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Hello, I'm Michat and | work as a Senior Expert Engineer at Infinity Ward Poland. I'm
also the lead ray tracing engineer on Call of Duty franchise.

Today | have for you something that | have been working on and off (mostly off) for
good 7 years. After a full prototype in 2021, 5 years later, | finally found time to put
everything into Call of Duty engine.

Behold...
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Variable Rate Ray Tracing delivers
consistent image quality and performance

by reallocating rays where they matter most.

GGRAPH Advances in Real Time Rendering in Games course. All Rights Reseved

... Variable Rate Ray Tracing.
If you thought — "oh, so like variable rate shading, but for ray tracing?“
It's more than that.

VRRT is an umbrella term | use for couple different functionalities that reallocate
rays to fix common screen space denoising issues. This presentation is just as much
about denoising as it is about ray tracing.

Consistent image quality and performance are ultimate goals for a dynamic
multiplayer action game. If you're familiar with denoising, you might have already
guessed where I'm going with this. If not, I'll be elaborating in detail throughout the
presentation — with lots of videos!
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It's important to establish the context — why do we care about solving specific issues
and how did we come up with our solutions? | will establish this context it in two ways.

First, chronologically, we will go over early Call of Duty engine ray tracing and
denoising experiments and how variable rate shading & ray tracing fits into those.

Second, we'll analyze all denoising issues we came across during our experiments
and show why we need to fix them.

Finally, I'll go over 4 main pillars of our VRRT solution.
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Early RT experiments in Call of Duty




Early RT experiments in Call of Duty

(2019) Call of Duty: Modern Warfare (Infinity Ward)
RT local light shadows (PC)
Per-light TLASes
1440p @ 60Hz RTX 2070
Raygen/denoiser @ 720p
No RT-hit shading

GPU load balancer
Keeps screen-wide average of 4spp per pixel (720p),
adjusts rays per light based on light culling

Raytraced Shadows in Call of Duty: Modern Warfare [Olejnik20]

© 2026 SIGGRAPH Advances in Real- Time Rendering in C

For our first attempt, we wanted to evaluate viability of ray tracing for the future of the
franchise. We choose local light shadows for two reasons: they allowed us to keep
BVH simple thanks to per-light TLASes, and they didn’t require shading — something
that would require larger scale re-work due to lack of bindless support in our F+
engine.

Perhaps our most notable addition to state of the art was the GPU load balancer.
Before (and even years after our title's release) the industry standard was to do
raytraced shadows with 1 denoiser per light, meaning spikes and performance drops
when there were more than 1 light on screen. | would compare it to classic deferred
lighting, while our approach was raytraced equivalent of tiled light culling. Denoiser
could keep track of 4 shadow signals per pixel (so 4 lights per pixel, but those could
be different light for each pixel or in different order), and we used light culling output to
count average number of light per pixel on whole screen and decide on ray count per
light.

You can reference my presentation from 2020 for more details. In the end, the light
load balancer did become a basis for a more generalized load balancer that is
one of the pillars of VRRT (I’'m color coding those pillars in light blue on the slides) —
we will discuss this soon in more detail.



Early RT experiments in Call of Duty

(2020) Call of Duty: Black Ops Cold War (Treyarch)
RT sun/local shadows (PC/PS5/XSX), RTAO (PC)
1440p @ 60Hz on consoles ;
Raygen/denoiser @ 720p
No RT-hit shading

grevancH]

VRRT prototype
720p, with <1spp (1-4 samples per quad)
Based on Software-based VRS in Call of Duty: Modern Warfare [Drobot20]
Not shipped (history invalidation issues on dynamic shadows)

Shadows of Cold War: A Scalable Approach to Shadowing [Myers21]

Shadows of Cold War

At the same time, there was parallel development on Call of Duty: Black Ops Cold
War lead by Treyarch. We ended up shipping similar features with similar constraints
and performance targets. This was also first year of current-gen consoles.

| was asked to help on this project in its last stretch. | quickly realized that raygen
performance on consoles was a bit more of a bottleneck than in Call of Duty: Modern
Warfare. We had an idea to apply principles of variable rate shading to ray tracing - to
lower the effective ray counts. As we already had a successful VRS implementation in
Call of Duty: Modern Warfare (was presented by Michat Drobot in 2020 on this
course), it became the basis for the VRRT implementation.

Unfortunately, we were already ray tracing and denoising in quarter res (1440p =>
720p), and applying VRRT to this to drop resolution/rays even further (720p => 360p)
caused issues with variance-based color clamping on dynamic shadows. I'll be
elaborating more on this throughout the presentation - the important takeaway is that
we needed more reliable way of detecting motion for VRRT to be successful.




Early RT experiments in Call of Duty ‘&’

Initial takeaways:

We barely hit 1440p @ 60Hz with raygen/denoising in 720p on consoles
Dropping below 60Hz not an option
Dropping below 1440p not worth it just for RT shadows

Dubious benefit (relative to performance hit)
Quarter-res RT shadows sometimes worse than full-res shadow map evaluation
BVH & denoising overhead => only pays off if there are more ray-traced features

Final conclusion: wait for hw to catch-up, in the mean time:
Switch engine to bindless (needed for RT hit point shading)

Implement and evaluate RT Reflections/RTGI for runtime

Implement path tracing for lighting artists workflows and engineering & art ground truth-reference

Solve denoising/VRRT issues

In the end, as primarily a multiplayer console title, we realized that it will be hard to
justify ray tracing becoming part of our core engine rendering tech. This was mostly
due to our high standards w.r.t. framerate (120hz performance mode / 60hz quality
mode) and resolution (needed for clarity during firefights). Ray traced shadows and
AO were nice, but they came with major performance penalty — and due to lower
resolution of raygen/denoising, they were not even better than shadow maps 100% of
the time.

In the end, we decided we can slowly build up our ray tracing backend while waiting
for hardware to catch up. Our primary engine development direction was to add
bindless materials and geometry so we can do an uber shader approach necessary
for performant ray hit shading. This was a bit more difficult for us than majority of
other game engines — because we were a primarily F+ pipeline (not deferred) we
became reliant on shader permutations and this needed a major rework to find a good
balance with RT hit point shading. We were also not satisfied with simplified
implementation of bindless shading - we wanted full material feature parity, because
our most immediate interest was path tracing for lighting artists and as a reference
renderer.

Personally, | wanted to focus on solving screen-space denoising issues that |
encountered during those 2 projects — we had major concerns about impact of
denoising artifacts on multi-player gameplay clarity and fairness.



Sidenote:

It's also worth outlining that our need for RTGI wasn't that big, as we already
successfully shipped an 8x8km battle royale on PS4 in 1080p/60Hz in 2019 - with
fully baked high-quality lighting, leveraging our vast server architecture for baking
over network. Over time, we extended this even more.
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-
dutyinfinite-warfare
https://research.activision.com/publications/2020-01/ray-guiding-for-production-
lightmap-baking
https://research.activision.com/publications/2020-09/the-design-and-evolution-of-the-
uberbake-light-baking-system
https://research.activision.com/publications/2021/09/large-scale-global-illumination-in-

call-of-duty
https://research.activision.com/publications/2024/08/Neural Light Grid



https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/archives/precomputed-lighting-in-call-of-dutyinfinite-warfare
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking
https://research.activision.com/publications/2020-01/ray-guiding-for-production-lightmap-baking

We slowly started building up fully-featured ray tracing backend:
(2021) VRRT supersampling (>1spp) denoiser prototype
Load balancing + temporal gradients [Schied18]

(2022) Engine switch to bindless finished => visbuf / path tracing prototypes

(2023) Call of Duty: Modern Warfare 3: 5

Shipped path tracer prototype for MP lobby (quasi photo mode)

Early RT experiments in Call of Duty ‘&’

Not enough visual uplift, discontinued
(2024) Internal PT work continued, RT graphics features work begins
(2025) Call of Duty: Black Ops 7:

RT Reflections (full gloss range + transparent reflections)

VRRT undersampling (<1spp), VRS + VRRT integration
(2026) Call of Duty: Modern Warfare 4:

RT Reflections + RTGI

VRRT supersampling (>1spp),

Load balancing + temporal gradients

And so, we started long-term raytracing work.

In 2021, while waiting for other people to finish bindless, | spent some time
researching VRRT supersampling (i.e. to cast more than 1 ray for pixels with
invalidated temporal history), including generalized load balancer to keep it in
budget. | also added temporal gradients for dynamic event detection, replacing
variance-based color clamping. We will be discussing each of those parts it in detail
later.

With this prototype complete, | finally managed to convince myself that we can fix
common screen space denoising issues. This allowed us to fully embrace ray tracing
future. Alas, this was all done in my prototyping toy engine, and it took years to fully
implement in Call of Duty engine.

In 2022, with basic building blocks for bindless finished, we created a prototype for a
simplified path tracer (simple material model), as well as visibility buffer shading
(which finally ships this year in Call of Duty: Modern Warfare 4, meaning we will have
a hybrid F+/V+ raster pipeline).

In 2023, Nvidia released DLSS-RR (machine learning denoiser + upsampler combo),
and we collaborated on a little path tracing experiment for Call of Duty: Modern
Warfare 3. We choose our MP lobby as a quasi path traced photo mode, where we
could push path tracing to its limit while showcasing it on our hero assets (guns +



characters) in a limited environment. In the end, it turned out that all the incredible
effort that artists and engineers across Activision put into our renderer throughout the
years meant that path tracing didn't add that much visual uplift, so we decided to
abandon this for future releases.

Improving our path tracer still yielded major benefits for our internal tooling, and in
2024 we finally had time to start on runtime ray tracing features.

In 2025, we finally shipped RT reflections on PC, supporting full range of gloss as well
as reflections on transparencies (glass etc.). It also shipped with first basic version of
VRRT that had undersampling with temporal reconstruction — this is the work |
initially failed to make work on Call of Duty: Black Ops Cold War (2020) for shadows.

This year, we want to add RTGI on top of it for Call of Duty Modern Warfare 4. The
denoiser now also supports full VRRT, with all the pillars from my initial 2021
prototype in place. It also supports multi signal denoising, similar to multi-shadow
signal denoising in Call of Duty: Modern Warfare (2019), but generalized for more
workloads, i.e. Reflections + Gl for purposes of retail title, but also e.g. 4 signals for
our internal path tracer (direct/indirect diffuse/specular).

Sidenote:

It's also worth mentioning that fully fledged RTGI that replaces entire baked lighting is
not always a 100% win. In our case, we managed to utilize our baked lighting to
amortize direct lighting as well — for example, we have a concept of static lights (bake
only, for performance optimizations) and residual lighting — e.g. our lights have finite
range in real-time, but the physically correct infinite 1/r*2 falloff is being put in
lightmaps. We can't reliably replicate this with RTGI without adding significant cost,
and the differences are notable, so expect a hybrid RTGI-baked solution.



Early RT experiments in Call of Duty

Our talk focuses on improving various aspects of denoising:

Selective supersampling (>1spp)

to avoid artifacts due to lack of temporal history
Undersampling with temporal reconstruction (<1spp)

to improve performance and reallocate rays where it counts
GPU-driven ray load balancing

to maintain fixed millisecond budget
Dynamic event detection via temporal gradients

and how to avoid variance-based color clamping

Together, those components form Variable Rate Ray Tracing

But first, let's make sure we are all on the same page w.r.t. denoising principles

Those are the 4 main pillars that | consider to be parts of VRRT, and they all aim at

improving various aspects of screen space denoising:

+ Supersampling in places where temporal denoiser didn't converge — to get rid of
artifacts caused by lack of history

* Undersampling with temporal reconstruction — to lower the ray rate in 'safe' areas
(i.e. those with full temporal history) and reallocate them to more important areas

* Load balancer — to maintain fixed millisecond budget, and allow supersampling &
undersampling to balance each other

* Improved dynamic event detection via temporal gradients

When | presented originally on SIGGRAPH, | asked the audience if there is anybody
who knows what temporal gradients are — only one person raised their hand. They
were developed by Christoph Schied for Q2VKPT/Q2RTX, and the original papers
were released before first ray tracing hardware. Perhaps this is the reason they flew
under the rader. | consider them an extremely powerful tool for dynamic event
detection. It's a shame they never became common place in our industry — I think it's
a mistake, and I'll spend more time at the end of the presentation explaining why you
should try them out if you're serious about denoising.

But first things first - let's now go over denoising basics and common artifacts, and
then we'll discuss how VRRT fixes those issues.



9Z0T AN €2-61
2 o 2 6 S3TTIONY SO

N—-—00ax<axI

CALL*DUTY
MODER )_,
WARFAR

Denoising basics




Denoising basics ‘&’

Raw ambient occlusion
4k 1spp
Evaluating random rng

sequence over time

Index in rng sequence
= frame index
Rng seed = screen xy

© 2026 SIGGRAPH Advances in Real Time Renderin

[video] Here's something you're probably familiar even if you never worked on RT —
raw, noisy, importance sampled signal for ambient occlusion with 1 sample per pixel —
this is what we need to make smooth via temporal and spatial filters. Every game
engine already does something like this for non-RT features like SSR or SSAO. The
difference with ray tracing is that we traces are more expensive, so we're usually
limited to ~1spp — it's way more noisy.

Important takeaway is how we evaluate our random numbers for importance
sampling. We treat it as progressive renderer (even if camera moves), and we
evaluate random sequence over time (rng index = frame index). Each pixel has
different seed (determined by pixel xy coordinates), so each pixel evaluates different
uncorrelated random sequence. This is effectively white noise, but it makes it easier
to apply VRRT later.

Sidenote:

If you're new to denoising, I'd recommend starting with Dimitri Zhdan's and Christoph
Schied's work — two different schools of denoising. VRRT itself was based on
SVGF/ASVGF papers from Schied. There are also publicily available denoisers for
Q2VKPT/Q2RTX and NRD on github that you can study. Please refer to bibliography
for links.



Denoising basics @

Temporal accumulation
64 frames

lerp(prev, curr, 1/n)
Disocclusion detection

=> reset frame counter

See [Tardiff]

Reservec

[video] Here you can see temporal denoising in action

e \We can denoise raw signal via temporal accumulation.

e We only need to track current and previous frame color buffer, and we use
exponential smoothing to combine them.
https://en.wikipedia.org/wiki/Exponential _smoothing

e We also store number of samples accumulated inside ray tracing payload and
reproject it.

e We detect disocclusion, and reset the counter when it happens.

e Suffers from temporal lag — more on how to combat it later.

Denoising RT lighting is simpler than temporal anti-aliasing or upsampling, because

we don't need to resolve edges

* We can test each texel In reprojection footprint via depth/normal bilateral filter and
reject them individually (code provided later in the presentation)

 It’s still worth understanding the basics behind TAA — see links in bibliography


https://en.wikipedia.org/wiki/Exponential_smoothing

Denoising basics @

Spatial blur r=8

Atrous filter [Dammertz10]
Edge detection
Unstable
Biased

[video] And here’s spatial denosing with small blur radius

e To avoid temporal lag, we can instead blur the signal with any spatial filter.

e The most popular one is atrous (‘with holes') edge-stopping wavelet filter, but you
can use anything - only need to perform bilateral edge detection to avoid blurring
over geometry edges.

Of course, this will introduce bias to our signal, as we are combining importance
sampled data from different world space positions.

e On top of it, it will be unstable if you use radius that is too small.

Sidenote:

You can try to combat this by using repeatable rng seed in small spatial window (with
radius equal to spatial filter size), but this introduces different kind of bias.



Denoising basics @

Spatial blur r=32

Stable enough for TAA

Even more biased
Overblurs
Detail loss

[video] You can increase spatial filter radius, but this increases bias. It can still be
unstable, but usually low-frequency instabilities are ok as inputs to temporal anti-
aliasing/upsampling.

Side note:

* You can also use dedicated temporal stabilization pass instead (like TAA, but with
wider variance clamp) [Zhdan20]

» Temporal before spatial is called accumulation

» Temporal after spatial is called stabilization

Doing only temporal after spatial means that you're giving up on per-pixel detail from
the start — that's the opposite of we want in Call of Duty, but still viable for low-
frequency signals like Gl if you want to compute them cheaply. State of the art of this
approach was done last year by Doom: The Dark Ages GI, which later combines it
with SSAO to reclaim some of the lost detail [Sousa25]



Denoising basics @

Temporal accumulation
Spatial blur r=8

Good enough...

...Iin simple cases (AQ)

Still rough for MP game

[video] Of course, you can do both temporal and spatial at the same time. By doing
temporal accumulation with smaller spatial blur, you will only see the instability during
couple first frame after disocclusion.

This is often acceptable with simpler signals like AO. But even so, in Call of Duty
most of the action is around your weapon that constantly dissoccludes environment
and enemy players, which negatively impacts visual clarity and therefore gameplay.



Denoising basics — variance-guided filtering ‘&’

Temporal accumulation
Spatial atrous r=32

SVGF - spatial variance-
quided filtering [Schied17]

[video] The real holy grail would be to allow for large spatial filter that stabilizes the
signal, while simultaneously not overblurring the high-frequency detail. And this was
already solved by Christoph Schied in 2017- so before first ray tracing GPU - with
SVGF, which has now become the industry standard.

Details in a moment, but let's see what it looks like on video — it might be a bit

overwhelming, so | advise you to pause video and compare different timestamps.

+ | start by stacking multiple atrous blur passes, increasing effective spatial filter
radius

+ After that, | change the tuneable 'variance sharpness' parameter, and toggle it back
and forth multiple times

* You can see how the sharpness parameter affects spatial filter strength and
preservers indirect contact shadows even with large blur

Note that we need multiple samples to estimate signal variance, that estimate is done
over time by analyzing temporal history — I'll explain soon why it's a problem.
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float ClassicTAA( uint2 dtid
Variance is computed from moments float curr = currTexture[dtid];
X . float = R jectHist ( Text! 3
Just need to track signal + signal*2 o SRR

: . : : : float ml = @;
Classic temporal anti aliasing techniques use et
variance to reduce ghosting (clamp previous fon S ANt = 1 e ?‘ =1 ;
=-1; 3 <=1; ++]

for ( int j

frame color)
float tap = currTexture|[dtid + int2(i, j)I;

See !al’dl!|| ml += tap;
m2 += tap * tap;
ml /= 9.0;
m2 /= 9.8;

float variance = m2 - ml*ml;
float stdDev = sqrt( variance );
prev = clamp( prev, ml - gSigma * stdDev, ml + gSigma * stdDev );

return lerp( curr, prev, 0.95 );

Quick refresher about variance and moments
We need to track signal and signal”*2 to calculate variance.

You're probably familiar with some basic TAA variance-based history color clamping.
We analyze 3x3 pixel area of current frame color, compute variance, and clamp
reprojected previous frame signal to 3x3 mean +- standard deviation (multiplied by
some arbitrary scale).

This effectively happens to limit TAA ghosting to 1px neighborhood — which happens
to be a bit like anti-aliasing. This approach is not perfect, but the core idea is very
elegant.
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void Raygen( uint2 dtid : SV_DispatchThreadID

TAA uses 3x3 curr frame neighbourhood
float result = TraceRay(...);

In denoising, we track moments over time and use float ml = result;
. . . float m2 = result * result;
variance to guide the spatial blur outTexture[dtid] = float2( ml, m2 );

void TemporalDenoiser( uint2 dtid, uint2 reprojectedPos

float currMl
float currM2

currTexture[dtid].x;
currTexture[dtid].y

float prevMl
float prevM2

prevTexture|[reprojectedPos].x;
prevTexture|reprojectedPos]|.y;

float ml1 = lerp( currMl, prevMl, 0.95 );
float m2 = lerp( currM2, prevM2, .95 );

outTexture[dtid] = float2( ml, m2 );

APH Advances in Real Time Rendering in Gz

With SVGF, we instead use temporal variance estimate, meaning we track m1/m2
over time instead of in spatial neighborhood. Fortunately, we don't need to track X
frames of history, we just interpolate an extra moment in the same way we did with
original signal, so it's memory efficient.



Denoising basics — variance-guided filtering

float Weight_Variance( float variance, float centerTap, float tap

float absDelta = abs( centerTap - tap );

// Smaller variance => the closer signals must be to blend

// Bigger variance => blend aggressively

return exp( -gVarianceWeightSharpness * absDelta / variance );

float SpatialDenoiser( uint2 dtid

float currMl = temporalTexture[dtid].x;
float currM2 = temporalTexture[dtid].y;
float variance = currM2 - currMl*currMl;

float sum = currMl;
float weights = 1.8;
for ( int tap = @; tap < nTaps; ++ tap )

int2 tapOffset = ...;
float tapMl = temporalTexture dtid + tapOffset .x;
float w = Weight_Variance( variance, currMl, tapMl ;

sum += tapMl * w;
weights += w;

11111111 00000000 10101100
return sum / weights; Var = 0 Var > 0
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If you have an existing spatial bilateral blur in your engine, variance weighting would
sit just next to classic depth/normal weighting. It just needs per-pixel variance, which
we can calculate from temporal texture.

You can imagine a hard shadow edge. Shadow signal on pixels on one side of it will
be all 0s, and all 1s on the other side => variance is 0, blur weight is 0 => you retain
hard shadow edge.

If you have a soft shadow, pixels in penumbra will have some combinations of Os and
1s, so variance will be > 0 and will smooth out pixels inside a penumbra.
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Temporal variance estimate?
Needs variance weight falloff
Artifacts get worse...

Example A

[video] This is what SVGF looks like in action.

e The obvious problem is what to do when we don't have any temporal history.

e With 1 sample variance is 0, so we need to turn off variance weights to retain any
kind of spatial blur.

e What happens in practice is that we will have strong spatial filter until history
converges, leading to different denoising strength on neighboring areas depending
on accumulated temporal history.

e You can see the artifacts in motion on video.
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Temporal variance estimate?

Needs variance weight falloff

Artifacts get worse...

Example B oy
g

[video] And here is more pronounced example, where you can 'paint' the screen in
artifacts by moving your character model around. It's obvious in first person games
like Call of Duty.
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And AO was easy...
What about shadows?

We need SVGF to accurately

blur penumbras
Much worse errors!
Same for glossy reflections

© 2026 SIGGRAPH Adval

[video] As | mentioned — AO is probably easiest RT feature to denoise — in fact, we
don't really need SVGF just for AO.

But for mixed frequency signals like shadows, we want to have both hard shadow
edges and soft penumbras, and those errors become incredibly distracting. We had
similar problems with sharp reflections in Call of Duty: Black Ops 7 (2025).
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Spatial temperal variance estimate?
As a fallback from temporal

Needs to be smooth to be useful =>
large search radius => more bias =>
defeats the point of SVGF?

Extra cost, hard to tune

Can't relate spatial variance 1:1 to
temporal variance, different set of
tunables, problems in-between
This is getting complicated...
Good as emergency fallback only

at variance, flost centerTap, float tap
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The obvious solution is to utilize spatial fallback. | don't want to spend too much time
dwelling on this — let's just say it's incredibly hard.

You can see the debug overlay | use to tune this — it tracks temporal/spatial variance
estimates, the temporal confidence factor used to blend between those 2 estimates,
as well as variance after each spatial atrous iteration and effective blur weights (that
are smaller with each iteration due to decreasing variance).

Even with such tool, it's too much for a human to tune. This is where machine
learning techniques excel. However, even ML approach will still be fundamentally
limited by the fact that temporal history is empty or short. What if we could fix
that instead? You probably remember that | mentioned using temporal supersampling
for such cases. We'll get to this soon.

The takeaway here is that we can't really escape the consequences of short
temporal history

» Spatial filter is unstable when using small radius with short history

* Increasing radius causes bias

+ Fixing bias with SVGF still leaves issues with variance estimate with short history

The reason why I’'m spending time talking about SVGF is because if you need SVGF
on top of classic spatio/temporal denoiser, it adds another enormous reason to care
about solving denoising artifacts.



Denoising basics — history invalidation

@

Disocclussion is not the only source of instability
We also need to cancel temporal history on motion

Shadows/reflections from moving objects (characters, foliage...)
Need to react quickly

AO/GI lagging can be ok, depends on the context, e.g.:
Dynamic time of day — ok

Occlusion between characters and environment — BAD!

Disocclusion is easy to detect — and already difficult to handle
Invalid history is hard to detect — and equally difficult to handle

But what's state of the art in invalid history detection?

We talked a lot about disocclusion, but temporal history is also cancelled (or rather: it
should be cancelled) when we detect dynamic events, like moving objects, lights,
animated textures etc.

This is crucial for shadows and reflections, a bit less so for low-frequency signals like
AO/GI. You could completely ignore temporal lag from animated sky, and nobody
would notice, but occlusion between characters and environments (especially near
shoes) makes lag very noticeable.

Disocclusion was at least easy to detect, invalid history requires extra work. And if we
don’t do it perfectly, errors will compound through the denoising pipeline.
Unfortunately, the most known state of the art technique is not particularly impressive.
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float ClassicTAA( uint2 dtid

float curr = currTexture[dtid];

float prev = ReprojectHistory( prevTexture );

float ml = @;
float m2 = ©;

for ( int 4 = -1; 4 <= 1; ++1 )
for ( Ant § = -1; § <= 1; ++3 )

float tap = currTexture dtid + int2(i, j)|;

ml += tap;
m2 4= tap * tap;

23
BR

/= 9.8;
/=9.0;

float variance = m2 - ml*mi;
float stdDev = sqrt( variance );

prev = clamp( prev, ml - gSigma * stdDev, ml + gSigma *

return lerp( curr, prev, 0.95 );

@

stdDev );

Remember TAA history clamping to stop ghosting? How would we apply this concept
to temporal denoising?
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@

float TemporalDenciser( uint2 dtid

float curr = currTexture[dtid];
float prev = ReprojectHistory( prevTexture );

float ml = @;
float m2 = 8;

// Change radius to > 1 and you have state-of-the-art history clamping
int radius = 1;

for (int i = -r; i <= r; ++4

for (dnt § = -r; § <= 15 ++3 )

float tap = currTexture dtid + int2(i, 3);
ml += tap;
m2 += tap * tap;

float nTaps = Square( radius * 2 + 1);
ml /= nTaps;

m2 /= nTaps;

float variance = m2 - ml*ml;

float stdDev = sqrt( variance );

prev = clamp( prev, ml - gSigma * stdDev, ml + gSigna * stdDev );

return lerp( curr, prev, 0.95 );
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Increase the spatial radius for variance analysis window and this is pretty much state
of the art.

Of course, there is some nuance, and various techniques that help to improve
variance-based color clamping. But ultimately, we're using a technique not originally
created for our problem (temporal accumulation of noisy signal), and we face
fundamental limitations.

Sidenote:

Relying just on color and its variance information is very limiting. Consider this:
we do have information about per-object (even per-triangle) motion in our game
engines — why are we not utilizing it for denoising? We'll revisit this train of though
later with temporal gradients (one of VRRT pillars).
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Variance clamp OFF
16 temporal frames
Major ghosting

[video] You can see one of my denoising pet peeves — AO lag near character's shoes.
This is without any history rejection.



Denoising basics — history invalidation

Variance clamp ON
16 temporal frames
Less ghosting
Needs tuning... ;
> !
Uses only color buffer => -,,,’z"‘
very arbitrary tuning

[video] We can apply variance-based clamp, but we'll never get it 100% right. It's
especially quite common in games with crowds.

Only tunables we have are spatial radius and scale of standard deviation for our
clamping window — not very human brain friendly.

You can also try toggling between this and previous slide to notice some differences
even in areas without motion.
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Variance clamp Off/On

64 temporal frames

Even completely static
history is overclamped
Also, what about second
moment / temporal history
length after clamp?

[video] Turns out variance clamp can easily over-clamp even static signal, as evident
on video where | toggle the clamp on and off, after all, it only works on color. Here, |
used longer temporal history length. To properly clamp, we should increase size of
variance analysis window to match the length of history, but that’s extra expensive.

Variance-based clamping is not really an invalid history detection scheme, but
rectification. With SVGF, we also must do something about second moment — we can
recompute it based on spatial variance we used for clamp, but it's also a bit of an
arbitrary heuristic. There is also no reasonable way to reset/fade-off history counter,
as rectification happens every frame — not just once — making it hard to stabilize any
history length clamping attempts.

Key takeaway here is that industry standard variance-based color clamping is
simply not good enough — and a major roadblock when it comes to achieving
reliable and high quality temporal denoising.



Denoising basics - summary

Consistency is extremely important for a competitive MP FPS.

By supersampling both, we ensure consistent quality
More reliable det allows to undersample...

With a load balancer, we can ensure consistent performance

is easy to detect

is hard to detect

this is where temporal gradients shine

... and still be able to recover on dynamic event

We went over the basics — artifacts with classic spatio-temporal denoising pipeline,
how SVGF can make them worse, and how unreliable variance-based clamping is.

We can now more clearly see how the VRRT components are going to work together.

Disocclusion is easy to detect - and understand, hence why we started with it.

But invalid history detection is much more complex problem — hence my obsession
with temporal gradients — so we can get rid of variance-based color clamping.
Having reliable invalid history detection means we know where to supersample...
... and crucially allows us undersample other areas while still beeing able to
recover on motion (with clamping, we would have less samples in variance
analysis window, making it ineffective).

Therefore, having high-quality invalid history detection is crucial to VRRT if we want
to truly enforce consistent quality. And for consistent performance, we need a
load balancer.

Let's go over all VRRT pillars, starting with supersampling.
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Variable Rate Ray Tracing - Supersampling ‘Q

Let's start with supersampling
We have a classic denoising pipeline
We want to cast more rays on disoccluded areas

Disocclusion detection must be performed before raygen Ray rate
Need to split reprojection from accumulation

Reprojection performs rejection test on each pixel in reprojected footprint

Request enough rays to fill temporal history

SEinsariialgirts vold TemporalReprojection( float2 reprojecteduV
DenoiserPayload payloads(4] = GetBilinearfootprint( reprojectedUV );
floatd rejectionWeights = GetRejectionWeights( payloads );
tpta(ll: float? bilinearWeights = GetBilinearWeights( reprojectedUV );

float i t ights( rejectionMeights, bilinearWeights ); ‘

FIpye—

2+ sasminusmeights 3| ); ::lerp( payloads @, payloads 1], bi: ;
L ise ::lerp( payloads 2], payloads 3], bilateralWeights.y );
prevPay! serPayload::Lerp( payloadN, payloads, bilateralWeights.z );

reze ta(1] == 0.0 ) B = 1.0 disocclusion 1.8, rejectionWeights ) < g_denoiserConstants.temporal.disocclusionThreshold;
3 int requestedRayRate = cclusion ? g_denoiserConstants.temporal.targetSampleCount : 1;

or do a softer falloff instead
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Unlike with VRS, we are not limited to fixed raster pixel grid, so VRRT is a fully
'software’ solution.

Let's consider how to supersample a disoccluded area. We need to detect
disocclusion before raygen, therefore temporal denoiser must be split into temporal
reprojection and accumulation passes. This way, we can decide how many rays we
want to cast during reprojection , and pass this information to raygen. In simplest
implementation possible, we have a binary decision if we consider pixel disoccluded
or not, then request enough rays to reach full temporal history.

Sidenote:

To fully leverage VRRT, | suggest using per-texel rejection weights in reprojection
footprint (e.g. bilinear) to improve accumulated signal quality (you can keep longer
history if its higher quality). Do not interpolate depth/normals, treat each texel
separately with point sampling and cancel the contribution of disoccluded texels
individually. This is also necessary if you do custom encoding (e.g. RGB9ES5) and
pack multiple signals manually into UINT texture — you need to interpolate those
manually anyway.



Variable Rate Ray Tracing - Supersampling ‘&’

Q: How to handle rng?

. . N Solution is simple - use reprojected rng index (point sampling)
We don’t want to bias Monte Carlo estimator [Kajiya86].

Let's first consider a progressive renderer with a static camera
We want to evaluate a random sequence over time

=
=
o
Frame index = - Ray rate +
Pixel xy = rng seec :: Reprojected
- m naex
What happens when we want to cast 4 rays? :: ng inde
Need to increment rr ex for each ray anany
Next frame doesn’'t know where we ended .
.
Next frame will re-evaluate same rng (so: ray direction) .
.
.
.
.
.
"~ payload. sampleCour urr. sampleCount;
paylosd. + curr. samplecount;
0 " ] =
Framen  sessssWssssnsnsbonnnnnnnnonnnnnns v With a moving camera:
. moving camera:
. " .
Frame n+1 sssssssssssssns - Reproject pixel xy as well (original xy after last invalidation)

In practice, you may get away with skipping this step — the original fixed-ray-rate rng is not
coherent on movement either, but it's a production-proven rendering staple.
ldea extended from A-SVGF [Schied18] (we'll revisit this later)
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There is one quirk we need handle here related to rng used for importance sampling
(idea extended from A-SVGF / temporal gradients paper from Christoph Schied).

In a classic rng scheme that | suggested earlier where we use 'progressive rendering’
with temporal pattern spread over time, we use frame index as rng index into that
temporal pattern (different pattern for each pixel). This is no longer valid if we have
variable number of rays per pixel each frame, as we will start re-using same rng
output (so: casting the same ray twice), as you can see on animation on slides.

Solution is simple — we reproject rng index together with the rest of the payload
(m1/m2/sampleCount). This can start as frame index, but it will be increment by
number of rays for each pixel (see code above). We need to pass rng index from
reprojection pass to raygen and accumulation pass (on top of requested ray rate). It
does not make any sense to do bilinear interpolation on an 'index’, so we use point
sampling — which in practice work very well (phew!).

With moving camera, we technically should reproject starting pixel xy coordiantes as
well, however this can be skipped in practice. The original 'progressive' scheme
before VRRT was also not technically accurate with a moving camera but worked well
and is widely used across industry.

Sidenote: Ideally, we would extend this to support blue noise [Heitz19][Wolfe24] - it's
on my TODO.
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Supersampling off
AO after temporal
Temporal max = 64

[video] First, let's look at temporal output of AO without supersampling (64 samples,
I bumped AO radius high enough that it essentially became sky occlusion — to make
errors more obvious).
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Supersampling on

AO after temporal
Temporal max = 64
VRRT max = 64

[video] Now, with temporal supersampling, you can see that disocclusion area is
barely affected. The minor difference comes from the fact that exponential moving
average technically accumulates 'infinite' number of samples (with weights
approaching zero), even if we clamp the lerp factor.

You can also see the progress bars on the bottom of the screen. Those show how
many rays were requested on entire screen (1.0 = average of 1 per pixel), and how
many were traced (without load balancer those are equal). When it gets red, it means
that part is over budget (which happens here due to lack of load balancer).
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Supersampling on
AO after temporal
Temporal max = 64
VRRT max = 64

[video] Here is a comparison of rng index reprojection (but not pixel xy for rng seed).
Differences are not that huge, but notable. In general, you do not want this kind of
errors compounding across denoising pipeline, and rng index is just a couple bits in
the payload, so | recommend always doing this.



[video] And here we go between VRRT Off / max 16 ray rate request / max 64 ray rate
request per pixel (temporal length = 64 always, vastly exaggerated AO).

Pay attention to overlays on the right. We can see which pixels request more rays
when VRRT is on ("Final shot rays"). We can also see heatmap of history length (after
reprojection and after accumulation). With full VRRT, the "accumulated samples"
stays full.

It's worth noting that even if we do partial supersampling (max 16 rays, 64 temporal
length), it still will be enough for good spatial filter and SVGF, even if temporal history
is not full.
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Basic undersampling @ @ . . @
Quarter rate - pick 1 random active ray per quad
Fixed cost, can be matched with DLSS-RR/FSR-RR
VRS - use variable rate shading mask [Drobot20] @ @ . . .

Load balancing managed by VRS
float rng = BlueloiseSpatioTemporal( uint3( dtid, gFramelndex ) ).x; // <@, 1>
resolvedRays = resolvedRays > rag 7 1 : 8;

With full rate ray tracing — trace all active pixels in a quad £ comnlvedi <19
With quarter rate — pick 1 random active ray from active pixels

Advanced undersampling: 1F ( prevbayload. saspleCount >= g denciserconstants. tesporal . targetsampleCount
Each ray picks probability to be traced <0, 1> float variance = prevPayload.Variance();
) for ((int i =8; i < 4; ++i )
Use noise for thresholding
float threshold = g_denciserConstants.vrrt.varianceskippingThreshald i];

Variance-based ray skipping heuristic: if ( variance ¢ threshold

requestedRayRate = g_denoiserConstants.vrrt, varianceskippingRayRate(i];
break;

If temporal history is full, pick probability based on variance

We use 4 buckets so it's easier to tune, could use a curve
Can start skipping before full history if variance is really low (risky)
Can use global ray rate < 1

On the opposite end, we have undersampling (<1spp) with temporal reconstruction
(upsampling).

In Call of Duty: Black Ops 7, we had following undersampling modes:

* Quarter rate mode — randomize one ray per quad of pixels, with each pixel having
equal probability of casting ray

* VRS-based mode — cast rays for all valid pixels in VRS mask (skip ray for pixels
that do not contribute to the image due to VRS)

* Quarter rate with VRS mode — instead of equal probabilities per quad, we use
equal probabilities for all active pixels in VRS mask

On Call of Duty: Modern Warfare 4, we intend to ship more generalized approach by
allowing each pixel to request 'fractional ray rate', meaning probability of it being
traced — each pixel decides individuall, without being aware of neighbours (like with
previous ,quad” example).

We use a blue noise texture for thresholding and decide if we want to cast given ray
or not. We employ a variance-based ray skipping heuristic, where we wait until
temporal history buffer is full, then we drop ray rate request based on variance. This
allows us to skip rays in 'safe areas'. We use 4 buckets to tune this, but this could be
generalized to a curve. What's nice about this approach is that our last year's quarter
rate mode can be trivially achieved with probabilities of 0.25. Of course, if VRS mask
is inactive for this pixel, we just use probability of 0%.
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. . // Called during TemporalReprojection()
Temporal reconstruction when Undersamp“ng: float4 GetRejectionWeights( DenoiserPayload payloads[4]

During reprojection:

. . . . uint2 centerPixelPos = ...;
Skip empty pixels in reprojection foot print

Gbuffers center = GetCurrFrameGBuffers( centerPixelPos );
Do NOT weight texels by history length (causes swimming)

During accumulation float4 weights = 1.0;
Clamp history length after accumulation for (uint i =8; 1 <45 ++i)

Otherwise active pixel won't have proper contribution after uint2 tapPixelPos = ...;

reaching full history Gbuffers tap = GetPrevFrameGBuffers( tapPixelPos );
void TemporalAccumulation
// Classic bilateral weights.
weights i| *= Weight_Normal( center.vertexNormal, tap.vertexNormal ;
weights i] *= Weight_Distance( center.positionWS, tap.positionWS );

Sum up temporal history with current frame ray count.
payload. sampleCount = prev.sampleCount + curr.sampleCount;
// BAD: Will cause signal swimming.
// Lerp moments

payload.ml = ( prev.ml * prev.sampleCount + curr.ml * curr.sampleCount ) / payload.sampleCount; // weights[i] *= payloads[i].sampleCount;
payload.m2 = ( prev.m2 * prev.sampleCount + curr.m2 * curr.sampleCount ) / payload.sampleCount;

/ Clamp history after accumulation. // GOOD: Reject empty pixels.

payload. sampleCount = min( payload.sampleCount, g_denoiserConstants.temporal.ta ount ); weights i *= payloads i .sampleCount >= 1;
/ Increment sample offset by rays traced in current frame. }

payload.rnglndex = prev.rngIndex + curr.sampleCount; return weights;

payload.rngIndex = payload.rngIndex % 256; // Wrap around (depends on storage format).

es in Real-Time Rendering in (

Before we go onto how load balancer combines supersampling with
undersampling, let's make sure our temporal reconstruction is correct.

Fortunately, temporal reconstruction in denoising is much simpler then TAAU,
because we don't have to resolve the edges.

Remember how | suggested to use per-texel rejection weights in reprojection
footprint? This is partially because we also need to perform 'empty history' rejection
test here as well. Just be sure not to weight the texels by actual history length — this is
known to cause signal swimming and decimates image quality.

After you reach temporal history, you could have following pixels in a quad with
history of: 64, 64, 64, 65 (when max temporal history length is 64). Make sure not to
clamp that 65 too early, or the 'refreshed' sample will not have proper contribution to
temporal filter, and it will cause signal to dissipate over time instead of converging.
See provided code for how to perform correct accumulation.
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Numerical precision issues when undersampling

For development (and your sanity) - keep full precision denoiser implementation
Moments, motion vectors, depth buffer (for world position reconstruction)
Helps with debugging — i.e. is it a precision issue or an actual bug?

In final version — detect quantized moments getting stuck (fp16/rgb9e5/r8unorm)
If fp32 value after accumulation is different from history value, but they are the
same after quantization — push it by 1 bit manually
Happens more often with longer history length

uint FpléQuantizationCorrection( float accumValue, float prevValue

uint accumFplé = f32tofle( accumValue );
uint prevFplé = f32tofl6( prevValue );

bool stuck = ( accumValue != prevValue ) &% ( accumFplé == prevFplé );
if ( stuck )

accumFplé = accumValue > prevValue ? min( accumFplé + 1, ©x7BFF ) : max( accumFpl6, 1lu ) - 1;
return accumFplé;
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I would recommend always keeping a full precision implementation (for signals, depth
- for world position reconstruction, motion vectors etc.) to be able to separate
numerical precision issues from implementation bugs.

Then, when using quantized values (e.g. fp16) for 'final' product, make sure manually
detect potential stuck signals. It's possible that value before and after temporal
accumulation is different, but it is the same when quantized as lower precision — in
that case, push it manually by 1 bit into direction the uncompressed values changed.
As an example, if you use R8 _UNORM encoding for shadow signal, and there is a
completely unshadowed (1.0) pixel that accidently failed to reject its history (0.0) after
occluder moved away , it will start interpolating slowly to 1.0 but with 64 frames of
temporal history epsilon will get so small it will get stuck around 0.8 and never reach
1.0.



Variable Rate Ray Tracing - Undersampling ‘Q

Spatial reconstruction when undersampling
If temporal reconstruction failed (e.g. on first frame when global ray rate < 1)
Leverage spatial blur
Turn off variance weights for empty pixels
Keep normal/distance weights
Optional: track weighted/unweighted result and pick the latter if sumWeights < 1 (flood fill)

If you use < 1.0 global ray rate, you need to handle first few frames on camera cut,
when some pixels are fully black. This is easiest achieved with leveraging spatial blur
to fill in the gaps by removing variance weights. You can also remove depth/normal
weights if you couldn't find any relevant pixels as it's usually better than black pixels.
In our implementation, spatial output is NOT beeing fed to temporal (like in 'Recurrent
blurs' approach linked earlier), so it won't get stuck in history.



]
¥ VRRT Denoiser
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[video] Temporal reconstruction with static camera

+ Full rate vs quarter rate (raw)

* Full rate temporal convergence

* Quarter rate temporal convergence

Ideally, this will only happen on camera cut, because with partial screen invalidation

we will always supersample quickly.
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[video] Temporal reconstruction with dynamic camera

* Full rate in motion

* Quarter rate in motion — signal gets a bit more dissipated in motion due to lower
ray rate, but eventually converges back to full sharpness after stopping

Note: blurriness without temporal is due to disabled spatial variance estimate

(variance weights are off until temporal history converges, causing over blurring)



Variable Rate Ray Tracing — Load balancing ‘Q

Load balancer VRRT_MIN_RAY_RATE 64 // Read as 1/x.

Water ﬁ||ing algorithm ‘ =fine VRRT_MAX_RAY_RATE 16 // Read as x.
Specify target average per-pixel ray rate, e.g. 1.5 float VrrtBucketToRayRate( int bucketIndex
Setup bucketIndex -= VRRT_MIN_RAY_RATE;

return bucketIndex >= @ ? float(bucketIndex) + 1.8 : 1.8 / float(-bucketIndex);

Each pixel requests ray rate

Quantize ray rate requests into buckets

Sum up number of pixels in each bucket

Sum up all ray rates on screen

Best done at the end of temporal reprojection shader @ e
If over budget:

Find highest spp bucket with non 0 pixel count
Drop those pixels to lower bucket @ o
Repeat until in budget

This is your ,bucket threshold”
Clamp all pixels to "bucket threshold"

If under budget — do reverse (start from lowest buckets)

CROXC)
CRORS
000
000
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[animated slide] Our current load balancing algorithm errs on the side of simplicity.

We want to achieve a fixed budget per frame (same number of rays each frame) - this
is expressed as an 'average rays per pixel' slider, e.g. 1.5. Each pixel decides its own
requested ray rate in isolation (so via approaches described in supersampling and
undersampling sections), and those need to be quantized into buckets so we can
properly count (globally) number of pixels in each bucket, as well as total screen sum
of all ray rates. In fact, you can specify ray rate requests in already quantized index
instead and skip quantization step.

Counters for each bucket can be accumulated at the end of temporal reprojection
shader, which already has all important data determining ray rates fetched. You can
do it at virtually no extra cost by leveraging InterlockedAdd on groupshared memory,
then reswizzling values within compute group so each lane performs InterlockedAdd
on separate bucket index (i.e. you shouldn't use InterlockedAdd on global memory
using the same address on multiple threads within compute group)

To apply load balancing, e.g. when total screen sum of rays is over budget, we just
find the highest bucket with any active pixel, and we drop those pixels 1 bucket lower,
until we are in budget. For under budget case, we do opposite. This means load
balancer doesn't work on per-pixel ray requests, only determines thresholding
on bucket level.
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Load balancer - refinement

Imagine fully converged image:
All pixels request 1 ray => we bump them to 2...
... when target was 1.5

Refine with foveated prioritization via rings

Find ,ring threshold” inside your ,bucket threshold”

Need counters for each bucket in each ring
Now inner half of screen casts 2 rays, outer casts 1 ray
Could be instead refined with fractional >1 buckets

COMPUTE_GROUP_SIZE 16
VRRT_RING_DIM uint2( COMPUTE_GROUP_SIZE * 2, COMPUTE_GROUP_SIZE )

rriGetRingCount

DIVIDE_AND_ROUND_UP( gRenderTargetSize, VRRT_RING DIM );
nTiles.x, nTiles.y ) / 2;

E.g. 1.5 ray rate bucket, then use stochastic it yertcetain
thresholding like for <1 ray rate buckets Wil - ovIoE , R00 9

DIVIDE_AND_ROUND_UP( gRenderTargetSize, VRRT_RING_DIM );
= select{ tileld.xy < nTiles / 2, tileld.xy, nTiles - tileld.xy - 1 );
ringld.x, ringld.y);

This approach has an obvious fail case due to its coarseness, e.g. we can bump all
pixels in one bucket, but not a fraction of those pixels, so we can overestimate. To fix
this, we refine the search with 'rings' (pictured, not very round, but can be computed
trivially and synced to compute group size for easier math). So, on top of 'bucket
threshold' we need to find 'ring threshold' inside this bucket, so we can do a partial
bucket bump. This requires us to add extra counters for each ring (each ring x each
bucket), but this also is cheap to do at the end of reprojection shader.

This allows us to do 'foveated' prioritization, when inner part of the screen will have 1
more ray than outer part in given bucket — we usually want better quality near the
center, especially in an FPS.

Of course, we could expand our approach to do fractional buckets that are > 1 (and
spread those rays uniformly across the screen), and leverage thresholding via noise
like with undersampling, but this increases bucket counts significantly, so it is not
trivial.



Variable Rate Ray Tracing — Load balancing

Load balancer pass
Naive 1 thread dispatch that finds:
Bucket threshold
Ring threshold
Can be optimized to 1 group with LDS pre-load
< 0.01ms even with 80 buckets and 60 rings (4k)
Ideally just stick it somewhere on async compute

5RAPH Advances in Real- Time Rendering in G

The load balancer itself is a trivial program that runs on single shader lane (or single
group, if you want to prefetch buckets using LDS). The inner nested loop can have a
lot of iterations, but since it's a single thread we can get away with it. This is
something | would like to revisit (e.g. when doing fractional > 1 buckets). Code
provided for your convenience.
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VRRT Apply / Produce ray args

Cheap full screen dispatch uint VrrtApply( uint2 dtid, int bucket, int bucketThreshold, int ringThreshold, bool overBudget
Reads ray rate requests texture: int isInnerPixel = VrrtGetRingId( dtid ) > ringThreshold ? 1 : 8;

App“es thresholdin if ( overBudget && bucket >= bucketThreshold )

Does stochastic test on bucket = bucketThreshold - 1 + isInnerPixel;

if ( loverBudget && bucket <= bucketThreshold )

fractional ray rates bucket = bucketThreshold + isInnerPixel;

Produces ray args: // Transform bucket index to actual ray rate.

Indirect dispatch args float resolvedRays = VrrtBucketToRayRate( bucket );
: K if ( resolvedRays < 1.0 )
Thread descriptors with {

float rng = BlueNoiseSpatioTemporal( uint3( dtid, gFrameIndex ) ).x; // <@, 1>

ray count and rng offset
y 9 resolvedRays = resolvedRays > rng ? 1 : 9;

[Drobot20] [Hammer25]

return (uint)resolvedRays;
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Most of the cost of ray balancing comes from pass that needs to 'trim' ray requests to
buckets/ring thresholds we found. Fortunately, it only needs to read one small texture,
and the code for thresholding is very simple, so cost is miniscule. This pass also must
compute indirect dispatch args for raygen shader and a buffer (list) with thread
descriptors (ray count, rng offset, pixel xy coordinates). This can also be made almost
free — utilize WavePrefixSum + InterlockedAdd on groupshared memory for your
buffer counter and for computing output indices for each thread.
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Tips
Either sort threads so higher ray counts go first (to avoid long waves stalling entire pass)
or splat pixels with multiple rays to multiple threads

helps with vgprs due to lack of loop
will require extra work to add results for each pixel — might not be worth it

Do not use actual IndirectRaygen on NVIDIA — up to 2x slower
use direct raygen and early out trailing threads (should be within margin of error with load balancer)

When using split raygen and hit point shading
Instead of full screen texture/buffer storing shading inputs, make it an atlas/buffer

Use the previously set global target ray rate (e.g. 1.5) to determine atlas/buffer size

Here are some implementation tips you can use. We currently use split
TraceRay/Shading, and we employ bucketing based on hit geometry/material
features, so each ray (even with supersampling) has its own thread, and we have a
small pass that adds them up together before temporal accumulation.




Disocclusion artifacts

[video]
VRRT off



DXR Géneral DXR Debug DXR Config

¥ VRRT Denois:
Dafault VRRT

[video]

+ Supersampling on

+ Disocclusion artifacts fixed

* But overbudget

+ See ,final shot rays” (bottom bar)



[video]

Supersampling on

Load balancing on

In budget

But not enough rays to fully fix disocclusion
Still better than no supersampling
Probably enough samples for SVGF

But we can do better



+ ERIDRRBAERN OXR General DXR Debig DXR Confiy
» Maj

orall VRRT Full  ~

[video]

Supersampling on

Under sampling on

Load balancing on

Disocclusion artifacts fixed

We moved rays from stable areas to unstable
While maintaining ray budget
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We are not done yet
Need to detect movement and restart temporal history
SO we can supersample
Variance-based color clamping = invalid history rectification
Temporal gradients = invalid history detection

Also known as A-SVGF [Schied18]

Continuation of SVGF [Schied17]

Full summary in Path Tracing for Quake Il in Two Months [Schied19]
See code in:

Quake 2 Vulkan Path Tracing [Q2VKPT]

Quake 2 RTX [Q2RTX]
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Now that we have reliable method of moving rays where they matter most, we 'just'
need to handle dynamic event detection and history rejection, so we can apply the
same principles as for disocclusion. As explained earlier, variance-based color
clamping is not a 'detection' algorithm, but more of a history rectification algorithm.
We want something better.

Thankfully, Christoph Schied, author of SVGF, did a follow-up paper that introduced
concept of temporal gradients, which is an excellent variance-based clamping
alternative.

| strongly recommend getting familiar with available materials on topic of temporal
gradients. The main paper is more abstract, but there is both a practical presentation
on the core concept linked on the slide, as well as two different open-source
implementations available. It's a bit more engine-side work than variance-based
clamping, but it's a very powerful tool. | think we're really sleeping on this as an
industry.



Variable Rate Ray Tracing — Temporal gradients

s

Temporal gradients as in Q2VKPT: e o Forward
- . . P projection
Divide screen into strata (e.g. 3x3 tiles) : v

Pick one pixel per stratum to trace exact same ray as in
previous frame
Need to reproject all inputs that affect ray origin and direction
Output incoming radiance delta to texture (1/3rd res x/y)
Compare against previous frame y
This is screen space temporal gradient estimate [
Blur the estimate (e.g. atrous)

Screen space
estimate blur

Sample in temporal pass to clamp history frame counter
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The main concept behind temporal gradients, as implemented in Q2VKPT is as
follows: divide your raygen into small tiles (3x3 in Q2VKPT), pick random pixel per tile
and cast exact same ray as in previous frame — then compare incoming radiance, and
output it to a small texture. This is your temporal gradient, aka rate of change in
radiance. It's a coarse screeen space estimate, so it needs to be blurred to be useful,
but it allows you to detect which parts of your screen (more or less) have dynamic

lighting events going on. You can use to clamp your temporal history buffer length
(this is an arbitrary tunable).

In order to cast the same ray, we need to reproject all data from previous frame that
affect ray origin and direction. Refer to code on later slides for more details.
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Temporal gradients in Call of Duty: Modern Warfare 4 Forward
; . jecti
Move gradient calculation to a separate pass e
Extra raygen, but arbitrarily low res so still cheap Temporal gradient
Removes Monte Carlo bias from the main raygen : e i
Use blurred estimate during temporal reprojection : T
Cancels temporal history — same place as disocclusion  : estimate blur
Supersample invalidated areas i |
With undersampling: (O ray) [ ]
Pass bitmask of previous frame active pixels to
forward projection, use it to choose sample in stratum ===

© 2026 SIGGRAPH Advances in Real- Time Rendering in Game: ur

In Call of Duty, we implemented temporal gradients as a prepass — a separate,
smaller raygen, that computes temporal gradients before main raygen. This allows us
to have temporal gradient information available before we make decision where to
cast main rays, so it can be fed into temporal reprojection pass — next to disocclusion
data — to determine the rate rates.

There is an extra cost to such pass due to extra rays, but temporal gradients are
powerful even in lower res (e.g. 8x8 downsample), and the downsides of lower res
are automatically mitigated by VRRT supersampling. As long as in average case
temporal gradient estimate covers only a small portion of the screen, we should be
able to supersample those areas while fitting into ray budget.
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veld ForwardProject sint2 Jint stratusSize, uint frameIndex, uint? activePixelBitmaskTileBxs

Implementation details:
Gradients are higher quality with forward projection, see A-SVGF paper
Must plug entire shading to reprojected rng index/seed
alpha dither, stochastic layer blending
otherwise you get persistent false positives
Easy to kill samples you don’t want on specific occluders
Definitely should kill samples hitting objects that changed lods
Temporal gradient resolution can be very low
Even 8x8 stratum - still very useful information! ' stactingsrices
Skip bilateral weights — better overestimate than underestimate
Overestimation is much less of an issue with VRRT
With undersampling
Don't go too low with ray rates, rule of thumb: lowest ray rate = half of gradient [,
stratum, e.g. 8x8 stratum => 1 ray per 4x4 => rate = 1/16
Otherwise you may be lacking active pixels for gradient computation =>
dangerous, you need gradient to recover on movement when undersampling .
Forward projection causes contention on output ¢ S
that's ok, but can be resolved with some extra cost (see code) gl 430,171 - ¢ st

x, activePixelBitmaskTilesxs );
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The devil is in the details, so | wrote down some practical tips for temporal gradients
implementation and code sample — should be a bit easier to read for initial recon than
Q2VKPT/RTX github repos where you need to jump between different files.

The most important thing is that when casting rays for temporal gradients, entire
shader must be 'plugged' into the same rng that was used last frame — otherwise you
will get persistent false positives which will needlessly be supersampled by VRRT.



[video] This is what temporal gradients look like in action
+ Temporal gradients on (8x8 stratum)

* Temporal + spatial + TAA

* Supersampling + undersampling + load balancing
+ Observe temporal gradient overlays at the bottom

» And shot rays / temporal overlays on the right

* No variance clamping, yet no ghosting

+ Stable AO everywhere

+ Even on movement

* Not enough rays when NPC gets close

» But still over 1spp




[video] Here | go over all debug overlays in a more dynamic scenario

(Debug overlays off) Indirect lighting with RTAO

AO after temporal — static areas stable, dynamic (around cars) invalidated by
temporal gradients

AO after spatial — stable even on dynamic areas (overbudget, but still > 1spp giving
stable blur)

Raw temporal gradient — coarse

Blurred temporal gradient — properly catches vehicle movement

Reprojected samples — heatmap of temporal history length after invalidation by
temporal gradients

Accumulated samples — same heatmap, but after raygen, including supersampled
areas

AO after spatial — again, this time for enemy NPCs — see that there is no temporal
lag and moving AO is stable

(Debug overlays off) - indirect lighting, you can now observer all overlays at the
same time — worth going over couple times to see different interactions!
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Gradient sample

Forward Temporal gradient Screen space (0th ray)
projection raygen estimate blur .
2 H
. Load
balancer
VRS - : A
shading * Brsmrrssnsssnss s

rate *
- (]
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[animated slide] The full pipeline is as follows:
e (Middle row) We start with raygen
o Temporal reprojection happens before — uses multiple sources to
determine ray rates
o Load balancer is a small dispatch — computes ray rate thresholds
o Next pass clamps or bumps ray rates after load balancing — and produces
indirect args for raygen dispatch with thread descriptors
e (Top row) We can optionally also compute temporal gradients (in arbitrary lower
resolution)
o We compare output of temporal gradient pass against Oth ray from previous
frame to compute final screen space estimate and we blur it
e (Bottom row) Then everything goes as in classic denoising pipeline
o Temporal accumulation is good place to do firefly clamping (and variance-
based clamp, if you still want to use it)
o TAA determines active pixels for variable rate shading — this information is
fed to next frame ray rate calculation

Temporal reprojection pass is where most of the magic happens, as it’s perfect place
to feed all sources of data that affect ray rate calculation and make the final decision
(disocclusion, temporal gradients, vrs mask)
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Variable Rate Ray Tracing - Conclusions

@

We created a holistic framework that can:

Detect motion via temporal gradients
while still leaving the door open for variance-based color clamping
Supersample unstable areas
that have temporal history invalided via motion or disocclusion
Undersample stable areas
while being able to recover on motion without any issues
Apply load balancing to move rays from stable to unstable areas
while maintaining fixed ray budget

This ensures both consistent quality and performance.

SRAPH Advances in Real Time Rendering in G

Now that we have all building blocks of VRRT, let's sum up how they fit together
(notice color coding on the slide).

Having a reliable way of detecting motion really brings this framework together, as
now we don't have any major sources of uncertainty when it comes to temporal
history validity.

We can supersample unstable areas easily and undersample those that are stable
while (crucialy!) being able to recover without any frame delay when something starts
moving — this is because temporal gradients are computed by prepass, which
wouldn't be possible to do with variance clamping because signal would be too
sparse with undersampling.

Load balancer ties this together — allows us to cast fixed number of rays without
exceeding the budget and automatically bumps average ray rate (so improves image
quality) if nothing is happening on the screen.

This is how we achieve consistent performance overhead and consistent quality — we
significantly raised the bar of the worst-case scenario for denoising.



Variable Rate Ray Tracing - Conclusions ‘&’
[ms] [ms]

Minimal overhead that pays for itself:
Small fixed overhead:

Load balancer

Reproject - 0.13

Temporal split (reproject & accumulate) Accumulate 015-0 4 0.09-015
Less or no need for: Spatial variance 0.11 -

Spatial variance estimation "

Saraureihased e Spatial blur 4x0.13 4x0.13
Tunable: AO Raygen 0.28 0.31

Temporal gradient resolution Gradient raygen 8x8 - 0.05
Smarter rays > more rays Load balancer “ 003

g 100,
Qverhead can be recovered by lowering ray budget 5-10% ST 0.95-1.20 113119

Can use fractional global ray rate — it's now a slider = scalability
Scales better with expensive raygen (complex BVH or hit shading) Variance clamp Is off with VRRT

Raygen overhead with VRRT due to indirect dispatch

Accumulate spread on variance/firefly-clamp radius
VRAM cost: +144MB for denoiser; +OMB for VRRT, +12MB for 8x8 temporal gradient
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VRRT improves upon classic screen space denoising while maintaining minimal
overhead — there is some fixed cost, however this easily pays for itself, and you can
easily recover this cost by lowering ray rate a little bit (since it's now effectively a float

slider). Compared to the overhead of non-VRRT denoising the extra cost of VRRT is
negligible.

In my experience it's always worth it, because without VRRT we waste a huge chunk
of our ray budget doing nothing.
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Game-specific tunability:
Temporal gradients can be scaled based on both receiver and occluder properties
Balance responsiveness and clarity depending on content and RT features
Incorporate game engine information (motion) into denoising — impossible with variance clamp
Ray-rate can be based on receiver properties allowing you to adjust quality based on gameplay needs
Sudden problems can be solved by brute force (use more rays) and refined |later

What | personally like the most about how temporal gradients integrate into VRRT is
the more human friendly tunables (compared to variance-based clamping). We can
now leverage in-game information about properties of receivers and occluders
(materials, geometry, motion), to tune our heuristics between lighting responsiveness
and clarity. For average gameplay scenario you may want more general heuristics,
but you still have the possibility to tune VRRT for specific scenario e.g. when
polishing a cutscene. Previously, any jira that | got on denoising quality could be only
met with a shrugging "l can try improve it but it will break something else". Now | have
actual new tool in my toolbox.
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And this just a warm up! So many ideas to try out — some possible because of VRRT, some finally feasible!

How far can we push undersampling (and how much can we stress temporal gradients)?
VRRT in non-native res - can we rely on temporal reconstruction?
How to use blue noise with rng index reprojection without losing its properties [Heitz19]?
Ray rate requests based on post-fx like depth of field or motion blur
VRRT with spherical harmonics/gaussians/Lumen-like probes
Hook the shading/ray-rate slider to the GPU frame timer — instead of dynamic resolution
Load balancing spatial denoiser performance (number of samples/iterations and/or radius) based on variance/VRS rates
Stochastic direct lighting leveraging VRRT fo scale localy based on per-pixel light counts
Hybrid bake / RT systems
Partial bakes - marking difficult areas for RT
Prebaked ray guiding determining ray rates
Load bhalancing
Across raygens (Gl/Reflections/Shadows)
Depending on scene material composition (gloss cutoff)
Between opaque and transparent reflections
Applying lessons learnt to VRS
Load balancer and proper temporal reconstruction/upsampling for VRS
VRS with 8/16 samples + super low ray rates = full visual parity on Switch 2 with RT? 120Hz RT next-gen mode?

APH Advances in Real Time Rendering in Gz

It took me many years to finally introduce full VRRT into Call of Duty engine, but this
is just a start for us, not the end. There is a ton of potential research that we want to
do over next few years. | believe this might be our main battleground when it comes
to squeezing every bit of quality and performance from our future, RT-oriented,
version of the engine. Those are just a couple of ideas that | wrote down from top of
my head! I'm not going to go over this now, because it would take another couple
hours.
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You can start implementation by extending your denoiser step by step with:

Supersampling
tile-based requests first — works good enough!
split reprojection from accumulation and use disocclusion for ray rate requests

Load balancing
easier to do without fractional ray rates

Temporal gradients
See Q2VKPT/Q2RTX code for reference

Undersampling
First only for full history - to gauge how much it can boost supersampling

Then temporal reconstruction
RTAO/Shadows are easiest (no shading). Temporal gradient and undersampling can be swapped around.

s

I hope | convinced you of how useful VRRT is, and that I've fully realized my initial
pitch in the beginning of this talk. It's an extension of classic denoising pipeline, so
you can start step by step by extending your denoiser step by step. | wrote down my

tips in what order to do it best.
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Thank you!

Enormus gratitude to ray tracing team folks at Activision
for all the hard work over the years:

Félix Bridault

Patrick Ahrens

Matthew Dibble

Kamil Grodecki
Big thanks to Michat Drobot, for supporting this research
To Christoph Schied, for pioneering the research on which VRRT was builli
To colleagues from Nvidia, AMD, and Intel — for discussions and ideas
To everybody involved in Advances in Real-Time Rendering course —
endless source of inspiration and motivation
... and to my two assistants

L CALL=DUTY
You can always find me here: molejnik@infinityward.com, olej3d @ twitter MDDEF\'I\E;(}_
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GRAPH Advances in Real Time Rendering in Ga



Bibliography @

Denoising Temporal anti-aliasing & variance-based clamping
[Dammertz10] Edge-Avoiding A-Trous Wavelet Transform for Fast Global lllumination Filtering
[Mattausch10] High-Quality Screen-Space Ambient Occlusicn using Temporal Coherence

[Lottes11] TSSAA (Temporal Super-Sampling AA) - no longer available online

[Bavoil12] Stable SSAQ in Battlefield 3 with Selective Temporal Filtering [Karis14] High-Quality Temporal Supersampling

[Stachowiak15] Stochastic Screen-Space Refiections [Drobot14] Hybrid Reconstruction Anti-Aliasing

[Schied17] Spatiotemporal Variance-Guided Filtering: Real-Time Reconstruction for Path-Traced Global lllumination [Xu16] Temporal Antialiasing in Uncharted 4

[Schied18] Gradient Estimation for Real-Time Adaptive Temporal Filtering [Salvi16] An excursion in temporal supersamplin

[Schied19] Real-Time Path Tracing and Denoising in 'Quake 2' B

[Zhdan18] Exploring Raytraced Future in Metro Exodus [Pedersen16] Temporal Reprojection Anti-Aliasing in INSIDE

[Zhdan20] Fast dencising with self-stabilizing recurrent blurs [Jimenez16] Filmic SMAA: Sharp Morphological and Temporal Antialiasing
[Stachowiak22] Kajiva Gilobal lllumination Overview [Jimenez17] Dynamic Temporal Antialiasing in Call of Duty: Infinite Warfare

[Kostas22] Raytraced global ilumination dencising

ardiffl Temporal Antialiasing Starter Pack
[Sousa25] Fast as Hell: idTech8 Global lllumination [Tardif]

[Pikulski25] Optimizing | variance-guided filtering for modern GPU architectures
Raytracing:
Denoisers with pUb"C source code [Olejnik20] Raytraced Shadows in Call of Duty: Modern Warfare
AL A S22 Tims Lenoser [Myers21] Shadows of Cold War: A Scalable Approach to Shadowing
Kajiya (MIT)
Quake 2 Vulkan Path Tracing (GPL 2.0)
Quake 2 RIX(GPL20) Variable Rate Shading:
Sampling [Drobot20] Software-Based Variable Rate Shading in Call of Duty: Modern Warfare

[Kajlya86] The Rendering Ecuation [Hable24] Variable Rate Shading with Visibility Buffer Rendering

i

[Heitz 18] A Low-Discrepancy Sampler that Distributes Monte Carlo Errors as a Blue Noise in Screen Space [Hammer23] Variable-Rate Compute Shaders in DOOM: The Dark Ages
[Wolfe24] Filter-Adapted Spatio-Temporal Sampling for Real-Time Rendering

Time Rendering in Games cou




UPEN ROLES - CALL OF DUTY & WARZONE

/3 SDFTWARE ENGINEER, GAMEPLAY - CALL OF DUTY
* @ Multiple Locations
#% ) SENIOR GAME DESIGNER - CALL OF DUTY
@ Multiple Locations
nal SENIOR TECHNICAL DESIGNER - CALL OF DUTY
>/ Q Multiple Locations

\ (e Auntn DESIGNER - CALL OF DUTY
/@ Multiple Locations
SENIOR PRUDUCER CALL OF DUTY
© Multiole
BUILD THE FUTURE OF /74 LIVE OPERATIONS DESIGNER - WARZONE

CALL OF DUTY & WARZONE

Sonis b e i TOOLS PROGRAMMER - WARZONE
CLASS TEAMS F/  FRANCHISE IMPACT 4 Q Mult

(77" ANTICHEAT ENGINEER - CALL OF DUTY & WARZONE
CAREERS.ACTIVISION.COM | APPLY TODAY! Y/ Q Multiple Locations



	Introduction
	Slide 1: Variable Rate Ray Tracing in Call of Duty:  Modern Warfare 4
	Slide 2
	Slide 3: Agenda

	RT in COD
	Slide 4
	Slide 5: Early RT experiments in Call of Duty
	Slide 6: Early RT experiments in Call of Duty
	Slide 7: Early RT experiments in Call of Duty
	Slide 8: Early RT experiments in Call of Duty
	Slide 9: Early RT experiments in Call of Duty

	Denoising - Basics
	Slide 10
	Slide 11: Denoising basics
	Slide 12: Denoising basics
	Slide 13: Denoising basics
	Slide 14: Denoising basics
	Slide 15: Denoising basics

	Denoising - SVGF
	Slide 16: Denoising basics – variance-guided filtering
	Slide 17: Denoising basics – variance-guided filtering
	Slide 18: Denoising basics – variance-guided filtering
	Slide 19: Denoising basics – variance-guided filtering
	Slide 20: Denoising basics – variance-guided filtering
	Slide 21: Denoising basics – variance-guided filtering
	Slide 22: Denoising basics – variance-guided filtering
	Slide 23: Denoising basics – variance-guided filtering

	Denoising - Clamping
	Slide 24: Denoising basics – history invalidation
	Slide 25: Denoising basics – history invalidation
	Slide 26: Denoising basics – history invalidation
	Slide 27: Denoising basics – history invalidation
	Slide 28: Denoising basics – history invalidation
	Slide 29: Denoising basics – history invalidation
	Slide 30: Denoising basics - summary

	VRRT - Supersampling
	Slide 31
	Slide 32: Variable Rate Ray Tracing - Supersampling
	Slide 33: Variable Rate Ray Tracing - Supersampling
	Slide 34: Variable Rate Ray Tracing - Supersampling
	Slide 35: Variable Rate Ray Tracing - Supersampling
	Slide 36: Variable Rate Ray Tracing - Supersampling
	Slide 37

	VRRT - Undersampling
	Slide 38: Variable Rate Ray Tracing - Undersampling
	Slide 39: Variable Rate Ray Tracing - Undersampling
	Slide 40: Variable Rate Ray Tracing - Undersampling
	Slide 41: Variable Rate Ray Tracing - Undersampling
	Slide 42: Variable Rate Ray Tracing – Undersampling
	Slide 43: Variable Rate Ray Tracing – Undersampling

	VRRT - Load balancing
	Slide 44: Variable Rate Ray Tracing – Load balancing
	Slide 45: Variable Rate Ray Tracing – Load balancing
	Slide 46: Variable Rate Ray Tracing – Load balancing
	Slide 47: Variable Rate Ray Tracing – Load balancing
	Slide 48: Variable Rate Ray Tracing – Load balancing
	Slide 49: Variable Rate Ray Tracing – Load balancing
	Slide 50: Variable Rate Ray Tracing – Load balancing
	Slide 51: Variable Rate Ray Tracing – Load balancing
	Slide 52: Variable Rate Ray Tracing – Load balancing

	VRRT - Temporal gradients
	Slide 53: Variable Rate Ray Tracing – Temporal gradients
	Slide 54: Variable Rate Ray Tracing – Temporal gradients
	Slide 55: Variable Rate Ray Tracing – Temporal gradients
	Slide 56: Variable Rate Ray Tracing – Temporal gradients
	Slide 57: Variable Rate Ray Tracing – Temporal Gradients
	Slide 58: Variable Rate Ray Tracing – Temporal Gradients
	Slide 59: Variable Rate Ray Tracing – Full pipeline

	Conclusions
	Slide 60
	Slide 61: Variable Rate Ray Tracing - Conclusions
	Slide 62: Variable Rate Ray Tracing - Conclusions
	Slide 63: Variable Rate Ray Tracing - Conclusions
	Slide 64: Variable Rate Ray Tracing - Future research
	Slide 65: Variable Rate Ray Tracing - Conclusions
	Slide 66: Variable Rate Ray Tracing
	Slide 67: Bibliography
	Slide 68


