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Real-time performance critical for
interactive design and animation
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Real-time performance critical for
interactive design and animation
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We want speeds measured in microseconds

80k triangles
20us per iteration




We want speeds measured in microseconds

80k triangles
20us per iteration




This means speed comparable to rendering




Linear Blend Skinning preferred for
real-time performance
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Linear Blend Skinning preferred for
real-time performance

compute/ paint welghts

place skeleton in shape
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Linear Blend Skinning preferred for
real-time performance

o"g. O.' o 057'. @ < ‘c. l%o
place skeleton in shape compute/paint weights deform bones
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Linear Blend Skinning preferred for
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LBS generalizes to different handle types
Vi = i::le(vz')Tj (?)
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LBS generalizes to different handle types
Zm:wj (vi)T; (Y’)

j=1

£° ¥ 8
skeletons regions
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LBS generalizes to different handle types
Vi = f:wj(Vi)Tj (Y’)

regions
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LBS generalizes to different handle types
\¢ —ij v;)T ( 7’)

skeletons regions
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LBS generalizes to different handle types
Vi = f:wj(Vi)Tj (Y’)
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User specifies subset of parameters,
optimize to find remaining ones

. /
Full optimization arg min E (V )
V/

\

Mesh vertex positions

Swiss Federal Institute of Technology Zurich



User specifies subset of parameters,

optimize to find remaining ones

argmin E (V')
V/

Reduced model V = E w] V,L < Z)

Skinning degrees of freedom

Full optimization
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User specifies subset of parameters,
optimize to find remaining ones

argmin E (V')

Full optimization

V/
m
Reduced model = (v)T; [
educed mode V, = Wil\Vi) Ly 1
j=1
/
Matrix form V' =MT
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User specifies subset of parameters,

optimize to find remaining ones

. /
Full optimization arg min E (V )
V/
m
Reduced model v, =Y w;(v;)T; Vi
educed mode i = G\Vy j 1
j=1
/
Matrix form V' =MT

Reduced optimization

argmin F(MT)
T
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Enforce user constraints as linear equalities

Reduced optimization

argmin F(MT)
T

User constraints

O Position only
© Unconstrained
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Enforce user constraints as linear equalities

Reduced optimization

argmin F(MT)
T
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P., O Position only

User constraints

O Unconstrained
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Enforce user constraints as linear equalities

Reduced optimization

argmin F(MT)
T

User constraints

o
1\/Ipos L Ppos | .Full

\ - _J/
~ ~

Mg P, O Position only |
N (1 A
O Unconstrained ye .%.
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We reduce any as-rigid-as-possible energy

1 T
Full energies E(V',R) — 2 S: S: Ciij(V:; — V;) — Ry (vi — Vj)H2
k=1 (i,j)€E&k
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We reduce any as-rigid-as-possible energy

1 T
Full energies E(V’, R) = 2 S: S: Ciij(Vf/L- — V;) — Ry (vi — Vj)H2
k=1 (i,j) €€k

triangles tetrahedra “spokes” “spokes and rims”
Liu et al. 08 Chao et al. 10 Sorkine & Alexa 07 Chao et al. 10
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We reduce any as-rigid-as-possible energy

— e .

1 T
Fullenergies E (V' R) = 5 S: S: Ciikll (Vi — V;) — Ry (v; — Vj)||2
k=1 (i,j)€Ek

Local/Global optimization
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We reduce any as-rigid-as-possible energy

— e .

1 T
Fullenergies E (V' R) = 5 S: S: Ciikll (Vi — V;) — Ry (v; — Vj)||2
k=1 (i,j)€Ek

Local/Global optimization
precompute

l
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We reduce any as-rigid-as-possible energy

—————— _ —— — ——»

1 T
Fullenergies E (V' R) = 5 S: S: Ciikll (Vi — V;) — Ry (v; — Vj)||2
k=1 (i,j)€Ek

Local/Global optimization
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We reduce any as-rigid-as-possible energy

Full energies E(V’ Z Z ngk” V —V) k:( V3)||2

Local/Global optimization

precompute

l
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Direct reduction of elastic energies
brings speed up and regularization...
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Direct reduction of elastic energies
brings speed up and regularization...
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Direct reduction of elastic energies
brings speed up and regularization...
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We reduce any as-rigid-as-possible energy

Full energies E(V’ Z Z ngk” V —V) k:( V3)||2

k 1 (Z,])Egk

Local/Global optimization

But #rotations ~ full mesh discretization
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We reduce any as-rigid-as-possible energy

1 T
Full energies  E(V',R) = 5 > > cirll(vi = Vi) = Ri(vi — )7
k=1 (i,j)€Ek

Local/Global optimization
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Rotation evaluations may be reduced by
clustermg in welght space

Full energies Y S‘ Cijt||( \¢ —V) Ry (v, Vj)H2

k 1 (zaj)egk
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triangles tetrahedra “spokes” “spokes and rims”
Liu et al. 08 Chao et al. 10 Sorkine & Alexa 07 Chao et al. 10
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Rotation evaluations may be reduced by
_k-means clustering in weight space

_ —— ———

I*
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Full energies E(V' R) = % Z

k=1

cijk||(vi = V) — Ri(vi — vj)

weight space
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Rotation evaluations may be reduced by
clustering in welght space

Full energies E(V/, R) Y S: ngk“( ;) o Rk (V’i o V])H2
k’—l (i,7)EEK
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Rotation evaluations may be reduced by
clustering in welght space

Full energies E(V’, R) Y S: Ci kH(Vf/L — V;) — Rk(vi — Vj)H2

k_l (%J)Egk
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We reduce any as-rigid-as-possible energy

Full energies E(V’ Z Z ngk” V —V) k:( V3)||2

k 1 (Z,])Egk

Local/Global optimization

#rotations ~ #T,
independent of full mesh resolution
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Real-time automatic degrees of freedom




Real-time automatic degrees of freedom




With more and more user constraints
we fall back to standard skinning
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With more and more user constraints
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With more and more user constraints
we fall back to standard skinning




Extra weights would expand subspace...

m v
V;; — ij(vi)Tj <1>
71=1

V' =MT
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Extra weights would expand subspace...

V' =MT
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Extra weights would expand subspace...

m v, Mextra v,
]= —

V/ = MT + MextraTextra
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Overlapping b-spline “bumps” in weight space

weight space

farthest point sampling
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Overlapping b-spline “bumps” in weight space

in weight space

weight space

: ™
\ — / A X

b-spline basis parameterized by distance in weiht space
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Overlapping b-spline “bumps” in weight space

in weight space

weight space

b-spline basis parameterized by distance in weight space
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Extra weights expand deformation subspace

o
no extra weights 15 extra weights
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Extra weights expand deformation subspace

no extra weights 15 extra weights
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Subspace now rich enough for
fast variational modeling

Full non-linear optimization Our reduced method
[Botsch et al. 2006]
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Final algorithm is simple and FAST

Precomputation per shape+rig For a 50K triangle mesh:
- Compute any additional weights 12 seconds
- Construct, prefactor system matrices 2.7 seconds
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Final algorithm is simple and FAST

Precomputation per shape+rig For a 50K triangle mesh:
- Compute any additional weights 12 seconds
- Construct, prefactor system matrices 2.7 seconds

Precomputation when switching constraint type
- Re-factor global step system 6 milliseconds
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~Final algorithm is simple and FAST

Precomputation per shape+rig For a 50K triangle mesh:
- Compute any additional weights 12 seconds
- Construct, prefactor system matrices 2.7 seconds

Precomputation when switching constraint type
- Re-factor global step system 6 milliseconds
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Lightning FAST automatic skinning transformations
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Extra weights and disjoint skeletons
make flexible control easy

From Cartoon Animation by Preston Blair
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Extra weights and disjoint skeletons
make flexible control easy




Extra weights and disjoint skeletons
make flexible control easy




Extra weights and disjoint skeletons
make flexible control easy




Our reduction preserves nature of
different energies, at no extra cost

Surface ARAP Volumetric ARAP
/ L / _
surf — MsurfT vol — MvolT
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Our reduction preserves nature of
different energies, at no extra cost

— &S — s

Surface ARAP Volumetric ARAP

, MsurfT L= MVOIT

surf —
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- Simple drag-only interface for point handles




- Simple drag-only interface for point handles




- Simple drag-only interface for point handles




Skinning rig enables FAST deformation

Substitute V/ = MT to reduce DOFs
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Skinning rig enables FAST deformation

Substitute V' = M'T to reduce DOFs
Cluster rotations to reduce energy eval.
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Skinning rig enables FAST deformation
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Future work and discussion

Alternative additional weights: sparsity?
Joint limits, balance, etc.
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