

,\ ' N o' gL{ N ©%ées§g t1iee¢UA o+ f'5K
N" ONLj @ 1w I @&+é U1, DA?21° ( S"du ! L
ilw e>8 1,TL[tL;j( \V !'N 7y 8DISCOO A{ ( =8
éa"+. OauaNON/ Gg.-,da”jEay ."utay . E& A
N 2¢AU/ G ONp", 8-,9yp 21,TL[TL( DNeet "
5.1.2888%. . .

OZA&a/E ¥+~~~ 4a¥Y . 8  [Nicodemusetal,6 1979J N £
© U ¥ é (BRDF)' BRDFE+ wS é BSSRDF ~ t { z " du U« { z @+
A1, 3ONSU DAST dBRDA $"u £apVY@R2 & " NGOG
E & (X [Ward, 1992][Matusik et al., 2003+ ~u ¥y py ¢ ON§ ¢ ¥ BRDF
€a" éuEY @RrR2 4 8§71 ~~Lj Cz BRDF(SVBRDFp £ & §
X [Gardner et al., 2003] [Danaetal., 1998 J N BTFKE&+?2n[ fLi ( §¢
LDEXT LU« Y . & a (~ X [Dana, 2001][Han and Perlin, 2003])5 ‘ @
«n N (PTM)[Malzbenderetal.,,2004]E+ ?nLj Cz Lji+t UL [ %
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Auéa°A LijVYai t=+>

§ A : 7L %" BRDFEBTF+9PTMN@- UEL£AER2 & §1 « U
.Nvkv 6 &E™N £40ONSUgL;j N L&"~X8§1 « DN¢
vk Pt

[Hanrahan and Krueger, 1998]g 0 gL i N y— U\ OZAa/&E " é

uOY ER?2 & §[Jensenetal., 200 N ~+@®1 1, DN . " t
d O 2 § [Koenderink and van Doorn,2001]p Y * N« § Cq . é ER 2 &
21 1 A" éuk pYER24Y o ONE®2k ~ p 5 .

{ [Jensen and Buhler, 2002] [Mertens et al., 2003] [Hao e28D3] [Lensch et al., 2003]
usSpYER24 §@ < ~<6i afagLi N A5 Nay
§¢ ..M déE N1, N On [ "u %> ONJ[Dorseyetal., 1999]
[Pharr and Hanrahan, 2000CT J N S « n %@é (STF)[Chenetal.,2004] Ly OZ
1, 30ONf DAce! §¢ ..00NSU Cq/ wS~"+0Y @507

Ul, DN + 8§ P C", 8l y¢ONx=8STF . é&a-
, f (J" 3[Chenetal., 2004 § &4 Y [LUCTéa ©«ndtUOS
ztU© SOYa 8§ E&x1 L [Jensenetal,2001]s{ ?21yp", ©
e CTéa3s/Fn” Eay¥Y ~+8~Nz 6S", 8¢9 wkaV¥Y 1£

a5NU 3yplL¥ "

5.2 M@K @3 a8y 68 A& . .
VeglLijt ©UWEBSSRDF) 1, 3gLj N Jg ~t~,5

."Auut .8-,J3JN OOYER:? 4 aY . " X&a523Lj
cX? 8+ 1ge e N 1rL(Xe!lo)E+T Lé fTLjAx9Quk f' o el;é
A\ 1rLKx;!')?1E©®© "=

A
L(Xo;!0) = . S(Xiz ! isXo; ! o)L (xis!i)dljdx;: (5.48)

3u p§dxi:(n I')dA(Xi)8 U¥(n !i), i YP~" §dA(Xi)’ Xi © " .
,o0U0U N zOmOZyp

Z Z
L(Xo:! o) = S(Xi;tiiXos ! o)L (Xi; ! i)d!jdXi
Zhz (5.49)
+ S(Xi;!isXoy ! o)L (Xj; ! i)dlidx;
B,
UU zOpdxxe ¥%E§E»rs £ | AJa" N zK5g{e
Li Bo=A A8 Xab2Z«" du 1r L(xj;!i)é Agr k: z Ex @
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4 52300YER24 ¥ 1, N oet™

b! 8o xU0U zLX!o)E: o
Z Z
Li(Xo;! o) = S(Xi;isXos ! o)L (Xi; ! i)d! jdx
Zh (5.50)
R(Xo; ! i3t o)L (X3! i)d!

U¥ z
R(Xoi!i;10) = S(Xii!iiXoi! o)X (5:51)

“UUtf we" éu N zOp
Z Z
Lg(Xos! o) = S(Xi;lirXe Vo)L (Xi; ! )d!idx;; (5.52)

Bo

\ 1rL(x;!')2LdgN f 8&-,72p J5CQ8 éx, ) Kseup

Z Z 1 Z
— S(Xi + ri;li;Xe; ! o)dry L(xj;!)d!dx; (5.53)
Bo rS Ai
U¥A~ +£xe*¥%8E»rs £ | 8LX;!')3AP p! "dd-, Ex?
~ U
Z Z 1 Z Z
57 S(Xj + ri;!i;Xo+ ro;! o)dridrg L(xi;!i)d!idx;: (5.54)
= s A A,
5S¢ zZ z
S(Xi + ri;li;Xo+ roj! o)dridrol (xi;! ) (5.55)
A A,
" i i AéA;, 1r z"du OOYER24 3 NpE+twSOYs§¢ .. 1
EFE— §., Ex"¢é064f*Ne8Cqg .5?2n0tii i z
Z Z

S(Xi + ri;!i;Xo + To;! o)dridrol (Xi;! )
Al A, (5.56)

2r§Fo(Ao;! o)Ra(Xis X)L (X5 i) (Vi)
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U¥ Ry(xi;x0)O” d é 6 4f . (Dipole)Jensen etal., 2001] LiOf Y%
& T Fo(Ag;'o) Ag?23!lie e p 2pFresndl pf(li) aY Lij [ *(
\ Y%é88 YpEA ~ Fresnel pUI YP~TFf | Eé fLj2p
(J"Li[t( \ %eéeUu\ “AT 80T e ~ 0UA3 tO
oOYavyYLi p! oU

Auzp ©U8:-,+ é& ~F10U«e A8 Lg(Xos!o) 'uéo64f*N
§Cqg . (J&8=up

Z Z
Lg(Xoi! o)/ Ra(Xi; Xo)L (Xi; ! i)f (1i)d!dx;: (5.57)
u 8pi ' XEt-# w©p
Z Z
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ap -, U\ Li[$( RN %éfy(xolo)" U F Y& 0 Xo: A
J! FresneN p+9A¥ [ ! N>3* Ne §(J z ¥" d (5.52)U (5.588
Li[f( N %ueE: =«
Z Z
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npeasg8l OOYER2 4 KN 1r E+x o
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L(Xo;! o) = R(Xo;tis! o)L (xj;!i)dl
Z Z (5.60)
+ : fu(Xos ! 0)Ra(Xi; Xo)L (xi; 1 i)f (1i)d!idx;:
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Fti) 19x;! 0;C; 1) (5.61)
c x |
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4 5.51
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e ~64f . [Uuteéass-, |~ [Jensenetal,2004] Cq§=0 0
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X X
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2 16! o)

_ Rq(d(x)) dx
kO I-I;! o

fu(x! o)j) = (5.65)

U¥Ly, A leellva”¥ -1x£,4a"

3n@péuztA § U-1, x£a"0CEt- Li[t( N v

" “3¢Spdu E fAD( K+8a” V UOE&YEéS$" X&55
«8§-,8a":0-1x£, A&l d§ %%~ t KS5 ( %Kk a7 «e " @
Udl GuUUIKS " f%us+0 -8 uadlufKS " f: - @&l
P~ -", é7F -1x£ “ejE &\ 2p Li[+( N
A
i 1 X _

fuito)= = wixtoil) fu(x! o) (5.66)
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5( "+ 1¢S ¥ L*6/ 8-, 3LjYa~ m¥ i AL
Ya C &a8~0fC as5Cq/ L " L*6/"-,ej ?@+SVBRDR

~81T L":p t A5(BRDF) 3BRDF m¥ ©Ui aC &a" 30 t
A~¥L*6/ BRDF 6/ "m"TL p ~r pl£g., ExoU°z2
L8 Cz233L*6/f " mp Cz-, 8¢e+di N~ BRDF f
é ° z § Y (weathering degre&)3 [Matusik et al., 2003f « %N Au 6/ BRDF
§¢CSyp BRDFRE A8T LS, 50" ¢ E “f$‘' BRDFAS”
m" [Matusik etal.,2003f ¢ ‘ 3« x I BRDF m as5" .-, 817
"NLiYa e xA%a 3°zL8¥BRDF §, 5Cz8 BRDF m ~ tf
“m" T L©0U" BRDF °©z8Y§. , Et ONzZCL j Ya
FA5" 17" 8éu + ©°zL8§§-, @ " : °z8Y ' XzmiuN4
O 8@ ¢éuONL;j?2U0": ., EGt(% tUn BRDEEmCzS "1
"§., EILO®Kk L j:YK L*6/ps z"tLj: A
°zgY"u -, O ©z8Y3 © b ©Ug=°z8YOU&" U
tova « ON3A®%° zL§¥°z8Y UUoUUC"

Sa ON L*6/©U(J8§8 -, E+0Y ZCLjYa .U
g n‘O NLj"Ak-,"~"yk ©°zAU0[ Ea¥wnrr -« %5 3n’
ONp @& Y°z8Y ©U+x9O©OU zZzmCzS " Sau ‘' ZmCz
"m 48-,0|"L*6/ %9 © ©z8Y©OUAr zCL j Ya|
' Av Ua n'O NLj§e-2 3%%»n‘O NLjp zCLjYasS "

6.32Z/AL; i j Weaa @\
A~ ozON b &8 BRDOFé 4§ -, 1 Li &C & < 5-
L*6/ f~"mi\"~riL3 l ONpI P; . °z8092%7 «
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18U AuL*6/ Z2CL jVYai

«8§.-, Et3L*6/pEO°ZLEBRDFCz ; , 8§81 1 &" BRDF f
mfé Zmk ' X8§-,7°z8Y5p z£aut' X"30 tA: pgzcC
Li Ya ©U &d%N BRDF3°zL§ UncCz;, U°z8Y3 0
Np ©Ucget "

6.3.1 A0 333 @SS

e T alLj Ya I(x;y) C a8-, 0 z” o (xxy)pn LY
ads5| ,e"fn «p8U : E3n LjYa"m¥/ o~ t: "3.
: ¢ ¥ §. , ~[Gardneretal, 2003 J 2" ON, 51 ti Yy %ob
Y, ON SVBRDFS AN[ ! G+ é+32 " ¢ ..z~ : p BRDP "«

O5 Wark éz . 5L [Ward, 1992][Gardneretal., 2003]¢ A RGBn f Ug
I 8Ward . 0o k7téeée@t Xé3tsgo;jt Xeées3tU” ft1wyYX

é)ej ?@-,1tx 0t7 BRDFEE™ me ~"
~takicozL8 ONLjIl ~U Jg L BRDF : §30
"t —8e 8 p A* [Tenenbaum et al., 2009]J Au &1 OKUkC
OK ¢ E+é°e«/ iC a"3-, ¢y¥8§kA* kC OKi abO
C a@3-, ¢ ¥ k=8 XA* &1 OK@ &l LE >83 vy
9 : @ 4 owee§e 38l UuUKS " %@0e! e § - , = 1:5d§
U¥d dkC OKi a4 P© C a¥wok>eY 2pS" . t " Ward
7€éé"m T Ap &l S«BRDF "m &l Yp", " «&l YpE

+ & a q [Matusik etal.,, 2003 <+ 8§ 0 BRDF3 @O1i «+ BOA: « e

Tt Cé é| ,e+p' * b (appearancevect®), 0 &1 LAe U fp ‘e p 1

Ap A&l "du -, 818 ~ +x0tfBRDF m§\ f ., 6a’ " tf
8 @& §-,7é6°m T Ap Al S« &I Yp + O Eté° .«

/ - 8U 6/f " m"

| C o « BRDF6/ ( ¥8.-, ¢ @&+i N~ BRDF

fézm' X§=°z8Y" " «®U AJ | ~35i O6/F S-
{ [Tenenbaum et al., 2000][Roweis and Saul, 200§]5 , 50 §0 & a N
"m 1 f6/p(C " r-,4a)-,4ap <1 SgA%N°z8§Y8§QD A
Ge " ge " ":BRDF Cz@ E&il S~ ©°zL§°A 8§
, " Ul gtl f Ke"~X ¥ ,Y!I'LiAU [!1°zL8Y¥ E
~®' +9 & 87 D( 80 I f3~%8gYpe A 3LjYa"m
¥ oUgs¢ ..0t6AT ~@ O uz:, "du U Ke 8~ gA

i O6/E Seof T4 °z8Y¥-'"k~ gil f ©we"e 1 p~ U
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Auéa°A LijVYai t=+>

I féi a°z8Y Ke8L*6/+ TLU A p3 ©UL § ¥\

\'p S¢e£"aN 8371 aL*6/ L8¥S§-, o 4~rr kA A6
%™ z LjVYa g8xX§U®) ©°z LijVYa 8XM utAdbl 5
0Sel £7r 3 ap AAY% «e=E" 3vk?207r . el e §
-, o OgAEOC ap-=y/, A&l it: ©0 EXJUXQUAuU
i O6/F S ~ 8§0tU%I tAG6e Y=t ™0 7 b At =
¢ Y T™MO 7 8X8 @ "+ 2pa | : S ° z 8 X9=fmg:
X
p1 = arg max (<H*) (6.68)
v
i2Xg
U¥ ()L«it :3C ap y/al"aq 8éu=-% 0z
8XY e « 2O o EXy", -,3C &pyb 8 UXJU XY

an°zLj Yado©o8UXU&d©8 UXjy:

X1=fxij (xig;X0) > d ming (6.69)
Xo=1xj (xigX1)>d ming

U¥ 8UYD &l o> dnin=( Xo;X1)8 ( )L« t 8U &l p
( X5Y)=min (Xi;yj) (6.70)
1)
a66H yYDXeé >> YD %E§3-, ¢ ¥ 09"y D 8
U U% « |/ o8d08UXoU8©8UX.8¢! ! ,3C adoex 6/°

7

Mm¥ féueéeesoe™ ta;"

3408UXUa©8UXfmg+XC a4/ ~ftLjVYa 1CL
§" éu?¢ ¢ x§-, S48 &408UXUa©8UX; féal BA

tLj VYa | pY%é8°z8Y"'(x):

: ( fxg; Xo)

X) = 6.71

0= ThxgXo)+ ( fxgX0) ®.7)
éu-, ¢ ¥ Y a §u f U )b ©°z8Y" &6.3%N
L*6/ + Ulsomap{ i 4a°z8Y ' " U¥(@@ POC 4as§buU(r)y
AN©OML*6/ 9+ Ulsomap{ i 4 °z8§YOU"C a¥uU: g ™o
z«e* 8EU: 8~ ©z «e"5¢" &ad¥MrN' UtbeN: R
™0 7 «e 8§ “du LjAU[!T f Kelsomap{ vk) NNe O °z8§

YT L*6/ ¢ Eté{u/TL- <A p5 Otoel " &« 46.3¢
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18U AuL*6/ Z2CL jVYai

463L*6/ 00081 O6/F S+

8-, o E3ufthk ~l fO °z8YS"

I L3C apc<l°z8YS40 ;, 8-, E+O NLj: (%N~
tUn BRDFCzS "éu « ©°zL88LjYa CzX X Xp8?
S f LiYa7L=+v'(xj) '(xi+1)8 U{ S "3 | UwmzC

LiYa Ea¥g§-,| "~ 0~":5 84U=s LjYaS "+ %%aoU
a7 LiVYa §e{U Gt 3L*6/p=y/, SOE:t U{
Z7CL jYas ™

6.3.2°9zA88Y"~ "~ mma@pUlD

Lo L j: SOte°cz8YSS§.,6 E+ ©7z78Y3" moO
U§ Xa63c¥¢ pijiUoOw« °2z8Y3 L jp "mCz"e«,°z8§
Y3E Yp ©UAdON / G Ul fawvrs ~°z8Y3 °vYp U0U
“mCzA A& A5" 0zZON * «n 2l ~ea*XZm C
z8§~X" a U)a " E+' 463 (@QU(c)8 EN° z§8Y '

«e EB+w «n 2 Cz8 @EN°z8Y~ —/ +<8«n 2+ aq "
3 jUmzcLjjVYas 6S¥8§.-, Qe AA: BRDF UnCz a3 « «
A«n 2°ZmuC L§"

AuélLi VYa 6/ ©0U8-, < ~L*6/U°z8Y ©US5
£a0ONp zCLjYa"ute 0zCLjYa L"OON °zgVvYoOI
g§! ~ AX°ozLs eU_o [ 12z J ~F A oe EU" 65
o \?2@8u0UOSN"
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Auéa°A LijVYai t=+>

6.42ZA@L; | | WeaaSD Wiboo

© 32Lo0UY% § -, A LjVYat9°z8Y " m
©Ug-, + o0Sau 3n‘O NLjUeslTUewn @E Y°zS8YUC
ZCLjVYaS "upE Y °z8YUCL8EE+t"~"yk AuG][ EAa
c§%dl LA6?2Uyk °z8YoU "

+an‘O Np E°Y°z§YOU)w[ — UU°z J w0tlL
§ Yp  "fE & Au « n U o (example-based texture synthesig "
Au «nU=s” SafN\ «na” g§Ua3A0p @ f”
# «na’ Ea" ENpE+©@u«e) e U U zUuEa" «e )
" AUl «na- ¥A - «e E> 81 Un§g"” ¥ L§88§X

A f (pixel-based)  +{ [S., 1997] [Efros and Leung, 1999] [Wei and Levoy, 2000]
9 Au é Yo - «e (patch-based) s ¢{ [Efros and Freeman, 2001] [Liang et al., 2001]
[Cohen and Deussen, 2003] [Kwatra et al., 2003] [Wuand Y0420 U z 1 ~~ A

ui 4«na” UO . A:piLUO .3AftO©OEC°Y)p)o#

« n [Heeger and Bergen, 1995] [Portilla and Simoncelli, 2060kgman and Pasztor, 2002]
[Jojic and Kannan, 2003] [Wei and Levoy, 2002] [Kwatra et 2005] « » ) » o[ + A

u graph-cut{ [Kwatraetal.,2003] “ LU +*ép VYpUo~ «a. «na

"§¢.0o, Y T8": €J3UUnL8§g¥U\U! a" Uz«
I ~0«nUo/2zo~” f z K§uxE+ (1/U\" « an
g0

Ucij J "« Au «nUoe @O8XA64A «- , Up «
nUa” Au «nda”lUen* «na”zmS 1% ;e« A8 ©
z?20S LY ©z?20Lfm a" up?° z ? O(weathering level) « E°
Y °z8§Y§CE+I Lé°ozgYOUS$SIT EA " @ [Kwatra et al., 2005] §
®k < N~ Au Ue * «na”" ., ~“KIt J:

*Jg " mCzp ~&E8vkJ@a3zmCzp ~&E"
3 [Kwatraetal,,2005§ § | * "t * «n +9®e , Y| Un6A «
Nna”z2ms "+0° 3! 68¥§imp Cz ~®s ,Y|°A "
3 [Kwatraetal., 2005 ©2 +~ U~ — «n S §5U0«n $A8§ 3

-, T K¥83@0 °z 40! @0« «nSeo §$- 900«
n afm § "XJ-,{u/!"yk ‘« nUae« pfOa/ Sas
| ©z?200UU=r81 «nS v Ua(Jdu N zZzmp f°
58-ki - dc" XJ-, @« A «n & fqg58CE&"631 " —J
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18U AuL*6/ Z2CL jVYai

4 642CL;jYas Uan

~

{ 0 p :BRDF~L*6/+°z2DPD0O8UXeU°z22 8UX; S5
EZCL jYaS " Ua(Je,3zZmp Cz35~" —8 ~A:
S (JA{+A «n 2 ucCsg ! SN5 v@” «N¥éA «
e"luotutej A&-, EwRNzCLjYas Uol f+viei 1%
''n~v«enOéA «e fgq5UA: CczLjYacCz Uns™"

6.4.vvv fimi = S5a«aann(B/ZA {

Up-, IJN"t8°Y Av «nUre< §SanN\ 5) a7 CL j
YaS " -, jufe wwimi~ Sssmllao (frame-coherent texture synthesis)
“BA,§-,+?2034a72;p «nUalL8§. -, o E£&N /*
D 3n‘0 NLjp?1«nUn" d64%N Z{ N\ NNE§SAa %%
«nl(ProUS: °z§vYoUDMU°z?200UL(M)( LéDPS$ i E
A )8 zZ{oUszcCLiVYasS I9Ytt=0;2 ;n¢} S "~ 20
81 °2z200US LYpt)” — vm™ —5«nU=aZ{  ~tAv U L
§8§3DOVf §8§@& -ESac~vUo cv L§tY auits
Uo§ X465 «" PDOVE+ yk «nUwcEAa5 )8 eb5zgUn
cv zykiui-1 U%pA”f (pixel-wise extrapolatiot) 8 © Y « n °
z (multi-scale re nement) A : Uv Sac~viI?2, SNee " UGB °Y

81



4 65vm™ —5«nUn

«n>zU%) ob ©) Ei" aNL§ Sa cvlI? 81 °z?200U&ap °
z8§YLYp;)So0c~ v Af" fFSN3L*6/ pEAS " "# aks8loz
§8Y LijVYa X“ O 5 SNx 1

Xt = arg mi2n (Xi; Xt 1) (6.72)
Xi
U¥8U L«L*6/ prak®z8Ye81°z8YLYpt) |
= X' (x)= L%px;t) (6.73)

utU%e ) 1PO) EU yzt” fp LijYacCczN  3L*6/p
UnzcC;,8 “upvke{?2nAv Cz «n 2" N«n 2 3
Oulf!'pucoe YO @ & S "U 6 °VY«n  zU%E*O «
n 2 {(GCUm 2 S p" 8°Y«n zU%3IDO) A:ps8iL

IE 8 °Y«n>z5U08Q0c”"vSN" —qlT U cvez?200U
«n&”"L68 8°Y zU% —*¢&" . 5~ O[Kwatraetal, 2005
q  §3086t°Ypdg z8l «na”§ ~ U\ 0t apt

U81°z20U yw m- :Cz U{5"3%%z" " F-°Ym §-, "a
q [Efros and Freeman, 2001]¢{ 081 « ny ©a3>. pk~™ %- U f - 8§,
H{eok f-"S&azitf- ,3°2?200UaéA " pb °z8Y(%
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EA (Jitterp ©) E; po I
For't «n>z - m=N 1
For 8 | «nlt°¥ TOf = p
é§8|02?0©0béA «-(1/2CEA«n «e Z,
P13Z¥|¢ O 8§ « o g

At faple e e Qe #f
u o # 1cz;, U{5
t=t+1
L 68:6°Y«n > zU¥% —“g"
EA «n «e Zpu
Zp= q "> L@ LimY) (6.74)
, P1z3f-a3U"géA EA«n «e § b = Su
0_ : 0
p =arg rpér}p x D (6.75)

, E+1 L [Kwatraetal., 2005« Ezq, O ¢ U¢™f f-8e«# 3
Ues «né&”I1%;"0ftU% y UsS=+ v8l1°z2?20 a"3z" %
°Ye%«n > zf &-,u N cvA " fLjVYaCz Uns5" 3z

gld #f 8-, 00k°z8Yu)t=: 8Frl-oe#fc S"©°z
§Yu) t=": YA«

F=p' 1%t < 1%t 1) (6.76)
é¢ul U81°z20U0 yw m :CczU{50uf &a83-, <+ p ©
m z 83~ %8§Yp-p f»€" ~dE&E «n>z=a°Y y wit
Uvnés8l «na” 1P UAN " Ai C 8§t ¢ %1 1 A" f  z7O0A
vkUAS! (JAR ~f B +vieij & 27 :"&a66¢ (e

0t Uo ~f"8 5¢, "~ L6&1 ~U EA (itenDO) U%" E
APO) "« AAJEA«N «* Zy¥ ~SNODO) %KU5DOz I}

0=1 ) F+1z, (6.77)

U¥ SL«E¥éA ~ -SN§Z,» EA«n «e¥"f° A 7 5
N" 30 $U%¥ 8§ . ,"«n  zLE§¥«E -E N S EAU% -CE
§¢."vk-UsvkeY <2081 «nd”yOuoezt IN INGE
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4 66:EA PO) éUn (J K-

-"U\VO0FU% e« o1 Y& °Y«n'  zL§ e D (J" T e
A f UnA{ )# «n 28éu«n 2Cz' i a (X,

«n 2 a, Ny)sA”f bo) "y [ ! §N" | U «n’ z
U% E! 0" -U0U «n "' Xa660«83«n 2l vk[! A
i Ny~ a[! L8¥8XJVKEADPOSOEUEpNyY- E 2 (repetition

patterng X & 6.6(c)'

6.5L11* 666 / A 9990¢ ( ( (I

I L63 20 o §-, Et °z8Y "~ mousu Y " if_
« "K§I ON * ON° z8Y ©U" -, < )i 0°zONpD
°©zg8vYU°z *o©l 8§80 ! ., Ex01%L ?6°z8Y ©US Oz
3U k °z *80 -, OE+% n‘O NLj °z JN U°zLs§
eU_o [ UftAr " , ., e EOtoz * 3°z8Y ©OUS
U -, OEt% °z J ~t".,«}AoL*6/ o©U+« A 30U
U0l § ¥ON Ug " mM8E+3~ %8Yp?261 i ¥ON °z8Y"
., 3" ~ k P428GHzCPU2GBS. POp ¢y LjVYaoU9U
a XU" LB6.%¥ %N -, ¢ ¥ o8 ©OEC+9«nUgmz ae”
« E-° €N" 467 P 1ok * 8 (@ (g "t UL 6.9
©EC «nUm-°§€
c C(A6.1) 269 361 32
Ty ™(& 6.1) 540 499 22
a“ (a6.1) 970 712 5
O0C(a6.1) 1010 750 26
7 « (& 6.1) 640 480 22
ceb (4 6.1) 800 498 32
L 69:ZCL j Yat¢ ¥ &8 5,
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18U AuL*6/ Z2CL jVYai

467:2CL j Yat¢ ¥ a8

NS "e OZ C8-, 3 LiYa . " m¥p! & 10000t
57 aL*6/ 8§8U{: . °2z8YSTLéL*6/ +C e
"éu-, ¢ @oeaen g§L*6/ 00 aCE | t50" §z2C

Li YaUoU% Qu 981 S ©ECIl $1-5 z@ " .-, Ma

q [Kautz et al., 2000][Kautz and McCool,2000p{ ¢y 3 Uli e ¢z *> &

kzCLjYaON +> XU" 3 ~ k Nvidia Geforce7800256M+ &/ \ ,
k POPp§-, *>XUE—E+" 20Hz vC"

6.5. 148 © ML °°2zz JIINN

L*6/ ¢ AN O O Y °z JN # n'‘O NL;j &
X862 Uo (synthesidy ©o « " 0t AM 1 £ 0642 U o *D
?2¢n‘'O NLjpg§eO ~U¥ 81°2z20S LYptU88I1 «nsS

1 Yp; )N~ A3 n‘O NLjp " -, @” aq[zZhouetal,h 20058 + §
k ~ [Zhouetal.,2004p n ‘O N©®w e Z j (chartingg , 0" jéeéz 2z
b8/ m«n/ a8 (textureatlas), 3 «n/ @8p %2i «nUn=CE"

| $5¢ ~83«n’>zUW¥I| e A«n/ ad88¥°f ©j Gk >. (shared
boundary) © —5 "

4610610 U 0cC °zLS&N ~fHf .p +>(J§y¢
*®8 Xa6l@ E Y uCg8YOU+x9zmCziuzS d Tonc |
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Auéa°A LijVYai t=+>

[ [Chenetal,2005] "> (Jé y¢/ -y c¢cC'"ZmCz f A5

UC+9UU«n[! (Gz8¢..0EY °z?200UT U éb " &6.106
\ { O«n,5 S (J §«n,5 S S (eiu)d=vk
«n 240CL88¢..¥m, ) ~ ¥@.3 BRDFEXCU p U
o"

4617 ty™ "YL8§8 UoS 8§a¥ (akN &8 +9
b °zg§g§YyoUa"tyL™p @ Y°z8§Y (zL§d2a[ e %eZ'
v S @m". 9 "m«nA 9QUUzLS &/ Us3# AU

b §¢ Ex pyt¢ta > (J"

6.5.2°097211888 o« o W[ [

°©zL§ eU_+ [ “+1ly¢ON , ©°z8YOUOU-. &
§! ©°zZ8§VYCE®%C " X&a868c«8§Ak: -, ét8S ]| * (a)?
163 ¥oa oULS8S8 ¢ A L*6/U°z8Y o©U®Mb)', -, &
+Sarr ¢ ?2U°zgyYyouUas ! o N° z §Yp, (weathering)ze
U (deweathering) # ©°©z8YOU&a (), 20TON ©°z JSa# ©°z
§Y ©UUo=s ONp(@)' « !'~"rEt*/N ©°zg§YOU&aS- -, 3
ZCL jYac¢z +> XU A: pg§¢y ~fU ¢z yA pXU" d69
OFXU ~Ar . ;"3 £XU¥.-, TL TN Y%eéf()5¢yé°z8YO
Uua 2U8 rlT LUTYEO0 © ©°z8VYdCtuo# Sdu
d = fi(do) (6.78)
U¥Zmt «N %%eéf() ZzmS " -, 3 p.j¥" ~-, 5L«N Y%

ef()a69¥ te )8~ rEITLN fA >>:5260tN %ée"T
XUAu' .w5¢y N %%é mS 26" "r B 3AT"' ..vpéf()%

4 68°zL§ e U_ o |
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469°zLS§ I [ p XU

A6?2U8XUE+ S N Yié tS "« | £¢2 VYAS-,Vk
"mp! 81°z?20S LYpt)=tt2[0;1)3 ONLj Un”l 0”2 CL

Sa

i YasS 1dp;t)" éu?¢ N ©z8§YOUAD(PE-, *agn‘« n

N +26]1 0SS ?1-a& OE+t , é A ONLjYa oUIYu
19p) = 13(p; D(P) (6.79)

371 2L3gN 8§ -,8a+2(%e5 °z§YOUAS ~64 o

Uomea Z7CLjYaS "3461%ecj ~j“f " ~"pijJd J U
o §U! “fADU «nN <« +>"30 t~f¥?2nLj BRDF§:,
« 0¥, A: (ER2 §Y|[Gardneretal.,2003]aé tL*6/ i " &a¥ n
1 @0z “f TL-, ©°zL8§ [ o[ o )" Ew “f

“L&§¥LjYa Cz8&8+)tfta 5 CzUR2Y Cz"

6.5.83°2zz JJJ” " T

37CLjVYa .0°z8Y ©U L~ f 80! ., Eoyc¢o
Np Z2CLjVYa .OtK 3 k °zg§yYyousuoO °z J ~+t
1 A" AN 8éuiut°zONOUOELL «s
O1(p) = 131 (p; D1(p))
O2(p) = 12, (p; D2(p))
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4 610:AuL*6/6/ Uo(JU0 «n, 5 $

o, Ex 01971201 §K3 ONO1p Ok p

O1(p) = 152 (P; D1(P)) (6.81)
u O¢y °z J ~t" 1% {u “\8&8 ~+0, LjVYa-
§Dyp)e 81 °z8Y &?21LjYa «nUa"
34613 8§-, " Yxfaua(angescanngd ~ 1t ¢SOAH” AU
§ ¢ ” [Zhouetal., 2005b] «f{ Y% OAH” Lj c¢U«n(@y i LéOA
H”Li¢U«n L*6/ ©U08§ -, OAH” °z8VYoU(Eg+ toU
CL |

« 48.-, U OC@E8®P@U7«() "1 OA@=k# 2
Ya *> J8§8¢.. 3 U°z8Y koUu"

4 61LTy™ " YLS§ |
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18U AuL*6/ Z2CL jVYai

a 6.12." j a“ [ %z |

4613°z J ~ ¢
6.6 Uil( (@@

30 "Ups&:-,J3JN L*6/¢¢ ~u 2CLjVYai ".-, + &
+Say¢ON ("2 *5)oaTONm 9 °zL§ 2C J" .,
f éyk @® Y°z[ Eae« "1-1 0¢83°zL8§¥Un ©°Yp
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