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Abstract

This thesis is about interactive global illumination rendering with dynamic ma-

terials. The users can change the materials by interaction if dynamic materials are

used. Global illumination rendering with fixed materials can be solved by precom-

puted radiance transfer(PRT). Researchers turn to global illumination rendering with

dynamic materials these years. The algorithms proposed in this thesis allow the users

to change the materials while global illumination results are rendered with interactive

performance.

The algorithms in this thesis are about two kinds of rendering scenes. In the first,

the geometry remains unchanged, we use the bidirectional reflectance distribution

functions(BRDFs) to represent the dynamic reflection materials, and the scattering,

reflection and transparency are not included. In the second, the geometry can be

changed by users, the objects are with refractive and scattering materials.

For the first kind of rendering scenes, the main contribution of our algorithm

is radiance transfer separation for different light paths. The algorithm of PRT used

for fixed materials renders with dynamic illuminations in real–time according to the

linear relationship between rendering results and illuminations. But the rendering

results do not linearly depend on the materials, so PRT can not interactively render

with dynamic materials. Even the total radiance to the viewpoint is not linearly

dependent on the materials, the radiance transferring along a given light path is

linearly dependent on the product of all the reflective materials on the way. So

the radiance transfer separation converts the non–linear problem to be the sum of a

number of linear problems. We precompute the radiance transfers of different light

paths independently, which is different from PRT whose precomputation is for the

whole radiance transfer. This is the first algorithm of pixel based real–time global

illumination rendering with dynamic materials. Our algorithm not only render global

illumination results in real–time with spatial static dynamic materials, which allows

the users to change the material of a whole object, but also interactively render global

illumination results with spatial variant dynamic materials, which allows the users to

iii
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apply different changes to the materials of different parts of an object.

We also propose a algorithm of vertex–based interactive global illumination ren-

dering with spatial static dynamic materials. This is the first algorithm allowing

the users to change the material, environment lighting and viewpoint simultaneously,

and the real–timer performance can be achieved when the environment lighting is

fixed. The algorithm includes three contributions: light path separation, precom-

puted transfer tensors, mirror separation and tensor decomposition of BRDFs. The

light path separation reduces the size of the data of the radiance transfer. The

precomputed transfer tensor is used to represent, precompute, store and render the

radiance transfer. The mirror separation and tensor decomposition of BRDFs are

used to achieve fast shading on object surface under dynamic local incident radiance,

dynamic material and dynamic viewpoint.

For the second kind of rendering scenes, our main contribution is to propose a

complete rendering pipeline, which is the first solution of interactive global illumi-

nation rendering with dynamic reflective and scattering materials. The inputs of

the pipeline are geometry, materials, illumination and viewpoint, so the users can

change all of these parameters while global illumination rendering in real–time. The

whole pipeline is implemented on graphics processing units(GPUs) to achieve inter-

active performance. There are two very important stages of the pipeline, which are

also our contributions: fast voxelization makes the rendering which dynamic geom-

etry possible, the adaptive non–linear photon–mapping is critical to the interactive

performance of our pipeline.

The algorithms in this thesis have many applications, such as games and com-

puter aided design. Our rendering pipeline for refractive and scattering materials can

be also used as real–time visualization algorithm for mesh deformation, interactive

modeling and fluid physical simulation.

Keywordsµµµdynamic material, real–time rendering, global illumination, bidirec-

tional reflectance distribution function, precomputed radiance transfer, precomputed

transfer tensor, non–linear photon–mapping
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±�!¢�±�!á��L«���¡¶1oÙÚ1ÊÙ0���{^u±���

á��|µ§Ù¥1oÙ��{´Äu���±��{§��)
é�mÄ��C

á��*Ð§1ÊÙ��{´Äuº:�±��{¶18Ù��{^uß²ÚÑ�

á�|µ�±�¶1ÔÙ´é�©ó��o(±9é�5ó��cÇ¶��´�©

ó�¤�9�¤kë�©z§ôÖÆ¬Ïm�F<¤kuL�Ø©§±9��"
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1 2Ù Ä�nØ

ù�ÙÌ�0�
�©�K�'�Ä�nØ!�{ÚêÆóä�§�)Ë�ÿ

þÆÚ1ÝÆ§V�L¡Ñ���©Ù¼êÚV���©Ù¼ê§±��§§ýO

�Ë�DÑ§Üþ§dr�½ÆÚ§¼�§"

2.1 Ë�ÿþÆÚ1ÝÆ(Radiometry & Photometry)

Äk·�0��eË�ÿþÆÚ1ÝÆ¥�
­��Ä�â�9ÙÝþ"

L2-1¥�Þ
üö�m�éA'X"�±w�§üö�Lãk�d�'X"�

´§3ý¢aã/±�+�§·���S.æ^Ë�ÿþÆ�â�?1Lã"±e

äN0��e±��{¥~^��
â�9ÙÔnºÂ"

ËËË���ÏÏÏþþþ(Radiation Flux) q¡>^Ïþ§~^ÎÒΦL«§�duõÇ"§^

5Lãü �m6²�1Uµ

Φ =
dQ

dt
(2-1)

Ù¥QL«3�mãtS6²�¤kÅ��¤k1f�Uþ�oÚ"Ë�Ïþ

�Ýþü ´Watt"

ËËË���ìììÝÝÝ(Irradiance) ���¹eA�\��Ë�ìÝ§~^ÎÒEL«§^±

Lãü ¡È�ÔNL¡É��\�Ë�Ïþ:

E =
dΦ

dA
(2-2)

Ù¥AL«ÔNL¡É�\�Ë�Ïþ�¡È"

�d�éA�Ñ��Ë�ìÝ§q¡�Ë�Ý§~^ML«§^±Lãü 

¡È�ÔNL¡uÑ�Ë�Ïþµ

M =
dΦ

dA
(2-3)

Ë�ìÝ�Ýþü ´Watt/m2

ËËË���rrrÝÝÝ(Radiant Intensity) ~^ÎÒIL«§^±Lãü áN�SÔNuÑ

�Ë�Ïþµ

I =
dΦ

dω
(2-4)

7



úô�ÆÆ¬Æ Ø© 1 2Ù Ä�nØ

Ù¥ωL«��§dωL«áN���©"Ë�rÝ�Ýþü ´Watt/sr

ËËË������ÝÝÝ(Radiance) ´Ë�ÿþÆ¥��­�ÚÄ��Vg§§¯¢þ�du<

úÀúa�þ��Ý"§~^ÎÒLL«§^±Lãü ¡È�ÔNL¡3ü

 áN�S¤DÑ�Ë�Ïþµ

L =
dE

dω
=

d2Φ

dωdA⊥
=

d2Φ

dωdA cos θ
(2-5)

Ù¥A⊥L«ÔNL¡31DÑ����R���þ�ÝK¡È§θL«1

DÑ��ÚÔNL¡{��Y�"Ë��Ý�Ýþü ´Watt/m2sr"X

ã2-1¤«µ

ããã 2-1 Ë��Ý

2.2 V�L¡Ñ���©Ù¼êÚV���©Ù¼ê(Bidirectional

Surface Scattering Reflectance Distribution Functions, BSSRDFs

& Bidirectional Reflectance Distribution Functions, BRDFs)

3�©¥§·�æ^��{ü�AÛ1Æ�.§=b�1ò����DÂ§¿

�Ø�ÄØÓÅ��1�á5��É§Ïd§¤kÅÄ1Æ�.¤£ã�Ôny

�§'XZ�!û�!4z!F1�J§3�©¥ÑØ�9"

V�L¡Ñ���©Ù¼ê(bidirectional surface scattering reflectance distribu-

tion functions, BSSRDFs)´�«éË�DÑÏ^54r��«£ã§�±^5£

ã?¿���U�1´þ�Ë�DÑ"§Lã�´��ÔN3L¡þ�?¿��:

8
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LLL 2-1 Ë�ÿþÆÚ1ÝÆ¥éA�Ä�â�9ÙÝþ

Ë�ÿþÆ 1ÝÆ

Ë�U(Radiant Energy) 1U(Luminous Energy)

Joule Talbot

Ë�õÇ(Radiant Power) 1õÇ(Luminous Power)

Watt Lumen(lm)

Ë�ìÝ(Irradiance) u1Ý(Luminosity)

Watt/m2 Lux(lm/m2)

Ë�rÝ(Radiant Intensity) u1rÝ(Luminous Intensity)

Watt/sr Candelaa(cd or lm/sr)

Ë��Ý(Radiance) �Ý(Luminance)

Watt/m2sr Nit(cd/m2 or lm/m2sr)

�?¿�����\��Ë�ìÝÚ,	�?¿��:�?¿����þÑ��Ë

��Ý�m���'Ç§Ïd´��l��¼êµ

S (xi, θi → xo, θo) =
dL (xo → θo)

dE (xi ← θi)
=

dL (xo → θo)

L (xi ← θi) cos (nxi, θi) dωθi

(2-6)

Ù¥µSL«BSSRDF��¶xiL«\�� �¶xoL«Ñ�� �¶θiL«\�

1���¶θoL«Ñ�1���¶LL«1��Ý¶EL«1�ìÝ¶nxiL«\�

:�{���¶ωL«�m�"

b�1�3ÔN�L¡É����^§\�:Ú��:�Ó§@

oBSSRDF�±{z�V���©Ù¼ê(bidirectional reflectance distribution func-

tions, BRDFs)"BRDF£ã
13Ñ�����ÝÚ\����ìÝ�m�'�§

Ïd´��8�¼êµ

fr (x, θi → θo) =
dL (x→ θo)

dE (x← θi)
=

dL (x→ θo)

L (x← θi) cos (nx, θi) dωθi

(2-7)

Ù¥µfrL«BRDF��¶xL«��:� �¶θiL«\�1���¶θoL«Ñ�

1���¶LL«1��Ý¶EL«1�ìÝ¶nxL«��:�{���¶ωL«

�m�"Xã2-2¤«µ

BRDFkn�Ì�5�µ

• �K5µ

fr (x, θi → θo) ≥ 0 (2-8)
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ããã 2-2 V���©Ù¼ê

• é¡5µ

fr (x, θi → θo) = fr (x, θi ← θo) = fr (x, θo ↔ θi) (2-9)

• UþÅð:

∀θi :

∫

Ωx

fr (x, θi → θo) cos (nx, θo) dωθo
≤ 1 (2-10)

Ù¥µΩxL«��:{�éA��¥¡��m�"

�©¥¦^
ü«BRDF�.:

• Blinn–Phong�.

fr (x, θi ↔ θo) = kd + ks cosn (nx, θh) (2-11)

• Cook–Torrance�.

fr (x, θi ↔ θo) = kd + ks
F (β)

π
·

D (θh) G

cos θi cos θr

(2-12)

Ù¥µkdL«û��©þ�Xê¶ksL«p1©þ�Xê¶θhL«\���Ú

Ñ����¥m��¶βL«¥m��Ú{��Y�¶F (β)L«�r����

J¶D (θh)L«��L¡�²¡�©Ù¶GL«��L¡�²¡�ñ	�J"

10
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2.3 ±��§(Rendering Equation)

±��§´éæ^BRDFL«ÔNá��|µ�Ë�DÑ�êÆ£ã"

XJ·�ò±��§�ã�3\�����¥¡þÈ©�/ª§@o|µ¥�

���:3��Ñ�����Ý§d¤k���\�ìÝ²LT:�BRDF��^

\Ú��µ

L (x→ θo) = Le (x→ θo) +

∫

Ωx

L (x← θi) fr (x, θi → θo) cos (nx, θi) dωθi
(2-13)

Ù¥µLeL«��:3Ñ���þ�gu1"ù«/ª�±��§rN�´��:

ÛÜ�5�§ù«5�Ò´ÔN�á�§3ùpÒ´^BRDF?1L«"§¤Ny

��JÒ´?¿�½�¥¡��þ\��Ë�ìÝ§ÒUdT:�BRDF��(½

3�¥¡��þÑ��Ë��Ý"�é{`§T:�BRDFÒû½
T:é¤²L

�Ë�DÑ�\��^ÚUC"

XJ·�ò±��§�ã�3|µ¥l¤k�¡\��1�È©/ªµ

L (x→ θo) = Le (x→ θo) +
∫

A

L (z → x) fr (x, θx→z → θo)G (x, z)V (x, z) dAz

G (x, z) = cos(nx,θx→z) cos(nz ,θz→x)

‖x−z‖2

(2-14)

Ù¥µzL«|µ�¡þ�:¶AL«¡È¶VL«��5"ù«/ª�±��§r

N�´|µ¥�ÛVg�Ë�DÑ§�±n)¤é|µ¥?¿ü��¡¡�mË�

DÑ�£ã"¯¢þ�Û1ì²¯K´���Û¿Âþ�¯K§Ø
ÛÜ�á�á

5	§�Û¿Âþ���5!ñ	�Ó�äk�*
­��Ôn¿Â"±þü«/

ª�±��§���d§�´du�ö�¹
wª���5�Cþ§¤±w���

�*
�ß"

I��Ñ�´§�,±��§£ã��´��:éË�DÑ��J§�´Ù�

��Ñ�1Ó����O�:�\�1§¤k��:Ú���±��§�oÜÒ�

�/£ã
1DÂ���ÔnL§"3±��§¥§��5!ål!¡È�Ï�d

|µAÛû½§BRDF�L
|µ¥á��A5§2\þ1
ÚÀ:§Ò�±û½


|µ¥�Ë�DÑ�A5§�Òû½
�Û1ì²�±�(J"

3��|µ¥§±��§£ã�Ë�DÑ´?u²ïG�"�´§·���±

rË�DÑ�âÙ¤²L���gê©l§ù��¤���*�Ë�DÑ�S�§

11
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òª2-13?U��µ

Li+1 (x→ θo) = Le (x→ θo) +

∫

Ωx

Li (x← θi) fr (x, θi → θo) cos (nx, θi) dωθi
(2-15)

Ù¥LiL«TË��Ý3l1
uÑ�§²L
ig��"ù�c�g����Ñ

�Ë��Ý¤���g���\�Ë��Ý§Ò/¤
��Neumann?ê"Ë�

DÑ�Ã¡Neumann?ê�£ã§Ó�3Ônþ�duc¡ü�Ë�DÑ�²ï

G��£ã"

2.4 ýO�Ë�DÑ(Precomputed Radiance Transfer, PRT)

�,13|µ¥�Ë�DÑ�E,Ýép§
�õg���¬�5�E,�Ô

nL§§�´�ª�±�(JÚ1ì¤�5'X"�Ò´`§XJ·�®²��


�|1ì�g�±�(J§@oXJæ^ù|1ì����5|Ü����#�1

ì§�I�±Ó��Xê|Ü�k�±�(J=�§ØI�­#�[Ë�DÑ��

�L§"

�Ìù��g´§PRTU
¢y·�|µÚ·�á�e�¢�­1ì"ÄkÀ

J�|Ä1ì{li}§¿ýO����A�±�(J{ri}"±��À���1ìL¿Ý

K�ÄþL ≈
∑

i

cili§@o�A�±�(JÒU¯���R≈
∑

i

ciri"

I�5¿�´§|^±�(JÚ1ì��5'X¯�­1ì�@A^uÄu�

��­1ì§�´Äuº:�¢�±�é�§Ýþ�6uã/?nü�(graphics

processing unit, GPU)�r�5U§ÏdE,1
ì�e�Äuº:�¢�­1ì

��PRT�JÑâ�±¢y"

2.5 Üþ(Tensor)

ÜþÒ´p��þ�2ÂVg"Ï~¿Â��þ´��Üþ§Ý
´��Ü

þ"·�¡ÜþA ∈ ℜI1×I2×...×IN���N¶§�����L«�ai1i2...iN¶§��

��n��þ�A(n) ∈ ℜ
In×(I1I2...In−1In+1...IN )§¼����n��þ�ö��¡��

²Üþ"

ÜþA ∈ ℜI1×I2×...×In×...×INÚÝ
M ∈ ℜJn×In��n�ÈL«�B = A ×n M§

Ù¥B ∈ ℜI1×I2×...×Jn×...×IN§¿�bi1...in−1jnin+1...iN =
∑

in

bi1...in−1jnin+1...iN mjnin"

12
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��p�Ý�Üþ§�±©)���Ó�$�Ý�ÜþÚ�|Ý
�Èµ

D ≈ Z ×1 U1 ×2 U2 . . .×n Un . . .×N UN

D ∈ ℜI1×I2×...×IN

Z ∈ ℜÎ1×Î2×...×ÎN

∀i : Ui ∈ ℜ
Ii×Îi, Îi ≤ Ii

(2-16)

Ù¥Z�¡�ÜþØ§U´��éA�ÝKÝ
"

w,·��±^�©ÜþÚÝKÝ
��ÜþØµ

Z ≈ D ×1 UT
1 ×2 UT

2 . . .×n UT
n . . .×N UT

N (2-17)

Üþ©)�±¦^�nA��©)��{��"äN�{´§�½¤kÝKÝ


��Ð©�§,�Ì��#z��ÝKÝ
"�#��{´µÄk¦^Ù¦¤k

�ÝKÝ
òÜþÝK�$�Ýþ§,�3I��#�Ý
¤3��Ýþ�²¿?

1A��©)§���A��þ�ÝKÝ
Ò´¤I���#"��§�½Ì�Â

ñ�IO§'XÝKÝ
Âñ½öÜþØ�,Âñ§(åÌ�§^���ÝKÝ


Ú�©Üþ��ÜþØ§�¤©)"

2.6 dr�½ÆÚ§¼�§(Snell’s law & Eikonal Equation)

dr�½Æ´��~^�O�ò�1�1´��{§Ì�^uO�u)3ü«

ØÓò�Çá��.¡�ò�y�µ

sin θi

sin θr
=

nr

ni
(2-18)

Ù¥θiL«\��§θrL«ò��§niL«\��á��ò�Ç§nrL«Ñ�

�á��ò�Ç"Xã2-3¤«µ

�,dr�½Æ�~�*{ü§�´JuO�ò�ÇëYCz�á�SÜ�ò

�1´§Ïd·�I�¦^§¼�§5£ã1´Úò�Ç�'Xµ

|▽Φ|2 = n (2-19)

§¼�§A�ù«/ª�êÆ�§"
3·��A½�ò��Ôn£ã

¥§Φ�Ë�DÂ�Å�¡§n�á��ò�Ç"ù��§Ò´�þ�ò�Çá�

13
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ããã 2-3 dr�½Æ

SË�DÂ�êÆ£ã§§¤£ã�Ôn�n´1��DÂ´»ÚÅ�¡©ª�±

R�§Xã2-4¤«µ

ããã 2-4 1�DÂ´»ÚÅ�¡R�§dãÚg©z
[85]

XJÚ\Ü·��©Cþs§
Ë�DÑ��m �x´s�¼ê§·��±�

��A��©/ª�§¼�§µ

d

ds

(

n
dx

ds

)

= ▽n (2-20)

§¼�§Údr�½Æ�,/ªØÓ§�éÔny��£ã���d"
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1 3Ù �'ó�ÚïÄyG

�Ù0�
�©�K��'ó�±9ïÄyG§�)�Û1ì²§ã��m­

1ì§ýO�Ë�DÑ§V���©Ù¼ê§á��?6ÚèA§Üþ�A^§�

�á�|µ��Cá��¢�±�§ò�ÚÑ�á�|µ��Cá��¢�±�"

3.1 �Û1ì²

du1�DÂ�E,Ýép§Ïd���[1�DÂ5±��Û1ì²�J�

�Ø�U��¢�±��5U"ùÜ©Ì�?Ø�¢���Û1ì²±��{"

�¢���Û1ì²±��{Ì�©�üaµk��Ë�Ý�{Ú1��l�

{"ùü«�{ÑÎÜ±��§é1DÂÔnL§�êÆ£ã"

ËËË���ÝÝÝ���{{{ ´æ^k����{¦)|µ¥�Ë�DÑ"Ì��g�´ò|µl

Ñ¤�þ[��¡¡§,��âù
¡¡�m3²ïG�e�Ë�DÑ'X

ïá�5XÚ§ÏL¦)ù��5XÚ���Û1ì²±�(J"

Goral
[29]
§Torrance

[13]
ÚGreenburg

[65]
�<�@òË�Ý�{Ú\O�Åã/

Æ"�Ð�Ë�Ý�{duM�Ú�{�5U���§I�b�z�¡¡�

¤k�����Ë��ÝÑ�Ó§=¤k¡¡�á�Ñ�U´û��á�§

ù��{?Ûü�¡¡�m�Ë�DÑ'X�±{z�¦��m���5

�¼ê§l
{z
XÚ�ïáÚ¦)"lImmel
[44]
m©§Ë�Ý�{�Ñ


û��á����§¢y
p1á��±�"Ì��g´kü«µ�«

´ò��5Ú\Ë�DÑ�XÚ§ÏdË�DÑ�'X�E,ÝÒJp


Nõ§�kïá��5XÚ�´��5�¼ê§
y3?¿n�¡¡�k

S�n�|ÑI�Õá/L«�Ü©Ë�DÑ
[4]
§¿3ù��XÚe�¤�

[��|µ�Ë�DÑ��Âñ�����Û1ì²�±�(J
[9]
",�«

�{´æ^1��l��{Ö¿Ë�Ý�{¥��û��á�Ü©��Û

1ì²�J
[79, 81, 82, 92, 93]

"d	§�k�þ�ó��åuJpË�Ý�{�5

U
[14, 30, 37, 89, 107]

§q½ö´ò�{*Ð�Ä�|µ
[23]
"

111������lll ´ÏL�[1�3|µ¥�DÂL§5���Û1ì²�±�(J§ä

Næ^�þæ�lÑ1��ÚO(J5�OëY�Ë�DÑ�ý¢�J
[80]
"
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Appel
[3]
JÑ
1�Ý��{5�Ø|µ¥�Ûõ¡§A�´¤k1��l

�{�@Ñy�Ö/§�,Ø�9Ë�DÑ��[ÚO�§�´®²UNy

ÑÄu���±��J§±9éE,|µ�oN5§¿�;�
|µn�z

�ö�"Whitted
[102]
òÙ*Ð�48�{5�[|µ¥�Ë�DÑ§¿�J

Ñ
���������Û1ì²�.§l
ïá
�����^uO�

�Û1ì²�1��l�{§�´ù��{¤·^�|µ�Uæ^û��

Úº¡���á�"�éá�þ���§Cook
[15]
JÑ©Ù1��l�{§

l
¦�1��l�{U
?n0uû��Úº¡���m�p1á��

±�"Kajiya
[47]
JÑ�±��§´éË�DÂ�ÔnL§�êÆ£ã"du

�~�ß!{'!�*!Ï^§±��§äk�~­��¿Â§¿�2�

A^u�5��«�Û1ì²��{¥"
Ó�âdJÑ��AkÛ(Monte

Carlo)1��l�{§´é��5�Û1ì²±�¯K���)û�Y"�A

kÛ�{l��þ
ó´�«ÄuÚO�§¿ÏL�Åæ��±¢y��Å

ir�{"�'uË�Ý�)û�Y§�AkÛ1��l�{äk�Ð�5

UÚÏ^5µØ��mÚ�m�E,Ý�$§¿U����?�±��J§

�­��´U·^uNõE,
AÏ�1ì!AÛÚá�"Ïd¤�8cÌ

6�ïÄK8ÚSN"Jensen
[45]
JÑ�1fbã(photon mapping)�{´é�

AkÛ1��l�{���­��uÐ"1fbã�{ÏLïáÕáu|µ

�1fDÂ�êâ(�5\�±�"§¤GÑ��d´±k �O�O²;

��AkÛ�{�Ã �O§3�mþI��	�o��1fbã�êâ(

�§¿��Ùïá\�(�§XKd–tree§�±��\�O�"
§¤¼��

Ã?kéõµÄkU
3k��æ�êþeé�§Ýþ�~�AkÛæ�7

,�5�æ�D:¶ÙgÏLïá¥mêâ(�¦�O���mE,Ý��

êþ?þ�ü$§l
¼�5Uþ�ã�J,¶d	��B·�V\éuª

�k�5K±*Ð|±ØÓa.�AÛ(�Ú±��J§'Xæ^�Ñbã

��{§ÒU±���1fê¼�p�þ��Ñ�±��J"

3.2 ã��m�­1ì

ã��m�­1ì´A�·�|µ!·�À:!·�á�3ØÓ1ì^�e�

¯�­1ì�{"Ù¥�
�{§éÀ:ÚAÛ�±�����UC"

�@^uã��m�­1ì�{�üÑI�|^1ìÚË�DÑ��5'
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X"ùÚ�©3.3¥0��ýO�Ë�DÑ�g�´�Ó�"Ù¥�L5�ó�

kDorsey
[21, 22]

"Dobashi
[20]
��
aq�ó�§¦�r�ÀJ�1ìÝK�Äþ?

1ýO�§¿�|^OþO�5\�±�L§"

,�aã��m�­1ì�{´|^v���üÑ"du´ã��m��{§

���´Å���±�°Ý§Ïdz���k�éÕá�û½±�(J�AÛ½1

ì&E"Ïd·��±�±�ã�ïá�	�v��§v���z����;éA

���­1ì¤I�AÛ½1ì&E"Saito
[76]
�@JÑ¦^AÛv���;z�

��éA�AÛ&E"��§Gershbein
[28]
ÚPellacini

[69]
�<òAÛv��*Ð��

Ýv��§Ø��;AÛ&E§��;1ì&E§Ó�du±�(JÚv��Ñ´

�Ý�Ó���ã�§Ïd�~·Ü¦^GPU?1\�"

�k�a�ã��m�­1ì�{|^�´õ1
(many lights)�üÑ§=^

�þ�{ü1
§X:1
½²11
�5Cq�[E,1
Ú�Û1ì²�m

�1ì"Walter
[94]
��{|^
�þ�:1
5�[E,1
Úm�1ì"
�

�Hasan
[39]
��{?�Ú|^
Ë�DÑ�DÕ5Ú�'5§æ^æ�Ü©Ë�D

ÑO�¡Þ¤kË�DÑ��{§ò|µ5�Ú:1
�5�Jp��©¯<�§

Ý§¿¼��*�5UÚp�þ�±�(J"I��Ñ�´§Nõã��m­1ì

��{´v��Úõ1
�{�·ÜN§'XHasan
[38]
Ò´okv��Úõ1
�

g�§¿�´1��òaq�­1ì�{Jp�¢��±�5U��{"

3.3 ýO�Ë�DÑ

Ó�Äu1ìÚ±��J��5'X§¿|^GPU�`�5U§Sloan
[84]
JÑ


PRTµe§ù´1��E,1ìe�¢��Û1ì²±��{"Úc©3.2¥�

ã��m�­1ì�{�'§Ì�k±e�A:µPRT´Äuº:�±��{§

Ã{��Å���±�°Ý¶PRTU
|±Ä��¸1ì§Ä�À:§·�|

µ¶PRTU
��¢��±�5U§±����mE,ÝÚË�DÂ�E,ÝÃ

'§�Ú|µ¥�º:êþÚÄ1ì�êþk'§Ë�DÑ�L§�[�¹3ýO

��L§¥"��§Sloan
[83]
q¦^àaÌ�©Û£Clustered Principle Component

Analysis§CPCA¤éýO����Ë�DÑ?1Ø Ú\�§l
Jp
�{¤

|±�|µ�5�"duSloanæ^�´¥¡NÚ(spherical harmonic, SH)Ä��

1ì�Ä§¤±J±��pª�±��J§X�1
!7áp1!kb�ÒK>

��"Ïd§Ng
[61]
Ú\Haar�ÅÄ§��
pª�1ì�J"éu��¹û��
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á��±�|µ§�±3±��UC1ìÚÀ:"duM�$�UåÚS��m

���§éu�¹�û��á��|µ§Ã{3±��UCÀ:§ù�Òðz¤

��ã��m��Û1ì²�­1ì�{"éd§Ng
[62]
ò±��§Lã���n

­È(triple product)¯K§�,3���M�^�e�Ã{��¢�½�p?�±

�5U§�´n­È´é·�|µ!Ä�1ì!Ä�À:����(!�ß
Ï

^�êÆ£ã§Ó�äké­��¿Â"Ø
n­È�g´§Liu
[54]
ÚWang

[97]
Ï

Lé�û���BRDF?1©)§Ó�U��pªÄ�1ì!p1á�!Ä�À

:�¢��±�5U"
Tsai
[90]
ò¥¡»�Ä¼ê(spherical radial basis functions,

SRBF)Ú\PRTµe§±��J0uSHÄÚHaar�ÅÄ�m§Ó�|^àaÜþ

Cq(Clustered Tensor Approximation§CTA) k�/Ø 
ýO����Ë�D

Ñ�êâ§l
��ü$
±���mÚ�m��d§5Uþ��êþ?þ�J

,"Mei
[57]
��{¢y
Ä�|µ3�¸1e�ÒKÚm�1ì�±�"�âÔN

ñ	5ÚÛÜ1
��U\5§Zhou
[108]
JÑ
ÒK|�µe§¢y
Ä�|µ3

�¸1
ÚE,ÛÜ1
e���1ì�J�¢�½�p?±�"Sun
[86]
òn­È

í2����¿Âe�õ­È(multiple product)¯K§Ó�æ^ÒK|�±�µ

e§U
|±E,1ìep1á�ÔN�^=�fN$Ä|µ�¢�±�, �´3

��$ÄÔN�I�ê¦��#�m"Ren
[74]
æ^�
¥5CqC/ÔN§Ó�\

�
ÒK|�U\�{§l
òÒK|��{*Ð±|±�C/AÛ|µ���1

ì�±��J"

3.4 V���©Ù¼ê

BRDF
[59]
´�«~^�á��{z�.§2�$^uØ�Äß²!�ß²!

Ñ��|µ±�"BRDF´'u1
\���ÚÑ����¼ê§\�:ÚÑ�

:´ÔNL¡�Ó��:"�âØÓ�IO§BRDFkõ«©a�ª"XJÔN

L¡�BRDF??ØÓ§@oÒ´��8�¼ê§¡��mÄ�(spatial variant)

BRDF
[1, 33, 52, 70]

¶XJ��ÔNL¡�BRDF??�Ó§@oÒ´��o�¼ê§

¡��m·�(spatial static)BRDF
[2, 5, 6, 87]

"NõBRDF�.'u��:�{�¥

%é¡§¡����Ó5BRDF
[7, 16, 71]

¶Ù§�·�¡����É5BRDF
[98]
"X

J��Ó5BRDFÓ�q´�m·�BRDF§�±{z�n�¼ê"w,§�mÄ

�BRDFÚ��É5BRDFØ��Ý�p§
��äkÏ^5Ú��5"
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Nõ²;�BRDF�.¦^ëê5£ãÙ/�½öL¡(��b�§¿k

wª)ÛL�"§�¥mk�
´Äu<�éBRDF�/��Ì*<�§'

XPhong
[71]
!Blinn–Phong

[7]
¶k
´ÄuéBRDF�)Ån�b�§'XCook–

Torrance
[16]
¶�k�
´Äuéÿþ(J�[Ü§'XWard

[98]
�"ùa�BRDF�

,�ß{'§�´åly¢­.¥�ý¢á�§�´ké��ål"Ngan
[63]
ò

æ8���BRDF[Ü¤ØÓ�)Û/ª�BRDF§,�ò[Ü���BRDFÚ

�©æ8�BRDF©O?1±�¿'�(J§��
Nõk¿Â�(Ø§'Xµ

ÄuBRDF�)�ÔnÅnb��BRDF�.§�'uÄuBRDF/�Ì*<�

�BRDF�.§U�Ð/%Cý¢êâ¶Äuõ�(lobe)�BRDF�.§�'uÄ

uü��BRDF�.§U�Ð/%Cý¢êâ¶�Ä�r�(Fresnel)���J��

.§�'uÙ¦�BRDF�.§U�Ð/%Cý¢êâ¶��"�´Ã�~	�§

¤k�[Ü���)Û/ª�BRDF§ØØ3Ø��ÚOêâþ§�´3±��J

þ§Úæ8���ý¢�BRDFké��ål"�ÏÌ�kü:§��´æ8Ú[

Ü�XÚØ�§��´)Û�.��ÒØv±°(£ãBRDF"Ïd§�CAc<

�m©9©uæ^êâ°Ä(data driven)�BRDF
[55]
§=��òlý¢á�æ8�

��BRDFæ���BRDF?1ö�¦^§¿Ø[Ü�,�«)Û/ª�BRDF"

ù«g�´@�æ8���êâ8���L
BRDF�¤k¤U���5�§ÏL

êâ©ÛÚ?n��{U
��§Ý/¼�Ú�3BRDF�5�Ú�J§�,ØU

��wª�BRDF�êÆ£ã§�´ÏLPCA!�Å½ö6/(manifold)��{?

1©Û§ïá�/½ö��5�BRDF�m5?1Ø ÚL«§�éu)Û/ª

�BRDFU¼��Ð�©Û%CÚ±�(J"

3.5 á��?6ÚèA

á��?6��´^r?Uyk�BRDFl
��#�BRDF"XJ´)Û/

ª�BRDF§@o��?UÙëê§ÒU¢yBRDF�?6"Nõû�^�¤Jø

�BRDF?6õU§Ò´æ^ù«�{§'XMayaÚ3DsMax"ù«?6�ª�`

:´{ü��§ØI��	�ö�¶d	§NõBRDF�ëêk'��*�Ôn¿

Â§ù«?6�ªk�ÿ�'��*§ÙUCÚå�±��J�UC�U�^r

¤Ì*ýÿ"�k�
^�|±^r¾��BRDF
[26]
"�´Nõ�ÿBRDF�ëê

¿Øv
�*§UCBRDF��±��J�Å
Ø�ýÿ§ÏdØ´Ü·�?6�

ª"Ben-Artzi
[6]
©lÑBRDF�^r��©þ(user–controlled variable)Jø�^r
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?1á�?6§^r��©þØ�BuýO�Ú±�§
�Ú±��Jk�~�*

�'é§Ïd^r�±é�B�*/rBRDF?6¤gCI�����J"

á��èA��´^r3�½�BRDF�m¥ÀJI��BRDF"w,§�{

ü�BRDF�md¤k�BRDF�æ�|¤§èA��ÿ�I�l¥mÀJI��

æ�=�"Ïd§�I�k���CBRDF�¯�±���{§ÒU¢yBRDF�

èAÚ�Àz§McCool
[56]
B´æ^ù���ª§¦�ÏL©)BRDF\�±�"


3êâ°Ä�BRDF�g´e
[55]
§æ����BRDF�@�U�¤����

�BRDF��m§@o¯K3uXÛL«ù��m¿?1����æ�±	�Ó�

��mS�BRDF"Matusik
[55]
}Á
PCA!�Å!6/��{§�ªæ^
òê

â©¡�Ü�¤6/(manifold charting)��{�ÓBRDF�6/�m§¿?1�

�èA"Ngan
[64]
Ì�´)ûá�èA����Ú��¯K"¦�@�A�^±�

�J��É5ïþBRDF��É��§ù��ÎÜ<ú@�%n¶
�ÏL¢�y

²§±��J��ÉÚBRDFëê��ÉØäk�'5"Ïd¦�JÑ
�«#

�BRDF�èA�{§¦�BRDF���Ú�Ú±�(J��É���"

3.6 Üþ�A^

ÜþÒ´p���þ"3ã/Æ¥§�2�A^��,´��Üþ§=�þ§

±9��Üþ§=Ý
"�´�p��Üþ§'Xn�Üþ�§�kéõ�A^"

p�Üþ��«A^´L«Ônþ��äkp��þ¹Â�êâ"3æ

^BRDFL«á��±�|µ��Û1ì²¯K¥§ïá�Ë�DÑXÚ´¤

k���kS¡¡n�|§
¤kù��n�|�8ÜÒ´��n�Üþ§Ï

dAupperle
[4]
Òæ^��n�Üþ5L«��±�|µ¥��Û1ì²Ë�DÑ"

p�Üþ�,�«A^3u�±3õ��Ýþ?1�5Ø §
¿Ø�PCA�

U3��Ý
�ü��Ýþ?1Ø "Vasilescu
[91]
^n�Üþ5L«V�«

n¼ê(bidirectional texture functions, BTFs)§n��Ý©O�1ì!À:!

ÚBTFæ�§¿31ìÚÀ:ü��Ýþ?1Ø §l
¢y
BTF�¯�±

�"Wang
[96]
^ÜþL«Nõ«p���Àzêâ§¿�3õ��Ýþ?1Ø §

l
U
¢y¯���Àz"Tsai
[90]
^n��þL«ýO����Ë�DÑ§n�

�Ý©O´1ì!DÑÚ|µ�º:§,�æ^àaÜþCq��{§òº:©�

õ�ØÓ�q§z�q3n��ÝþÑ?1Ø §l
4�/ü$
±����m

Ú�m�E,Ý"
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3.7 ��á�|µ��Cá��¢�±�

��á�|µ��´æ^BRDFL«ÔNá��±�|µ"3c©3.1¥¤J�

�DÚ�l���Û1ì²�{§33.2¥¤J��ã��m�­1ì�{§±9

33.3¥¤J��ýO�Ë�DÑ�{§ù
�{¥��õêÑ´^uù«|µ�

�Û1ì²±�"

du�Û1ì²�Ë�DÑÚÔN�á�¤��5'X§Ben–Artzi
[6]
�ï
m

�1ì§�±���1ì�J"du��1ì�'�¤kË�DÑÑ²L|µ¥Ô

N��g��§¤±§�ÑÚ��?�á�¤�5'X§�Ò´`z����±�

(JÚT�������:�BRDF¤�'¶,�À½�|BRDF��5Ä§ýO

�z���3z�Äþ�±�(J§3?UBRDF�­#|ÜýO��(J§ÒU

¢�±��½1ì!�½À:!�m·��Cá�!Äu�����1ì�(J"

�
Ú\�Û1ì²�±��J§Ben–Artzi
[5]
éc¡��{

[6]
?1*Ð§æ^
�

«õ�ª�L«/ª5£ã�Û1ì²Ë�DÑÚÔNBRDF���5'X§Ó�

�U�â��gêØÓéË�DÑ?1ØÓ§Ý�Ø ÚCq"Äuù«õ�ª�

ýO�Ú±�§¢y
�½1ì!�½À:!�Cá�!Äu����Û1ì²�

¢�±�"ùü«�{�Û�5Ì�kü:µØU|±�mÄ��Cá�§ØUÓ

�UC1ìÚÀ:"
�öéu¢SA^c�­�"

3.8 ò�ÚÑ�á�|µ��Cá��¢�±�

ò�á�|µ�±�§Ú���ò�|µ±����«O3u1��DÂ´»

�7´��"XJ|µkê�þ�ß²á�«�|¤§1�DÂ´»3ØÓá��

�.¡þ¬u) ò"XJá�«�SÜ�ò�Ç´�þ��{§@oDÂ´»�

U´��ëYCz�­�"

kNõó�Ñ´�é����1��l�A^"¦�1�DÂ´»UC���

�Ï�±´ò�
[78, 85]

§��±´O��Ï§'X`­å|
[101]
§½ö´<��é�

/�m���5Û­
[32, 77]

�"ù
�{�õ'5XÛ��A½Ôn�åe�(�

DÂ´»§
¿Ø�åu5U�Jp§¤±�õ´l��{"

éurN5U��p?½¢��{§�õI�|^GPU�¿15�5�5Uþ

�J,
[35, 36, 41, 50, 67, 95, 100]

"cÙ´�X�Äuã��m�ò��{
[103–105]

§Ø�±�
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5Up§
�UéN´��¢��±�5U"

�´ù
ý�õê�p?½¢��ò�á��±��{Ñb��3ÔNL¡

u)ò�§Ø�Äò�ÇëYCz��J§Ó��éJÓ�¢y�þ��Ñ��

J
[35, 36, 41, 50, 95, 100]

"Ù¥�kNõ�{I�ýkû½z^1�u)ò��gê
[67]
§

�;.�´�
Äuã��m�ò��{
[103–105]

"

l����51fbã�{
[34]
U
�Ñù
�å§|µ¥�ò�Ç�±??Ø

Ó§�UÓ�±�Ñ���J§¿ØI���ò�u)�gê"�´§ù��{J

±��¢��±��Ý¶,	du�öXåu�íò�ù«$ª�±��J§Ïd

�31fDÂ�æ^­��DÂ´»§
lÀ:uÑ�1�E,ò��DÂ"

Äu§¼�§�±��{
[43]
æ^þ!æ���Ø NêâL«��±�|µ§

^§¼�§û½Ë�DÑÚÀ:u�1��­�´»§l
U3UCÀ:���¢

��±�5U§¿�U��ò�!��!Ñ��´L�±��J"¤Øv�´3u

UC1ì�Ã{���p?�±�5U§
��Ø|±é|µ?1?6?U"
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1 4Ù Äu����Cá��¢��Û1ì²±�

ù�Ù�[0�
Äu����Cá��¢��Û1ì²±��{µÄk3�

©4.1¥¢y
�m·��Cá��¢��Û1ì²±�¶34.2¥ò4.1��{*Ð

�
�mÄ��Cá���p?�Û1ì²±�"

yk�ÄuýO���Û1ì²±��{Ñb�|µ¥ÔN�á��½ØC§

ù�l\�1ì�Ñ�Ë��Ý�m�DÑC�Ò´�5C�"ÏLéù«�5C

��ýO�§�±3Ä�1
e¢y�Û1ì²�¢�±�"�´�á��±UC

�§ù«�5C�Ø2¤á§ÏdNõyk�{Ã{��^uÄ�á��|µ"

34.1¥·�JÑ
�«�{µ3?U|µ¥ÔNá��§�±¢���|µ3�

�1ìÚm�1ìe�±��J"·�ò�ª��À:�Ë��Ý�âÙ�c²L

���gê9�A���á�©�õ�Ü©§z�Ü©Úk����á��¦È¤

�'§l
rT��5¯K=z��5¯K"·�qò¤k�À�á�ÑL«��

|Ä��5|Ü"·�òù|Ä��á�D�|µ¥�ÔN§Òk�«ØÓ�|Ü

�ª§·�ýO�z«|Üe¤kÜ©�Ñ�Ë��Ý"3±��§·��â�Ô

Ná�ÝK�Äþ�Xê�5|ÜýO��êâÒU¢����ª��Û1ì²�

±�(J"

XJ3±�L§¥Ø�#N^réÔN�á��?U§
�#Né��ÔN�

ØÓÜ©�á��ØÓ/?U§·�¡���mÄ��Cá�"�'u�m·��

Cá�§�mÄ��Cá�é�ª�Ñ��Ë��Ý�K���E,§8cvk?

Û�p?�Û1ì²±��{U
|±�mÄ��Cá�"34.2§·�ò���

mÄ��Cá�ÔNy©¤Nõ�m·��Cá�f«�5Cq�[§,�æ^

34.1��{?1ýO�Ú±�"�´?1ù�{ü�*Ð�3Nõ¯K"�Ì�

��Ï´f«��êþ��pu|µ¥�Cá�ÔN�êþ§�þ�f«�Ò�5


�þ�DÂ´»§�A�I�ýO�¿�;�Ë�DÑ�êâþÒ��pu�m

·��Cá���¹"dd�Ò�±��5ã��$�KÖ§Ã{���p?�

±�5U"Ïd4.2¥ó��­��z3uéù«I¦æ^
Ün�CqÚØ ü

Ñ"·�JÑ�ù
CqÚØ üÑ÷v±eo��¦µk�~�Ë�DÑ�êâ

þ§vk²w�Ø �5�±�×\§¦þ�3pªÚÌ��±��J§k|uJ

p±��5U"æ^·��CqÚØ �{§·�¢y
�mÄ��Cá���p
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?�Û1ì²±�§
�U��p�þ�±��J"

·���{·^uÔNAÛ!1ìÚÀ:ÑØUC�|µ"·�¦^V���

©Ù¼ê5L«ÔN�á�§Ø�Äò�½ö�ß²��¹"·��¢y�õ�¹


üg��§�±±����
ék���Û1ì²�J§'X'Ú!�Ñ��"

4.1 �m·��Cá��¢��Û1ì²±�

ÔN�á�£ã
ÔNé1���A5§�)��1�rÝ!ôÚÚ��©Ù

�"��1ìeá��±Ly�ÔN�ôÚ!²V!p1½öû���"3�Û1

ì²�µee§I��Äl1
Ñ��1²L���ì�|µ��J"'X§�

�1U?�Ú/ì�|µ¶��ÔN�ôÚUK�Ù§ÔN�ôÚ§='Ú(color

bleeding)¶p1á��±/¤�Ñ(caustics)"�ÔNæ^�Cá��§�Ò´`Ô

N�á��UC�§1ì�JÑ¬É��A�K�"'X§ÔNôÚ�Cz§¬¦

�±�É�§���ÔN�ôÚ��)�A�Cz"2'X§á�Åìlû��C

�p1º¡���§Ø��U¬l�Cu7Þ!®Mp¡�a��JC��Cu7

á��J§
�±�É�Ù��1ì��ÔN��U¬Åì/¤§ÝØÓ��Ñ"

æ^1��l�{Uì±��§O��[1�DÂÃ{��¢��±�5U"

æ^OpenGL½öDirectX�±�Ú�§3GPU�|±e§Ä�õUÃ{?nñ	

�)�ÒKÚõg����J"ÒKbã(shadow mapping)Ø|±E,1
�^Ò

K"Sloan
[84]
JÑ�PRTµeU¢yE,1
ì�e�|µ�­1ì§�´ÔN�

á��½ØC"��Ben–Artzi
[6]
âòá���ÕáÄ�Cz�Ï�B\¢�±�

�µe§U|±E,1
���1ì�J§�ØU¢ym�1ì��J§¤±Ø´

���Û1ì²��{"

ã4-1�¹ØÓ±�Eâ��J"ã4.1(a)æ^:1
§vkÒKÚm�1ì§

¢Sþ´DirectX½öOpenGL�(J"ã4.1(b)´æ^:1
���1ì�(J§

kMÒK"ã4.1(c)´¡1
���1ì�(J§k^ÒK"ã4.1(d)´¡1
��

�1ìÚm�1ì�(J§|µC�§ÒK«�ì�§Bunnyþk²w�'Ú�

Jµp9�ùÚ¦�Bunny�wyùÚ"��§æ^E,1
Ú�Û1ì²Eâ�

±4�/J,±��Àú�J"

·��åuE,1ìeUCá���Û1ì²�J�¢�±�"äN£ã�µ

3·�|µ¥æ^E,1
(·�æ^�´¡1
)§á�Cz�U¢�/��±�

�J"±��J�)��1ì�J§'Xá��JÚ^ÒK§±9m�1ì��
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(a) (b) (c) (d)

ããã 4-1 ØÓ�±�Eâ���(J"(a):1
��1ì§Ø�ÄÔN�ñ	¶(b):1
��1

ì§�ÄÔN�ñ	¶(c)¡1
��1ì§�ÄÔN�ñ	¶(d)¡1
��1ìÚm�1ì§�

ÄÔN�ñ	Ú��"

J§'XÒK«���1ì�§'ÚÚ�Ñ�"·�æ^V���©Ù¼ê£ãá

�§¿�æ^Blinn–Phong
[7]
�BRDF�.£ãÔN�á�§BRDF�?6Ú?U�

±ÏLUCÙëê5¢y"

·���{ÄuXeb�µ|µAÛ(�!1ìÚÀ:ØC§|µdõ�Õá

�ÔN|¤§ØÓÔNæ^ØÓá�"�é±��JÚá����5'X§ò��

Ñ��Ë��Ý�âÙ3|µ¥���gêÚá�©a§z�aÑÚ�g��Ô

N�BRDF¤�'"'X��1ì�Ë��Ý�Ù���á�¤�'§²Lüg�

��Ë��ÝÚk�üg���á��¦È¤�'§Ó��±*Ð�õg���

��Ë��Ý§l
m�ïá±��JÚá���5'X"ÄkýO�z�Ü©

�Ë��Ý§,��â�c�á�©Ù�5|ÜýO��(J§ÒU���ª�

±��J"�{�¹±eÚ½µÄk§òBRDF�½Â�?1lÑ§^�þL«z

�BRDF§�¤��BRDF�m¶�8æ�BRDF,�PCAü����|êþk�

�BRDF�Ä¶,�§òù
Ä©��|µ¥���ÔN§ØÓ�©��{��|

µá�©Ù�ØÓ|Ü§é¤k|Ü¥�z��¦^´»�l��{±��Û1ì

²��J§òÑ��Ë��Ý�âØÓ���gêÚØÓ���´»©O�;¶3

±���â�cá�O�ÙXê§¿±d�5|ÜýO��êâ���ª(J"

·�¦^GPU��ß²·Ü(alpha blending)5\��5|Ü§��¢��±��

Ý"·���{¢y
�g��(��1ì)Úüg����J"

nþ¤ã§·��{�M#Ì�kü:µ�´ò�Û1ì�Ñ�Ë��Ý�â

1���À:�c²L���gêÚ��á�©aO�§l
òÄ�á���Û1

ì²ù���5¯K=z��|�5¯K�U\¶�´^�|êþk��ÄL«�
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ÀBRDF¤|¤��m§z���ÀBRDFÑUL«¤ù|Ä��5|Ü"

·���{�3|µï��?1á��ÀJÚ?6§8c�õêóä�Jø�

�1ì$�Ø�Äñ	��"�J"·���{�U¯�)¤Ä�á��±��J

S�§¿�S��)¤�±¢��A^r��p"

4.1.1 �{Vã

eÔNvkgu1§¿��
�B�©�íü§Ó�~�Cþ�eI��ê§

·�òª2-14�±��§­#��µ

L (x, x′) =
∫

Ω/2

L (x′, x′′) ρ (x, x′, x′′) G (x, x′, x′′) dx′′

G (x, x′, x′′) = V (x, x′) V (x′, x′′) cos θ

(4-1)

Ù ¥x§x′§x′′L « | µ ¥ � : §L (x, x′)L « :x′� � :x� Ë � �

Ý§V (x, x′) L«:xÚ:x′���5§Ω/2L«È©��´:x′�{�¤3�

�¥¡S�¤k:x′′§ρ (x, x′, x′′)L«1�÷:x′′�:x′���\�§÷:x′�

:x���Ñ���BRDF��§θL«l:x′�:x′′���Ú:x′�{��Y�"

ããã 4-2 1�DÂ´»"PAµ1²L�g����À:"PB§PCµ1²Lüg����À:"

�Xeb�µ|µdNr�ÔN|¤§(R, ρ)L«��ÔN9ÙBRDF§ρRL«

ÔNR�BRDF"ã4-2¥kü�ÔN(R1, ρR1)Ú(R2, ρR2)"l1
Ñ��1��U
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k�²Lõg��§��²Lng���L§P�Pnµ

Pn = (R1, ρR1) (R2, ρR2) · · · (Rn, ρRn) (4-2)

æ^Xe�L«µLn (x, x′)L«:x′��:x�Ë��Ý§¿�13��:x′c

²L
ng��§�é��´»vk�å"L̃(x, x′, Pn)L«:x′��:x�Ë��

Ý§
�13��:x′cUPn¤£ã�´»²L
ng��"Xã4-2§PA�´»�

£ã�P0§PB�´»�£ã�P1 = (R1, ρR1)"ò\��Ë��Ý�âØÓ���

´»Úgê?1?�Ú«©§¿±d­#�ã±��§§@o:x′��:x�Ë�

�Ý�¹¤k��gê���x′�Ë��Ý²Lx′����x�Ë��Ý§Xeµ

L (x, x′) =

∞
∑

n=0

Ln (x, x′) (4-3)

²LÓ���gê§ØÓ��´»��x′�Ë��Ý²Lx′����x�Ë��

Ý�48/L«Xeµ

Ln+1 (x, x′) =
∑

Pn

Nr
∑

R=1

L̃ (x, x′, Pn (R, ρR)) (4-4)

XJ���|BRDF�Ä§·��±ò¤k�À�BRDFÑL«¤ù|Ä��

5|Ü"Xe¤«µ

ρR (x, x′, x′′) =

Nb
∑

i=1

cRi
ρ̃i (x, x′, x′′) (4-5)

ρ̃iL«1i�Ä§cRi
L«ÔNR�BRDFéAu1i�Ä�Xê§Nb´Ä�ê

þ"�âª4-1§��x′c���g��é�ªlx′��x�Ë��Ý�K��ÝK

��Óêþ�Äþµ

L̃ (x, x′, Pn (R, ρR)) =

Nb
∑

i=1

cRi
L̃ (x, x′, Pn (R, ρ̃i)) (4-6)

Xã4-2§ÚPB�'�P1�)(R1, ρ̃1) , · · · , (R1, ρ̃Nb
)"lª4-4�48/ª§
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ª4-6��±��aq�48/ªµ

Ln+1 (x, x′) =
∑

Pn

Nr
∑

R=1

Nb
∑

i=1

cRi
L̃ (x, x′, Pn (R, ρ̃i)) (4-7)

ª4-7én48�±��µ

Ln (x, x′) =

Nr
∑

{Ri}=1

Nb
∑

{ρi}=1

(

L̃ (x, x′, Pn)

n
∏

i=1

cRiρi

)

(4-8)

^R′L«:x′¤3ÔN§^ρR′L«�A�BRDF"Ó��±òρR′L«

¤BRDF�Ä��5|Ü§Xeµ

ρR′ =

Nb
∑

i=1

cR′

i
ρ̃i (4-9)

·�Ú\Xe�L«/ªµ

L̃′ (x, x′, Pn, ρ) = L̃ (x, x′, Pn) |ρR′ = ρ (4-10)

@oòª4-9 Úª4-10�\§¤3�ÔN�BRDFé�ªlx′��xË��Ý�

�^Ó��±L«��|�5|Ü§XêÓ��x′¤3�ÔN�BRDF3Äþ�X

ê§ª4-8�±��Xe/ªµ

Ln (x, x′) =

Nb
∑

ρ′=1

cR′ρ′

Nr
∑

{Ri}=1

Nb
∑

{ρi}=1

(

L̃ (x, x′, Pn, ρ′)

n
∏

i=1

cRiρi

)

(4-11)

Xã4-2§PB�'�L̃′/ªXL̃′ (x, x′, (R1, ρ̃i) , ρ̃j)§��Nb
2�"�?nüg�

���J§ª4-3Úª4-11{z�µ

L̃ (xe, x
′) = L0 (xe, x

′) + L1 (xe, x
′) (4-12)

L0 (xe, x
′) =

Nb
∑

ρ′=1

cR′ρ′L̃
′ (xe, x

′, P0, ρ
′) (4-13)
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L1 (xe, x
′) =

Nb
∑

ρ′=1

cR′ρ′

Nr
∑

R1=1

Nb
∑

ρ1=1

(

L̃′ (xe, x
′, P1, ρ

′) cR1ρ1

)

(4-14)

Ù¥xeL«À: �"L̃ (xe, x
′)Ò´·�I���ª(J"

nþ¤ã§Äk(½BRDF�Äρ̃i§,�ýO�¤k�L̃′§3±��O�À½

�BRDF�Xê§Xª4-5§2�âª4-3Úª4-11�����(J"XJØ�Ä�

Lüg����¹§�lª4-3Úª4-11{z�ª4-12!ª4-13Úª4-14"

4.1.2 V���©Ù¼ê��5LãÚü�

·�òBRDF�ëê�m?1lÑ§z��BRDFÑ�±^���½�Ý��

þL«"3�À�BRDF�¤��m¥§·�æ�v
êþ�BRDF§¿@�ù


��U
�5L«���m"·�¦^PCAéù
��?1ü�"�©4.1.5¥

Jø�¢�êâ¥w«§�þ�ÄÒU±é��Ø��5L«z����"

duBRDF�m�ëY5Ú·�æ���85§ù|Äé?¿��BRDF��

5|Ü�Ø�Ñé�§Xª4-5·�¦^ÎÜBlinn–Phong�.�BRDF�¤·�

�BRDF�m"Blinn–Phong
[7]
�.�BRDFL«Xeµ

ρBP =
Kd

π
+ Ks

s + 2

2π
coss δ (4-15)

Ù¥δL«\���ÚÑ����¥m��Ú��:{��Y�§sL«ÔNL

¡�o÷§Ý§��¢ê§KdL«û�����Ç§KsL«�û�����Ç"

�ÄUþÅðÚo��Ç�Kµ

Kd, Ks ≥ 0

Kd + Ks ≤ 1
(4-16)

Blinn–Phong�.´�«��Ó5�BRDF�.§Ùëê�m´��n��

m"·�ò§½Â3Xe�mµ

(θi, θo, φ)

θi, θo ∈ [0, π/2]

φ ∈ [0, π]

(4-17)
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θiL«\���Ú{��Y�§θoL«Ñ���Ú{��Y�§φL«

\���ÚÑ���3��L¡þ�ÝK�Y�"Ørφ½Â3[0, 2π]´Ï

�ρBP3[0, π]Ú[π, 2π]´é¡�"·�rùn�©þ3�g�½Â�þ!æ�§

��BRDFÒUL«���n��Üþ§Ðm�Ò�����þ"

¤kKs = 0�ρBPÑ´�5�'�§¢SþÑ´��ÇØÓ�û��BRDF"

�Kd = 0
�sØC�§¤k�BRDFÑ´�5�'�"Ïd§·�æ�X

eµKd = 1�Ks = 0¶Kd = 0�Ks = 1§s3À½���Sþ!æ�Ns− 1g"ù

���Ns��5Ã'�BRDF§Ø�ò1��½�û��æ�"·�ò¦�P�µ

{

ρs1 , ρs2, · · · , ρsNs

}

(4-18)

û��²~ÓkÌ�
¯a�Àú�J§¤±û���BRDFæ�����

��Ä"Ù§Ns − 1�BRDF?1PCA��Nb − 1�A��þ"ù�o���Nb�

Ä§Ø�ò1��½�û���Ä§·�ò§�P�µ

{ρ̃1, ρ̃2, · · · , ρ̃Ns
} (4-19)

¿�§éu¤k�BRDF��§·�Ñ�±��ª4-5�Xêµ

ρsi
≈

Nb
∑

j=1

csijρ̃j (4-20)

w,§du1��Ä´ÕáÀ��û��©þ§
�¡�Ä´PCA���§¤

±µ

{c1j|j 6= 1} = 0

{ci1|i 6= 1} = 0
(4-21)

Ä�z��Ñ´���7ÎÜÔn¿Â�BRDF§�UkK�½ö��Ç�

L1§�Ó��±��ÔN�á�O��Û1ì²��J§ù¿ØK�·��ý

O�Ú��±��(J"@oéu,��ÔNR�/Xª4-15�BRDF§ρR��

§�s3æ����S§ÒUÏL�5��{cij|i, j 6= 1}��aquª4-5�Lã/
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ªµ

ρR ≈ Kdρ̃1 + Ks

Nb
∑

i=2

c̃Rj ρ̃i (4-22)

4.1.3 ýO�

¼�/Xª4-19�BRDF�Ä��§|µ¥¤ká��C�ÔNÑlù
Ä

¥ÀJBRDF§·�ýO�ù
Ä��«©Ù|Ü¤éA�1ì�JÒU��

ª4-13Úª4-14 ¥�L̃′ (xe, x
′, P0, ρ

′) ÚL̃′ (xe, x
′, P1, ρ

′)
"·�æ^Kajiya
[47]
�´

»�l�¤ýO�§3I�O�BRDF�§�â(θi, θo, φ)§ÏLn�5���A

�ρ̃��"

·�lÀ:�z��±���u���1�§e�|µ��§ÒÿÁ�:Ú¤

k1
æ�:´Ä��§e��§Ò�â�:�BRDFO�Ñ��Ë��Ý§¿�

â�:�BRDF�Ä\��A�L̃′ (xe, x
′, P0, ρ

′)",�3T�:�{��¥Sþ!

Ñ�1�§XJÚ|µ��§ÒUì�Ó��{O�÷Xù
Ñ�1�Ñ����

1ì/¤�Ë��Ý§?�ÚO�§¤�z�²Lüg����À:�Ë��Ý§

¿��âÑ�1���:¤3�ÔN9k�ü��:¤æ^�BRDF�Ä\��A

�L̃′ (xe, x
′, P1, ρ

′)"�âª4-11§3±�ã�©EÇ!Ñ�1��êþÚ1
æ�

:�êþÑ�Ó���¹e§ýO�Ú±���mÚ�m��d�ûuBRDF�

Ä�êþ±9|µ¥�á��C�ÔN�êþ"d	§·�@�|µ¥k��Ô

NR̂§ù�ÔN�á�ØC"3BRDF�Ä¥k��ρ̂§´���mCz�BRDF§

éAuÔNR̂"@o§ª4-5¥�cRi÷vµ

cRi|
(

R = R̂; ρi = ρ̂
)

= 1

cRi|
(

R = R̂; ρi 6= ρ̂
)

= 0

cRi|
(

R 6= R̂; ρi = ρ̂
)

= 0

(4-23)

¿�§éuª4-2§/X
(

R̂, ρ
)

|ρ 6= ρ̂½´(R, ρ̂) |R 6= R̂�´»´Ø�3�"Ï

d§·�½ÂXe$�µ

B (R) =

{

{ρ̃i|ρ̃i 6= ρ̂} , R 6= R̂

{ρ̂} , R = R̂
(4-24)
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@oòTá�ØC�ÔNÚ\ª4-11Ò��Xe/ªµ

Ln (x, x′) =
∑

ρ′∈B(R′)

cR′ρ′

Nr
∑

{Ri}=1

∑

{ρi}∈B(ρi)

(

L̃′ (x, x′, Pn, ρ
′)

n
∏

i=1

cR′ρi

)

(4-25)

Ó�§ª4-13 Úª4-14C��Xe/ªµ

L0 (xe, x
′) =

∑

ρ′∈B(R′)

cR′ρ′L̃
′ (xe, x

′, P0, ρ
′) (4-26)

L1 (xe, x
′) =

∑

ρ′∈B(R′)

cR′ρ′

Nr
∑

R1=1

∑

ρ1∈B(ρ1)

(

L̃′ (xe, x
′, P1, ρ

′) cR1ρ1

)

(4-27)

·�@�«n��^uBRDF�û��Ü©"á��CÜ©�k1��Ä§=

û���BRDF§É�«n��^"á�ØC�Ü©ýO��(Jrû��Ú�û

��Ü©Ü3�å§¤±�I��Ä«n��^"·�æ^RGBnÏ��«n§

Ïd§éu¤kýO��(J§XJ���´»¥�¹
á��½�ÔN§½ö²

L�á��CÔNæ^
û���BRDF§ýO��I��Ä«n��^§)¤�

(J�¹RGBn�Ï�"Ø���5§·��,Xþ�!b�ρ̃1�û��BRDF�

Ä§w,R1 6= R̂�ρ1 6= ρ̂§¿�½Âµ

R̄ ∈ {Ri} −
{

R1, R̂
}

ρ̄ ∈ {ρi} − {ρ1, ρ̂}
(4-28)

nþ¤ã§|µ¥XJ�¹á�ØCÔN§¿bkRGBnÏ�«n§�

âª4-26 Úª4-27§ýO��(JXL4-1"ýO��(Jæ^�|Ú�ª±

�(JÓ�©EÇ�pÄ���(high dynamic range, HDR)ã�5�;§zÜ

ã�¥������L�A�:x′3L4-1¥,������"L4-1��§�

I(Nr − 1) (Nb − 2)2 + (Nb − 2)ÜüÏ�ã�§2NrNb − 3Nr + 3ÜnÏ�ã�"d

	�I��ÜÓ�©EÇ�|µá�©ÙN�ã�"

´»È©�{�)Ñ�1�����\\�Å6Ä§�±;�Ú|µ(��

'�r�§�¬Ú\D:"XJD:3ØÓ�ã��m�pÕá§·�±���

5|ÜõÌã��Xêò¬��ù
D:§î­K��ª�J"éd§·���

�g´»�l§òL4-1z���A�BRDF�©Ù�g�\§)¤¤k�ýO�
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LLL 4-1 ýO��êâ

Pn (R′, ρR′) ôÚ�m ýO����HDRã��êþ
(

R̂, ρ̂
)

RGB 1
(

R̂, ρ̂
)(

R̂, ρ̂
)

RGB 1
(

R̄, ρ1

)

(

R̂, ρ̂
)

RGB Nr − 1
(

R̄, ρ̄
)

(

R̂, ρ̂
)

RGB (Nr − 1) (Nb − 2)
(

R̄, ρ1

)

RGB 1
(

R̄, ρ̄
)

Gray Nb − 2
(

R̂, ρ̂
)

(

R̄, ρ1

)

RGB 1
(

R̄, ρ1

) (

R̄, ρ1

)

RGB Nr − 1
(

R̄, ρ̄
) (

R̄, ρ1

)

RGB (Nr − 1) (Nb − 2)
(

R̂, ρ̂
)

(

R̄, ρ̄
)

RGB Nb − 2
(

R̄, ρ1

) (

R̄, ρ̄
)

RGB (Nr − 1) (Nb − 2)
(

R̄, ρ̄
) (

R̄, ρ̄
)

Gray (Nr − 1) (Nb − 2)2

ã�"ù�ÒU;�±����D:§�¦�ýO���mÚÄ9|µ¥ÔN

�êþÃ'§�Úã�©EÇ!Ñ�1�Ú1
�æ�:�êþ�'"Ï�3

·��´»�lL§§Ì�$��d3u1�Ú|µ�¦�O�"duBRDF�

��Ä����(reflectance lobe)�©Ù�Éé�§Ïd·�ØUéBRDF�­�

5æ�(important sampling)"ù��´·�æ^´»�l
Ø´©Ùª1��

l(distributed ray tracing)��Ï"

4.1.4 ±�

�â^r¢��½�|µ¥BRDF�©Ù§·��±ò�ÔN�BRDFLã�

Ä��5|Ü",��âª4-12 ª4-26 ª4-27 �5|ÜýO��ã�§Ò���

ª±�(J"�U��¢��±��Ý§·�¦^GPU¢y���5|ÜýO�

ã��ö�"·�¦^õH±�(multi–pass rendering)§3z�H±�¥ò�Üý

O��ã�Úá�ÔN©ÙN�ã���«nD\GPU§¿^�ÔN�Xê¦±

�A���§²LõH��é¤k�ýO�ã�Ñ?1
Ó��ö�"z�H�(

JÏL�ß²·Ü��{U\3�å§ÒU�����(J"XJzÜýO�ã�

Ñ�±��H§@odu±��Hê�õ§5U¬É�é�K�"¤±zH±��
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±|ÜõÜ«n§
Ø´�ö��Ü«n§ù��±�þ~�±��Hê§l
�

±��¢��±��Ý"

4.1.5 ¢�(J

·�^VC++2005ÚDirectX93Windows XPe¢y±þ�{§$1�¸´3.2

GHz �Pentium 4 PC§1 Gbytes S�§Nvidia GeForce 6800 GT w«k"·�

é(θi, θo, φ)æ^30 × 30 × 60�æ�©EÇ§s ∈ [1, 200]§Ns = 201§Nb = 6�

Ä"æ�BRDF�­ï�L2�ê�Ø��0.7979%§Ù¥���ü����L2�ê

�Ø�´6.747%"¢��|µ�¹ü�á��C�ÔN§±�©EÇ�512×512"

ýO��(J�)55ÜüÏ��HDRã�§29ÜRGBnÏ��HDRã�Ú1Ü|

µá�©ÙN�ã�§·�¦^pfm(portable float map)��ª?1�;§o�I

�140 Mbytes§±�5U�67 fps"�
¢�êâkë�ã�"ë�ã��±�Ó

�æ^´»�l��{��§
�1
æ�êþ!Ñ�1��êþ!ÔNBRDF�

ëêÑÚ�'��êâ�Ó§�´BRDFæ^�©êâ§
Ø´�Ø ���"3

L4-2¥P¹
©¥Jø�n�|µ�5�Ú�A�ý?n�êâ"

Xã4-3¤«�|µ�1
´ºÜ���¡1
"ã4.3(a)Úã4.3(e) ´��

1ì��J§Us�ÚBunnyE¤�ÒK«�´�ç�"ã4.3(c)Úã4.3(g) �¹


��1ìÚm�1ì��J§Us�ÚBunnyE¤�ÒK«����1ì�§


�BunnyÚ��p¡duÉ��mü>�p9���/¤7ÚÚùÚ�'Ú"

ã4.3(a)�ã4.3(d)§|µá�û��²w¶ã4.3(e)�ã4.3(h)§|µá�p1²

w"'�ã4.3(c)Úã4.3(g)µ3ùµ«�S§Bunny7Ú�'Ú�J§ã4.3(g)²

wr�Nõ¶3Éµ«�S§ã4.3(g)k²w�Bunny��K¶37µ«�S§

ã4.3(g)�±w�mýùpÚxÚ/¡�m�>.3�¡�pþ��ß�ÝK"

Xã4-4¤«�|µæ^:1
±ày�Ñ��J§�´·���{��±¦

^E,1
"·���§��ÔN�á�p1�r§�Ñ�²w¶�É��1�

LLL 4-2 ¤«�Äu����m·��Cá��¢�(J�ýO��5U

|µ� z���� 1
�æ�êþ ýO��m

¡¡êþ æ�1�êþ ��1ì m�1ì (��)

Ring 579 4096 1 1 1.65

Bunny 69487 4096 98 8 30.08

Gargoyle 45678 4096 98 8 22.75
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(a) (b) (c) (d)

(e) (f) (g) (h)

ããã 4-3 BunnyÚxÚp9(�)/¡ÚUs�)�BRDF´�?6�"Bunny Kd = 0.2 Ks = 0.4§

xÚp9Kd = 0.3 Ks = 0.3"l(a)�(d)µBunny ns = 5§xÚp9ns = 5§L2�ê�Ø�

�0.0150%¶l(e)�(h)µBunny ns = 180§xÚp9ns = 180§L2�ê�Ø��0.0021%"(a)(e)µ

��1ì��J¶(b)(f)µm�1ì��J¶(c)(g)µ�ª±��J¶(d)(h)µë�ã�"

ÔN�á�p1�r§��ÔN/¤��K�²w"Xã4.4(a)§��Ú²¡�á

�û��²w§�´wyÑ'Ú�J¶Xã4.4(b)§��û��²w§²¡p1²

w§��ÝK�²¡þ��K�/>.�©�ß¶Xã4.4(c)§��p1²w§²

¡û��²w§����SÜÝ�²¡þ��Ñµü^�l�9ë�?���¶X

ã4.4(d)§��Ú²¡p1²w§�Ñ�J�'uã4.4(c)�Ñ�/GÚ©ÙÑk²

wØÓ"Ù¥§ã4.4(a)�ã4.4(d) ´·�¢�±��(J§ã4.4(e)�ã4.4(h)´

ë�ã�"

Xã4-5¤«�|µ¥�w�õ�ÔN��Úñ	E¤��Û1ì�J"1


3ã�¥Ø��§´ºÜ�CÀ:?���¡1
"Gargoyle�á�lã4.5(a)

�ã4.5(d)§laqu�q�û��á�§C��Cu���á�§2C�7á

ar��p1á�"«n��^uBRDFû��Ü©§Ïd�Åþ¡�«n§

3û��r���©²w§�Xp1�Or§«nÒ��Cf�Ø��"�

Å!Gargoyle!��¡�m�p�K�§Ø
'Ú�	§�²w�´ã4.5(d)¥§
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(a) (b) (c) (d)

(e) (f) (g) (h)

ããã 4-4 ��Ú²¡�BRDF´�?6�"Ù¥��´�Ú�§Ø�)7ÚÏ��ôÚ©þ"

��Kd = 0.2 Ks = 0.2§²¡Kd = 0.2 Ks = 0.2"l(a)�(d)µ·��(J¶l(e)�(h)µ�

A�ë�ã�"(a)(e)µ��ns = 5§²¡ns = 5§L2�ê�Ø�0.2698%¶(b)(f)µ��ns =

5§²¡ns = 180§L2�ê�Ø�0.3114%¶(c)(g)µ��ns = 180§²¡ns = 5§L2�ê�Ø

�0.1624%¶(d)(h)µ��ns = 180§²¡ns = 180§L2�ê�Ø�0.2640%"

��¡3Gargoyle��NÚ.�þ/¤
���/��K"d	§ã4.5(d)¥�Å

����¡p¡�7Ú±9ã4.5(c)¥Gargoyle�¼����m>p¡�ùÚÑ�

©²w"

4.1.6 (Ø

34.1�ó�¥§·�Jø
��á��C��Û1ì²�ýO�Ú¢�±�

�µe"Ì��g�´ò�Û1ì²¯K©)��|�á��5�'�¯K�U

\"3ù�µee§·�òBRDF�mlÑæ�§¿¦^Ì�©Û{����êþ

�Ä"¤k�ýO�Ñ3ù|Äþ?1µ|µ�á�æ^BRDF�Ä§¿^´»�

l���«|Üe�±�(J"���â^r�½�BRDF§¦^GPU�5|Üý

O����ã�§l
��¢��±��Ý"

·���{¥§ýO���;�mÚ±���5UÑÚ|µ¥�Cá�ÔN

36



úô�ÆÆ¬Æ Ø© 1 4Ù Äu����Cá��¢��Û1ì²±�

(a) (b) (c) (d)

ããã 4-5 GargoyleÚ�Å�á�´�?6�"o±p9Ú�ÅÑbþ
«n"

�êþÚBRDF�m�Ä�êþ´���'�"·�À�Blinn–Phong�BRDF�

.§Ù¥s ∈ [1, 200]§lXû���p1�©r��á�§�±CXé����§

(J¥�Uw�²w�é'�J"Ø�©Û¥��6�Ä(�)û���)®²�±

��v
p�°Ý§¿��ª±��JÚë�ã��mSúÄ�Ã{EO�É"·

��¢�¥æ^
ü��Cá�ÔN§Ù§Ñ´á�ØC�ÔN§ù����éu

Nõá�?6�A^®²v
§Ï���|µ¥é�Û1ì²�Jk²wK��Ô

Nêþ�©k�"�´§XJ�þÚ\º¡½ö�Cº¡�á�§@oBRDF�m

I��õ�Ä5L«§½öæ^�õêþ��Cá��ÔN§ùÑ¬��O\ýO

���;�m§ü$±�5U"ù
¯K�)ûI�?�Ú�ó�"

4.2 �mÄ��Cá���p?�Û1ì²±�

�«{ü��Cá�´�m·��Cá�§=��ÔN��Ü©�á����

Ó§
�²L^r?U��´Xd§8c��Cá��¢�½�p?�Û1ì²±

��{Ñ´3ù��b�e¢y�"XJ��ÔN��Ü©�á��UØÓ§¿�

^r�±éØÓÜ©�á��ØÓ?U§·�¡���mÄ��Cá�"�'u�

m·��Cá�§�mÄ��Cá�é1DÂ�K��\E,§8cÿvk?Û|

±�mÄ��Cá���p?�Û1ì²±���{"

y¢­.¥§�õêÔNÑ�ØÓ�á�CXØÓ�Ü©§Ïd�mÄ��

Cá��éu�m·��Cá���Ï^§
�U�5�\´L�Àú�J"X

ã4-6¤«�oÜãÑ´�Û1ì²�±��Jµã4.6(a)Úã4.6(b) Ì�Ny
Ø

ÓôÚÔN�m�'Ú�J§ã4.6(c)Úã4.6(d)Ì�Ny
p1á������

�²¡þ��Ñ�J"ã4.6(a)Úã4.6(c) ´�m·��Cá�§3Ó��ÔNþ
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�á�??�Ó§ã4.6(b)Úã4.6(d) ´�mÄ��Cá�§��ÔNþ�ØÓÜ

©�ØÓ�á�CX"�±²ww��mÄ��Cá�UNy�´L�[!A�Ú

pª�á��J"

(a) (b) (c) (d)

ããã 4-6 �m·�Ú�mÄ�á���Û1ì²±�"(a)(c)�m·�á�¶(b)(d)�mÄ�á�"

3�Ù!¥§·��åu��mÄ��Cá��p?)¤�Û1ì²�±�

�J"äN£ã�µæ^Ú4.1�Ó���§3·�|µ¥æ^E,1
§¿�3

�mÄ�á�Cz�U�p?±��Û1ì²�J"·�æ^Blinn–Phong
[7]
�.

�BRDF£ãÔN�á�"

Sloan
[84]
JÑ�ýO�Ë�DÑÚZhou

[108]
JÑ�ÒK|��{§ò1ì½ñ	

���Ï��K�©)��5Äþ§òÈ©$�=z�Ä�Xê�ö�§¢y
Ä

�1
e�¢�±�"�´§ÔNá�Ú�Û1ì²±��J�mØ�3ù���

5'X§ÏdBen–Artzi
[6]
��¤
��1ìe�Cá��¢�±�"�
Ú\ò

m�1ì§Ben–Artzi
[5]
æ^õ�ª£ã�Û1ì²�Ë�DÑ§¿Äud?1ý

O�Ú±�§c©4.1��{´òË�rÝ�âDÑ´»?1©a§l
ïáåz

�aË�DÑÚ�g�'á���5'X§¢y
�m·��Cá���Û1ì²

±�"·�UY÷^c©4.1�g´§�´'�¯K3uµÚ\�mÄ�á��§

DÑ´»�©a�êþC�4Ùã�§Ø�U��¢�½�p?�±�5U"ùÒ

´�Ù!¤I�)û�'�¯K"

·�æ^��{äN£ã�µò�mÄ��Cá�ÔNCq�[¤Nõ�m

·��Cá��f«�",�§æ^c©4.1��{?1ýO�"duf«�êþ

õ§ù����ýO�(Jêâþã�§ØU��^u±�"�
~�êâþ§·

�Ø�ÄBRDF�p1Ü©��p��§�´·�O�û���m§±9û��Ú

p1�m��p�^¶aq�b�ÊH^u­1ìEâ¥§'XHasan
[38]
b���
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Äû������^§ØÓ�´·��b�¥��3
lp1�û���m�1

ì§¤±·�U
¢y�Ñ�pª�m�1ì�±��J"·�uy§ýO�(

Jäké���'5ÚDÕ5§Ïd·�æ^PCAéØÓ1´�êâ?1Ø §

,�é���(J2¦^Haar�Å?1Ø "ù������(JkÜn�êâ

þ§U���p?�±�5U§�U�yp�þ�±��J"

nþ¤ã§·��M#Ì�kü:µ�´æ^y©f«���{5�[�mÄ

��Cá�¶�´|^ýO�Ë�DÑêâ��'5ÚDÕ5?1Ø §l
��

�p?±��5U"

·���{�3|µï����mÄ�á��ÀJÚ?6Jø�Û1ì²��

"�J"Ù¥��;.�A^´«nbã�ÀJÚ?6§
8c�õêóä�UJ

øÛÜ1ì²��"�J"

4.2.1 �{Vã

·�Ó�æ^ª4-1�±��§�êÆ/ª"

3ª4-1�£ã¥§Ñ��Ë��Ý�U²L|µØ(½gê���¶�
3

Ñ��Ë��ÝÚÔNá��mïá�5�N�'X§·�I�ò1�DÂ´»Ú

\ª4-1§
�
|±�mÄ��Cá�§·�ØI�z�ÔN�á��±��§

Ïd·�òz��ÔNR©�nR�SÜá����f«�5Cq�[µ

L (x, x′) =
∞
∑

n=0

Ln (x, x′)

Ln+1 (x, x′) =
∑

Pn

Nr
∑

R=1

nR
∑

r=1

L̃ (x, x′, Pn (R, r, ρRr))
(4-29)

NrL«|µ�y©�ÔNêþ§(R, r, ρRr)L«��ÔN!f«�9

ÙBRDF§ρRrL«ÔNR�f«�r�BRDF"Xã4-7§|µ¥�kü��mÄ

��Cá�ÔN§z�q�y©�4�f«�§ã¥IÑ�6^1´§�âã«

�ôÚ©�n|§?¿�|3c©4.1�m·��Cá���{¥�Ó��Ô

N��§ÏdáuÓ��1´§�åO�¶�´��[�mÄ�á�§7L

òØÓf«����1´ÕáO�"ÙPnL«l1
Ñ��1�²Lng��

�L§µPn = (R1, r1, ρR1r1) (R2, r2, ρR2r2) · · · (Rn, rn, ρRnrn
)"Ln (x, x′)L«:x′�

�:x�Ë��Ý§¿�13��:x′c²L
ng��§�é��´»vk�

å"L̃ (x, x′, Pn)L«:x′��:x�Ë��Ý§
�13��:x′cUPn¤£ã�
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ããã 4-7 1�DÂ´»"ùÚµ²L(R1)���1ì"ÉÚµ²L(R1, R2)�m�1ì"7Úµ²

L(R2, R2)�m�1ì"

´»²L
ng��"w,L̃(x, x′, Pn)ÚPn�¹�á��¦È�5�'"·�æ^

Úc©4.1.2�Ó��{��BRDF�m��|Ä§òz�f«��BRDFÑL«¤

ù|Ä��5|Üµ

ρRr
(x, x′, x′′) =

Nb
∑

i=1

cRriρ̃i (x, x′, x′′) (4-30)

ρ̃iL«1i�BRDFÄ§cRriL«ρRr
éAu1i�Ä�Xê§Nb´Ä�êþ"@

oª4-29�±��µ

Ln+1 (x, x′) =
∑

Pn

Nr
∑

R=1

nR
∑

r=1

Nb
∑

i=1

cRriL̃ (x, x′, Pn (R, r, ρ̃i)) (4-31)

ª4-3148��µ

Ln (x, x′) =
Nr
∑

{Ri}=1

nRi
∑

{ri}=1

Nb
∑

{ρi}=1

(

L̃ (x, x′, Pn)
n
∏

i=1

cRiriρi

)

subject to ρRiri
= ρ̃ρi

(4-32)
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·�Ú\Xe�L«/ªµ

L̃′ (x, x′, Pn, ρ) = L̃ (x, x′, Pn) if ρR′r′ = ρ (4-33)

Ù¥ρR′r′L«��:x′¤3�f«��BRDF"òª4-33�\ª4-32�L«�µ

Ln (x, x′) =
Nb
∑

ρ′=1

cR′r′ρ′

Nr
∑

{Ri}=1

nRi
∑

{ri}=1

Nb
∑

{ρi}=1

(

L̃′ (x, x′, Pn, ρ
′)

n
∏

i=1

cRiriρi

)

subject to ρRiri
= ρ̃ρi

(4-34)

3·��¢y¥§�?nüg����J§Ïdª4-29Úª4-34�{z��µ

L̃ (xe, x
′) = L0 (xe, x

′) + L1 (xe, x
′)

L0 (xe, x
′) =

Nb
∑

ρ′=1

cR′r′ρ′L̃
′ (xe, x

′, P0, ρ
′)

L1 (xe, x
′) =

Nb
∑

ρ′=1

cR′r′ρ′

Nr
∑

R1=1

nR1
∑

r1=1

Nb
∑

ρ1=1

(

L̃′ (xe, x
′, P1, ρ

′) cR1r1ρ1

)

subject to ρR1r1 = ρ̃ρ1

(4-35)

Ù¥xeL«À: �"L̃ (xe, x
′)Ò´·�I���ª(J"

·��
~�ýO��êâþ§·�Ø�ÄBRDF�û��Ü©�p�K

�"Úc©4.1.2¦^Ó��b�ρ̃1L«û��BRDF�Ä§Ù¦�Ñ´�û�

�BRDF�Ä§Ïd3ª4-35¥§·�?�Úb�µ

L̃′ (xe, x
′, P1, ρ

′) = 0 if ρ′ 6= ρ̃1 and ρR1r1 6= ρ̃1 (4-36)

aq�b�ÊH^u­1ìEâ¥§'XHasan
[38]
b�¤k���Ñ´û�

�¶ÚHasan
[38]
ØÓ�´·��b�¥��3
l�û���û���m�1ì§

¤±·�U
�3�Ñ�pª�m�1ì�±��J"

±þêÆ£ã¥§·�XJrz�f«�Ñw���Õá�ÔN§@o¢Sþ

�±�duc©4.1��{"�´§c©4.1��{��{¥¿vkéL̃′?1Ø "

·��±w�§du·�Ú\
f«�§ÏdL̃′êþ:ìO\§Ø?1Ün�Ø 

´Ã{?1±��"·�òf«���ÕáuÔN�CþÚ\§´Ï�·�éuØ
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Ó�ÔN¤éA�L̃′©O?1Ø §
Ø´ò¤k�L̃′�åØ "Xã4-7§�Ó

ôÚ�1´´�Ó��ÔN����§Ù¤�¹�ØÓf«�éA�1´�ýO�

�(J����|?1Ø "·�æ^ù��Ø üÑÌ�ko��Ïµ���¹

eÔN�y©k¢S¿Â§'X¿S�/�Úp9§�´f«�vk§Ïd·��

±@���ÔNSÜ�f«��'5�r§�|uØ ¶ØÓÔN�m�á��É

²w§Ó�ÔNSÜ�á�Nõ�ÿNy�q�A:§XJ3�åØ §�U¬�

�ü«�Éã��á�p�À/GÚ¶òêâ©�õ�|§�gØ �êþ���

Ä§�'u¤kêâØ ��|êþ���Ä§3±��J����¹e§cö�

±�5U��`�¶éuØÓ�ÔN§�±�â¢S�Àú�J�¯a§Ýæ^Ø

Ó�Ø Ç"

4.2.2 ýO�9êâØ 

|µÔN�y©d^r�½"éuz��ÔN§·�kD�/C¦þ��«n

�I§¿3«n�I�m¥þ!y©§,�éA��©�AÛþ/¤f«�"·�

æ^DirectX�UVAtlasóäD�«n�I§��ûÐ��J"¢Sþf«��y©

(Jéu�J
ó´�©­��§XJy©�Luo÷§Ò¬¿�Lõ�á�Cz

�[!§y©�Lu[�§Ò¬�±��5ã���d"w
´�§f«�y©�

[�§ýO�(J�Ø �mÒ��"Ïd·�æ^p�y©§pÝØ ��{Ä

kò|µy©¤¦þ��f«�§±¼�¦þõ�á���mÄ���J§,�3

Ø ��±�þ�ïØ¯a½öV��Ü©§5²ï±��JÚ±�5U"

·�æ^Úc©4.1����{�±��¤k�L̃′
"¤k���:x′Ò

´éA±�(J¥�z���§Ïd�±òL̃′�;¤pÄ���(high dy-

namic range, HDR)ã�µòL̃′ (xe, x
′, P0, ρ

′)�;¤I (P0, ρ
′)§òL̃′ (xe, x

′, P1, ρ
′)�

;¤I (P1, ρ
′)"d	§du�ª±���¦§�I�Ó�©EÇ�|µá�©ÙN

�ã�§Ø�P¹z���¤3�ÔNÚf«�§
�P¹z����«n�I"

��I��§I�éÙ?1Ø "·��3¤k�I (P0, ρ
′)§�éI (P1, ρ

′)?1

Ø "ù´Ï�I (P0, ρ
′)^u��1ì�(J§Ny
�þ�pª[!§Ø éN

´K�±��J§
�I (P0, ρ
′)�êâþ¿Ø�§�ÔNÚf«��êþÃ'¶�

�I (P1, ρ
′)^um�1ì§��$ª§
�êâþã�§I�?1Ø "�â±

þnd§·�éØÓÔN�I (P1, ρ
′)©O?1Ø "¯¢þI (P1, ρ

′)ké²w�D

Õ5Ú�'5µDÕ5´Ï�·�òf«�y©���§p����f«�êþ
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��§
�Nõf«�duÚ1
��§Ý$§½öål���Ù¦f«�ål

�§é�Û1ì²��zÒéf
¶�'5´Ï�Ë�rÝ²L���gê�õ

Ò�$ª
[24]
§Ó�ÔN�f«�p��má����C§�m ��q"ù«|

µS1ìDÑ�DÕ5Ú�'5�2�A^u�Û1ì²��{¥
[24, 38]
"��Ô

NR1éA�I (P1, ρ
′)I�?�Ú�âρ′�ØÓy©�ØÓ�|©OØ §ù´Ï�

ØÓ�ρ′�ã���Ýké��«O§XJρ′éAuBRDF�Ä�pªÜ©§ã�

��ÝÑéf§�´éu±��J
ó%�©¯a
­�§XJ�3�åØ §¬

¿�ù
pª�±��J"

@o��(R1, ρ̃)éA�I (P1, ρ
′)�±w�´��n�êâµn��Ý�)r1Ú

ã��°ÝÚpÝ"·��éùn��ÝÑ?1Ø µ·�éù
I (P1, ρ
′)ã�3

�Ýr1¦^PCA?1Ø §���|Ä¶,�éù|Ä¥�z��Äã�^Haar�

Å?1Ø "·�æ^PCAØ ¤k�I (P1, ρ
′)
Ø´æ^Haar�Åkn��Ïµ

3�p�Ø Çe§Haar¬Ú\pªØ�§î­K�±��J§
PCAÚ\�Ø

���$ª§Àú�JØ¯a¶3ã��m�ü��ÝþduI��±pª[!

�J§¤±Ø ÇÉ���§Ïd3�Ýr1þØ �I�æ^�p�Ø Ç¶3�

Ýr1þ?1PCAØ ´�«�~k��³�ã�D:��{
[58]
"

3?1Haar�ÅØ �c§·�I�éz�Äã�?1¥�ÈÅ"·�3?

1ýO��§¬Ú\´»�l�k�D:§
D:éHaar�ÅØ �K��~

�"ù
D:�éu�ª�±�(J
ó´Ø²w�§�´�§�©O��ýO

��z�êâ�;�§%²wNõ§ÄuÚc©4.1.3Ó��nd§·�ØUé´

»�l?1­�5æ�
[12]
§ÏdÏLJpæ�1�êþ��{~fD:��dÒ

¬�~�"éã�?1PCAØ ��ÒäküD��^
[58]
§�´�J¿Øv±�

yHaar�ÅØ ��3Ì�&E
Ø´�3�þ�D:&E"¥�ÈÅ´��1

�k��üD�{
[53]
§·�I�5¿�´§3¥�ÈÅL§¥§ØÓ�ÔNp�

é'²w§ÏdØUòØÓÔN���3�åÈÅ§ÄK¬E¤²w�GÚ
K�

±��J¶�´Ó�ÔN�ØÓf«��m%7L�åÈÅ§ÄK±�(J¥f«

���.?¬Ñy²w�ØëY"ù�²LÈÅ�Äã�?1Haar�ÅØ �U

3�p�Ø Çe�,�3ûÐ�±��J"

4.2.3 á�?6Ú±�

·�Ó�æ^Xª4-15�Blinn–Phong�BRDF�.
[7]
"
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Xc©¤ã§éuz��mÄ��Cá�ÔN§·�ÑD�
«n�I"

Ïd§·��±^«n��ª�|µ?1á�?6"·�éz��mÄ��

Cá�ÔND�nÜnÏ��HDRã���á�«n§©OL«RGBnÏ�

�Kd§KsÚs§TÔN�z�:�á�Ñ�±�âÙ«n�I3ùnÜã�þ�

��A��"ÏL?6?U�A�«n§·�ÒU�¤á�?6"

·��âª4-35§¦^I (P0, ρ
′)ÚØ ��I (P1, ρ

′)?1±�"éu:x′�á

�ρ′§·��âýO����|µá�©ÙN�ã�¥�«n�I§¢Úá�«

n��T:O(�BRDFëê"éuP1¥�ρR1r1§·�ÏLéá�«n�üæ��

�§üæ��©EÇ�ûu3«n�I�my©f«��©EÇ"

duë�±��êâþ��§J±�\w�§Ïd·�æ^CPU?1±�§


vkæ^GPU?1\�"I (P0, ρ
′)duØI�Ø §Ïd±��{Úc©4.1.4�a

q§¤ØÓ�´·�æ^CPU±�§¿�éz����ÑéAØÓ�á�Xê§


Ø�c©4.1.4¥Ó�ÔN���äk�Ó�Xê"I (P1, ρ
′)±Ø ����ÅX

ê�/ª�3§Ïd·�3O�|ÜI (P1, ρ
′)��´æ^3�Å�m¥O�§¿ò

�������ÅXêÝK�ã��m§¿�I (P0, ρ
′)�(J�\§Ò��
��

�±�(J"±�5U�Ì��d3u|ÜI (P1, ρ
′)§duI (P1, ρ

′)êþ��§Ï

dkép�¿15§Uæ^õ�§?1\�"·�òI (P1, ρ
′)©�õ|§z|©

Od���§?1|Ü§��2ò¤k�§�(J�\§ù�Uk�Jp±�5

U"I (P0, ρ
′)�'�êâþ¿Ø�§Ïd�±3GPU¥¢y§�´du±��Ì�

�d3I (P1, ρ
′)§�'�eGPUéuI (P0, ρ

′)�±��\��J�±�ÑØO§Ï

d·�vkæ^ù���{§
´�Üæ^CPU?1±�"

4.2.4 ¢�(J

·�^VC++2005ÚDirectX93Windows XPe¢y±þ�{§$1�¸´dual

3.20 GHz Xeon CPU§4.0 Gbytes RAM"BRDF�æ�©EÇÚc©4.1.5�Ó§s ∈

[1, 200]§éu��1ì·�æ^Nb = 6�Ä§m�1ì·�æ^Nb = 4�Ä"¢�

�|µ�¹���mÄ�á��C�ÔN§f«�êþ�32× 32 = 1024§���

m·�á��C�ÔN§PCAØ Ç�12.5%§Haar�ÅØ �313.3%�Xê§

±�©EÇ�512× 512§?Uá���±��Ý�2.41 fps"ýO����êâþ

�21.0 Gbytes§Ø ��781 Mbytes"

éu��1ì�BRDF�Ä¼ê��êÀJ§·�æ^c©4.1�(Ø§c
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©4.1®²�Ñ�ê�Ø�Ú±�(J�ë�ã��'�y²ù�(Ø�k�5"

éuüg���m�1ì§·�æ^4�Ä¼ê§ù´Ï���gê�õ§1ì�

JÒ�$ª§Ïdæ^���Ä¼ê"æ�BRDF�4�Ä¼ê�­ï�L2�ê�

Ø��5.53%"f«��êþ�ûuXÚU
«Éõ��êâþÚ$��d§Ï�

·�æ^p�y©§pÝØ �üÑ§¿vkéuf«��y©�AO?n§^r

�±35UÚ�J��ïeÀJgC�ëê��"3e¡�¢�(JÚë�ã��

é'�±wÑ§·��ëê��U3k��ýO��mS)¤ûÐ�Àú�J"

L4-3¥P¹
¤k¢�(J�'�|µ�5�ÚýO��ëêÚ5U"

LLL 4-3 ¤«�Äu����mÄ��Cá��¢�(J�ýO��5U

|µ� z���� 1
�æ�êþ �m(��)

¡¡êþ æ�1�êþ ��1ì m�1ì ýO� Ø 

Cubes 38 16384 800 2 8.0 8.2

Bunny 23.2k 6400 800 2 7.8 8.4

Tube 1.2k 10000 1 1 2.2 7.3

�©¥�Ñ�êâ¥§zÜ±��Je¡�nÜ«n§l��m©OD��L

�mÄ��Cá�ÔN�Kd§KsÚs"

(a) (b) (c) (d)

ããã 4-8 Cubes"(d)´(c)�ë�ã�§L2�ê�Ø��7.518e− 004"

Xã4-8§�mp¡!/�Úcubes�¡�p¡�¤���mÄ��Cá�Ô

N"Cubes�D�p1á�§·��±w�±�p¡3cubeþ²w�'Ú�J"Ù

¥ã4.8(b)Úã4.8(c) p¡�á�k²w�«�Ú/�§·��±3cubesþw��

��ß�ÝK"
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(a) (b) (c) (d)

ããã 4-9 Bunny"(d)´(c)�ë�ã�§L2�ê�Ø��2.8787e− 005"

Xã4-9§Bunny´���mÄ��Cá�ÔN"o±�²¡´���m·��

Cá�ÔN§·��±w�Bunny�o±p¡�²w�'Ú�J"Ù¥ã4.9(a)Ú

ã4.9(d) o±²¡�D��Cû���á�¶ã4.9(c)o±²¡�D�p1á�§

É�Bunny�'Ú�J�Ò�²w"d	§·��±w�ã4.9(a)¥§Bunnyþù

Ú«�Ú7Ú«���p'Ú��J"

(a) (b) (c) (d)

ããã 4-10 Tube"(d)´(c)�ë�ã�§L2�ê�Ø��3.4280e− 004"

Xã4-10§tube´���mÄ��Cá�ÔN§²¡´���m·��Cá�

ÔN"·��±w�tubeþpª�á�©ÙU3²¡þÝKÑ�ß�ÝK"Ù¥

ã4.9(b)Úã4.9(c) ��äkp1�á�§Ïd3²¡þk²w��Ñ"ã4.9(a)Ú

ã4.9(c) ²¡�D�
p1á�§Ïdã4.9(a)��3²¡þk�ß��K§

ã4.9(c)��Ñ'ã4.9(b)��²wÚr�"
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4.2.5 (Ø

34.1�ó�¥§·�¢y
�mÄ��Cá���p?�Û1ì²±�"·

�ò�mÄ��Cá�ÔNy©�õ��m·��Cá��f«�"�,¬�)ã

��ýO��êâþ§�´duf«��m�Ë�DÑkép�DÕ5Ú�'5§

Ïd�±òýO����êâØ ��±�É���5���p?�±�5U"

4.2.5.1 Û�5?Ø

·���{äk�©y¢�A^�µ§'XUk�JpiZ!>K��n�|

µï��á�?6��Ç"�mÄ�á�9Ù�Û1ì²éu|µ�Àú�J´�

'­�
��©¯a�§�´Ó�äk4p��mÚ�m�E,Ý§3yk�M�

^�ÚEâY²e´J±3Ø�?Û�å½b½���5�¹e)ûù�¯K�"

Ïd§·���{ÑuêâþÚ5U��Ä§é±��^��
�
�A���§

Ì�k±en:µ|µAÛ(�!1ì^�ÚÀ:���½ØC¶��Ä�g��

/¤���1ìÚüg��5¤�m�1ì��J§Ø�Äüg±þ���/¤�

m�1ì�J¶Ø�ÄBRDF�p1Ü©��p���J"

�ü�ém�1ì�b�¬K��Û1ì²�±��J§�´XJØ�ù��

b�§Ø�¬�5ã��êâþ§î­ü$ýO�Ú±��5U	§
�U���

±��J�J,��~k�§Ï�3Nõy¢|µÚá�^�e§üg��®²U

£ãÌ��1ì�J§¿�3§���÷e§Ù§��Ñ�1ì�J¿Ø¬�5²

w�Àú�É"Ïdùü�b�2�^u�Û1ì²��{¥§XHasan
[38]
��Ä

û���m�1ì�J§Ben–Artzi
[6]
�?n��1ì�±��J"
3·��¢

�êâ¥§·��{�±�(JÚë�ã��©�C§¿©`²ùü�b�¿Ø¬

K�·���{3Nõ|Ü�A^d�"�k�|µ¥kp1á��mr����

�§'Xõg�º¡��Úò�§ùü�b��UE¤±�(JÚý¢�J���

�É§ù�´·��{�Û�5"XJI�)ûéùa|µ�A^¯K§I�?�

Ú�ïÄó�§æ^�ä�é5��{"


é·��{�¢SA^Û����§´é1
ÚÀ:�½ØC�b�§Ï�

ù�¦3|µ�OÚ?6��ÿÒ�¦k(½1ìÚÀ:��§,�2?1á�?

6§
ØUÓ�?1"
éuAÛ(�ØC�b�%Ø¬�Û�·��{�A^§

Ï�3¢SA^¥§'X¿SC#!>K9iZ�|µ�O¥§é�´ÏLUCA

Û(�5N�1ì�J�§¯¢þÑ´k(½AÛ(�2?11ì�J��O"�
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©15ÙU3±��Û1ì²�J�Ó�UC1ì!À:Úá�§�´%ØU?n

�mÄ��Cá�§�Ò´`Ã{«ú�mÄ��Cá�¤�5�ã��êâþÚ

ýO�±��$��d§Ïd�Ã{)ûù�¯K"

nþ¤ã§�,·���{�6�
b�Ú�½§�´¿Ø¬K��{�k�

5Ú¢SA^d�"�Ïo(å5ko:µù
b�´ÑuéêâþÚ$�5U�

Ä�Ünb�§¿��'ó�2�æ^¶éu�õêA^|µU
Jøv
��J

Ú5U��y¶·�Äg)û
�mÄ��Cá���p?�Û1ì²±�§ù´

c<ó�¤ØU)û�¯K¶é^r��	�¦£k(½1ìÚÀ:,�?1á�

?6¤¿Øî�§�,Ø´�©�{§�´�éu��p?/?6ÚýA±��

J§®²U�54��B|"
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1 5Ù Äuº:��m·��Cá���p?�Û1

ì²±�

ããã 5-1 ØÓBRDF��BdH��±��J"me�´éABRDF�¥�.�ë�ã�"3±�

�pþ�±w��X�Bd���á��UC
�)�²w�m�1ì�J�ØÓ"ù�±�|

µk39.7K�º:§ýO��m�12.3��§S�Ó^389 Mbytes"XJÀ:!á�Ú1ìÑ�U

C§±�5U�2.62 fps¶XJ�kÀ:Úá��UC§±�5U�10.94 fps¶XJ�kÀ:�U

C§±�5U�57.09 fps"

ù�Ù�[0�
Äuº:��m·��Cá���p?�Û1ì²±��

{"Ú14Ù��{�'§�Ù��{�­��`:3u§Ø��±UCÔN�á

�§��±UC|µ��¸1ìÚÀ:"

�Û1ì²�±�(J�ûuõ�ëê§�)ÔNAÛ!1ì!á�ÚÀ:

�"¢��Û1ì²�{�8I§Ò´3¢�±��Û1ì²�J�L§¥§#

N^rÏL�p?UÙ¥�Ü©$��Üëê"Sloan
[84]
JÑ�PRT±�µe§Ì

�)û�´UC1ìÚÀ:^�e�¢��Û1ì²±�¯K"Ben–Artzi
[5, 6]
±9

14Ù¥��{§)û�´UCá�^�e�¢��Û1ì²±�¯K"3JÑ·

���{�c§ùüa�{´p�ØoN�"�é{`§®k�¢��Û1ì²±

��{ØUo�Ä�1ìÚ�Cá�§üö�UÀJÙ�"�´3|µï�!O�

Å9Ï�O�A^+�§^r¤Ï"�´UÓ�UC1ì!á�ÚÀ:"^r��

Äk�¤|µAÛ�ï�§,�?6ÀJÜ·�1ìÚá�"r��¦k?61

ì§�?6á�§´é^rJÑ��«Ø�¢S��¦Ú�å§��½,"Ïd§

·�I��´�«U
Ó�UC1ì!á�ÚÀ:�±�µe"
ù�´�Ù�ï

ÄSN§�´�Ù��{äkép�A^d���Ï¤3"
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�
¢yþã8I§·�Ì�æ^
n«üÑµ1´�©§ýO�DÑÜ

þ(precomputed transfer tensors, PTTs)§�éBRDF�º¡�©lÚÜþ©)"1

´�©�8�§3u~�Ë�DÑ�E,Ý§¦�yk�M�]
U
KÖÙ�;

þ§¿���p?�±�5U"PTT�8�§3uòá�L«�Ë�DÑ���

ÕáCþ§l
¦�ýO����Ë�DÑ§U
3±���âØÓ�á�|Ü�

��ADÑ(J"·�æ^BRDFL«ÔN�á�"�éBRDF�º¡�©lÚÜ

þ©)§�Ï·�¢y
3Ä�ÛÜ\�Ë��Ý!�Cá�!Ä�À:^�e�

ÔNL¡�¯�XÚ"

·���{¢y
·�AÛ§Ä��¸1ì!Ä�À:!�m·��Cá��

�p?�Û1ì²±�§31ìØC��¹e§U
��¢��±�5U"�,·

�¤�9�¯K��;Ú$��E,Ýép§�´·�ÏLÀJÜn�Ä¼êÚØ

 �{§�3
�þ�pª1ì�J§¤±·���{U
¼�p�þ�±�ã

�"·���{·^uá�?6!BRDFÄx�A^"

5.1 �{Vã

Sloan
[84]
JÑ�PRT±�µe§Ø|±�Cá��¢��Û1ì²±�"Ù�

Ï3uòá�ëê��ØCþSi3ýO����Ë�DÑ�êâ¥§3±���

ÒÃ{�âØÓ�á�|Ü���A�Ë�DÑ"Ben–Artzi
[5, 6]
±914Ù¥��

{§Ø|±Ä�1ìÚÄ�À:"Ù�Ï3uÙæ^�Ë�DÑ�êÆL«§Ñ¦


¤k��;Ú$�]
¶�é{`§Ù¤æ^�òÔNá���ÕáCþ�Ë�

DÑ�L«§�^é$§ÏdÃ{3k��]
S§Q?n�Cá��êâ�m§

q?nÄ�1ìÚÄ�À:�êâ�m"

¤±§·��g´���g(½ü��:µòË�DÑL«�á�ëê�¼

ê§¿Äud?1ýO�Ú±�¶æ^Ün
k��Ë�DÑ�L«§U
3k�

�]
S§�¹Ä�1ì!�Cá�!Ä�À:¤ºX�¤kêâ�m"

·�÷^PRT�Äuº:�±�µe§=O�|µ¥z�º:�Ë��Ý§,

�����z����Ë��Ý§ØÓu14Ù¥Õá±�z����Ë��Ý�

�ª"·�ò�Û1ì²�Ë�DÑ���L§�©�ü�Ü©µ1��Ü©�¹

l1
����g�����:�DÂL§§¡��\�Ë�DÑ¶1��Ü©�

¹{e����g��¿��À:�DÂL§§¡��º:XÚ"w,§ùüÜ©

�Ë�DÑ�êâ�m�\Ú§����u��Ë�DÑL§�êâ�m"·�7
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Lò\�Ë�DÑL«�1ìÚá��¼ê"�d§·�ò�Û1ì²�Ë�D

Ñ©)¤NõØÓ�Ü©§z�Ü©éAØÓ���´»"z�Ü©�Ë�DÑ

�ÒU
L«¤1ìÚéA���´»þ¤k���á��¼ê"¤kÜ©�Ë

�DÑ¼ê�oÚÒ´PTT"PTT¥�âDÂ´»òË�DÑy©�õ�Ü©�

{§Ú14Ù¥�Ë�DÑ©l��{�C§¤ØÓ�´PTT��¹c�Ü©�Ë

�DÑ§
Ø´Ë�DÑ���L§"éuº:XÚÜ©§·��8I´¢yÔ

NL¡�:3Ä��ÛÜ\�1ì!Ä��À:!Ä��BRDFe�¯�XÚ"�

d§·�æ^��n�ÜþL«BRDF�m§,�ÏLÜþ©)òBRDF�m�1

ì!À:!BRDFëê�n��kp�ÍÜ�Ä�Ï�©lm§l
¢y
ÔNL

¡�:�¯�XÚ"XJBRDF�m¥�3p1r�$��Cº¡���BRDF§

@o�
p�þ�±��J§I��3�þ�BRDF�Ä¬êþã�§�´ù�¬

î­K�±��5U"�
�Ñù�¯K§·�3Üþ©)ckòBRDFÜþ�º

¡�©lm§±�yBRDFÜþv
$ª§�I��þÄÒv
�y­ï�°Ý"

3±��§©lÑ5�º¡�æ^ýO������5&E?1±�§,�\Ú

�BRDFÜþ±��(Jþ§ÒU��p�þ�±�ã�"

5.2 ÄuýO�DÑÜþ�­1ì

ã5-2�*/£ã
m�1ì�ÔnL§"±�|µæ^�¸1ì§1
?u

Ã¡�� �"l1
uÑ�13|µ¥DÂ§/¤
m�1ìÚÒK��Û1ì

²�J"XJ|µ��mAÛ(��½ØC�{§|µ¥�Ë�DÑdÔN�á�

û½"·�ò|µ¥��ÔNL¡§¿=ò²L���g��,���À:�Ë�

�Ý¡�Ë�DÑ�\�Ë��Ý(transferred incident radiance). �Ë�DÑ�\

�Ë��Ý��ÔNL¡�§¦���g���(J�ûuT:�BRDF"T:�

�Ñ��À:�Ë��Ý�ûuË�DÑ�\�Ë��Ý!À:ÚT:�BRDF"

­1ì�8�´3±��UC|µ�1ìLÚÀ:ωo§½öéu�Ï^��

¹§UC|µ���á�H"·�^Ý
nR× nPL«|µ�á�§Ù¥nR´|µ

¥æ^�Cá��ÔN�êþ§nP´^±L«��BRDF�m��|�5Ä�ê

þ"ÄuKajiya�±��§
[47]
§|µ¥��:x�Ñ��Ë��Ý�±L«�µ

Bx(L, H, ωo) =

∫

Ω

Ix(L, H, ωi)f(Hx, ωo, ωi) (ωi · nx)dωi. (5-1)
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reflectance H2

reflectance H3

reflectance H1

source radiance L

described by an 

environment map

transferred 

incident radiance

exit 

radiance

view direction o

shadowing

interreflection

ããã 5-2 �¹m�1ì�J�­1ì

Ù¥BxL«�ª��À:�Ë��Ý¶fL«:x���á��BRDF�ê�"

lù�­1ì�§¥·��±w�ü���"��´��:x�Ë�DÑ�\�Ë

��ÝIx(L, H, ωi)§§�6u|µ¥ÔN�BRDF",��´:xg��BRDF�

ê�f(Hx, ωo, ωi)§§Ú\��Ë��Ý���ωi!\�Ë��Ý���ωo!T:

���ëêHxk'"

·��âØÓ��¸1ì!|µBRDF©Ù!ÛÜ\����ØÓ��§ýO

��g�Ë�DÑ�\�Ë��Ý"·�éu:x��CBRDF����mæ^Ü

þL«§,�òù�Üþ�\���!Ñ���!��ëê�n��Ý©)m"Ä

uùü�üÑ§·�U
3±��¯�/?1ª5-1�O���T:�ª��À:

�Ë��Ý"·�ò0�ù
�{��[SNÚ¢y[!"

5.2.1 Ë�DÑ�\�Ë��Ý

�ª��ÔNL¡�ÛÜ\��Ë��Ý§�U²L�«ØÓ���´»§

�*�ÔnL§Xã5-3¤«"éu�^A½���´»§�ª�Ë��Ýd�

�´»¤²L���ÔN�á�¤û½"·�òBRDF�m�æ�²LPCA��

�nP��5Äp§¿±dL«��BRDF�m"éu?Û���Cá��ÔN§^

r�±ÏL?UBRDF�Äp�XêH(r, p)5UC§�BRDF"

k
±�|µ�BRDF�m��5Ä§·�òz^��´»éA�Ë�DÑ?

�Ú©)�A�Ü©§z�Ü©�Ë�DÑéAu��´»þ�ÔN�BRDF´æ

^ØÓ�Ä�|Ü"Þ~5`§k�Ü©�Ë�DÑ§Äk²LÔNr1��§¿
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source radiance 

wavelets l

region1

region2

region3

H(3,1)...H(3, np)

H(1,1)...H(1, np)

H(2,1)...H(2, np)

incident 

radiance 

SH s

ããã 5-3 m�1ì�1´�¹
��BRDFÄ¼êS�§æ^PTTL«"ã¥�Ú�1��L²L

�g���m�\�1ì§Ù¥H(r, p)�LÔNréA�BRDF�Ä¼êp�Xê"ã¥7Ú�1�

�L²Lüg���m�\�1ì

�r1�á�´æ^BRDF�Äp1§¿�Ä�Xê´H(r1, p1)§,�²LÔNr2��

�§¿�r2�á�´æ^BRDF�Äp2§¿�Ä�Xê´H(r2, p2)§����:x/

¤Ë�DÑ�\�Ë��Ý��Ü©§·�ÒòùÜ©�Ë�DÑüÕýO�¿

�;§¿��«�r1!r2±9BRDF�Äp1!p2�¼ê"�
3±��U¯�/O

�m�1ì§·�ò�N�Ë�DÑ�\�Ë��Ý©�ù��NõÜ©§ù�

�z�Ü©Ñ´|µ�1ì�Ä§±9ÔNBRDF�m�Ä�©Ù�¼ê§¿Õá

ýO�Ú�;"¤k�Ü©�ýO��(J3�å��;�PTT§ù�3±��

�ÿ§���½�¸1ìL�XêÚ|µ¥�Cá�ÔN�BRDFÝK�Äþ�X

êH§ÒU¯����ª�Ë�DÑ�\�Ë��Ý"

�
�B?nPTT¥z��¤²L���BRDF�S�§·�ò1���´»

�âÙ��gê©�ØÓ�|§ù�¤k�Ë�DÑ�\�Ë��Ý�±L«X

eµ

Ix = I0
x + I1

x + I2
x + · · · (5-2)

Ù¥Ik
xL«ùÜ©�Ë�DÂ�\�Ë��Ý3����ÔNL¡c²L


kg��"3ý�õê|µ¥§�3
ê�Ø¦�Ë�DÂ���´»"�´§

du3ÔNL¡�zg��Ñ¬áÂ�þ�Ë�§�Xk�O\§Ë�DÑ�Uþ

Ú�Ý¬�~×�/~�§Ïd3äN�¢y¥§·���Äk ≤ 2���´»�
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Ë�DÑ"Ød�	§du���Ñ��Ë��Ý¬uÑ�éõ��§Ïdm�1

ì�Ë�DÑ�X��gêk�O\�¬C��\$ª"�â�Û1ì²�Ë�D

Ñ�ù�A:§éØÓ��gê�Ë�DÂ�\�Ë��Ýæ^ØÓ�Lã�{§

��1ì�I0
xæ^�Å5L«§²L�g���m�1ì�I1

xæ^o��SH5L

«§²Lüg���m�1ì�I2
x^��Iþ5L«"

��1ìI0
x�O���{ü§�I�ò�¸1ÚPTT¥�T 0

x (ω):È=�§


PTT�T 0
x (ω)Ò´ÔNL¡�:éu�¸1ì�'u��ω���5¼ê"¤k

º:'u���¸1ì���5¼êI�ýO���¿�;"

Xã5-3¤«§�g���m�1ì�I1
x�¹
nR�ØÓ�Ë�DÂ�´»§


z^DÂ´»¤²L���ÔN�±¦^nP�ØÓ�BRDF�Ä¼ê"�
\

�±��I1
x�O�§·�ýO����PTT�T 1

x¥�z��ÑéA,�^��´

»Ú,��BRDF�Ä¼ê"ù�§·�Ò��
²L�g���PTT�4�Ü

þT 1
x (l, r, p, s)§Ù¥1ìæ^��ÅÄ^lL«§ØÓ���ÔN^rL«§ØÓ

�BRDF�Ä¼ê^pL«§
���Ë�DÑ�\�Ë��Ý�SHÄ^sL«"ù

�ÜþÏLæ�ØÓ�l!r!p��§éz��æ�·�^1��l�{O�z�

:x���Ë�DÑ�\�Ë��Ý§,�òù�\�Ë��ÝÝK�SHÄs��

�ª�T 1
x�(J"

é²Lüg���m�1ì�?n�éaq§·�I�O��knR × nR�

ØÓ�Ë�DÑ���´»§z^��´»¤�¹�ü���ÔN���±æ

^nP × nP¥ØÓ�BRDF�Ä¼ê�|Ü"du·�æ^��Iþ5L«I2
x§·

�I�ýO��üg���PTT´��5�ÜþT 2
x(l, r1, p1, r2, p2)§Ù¥rÚp�eI

�²
Ë�DÑ²L�1�gÚ1�g��"

Aupperle
[4]
æ^
n�ÜþL«|µ¥¡¡�kS�n�|�m�Ë�DÑ�

'X§ù«ÛÜ�DÑ'XÏL|Ü48£ã��|µ¥��Û1ì²�Ë�D

Ñ"�'�e§·��PTT�ØÓ�?´�¹
��l1
��ÔNL¡¤²L

�õg�����1´§Ó�Ø�¹��À:c����g��§Ø
�¹ØÓ�

�ÔN�&E	§PTT��¹
ØÓ�BRDF�Ä¼ê�&E§ÏdØ�´1´�

¼ê§
´1´Úá��¼ê"

5.2.2 BRDF

�
U¯�O�ÔNL¡:�BRDF��§·�^Üþ5L«�Cá�
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�BRDF�m§¿�^Üþ©)��{ò\���!Ñ���!��ëê�n

�Ü©©lm"Üþ¥�BRDFÏLæ���f(h, ωo, ωi)§Ù¥h´BRDFæ��

ëê§ωo´Ñ����ëê§ωi´\����ëê"XJ�½��BRDF�)

ÛL«§·�ÒÏLæ�)Ûª�ëê�)BRDFæ�§XJ´æ^êâ°Ä

�BRDF�.§·�Ò��æ^æ8���BRDF"

�
L«BRDF¼ê§·�òz��BRDF¼êlÑæ�§¤k�BRDF��

nÜf(h, ωo, ωi) ÒlÑæ�¤n��ÜþF ∈ R
Nh×Nωo×Nωi§Ù¥�Nh!Nωo

!Nωi

©OéAh!ωo!ωi�æ�©EÇ"æ^
[51]
��{òù�Üþ©)�n��gÕá

�6uh!ωo!ωi�Ü©§F�±L«�µ

F ≈ D×h Uh ×ωo
Uωo ×ωi

Uωi (5-3)


���½�BRDF���±ù���µ

f(h, ωo, ωi) ≈

nh
∑

i=1

nωo
∑

j=1

nωi
∑

k=1

D(i, j, k)Uh(h, i)Uωo(ωo, j)U
ωi(ωi, k) (5-4)

Ù¥D ∈ R
nh×nωo×nωi´BRDF�ÜþØ§
��ëê!Ñ���!\���

�æ�©EÇ÷vnh ≤ Nh!nωo
≤ Nωo

!nωi
≤ Nωi

"��ëê�ÝKÝ
Uh
!

Ñ����ÝKÝ
Uωo Ú\����ÝKÝ
Uωi��Ý©O´Nh × nh!Nωo
×

nωo
ÚNωi

× nωi
"

ÏLÜþ©)§·��±é�§Ý/Ø BRDF��;F§¿�´uO�?¿

\�Ë��Ý©Ù!?¿Ñ���!?¿BRDFëêe���Ç"XJ�´æ^

A��©)(singular value decomposition, SVD)��{òBRDF�\���Ú��

��©)m
[48]
§@o7Léz��ÿÀ�BRDFÑ�?1SVD©)§
·��ù«

n�5©)�{duÓ�én��Ý?1©)§ÏdU��§Ý/?1Ø "d

	§æ^Üþ©)��{
[51]
U
�����n�5©)�þ��(root mean square,

RMS)Ø�§
�Ø �(JÓ�U
��XÓ
[91, 96]
�p�þ�±�(J"

·�3?nL¡XÚ��ÿæ^Üþ©)��{Ø BRDF�m§3?nË�

DÑ�\�Ë��Ý�PTT�§·�æ^PCA��{Ø BRDF�m§ù�æ^ü

«ØÓ�BRDF�mØ 9Lã�{´�Ä�ÄuO���mÚ�m�5U"éu

L¡XÚ
ó§·�I�3¤k��¥¡\���þ?1È©§Ïdò1ì���
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�ÝlNLü�nLU�55Uþã��ÂÃ§
PCA���BRDF�Ä¼êvkØ

 \�����Ý"éPTT
ó§æ^BRDF�ÜþÄ¼êÒ�~�$�§Ï�3

ýO��O�ÔNL¡����ÿ§I�O�¤kÑ����Ë��Ý"¤±Üþ

Ä3Ñ����Ýþ�Ø Òvk¿Â"d	§duvkò\���ÚÑ���©

)m§BRDF�PCA�ÄÒU;�Ø7��°Ýþ���§U
3�y±��J�

�¹e¦�Uæ^��êþ�Ä¼ê"

5.2.3 ­1ì

æ^PTTO�Ë�DÑ�\�Ë��Ý§¿�¦^Üþ©)�BRDF�Ä¼ê

O�ÔNL¡�XÚ§·��±3±��¯�/O�?¿�¸1ì!?¿|µ¥Ô

N�BRDF!?¿�À:e�­1ì�(J"b��¸1ìL�3Haar�ÅÄ�L

«�{Ll |1 ≤ l ≤ NL}§@oL =
∑

CL
l Ll

[61]
"·�òª5-4�BRDFÜþ©)�(J

�\±��§ª5-1­���Ñ��Ë��Ý�µ

Bx(L, H, ωo) ≈
∑nh

i=1

∑nωo

j=1

∑nωi

k=1 D(i, j, k)Uh(Hx, i)U
ωo(ωo, j)

∑NL

l=1 CL
l UI

x(l, k, H).
(5-5)

Ù¥UI
xL«ÔNL¡�:xÉ��Ë�DÑ�\�Ë��Ý3²LBRDF�\

����ÝKÝ
�Uωi��^����Xê"3±��§·��âPTT�ØÓÜ

©©OO�,�\Ú��µ

U I
x = U I0

x + U I1
x + U I2

x (5-6)

Ù¥U Iq
x L«¥²L|µÔNqg���m�1ì�\�Ë��Ý�^��

�U I
x�|¤Ü©"§��z��Ñ´ÕáO��§äN¢yXeµ

5.2.3.1 ��1ì²

3��1ì²�O�¥§Ë�DÑ�\�Ë��Ý�ûu�¸1
���5§

�Ò´PTT¥�T 0
x"�
O���B§·�3äN¢y¥ýO��´T̃ 0

x(ω, k) =

Uωi(ω, k)(ω · nx)T
0
x (ω) �Ò´��5ÚBRDF�Ä¼ê�\��ÝKÝ
¥©þ�

¦È§aqu
[54, 97]

�¢y"Ïd\��Ë��ÝU
�¯�O�§Xeµ

U I0
x (l, k) =

∫

Ω

Ll(ω)T̃ 0
x (ω, k)dω (5-7)
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Ù¥LlL«�¸1ì�1l��ÅÄ¼ê"Ï���1ì�\�Ë��Ý3�

�:x�cvkÚ|µk��§@o§Ú|µ¥ÔN�á�vk'X"

5.2.3.2 ²L�g���m�1ì²

3±��§·�òPTT¥�T 1Ú¤²L���ÔN�BRDFéA�PCAÄ�X

ê¦È§,�\ÚÒ��
I��²L�g���m�1ì�5�Ë�DÑ�\�

Ë��Ý, 2ÏLÚÝ
Cωi�SÈö�Ò��
ÝK�BRDF�ÜþÄ�\���

�ÝKÝ
þ�(Jµ

U I1
x (l, k, H) =

S
∑

s=1

Cωi(s, k)

nR
∑

r=1

nP
∑

p=1

H(r, p)T 1
x (l, r, p, s) (5-8)

Ù¥µ

Cωi(s, k) =

∫

Ω

LSH
s (ω)Uωi(ω, k)(ω · nx)dω. (5-9)

Ù¥H(r, p)L«ÔNr�BRDF3ÙÄ¼êpþ�Xê"ÚT 1�Ó§Cωi�´O

�3SHÄþ��|Xê"

XJ��â±þ�íü§²L�g���m�1ì�5�Ë�DÑ�\�Ë�

�Ý�±��O�3BRDF�ÜþÄ�\����ÝKÝ
�©þþ§
ØI�O

�3SHÄþ§ù�Ò~�
��±��Ú½§Ø�~�
�;�m§�Jp
±

�5U"�´ù��{·��U^BRDF�ÜþÄ�¤���ÔNL¡�XÚ§


ØUéÐ/­ï:x�\�Ë��Ý3���¥¡þ�©Ù"�©5.3.1¥¤æ^�

º¡�©l��{§3±��I���\�Ë��Ý3���¥¡þ�©Ù"d

	§¦^SHÄU
�Ï·�3O�­1ì��~²(
�ß/òË�DÑ�\�

Ë��ÝÚÔNL¡�XÚùüÚö���©)m§XJk7��{§üö¥�?

Û��Ñ�±����d��{¤O�§
ØK��^�{6Y���15"

5.2.3.3 ²Lüg���m�1ì²

�
O�²Lüg���m�1ì�5�Ë�DÑ�\�Ë��Ý§·�I�

�ÄO��´Ë�DÑk�²L�|µ¥ü���ÔN(r1, r2)�á�"Ï�·�b

�²Lüg���m�1ì�5�Ë�DÑ�\�Ë��Ý´þ!©Ù�§Ïd�
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ª��:x�\�Ü©�XêO��µ

U I2
x (l, k, H) = Cωi(k)

∑nR

r1=1

∑nP

p1=1

∑nR

r2=1

∑nP

p2=1

H(r1, p1)H(r2, p2)T
2
x (l, r1, p1, r2, p2)

(5-10)

Ù¥µ

Cωi(k) =

∫

Ω

Uωi(ω, k)(ω ·nx)dω. (5-11)

5.3 �{¢y

5.3.1 BRDF�º¡�©l

XJBRDF�m¥�¹éõp1r��BRDF§@o3ÜþÄ��êÒI��

3éõ§
�õ�Ä¼ê¬¦�·�Ã{���p?�±�5U"�
�U3·

���{¥±�p1r��BRDF§·�lBRDFÜþ¥©lÑº¡�§3±��

�ÿ¦^ýO����5êâ?1O�§\£��ª�±�(J¥"Ù¥º¡�

Uì©EÇ�64× 64 × 6�á�«n(cubemap)æ���"ù«º¡�©l��{

rBRDF©�º¡�fsÚ�{�frµ

f(h, ωo, ωi) = fs(h, ωo, ωi) + fr(h, ωo, ωi). (5-12)

Ù¥º¡�fs^ØÓáN���S�pd¼ê�\Ú5L«µ

fs(h, ωo, ωi) =
∑

k=0◦,7◦,14◦,21◦

f (k)
s (h, ωo, ωi) (5-13)

Ù¥f
(k)
s ´��üCþ�pd¼ê§§�IO�´±����ωo�¥%�kÝ�

�m�"Ù¥k�æ�ê�´�âá�«n�©EÇ���"'X0◦L«IO�º

¡��§��z��º¡�'�c��§¤CX�áN���»�
á�«n��

���§Xã5-4¤«"lBRDFæ�¥©lÑº¡�f
(k)
s ¤æ^��{´Ï"��

z�ê��{
[19]
§Ù�å�±º¡�����¥%�A��»ØÓ�áN�S�

pd¼ê§'Xk = 0◦, 7◦, 14◦, 21◦"lBRDFæ�¥©lÑº¡�fs�§3e��

{�fr�'�e$ªNõ§Ïd��N´æ^Üþ©)��{?1Ø Cq"
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ããã 5-4 º¡�©l"l��mµÐ©BRDF¶©l���{Ü©¶0◦, 7◦, 14◦, 21◦ �º¡�Ü©"

BRDFÜþ¦^fr��§
fs�±�I�üÕ?n"·�ò�¸1¦^3áN

�k = 0◦, 7◦, 14◦, or 21◦S�pd¼ê?1ÈÅ"�
O���1ì²�º¡��±

�(J§·�òº¡�¥�z���f
(k)
s Ú�A�ÈÅ����¸1ì3º¡��

þ���¦"ò¤k¦È�(J�\Ò��
��1ì�º¡��±�(J"Ú�

¸1ìaq§·��I�òSHÄ^pd¼ê?1ÈÅ"·�ÏLPTTO���²

L�g���Ë�DÂ�\�Ë��Ý�SH�Xê§^ù
XêÚÈÅ��SHÄ

:ÈÒU­ï\�Ë��Ý����¥¡©Ù3pdÈÅ��(J§òfs�¤k�

Úù
­ï(J�º¡���ê�:È§Ò��
²L�g���m�1ì�\�

Ë��Ý�5�º¡��±�(J"²Lüg���m�1ì�\�Ë��Ý�b

��þ!©Ù§·�Ø�Ä§¤�5�º¡��±�(J"�
UÚÈÅ���¸

1ì�¦§·�¦^2:êL«P¹z���3ØÓ�áN���S���'~"

BRDF�æ^º¡�©l��Üþ©)�Ø�Xã5-5§·�æ^�´100�

æ8���BRDF^Cook–Torrance BRDF�.
[16]
[Ü�(J

[63]
"æ^�p�ë

ê��nh = 6!nωi
= 32§Øæ^º¡�©l�Üþ©)�þ�Ø�(squared

error)´0.952465§²w'æ^�$ëê��±9º¡�©l�Üþ©)�þ�Ø

�péõ"ØÓp1§Ý�BRDF�±�(J�'�Xã5-6"©l�º¡���

ê�õ§BRDF­ï�±��J�Ð"

Green
[31]
òpª�Ë�DÑæ^�|pd¼ê�Ú5L«§�$ª�Ë�DÑ

©OO�"ù
DÑ¼êÑ´�é|µ¥��½�BRDFýO���§ÏdØU^

u�Cá��­1ì"3·��BRDF�ÜþL«¥§·�Øæ^���ëêz�

{L«BRDF
[56]
§Ï�·�I�òBRDF�\���ÚÑ���©)m"��´d
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4 8 12 16 20 24 28 32
2

2.5

3

3.5

4

4.5

5
x 10

−3

nωi

S
qu

ar
ed

 e
rr

or
n

h
=1

n
h
=2

n
h
=3

n
h
=4

n
h
=5

n
h
=6

ããã 5-5 ØÓ�nhÚnωi
���Üþ©)�Ø�

u·�ØUæ^BRDF���ëêz�{§¤±·�I�æ^º¡�©l��{~

�Üþ©)�ê�Ø�"

5.3.2 BRDF�?6ÚèA

�
�B^r?UÔN�BRDF§·��â¤æ^�ØÓ�.�BRDFæ^

ØÓ�BRDF�?6ÚèA�{"·�¦^
Blinn–Phong
[7]
ÚCook–Torrance

[16]
ü

«ØÓ�BRDF�.5L«BRDF��û��Ü©§BRDF�û��Ü©�üÕ?

n"éuBlinn–Phong�.§BRDF���ÏLæ�200�BRDF��§ù200�æ

�BRDF�p1Xê�1�200��ê"±��?Û��BRDF�âÙp1Xê3¤

k���¥�5����"

éuCook–Torrance�.§·��BRDF��5g100�ly¢á�¥æ���

�BRDF[Ü���(J
[63]
§Ù�â�r�(Fresnel)XêÚL¡o÷ÝXê���

©ÙXã5-7¤«"òã¥ù
æ�:n�z�§·�3§�¤�¤�à�¥?�

��:§,�òù�:¤3�n�/�n�º:�âù�:� �?1­%��§

Ò´èA¤���BRDF"3éCook–Torrance�.ÚBlinn–Phong�.�BRDF�

èA¥§·�éû��Ú�û���ëêÚXêÑI�?1��"
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ããã 5-6 ØÓ�ê�º¡�©l���BRDF�Üþ©)�­�(J"l��mµë�ã�¶vk

º¡�©l¶º¡��ê�1 (0◦)§2 (0◦, 7◦)§3 (0◦, 7◦, 14◦)§4 (0◦, 7◦, 14◦, 21◦)"

Roughness

Fresnel

ããã 5-7 æ8���BRDF^Cook–Torrance�.?1[Ü
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5.3.3 ¢y�ëêÚ$��d�©Û

duéuBRDF!1ì!À:!1´�ã��æ�êþ§·�I�35UÚ�

Jþ�Nõ�ï"·�Ì�÷^
Nõykó��ëê��§'X
[88]
æ^²L�

g��/¤�m�1ì²5Cq¤k�m�1ì²§
[49]
æ^�4�SHÄ��1ì�

Ä¼ê5��m�1ì�1
"

5.3.3.1 BRDF�ÜþL«Ú©)

3ÔNL¡�XÚö�¥§BRDF��û��Ü©^ÜþL«§û��Ü©

ÕáuÜþ©)	üÕ?n"3·��äN¢yp§BRDF�Üþ�ëê��

�nh = 4!nωi
= nωo

= 8"BRDF�mÜþ©)���\���ÚÑ����ÝK

Ý
Uωi
!Uωo���æ�æ^Wang

[97]
�æ��{§ÏLò{�þ�ü �¥¡�

ÝK�ü �þ��"

3·��äN¢y¥§·��BRDF�m�Üþ©)��{éu·�¤æ^

�ü«BRDF�.µBlinn–Phong�.±9æ8��,�[Ü�Cook–Torrance�.

þ�100�BRDF
[63]
§ÑU��éÐ�ê�Ú±�(J"�
©ÛCook–Torrance�

.�100�BRDF�Üþ©)�(J§·�ÿÁ
ØÓ�ëê��nωi
× nh =

{4, 8, 12, 16, 20, 24, 28, 32} × {1, 2, 3, 4, 5, 6}"äNz�ëê���þ�Ø�Xã5-

5"·��ªònh���4§Ï�Ø�ê�34Âñ§¿�4��Cq2\þº¡�

�?nU
��v
Ð�±�(J
[97]
"Äuaq�©Û§·�rBlinn–Phong�.

�BRDF�m�nh���3§Ï�ÙCz5��"duü��.�BRDFÑ´��

Ó5�§·�æ^�Ó�nωo
Únωi

"3·��¢yp§·���nωi
= nωo

= 8§

ùÌ�´�Ä��yÄ�±��J�cJe¦�UJp±��5U"éup1�

r��BRDF§·�æ^�º¡�©l��{U
�²w/Jp±���J§X

ã5-6"�Ù¥¤«¢�(J^��Üþ©)Ñ3����S�¤"

5.3.3.2 BRDF�PCA©)

3PTT�ýO�Ú±�¥§·�¦^BRDF�PCA�Ä¼ê§·���^5�

Ä¼ê(o��û���Ä¼êÚ��û���Ä)§Blinn–Phong�.ÚCook–

Torrance�.�BRDF�­ïþ�Ø�©O´6.23e-4 and 1.61e-7"ù�Ø�ÚÜþ

©)�Ø���§¦+O�PCA�Ä��ÿvkæ^º¡�©l��{"
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5.3.3.3 ��1ì

éz��º:§\��XêU I0
x ´��NL × nωi

Ý
"�
��pª�1ì�

J§NL7L�~�§3·��¢y¥ò����6× 64× 64"�
�;Ú±��5

U§·�æ^¡È\��Haar�Å5Ø Xê
[61]
§éz��ωi�3nL = 96�§ù

����Ø (JkéÐ�L2�ê�ê�Ø�"Ø ���Ë�DÑÝ
�±�

��~p�þ�±�(J
[54, 97]

"z�º:���5êâI�æ�6× 64× 64§¿�

æ^Ã�Ø ��ª?1�;"

5.3.3.4 ²L�g���m�1ì²

z��º:�²L�g���m�1ì�PTT´��nR× nP × NL × SÜþ§

3·��äN¢y¥����nR ≤ 3!nP = 5"�
~��;�m§·�òNL�

�����©EÇ(nL = 6×8×8)§Ó��±��ûÐ�±��J§Xã5-8"=¦

ù�~�
NL§Üþ�êâþ�´é�§Ïd·�æ^
àaÜþ©)(clustered

tensor approximation, CTA)��{?1Ø "ÚTsai
[90]
æ^�CTA��{�'§

�
~�àa��m§·�¿vkÚ¦���æ^àaö�ÚÜþ©)�O?1�

�{§
´Äkæ^CPCA
[83]
��{3|µ¥º:��Ýþ?1àa§,�z�q

¥òº:������ÝÒ´��n��Üþ",�·�éz�q�Üþæ^Üþ

©)��{?1Ø §I�`²�´§3·��¢y¥§·��Ø 1ìÚº:ù

ü��Ý§
,	���ÝSK�±ØC§Ï�ù��Ý®²v
�
"

ããã 5-8 ØÓ1ì©EÇe�²L�g��m�\�1ì�±��J"l��m§nL©O

´6 × 4 × 4, 6× 8× 8, and 6 × 16× 16"·��±�ä6× 4 × 4�©EÇ�$§Ï�S¡þ��Ñ

�©V�"�)��1ìÚüg���m�1ì�±��Jëwã5-13

ÏLù���{§·�U
~�²L�g���m�1ì�PTT��;þ§�
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'u
[90]
·��Ué�§Ýþ~�CTA�$��m"¦+²L�g���m�1ì

�\�Ë��Ý^$ª�SHL«§�
pª�±��JE,�±��"�ÏÌ�

kn:µ·�æ^Haar�ÅÄ��1
�Ä§æ^BRDF�PCA�Ä¼êÚ1��

l5?1ýO�§æ^º¡�©l��{JpÜþ©)�°Ý"ØÓëê��e

�CTA�ê�Ø�Ú±�(J�'�Xã5-9Úã5-10"3·��äN¢y¥§·

�æ^32�A��§1ì��Ý�64"�1ì��Ý$u64�§Ùé±�5U�K

�é�§
A���K�Òé²w"·��±���
²L�g���m�1ì�

pª�±��J§'Xã5-13¥¤«��Ñ"

4 8 16 32 64 128
0

0.005

0.01

0.015

0.02

0.025

0.03

Number of eigenvectors per cluster

S
qu

ar
ed

 e
rr

or

Dimension 16
Dimension 32
Dimension 64
Dimension 96

ããã 5-9 æ^ØÓ�1ì�Ø �Ý9æ^ØÓ�A��þ�êþ�¤���àqÜþCq�Ø�

5.3.3.5 ²Lüg���m�1ì²

z�º:²Lüg���m�1ì²�PTT T I2
x ´��Ê�Üþ"�k�~�

�;�m§·�æ^��©EÇ��¸1ì(nL = 6× 2× 2)"d	§Ú²L�g�

��m�1ì²�PTT�CTAØ �aq§·�æ^CPCA?�ÚØ �;�m"

·�b�²Lüg���m�1ì�\�Ë��Ý3���¥¡þ!©Ù§3

8c�¢y¥Ø�Äº¡��±�(J"�,|µ¥�¬k��gê�õ�m�1

ì��J§�´Ï~<úéù
�J�aÉ�~�f"l�nþ`§·��µe�

±*Ð��õgê���m�1ìÚ�p�°Ý§�´I����$�þ"
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ããã 5-10 ØÓ�CTAØ Ç�±��J(æ^�A��þ�êþ/1ìØ ���Ý)"1�

1µ8/64§16/64§32/16§32/32"1�1µ32/64§32/96§64/64§ë�ã�

5.3.3.6 ýO�

PTT�ýO��±ÏL��Ú48��{k�/\�O�"éu²L�g�

��m�1ì�PTT�ýO�§·�éz��º:÷á�«nþ¤k���u�

1�§XJÚ|µ¥ÔN��§ù��:���1ì�\�Ë��ÝU
^5O

�ù��:éº:�²L�g���m�1ì�PTT��z"�
BuO�§|

µ¥ù��:¤3�n�/�n�º:���5&E�±ÏL­%��Cq��

T�:���5"XÓ��1ì�O�(JU^u\�²L�g���m�1ì

�PTT�ýO�§²L�g���m�1ì�PTT�ýO�(JU^u\�²L

üg���m�1ì�PTT�ýO�"

5.3.3.7 ±��5U

3±��§XJ1ì!À:!á�Ñ3Ä�UC§@o·�¤Ð«�ù


¢�(J�$�þ�'~��Xeµ��1ìÓ25%§²L�g���m�1ì

Ó70%§²Lüg���m�1ìÚº¡��±�Ó5%"5U��Ú|µ�5�

¤�'"éu��1ì
ó§5UÚº:�êþ¤�'"é²L�g���m�1

ì
ó§5U�ûuCTA���Üþ�êþÚØ �Üþ��Ý"é²Lüg�

��m�1ì
ó§5U´A��þêþÚàaêþ�¼ê"
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±�ÚýO��5UÓ��ûu|µ¥�Cá��ÔN�êþ"é²L�g�

��m�1ì
ó§5UÚ|µ¥�Cá��ÔN�êþ¤�5'X"é²Lüg

���m�1ì
ó§5UÚ|µ¥�Cá��ÔN�êþ�²�¤�5'X"

5.4 ¢�(J

·��XÚ$1�M���CPU´ Dual 3.20 GHz Xeon§S� 4.0 Gbytes§w

k´ Nvidia GeForce 7800 GT"Ë�DÑ�\�Ë��Ý´3CPUþ�¤$�§�

�ÔNL¡�XÚ´3GPUþ�¤$�"�e5´æ^·��XÚ±����U

CBRDF!1ì!À:�±��J"

ããã 5-11 PTT�±�(JÚë�ã��'�"�µ1��l�±�(J¶¥µ·��{���1

ì�±�(J¶mµ·��{�¹m�1ì�±�(J"

ã5-11´·��ÄuPTT�±�(JÚ�k��1ì�±�(J�m�'�§

±9Úæ^1��l±����ë�ã��'�"æ^PTT�±�(J�¹
²
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L�gÚüg���m�1ì�±��J§Ïd��Cu1��l±��ë�ã

�§'XTweety9.þ²w�'Ú�J"

ããã 5-12 ¿S|µ�m�1ì�±��J"1�1µ��1ì�±��J¶�¹
üg���m

�1ì�±��J"1�1µ/�Úâu�BRDF²L?U?6��±��J"

ã5-12¥�¿S|µ���¹12�ØÓ�á�§k�
k«nbã"ã¥w«

�(J¥k�vkm�1ì�J§k�km�1ì�J"æ^�Ó�1ì§�´/

�Úâuæ^ØÓ�BRDF§p1á�����JÚm�1ì�Jk²w�ØÓ§

'XJ|µ¥�'Ú�J�)
ì��Cz"

^uPTT�BRDF�m�PCA�Ä¼ê§±9BRDF�m�Üþ�Ä¼ê§U


Jøv
�Cq°Ý§l
���Ñù��pª�1ì�J§Xã5-13�1�ü

¥¤«"31�ü¥�±w�m�1ì�J�Cz"��Å�á��Cû��á

�§±����(J¥�±w��ÅÝK�S¡�ùÚ�'Ú�J"�X�Å�á

��p1§ÝØäJp§�Å���S¡�Ë��Ý¥BRDFp1Ü©��^�5

��§ÏdÝK�S¡�)�'Ú�J�ôÚlùÚÅìC�xÚ"
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ããã 5-13 ØÓ�Blinn–Phong�.�BRDF��Å�.�±�(J§Ù¥BRDF�û��Úp1

Ü©�\�XêØC"1�1§Or
�Å�..�BRDF�p1�J"1�1§Or
�Å

�BRDF�p1�J"

Xã5-14¤«�ÃL�|µ§Ì�´�
w«º¡��±��J§±9·��

�{3á��OÚ?6�¡�k�A^"ùo�ÃLæ^
o«ØÓ�7áá�§

¿���
�É�m�1ì�±��J"

Xã5-15¤«�´��IS�Ú|µ"çxV��Úf©O�D�ü«�Cá

�"1ì5gu�?§ÏdduÚf�ñ	§XJ�±���1ì��J§·�¬

w�Nõ�ç�ÒK«�"XJ�¹
dPTT�)�²L�gÚüg���m�

1ì�J§�Úfñ	
�)�ÒK«�ò�dÚfÚÚ����5�m�1ì¤

ì�§¦�ù
«��w�Ù§�5�Ð�ÀúN�"

Xã5-1¤«��BdS�ã�`²
·���{3BRDFÄxþ�k�A^"

3ã5-7¤«�æ8���BRDF��r�–o÷Ý�mþ§·�÷X�^­�è

ABRDF�m�)
BRDFÄx"3±��pþ§·��±w��A�m�1ì�

(J"I�5¿�´§duá�CzE¤�m�1ì�J�Cz§Ø�Ny3pþ

68



úô�ÆÆ¬Æ Ø© 1 5Ù Äuº:��m·��Cá���p?�Û1ì²±�

ããã 5-14 ?6BRDF�)�m�1ì�J�Cz"ã¥ÃLæ^
ØÓ�7áá�"

Â�����ôÚ§
�Ny3���Ë��Ý3pþ�©Ùþ"

L5-1�Þ
¤kù
¢�(J�S�Ó^ÚýO�!±��5U�êâÚ

O"ýO���mÄ��ûu|µ¥�º:�êþ§Ø ��m��ûu1´�ê

þ"du�Bd�|µ¥�k���Cá��ÔN§Ïd¤�Ñ�Ø ��mÒ�

�éõ"IS�ÚÚÃL�|µ¥�õê�ÔNÑvk¦^«nbã§�
~�S

�Ó^§·�O���¹û��á�Ú��Cá��1´¤éA�PTT�§æ^

üôÚÏ�§
Ø´RGBn�ôÚÏ�"

5.5 (Ø

±�(JÚ|µ¥ÔNá����5'X��Cá���p?�Û1ì²±�

�5é��(J"�
�Ñù�(J§·�JÑ
ýO�DÑÜþ�µe"3ù�

µee§·�¢y
�Cá���p?­1ì"æ^PTT!BRDF�m�ÜþLã

Ú©)!BRDFÜþ�º¡�©l��{§·�Ø�U
�)ÔNL¡ØÓ�XÚ
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ããã 5-15 IS�Ú"þµ��1ì�±��J¶eµæ^PTT¢y��¹m�1ì�±��J"

(J§·��U±�)¤��|µ¥dup���/¤�m�1ì�±��J"

�
¢yá�!À:!1ìÑ3UC��­1ì§I�?nã��æ��m"

·��ó�y²���±3Ün����mÚ�m�$��de�¤¤k�ýO�

Ú±�ö�"äN�©ÛXeµ

• ±�5Uµ�BRDF!1ì!À:Ñ3UC�§·�¤k�¢�(J�±�

5U�1.5–5.9 fps"3Nõ�¹e§ùn�Ï�¥Ó��k��¬�UC§'

X|µ�O�¤���á�?6�A^"XL5-1¤«§3ù«�¹e5U�

±��4��Jp"·�5¿�·��±�ö�¿1Ýép§Ïd�~·^

uæ^õCPU?1õ�§�\�§ùÓ��±?�ÚJp±�5U"

• ýO�µýO�ö�Ó��±ÏL¿1�üÑ��?�Ú�\�"¿1�\

�Ãã3Ù¦�PRT�{¥���
A^"'XKristensen
[49]
æ^
32�2.8

GHz CPU34���S�¤
32K�n�/�ýO�"·��ýO�ÿ�3X

d5��8+þ?1\�ÿÁ"
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LLL 5-1 ¢�(J�5Uêâ"3BRDF�m�L«¥§·�^‘BP’L«Blinn–Phong§^‘CT’L

«Cook–Torrance"‘V’L«�kÀ:UC��±�5U¶‘V&B’L«�kÀ:ÚBRDFUC��±

�5U¶‘V,B&L’L«À:!BRDFÚ1ìÑUC��±�5U"¤k�m(J¥��1ì�©E

ÇÑ´64× 64× 6"

|µ Tweety �Å ¿S �Bd IS�Ú ÃL

ã5-11 ã5-13 ã5-12 ã5-1 ã5-15 ã5-14

BRDF�m CT BP BP CT CT CT

�Cá�ÔNêþ 2 2 2 1 2 2

º:êþ 13.0K 131.1K 35.7K 39.7K 53.9K 62.1K

àaêþ 13 13 35 40 54 62

A��þ�êþ 32 32 32 16 16 16

S�Ó^(Mbytes) 148 144 311 389 539 603

ýO��m(��ê) 2.6 2.5 4.2 5.0 13.7 15.7

Ø �m(��ê) 4.0 6.4 15.1 7.3 10.5 14.3

V(fps) 121.58 139.50 74.52 57.09 48.30 43.06

V&B(fps) 28.73 30.79 12.57 10.94 8.23 7.23

V§B&L(fps) 5.82 5.91 3.40 2.62 1.67 1.53

• S�Ó^µdu·���{§U3±��Ó�UCBRDF!1ìÚÀ:§¿

��pª�±��J§Ïd���S�Ó^´�~Ün�
�´Ø�;�

�"=¦Xd§·���{�S�Ó^ÚÙ¦�ªÇ�PRT�­1ì�{�

S�Ó^��
[61, 62, 97]

"
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1 6Ù �Cß²ÚÑ�á���p?�Û1ì²±�

(a) (b) (c)

ããã 6-1 ·���p?±��{���±�(J

3�Ù¥§·�JÑ
�«�Cß²ÚÑ�á�ÔN��p?­1ì±��

{"�{·^uþ�Ú�þ��ÔNá�§'X�mÄ��ò�ÇÚ��É5�Ñ

�§¿U���«ò�ÚÑ�/¤�´L�±��J"^r��±ÏL�pUCÔ

NAÛ!1ì!á�ÚÀ:"

314ÙÚ15Ù·�¤ïÄ�±�|µ¥§AÛÔNæ^�´��á�"Ø


��á�§3g,.¥�kü«~�
{*�á�µß²ÚÑ�á�"ß²á��

�´1²Lò�?\ÔNSÜUYDÂ§Ì�Ny�´ò��Ôny�"Ñ�á�

��´13�í½öÔNSÜDÂ�§duë�0���^§UC
�ªÑ�Ë�

��ÝÚ��"ß²ÚÑ�á�U
�)Nõ{w�1ì�J§'Xß²á��±

/¤°½t¢!Fá��íy�§�kY¬s´!YÅ«)¤�ØÓ/���Ñ¶

Ñ�á��±/¤ë�!NÒK!N�Ñ�1ì�J"

ß²á�ÚÑ�á��±����á��±�ké��ØÓ"ß²á��±�

kü�Ì�A:µ1�§ò�y��±�(JÑ�~�b|Úpª§���CqÚ

`z�{�5�Ø�3Àú�Jþ�~¯a¶1�§1DÂ�ÔNL¡�ý�Ü©

�Ë�rÝÑu)ò�½º¡��§ÏdØI�¦^BRDF§3±���ÒØI�

3ÔNL¡�1�\�:þ?1�¥¡\�Ë��Ý�È©"Ñ�á��±��Ì

��A:´µ13DÂL§¥§¿Ø�3ÔNL¡u)Cz§
´31¤U���

¤k �Ñ�UÏ�ë�0���^u)�«UC§Ïd$��E,Ý��puÙ

§a.�ÔNá�"XJ��ÔNSÜ½ö�í¥�á�??�Ó§·�¡��þ
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�á�§ÄK·�¡���þ�á�"w,§þ�á�±��E,Ý�$u�þ�

á�§Ï�·��±òÙ{z��3ØÓá���.¡þO�ò�!Ñ�Ú�Ñ�

±��J"
�þ�á�±�L§¥§7L�Ä13��DÂ´»þ�ëYCz"

duþã��Ï§8cÿÃÙ¦�{§�±¢�½�p?±��þ��ß²Ú

Ñ�á���Û1ì²�J"3�Ù¥§·�JÑ��p?�Û1ì²±��{§

U
±�ò�!��!�Ñ!ügÑ�!¡ÒK!NÒK!¡�Ñ!N�Ñ�õ«

1ì�J"^r�±ÏL�pUCÔNAÛ!1ì!á�ÚÀ:"

·���{�¹�����±��{6Y�"ÏLù�±��{6Y�µ·�

ÄkòÔNAÛ=z�Nêâ¶,�÷X­�´»�lz�1f3ù�Nêâ¥�

ò�´»§±9du�ÑE¤�Uþ�P~¶��Å��/±�3?¿À:e¤�

��Ë��Ý©Ù§l
�����±�(J"ØÓ��p�I�UC6Y�¥Ø

ÓÚ½/Ñ\§ÒU©O��Ä�AÛ!Ä�1ì!�Cá�ÚÄ�À:�±��

J§¿�ØI��d?1?ÛýO�"6Y��¤kÚ½Ñ3GPUþ¢y§U


���p?�±�5U"Ø
­1ìÚá�?6	§·���{�±��?Û�p

?Ôn�ý½AÛC/�{�¯��Àz��{"

6.1 �{Vã

�¤�
k��1ìy�´dm�1ì²�)�§Ïd·�I�¦)�´��

�Û1ì²�±�¯K"¯¢þ§���(JÒ´·���Û1ì²�±��{7

Lv
°(§l
U¼��©pª�[!´L��Ñ�±��J§¿�±��5U

�v
¯§±�y^r�±Ó�UC1ì!AÛ!á�ÚÀ:"�
�Û1ì²

�{§'X©Ù1��l!�AkÛ1��l!1fbã®²�2�$^§¿U

¼��~%ý�±��J§�´ù
l��{ÑJ±���p?�±��Ý"�

,GPU�A^UJø4��\�§'X1fbã
[73]
ÚÅ
¡�l

[43]
§�´�´Ã

{���p?­1ì�5U"�k�
�{ÏL�
Cq�üÑU
��¢��±

�5U
[18, 25, 50, 67, 103–105]

§�´ù
�{ÑØ�;�/"�
�
­���Û1ì²

�±��J"{
ó�§8cÿÃ�«�{U
éÐ/�p?±��Cò�ÚÑ�

á���Û1ì²�­1ì�J"

3�Ù¥§·�JÑ
��#�±��{§±�|µ¥�ÔN�±k?¿Cz

�!??ØÓ�ò�Ç!�ÑXêÚÑ�Xê"·���{U
3|µUC�Ó�

±�p?�5U±��Ñ!Ñ�!�Ñ��J§8cvk?ÛÙ§�{U��Ó�
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�±�5UÚ±��J"·�JÑ��{´�^#�±��{6Y�§6Y��

z��Ú½Ñ3GPUþ¢y§�����p?�±�5U§¿�ØI�?ÛýO

�"·�U
���p?�±�5U§��'��?3uæ^NêâL«Ú�;Ô

NÚ1ì"·��O�6Y��1�ÚÒ´òÔNAÛ¯�/N�z�Nêâ§ù

�=¦·�UC�´ÔNAÛ§·��Ó��±�o��Nêâ�UC"æ^ù«

Nêâé|µÚ1ì�L«Ú�;§·���{6Y���Y�¤kÚ½ÑUé�

B/|^GPU�¿155\�$�"

±�z�v�§·���{6Y�ÄkòÑ\�ÔNAÛN�z�Nêâ§2

ÏL1fu�Ú�lO�Nêâ¥�Ë��Ý�©Ù§��Å��±�?¿À:e

��Û1ì²��J"du·�#N|µ�ò�Ç�±ëYCz§Ïd·�7LU

÷X­��ò�´»�l1f±9lÀ:uÑ��l1�§
Ù­��ò�1´d

AÛ1Æ�Ä��§!=§¼�§û½"Ó�§·��I��âá���ÑXêO

�1fUþ�Cz"Ï�·��±��{´ÄuNêâ�L«§Ïd·��±�ù

�Nêâïál�ä5?�Ú\�·���{¶·�3÷X­��ò�´»�l1

f�æ^ù�l�ä�êâ(�g·A/ÀJzÚc?�Ú�"31f�l�z�

Ú¥§·�|^GPU�1»zö��5U`³5\�3Nêâ¥�#Ë��Ý�

ö�"1f¤���Ë�Uþ�;3¤²L�N�¥"��§·�Å��?1±

�§�z���u��^�l1�§Ó��â§¼�§O�Ùò�´»§¿�âÑ

�XêO�²L���¤�;�Uþ�5�Ë��Ý§2U\����¸1�Ë�

�Ý§Ò��
���±�(J"X6-1¥¤«�´·���
¢�(J§·��

�{6Y�3±�ù
|µ��±��z¦êv�±�5U"

6.2 ±�6Y�

·�JÑ��{§U
�p?±�Ä�|µ�ò�!�Ñ!��É5�Ñ��

�Û�1ì²�J"·��±��{6Y�Xã6-2¤«§��6Y��)ê�ä

N�ãÚ½§§��z��Ñ3GPUþ¢y"±��{6Y�±|µ¥�ÔNA

Û��Ñ\§¿��½�
:1
½ö��1
±9À:��¶�ªÑÑ����

Û1ì²�±�(Jã�"I�5¿�´§XJ^rÏL�pUCÀ:��!1ì

^�!|µAÛ½á�ëê�§  �k�Ü©�6Y�I�­#O�$1ÒU�

��#��±�(J"
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ããã 6-2 ·��±��{6Y�
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·��±��{�6ué|µ�Nêâ�L«§ù�Nêâd�þ�þ!©Ù

�á�N�N�|¤¶duù�A:§·�^ù
N�5P¹ÚL«|µ���m

¥�� ��ò�Çn!Ñ�XêσÚ�ÑXê(=Ñ�XêσÚáÂXêα�Ú)"

·��±��{6Y��1�ÚÒ´|^GPU�¿15�~p�/ò^n�/�

�¡¡L«�ÔNAÛN�z�Nêâ"éu�
A^§'X�ýÚÔnÿþ§·

������Nêâ§@o·�Ò�±aLN�z�Ú½��?\6Y��e�

Ú"

�{6Y�����Ú½§´ÏL©ÛNêâ¥�ò�Ç���|µïál�

äêâ(��á�L«§l�ä�z�!:L«3ù�!:¤3��m«�S§ò

�ÇA�´~ê"ù�l�ä(�Ú·��1
)¤�1f��§��6Y��¡

�g·A��51fbã�{Ú½�Ñ\êâ"36Y��g·A��51fbã

�{Ú½¥§1f÷X§�ò�1´3|µ¥DÂ§¿3§¤B�L�N�þ�;

§¤�L�Ë�DÑ"3��±��Jã��Ú½¥§·�lÀ:éz���uÑ

�l1�§1�3|µ���Nêâ¥÷Xò�´»B�|µ§1�¤²L�¤k

N�¤�;�²L1f�Ë�DÑÑ�Â8\Ú§l
��ù�1�)¤�3À:

¤w��Ë��Ý"

Ï�·��±�|µ¥���m�ò�Ç�±ëYCz§¤±1fÚ�l1�

Ñ÷X­��DÂ´»3|µ¥DÂ§
Ø�DÚ�1fbã�{¥÷X��D

Â§�Ø´{ü/÷Xò�DÂ"­��DÂ1´x(s)d|µ¥�ò�Ç�Iþ

|n¤û½§äNdAÛ1Æ�Ä�1Æúª§=§¼�§
[8]
û½µ

d

ds

(

n
dx

ds

)

= ∇n (6-1)

XJ½Âv = ndx

ds
§·��±òª6-1�¤���©XÚ�/ªµ

dx

ds
=

v

n
(6-2)

dv

ds
= ∇n (6-3)
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·�ò^Nõ�Ú��ò�5Cq�^1w�­���ò�DÂ�1´§Ïd

·��±UYòÙ��c��©(forward–difference)�lÑ/ªµ

xi+1 = xi +
∆s

n
vi (6-4)

vi+1 = vi + ∆s∇n (6-5)

ÚÓ+��c�ó�ØÓ§·�3÷­�1´�l1f��ÿ§¬�â1f8

c �±�«��ò�Ç©Ùg·A/ÀJe�Úc?�Ú�"3ò�ÇA�ØC

��m«�§·��±^é��Ú��ÚÒUB���«�§
XJù�«��ò

�ÇCzì�§·�Ò�æ^���Ú�§�õ�ÚêB�ù�«�§l
U°(

/%Cý¢�DÂ´»"·�|^l�ä�êâ(��Ï·�3|µ�m¥�?Û

�:(½e�Úc?�Ú�"

6.3 ±�6Y����Ú½

3ùÜ©§·�ò�[0�ã6-2¤«�±��{6Y�����ãÚ½"

6.3.1 N�z

·��N�z�{ÄuCrane
[17]
��{"¦���{¥±�4�n�/AÛ�

���Ñ\§|^GPU�1»zÚà~ö�O�z��N�¥%� �´3AÛ

K�SÜ�´	Ü§XJ3SÜKD��1§XJ3	ÜKD��0§z�N��O

�(J�3�å����n�«nÑÑ"Nêâ¥z����±���v�g±�

��AÛN§±���Cà~²¡���T��CÀ:�>�²¡§3¡äXÚ§

S¥§XJ¤±��¡ä´n�/��¡§K���ê�\1§XJ´n�/��

¡§K���ê�~1"·�é¦��ù�N�z�{�
�
UÄ§Ï�3·�

��{6Y�¥�¦Nêâ¥�ò�Ç²wëY/Cz§±;�Ø7��±��×

\§ùÚÄu§¼�§�ò�ÔN�±��{
[43]
¥��¹�Ó"

XJAÛÔN�L¡BLNêâ¥���N�§@o·��N�z�{7L�

ù�N��½��2:�§±L«TN�3ù�AÛNSÜ½	Ü�§Ý"�d·

�Äkòù�Nêâ�æ��o��©EÇ2?1N�zö�§,�òN�z��

(Jüæ���©�©EÇ"ù�3üæ��ö��§·�I��z��ªÑÑ�
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N�?14 × 4 × 4 = 64g«nÖ��ö�§ù�d�~ã�§é±�5Uké�

�K¡K�"Ïd·�æ^�üÑ´�éAÛÔNL¡>�NC�N�?1üæ

�"·�Äk3�ªÑÑ�©EÇe?1N�z§,�z�N�é±��N�?

13 × 3 × 3g«nÖ��ö�§±d(½ù�N�´Ø´ÔNAÛL¡>��N

�"XJù27�N�Ñ´�Ó��§@oØI��õ�ö�ÒU(½TN��N�

z�(J"XJù
N�¥kØÓ��§@o·�Òéù�N�éA��æ�(J

¥éA�«�?1üæ�§��ù�N��2:ê�N�z(J"

�ª§·�N�z���2:��(J=z�ò�Çê�§,�^����

´7 × 7 × 7½9 × 9 × 9N��pd¼ê?1�
Ú²w"I��Ñ�´§N�zL

§¥��æ��{Uk�JpNêâéÔNAÛL¡{��£ã(=¦^ò�Ç�

FÝ5L«)§Ó��
ö�òÔNAÛL¡>�d��«�*����LÞ�"

·�N�z��{�(J3ã6-3¥�*��"

(a) (b)

ããã 6-3 (a)��ÔN�n�/¡¡�L«"(b)òù�ÔNN�z�Nêâ��(J"

6.3.2 l�ä�ïá

ïál�ä��{�Ñ\´��K�εÚ��P¹|µ�mò�Çn�Nêâ§

Nêâ�z��N�P¹�ê�Ñ�L
�Ó�����á�N�m«��ò�

Ç"�ª�ÑÑ´��l�ä§§�z���(:�L
3T!:¤CX�m

«�S§ò�Ç´~ê½öò�Ç����ÉØ�LK�ε"du·���{´

3GPUþ¢y�
Ø´3CPUþ¢y�§Ïd·�ÀJ�l�ä�êâ(�Bu
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¦^GPU�¿1?nü�5ïäÚ�Î"DÚ�l�äæ^DÕ�;��{§z

���(:Ñ��;8�����§�8�f(:"·��l�äêâ(�æ^��

n�ê|5�8�;§ù�n�ê|¥�z��ê�L
¤éA�N���m3l

�ä¥¤�3��(:��g �"�,ù«�8�n�ê|��;�{�'uD

Úl�ä�DÕ�;�Ó^�õ��m§�´§�Bu¦^GPU5ïäÚ�Î"

·��l�äêâ(��ïä�{Úmipmap�ïáL§§±9Ziegler
[109]
�Ä

uÎGã�7i©(��ïáL§'�aq"ã6-4¥�*/w«
��ïäL

§§�
�BL«§ã¥â^
��²¡þo�ä�ïá5�a'"·�Äkïá

��n�ê|�7i©(�§ù�(�¥�z���z��êâÑ�L
Ù¤é^

��m«��ò�Ç����Ú���",�·�¦^ù�7i©êâ(�¥�(

J±9Ñ\�K�ε5?1'�§l
(½l�ä¥�z���!:XJ��l�

ä��(:§´Äv±L«Ù¤CX�¤k�m�ò�Ç©Ù§�é{`§I�(

½T�mS�ò�Ç´ÄÑ´~ê½ö���Évk�LK�ε"

�
��Ù�£ã·���{§·�w��äN�~f"b�·�k��Nê

â§>��2K§ò�ÇP�n"·�Äkïá���¹K�n�ê|�7i©êâ

(�§ù�(�Úmipmap�(��©aq§�´z��¥z����P¹�Ñ´

Ù¤éA��m«��ò�Ç����Ú���(nmin and nmax)",�·�ïá,

	��>��2K�n ê|§z����Ñ´���ê§^5L«¤éA�N�

3l�ä(�¥¤3��(:¤3��ê§=3T�(:e�¤kN��ò�Ç�

�É3K�ε��S"·�^0IPl�ä¥©EÇ����g§^KIPl�ä¥

©EÇ����g(=�k���(:)"·�l©EÇ����g�©EÇ���

�g�g'�ÙéA�ò�Ç�Cz��ÚÑ\�K�ε5(½l�ä��(:"

��ÿÁ(Jw«7i©(��1k�÷v^�nmax − nmin < ε§·�Òr�ªÑ

Ñ�n�ê|¥ù��(:CX�¤k���ÑD��k"����N�éA�Ñ

Ñ(J�D�§·�ÒØI�éù�N���õ�ö�ÚD�"

l�nþ`§·�ïál�ä�L§¥Ø���Äò�Çn�Cz��§�I

��Ä�ÑXêκ�Cz��§3z��(:S§ùü�ëêÑ��yÄ�ØC§

ù´Ï�·��g·A��51fbã�{¥Ë��Ý�O�Ó�É�ùü�á�

ëê�K�"�d·��c£ã�l�ä�ïá�{�±�~N´/*Ð��ÑX

ê§�I�3(½´Äïá���(:�§Ø�'�ò�Ç�Cz��ÚÑ\�K

�§��'��ÑXê�Cz��Ú�dÑ\�,	��K�",
¯¢þ§3·
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ããã 6-4 l�ä�ïä�{§�
Bu£ã§æ^���/ª"·�Äkïá7i©(�P¹��

Ú���ò�Ç",�gº�e©Û§ò�ÇCz��Ø�uK�ε = 0.05�§Òò�c��ê�

�¤éA��Sz�N���ê"
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��¢�¥�ÑXê�K��~Ø²w§l
òl�ä�ïá�{*Ð�|±�Ñ

XêCz����å§é��±��{6Y��5UÄ�vkK�"

6.3.3 1f�)¤

·�æ^ÚÒKbãaq��{)¤¤k1f�Ð© �Ú�Ýµ·�ò

À:��31
 �§¡�|µ¥%§,�±���|µ���Ý"3¡äX

Ú§S¥§XJ?n�¡ä´n�/��¡§@o±�(J¥�alphaÏ�´D

��1§RGBn�Ï�P¹
T¡ä��m �",�§·�òùÜ±����

ã�=��1
uÑ�1fS�§ù�ö��±^AÛXÚ§S¢y(geometry

shader)§½ö¦^�
Ï^O��GPU?§�ó¢y�“×£(scan)”ö�
[11]
§'

XCUDA
[66]
"XJ�����alphaÏ���Ø´0§@où���Ò)¤��1

f§1f� �dù����RGB���§ù�1f���d1f� �Ú1


� �O���"ù�1f¤���Ë�Uþd1
�á5û½"

�±�|µd��½A�ß²�ÔN|¤�§ÔN±��éõ«�Ñ´��§

Ùò�Ç�Ñð�1"�
Ø�3ù
�«�¥1f�l��m§·�¦þr1f

3�CÔNAÛL¡�«�)¤"Ïd§·�3æ^aqÒKbã��{)¤1

f��ÿ§·�¿Ø´±�|µ���Ý§
´±�|µ¥ò�ÔN��nAÛ

N(proxy geometry)¶XJ´���~E,�AÛÔN§·��±¦^?Û���

��¹ò�ÔN�{z�AÛN"

6.3.4 g·A���51fbã

±��{6Y�¥g·A��51fbã�{�Ú½�Ì�8�§´ò)¤�

1f÷X§�­��ò�1´DÂ§Ó�òg����Ë��Ý�;3¤²L�

N�"g·A1fbã�{�Ñ\´�âò�Çïá�l�äêâ(�!�ÑX

ê�RGBnÏ��n�ê|±9)¤�1fS�"z�1f�êâ(��)§�

Ð© �x0!Ð©�Ýv0ÚRGBnÏ��Ð©Ë��ÝL̃0"�{�ªÑÑ�´�

�RGBnÏ��n�ê|§P¹
Nêâ¥�z�N�Â��Ë��Ý�©Ù"

31fDÂ�Ì�¥§·��âª6-4Úª6-5O�¿�#1f� �Ú�Ý"

�éz��1f§·�¦^l�ä(½1f3�c¤3�l�ä��(:¥DÂ�

��Ú�§�Ò´3ò�ÇÄ�ØC�«�DÂ���Ú�§Xã6-5¤«"·�

ÀJ∆soctreeÚ^r�½��áÚ�∆smin¥�������1fDÂ�Ú�∆s"�

áÚ�Ï~´��ü�N��°Ý§^r�±�âgCé±�5UÚ±��þ��
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ïN��áÚ����"

31fDÂ�z�Ú¥§1fÑ¬Ï�áÂÚÑ����Ü©�Uþ"ù«Ë

�Uþ�ê�ª�P~�ûu¤3�ÛÜ��ÑXê§ùp·�b�l�ä�Ó�

��(:SÜ��ÑXêA��~êµ

L̃i+1 = L̃i e
−κ(xi) ||xi+1−xi|| (6-6)

·�®²£ãL
1fDÂ¥�z�Ú�âª6-4Ú6-5O��#1f� �Ú

�Ý§±9�âª6-6�#1f���Ë��Ý"y3·�0�XÛ3Nêâ�z

�N�¥�;Ë�DÑ"3z�N�¥§·�ò¤k²L�1f�Ë��ÝÚDÑ

��§�âÙË��Ý?1\�¦Ú§±d��TN��Ë�DÑ�Cq5�;§

¿��;RGBn�ôÚÏ��Ë��Ý§Ø�ÄÅ�ØÓÚå�«O"ùw,´

��éý¢�Ë�DÑ���o÷�Cq§�´®²v±�°(/±�­yNõ�

Û1ì²��J"

�1fl �xiDÂ� �xi+1§§éÙ¤²L�¤kN�ÑkË�DÑ�Ë

��Ý��z"Ïd§�·��¤��1f��ÚDÂ§·�Ò3º:��¥O\

ü�º:§ü�º:� �©O´1fDÂ�c�ü� �§�I�P¹ÙéA�

DÂ�ÝÚË��Ý"��ò¤k�1fÑ�cDÂ�Ú§z�1fÑéAü�º

(a) (b)

ããã 6-5 ¦^l�ä�g·A1fDÂ"(a)1f� ��±(½¤3l�ä��!:3l�ä¥�

�ê"(b)DÂÚ�∆soctree(�1f��DÂ���c�(:�>�"
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:§·�ò��º:�����ãS�O�¤k1f�ùÚDÂ¤�)�Ë�DÑ

��z"·�|^M�ã/6Y�5±�ù
�ãS�§l
��ùÚDÂc��

1f� �!�Ý!Ë�rÝ"·�æ^¡äXÚ§Sòz�1f�Ë�DÑ��

z�;3z���¥§z�1f�DÂ���¤k²L�1f�DÂ�Ý�\�Ú

���§Ù¥�­´z�1f�RGBn�Ï��Ë��Ý�Ú"

�·�ò¤k�1f�cDÂ�Ú§¿�ò¤k�z�Ë��Ý�;3Nêâ

¥��§·�r¤klm|µ���Ý�1f±9Ë��Ý$u���½K��1

fGØ§,�·�­E�c�ö�§r¤k�{�1fUY�cDÂ�Ú"·�Ì

�­Eù��1fDÂL§§���eé��Ü©�1f(��´�Ð)¤�1f

êþ�1/1000)Ê�1fDÂ�ö�"��g·A��51fbã����Ú§·

�ò�;Ë�DÑ©Ù�Nêâ^���3× 3 × 3N��pd¼ê²w�D"

·��g·A��51fbã�{ÚDÚ�Nêâ�1fbã�{k�
�©

­�
'���ÉÚU?"1�:�´�­���:§·���{3Nêâ¥�l

1fDÂ��ÿæ^g·A�DÂÚ�¶Xc©¤ã§·��l�äêâ(�U�

Ï·�O�3ò�ÇÄ�ØC�«�S¤Uc?���Ú�"1�:§·�^�þ

�N���5�;z�1f3Nêâ¥DÂ��z�Ë��Ý"·�31f¤²L

�z�N�Ñ�;1f�Ë��Ý§
Ø´�3u)Ñ��¯�� ��;T1f

�Ë��Ý"DÚ�Nêâ�1fbã�{æ^Kd–tree�DÕ�;(��;1f

DÂ�Ë�DÑ§3Å���±�L§¥��?1�C1fÂ8�$�ö�§ùÚ

ö��$��d�~p"

6.3.5 Å���±�

1fDÂ�Ú½�¤��§·�ÒU±�?¿À:e��Jã�"·�lÀ:

éz���uÑ�^�l1�§3|µ¥÷­��ò�1´DÂ§¿Â8¤²L

�N�¥�;�Ë��Ý"��N�¥�Ë��Ý�âT?�Ñ�XêÚ� ¼

ê(phase function)��TN�ügÑ����Ë��Ý§,��âlÀ:�T��

�ò�´»²L�¤kN���ÑXê§O���lTN���À:�Ë��Ý"

·�÷X��ÑÑ�±�ã��z���uÑ���l1�"XJù�1�Ú

|µ���Ý��§·�ÒUY÷X§�ò�1´�Ú�Ú��l§��ù�1�

BLù�|µ"Ú1f�l��§·��´Uìª6-4Úª6-5O��l1��DÂ

´»"·�3�llÀ:uÑ�1��§·�æ^��½�DÂÚ��1�N��
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°Ý§¿vkæ^g·A��{Ä�/(½DÂÚ�"æ^�½�DÂÚ�Ì�Ä

u±eA��Ïµ·�ØF"¿�DÂ´»þ,
N��z�Ë��Ý¶·��Ø

F"Ï�Ä��DÂÚ�
��ª�±�ã�Ú\Ø7��×\¶d	§ÄuäN

¢y��Ä§�'u1fDÂÚË��Ý�;�Ú½§Å��±���O��d�

�éõ§Ïdvk7�ÏL\�Å���±�5Jp��±�6Y��5U"

3�¤�l1�DÂ�z�Ú�§·�l�;Ë�DÑ�N�¥Ö�ùp�;

�Ë��Ý9Ù��§,��âT?�� ¼ê(½Ù¥kõ�duÑ�÷X�l

1��´»��À:",�·�òùÑ�Ñ5�Ë��ÝÚùp�Ñ�Xêσ(x)�

¦§��Ú÷Xlùp��À:�DÂ´»duáÂÚÑ�E¤�o�P~Xê�

¦"ù����¦È´ù��N��ªéÀ:�Ë��Ý��z§·�ò²L�¤

k��O����Ë��Ý�\§Ò��
ù^1�duÑ����o�Ë��

Ý"��ù^�l1�BL|µ§·��I�2\þ¤é����¸1ì�Ë��

ÝÒ�¤
ù����±�"

6.4 �{¢y

3ùÜ©¥·�0�
3�{äN¢y¥I�5¿��
¯K"�,ù
¯K

Ñ�~­�§�´¦�¿Ø¬K�Ööé��±��{6Y�ó��n�n)"

6.4.1 Ë��Ý��;

·�3GPUþ¢y�g·A1fbã�{�±©�ü�Ú½§1�Ú´1fD

Â§=O�zÚDÂ�1f#� �!DÂ�ÝÚË��Ý§1�Ú´Ë��;§

=3Nêâ¥�;ùÚ1fDÂ¤�z�Ë��Ý"·��@æ^GPU�±�6

Y�¢yg·A1fbã�{§,�^CUDA­#¢y���Ó��{§²L'�

uy±�5UJp
15%�25%"3Ë��;�Ú½¥§·�|^±�6Y��1

»zö�ò�ãS��;�P¹Ë�DÑ©Ù�n�«n¥"

·���{���Û�53u8c�GPU�U3n�«n�,��§�Ò´�

Ü��«nþ?1�ãS��1»zö�"�d§·�Ø�Øæ^'l�ä½Ù§

�ª���Ú��á�Ú�?11f�l"ù´���~'��Û�5§Ï�1f

bã´·���{6Y�¥$��d�p��!§
ù��!�$��mÚ¤k1

f�DÂ�o�Úê¤�/'X"Ïd§·�æ^±eü�üÑ5�)ù�¯Kµ
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(1) ·��;1f�Ë��Ý�;�n�«n¿Ø´¤k�¡(slice)���Ñ´

�Ó�"·�¦^�n�«n��¡êþ´Nêâ©EÇ�n�§ùnÜ

©��¡����Ø�Ó(ùnÜ©��¡�{�©O´�m¥�x¶!y¶

Úz¶)"��1fDÂ�Ú�c§·�I��â1fDÂ���ÀJ�;�

�¡§l
¦þ�y3ùÜ©�¡²1���þ1fDÂ�Ú���"

(2) ·�òzÜ�¡�þÝ\�§,�æ^üÜn�«n��ü�±�8

I(render target)"��±�8IP¹¢Ú�Ûê��¡§
,��±�8I

P¹¢Ú�óê��¡(éun�����¡Ñæ^Ó���{)"�1»z

�^�ã�§·�Ó�±�����üÜ¢Ú©O�ÛêÚóê��¡¥§

¿�3¡äXÚ§S¥(½=�±�8I����XÚ§
,	��KØ?

1XÚ"

�ª§·�¦^
o�±�8I§Ï�·�7L3ØÓ�±�8I¥�;Ë�

�ÝÚË���§d	·��ò¢Ú�ÛêÚóê��¡©l¤ü�±�8I"Ú

1fDÂ�Ú��O\�5�5Uþ�Jp�'§æ^õ�±�8I±9n���

¡��	�d�±��Ñ"

·�F"k��F§M�ã/6Y�U
|±3n�«nþ?11»zö�§


Ø�Û�u���«nþ§ù�·�U
;�æ^n��¡Úõ�±�8Iù

���{�5�m�§1fDÂ�Ú��Ø¬ÏdÉ���"��,�«ÀJ§

XJCUDAU
Jøp��«nÖ���fö�§·�ÒU¦^CUDA¢y�ãS

��N�zö�§
Ø^ú%õ�1fÓ��#Ó��N��Ë�DÑ´¬�5

¿1ö�Úå��Ø"XJU
¦^CUDA�¤�ã�N�z§·��U;��


CUDAÚOpenGL�m��1fêâ
�o���ã��º:��"

6.4.2 GPU¢y¥CUDAÚOpenGL�À^

3¦^GPU�ã/6Y�¢y·���{�§éu´æ^CUDA(½öaq�

Ï^O���ó)�´OpenGL(½ö´aq�ã/±��API)§I��Nõ��

ï"3¢y�
ØN´�©)�º:XÚ!AÛXÚ!¡äXÚ�õ�Ü©��{

�§CUDAÃ¦äk�~²w�`³§§3¢yÏ^O���{��~k�§ØI

�·�ò�{)M�©�õ�Ú½"Ó�·�XJØI�1»z½ö«nÈÅ�ö

��§CUDA�Ué�B/;�õ{�$�ö�"
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�´§�·��òÏ^O�Úã/±�6Y�·Ü¦^�§ù«Ï^$��

5�`:�¬���	��d"du�c�CUDAÚOpenGL�m�U�����

��§
ØU����«nÚn�«n§Ïd3·�8c¢y�±��{6Y�

p§3CUDAÚOpenGL�m��7L���êâ¤�Ñ��m�VÓo±��m

�10%"·�æ^CUDA5¢yl�ä�ïäö�§lÒKbã)¤1f§±9

3Nêâ¥�l1fDÂ¶·�æ^OpenGL¢yÔNAÛ�N�z§�;1f

DÂ�z�Ë��Ý§±9±�lÀ:uÑ��l1����Ë��Ý"duù


ö���?1§·�I�lOpenGL�CUDA��ÒKbã!ò�Ç�Nêâ

±9�ÑXê�Nêâ"3$�´§·��±3CUDA¢y�1fDÂö��U

3OpenGL¢y�Ë��;¥��1f��ãS�§ù´Ï�ù��ãS�¤3�

º:��´�������"·�F"3ò5CUDAÚOpenGL�mU
��¦^

��«nÚn�«n§ù�U
k�/\�·��±��{§±9Ù¦¤kI�3

Ï^O�Úã/±�6Y��m����«nÚn�«n��{"

6.4.3 l�ä�U?

·��±��{6Y�)¤��Ñ��Jé1fDÂ�Ú��~¯a"
1f

DÂ�Ú�§�ûu·��l�äïä�{¥^��K�ε"�´éu,�
Nê

â§·�uyJ±ÀJK�ε���§±�yØ�U
��ûÐ�±�(J§�U

k�/��1fDÂ�oÚ�"AO´�3ù���¹§·�uyXJÀJ���

��K�±�yv
Ð�±��J§@o1fDÂ�Ú�Ò�~�§l
Ã{��

�p?�±�5U"XJÑ�O\K�§Ò¬��l�ä��þ!:Ü¿3Ó��

!:p§l
��1fDÂ�Ú���§
Ã{��ûÐ�±��J"Ïd·�?

U
�kl�äïä��{±�{ll�ä¼�Ün�1fDÂ�Ú�"

·�?U
·�l�ä��;(�§3z�N�¥Ø
�;TN�¤3�

(:��ê	§��;
3ù��(:�¥���1fDÂ�Ú�∆smax"·

��?U
c©6.3.4¥0��g·A1fbã�{µ·����1fDÂ�Ú

�∆s�∆soctree§¿�O\�å±�yØ�u^r�½���DÂÚ�∆smin§�Ø

�u¤3�l�ä�(:���Ú�∆smax"

·�3l�ä�ïäÚ½¥�z�N��½��1fDÂ�Ú�"���N�

¤3��(:¤CX«�S�ò�Ç����É�uε§·�òù�N��1fD

Â���Ú�����Ã¡"XJò�Ç����É'ε�§�´'^r�½�1
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��K�ε′�§@o·�òù�N����Ú�∆smax�����^r�½���

Ú�"æ^ù«üÑ�8�§´3ò�ÇÄ�ØC�«�S§1fDÂ����

¤3�(:�>�§
3ò�ÇCz���é���m«�S§1fDÂ±Ü·

�Ú�?1"3·��äN¢y¥§·�ò1��K�ε���0.005§ò1��K

�ε′���0.02§éA���Ú��8�N��°Ý"

6.5 ¢�(JÚA^

�
ÿÁ·��±��{§·�ò±�(JÚ2�$^�1��l�±�(

J§±9Ihrke
[43]
JÑ�Äu§¼�§�±�(J?1'�"3Ú1��l±��

��ë�ã'���§·��±(½�'uÄu§¼�§�±�(J§·��±�

(J��Cuë�ã�"ã6-6w«
ü|±�(J�é'"

·���{U���Ð��J§Ì�kü��Ï"1�§éz��N�§·�

Â8
¤k²L�1f¤���Ë��Ý§
Äu§¼�§�±��{�P¹


Ë��Ý�r�DÑÅ
¡¡¤���Ë��Ý§Ïd§Nõ�Ý�$�Å
¡

¡lõ���®à���N�
�)��Ñ�JÒÃ{±���"'Xã6.6(c)Ú

ã6.6(e) ¥ß²¥Nò��)��Ñ¥%k���:"1�§·��±3Nêâ¥

?¿/�l1fDÂ�´»§¿��)�A��Ñ�J§
Äu§¼�§�±��

{¥§Å
¡¡�o�º:XJ3ØÓ��ÿ²Là��Û:§@o/G%É�Å


¡¡Ò¬�)Ø�ýÿ��Ø��Ñ�J"ù
ÛÉ�Å
¡¡�±Ü©�£O

¿SØ§�´¬¿�NõË�DÑ��Ý§
�{���GÑ�ÛÉÅ
¡¡�

¬�)adD:��J§±9ç¸G��Ñ>�"���ÔN�ò�Çl1ÅìO

\§ò�1���à��Û:¬�5�@§@où
ÛÉÅ
¡¡E¤�×\¬�

\²w"�d�é§1fbãKØ¬Ï�ÔNò�Ç�O\�)aq�±�×\"

·��±��{3UC1ìÚá��§�'uÄu§¼�§�±��{§U�

��p�±�5U"'X±�Xã6-6�|µ�­1ì�J�§·��±����

z¦8v��#�Ý§
Äu§¼�§�±��{��I�7¦âU�#�v"·�

��{U���p?�±�5U§´Ï�31fDÂ�æ^
g·A�Ú�"ù�

·�U
~�1fDÑ�o�Úê§�Ò~�
�zÚ)¤�I�1»z��ãê

þ"d	§·��æ^�ã�1»z�O�þ�:5�;|µ¥�Ë�DÑ"

·��{��p?�±�5U¦�Nõ#L�A^�±¢y"�c�Nõò�

ÔN�¢�±��{�U�pUC±��À:§
y3·��±��{�UÓ�U
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(a) (b)

(c) (d)

(e) (f)

ããã 6-6 ØÓ�{���±�(J"(a) (b)Äu§¼�§�±��{¶(c) (d)·��±��{¶(e)

(f)1��l���ë�ã�"
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C1ìÚÔN�á�§¿���p?�±�5U"±e·�0�
·��{��


A^§¦�Ì��5UÚOXL¤«"

6.5.1 ­1ì

·�JÑ�g·A���51fbã�{¦�·��±��{6Y�U���

p?�±�5U§=¦§�¹���1fDÂÚÅ��±��L§"·�¢y�X

Ú#N^r�¿UC1
� �ÚôÚ§¿�±Ó�w��Ñ!�Ñ!ügÑ�Ú

ÒK��J"ã6-7Ð«
ØÓ1ì^�eß²ÔN�±�(J§�)ë�á��

)�N�Ñ�±��J"

6.5.2 �Cá�

·��±��{6Y�Ø
�±UC1ì	§��±UCÔN�á�"�¹3

Nêâ¥�á���kn�ëêµò�Ç!�ÑXêÚÑ�Xê"ò�Ç�Czû

½
DÂ1´3|µ¥XÛ�­"�ÑXêû½
13|µ¥DÂ��P~"Ñ�

Xêû½
z�N�¥�;�Ë��ÝéÀ:��z"^rkNõ�{5�pUC

|µ¥ÔN�á�§·��e50�Ù¥�n«"

6.5.2.1 N�æ(volume painting)

�«?6Nêâ¥�á�á5��{´��éNêâ��æö�"·��^r

Jøõ«“Mf”§z��Ñ´�«ýO����á�á5©Ù�ª�"·�#N

LLL 6-1 ±�5U"z�¢�(J�©EÇ�640 × 480§¦^�wk� Nvidia GeForce 8800

Ultra§Nêâ�©EÇ�128 × 128 × 128§)¤1f�ÒKbã�©EÇ�1024 × 1024"

±�ã� n�/¡¡ê )¤1f�êþ 1fDÂoÚê ±�5U

     (z�) (fps)

ã6.1(a) – 185,000 11.5 2.00

ã6.1(b) – 61,000 3.5 3.54

ã6.1(c) 5,000 143,000 9.5 2.52

ã6-7 – 68,000 3.4 6.14

ã6-8 – 41,000 2.0 7.24

ã6-9 20,000 35,000 1.7 6.22

ã6-10(a) 2,900 75,000 3.5 5.43

ã6-10(b) 5,000 70,000 3.2 5.59
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(a) (b)

ããã 6-7 1ìUC��)�¡�ÑÚN�Ñ�Cz�±�(J

^r3��Nêâ¥�æ§¿é¤^�“Mf”?1 �!^=Ú\��?U"X

ã6-8¥¤«�Ò´�
^r�p�æ���±�(J"

(a) (b)

ããã 6-8 N�æ�±�(Jµ(a)UCÔNSÜ��ÑXê¶(b)UCÔN	Ü�Ñ�Xê"

6.5.2.2 ï�ÚAÛC/

�,N�æ�~Bu·�?UNêâ¥ë�á��á5§�´�~ØBu·�

)¤��AÛN§½ö?U��ÔN�AÛ"·��±��{6Y��¹N�z�

Ú½§U
ò��n�/¡¡L«�ÔNAÛ¯�N�z�Nêâ§Ïd·��±

3·��XÚ¥8¤Nõ�p?�AÛï��{§¿�Ó�w�ò��±��J"
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·�#N^r�pUC��ò�ÔN�/G§¿Ó�w�ù�AÛC/��|

µ�1ì�J"du�)N�z3S�±��{6Y��z�Ú½Ñ´3GPUþ

¢y§Ïd·�3CPUþ¢yAÛC/�$�ö�"·�æ^
Pauly
[68]
��{¢

yAÛC/§^rÏL�pUC^n�/¡¡L«�ÔNAÛ§,�æ^·��N

�z�{=z�Nêâ§2?1l�ä�ïä§1fDÂ±9���±����ª

��Jã�"Xã6-9w«
�
^r�pUCÔNAÛ�±��J"

(a) (b)

ããã 6-9 ^r�pUCß²ÔN�AÛ/G��)�¡�ÑÚN�Ñ�Cz"

ÄuÃ±úã�ï�(sketch-based modeling)C
c2É'5§Ï�ù«ï�

�{�~�*
��B"Xã6-10¤«§·�òIgarashi
[42]
��{8¤�·��X

Ú§¿±d?1AÛï�§,�²LN�z��Nêâ¿��¤±��{�YÚ½

/$�ö�"¯¢þ§du·�Jø
��Ï^�ln�/¡¡L«�ÔNAÛ�

Nêâ����±����6Y�µe§?Ûyk��p?ï��{ÑU��·�

�±��{6Y��Ñ\§Jø�p)¤�ÔNAÛ"

6.5.2.3 �ýÚÄx

ÔN�á��±ÏLéý¢Ôny���ý��§��±ÏL��?6�

ÄxS���"�NÚ�N�ý��þïÄó��·��±�6Y�Jø
´

L�Ñ\êâ"Xã6-1¤«�´·��XÚ±�����J§1��Ñ\êâ

´Mullen
[60]
Jø�§1��êâ´�âFedkiw

[27]
��{O����ë6·Ü


¤§1n�êâ´n�/¡¡L«�ÔN�ÄxS�"3ù
¢�¥§·��XÚ

U�ù
Ä�UC�ÔNá�±�?¿1ì��ÚÀ:��e��Û1ì²�J"
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(a) (b)

ããã 6-10 ¦^ÄuÃ±úã�ï��{���ü�ÔN�±�(J

6.6 (Ø

·�JÑ�±��{U
��ò�!ügÑ�Ú�Ñ�±��J§¿�3UC

1ì!À:Úá��U���p?�±�5U"�'u�c��{§·�k
wÍ

�?Ú§Ï�± ��{Ã{3UC1ìÚá�����p?�±�5U"·��

�{3GPUþ¢y§Äkòn�/¡¡L«�ÔNAÛ=z�Nêâ§,�æ^

g·A���51fbã�{�l1f�DÂ§��±��Jã�"·���{v

k¦^CPU?1�þ�$�§Ïd�±¦^CPU¢y�p?�ï�½Ôn�ý�

{��Ñ\êâ"

¦+·���{ÚDÚ�Nêâ�1fbã�{�aq§�´·�æ^þ!©

Ù�N����;Ë��Ý�©Ù§
Ø´æ^DÕKd–tree�êâ(�"�Uk

<@�ù«Nêâ�L«�{J±*Ð���5��|µþ§�´·�@�éuN

õ�¹��ò�ÔN½ök���m«�S�3ë�á��|µ
ó§ù����

Nêâ�L«®²v

"d	§ù«NêâL«��{U¿©|^GPU�¿1

531fDÂ¥3Nêâ¥�;Ë�DÑ§l
;�
3Å��±�¥DÚ1fb

ã�{7I�Â8�C1f�$�ö��p[�d"

·���{ÚÄu§¼�§�±��{�k�q�/�§�´·�3±�5U

þ¼�
4�/Jp§ùÌ�´Ï�·�æ^
g·A�1fDÂ�Ú�"·�U


�¿�UC1fDÂ�Ú�´du·��l�´ü�1f�DÂ§
Ø´��ë

Y�Å
¡"d	§Äu§¼�§�±��{3�lÅ�¡DÂ�¬duà�Û:
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�5±�×\§
·���{U�.;�ù��¯K"

·��±��{6Y�I�Ó�æ^OpenGLÚCUDA5¢y§Ïd·�F"

ù«Ï^O�Úã/±�·Ü�A^U���kå�|±"äN
ó§·�F"

M�±�6Y�U
3n�«nþ?11»zö�§CUDAU
|±Ö���fö

�§OpenGLÚCUDAU
����«nÚn�«n"
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1 7Ù o(�Ð"

ý¢aã/±��8I´3O�Å�J[|µ¥­yý¢­.¥��«1ì�

J"�Û1ì²�{�éuÛÜ1ì²�{§du�Ä
|µ¥ÔNéË�DÑ�

�«K��J§Ïd��ÎÜý¢­.�Ôn�n§U
�)��%ý�±�ã

�§Ïd3>K��!¿S�O�A^¥§ÑI�æ^�Û1ì²��{)¤�J

ã�"duý¢­.�|µ¥ÔN��^�~E,§Ïd�Û1ì²3�[Ë�D

Ñ���mÚ�mE,ÝÑ�~p§^ré|µ�?ÛUC�§ÑI������

�mâU��?U(J�±��J"
3iZ!�O�Ãõ+�§^rI�é|µ

?1ª���pUÄ§Ó�I�á����"§�Ò´`§^r3UC|µ�Ó�

Ò����A��Û1ì²�±�"Ïd§¢�½�p?��Û*ì²�±��{

k2��A^I¦"^ré��±�|µ�?UÌ��)À:!1ì!á�ÚA

Û§
ù
�Ò��û½
±��(J"T+��ïÄ<
Äk�åu)ûÄ�1

ìÚÀ:�¢��Û1ì²�±�§'XPRT�±�µe§|^
1ìÚ±��J

��5'X¢y
·�|µ!·�á�!Ä�À:!Ä�1ìe�¢�­1ì"�

´ÔN�á�Ú±��JØ�3ù«�5'X§ÏdaquPRT�¢��Û1ì²

±��{ØU��*Ð��Cá��¢��Û1ì²±��{"�©�ó��åu

ïÄ�Cá��¢��Û1ì²�±��{"�
ó�§�©JÑ��Û1ì²�

±��{U3^rUC±�|µ¥ÔNá��Ó�Jø�A��Û1ì²�±��

J"·���{3>fiZ!O�Å9Ï�O�+�k2��A^cµ"

7.1 �©ó��o(

�©�ó�Ì��¹nÜ©µ14!5Ù�±�|µ¥�ÔNæ^��á�§

16Ù�±�|µ¥�ÔN�ß²!Ñ�á�¶14Ù�±��{7L�½1ìÚÀ

:§
15!6Ù�±��{vkù��å"

14Ù¥§·�¢y
·�|µ!·�E,1ì!·�À:!�C��á��

¢��Û1ì²±�"·��ó��¿Â§3uÄk�Ñ
Ë�DÑÚá����

5'X"�cý�õê¢��Û1ì²±��{§�U|±Ä�1
§�Ï´1ì

ÚË�DÑ¤�5'X"�´Ë�DÑÚá��mØ�3ù���5'X§¤k·

��g´´XÛòË�DÑL«�á��¼ê§¿�·uýO�Ú±�§®��v
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p�±�5U"Ë�DÑÚÔNá����5'X��Ï§´1l1
Ñ���

�À:c�U²LØÓ���´»§�Ò²LØÓÔNØÓgê���"Ïd·�

�)û�Y´Ë�DÑ©l§�Ò´`·�ò��À:�Ë�DÑ�â���´»

?1©a"ù�§z�^A½���´»�Ë�DÑÒÚÙ¤²L�¤k��á�

�¦È¤�'"dd§·�ò�Cá��ù���5¯K=z��|�5¯K�U

\"Ó�§·�^�|�5ÄL«BRDF�m"3ýO��§·�òù|�5Ä�

¤k�U�|Ü�gD�|µ¥�ÔN§±�O��A�¤k��´»�Ë�D

Ñ"3±��§·�#N^r?UÔN�á�§,�ò¤k�á�ÝK�BRDF�

Ä¼êþ§·�^á��ÝKXê|Ü¤kýO��(J§ÒU¢����A��

Û1ì²�±�(J"éu�m·��Cá�§·�vkØ ýO��êâ§Ò�

±��¢��±�5U"éu�mÄ��Cá�§·�^�þ��m·��Cá�

�«�Cq�[���mÄ��Cá�ÔN§¿�æ^Ünk���{Ø ýO�

���êâ§l
U
���p?�±�5U"

15Ù¥§·�¢y
·�|µ!Ä��¸1ì!Ä�À:!�C��á��

�p?�Û1ì²±�§¿�31ìØC���¢��±�5U"14Ù��{§

���Û�53uÃ{|±Ä�1ìÚÄ�À:§ùéu�Cá��¢��Û1

ì²±��{�A^cµkî­�K�"ù´Ï�3NõJ[|µ�O�äNA

^¥§^r  I��´é1ì!á�ÚÀ:Ó�?1?U?6"Ïd15Ù�ó

�§Òäk�~­��¿ÂÚ2,�A^cµ"�
U
4·��±�µe|±Ä

�1ì!Ä�À:Ú�Cá�§·�Ø���ÑPRTµe¥Ë�DÑÚÔNá�p

�ÍÜÃ{Ä��#�f:§��;��14Ù¥@�ò¤k��;Ú$�]
Ñ

�Ñ3�Cá��êâ�mþ��¹"�d§·�æ^
n«üÑµ1´�©§ý

O�DÑÜþ§�éBRDF�º¡�©lÚÜþ©)"1´�©��´òË�DÑ

�´»©�üÜ©µÛÜ\�Ë��ÝÚº:XÚ"ÏL1´�©§Ë�DÑ�ê

â�mÒ�k�/~�
"ÏLPTT�L«§ÛÜ\�Ë��ÝÒ¤�1ìÚá

��¼ê§ÙýO�(JU
3±��|Ü¤ØÓ1ìÚá�^�e�Ë�DÑ"

�éº:XÚÜ©§·�éBRDF�mæ^º¡�©lÚÜþ©)��{§¢y


Ä��ÛÜ\�Ë��Ý!Ä��ÔNL¡á�±9Ä��À:���¯�XÚ"

16Ù¥§·�¢y
Ä�AÛ!Ä�1ì!Ä�À:!�C��þ��ß²

ÚÑ�á���p?�Û1ì²±�"Ø
14ÙÚ15Ù¥���á�§ß²ÚÑ

�á��´ü«�~­�Ú~��á�a."Ú��á��'§ß²ÚÑ�á��
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±�ké��ØÓ"ß²á��±��J�©pª§[!´L§
�3ò�:ØI

�é�¥¡\�Ë��Ý?1È©"Ñ�á��±��O�E,Ýép§Ï�13

DÂL§¥3¤k �Ñ�Uu)Cz§
Ø�Û�uÔNL¡"
�þ��ß²

ÚÑ�á�§�'uþ��á�§±�E,Ý�p§�,1ì�J��´L"·�

æ^NêâL«��±�|µ§¿�JÑ
�����±��{6Y�µÄkòn

�/¡¡L«�ÔNAÛN�z�Nêâ§Ùg�L«±�|µ�Nêâïá��

l�ä�\�êâ(�§,�3Nêâ�L¡9ÔNL¡�)1f§¿�|^l�

äêâ¢yg·ADÂÚ��1fDÂ§��Å��±��Jã�§U��ÒK!

áÂ!��!ò�!ügÑ�!¡�Ñ!N�Ñ�õ«1ì�J"6Y��¤kÚ

½Ñ3GPUþ¢y§U
���p?�±�5U"^r�±ÏL�pUC±�|

µ¥�ÔNAÛ!1ì!á�ÚÀ:§
�ØI�éd�?ÛýO�§�I�?U

±�6Y�¥�AÚ½�Ñ\=�"·���{§�^rJø
õ«a.��pÃ

ã§'XN�æ!AÛC/±9Ù§��p?ï��{"

7.2 �5ó��Ð"

�Cá��¢�Ú�p?�Û1ì²±��{�ïÄ��±3±eA��¡U

YÐmµ

êâþ�k�Ø 

�Cá��¢�Ú�p?�Û1ì²�±����(J3u¤I�æ8�êâ

�m�~ã�"3·�14!5Ù�SN¥§·�kNõ�{Úó�Ñ´�7XÛk

�Ün/æ8ÚØ êâ§XJBu|^�êâþ?1±�"ùÜ©�ó�¿vk

��4�§·��´}Á
~^�Ø �{§ÀJ
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[25] Manfred Ernst, Tomas Akenine-Möller, and Henrik Wann Jensen. Interactive rendering of

caustics using interpolated warped volumes. In GI ’05: Proceedings of Graphics Interface

2005, pages 87–96, School of Computer Science, University of Waterloo, Waterloo, Ontario,

Canada, 2005. Canadian Human-Computer Communications Society.

100



úô�ÆÆ¬Æ Ø© ë�©z

[26] S. Ershov, K. Kolchin, and K. Myszkowski. Rendering pearlescent appearance based on paint–

composition modelling. In Proc. of Eurographics ’01, pages 227–238, 2001.

[27] Ronald Fedkiw, Jos Stam, and Henrik Wann Jensen. Visual simulation of smoke. In Eugene

Fiume, editor, SIGGRAPH 2001, Computer Graphics Proceedings, pages 15–22. ACM Press

/ ACM SIGGRAPH, 2001.

[28] R. Gershbein and P. M. Hanrahan. A fast relighting engine for interactive cinematic lighting

design. In Proc. of SIGGRAPH ’00, pages 353–358, 2000.

[29] C. M. Goral, K. E. Torrance, Greenberg D. P., and B. Battaile. Modeling the interaction of

light between diffuse surfaces. In Proc. of SIGGRAPH ’84, pages 213–222, 1984.
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[39] Miloš Hašan, Fabio Pellacini, and Kavita Bala. Matrix row-column sampling for the many-

light problem. ACM Trans. Graph., 26(3):26, 2007.

[40] Xianyou Hou, Li-Yi Wei, Heung-Yeung Shum, and Baining Guo. Real-time multi-perspective

rendering on graphics hardware. In SIGGRAPH ’06: ACM SIGGRAPH 2006 Sketches, page

79, New York, NY, USA, 2006. ACM.

[41] Wei Hu and Kaihuai Qin. Interactive approximate rendering of reflections, refractions, and

caustics. IEEE Transactions on Visualization and Computer Graphics, 13(1):46–57, 2007.

[42] Takeo Igarashi, Satoshi Matsuoka, and Hidehiko Tanaka. Teddy: a sketching interface for 3d

freeform design. In SIGGRAPH ’06: ACM SIGGRAPH 2006 Courses, page 11, New York,

NY, USA, 2006. ACM.

[43] Ivo Ihrke, Gernot Ziegler, Art Tevs, Christian Theobalt, Marcus Magnor, and Hans-Peter

Seidel. Eikonal rendering: efficient light transport in refractive objects. ACM Trans. Graph.,

26(3):59, 2007.

[44] D. S. Immel, M. F. Cohen, and D. P. Greenberg. A radiosity method for nondiffuse environ-

ments. In Proc. of SIGGRAPH ’86, pages 133–142, 1986.

[45] H. K. Jensen. Realistic image synthesis using photon mapping. A. K. Peters, Ltd., Natick,

MA, USA, 2001.

[46] Henrik Wann Jensen and Per H. Christensen. Efficient simulation of light transport in scenes

with participating media using photon maps. In Proc. of SIGGRAPH ’98, pages 311–320,

1998.

[47] James T. Kajiya. The rendering equation. In Proc. of SIGGRAPH ’86, pages 143–150, 1986.

[48] Jan Kautz and Michael D. McCool. Interactive rendering with arbitrary brdfs using sepa-

rable approximations. In SIGGRAPH ’99: ACM SIGGRAPH 99 Conference abstracts and

applications, page 253, New York, NY, USA, 1999. ACM.

[49] Anders Wang Kristensen, Tomas Akenine-Möller, and Henrik Wann Jensen. Precomputed
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