Line Sampling for Direct Illumination

Niels Billen  Philip Dutré
24 June 2016

KU Leuven University



Direct Illumination

Ldirect (XH 6) = \/AL(yHX)fr (Xaﬁ s @) G(X7y)V(X7y)dA



Direct Illumination
V Y

Ldirect(Xﬁe):\/ L(y%x)fr(x,)ﬁ(<—>@)G(X7y)V(X,y)dA
emission



Direct Illumination

Lairecs (X = ©) = / Ly —Xx) f; (x,ﬁ < 0)G(x,y)V(xy)dA
A —— —
reflection



Direct Illumination

Ldirect(XH@):\/L(yﬁx)fr(xaﬁHe> G(va)v(xay)dA
A \ﬁ,_/
form factor



Direct Illumination

e (X — @) - / L(y%X)fr (Xaﬁ s @) G(va) V(Xay)dA
A visibility















Related Work
- Analytical evaluation: <>

- exact analytical evaluation

- difficult visibility evaluation Q

< »



- Analytical evaluation:

- exact analytical evaluation
- difficult visibility evaluation

»



- Analytical evaluation: ‘0
- exact analytical evaluation :Q

- difficult visibility evaluation




- Analytical evaluation:

- exact analytical evaluation
- difficult visibility evaluation <x




- Analytical evaluation:

- exact analytical evaluation
- difficult visibility evaluation




Related Work
- Analytical evaluation: <>

- exact analytical evaluation

- difficult visibility evaluation Q
- Stochastic evaluation: ;

- (quasi) random point sampling



Related Work
- Analytical evaluation: @

- exact analytical evaluation

- difficult visibility evaluation Q
- Stochastic evaluation: ;

- (quasi) random point sampling



Related Work
- Analytical evaluation: @

- exact analytical evaluation

- difficult visibility evaluation Q
- Stochastic evaluation: ;

- (quasi) random point sampling



Related Work
- Analytical evaluation: @

- exact analytical evaluation

- difficult visibility evaluation Q
- Stochastic evaluation: ;

- (quasi) random point sampling



Related Work
- Analytical evaluation: @

- exact analytical evaluation

- difficult visibility evaluation Q
- Stochastic evaluation: ;

- (quasi) random point sampling



Line sample — generation

How to generate the line samples?



Line sample — generation

How to generate the line samples?



Line sample — generation

How to generate the line samples?

—

- choose a random direction |



Line sample — generation

How to generate the line samples?

- choose a random direction T
- project light source onto |




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [

—

- project light source onto |
- line segment parameterized by u € [a, b]




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [
—

- project light source onto |
- line segment parameterized by u € [a, b]

Ldirect(...)_/AL(...)fr(...)G(...)V(...)dA




Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [
—

- project light source onto |
- line segment parameterized by u € [a, b]

Ldirect(...)_/L(. V()G () V(...) dA

Ab l(u)
_ /OL(...)fr(...)G(...)V(...)dldu



Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [
—

- project light source onto |
- line segment parameterized by u € [a, b]

Ldirect(...)_/L(. V()G () V(...) dA

Ab l(u)
_ /OL(...)fr(...)G(...)V(...)dldu

analytical evaluation



Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [
—

- project light source onto |
- line segment parameterized by u € [a, b]

Ldirect(...)_/L(. V()G () V(...) dA

Ab l(u)
_ /OL(...)fr(...)G(...)V(...)dldu



Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [
—

- project light source onto |
- line segment parameterized by u € [a, b]

Ldirect(...)_/AL(. V()G () V(...) dA

a

:/a Liine (-..)du

b pl(u)
_ /O LCF ()6 () V() didu
b



Line sample — generation

How to generate the line samples?

. . _)
- choose a random direction [
—

- project light source onto |
- line segment parameterized by u € [a, b]

Ldirect(...)_/L(. V()G () V(...) dA

Ab l(u)
_ /O LCF ()6 () V() didu

= /ab Liine (-..)du

N—— —
stochastic evaluation



Line sample — evaluation

Contribution of a line sample:

[
lee(...):/0 Light (.- ) fo () G (.. )V(...)dt



Line sample — evaluation

Contribution of a line sample:
[
Liine (- - ) :/ Light (.- ) fe (--)G (.. )V(...)dt
0

l
= L“ght/ GG )V(...)dt assume diffuse light source
0



Line sample — evaluation

Contribution of a line sample:
[
Liine (- .) = / Light (- )i (0.)G(.)V(...)dt
0
l
= L“ght/ GG )V(...)dt assume diffuse light source
0

l
= Lught/ fr(-)G(...)dt assume visible line sample
0



Line sample — evaluation

Contribution of a line sample:
[
Liine (- .) = / Light (- )i (0.)G(.)V(...)dt
0
l
= L“ght/ GG )V(...)dt assume diffuse light source
0

l
= Lught/ fr(-)G(...)dt assume visible line sample
0

analytically integrable



Line sample — evaluation

Contribution of a line sample:
[
Liine (- .) = / Light (- )i (0.)G(.)V(...)dt
0
l
= L“ght/ GG )V(...)dt assume diffuse light source
0

l
= Lught/ fr(-)G(...)dt assume visible line sample
0

analytically integrable

Materials:



Line sample — evaluation

Contribution of a line sample:

[
lee(...):/0 Light (.- ) fo () G (.. )V(...)dt

l
= L“ght/ GG )V(...)dt assume diffuse light source
0
l
= Lught/ fr(-)G(...)dt assume visible line sample
0
analyticall;'integrable
Materials:
- Diffuse BRDF
- Phong BRDF



Diffuse material

Diffuse BRDF:

- R
fr(x.7% 2 ©) = =



Diffuse material

Diffuse BRDF:
R R
fr(x.7% 2 ©) = =

Line sample contribution (extension of [Nishita et al., 1985]):

k [
Liine (-..) = L“gm?d G(..)dt

0



Diffuse material

Diffuse BRDF:
S R
fr (7% & ©) = =
m
Line sample contribution (extension of [Nishita et al., 1985]):

k [
Liine (-..) = L“gm?d G(..)dt

=01 (2 o (22)
C
C

BC(C+ 1))+ A (C—Dl—2D?)
(C—D?) (242Dl + C)




Phong material

Phong BRDF: (n+2) (VX _R,>

fr (X, yX > ©) = ks o




Phong material

Phong BRDF: (n+2) (VX _R,)

fr(XaWH@):ks o

Line sample contribution (extension of [Poulin and Amanatides, 1991]):

n+2 (! R
Lline () = L“ghtksh/o G() (yX . R) dt



Phong material

Phong BRDF: (n+2) (VX _R,)

fr(XaWH@):ks o

Line sample contribution (extension of [Poulin and Amanatides, 1991]):
n+2 (! R
Lline () = Llightk)sz/ G() (yX o R) dt
™ Jo

n42 Sin (ap X) sin ((pN )

2T Lo, sin(©L) — Lo, sm(@)'

= LiightRs

/emaX cos (9 — GATX) cos (6) — 9,@) cos (0 — 0z)" do
P !

min



Phong material

Phong BRDF: (n+2) (VX _R,)

2

fr (va)?H ©) = ks
Line sample contribution (extension of [Poulin and Amanatides, 1991]):
n+2 (! R
Lline () = L“ghtksh/o G() (yX . R) dt

n42 Sin (ap,\TX»> sin ((pN—y*)

21 Lo, sin(0L) — Lo, sin (1)

/emaX cos (9 — GATX) cos (0 - 9,@) cos (0 — )" do

em'\n

= LiightRs

integral over the angle spanned by the line sample



Phong material

Line sample contribution:

Liine () = /:m cos (0 - 9N—X>> cos (9 - 0,\,;») cos (0 —07)" do

min



Phong material

Line sample contribution:

Liine () = /:m cos (0 - 9N—X>> cos (9 - 0N~y»> cos (0 —07)" do

min
Omax—0

= — oS (97?- — 0,\/—;) sin (0—R> — GN—;) /9 cos (u)"sin (u) du

mm79?

Omax—0
—sin (63 = GV) cos (63 = QN—;) / * cos (u)™ " sin (u) du

Omin—07

+ cos (03 = 97() (9 ,\7 /Gmax " cos (u)"2 du

Omin—07

+ sin (97{ — 9/\/_,:) sin (G_R’ — HN—V>> /‘69max " cos (u)" sin (u)? du

min—07



Phong material

Line sample contribution:

Liine (---) = /:max cos (9 = 9@»> cos (9 - 9,@*) cos (6 — 93)" a0

min

; \ \ "0 1a. Card
= —C0S (H‘;e—ﬁ):g)sm (prﬁ_») / cos (u)"" " sin(u)du
sin </()Ja ()H) uu 2 f)a / cos (u)"" " sin (u)du
max—0 7 )
+ cos (03 — 0y X) 9 / cos (u)"2 du
Omin—07
. ) Gmax 9 n . )
+sin (675 — 0N—X>) sin (9—R> — HN—y»> cos (u)"sin (u)* du
Omin—07

Integral identities:

' cos (6)"
/ cos(#)sin(0)dd = ———



Phong material

Line sample contribution:

Liine (---) = /:max cos (9 = 9@»> cos (9 - 9,@*) cos (6 — 93)" a0

min

fmax =07 n+1 o
= — - — Q— i = — (D— d
cos <0R QNX) sin (0R GNy) /emmfe? cos (u)"" " sin(u)du
: fmax =07 N1 o
—sin (67; — 6@) cos (63 — QN—y») /9 , cos (u)" " sin (u)du
min YR
. ) Omax— 0 = ‘
+ cos (()?, - ”T) cos (0? — 0"7) / cos (u)™2 du
\ J o i 0=
0, —03 .
+ sin (() = — Oy ) sin (ll 7 — O > / cos (u)"sin (u)” du
» ! h /'/\H 0R
Integral identities:
— il ' ‘ s(6)""sin (6 11
/cos (0)sin (9)do = —05O" /r;m((l)“‘(l() _ cos(6) sin(6) , n /cos(u)“*' 0
n+1 i n n .



Phong material

Line sample contribution:

Liine (---) = /:max cos (9 = 9@»> cos (9 - 9,@*) cos (6 — 93)" a0

min
Omax—0

= — oS (9—R- — 0,\/—;) sin (0—R> — GN—;) /9 cos (u)™ sin (u) du

mm79?

Omax—0
—sin (67; = GV) cos (63 = QN—;) / * cos (u)™ " sin (u) du

Omin—07

+ cos (03 = 97() (9 ,\7 /Gmax " cos (u)"2 du

Omin—07
Gmax 9
+ sin <9§> — 9/\/_,:) sin (H_R’ — HN—>> / cos (u)" sin (u)? du
v Omin—07
Integral identities:
— n+1 n—1a: _
/cos (0)sin (0)do = —cosO /cos )" dg = < (0)" sin (6) 40 /cos(@)”’zde
n+1 n n



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference



Line sampling — con

Cornell box Inset Eurographics logo Inset

Difference Difference



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference

10



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference



Line sampling — con

Cornell box Inset Eurographics logo Inset

Difference Difference

12



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference

13



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference



Line sampling — convergence

Cornell box

Inset

Difference

Eurographics logo

Difference



Line sampling — convergence

Cornell box Inset Eurographics logo

Difference Difference

16



Line sampling — convergence

Cornell box

Inset

[ —

Difference

Eurographics logo

ik

Inset

Difference

17



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference

18



Line sampling — con

Cornell box Inset Eurographics logo Inset

Difference Difference



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference

20



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference

21



Line sampling — con

Cornell box Inset Eurographics logo Inset

Difference Difference

22



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference

23



Line sampling — convergence

Cornell box Inset Eurographics logo Inset

Difference Difference

24



Line sampling — convergence

Cornell box

Inset

Difference

Eurographics logo

Difference

25



Line sampling — convergence

Cornell box Inset Eurographics logo

Difference Difference

26



Line sampling — convergence

Cornell box

Inset

[ —

Difference

Eurographics logo

ik

Inset

Difference

27



Importance sampling

Line sampling Point sampling

28



Importance sampling

Line sampling Point sampling

28



Importance sampling

G - 1

Line sampling Point sampling

28



Importance sampling

Line sample contribution is correlated to its length

29



Importance sampling

Line sample contribution is correlated to its length

low contribution B

29



Importance sampling

Line sample contribution is correlated to its length

low contribution B

[ high contribution

29



Importance sampling

Solution: importance sampling with the pdf ~ (.

Uniform sampling Importance sampling

30



Importance sampling

Solution: importance sampling with the pdf ~ (.

Uniform sampling Importance sampling

30



Importance sampling

Solution: importance sampling with the pdf ~ (.

Uniform sampling Importance sampling
30



Visibility evaluation

<)
<>

31



Visibility evaluation

shadow
triangle



Visibility evaluation

occluders



Visibility evaluation

- Use acceleration structure to ‘

find occluders overlapping intersectio
the shadow triangle.

31



Visibility evaluation

- Use acceleration structure to
find occluders overlapping

the shadow triangle.
- Find intersection between
occluders and shadow
triangle.
H



Visibility evaluation

- Use acceleration structure to
find occluders overlapping
the shadow triangle.

fsection line

- Back projection on line
sample.

31



Visibility evaluation

- Use acceleration structure to
find occluders overlapping
the shadow triangle.

- Find intersection between
occluders and shadow
triangle.

31



32



What do we have so far:

- generate importance sampled line samples

32



What do we have so far:

- generate importance sampled line samples
- determine the visible parts of the line sample

32



What do we have so far:

- generate importance sampled line samples
- determine the visible parts of the line sample
- evaluate shading of diffuse and Phong materials

32



Results




Mean Squared Error

1072

1073

1074

. -e- Point sampling - O (N7")
.
.
.
.
g
.
.
..
o
o
N
e

10° 10" 10? 10° 104

Samples

33



Mean Squared Error

1072

1073

1074

. -e- Point sampling - O (N7")
R -e- Line sampling - O (N")
.\ \‘\ 1
..
L] \\\
. \‘.\ E
. -
RN
Y |
. .
W e
[} \\\
’ L] \\.
e
10° 10" 10? 10° 104
Samples

33



Mean Squared Error

N -4- Point sampling - O (N=")
-4- Line sampling - O (N~%%)
102 E
A A
PO
RN a
1073 F A N g
i N
104 “ E% E
Y .
\\A\ N
\\A A
0% F R ST
A
“a
il Lol Lol L wwwuu\‘ Lol
107" 100 10" 10? 10°

Time (in seconds)

34



Monte Carlo — convergence

- Convergence of Monte Carlo with
independent samples:

) [ 4
MSE =0 (N7) o ° .‘ ¢
o
¢ ®
{
]
®
- ° °

Random sampling

35



Monte Carlo — convergence

- Convergence of Monte Carlo with
independent samples:

[
MSE = O (N7) ® | o
()

- Convergence of Monte Carlo with ° ¢

stratified samples: [Mitchell, 1996] °
- function with bounded first derivative: ®

()

MSE = 0 (N12/7) e ©

‘ ?

Stratified sampling

35



Monte Carlo — convergence

- Convergence of Monte Carlo with
independent samples:

MSE = O (N7) ® | o

- Convergence of Monte Carlo with °
stratified samples: [Mitchell, 1996] °

- function with bounded first derivative: @
—1-2/d
MSE = 0 (N12/7) e ©

- piecewise continuous function:

o
MSE = O (N‘7_1/d> ?
Stratified sampling

35



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Stratified sampling
36

Random sampling



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Stratified line sampling

Ldirect(---)—/ Liine () du

Random sampling Stratified sampling

36



Monte Carlo — convergence

Point sampling Line sampling

37



Monte Carlo — convergence

Point sampling Line sampling
- function with bounded first - function with bounded first
derivative: derivative:

MSE = O (N?) MSE = O (N2

37



Monte Carlo — convergence

Point sampling Line sampling
- function with bounded first - function with bounded first
derivative: derivative:
MSE = O (N7?) MSE = O (N7)
- piecewise continuous function: - piecewise continuous function:

MSE = O (N~™°) MSE = O (N7?)

37



Sponza — stratified sampling

-e- Point (Stratified) - © (N~™)

Mean Squared Error
5]
I
.
o
)

| | |
10" 10? 10° 10*
Samples

38



Sponza — stratified sampling

Mean Squared Error

-e- Point (Stratified) - © (N~™)

-e- Line (Stratified) - O (N~%)

10’

| |
10? 10°
Samples

10*

38



Sponza — stratified sampling

Mean Squared Error

-4- Point (Stratified) - O (

-4- Line (Stratified) - O (N~27%)

)

L N ]
N .
L A A il
A AN
Se A
[ A \\ i
A
o A
A LN
L SN ]
W
L S, ]
L . i
u
“a
ol il n_n nnnnl 0 oo oo
107 10° 10’ 10° 10°

Time (in seconds)

39



Sponza — small area light
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Cornell Box with triangles — stratified sampling
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Eurographics Logo — stratified sampling

-4- Point (stratified) - © (N="%)
10°F oo -4- Line (stratified) - O (N"*%)
RN
s
10" E S 4
= a4
T j02f . A E
] N
a T
5 10} S : ]
= S A
N ‘A
1074 A Ao
A\\
: N
10-% & P VR SIS UV R e AR VI
10" 10° 10’ 10%

Time (in seconds)

46



Conclusion

- Line sampling for direct illumination
- unbiased images
- higher order of convergence

- Future work

- more material models
- optimize visibility evaluation
- alternative methods for line sampling
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Line sampling — direction
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