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Skeleton Cube for Lighting Environment Estimation

Takeshi TAKAIT, Atsuto MAKI', and Takashi MATSUYAMA

1 Graduate School of Informatics, Kyoto University Yoshida-Honmachi, Sakyo-ku, Kyoto, 606-8501 Japan
E-mail: t{takesi-t,maki,tm}@vision.kuee.kyoto-u.ac.jp

Abstract This paper presents a new method for lighting environment estimation with the Skeleton Cube. The Skeleton
Cube is a small hollow cube, whose shadows are casted on itself, i.e. it has self-shadows. Since it is a cube of a known
size, it can also serve as an object for geometric camera calibration. The key ideas of our method are 1) the estimation of
lighting environment by analyzing self-shadows and shading of the Skeleton Cube, and 2) the representation of lighting
environment by plenty of point light sources. While various approaches for lighting environment estimation have been
proposed, the lighting environment is represented either as a set/distribution of distant light sources, or a few near point
light sources. Unlike previous approaches, our goal is to develop a framework of inverse lighting for dealing with a number
of light sources while taking their proximity and radiant intensity into account. In this paper, we verify the advantages of
the Skeleton Cube, propose a practical technique for lighting environment estimation by analyzing the self-shadows, and
illustrate the performance with experiments using CG simulations.

Keywords Light source estimation, Lighting environment, Near light source, Self-shadow, Skeleton Cube

goboooooooooooboooobooo
goboooboooooooocoooboobOoOoooo

1. 0DOO04d

gooooooooooooooooobooooobobooooo
gboooooobooobooboobooobobboobobooono
goooooobobooooobobooobooboobobooo
gobooooboocoobooooooooboooobooooooo
gobooooboobooobooooooobooooobooooog
goboooooboooooboobooooobooobooooooo
goboooboooobooboooooboboooooooog

goooooooooobao 2,3, 4, sl el sl el, o,
[11], [14], [15], [16], [17], [18]0
goooooooooooooboooooobobobooboDbo
gboooooboooooooobooooboOooog 2, nno
Debevec 2| D00 DOOOO0DOOOOOOODOOOOOODDODO
gboboooboooooooobooobooboooobooooooog
goboooooooooooboooobooooooooog



gooo0oooOO0OoOooOo0oDooOoOobOoOoooooooog
goooooobobOooooOooobooobooooobooon
goooO00ooo0o0obDo0ooboOOooooooosooog
O0000D0O0OO00DOO0O 1 0DebevecO O OOODOOO
J00oo00o0o0o0ooo0ooDoOooooOoooooooog
gooooobooboo0oOoOo0oUobooUoboOobbouooDboo
J0oo0Do00o0oOo0oooooooooooooooon

go0ooOooo0oooooOobOoOoUoboboOoobooooo
00000000 0oooooooogoao i, s, Ml bl e,
[8],191, (101, [14],[15],[16],[17], (1800 00 CO00ODOOCOOOO
Jooo0ooDooooooooooooooooogoooog
gooooooo10000000o0ooooon n,iel,nn
gobooOoooOoooooOobobooOoooOoOruooog
000000 OMarschner 0 Greenberg[4] 00000000
gooooooooobooobbooobooobooooooo
jo0oo0o0oo00oooo0obOoOoOoDooOoooogoooog
goooOoooOoooooobboOooooOooobooooooo
J0oo00o0o0o0ooo0oDoDoOoooooooooooog
goom,nooooo0oooooooocooooooooo
Yang 0 Yuille[15] 00 0000000000000 Occluding
Boundary 00000000 DOCOOOO0ODOOOOOUOZhang
OYang(l6) D0 O0OO0O0OOOOOO0ODODOOOOOODOO
gooo0o0ooOoOoO0ooOoU0ooOOoooboOoobboUooDooo
o00oo0oDbOouobooObOOOnZhou O Kambhamettu [18]
gooodO0ooOoo0ooOoO0booOOoooboOooboooooo
ooboooooOooooboOobobOobobOobOoDOoDOoo
goooooooooooOoooooooooboOooooog
gooooooooobooOoooooooOoobbooooDooo
Jooodooonooooooooooooooooooog
gobooooooOooooUobooobooboOoobboUoOoDboo
Jooo00oooo0ooo0oooooooooooooog
gooooO0ooOoOooOoOoO0obooOOooboboOoobooooboo
Jo0oooooooooooooooooooooooog

go0oodoOoOoooooOobOo0oUobooOoobooooo
jooo0ooooooooooooooooooooooodg
goooOoooOoOoooOoUoooOoUoboOoboooooooog
goooooooooooooooobooboooooooo
goooooooooooooog

gooooooooooooboooboooobooooo
J000000oo0000ooooooooooooooooo
gooooooOoooo0ooobooooboOoboooooooo
jooo0ooooooooooooooDooOoooooooog
goboooOoOoOooooOoOoO0OoOobDOoOoOOoOoDooooOoo
00oo0oo00DoDoo0oooo0oDooooooooDoooooog
goooooooobooUoOoooOoUoboUoboooooooog
Jooo0ooooooDoooooOoooo 20000000
gooo0ooo0oOoboo0oOoooOoOoboOoboooooooog
goooooooo

g e

01 000000000

2, J0oobOoOooboon

2,1 00O0O0OO
gobooooboboooooobooobooOoboooooooboo
gooooo@oooooo)yoooooooooooooo
goboooobooooboooooooOoobooooooooboo
goboooobooo20bbo0oobobooobooooooboo
ooo

e ODOO0:0D000DO0O0DOOODOODODOODODO
gobooooooooooobooooobooobooooooo
goboboooooobodooooon

e UOO0O:00000D00O00D0O0O0COOODOOOO
goooooboooooooooooobooo

gboz200000
gooooooooooooboobobooooooobobooooo
gooooooooooooooooooobobobob @ oo
gbooooooooboocoooboooooooOoobooobooon
goooooooooooobobooobobooooboooooDooo
gobooooboooooooobobooooocooobooooooo
0000 0000000000000 oooooooon
gobooooboooooooobooobooooooooooo
goboooooooooooboooboboooooooooag
gooooobooooooobooobOoobOoOobOoOoooDooo
goboooooooboooobooooooooooooog
goooooboooooboooooo
gboboooooooboooobobooooooboooooboo
gobooobooooooooboooboboooooooooo
gboboooobooooooboonoooRi,Ruooood
goooooboooooboooooooboo

2,2 OJOOOO

gbobobob0obobOoboDbdD Torrance-Sparrow [
odnzooooooooonn3ioooooooooobooan
Torrance-Sparrow U 0 0000000000000 O0DOODO
goboooooobooobobooboooobooooooooobog
oobooooODOO0O0000000000000000 Phong O
ob@oobooooobooboboooooboobooooonoo
goboooooooooobooooooooboooooo

go01mo0oo0o0oobo0o0o0oo0o0o0booOo0ob0oOo00O0O000bO0b0O0OO

g0o0oooooo0oO0oooO0o0oO00O0oOO0000O0OOO0O000000O0



H Point light source L

L *n

H
Veiwing point V' o
¥V *\
‘ =
02 0OO0O0OO0OOOOOOOOOOOOOvOOOOOooooooooL

go0o0oooO0ooOo0oOobooboOoOoO0OONOO xODOOOOOO
HOvOLOOOOOOOOOOO

goooooooooooboobobobobobobobo
gooo
g0voooooo Looboobooboobooboooxo
gooooobo20000000000 vOoOoooooooo
OxO00O0O0OOoooooooboo
I(X)Z%%(ded+k3Rs)IL 1)
Vx TLx
voboon00o0ooo0 LOoduoodDbyxyUd Drxyoono
gbovOxOLOxOOOOOOOOOOR;O RsOOODOO
gobooboobOo BRDHUODODOODLDODOODOOOO
000000k 0 ksOO0ODODODODOO0O0OO0OOODOR,O
R, O000000O0ODOODO

Ry = N-L @)

_(cos™ (N H))? ]

Rs 202

3

—N.Vexp
bbdebUobobooobOOoOobOOOoOoDOOO
3. 0oogno

gooooooooooooboboooobooooooooo
goooooboooooboooooo

3.1 0 0O O
goooooobobooooooooooooboooooo
goooooooooooobbooobobooobooooooo
gobooobooobooooboosbooooooooooa
gooooobooobooboobooooooboon (o 3o
gobooooobooooboooboouobboOobooooDboo
goboooooooboooooo
gooooooooooooboboooboooooboooooo
gbdbooooooooooooooooooobooooooon
goooooboooooboooooOoooobOoOoobooooooo
oooooooooooooo

3.2 0o0Oao
4000000000000DOCO0OOOOCOODOOO
gbbooooooooooooooooooobobobobooboon
gooooooooobooooo

e ODOO:00000000C0CO0O0OOOODDOOO
goooooboooooboooooboooobOoooobooooooo
goooobooooboooooooooooooooooaoa
gboooooooooooooooboooooo

04 0O00O0OO0OO0O0COOOCOOOCOOOOOOOOOOOOOOO
oooo

e OO00O:00000D0O000DO0O00O0O0OO0DOCO0OODODO
e UbOOobOObOoOOoO:000000O0000bObOOO
goooog

e UOO0O:0000000O00O0O0DOOOODOOOOOO
goboooooooooobooooooboooobooooonoo
goooooooo

3.30 0 O
oooooooooooooocooboooooooooboxOoo
oooooooooooooooooooon

1 | Y ux Ly
Ix) = - Z — L (kqRg + ksRs) I, (4)
DV,x i=1 DLi,x

O00ONDODODODDODODODOD4(xL) 0000000000
0000000000D0000000000 ;00x000
0000 #4xL)=1000000000 4xL)=00000
0000000000000000 MOOOOOOO
00000000 I=[Ux)IX),....[x)T OO0 O00OS =
g, I, I, )T 0000000000000000000
O0OMxNOO K=(Kp,) 00000
1 M (Xm,Ln)

2
Dy, PLixm

Kmn =

(kgRg + ksRs) (5)

goboooooLnKsOoood
I=KS (6)

gobooobooooooooboooobooooooooooo
@CooobdM>NO0O @O sOOOOO0OOOOO0OOOO
ooo

S=K"1 @)

0000sSO000000000KY000 KOOOOOOOOoOO



|
i M
2300 Ul Hii‘i\H'\Hl‘liH'u

(@) 00

| l}
2300 |
b))« 00O

05 OO0 KOOODOOOOOOOOoOoOOOoOoOOoooOoOooooo
goo0ooOo0oO00000000o00 o00O0DO0O0ODODOO
ooo

4. 00O OO

000000000000000000000000000
000000000CGOOOOONONOONONON0ONONOnoOn
ooooo

41 000000000000

0000000000000000000000004.1.10
0000 (0000000 KOOOODDOOOO0O0O0O0O000
00000000000000000000004.1.20000
0000000000000000000000000000
000000000000

41.1 000000000000 O0O0000000

000000000000000000000000000
0000000000000000000000000000
000000000000 (9,10000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000000000000000000000
000000000000000000000000000 (5)
000000KODO 4#000000000000000000
0000050005 0000000000000000 K
oooo

e 00D0:300000000000000000000

(-150, -100,0) 0 O (150,100,250) D000 50 0000000
00000000000 290000

e 0O0O000:(50,50,50)

e 0OOO0ODOOO:

- 00D0:00100000 10

- 0000:ky=08 ks=04,0=55

- 00DD0O0O0O0000:2300
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000 0000000000000

0000« 000000000KOOOOOOOOO0O0O
000000000000 (7p00000000000000

with ./ term

35 R without ./ term

Contribution (%)
&

1 50 100 150 200
Singular value (#)

06 OO KOOOOOOODOODOOOOOOOOOOOOOOOO
000oooooooooooooooooooooogoooo
ooo

gooobooooooooebbObO0OUO«DOODOOOOODOO
gboboobosgooooocoooooooooobooooooo
go0s30gooooobooobooobooobo10bo0oooo
ooooooooosooooboooooobobobobooboooo sb
ooooooooooospoooooooOoOobOObObObbo
goboocooobooooboooooooooooboooooboo
goboooooooooooooooooooboooobod
goboocoobooooboooooooooooboooooboa
goooooboooooboooooobooooooboooooooo
o0« 000D0000O00CODOOOOOODODDOOO
gboboobO0Odsab00ObOO0O0ODO KOOOOOOOOOO
oboooboooooooOobo KOOOooOooooboooooood
0@muooooobooooboooooooboooobooo
oooooooooooooooooooooooooon
gbooooooooobooooooooooobooooobooo
4.1.2 000O000O00OO0O0O0O0OOO0OO0O00
goboooooooboooooooboooobooooobooo
goboooooooooobooooboooooooooog
gbooooooobooboooooobooooboobobooooon
goboooooooooobooooboOooooooooa
goooooboooooooboooobobooboooboboboOooo
gbooooouobooooooooboo gyoboobooooo
0«00 1000000000000000000000DAO
gobooooooooooobooooobobooooooooo
ooboooooooooooooooooooboOoboboobono
gobooooOoooooooooooOoboOooboooboOoooono
oobooooooooooooooooooobooboboboon
good
gr7000oo0boo0oboobOO0oooooobooobOooonod
oooooooooonoao-1so,-150,0) OO (150,150, 300) O
gbobb000 30000boo0uoo0booooboooo
oboobOooooobOoboboobooboobOOobooO obisoO
oobO0oboooooobooooboo0oboOobOoUobOOonon
gobobooooboooooooboooooobooobooooDooboo
gobooobooobooobobooboooobooboOobooOooooboo
obooooooosoooooooooooboooon



07 O00O0O0OO0OCOOOOOGCOOOO0O0 0150030000000
goo0oO0ooOoocoOoO0boOoOO0OooOoOO0bOOoOOO0boOO0n
0000o0ooooooooooooooooOOoOOObOOoOnoo
gobooooooooboooobooooooboovy,, 00000

oooooooooog
01 000o0og

ool ood2|00 3
ooo 300000 |000 | oo
oooo 50.0 69.2 5.0
[ERERE] 209 341 100

OV, 0OOOO704000000000000 3540000
gobooooboooooooooboOoobboOobooOooDoo
oboboooooooooooooooooooboOobobobon
goboooobooooboooooboooooooboooooboooo
4.2 0OO0OOO

4.2.1 000OO0OOO0OOO0OOOCOOODOOO
oobooo10000 8000 soooooooooon
goocobooooo1000booboOoooOoOobooooosg
gbooooboooobooooobooooboooobooooooo
gooboz2000000000000DO000O0O000O0O000
goooooboooobooooboooboooobooooooo
gooooooooooooosgoboooobooooooo
gobooooooooooobooooocOooooOooooo
goboooo

gobooooooocdoobootDb 000000000000
oo @oooooooo)oooboooobooo (-50.0,50.0,50.0)
goboooooooooooboooooooobooooooo
gbobooobodoboooodbseobonooooooood
gbobooO0oz2oe0o000000000000O0O0O0COOO
goboboooooooooobooobobooooooooog
gooooooooooooooobooooboobooooo
20000000000000000000b000DbOO0
goooooooooooooboooooobooooDooo
0000000000000 O 8-bit, 12-bit, 16-bit, 32-bit, 64-bit
goooooboooooboooooooboboooobobooo
gz200000300000000o000o000o000ooDo

goobooboooooooooobOoOoOooooboobooobooooo

00003000000000 16-bit000000000D0ODO
gboooooo2xboodooooooooo 20000000

02 0OO00OO0O0OO0O00O0O0O0O0O0OO0OO0OOO0OO0OO0O0O0000O00
(000 0:10000)

od1 o0 2 o0 3
@sooooo)y| @oo [(EpED]
8-bit 3.5975E+5 5.4348E+2 | 4.2992E+2
12-bit 2.1827E+4 2.4132E+1 | 2.6916E+1
16-bit 2.0606E+2 2.2890E+0 | 1.5805E+0
32-bit 5.5777E-2 3.2268E-5 | 2.5823E-5
64-bit 6.5423E-7 6.5637E-10 | 2.9177E-10

goodilobO 100000 (oOoOoOOODODOOO)ODOO
gobooooz20000o0obsobooobooooooooo
odboooooooooooobooooooobo eOoDOO
gobooooooooooobooobouokKOOoOooooooo
gobooooooooooooooooooboooooag
gobooooooooooobooooboooobooooooo
gobooooooooooboooooooobooooooo
0O KOOOOOOOoOoOoooooooooooooeR*ooo
gboobooooobooboobobOobobOoboOoboboon
goboooooooooooooboooooooboooooboo
gboboooooooboooooobooooobooooo
4.2,2 00000000 OOOODOOOODODOOOOO
goboooooooboooboooooobooOoooboo
gooooooooooboboboooboooobooobooooboo
goboooobooooooooboooooooooooooog
gobooooooooooobbooooooooooooog
goboooooooooooboooooooooocooooo
goboooooooooooboooooooooooooo
goboooooooooooboooooboooooooooo
goboooooooooobobooooboooooooooo
goboooooooooooboboooboobooooboooooDooo
gobooooboboosooobooouoooooboooooooo
goooooooooooobooobooooooooooo
ooooU0ooooUooooouoooooniesn
obdoooosoooooooooobooboboOoooooon
gobooooooooooobooobooooobooooooo
gooooooooooo
gboooooooooboooooooooOooobooooobooo
gobooooooooooobboooobooooooooog
gobobooooooooooboooooboooobooooooo
goood
goboooooooobooooooooooobooooooo
gobooooooooooobobooooobooooooooo
gooooooooooboobo0o0oooooobooooobobo0oo
gooooooobooooboooboobooOooobooobooon
oboboooooooooooooooooooboOboboboon
goosooooooooocoooooboooooooboboOoo

Oo02000000000000000O0O000O00O0OC0O0O0DO0OO0O0OO0O0

go0boOoo0oO0oOooOo0oOoOooOobOoOOoboOobooOO

gos@mo0o0ooOooo0ooOooOoboOoOooOoooOo0ooOoOoboOoOoono



(@300000000

(b)y0ooooo

adift FF53,

(oooooo

08 OO0O0OO0OCOOOO OOOOOOOODOOOOOOOOOOOOOOOOOOBO

03 O00000000000000000000000O000O0OAO
goooooooooooooOooooooo 1booobo 200
gooooooooooobooboobooobooooooooooo
00000000000000000000000000000
O00000000001e6-bitO64-bit 00O O OOOOODOO

oooao
ooo oooo1l1|oooo 2
16-bit | 2.2952E+3 | 3.7063E+4 | 4.3799E+8
64-bit | 1.4870E-2 | 2.8343E-1 | 4.2342E+3

ooboodsguoboooboooooobbooooooobooo
ooboooobooooooooboooooo

5. 0 0O O

gboooooboooooooooooboooobooOooooo
goooooooooboooooooooooboboooooo
gobooooboocooboooooooboooobooooooo
gobooooboobooooooobbobboOobooooDoo
oooooooooooboocooobooooooo

gboooooboooooooooobooooobooooood
gooooooooobooooooooboooobooooooo
goooooboooobobooobooooooobooooobod

U U

goo0ooob0o0oD0o000D0O0 132240510000
00 @leesoolo O OOOOOOODOO
O 0

[1] R.Basri and D. W. Jacobs. Lambertian Reflectance and Linear Sub-
spaces. IEEE Trans. PAMI, Vol.25, No. 2, pp. 218-233, 2003.

[2] P Debevec. Rendering Synthetic Objects into Real Scenes: Bridg-
ing Traditional and Image-based Graphics with Global Illumina-
tion and High Dynamic Range Photography. Proc. ACM SIGGRAPH,
pp. 198-198, 1998.

[3] K. Hara, K. Nishino, and K. Ikeuchi. Determining Reflectance and
Light Position from a Single Image Without Distant Illumination
Assumption. In Proc. ICCV2003, pp.560-567, 2003.

[4] S.R. Marschner and D. P. Greenberg. Inverse Lighting for Photog-
raphy. In Fifth Color Imaging Conference, pp. 262-265, 1997.

[5] P Nillius and J.-O. Eklundh. Automatic Estimation of the Projected
Light Source Direction. In Proc. IEEE Conference on Computer Vi-
sion and Pattern Recognition, pp. 1-1076-1083, 2001.

[6] A.P Pentland. Finding the Illumination Direction. Journal of Opti-
cal Society of America, Vol. 72, No. 4, pp. 448-455, 1982.

[7] B.Phong. lllumination for Computer Generated Pictures. Commu-

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

nications of the ACM, vol. 18, pp.311-317, 1975.

M. W. Powell, S. Sarkar, and D. Goldgof. A Simple Strategy for
Calibrating the Geometry of Light Sources. IEEE Transactions on
Pattern Analysis and Machine Intelligence, Vol.23, pp. 1022-1027,
2001.

R. Ramamoorthi and P Hanrahan. A Signal-Processing Framework
for Inverse Rendering. Proc. ACM SIGGRAPH, pp. 117-128, 2001.

I. Sato, Y. Sato, and K. Ikeuchi. Illumination Distribution from
Brightness in Shadows: Adaptive Estimation of Illumination Distri-
bution with Unknown Reflectance Properties in Shadow Regions.
In Proc. ICCV, pp. 875-882, 1999.

I. Sato, Y. Sato, and K. Ikeuchi. Acquiring a radiance distribution
to superimpose virtual objects onto a real scene. IEEE Trans. VCG,
vol. 5, no. 1, pp. 1-12, 1999.

K. E. Torrance and E. M. Sparrow. Theory for Off-Specular Re-
flection From Roughness Surface. Journal of the Optical Society of
America, vol. 57, pp. 1105-1114, 1967.

K. Ikeuchi and K. Sato. Determining Reflectance Properties of an
Object Using Range and Brightness Images. IEEE Trans. PAMI, Vol.
13, No. 11, pp. 1139-1153, 1991.

Y. Wang and D. Samaras. Estimation of Multiple Illuminants from a
Single Image of Arbitrary Known Geometry. In Proc. ECCV2002, pp.
272-288, 2002.

Y. Yang and A. Yuille. Sources from Shading. In Proc. IEEE Confer-
ence on Computer Vision and Pattern Recognition 99, pp. 534-539,
1991.

Y. Zhang and Y. Yang. Multiple Illuminant Direction Detection with
Application to Image Synthesis, IEEE Transactions on Pattern Anal-
ysis and Machine Intelligence, Vol.23, pp. 915-920, 2001.

Q. Zheng, R. Chellappa: Estimation of Illuminant Direction,
Albedo, and Shape from Shading. IEEE Trans. PAMI, vol. 13, no. 7,
pp. 680-702, 1991.

W. Zhou and C. Kambhamettu. Estimation of Illuminant Direction
and Intensity of Multiple Light Sources, Proc. ECCV 2002, pp. 206—
220, 2002.

B.K.P. Horn: Image intensity understanding. Artificial Intelligence,
Vol.8, pp. 201-231, 1977.

D. R. Hougen and N. Ahuja: Estimation of the light source distribu-
tion and its use in integrated shape recovery from stereo and shad-
ing. 4th ICCV, pp. 148-155, 1993.

R. Y. Tsai: A versatile Camera Calibration Technique for High-
Accuracy 3D Machine Vision Metrology Using Off-the-Shelf TV
Cameras and Lenses, IEEE Journal of Robotics and Automation,
Vol. RA-3, No. 4, pp. 323-344, 1987.

Z. Zhang: A Flexible New Technique for Camera Calibration,
IEEE Transactions on Pattern Analysis and Machine Intelligence,
22(11):pp. 1330-1334, 2000.



