‘©
—
= (qv]
O 7
.m %
=f =
AW s
Q B . 45
. teh
Q. &> o
o O
Q£ o)
C oo
v .S
@
-0 (D



Motivation

continued effort to:

document and discuss the switch of the movie industry to path tracing

D
> educate researchers, artists, programmers, .. about the particular requirements of making
movies

this year: fundamentals/basics/advanced techniques
« glimpse at theoretical background

« entry points for research

« state oftheart

« toolset for improving rendering systems
> bringtogether industry experts

U



Speakers (part 1)

Johannes Hanika
Luca Fascione

Marc Droske

Jorge Schwarzhaupt
Christopher Kulla
Daniel Heckenberg

Weta Digital, me

Weta Digital, Head of Technology and Research
Weta Digital, Head of Rendering Research

Weta Digital, Researcher + Manuka wizard

SPI, principal software engineer + Arnold veteran
Animal Logic, R&D Supervisor, ASWF chair




Course notes

> What do you need to know to write better path tracers?
> please see our course notes for a lot more detail!

https://jo.dreggn.org/path-tracing-in-production/2019/


https://jo.dreggn.org/path-tracing-in-production/2019/

Path tracing in Production

> partlandpart2
i

part 2 follows in the afternoon
« here,403AB, 2pm-5:15pm

« more about material acquisition, modelling, no Lions, and GPUs



Part 1: Modern path tracing

how to increase visual quality? (in order of direct relevance for movies)

Physics! (follows now)

Mathematics! (Luca)

Designing an architecture for Monte Carlo! (Marc)
Special sauce sampling! (Jorge)

Smoke and explosions! (Chris)

Mangling crazy complex input! (Daniel)

Wy 0 Vg Vg VW,



Physics!



Recommended literature

> Jan Novak, Iliyan Georgiev, Johannes Hanika, and Wojciech Jarosz,
Monte Carlo methods for volumetric light transport simulation
Computer Graphics Forum (Eurographics State of the Art Reports), 2018.

> Subrahmanyan Chandrasekhar,
Radiative transfer,
Dover Publications, 1960

> JamesArvo,
Transfer Equations in Global lllumination
SIGGRAPH Course Notes, 1993

S.Chandrasekhar

RADIATIVE Transfer Equations in Global Illumination*
TRANSFER

Program of Computer Graphics

EUROGRAPHICS 2018 Volume 37 (2013), Nuber 2
K. Hidebrandt snd C. Theoball STAR- Sate of The At Report
(Gues Editors)

Monte Carlo Methods for Volumetric Light Transport Simulation

JunNovik!'  liyan Georgie?  Johannes Hunika®  Wojeiech Jarosz*

" Disney Rescarch  Sold Angle*Karkrube Insitte of Technology  ‘Darmouth College

n

Cornell University

Abstract

this paper we wilize Monte ¢ estimaing light

our reportby Cerezo et al [CPP"05);

we review publications accumulated since its publication over a decade ago, and include earlier methods that are key for

The purpose of these notes is to describe some of the physical and mathematical properties

building light transport paths in a stochastic manner. We begin by describing analog and non-analog procedures for free- of the equations occurring in global illumination. We first ex: the physical assumptions
" s vriowsexpcted e, ol camaors o We then that make the particle model of light an appropriate paradigm for computer graphics and
o met 8 lee fsltous matter ey wites; we import e “nestfight estimtors then derive a balance equation for photons. In doing this we establish connections with the

originally developed in nuclear sciences. Whenever possibl. we dra comnections bebvecn image-synihess techniques and field of radiative transfer and its more abstract counterpart, transport theory. The resulting
methods from partice physics and newtron transport to provide the reader vith a broader contst. balance equation, known as the cquation of transfer. accounts for large scale interaction
CCS Concepts of light with participating media as well as complex reflecting surfaces. Under various

p
«Compuing methodologies — Computer graphics; Rendering; Ray racing;
g ! wputer srap! 1ei Ray tracing; simplifying assumptions the equation of transfer reduces to more conventional equations

encountered in global illumination

ntroduction from over a decade ago. More computational power enables holis-

tic approaches that tie volumetric effccts and surfice scattering o- 1 Introduction

Since their inception in the Los Alamos National Laboratory.
computer-accelerated Monte Carlo (MC) methods have ained
popularity in many fields. Their elevance to computer graphics—

Gilobal illumination connotes a physically based simulation of light appropriate for synthetic

image synthesis in particular—is indisputable and underscored by
the many production renderers, such as Arnold, Hyperion, Manuka,
or RenderMan, all based on siochastic smpling of ight ransport
paths connecting light sources and camera sensors (C116,FHE" 7],
The high dimensionalityof transport problems. complexity of mod-

cy make MC the current

hod's respective strengths, Gen-

or single- or multiple-scattring approximations or analytical
methods such s diffusion.

Alot more focus s nowadays devoted to MC integration over
all ighttransport paths. n this report e

‘method of choice in production rendering.

The quest for realism in visual effccts and physical plausibility

Nearty

state of the it in MC rendering of scenes conlaining piricip:
media. We focus on physically bascd approaches and draw connec-
tions 10 work in neutron ransport o paint a more complete picture

Forthe. "

every scene nowadays contains some volumelric elements that par
ipate in light transport by absorbing, satteing. or emiting visi-
ble

reat the media s isoopic (but with potentially anisotopic phase

mphasis on heterogencous volumes i.¢. with

¢ materials that produce effects such as the subile sofening
erstic wanslucency of fril.

functions) and place
spatially
i

a - .
ingin fog, clouds, or planetary nebulae.

tic rendering. We hope this report can provide guidance for praci-
tioners implementing path tracing based algorithms and lso serve.
asa reference for rescarcher edin appli radiative

into simulating cd
ed since the survey of Cerezo et al. [CPP05]

and much has cha

T Athor names sppeas in slphsbetca oder except fo the s,

transfer 10 mage synthesis.

The remainder of this report is structured as follows: We first
summarize the optical propertes (Section 2) of volumetric mat-
ter, and then introduce the theoretical oundions (Section 3) tat

image generation. The task of such a simulation is to model the interplay of light among
large scale objects of an environment in order to approximate the quantity and quality of

light reaching the eye of an observer. The problem is globalin that all objects can interact
with one another by means of scattered light. To properly simulate the lighting of a room
ance. the entire surroundings must be taken into account: architectural features and
even the interior decoration can affect the overall illumination [32]

But why the emphasis on physically based simulation? The answer is that we wish to

fori

accurately predict the appearance of a hypothetical scene, and by imitating the physics we
might thereby approximate the visual stimulus of viewing the scene. Of course, there is
more to it than physics. In addition to the behavior of light. there are many important
incing i tance, the characteristics of the

considerations in producing a convi

ing image; for
display device, the physiology of the eye. and even the psychology of pereeption.
Although global illumination does not reduce to physics and computation alone, these

aspects currently dominate the field. Consequently, global illumination is predominantly the

study of algorithms for simulating the interaction of visible light with large scale geometr
that is, geometry with at least sor
light. These goals are by no means unique to global illumination

Global illumination can be cor eld of mdiative transfer. which is the study
of the interaction of radiant energy with matter at the macroscopic scale [7, 43). The origin

eatures significantly larger than the wavelength of ¢

idered a sub

*Copyright ©1993 by James Arvo




Photons

> particle/wave dualism
« we'll go with particles (for the most part), with a position and direction

> aphoton corresponds to an atomic portion of energy E (measured in Joule |J|)

h-cp,
A

» where h =~ 6.62607004 x 10 °* [m?kg/s = Js] is Planck's constant,

. Gy = c/77m is the speed of light in the material with index of refraction n,,,
and ¢ = 299, 792, 458 |m /s| is the speed of light in vacuum,

+ and X |m/| is the wavelength (often given in [nm/| instead to distinguish from world
space lengths).

) —

J

> we'll need a few ways to measure the energy of light



Phase space

> aphoton livesin 5D phase space: 3D position x and 2D direction w

A
o\

> positions are in meters [m)|

> directions in steradian |sr|
« dimensionless, derived Sl unit of solid angle



Solid angle

> adirection is defined on the unit sphere, areas on this sphere are called solid angle

> Qy = A/r*sr]
+ asdifferential: dw or sin 8 d§ d¢ in polar form, since [, dw = 0277 [y sin6dfd¢ = 4r

> we will refer to directions as w and ) = 47



Radiance

> goal: want to measure light along a ray suitable for ray tracing
« because we can only really evaluate visibility on a straight line between two points

« Sspoiler:

|14

m2sr

L(x,w)

> butfirst: let's count some photons!



Radiant energy

> count number # P of photons inside a certain volume, multiply by their energy F/

h-c,

A s2

Q= #P-




Radiant power or flux

> count photons inside certain volume per time (measured in watts):

-9 _w
dt | s ]

%S
— "\



ldeally: measure light

> count photons pertimein a volume V in the 5D phase space over 3D positions and 2D
directions (x, w)

P — /Q /V P(x, w) dxdw [W]

> P(x,w)isasymbol "counting" photons per time going through a certain point and
direction in phase space

> notethatxis a3D volume point here measured in cubic meters




Measure radiance

> power per area per solid angle (measured in watts per square meter per steradian)

do |14

dxdw | m

L(x,w) =

the central unit for us in rendering
this is what a ray of light transports
differentially small measurement apparatus: area with funnel

4
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Measure radiance?

> dynamic system, light is in flow
> describe changes of radiance in phase space and solve for steady-state equilibrium!




Losses and gains

> three effects change the observed amount of light:
« collision: light interacts with matter

« emission: light is emitted from matter
« Streaming: light enters or leaves a volume
> collision may incur scattering: change of direction

=>( =D —=B—=>
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The radiative transfer equation (RTE)

summing all terms

> allterms need to sum to zero (energy conservation)

streaming

,—P emission extinction
**
0 = / / L(x,w) + pe(x)Le(x,w) —pe(x)L(x, w)
oJv Ow

in-scattering

» Iifthe equations hold for integration over any part of phase space, they have to hold for
every individual point, too

> leave away integration over phase space {2 X V



The radiative transfer equation (RTE)

summing all terms

> allterms need to sum to zero (energy conservation), lose phase space integral

/;Lrem emission extinction
—l—
8—wL(X, w) = pe(Xx)Le(x,w) —py(x) L(x, w)

+ ps (%) ] fs(wi - w)L(x, w; )dw;
\—_/

in-scattering

> we are interested in changes in radiance L(x, w)

= thedirectional derivative %L(x, w) (LHS) is change of radiance in direction w



The radiative transfer equation (RTE)

summing all terms

iL(X, w) = us (x)L(x, w)

Ow
/ fs X wi)dwi

> integro differential equation along one ray (x, w)

> governs scattering in participating media (volumes)
> Wwe need to bring it to pure integral form for graphics applications!

= )—0 —=B—UD=>




Integrating the RTE

> example: solution of simple one-dimensional differential equation

d
d—L(x) = —poL(x) with z > 0, L(0) =1
T

« closed-form solution using the exponential function:
L(z) = exp(—pa - z) - L(0)

1

0.8 — ]

0.6 — ]

0.4 |- .

transmittance

0.2 — ]

0 | | | | |
0 05 1 15 2 25 3

distance

> gives rise to the transmittance term T'(x, y)



The RTE in integral form
Integrating the RTE: intuition

> contribution from surface emission (exactly one point y)

L(X7 w) T= T(X7 Y) - Le (yv w)




The RTE in integral form
Integrating the RTE: intuition

& contribution from surface scattering (exactly one point y)

L(x,w) +=T(x,y) - /Q fr(wi, ¥, w)L(y, w;)dw;




The RTE in integral form
Integrating the RTE: intuition

& contribution from volume emission (need to collect all z)

L(x,w) +=T(x,2) - e (2) L (2, w)

~;




The RTE in integral form
Integrating the RTE: intuition

> contribution from volume scattering (need to collect all z)

L(x,w) +=T(x,2) - us(z) /Q fs(w- w;)L(z,w;)dw;




The RTE in integral form

contribution from the point y on surface

[ ———— N ———————————

L(x,w) =T(x,y) (Le(y,w) / frwi,y,w y,wz')dwf>

+/OdT(x,z) (He(Z)L z,w) + ps(2 /fs w-w;)L(z, wz)dwz>d

contribution from any point z at distance ¢ in volume




Recursive rendering equation

> lightis emission + transported light (either from surface or volume)
L=L,+TL

> Neumann series (T is a linear operator):
L=(1-T)"'Le=) TL.
i=0

> turnsrecursion into sum over all path lengths!



Tracing paths the recursive way

> means tracing rays, usually through every pixel

9




Tracing paths the recursive way

> means tracing rays, usually through every pixel

77777777 / /

9

> recursive rendering equation: light is emission + transported light
L=L,+TL



The rendering equation in path integral form

> expand using the Neumann series to arrive at path space

L= [ (%) X)X

> h,(X) selects paths per pixel p via pixel filter support

> path X = (x1,X9,...X)) € Pislist of vertices x
> f(X) is the measurement contribution function in product vertex area measure dX



The measurement contribution function

> measure differential power of path X with length k (= 5 vertices here)

0,

f(X) — LeGk—l (H fr,iGi) |14

1=1

=



The measurement contribution function

> measure differential power of path X with length k (= 5 vertices here)
- d'® W

dkx mQ-k

F(X)
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Monte Carlo integration

> approximate the integral by a Monte Carlo estimator

» theexpected value of the estimator is precisely the integral (the estimator is unbiased)

S error manifests itself as noise (variance of the estimator)

> how much noise for which path construction strategy determined by their PDF p(X)



Path tracing

> start constructing a path at the sensor
> sample outgoing direction locally by Bsdf




Path tracing

> start constructing a path at the sensor
> problem intersecting light source by chance




Path tracing/next event estimation

> start constructing a path at the sensor
> direct connection(s) to light source in area measure




Path tracing/next event estimation

> problem connecting glossy/specular materials
> Bsdf evaluates to zero (or close to for low roughness > 0)

=




Light tracing

> reverse the tracing direction, start at the light sources
> good for caustics




Light tracing

> ..butdoesn't work for specular, either
> SDS doesn't work even for combination of all the above techniques (called BDPT)

o\ A
N




Vertex connection and merging (VCM/UPS)

> uses photon maps to cover SDS paths
> expensive: big storage, long kd-tree build times, many combinations to evaluate




Metropolis light transport (MLT)

> mutates initial sample, uses current path as Markov chain state
> often leads to temporal inconsistency/blotches




Production images omitted for publication

>



Program part 1:

> 09:00 — Opening statement and introduction to path tracing (almost over now!)
(30 min, Johannes Hanika)

> 09:30 — Ashort History of Monte Carlo
(30 min, Luca Fascione)

> 10:00 — Implementing path sampling techniques
(30 min, Marc Droske)

> 10:30 — Break (15 min)



Program part 1, cntd:

> 10:45 — Finding good paths
(30 min, Jorge Schwarzhaupt)

> 11:15 —Volumes
(30 min, Christopher Kulla)

> 11:45 —The Ins of Production Rendering at Animal Logic
(30 min, Daniel Heckenberg)



Path tracing in production, part 2

will continue in the afternoon session
> here, 403AB, 2pm-5:15pm



Let's get started!



Thank you for listening

questions?

> please find our course notes here:
https://jo.dreggn.org/path-tracing-in-production/2019/


https://jo.dreggn.org/path-tracing-in-production/2019/

