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Abstract

Global illumination provides viewers with important cues hat enhance un-
derstanding of shapes, materials and spatial relationstspn a virtual scene and
can signi cantly improve the realism of computer synthesed images. While
global illumination is desirable in many interactive appltations, the computa-
tional expense has been limiting its use to o -line applicabns. Recently, many
researches focus on integrating global illumination intonteractive applications
such as illumination design, virtual reality systems and caputer games, and
precomputation-based methods have been commonly used tduee the runtime
computation cost.

In this dissertation, we will focus on developing precompation-based ren-
dering techniques to enable interactive global illuminatin. Two novel methods
are introduced.

In the rst method, we sample the intersections of lines in aidcretized line
space with scene objects using a two-step scan conversiogoathm. Results
are organized into a new visibility representation, namelyntersection eld, or
i- eld in short. At runtime, the i-eld can be queried to accelerate the line-
scene intersection computation that required in light engyy propagation. By
reformulating the rendering equation and decomposing illaination into indirect
irradiance and a product of direction irradiance and visillity ration, we are able
to develop a GPU-based implementation to further improve ntime performance.
By leveraging the line space coherence of intesection saeglwe also develop a
run length encoding technique for- eld compression.

In the second method, we represent low-frequency lightinge ectance and
visibility by spherical harmonics(SH) vectors. Scene geatry is modelled as a
set of spheres; relatively few spheres capture the low-frespcy blocking e ect of
complicated geometry. At runtime, we compute the product o¥isibility vectors
for these blocker spheres as seen from each receiver poinstéad of computing
an expensive SH product per blocker as in previous work, werfogm inexpen-



iv

sive vector sums to accumulate the precomputelibg of blocker visibility. SH
exponentiation then yields the product visibility vector oer all blockers. We
show how the SH exponentiation required can be approximatextcurately and
e ciently for low-order SH, accelerating previous CPU-baed method by a factor
of 10 or more, depending on blocker complexity, and allowingal-time GPU
implementation. We call this method SHEXP.

In addition to the two methods which account for macro-scaléght trans-
portation, we also develop two methods to render meso-scdighting e ect.
Local, deformable precomputed radiance transfer(LDPRT)si integrated with
SHEXP to render bi-scale radiance transfer for deformablebcts. Another
algorithm extend the bi-scale radiance transfer to all-figguency lighting and vis-
ibility, for which the main di culty lies in the huge matrix t hat transfers the
source lighting into the local incident radiance. We devefpoa novel bicluster-
ing algorithm to losslessly compress the transfer matrix a@hachieve interactive
rendering under all-frequency dynamic lighting.

Keywords:  Rendering, Global Illumination, Precomputation, Spherial Har-
monic, Bidirectional Re ectance Distribution Function, Bidirectional Texture
Function, Precomputed Radiance Transfer, Biclustering
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b=exp 2:32229 + Q090180Rfk

ab

3.4 SH
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SH 3.13
h log
Z
f =log(g) = Slog(maX(g(S);"))y(S)ds (3.34)
0
0
SH My 3.3
3.23
M2 f
g:exp(f):1+f+Mff+ ;I + (3.35)
SH Mg
Mi = RIDiR ) (M) = RIDfR; (3.36)
Ry Dy k
k 3.36 3.35
g=exp (f)= 1+ Rfq(D;)R (3.37)
B X X2 _expx) 1
ax)=1+ S+ 3t T — (3.38)
a(x) D¢ 3.37
SH
4  SH
16 16 GPU
SH g Mg = RIDgR;  3.24
log(9) = Ryd(Dg)Ry(g 1) (3.39)

dx) = 1=dlog(x)) = log(x)=(x 1) (3.40)
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q{Dg) Dg

Dy = max(Dy;"); Mg = R} DRy

D 339 Dy 9(s)
3.5
[89]
3.5.1
T
Si=(Pi;ri) E E
NAs
E(fSgT)= V(S T)

i=1

V()

[90]

Value Coordinates MVC)[91]

(3.41)

3.34
0.02

(3.42)

3.4

(Mean
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(@ (b) octree E=4.1, (c) medial axis E=0.84, (d) E=0.23,
575 64 64
3.4: . E
3.5.2
3.12
z
( 0;0;1) >
; s (0;0; cos
ais; )= _ (3.43)
a(s; ) z SH ZH
3.10
g(s; ) SH g() f()
n ZH
SH g 0 90 256
f() F()
8
<=
(FC )y = . o (3.44)
- 0 1 6]
p (o r
SH  f(p;cirn)

(p;c;r) =sin (r=kc pk)
s(p;9=(c p)=kc pk
f(p;cin) = F( (p;cin)y(s(p;0)

(3.45)
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ZH
3.12
SH g
n H
L H(n) g
GPU
3.6.1
3.5(a)
cut

3.10

3.6

3.45

SH
SH f[il
3.3
(H(n);L;9) 3.2
Lu(n) =
Lu(n) g
g
clustering
max 20 30

3.5(a)

max
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(b)

(@)

3.5:

(©
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SH

3.5(b) 3.5(c)

3.6.1.1
3.5.1
[89]
Powell [89]
3.6.1.2
SI Si I:>| ri Pr
r < Sin( max) (” IDi pR” rR):
Si Si
S p
SH S 3.45
foli] Si
SH f4li] folil(p s Pisri)  fali
foli] fqli]
fali] foli]
wii]
X-I ! X-I !
wli] = (foliDm (F aliDim = (f ofiDin
m= | m= |

(3.46)

SH

(3.47)
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3.6.1.3
SH
wli] 3.44 Wil 3.45 4[]
f[1(p; Pisri) = WLIF( (p; Psri))y (s(p; Pr)) (3.48)
3.5(b)
3.5(c) wli] f()
WIiJF
p p Si
s(p ;Pi) s(p;P) (p;Piri)  (p:Piri)
p P
3.6.2
3.5.1
3.6
p
Ty S Ty
p Np Tp
Tp
SH Tp Tp
p p
Tp
Tp Tp
Tp o) Tp Ch [s31e7]
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3.6:

p
=max(l;(kp gk d=d; d= r2 (r kg @k?

S r pdao T, S
3.6.3
L(;d)
d
Ly = H(0;0;1)) L(;d)
N d N Xz X

(3.49)
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SH g
LH single
lobe ZH [41] Ly 3.1.3
3.64 SH
SH ringing
Gibbs SH
SH SH
| SH
i =cos((I=h) =2) h n SH
h=2n High
Dynamic Range HDR)
3.6.5 GPU
GPU
vertex shader
NV6800/7800 16 /16
3.7 CPU
GPU
SH
HYB 3.3.3 Volterra a,b

Ly (n) cube
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3.7 GPU
map L (n)
Ly 3.6.3
3.6.1.2
3.48
SH SH
3.6.2
HYB g =exp (f) 9 9 Lu(n)

256 128
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€) (b) SHEXP,n=4 (c) SHEXP,n=6

3.8: SHEXP AO

OpenGL
Object PBO
glDrawElements
3.7
3.2GHz CPU/NV7800 GTX /1GB
1280 1024
SHEXP  Bunnell 2004
Occlusion AO [62]

http://download.developer.nvidia.com

4 SH
4 6 SH
4 SH
AO
SHEXP
4 SH
6 SH
3.9
3.9(b) SH
SH 3.9(d)

SH

(d) AO

Pixel Bu er

Ambient

3.9(b)
3.9(c)
SH
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CPU
SH
SH [3]
SH
3.9(e) 6 SH SH
4 3.9(c) 3.9(d)
3.9(a) SH
3.10
3.10
\1.9 "
CPU
SH
3.11 3.3.3
4  SH
\#prod" SH \#square" SH
HYB OL GPU CPU
GPU / SH SH
GPU 128 128
k =21
HYB PS*-2
oL
3.12 3.2
GPU SH 4 HYB

10 30Hz
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3.13 3.14
3.2

1 Fighting 2 Dino

41k 75k

24k 45k

64k 120k

152 500

92 0

244 500

47 42

120 256

15.6 445 10.6 33.2

26.2 14.1
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(@ (b) (c) SH ,n=4 (d) SHEXP, n=4 (e) SHEXP, n=6
3.9: 4 SH
(@ SHEXP, n=3, (b) SHEXP, n=4, (c) SHEXP, n=5, (d) SHEXP, n=6, (¢) SH , n=6,
1.9 , 7.1Hz 314 ,55Hz 6:5 , 4.3Hz 11:.0 , 3.3Hz 0.3Hz
3.10: SH

(a) SH (CPU) (b) PS-21(CPU) (c) OL(GPU) (d) HYB(GPU) (e) PS*-2(CPU)
#prod=494,790;  #prod=327,680;  #prod=0; #prod=0; #prod=0;
#squares=0; #squares=0; #squares=0; #squares=30,784; #squares=45,518;
2.47Hz 3.27Hz 90.4Hz 82.6Hz 7.53Hz

3.11: Bunny 63

(a) \Fighting" , 23.2 Hz (b) \Dino" , 22.4 Hz

3.12: SHEXP GPU



67

@

(@)

3.13:

(b)

3.14:

(b)

SHEXP

(©

(©

(d






macro-scale

meso-scale

BRDF
BTF

Bi-scale Radiance Transfer [5]



70

4.1:

4.1

Sloan 2003
PRT
4.1

PRT
tangent space

Radiance Transfer Texture, RTT

4.2
4.2(b) 4.2(a)

[5]

SH
[92]

RTT

[5]

4.2(c)
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(a) BTF

4.2:

4.1

41 M, B (upVp)

(b) PRT (©)
[5]
Rp = B (uUp;vp) (MpL) 4.1)
L SH Mp
SH Li(s) p
Lo(s) SH
(Mp)i J SH
B (up; Vp) SH
SH Rp
4.1 SH
[93]
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Monte Carlo
SH Lp

(PRT) [2]
SH
Mp

(RTT)
1.4

B(Up; Vp; S)

RTT

SH

4.2

RTT
BTF 6

Up

SH

Lp(S)

b(Up; Vp; S)

b(up; Vp; S)

SH
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PRT[2] M,
M, 1.2
SHEXP
SH M, [41] ZH
PRT 4.1 B (up; Vp) LDPRT ZH
GPU
SHEXP LDPRT
SH SH
42.1
p a(s)L(s)
g(s) Y 3.1.2
SH g L g9 3.12

N ZH fs (Up; Vp)[il; 9 (Up;vp)lilg (i = 1;:::;N)
B (up;vp) SH B(up; vp; S)[41]

X
B (up;vp) B O(Uinp) = y' (s (Up; Vp)[ING (up; Vp)Ii] (4.2)
i=1
y(s) SH 3.1.1 s (up; Vp)li] i ZH
g (up; Vp)li] ZH G (up; vp)li] g (Up; Vp)li] SH
! [41]
(Up; Vp)
3.1.3 BO Q
X
QBY=  y (Qs[i)G Ii] (4.3)
i=1

' ZH G [i]=(9 [ilo;g [il;g [i1;9 [il1;9 [il2:9 [i]2; 9 [i2;9 [il2;9 [il2)
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4.1 SH 3.1.2
[
Rp,=(Q(BY;g;L)= y (Q(s[iD)G[i] g L (4.4)
i=1
4.4 4.1
SH P SH
Mp L p
B
SH g L
SH L B ZH
g
g
I I
Rp = y (Qs[iD)G[i] g L (4.5)
i=1
SH GPU
RGB SH SH
GPU
LDPRT BTF SH
BRDF
BRDF Uy
normal

mapping [94]
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[95]
PRT [96]
Rp=(H(n(up)) 9) L (4.6)
H (n) SH 3.2 n(up)
422
SHEXP 35
[41] BTFB (Up; Vp) ZH (lobe)
Z )(\| ! 2
= B(s) (y'(s[DG [i) y(s) ds=kB B% (4.7)
S i=1
(Uup;vp)  fsilig [ilg ZH LDPRT
BRDF uy
ZH
423
3.6 CPU
GPU
SH 3.6
4.3
4 SH
16 SH

OpenGL multiple rendertarget
SH 4

[97]
pixel_bu er object  [84] 4
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4.3: SHEXP+LDPRT
L g
ZH fsil;g [ilg LDPRT
BRDF
ZH Up
n(up) 4.6
4.2.4

3.2GHz CPU/NV7800 GTX /1GB

640 480
3 2,601
3,217 32 Armadillo 18,879
[41] LDPRT
4.4(e)
4.4a-d Debevec \Kitchen"
4.4(a), 4.4(c) 40 46fps

4.4(b), 4.4(d) 118 134fps

4.5

20
64
4.4(a)

LDPRT

LDPRT
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4.4e-h
\Grove"
4.4(e),4.4(9)
44 45fp
LDPRT
SH
4.4i-|
17 24fps  4.4m-n
30 35fps

SHEXP
39 43fps SHEXP  4.4(f),4.4(h)
[41]
LDPRT
\U zi" Armadillo
\Beach" BRDF
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(@) SHEXP+LDPRT (b) SHEXP+

45.96fps 133.85fps
(e) SHEXP (f) SHEXP
(i) Armadillo 0)
(m) Phong

4.4

(©

C)

(k)

SHEXP+LDPRT

40.13fps

(n) Phong

(d) SHEXP+

(h)

o

118.35fps
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(a) St. Peter's Basilica

4.5: 961 SH
4.3
[5]
[5] SH
SH
SH 4.5
Mp

PRT

CPCA

(b) SH

St. Peter's Basilica

SH

SH

SH
[35]
[35]

[6]

CPCA[34]
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[35]
4.3.1
[
X
Ri =
d
b(u;v;d) BTF u v
[
4.1 SH
SH BTF
Li (d)
L,= ML
k BTF
M <N Mp
n L,
L =ML

4.8

b(u; v;d)L; (d) = b(u;v) L;

j

Biclustering

(4.8)
L, (d)
(Up;vp) BTF
L p
(4.9)
4.9

(4.10)
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@) (b)
4.6:
M Mn N 15,000
6 32 32 8 8 BTF M 60
4.3.2
4321
p d; (Mp)ik
dk dk
d 4.8 BTF
(Mp)ik
p
BTF
BTF
BTF
4.6(a) 88
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V4
dx, 0
dj (Mp)ik dy
fdg p BTF M
4.6(a) 88 p d
J Mp
M 4.6(b) p d
0 1 2m 2m 22m 4+ 1
4.6 6.9t
d
CPCA
4322
M Mlj1;j2;i05 0 Ke Koy it k]

l,=15) M, ki, = Mjrzk,2;8r1;r22f 1,2;:::5rg (4.11)
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z} —{
Mgk kibke ikl =[a @0 al
a-= Mjllekl + MjlkszZ + + Mj1k||—k|: (412)
4.1. 4.11
tto it
Mn N Bliv;::s ik ik te; oot
N
(py
(BL)J - m=1 *m km J 111121 ’J
0
j =1;2:00,Mn; (4.13)
Mn
| | 1 4.13
WB)=r+21 1, (4.14)
1 1
4.3.2.3
M B,

ML BiL ;8L (4.15)
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F)
iW(Bi)
NP
411
2 2
11 2 14 3
VS P
11 2 0 14 3
1 1
0
ro| D
2nnz(D) nnz()
W(B)
W (D) = 2nnz(D)
W(D)

(r +2I

+
OO DN
o
o Al
o
o
O~NN

[98]

o
o
o
o

Dr

1) 2nnz(DRr)

(4.16)
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Algorithm 3
) M

. fBig, M

M M.

if nnz(M¢) =0 then

=

end if
(Mc)jx
My Meclj ;K] f
Wc W(Mb)
for all f do

=
B Q

fo f
end if

l_\
N

: end for
cif - W= W(Mp) then

N N PR R R R R R
P O © ® N o g > W
® ®
a &
= Z Z
\IO' I\)O
I
-
o, =
< =Z
IS &
Z
o

it W(f(My)> W, then
We W(f (Mp))

4.3.3

3.6.5

16
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4.13
GPU
BTF
L
43.4
D3D HLSL

/INVIDIA 7800 GTX

4341

4.8
b(u; v)
b(u;v) L,

5 0:0;0:25,0:5; 0:75; 1.0

BTF
[99]
8 8
9 12 BTF
BTF 16

BTF

3D RGBA

L
BiL L
alpha
3.2Ghz/1GB
6 32 32
6144



87

n X Yy Xd
Xg=[X1;X2  X1;::5%Xn  Xn a]"
Yi
XX ;
Yi=[  Yii  YiiiiniYa 1t YniYnl
i=1 i=2
Xd Y1 =X Y (4.17)
6 32 32
9
4.17
BiL
I:)I
= 4.13 S o
= ¥
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Algorithm 4 a i BiL
fBig,
L,
L,
1: for all . I do
2. (Pg)i ' tmli, fftngifkng B g
3: end for
4: for j =1to Mn do
5: LJ- =0
6: for k=1to K; do
7: fFKj: ] g
8: ()
o: L, L; + (Ps)i
10. end for
11: end for
L
4.3.4.2
3 4.7
Seal n =15 Phong
BRDF BTF Helm
BRDF[71],[72] BRDF(Rq = 0:58 R =0:42n, =
16,n, = 160) Chair BRDF
n=10 Phong

4.8
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(a) Seal

4.1:
Seal Helm | Chair
17,763 | 10,446 | 16,074
nnz(M) 29.5M | 34.5M | 34.8M
58.9M | 69.1M | 69.5M
9.3M 16.9M | 8.0M
15.8 24.4 11.5
177MB | 203MB | 206MB
32MB | 58MB | 26MB
18.1 28.4 12.7
12m22s| 40m50s| 12m48s
(b) Helm

4.7:

(c) Chair

, Seal Helm Chair



90

4.8: FLOPS
r | 100 781% 634% 76:9%

4.1 10% 25%

12% 30%
1%
4341
Helm 1/6
4.1
4.11(b) 4.11(e) 4.11(h) 4.11(k)
4.11(a) 4.11(d) 4.11(g) 4.11()
[5] ( 4.11(c) 4.11(f) 4.11(3) 4.11(1)

6 128 128

Helm BRDF SH
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4.9:
50k
86.8MB 3.7/14.5fps
4.2:
Seal | Helm | Chair
96 |53 10.8
2.2 1.6 3.1
CPCA | 3.7 |34 3.3
[35] CPCA[34] 4.2

4.10

CPCA

4.9
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(©

@

1.8fps

4.10:

(b)

(d) CPCA

8.8fps

3.7fps
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@

(d)

@

@

4.11:

(b)

(e)

(h)

(k)

8.5/41.2 fps

10.4/70.3 fps

5.3/35.5 fps

10.8/53.1 fps

(©

(f)






5.1
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SH

SH
SHEXP

BRDF

LDPRT SHEXP

GPU

SH

SH
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5.2

PC

out-of-core

SHEXP

SH

EWA

PolyCubeMap[100]
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