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Introduction

e Evaluation of stereo energy functions.

e Two key questions:

e Does colour help to improve the performance of global stereo
methods?

e What is the best method for using colour? (Colour system, Pixel
difference)
e QObservation:
e Colour is expected to reduce matching ambiguities.

e However, a lot of researchers do not want to use colour
information.

Evaluation of different methods for using colour information in global stereo matching approaches



Interactive Media Systems Group LCPC Laboratoire Central

D Software Technology & Interactive Systems HE; Ponts et Chaussées
D Vienna University of Technology m
Introduction
e Evalu
e Two |
» Dc | pal stereo
| & [ e
« WI ystem, Pixel
dif
« Obsel (Left Image) (Right Image)
e C . _ _
e However, a lot of researchers do not want to use colour
iInformation.

Evaluation of different methods for using colour information in global stereo matching approaches



Interactive Media Systems Group LCPC Laboratoire Central
D Software Technology & Interactive Systems m EE! Ponts et Chaussées

D Vienna University of Technology

Introduction
e Evalu
e Two |
e Dg pal stereo
M
e WI ‘ ’ ‘ ystem, Pixel
dif
* Obsel (Left Image) (Right Image)
e C ' _ _
e However, a lot of researchers do not want to use colour
information.

Evaluation of different methods for using colour information in global stereo matching approaches



Interactive Media Systems Group LCPC Laboratoire Central
D Software Technology & Interactive Systems m EE! Ponts et Chaussées

D Vienna University of Technology

Introduction

e Evaluation of stereo energy functions.

e Two key questions:

e Does colour help to improve the performance of global stereo
methods?

e What is the best method for using colour? (Colour system, Pixel
difference)
e QObservation:
e Colour is expected to reduce matching ambiguities.

e However, a lot of researchers do not want to use colour
information.

Evaluation of different methods for using colour information in global stereo matching approaches



- Interactive Media Systems Group LCPC Laboratoire Central
D Software Technology & Interactive Systems HE; Ponts et Chaussées
] vienna university of Technology m

Energy Functions

=> mp,p—dp)+ > s(dy,dy)

pel (p,p")eN
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Energy Functions

=> mp,p—dp)+ > s(dy,dy)

pel / (p,p")EN
e Data term

e Photo consistency assumption

e Computes colour difference
between corresponding pixels

e Focus of this study
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Energy Functions

=> mp,p—dp)+ > s(dy,dy)

pel (p,p")EN \
e Smoothness term

e Smoothness assumption

e Penalizes neighbouring pixels
assigned to different disparities
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Data Term — Colour Spaces

e 10 different choices evaluated:

e Primary systems:
e RGB, XYZ;

e Luminance-chrominance systems:
e LUV, LAB, AC,C,, YC;Cy;

e Perceptual systems:
e HSI;

e Statistical independent component systems:
° 1113, FhHoH3,

e Use of intensity values only:
e Grey;
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Data Term — Difference Measurements

e 2 choices evaluated:
e L1 distance (Sum-of-absolute-differences)

m" (p,q) = > |pi —qi

1<i<3
e L2 distance (Euclidean distance)

m™2(p,q) = | D (i —q)?

1<i<3

e Special treatment for A4S/ and Grey.
e |n total, 18 different energy functions evaluated in this study.
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Smoothness Term
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Smoothness Term

= mp,p—dpy)+ > s(dydy)

peT (p,p")EN \
Modified Potts model
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Smoothness Term

Zmpap d _|_ Z dpvd

peT (p,p")EN \
Modified Potts model

0 : dp=
s(dp,dy) =< P |d, d | =1
P otherwme .
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Smoothness Term

Zmpap d _|_ Z dpvd

peT (p,p")EN \
Modified Potts model

0 : d,=d,
s(dp,dy) =< P |d, —dg\ =1
P> otherwise.

Weighted by intensity gradient

o[ PP L=l <T
‘B P - otherwise

Evaluation of different methods for using colour information in global stereo matching approaches



Interactive Media Systems Group LCPC Laboratoire Central
D Software Technology & Interactive Systems m Heg Ponts et Chaussées

D Vienna University of Technology

Energy Optimization
e Computing energy minimum is known to be NP-hard.
e 2 methods for approximation:
e Graph-cuts (Alpha-expansion framework):
e Standard method for energy functions of this type
e Dynamic programming-based method:
e Optimizes energy function on a tree structure via DP
e Two spanning trees generated for each pixel

e Computation time less than a second
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Parameter Estimation

 Two Important parameters (#; and /A,) in the energy
function:

e Balance data and smoothness terms
e Balance affected by the use of different data terms

e For fairness, optimize parameter settings for each of the
18 energy functions separately

e Approximately, 100 combinations of ~; and £, tested
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The 2003 Sets

(Ground Truth) (Left Image)

Tsukuba Venus Teddy Cones

e Currently used in the Middlebury Stereo Vision Benchmark
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The 2003 Sets
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The 2003 Sets
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The 2005 Sets
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e More complex in terms of geometry, occlusions and untextured regions
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The 2006 Sets
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| Error

LUV 3.31 13.84 LUV 2.8, 13.74
AC,Co 3.31 14.6- AC,C» 3.4o 14.83
YC,Cy 3.53 15.05 YC.Cs 3.4 14.75
[11215 4.1, 15.14 I 1215 4.7, 15.34
RGB 5.55 16.25 RGB 4.85 16.55
H1H2Hs || 5.76 16.87 XYZ 5.9 16.5¢
XYZ 6.17 16.5¢ H:H-Hs || 6.17 17.77
LAB 7.23 18.43 LAB 7.4s 18.89
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.49 Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance

ol All Sets e Error percentage in unoccluded
Space || V5 N regions (averaged over all test sets)
Rank| Error

LUV 3.3; 13.8; LUV 2.8, 13.7,
ACiCy || 3.31 14.65 ACCy || 342 14.83
YC,Cy || 3.55 15.04 YC:Cy || 345 14.7,

1,15 4.14 15.14 INNE 474 15.34

RGB 5.55 16.25 RGB 4.85 16.55
H,H.H;3 |[5.7¢ 16.87 XYZ 5.9¢ 16.5

XYZ 6.17 16.56 HiH.Hs || 6.1; 17.7;

LAB 7.2s 18.4g LAB 7.4s 18.8¢

Grey 8.09 18.510 HSI 8.09 1825

HSI 8.210 1849 Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance

ol All Sets e Relative rank in comparison against

Space Avg. Avg competing colour systems (averaged
Rank] Brror |11 over all test sets)

LUV 3.3, 13.84 : :

AC:C. |33, a%. ||| Table sorted according to this error

YC,Cy 3.55 15.04 measurement

INGE 414 15.14 INBE 17, 15.34

RGB 5.55 16.25 RGB 4.85 16.55

H,HoHs |[5.76 16.8; XYZ 5.9 16.56

XYZ 6.17 16.5¢ HiH-Hs || 6.1; 17.7;

LAB 725 18.4g LAB 7.4s 18.8¢

Grey 8.00 18.510 HSI 8.00 18.25

HSI 8.210 18.49 Grey 8.610 19.310

(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| Error
LUV 3.3, 13.8, LUV 2.8, 13.7;
AC:Cs || 331 14.62 AC(C2 || 342 14.8;
YC:Cy || 3.53 15.03 YC:Cy || 342 14.7,
I11o15 4.14 15.14 115 4.7, 15.34
RGB 5.55 16.25 RGB 4.85 16.55
HHoHs — — - 6
V7 e Luminance-chrominance systems F7
LAB 7.25 18.4s LAB T4s 18.89
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.49 Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| FError

LUV 3.31 13.8 LUV 2.8, 13.74
AC,Co 3.31 14.65 AC.Co 3.4o 14.83
YC,Cy 3.53 15.05 YC,Co 3.40 14.7,
[11215 4.14 15.14 I 1215 4.7, 15.34
RGB 5.6 16.25 \/ RGB 4.85 16.55
H1H2Hs || 5.76 16.87 “XYZ 5.9 16.5¢
XY7 6.1. 1656 ||* l1l213 FlHQHg 6.1. 17.7-
LAB 7.23 18.43 TADB 7.4s 18.89
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.49 Grey 8.610 19.310

(Graph-Cuts)

(Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| FError
LUV 3.3, 13.8, LUV 9.8, 13.7
AC1Co 3.3; 14.69 AC,C» 3.4 14.83
YC,Cy | 3.55 15.04 YC,Cy 3.4y 14.75
11515 414 15.14 115 4.7, 15.34
RGB 5.55 16.25 RGB 485 16.55
H,1.15 |[5.7¢ 16.8- =Y/ 595 16.56
XY7 6.1- 16.5; ||© RGB FlHQHg 6.1, 17.7-
LAB 7925 18.4s TAB 7.4s 18.8¢
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.4¢ Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| FError

LUV 3.31 13.8 LUV 2.8, 13.74
AC,Co 3.31 14.65 AC.Co 3.4o 14.83
YC,Cy 3.53 15.05 YC,Co 3.40 14.7,
[11215 4.14 4.7, 15.34
RGB 554 ° HiHoH3. XYZ, LAB 4.85 16.55
MILMHs |[ 5.7 16.8 m XYZ 59 105
XYZ 6.17 16.5¢ H:H-Hs || 6.17 17.7~
LAB 7.28 18.4g LAB 7.4g8 18.89
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.49 Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| Error
LUV 3.31 13.84 LUV 2.8, 13.74
AC,Co 3.31 14.6- AC,C» 3.4o 14.83
YC,Cy 3.53 15.05 YC.Cs 3.4 14.75
5. 1. 4+ 15.3.
Illﬁzlg 4.1, 15.14 . Grey Illﬁglg 4.7, 15.34
RGB 5.55 16.25 RGB 4.85 16.55
H1H2Hs || 5.76 16.87 XYZ 5.9 16.5¢
XYZ 6.17 16.5¢ H:H-Hs || 6.17 17.77
LAB 7.23 18.43 LAB 7.4s 18.89
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.49 Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| FError
LUV 3.31 13.84 LUV 2.8, 13.74

AC,1Co 3.31 14.62
YC,C, 3.53 15.03

AC,Co 3.4 14.83
YC1C2 342 14 72

[ 1213 4.14 15.14 e HSI IFIP B 4.7, 15.34
RGB 5.55 16.25 RGB 4.85 16.55
HiH2Hs || 5.76  16.87 XYZ 5.96 16.5¢
XY7Z 6.17 16.56 HiH2Hz || 6.17 17.77
LAB 7.25 18.4g LAB 7.4s 18.89
Grey 8.00 18.510 HSI 8.09 18.23
HSI 8.210 18.49 Grey 8.610 19.310

(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| FError
LUV 3.31 LUV 2.87 13.74
AC;Co 3.31 ACCo 3.4 :
e 25.4% less e 29.0% less
errors errors ‘
HiHoHs || 5.76 XYZ 5.96
XY7Z 6.17 HiH-Hs || 6.1~
LAB 7.28 LAB 7.45
Grey 8.09 HSI 8.09 g
HSI 8.210 18.49 Grey 8.610 19.310

(Graph-Cuts)

(Dynamic Programming)
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Quantitative Results — L1 Distance
Colour All Sets Colour All Sets
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank| FError
LUV 3.3; 13.8; LUV 2.8, 113.7,
e 14.8% less | 1k e 17.0% less | 1Mk
1505 14)7,
errors 15V, errors N,
RGB 5.55 16.25 RGB 4.85 [16.55
H,HoHs |[ 5.7 16.87 XYZ 5.9 16.56
XYZ 6.1 16.56 HiH-Hs || 6.17 17.7;
LAB 7.2s 18.4g LAB 745 18.8¢
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.49 Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance

All Sets All Sets
Colour Colour
Space Avg.  Ave. e 0.7% | g.
Rank| Error | ./% less errors for DP I:OT
LUV 3.3; 13.8; <_JJ_LLB;JJ_L?13.71
AC1Ca || 3.31 14.65 AC:1Co || 342 14.8;
YC;Cy || 3.55 15.03 YC,Co || 340 14.7,
Lols 414 15.14 LI, 4.7, 15.34
RGB 5.55 16.25 RGB 4.85 16.55
HqHoHs |[ 5.7 16.87 XYZ 596 16.5¢
XYZ 6.17 16.56 HiHoHs || 6.17 17.7-
LAB 7.2s 18.4s LAB 7.4s 18.8¢
Grey 8.09 18.510 HSI 8.09 1825
HSI 8.210 18.4¢ Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 Distance

Colour All Sets Colour All Sets

S Avg. Avg. g.

pace || pank| Error |- 0.7% less errors for DP I:OT
LUV 3.3, 13.8; 13.7;
AC1C2 || 3.31 14.65 ACiCa || 3.4 14.8;
YC,C : 14.75

2 ||l There seems to lie more e
IERCY B o= 15.34
RGB potential in the energy 16.5-
ML, || modelling component than in 6.5
XY7Z energy optimization. 17.7-
LAB e T el 18.8¢
Grey 8.00 18.510 HSI 8.00 18.25
HSI 8.210 18.4¢ Grey 8.610 19.310
(Graph-Cuts) (Dynamic Programming)
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Quantitative Results — L1 vs L2

All Sets All Sets
Colour Colour
Space Avg. Avg. Space Avg. Avg.
Rank| Error Rank | Error
LUV 3.37 13.84 LUV 3.2, 14.5¢
AC,1Co 3.31 14.6- YC1Co 3.80 15.65
YC,Co 3.53 15.03 AC1C2 4.05 15.52
I11215 4.1, 15.14 [11215 4.84 16.25
RGB 5.55 16.25 RGB 5.15 16.7g
HiH2Hs || 5.7¢ 16.8~7 XX, 5.4¢ 16.04
XY7Z 6.17 16.5¢ H:H-Hs || 6.6 17.9-
LAB 725 18.4g LAB 6.85s 18.39
Grey 8.00 18.510 Grey 7.69 18.510
HSI 8.210 18.49 HSI 7. 710 17.9s
(Graph-Cuts — L1) (Graph-Cuts — L2)
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Quantitative Results — L1 vs L2

Colour All Sets Colour . All Sgts
Space || 2V AVE T g0 for L1 Lo
Rank| Error .00 IEeSS errors 1or or

LUV 3.31 13.84 14.54
AC,1Co 3.31 14.62 YC,Co 3.82  15.63

(Graph-Cuts — L1)

E(IZ;ISQ e The choice of the colour system 1222
RGB seems to be more important 16.7¢
T 1LIL, than the difference method. 16.0,
XYZ 17.9;
LAB —— e e 18.3¢
Grey 8.0 18.510 Grey 7.60 18.510
HSI 8.210 18.49 HSI 7.7T10 17.9s

(Graph-Cuts — L2)
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Example: Dolls Test Set — Graph-Cuts

(Left Image) (Grey - Disparity) (LUV - Disparity)
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Example: Dolls Test Set — Graph-Cuts

(Left Image) (Grey - Errors) (LUV - Errors)
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Example: Dolls Test Set — Graph-Cuts
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Example: Dolls Test Set — Dynamic Programming

| 1 : [ . = i < fi ]
e = - I (P ‘

(Left Image) (Grey - Disparity) (LUV - Disparity)
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Example: Dolls Test Set — Dynamic Programming

= R K
) »2_( ""L';._' po——" {_‘:"!

(Left Image) (Grey - Errors) (LUV - Errors)
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Example: Dolls Test Set — Dynamic Programming

4

(Left Image) (LUV - Errors)
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Conclusions (1)

e |nvestigation of the role of colour in global stereo
methods

e 18 energy functions tested with 2 optimization
algorithms on 30 ground truth images

e Colour does not always improve results. (Current
Middlebury evaluation set)

e Performance improvement of 25% achieved by using
the best-performing colour system instead of grey-
scale matching

Evaluation of different methods for using colour information in global stereo matching approaches
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Conclusions (2)

e Luminance-chrominance systems have shown the best
results. (relationship to human perception)

e RGB only gives average results. (most popular colour
system)

e Choice of colour system is probably more important
than difference method or optimization. (It is worth
paying more attention to data term.)

Evaluation of different methods for using colour information in global stereo matching approaches
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Thank You
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