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Hello everyone and welcome. Thanks Alex for having me part of this course. My
name is Colin Barré-Brisebois, and | work at SEED. This talk is a snapshot of the
current state of the art in game raytracing, as well as a bunch of challenges the game
dev community is looking into, and might want some help from its friends in
academia. J



SEED

In case you dondédt know who SEED is, weodre ¢
division of Electronic Arts. We exist at EA as a cross-disciplinary team to deliver

and foster disruptive innovation, for our games and our players. We focus on long-

term applied research, but also try to stay relevant to the present by delivering
artifacts along the way. Actuallyyou mi ght 6ve seen some of our
of DirectX Raytracing, in collaboration with NVIDIA and Microsoft. We also have a

bunch of presentations and publications under our belt. Actually, more than 40. |

invite you to check our website, seed.ea.com.



How did we get here?

Letbébs start with a question: how did a bunch
tracing seriously, and considered it as a robust solution to ship in their game
products?
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@ What Microsoft's DirectX

D3D Team

Raytracmg means for gaming

If you just want to see what DirectX Raytracing can do for gaming, check out the
videos from Epic nark and EA, SEED. To leamn about the magic behind the
curtain, keep reading.

Physically based graphics rendering could simplify and improve the way
games look.

3D Graphics is a Lie

For the last thirty years, aimost all games have used the same general technique:
rasterization—to render images on screen. While the internal representation of the NVIDIA Developer Blog PEVROPERIEWE ) I SWSCNE |} | WTORLOW VS
game world is maintained as three dimensions, iz,

two d mensions (the pl

GDC 2018 — DXR Unveiled

“Ray tracing is the future and ever will be”

NVIDIA DEVELC

It should be said that several folks have played with and delivered games that rely on

some aspects of ray tracing, so itds not a n
of gamedev was taken by surprise at GDC 2018, when Microsoft announced DirectX

Ray Tracing. A lot of minds were blown, but also a lot of unanswered questions,

especially in terms of what is possible to achieve, at performance?



[Epic Games, NVIDIA, ILMxLAB]
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At SEED we felt very lucky to have been involved early on with Microsoft and NVIDIA,
to see what could be done with this technology. The hybrid rendering pipeline we built
for PICA PICA, allowed us to create visuals that are augmented with ray tracing and

feature an almost path-traced quality look, at 2.5 samples per pixel. This was really
challenging to build, but extremely fun too!

There was also this really cool demo from
our Finnish friends at Remedy, featuring a bunch of ray tracing techniques in their
Northlight engine, including reflections, ambient occlusion, indirect lighting and ray
traced shadows. There was also this great demo from the folks at Futuremark.



v Real-Time Ray Tracing
In Software and Hardware

So real-time ray tracing was off to a great start! Especially since a few months later
NVIDIA announced its new architecture titled Turing, which we all know accelerates
ray tracing in hardware.



BATTLEFIELDAVA BATTLEFIELD V

BATTLEFIELD V

DI CE6s Battlefield 5 was t h-Bmetybnrdsaytragrgme t hat
using DXR, powered by EA6s Frostbite engine.
traced reflections. Make sure to check our Jan and Johannes talk from GDC 2019.



[https:/idocs.unrealengine.com/en-US/Engine/Rendering/Ray Tracing/index.htmi]

Other big game engines like Unreal 4 also adopted ray tracing, and since release
4.22 ray tracing is now available for all to experiment with. They support both a hybrid
mode, and a path-tracer reference mode, to compare against ground truth.



[Courtesy of Epic Games, Goodbye Kansas, Deep Forest Films]




[Courtesy of Epic Games, Goodbye Kansas, Deep Forest Films]




[Tatarchuk 2019, Courtesy of Unity Technologies]




Left: real-world footage. Right rendered with Unity

[Tatarchuk 2019, Courtesy of Unity Technologies]

In this film they rendered at interactive rates on an RTX 2080Tl in 4K [it was a 28M
poly car], blurring the line between what is real and what is rendered.



Left: real-world footage. Right rendered with Unity

[Tatarchuk 2019, Courtesy of Unity Technologies]

This video shows off some of the effect they support, such as global reflections,
multi-layer transparency with refraction, area lights, shadows, ambient occlusion
and so much more
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Left: real-world footage. Right rendered with Unity

[Tatarchuk 2019, Courtesy of Unity Technologies]

And here they placed a CG car into the filmed scene with the real-world car.
Unl ess you | ook at subtitles, 1tobs

har d
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[Christophe Schied, NVIDIA Lightspeed Studios

A bunch of games have also announced support for ray tracing, including Control,
Metro Exodus, and Shadow of The Tombraider.

Lately, Quake 2 was modified by Christoph Schied and features real-time path
tracing, with reflections, refraction, shadows, ambient occlusion and GlI.
Thatds not the quake 2 | remember
This version just looks amazing. Mind completely blown.
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And many More...

Assetto Corsa - JX3
Atomic Heart «  Mech Warrior V: Mercenaries
Call of Duty: Modern Warfare « Project DH
Cyberpunk 2077 - Stay in the Light
Enlisted - Vampire: The Masquerade — Bloodlines 2
Justice - Watch Dogs: Legion
Wolfenstein: Youngblood

Just the beginning of real-time ray tracing making its way into game products

We're in for a great ride, and the work is not done! This is super exciting! ©

And this is just the beginning of real-time ray tracing making its way into our products.
So no, webre not done with ray tracing. Webdr
guite a lot of work to do, which is super exciting!



Future Consoles

Holiday 2020

- Microsoft: E3 2019 Keynote, June 9t 2019,
- SONY: What to Expect From SONY’s Next-Gen PlayStation, Wired Magazine, April 16" 2019,
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Oh yeah, and |l etds not forget that t
support for ray tracing in their next iteration.
0 So awesome!

WO maj



State of the Art




Hybrid Rend

Deferred shading Direct shadows ‘ Reflections

(raster) (ray trace or raster) ( v trace) (ray trace or

-
Do

Global lllumination Ambient occlusion Transparency & Translucency Post processing

and ray trace) (ray trace or ) (ray trace and ) ( )
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The common denominator of these products is that they are mostly all built with a
hybrid rendering pipeline that takes advantage of the best of rasterization, compute
and raytracing

The idea is that some techniques are built by chaining some stages after another,
because that stage is best at doing what it does. For example, chaining ray tracing
after generating relevant info stored in a UAV from a compute shader. Or grabbing
all the hits from ray tracing, and shading them in a compute shader.

To do this most have a standard deferred renderer with compute-based lighting,
and a pretty standard post-fx stack.

Parts of the pipeline are injected with ray tracing.
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Reflections

Letds first tal k about reflections!
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"It Just Works": Ray-Traced Reflections in '

Like | said Battlefield shipped with awesome reflections.

Thi

S
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shows how much proper reflections add to a scene

LN

Battlefield V'’ [Deligiannis;201 9]
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Reﬂecﬂons

(@]

(@]

(@]

®

K""l'"

The current idea with real-time ray-traced reflections is that we need more than 1
ray per pixel to fully capture the range of rough-to-smooth materials that a
physically-based pipeline can describe.

This becomes even more complex with multi-layer materials, even for the simple
case like a material that has a base layer, and a finish.

Perfectly sharp reflections are somewhat easy. The fun really starts when
roughness goes up, or when surfaces become smooth.



Launch rays from G-Buffer

Trace at half resolution

Supports arbitrary normal & roughness

Extensive spacial & temporal reconstruction

PROJECT //PICA PICA
SEED//SEARCH FOR EXTRAORDINARY EXPERIENCES DIVISIONS

In the context of a hybrid pipeline, reflections rays are launched from the g-buffer
You can trace in full resolution, but for performance reason people have done it in
half-resolution, which gives you one reflection ray for every 4 pixels.

Then at the hit point, shadows will typically be sampled with another ray. This
totals to ¥ ray per pixel. Alternatively you can sample your existing shadow maps,
if dondt want to |l aunch a recursive rays,
If you want to support varying roughness and arbitrary normals, you will have to do
some amount of reconstruction and filtering.

Some approaches have a maximal roughness level, so you will have to find
another source, like prefiltered environment maps. You can also combine this with
screen space reflections for performance.
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Reflection Pipeline ‘
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Importance Screen-space ,
sampling reflection Raytracing Envmap gap fill

Temporal Spatial

Bilateral cleanup ; .
accumulation reconstruction

He r e 6 s -lemel shmntaty of a hybrid ray tracing pipeline for reflections.

First you generate rays via BRDF importance sampling, which gives you rays that
follow the properties of materials.

Scene intersection can then be done either by screen-space raymarching or ray
tracing. In the video | just showed we only ray trace.

Once intersections are found, you reconstruct the reflected image. This is either
donein-pl ace, or separately for improved
slides.

Your upsampling kernel reuses ray hit information across pixels when upsampling
the image to full-resolution.

Often a last-chance noise cleanup in the form of a cross-bilateral filter runs as the
last step.

coher
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Looking only at the reflections, this is the raw results we get at 1 reflection ray
every 4 pixels.



Spatial

Sl
\ SN reconstruction

tialReconstruction  +f

0  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.

0  Every full resolution pixel basically uses a set of ray hits to reconstruct its

reflection.

Itdés a fancy weighted average where the
contributions.

(@]



Temporal

lemporal Accumulation o
\ - : ' \\ o= accumulation

0  Followed by temporal accumulation



Secondary bilateral filter
Only run where variance high
Variance from spatial reconstruction
Temporally smoothed with hysteresis = 0.5

Much dumber than reconstruction
Introduces blur
Variable kernel width, sample count

0  And finally by a much simpler bilateral filter that removes up some of the
remaining noise.
0 I't overblurs a bit, but itds needed for ¢
0 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 preventit from overblurring, the variance estimate from the spatial
reconstruction pass is used to scale down the bilateral kernel size and sample
count



+Bilatefal cleanup

\\ -~ Bilateral cleanup




And then of course we sprinkle some
everythingd and the remaining noise,
Considering this comes from one quarter rays per pixel per frame, and works

with dynamic camera and object movement
done when reusing spatial and temporal data

TAA
and

(



0  Going back to the raw output, for comparison
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Hybrld RT - SSR

[Deligiannis 2019]

As mentioned, you can also combine screen space reflections with ray tracing. This is
what Jan and Johannes from DICE have presented back at GDC, and featured in
Battlefield 5.
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Hybrid RT & SSR v e &

- Figure out which pixels can rely on

screen space results
= Otherwise, trace in world

SEEENEED NUNEAEGE

RAY B!NNING "It Just Works":

- Performance [Deligiannis 2019] el Ray-Traced

: ; Reflections in
= Variable Rate Tracing . ‘Battlefield V'
[Deligiannis 2019]

. More rays for water & grazing angles
Ray Binning

. .;
Screen |

Ray Spatial Temporal Image

i Binning |t :;‘;f': > B > > L > i Fiter gl Filter
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The general idea when blending between SSR and ray tracing is that one has to
figure out which pixels can rely on screen-space results. Ift h athe&a&se, you can
use that result. Otherwise you trace in the world.

The challenge here is achieving that fine balance and aligning results from screen
space, with results from world space tracing.

Once done the results can look great, as shown here. H e r arboserview of their
whole pipeline, with some performance numbers on a 2080TI. This should give you
a good idea of some of the steps needed to achieve this.

Additionally the folks at DICE have presented an approach that tweaking the ray
count shows significant performance improvement, and binning the rays.

Red high ray count

Blue low ray count

Yellow in Between
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Managing Coherency

Coherency is key for RTRT performance

- adjacent work performing
similar operations & memory access
Camera rays, texture-space shading

- thrash caches, kills
performance
Reflection, shadows, refraction, Monte
Carlo

You're on your own: hardware won't take

care of it for you

¢ O«
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Managing coherency is key for real-time ray tracing performance
You will get some adjacent rays that perform similar operations and memory
accesses, and those will perform well, while some might trash cache and

affect performance
Depending on what techniques you implement, you will have to keep this in
mi nd, as the current hardware wonot

Candt e xofmre tay sorting and coherency construction from total
mess. Still need to tackle coherency upfrontin the technigues & algorithms we
develop.

t



Managing Coherency

Inspiration from Offline

Sort large out-of-core ray .
batches & ray-hits for f;;o"dafy . Rays

deferred sharing 4( Compression & blnnlngj\

Directional bins &

Ready stack

Sorted ray batches\\‘
A

A few options: [Aalto2018]
[Benyoub2019]
[Deligiannis 2019]

«  Use shadow maps for

reflgctlon shédows ) \_(Decompression & sorting )
Split ray tracing and shading
Group shading per material
Limit tracing on roughness

Secondary rays

Emission splats ggge;g;ay

Sorted Deferred Shading for Production Path Tracing [Eisenacher 2013]

0 Here we can take inspiration from offline, and this is what several have
demonstrated.

0  You can use shadow maps for reflection shadows, and therefore not do
recursive rays.

0 You can bin rays, and split tracing and shading

0  You can group shading per material

0  And also limit tracing based on roughness.



Ray Binning
Group rays that are directionally aligned to

maximize coherency [Deligiannis 2019]
[Benyoub 2019] [Majercik 2019]

(@] (@]
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Split the screen in (32x32) tiles
Generate (random) rays

Sort rays in octahedral space for ray
direction binning

For each bin, launch rays

Gather hit results in G-Buffer
Shade in Compute Shader

RAY BINNING
Com [ o [ o |

"It Just Works”: Ray-Traced Reflections in
‘Battlefield V' [Deligiannis 2019]

A Survey of Efficient Representations for
Independent Unit Vectors [Cigolle 2014]

Speaking of managing coherency, grouping rays that are directionally aligned to

maximize coherency

The general idea here is to split the screen in tiles, and sort randomly generated
rays in some kind of space that allows you to bucket them by direction.

Octahedral space is perfect for this.

Then, for each bin you launch the rays and gather the hits, and output to a UAV or

Ghbuffer

You can then light and shade those hits results in a compute shader, which gives

you better control over SIMD usage.



Ambient Occlusion

0 Another technigue that maps and scales well to real-time ray tracing is of course
ambient occlusion.
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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 behind geometry, where the hitpoint is not visible.

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

Rays are typically launched from the gbuffer, and the miss shader is used to figure
outif we 0 hitsomething

You can launch more than 1 ray per frame, but if you limit the ray distance distance
even with one ray per frame you should get some nice gradients

Y o uradstllikely need to filter and reconstruct, as AO can be a bit noisy.



6 1 fatthced Anibient Occlusion in Northlight Engine [Aalto2018]

Some really great results from the folks at Remedy, in the Northlight Engine
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And if we compare with screen space AO, we can totally see that ray traced AO takes
it to another level




Ray-traced AO

Overall it looks so much more grounded!



Shadows

0 Raytraced shadows is obviously another technique where ray tracing shines.
Those are great because they perfectly ground objects in the scene.



[https:/idocs.unrealengine.com/en-US/Engine/Rendering/Ray Tracing/index.htmi]

Here a scene from Unreal Engine 4 that shows how perfect shadows really help in
making a visually-convincing and cohesive image.



Launch ray towards the light

Ray misses = Notin shadow
Soft Shadows?

Random cone directions. Width drives penumbra

-l .
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This is not too complicated to implement. Just launch a ray towards the light, and if

the ray misses youdre not in shadow

Hard shadows are greaté but soft shadows ar
and more representative of the real world

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

light, treating it like an area 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



Hard Raytraced Shadows
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Soft Raytraced Shadows (Unfiltered)

Letds zoom on some det ai
But much better can be done here.

S .

Soft Raytraced Shadows (Filtered)

We get nice

c

o
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Combining Analytic Direct lllumination and Stochastic Shadows [Heitz2018]
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And to this, Heitz, Hill and McGuire have demonstrated an approach that combined
analytic direct illumination and stochastic shadows.

This approach is also implemented in Unity, their soft area light shadows.

In their paper, they propose a ratio estimator that allows correctly combining
analytic illumination techniques with stochastic raytraced shadows.
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Combining Analytic Direct lllumination and Stochastic Shadows [Heitz2018]

By splitting shadowed illumination in two parts -- the analytical part and the
stochastic part -- their method demonstrates how one can obtain sharp and noise-
free shading in the unshadowed part of the image, analytically, and visually-
convincing shadows via stochastic ray tracing.

The advantage of stochastic evaluation only where needed is that the final result
only has noise in the shadows, whereas the rest is handled analytically.

They also denoise shadows separately from illumination, so high-frequency
shading details is kept. This technique is really awesome.



Transparent
Shadows
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Shadows from transparency
Hard to get right with raster [McGuirel7]

Let's flip it around
Trace towards light, like opaque
Accumulate absorption
Product of colors
Thin film approximation
Density absorption easy extension

Can also be soft!

Opaque shadows are cool, but transparent shadows for thick homogenous
mediums are even better!

Transparency is a hard problem in real-time graphics, but with ray tracing new
alternatives are possible

In our case we replace the regular shadow tracing code with a recursive ray trace
through transparent surfaces

As the light travels through the medium we accumulate absorption, multiplicatively
Our current implementation treats this as a thin film approximation, where we
assume all the color is on the surface, for performance

Just like our opaque shadows, transparent shadows can also be soft! We filter
them with a similar SVGF-inspired filter.



Transparent Shadows (1/)
Keep tracing until

This is a simple illustration of what happens

For any surface that needs shadowing, we shoot a ray towards the light

If we hit an opaque surface, or if we miss everything, we can stop

If we hit a transparent surface however, we accumulate absorption based on the
albedo of the object

We keep doing this until 1. all light is absorbed, or 2. We miss in in the trace. 2. We
hit an opaque surface
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Translucent Shadows (Soft)

This is not caustics, as we ignore caustic effects with out approach

We do take Fresnel into account on the boundaries though

It is also important to note that the regular Schlick approximation falls apart when
the IOR on the incident side of the medium is higher than the far side

We use Total-Internal-Reflection Fresnel, and filter the results with our tweaked
SVGF that we mentioned in previous talks
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Unfiltered results on the left, and filtered results on the right.




r Transparent Shadows (hard)

%

Once again, and notice how the colors blend together as the light travels inside the
glass.




rTransparent Shadows (soft)

4

Same thing here, but softly filtered.



This allows us to fix super important issues like these, where the shadow of the
pendés ink tube clearly shows from the | ight



