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Path Tracing
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Happy if we can actually even afford n=1

3

Path Tracing
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Main challenges

• Better sampling → less noise

• Reconstruction filters (Denoising) 
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Path tracer output
(1spp)
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Reconstructed result
(A-SVGF)
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Stochastic Ray Tracing vs. Path Tracing

• Current games: stochastic ray tracing

• Stochastically sample individual effects (e.g. BRDF or area light)

• Direct illumination at bounces is usually noise-free! (no need to denoise mirrors)

• Path tracing stochastically samples everything

• Light selection

• Area lights

• Indirect Bounces

• In this talk: general reconstruction filters for full path tracing in real-time
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No stochastic sampling of primary visibility

→ Nearby surfaces close in screen-space

→ G-Buffer noise-free



Albedo demodulation

• Essentially used by all of the reconstruction filters

• Much easier to filter “untextured” illumination

• Problems:

• Fresnel term

• Layered materials

Path Tracer
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Modulate 

Albedo
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Path tracer output
(1spp)
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Demodulated
albedo
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• Can be thought of as better albedo demodulation

• Cannot trivially be used with stochastic light selection

Should be noise-free!
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Wavelet-based reconstruction filters
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• Fast

• Some artifacts

• Requires parameter tweaking
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Edge-stopping functions

[Dammertz et al. 2010]

Input No edge-stopping RT-Buffer + Normal + Position
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Builds on Edge-avoiding À-trous Wavelets 

• Improved geometric edge-stopping functions

• Adapt automatically

• Hierarchical noise estimation

• Integrates temporal filtering
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Spatiotemporal Variance-Guided Filter (SVGF)

Filter hierarchically, starting small

• Estimate temporal stability after each filter 
iteration

→ Strong blur more likely in early iterations
Analyze input over time

• Temporally unstable → blur more

• Temporally stable      → blur less
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Reference SVGF

[Schied et al. 2017]

Overblurring at high-frequency normal maps 
and materials





Temporal filtering
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Screen-space Reprojection

Ƹ𝑐𝑖 𝑥 = 𝛼 ⋅ 𝑐𝑖 𝑥 + 1 − 𝛼 ⋅ Ƹ𝑐𝑖−1(𝑥)

Current frame 𝑐𝑖 Previous filtered frame Ƹ𝑐𝑖−1

𝑥
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𝑥
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• Set 𝛼 according to changes of the shading function

• Moving shadows, glossy highlights, flickering light sources, …

• Make 𝛼 per-pixel weight for local adaptivity
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Ƹ𝑐𝑖 𝑥 = 𝛼 ⋅ 𝑐𝑖 𝑥 + 1 − 𝛼 ⋅ Ƹ𝑐𝑖−1(𝑥)
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Path tracer output
1 sample per pixel
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Difference of luminance
green positive

red negative
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Path tracer output
1 sample per pixel
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Difference of luminance
green positive

red negative
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Path tracer output
1 sample per pixel

(correlated samples)
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Difference of luminance
(correlated samples)

green positive
red negative
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Adaptive temporal filter weight

• Sample and reconstruct temporal gradient

• Change α according to relative rate of change

Reconstructed temporal  gradient

Adaptive filter weight α

0

1



SVGF
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A-
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Q2VKPT

• Experiment: how far can we push the 

state of the art

• Basis for NVIDIA’s Quake 2 RTX

• A-SVGF for denoising

• Why Quake 2:

• Lot’s of area light sources

• Manageable complexity for a prototype -35-







2560x1440, RTX2080 Ti
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No Transmission
• Need Albedo demodulation in reflection to 

prevent overblurring
• Would need denoising of sampling of Fresnel



Noise where the filter lacks history





Regression-based reconstruction
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• Screen-space multi-order regression in tiles

• Fast (2.4ms at 720p, Titan X Pascal)

• Two temporal filters

• Pre- and post-filtering the Regression result
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Under motion Without temporal filter Converged temporal filter
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Deep Learning approaches
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• Direct prediction with U-Net architecture 
(Autoencoder with skips)

• Recurrent blocks for temporal stability

• 55ms @ 720p, NVIDIA Titan X (Pascal)
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• Output of the network is a per-pixel convolution kernel

• Filter kernel could be computed at lower precision

• Int4/int8 inference?

• Has not been demonstrated for real-time / interactive yet
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• Training with non-converged references is possible

• Training data is much cheaper

• More variation in data → better generalization

• Online-learning for specializing denoiser to current inputs 

possible
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Sampling
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Source: http://momentsingraphics.de/?p=127

blur

White noise



blur

Blue noise

Source: http://momentsingraphics.de/?p=127



Magnitude of Fourier Transform

White noise Blue noise

Source: http://momentsingraphics.de/?p=127

Removed by
lowpass filter

Removed by
lowpass filter

Residual noise Residual noise



• Impose blue-noise characteristic on Monte Carlo Error

[Heitz and Belcour 2019]
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Not there yet!

Path Tracing

• Robustness

• Offline techniques do not directly translate to 
real-time

Sampling

• Design patterns with reconstruction filters in 
mind

Reconstruction

• Robustness (no history, high variance)

• Mirrors

• Overblurred materials

Viable path forward: CNN

• Temporal stability

• Performance
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