Game Ray Tracing:
State-of-the-Art and Open Problems

Colin Barré-Brisebois, @ZigguratVertigo
SEED - Electronic Arts

Good morning everyone and thanks for making it so early! J

My name is Colin Barré-Brisebois and today | would like to talk to you about some

of the state of the art in real-time ray tracing for games

| also want to discuss some open problems several of us in the games industry

see, that 6s wel | need some help with and hq
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Senior Rendering Engineer at SEED - EA
Cross-discipline pioneering group within Electronic Arts
Combining creativity with applied research
Exploring the future of interactive entertainment with the goal to
enable anyone to create their own games and experiences
Offices in Stockholm, Los Angeles and Montréal

Previously

Principal Rendering Engineer / Technical Director at WB Games Montréal
Rendering Engineer at EA Montréal and DICE

Who is SEED? For those of you who dondé know, wede a technical and creative
research division inside Electronic Arts.

We are a cross-disciplinary team whose mission to explore the future of interactive
entertainment, with the goal to enable anyone to create their own games and
experiences.

We have offices in Stockholm, Los Angeles and Montréal.

One of our recent projects was an experiment with hybrid real-time rendering, deep
learning agents, and procedural level generation.

We presented this at this year® GDC. In case you havend see it, let& check it out!



PICA PICA

Exploratory mini-game & world
For self-learning Al agents to play,

not humans ©
“Imitation Learning with Concurrent
Actions in 3D Games” [Harmer 2018]

SEED’s Halcyon R&D framework

Goals
Explore hybrid rendering with DXR
Clean and consistent visuals
Procedural worlds [Opara 2018]
No precomputation

PICA PICA is a mini-game that we built for Al agents rather than humans.

Using reinforcement learning, the agents learn to navigate and interact with the

environment. They run around and fix the various machines, so that conveyor belts

keep running efficiently. If you are interested in the Al part, do check out our paper

in arXiv.

We built the mini-game from the ground up in our in-house Halcyon R&D

framework.

Webve had the opportunity to be involved e:
NVIDIA and Microsoft, to explore some of the possibilities with this technology.

We decided to create something a bit different and unusual, less AAA than what

you usually expect from an EA title.

For this demo we wanted cute visuals that would be clean and stylized, yet

grounded in physically-based rendering. We wanted to showcase the strengths of

ray tracing, while also taking into account our small art department of 2 people.

We used procedural level generation with an algorithm that drove layout and asset
placement. You should check out Anastasi ao:
you want to know more how the world was procedurally generated.
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Why use ray tracing?

So herebfs a question: why should we use ray
I guess for most folks in this room the ques

And the best answer i s é
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Because why not! And because we can!!
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This is our original scene without ray tract
It does include a number of non-trivial rendering algorithms such as screen-space

reflections, screen-space ambient occlusion, physically-based rendering, cascaded

shadow maps, a multi-layer PBR material system, a post-fx stack with eye

adaptation, motion blur, depth of field, and temporal-antialiasing.
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ath Tracing (L:spp)

B,

If we turn our in-engine path tracer on, at one sample-per-pixel, the scene looks
considerably noisy and is rather expensive to render.
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After waiting for 15 seconds, this what we get.

The image looks way nicer but you will also notice some noise.

Some of that noise can take minutes to hours to converge, mostly because of
difficult light paths and caustics.
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But instead if we adopt an hybrid approach, this is the kind of results we get
running at 60 FPS on a TitanV.

Il tds not quite the same as the path traced
small-scale interreflections but still pretty decent.
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So yeah, no ray tracing. And with ray tracing (flip)



Hybrid Rend
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PROJECT / PICA PICA
SEED // SEARCH FOR EXTRAORDINARY EXPERIENCES DIVISION

0 For PICA PICA we built a hybrid rendering pipeline which uses both ray tracing,
compute and rasterization.

0 By using the interoperability of DirectX, we are able to use the best of all pipeline
stages and achieve a final image augmented by ray tracing at real-time rates, good
enough to be in a game product.

0 Inthe end we get a super stable imaget h arnot&eably free of noise, noise which
you usually get from monte carlo while benefiting from what you get from ray
tracing, such as awesome reflections, AO, GI, and respecting physically-based
rendering.



Hybrid Rendering Pipeline

Deferred shading Direct shadows Reflections

ce or

(raster) raytrace or raster)

| 'Q "

Global lllumination Ambient occlusion Transparency & Translucency
{ & ) (r t \
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and raytrace) (raytrace or e and )

This is what our hybrid rendering pipeline looks like.

As mentioned we take advantage of the interop between rasterization, compute
and ray tracing, which you can see with the various effects here.

We have a standard deferred renderer with compute-based lighting, and a pretty
standard post-processing stack.

We can render shadows via ray tracing or cascaded shadow maps.

Reflections can be raytraced or screen-space raymarched. Same story for ambient
occlusion.

Only global illumination, transparency and translucency fully require ray tracing.



Reflections
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Launch rays from G-Buffer
Trace at half resolution

Ya ray/pixel for reflection

Ya ray/pixel for reflected shadow

Reconstruct at full resolution

Also supports:

Arbitrary normals

Spatially-varying roughness

Extended info:
GDC 2018 & DD 2018

One of our main techniques which takes advantage of ray tracing is of course
reflections

The ability to launch rays from the g-buffer allows us to trace reflections faster than
through primary visibility.

We trace them at half resolution, so for every four pixels you get one reflection ray.
This gives us a quarter of a ray per pixel.

Then at the hit point, shadows will typically be sampled with another ray. This
totals to half a ray per pixel.

This works for hard reflections, but we also support arbitrary normal and varying
roughness.

We do this by applying spatiotemporal reconstruction and filtering

Our first approach combined it with SSR for performance, but in the end we just
raytraced for simplicity and uniformity.

We have presented some extended info on how we do this, so check out our GDC
2018 and Digital Dragons talks



Reflection Pipeline
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Importance Screen-space _ '
sampling reflection Ray Tracing Envmap gap fill

-ju

Temporal Spatial

Bilateral cleanup . _
accumulation reconstruction

Here& a high-level summary of the ray tracing pipeline.

We start by generating rays via BRDF importance sampling. This gives us rays
that follow the properties of our materials.

Scene intersection can then be done either by screen-space raymarching or ray
tracing. As | said in the end we only raytrace but support both.

Once intersections have been found, we proceed to reconstruct the reflected
image.

Our kernel reuses ray hit information across pixels, upsampling the image to full-
resolution.

It also calculates useful information for a temporal accumulation pass.

Finally we run a last-chance noise cleanup in the form of a cross-bilateral filter.



Materials
Multiple microfacet layers

Rapidly experiment with different looks
Bake down a number of layers for production

Energy conserving
Automatic Fresnel between layers

Inspired by [Weidlich 2007]
Arbitrarily Layered Micro-Facet Surfaces

Unified for all lighting & rendering

Raster, hybrid, path-traced reference

O«

When it comes to materials, for this project we put together a material model where

we combine multiple layers into a single, unified and expressive BRDF.

By unified | mean that this model works for all lighting & rendering modes, is

energy conserving and handles Fresnel between layers.

It has allowed us to rapidly experiment with different looks, but if we were to use

this in a real game production wedd most |
The reflection pass works with layered materials, and we still generate just one

direction for the whole stack.

The simplest way to do this is by choosing one of the layers with uniform
probability, and sampling the | ayero6és BRDF.
For example, a smooth clear coat layer is barely visible heads-on, but noticeable at

grazing angles. To improve on the scheme, we draw the layer from a probability

mass function based on each | ayerds approxi
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0 Looking only at the reflections, this is the raw results we get at 1 reflection ray
every 4 pixels.



Spatial

patiallReconstruction

> | : S
\ : _‘ \ SN reconstruction

And this is what the spatial filter does with it. The output is still noisy, but it is
now full rez, and it gives us variance reduction similar to actually shooting 16
rays per pixel.

The idea is very similar to stochastic screen-space reflections that Tomasz
Stachowiak from our team presented three years ago at SIGGRAPH. If you
want more info about this you should check his talk.

Every full resolution pixel basically uses a set of ray hits to reconstruct its
reflection. It& a fancy weighted average where the local pixel& BRDF is used
to weigh contributions. 1t& also scaled by the inverse PDF of the source rays
to account for their distribution.
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0 Followed by temporal accumulation



Secondary bilateral filter
Much dumber than reconstruction
Introduces blur

Only run where variance high

Variance from spatial reconstruction
Temporally smoothed with hysteresis = 0.5
Variable kernel width, sample count

0  And finally by a much simpler bilateral filter that removes up some of the
remaining noise.

0 Itoverblurs a bit, but we needed it for some of the rougher reflections.

60 Compared to SSR, ray tracing is trickier
version of the screen for pre-filtered radiance

0 Therebébs much more noise compared to SSR,

aggressive too.

0 To prevent it from overblurring, we use the variance estimate from the spatial
reconstruction pass and use it to scale down the bilateral kernel size and
sample count



\\ -, Bilateralcleanup
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0 And finally by a much simpler bilateral filter that removes up some of the
remaining noise.

0 Itoverblurs a bit, but we needed it for some of the rougher reflections.

0 Compared to SSR, ray tracing is trickier because we can@ cheat with a blurred
version of the screen for pre-filtered radiance

0 There®& much more noise compared to SSR, so our filters need to be more

aggressive too.

0 To prevent it from overblurring, we use the variance estimate from the spatial
reconstruction pass and use it to scale down the bilateral kernel size and
sample count



+lemporal Anti-Aliasing s,
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With temporal anti-aliasing, we then get a pretty clean image. Considering this
comes from one quarter rays per pixel per frame, and works with dynamic

camera and object movement , itds quite a\
reusing spatial and temporal
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Shadows

O« O« O« O«

O¢ O«

Launch a ray towards light

Ray misses = Not in shadow
RAY_FLAG_SKIP_CLOSEST_HIT_SHADER
Handled by Miss Shader

Shadowed = !payload.miss;

Soft shadows?

Random direction from cone [PBRT]

Cone width drives penumbra

[1;N] rays &filtering

We used SVGF [Schied 2017]
Temporal accumulation

Multi-pass weighted blur
Variance-driven kernel size

Raytraced shadows is another technique we have. Those are great because they
perfectly ground objects in the scene. This is not too complicated to implement.
Just | aunch a ray towards the |light, and i f
Hard shadows are greaté but soft shadows at
and more representative of the real world

This can be implemented by sampling random directions in a cone towards the

light

The wider the cone angl e, the softer shado\
we have to filter it

You can launch more than one ray, but will still require some filtering

In our case, we first reproject results TAA-style, and accumulate shadow and

variance

We then apply an SVGF-like filter. We modified SVGF to make it more responsive

for shadows. We coupled it with a color bounding box clamp similar to the one in
temporal-antialiasing, with a single scalar value which is cheap to evaluate. We

used Mar co S abased @osndingdox method, with a 5x5 kernel

estimating the standard deviation in the new frame. The result is not perfect, but

the artifacts arendt noticeable with full

Py



Hard Raytraced Shadows Soft Raytraced Shadows (Unfiltered) Soft Raytraced Shadows (Filtered)

Let& zoom on some details. With our approach one can see we get nice contact
hardening while getting rid of the noise.

But this approach is not completely physically correct, since we dond incorporate
the BRDF.

Steve Hill will talk about how you can do this properly in the Advances in Real-
Time Rendering Course on Monday at SIGGRAPH. So make sure to attend!
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AO

Integral of the visibility function

over the hemisphere () for the

point p on a surface with normal

n with respect to the projected
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Random cosine hemi sampling
Launch from g-buffer normals
AQO = payload.miss 7 1.0 : 0.0

Another technigue that maps and scales well to real-time ray tracing is of course
ambient occlusion, which we apply to indirect lighting.

Being the integral of the visibility function over the hemisphere, we get more
grounded results because all the random directions used during sampling actually
end up in the scene, unlike with screen space techniques where rays can go
outside the screen, or where the hitpoint is simply not visible.

Just like in the literature, this is done by doing cosine hemispherical sampling
around the normal.

In our case we launch rays using the gbuffer normal, use the miss shader to figure
out if w e 6 hitsomething

You can launch more than 1 ray per frame, but even with one ray per frame you
should get some nice gradients after a few frames.

We apply a similar filter as the one for the shadows
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Letdés compare some results-spaded® comparison t




- Raytraced AO

And herebs ©Kdaytraced AO
Looks so much more grounded!



Screen-Space AO

But what if we used similar ranges for the screen-space AO and the raytraced AO?
Ag ai n, h screengpace AD. Blotice the broom against the wall with some really
nice darkening



Raytraced AO
(Same Radius as SSAQ)

- And now raytraced AO. One can see how the missing screen space information
really adds when it& accessible through ray tracing in world space.

- TOGGLE BACK AND FORTH

- Actually, if you look carefully youd notice the broom is actually not touching the
wall. RTAO exposed some imprecisions in our procedural placement, which SSAO
did hide, so that was a funny find.



Raytraced AO
(Far-field)

And with raytraced AO, we can even go further and have far-field AO



Transparency & Translucency
Ray Tracing enables accurate light scattering e | “
>

&

Refractions
Order-independent (OIT)
Variable roughness
Handles multiple IOR transitions
Beer-Lambert absorption
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Translucency L .
« Light scattering inside a medium ‘ ‘ y
- Improvement over Translucency in Frostbite w ! 2 s

[Barré-Brisebois 2011])

Glass and Translucency

With ray tracing we can do proper refractions.

We can also throw more rays, get translucency and subsurface scattering instead
of the fthicknessoterm that | developed in EA& engine Frostbite, which was
precomputed offline and didnd allow for self occlusion.

We can actually have the light travel and scatter inside the medium, for all lights
and taking shadows into account. This gives more convincing results, and is fully
dynamic too.

For this demo, we did it in texture space, but it can also be done in screen-space.
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Transparency

Works for clear and rough glass

Clear
No filtering required

Rough/ Blurry

Open cone angle with Uniform Cone
Sampling [PBRT]
Wider cone — more samples

Or temporal filtering

Apply phase function & BTDF

This technique works for both clear and rough glass

For clear glass no filtering is required

For rough glass we open the cone angle. Obviously with rougher reflections we
need more samples to get rid of noise, but one can also use temporal filtering here
The examples here show a very simple material model for glass, but something
more complex can be done if needed
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Translucency Breakdown

- Forevery valid position & normal

T o

TG P,

Hereds a breakdown of how we compute transl u



Translucency Breakdown

For every valid position & normal
Flip normal and push (ray) inside

Hereds a breakdown of how we compute transl u



Translucency Breakdown

For every valid position & normal
Flip normal and push (ray) inside

Launch rays in uniform sphere dist.
(Importance-sample phase function)

Here& a breakdown of how we compute translucency



Translucency Breakdown

For every valid position & normal
Flip normal and push (ray) inside

Launch rays in uniform sphere dist.
(Importance-sample phase function)

Compute lighting at intersection

Hereds a breakdown of how we compute transl u



Translucency Breakdown

For every valid position & normal
Flip normal and push (ray) inside

Launch rays in uniform sphere dist.
(Importance-sample phase function)

Compute lighting at intersection
Gather all samples

Hereds a breakdown of how we compute transl u



Translucency Breakdown

For every valid position & normal
Flip normal and push (ray) inside

Launch rays in uniform sphere dist.
(Importance-sample phase function)

Compute lighting at intersection
Gather all samples
Update value in texture

Hereds a breakdown of how we compute transl u



Translucency Filtering

Can denoise spatially and/or temporally

Temporal: build an update heuristic
Reactive enough for moving lights & objects
Exponential moving average can be OK

Variance-adaptive mean estimation
Based on exponential moving average
Adaptive hysteresis

O«

We let the results converge over multiple frames via temporal accumulation.
Spatial filtering can be used as well, although we didna hit enough noise to
make it worthwhile.

Since lighting conditions can change with objects moving, a temporal filter
needs to be able to adapt to them. Depending on your use case, a simple
exponential moving average can do the trick.

We use a slightly fancier, adaptive temporal filter based on exponential
averaging. It varies its hysteresis to quickly re-converge to dynamically
changing conditions.
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Improve image
consistency

2 28 i Indirect : D TR 2 Glossy
Minimize “non-art light ) reflections

overhead steps that
artists have to endure!
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Scattering € =
. _—

No precomputation = Static + Dynamic Scenes
No manual parametrization =« User-Generated Content &
Adaptive Refinement Experiences

[Ritchell 2011]

Webve covered indirect specular and transmi
light transport. In this case | mean indirect lighting applied in a diffuse manner to

scene surfaces.

Great materials require great light transport. Of course ray tracing makes it

possible to implement it better than ever.

Gl makes scene elements fit with each other, and makes the life of artists better, as

it reduces the need to manually place artificial lights as many games have shipped

with, or even touch up surface colors and destroy PBR.

Or even worst: negative lights. What the hell is that anyway!

We set out to create a solution that was very dynamic, without the need for any

precomputation or even UVs. It had to support dynamic and static scenes, and we

wanted it to refine to a high quality result, at least in static regions.

And in the future wedll need to support st
content, arbitrary cont ent-ugahdgpteprocesst canodt ¢



Indirect diffuse off

0 Aninitial PICA PICA test scene with indirect diffuse off



Indirect diffuse on

0 And now on. Notice the bounce in the back and in the front on the robots



Spatial Storage
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Can't afford to solve every frame
Our Gl budget: 250k rays / frame

World space surfels

Easy to accumulate

Distribute on the fly

No parameterization

Smooth result by construction
Position, normal, radius, animation info

When it comes to indirect |lightingsolveor gl ol
every frame

We set ourselves a 250K rays per frame budget

ForPICAPICAwe wanted a techniqgue that doesndt 1
parametrization (such as Uvs and mesh proxies), works for both dynamic and

static scenes

Basically, nosteptopisssof f arti sts and to be honest it
in the future we want to support arbitrary
them to unwrap meshes or build mesh proxies.

And so we ended up using world space surfels that we spawn on what you see
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To support animated objects, surfels remember the object on which they were
spawned, and are updated every frame to move with it.

This does pose a challenge to tempor al
ghosting from screen-space techniques.

acc.l



Surfel Screen Application

P i

Render like deferred light sources R

Diffuse only

Smoothstep distance attenuation
Mahalanobis metric

Squared dot of normals angular weight

Inspired by [Lehtinen 2008]

World-space 3D culling
Uniform grid
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Each cell holds list of surfels
Find one cell per pixel, use all from list

To apply surfels to the screen, we render them in a similar way to light
sources.

We use smoothstep for distance attenuation, with the Mahalanobis metric to
squash them in the normal direction.

We also have angular falloff, but each surfel®& payload is just irradiance,
without any directionality.

Also similarly to deferred lights, we have a surfel culling system.

In order to be able to query the Gl solution anywhere, we use a world-space
data structure.

For simplicity, it& a grid in which every cell stores a list of surfels. Each pixel
or point in space can then look up the containing cell, and find all relevant
surfels.



Combine with Screen Space AO [Jimenez 20106]

0 The Gl has limited resolution, and lacks high frequency detalil.

0 We augment it with screen-space ambient occlusion implemented after
AGround Truth AO0O from Jorge Jimenez.

0  We use the colored multi-bounce variant, as it helps retain the warmth in our

toy-like scenes.
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Surfel Spawning From Camera @ 1% speed

As | mentioned, surfels are spawned on the fly, and require no precomputation.
Herebds a clip of the process in acti
As you can see, the distribution is quite even and resembles Poisson disk.
Havendét covered irradiance transfer
tomdbs slides from Digital Dragons 20
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DXR & mGPU!

Explicit Heterogenous Multi-GPU
Parallel Fork-Join Style
Resources copied through system

memory using copy queue =

Minimize PCI-E transfers Ceneration_|: 1

Approach J—> Copy Sub Regions
_ _ 3 g g s, !
Run ray generation on primary GPU | [NIfECER ||  Trace | Trace
INGRUZEN| cpu3 || GPU4

Copy results in sub-regions to other GPUs } s ; 11 ! \
Run tracing phases on separate GPUs F‘ Copy Sub Regions

Copy tracing results back to primary GPU

Run filtering on primary GPU

A bit of a side note, but for n our demo we also explored doing ray tracing on multiple
GPUs. The primary GPU acts as the arbiter, splitting the work for secondary devices
and finishes the final work.

- Run ray generation phase on primary GPU for the entire screen

- Copy ray generation texture in sub-regions to other GPUs

- Run tracing phases on other GPUs (just a sub-region of the entire screen on each
GPU)

- Copy tracing results back in sub-regions from other GPUs

- Filtering is then done only on primary GPU. This allows us to mitigate temporal
problems.



0 We obviously havenét solved everything,
need to tackle as an industry that | would like to discuss with you.



Noise vs Ghosting vs Perf.

RTRT opens the door to an entirely new class of techniques for games

Still have to build techniques around trade-offs
More samples? -
Reuse samples? > , more memory,

The story remains the same: devise algorithms around real constraints
Noise, ghosting, performance, memory, bandwidth
Key discussion elements for your papers for gamedev adoption ©

RTRT as a high-end feature for a while
Performance is not going to happen overnight - can’t plug RT and just call it a day
Make RT techniques “pluggable” as transition happens

o} he door to an entirely new class of techniques for

(o} e to build around trade-offs. For exampleé

6 Stillneedto dewse techniques around real constraints, such as: é

0 For researchers, this becomes a key discussion elements for your papers, for
gamedev adoption J

0 And so for now it feels like RTRT will be seen as a high-end feature, for some
amount of time at least

@ Obviously performance woné happen over night

0 As the transition happens, need to make those techniques swappable or

pluggable, depending on the hardware customers have, so that other SKUs
dond suffer; SSR A RT Reflections, SSAO A RTAO



