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Anti-aliasing - Sampling Patterns
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Anti-aliasing - Sampling Patterns
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Distribution Ray Tracing
Whitted-style ray tracing is a point sampling algorithm:

= We may miss small features
»  We cannot sample areas

Area sampling:

= Anti-aliasing: one pixel

= Soft shadows: one area light source

= (Glossy reflection: directions in a cone

= Diffuse reflection: directions on the hemisphere
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Area Lights
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Approximating Integrals

An integral can be approximated as a Riemann sum:
B N N
Vi = j f(x)dx = Zf(t,;) A; ,where z A;,=B—-A
o i=1 i=1

Note that the intervals do not need to be uniform, as long as we
sample the full interval. If the intervals are uniform, then

N N B A N
Y FEd A= 4y )= —= > f&).
i=1 i=1 i=1

Regardless of uniformity, restrictions apply to N when sampling
multi-dimensional functions (ideally, N = M¢, M € N). Also
note that aliasing may occur if the intervals are uniform.
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Monte Carlo Integration

Alternatively, we can approximate an integral by taking random

samples:
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Monte Carlo Integration of Area Light Visibility

To estimate the visibility of an area light source, we take N
random point samples.
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Monte Carlo Integration of Area Light Visibility

We can also use Monte Carlo to estimate the contribution of
multiple lights:
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Monte Carlo Integration of Area Light Visibility

Alternatively, we can just take N samples, and pick a random
light source for each sample.
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Monte Carlo Integration of Area Light Visibility

We obtain a better estimate with fewer samples if we do not
treat each light equally.

In the previous example, each light had a 50% probability of
e being sampled. We can use an arbitrary probability, by dividing

the sample by this probability.
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Distribution Ray Tracing

Key concept of distribution ray tracing:

We estimate integrals using Monte Carlo integration.
Integrals in rendering:

= Area of a pixel

= Lens area (aperture)

= Frame time

= Light source area

= (Cones for glossy reflections
= Wavelengths
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Open Issues

Remaining issues:
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Energy distribution in the ray tree / efficiency
Diffuse interreflections
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Rendering Equation

Whitted, Cook & Beyond

Missing in Whitted: Cook:
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. Diffraction Diffraction

efl * E * diffuse; . a . .

- true; Polarization Polarization

woeTH) Phosphorescence Phosphorescence

survive = SurvivalProbabilit
estimation - doing it

Temporal effects

Temporal effects

if;
"adiance = SampleLight( &rand I

>.x + radiance.y + radiance.z) ™ Motion blur / Motion blur
coitar - e o @ Depth of field v Depth of field
temenan e L. @ Anti-aliasing v" Anti-aliasing

E * ((weight * cosThetaOut) / directPd:

andom walk - done properly, closel
rive)

at3 brdf = SampleDiffuse( diffuse, N, r1, =
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:
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Rendering Equation

), N
))
at a = nt

at Tr = 1
'T) R = (D

= * diffuse:
= true;

fl + refr)) 22 (d

), N )
efl * E * diffuse
= true;

AAXDEPTH)

survive = SurvivalProbabil
estimation - doi

if;

~adiance = SampleLight( &ra
2.x + radiance.y + radiance.z

v = true;

at brdfPdf = EvaluateDiffuse( L
at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direc

andom walk - done properly
rive)

3t3 brdf = SampleDiffuse( diffuse, N, r

irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:

Whitted, Cook & Beyond

Cook’s solution to rendering:

Sample the many-dimensional integral using Monte Carlo integration.

R

light
Ray optics are still used for specular reflections and refractions:
The ray tree is not eliminated.

pixel lens " ! frame glossy
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Rendering Equation

God’s Algorithm

1 room
= o 1 bulb
) 100 watts

?)

o 104° photons per second

Ia'r) ; ; wLDV . ‘
= * diffuse; . { :
- true; Photon behavior:

of1 + refr)) && (dept

A Ve - ditune; Travel in straight lines

= true; . .
= (Getabsorbed, or change direction:
AAXDEPTH)
urvive = Survivalprobabilit = Bounce (random / deterministic)
T e = Get transmitted
“adiance = SampleLight( &rand
2.x + radiance.y + radiance.z
= Leave into the void

st brdfPdf = EvaluateDiffuse( L. |

1t3 factor = diffuse * INVPI; d d -
at weight = Mis2( directPdf, brdfpds Get etecte i W

it cosThetaOut = dot( N, L );
E * ((weight * cosThetaOut) / directF

andom walk - done properly, clos
rive)

3t3 brdf = SampleDiffuse( diffuse, N, rl
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:
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Light Transport

. (depth

= = insids
it = nt / nc
3s2t = 1.6f
), N );

)

at‘a = nt - nc, b
at Tr =1 - (RO +
r) R = (D * nnt - N

= * diffuse;
= true;

fl + refr)) 8& (depth

), N );
~efl * E * diffuse;
= true;

{AXDEPTH)

survive = SurvivalProbability o
estimation - doing it prope-l

if;

-adiance = Samplelight( &rand, 1. .
2.x + radiance.y + radiance.z) = o

v = true;

3t brdfPdf = EvaluateDiffuse( L, N | P
3t3 factor = diffuse * INVPI;

3t weight = Mis2( directPdf, brdfPds |
at cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directPd:

andom walk - done properly, closely foll
rive)

]
at3 brdf = SampleDiffuse( diffuse, N, r1, -2 ©
rvive;

Pdf.-
1 = E * brdf * (dot( N, R ) / pdf):
-i0n = true:
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Rendering Equation

God’s Algorithm - Mathematically |

A photon may arrive at a sensor after travelling in a straight line
from a light source to the sensor:

), N
3)

L(s < x) = Lg(s < x)
'r) R = (D
e Or, it may be reflected by a surface towards the sensor:

fl + refr)) && (de

U e el L(S «— _X') = j f:r(S — X < X’) L(X «— x,) G(x < x,) dA(x,)
A

= true;

AAXDEPTH)

survive = SurvivalProbabil .
estination - coing Those are the options.
~adiance = Samplelight(

B e Adding direct and indirect illumination together:

v = true;

it brdfPdf = EvaluateDiffuse( L
at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
it cosThetaOut = dot( N, L );

B G ) = Le(s <)+ jA fils « x < x') L(x « x') G(x & x") dA(x") P
sive)

3t3 brdf = SampleDiffuse( diffuse, N, ri

irvive;
pdf; X )))7
1 = E * brdf * (dot( N, R ) / pdf): Uyl

-ion = true:



Advanced Graphics - Light Transport 33

Rendering Equation

God’s Algorithm - Mathematically | ‘ "'*

L(s < x) = Lg(s « x) + j frils cx «x) Lx «x) G(x & x") dA(x")
) A

Geometry factor

= * diffuse:
= true;

Indirect

of1 + refr)) && (dept

), N );

e e it Reflection

\AXDEPTH)

Hemisphere

survive = SurvivalProbabilit
estimation - doing it

if;

“adiance = SampleLight( &rand

2.x + radiance.y + radia;mr:v”:‘ EmISSIOn

v = true;

it brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfpds
it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directF

andom walk - done properly, cl
rive)

3t3 brdf = SampleDiffuse( diffuse, N, rl
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:




Advanced Graphics - Light Transport 34

Rendering Equation

L(s <x)=Lg(s < x)+ j f[ex e« x)Lx «x)G(x & x") dA(x")
A

L (de

S The Rendering Equation™:

), N );
)

at a = nt - nc

e e =1 (50 = Light transport from lights to sensor

r) R = (D nn

-« deruse; = Recursive
= true; .
= Physically based

fl + refr)) 8& (dept!

), N )

. The equation allows us to determine to which extend
- rendering algorithms approximate real-world light
T transport.

if;

~adiance = SampleLight( &rand, I
2.x + radiance.y + radiance.z)

v = true;

at brdfPdf = EvaluateDiffuse( L. N

at3 factor = diffuse * INVPI;

it weight = Mis2( directPdf, brdfPdf

it cosThetaOut = dot( N, L ):

E * ((weight * cosThetaOut) / directPd:

UHONIEREL s propecly, closel *: The Rendering Equation, Kajiya, 1986

rive)

3t3 brdf = SampleDiffuse( diffuse, N, r1, 2
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf):

-ion = true:




at Tr = 1
) R =/(D

= * diffuse:
= true;

2l + refr)) &2

), N )
efl * E * diffuse
= true;

AAXDEPTH)

survive = SurvivalProbabil
estimation - doing

if;

~adiance = SampleLight( &ra
2.x + radiance.y + radiance.:

v = true;

it brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direc

o

andom walk - done properly
rive)

at3 brdf = SampleDiffuse( diffuse, N
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:

Today's Agenda:

* The Rendering Equation
* Light Transport

Introduction
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Light Transport

Light Transport Quantities

Radiant flux - @ :

“Radiant energy emitted, reflected, transmitted or \\ t / i
oo received, per unit time.” o o o
e . | =5 T
Units: watts = joules per second e \

s reteyy B (4 W — ] S_l . / l

e diffuse

. Simplified particle analogy:

{AXDEPTH)

number of photons.

survive = SurvivalProbabil

estimation - doi

if;

“adiance = SampleLight( &ra .

.x + radiance.y + radiance. Note: photon energy depends on electromagnetic wavelength:

v = true; hC . . -

t brdfPdf =~ EvaluateDiffuse( . E = —, where h is Planck’s constant, c is the speed of light,

3t3 factor = diffuse * INVPI; A

at weight = Mis2( directPdf, brdfr . .

t cosThetaout = dot( N, L )5 and A is wavelength. At A = 550nm (yellow), a single photon

E * ((weight * cosThetaOut) / direc ) —19 - <
B e oy carries 3.6 x 10~ 7 joules. <SS
rive)

3t3 brdf = SampleDiffuse( diffuse, N, r

irvive; 7
i N2 )))7
1 = E * brdf * (dot( N, R ) / pdf); ML

-ion = true:
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Light Transport

Light Transport Quantities

In a vacuum, radiant flux emitted by a point light
source remains constant over distance:

A/
T A point light emitting 100W delivers 100W to the . o

??T‘r‘j surface of a sphere of radius r around the light. This ; ® .
- sphere has an area of 4mr?; energy per surface area s \\
14 cerr) thus decreases by 1/72. / l
e In terms of photons: the density of the photon

,fdplgh distribution decreases by 1/r2.

2.x + radiance.y + radiance.:

v = true;

it brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direc

D
andom walk - done properly m
o

rive)

3t3 brdf = SampleDiffuse( diffuse, N, r

irvive; 7
pdf; \2‘2 )))y
1 = E * brdf * (dot( N, R ) / pdf); M e

-ion = true:
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Light Transport

), N
)
at a = nt

at Tr = 1
't) R = (D

= * diffuse;
= true;

fl + refr)) &% (de;

), N )
efl * E * diffuse
= true;

\AXDEPTH)

survive = SurvivalProbabili
estimation - doing it

if;

~adiance = SampleLight( &rand
2.x + radiance.y + radiance.z

v = true;

it brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

3t weight = Mis2( directPdf, brdfrd
it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direc

andom walk - done properly, cl
rive)

3t3 brdf = SampleDiffuse( diffuse, N, rl

irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:

Light Transport Quantities
A surface receives an amount of light energy
proportional to its solid angle: the two-dimensional

space that an object subtends at a point.

Solid angle units: steradians (sr).

Corresponding concept in 2D: radians; the length of the
arc on the unit sphere subtended by an angle.
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Light Transport

Light Transport Quantities

Radiance - L :

1t = nt
352% =

X “The power of electromagnetic radiation
ta oot emitted, reflected, transmitted or received
R0 per unit projected area per unit solid angle.”
= * diffuse:
- - o ~1,0,—2
of1 + refr)) && (dept UnltS. WST m
T;flll ’)‘;E * diffuse;
= true; . = =
Simplified particle analogy:
AAXDEPTH)

i o Ar_nount. of partlcles passing t.hrough a pipe
T with unit diameter, per unit time.

“adiance = SampleLight( &rand
2.x + radiance.y + radiance.z

o - Evalustestiuse L | Note: radiance is a continuous value:
at weight = Mis2( directhf,!bf'd'Fii‘»i'

ottt - dox( 1, L. while flux at a point is 0 (since both area and solid angle are 0),
E * ((weight * cosThetaOut) / directF i i . .
we can still define flux per area per solid angle for that point.

andom walk - done properly, clos
rive)

3t3 brdf = SampleDiffuse( diffuse, N, rl
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:
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Light Transport

1<

), N

3)

at a = nt

at Tr = 1
't) R = (D

= * diffuse:
= true;

:fl + refr)) 22 (de

), N )
efl * E * diffuse
= true;

AAXDEPTH)

survive = SurvivalProbabil
estimation - doing it

if;

~adiance = SampleLight( &rand
2.x + radiance.y + radiance.z

v = true;

it brdfPdf = EvaluateDiffuse( L

at3 factor = diffuse * INVPI;

it weight = Mis2( directPdf, brdfr
st cosThetaOut = dot( N, L ):

E * ((weight * cosThetaOut) / direc

andom walk - done properly, cl
rive)

3t3 brdf = SampleDiffuse( diffuse, N, rl

irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:

Light Transport Quantities
Irradiance - E :

“The power of electromagnetic radiation per
unit area incident on a surface.”

Units: Watts per m? = joules per second per m?
Wm2 =Jm2s 1.

Simplified particle analogy:
number of photons arriving per unit area per
unit time, from all directions.

\
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Light Transport

Light Transport Quantities
Converting radiance to irradiance:

E =L cos@

)

at a = nt - nc
it Tr =1 - (R
r) R = (D nn

= * diffuse:
= true;

fl + refr)) && (deptl

), N );
efl * E * diffuse;
= true;

\AXDEPTH)

survive = SurvivalProbabilit
estimation - doing it

if;

"adiance = SampleLight( &rand
2.x + radiance.y + radiance.z)

v = true;

at brdfPdf = EvaluateDiffuse( L. I

at3 factor = diffuse * INVPI;

3t weight = Mis2( directPdf, brdfPdrf

it cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directPd:

andom walk - done properly, closel
rive)

3t3 brdf = SampleDiffuse( diffuse, N, r1,
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:
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Light Transport

Light Transport

L(s «x)=Lg(s < x)+ J frsexex)Lx «x)G(x & x") dA(x")
A

'r) R = (D

- et L,(x,w,) = Lg(x,w,) + j fr(x, w,, w;) Li(x,w;) cos B; dw;
.. ;

fl + refr)) &

. Radiance  Radiance Radiance

efl * E * diffuse
= true;

s Irradiance

survive = SurvivalProbab
e e iy

est
if;
"adiance = Samplelight ra B R D F
2.x + radiance.y + radiance

v = true;

it brdfPdf = EvaluateDiffuse

at3 factor = diffuse * INVPI

at weight = Mis2( directPdf, brdf
at cosThetaOut = dot( N, L ):

E * ((weight * cosThetaOut) di

andom walk - done properl
rive)

3t3 brdf = SampleDiffuse( diffuse, N 1
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);:

-ion = true:
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Light Transport

at a
it Tr = 1
r) R = (D

= * diffuse
= true;

2l + refr)) &

), N )
efl * E * diffuse
= true;

AAXDEPTH)

survive = SurvivalProbabil
estimation - d

if;

"adiance = Samplelight

2.x + radiance.y + radiance.:

v = true;

it brdfPdf = EvaluateDiffuse( L
at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
st cosThetaOut = dot( N, L ):

E * ((weight * cosThetaOut)

andom walk - done properl
rive)

at3 brdf = SampleDiffuse( diffuse, N

irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);

-ion = true:

Bidirectional Reflectance Distribution Function

BRDF: function describing the relation between radiance emitted in direction w,
and irradiance arriving from direction w;:

Lo(wo) | Lo(wo) _
E;(w;) L;(w;)cosB; incoming irradiance

outgoing radiance

fr (a)m (‘)i) =

Or, if spatially variant:

Lo(x, wo) _ Lo (x, wo)
E;(x,w;) L;(x,w;)cosb;

iz (x, Wy, wi) =

Properties:

Should be positive: f,.(w,, w;) = 0
Helmholtz reciprocity should be obeyed: £, (w,, w;) = f-(w;, w,)

Energy should be conserved: fQ fr(w,, w;) cosB,dw, <1
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Light Transport

L(s «x)=Lg(s<x)+ j f[ex e« x)Lx «x)G(x & x") dA(x")
A

3)

at a = nt

at Tr = 1
r) R = (D 1
= * diffuse
= true;
2l + refr)) &2 2-
), N ); 3
~efl * E * diffuse .
= true;

4,

AAXDEPTH)

survive = SurvivalProbabil
estimation - do

if;

~adiance = SampleLight( &ra
2.x + radiance.y + radiance.:

v = true;

it brdfPdf = EvaluateDiffuse( L
at3 factor = diffuse * INVPI;

at weight = Mis2( directPdf, brdfr
st cosThetaOut = dot( N, L ):

E * ((weight * cosThetaOut)

andom walk - done properly
rive)

3t3 brdf = SampleDiffuse( diffuse, N, r
irvive;

pdf;

1 = E * brdf * (dot( N, R ) / pdf);
-ion = true:

Relation between real-world light transport and the RE:

Each sensor element registers an amount of photons arriving from the first surface visible
though that pixel.

This surface may be emissive, in which case it produced the sensed photons.

This surface may also reflect photons, arriving from “other surfaces” in the scene.

For the “other surfaces”: goto 2.
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END of “Light Transport”

next lecture: “The Perfect BVH”
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