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Abstract

In conventional algorithms for a stereo matching,
corresponding color information between a pair of
images is mainly used to find matching points.
However, due to various reasons, color information of
both images cannot be matched accurately in most
practical cases. In this paper, we propose a color-
compensated stereo matching algorithm for severely
distorted stereo images. Initial corresponding points
are extracted by a feature-based matching method
from histogram-equalized stereo images. From this
information, we estimate relation of color formation of
stereo images with a sigmoid function, and compensate
for differences. Then, we apply the block-based stereo
matching algorithm using the graph cut method. Our
method shows good performance when input images
are severely distorted.
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1. Introduction

In recent times, the three-dimensional (3-D) video
service has attracted much attention due to its various
applications. The 3-D video service provides a
dramatic enhancement in the viewing experience and
3-D feeling to users. It is based on 3-D information,
depth information, which represents distance between a
camera and objects in an image. Acquisition of depth
information, therefore, is an essential part for 3-D
video service. Various methods for acquisition have
been researched and can be classified into two types:
an active sensor-based method and a passive sensor-
based method. In the active sensor-based methods,
depth information is obtained from the natural scenes
directly using physical sensors, such as laser or
infrared ray (IR) sensors [1]. Although these sensors
can extract accurate depth information, these
equipments are expensive and have several critical
problems. Passive sensor-based methods estimate
depth information indirectly from 2-D images captured

by two or more cameras at different position. Among
these methods, one of the well-known indirect depth
methods is the stereo matching. The stereo matching is
one of the most extensively researched topics in
computer vision and tries to identify corresponding
points in both images that refer to the same scene point.
Various approaches have been developed for the steo
matching, and most algorithms have been researched
under a common assumption that corresponding pixels
in stereo images have a similar color value. This
property is called the intensity conservation
assumption. Since this assumption cannot be valid in a
practical environment, pixels that correspond to the
same scene point can have the different values due to
the different property of each camera, jitter of shutter
speed and aperture, or illumination condition [2,3]. The
human visual system contains a color compensating
process which is able to compute colors irrespective of
radiometric variations and estimate the reflectance of
the objects [4]. However, most stereo matching
algorithms do not contain this process. Although there
are some alternative cost functions to handle
radiometric variation in stereo pair, they cannot cover
regions which do not contain feature points, such as
edges and corners or should compute matching cost
with their own cost function. In this paper, a sterco
matching algorithm containing a color compensation
part without changing of the cost function is proposed
to overcome radiometric variation.

2. Related Works

In this section, we review related stereo matching
algorithms. The performances of conventional stereo
matching algorithms depend on the radiometric
variation between input stereo pair Hence, alternative
methods are necessary for handling this problem.
Wang et al presented a new invariant for stereo
reconstruction called light transport constancy, which
allows completely arbitrary scene reflection. This
invariant can be used to formulate a rank constraint on
the stereo matching [5]. Their method requires at least
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two stereo image pairs with different illumination
conditions to be available for making use of rank
constraint. Normalized cross correlation is a very
popular and powerful cost function for matching
contrast varying images [6]. It is particularly useful
since it is insensitive to both signal strength and level.
However it is only suitable for matching affine-
transformed values and cannot cover regions which do
not contain feature points. Therefore, a stereo matching
method which is robust to radiometric variation and
independent to the cost function is needed. In this
paper, a stereo matching algorithm containing a color
compensation part without changing of the cost
function is proposed.

3. Proposed Algorithm

In this paper, we introduce the color-compensated
stereo matching algorithm for severely distorted stereo
images. We compensate the different color distribution
between stereo images before the stereo matching
process. The feature-based matching algorithm and the
non-linear regression are used for compensation. Then,
the stereo matching with the cost function, sum of
absolute difference (SAD), is used. Figure 1 shows the
flowchart of the proposed algorithm.
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Figure 1. Flowchart of the proposed algorithm
3.1 Histogram Equalization

In the second step, we find corresponding points
using the feature-based matching algorithm. However,
this process is not straightforward due to severe
difference of color values between input stereo pair. In

order to solve this problem, we equalize the histograms
of both input images by the following formula. In this
formula, s, and r; are pixel values in the histogram
equalized and original images, respectively.

5, =T() =X p,(r)

k
-3

0"

)
,k=0,1,.,L-1

where # is the total number of pixels in the image, 7y is
the number of pixels that have value r, and L is the
total number of possible levels in the image. p,.(ry)
denotes the probability density functions of random
variables 7.

3.2 Feature-based Matching

After applying the histogram equalization, we extract
correspondence by using the sift-invariant feature
transform (SIFT) [7] which is a method for extracting
distinctive invariant features from images that can be
used to perform reliable matching between different
views of an object or scene. Figure 2 (a) shows the
result of the SIFT process without the histogram
equalization process, few correspondences are found
due to the severely distorted color distribution. The
lines in the figure stand for correspondence between
two images. Contrastively, when we extract
correspondence based on the histogram equalized
images, plenty of correspondences are extracted as
shown in Fig. 2 (b).

(a) (b)
Figure 2. Results of the feature-based matching
process (a) without and (b) with the histogram
equalization
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Although finding correspondence on the histogram
equalized images, we extract pixel values of
correspondence from original images. It means the
histogram equalization only helps to find exact
positions of correspondences without any influence to
pixel values of correspondences.

3.3 Color Relation

Then, we define the color relation of stereo images,
and it will be used to compensate color distribution.
Because the property of the color relation is not a
linear form and can contain a saturation part, as you
can see sample data in Fig. 3, we use the sigmoid
function in Eq. (2).

Vow=vo+a(l+e' " * Q)

right

where V., and Vg, stand for pixel values of the left
image to be compensated and pixel values of the right
image as a reference, respectively. In order to define
the relation between sterco images, five coefficients, y,,
X, a, b, and ¢, in the equation should be estimated. By
using the non-linear regression with corresponding
pixel values, we estimate these coefficients.

Figure 3 shows the example relation of color
distribution between stereo pair. Blue points are
sample pixel values extracted by the SIFT algorithm
and the red line represents the estimated data using the
sigmoid function. As you can see, the sigmoid function
reflects the color saturation region, which can appear in
severely distorted stereo images, and non-linear
property. This task that estimates coefficients should
be processed for each color channel, individually.
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Figure 3. The relation of color distribution between left
and right images

3.4 Block-based Stereo Matching

With a reference to the sigmoid function and estimated
coefficients, the pixel values of left image are
compensated. Then we find an initial depth map using
the block-based stereo matching algorithm with the
SAD cost function. Because SAD does not consider
color different problem of input image, we can
maximize the effect of out color compensation part.
After finding the initial depth map, it is refined with
graph cut algorithm [8, 9].

4. Experimental Results
In order to evaluate the performance of the proposed

algorithm, we utilized a data set of Middlebury [10] as
a test image. Each data set has different exposure time.

(a) Stereo Image pir -
-

(b) SAD +GC
Figure 4. Result of flowerpot Images

(¢) CC+SAD+GC

(b) SAD +GC
Figure 5. Result of doll Images

Figure 4,5 and 6 show the results of proposed
algorithm for different input images. In each figure, (a)
is input stereo pair, and (b) and (c) represent the depth
map without and with color compensation (CC) part.
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Original Images Distorted Images Distorted Images
Test set SAD + GC SAD + GC CC + SAD + GC
non textur textur non textur textur non textur textur
all occ all occ all occ
occ ed eless occ ed eless occ ed eless
baby 53 2.2 17.0 2.1 23 259 265 17.8 20.9 30.6 4.9 1.9 16.3 1.9 1.9
bowling | 14.5 9.7 30.0 4.2 10.9 38.7 37.3 46.3 329 38.6 240 216 34.7 59 24.7
doll 11.3 3.1 30.3 3.1 2.9 30.1 29.1 36.0 27.7 31.7 12.4 5.8 30.7 5.6 6.1
flowerpot | 16.9 8.7 33.6 13.7 7.7 38.8 36.7 46.0 32.5 373 19.1 10.9 36.8 10.6 11.0
Table : Middlebury stereo evaluation (root mean square error)
Acknowledgements

(a) Stereo Image pair

(b) SAD +GC  (c) CC+SAD+GC

Figure 6. Result of baby Images

As you can see, the depth maps without color
compensation part have coarse quality because the
SAD cost function cannot cover the color difference.
However, after applying proposed algorithm, the
quality of depth map is remarkably increased. Table 1
shows the results of quantitative evaluation. The results
of original and distorted images are from input images
captured at same and different exposure time,
respectively. It shows that our proposed algorithm can
effectively handle radiometric variations without
changing of the cost function.

4. Conclusions

In this paper, we have proposed the color-
compensated stereo matching algorithm for severely
distorted stereo images. We extracted initial
corresponding points using the feature-based matching
method from histogram-equalized input images. Then,
the relation of color formation of both images was
estimated with a sigmoid function. After compensating,
the stereo matching algorithm using graph cut was
applied. From the experimental results, we can confirm
that our proposed method shows good performance
under severely distorted input images.
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