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INFORMATIKThe Ultimate Goal The Ultimate Goal 

Scene from “The Matrix”, © Warner Bros. 2000
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INFORMATIKINFORMATIKBehind the Scenes …Behind the Scenes …

http://http://whatisthematrix.warnerbros.comwhatisthematrix.warnerbros.com//
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INFORMATIKINFORMATIK

Photography vs. Photography vs. 
Computer GraphicsComputer Graphics

• Easy acquisition
• Fast display
• Natural appearance
• No flexibility

• Easy acquisition
• Fast display
• Natural appearance
• No flexibility

• Unlimited flexibility
• Time-consuming modeling
• Expensive image synthesis
• Non-realistic appearance

•• UnlimitedUnlimited flexibilityflexibility
•• TimeTime--consumingconsuming modelingmodeling
•• ExpensiveExpensive image image synthesissynthesis
•• NonNon--realistic appearancerealistic appearance
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INFORMATIKINFORMATIK

ImageImage--based based 
Modeling & RenderingModeling & Rendering

ImageImage

AnalysisAnalysis SynthesisSynthesis

Scene GeometryScene Geometry
AnimationAnimation

Reflectance CharacteristicsReflectance Characteristics
IlluminationIllumination
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INFORMATIKINFORMATIKRealReal--World AcquisitionWorld Acquisition

??videovideodynamic dynamic 
scenescene

active scanningactive scanningphotophotostatic objectstatic object

3D shape3D shapevisual appearancevisual appearance
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INFORMATIKINFORMATIKVideoVideo--based Renderingbased Rendering

Goals
• Render dynamic, real-world object from arbitrary viewpoint

– Real-time display frame rate
– Online processing: live display, or
– Offline: best-possible rendering quality

Means
• Reconstruction of dynamic 3D shape from images
• Fast, realistic rendering from shape + video

Scenario
• Acquisition: handful of synchronized video cameras

• Display: consumer-market PC hardware

GoalsGoals
•• Render dynamic, realRender dynamic, real--world object from arbitrary viewpointworld object from arbitrary viewpoint

–– RealReal--time display frame ratetime display frame rate
–– Online processing: live display, orOnline processing: live display, or
–– Offline: bestOffline: best--possible rendering qualitypossible rendering quality

MeansMeans
•• Reconstruction of dynamic 3D shape from imagesReconstruction of dynamic 3D shape from images
•• Fast, realistic rendering from shape + videoFast, realistic rendering from shape + video

ScenarioScenario
•• Acquisition: handful of synchronized video camerasAcquisition: handful of synchronized video cameras

•• Display: consumerDisplay: consumer--market PC hardwaremarket PC hardware
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INFORMATIKINFORMATIK

Analysis Synthesis

VideoVideo--based based 
Scene Analysis & SynthesisScene Analysis & Synthesis

Raw Multi-View Video Rendered New View

Model Fitting

level of
abstraction

Camera Hopping

Image Warping

Reconst. Geometrynumber of
cameras
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INFORMATIKINFORMATIKTutorial OutlineTutorial Outline

Multi-Video Acquisition

On-line Processing

Model-based Analysis and Synthesis

Outlook & Discussion

MultiMulti--Video AcquisitionVideo Acquisition

OnOn--line Processingline Processing

ModelModel--based Analysis and Synthesisbased Analysis and Synthesis

Outlook & DiscussionOutlook & Discussion
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INFORMATIKINFORMATIKVisual Hull RenderingVisual Hull Rendering

Voxel-based
• Discretize volume into voxels
• Discard voxels outside silhouette cones
Rapid octree construction from image sequences 

[Szeliski 1993]

Polyhedron-based
• Generate boundary representations of 

silhouette cones from silhouette polygons
• Intersect 3D polyhedral cones

Polyhedral visual hulls for real-time rendering 
[Matusik et al. 2001]

VoxelVoxel--basedbased
•• DiscretizeDiscretize volume into volume into voxelsvoxels
•• Discard Discard voxelsvoxels outside silhouette conesoutside silhouette cones
Rapid Rapid octreeoctree construction from image sequences construction from image sequences 

[[SzeliskiSzeliski 1993]1993]

PolyhedronPolyhedron--basedbased
•• Generate boundary representations of Generate boundary representations of 

silhouette cones from silhouette polygonssilhouette cones from silhouette polygons
•• Intersect 3D polyhedral conesIntersect 3D polyhedral cones

Polyhedral visual hulls for realPolyhedral visual hulls for real--time rendering time rendering 
[[MatusikMatusik et al. 2001]et al. 2001]
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INFORMATIKINFORMATIKVisual Hull RenderingVisual Hull Rendering

Implicit reconstruction
• Render desired view directly from reference views
• Reconstruction implicitly performed during rendering

Image-based visual hulls [Matusik et al. 2000]

On graphics hardware
• Reconstruction and rendering in one single pass
Hardware-accelerated visual hull reconstruction and rendering 

[Li et al. 2003]

Implicit reconstructionImplicit reconstruction
•• Render desired view directly from reference viewsRender desired view directly from reference views
•• Reconstruction implicitly performed during renderingReconstruction implicitly performed during rendering

ImageImage--based visual hulls [based visual hulls [MatusikMatusik et al. 2000]et al. 2000]

On graphics hardwareOn graphics hardware
•• Reconstruction and rendering in one single passReconstruction and rendering in one single pass
HardwareHardware--accelerated visual hull reconstruction and rendering accelerated visual hull reconstruction and rendering 

[Li et al. 2003][Li et al. 2003]
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INFORMATIKINFORMATIK

StudioStudio
•• Stage size 2x2x3 metersStage size 2x2x3 meters
•• Calibrated camerasCalibrated cameras

AcquisitionAcquisition
•• 8 Sony DFW8 Sony DFW--500 cameras500 cameras
•• 320x240 RGB, 15 fps320x240 RGB, 15 fps
•• External triggerExternal trigger
•• IEEE1394 downlinkIEEE1394 downlink

ProcessingProcessing
•• Clients: four 1GHz Clients: four 1GHz AthlonAthlonPCsPCs

–– 2 cameras / client2 cameras / client
•• Server: 1.7GHz P4 PCServer: 1.7GHz P4 PC

MultiMulti--View Video AcquisitionView Video Acquisition
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INFORMATIKINFORMATIK

Volumetric Volumetric 
Visual Hull ReconstructionVisual Hull Reconstruction

……..

CameraCamera CameraCamera CameraCamera CameraCamera

Client 1Client 1 Client 2Client 2

ServerServer

VoxelVoxel visibility computationvisibility computation

Background subtractionBackground subtraction
Partial volumePartial volume

Complete volumeComplete volume
reconstructionreconstruction

RLE encoded volumeRLE encoded volumeRLE encoded volumeRLE encoded volume

1.7 GHz P41.7 GHz P4

Sony Sony 
DFWDFW--V500V500

Background subtractionBackground subtraction
Partial volumePartial volume
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INFORMATIKINFORMATIKBackground SubtractionBackground Subtraction
• For each background pixel compute mean color             and 

color standard deviation
• New pixel            classified by 3 criteria 

– Surely foreground :
– Surely background : 
– Else shadow test : Hue difference                  => foreground,

else background

Hole Filling : Dilate / Erode 

•• For each background pixel compute mean color             and For each background pixel compute mean color             and 
color standard deviationcolor standard deviation

•• New pixel            classified by 3 criteria New pixel            classified by 3 criteria 
–– Surely foreground :Surely foreground :
–– Surely background : Surely background : 
–– Else shadow test : Hue difference                  => foregroundElse shadow test : Hue difference                  => foreground,,

else backgroundelse background

Hole Filling : Dilate / Erode Hole Filling : Dilate / Erode 

),( yxµ
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),(),(),( yxTyxyxp u σµ ⋅>−
),(),(),( yxTyxyxp l σµ ⋅<−

),( yxσ

angularT>∆

Cheung et al. 2000Cheung et al. 2000
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INFORMATIKINFORMATIKVolume ReconstructionVolume Reconstruction

Shape-from-silhouette
• Scene : Subdivided into cubic volume elements
• Silhouette defines generalized cone 
• Intersection of cones builds voxel-based

approximation to visual hull

• On Client : Re-project voxels into silhouette view (precomputed)
• Each client computes partial hull for 2 views
• RLE encode partial hulls
• Complete hull on server by intersection

ShapeShape--fromfrom--silhouettesilhouette
•• Scene : Subdivided into cubic volume elementsScene : Subdivided into cubic volume elements
•• Silhouette defines generalized cone Silhouette defines generalized cone 
•• Intersection of cones builds Intersection of cones builds voxelvoxel--basedbased

approximation to approximation to visual hullvisual hull

•• On Client : ReOn Client : Re--project project voxelsvoxels into silhouette view (into silhouette view (precomputedprecomputed))
•• Each client computes partial hull for 2 viewsEach client computes partial hull for 2 views
•• RLE encode partial hullsRLE encode partial hulls
•• Complete hull on server by intersectionComplete hull on server by intersection
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INFORMATIKINFORMATIKBillboard RenderingBillboard Rendering

• Small rectangle parallel to 
the image plane of the 
novel viewpoint

• Centered in grid cell

• Size chosen so that it 
completely covers the cell

• Performed entirely on 
graphics card

•• Small rectangle parallel to Small rectangle parallel to 
the image plane of the the image plane of the 
novel viewpointnovel viewpoint

•• Centered in grid cellCentered in grid cell

•• Size chosen so that it Size chosen so that it 
completely covers the cellcompletely covers the cell

•• Performed entirely on Performed entirely on 
graphics cardgraphics cardNovel ViewpointNovel Viewpoint

Cell and its BillboardCell and its Billboard

[[YamasaziYamasazi et al., et al., EurographicsEurographics 2002]2002]
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INFORMATIKINFORMATIKBillboard TexturingBillboard Texturing

• Texture patches from 
source views are back-
projected onto the 
billboard

• Blend contributions from 
best matching cameras 
which “see” the cell

•• Texture patches from Texture patches from 
source views are backsource views are back--
projected onto the projected onto the 
billboardbillboard

•• Blend contributions from Blend contributions from 
best matching cameras best matching cameras 
which “see” the cellwhich “see” the cell

Source CameraSource Camera
Novel ViewpointNovel Viewpoint

Cell and its BillboardCell and its Billboard

projectproject

texturetexture
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INFORMATIKINFORMATIKVisibilityVisibility

• A camera is not used for 
texturing if the textured 
cell is occluded in the 
camera’s view by other 
occupied cells

•• A camera is not used for A camera is not used for 
texturing if the textured texturing if the textured 
cell is occluded in the cell is occluded in the 
camera’s view by other camera’s view by other 
occupied cellsoccupied cells

Unused SourceUnused Source
Novel ViewpointNovel Viewpoint

Cell and its BillboardCell and its Billboard

Occluding CellsOccluding Cells
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INFORMATIKINFORMATIKSelecting Source CamerasSelecting Source Cameras

•• Select cameras in which Select cameras in which 
the voxel is visiblethe voxel is visible

•• Compute angle     between Compute angle     between 
the line of sight of source the line of sight of source 
camera and normalcamera and normal

•• Blending weight for each of Blending weight for each of 
the cameras isthe cameras is

α

)exp(: αω c−=Source CameraSource Camera

Grid cellGrid cell

α

Level setLevel set

Surface normalSurface normal
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INFORMATIKINFORMATIKRealReal--Time ImplementationTime Implementation

CPUCPU
•• For cell bordering the surface: For cell bordering the surface: 

–– Compute two texturing source cameras and Compute two texturing source cameras and 
weightsweights

–– Send (x,y,z) coordinate of current cell to Send (x,y,z) coordinate of current cell to 
graphics hardwaregraphics hardware

–– Invoke display list to render a unit squareInvoke display list to render a unit square
•• Data transfer to graphics hardware is Data transfer to graphics hardware is 

minimizedminimized

Balance CPU Vertex Pr. Pixel Pr.↔ ↔
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INFORMATIKINFORMATIKRealReal--Time ImplementationTime Implementation

GPU tasks I: Vertex ProcessingGPU tasks I: Vertex Processing

•• Rotate unit square to face viewer Rotate unit square to face viewer 
and move to cells (x,y,z) positionand move to cells (x,y,z) position

•• Project into novel view Project into novel view 

•• Project into source views to assign Project into source views to assign 
texture coordinatestexture coordinates

y ’y ’

x ’x ’ z ’z ’

11

11

11
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INFORMATIKINFORMATIKRealReal--Time ImplementationTime Implementation

GPU tasks II: Pixel ProcessingGPU tasks II: Pixel Processing

•• Use multiple texture units to blend Use multiple texture units to blend 
contributions from different source contributions from different source 
cameras cameras 

•• Last texture unit: Level set function Last texture unit: Level set function 
as 3D alpha textureas 3D alpha texture

<0.5

>0.5
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INFORMATIKINFORMATIK

Volumetric Reconstruction & Volumetric Reconstruction & 
RenderingRendering

Hardware accelerated rendering: 30 fpsHardware accelerated rendering: 30 fps
•• Input: 6 x 320x240 RGB, 15 fps, 2GHz P4, GeForce4Input: 6 x 320x240 RGB, 15 fps, 2GHz P4, GeForce4
•• Reconstructed visual hull: 64x64x64 Reconstructed visual hull: 64x64x64 voxelvoxel resolutionresolution
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INFORMATIKINFORMATIK

Volumetric VH Reconstruction: Volumetric VH Reconstruction: 
Processing PipelineProcessing Pipeline

Synchronized Synchronized 
multimulti--video recordingvideo recording

Background subtractionBackground subtraction
Silhouette extractionSilhouette extraction

Volume Volume 
reconstructionreconstruction

MultiMulti--Video Recording: Video Recording: 15 fps15 fps
•• 6 cameras, 320x240 RGB6 cameras, 320x240 RGB

Silhouette extraction: Silhouette extraction: >15 fps>15 fps
Volume reconstruction: Volume reconstruction: >15 fps>15 fps

•• 32x32x32 32x32x32 voxelsvoxels

Visibility computation: Visibility computation: 5 fps5 fps
•• NonNon--optimizedoptimized
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INFORMATIKINFORMATIKResultsResults

Complexity

• Rendering setup: Pre-process and transfer source camera 
images to graphics hardware, linear in number of views

• Rendering time approximately linear in number of surface 
cells

Frame-rates

• Pentium IV 1.8GHz, GeForce 4 Ti 4600

• 8 source cameras => 2.4 MByte image data

• 30 fps at a grid resolution of 64 x 64 x 64

ComplexityComplexity

•• Rendering setup: PreRendering setup: Pre--process and transfer source camera process and transfer source camera 
images to graphics hardware, linear in number of viewsimages to graphics hardware, linear in number of views

•• Rendering time approximately linear in number of surface Rendering time approximately linear in number of surface 
cellscells

FrameFrame--ratesrates

•• Pentium IV 1.8GHz, Pentium IV 1.8GHz, GeForceGeForce 4 Ti 46004 Ti 4600

•• 8 source cameras => 2.4 8 source cameras => 2.4 MByteMByte image dataimage data

•• 30 fps at a grid resolution of 64 x 64 x 6430 fps at a grid resolution of 64 x 64 x 64
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INFORMATIKINFORMATIKQuality ImprovementsQuality Improvements

ProblemProblem
• Segmentation errors

• Seams along boundary 
lines between two textures

•• Segmentation errorsSegmentation errors

•• Seams along boundary Seams along boundary 
lines between two textureslines between two textures

Partial SolutionPartial Solution
•• Render all background Render all background 

pixels transparentpixels transparent

•• Add some transparency Add some transparency 
along the foreground along the foreground 
boundary of the texturesboundary of the textures
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INFORMATIKINFORMATIKThe Visual HullThe Visual Hull

• Approximate shape representation
– Envelope of true geometry

• Reconstructed from multiple silhouettes

– Silhouette projection into 3D space:
silhouette cones
8Polygonal approximation

– Intersection of silhouette cones: Visual Hull
• Fast acquisition and visualization 

of arbitrary foreground geometry

•• Approximate shape representationApproximate shape representation
–– Envelope of true geometryEnvelope of true geometry

•• Reconstructed from multiple silhouettesReconstructed from multiple silhouettes

–– Silhouette projection into 3D space:Silhouette projection into 3D space:
silhouette conessilhouette cones
88Polygonal approximationPolygonal approximation

–– Intersection of silhouette cones: Visual HullIntersection of silhouette cones: Visual Hull
•• Fast acquisition and visualization Fast acquisition and visualization 

of arbitrary foreground geometryof arbitrary foreground geometry
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INFORMATIKINFORMATIK

Polygonal Polygonal 
Visual Hull ReconstructionVisual Hull Reconstruction

•• Silhouette contours approximated as Silhouette contours approximated as 
2D polygons2D polygons
–– Precision adjustment: Precision adjustment: 

variable # polygon verticesvariable # polygon vertices
•• Contours define Contours define 

polyhedral 3D conespolyhedral 3D cones
•• Intersection of cones: Intersection of cones: 

Polygonal Polygonal Visual HullVisual Hull
•• On ClientOn Client

–– silhouette segmentationsilhouette segmentation
–– polygonal contour approximationpolygonal contour approximation
–– Encode contour polygonEncode contour polygon

•• On ServerOn Server
–– 3D polygonal cone intersection3D polygonal cone intersection
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INFORMATIKINFORMATIKVisual Hull ReconstructionVisual Hull Reconstruction
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INFORMATIKINFORMATIK

HardwareHardware--AcceleratedAccelerated
Visual Hull ReconstructionVisual Hull Reconstruction

• Perform 3D intersections on rasterized silhouette face
• Silhouette mask encoded in texture alpha channel
• Project all textures onto silhouette face
• Exploit multiple texture units

•• Perform 3D intersections on Perform 3D intersections on rasterizedrasterized silhouette facesilhouette face
•• Silhouette mask encoded in texture alpha channelSilhouette mask encoded in texture alpha channel
•• Project all textures onto silhouette faceProject all textures onto silhouette face
•• Exploit multiple texture unitsExploit multiple texture units

∏
≠
=

=
N

kk
k

kAA
ˆ

1

[Li et al., Graphics Interface 2003][Li et al., Graphics Interface 2003]
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INFORMATIKINFORMATIK

View-dependent texture mapping
• Weight of view k for face f

– Per-face visibility evaluation

– View-dependent weight

• Weight normalization

Per-fragment color computation
• On graphics hardware 

ViewView--dependent texture mappingdependent texture mapping
•• Weight of view Weight of view kk for face for face ff

–– PerPer--face visibility evaluationface visibility evaluation

–– ViewView--dependent weightdependent weight

•• Weight normalizationWeight normalization

PerPer--fragment color computationfragment color computation
•• On graphics hardware On graphics hardware 



 <•

=
otherwise

V fk ,0

0,1
,

nv
kfkfk WVW ⋅= ,,

HardwareHardware--Accelerated Accelerated 
Visual Hull RenderingVisual Hull Rendering

)(cos/1 ,
1

tkkW θ−=

∑
=

⋅=
N

k
kfkf TWC

1
,

ˆ

∑
=

=
N

k
fkfkfk WWW

1
,,,

ˆ

CCff : output fragment color for face f. : output fragment color for face f. TTkk: color : color texeltexel value from view kvalue from view k
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INFORMATIKINFORMATIKResultsResults

• Acquisition: 8 cameras, 15 fps, 320x240 pixels
• Rendering: 640x480 pixels, 40 fps
•• Acquisition: 8 cameras, 15 fps, 320x240 pixelsAcquisition: 8 cameras, 15 fps, 320x240 pixels
•• Rendering: 640x480 pixels, 40 fpsRendering: 640x480 pixels, 40 fps
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INFORMATIKINFORMATIKExperiments & PerformancesExperiments & Performances

• Rendering window size : 640 x 480 pixels
• Each silhouette cone: 100-120 silhouette faces
•• Rendering window size : 640 x 480 pixelsRendering window size : 640 x 480 pixels
•• Each silhouette cone: 100Each silhouette cone: 100--120 silhouette faces120 silhouette faces

RadeonRadeon 9700 Pro9700 ProGeForceGeForce 33Graphics Graphics 
hardwarehardware

44448484Frame Frame 
rates(fps)rates(fps)

8844Reference Reference 
view numberview number

Previous fastest system performance for 4 views : Previous fastest system performance for 4 views : 30 fps 30 fps [[MatusikMatusik et al. 2001]et al. 2001]
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INFORMATIKINFORMATIKEnhanced VH RenderingEnhanced VH Rendering

Projective Texture Mapping
• Problem: texturing-through
Solution: Shadow Mapping
• Render from camera’s point-of-view

– Generate depth map
• Render from eye’s point-of-view

– For each fragment, determine 3D 
distance to camera

• Compare depths
– Assign 0/1 to (in)visible fragments

Projective Texture MappingProjective Texture Mapping
•• Problem: texturingProblem: texturing--throughthrough
Solution: Shadow MappingSolution: Shadow Mapping
•• Render from camera’s pointRender from camera’s point--ofof--viewview

–– Generate depth mapGenerate depth map
•• Render from eye’s pointRender from eye’s point--ofof--viewview

–– For each fragment, determine 3D For each fragment, determine 3D 
distance to cameradistance to camera

•• Compare depthsCompare depths
–– Assign 0/1 to (in)visible fragmentsAssign 0/1 to (in)visible fragments
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INFORMATIKINFORMATIKEnhanced VH RenderingEnhanced VH Rendering

Opaque Projective Texture Mapping
• Multiple textures

– Tex0: Color texel, Tex1: Shadow texel
– Final fragment: Tex0*Tex1

• Enable alpha testing to remove 
occluded parts

Problem
• Shadow leak due to insufficient 

depth map resolution

Opaque Projective Texture MappingOpaque Projective Texture Mapping
•• Multiple texturesMultiple textures

–– Tex0: Color Tex0: Color texeltexel, Tex1: Shadow , Tex1: Shadow texeltexel
–– Final fragment: Tex0*Tex1Final fragment: Tex0*Tex1

•• Enable alpha testing to remove Enable alpha testing to remove 
occluded partsoccluded parts

ProblemProblem
•• Shadow leak due to insufficient Shadow leak due to insufficient 

depth map resolutiondepth map resolution
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INFORMATIKINFORMATIKEnhanced VH RenderingEnhanced VH Rendering

Extended Opaque Projective Texture 
Mapping
• Higher depth map resolution

– Increased rendering time

– More texture memory

• Render “fatter” version of depth map

– 2-pass depth map rendering
8 1st Pass:  Line mode using thick line width
8 2nd Pass: Normal mode

Extended Opaque Projective Texture Extended Opaque Projective Texture 
MappingMapping
•• Higher depth map resolutionHigher depth map resolution

–– Increased rendering timeIncreased rendering time

–– More texture memoryMore texture memory

•• Render “fatter” version of depth mapRender “fatter” version of depth map

–– 22--pass depth map renderingpass depth map rendering
88 11sts t Pass:  Line mode using thick line widthPass:  Line mode using thick line width
88 22ndnd Pass: Normal modePass: Normal mode
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INFORMATIKINFORMATIK

Polygonal VH Reconstruction: Polygonal VH Reconstruction: 
Processing PipelineProcessing Pipeline

Silhouette extraction: Silhouette extraction: >15 fps>15 fps
•• 320x240 RGB 320x240 RGB 

Polygonal VH reconstruction: Polygonal VH reconstruction: 15 fps15 fps
•• 400400--500 triangles500 triangles
•• 6 cameras6 cameras

Synchronized Synchronized 
multimulti--video recordingvideo recording

Background subtractionBackground subtraction
Silhouette extractionSilhouette extraction

Visual Hull Visual Hull 
reconstructionreconstruction
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INFORMATIKINFORMATIKResultsResults
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INFORMATIKINFORMATIK

ModelModel--based based 
FreeFree--Viewpoint VideoViewpoint Video

MultiMulti--view video recordingview video recording Silhouette extractionSilhouette extraction Generic modelGeneric model
adaptationadaptation

SilhouetteSilhouette--based modelbased model--fittingfittingMultiMulti--view texturing view texturing 
Interactive renderingInteractive rendering [[CarranzaCarranza et al., et al., SiggraphSiggraph 2003]2003]
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INFORMATIKINFORMATIKHuman Body ModelHuman Body Model

Generic body model
• 16 body segments
• 21422 triangles total

Initialization
• Adaptation to actor’s proportions
• 16 non-uniform deformation parameters 

per segment

Motion capture
• 15 joints
• 35 pose parameters
• Special limb parameterization

Generic body modelGeneric body model
•• 16 body segments16 body segments
•• 21422 triangles total21422 triangles total

InitializationInitialization
•• Adaptation to actor’s proportionsAdaptation to actor’s proportions
•• 16 non16 non--uniform deformation parameters uniform deformation parameters 

per segmentper segment

Motion captureMotion capture
•• 15 joints15 joints
•• 35 pose parameters35 pose parameters
•• Special limb parameterizationSpecial limb parameterization
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INFORMATIKINFORMATIKEnergy FunctionEnergy Function
Scaling & Pose Parameter Estimation
• Criterion: overlap between image silhouettes 

and body model projection

– Area of intersection

– Robust against silhouette inaccuracies
• Graphics hardware acceleration

– Model rendering
– Pixel-wise XOR (stencil buffer)
– 8 silhouettes / frame buffer read-write
– 105 pose evaluations / sec. (GeForce 3)

Scaling & Pose Parameter EstimationScaling & Pose Parameter Estimation
•• Criterion: overlap between image silhouettes Criterion: overlap between image silhouettes 

and body model projectionand body model projection

–– Area of intersectionArea of intersection

–– Robust against silhouette inaccuraciesRobust against silhouette inaccuracies
•• Graphics hardware accelerationGraphics hardware acceleration

–– Model renderingModel rendering
–– PixelPixel--wise XOR (stencil buffer)wise XOR (stencil buffer)
–– 8 silhouettes / frame buffer read8 silhouettes / frame buffer read--writewrite
–– 105 pose evaluations / sec. (105 pose evaluations / sec. (GeForceGeForce 3)3)
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INFORMATIKINFORMATIKModel MatchingModel Matching

8-bit stencil buffer => 1 frame buffer read/write
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INFORMATIKINFORMATIKInitializationInitialization

Initial model positioning

Four Bézier
scale local 
vertex 
coordinates per 
segment =>find 
control values

Non-uniform segment scaling

Body Pose Estimation

iterate

Uniform skeleton rescaling

Initialization 
pose
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INFORMATIKINFORMATIKBody Pose EstimationBody Pose Estimation
• Challenges

– Many local minima
– Fast limb motion 
– Constraint: no inter-penetrations

• Hierarchical decomposition
• Grid search

•• ChallengesChallenges
–– Many local minimaMany local minima
–– Fast limb motion Fast limb motion 
–– Constraint: no interConstraint: no inter--penetrationspenetrations

•• Hierarchical decompositionHierarchical decomposition
•• Grid searchGrid search

PosePose
ParametersParameters

at at tt--11

PosePose
ParametersParameters

at at tt

Grid Grid 
searchsearch
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INFORMATIKINFORMATIKModelModel--toto--Silhouette MatchingSilhouette Matching
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INFORMATIKINFORMATIKMotion CaptureMotion Capture
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INFORMATIKINFORMATIKModel Fitting AccelerationModel Fitting Acceleration

Performance bottlenecks
• Energy function

– Transfer bandwidth (frame buffer read/write)
– Rendering model geometry

Energy function modification
• Optimize body parts using sub-windows of image 

plane
• Pre-render un-changing body parts
• Distributed implementation

Performance bottlenecksPerformance bottlenecks
•• Energy functionEnergy function

–– Transfer bandwidth (frame buffer read/write)Transfer bandwidth (frame buffer read/write)
–– Rendering model geometryRendering model geometry

Energy function modificationEnergy function modification
•• Optimize body parts using subOptimize body parts using sub--windows of image windows of image 

planeplane
•• PrePre--render unrender un--changing body partschanging body parts
•• Distributed implementationDistributed implementation
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INFORMATIKINFORMATIKSubSub--Window OptimizationWindow Optimization

• Render energy function in sub-area of image plane
• Conservative sub-window-size
• Centered around projected COG of body part
• Reduces memory-bandwidth

•• Render energy function in subRender energy function in sub--area of image planearea of image plane
•• Conservative subConservative sub--windowwindow--sizesize
•• Centered around projected COG of body partCentered around projected COG of body part
•• Reduces memoryReduces memory--bandwidthbandwidth
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INFORMATIKINFORMATIKBody Part PreBody Part Pre--RenderingRendering

• Reduced number of triangles per function evaluation
– Render only currently optimized geometry

• Error from unchanging body parts
– Correct by pre-rendering and masking

•• Reduced number of triangles per function evaluationReduced number of triangles per function evaluation
–– Render only currently optimized geometryRender only currently optimized geometry

•• Error from unchanging body partsError from unchanging body parts
–– Correct by preCorrect by pre--rendering and maskingrendering and masking

Mask of Mask of 
unchanging body partsunchanging body parts

Output stencilOutput stencil
with errorswith errors

Corrected Corrected 
energy functionenergy function
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INFORMATIKINFORMATIKDistributed ImplementationDistributed Implementation

• Client-server setup
• 5 PCs – 5 CPUs and 5 GPUs
• TCP/IP communication
• Fitting procedure

– Server : torso 
– Clients/server in parallel: 

arms, legs, head
– Clients in parallel : feet, 

hands

•• ClientClient--server setupserver setup
•• 5 PCs 5 PCs –– 5 CPUs and 5 5 CPUs and 5 GPUsGPUs
•• TCP/IP communicationTCP/IP communication
•• Fitting procedureFitting procedure

–– Server : torso Server : torso 
–– Clients/server in parallel: Clients/server in parallel: 

arms, legs, headarms, legs, head
–– Clients in parallel : feet, Clients in parallel : feet, 

handshands
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INFORMATIKINFORMATIKResultsResults

Average fitting times (s)Average fitting times (s)Average fitting times (s)

1.761.761.161.16SubSub--window,prewindow,pre--render, render, 
5 computers5 computers

10.1010.103.303.30SubSub--window,prewindow,pre--render, render, 
single computersingle computer

14.1014.107.987.98XOR single computerXOR single computer

Seq. BSeq. BSeq. ASeq. AMethodMethod

Xeon 1.8 Xeon 1.8 GhzGhz , 512 MB RAM, GeForce3, 512 MB RAM, GeForce3
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INFORMATIKINFORMATIKRefined Model FittingRefined Model Fitting

Silhouettes
• Robustly detectable
• Sensitive to large-scale motion

Object texture
• Highly detailed
• Sensitive to small movements

⇒ Exploit texture for fine-tuning 
model parameters

SilhouettesSilhouettes
•• Robustly detectableRobustly detectable
•• Sensitive to largeSensitive to large--scale motionscale motion

Object textureObject texture
•• Highly detailedHighly detailed
•• Sensitive to small movementsSensitive to small movements

⇒⇒ Exploit texture for fineExploit texture for fine--tuning tuning 
model parametersmodel parameters
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INFORMATIKINFORMATIK2D Optical Flow2D Optical Flow

• Temporal image intensity change 
due to motion u in image plane

• Optical flow constraint
– 1 equation, 2 unknowns

• Smoothness assumption
– Weighted least-squares fit (Lucas, Kanade)

– W(p): Gaussian neighborhood around pixel p

•• Temporal image intensity change Temporal image intensity change 
due to motion due to motion uu in image planein image plane

•• Optical flow constraintOptical flow constraint
–– 1 equation, 2 unknowns1 equation, 2 unknowns

•• Smoothness assumptionSmoothness assumption
–– Weighted leastWeighted least--squares fit (Lucas, squares fit (Lucas, KanadeKanade))

–– W(W(pp)): Gaussian neighborhood around pixel : Gaussian neighborhood around pixel pp
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INFORMATIKINFORMATIK3D Motion Field3D Motion Field

• Optical Flow ui
• projection of 3D point motion dx /dt

into 2D image plane i

• Optical Flow vs. Scene Flow
• Jacobian matrix

– Known from camera model
• Optical Flow & Jacobian

– Solve for 3D motion dx /dt

•• Optical Flow Optical Flow uuii
•• projection of 3D point motion projection of 3D point motion ddxx /dt/dt

into 2D image plane into 2D image plane ii

•• Optical Flow vs. Scene FlowOptical Flow vs. Scene Flow
•• JacobianJacobian matrixmatrix

–– Known from camera modelKnown from camera model
•• Optical Flow & Optical Flow & JacobianJacobian

–– Solve for 3D motion Solve for 3D motion ddxx /dt/dt
zyx

i
i ,,∂

∂
=

u
J

dt
d

ii

x
Ju =
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INFORMATIKINFORMATIK3D Motion Field3D Motion Field

• 3D motion
• Point visible from N cameras i

in sub-sequent time frames
• Determine Optical Flow ui, vi

• Solve linear system

• Least-squares solution
• Singular value decomposition
• 3D motion vector for each vertex

•• 3D motion3D motion
•• Point visible from Point visible from NN cameras cameras ii

in subin sub--sequent time framessequent time frames
•• Determine Optical Flow Determine Optical Flow uuii,, vvii

•• Solve linear systemSolve linear system

•• LeastLeast--squares solutionsquares solution
•• Singular value decompositionSingular value decomposition
•• 3D motion vector for each vertex3D motion vector for each vertex
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INFORMATIKINFORMATIK

Motion FieldMotion Field--guidedguided
Model Fitting AlgorithmModel Fitting Algorithm

• Estimate model pose for t+1
• Silhouette fitting

• Render image estimates I’j,t+1
• Texture model with images Ij,t

• For each model vertex
• Determine projection coordinates and visibility 

in each image
• Compute optical flow between Ij,t+1 and I’j,t+1

• Calculate 3D vertex motion from motion field

• Update model to conform with motion field

•• Estimate model pose for t+1Estimate model pose for t+1
•• Silhouette fittingSilhouette fitting

•• Render image estimates Render image estimates I’I’j,t+1j,t+1
•• Texture model with images Texture model with images IIj,tj,t

•• For each model vertexFor each model vertex
•• Determine projection coordinates and visibility Determine projection coordinates and visibility 

in each imagein each image
•• Compute optical flow between Compute optical flow between IIj,t+1 j,t+1 and and I’I’j,t+1j,t+1

•• Calculate 3D vertex motion from motion fieldCalculate 3D vertex motion from motion field

•• Update model to conform with motion fieldUpdate model to conform with motion field
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INFORMATIKINFORMATIKDifferential Pose UpdateDifferential Pose Update

Before motion field Before motion field 
enhancementenhancement

After registering torso, After registering torso, 
head, and upper limbshead, and upper limbs

[[TheobaltTheobalt et al., Pacific Graphics 2003]et al., Pacific Graphics 2003]
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INFORMATIKINFORMATIK

RegistrationRegistration
Model Model –– Motion FieldMotion Field

• Absolute orientation problem

• Least-squares minimization using 
quaternion representation (Horn)

• Hierarchical pose update
• Torso
• Upper arms & legs, head
• Lower extremities

•• Absolute orientation problemAbsolute orientation problem

•• LeastLeast--squares minimization using squares minimization using 
quaternion representation (Horn)quaternion representation (Horn)

•• Hierarchical pose updateHierarchical pose update
•• TorsoTorso
•• Upper arms & legs, headUpper arms & legs, head
•• Lower extremitiesLower extremities

∑ −−
N

i
ii

2

,1,2 cRxx

ResultsResults

• Silhouette only
– Disparity 

mismatch
• Differential 

pose update
– Accurate 

texture 
projection & 
blending

•• Silhouette onlySilhouette only
–– Disparity Disparity 

mismatchmismatch
•• Differential Differential 

pose updatepose update
–– Accurate Accurate 

texture texture 
projection & projection & 
blendingblending
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INFORMATIKINFORMATIKVideo TexturingVideo Texturing

Time-varying texture
• Cloth folds
• Local shadows

• Facial expressions

Detail preservation
• Small inaccuracies between 

geometry and silhouettes

• “Extended soft shadowing”
• Non-linear texture blending

TimeTime--varying texturevarying texture
•• Cloth foldsCloth folds
•• Local shadowsLocal shadows

•• Facial expressionsFacial expressions

Detail preservationDetail preservation
•• Small inaccuracies between Small inaccuracies between 

geometry and silhouettesgeometry and silhouettes

•• “Extended soft shadowing”“Extended soft shadowing”
•• NonNon--linear texture blendinglinear texture blending
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INFORMATIKINFORMATIKVisibility ComputationVisibility Computation

• Geometry not perfectly aligned 
with silhouette
– Pre-compute visibility from all 

input cameras
• “Extended Soft Shadowing”

– Compute visibility from a set of 
displaced camera views

– Texture warping: expand texture 
information at silhouette 
boundary into background

•• Geometry not perfectly aligned Geometry not perfectly aligned 
with silhouettewith silhouette
–– PrePre--compute visibility from all compute visibility from all 

input camerasinput cameras
•• “Extended Soft Shadowing”“Extended Soft Shadowing”

–– Compute visibility from a set of Compute visibility from a set of 
displaced camera viewsdisplaced camera views

–– Texture warping: expand texture Texture warping: expand texture 
information at silhouette information at silhouette 
boundary into backgroundboundary into background
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INFORMATIKINFORMATIKVisibilityVisibility
Displaced camera views
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INFORMATIKINFORMATIKVisibilityVisibility
Displaced camera views
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INFORMATIKINFORMATIKVisibilityVisibility
Displaced camera views
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INFORMATIKINFORMATIKVisibilityVisibility
Displaced camera views

Zero visibility
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INFORMATIKINFORMATIKVisibilityVisibility
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INFORMATIKINFORMATIKMultiMulti--View TexturingView Texturing
Surface dependent weight
• No view-dependent effects

Surface dependent weightSurface dependent weight
•• No viewNo view--dependent effectsdependent effects

i
i Θ
= 1ω

αωω
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INFORMATIKINFORMATIKMultiMulti--View TexturingView Texturing

Viewpoint-dependent weight
• View-dependent effects

ViewpointViewpoint--dependent weightdependent weight
•• ViewView--dependent effectsdependent effects

i
i Θ
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ρ
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INFORMATIKINFORMATIKRenderingRendering

• Render model geometry in captured pose
• Dynamic multi -view texture

– Projective texturing
– Per-vertex blending

8Texture information (camera image)
8Spatial blending weights
8Visibility

•• Render model geometry in captured poseRender model geometry in captured pose
•• Dynamic multiDynamic multi --view textureview texture

–– Projective texturingProjective texturing
–– PerPer--vertex blendingvertex blending

88Texture information (camera image)Texture information (camera image)
88Spatial blending weightsSpatial blending weights
88VisibilityVisibility
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INFORMATIKINFORMATIKFreeFree--Viewpoint Video ViewerViewpoint Video Viewer

• Pose fitting: 7-12 sec / frame
• Rendering: 30 fps (GeForce3)
•• Pose fitting: 7Pose fitting: 7--12 sec / frame12 sec / frame
•• Rendering: 30 fps (GeForce3)Rendering: 30 fps (GeForce3)

3DPVT‘04 3DPVT‘04 TutorialTutorialVideo-based Rendering

INFORMATIKINFORMATIKResultResult
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INFORMATIKINFORMATIKSummarySummary

• Visual Hull Rendering
• Real-time processing
• Approximate shape
• Reconstruction & rendering on graphics hardware
• Improved rendering quality

• Model -based Free-Viewpoint Video
• Off -line processing
• High-quality surface description
• Temporally consistent
• Animation representation
• High visual fidelity

•• Visual Hull RenderingVisual Hull Rendering
•• RealReal--time processingtime processing
•• Approximate shapeApproximate shape
•• Reconstruction & rendering on graphics hardwareReconstruction & rendering on graphics hardware
•• Improved rendering qualityImproved rendering quality

•• ModelModel --based Freebased Free--Viewpoint VideoViewpoint Video
•• OffOff --line processingline processing
•• HighHigh--quality surface descriptionquality surface description
•• Temporally consistentTemporally consistent
•• Animation representationAnimation representation
•• High visual fidelityHigh visual fidelity



3DPVT‘04 3DPVT‘04 TutorialTutorialVideo-based Rendering

INFORMATIKINFORMATIKOutlookOutlook

• Acquisition
• Mobile recording
• Additional illumination, depth, sound, …

• Processing / Reconstruction
• Reflectance characteristics 
• Non-rigid geometry
• Illumination 

• Tools
• Motion editing
• Video-based character representation

•• AcquisitionAcquisition
•• Mobile recordingMobile recording
•• Additional illumination, depth, sound, …Additional illumination, depth, sound, …

•• Processing / ReconstructionProcessing / Reconstruction
•• Reflectance characteristics Reflectance characteristics 
•• NonNon--rigid geometryrigid geometry
•• Illumination Illumination 

•• ToolsTools
•• Motion editingMotion editing
•• VideoVideo--based character representationbased character representation
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INFORMATIKINFORMATIKOnline ResourcesOnline Resources

Visual Hull Rendering
• graphics.lcs.mit.etu/~wojciech/vh
• www.ri.cmu.edu/projects/project_333.html
• vision.kuee.kyoto-u.ac.jp/CDVPRJ/index.html
• www.grovis.de/ming/visualhull/Visual_Hull_Projects.ht

ml
Model-based Analysis & Synthesis
• www.grovis.de/fvv

Visual Hull RenderingVisual Hull Rendering
•• graphics.lcs.mit.etu/~wojciech/vhgraphics.lcs.mit.etu/~wojciech/vh
•• www.ri.cmu.edu/projects/project_333.htmlwww.ri.cmu.edu/projects/project_333.html
•• vision.kuee.kyotovision.kuee.kyoto--u.ac.jp/CDVPRJ/index.htmlu.ac.jp/CDVPRJ/index.html
•• www.grovis.de/ming/visualhull/Visual_Hull_Projects.htwww.grovis.de/ming/visualhull/Visual_Hull_Projects.ht

mlml
ModelModel--based Analysis & Synthesisbased Analysis & Synthesis
•• www.grovis.de/fvvwww.grovis.de/fvv
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INFORMATIKINFORMATIKThanks for ComingThanks for Coming

Questions & Answers 

Marcus Magnor magnor@mpii.de

Questions & Answers Questions & Answers 
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