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Intro ¶textures and texture filtering
(The way we traditionally teach it)



Textures ¶essential for high quality rendering

đ×éúôêäâííú Éâôæå Ùæïåæóêïè" Íóðî Ûéæðóú Ûð ÐîñíæîæïõâõêðïĒ# ?==A-2021 M. Pharr, W. Jakob, and G. Humphreys
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Texture mapping ¶why we need filtering?

ÅTexture ¶a 1D/2D/3D/4D grid of discrete values

ÅValues defined only at texel centers

Åđ×êùæíºõæùæí êô ïðõ â íêõõíæ ôòöâóæ&Ē

ÅInfinitely small point ¶Dirac delta

ÅWhat happens between?

ÅFiltering and interpolation

ÅWeighted averaging of multiple texture samples
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Texture filtering ¶minification

ÅMultiple texels might cover a single pixel area

ÅPotentially thousands (millions?) texels

Solution ¶full filter ¶EWA, anisotropic filtering

ÅPossibly very slow

ÅHundreds+ of texture samples

ÅHigher quality

Solution ¶prefilter ¶precomputed mipmap pyramid

ÅVery fast

ÅLow quality (blurry!)

(Often ¶hybrid, mipmapping + anisotropic/mip bias)

Texel

Pixel

Screen X
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đÊðîîðï ìïðøíæåèæĒ

Èíîðôõ đâùêðîâõêäĒ

All modern graphics APIs standardize filtering

ÅStandard filters ¶(low-quality) bi/trilinear, anisotropic

ÅAll modern GPUs have dedicated filtering hardware

ÅOn most standardized formats -> zero cost for bi/trilinear

ÅAnisotropic still cheaper than naïve manual anisotropic

ÅVery easy and attractive to use without questioning

Feedback loop!



Motivation
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Project beginning : Stochastic neural texture filtering (performance)

Random -Access Neural Compression of Material Textures , Vaidyanathan et al. , Siggraph 2023
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Related Work ¶Long History of Stochastic Filtering

ÅPercentage closer filtering

ÅOriginal UE software rasterizer: texture -space dithered nearest lookups

ÅStar Trek, 25th Anniversary: dithered bilinear filtering

ÅÕæèâõê÷æ ÓÖË ãêâôêïè ¸ÜÌ y æ÷æóúðïæ öôêïè ÛÈÈºËÓÚÚ+¹

ÅOpenImageIO: stochastic LOD selection (via Max Liani)

ÅDreamworks MoonRay: nearest sampling for minification, bilerp for 
magnification

ÅInteractive Path Tracing and Reconstruction of Sparse Volumes , 
Hofmann, Hasselgren, Clarberg, and Munkberg, i3d 2021: stochastic 
trilinear

ÅRandom-Access Neural Compression of Material Textures , 
Vaidyanathan, Salvi, Wronski, Akenine -Möller , Ebelin, Lefohn, SIGGRAPH 
2023: stochastic trilinear
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Advances in temporal reconstruction make stochastic 

techniques very attractive

We will generalize those, formalize, and propose two 

families of techniques beyond simple filters

Éöõ øæ éâ÷æ â îðóæ êîñðóõâïõ ñóðãíæî õð ôðí÷æ çêóôõ+
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Stochastic texture filtering: do we have a problem?

Random -Access Neural Compression of Material Textures , Vaidyanathan et al. , Siggraph 2023

Filtering this way can look 

ôêèïêçêäâïõíú åêççæóæïõ+



Éöõ øéêäé øâú êô đäðóóæäõĒ%



Éöõ øéêäé øâú êô đäðóóæäõĒ%

Bold question:

Are we teaching and using texture filtering đêïäðóóæäõíúĒ?!



Literature review and historical precedents
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Precedent: Pre-multiplied alpha

"Compositing digital images" , Thomas Porter and Tom Duff ., SIGGRAPH 1984.

Íêèöóæ äóæåêõ" đpremultiplied alpha ¶?=??Ē# Ðïêèð Quilez

filt (target)* filt (alpha) + (1-filt(alpha))*source
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Precedent: Pre-multiplied alpha

"Compositing digital images" , Thomas Porter and Tom Duff ., SIGGRAPH 1984.

Íêèöóæ äóæåêõ" đpremultiplied alpha ¶?=??Ē# Ðïêèð Quilez

filt (target)* filt (alpha) + (1-filt(alpha))*source filt (target*alpha) + (1 -filt(alpha))*source
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Precedent: Percentage Closer Shadow Filtering

Rendering Antialiased  Shadows With Depth Maps , Reeves et al., SIGGRAPH 1987.
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Precedent: Percentage Closer Shadow Filtering

Rendering Antialiased Shadows With Depth Maps , Reeves et al., SIGGRAPH 1987.

Jitter (u,v) to sample f
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Precedent: Percentage Closer Shadow Filtering

Rendering Antialiased Shadows With Depth Maps , Reeves et al., SIGGRAPH 1987.
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Precedent: Specular anti -aliasing (minification)

Mipmapping Normal Maps , Michael Toksvig, 2006

LEAN Mapping , Marc Olano and Dan Baker, I3D 2011

Figure credit : Spectacular Specular: LEAN and CLEAN Specular Highlights , Dan Baker , GDC 2011
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Still a problem today : Metalness vs specular PBR workflow

Figure credit : Metallic magic, Daniel Rose

Specular reflectance = lerp(0.04, filt (color), filt (metalness ))

Diffuse reflectance = lerp( filt (color), 0.0, filt (metalness ))
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Motivation - summary

ÅÛæùõöóæ çêíõæóêïè õéæðóú âïå ñóâäõêäæ øæóæ åæ÷æíðñæå çðó êïõæóñðíâõêïè ëöôõ đäðíðóĒ

Å+êï æâóíú øðóì# ïðõ æ÷æï èâîîâ-corrected!
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Motivation - summary

ÅÛæùõöóæ çêíõæóêïè õéæðóú âïå ñóâäõêäæ øæóæ åæ÷æíðñæå çðó êïõæóñðíâõêïè ëöôõ đäðíðóĒ

Å+êï æâóíú øðóì# ïðõ æ÷æï èâîîâ-corrected!

ÅFiltering and affine functions commute perfectly ¶õéêô âññóðâäé åêåïďõ êïõóðåöäæ æóóðóô

ÅNon-linearity and filtering do not commute and swapping the order results in error
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Motivation - summary

ÅAssumption : textures are authored by artists with ~1 -1 pixel -texel ratio
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Motivation - summary

ÅAssumption : textures are authored by artists with ~1 -1 pixel -texel ratio

ÅMinifying or magnifying textures before (non -linear) shading introduces error/bias

ÅDifferent techniques proposed to address specific types of errors
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Motivation - summary

ÅCan we do better in general ?

ÅÓæõďô õóú õð âïôøæó õéêô òöæôõêðï çóðî @Dú âèð&

Rendering Antialiased  Shadows With Depth Maps , Reeves et al., SIGGRAPH 1987.



Textures and the Rendering Equation
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Filtering Before Shading (Standard Practice Today)

shading
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Filtering Before Shading (Standard Practice Today)

HW 16x Aniso Reference

filtering filtering

shading
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Filtering After Shading

Filter after shading

(real - time implementation)
Reference Filter before shading

filtering shading
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Filtering After Shading

Filter after shading

(real - time implementation)
Reference Filter before shading

filtering shading

????
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Filtering After Shading

filtering

ÀSample

shading

ÀUse Monte Carlo!
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Filtering After Shading

filtering

ÀSample

ÀEstimator:

Unfiltered single texel  lookups!

shading

ÀUse Monte Carlo!
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Real Time Rendering ¶Noise

Single frame

White noise
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Even Single Sample!
Real Time Rendering ¶Noise

ÅDLSS as the robust temporal integrator

ÅSpatiotemporal Blue Noise reduces the noise appearance

ÅMakes DLSS job easier, together -> no visible noise in most cases

Single frame

DLSS

White noise (Spatiotemporal) Blue Noise



Two families of methods
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Sampling Texture Filters ¶Discrete, 1D



53

Sampling Texture Filters ¶Discrete, 1D
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Sampling Texture Filters ¶Discrete, 1D

Chose a sample with probability ~f
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Filter Reservoir Sampling

ÅImportance sampling : Sample a texel with probability p~f

ÅÖñõêîâí êç øæ åðïďõ ìïðø õéæ ôêèïâí âïå äâïïðõ ôâîñíæ õéæ ñóðåöäõ

ÅSample an array of weights or online through weighted reservoir sampling
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Filter Reservoir Sampling

ÅImportance sampling : Sample a texel with probability p~f

ÅÖñõêîâí êç øæ åðïďõ ìïðø õéæ ôêèïâí âïå äâïïðõ ôâîñíæ õéæ ñóðåöäõ

ÅSample an array of weights or online through weighted reservoir sampling

Multidimensional interpolating/approximating filters are mostly separable:

ÅSample each dimension independently

ÅIn d dimensions, the filtering cost for an n -tap filter is n*d, not n^d !
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Sampling Texture Filters
Disadvantages of Filter Reservoir Sampling

ÅDiscrete filter sampling ¶with large filters, can be costly

ÅEvaluate filter function K^M or K*M times

ÅDoes not support infinite filters (Gaussian, sinc)
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Sampling Texture Filters
Disadvantages of Filter Reservoir Sampling

ÅDiscrete filter sampling ¶with large filters, can be costly

ÅEvaluate filter function K^M or K*M times

ÅDoes not support infinite filters (Gaussian, sinc)

Ûéæóæďô â åêççæóæïõ øâú&

ÅÓæõďô âïâíúûæ âïå öïåæóôõâïå õéæ đÜÝ ëêõõæó y ïæâóæôõ ïæêèéãðóĒ ñóêðó øðóì!
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Magnification
What happens when you take a nearest -neighbor sample?
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Magnification
What happens when you take a nearest -neighbor sample?

Nearest neighbor = box filter
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Magnification
Filter Importance Sampling through UV jittering

Uniform UV jitter + nearest neighbor = ?
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Magnification
Filter Importance Sampling through UV jittering

Uniform UV jitter + nearest neighbor = tent kernel!

The same as linear interpolation

* =

Jitter PDF * Box Kernel Convolution
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Magnification
Filter Importance Sampling through UV jittering

Linear/tent UV jitter + nearest neighbor box = quadratic B -Spline

Quadratic UV jitter + nearest neighbor box = cubic B -Spline

* =

* =



Magnification
Filter Importance Sampling through UV jittering

ÅFor B-Spline filters, this additional box is desirable!

ÅCan sample other, including infinite spatial support filters

ÅJitter UVs according to PDF deconvolved with a box
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Stochastic Filtering families compared

ÅMain difference: discrete vs continuous domain

ÅIn many cases, FRS is the only option (arbitrary discrete kernels, positivization )

ÅOtherwise, we recommend FIS ¶simpler implementation, see provided source code



ÅAnisotropic filtering or elliptically weighted average

ÅMany pixels, non -uniform mapping for jittering

ÅÛéæóæďô â ôêîñíæó# already-used method!

Minification
Stochastic Filtering After Shading
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Minification
Stochastic Filtering After Shading

ÅCommon practice ¶jitter the projection matrix for anti -aliasing reconstruction filter

ÅUsed offline (e.g., MoonRay) and real-time (TAA, DLSS)

ÅProjects to trapezoid, minification supersampling -> filtering after shading!

ÅAdd magnification/translation UV jitter -> unified minification and magnification



Minification vs magnification jitter

Minification Magnification

Texel

Pixel

Screen X Screen X

UV jitter

XY jitter



Appearance change and possible aliasing



Magnification specular appearance change

Filtering before shading

Filtering after shading
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Filtering before shading:

Interpolated surface and normals



Appearance change explained

Filtering after shading:

Two adjacent geometric facets and normals

Filtering before shading:

Interpolated surface and normals



Filtering lighting does not produce surface curvature

Filtering before shading

Filtering after shading



Filtering After Shading appearance difference

Note" êõďô ïæêõéæó đèððåĒ ðó đãâåĒ# åæñæïåô ðï õéæ êïõæïõ

ÅBut it changes the appearance ¶artists need to be aware!
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Filtering After Shading appearance difference

Note" êõďô ïæêõéæó đèððåĒ ðó đãâåĒ# åæñæïåô ðï õéæ êïõæïõ

ÅBut it changes the appearance ¶artists need to be aware!

Our original assumption:

ÅđÛæùõöóæô âóæ âöõéðóæå ãú âóõêôõô øêõé ¡>-1 pixel -õæùæí óâõêðĒ

ÅSometimes can be violated! Relying on smooth curvature

ÅExtreme example of relying on interpolation: SDF fonts

Improved Alpha -Tested Magnification for Vector Textures and Special Effects , Chris Green, Siggraph 2007



Worse example ¶magnification aliasing

Filtering before shading Filtering after shading



Non- linearity introduced aliasing

For formal analysis, please see the paper

ÅAny non -íêïæâóêõú âíøâúô êïõóðåöäæô ïæø# éêèéæó ôêèïâí çóæòöæïäêæô ¸đéâóîðïêäôĒ¹

Åsin(x)^2 == (sin(2x)+1)/2



Non- linearity introduced aliasing

For formal analysis, please see the paper

ÅAny non -íêïæâóêõú âíøâúô êïõóðåöäæô ïæø# éêèéæó ôêèïâí çóæòöæïäêæô ¸đéâóîðïêäôĒ¹

Åsin(x)^2 == (sin(2x)+1)/2

ÅÛéæ ôâîæ çðó çöóõéæó ñðøæóô# ôöîô ðç ôöîô èæïæóâõæ ôöî ðç çóæòöæïäêæô ¸đintermodulation Ē¹

ÅThis is an extreme example, but every non-trivial non -linearity introduces higher frequencies

Å(Can analyze through Taylor expansion etc.)



Non- linearity introduced aliasing

Þéæï âññíêæå õð åêôäóæõæ ôêèïâíô+ 

ÅThose frequencies alias immediately

ÅAmount of aliasing depends on the non -linearity, original spectral content, phases

ÅWe did not see this problem for many months!



Specular - like scenario



Specular - like scenario



Specular - like scenario



Non- linearity introduced aliasing

Magnification : screen Nyquist higher than texture Nyquist

ÅAfter magnification, more bandwidth headroom before aliasing happens

ÅIf we apply non -linearity first, we alias more and cannot recover

Filtering before shading Filtering after shading



Non- linearity introduced aliasing

Minification : screen Nyquist lower than texture Nyquist

ÅMore headroom -> less aliasing

ÅFiltering after shading can remove most of the nonlinearity -induced aliasing!

Filter after shading

(real - time implementation)
Reference Filter before shading



Results



Appearance preservation ¶real time



Appearance preservation ¶real time



Appearance preservation ¶real time

Hybrid: Use a mipmap, but higher resolution

(reduce cache trashing, make it easier for DLSS)



Appearance Preservation ¶offline, volumetric textures



Offline - Improved Image Quality & Performance
No additional noise!



Minification & Magnification 
DLSS + STBN Temporal Stability Test



Stress Test: Real -Time Stochastic Filtering, high contrast, no mip -maps
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Stress Test: Real -Time Stochastic Filtering, high contrast, no mip -maps
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Discussion
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Noise

Even on the most noisy materials, does not flicker and is mild.
Future:
ÅConstant improvements to temporal reconstruction methods
ÅML-based reconstruction can be trained
ÅSTBN/LDS advances

A general trend in graphics, two families of methods:
ÅMonte Carlo methods are general and can be unbiased, but initially too noisy and too slow
ÅApproximate, semi -analytical solutions used as a stopgap

Long term, Monte Carlo becomes practical and wins:
ÅTAA vs MSAA
ÅShadowmap pre-filtering not very relevant today
ÅPath traced movies and even games!



Application ¶novel compression formats


