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“Science, it works ...

(bitches!)”

Quote from Richard Dawkins
http://www.youtube.com/watch?v=n6hxo1sC-dU
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Path Tracing funguje!
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‘ Light transport — Global illumination

Archviz Movies

Image courtesy of Columbia Pictures.
© 2006 Columbia Pictures Industries, Inc.
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Light transport — Global illumination

Movies

= 2002, Shrek 2
(PDI/Dreamworks)

o 1 bounce indirect

= 2006, Monster House |
(Sony Imageworks)

o Full light transport
(path traced)

o Arnold renderer

Image courtesy of Columbia Pictures.
© 2006 Columbia Pictures Industries, Inc.
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Light transport — Global illumination

Movies

= 2006, Monster House
(Sony Imageworks)

o Full light transport
(path traced)

o Arnold renderer

Image courtesy of Columbia Pictures.
© 2006 Columbia Pictures Industries, Inc.

= Full light transport simulation
o Accuracy
o Ease of use
o Visual consistency
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Light transport — Global illumination

= More information

= “The State of Rendering” m

= Full light transport simulation
o Accuracy
o Ease of use
o Visual consistency
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Mérici rovnice




Mérici rovnice

= Zobrazovaci rovnice
0o Podminky pro radianci v rovnovazném stavu
o UmozZnuje vypocet radiance v izolovanych bodech

= Ve skutecnosti nas zajima prumerna radiance pres pixel:
integral

= Meérici rovnice (Measurement equation)

PG III (NPGRO10) - J. Ktivanek 2014



Mérici rovnice

odezva virtualniho (linearniho) relativni odezva senzoru (vaha)
senzoru na radianci (barva pixelu) rizné W, pro kazdy senzor (pixel)

j j (x ®)- L (X, w)-cos 0 de dA
H (x)

pres celou plochu scény a vSechny sméry
(virtualni senzory musi byt soucasti scény,
nenulovy prispévek pouze na plose senzoru kviili W,)
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Priklad: Zarivy tok pres oblast jako
meérici rovnice V1

L/

= Dana oblast S
ScMxH

(podmnoZzina povrchu scény a prislusnych smért)

= Pro W, definované

W. (%, ) 1 pro(X,w)eS
, W) = .
’ 0 jinak

je vysledkem meérici rovnice zarivy tok ®(S).
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‘ Meérici rovnice jako skalarni soucin
funkeci

= Definujme skalarni soucin funkci fa g:

<f,g>:j jf(x,a))og(x, ®)-cos @ dw dA

M H (x)

= Mérici rovnice

I =(W,, L)
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Propagace radiance a dulezitosti

LTI

L (radiance)

W (dulezitost)
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Dulezitost (importance)

= W, popisuje, jak diilezZita je prichozi radiance pro odezvu
senzoru

= 1 krok do scény: Prichozi radiance na senzoru = odchozi
radiance z bodl scény

= 2,3,... kroky do scény: ...

= W, interpretujeme jako veli¢inu emitovanou ze senzort
(stejné jako je radiance L, emitovana ze zdroju svétla)

» Takto interpretovanou veli¢inu W, nazyvame
emitovanou funkeci dulezitosti
(emitted importance function, emitted potential function)
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Prenos dulezitosti

= Funkce dulezitosti se prenasi podobné jako radiance a
dosahuje ustaleného stavu popsaného ustalenou
funkci dulezitosti W-

W(X’a)o) :We(x’ a)o)
+ jW(r(X, ), —w) f.(X, o, > ) cosb do

H (x) \

Jako v zobrazovaci rovnici, s tim rozdilem,
ze parametry BRDF jsou zaménény
(pro odraz vysledek identicky, nikoli vSak pro lom)
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Dualita dulezitosti a radiance

emitovana

importance \

ustalena

prichozi
|\=<AWe : LI% — radiance

Ly

ustalena
prichozi
importance

emitovana
radiance
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‘ Dualita dulezitosti a radiance — dukaz

The proof of Eq. (9), ie., I = (W° L) = (L°, W) given
here follows [Kalos and Whitlock 2008]. We can write () =
[o L 0 r) dr in two possible ways, either by expanding L(r)

)

u%mg the radlatlon transport equation (1) or by expanding W (r
using the importance transport equation (8):

Q:fQLe(r)W(r) dr+//L(r’)T(r'—>r) W (r) dr'dr,
Q—/QL(P) dr+// (r—r") W(r") dr'dr.

We can now swap r and r’ in one of the double integrals on the
r.h.s. to see that they are in fact equal. This immediately yields the

desired result.



Dualita dulezitosti a radiance

= V dane scéne je pouze jedina emitovana a ustalena
funkce radiance

= Ale kazdy pixel ma jinou emitovanou a ustalenou
funkci dulezitosti
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Dualita v praxi: Sledovani svétla

= Sledovani cest (path tracing)
o Rekurzivné resi zobrazovaci rovnici

= Sledovani svétla (light tracing)
o Rekurzivné resi rovnici prenosu dilezitosti

0 Cesty zaéinaji na zdrojich svétla
a Mohou ndhodné zasahnout senzor

o Nebo explicitni napojeni na senzor (jako primé osvétleni v
PT)

o Pozor: argumenty BRDF musi byt obraceny (cestu
sledujeme z druhé strany, BRDF je porad stejné
orientovana)
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Sledovani svétla (light tracing) v praxi

10,000,000 light rays . 100,000,000 light rays

10n

t

1na

Dutre et al. Advanced Global Illum

Image



Sledovani svétla (light tracing) v praxi

= Obvykle mensi téinnost nez PT
o (ale napr. v opt. akt. médiu blizko svétla mnohem lepsi)

= Mnohem Gc¢inné€jsi pro nekteré svételné efekty (kaustiky)

» Zaklad obousmeérnych metod
o Obousmérné sledovani cest (bidirectional path tracing, BPT)
o Photon mapping, etc.
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Porovnani algoritmu

o= -

N
BT AR S
i e

Light tracing Bidirectional path tracing

Y N

Path tracing

Kviz: Pro¢ je sklenéna koule ¢erna?
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Pokrocilé metody simulace
transportu svétla




Issues in light transport simulation

= Robustness

o None of the existing algorithms works for all scenes

o Robust estimation

“An estimation technique which 1is insensitive to small
departures from the idealized assumptions which have been
used to optimize the algorithm. Wolfram MathWeld”

the web’s most extensive mathematics resource
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Obousmeérné sledovani cest (BPT) vs.
(Jednosmeérnéeé) sledovani cest (PT)
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BPT, 25 vzorku (cest) na pixel PT, 56 vzorki (cest) na pixel
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Prenos svétla jako integral pres
prostor cest




Light transport

= Geometric optics
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Light transport

= Geometric optics

PG IIT (NPGRO10) - J. Kiivanek 2014



Light transport

= Camera response

= all paths hitting
the sensor
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‘ Path integral formulation

N O 9 2
N A%,Q ‘g& :&@\90@
&y IS
: > N
S F LS
3 S
&
0
N ‘ng
N
[Veach and Guibas 1995]
[Veach 1997]
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Measurement contribution function

X = XgX;...X,

=\ — v J
f‘j (x) _ Le (x0_>xl) T(x) We (xk—1_>xk)
emitted path sensor sensitivity
radiance throughput (“emitted importance”)

I(%)=GOLE ) - () GEOLE)

L,(xy—>x,) / / \ \

X
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Geometry term

G(x>y) =

|cos O, || cosd, |

eI
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‘ Path integral formulation

Joo 113 du()

1
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‘ Path integral formulation

I = [, £,(® du)

:Z.O: !fj(xo...xk) d4(x,)...d4(x,)

all path all possible
lengths vertex positions
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Path integral
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Rendering :

Evaluating the path integral




Path integral

2 %
S & S O
& PSS
> \Q N O
& > &L
Q ST

= Monte Carlo integration
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Monte Carlo integration

= General approach to numerical evaluation of integrals

. Integral:
A PA
I=]f(x)dx
s 48
Monte Carlo estimate of I
- p(x) S plx)
= )= Zp(X)
0 Xs X3X; Xq X5 Xg 1 Correct ,,on average:
E[(I)]=1
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‘ MC evaluation of the path integral

Path integral MC estimator
1= £, du(®) (1)=49
p(x)

= Sample path X from some distribution with PDF p(X) ?

= Evaluate the probability density p(x) ?

= Evaluate the integrand /', (X) /
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Path sampling

= Algorithms = different path sampling techniques

PG III NPGRO10) - J. Kfivanek 2014



Path sampling
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Path sampling
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Path sampling

= Algorithms = different path sampling techniques

= Same general form of estimator

_ /™)
= o
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Path sampling

&
Path PDF




‘ Local path sampling

= Sample one path vertex at a time

. From an a priori distribution <
o lights, camera sensors

Q Sample direction from an existing vertex

5. Connect sub-paths
o test visibility between vertices
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Example — Path tracing

1. A priori distrib.
>.  Direction sampling

5. Connect vertices
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Use of local path sampling

Bidirectional

Path tracing Light tracing path tracing

q :W\
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Probability density function (PDF)

path PDF

p(x) = p(Xg.. %)

joint PDF of path vertices
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Probability density function (PDF)

path PDF

p(x) = p(Xg. %)

joint PDF of path vertices

% W
Q. X T
Xy b 4
3 x, x2@K
2 07 pS
I © S
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‘ Probability density function (PDF)

path PDF
pP(xX) = p(xgesX,) = p(x;)
joint PDF of path vertices P (xz | X3 ) producft :
- of (conditional)
p(xl | xz) vertex PDFs
X
Path tracing example: P(x)
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‘ Probability density function (PDF)

path PDF
pP(xX) = p(xgesX,) = p(x;)
joint PDF of path vertices P ()C 2 ) producft :
- of (conditional)
P (‘xl ) vertex PDFs
X
Path tracing example: P(x)
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‘ Vertex sampling

= Importance sampling principle

Qample from an a priori

Q Sample direction from an existing vertex

Qonnect sub-paths
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' high thruput

. connections




Vertex sampling

Q Sample direction from an existing vertex
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‘ Measure conversion /Ej
BRDF lobe

samplin

Q Sample direction from an existing vertex
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‘ Summary

Path integral MC estimator
L2 f® du /)
=], [ (%) du(x) (1,)="-"C

S F O P(X)

A S N

< & < X = Xgeee Xy Q"*@& <‘o‘§ N

p(x) = p(x;y)... p(x;)

f](f) =L, G(xyx) p,(x;) ... p, (xk—1),G(xk—1<_>xk), W,

4
A P
? q S
xO T —

X y k-1
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Summary

= Algorithms
o different path sampling techniques

o different path PDF
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Why is the path integral view so
useful?

= Identify source of problems

o High contribution paths sampled with low probability

= Develop solutions

o Advanced, global path sampling techniques

o Combined path sampling techniques (MIS)
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Odvozeni integralu pres
prostor cest ze zobrazovaci a
meérici rovnice




Tribodova formulace prenosu svétla

= Eliminace smeéru (pouze body na plose)

O Zavsede’me L(X — X ) = L(X, CO)
znaden:
fX>X—>X)=f(X, o —>ao,)
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Zobrazovaci rovnice v 3b formulaci

= Pomoci tohoto znaceni
preformulujeme ZR

L(X' > Xx") =L (X' > X")+

[ Lx—>X)- f (x> X —>X")-G(x > X) dA

CoS 6, cos &'
2

G(X<>X) = V(X X)

Ix—x’
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‘ Meérici rovnice v 3b formulaci

| = jMvavﬁ (X = X)-L(X = X)-G(X <> x) dA, dA,

Dulezitost emitovana z x’ do x
(Znaceni: Sipka = smér Sireni svétla, nikoli dilezitosti)

X ... ha senzoru
X ... na ploSe scnény
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Odvozeni integralu pres prostor cest

= Do mérici rovnice v 3b formulaci se dosadi Neumannova
expanze ZR v 3b formulaci, vypadne suma integralu.

= Integrand je funkeci prispévku (contribution function).
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“Path integral” — A historical remark

m This course [Veach and Guibas 1995], [Veach 1997]
o Easily derived form the rendering equation [Veach 1997]

= Feynman path integral formulation of quantum
mechanics [Feynman and Hibbs 65]

= Homogeneous materials [Tessendorf 89, 91, 92]

= Rendering [Premoze et al. 03, 04]
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Obousmeérnée sledovani cest
(Bidirectional path tracing)




Bidirectional path tracing

Bidirectional
path sampling

Path tracing Light tracing

=
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All possible bidirectional techniques

O vertex on a light sub-path
O vertex on en eye sub-path

Y.
ZQ}Q

- path tracing

- light tracing
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 All possible bidirectional techniques

O vertex on a light sub-path
O vertex on en eye sub-path

,/""*-\

(@
;\ %{{%} Q V@V
0\0\‘0/'0/0 - path tracing
™ - O
"S-

no single technique importance

samples all the terms

- light tracing
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Multiple Importance Sampling (MIS)
[Veach & Guibas, 95]

A simple
combined (/)= 50 s
estimator: ’ ’

PG III NPGRO10) - J. Kfivanek 2014



Bidirectional path tracing

= Use all of the above sampling techniques
= Combine using Multiple Importance Sampling

= Generalizes the combined strategy for calculating direct
illumination in a path tracer

o PT: Different strategies for sampling a direction toward a
light source

o BPT: Different strategies for sampling entire light
transport paths
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'Naive BPT
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MIS weight calculation

el
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‘ Vzorkovaci techniky v BPT

Priklad: Ctyti vzorkovaci techniky pro k = 2
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Vzorkovaci techniky v BPT

= Podcesta o t vrcholech vzorkovana z kamery
= Podcesta o s vrcholech vzorkovana ze svétla
= Spojovaci segment délky 1

= Celkovéa délka cesty: k = s + t — 1 (segmentii)

= k+2 moznosti pro generovani cesty delky k
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Vzorkovaci techniky v BPT

= Kazda technika méa jinou hustotu p,,
= Kazda je ucinna pri vzorkovani jinych svételnych efekti

= VSechny techniky odhaduji stejny integral
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Kombinace vzorkovacich technik

= Kombinovany estimator (MIS)

kombinacni strategie
(napr. vyvaZena heuristika)

PG III NPGRO10) - J. Kfivanek 2014



‘ BPT Implementation in practice
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‘ BPT Implementation in practice
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BPT Implementation in practice

= Generuj podcestu nahodné délky od svétla

Yo---¥Yn,1
= Generuj podcestu nahodné délky od kamery
Z.”E_ 1 .- 24

= Spoj kazdy prefix cesty od svétla s kazdym sufixem
cesty od kamery

Lst — M- Ys 12t 1...%2

(cesta = vzorek z hustoty p,,)
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Results

BPT, 25 samples per pixel PT, 56 samples per pixel
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s=1 s=2.. t=2
s / t = pocCet vrcholktad padeestd sdovetla / kamery



Porovnani algoritmu

o= -

N
BT AR S
i e

Light tracing Bidirectional path tracing

Y N

Path tracing

Kviz: Pro¢ je sklenéna koule ¢erna?
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LIMITATIONS OF LOCAL
PATH SAMPLING
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Bidirectional path tracing




Insufficient path sampling techniques

= Some paths sampled with zero (or very small) probability

AN
4

e specular — S e

A

diffuse — D
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Alternatives to local path sampling

= Global path sampling — Metropolis light transport
o Initial proposal still relies on local sampling

= Leave path integral framework
o Density estimation — photon mapping

= Unify path integral framework and density estimation
o Vertex Connection & Merging
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Konec

E. Veach: Robust Monte Carlo methods for
light transport simulation, PhD thesis, Stanford
University, 1997, pp. 219-230, 297-317
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http://www.graphics.stanford.edu/papers/veach_thesis/

