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Introduction

Films such a€loudy with a Chance of Meatba®®12andAlice in WonderlanAlice
have represented dramatic changes in the way Sony Pictures Imageworks produces imagery. We
have moved away from the traditional biakemultipass rendering system to a largely single
pass, global illumination system incorporating moderntraging and physically based shading
techniques. We will discuss how these changes applied to our wotliom and look at specific
examples fronthe film. Topics discussed will include: motivations behind moving to a physically
based rendering system and how such motivations would ideally manifest,-faeb
illumination models, global illumination and layered materials. We will talk aboutntipact of
these developments on our creative approach and lighting procedures in production, as well as
some of the unintended consequences of these changes.

RecentHistory

For projects as recent &¥atchmen Sony Pictures Imageworks employed a rendering
system that does not natively account for global illumination effetkss system was heavily
passdependant: shadows were deptmapped, color bleeding came from point clouds, and
reflection or environment occlusion was rendered in a separate pass, wfteiseparate
renderer. Biased techniques such as shadow map and point cloud generation meant smaller
sub-pipelines had to be developed and maintained. These techniques are largely
phenomenological and physically inaccurate. Fidelity of the final resisltswbject to the
guality of the passes that were generated previously. In addition, there was an enormous
potential for version mismatches between separate passes. Even so, all of thesesdvadito
be in place before artlging approaching a photoreatis render could be accomplished.

These auxiliary pipelines required significant development and maintenance depending
on the needs of a particular show or sequence. In addition, the amount of data generated per
frame was so large that disk storage agdahronization of elements became critical aspdots
the production. If any singlshadow or occlusion pass was not in sync with the latest
animation or light rig, it meant a lot of work hours tracking down the source of the divergence,
and a lot of malkine time regenerating the data. In the worst possible cases, a user would just
be resigned to regenerating all the data on every update.



All of our shaders were based on the traditional phenomenologiehbng model,and
variations. There was nelationship between the direct illumination specular response and
reflection response of the shader. Parameters for color, value and Fresnel response were
replicated multiple timesmeaning that the same phenomenon was essentially being dialed
twice.

This shading system suffered frofifieature cree@ and near oveidevelopment.

Parameter names adhered to very CG specific terminology there was very little notion of real
world phenomena in the user interface. Terms suchASpecular Sizeand ASpecular Ango,

have no realworld meaning and require a certain amount of education and familiarity to dial
successfully.

Massive numbers of parameters and a monolithic shading architecture meant that users
had only one recourse for feature implementation or experntation; the shader developer.

This also meant that productions mutated these shaders independently, which led to a certain
amount of divergence across shows, and a potential loss of technology when a show wrapped.
Substantial interface real estatnd shader development was devoted to simulating

area lights in a rendering system that did not natively support the notion. Most of these
methods fell apart when it came to complex lighting schemes, and would require significant
dialing from both the sdace material and the light material to get a passable effect.



Arnold Renderer

Arnold is Imageworks internal rendereo-developed with Solid Angle Stis a modern
global illumination ray tracer with a robust shading API and flexible scene format. For most
productions, Arnold was deployed as a utility renderer; generating ray traced occlusion passes
for use in compositing. On a few productionsadrseen use as the primary rendering engine;
Monster House and Cloudy are both full CG animated productions. Cloudy was the driving force
behind shader and renderer development for Arnold which made it a much more plausible
option for visual effects flmsEagle Eye used the shading system developed for Cloudy, but it
was2012that really pushed for a new shading system that offered faster photorealism.

At the same time thaAliceand 2012were beginning to evaluate the rendering options,
there was a lbof discussion throughout the facility about development philosophy in general.
Rob Bredow,magework8CTO, made it clear that the push towards using Arnold, and
technologies like it, was to provide more pheatealistic imagery out of the gate, but tdso
make our human time more productive. This was highly informed by his experience supervising
Cloudy, where he witnessed Arnékdcapacity for consistency in shot production, provided the
requisite time was spent in asset development. This idea c@davith another facility
mandate to take interface simplification very seriously. This idea was intended to provide a
framework for reducing interface clutter and, ideally, making is so that a multiple doctorate was
not required to shade a frog. The kawas put before us in the shading group to develop a
system that was human readable, intuitive to use, and deployed at the facility level. To top it all
off, we had to come up with strategies and programs to educate users on how to use these new
tools.

For Alicespecifically, there was a strong desire to leverage the power of the ray tracer to
implement a physically based shading system, but also to expand the capabilities of the shading
system during the look development stage. Previously, realism iffasti to control and
maintain in the face of creative demands. Supervisors wanted a system that would allow them
to start the creative process sooner, and maintain a consistent level of realism.

2012andAlicecommitted to using Arnold, and a y&t-be developed shading system.
This was going to be no small chore. Developing shaders for the renderer was a known
guantity, but how to deploy them and what form they would take to the end user was a major
guestion. Other issues we needed to address indiutthe pipeline infrastructure required to
handle the predicted volume of data going through the renderer. This also made us sharply
aware that our render times were going to be significant, and we knew we were going to have
to balance physical accuracytivreasonable times.

Part of the development strategy was informed by the functions of the renderer and
how switching to it inherently changed the pipeline and production approach. Lack of maps or
need for occlusion passes did away with all of the prevgecondary pipelines, and their
associated maintenance costs. Light sources in Arnold are implemented as area lights natively,
which means no extra development in the shaderequired to support them.
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This illustration demonstrates the effect ofear light size on a scené'he only variable changes
was the size of the light source. On the left, you can see the change in the size of the specular
highlight, the softness of the shadow and the diffuse falloffMerapo around the surface

normal ternmnator. The shader has no parameters to control this behavior, it is purely a
function of the light source and Arndilsampling engine. This not only demonstrates a key
feature of the lighting pipeline, but is also a great example of interface sinapilifirc

While global illumination is accomplished by indirect sampling means, point clouds
werend entirely extinguished. Arnold has a bdiltpoint based subsurface scattering
implementation, but this is entirely generated by the renderer inline to thecpss and uses the
same scene information as the beauty render. In addition, the subsurface effects is informed by
and reflected in the global illumination solution by default. As a quickrside, we did
implement our own traced sss used extensivélgotighout the film, based on Henrik Wann
Jenseis 2001 paperd Practical Model for Subsurface Light Transport

We also implemented a photon mapped caustics solution which was initially developed
for the Watchmen, glass palace sequence. This was lmastte methods described in
Jenseids 2004 cours@ Practical Guide to Global Illumination Using Photon Mappirtgs
system followed a similar path in that the photon map was generated at beauty reémder
with the actual scene data. Energy is emittgdlight sources into the scene and is either
reflected, transmitted or absorbed. This energy is stored in a point cloud representation of the
photons and then referenced during the illumination stage of the beauty render.

The success of Arnaklglobal iumination effects depend on the exchange of energy
between surfaces. The renderer developers and the shading department both encouraged
rendering as much geometry in camera as possible, and only splitting out passes when required
by compositing needs. Maus memory management strategies built into the renderer helped
with this, with minimal user intervention required for special circumstances.

Because Arnold is a stochastic-tegcer, implementing realvorld lighting tools such as
bounce cards was alaegively simple matter. We advocated the use of bounce cards and even
incandescent emissive geometry in scenes, over the use of special purpose CG light sources. As
a result ofthe Arnoldrendereis robust HDRI sampling, most, if not all sequence lighstarted



out with a sky dome, which was an image mapped sphere encompassing the entire scene. This
special purpose entity was the primary source of mood and context for a particular sequence,
and usually stayed constant for each shot.

Designing theShading System

The shading departmemhade some initial design decisions that hadrsaching
implications for how we worked as shader developers, and how we maintained the shading
system for productionsThe decision to use a node based network for shgdvas motivated
primarily by these maintenance concerns. A networked shader can be portioned out to
different developers, parts of it can be repurposed, and nodes can be developed once; and re
used in many places.

In the illustration abovegou can see a portion of our general shading network. The
shading system centered around a root illumination node with encapsulated all of the basic
lighting procedures. Procedural and map based texturersetivorks feed this root node with
parameter infemation, such as surface color, specular roughness etc.

When it came to establishing default values, the motivating factor was to give users a
more accurate image. This meant enabling reflections, global illumination up front, and for
optional shading comonents supplying sensible and realistic default values without causing a
dramatic slowdown in turn around.

By far the most critical aspect was to involve the user@2@tand Alicefrom the
beginnngof the design processThislevel of involvement wa.an opportunity for tweway
communication between the developers and the artists. Artists gained early familiarity with the



tools as they were being developed and regdésadback and feature requesensured minimal
wasted effort on the development side

Implementation Details

Much of the information in this sectiois explained irmuch greater detail byhe source
material Qur implementdions followed the source material fairly accurately

Forgeneral specular response our shaders empt@yCookTorrance microfacet
functions from Bruce Walter and co. 2007 paptcrofacet Models for Refraction Through
Rough Surfacesin this paper the authors describe a flexible bsdf architecture with brdf,
sampling and weighting functions for multipdestributions in both reflective andansmissive
rendering contexts.

In [Walter07], the reflection termis described by equation 20. istdefined as a Fsael
term, F, a shadow masking term G and a microfacet distribution terrm@ur
implementatian, F is the Schlick approximation. G and D are variable depending on the
distribution selected.Equations 25 and 2describe the Beckmann distribution, which is also
our default distribution in the shading systesthimageworks G is a rational approxiation of a
gaussian distribution of microfacet normal&quations 28 and 28re the sampling equations to
generate microsurface normals from random number pairs in a M@ddo sampling scheme

The parameterization of these functions is deceptiv@igple: roughness and index of
refraction. And yet the model controls direct specular reflections from cg sources, indirect
sampled reflections and refetions. What we get from this is a common appearance of surface
roughnesdetween all three of theseontexts. This contributes greatly to an overall physically
plausible look, and we realizesignificantly reduced pam@eter set over our old shadersn
addition the termfiroughnessis a commonly used term to describe real world surfaces, and it



trandates quite well into our system. FrenseflRBetance is a bit more obscuree use it to
describe what is actually the index of refraction, or eta in the Schlick approximation, (the
Fresnel term), of the previous equations.

Roughness is a normalizpdrameter from 01 and controls the spread, @blurrines® of the

direct and indirect reflections. At high values it approaches a perfect diffuser, but resolving this
requires a significant number of samples.

The fresnel response is also a natired parameter from-Q. At low values, around 0.0the
material behaves as a perfect dielectric, like plastic. At 1, the material is goadact

conductor, or metallic surface. In our implementation we used the Sdbigkoximation for
normaltincidence reflectance.



These are three examples of the most commonly used specular distributions in the shading
system. Beckmann is the default and is widely used for most materials. GGX is a distribution
introduced in the Waktr paper and we found that is samples slightly better at very low
roughness settings, which makes it a good candidate for corneas and other wet surfaces. The
anisotropic distribution is based off of the work of Ashikhmthirley and is the primary

speculr model used for metal surfaces éiice

Thisillustration shows our standarghader network with a variety of parameter settings. This
image is used to test shader behavior as new versions are released. You can see a variety of
distributions and sethgs here including anisotropic reflections, with various patterns, as well as
anisotropic refractions. In our implementation we consciously decided to decouple the index of
refraction of the reflection component from that of the refraction component fozative

reasons. Absolem, the caterpillar is an example of this use. The refractions of his eye are



