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LEONARDO DA VINCI (1480)

“Thus, if one is to be five times as distant, make it five times bluer.”
— Treatise on Painting, Leonardo Da Vinci, pp 295, circa 1480.
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T.ARector (NOAO/AURA /NSF) and the Hubble Heritage Team (STScI/ AURA/NASA)




OUTLINE

e Theoretical background

e Methods for rendering participating
media



RADIANCE

e The main quantity we are interested in
for rendering is radiance:

L(x— ®), L(X,®): radiance, or “light”



PARTICIPATING MEDIA

medium interaction

incoming light outgoing light




ABSORPTION

*

(- Vg) Lx—0) = —04(X) L(xX— ®)

0,(X): absorption coetficient [1/m]
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EMISSION

—_— —)

(- Vo) LX—®) = 04(X)Le(Xx— )

0,(X): absorption coetficient [1/m]
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OUT-SCATTERING

(- Vo) L(x— ) = —05(X) L(x— )

0(X): scattering coetficient [1/m]
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IN-SCATTERING

(- Vi) Lx—w) = 05(X) L; Xx— )

0(X): scattering coetficient [1/m]
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IN-SCATTERING

(- Vi) Lx—w) = 05(X) L; Xx— )

Lix—d)=| pxo,o0)Lx—)dd'
Q4n
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THE PHASE FUNCTION

p(X,0'— )
or

— [ —

pX,w,w)

e [.ocal, directional distribution of
scattering

e Integrates to 1 over all directions:

px,&0)dd' =1
Q4n
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THE PHASE FUNCTION
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ANISOTROPIC SCATTERING

e Anisotropy parameter g (average cosine):

-/ —

g=| pxd,d)cosO)dd’
oy
where, '

cos(@) =w- -0
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ANISOTROPIC SCATTERING

e Anisotropy parameter g (average cosine):

— /

g=| pxd,d)cosO)dd’
oy
where, '

cos(@) =w- -0

e o=(): 1sotropic scattering
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THE PHASE FUNCTION

g > (): forward scattering
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THE PHASE FUNCTION

g < (0: backward scattering
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THE 4 SCATTERING EVENTS

Absorption Emission
(w-V,)Lx— o) (- V) Lx— )

\J

Out-scattering In-scattering
(- V) LX— W) (- V) Lx— )
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RADIATIVE TRANSPORT EQN

(w-V)Lx—w)=—-0,X)LXx— ®)
N——— —
absorption
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RADIATIVE TRANSPORT EQN

(- V)Lx—0)=—-0,X)Lx—0)—0,X) LXx— ®)
S Y —
absorption out-scattering
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RADIATIVE TRANSPORT EQN

(- V)Lx—w) =-0,X)Lx—w) —04(X) L(xX— w)
S S —
absorption out-scattering

W
extinction
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RADIATIVE TRANSPORT EQN

(W-V)Lx—w)=—-0,X)Lx—®) —0;X) Lx— w) +
S S —
absorption out-scattering

W
extinction

04(X) Le(x— W)
| S —
emission
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RADIATIVE TRANSPORT EQN

(W-V)Lx—w)=—-0,X)Lx—®)—0;X) Lx— w) +
S S —
absorption out-scattering

#
extinction

04(X) Le(X— ®) +05(X) L;(x— 0)
W #
emission in-scattering
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RADIATIVE TRANSPORT EQN

(- V)Lx—0) =—0;X)LxX—®) +
S S—
extinction

04X) Le(x— W) +05(X) L; Xx— )
—_— e ~—,.———
emission in-scattering
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RADIATIVE TRANSPORT EQN

(- V)Lx—0) =—0;X)LxX—®) +
S S—
extinction

04(X) Le(Xx—®) +03(X) L; X— )
S——— N ——
emission in-scattering

0:(X) = 04(X) +05(X)

extinction coefficient
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VOLUME RENDERING EQN

Lx—w)=T,x—X;) LX;——0) +
—_—

reduced surface radiance

S
[ T, x—X;)0,X) L,(XxX— —) dt +
0
g —

accumulated emitted radiance

S
[O Tr(x—X;)0s(Xy) Li Xy — —w) dt
- ——_—

accumulated in-scattered radiance
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VOLUME RENDERING EQN

Lx—w)=T,x<X;) LX;——0) +
S —
reduced surface radiance

S
fo Tr(x—X;)0s(Xy) Li Xy — —w) dt

*
accumulated in-scattered radiance
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VOLUME RENDERING EQN

Lx—w)=T,x<X;) LX;——0) +
S —
reduced surface radiance

S
/(; Tr(x—X;)0s(Xy) Li( Xy — —w) dt

#
accumulated in-scattered radiance
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SCENE WITH MEDIUM

7/ 1\ X\

camera .
light source

(eye)

<

medium

29
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VOLUME RENDERING EQN

/' 7N \ object

L(x,0) = / T (x> X4)0s(Xe) Li (X4, @) dt + T (x> x5)L(xg,0)
0
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VOLUME RENDERING EQN

VEAENN object
T (x> Xy)
« L(xs,d)
= =1

S

L(x,0) = / T (x> xXy)os(X¢) Ly (x¢,0) dt HT (X x5)L(Xs,w0)

0

Transmittance: T, (x> x) = exp (— / 01 (X + tJ) dt>
0
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VOLUME RENDERING EQN

//I\\/S
0

object
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VOLUME RENDERING EQN

object

L(x, ) :/TT(XHXt)US(Xt]LZ-(Xt,J}) dt + T, (x«—xs)L(Xs,d)
0

L’L'(Xtacv) :/ p(XtaﬁtacU)L(Xtvc_‘jt) dwt
Q47T
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VOLUME RENDERING EQN

object

L(x,0) = / T (x> Xt )0 (X6 )i (X¢,0) dt + T (x> x5)L(xg,0)
0
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MEDIA PROPERTIES

0s(X): scattering coetficient [1/mi]
0,(X): absorption coefficient [1/mi]

-/ —

p (X, w,w): phase function [1/sr]
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MEDIA PROPERTIES

0s(X): scattering coetficient [1/mi]

0,(X): absorption coefficient [1/mi]

-/ —

p (X, w,w): phase function [1/sr]

~

HOMOGENEOUS
spatially constant

HETEROGENEOUS
spatially varying
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MEDIA PROPERTIES

0s(X): scattering coetficient [1/mi]

0,(X): absorption coefficient [1/mi]

(o

w): phase function [1/sr

)

~

J

HOMOGENEOUS
spatially constant

HETEROGENEOUS

spatially varying

|

ISOTROPIC

directionally constant

ANISOTROPIC
directionally varying
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DERIVED PROPERTIES

o+(X) =0,(X) +0,(X): extinction coefficient [1/m]
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DERIVED PROPERTIES

0:(X) = 0,(X) + 0,(x): extinction coefficient [1/m]
1

—: mean-iree path [m]
Ot
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DERIVED PROPERTIES

0:(X) = 0,(X) + 0,(x): extinction coefficient [1/m]

1
—: mean-iree path [m]
o

o :
—2: scattering albedo [nonel]
O
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DERIVED PROPERTIES
0:(X) = 0,(X) + 0,(x): extinction coefficient [1/m]
—: mean-iree path [m]
—: scattering albedo [none]

T, (x'—X): transmittance [none]

)
J

d
exp (—f o:(X+ tw) dt
0
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OUTLINE

e Methods for rendering participating
media
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AVAILABLE TECHNIQUES
Rendering Participating Media

“Ray Tracing Volume Densities.” Kajiya and Herzen. 1984.
“The Rendering Equation.” Kajiya. 1986.

“The Zonal Method for Calculating Light Intensities in the Presence of a
Participating Medium.” Rushmeier and Torrance. 1987.

“Efficient Light Propagation for Multiple Anisotropic Volume Scattering.” Max. 1994.
“Multiple Scattering as a Diffusion Process.” Stam. 1995.

“Rendering Participating Media with Bidirectional Path Tracing.” Lafortune and
Willems. 1996.

“Efficient Simulation of Light Transport in Scenes with Participating Media using
Photon Maps.” Jensen and Christensen. 1998.

“Metropolis Light Transport for Participating Media.” Pauly et al. 2000.

“Practical Rendering of Multiple Scattering Effects in Participating Media.” PremoZe
et al. 2004.

“Multidimensional Lightcuts.” Walter et al. 2006.
“Radiance Caching for Participating Media.” Jarosz et al. 2008.
“The Beam Radiance Estimate for Volumetric Photon Mapping.” Jarosz et al. 2008.
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AVAILABLE TECHNIQUES
Rendering Participating Media

Path tracing

Ray marching

Metropolis

Finite element methods (Radiosity)

Diffusion

Interpolation methods (Radiance caching)
Density estimation methods (Photon mapping)

VPL methods (Lightcut, Instant radiosity)
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RAY MARCHING

7/ 1\

obj

ect

S

0

40

/ T (x> X4)0s(Xe) Li (X4, @) dt + T (x> x5)L(xg,0)



RAY MARCHING

7/ 1\

object

L(x,0) = /C
0

—

[ (X = x4 )os(x¢) L (X4, D)

dat

—

H T (x> x5)L(xs, d)

e approximate/compute using Riemann sum
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RAY MARCHING

/' 7N \ object

p)

—

i
-

[ (X x4)os(x4)L Xt,wE+ T, (x—x4)L(xs,d)
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RAY MARCHING

object

p)

—

i
-

[ (X x4)os(x4)L Xt,wE+ T, (x—x4)L(xs,d)
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COMPUTING Tk

* In general:

T, (x'—X) = exp

(
\

d
—f O't(X‘l‘ t(l_))) dt
0

e In homogeneous medium:

r (X,‘_’X) — €

Ix'—

X||o¢

42
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RAY MARCHING
(HOMOGENEOUS MEDIA)

object
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RAY MARCHING
(HOMOGENEOUS MEDIA)

object




COMPUTING Tk

* In general, if x1, x2 and x3 are collinear,

o then: T;(x)—x3) = T) (X1 <X2) T (X2—X3)

X] X2 X3
@ ————)
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COMPUTING Tk

* In general, if X3, X2 and x3 are collinear,

o then: T;(x)—x3) = T) (X1 <X2) T (X2—X3)

X] X2 X3

—_——.—_—— e ————
I (x1-X2) Iy (Xp—X3)

4



COMPUTING Tk

* In general, if X3, X2 and x3 are collinear,

o then: T;(x)—x3) = T) (X1 <X2) T (X2—X3)

X] X2 X3
@ ————)

—_——.—_—— e ————
I (x1-X2) Iy (Xp—X3)
—————
Iy (X1—X3)
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RAY MARCHING

object

s ¢

S—1
L(x,0) =~ Z T (x> x)os(x) L (X¢, 0) Ay + T (x> X5) L(x4, W)
t=0

e compute T; incrementally
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RAY MARCHING

object

'Li (Xt7 Jj)

Ay + T (x—xg)L(xg, D)
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RAY MARCHING

object

L(x,0) =~ Z T (x> X4 )0 (Xe \Li (X4, @A + T (X = x5 ) L(Xs, D)
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RAY MARCHING
(SINGLE SCATTERING)

object

=

S—1

L(x,0) =~ Z T (x> X¢)os(X¢)

'Li (Xt7 CD))

Ay + T (x—xg)L(xg, D)

e assume only single scattering (direct lighting)

47



RAY MARCHING
(SINGLE SCATTERING)

object

<}X

S—1

L(x,0) =~ Z T (x> X¢)os(X¢)

'Li (Xt7 ("_j)

Ay + T (x—xg)L(xg, D)

e assume only single scattering (direct lighting)
e trace shadow ray for volumetric shadows
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RAY MARCHING
(MULTIPLE SCATTERING)

object

=

S—1

L(x,0) ~ Z T (x> Xy)os(X¢)

e recursive ray march

'Li (Xt7 CD))

Ay + T (x—xg)L(xg, D)

ing

e exponential growth! expensive!
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RAY MARCHING
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object

=
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ing
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RAY MARCHING
(MULTIPLE SCATTERING)

object

L(x,0) =~ Z T (x> X4 )0 (Xe \Li (X, @A + T (X=X ) L(Xs, D)

e recursive ray marching
e exponential growth! expensive!
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RAY MARCHING
(MULTIPLE SCATTERING)

object

=

S—1

L(x,0) ~ Z T (x> Xy)os(X¢)

'Li (Xt7 CD))

Ay + T (x—xg)L(xg, D)

e random walk sampling (path tracing)

e linear growth, but still expensive.
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RAY MARCHING
(MULTIPLE SCATTERING)

object

<}X

S—1

L(x,0) ~ Z T (x> Xy)os(X¢)

'Li (Xt7 ("_j)

Ay + T (x—xg)L(xg, D)

e random walk sampling (path tracing)

e linear growth, but still expensive.
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RAY MARCHING
(MULTIPLE SCATTERING)

object

<}X

S—1

L(x,0) ~ Z T (x> Xy)os(X¢)

'Li (Xt7 ("_j)

Ay + T (x—xg)L(xg, D)

e random walk sampling (path tracing)

e linear growth, but still expensive.
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SO FAR

* Single scattering relatively in-expensive

* Multiple scattering very expensive

50



VOLUMETRIC PHOTON TRACING

Two-pass algorithm:

1) Photon tracing
o Simulate the scattering of photons

2) Rendering

» Reuse the photons to estimate multiple
scattering

* VPL methods or density estimation

51



VOLUMETRIC PHOTON TRACING

NN = —I/' “—//' “o//' “—//' -
VA D R A A P R A A R A A P R A TR A P WA TS
NIRY : (¢35 I\I/\I\. 425 NN ! (25 /\//ﬂ\_ (¢35 l\l/ﬂ\- 425 AR

IS

VN

i

52



VOLUME PHOTON MAP

object

S

/ T (x> X4)0s(Xe) Li (X4, @) dt + T (x> x5)L(xg,0)
0
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VPL (VIRTUAL POINT LIGHT)
METHODS

object

1. Treat each photon as a “virtual point light”
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VPL METHODS
(INSTANT RADIOSITY)

object

1. Treat each photon as a “virtual point light”
2. Perform ray marching
* At each step: shoot shadow rays to VPLs
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VPL METHODS
(INSTANT RADIOSITY)

object

1. Treat each photon as a “virtual point light”
2. Perform ray marching
* At each step: shoot shadow rays to VPLs
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VPL METHODS
(INSTANT RADIOSITY)

object

1. Treat each photon as a “virtual point light”
2. Perform ray marching
e At each step: choose a subset of VPLs
(faster performance, introduces noise)
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VPL METHODS
(LIGHTCUTS)

object

1. Create VPL hierarchy
2. Perform ray marching

* At each step: choose hierarchical subset

(faster performance, tries to limit noise)
57



CAUSTICS

Henrik Wann Jensen 2000
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VOLUMETRIC PHOTON MAPPING

object

S

/ T (x> X4)0s(Xe) Li (X4, @) dt + T (x> x5)L(xg,0)
0

=

B

&
|
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VOLUMETRIC PHOTON MAPPING

object

Two approaches: traditional & beam estimation
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TRADITIONAL PHOTON MAPPING
(RAY MARCHING)

object
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TRADITIONAL PHOTON MAPPING
(RAY MARCHING)

object
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TRADITIONAL PHOTON MAPPING
(MULTIPLE SCATTERING)

//I\\

object

|

Li (Xt7 (D))

A + T (x—xg)L(xg, D)

Li(x¢, &) photon map for multiple scattering
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VOLUMETRIC RADIANCE ESTIMATE
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VOLUMETRIC RADIANCE ESTIMATE
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A VOLUME CAUSTIC

Henrik Wann Jensen 2000

500,000 photons. 1 minute
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RISING SMOKE
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SMOKE FLOWING PAST A SPHERE
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate
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DRAWBACKS




DRAWBACKS

e Radiance estimation is

expensive

e Requires range search
in photon map

e Performed numerous
times per ray
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DRAWBACKS

Large Step-size
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DRAWBACKS

Large Step-size
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DRAWBACKS

Large Step-size

Very Small Step-size
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate
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VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate

S




VOLUMETRIC PHOTON MAPPING
Conventional Radiance Estimate




VOLUMETRIC PHOTON MAPPING

Beam Radiance Estimate
L(x,0) = T,.(x+—x,)L(xs,0) +
Lb<X7 C‘—j)
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VOLUMETRIC PHOTON MAPPING
Beam Radiance Estimate
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ADAPTIVE RADIUS COMPARISON

Beam Estimate

(6:22)
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ADAPTIVE RADIUS COMPARISON

Conv. Estimate Beam Estimate

(6:38) (6:22)
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ADAPTIVE RADIUS COMPARISON

Conv. Estimate Conv. Estimate Beam Estimate

(o) (6:38) (6:22)
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SMOKY CORNELL BOX

Conv. Estimate Beam Estimate
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SMOKY CORNELL BOX

Conv. Estimate Beam Estimate

(4:03) (3:35)
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LIGHTHOUSE

Beam Estimate

Conventional Estimate
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LIGHTHOUSE

Beam Estimate (1:05)

Conventional Estimate (1:12)
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CARS ON FOGGY STREET

Beam Estimate

Conventional Estimate
81



CARS ON FOGGY STREET

Beam Estimate (1:53)

Conventional Estimate (2:02)
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FOR MORE INFORMATION

Physically Based Rendering.
Matt Pharr and Greg Humphreys

Advanced Global Illumination.
Philip Dutre, Kavita Bala, and Philippe Bekaert

Realistic Image Synthesis Using Photon Mapping.
Henrik Wann Jensen
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