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1SPP Blur: Same Error

22

White Noise AKA “Pure Random” Blue Noise

Shadertoy: https://www.shadertoy.com/view/XsVBDR

https://www.shadertoy.com/view/XsVBDR


SEED

Ray Tracing & Ray Marching

33“Blue Noise Dithered Sampling”, Georgiev & Fajardo, 2016
https://www.arnoldrenderer.com/research/dither_abstract.pdf

https://www.arnoldrenderer.com/research/dither_abstract.pdf
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Real Time Rendering - INSIDE

44Low Complexity, High Fidelity - INSIDE Rendering
https://www.gdcvault.com/play/1023002/Low-Complexity-High-Fidelity-INSIDE

https://www.gdcvault.com/play/1023002/Low-Complexity-High-Fidelity-INSIDE
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1. Randomness and Fairness
2. Stochastic Rendering
3. Noise Textures & Error Patterns
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The Gambler’s Fallacy

A coin is flipped 3 times and lands heads each time.
What are the odds of the next flip landing heads again?

66

A) 6.25% (1/16)
B) 25% (1/4)
C) 50% (1/2)
D) 100% - coin is obviously unfair
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The Adventurer’s Agony

If killing a boss in a video game yields the following loot table, 
how many times will you have to fight the boss to get the boots?

77

Item Probability

50 Gold 40%

150 Gold 20%

Iron Scrap 30%

Epic Boots 10%

A) 10
B) 5
C) 20
D) Unknown
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The Adventurer’s Agony: Shuffling

Possible Outcomes:
0,0,0,0,1,1,2,2,2,3

Shuffled Outcomes:
3,0,2,0,0,1,0,1,2,2

Constant Time Stateless Shuffling and Grouping
Using math and cryptography
https://www.ea.com/seed/news/constant-time-stateless-shuffling

Also: “Maximal period linear congruential generator” and “Finite field generators”

88

Index Item Probability

0 50 Gold 40%

1 150 Gold 20%

2 Iron Scrap 30%

3 Epic Boots 10%

<- boots dropped on first run?!

https://www.ea.com/seed/news/constant-time-stateless-shuffling
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The Adventurer’s Agony: Irrational numbers

The magic of the Golden Ratio
1. Generate a random number in [0, 1) as a seed.
2. Add 1.6180… to the seed and keep fractional part.
3. The seed is the next “random number” in [0,1)
4. Repeat as many times as you want.

30 Outcomes (seed = 0.0):
2,0,2,1,0,2,0,3,1,0 2,1,0,2,0,2,1,0,2,0   3,1,0,2,1,0,2,0,3,1
30 Outcomes (seed = 0.23):
2,1,0,2,0,3,1,0,2,1 0,2,0,2,1,0,2,0,3,1   0,2,1,0,2,0,3,1,0,2
30 White Noise Outcomes:
1,0,0,1,0,2,1,3,0,1   1,2,0,2,1,1,1,0,0,1   2,3,0,3,0,3,0,0,0,3
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Index Item Probability

0 50 Gold 40%

1 150 Gold 20%

2 Iron Scrap 30%

3 Epic Boots 10%

Legend

Perfect Histogram
Off by 1
It’s complicated
Off by > 1
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Not All Irrational Numbers Are The Same!

1010“Irrational Numbers”
https://blog.demofox.org/2020/07/26/irrational-numbers/

Golden Ratio
[1;1,1,1,1…]

sqrt(2)
[1;2,2,2,2,...]

π (approx 22/7 or 355/113)
[3;7,15,1,292,1,...]

https://blog.demofox.org/2020/07/26/irrational-numbers/
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Generating N Distinct Colors, Without Knowing N

1111

1) Use Golden Ratio * index for H, 
and constants for S and V

2) Convert HSV to RGB.

HSV Color Space
Hue Saturation Value

“How to Generate Random Colors Programmatically”
https://martin.ankerl.com/2009/12/09/how-to-create-random-colors-programmatically/

White Noise. RGB = Hash(Index).

H = Golden Ratio Sequence. S, V = 0.99.

https://martin.ankerl.com/2009/12/09/how-to-create-random-colors-programmatically/
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Non Determinism & Blue Noise

1212

What if we picked points at random, but with roughly even density?

Mitchell’s Best Candidate Algorithm
1. With N blue noise values (N can 

be 0)
2. Generate N+1 white noise 

candidates
3. Keep the candidate farthest away 

from any existing point.
4. Goto 1

(Works in 1D, 2D, any-D, on a sphere …)

Blue Noise

“Generating Blue Noise Sample Points With Mitchell’s Best Candidate Algorithm”
https://blog.demofox.org/2017/10/20/generating-blue-noise-sample-points-with-
mitchells-best-candidate-algorithm/

https://blog.demofox.org/2017/10/20/generating-blue-noise-sample-points-with-mitchells-best-candidate-algorithm/
https://blog.demofox.org/2017/10/20/generating-blue-noise-sample-points-with-mitchells-best-candidate-algorithm/
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Non Determinism & Blue Noise

1313

Blue noise can be useful for organic object placement, or efficient object placement

“Generating Blue Noise Sample Points With Mitchell’s Best Candidate Algorithm”
https://blog.demofox.org/2017/10/20/generating-blue-noise-sample-points-with-
mitchells-best-candidate-algorithm/

256 White Noise Points 256 Blue Noise Points256 Regular Grid Points

https://blog.demofox.org/2017/10/20/generating-blue-noise-sample-points-with-mitchells-best-candidate-algorithm/
https://blog.demofox.org/2017/10/20/generating-blue-noise-sample-points-with-mitchells-best-candidate-algorithm/
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Non Determinism & Blue Noise

1414

Biology uses this for photoreceptors in eyes!  Blue noise AKA “Disordered Hyperuniformity”.

Also: “In the eye of a chicken, a new state of matter comes into view”
https://www.princeton.edu/news/2014/02/24/eye-chicken-new-state-matter-comes-view

https://www.quantamagazine.org/hyperuniformity-found-in-
birds-math-and-physics-20160712/

Macaque cones in retina
https://foundationsofvision.stanford.edu/chapter-3-the-
photoreceptor-mosaic/

https://www.princeton.edu/news/2014/02/24/eye-chicken-new-state-matter-comes-view
https://www.quantamagazine.org/hyperuniformity-found-in-birds-math-and-physics-20160712/
https://www.quantamagazine.org/hyperuniformity-found-in-birds-math-and-physics-20160712/
https://foundationsofvision.stanford.edu/chapter-3-the-photoreceptor-mosaic/
https://foundationsofvision.stanford.edu/chapter-3-the-photoreceptor-mosaic/
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Randomness and Fairness Summary

● Only 2 usage cases shown (loot & colors), but the concepts generalize widely.
● The Golden Ratio sequence is a “low discrepancy sequence”, just like Halton, Sobol, and friends.
● Those other LDSs can also work well as RNGs.
● Blue noise can be a great way to get randomized but roughly even values / samples.
● White noise is usually pretty bad, unless you want statelessness or maximal unpredictability.

1515
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1. Randomness and Fairness
2. Stochastic Rendering
3. Noise Textures & Error Patterns
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Modern Rendering Is Integration

1717“Isaac Hayes Wallpaper Generator - Volumetric light scattering, 1 of 2”
https://chuckleplant.github.io/2017/05/28/light-shafts.html

The Rendering Equation:

https://chuckleplant.github.io/2017/05/28/light-shafts.html
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Modern Rendering Is Integration

1818

Participating Media
Integrate scattering and absorption 
along line from camera to depth 
buffer.

https://shaderbits.com/blog/creating
-volumetric-ray-marcher

Ambient Occlusion
Integrate visibility over each pixel’s 
positive hemisphere.

https://vr.arvilab.com/blog/ambient-
occlusion

Specular Reflection
Integrate light*material over a 
reflection cone.

https://eheitzresearch.wordpress.co
m/415-2/

https://shaderbits.com/blog/creating-volumetric-ray-marcher
https://shaderbits.com/blog/creating-volumetric-ray-marcher
https://vr.arvilab.com/blog/ambient-occlusion
https://vr.arvilab.com/blog/ambient-occlusion
https://eheitzresearch.wordpress.com/415-2/
https://eheitzresearch.wordpress.com/415-2/
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Stochastic Rendering Beyond Integration

1919

Numerical integration is tuneable:
● Fewer samples = faster, uglier
● More samples = slower, prettier

Can we get the same sliding scale 
outside of explicit integration?

Texture Sampling
Use fractional uv coordinates as probabilities. Read fewer pixels.

Convolution: Blur, Depth of Field, Filters
Use kernel weights as probabilities. Read fewer pixels.

Material blending
Use blend weights as probabilities. Evaluate fewer materials.
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Integration Convergence Rates

2020

What if we only get 1 sample per pixel?!
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1. Randomness and Fairness
2. Stochastic Rendering
3. Noise Textures & Error Patterns
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Rendering a Pixel

22

Rendering is y = f(x)
● x is inputs: Pixel position, random numbers, scene, etc.
● y is RGBA output
● f(x) could be path tracing, ray traced shadows, ambient occlusion, etc. anything.

22“Casual Shadertoy Path Tracing”
https://blog.demofox.org/2020/05/25/casual-shadertoy-path-tracing-1-basic-camera-
diffuse-emissive/

RGBA = f(pixelX, pixelY, …)

https://blog.demofox.org/2020/05/25/casual-shadertoy-path-tracing-1-basic-camera-diffuse-emissive/
https://blog.demofox.org/2020/05/25/casual-shadertoy-path-tracing-1-basic-camera-diffuse-emissive/
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Rendering a Pixel

23

Rendering is y = f(x)
● Mostly True: Small changes in x = small changes in y.  Large changes in x = large changes in y.
● Exception: Geometry edges, Specular Reflections, Sharp Shadow Penumbra, …
● Exception: Hash functions. Chaotic / Sensitive to initial conditions / Avalanche Effect.

23“Casual Shadertoy Path Tracing”
https://blog.demofox.org/2020/05/25/casual-shadertoy-path-tracing-1-basic-camera-
diffuse-emissive/

RGBA = f(pixelX, pixelY, …)

https://blog.demofox.org/2020/05/25/casual-shadertoy-path-tracing-1-basic-camera-diffuse-emissive/
https://blog.demofox.org/2020/05/25/casual-shadertoy-path-tracing-1-basic-camera-diffuse-emissive/
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Rendering a Pixel
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4 Sample Per Pixel Ray Traced AO, with different RNG textures

24“Filter-adapted spatiotemporal sampling for real-time rendering”
https://arxiv.org/abs/2310.15364

Positive Correlation
Red noise gives similar results

Uncorrelated
White Noise

Negative Correlation
Blue Noise

https://arxiv.org/abs/2310.15364
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Randomness and Fairness in 2 Dimensions

2525“Interleaved Gradient Noise: A Different Kind of Low Discrepancy Sequence”
https://blog.demofox.org/2022/01/01/interleaved-gradient-noise-a-different-kind-of-low-
discrepancy-sequence/

White Noise
Clumps and voids (gaps) in the values

Blue Noise
Randomized but roughly evenly spaced values

https://blog.demofox.org/2022/01/01/interleaved-gradient-noise-a-different-kind-of-low-discrepancy-sequence/
https://blog.demofox.org/2022/01/01/interleaved-gradient-noise-a-different-kind-of-low-discrepancy-sequence/
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Digital Signal Processing POV
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Blue Noise
Frequencies

White Noise
Frequencies

Gaussian
Kernel

Frequencies
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Better for Denoisers Too
(NVIDIA Quake II RTX)

2727“Real-Time Path Tracing and Denoising in Quake II”
https://developer.download.nvidia.com/video/gputechconf/gtc/2019/presentation/s91046-
real-time-path-tracing-and-denoising-in-quake-2.pdf

https://developer.download.nvidia.com/video/gputechconf/gtc/2019/presentation/s91046-real-time-path-tracing-and-denoising-in-quake-2.pdf
https://developer.download.nvidia.com/video/gputechconf/gtc/2019/presentation/s91046-real-time-path-tracing-and-denoising-in-quake-2.pdf
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Blue Over Time - Spatiotemporal Blue Noise

28

Ground TruthSTBN
64 Frames TAA

2D BN
64 Frames TAA

“Spatiotemporal Blue Noise Masks”
https://diglib.eg.org/handle/10.2312/sr20221161

1 sample per pixel is 
OK!

https://diglib.eg.org/handle/10.2312/sr20221161
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Beyond Blue Noise - FAST Noise

“Filter-adapted spatiotemporal sampling for real-time rendering”
https://arxiv.org/abs/2310.15364 (Also to appear at i3D, May 2024)

https://arxiv.org/abs/2310.15364
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Beyond Blue Noise - FAST Noise

“Filter-adapted spatiotemporal sampling for real-time rendering”
https://arxiv.org/abs/2310.15364 (Also to appear at i3D, May 2024)

https://arxiv.org/abs/2310.15364
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Noise textures:
● To Use: Tile texture across screen, flip book over time

○ rng = Texture[uint3(pixel.xy % textureSize.xy, frameIndex % textureSize.z)]
● Can contain scalars, points, vectors, and importance sampled vectors
● Can be optimized for different filters spatially AND temporally
● Low effort way to get better renders for the same cost

Noise Textures

31

Cosine Hemisphere
Blue Noise

Uniform Vec3
Blue Noise

Uniform Scalar
Blue Noise

Tent Scalar
Blue Noise

…
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Summary

32

● There is such a thing as too random sometimes: Golden ratio LDS and similar can help!

● Real time rendering doesn’t have time to converge
○ We can improve perceptual quality and convergence through noise design.
○ Or pair noise with a filter to make denoising easier.

● Wherever white noise is used, you may be leaving money on the table.

FAST Noise Textures and Generator:
https://github.com/electronicarts/fastnoise

My Technical Blog, 250+ Gfx/Math/etc. Articles:
https://blog.demofox.org/

https://github.com/electronicarts/fastnoise
https://blog.demofox.org/

