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Multilabel Optimization ' .

Graz

u:f2 — [ = [W’mz’nﬂ’maaz]

Example: Stereo
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TI.ITI From Binary to Multilabel Op’umlza’uoﬁH LJ U

u:f2 — [ = [W’mz’nﬂ’ma:c]

B(w) = /Q al((as), 57) s I /Q Vol

N\ J U y,
' Yo
data term label regularity
L
A
3 Drawbacks:
5 * requires lots of memory
« metrication errors

* no efficient parallel implem.

1 2 3 4
Spatially discrete solution: Ishikawa 2003
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TI.ITI Cartesian Currents and Relaxation ﬁH LJ '

u: 2 — [ = [’Ym:ma’Yma-m]

Buw) = | ple,u(@))de+ | |Va(@)|do ()
¢ J U J
' Y
nonconvex data term label regularity
N\
u(x)
=
Q >

Pock , Schoenemann, Graber, Bischof, Cremers ECCYV 08
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TI.ITI Cartesian Currents and Relaxation ﬁH LJ '

u: 2 — [ = [’Ym:ma’Yma-m]

IR = Q/Q o(x,u(x)) de + /Q |Vu(x)| dx (%)

Let w: (Z=Qx)—{0,1} w(x,v) = 1y>~(T)

A

w(z,7) =0 &)

w(z,vy) =1

Q >z

Pock , Schoenemann, Graber, Bischof, Cremers ECCYV 08
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TI.ITI Cartesian Currents and Relaxation ﬁH LJ '

u: 2 — [ = [’Ym:ma’Yma-m]

Buw) = | ple,u(@))de+ | |Va(@)|do (+)
nonconvex functional
Let w: (Z=Qx)—{0,1} w(x,v) = 1y>~(T)

Theorem: Minimizing () is equivalent to minimizing

B(w) = [ pla, NIoywle, )| + [Vwle, ) dedy | ()

convex functional

Solve (*x) in relaxed space (w : 3> — [0, 1]) and threshold
to obtain a globally optimal solution.

Pock , Schoenemann, Graber, Bischof, Cremers ECCYV 08
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TI_ITI Optimality for Convex Regularizers _ e I_J U

Let

F(u) = /Qf(:c,u, Vu) dx
be continuous in x ERd and v, and convex in Vu.

Theorem:

For any function u € Wlﬂl(Q; R) we have:

E(”U,)_F(]_u)_SUD gb'Dlu,
He kK /E2XR

where @ is constrained to the convex set
K = {gb= (¢",0") € Cp (2 x R R x R)
$(,0) > (1,67 (2, , Vot € QX R}

Pock, Cremers, Bischof, Chambolle, SIAM J. on Imaging Sciences '10
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TI_ITI Optimality for Convex Regularizers _ e I_J U

Therefore the functional £ (u) can be minimized by solving
the relaxed saddle point problem

min F(v) = minsup / ¢ - Du,
U ek JOXR

Theorem:

The functional F fulfills a generalized coarea formula:

X0

F(v) = / F(1,5) ds.

— OO

As a consequence, we have a thresholding theorem assuring that
we can globally minimize the functional E(w).

Pock, Cremers, Bischof, Chambolle, SIAM J. on Imaging Sciences '10
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Evolution to Global Minimum ﬂ?_
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TI.ITI Reconstruction from Aerial Images _ na LJ U

One of two input images
Courtesy of Microsoft Graz

Depth reconstruction
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TI.ITI The Minimal Partition Problem ?HL LS8

mln Z\@QZ\ -+ Z/fz(aj) dx Q4
Q- . Q,
Q2
2 =QCRY and N =0 Vi£j |2\
Potts 52, Mumford-Shah ‘89, Vese, Chan 02
Proposition: ~ With v; = 1, this is equivalent to
1 ' ] '
min 22/ | D, _|_/,07 fidx = I;nélrlg’l gSJLEJ}IgZ /U?;dIVpQ;d:L‘ -+ /Uz fi dx
R P Q2 2

where K ={p=(p1,....,pn)" €R™: |p; —p;| <1, Vi < j}

Chambolle, Cremers, Pock ‘08, Pock et al. CVPR 09

Daniel Cremers & Thomas Pock  Minimal Partitions & Mumford-Shah Problem 14




TI.ITI Test Case: The Triple Junction ?ﬂi U

Input image Lellmann et al. ‘08 Zach et al. '08 our approach

Proposition: The proposed relaxation strictly dominates existing relaxations.

Chambolle, Cremers, Pock ‘08, Pock et al. CVPR 09
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Four-Region Case T LS8

Input image Inpainted

Chambolle, Cremers, Pock ‘08, Pock et al. CVPR 09
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3D min partition inpainting Soap film photo

Chambolle, Cremers, Pock ‘08, Pock et al. CVPR 09
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TI.ITI Multi-Region Segmentation ?ﬂi LY

Ll

Input image segmentation

Chambolle, Cremers, Pock ‘08, Pock et al. CVPR 09
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S label segmentation 10 label segmentation

Chambolle, Cremers, Pock ‘08, Pock et al. CVPR 09
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Multi-Region Segmentation ?HL TU

araz |

Input color image 10 label segmentation

Chambolle, Cremers, Pock ‘08, Pock et al. CVPR 09
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Interactive Segmentation ?ﬂi U

araz |

_—

Nieuwenhuis, Toeppe, Cremers EMMCVPR ’11
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Piecewise smooth approximation
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TI.ITI Piecewise Smooth Approximation na LJ'
il

E(u) =/\/(f—u)2da:+/\vu|2da;+yH1(su) (%)

$2\Su Mumford, Shah ‘89

For u € SBV(S2), (%) canbe written as (Alberti, Bouchitte, Dal Maso '04)

t +
) — e || wiDily, |
SOGKQXR
with a convex set
1, (1) i
K = {go € Co(2 x R;R?) ? - - N
Sty = OO 3G )2 ] [ o7, 5)as) < v}
1

Pock, Cremers, Bischof, Chambolle ICCV 09
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Piecewise Smooth Approximation na LJ U
il

Input image piecewise constant piecewise smooth

Pock, Cremers, Bischof, Chambolle ICCV 09

Daniel Cremers & Thomas Pock  Minimal Partitions & Mumford-Shah Problem 24




TI.ITI Piecewise Smooth Approximation ?‘JJ_LJ'

S Z

noisy input restoration surface plot

Pock, Cremers, Bischof, Chambolle ICCV 09
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The Crack Tip & Open Boundaries _"J L

fixed boundary values inpainted crack tip surface plot

Pock, Cremers, Bischof, Chambolle ICCV 09
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TI.ITI General Ordering Constraints

Strekalovskiy, Cremers, ICCV 2011
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General Ordering Constraints ?HJ_L U

Strekalovskiy, Cremers, ICCV 2011
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General Ordering Constraints
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Five regions layout (Liu et al. [10])

Daniel Cremers & Thomas Pock

Four and more tiers

'

y

Tiered layout (Felzenszwalb et al. [4])

Garaz

Floating objects
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Convex shape prior

Strekalovskiy, Cremers, ICCV 2011
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TI_ITI General Ordering Constraints jH - L |

Reminder. With v; = 1g,, the segmentation problem is:

mln—Z/\DvJ —I—/Ubféd;cz mlnSUDZ/U@dIVdeL+ /sz@duz/

vCB D velb pE}C

where K = {p = (p1,...,pn) € RV

Consider instead the more general convex set:
}(:d — {p :E R’H,X'f”- <p€ — pjjf,f) S d(?‘-?J? L})_ vi <: JJI} E S?Tl—l}

Penalize transitions depending on label values 7, 7 and orientation v.

Strekalovskiy, Cremers, ICCV 2011
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Input Data term ott Orderlng
Strekalovskiy, Cremers, ICCV 2011
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General Ordering Constraints ?ﬂi U

Eaedz

Input Potts Ordering
Strekalovskiy, Cremers, ICCV 2011
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Convex optical flow
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Convex optical flow
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Optical flow:

U.

Large Label Spaces i
e o o’3 o 5 of
& ® o o o "o o
s Sl e o _ oo
.~ ‘\ .~ e er
= o o /o \b\ @ 4 ’
e o o/ ¢ o
o e & 9 o o

_min-— [ 1@ - e+ w)|de + J(w
P

Challenge: Thousands of labels cannot be handled in previous relaxations.

Goldluecke, Cremers ECCV ’10, Strekalovskiy etal. ICCV ‘11
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Large Label Spaces U
'
0 0 0
""""" o 1] o
0 0 0
Optical flow: min /11(:8) — Ix(z 4 u)|dz + J(u)
u:Q—»I’CRdQ

Challenge: Thousands of labels cannot be handled in previous relaxations.
Goldluecke, Cremers ECCV ’10, Strekalovskiy etal. ICCV ‘11
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TI_ITI Convex Optical Flow R TV
.

u'g'nl_Edata(’UJ) + Freg(u) = rpz g{ﬁ(m u) dr + 7;: J(u;)

Introduce:  v;(x,7v;) ;= o(u;(x) —v) Viec{l,..,d}. v €N\

4 d (4 . )

min dx dvy = ey .
min, [ o) L vie)dody = min supd 3" [ geydedy
QxI o= q \Z:]_QXAI )
d
with: Q@ = < (q;: QXA = R)i=1 a | D ailw,w) < pla,y) Y,y y
\_ i=1

(f

Min Epeg = MIN Z SLJD < — / zb + divp) v, (e, ;) de dy; 3

Goldluecke, Cremers ECCV 1 0 Strekalovskiy et al. ICCV 11
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Experimental optimality bounds ~ 3% - 5%
Goldluecke, Cremers ECCV ’10, Strekalovskiy etal. ICCV ‘11
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# of Pixels # Labels Memory [Mb] Run time [s]

F = F; x Py Ny x Na Previous Proposed (g/p) Previous Proposed (g/p)

320 » 240 B w8 112 112 / 102 196 26/ 140

320 x 240 16 x 16 : 337 / 168 4 B0 / 488

320 x 240 32 x 32 1800 1124 / 330 + / 1953

320 x 240 50 » 50 2548 / 504 4 / 5188

320 x 240 64 x 64 201 4050 / 68 1100 / 8090

640 = 480 B w8 448 J 415 102 / 56

640 x 480 16 x 16 1800 / B76 + 295 |

640 x 480 32 x 32 20 1290

640 = 480 50 = 50 17578

640 x 480 64 x 64 28800

Goldluecke, Cremers ECCV ’10, Strekalovskiy etal. ICCV ‘11
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