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Appearance Sampling for Image Synthesis under Variable Illumination

IMARI SATO,t TAKAHIRO OKABE,’t YOICHI SATOft
and KATSUSHI IKEUCHTI'

The appearance of an object is known to change significantly under different illumination
conditions. For the task of object recognition and image synthesis, it is thus important to be
able to predict the variation of objects’ appearance under varying illumination conditions. In
this study, we present a novel method for analytically obtaining a set of basis images of an
object for arbitrary illumination from input images of the object taken under a point light
source based on the sampling theorem on spherical harmonics. Moreover, we demonstrate
the effectiveness of using extended light sources for modeling the appearance of an object for
varying illumination. Extended light sources have a radiance distribution that is similar to
that of the Gaussian function, this enables us to obtain a set of basis images of an object for
variable illumination from input images of the object taken under those light sources without
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suffering aliasing caused by insufficient sampling of its appearance.
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point light source
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Table 1 Reflection parameters (Ward isotropic model):

K4 and K, are constants for the diffuse and spec-
ular reflection components, respectively, and o is
the standard deviation of the surface slope.

Material Ky K o
glossy gray paper .29 .083 .082
lightly brushed aluminum .15 .19 .088
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Fig.9 Comparison between real images and synthesized

images under complex illumination.

goooobooooooboooooboooooooon
goooboooooooooooboobooooooo
gooobobooooooooooboooooooo
goboooooooobooooon

oobooooboooooooooooooooon
goooboooooooobooboooooooooon
goooobobooooooobooboooooobooooo
gooooobooooooooobocoooooboooo
goooobooooooooooooooooooo
oobooobooooo

6. O O

gooooooooooooooboooooooo

goboooooooooobooocoOoooooooboo
gobooooooobooboooooooobooooo
goboooooooooobooocoOoooooooboo
goooboobooooooooobooooobobo
gooooooooooooobooOooooooboooo
gbobooooooooboooooooooooboood
gboboooooooooooooobooooooood
gbobooooooooobooocoOoooooobobooo
gobooooooooboooooooooooooo
gbobooooooooobooocoOoooooobobooo
goboooooooooobooocoOoooooooboo
goooooOooooooooboooooooboooo
gooooooooooobooobo0ooooobooDoboo
gooooboooooooooooooooobonoo
gooooooOoooooooboooooooDbono
030000000o0o0o@()uooooooo
goboooooooooboooooooooobood
dooooooooUuoOooouooOooo@)ooo
gobooooooooooocoOoooooboooooo
doooU0oooo@oooooooooouooo
Gibbs OOODOOOOO
oo3oooooooooooobocoooooon
gooooooooooobooooboooooobooDoboo
gooooboooooooooooooooobonoo



Vol. 47 No. SIG 10(CVIM 15)

gooooboboooooboooooooooooooo
goooobooooooooooooooooooo
gooooboooooobooooooooooooon
oobooooboooooboooooboooooo

00 OoOooooooobooooooooooo
gooooooooooooooboobooooooo
OOPRESTOOODOOOOOOOOOCOCOO

g o o o

1) Basri, R. and Jacobs, D.: Lambertian Re-
flectance and Linear Subspaces, Proc. IEEE
Intl. Conf. Computer Vision 01, pp.383—-389
(2001).

2) Debevec, P.: Rendering Synthetic Objects into
Real Scenes: Bridging Traditional and Image-
based Graphics with Global Illumination with
High Dynamic Range Photography, Proc. SIG-
GRAPH 98, pp.189-198 (1998).

3) Debevec, P., Hawkins, T., Tchou, C., Duiker,
H., Sarokin, W. and Sagar, M.: Acquiring the
Reflectance Field of a Human Face, Proc. SIG-
GRAPH 00, pp.145-156 (2000).

4) Driscoll, J. and Healy, Jr, D.: Computing
Fourier transforms and convolutions on the 2-
sphere, J. Advanced in Applied Mathematics,
Vol.15, pp.202-250 (1994).

5) Frolova, D., Simakov, D. and Basri, R.: Accu-
racy of Spherical Harmonic Approximations for
Images of Lambertian Objects under Far and
Near Lighting, Proc. European Conference on
Computer Vision, Vol.1, pp.574-587 (2004).

6) Dror, R.O., Leung, T.K., Adelson, E.H. and
Willsky, A.S.: Statistics of Real-World Illumi-
nation, Proc. IEEE Conf. Computer Vision and
Pattern Recognition 01 (2001).

7) Epstein, R., Hallinan, P. and Yuille, A.: 54 /-
2 eigenimages suffice: An Empirical Investiga-
tion of Low-dimensional Lighting Models, Proc.
IEEE Workshop on Physics-Based Modeling in
Computer Vision, pp.108-116 (1995).

8) Georghiades, A., Kriegman, D. and
Belhumeur, P.: [llumination Cones for Recogni-
tion under Variable Lighting: Faces, Proc. IEEE
Conf. Computer Vision and Pattern Recogni-
tion, pp.52-59 (1998).

9) Georghiades, A., Kriegman, D. and
Belhumeur, P.: From few to many: Generative
Models for Recognition under Variable Pose
and Illumination, IEEE Trans. Pattern Anal-
ysis and Machine Intelligence, Vol.23, No.6,
pp.643-660 (2001).

10) Hallinan, P.: A Low-dimensional Representa-

oobooooooooobooooooooooobooooo 117

tion of Human Faces for Arbitrary Lighting
Conditions, Proc. IEEE Conf. Computer Vision
and Pattern Recognition, pp.995-999 (1994).

11) Lee, K.C., Ho, J. and Kriegman, D.: Nine
Points of Light: Acquiring Subspaces for Face
Recognition under Variable Lighting, Proc.
IEEE Conf. Computer Vision and Pattern
Recognition 01, pp.519-526 (2001).

12) Lensch, H.P.A., Lang, J., Sa, A.M. and
Seidel, H.-P.: Planned Sampling of Spa-
tially Varying BRDF's, Proc. Eurogprahics 03,
pp-473-482 (2003).

13) Mohlenkamp, M.J.: A Fast Transform for
Spherical Harmonics, J. Fourier Analysis and
Applications, Vol.5(2/3), pp.159-184 (1999).

14) 000000000000 Photometric Image-
Based Rendering 0000 000000DOOOO
O00o00o0oooooooooooooogog
000000Vol.41, No.SIG10 (CVIM1), pp.19-
30 (2000).

15) 0000000000 oooooooooon
0000oDO0ooooOO0ooooooooooog
000 D-IIO Vol.J84-D-II, No.8, pp.1873-188
(2001).

16) Murase, H. and Nayar, S.: Visual Learning
and Recognition of 3-D Objects from Appear-
ance, Int. J. Computer Vision, Vol.14, No.1,
pp-5-24 (1995).

17y 00000000000 O0O0oOOo0ooOn
O0000000000D0D0O0O00OdVols2,
No.9, pp.1328-1335 (1998).

18) Nayar, S.K., Ikeuchi, K. and Kanade, T.:
Determining Shape and Reflectance of Hy-
brid Surfaces by Photometric Sampling, IEEE
Trans. Robotics and Automation, Vol.6, No.4,
pp-418-43 (1990).

19) Okabe, T., Sato, I. and Sato, Y.: Spheri-
cal Harmonics vs. Haar Wavelets: Basis for
Recovering Illumination from Cast Shadows,
Proc. IEEE Conf. Computer Vision and Pat-
tern Recognition, pp.I-50-57 (2004).

20) Press, W.H., Flannery, B.P., Teukolsky, S.A.
and Vetterling, W.T.: Numerical Recipes in C:
The Art of Scientific Computing, Cambridge
University Press, Cambridge (1988).

21) Ramamoorthi, R. and Hanrahan, P.: A Signal-
Procession Framework for Inverse Rendering,
Proc. SIGGRAPH 01, pp.117-128 (2001).

22) Ramamoorthi, R. and Hanrahan, P.: On the
relationship between radiance and irradiance:
Determining the lumination from images of
a convex lambertian object, J. Optical Soci-
ety of America A, Vol.18, No.10, pp.2448-2459
(2001).



118 ooooooooooooooooooooboboooooooo

23) Ramamoorthi, R. and Hanrahan, P.: An
Efficient Representation for Irradiance Envi-
ronment Maps, Proc. ACM SIGGRAPH 01,
pp-497-500 (2001).

24) Ramamoorthi, R. and Hanrahan, P.: Fre-
quency space environment map rendering,
Proc. ACM SIGGRAPH 02, pp.517-526 (2002).

25) D00oO0oO0oOoO0oOoUooUoOooooo
O00o0ooooUuooOoouooooouoodg
000000ooooooooooooo D110
Vol.J84-D-II, No.8, pp.1864-1872 (2001).

26) Shashua, A.: On Photometric Issues in 3D Vi-
sual Recognition from a Single Image, Int. J.
Computer Vision, Vol.21, pp.99-122 (1997).

27) Ward, G.J.: Measuring and Modeling
Anisotropic Reflection, Proc. SIGGRAPH 92,
pp.265-272 (1992).

28) Westin, S., Arvo, J. and Torrance, K.: Predict-
ing Reflectance Functions from Complex Sur-
faces, Proc. SIGGRAPH 92, pp.255-264 (1992).

29) Yuille, A., Snow, D., Epstein, R. and
Belhumeur, P.: Determining Generative Mod-
els of Objects under Varying Illumination:
Shape and albedo from multiple images using
SVD and integrability, Int.J. Computer Vision,
Vol.35, No.3, pp.203—-222 (1999).

30) Zhao, L. and Yang, Y.: Theoretical Analy-
sis of Hlumination in PCA-based Vision Sys-
tems, Pattern Recognition, Vol.32, pp.547-564
(1999).

g O

00000000 R(4,¢) 0000000000
E(,)000000000000000000000
0 R(A,¢) 000000

(0,6) = / ' / RO 0L 6) B

sin#.d0.d¢.. (13)
000000000000R(Mg(0.,4.)) 0 E(0.) O
0000000000000 D0000000000

:SiEﬁwa (14)

oo

R(M¢(‘9€a¢e *Z Z Rl }/l M¢( ev¢e))

1=0m=-1
(15)
R0 E,0000000000O0O0O0O0OOOO
dddddddb0o0o0oooboo0oooooooo
O Y™ (Mg (6, ¢.)) OO

July 2006

Y™ (Mg (0., 6.))

l
=Y D0
m/=—1

oooooooo?Voe™ oooonon ¢000on
0oDoopP 00000 !00000D00000D
000000000000000000000000
0DO0ooooooo
0O (14)0(15) 00 (13) 000000

R'(6,9)

oo

oo ! l
ZZ Z ZRZ En.DL, . (0)e'™?

n=0 1=0 _ _
// ¥ (
0 0
Joogooooooooooooo

/ / ¥ (01, 61V (0L) sin 010, s,

—5ln
DDDDDDDDD

MY (0L, 0L)  (16)

0., ¢.)Yy (0.) sin 0.d0.d..
(17)

R(O.0)=>.5 3 S R'E.D}, (0
n=0 1=0 m=—1Im/=—1
€Im¢5ln5m/0. (18)

00006;=100000000 60000000
0i=;000 10i#;000 000000000
0000000000000000

l

:i > RMED,, o(0)e" ™. (19)

1=0 m=—1

(00 1709020000)
(00 18030 20000)

oooooonbo OO0 oooo



Vol. 47 No. SIG 10(CVIM 15)

ooogo
19940000000000000O
o00200200000000000
O0o0oooOoooogzo050000
O0oooOoooooooooood
- O0oo0ooooooooooood
000000000 00o0ooO0ooooooooood
000000000000 &O00000O000000O0
000019920 1993 O Carnegie Mellon University
0 CMUMCenter for Machine Translation(JResearch
Assistant0 19940 1996 O CMUO The Robotics In-
stituted Visiting Scholar1 199702000 0 00000
O000oOooooooooz200302004000000
ooooooogg

o0 ooodoooo
199700o00o00oooooooo
ggleooooooooooon
goooobboooogodooz2o000
‘& gooooboobooz2o010000o0
- oobooooooooooooon
gobooooooooooboooobooooooon
goooooooboD200000000bObODbDDOOO
00 MIRU20040 MIRU2005 00000 02004 00O
PRMUOOOUOOOOO0OOO0O0O0O0O0ODODIEEE
oooo

oobooooooooobooooooooooobooooo 119

o0 O0o0o0oooo

197 000000000000
goooooboboooooooao
goooobooobbooooooon
gboooooooboooooooo

00000O0O00PHhD. in RobotiecsEOOOO0OO
goooooooooooobooooobooooo
gobooooooooobooooooboooooo
gOOMIRU20000000000MIRUDOODOO
0 MIRU20040 MIRU2005[10 1999 0 0000000
o019 0boo0ooooooooooooooonod
gobooz2e0s000000000000000000
gboobooooooooocobOoOobOoboooooo
ACMOIEEEOOOO

o0 ooooooo

1973 000000000000
oooboo011978 000000000
gooooooocoooooooo
ooobooooMITOOOOOOOO
oooocMuUOOooOOO0oooo
199 00000000000DO00O000ODO0O0ODOO
goooooOoooooooooboobooooooobo
gooooooooOoOoooooooooIccv-900
CVPR-910ALJ-9200000000-970IEEE R&A
g-980000oooooobooononoooMIRU2000M
199 00000000000000000O000O000
gbooooooooooooocoooboobooooo
0000000000000 00ooooOoOoSAd
OOIEEE 0O 0O O Fellow[D




