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ÅForests:

ÅRivers:

ÅOcean:

ÅClouds:

ÅSmoke:

ÅAstro-imagery:

ÅAdvected textures, 

Flow Noise:

ÅBark,  lava:

Pheno:

2



ÅTextural world:

ÅAppearance filtering:

ÅSVO:

smart voxels:

Representations:
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Reproducing the Natural ComplexityReproducing the Natural Complexity

4( photo )



Reproducing the Natural ComplexityReproducing the Natural Complexity

ultra-detailed  +  ultra large
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Reproducing the Natural ComplexityReproducing the Natural Complexity

ultra-detailed  +  ultra large

shape + animation + rendering
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Reproducing the Natural ComplexityReproducing the Natural Complexity

ultra-detailed  +  ultra large

shape + animation + rendering

seamless + realistical
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Reproducing the Natural ComplexityReproducing the Natural Complexity

ultra-detailed  +  ultra large

shape + animation + rendering

realistical

in real-time

controlable
NB: gaming  more challenging  than prod :

we donôt know  where/what  player will do 

( and 1 / millionth of time budget )
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So, what can we do ?  Ÿ some generalities

ǒ Avoid wasting : often, realize el. useless after processed: v. frustum, hidden...

Ÿ requires to structure data
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Minimalism: guides

ǒñCost moralityò :less info  ᵼ should cost less, not more

e.g.: soft shadows, depth of fieldé
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Minimalism: guides

ǒñCost moralityò :less info  ᵼ should cost less, not more

e.g.: soft shadows, depth of fieldé

ǒñWhat a painter would doò : 

17



Modelization / Choosing a representation

Why MIPmap works so well* ? ( 1 sample / pix )

- backproj(pixel) on surface

- mapping : direct access to data

- texture pixel grid Ÿ direct access to neighborhood

- texture pixel grid Ÿ easy LOD hierarchy Ÿ precomputed filtering

18



Modelization / Choosing a representation

Ÿ General scheme for 1 sample / pix:

- differential cone tracing  through 3D scene. ( NB: DoF & soft shadow  also cones. + tracing ray differentials ). 

- requires  representing appearance  at this scale 

&  filtering detailed appearance  down to this scale
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Modelization / Choosing a representation

Content proxy + appearance model:   some ingredients

- mesh, voxels, surfels, transp slices, textures, Zmaps, bump maps, NDF, flakesé
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Modelization / Choosing a representation

Content proxy + appearance model:   some ingredients

- mesh, voxels, surfels, transp slices, textures, Zmaps, bump maps, NDF, flakesé

- [ Kajiya85 ] hierarchy of details:  geom / bump texture / brdf,phase func ñanisotropic reflection modelsò

- ex: [KK89] ñrender. fur with 3D text.ò: voxels + phase func   + textural world
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http://www.cs.virginia.edu/~mjh7v/bib/Kajiya85.pdf
https://www.cs.drexel.edu/~david/Classes/CS586/Papers/p271-kajiya.pdf


Volumetric Textures ñRendering fur with three dimensional texturesò
Kajiya & Kay   [ Sigô89 ]

pdf

- volume = impressionism illusion

- hierarchy of models [Kaj85]

geom Ÿ texture Ÿ phase function    

- mapping shapes onto shapes

( shape as a 3D material )

22

ñtextureò

phase func

http://www.cs.drexel.edu/~david/Classes/Papers/p271-kajiya.pdf


Modelization / Choosing a representation

Content proxy + appearance model:   some ingredients

- mesh, voxels, surfels, transp slices, textures, Zmaps, bump maps, NDF, flakesé

- [ Kajiya85 ] hierarchy of details:  geom / bump texture / brdf,phase func ñanisotropic reflection modelsò

- ex: [KK89] ñrender. fur with 3D text.ò: voxels + phase func   + textural world
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Modelization / Choosing a representation

Content proxy + appearance model:   some ingredients

- mesh, voxels, surfels, transp slices, textures, Zmaps, bump maps, NDF, flakesé

- [ Kajiya85 ] hierarchy of details:  geom / bump texture / brdf,phase func ñanisotropic reflection modelsò

- ex: [KK89] ñrender. fur with 3D text.ò: voxels + phase func   + textural world

- expr. vs tables.    Datatype: raster(grid) / vector / polynomial...    Parameterization.

We want dynamic LOD Ÿ 
- hierarchical is important (closed repr.)

- seamless: transitions btw LOD (and repr.)

- filter appearance, not raw data 24

http://www.cs.virginia.edu/~mjh7v/bib/Kajiya85.pdf
https://www.cs.drexel.edu/~david/Classes/CS586/Papers/p271-kajiya.pdf


PROLAND, with Eric Bruneton

video
demo

- whole Earth, all scales

- seamless, realistic 

- animated

www

http://proland.inria.fr
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https://www.youtube.com/watch?v=uvskrieOWPw
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- animated
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https://www.youtube.com/watch?v=uvskrieOWPw
http://proland.inrialpes.fr/


waves eqn: ʅ trochoïds

+ oceanographic spectrum A(k)

dispersion eqn

amplitude spectrum (PM)

simulate all waves

video
ocean

Real-time all-scales ocean, with Eric Bruneton [ EGô10/ SCAô02 ]

video
ocean

27pdf

https://www.youtube.com/watch?v=2AVh1x-Uqjs
https://www.youtube.com/watch?v=uvskrieOWPw
https://hal.inria.fr/inria-00443630v3


waves eqn: ʅ trochoïds

+ oceanographic spectrum A(k)

dispersion eqn

amplitude spectrum (PM)

simulate all waves

Appearance filtering:shapeŸ<N>ŸBRDF

video
ocean

Real-time all-scales ocean, with Eric Bruneton [ EGô10/ SCAô02 ]

video
ocean

28pdf

https://www.youtube.com/watch?v=2AVh1x-Uqjs
https://www.youtube.com/watch?v=uvskrieOWPw
https://hal.inria.fr/inria-00443630v3


video
demo

video
full

in Proland ( ᵼ all scales, real-time, seamless LOD )

realism:  sun+sky , trees  silverlining & transparency,

all-scales correlations ( hot spot ) + shadowing ( ambient occlusion )

Endless forest, with Eric Bruneton   [ EGô12 ]

photos:

our:
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https://www.youtube.com/watch?v=aKvsd7I4VQA
https://www.youtube.com/watch?v=4Ghulpp6CPw


Endless forest, with Eric Bruneton   [ EGô12 ]

- several tree species

- Poisson-disk distribs

- gaussian params

- large scale: param maps

3 representations: near, mid, far    

forest dyn texture

tree / ground

individuals with parallax
and detailed shading

forest dyn 

shader

30
pdf

https://hal.inria.fr/hal-00650120


Endless forest, with Eric Bruneton   [ EGô12 ]

- several tree species

- Poisson-disk distribs

- gaussian params

- large scale: param maps

3 representations: near, mid, far    

Zv,Zl Ÿ extinction

Near: ~Zmap IBR

forest dyn texture

tree / ground

individuals with parallax
and detailed shading

forest dyn 

shader

31
pdf

https://hal.inria.fr/hal-00650120


Endless forest, with Eric Bruneton   [ EGô12 ]

Mid & far: masks*shaders ( ~ ñFake Fur Renderingò[Sig97] )

- several tree species

- Poisson-disk distribs

- gaussian params

- large scale: param maps

3 representations: near, mid, far    

Zv,Zl Ÿ extinction

Near: ~Zmap IBR

forest dyn texture

tree / ground

individuals with parallax
and detailed shading

forest dyn 

shader

32
pdf

https://hal.inria.fr/hal-00650120


Ÿ Deep  a priori-knowledge  allows deep LOD

What about more generic content ?
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Volumetric Textures ñRendering fur with three dimensional texturesò
Kajiya & Kay   [ Sigô89 ]

- only for hairs

- not hierarchical / not filterable

- stochastic ray-tracing

Ÿ static hierar. of details:  not for dyn. LOD

Ÿ PhD topic !  :-)
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Volumetric Textures: generic, LOD my PhD [ 94,95,96, TVCGô98 ]

Volume:
- multiscale (MIPmap)

- compress void (SVO)

Ÿ octree of voxels

Voxel data: 
- ñgenericò reflectance

- viewdep opacity

-

tiling volumetric layer

video
flag

video
lawn

video
forest 

video
torus

NDF of ellipsoid

impressionism

illusion :

( Ÿ SGGX, GGX )

35

pdfs
+  videos

https://www.youtube.com/watch?v=erKzryLknsY#t=94s
https://www.youtube.com/watch?v=erKzryLknsY#t=38s
https://www.youtube.com/watch?v=j3UH6pttd6M#t=71s
https://www.youtube.com/watch?v=cDZZkEJH_9g#t=65s
https://hal.inria.fr/search/index/?q=%22volumetric+textures%22&submit=&authIdHal_s=fabrice-neyret
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Volumetric Textures: real-time ( Z-buff ):

Volume as textured transparent slices Ÿ now real-time !

( no phase function. Only RGBA filtering ) 

Tiled pattern on volumetric layer:

As free objects:

with A Meyer [ 98 ], 

Ph Decaudin [ 04,09 ]
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GigaVoxels,  with Cyril Crassin [ I3Dô09 ]

GPU cone-tracing  full volumetric scene

Youtube
C.Crassin

www

http://gigavoxels.inria.fr
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https://www.youtube.com/user/CyrilCrassin
http://gigavoxels.inrialpes.fr/


Volume:
- multiscale

- compress void (SVO)

Ÿ  octree of bricks

+ out of core

- ( hardcoded gradient phase function )

GigaVoxels,  with Cyril Crassin [ I3Dô09 ]

GPU cone-tracing  full volumetric scene

Differential cone tracing  1 ray per pixel.

Youtube
C.Crassin

www

http://gigavoxels.inria.fr

39

Ÿ òvolumetric PROLANDò

https://www.youtube.com/user/CyrilCrassin
http://gigavoxels.inrialpes.fr/


Volume:
- multiscale

- compress void (SVO)

Ÿ  octree of bricks

+ out of core

GigaVoxels,  with Cyril Crassin [ I3Dô09 ]

GPU cone-tracing  full volumetric scene

Differential cone tracing  1 ray per pixel.

Youtube
C.Crassin

www

http://gigavoxels.inria.fr
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https://www.youtube.com/user/CyrilCrassin
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Volume:
- multiscale

- compress void (SVO)

Ÿ  octree of bricks

+ out of core

-

GigaVoxels,  with Cyril Crassin [ I3Dô09 ]

GPU cone-tracing  full volumetric scene

DoF and soft shadow = blurry 

ᵼ faster ! 

Differential cone tracing  1 ray per pixel.

Youtube
C.Crassin

www

http://gigavoxels.inria.fr
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https://www.youtube.com/user/CyrilCrassin
http://gigavoxels.inrialpes.fr/


GI-Voxels,  with Cyril Crassin [ CGFô11 ]

+ reflectance + multiple scattering

pdf

Differential cone tracing  1 ray per pixel.

video
GI voxels 

42

http://hal.inria.fr/hal-00650173
https://www.youtube.com/watch?v=fAsg_xNzhcQ


GI-Voxels,  with Cyril Crassin [ CGFô11 ]

+ reflectance + multiple scattering

pdf

Differential cone tracing  1 ray per pixel.

video
GI voxels 

43

http://hal.inria.fr/hal-00650173
https://www.youtube.com/watch?v=fAsg_xNzhcQ


GI-Voxels,  with Cyril Crassin [ CGFô11 ]

Voxel data:  ( smart voxels )
- viewdep opacity ( 6 dir )

- col, reflectance ( lobes ) & light ( 6 dir )

- no reflectance LOD

+ reflectance + multiple scattering

pdf

Differential cone tracing  1 ray per pixel.

video
GI voxels 

44

http://hal.inria.fr/hal-00650173
https://www.youtube.com/watch?v=fAsg_xNzhcQ


Smarter voxels: correlation, with G. Loubet [ EGô18 ]

- silhouette issue

renderer: Mitsuba 45

Silhouette
uncorrelated



Smarter voxels: correlation, with G. Loubet [ EGô18 ]

- silhouette issue

- self-shadowing issue

( renderer: Mitsuba ) 46

Silhouette
uncorrelated

pdf

https://hal.archives-ouvertes.fr/hal-01702000


Mixing mesh and volumes

- Because  source data  is often mesh

- Animated meshes

- Because  host render engine  is often  mesh based 

- For efficiency ( walls... )

and precision ( walls... )

47



Mixing mesh and Volumes, with C. Crassin, G. Loubet

- Z-buffer + GI-Voxel in fragment shader
CC [ CGFô11 ]

- dynamic voxelization

48

video
GI voxels 

https://www.youtube.com/watch?v=fAsg_xNzhcQ


pdf

video

Mixing mesh and Volumes, with C. Crassin, G. Loubet

( renderer: Mitsuba )

- Z-buffer + GI-Voxel in fragment shader
CC [ CGFô11 ]

- dynamic voxelization

- geom LOD + appearance filtering 

continuous transition ( progressive aggregation ) :

mesh + brdf (GGX) + col

Ÿ voxels + phase-func (SGGX) + col     GL [ EGô17 ]

49

https://hal.archives-ouvertes.fr/hal-01468817
https://www.youtube.com/watch?v=u0xGUml98Rw


LOD Ÿ Filtering shape into shading:

- Thatôs it for volumes.

- What can we do for surfaces ?

Ÿ heightfield

50



Appearance filtering of heightfields

- Small scale relief + visibility 

Ÿ  all is view-dep and light-dep !

video + pdf

with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]

51

http://hal.inria.fr/hal-00704461


Appearance filtering of heightfields

- Small scale relief + visibility 

Ÿ  all is view-dep and light-dep !

- Correlations everywhere !

Ÿ  light and colors    Ÿ + content correlation

Ÿ normals                Ÿ  missing in all bumps

Ÿ visibility                 Ÿ microfacet models

Ÿ occlusion

...

video + pdf

with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]

52

http://hal.inria.fr/hal-00704461


content correlation

ex: color-height,

color-orientation

ᵼpixel integral not separable

( or : why MIPmapping is so wrong )

Appearance filtering of heightfields with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]

video + pdf
53

color            masking            BRDF           shadowing

http://hal.inria.fr/hal-00704461


BTW, even  color(texture) is an issue
Ÿ also all f(noise): LUT, clamp, abs...

since

average(LUT(text.)) # LUT(average(text.))

LUT ( 0.5 )

Appearance filtering of heightfields with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]

54



Ÿ Idea:use stat distrib

1: average = < LUT, histogram >

BTW, even  color(texture) is an issue
Ÿ also all f(noise): LUT, clamp, abs...

since

average(LUT(text.)) # LUT(average(text.))

LUT ( 0.5 )

Appearance filtering of heightfields with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]
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Ÿ Idea:use stat distrib

1: average = < LUT, histogram >

2: histogram ~ gaussian

3:simply precompute iLUT(v,ů)

BTW, even  color(texture) is an issue
Ÿ also all f(noise): LUT, clamp, abs...

since

average(LUT(text.)) # LUT(average(text.))

LUT ( 0.5 )

NB: applies to any distrib

e.g., heights  ...

Appearance filtering of heightfields with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]
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color-shape correlation  ᵼ view+light correlation

Appearance filtering of heightfields with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]

heightfield content correlation    ex:  color-height,      

pb: apparent heights distribution

is  view-dep and  light-dep

57



5: NB: for diffuse surface,

effect of envmap = irradiance_map(N)

Ÿ cf colormap(slope)

color-shape correlation  ᵼ view+light correlation

Ÿ 

4: effect = lobe offset
Ÿ easy !

Appearance filtering of heightfields with Eric Heitz 
[ HPGô12,I3Dô13, SIGAô13 ]

heightfield content correlation    ex:  color-height ,      color-orientation 

pb: apparent heights distribution

is  view-dep and  light-dep

58



Appearance filtering of heightfields with Eric Heitz et.al

[ HPGô12,I3Dô13, SIGAô13 ]

heightfield ŸBRDF (microfacets)

59



microfacets BRDF: Beckmann NDF Ŷ f ( slope variance )

Appearance filtering of heightfields with Eric Heitz et.al

[ HPGô12,I3Dô13, SIGAô13 ]

heightfield ŸBRDF (microfacets)

60



microfacets BRDF: Beckmann NDF Ŷ f ( full slope stat. )

Ÿ tilted anisotropic lobe

Appearance filtering of heightfields with Eric Heitz et.al

[ HPGô12,I3Dô13, SIGAô13 ]

heightfield ŸBRDF (microfacets)

61



Appearance filtering of heightfields with Eric Heitz et.al

[ HPGô12,I3Dô13, SIGAô13 ]

LEAN maps Ÿ eval slope statistics

MIPmap = moments   Ÿ cov matrix 

heightfield ŸBRDF (microfacets)

62

slopes ²

microfacets BRDF: Beckmann NDF Ŷ f ( full slope stat. )

Ÿ tilted anisotropic lobe- point light + IBL 

Ÿ m1, m2, ×

slopes



microfacets BRDF: Beckmann NDF

Ÿ tilted anisotropic lobe

video
T-rex

Effect of geometric distortion on appearance:

video
prop

pdf

Appearance filtering of heightfields with Eric Heitz et.al

[ HPGô12,I3Dô13, SIGAô13 ]

LEAN maps Ÿ eval slope statistics

MIPmap = moments   Ÿ cov matrix 

heightfield ŸBRDF (microfacets)

63

slopes ²slopes

https://www.youtube.com/watch?v=1T-jUVP1C6w
https://www.youtube.com/watch?v=LA39CnvEysI
http://hal.inria.fr/hal-00858220


Managing ultra-high complexity:

so many other important stuffs...

64



Realistic clouds in real time, with Antoine Bouthors [ EGNPô06, I3Dô08 ]

Youtube 65

pdfpdf

https://www.youtube.com/channel/UCJxUBMxNYqouhFRJG5N2KlQ
https://hal.inria.fr/inria-00333007
https://hal.inria.fr/inria-00402100


Realistic clouds in real time, with Antoine Bouthors [ EGNPô06, I3Dô08 ]

absorption: 0

simulating all 

light paths: 

hard pb.

Ÿ goal: real time ! 

reflectance: 

Mie :-s

Youtube 66

pdfpdf

https://www.youtube.com/channel/UCJxUBMxNYqouhFRJG5N2KlQ
https://hal.inria.fr/inria-00333007
https://hal.inria.fr/inria-00402100


1:ÚDroplet Size Distrib

Ÿ cancels Bessel oscillations

2: nscatter > 1 

Ÿ - peak (50% E) ~= no hit

- high freq useless

- no colored back-scatter  

Realistic clouds in real time, with Antoine Bouthors [ EGNPô06, I3Dô08 ]

absorption: 0

simulating all 

light paths: 

hard pb.

Ÿ goal: real time ! 

reflectance: 

Mie :-s
DSD

Youtube 67

pdfpdf

https://www.youtube.com/channel/UCJxUBMxNYqouhFRJG5N2KlQ
https://hal.inria.fr/inria-00333007
https://hal.inria.fr/inria-00402100


3: macro-material (L,V,Vpos,thick.)5D

Ễcollector(pos,ů)3D

simulating all 

light paths: 

hard pb.

Ÿ real time ! 

107 simu fit 

Realistic clouds in real time, with Antoine Bouthors [ EGNPô06, I3Dô08 ]

68Youtube

pdfpdf

~ òMost Probable Pathò

https://www.youtube.com/channel/UCJxUBMxNYqouhFRJG5N2KlQ
https://hal.inria.fr/inria-00333007
https://hal.inria.fr/inria-00402100


3: macro-material (L,V,Vpos,thick.)5D

Ễcollector(pos,ů)3D

simulating all 

light paths: 

hard pb.

Ÿ real time ! 

3:
separate
scattering
orders 

107 simu fit 

Ÿ shift Most Probable Path
and scale of transport

Realistic clouds in real time, with Antoine Bouthors [ EGNPô06, I3Dô08 ]

69Youtube

pdfpdf

https://www.youtube.com/channel/UCJxUBMxNYqouhFRJG5N2KlQ
https://hal.inria.fr/inria-00333007
https://hal.inria.fr/inria-00402100


3: macro-material (L,V,Vpos,thick.)5D

Ễcollector(pos,ů)3D

5: ground        cloud radiosity,   sky illu

simulating all light 

paths: 

hard pb.

Ÿ real time ! 

3:
separate
scattering
orders 

4: solve i=collect(o) for cloud shape

107 simu fit 

Ÿ shift Most Probable Path
and scale of transport

Realistic clouds in real time, with Antoine Bouthors [ EGNPô06, I3Dô08 ]

70Youtube

pdfpdf

https://www.youtube.com/channel/UCJxUBMxNYqouhFRJG5N2KlQ
https://hal.inria.fr/inria-00333007
https://hal.inria.fr/inria-00402100


Animated details



Fluids as vortex filaments, with Alexis Angelidis [ SCAô05,06 ]

photos



Fluids as vortex filaments, with Alexis Angelidis [ SCAô05,06 ]

- "soul" of fluid motion

- compact, highres, controlableé

- closer to std CG workflow

photos



Fluids as vortex filaments, with Alexis Angelidis [ SCAô05,06 ]

- "soul" of fluid motion

- compact, highres, controlableé

- closer to std CG workflow

Lagrangian curves

74

photos



Fluids as vortex filaments, with Alexis Angelidis [ SCAô05,06 ]

- "soul" of fluid motion

- compact, highres, controlableé

- closer to std CG workflow

Lagrangian curves

+ vortex noise

+ particles

= ellipsoid

75

pdf
+ video

photos

https://hal.inria.fr/inria-00402131


Rivers & vector features, with NP,QY,EB,... [ SCAô01,EGô09,...]

gridᵼhigh res or aliasing

76

(photos)



align mesh with features,         or meshless

Rivers & vector features, with NP,QY,EB,... [ SCAô01,EGô09,...]

gridᵼhigh res or aliasing

(photos)
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align mesh with features,         or meshless

Rivers & vector features, with NP,QY,EB,... [ SCAô01,EGô09,...]

gridᵼhigh res or aliasing

analytic flow

78

(photos)



Fluids amplification: flownoise & advected texture
withK.Perlin, Q.Yu, é [ SigSketchô01, SCAô03, Sigô07, TVCGô11 ]

2: advect texture & preserve aspect

volume

height-field
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1: given: coarse flow simu

details: use texture



video

3: flownoise: swirling Perlin noise

Fluids amplification: flownoise & advected texture
withK.Perlin, Q.Yu, é [ SigSketchô01, SCAô03, Sigô07, TVCGô11 ]

2: advect texture & preserve aspect

volume

height-field

80

1: given: coarse flow simu

details: use texture

pdf

https://mrl.nyu.edu/flownoise/
http://www-evasion.imag.fr/Publications/2001/PN01/


video

3: flownoise: swirling Perlin noise

Fluids amplification: flownoise & advected texture
withK.Perlin, Q.Yu, é [ SigSketchô01, SCAô03, Sigô07, TVCGô11 ]

4: amplifying fluid: subscale turbulence

2: advect texture & preserve aspect

volume

height-field

81

1: given: coarse flow simu

details: use texture

pdf
+ video

pdf
+ video

pdf

https://mrl.nyu.edu/flownoise/
https://hal.inria.fr/inria-00537472
https://hal.inria.fr/inria-00402131
http://www-evasion.imag.fr/Publications/2001/PN01/


Life in texture space, with S.Lefebvre, é[ SIGô99, I3Dô03,I3Dô05,RRô06, GPU Gems2 ]

82

High res data  on demand

low geometry cost

Simu in 

mix space


