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Overview




The Rendering Equation
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RENDERING = INTE
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Distributed Ray Tracing, Robert Cook et al., January 1984

1. 0) = J J L($y. 0)R(, 6, b, 60,46,
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g ‘ The rendering equation, James Kajiya, August 1986

L(w)=L(w,)+ J flw,w, ) L{w,)(n - w,)dw;
Q
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The focus is on being correct, not just producing a pretty image.

It's easy to produce a pretty image which has a number of subtle bugs.



X FBRDF

 Reciprocity: f(l,v) = f(v,])

» Energy Conservation: VI,J fv(n-v)ydw, <1
Q

E/NE—"1I" BRDF?

The Disney BRDF Explorer
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A TBRDF

‘ Using the modified phong reflectance model for physically based rendering

- Eric Lafortune et al., November 1994




Analytic Solution
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ﬁ Analytic Methods for Simulated Light Transport

- James Richard Arvo, January 1995
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‘ Analytic Methods for Simulated Light Transport

- James Richard Arvo, January 1995

- Lambertian BRDF 2 —"NE =, ol A 2IFR 2 5NE R

L(w,)=f J L(n - w,)dw;
$2p
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Lfw,) = ;L,- “(@(r) - n(r))

O(r) = % g O,(nL'y(r),

O.(r) = COS_1<
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Monte Carlo Path Tracing
Gold 5tandard for Rendering




Monte Carlo Integration

Monte Carlo Integration

Definite integral I(f)= j f(x)dx

Expectation of f/  E[f]1=| f(x)p(x)dx

Random variables X, ~ p(x)

Y, = (X))

1 N
Estimator F.=—)>Y
N NZZI I

CS348B Lecture 6 Pat Hanrahan, Spring 2005




Monte Carlo Integration

E[FN]:[(f)

Properties

e

Linearity of Expgectation

CS348B Lecture 6

Unbiased Estimator

E[F,] :E[%ZY"]

1 & 1 &
ﬁ;E[Yi] —ﬁ;E[f(X,-)]

> [ f)p(x)dx

i=1 ¢

_1
N

Assume uniform probability
distribution for now

Pat Hanrahan, Spring 2005




&= 4 iPath Tracing

A Simple Monte Carlo Approach - 100.000000%
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BRDF Importance Sampling

Continuous Probability Distributions

PDF p( x) Uniform

p(x)=0

CDF P(x)

P(x) = j p(x)dx
P(x) = i))r(X <x) PQ)=1

p
Prla < X < f) = Ip(x)dx 0

- P(B)-P(a) ° 1

CS348B Lecture 6 Pat Hanrahan, Spring 2005




BRDF Importance Sampling

Sampling Continuous Distributions

Cumulative probability distribution function

P(x)=Pr(X < x)

1
Construction of samples
Solve for X=P{(U) U
Must know:
1. The integral of p(x)
2. The inverse function P/(x) 0 X

CS348B Lecture 6 Pat Hanrahan, Spring 2005




RENDERING = INTEGRALS

BRDF Importance Sampling
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The Inversion Method
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BRDF Importance Sampling

Example: Power Function

Assume 1 nt |t

(x) = (n+1)x" [xrdn == :
Pr) = ) n+l|, n+l

P(x) — xn+1

X~px)=>X=P'(U)= YU

Trick
Y =max(U,,U,,--,U ,U )

n+1

Pr(Y < x) = H Pr(U < x) = x™"
i=1

CS348B Lecture 6 Pat Hanrahan, Spring 2005




Monte Carlo Direct Lighting

Monte Carlo techniques for direct lighting calculations

' Peter Shirley et.al,January 1996

* The integral is now over the area of the light source polygon P

nllght W;

L (w,) = [ flw;,,w )n - w,)———dA

P

nl * a)l
R2

Fig. 1. Geometry for rendering equation.



Next Event Estimation

* Direct/Indirect lighting separation

L(x,w)=L,(x,w,)+ J flw,w )L, (x,w)n - o)dw; + J' flw,w, )L, (x,®)"n- - o)dw,

9) Q)



irect Lighting

Monte Carlo D

{#F NEE Z[GRILEER



H—NEE

o = \ ML NI
- XERIEBIA T AN 2

|
|

<Ll
|

BRDF importance sampling Next event estimation

Can we combine BRDF and Light(NEE) sampling?



Multiple Importance Sampling

Optimally Combining Sampling Technigues for Monte Carlo Rendering

4&) Eric Veach et.al, September 1995

Al 1 Ni f(xl])
» Unbiase dx = AT AT VYN
Unbiased Jf(x) X Z} N Z}W(XJ)Pdﬁ(le)

X
pdff(w)

N
) pdfi(w)
k=1

» Power heuristics Wi(a)) —



Multiple Importance Sampling

s Bia

Combination of BRDF and Light(NEE) sampling Academy Awards for Scientific and Technical Achievement



Arnold ;B &3

Arnold is an advanced Monte Carlo ray tracing renderer

Marcos Fajardo, SIGGRAPH 2001
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Integration by Substitution
TR BiE KRR
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* Spherical Gaussians
* Linearly Transformed

* Spherical Harmonics

RARRRIEN, FARFTRE R —E55IAR1E,

Cosines

Y



RENDERING = INTEG

Spherical Gaussians

ﬁ All-Frequency Rendering of Dynamic, Spatially-Varying Reflectance

- + 5=, et al., January, 2007
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RENDERING = INTE

Spherical Gaussians
e Definition

G(Va pa /19 /’t) - /’tell(v.p_l)

e The Inner Product

drppy sinh (dm)
Gl : G2 — J' GI(V)Gz(V)dV — 6/11+/12 d
S? m

1.00



Spherical Gaussians

« BRDF Decomposition
R(0) = kR, + kR(0)

R,= [ L(i)py(0, i) max(0,i - n)dw
)

R(0) = [ L(1)pg(0,1) max(0,1 - n)dw
Q



Spherical Gaussians

« Subsurface Scattering R &~

e Lambertian diffuse E—\“"&%

R,

e IBILEFICosineliiyy BI{E,

c

Kd
Y/

R SG

.
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= 7F Diffuse 2

X, 7

A

11\

J

=4 R

— [ L(1) max(0,1 - n)dw
Q

SG AR,



Spherical Gaussians

» ERIxEATRILMER—T SG KIS —1TEICR

o HATAEENSE Clamped Cosine
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Linearly Transformed Cosines

ﬁ

Real-Time Polygonal-Light Shading with Linearly Transformed Cosines

Eric Heitz, et al., SIGGRAPH 2016




RENDER

Linearly Transformed Cosines

« Cosine AIAZ—"TENXEEKE LYK EN

DO(a)O) — ZO

x = rsin(@)cos(0)
y = rsin(@)sin(0)
Z = rcos(@)

LA .




RENDI

Linearly Transformed Cosines

® y?]- C O S | n e i_ ?i— é% ll‘E /E j:& Linearly Transformed Cosines

M_la) ]‘4_1
D(w) =D, ( ) 3
| Mo | ) || M- |

|To be continued...l



RENDER

Spherical Harmonics

An Efficient Representation for lIrradiance Environment Maps

Ravi Ramamoorthi, Pat Hanrahan, SIGGRAPH 2001




RENDERIN

Spherical Harmonics

+ SH—
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Spherical Harmonics, I=1, m=0
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C; = J flw)B(w) dw
Q

Spherical Harmonics, I=2, m=0

t 1.00
T 0.75
T 0.50
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Spherical Harmonics, I=3, m=0
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RENDERING = INTEGRALS

Spherical Harmonics

ﬁ Precomputed radiance transfer for real-time rendering...

- Peter-Pike Sloan et al., July 2002

L(w,) = [ L(w)(w;, w,)(n - w;)dw;




Spherical Harmonics

e SH RYIERZH

J B(1)-BMmdi=1 @{=))
Q

J B(1)-B(Mdi=0 (1))
Q
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Split-Sum Approximation
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Split-Sum Approximation

= Real Shading in Unreal Engine 4

B Y Brian Karis, SIGGRAPH 2013

J 0, f(x)dx

fx)g(x)dx ~ —————
J 0 JQG dx

| J g(x)dx
Q



RENDERIN

Split-Sum Approximation

L, (p, 0)0) = [ L, (p, a)l)f,, (p, w;, a)o) cos 0; dw,
Q+

Roughness

cos 6,

Pre-filtered Environment Maps 2D LUT
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* 50 Years of Ray Tracing
* https://github.com/neil3d/50YearsOfRayTracing
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* https://github.com/neil3d/awesome-p
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Curiosity and
passion determine
SUCCEeSS
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