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Structure

e [Introduction
e Previous work

The Simple Tree Method
e Energy function
e Energy optimization

e Results

e Conclusions
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What stereo method to choose for a practical
application?
e Local methods
e Computationally efficient
e Results often too poor
e Global methods
e Good-quality results
e Usually too slow
e Goal

e Develop a stereo algorithm that delivers maximum
accuracy at minimum computation time
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Global Stereo Methods

e Find a disparity map D that minimizes

E (D) — Edara (D) T Esmoorh (D) .
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Global Stereo Methods

e Find a disparity map D that minimizes

E (D) :fdara (D) T Esmoorh (D) .

Photo consistency assumption
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Global Stereo Methods

e Find a disparity map D that minimizes

E (D) — Edara (D) T Esmoorh (D) .
/ N

Photo consistency assumption Smoothness assumption
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Global Stereo Methods

e Find a disparity map D that minimizes

E (D) — Edara (D) T Esmoorh (D) .
/ N

Photo consistency assumption Smoothness assumption

e Definition of smoothness neighbourhood defines complexity of
optimization problem
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Optimization on 4-Connected Grid
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Optimization on 4-Connected Grid
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Optimization on 4-Connected Grid

e Optimization NP-
complete (discontinuity
preserving smoothness
functions)

e Approximation via
Graph-Cuts or Belief
Propagation

e Good results, but

_ computationally
(4-Connected Grid) expansive
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Disparity Map computed via Graph-Cuts
(taken from the Middlebury website)

(Ground Truth) (Graph-Cuts)
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Dynamic Programming (DP)

e Discard vertical
smoothness edges

e Exact optimization via
DP

e Computationally fast,
but scanline streaking

(4-Connected Grid)
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Dynamic Programming (DP)

e Discard vertical

[ S smoothness edges

¢—¢—¢+<:> e Exact optimization via

-------------------------- DP

i ¢ ¢ i ¢ e Computationally fast,

H_¢_¢_<:> but scanline streaking

(4-Connected Grid)
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Dynamic Programming (DP)

e Discard vertical
smoothness edges

O ) | @ EX@Ct Optimization via

DP
(e — — :
e Computationally fast,
(O D D D) but scanline streaking
(|

(DP Neighbourhood Structure)
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Disparity Map computed using DP
(taken from the Middlebury website)

(Ground Truth) (Scanline Optimization)
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SemiGlobal Matching [HirschmullerO5]
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(4-Connected Grid)

e Individual disparity
computation at each
pixel

e Aggregate DP costs
computed from paths in
various directions

e Computationally fast,
almost no streaks, but
poor performance Iin
regions of low texture
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SemiGlobal Matching [HirschmullerO5]

e Individual disparity
R computation at each
@ © © 0 O pixel

* Aggregate DP costs
o—a>p) ® © computed from paths in
o 0 0 0 o various dn_rectlons

e Computationally fast,
© © 0 © © almost no streaks, but

poor performance Iin

(4-Connected Grid) regions of low texture
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SemiGlobal Matching [HirschmullerO5]

e Individual disparity

S e computation at each
@ © 0 0 O pixel

e Aggregate DP costs
0—o»(p j+0—0 computed from paths in
o 0 06 0 O various dn_rectlons

e Computationally fast,
©@ © 0 © © almost no streaks, but

poor performance Iin

(4-Connected Grid) regions of low texture
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SemiGlobal Matching [HirschmullerO5]

o e Individual disparity
computation at each
® pixel
e Aggregate DP costs
O computed from paths in
O
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o 0 o various dn_rectlons

e Computationally fast,
almost no streaks, but
poor performance In

(4-Connected Grid) regions of low texture
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SemiGlobal Matching [HirschmullerO5]
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e Individual disparity
computation at each
pixel

e Aggregate DP costs
computed from paths in
various directions

e Computationally fast,
almost no streaks, but
poor performance Iin
regions of low texture
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SemiGlobal Matching [HirschmullerO5]
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(4-Connected Grid)

e Individual disparity
computation at each
pixel

e Aggregate DP costs
computed from paths in
various directions

e Computationally fast,
almost no streaks, but
poor performance In
regions of low texture
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SemiGlobal Matching in Untextured Regions
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SemiGlobal Matching in Untextured Regions
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SemiGlobal Matching in Untextured Regions

e None of the DP paths
captures texture at the
correct disparity

e Disparity selection
guided by noise

ST S

(Left Image) (Right Image)
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Reimplementation of SemiGlobal Matching

(Left Image) (Diépérity Map)
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Reimplementation of SemiGlobal Matching

e

/

(Left Image) (Disparity Map)
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Reimplementation of SemiGlobal Matching
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(Left Image) (Disparity Map)
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Our Approach (Simple Tree Method)
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(Simple Tree Structure)

Perform a separate
disparity computation for
each pixel

Root a tree on the pixel
DP also works on trees

Compute exact energy
minimum on the tree
Assign p to the disparity
that lies on the energy
minimum
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Our Approach (Simple Tree Method)

o | = Perform a separate
disparity computation for

S each pixel

O

@

e Root a tree on the pixel
e DP also works on trees

Compute exact energy
minimum on the tree

(Simple Tree Structure) e Assign p to the disparity
that lies on the energy
minimum

o
o
O
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Advantages of Simple Trees

e Tree structure spans all
pixels (does not miss
Image features)

e Vertical and horizontal
smoothness edges
(against scanline streaks)

e We include all smoothness
edges by using two
different tree structures

(Simple Tree on the
Previous Example)
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Two Simple Tree Structures
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Horizontal Tree Vertical Tree

e Allow for incremental computation of optima
e Only 4 DP passes needed
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Energy Function

227?'?(p:dp)+ Z S(d ?d@')'

pel (p.g)eN
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Energy Function
= Zm(Padp)+ z s(d ydg).
PEI/ (Pg)EN

BT-measurement on
RGB values
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Energy Function

:Zm(Padp)+ z s(dp,dy).
PEI/ (P.9)EN \

BT-measurement on Modified Potts model
RGB values
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Energy Function
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BT-measurement on Modified Potts model
RGB values
0 dp =
s(dp,dy) =< P |d, dq\ =1
P> : otherwise.
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Energy Function
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BT-measurement on Modified Potts model
RGB values
0 dp =
s(dp,dy) =< P |d, d | =1
P otherwme .

Weighted by intensity gradient
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Energy Function

— zm(pndp)_*_ z S(dpﬁdﬁj')'
PEI/ (p.q)EN \

BT-measurement on Modified Potts model
RGB values
0 dp =
s(dp,dy) =< P |d, d | =1
P otherwme .

Weighted by intensity gradient

o[ PP L=l <T
‘B P - otherwise
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Energy Optimization on Simple Trees

e Extremely large amount of different trees

e Tree DP on every tree Is extremely slow
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Incremental Computation of Horizontal Trees

e Optimize horizontal scanlines only

e Compute DP path costs for reaching each pixel p at each disparity d
from left and right-most pixels of the scanline
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Incremental Computation of Horizontal Trees

e Optimize horizontal scanlines only
e Compute DP path costs for reaching each pixel p at each disparity d
from left and right-most pixels of the scanline
Gm@m@ﬂ@momg/ﬂQ
(Forward pass)
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Incremental Computation of Horizontal Trees

e Optimize horizontal scanlines only

e Compute DP path costs for reaching each pixel p at each disparity d
from left and right-most pixels of the scanline

(Forward pass)

(OO OO )
v Y Sw o— T w2

(Backward pass)
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Incremental Computation of Horizontal Trees

e Optimize horizontal scanlines only

e Compute DP path costs for reaching each pixel p at each disparity d
from left and right-most pixels of the scanline

(Forward pass)

(OO OO )
v Y Sw o— T w2

(Backward pass)

GW(\% N Q
oo TR EN
(Combining forward and backward passes)
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Incremental Computation of Horizontal Trees

e Compute path costs for reaching pixel p at disparity o
from all leaf nodes
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Incremental Computation of Horizontal Trees

e Compute path costs for reaching pixel p at disparity o
from all leaf nodes

—— Precomputed

N "
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Incremental Computation of Horizontal Trees

e Compute path costs for reaching pixel p at disparity o
from all leaf nodes

— Precomputed

Uk/
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Incremental Computation of Horizontal Trees

e Compute path costs for reaching pixel p at disparity o
from all leaf nodes

Precomputed
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Incremental Computation of Horizontal Trees

e Compute path costs for reaching pixel p at disparity o
from all leaf nodes

e Forward Path
e Backward Path

e Combination gives
energy minima of all
3 Horizontal Trees on

t. this scanline
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What I do not discuss in this talk (but in the
paper)

e How are Horizontal and Vertical Trees combined
In the algorithm?

e How are occlusions handeled?
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Results on the Middlebury Evaluation Set

-

(Ground truth dlsparltles)

(Our results [Parameters kept constant])
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Results on the Middlebury Evaluation Set

. (Tsukuba)

1.86% wronqg unoccluded pixels
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Results on the Middlebury Evaluation Set

(Venus)
0.42% wrong unoccluded pixels
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Results on the Middlebury Evaluation Set
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Large error

due to poor

texture and
noise

(Teddy)
7.31% wrong unoccluded pixels
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Results on the Middlebury Evaluation Set
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4.00% wrong unoccluded pixels

SIMPLE BUT EFFECTIVE TREE STRUCTURES FOR DYNAMIC PROGRAMMING-BASED STEREO MATCHING



Interactive Media Systems Group

Software Technology & Interactive Systems
D Vienna University of Technology

Middlebury Ranking
M Rank Tsukuba Venus Teddy Cones

= nocc | all nocc | all nocc | all nocc | all
C-SemiGlob (Hirschmiiller, 2006) 5 2.61 | 3.29 0.25 | 0.57 5.14 | 11.8 2.77 | 835
RegionTreeDP (Lei et al.. 2006) 6 1.39 | 1.64 22 | 057 || 742 | 11.9 || 6.31 | 11.9
SimpleTree 8 1.86 | 2.56 0.42 | 0.76 7.31 | 12.7 4.00 | 9.74
SegTreeDP (Deng and Lin, 2006) 10 221 | 2.76 || 046 | 0.60 || 9.58 | 152 || 3.23 | 7.86
SemiGlob (Hirschmiiller, 2005) 12 3.26 | 396 || 1.00 | 1.57 || 6.02 | 12.2 || 3.06 | 9.75
RealTimeGPU (Wang et al., 2006) 19 205 | 422 || 1.92 | 298 || 7.23 | 144 || 6.41 | 13.7
ReliabilityDP (Gong and ‘iang 2005) 21 1.36 | 3.39 2.35 | 348 9.82 | 16.9 129 ] 199
TreeDP {’velcs-lel 2005) 22 1.99 | 2.84 || 1.41 | 2.10 || 159 | 23.9 || 10.0 | 183
DP (Scharstein and Szeliski, 2002) 24 412 | 5.04 10.1 11.0 14.0 | 21.6 105 | 19.1
SO (Scharstemn and Szeliski, 2002) 27 508 | 722 || 944 | 109 || 199 | 28.2 || 13.0 | 22.8

e Rank 8 of ~30 algorithms in online table
e Computationally more efficient than better-ranked methods
e Best-performing non-segmentation-based algorithm
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e Segmentation Is
computationally
expensive

e Works fine for
Middlebury set,
but not in general

(Lef Image) (Grond tuth)_

(SegGlobVis (SimpleTree)
[Bleyer04])
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Why we did not use Colour Segmentatlon

(Left image)
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Errors due
to wrong
: segmentaﬂon

T ¥

(SegGlobVis
[Bleyer04])
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(SimpleTree) \\
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Data Set Size Range || 1 CPU | 4 CPUs
Tsukuba | 384 x 288 | 0-15 0.45 0.18
Venus 434 x 383 | 0-19 0.70 0.23
Teddy 450 x 375 | 0-59 1.54 057
Cones 450 x 375 | 0-59 1.54 0.57

e Potential for real-time performance
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The new Middlebury Data Sets

2003 Sets 2005 Sets

Laundry Moebius  Reimndeer

Aloe Babyl Baby2 Babv3 Rocksl Rocks2 Woodl Bmﬂ. lng Lampshadel Flowerpnts

;=

Bowlingl Lampshade? Plastic Middl Monopoly  Wood2 Clothl Cloth2 Cloth3 Cloth4
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Comparison against Graph-Cuts

Wrong Unoccluded Pixels [%]

.U < %
%, %
e Simple Tree outperforms Graph-Cuts on 20 of 30

stereo pairs
e Simple Tree is significantly faster.
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'(Groijnd'trut'h) . (Error Graph Cuts) (Error Slmple Tree)
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The Dolls Test Set
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. 5000 i
(Left image) R (Ground truth) L
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The Midd1 Test Set

(Left Image) (Ground Truth) (Graph-Cuts) (Simple Tree)

e Graph-Cuts perform better on images with extremely low
texture
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Conclusions

Compute disparity map by solving an optimization problem
for each pixel

Approximation of 4-connected grid via a tree
Horizontal and Vertical Trees allow for fast computation
Results almost free of scanline streaks

Best-performing method in the Middlebury ranking that
does not use colour segmentation

Can represent a fast alternative to Graph-Cuts when speed
matters
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The End

Thank You
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