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Complex meshes in graphics  (1994)Complex meshes in graphics  (1994)Complex meshes in graphics  (1994)

70,000 faces70,000 faces70,000 faces



Complex meshes in graphics  (1997)Complex meshes in graphics  (1997)Complex meshes in graphics  (1997)

860,000 faces860,000 faces860,000 faces



Complex meshes in graphics  (2000)Complex meshes in graphics  (2000)Complex meshes in graphics  (2000)

2,000,000,000
faces

2,000,000,0002,000,000,000
facesfaces

Challenges:Challenges:
-- renderingrendering
-- storagestorage
-- transmissiontransmission
-- scalabilityscalability

[Digital Michelangelo Project][Digital Michelangelo Project]



Multiresolution geometryMultiresolution geometryMultiresolution geometry

SemiSemi--regularregular Completely regularCompletely regularIrregularIrregular



Multiresolution geometryMultiresolution geometryMultiresolution geometry

Irregular meshes
Progressive meshes [1996]

View-dependent refinement [1997]

Texture-mapping PM [2001]

Semi-regular meshes
Multiresolution analysis [1995]

Completely regular meshes
Geometry images [2002]

Irregular meshesIrregular meshes
Progressive meshesProgressive meshes [1996][1996]

ViewView--dependent refinementdependent refinement [1997][1997]

TextureTexture--mapping PMmapping PM [2001][2001]

SemiSemi--regular meshesregular meshes
Multiresolution analysisMultiresolution analysis [1995][1995]

Completely regular meshesCompletely regular meshes
Geometry imagesGeometry images [2002][2002]



Goals in real-time renderingGoals in realGoals in real--time renderingtime rendering

#1 : Rendering speed
60-85 frames/second

#2 : Rendering quality
geometric “visual” accuracy
temporal continuity

Not a Goal:
Mesh “quality”

#1#1 : Rendering speed: Rendering speed
6060--85 frames/second85 frames/second

#2#2 : Rendering quality: Rendering quality
geometric “visual” accuracygeometric “visual” accuracy
temporal continuitytemporal continuity

Not a Goal:Not a Goal:
Mesh “quality”Mesh “quality”



Not a goal: mesh qualityNot a goal: mesh qualityNot a goal: mesh quality

13,000 faces13,000 faces 1,000 faces1,000 faces



Irregular meshesIrregular meshesIrregular meshes

Vertex 1  xVertex 1  x11 yy11 zz11
Vertex 2  xVertex 2  x22 yy22 zz22
……

Face 2 Face 2 11 33
Face 4 2 3Face 4 2 3
……

~ ~ #vertices#vertices
yuckyuck

Rendering cost  =  vertex processing  +  rasterizationRendering cost  =  vertex processing  +  rasterization

~ constant~ constant



Texture mappingTexture mappingTexture mapping

Vertex 1  xVertex 1  x11 yy11 zz11
Vertex 2  xVertex 2  x22 yy22 zz22
……

ss11 tt11
ss22 tt22

normal mapnormal map
ss

tt

Face 2 Face 2 11 33
Face 4 2 3Face 4 2 3
……

“Visual” accuracy“Visual” accuracy
using coarse meshusing coarse mesh



Goals in real-time renderingGoals in realGoals in real--time renderingtime rendering

#1 : Rendering speed
Minimize #vertices

best accuracy using irregular meshes

#2 : Rendering quality
Use texture mapping parametrization

#1#1 : Rendering speed: Rendering speed

Minimize #verticesMinimize #vertices
best accuracy using best accuracy using irregular meshesirregular meshes

#2#2 : Rendering quality: Rendering quality
Use Use texture mappingtexture mapping parametrizationparametrization



Simplification: Edge collapseSimplification: Edge collapseSimplification: Edge collapse

ecolecol

13,54613,546 500500 152152 150 faces150 faces

MM00MM11MM175175

ecolecol00ecolecoliiecolecolnn--11

MMnn



Invertible:  vertex split transformationInvertible:  vertex split transformationInvertible:  vertex split transformation

vvssvvll vvrr

vspl(vvspl(vs s ,v,vl l ,v,vr, …r, …))ecolecol



Progressive meshProgressive meshProgressive mesh

150150

MM00 MM11

vsplvspl00

152152

MM175175

500500

…  vspl…  vsplii ……

13,54613,546

vsplvsplnn--11

MMnn

progressive mesh (PM)progressive mesh (PM) representationrepresentation
vsplvspl00 …  vspl…  vsplii …… vsplvsplnn--11

MM00 MMnn



ApplicationsApplicationsApplications

Continuous LOD

Geomorphs

Progressive transmission

Continuous LODContinuous LOD

GeomorphsGeomorphs

Progressive transmissionProgressive transmission

demodemodemo demodemodemo

demodemodemo



Progressive Mesh SummaryProgressive Mesh SummaryProgressive Mesh Summary

VV FF

MM̂̂ PMPM

MM00

vsplvspl
losslesslossless

continuouscontinuous--resolutionresolution
smooth LODsmooth LOD
progressiveprogressive
spacespace--efficient

single resolutionsingle resolution

efficient



View-dependent refinement of PM’sViewView--dependent refinement of PM’sdependent refinement of PM’s

overhead viewoverhead view

finerfiner

coarsercoarser

actual viewactual view

MM00 vsplvspl00 vsplvspl11 vsplvsplii--11 vsplvsplnn--11



Parent-child vertex relationsParentParent--child vertex relationschild vertex relations

vvss

vvtt
vvuu

vsplitvsplit

vsplitvsplit



Vertex hierarchyVertex hierarchyVertex hierarchy

vv22

vsplvspl00MM00 vsplvspl11 vsplvspl22 vsplvspl33 vsplvspl44 vsplvspl55

vv11 vv33MM00

vv1010 vv1111

vsplvspl33

vv11 vv22

vv44 vv55

vsplvspl00

vv88 vv99

vsplvspl22

vv33

vv66 vv77

vsplvspl11

vv55

vv1212 vv1313

vsplvspl44

vv1010

vsplvspl55

vv1414 vv1515

vv66

PM:PM:

MMnn

MM00



Selective refinementSelective refinementSelective refinement

vsplvspl22

vv1111

vv11 vv22

vv44 vv88 vv99

vv33

vv77

vv55

vv1212 vv1313

vv1010

vv1414 vv1515

vv66

vv22

vsplvspl00MM00 vsplvspl11 vsplvspl33 vsplvspl44 vsplvspl55

vv11 vv33MM00

vv1010 vv1111

vsplvspl33

vv11 vv22

vv44 vv55

vsplvspl00

vv66 vv77

vsplvspl11

vv55

vv1212 vv1313

vsplvspl44

vv1010

selectively refined meshselectively refined mesh

vv88 vv99

vsplvspl22

vv33

vv88 vv99

vsplvspl22

vv33



Runtime algorithmRuntime algorithmRuntime algorithm

initial meshinitial mesh

vv55vv1010 vv1111 vv44 vv88 vv99

vv77vv1212 vv1313

vv11 vv22 vv33MM00

vv66

vv1414 vv1515

vv1212 vv1313vv1212

vv1010 vv1111vv1010 vv1111 vv44vv44

vv66

vv1414 vv1515

vv66

vv1414 vv1515

vv88 vv99

vv33

vv1515

vv77vv77

vv88vv88 vv99vv99

new meshnew mesh

dependencydependency

Algorithm:Algorithm:
incrementalincremental
efficientefficient
amortizableamortizable



DEMO: View-dependent LODDEMO: ViewDEMO: View--dependent LODdependent LOD

demodemodemo



Complex terrain modelComplex terrain modelComplex terrain model

Puget Sound dataPuget Sound data

16K x 16K vertices16K x 16K vertices
~537 million triangles~537 million triangles

10m spacing, 0.1m resolution10m spacing, 0.1m resolution

4m demo4m demo4m demo

simpler 10m demosimpler 10m demosimpler 10m demo



Selective Refinement SummarySelective Refinement Summary

VV FF

MM̂̂ PMPM

vsplvspl
MM00

continuouscontinuous--resolutionresolution
smooth LODsmooth LOD
spacespace--efficientefficient
progressiveprogressive

vv11MM00 vv22

vv33 vv44 vv55 vv66

vv77 vv88

MM^̂
viewview--dependentdependent
refinementrefinement
realreal--time algorithmtime algorithm



Texture mapping progressive meshesTexture mapping progressive meshesTexture mapping progressive meshes [Sander et al 2001][Sander et al 2001]

Construct texture atlas valid for all M0…Mn.Construct texture atlas valid for Construct texture atlas valid for allall MM00……MMnn..

e.g. 1000 facese.g. 1000 faces

pre-shaded demoprepre--shaded demoshaded demo

demodemodemo



Multiresolution geometryMultiresolution geometryMultiresolution geometry

Irregular meshes
Progressive meshes [1996]

View-dependent refinement [1997]

Texture-mapping PM [2001]

Semi-regular meshes
Multiresolution analysis [1995]

Completely regular meshes
Geometry images [2002]

Irregular meshesIrregular meshes
Progressive meshesProgressive meshes [1996][1996]

ViewView--dependent refinementdependent refinement [1997][1997]

TextureTexture--mapping PMmapping PM [2001][2001]

SemiSemi--regular meshesregular meshes
Multiresolution analysisMultiresolution analysis [1995][1995]

Completely regular meshesCompletely regular meshes
Geometry imagesGeometry images [2002][2002]



Semi-regular representationsSemiSemi--regular representationsregular representations
[Eck et al 1995][Eck et al 1995]
[Lee et al 1998][Lee et al 1998]
[Khodakovsky 2000][Khodakovsky 2000]
[Guskov et al 2000][Guskov et al 2000]
[Lee et al 2000][Lee et al 2000]
……

semisemi--regularregularirregular base meshirregular base mesh



Challenge: finding domainChallenge: finding domainChallenge: finding domain
[Eck et al 1995][Eck et al 1995]
[Lee et al 1998][Lee et al 1998]
[Khodakovsky 2000][Khodakovsky 2000]
[Guskov et al 2000][Guskov et al 2000]
[Lee et al 2000][Lee et al 2000]
……

original surfaceoriginal surfacebase domainbase domain



TechniquesTechniquesTechniques
“Delaunay” partition  +  parametrization“Delaunay” partition  +  parametrization“Delaunay” partition  +  parametrization

[Eck et al.  1995][Eck et al.  1995]

Mesh simplification  + …Mesh simplification  + …Mesh simplification  + …

[Lee et al.  1998][Lee et al.  1998]
[Lee et al.  2000][Lee et al.  2000]

[Guskov et al.  2000][Guskov et al.  2000]



Semi-regular: ApplicationsSemiSemi--regular: Applicationsregular: Applications

View-dependent refinement
Texture-mapping
Multiresolution editing
Compression
…

ViewView--dependent refinementdependent refinement
TextureTexture--mapping

[Lounsbery et al. 1994][Lounsbery et al. 1994]

mapping
Multiresolution editingMultiresolution editing
CompressionCompression
……

[Certain et al. 1995][Certain et al. 1995]

[Zorin et al. 1997][Zorin et al. 1997]

[Khodakovsky  et al. 1999][Khodakovsky  et al. 1999]



Multiresolution geometryMultiresolution geometryMultiresolution geometry
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Progressive meshes [1996]
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Mesh rendering: complicated processMesh rendering: complicated processMesh rendering: complicated process

Vertex 1  xVertex 1  x11 yy11 zz11
Vertex 2  xVertex 2  x22 yy22 zz22
……

random access!random access!

ss11 tt11
ss22 tt22

Face 2 Face 2 11 33
Face 4 2 3Face 4 2 3
……

random access!random access!



Current architectureCurrent architectureCurrent architecture

GPUGPUGPU framebuffer
Z-buffer

framebufferframebuffer
ZZ--bufferbufferrandomrandom

compressioncompression

geometrygeometrygeometry

texturetexturetexture

randomrandom
$$

$$
randomrandom

compressioncompression

2D image compression2D image compression

~40M ~40M ∆∆/sec/sec



New architectureNew architectureNew architecture

GPUGPUGPU framebuffer
Z-buffer

framebufferframebuffer
ZZ--bufferbuffer

geometry 
& texture

image

geometry geometry 
& texture& texture

imageimage

sequentialsequential
~random~randomgreat compressiongreat compression compressioncompression

Minimize   #vertices   bandwidth,
through compression.

Maximize sequential (non-random) access

Minimize   #vertices   Minimize   #vertices   bandwidth,bandwidth,
throughthrough compressioncompression..

MaximizeMaximize sequentialsequential (non(non--random) accessrandom) access



Geometry ImageGeometry ImageGeometry Image [Gu et al 2002][Gu et al 2002]

geometry imagegeometry image
257 x 257; 12 bits/channel257 x 257; 12 bits/channel

3D geometry3D geometrycompletely regular samplingcompletely regular sampling



Basic ideaBasic ideaBasic idea

cutcut

parametrizeparametrize

demodemodemo



Basic ideaBasic ideaBasic idea

cutcut

samplesample



Basic ideaBasic ideaBasic idea

cutcut

[[rr,,gg,,bb] = [] = [xx,,yy,,zz]]

renderrender

storestore



RenderingRenderingRendering

(65x65 geometry image)(65x65 geometry image)

demodemodemo



Rendering with attributesRendering with attributesRendering with attributes

renderingrendering

geometry image  geometry image  2572572 2 x 12b/chx 12b/ch

normalnormal--map image  map image  5125122 2 x 8b/chx 8b/ch



Normal-Mapped DemoNormalNormal--Mapped DemoMapped Demo

normal mapnormal map
512x512; 8b/ch512x512; 8b/ch

geometry imagegeometry image
129x129; 12b/ch129x129; 12b/ch

demodemodemo

pre-shaded demoprepre--shaded demoshaded demo



Advantages for hardware renderingAdvantages for hardware renderingAdvantages for hardware rendering

Regular sampling  no vertex indices.

Unified parametrization  no texture coordinates.

Raster-scan traversal of source data
Run-time decompression?

Regular sampling  Regular sampling  no vertex indices.no vertex indices.

Unified parametrization  Unified parametrization  no texture coordinates.no texture coordinates.

RasterRaster--scanscan traversal of traversal of sourcesource datadata
RunRun--time decompression?time decompression?



CompressionCompressionCompression

Image wavelet-coderImage waveletImage wavelet--codercoder

1.5 KB1.5 KB295295 KBKB fused cutfused cut
+ topological sideband (12 B)+ topological sideband (12 B)



Compression resultsCompression resultsCompression results

295295 KB KB 

1.5 KB1.5 KB 3 KB3 KB 12 KB12 KB 49 KB49 KB



SemiSemi--regularregularIrregularIrregular Completely regularCompletely regular

requiredrequiredrequiredrequiredunnecessaryunnecessaryRemeshingRemeshing
difficultdifficultdifficultdifficultyesyesSharp featuresSharp features

trouble areastrouble areasgood if desiredgood if desiredgood if desiredgood if desiredElement qualityElement quality

regular,regular,
except at “cut”except at “cut”

mostly regular,mostly regular,
but irregular verticesbut irregular vertices

irregular,irregular,
cumbersomecumbersome

Neighborhood /Neighborhood /
multiresolutionmultiresolution

easy wavelets,easy wavelets,
hardware?hardware?

fancy wavelets,fancy wavelets,
softwaresoftware

poor,poor,
deltadelta--encodingencoding

CompressionCompression
simple raster scansimple raster scanNN--patchespatchesvertex & vertex & textex. caching. cachingRenderingRendering

uniform griduniform gridsubdivision connect.subdivision connect.anyany input meshinput meshFlexibilityFlexibility





Texture Mapping DemoTexture Mapping DemoTexture Mapping Demo

2,000 faces2,000 faces
demodemodemo



Displaced subdivision surfacesDisplaced subdivision surfacesDisplaced subdivision surfaces [Lee et al 2000][Lee et al 2000]

control meshcontrol mesh displaced surfacedisplaced surfacesurfacesurface

scalar displacementsscalar displacements

moviemoviemovie moviemoviemovie



Mip-mappingMipMip--mappingmapping

257x257257x257 129x129129x129 65x6565x65



Some artifactsSome artifactsSome artifacts

aliasingaliasing anisotropic samplinganisotropic sampling
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