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Confidence Map, Method for Generating the Same and Method for
Refining a Disparity Map

FIELD OF THE INVENTION

The invention relates to a confidence map, a method for
generating a confidence map and further to a method for
refining a disparity map using a confidence map that is

assigned to the disparity map.

BACKGROUND

For stereoscopic display in 3D-TV, 3D-video and 3D-cinema, a
real word scene is captured by two or even more cameras. In
most of the practical cases, a scene is captured from two
different viewpoints using a stereo camera equipment. An
exemplary object in a real word scenario is projected onto
different positions within the corresponding camera images. If
the parameters for the stereo camera setup are known and the
displacement between corresponding points in the stereo images
belonging to one and the same object in the real word can be
determined, the distance between the real world object and the
camera, i.e. the depth of the object, may be calculated by
triangulation. The displacement between corresponding points in
the stereo images is commonly referred to as disparity, and the
task of finding point correspondence between the two input or
basic images is typically called stereo matching. The real
world 3D-structure of the captured scene can be reconstructed

from the disparities.

The disparity information is usually integrated into a
disparity map containing the results of the matching
calculations. However, the performance of the matching process

inherently depends on the underlying image content of the basic
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images. In an ideal situation, the basic images are captured by
two pinhole cameras showing no lens distortion and no color
difference, which is however not realistic. By using
calibration and rectification this situation may be
approximated when taking conventional cameras for capturing the
scene. But even for ideal conditions there still remain several
problems in the matching process due to e.g. occluded areas in
one of the input pictures, perspective deformations, specular
reflections, depth discontinuities or missing texture in some
of the objects or the background that make the matching process

a challenging task.

A further obstacle for stereo matching is the fact that many
surfaces of real world objects may not assumed to be truly
Lambertian reflectors and specular reflections typically look
different from different viewing angles. Another problem is
that at object borders the neighborhood area comprises two
different, conflicting depth values, and accordingly the
matching process is in conflict which depth it has to assign to
the respective point in the surrounding area. Other problems
for the matching process result from either a lack of
sufficient texture in the object’s surface or from guasi

periodic texture.

Consequently, for some parts of a basic image it is inherently
more difficult to determine accurate disparity values, also
referred to as disparity estimates, than for others. Moreover,
for occluded regions it is only possible to extrapolate the
depth information from their surroundings. Occlusions result
from the different viewpoints of the cameras so that for some
areas in the basic stereo pictures it is always impossible to

find a point-to-point correspondence.
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The aforementioned problems during disparity estimation lead to
varying levels of accuracy and reliability for the disparity
values. However, the requirements of applications differ with
regard to density, accuracy and reliability of the depth wvalues
in the disparity maps. Some applications, e.g. multi-view
interpolation for multi-view displays or user-adjustable depth
require dense disparity maps, while other applications require
only few but highly reliable disparity estimates. This is, for
example, the case for stereoscopic positioning of text and
graphics for 3D-menus or 3D-subtitles. Multi-view coding as a
further application has requirements that are in-between those
of multi-view interpolation and stereoscopic positioning, as an
exact estimate may be less important than an accurate labeling

of occlusions.

Apart from these differences, the level of reliability of the
depth information plays an important role. Confidence
information can be helpful in subsequent steps of the 3D
processing chain, especially for refinement steps aiming to

improve the quality of the disparity estimates.

A first approach to a confidence measure is the similarity
function employed during the stereo matching. In global
optimization schemes, a cost function typically comprises a
data term for the similarity and an outlier term for
consistency information. An additional smoothness term fosters
the piece-wise smoothness of the disparity map by enforcing

that depth discontinuities may only occur at color edges.

In most cases, the outlier term is a simple binary variable and
all pixels that do not meet the left-right consistency are
marked as unreliable. A further approach is done by L. Xu and
J. Jia.: "Stereo Matching: An Qutlier Confidence Approach',
European Conference on Computer Vision (ECCV) (2008), pp. 775-
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787, introducing a soft outlier estimate that is assigned to a
respective pixel according to their matching cost if they pass
the consistency test. A similar approach was done by Q. Yang et
al.: "Stereo Matching with Color-Weighted Correlation,
Hierarchical Belief Propagation and Occlusion Handling"”, IEEE
Trans. Pattern Anal. Mach. Intell. Vol. 31 (2009), pp. 492-
504, wherein a continuous confidence value is determined by
evaluating the unigqueness of the similarity function in terms

of the ratio between the first and the second best match.

The quality of a disparity map may be improved by a refining
process. Typically, bilateral filters are employed for refining
a disparity map. These filters are edge-preserving smoothing
filters that employ a domain/spatial filter kernel and a range
filter kernel, as exemplarily disclosed by C. Tomasi and R.
Manduchi: "Bilateral Filtering for Gray and Color Images”,
Sixth International Conference on Computer Vision (1998), pp.
839-846. Typically, the spatial filter kernel evaluates spatial
distances, while the range filter kernel evaluates color or

intensity differences.

SUMMARY

It is an object of the invention to provide a confidence map, a
method for generating a confidence map and a method for
refining a disparity map that are improved with respect to the

deficiencies in the art.

In one aspect of the invention a method for generating a
confidence map comprising a plurality of confidence values,
each being assigned to a respective disparity value in a
disparity map is provided. The disparity map is assigned to at
least two stereo images each having a plurality of pixels. A

confidence value is determined for each disparity value by
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taking into account information about at least a match quality
between a pixel or a group of pixels in the first stereo image
and a corresponding pixel or a corresponding group of pixels in
the second stereo image and information about a consistency of

the corresponding disparity estimates.

For determination of the confidence value at least a first
confidence value is based on a match quality between a pixel or
a group of pixels in the first stereo image and a corresponding
pixel or a corresponding group of pixels in the second stereo
image. A second confidence value is based on a consistency of

the corresponding disparity estimates.

The match quality may be determined by using a stereo matcher
applying a normalized cross-correlation as a similarity
measure. Preferably, the intensity images are taken as a basis
in order to provide a stereo matching process that is robust

against brightness and color variations.

The consistency of the disparity estimates, also referred to as
the uniqueness constraint, is preferably verified by
calculating the left-right consistency. It is checked if a
corresponding point in a first picture of a stereoscopic pair
of pictures refers back to the original point in the second
picture. The potentially remaining distance between the back
reference and the original point is a measure for the
inconsistency. The strength of the left right consistency check
stems from the fact that it combines independent information

from the left-to-right and right-to-left estimation processes.

Advantageously, one single unified confidence map having one
normalized confidence value per pixel reflecting the
reliability of disparity values/depth estimates is provided.

There is no need to fulfill any special form as it is usually
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required by global optimization schemes. Arbitrary integration
rules between the values for the match gquality and the
uniqueness may be employed for the generation of the confidence
map, e€.g. addition/multiplication, minimum/maximum, etc.
Further, arbitrary mappings between the measured entity and a
confidence estimate like e.g. any non-linear function,
upper/lower limit, etc. is possible. Advantageously, local or
global constraints may be integrated into the generation of the

confidence values.

According to another aspect of the invention the consistency is
determined by performing a pixel-based left-right consistency

check.

Advantageously, the match-quality values are re-normalized.
Preferably, the values for the match-quality lie in the
interval [0,1]. The distribution of the match-quality may
approximately be described as falling off exponentially from a
maximum at one. For textured regions, the achieved wvalues are
typically very close to one with only little deviations. For
almost homogeneous regions, the mean value of the match-quality
is significantly smaller. However, as the standard deviation is
dramatically increased, the correlation coefficient
nevertheless reaches rather high matching values for many
pixels. Consequently, even small deviations from the value
should be considered a rather strong indication for unreliable
estimates. Therefore, the distribution of the match quality is
heavily flattened in a re-normalization similar to a kind of

histogram equalization.

According to another aspect, for determination of the second
confidence value, information about a visibility of the
respective pixel is taken into account. Visibility is less

strict in comparison to uniqueness. The strict one-to-one
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mapping of the uniqueness constraint is relaxed. A pixel is
still treated as visible if a matching pixel can be found. The
vigibility constraint relaxes the one-to-one mapping of the
uniqueness constraint to a safer many-to-one mapping.
Visibility simply requires that an occluded pixel has no match
in the other image and a non-occluded pixel has at least one
match. It is less restrictive and thus less powerful compared
to uniqueness, but it allows an explicit detection of
occlusions. The left-right consistency check merely indicates

outliers without giving any reason for their unreliability.

Advantageously, the uniqueness constraint and the visibility
constraint are combined. The strength of the uniqueness
constraint is due to the fact that it combines independent
information from the left-to-right and right-to-left estimation
process. The visibility constraint relaxes this one-to-one
mapping to a safer many-to-one mapping. It simply requires that
an occluded pixel has no match in the other image and a non-
occluded pixel has at least one match. In such a case,
uniqueness would indicate false estimates without giving any
reason for their unreliability. By Jjointly exploiting both
constraints, their strengths can be combined while avoiding

their weaknesses.

According to an aspect of the invention the second confidence
value assumes discrete values of confidence and in an
advantageous aspect of the invention, the discrete confidence
values are selected from a group of: RELIARLE, UNRELIARLE,
OCCLUDED and UNDECIDED.

The confidence value RELIABLE is assigned to pixels having a
left-right consistency of zero or invisible pixels having a
left-right consistency of one. Pixels having a left-right

consistency of zero are the most consistent matches, which
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implies that the pixels are also visible. According to an
aspect of the invention, pixels having a left-right consistency
equal to one, but which are indicated as being invisible, are
also given the confidence status RELIABLE. In an empirical
analysis, it was determined that these pixels typically form a
small part in the respective picture, generally a line having a
width of only one pixel. Typically, such areas have a left-
right consistency that is comparably low because it is very
likely violated by sampling issues only. Consequently, these
pixels may still be treated as to be consistent, i.e. they are

assigned to the confidence value RELIABLE.

The confidence value UNRELIABLE is assigned to visible pixels
having a left-right consistency greater than two. Preferably,
the confidence value UNRELIABLE is assigned to pixels having a
left-right consistency of greater than four. These pixels
simply failed in the matching process e.g. due to insufficient
texture in a respective area. The left-right consistency is
almost uniformly distributed for values greater than one. It is
a question of safety that pixels having a left right
consistency smaller or equal to two are classified as

UNDECIDED.

The confidence value OCCLUDED is assigned to invisible pixels
having a left-right consistency greater than two. Pixels in
occluded areas are almost entirely marked as invisible and have
a large inconsistency. In contrast to the aforementioned
unreliable pixels, the classification of occluded pixels is
difficult, because they often stem from areas that are visible

and merely lack texture.

Finally, the confidence value UNDECIDED is assigned to visible
pixels having a left-right consistency equal to one or pixels

having a left-right consistency equal to two. UNDECIDED is a
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rejection class for pixels for which it is not completely clear
if they should receive the same amount of penalty as an

UNRELIABLE-classified pixel.

According to an advantageous aspect of the invention, the
confidence value is determined by further taking into account
information about a confidence wvalue of further pixels that are
located in a surrounding area of the respective pixel. Such
neighborhood relationships are advantageously taken into
account because a reliable pixel that is surrounded by many
other reliable pixels is likely to be more reliable than a

pixel at the edge of a reliable region.

In another aspect of the invention, a confidence map comprising
a plurality of confidence values each being assigned to a
respective disparity value in a disparity map is provided. The
disparity map is generated for at least two stereo images, each
having a plurality of pixels. The confidence value is based on
at least a first confidence value based on a match quality
between a pixel in the first stereo image and a corresponding
pixel in the second stereo image. A second confidence value is
based on a consistency of the corresponding disparity

estimates.

Same or similar advantages already mentioned for the method
according to the invention apply to the confidence map

according to the invention.

In another aspect of the invention a method for refining a
disparity map that is assigned a confidence map according to
the invention is provided. To determine a refined disparity
value for a pixel of interest, the method comprises the steps
of:

- applying a domain filter kernel on the pixel of interest and
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a pixel that is located in a surrounding area of the pixel of
interest,
- applying a range filter kernel on the pixel of interest and a
pixel that is located in a surrounding area of the pixel of
interest, and

- weighting a result of the application of the domain and the
range filter kernel by a confidence wvalue for the pixel in the
surrounding area, wherein the confidence value is take from the

associated confidence map

Preferably, the step of applying the domain filter kernel
comprises determining a spatial distance between the pixel in
the surrounding area and the pixel of interest. Furthermore,
the step of applying the range filter kernel comprises
determining a color or intensity difference between the pixel
in the surrounding area and the pixel of interest. Finally, the
step of weighting the result comprises determining a product of
the result of the domain filter kernel, a result of the range
filter kernel and the confidence value for the pixel in the
surrounding area, wherein the confidence value is take from the

associated confidence map.

Advantageously, the method for refining a confidence map uses a
cross-multilateral filter that is guided by the confidence map
according to the invention. In a refinement stage, alignment of
the disparity estimates to the object borders is improved. This
results in a better object segmentation. Further, the disparity
map is smoothed and unwanted outliers are reduced. Moreover,
information of the reliable regions of is spread over regions
with similar color/intensity. This helps to fill holes in the
disparity map which is advantageous if a dens disparity map is

needed.

BRIEF DESCRIPTION OF DRAWINGS
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Further objects of the invention will ensue from the following

description of an embodiment of the invention with reference to

the accompanying drawings, wherein

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10

shows a left input image,

shows a right input image,

depicts a map showing a matching quality between the

left and right input picture,

depicts a map showing a renormalized matching

quality,

is a map showing pixels having different confidence

classes,

is a confidence map according to an embodiment of

the invention,

is a flow-chart illustrating a method for refining a

disparity map according to an embodiment of the

invention,

is a disparity map before refinement,

shows the disparity map of FIG. 8 after refinement,

and

depicts a graph showing an average reliability over

a number of refinement iterations.

DETAILED DESCRIPTION OF AN EXEMPLARY EMBODIMENT
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Fig. 1 is an exemplary left view, Fig. 2 is the corresponding
right view of a stereoscopic pair of pictures. In a first
approach, a matching quality is taken as a measure for the
confidence of the disparity values of the respective pixels of
a corresponding disparity map. Fig. 3 shows the matching
quality for the pictures in Fig. 1 and 2. Preferably, a
normalized cross-correlation is used as similarity measure on
the intensity images and per definition, its values lie in the
interval [0;1]. As indicated by the overall brightness of

Fig. 3, the distribution of the matching quality may
approximately be described as falling off exponentially from a
maximum at one. For textured regionsg, the achieved matching
values are typically very close to one with little deviations
only. For the almost homogeneous regions in the background, the
mean value of the matching quality is significantly lower.
However, the matching quality nevertheless reaches rather high
values for many pixels. Consegquently, even small deviations
from the value one shall be considered a rather strong

indication for unreliable estimates.

Therefore, the distribution of the matching quality is
preferably flattened similar to a kind of histogram
equalization. The result is shown in Fig. 4, where additionally
a lower limit was introduced. Pixels having a low matching
quality are assigned some minimum confidence as long as they
are consistent. Only inconsistent pixels are assigned a

confidence of zero.

Obviously, there are areas in the left picture (Fig. 1) that
are occluded in the right picture (Fig. 2). These areas have a
low left-right consistency (DLR) and are indicated by black
pixels in the picture of Fig. 5, while the white pixels
identify pixels having a high matching consistency (DLR=0).
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Even in areas having a good texture there are pixels having a
left-right consistency of one (DLR=1). They are typically found
to be invisible, see the areas indicated by "IN" in Fig. 5.
However, these pixels form thin lines that are typically one
pixel wide and their left-right consistency is likely to be
violated by sampling issues only. Accordingly, they are also
treated as being reliable (comparable to the reliable white

pixels, see area indicated by "RE" in Fig. 5).

However, there are a few pixels which have a medium left-right
consistency (DLR=1) and are visible. Typically, these pixels
form clusters of various sizes which underlines that they
cannot be explained by sampling issues and therefore they are
treated to be less reliable. The respective areas are indicated
by "UN" in Fig. 5. Finally, there are very few pixels for which

the stereo matching failed.

The pixels in the confidence map in Fig. 4 are classified in
four classes namely RELIABLE, UNRELIABLE, OCCLUDED and
UNDECIDED. The classification is also illustrated by the

following table:

left-right visibility classification
consistency
(ves) RELIABLE
1 no RELIABLE
1 ves UNDECIDED
2 yes/no UNDECIDED
23 ves UNRELIABLE
23 no OCCLUDED

For pixels having a LRC=0, it is assumed that they are also

visible.
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The aforementioned classes are preferably assigned a confidence
value in the interval [0;1], e.g. RELIABLE=1, UNRELIABLE=0 and
UNDECIDED=0.5. OCCLUDED pixels are flagged to be treated

differently in subsequent stages.

Due to the jagged object borders and the probably ill-defined
transitions between reliable and unreliable regions, it is
advantageous to reduce the confidence not only for the
unreliable pixels themselves but also for their surroundings. A
reliable pixel is expected to be surrounded by many other
reliable pixels is likely to be more reliable than a pixel at
the edge of a reliable region. Such neighborhood relationships
are further taken into account for determination of a
continuous confidence value. The confidence of a pixel is
increased proportionally to both the distance to the next
UNDECIDED pixel as well as the next UNRELIARLE pixel. The
result is shown in Fig. 6. The light pixels indicate pixels
having a high confidence while dark pixels indicate pixels

having a low confidence.

The underlying disparity map may be further refined in a
refinement step using information from the corresponding

confidence map.

Fig. 7 is a flowchart illustrating a basic structure for
disparity estimation according to an embodiment of the
invention. There are three main stages: Initial disparity
estimation, confidence evaluation, and disparity map
refinement. Input for the initial disparity estimation is an
image pair consisting of a left hand right image I;, Iz, e.g.
the pictures in Fig. 1 and 2. The output of the complete
disparity estimation process are two refined disparity maps, a
left one D; for the estimation from left to right and a right

one Dy for the estimation from right to left, as well as two
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corresponding confidence maps Cr and Ckz. The confidence
calculation and the disparity map refinement can be an
iterative process depending on the required quality and
reliability for the final disparity maps. Moreover, there is an
optional feedback loop (illustrated by the dashed line) that
allows to use refined disparity maps D'z, D'r as input for the

initial disparity estimation for subsequent image input pairs.

Fig. 8 is an initial disparity map resulting from the stereo
matching from the left view in Fig. 1 to the right view in
Fig. 2 that is to be refined by a cross-multilateral filter
using the confidence map, e.g. the confidence map in Fig. 6. A
refined disparity map is calculated by applying the following

formula
D) = 55 TaeasUl p —q Dr(I(@) = 1(@)e(@D' (@),

wherein D(p) is the output, i.e. the refined disparity map, Q
is a surrounding area around the pixel of interest g, s defines
a spatial filter kernel, r defines a range filter kernel which
preferably are both truncated Gaussian filters. c(g) is the
confidence value at the pixel g and D’ (g) is the previous value
of the disparity map at the position g. w(p) is a normalization

factor.

A cross bilateral filter (also known as joint bilateral filter)
is a variant of a bilateral filter. However, the Image I is
used for the range filter kernel. The confidence filter kernel
¢ evaluates the reliability of the disparity estimates to be

smoothed.

The performance of the refinement is visible when comparing the
disparity maps in Fig. 8 and Fig. 9, which is the result of the

refinement after ten iterations. A combination with a
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confidence map fosters the spreading of reliable estimates
while suppressing unreliable estimates. The weighted filtering
allows the disparity estimates of the surrounding background to
spread into the occluded region while the foreground
disparities are blocked by the color intensity difference at
the object border. By considering neighborhood relationships to
reduce the confidence value for pixels at the edges of reliable
regions as described above, the confidence map also helps in
preventing the disparity estimates from leaking over object
borders. Due to the block matching, foreground objects are
normally enlarged in the disparity map. This is due to the fact
that background pixels are assigned to the disparity of the
foreground object as long as the radiant of the object lies
within the matching block. Therefore some disparities will
spill over into the background region whereby they would spread

if a classical bilateral filter was applied.

Fig. 10 is an average confidence for an increasing number of
iterations and various standard deviation o of the spatial
filter kernel s. The initial value i=0 means no refinement step
and represents the result for the initial estimation (Fig. 8).
In general, it can be stated that the average reliability of a
disparity map as well as the visual quality increases with the
number of iterations. Thereby, the average reliability
converges against a certain upper bound (see Fig. 10). It is
evident that with a higher number of iterations the object
edges become sharper and are better aligned to the underlying
image. In addition, the objects or especially the background
become more planar and smoother, as the discontinuities are
removed to a large extent. Even the outliers that caused the
over- and underflow in the initial disparity map are almost
gone after a few refinement cycles. Even after ten iterations

and constant key parameters there is nearly no leakage.
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Although the invention has been described hereinabove with
reference to a specific embodiment, it is not limited to this
embodiment and no doubt further alternatives will occur to the

skilled person that lie within the scope of the invention as

claimed.



10

15

20

25

30

WO 2011/104151 PCT/EP2011/052281

Claims

A method for generating a confidence map comprising a
plurality of confidence values, each being assigned to a
respective disparity value in a disparity map assigned to at
least two stereo images each having a plurality of pixels,
wherein a single confidence value is determined for each
disparity value, and wherein for determination of the
confidence value at least a first confidence value based on
a match quality between a pixel or a group of pixels in the
first stereo image and a corresponding pixel or a
corresponding group of pixels in the second stereo image and
a second confidence value based on a consistency of the

corresponding disparity estimates is taken into account.

The method according to claim 1, wherein the consistency is
determined by performing a pixel-based left right

consistency check.

The method according to claim 1 or 2, wherein the match

quality values are re-normalized.

The method according to one of claims 1 to 3, wherein for
determination of the second confidence value, information
about a visibility of the respective pixel is taken into

account.

The method according to one of claims 1 to 4, wherein the
second confidence value assumes discrete values of

confidence.

The method according to claim 5, wherein the discrete wvalues
of confidence are selected from a group of: RELIABLE,

UNRELIABLE, OCCLUDED and UNDECIDED.



10

15

20

25

30

WO 2011/104151 PCT/EP2011/052281

10.

11.

The method according to claim 6, wherein the wvalue of
confidence

a) RELTABLE is assigned to pixels having a left-right
consistency of zero or invisible pixels having a left-right
consistency of one pixel,

b) UNRELIARLE is assigned to visible pixels having a left-
right consistency greater than a threshold wvalue,

c) OCCLUDED is assigned to invisible pixels having a left-
right consistency greater than the threshold value, and

d) UNDECIDED is assigned to all remaining pixels.

The method according to claim 7, wherein the threshold wvalue

is two pixels.

The method according to one of claims 1 to 8, wherein the
confidence value is determined by further taking into
account information about a confidence value of further
pixels that are located in a surrounding area of the

respective pixel.

The method according to claim 7, wherein a confidence value
is determined based on a distance to the next
unreliable/occluded pixel and/or a distance to the next

undecided level.

A confidence map comprising a plurality of confidence
values, a single confidence value being assigned to a
respective disparity value in a disparity map for at least
two stereo images each having a plurality of pixels, wherein
the confidence value is based on at least a first confidence
value based on a match quality between a pixel in the first

stereo image and a corresponding pixel in the second stereo
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12.

13.

_20_

image and a second confidence value based on a consistency

of the corresponding disparity estimates.

A method for refining a disparity map using a confidence map
according to claim 11, which is associated to the disparity
map, wherein a refined disparity value for a pixel of
interest is determined using a weighted average of the
disparities of the pixels in a surrounding area of the pixel
of interest, characterized in that for determining the
weights the following steps are performed:

a)applying a domain filter kernel on the pixel of interest
and a pixel in the surrounding area of the pixel of
interest,

b) applying a range filter kernel on the pixel of interest
and the pixel in the surrounding area of the pixel of
interest,

c)determining a product of the result of the domain filter
kernel and a result of the range filter kernel, and
d)ymultiplying the product of the result of the domain filter
kernel and the result of the range filter kernel with a
confidence filter kernel for the pixel in the surrounding
area of the pixel of interest, wherein the confidence filter

kernel is derived from the associated confidence map.

The method according to claim 12, wherein the step of
applying the domain filter kernel comprises determining a
spatial distance between the pixel in the surrounding area
and the pixel of interest, and wherein the step of applying
the range filter kernel comprises the step of determining a
color or intensity difference between the pixel in the

surrounding area and the pixel of interest.
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