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Online 3D Reconstruction
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Iterative Closest Points (ICP) [Besland McKay 92]
ÅAssume closest points are corresponding

frame0 frame1

Ὁ Ὕ ὴ Ὕή
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Volumetric Fusion: Surface Integration
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Bundle Fusion: Live Capture
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Bundle Fusion: Loop Closure
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Bundle Fusion: Re-Localization
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BF: Results
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Dynamic Scenes
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Today: Deformation and Non-rigid 
Surface Tracking
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Dynamic Scenes

9//±Ωмс ώInnmann et al.]: VolumeDeform
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Goal
ÅNon-rigid 3D Reconstruction

ïDynamic RGB-D sequence

ïNon-rigidly track over time

ïAccumulate data into shared model

ÅBut not so easy J

ïSurface change or motion?

ï[ŜǘΩǎ ǎǘŀǊǘ ŜŀǎȅΗ
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Mesh Deformation
ÅIn graphics: e.g., character animation
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Mesh Deformation
ÅSimple idea

ïJust add handle to vertex and move it
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Mesh Deformation
ÅWe also want adjacent vertices to move!

ïPick some points, drag them around
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Mesh Deformation
ÅὉ ╥ Вᶰ ὧ ὺ

ÅὉ ╥ȟὢ Ễ

ÅMinimize ‗ Ὁ ╥ ‗ Ὁ ╥ȟὢ

Picked correspondence

Target pos. of correspondence 

Loop over all picked points by user

Somehow make neighbors move!
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Mesh Deformation
ÅHow to choose a regularizer?

ÅComputed with respect to base mesh ὠ

ÅIntuitive and natural behavior

ïSmooth global deformation

ïGlobal changes should preserve local detail

ïShould be zero in un-deformed state (base mesh)

ÅὉ ╥ȟὢ Ễ
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Laplacian Surface Editing
ÅEnforce Smoothness on deformations

ÅὉ ╥ȟὢ ВВᶰﬞ ὺ ὺ ὺ ὺ

[Sorkineand Botsch]

ὺὭ

ὺὮ

Sum over all vertices

Sum over 1-ring (vertex fan)
Deformation difference
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As-Rigid-as-Possible Deformation
ÅARAP Idea: 

ïmaximize local rigidity

ïLocal transformations ‪ almost rigid 

‪ ὼ Ὑὼ ὸ

[Sorkineet al. 08]



3D Scanning & Motion Capture
Prof.Nießner

As-Rigid-as-Possible Deformation
ÅDiscrete setting: 

ïLocal cells (i.e., vertex fan) should be transformed w/ rigid 
transformation 

Each fan has local matrix
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As-Rigid-as-Possible Deformation
ÅFor each vertex fan, measure deviation from rigidity

ὺὭ
ὺὮ

ὺ' Ὥ

ὺ' j

[Sorkineet al. 08]



3D Scanning & Motion Capture
Prof.Nießner

As-Rigid-as-Possible Deformation
ÅFor each vertex fan, measure deviation from rigidity

ὺᴂὮ

ὙὺᴂὮ

[Sorkineet al. 08]
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As-Rigid-as-Possible Deformation
ÅOne rotation matrix per fan; sum up deviations from rigidity

ÅὉ ╡ȟ╥ ВВᶰﬞ ὺ ὺ Ὑ ὺ ὺ

ὺὭ

ὺὮ

ὺ' Ὥ

ὺ' j

Edge (i.e., cancels translation)

ὺᴂὮ

ὙὺᴂὮ

Find best rotation matrix that maps 
undeformed fan to deformed vertex fan

[Sorkineet al. 08]
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As-Rigid-as-Possible Deformation
ÅOne rotation matrix per fan; sum up deviations from rigidity

ÅὉ ╡ȟ╥ ВВᶰﬞ ὺ ὺ Ὑ ὺ ὺ

ÅὉ ╥ Вᶰ ὧ ὺ

Lƴƛǘƛŀƭ ƳŜǎƘ ±Ω Deformed mesh V

Ὑ is rotation matrix; e.g.,
parametrized by Euler angles

‌ȟ‍ȟ‎

[Sorkineet al. 08]

ὧis the target location
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As-Rigid-as-Possible Deformation
ÅCould weight: close neighbors should count more

ÅὉ ╡ȟ╥ ВВᶰﬞ ύ ὺ ὺ Ὑ ὺ ὺ

ïύ ÃÏÔ‌ ÃÏÔ‍
ὺὭ

ὺὮ

[Sorkineet al. 08]
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As-Rigid-as-Possible Deformation
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As-Rigid-as-Possible Deformation

[Sorkineet al. 08]
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As-Rigid-as-Possible Deformation
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As-Rigid-as-Possible Deformation
ÅGiven a mesh ɴᴙ with ὲVertices:

How many unknowns?

How many constraints?

[Sorkineet al. 08]
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As-Rigid-as-Possible Deformation
ÅGiven a mesh ɴᴙ with ὲVertices:

How many unknowns?

How many constraints?

σẗὲ σẗὲ

rotationstranslations / offsets

σẗὲẗὺὥὰὩὲὧὩσẗὧ

[Sorkineet al. 08]
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As-Rigid-as-Possible Deformation
ÅGiven a mesh ɴᴙ with ὲVertices:

How many unknowns?

How many constraints?

σẗὲ σẗὲ

rotationstranslations / offsets

σẗὲẗὺὥὰὩὲὧὩσẗὧ

[Sorkineet al. 08]

Use iterative flip-flop optimization
ÅAssume vertices are fixed
Ą solve for rotations

ÅAssume rotations are fixed
Ą solve for vertices 
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Embedded Deformation
ÅAllow deviations from rotations: given ὓᶰᴙ

ÅὉ ╜ȟ╥ ВВᶰﬞ ὺ ὺ ὓ ὺ ὺ

ÅὉ ╜ ВὙέὸὓ

ÅὙέὸὓ ὧẗὧ ὧẗὧ ὧẗὧ
ὧẗὧ ρ ὧẗὧ ρ ὧẗὧ ρ

[Sumner et al. 07]

ὧȟȟare columns of matrix M
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Embedded Deformation
ÅAllow deviations from rotations: given ὓᶰᴙ

ÅὉ ╜ȟ╥ ВВᶰﬞ ὺ ὺ ὓ ὺ ὺ

ÅὉ ╜ ВὙέὸὓ

ÅὙέὸὓ ὧẗὧ ὧẗὧ ὧẗὧ
ὧẗὧ ρ ὧẗὧ ρ ὧẗὧ ρ

[Sumner et al. 07]

ὧȟȟare columns of matrix M

ă soft-constraint for rotation
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Embedded Deformation

User

edit

Econ

Econ + Ereg + Erot Econ + Ereg

[Sumner et al. 07]

ensures neighboringnodes 
having similar transformations
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Embedded Deformation

[Sumner et al. 07]
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ARAP vs ED
ÅARAP: hard-constraints for rotations

ïForced rotation matrices Ą 3 unknowns per local matrix (6 per vertex)

ïCan be efficiently optimized with flip-flop (local SVDs / Procrustes)

ÅED: soft-constraints for rotations Ąmore DoFs

ïI.e., Ą 9 unknowns per local matrix (12 per vertex)

ïHarder to optimize (actually a quartic problem)
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Summary: Non-rigid Regularizers
ÅLaplacian Mesh Deformation

ÅAs-Rigid-as-Possible (ARAP)

ÅEmbedded Deformation (ED)

ÅMany others!
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Deformation Proxies
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Regularizerson Deformation Proxies
ÅIdea: deformation energy is computed on proxy

ÅMake it sparser! 

ïFewer degrees of freedom for deformation + more geometric detail
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Deformation Proxies: Cage
ÅExtend the concept of barycentric coordinates to shapes (e.g., 

harmonic coordinates)

ÅVertices are a linear combination with respect to cage
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Deformation Proxies: Cage
ÅExtend the concept of barycentric coordinates to shapes (e.g., 

harmonic coordinates)

ÅVertices are a linear combination with respect to cage

Mesh should be tightly
enclosed in the cage.
It should also offer sufficient
flexibility to pose a model
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Deformation Proxies: Cage
ÅExtend the concept of barycentric coordinates to shapes (e.g., 

harmonic coordinates)

ÅVertices are a linear combination with respect to cage
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Deformation Proxies: Cage
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Deformation Proxies: Cage
ÅOnce cage and weights are computed, mesh can be deformed by 

animating the cage vertices
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ARAP on 3D Grids
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ARAP on 3D Grids
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Deformation Proxies: Skeleton
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Deformation Proxies: Skeleton
ÅBasic idea:

ïEmbed skeleton in mesh

ïAssign mesh vertices to bones

ïCompute deformed mesh from bones
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Deformation Proxies: Skeleton
ÅSkeleton is typically created by hand and has hierarchical 

arrangements
Body

left shoulder

left upper arm

left lower arm

left hand

right shoulder

r. upper arm

r. lower arm

r. hand

headé
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Deformation Proxies: Skeleton
ÅEach vertex is linear combination of bone matrices

ÅAssign weights for each vertex for each matrix

ὺ ύ ὓὺ

ύ1,1 = 0.4 ύ1,2 = 0.6

Linear Blend Skinning!
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Deformation Proxies: Skeleton

9DΩмт ώvon Marcardet al.]: Sparse Inertial Poser
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Deformation Proxies: Skeleton

9DΩмт ώvon Marcardet al.]: Sparse Inertial Poser
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ARAP on Skeletons
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Deformation Graphs (ED)
ÅIntroduced with the ED-paper
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Deformation Graphs (ED)



3D Scanning & Motion Capture
Prof.Nießner

Summary: Deformation Proxies
ÅDimensionality reduction on deformations

ÅDirectly on Mesh

ÅCages

ÅGrids

ÅSkeletons (e.g., Linear Blend Skinning)

ÅDeformation Graphs

ÅTetrahedral Mesh (full volume)
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Side Note: Deformation Transfer

[Sumner et al. 06] [Thies 11]
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Side Note: Deformation Transfer

[Sumner et al. 06] [Thies 11]
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Side Note: Deformation Transfer

[Sumner et al. 06] [Thies et al. 16]
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Non-rigid Tracking
ÅWe know how to deform a mesh

ïRegularizers+ Deformation proxies

ïUser picks handles to edit the mesh

Ąconstraints for deformation

ÅTracking / Fitting:

ïFind these correspondences from data!

ïE.g., Non-rigid ICP

ïE.g., Sparse Features (e.g., SIFT, SURF)
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Non-rigid ICP / Non-rigid Registration
ÅLike rigid ICP (which has 6 DoF/ frame)

ïExcept we have many more degrees of freedom!

ÁFind correspondences

üclosest points or projective correspondences

ÁSolve for deformation and vertices

ite
ra

te
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Non-rigid ICP / Non-rigid Registration

/DCΩлу κ ¢ƻDΩлф ώ[ƛ Ŝǘ ŀƭΦ луκлфϐΥ wƻōǳǎǘ {ƛƴƎƭŜ-View Geometry and Motion Reconstruction
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Non-rigid ICP / Non-rigid Registration

/DCΩлу κ ¢ƻDΩлф ώ[ƛ Ŝǘ ŀƭΦ луκлфϐΥ wƻōǳǎǘ {ƛƴƎƭŜ-View Geometry and Motion Reconstruction
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Non-rigid Tracking

¢hDΩмп ώZollhöfer et al.]: Deformables
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Non-rigid Tracking

¢hDΩмп ώZollhöfer et al.]: Deformables
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Non-rigid Tracking

¢hDΩмп ώZollhöfer et al.]: Deformables
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Non-rigid Tracking: Objective

◖ ⱦ▬▫░▪◄◖▬▫░▪◄ⱦ▬■╪▪▄◖▬■╪▪▄ⱦ╬▫■▫►╔╬▫■▫►ⱦ►▄▌╔►▄▌

Data Terms Regularization

ὺ

Ὠόὲ

ὺ

Ὠόὲ

Ὅ“ὺ )

ὺ

[Sorkine07]

¢hDΩмп ώZollhöfer et al.]: Deformables
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Non-rigid Tracking: Objective
Åῴ В ὺ Ὕὺ

Åῴ В ὺ Ὕὺ ẗὲ

ÅὉ В Ὅ“ὺ Ὅᴂ“Ὕὺύϐ

ÅὉ !2!0ВВᶰﬞ ύ ὺ ὺ Ὑ ὺ ὺ

Loop only over valid 
correspondences!

¢hDΩмп ώZollhöfer et al.]: Deformables
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Non-rigid Tracking

¢hDΩмп ώZollhöfer et al.]: Deformables
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Side Note: Active Stereo Depth Estimation

1) PatchMatch
stereo

2) Variationaldepth
refinement

Single lense
RGB-IR cameras

IR-Projector
Pattern

¢hDΩмп ώZollhöfer et al.]: Deformables


