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A more effective confidence/uncertainty measure determination for disparity measurements is
achieved by performing the determination on an evaluation of a set of disparity candidates for a predetermined
position of a first picture at which the measurement of
the disparity relative to the second picture is to be performed, and if this evaluation involves an accumulation
of a contribution value for each of this set of disparity
candidates, which contribution values depends on the
respective disparity candidate and a dissimilarity to the
second picture which is associated with the respective
disparity candidate according to a function which has a
first monotonicity with a dissimilarity associated with the
respective disparity candidate, and a second monotonicity, opposite to the first monotonicity, with an absolute
difference between the respective disparity candidate
and a predetermined disparity having a minimum dissimilarity associated therewith among dissimilarities associated with the set of disparity candidates. By this means,
the confidence/uncertainty measure tends to decrease
the confidence, and increase the uncertainty, with increasing number of local minima in the spatial distribution
of disparity candidates. Further, the larger the disparity
distance of any local minimum to the global minimum in
terms of disparity is, the lower the confidence and the
higher the uncertainty, respectively, tends to be. Further,
the larger the distance of any local minimum to the global
minimum in terms of dissimilarity is, the lower is its influence of the confidence/uncertainty measure determination.
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[0001] The present application is concerned with a concept for determining a confidence measure or an uncertainty
measure measuring a confidence in a correctness of, or a liability of incorrectness of, a measurement of a disparity of
a predetermined position of a first picture relative to a second picture. Such confidence/correctness measures may be
used in improved generation of disparity/depth maps and/or improved view synthesis based on disparity measurements.
[0002] Stereo disparity estimation is one of the most researched and active fields within computer vision. This is mainly
because existing algorithms do not obtain optimal results [1, 2, 3]. The estimated disparities are not accurate enough
or the computational costs are too high. In recent years, deep-learning methods increased the accuracy of such algorithms
[4, 5] and, for example, can be used to improve the quality of densely rendered light fields. In order to reconstruct these,
fusion of multiple disparity maps is required, which seems to be straightforward. However, due to false disparities, it is
not. False disparities are being propagated and thus result in unreliable disparity maps. We propose a new confidence
measure to filter out these initially false disparities.
[0003] When performing confidence measurement based on conventional approaches [6, 7, 8, 9, 10, 11, 12], confidences are assigned by examining the cost curves. The ideal cost curve as a function of disparity for a pixel has a single,
distinct minimum. However, most cost curves are ambiguous because they have multiple local minima or multiple
adjacent disparities with similar costs, making exact localization of the global minimum hard. The shape of the cost curve
heavily depends on the stereo algorithm used. Some algorithms tend to be more sensitive to noise. Spyropoulos and
Mordohai use the stereo method developed by Zbontar and Le Cun [4] to compute the matching costs. They trained a
convolutional neural network (CNN) to predict whether two image patches match or not. In recent years, many confidence
measures aiming at detecting unreliable disparity assignments, proved to be very effective cues when combined with
state-of-the-art stereo algorithms [5, 14, 15, 16]. The ability to reliably detect failures of a stereo algorithm by means of
a confidence measure is fundamental and many approaches have been proposed for this purpose. Hu and Mordohai
[17] were the first ones to exhaustively review and compare confidence measures available at that time and defined an
effective metric to evaluate the performance of the different measures. New confidence measures have been introduced
and evaluated, mostly based on deep learning [5, 18] and other machine learning methods [14, 15, 16, 19, 13]. The
latest thorough evaluation of 76 state-of-the-art confidence measures has been performed by Poggi et al. [20] in 2017.
In this, a similar trend as in the evaluation of stereo algorithms can be seen, machine learning based approaches seem
to outperform conventional approaches.
[0004] However, there is an ongoing need to further improve the quality of these confidence/uncertainty measures for
disparity measurements.
[0005] Accordingly, it is an object of the present invention to provide a concept for determining a confidence/uncertainty
measure for disparity measurements which is more effective.
[0006] This object is achieved by the subject-matter of the independent claims of the present application.
[0007] The present application is based on a finding according to which a more effective confidence/uncertainty measure determination for disparity measurements may be achieved if the determination is performed on an evaluation of a
set of disparity candidates for a predetermined position of a first picture at which the measurement of the disparity relative
to the second picture is to be performed, and if this evaluation involves an accumulation of a contribution value for each
of this set of disparity candidates, which contribution values depends on the respective disparity candidate and a dissimilarity to the second picture which is associated with the respective disparity candidate according to a function which
has a first monotonicity with a dissimilarity associated with the respective disparity candidate, and a second monotonicity,
opposite to the first monotonicity, with an absolute difference between the respective disparity candidate and a predetermined disparity having a minimum dissimilarity associated therewith among dissimilarities associated with the set of
disparity candidates. By this means, the confidence/uncertainty measure tends to decrease the confidence, and increase
the uncertainty, with increasing number of local minima in the spatial distribution of disparity candidates. Further, the
larger the disparity distance of any local minimum to the global minimum in terms of disparity is, the lower the confidence
and the higher the uncertainty, respectively, tends to be. Further, the larger the distance of any local minimum to the
global minimum in terms of dissimilarity is, the lower is its influence on the confidence/uncertainty measure determination.
[0008] Advantageous implementations are the subject of dependent claims. Preferred embodiments of the present
application are described below with respect to the figures among which:
Fig. 1

shows a schematic diagram illustrating the set of disparity candidates for a predetermined position of a
picture, the dissimilarities associated with these disparity candidates relative to a further picture, a confidence/uncertainty measure determinator in accordance with an embodiment of the present application,
and further devices and apparatuses which may form, along with the confidence/uncertainty measure
determinator systems for depth/disparity map generation or view synthesis;

Fig. 2a-d

show example graphs of cost function representing the dissimilarities associated with the disparity candi-
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dates in order to illustrate different situations and the behavior of the confidence measure determined in
accordance with a specific detailed embodiment of the present application;
Fig. 3a-d

show in Fig. 3a the Teddy image from MB03, in Fig. 3b estimated disparities MC-CNN + box-filter, in Fig.
3c the confidences with a proposed confidence measure wherein brighter is higher and the presentation
is non-linearly scaled for better visualization, and Fig. 3d shows error rates for Teddy at different densities ;
four curves for LRD, the detailed embodiment of the present application (AUC) according to Eq. (2), CCNN
and optimal are shown; besides from the theoretically optimal curve, the confidence measure according
to Eq. (2) turns out to have the lowest error rate for almost every density;

Figs. 4

shows AUC values for the three confidence measures, evaluated on the extended Middlebury dataset.
Lower values are better. Sorted by AUC with respect to the confidence measure according to Eq. (2). The
Eq. (2) based confidence measure outperforms the state-of-the-art methods on all, but one, stereo pairs;

Fig. 5a

shows a schematic diagram of a cost curve, i.e. a distribution of dissimilarities over disparity candidates;

Fig. 5b

shows for illustration purposes the confidence/uncertainty measure determination in form of an accumulation over contribution values for each of the set of disparity candidates;

Fig. 5c

illustrates schematically the possibility of determining the contribution values by means of a product between
two factors;

Figs. 5e-d

show schematically possibilities for designing the two factors of Fig. 5c.
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[0009] The following description starts with a concrete example for the determination of a confidence measure and
its advantages. Thereinafter, further embodiments are described, which represent broadened embodiments relative to
this concrete example which cover the concrete example as one of possible alternatives and result from the concrete
example by loosening some of the details thereof.
[0010] In presenting the concrete embodiment, we examine the correct embodiment and compare it to two state-ofthe-art methods according to their ability to rank potential matches. To this end, the following description starts with a
presentation of this state of the art confidence measure concepts whereupon the concrete example is introduced and
explained. Thereinafter, an in-depth discussion about the experimental results is provided, followed by a conclusion
thereof which is then followed, as indicated above, by a description of even further embodiments which broaden the
concrete embodiment.
[0011] The two state of the art concepts used for comparison purposes are the left-right difference (LRD) [17] and
confidence CNN (CCNN) [18]. Following [17], to better clarify which cues are processed by each single measure we
use the following notation. Given a stereo pair of rectified left (L) and right (R) images, we compute the cost volume c(x;
y; d) that contains a cost value for each possible match from a pixel in the left image IL(xL; y) to a pixel in the right image
IR(xR; y), for every possible disparity. Disparity is defined conventionally as d = xL - xR. The minimum and maximum
disparity values, dmin and dmax, are provided by the dataset. The cost curve of a pixel is the set of cost values for all
allowable disparities for the pixel. c1 and c2 indicate the minimum and second minimum values of the cost curve,
respectively, c2 does not have to be a local minimum. The disparity value d(c1) is denoted by d1.
[0012] We will now describe the two state-of-the-art methods in more details. The Left-Right Difference (LRD) confidence measure [17] favors a large margin between the two smallest minima of the cost for pixel (xL; y) in the left image
and also consistency of the minimum costs between the left-to-right and right-to-left disparity maps:
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[0013] The intuition is that truly corresponding pixels should result in similar cost values and thus a small denominator.
This formulation provides safeguards against two failure modes. If the margin c2 - c1 is large, but the pixel has been
mismatched the denominator will be large. If the margin is small, the match is likely to be ambiguous. In this case, a
small denominator indicates that a correspondence between two similar pixels has been established. According to [17],
LRD is one of the best overall methods for stereo inputs.
[0014] As a second confidence measure, we use confidence convolutional neural network (CCNN) [18]. In this approach, confidence prediction is regressed by a CNN without extracting any cue from the stereo input images. The deep
network, trained on patches, learns from scratch a confidence measure by processing only the left disparity map, nor-
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malized with respect to the maximum disparity, to values between zero and one. For the evaluation we used the source
code provided by the authors (using 8 bit confidence maps). This method has been identified by Poggi et al. [20] as the
best performing one. However, training of such a network is an additional issue.
[0015] We evaluate these confidence measures using the stereo method matching cost convolutional neural network
(MCCNN) developed by Zˇ bontar and Le Cun [4]. An eight-layer network is trained on pairs of patches to compute a
measure of similarity between them. These outputs represent matching scores for every possible disparity of each pixel.
The scores are adaptively aggregated [21] and optimized using semi-global matching (SGM) to obtain the highly ranked
results on the KITTI benchmark [22]. An accurate architecture and a faster/simplified (skipping cross-based aggregation)
one were proposed. The latter showed a remarkable speed-up with respect to the accurate CNN architecture (0.8 sec
vs 67 sec) with an increase of the error rate smaller than 1% on both KITTI datasets. We compute our cost volumes
ˇ
using the code provided by Zbontar
and Le Cun [4], using their fast architecture pre-trained on the KITTI 2012 dataset
[22], to avoid a biased evaluation but, naturally, others may be used alternatively.
[0016] The concrete example for confidence/uncertainty measure determination presented next aims at extracting
useful information from the cost curve for each pixel in the disparity map. The confidence value for each pixel indicates
if the assigned disparity is correct or not. Multiple local minima in the cost curve indicate uncertainty about the pixel’s
disparity value, therefore, the confidence should be low. Empirical tests also indicated the importance of the distance
between multiple local minima. A large margin between the global minimum and all other costs is favored. This margin
is empirically defined as cmax/5, where cmax is the maximum cost within the defined disparity range. If there are multiple
local minima more than 1 pixel apart, the confidence decreases. Based on this, we define our confidence measure as
follows:
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with Δd(x,y) = |d(x,y)-d1(x,y)| and Δc(x,y,d) = c(x,y,d)-c1(x,y) = c(d(x,y))-c1(x,y).
[0017] In order to gain a better understanding of the nature of the confidence measure defined by the above equation,
same is explained in more detail below.
[0018] The confidence measure (C(x, y)) is based on the shape of the cost curve (c(x, y, d)) over the evaluated disparity
range to provide a better understanding, see Fig. 1. Fig. 1 shows a first picture 10 and a second picture 12 both of which
show the same scene, but from different perspectives or viewpoints. Accordingly, depending on depth, scene objects
appear in pictures 10 and 12 at varying relative spatial offset to one another, called disparity. If pictures 10 and 12 are
rectified, disparities between corresponding scene objects in pictures 10 and 12 are limited to extend in one direction
only, here the horizontal direction. In order to gain c(d) for a certain predetermined position 14 in picture 10 addressed,
for instance, by x and y components (x, y), the following may be performed. For instance, a patch 16 of picture 10 which
includes and surrounds position 14, is compared with a corresponding patch 18 of picture 12. The comparison involves,
for instance, the determination of an SSD, i.e., sum of squared differences, or some other cost measure measuring the
cost in so far as associating, in terms of disparity, patch 16 of picture 10 with patch 18 of picture 12 leads to some sort
of deviation or dissimilarities which may be interpreted as a cost. Minimizing this cost increases the likelihood of having
compared the same scene portions in pictures 10 and 12. Accordingly, patch 18 of picture 12 with which patch 16 of
picture 10 at position 14 is compared, is positioned within picture 12 at several positions each corresponding to a disparity
candidate, i.e. a disparity d at which the picture content corresponding to position 14 in picture 10 could possibly be
displaced to the truly corresponding portion in picture 12. Fig. 1 shows one such test position 20 within picture 12 with
patch 18 exemplarily positioned in a manner registered to this position 20, i.e. in a manner including and surrounding
position 20. Patches 16 and 18 may, for instance, have positions 14 and 20, respectively, centered therein. The set of
positions for which the comparison between patch 16 on the one hand and the respectively positioned patch 18 is
performed, is illustrated at 22 in Fig. 1 and corresponds to a set of disparities spread between a minimum disparity dmin
and a maximum disparity dmax, i.e. spread within an interval 24 of disparities between dmin and dmax. Thus, this procedure
yields a cost or dissimilarity c(d) for each disparity d corresponding to a disparity candidate corresponding to any position
within set 22. The result is a curve c(d) indicated at 24 in Fig. 1.
[0019] Naturally, any other cost measure than SSD may be used and it should also be mentioned that the "disparity"
may be measured in units of sample positions or pixels at which two positions in Pictures 10 and 12, respectively, are
displaced from one another, but that other measures may be used likewise and that these alternatives may be subsumed
under the term dissimilarity for the purposes of the present application as well. One such alternative could be measuring
a disparity between corresponding positions in pictures 10 and 12 in terms of depth as disparities translate via a unique
reversible function into depths and vice versa.
[0020] Thus, as described so far, the disparity range 24 is ranging from dmin to dmax and the cost curve 26 represents
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the matching costs c(d) for each disparity d. The global minimum is defined as c1=c(d1) and the corresponding disparity
as d1. The maximum obtainable matching cost is defined as cmax.
[0021] A disparity d1 should have a high confidence, if the corresponding cost c1 is much smaller than other local
minima. Local minima that are further away from the global minima d1 have less negative influence on the confidence
value. This is what Eq. (2) manages. Here, the values 3 and 5 were empirically established. They may be varied.
[0022] Based on the plots in Figs. 2a-d, we will elaborate on this formula. In these plots, the disparities are shown on

the x-axis, the left y-axis depicts the costs and the right y-axis the denominator
which may be interpreted as penalty or uncertainty contribution, i.e. the higher its value the lower the confidence measure
gets, owing to the summation over these uncertainty contributions for the various disparity candidates.
[0023] This is to illustrate how the confidence C(x, y) is influenced by multiple local minima. Please notice the different
scaling of the axes in Figs. 2a-d. The higher the penalty value, the lower the confidence will be.
[0024] For these plots, we exemplarily used dmin = 0 and dmax = 200, but both are merely chosen exemplarily.
[0025]

20

The vertical line 28 indicates

and the horizontal line 30 indicates c1 +

[0026] Fig. 2a illustrates a cost curve 26 for a repetitive structure: multiple local minima 32 can be seen with similar
costs. The further a local minimum 32 is away from the global minimum 31, c1, the higher the penalty will be, as shown
by the penalty curve p(d) 34. This penalty is limited by
Notice that the peaks of penalty curve 34 on the
right of the line 28 are of equal height, i.e. clipped. The confidence is very low.
[0027] Fig. 2b illustrates a curve 26 also being a repetitive structure. However, the structure seems to change slightly,
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and therefore the costs differ. The second local minimum 32a (around d=62) is just within the boundaries of
(horizontal line 30) and has therefore a negative impact on the confidence. See the peak 36 of curve 34. The other two
local minima 32b, c are considered not to be harmful and do not get a penalty. The confidence is low as well, however,
slightly higher as in the case of Fig. 2a.
[0028] Fig. 2c is similar to Fig. 2a. The structure, of cost curve 26 here repeats with a lower frequency, i.e. there are
merely two local minima 32.
[0029] Fig. 2d is an example of an ideal case. There is only one minimum 31, therefore the confidence is high. Disparities
close to the global minimum 31 are being slightly penalized. Notice here the y-axis, which is upscaled relative to Figs.
2a-2c.
[0030] We subtract 1 from Δd(x, y), to not penalize two minima next to each other, as this is most likely a quantization
error and may be fixed in post-processing steps. To avoid negative penalties, the maximum with 0 is taken.
[0031] In the following, we briefly evaluate the two state-of-the-art methods LRD [17] and CCNN [18] and compare
the performance to the confidence measure determination using Eq. (2), using MC-CNN [4] as basis. We maintain the
same evaluation procedure as first described in [17]. For our evaluation, we used the following dataset.

40

# pairs
Resolution dmax

Table 1. Details of Middlebury datasets used.
MB03Q 2
MB05T 6
MB06T 21
Quarter 59px

Third 80px

Third 80px

MB14Q 15

Quarter As provided
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[0032] We use a combination of available Middlebury datasets for our experiments. The extended Middlebury stereo
dataset consists of two stereo pairs from the 2003 dataset [23] (MB03Q), six stereo pairs from the 2005 dataset [24, 25]
(MB05T, the remaining three do not have ground-truth disparity maps available), all 21 image pairs from the 2006 dataset
[24, 25] (MB06T), and all image pairs from the 2014 training dataset [3] (MB14Q), leading to a total of 44 stereo pairs.
The images were captured indoors in a lab environment and depict objects with varying complexity. For each dataset,
we evaluate on the smallest spatial resolution available and use maximum disparities as provided (see Table 1 for
details). The minimum disparity is always set to 0 pixels. As per the datasets specifications, the values of the calculated
disparities are considered correct if the difference to the ground-truth is within 1 pixel. We always evaluated the algorithms
using the left images.
[0033] The ability to distinguish correct disparity assignments from wrong ones is the most desirable property of a
confidence measure. To quantitatively evaluate this, the accuracy of disparity assignments based on confidences is
evaluated using curves of error rate as a function of disparity map density (see Fig. 3 (d)), based on Gong and Yang
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[26]. The error rate is defined as the percentage of wrong pixels with respect to the density p. All disparities are sorted
in decreasing order of confidence and disparity maps of increasing density are produced by selecting disparities according
to rank. This measures the capability of removing errors from a disparity map according to the confidence values. The
area under the curve (AUC) quantifies the capability of the confidence measure to effectively distinguish good matches
from wrong ones. Better confidence measures result in lower AUC values.
[0034] Given a disparity map, a subset P of pixels is extracted in order of decreasing confidence (e.g., 5% of the total
pixels) and the error rate of this subset is computed as the percentage of pixels, with respect to the density p, with an
absolute distance from ground-truth values (including occluded pixels) higher than a threshold. Then, the subset is
increased by extracting more pixels (e.g., an additional 5%) and the error rate is computed, until all the pixels in the
image are considered. When confidences have identical values, all disparities with equal confidences are included into
the subsample. This increases the density, therefore the x-axis in Fig. 3 (d) is labeled with minimum density.
[0035] The theoretically optimal AUC can be achieved by selecting all correct disparities before starting to fill the quasidense disparity maps with the remaining wrong ones and is defined as in [17]:

15

20

25

30

35

where p is the density and ε is the disparity error rate at full density as introduced in [17].
[0036] Following this protocol, we evaluate the three confidence measures on the extended Middlebury dataset, using
the stereo algorithm MC-CNN [4] as input. This method adopts a winner takes all (WTA) strategy and infers costs using
a local method, comparing image patches using a convolutional neural network. We used the fast architecture network,
trained by the authors on the KITTI 2012 dataset. We also adopt our own post-processing method, consisting of a 9 3
9 box-filter operating on the cost volume, which improves the results even further.
[0037] In Fig. 3, (a) one of the input images (Teddy, MB03Q), with (b) estimated disparities, and (c) confidences
determined using Eq. (2) are shown. In Fig. 3 (d), the disparity density (p) vs the error rate for the Teddy image pair from
the Middlebury 2003 dataset are shown. By combining these results for all image pairs into one graph, we end up with
Fig. 4. For each stereo pair in the extended Middlebury dataset, the obtained AUC is depicted. The lower the value, the
better the confidence measure. All results are sorted by AUC values with respect to our proposed method.
[0038] Observing these figures, we can see that our proposed method clearly outperforms LRD and CCNN for most
image pairs in our dataset. Confidences determined using Eq. (2) improve 34.5% on the CCNN measure, indicating that
a non-learning based approach can perform better than a machine learning-based one.
[0039] For completeness, we also integrated our confidence measure into the ADCensus [27] stereo algorithm. The
cost function is a combination of Sum of Absolute Difference (SAD) and Census. Evaluating the extended Middlebury
dataset, we obtained the average AUC values as shown in Table 2. Our proposed confidence measure obtains similar
results to the CCNN confidence measure. We believe we cannot outperform the state-of-the-art using this stereo algorithm
as input, due to the noise present in the cost-curve.
[0040] In Table 2, average AUC values evaluating different confidence measures on the extended Middlebury dataset,
using ADCensus to compute the cost function, compared to using the MC-CNN with box-filter as input.

40

Table 2
LRD
CCNN
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MC-CNN AUC mean
ADCensus AUCmean

0.188
0.266

0.168
0.223

Proposed

Optimal

0.110
0.228

0.039
0.090

[0041] Briefly concluding the above concrete example, a novel confidence measure has been presented and we
reviewed and evaluated two state-of-the-art confidence measures and compared them to this measure. Our evaluation,
using the MC-CNN stereo algorithm and the extended challenging Middlebury dataset, clearly highlights that the confidence measure determined using Eq. (2) outperforms the currently best performing confidence measure CCNN by
34.5%. The confidence computation does not need any machine learning and can be applied directly to most stereo
algorithms (provided a cost volume is available). This evaluation shows that learning-based methods can be outperformed
by conventional approaches and that our proposed confidence measure would be an useful addition to machine learningbased confidence measures.
[0042] The confidence measure presented herein may be integrated into different applications, e.g., disparity postprocessing algorithms [13], multi-view-stereo, and data fusion. The improvement of initial disparity maps, could lead to
improved depth-image-based-rendering results.
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[0043] After having described a concrete embodiment for the computation of a confidence measure using the Eq. (2),
reference is made to Fig. 1 again on the basis of which the set of disparity candidates corresponding to various tested
disparities and the associated costs or dissimilarities has been described which together form cost curve 26. What has
been described above is, broadly speaking, a determinator for determining a confidence/uncertainty measure, indicated
by reference sign 50 in Fig. 1. This apparatus 50 determines a confidence measure measuring a confidence in a
correctness of a measurement of a disparity of the predetermined position 16 of the first Picture 10 relative to the second
Picture 12. The confidence measure has been denoted C in the above description and x, y has been used in order to
identify the predetermined position 16. The same terminology has been used in Fig. 1. It should be clear, however, that
apparatus 50 may, alternatively, determine an uncertainty measure measuring a liability of an incorrectness of the
measurement of the disparity of the predetermined position 16 instead. For instance, instead of computing C(x, y) using
Eq. (2), apparatus 50 could compute the inverse thereof, i.e. leave-off the inversion in Eq. (2) and simply take the
denominator, i.e. the sum in the denominator, of Eq. (2) as the uncertainty measure. This possibility of determining the
uncertainty measure instead of the confidence measure shall apply to all the embodiments outlined above and further
outlined below without mentioning this possibility every time again.
[0044] To this, apparatus 50 receives for each of the set of disparity candidates for the predetermined position 16, the
disparity of the respective disparity candidate d as well as the dissimilarity associated therewith, i.e. c(d), i.e. the dissimilarity between Picture 10 and Picture 12 when comparing Picture 10 at position 16 with Picture 12 at a position
relating to position 16 via disparity d. While the computation or determination of the dissimilarities c(d) may be a task
performed externally to determinator 50 by some dissimilarity determinator 52 as depicted in Fig. 1, the dissimilarity
determinator 52 may alternatively be a component within determinator 50 itself. To be more precise, dissimilarity determinator 52 determines for each of the set of disparity candidates, the dissimilarity associated therewith, i.e. the cost
curve for which the reference sign 26 has been used in the above figures. Fig. 5a shows an example of such a cost
curve again. It associates with each of disparity candidates 54 a dissimilarity 56. The confidence/uncertainty measure
determinator 50 determines the confidence/uncertainty measure 58 on the basis of this cost curve 26 and, thereby,
obtains the confidence/uncertainty measure 58 for position 16. The task may be performed for all positions 16 such as
pixels or samples of Picture 10, in order to obtain a corresponding confidence/uncertainty measure 58 for each pixel/sample, thereby obtaining a confidence map 60.
[0045] Fig. 1 illustrates that, besides confidence/uncertainty measure determinator 50, a disparity determinator 62
may use the cost function 26 generated by dissimilarity determinator 52 in order to determine or measure a disparity
value D for position 16. Disparity determinator 62 may perform this task for all positions 16 of Picture 10, thereby
generating a depth/disparity map 64 for Picture 10 which associates each position of Picture 10, i.e. such as each pixel
or sample of Picture 10, a corresponding disparity, i.e. a disparity or depth value. For instance, disparity determinator
62 may set the disparity D(x, y) to be equal to d1, i.e. the minimum disparity of cost curve 26 obtained for position x, y.
Disparity determinator 62 and confidence/uncertainty measure determinator 50 could form, together, as indicated by
dashed line 66, a system for generating a depth/disparity map 64 for Picture 10 relative to Picture 12. This system 66
could output the depth/disparity map 64 accompanied by confidence/uncertainty map 60 so that each disparity in map
64 would have associated therewith a confidence/uncertainty measure 58. Additionally or alternatively to the accompanying of the depth/disparity map 64 with the confidence/uncertainty map 60, disparity determinator 62 could be configured
to take the confidence/uncertainty measures 58 into account in determining the disparities of map 64. For instance,
disparity determinator 62 may preliminarily use d1, i.e. the disparity leading to minimum dissimilarity within the set of
disparity candidates, to D(x, y) in order to order a preliminary version of the depth/disparity map with then disregarding
disparities D(x, y) and substituting same for positions (x, y) at which the confidence/uncertainty measure 58, C(x, y) is
too low in case of being a confidence measure, or too high in case of being an uncertainty measure. The check may be
based on a predetermined threshold. If substitution is performed for some preliminary disparity, the substitute disparity
may be determined by disparity determinator 62 from some other source. For instance, disparity determinator 62 may
spatially predict the disparity D(x, y) from neighboring positions neighboring position x, y for which a confidence/uncertainty
measure 58 indicated a sufficiently confident situation. Alternatively, disparity determinator 62 may derive a substitute
disparity for a certain position on the basis of a disparity value taken from a corresponding position of another depth/disparity map concerning the same scene such as a depth-disparity map determined for Picture 12 in the same manner
as done for Picture 10.
[0046] As also shown in Fig. 1 for illustration purposes, a view synthesizer 68 may use the depth/disparity map 64,
accompanied with or not accompanied with the confidence map 60, in order to perform a view synthesis in order to
obtain a Picture 70 showing the same scene as pictures 10 does, but from another perspective or viewpoint different
from the one of picture 10 and positioned, for instance, between the viewpoints or perspectives of picture 10 and picture
12 which formed the basis of depth map generation of map 64. View synthesizer 68 may, thus, form along with system
66 a system for performing view synthesis based on picture 10 using the confidence/uncertainty map 60 by shifting the
texture/color sample values of picture 10 according to disparities indicated by map 64. The view synthesizer 68 may
use the confidence/uncertainty map 60, if present, in order to base the view synthesis preferably on those samples or

7

EP 3 525 167 A1

5

10

15

disparities within depth/disparity map 64 for which the corresponding confidence is higher according to the collocated
confidence/uncertainty measure 58 and map 60. To this end, the amount at which the inter-view synthesis by synthesizer
68 relies on the depth/disparity map 64 in order to synthesize Picture 70 from Picture 10 is controlled for each position
x, y depending on the corresponding confidence/uncertainty measure 58, C(x, y). If the confidence map 60 is not present
it may already have been used by disparity determiner 62 so as to generate a more reliable depth map 64.
[0047] The confidence/uncertainty measure determinator 50, however, is not restricted to perform the determination
of the confidence/uncertainty measure 58 using Eq. (2) thoroughly described above. Eq. (2) may be varied in many
aspects with still yielding the characteristics according to which the confidence is the lower, or the uncertainty the higher,
1) the more local minima 32 are present in the cost curve 26, i.e. the distribution of dissimilarities,
2) the closer one or more of the one or more local minima 32 gets to the global minimum 31 in terms of dissimilarity
distance Δc,
3) the larger the disparity distance Δd of the local minima 32 is to the global minimum 31,
4) wherein local minima 32 lying pretty close to the global minimum 31 in terms of disparity distance Δd do substantially
not reduce the confidence or increase the uncertainty and
5) wherein there may be a predetermined minimum dissimilarity distance as defined by 30 in Fig. 2, so that local
minima 32 coming closer to the global minimum 31 in terms of dissimilarity distance Δc lead to confidence reduction
or uncertainty increase whereas for local minima 32 which stay farther away from the global minimum 31 in terms
of dissimilarity distance Δc do not lead to confidence decrease or uncertainty increase.
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[0048] Instead of using the exact formula of Eq. (2), the determinator 50 may determine the confidence/uncertainty
measure in a manner broadly indicated in Fig. 5b. To this, apparatus 50 may accumulate, for each of the set 54 of
disparity candidates for the predetermined position 16, a contribution value 72 which depends on the respective disparity
candidate d and its dissimilarity c(d) to the second Picture 12. A contribution value 72 depends on pair c(d) and d as
indicated in Fig. 5b via a function F which has a first monotonicity with a dissimilarity c(d) and has a second monotonicity,
opposite to the first monotonicity, with an absolute difference between the respective disparity candidate d and the
disparity d1 of the minimum dissimilarity c(d1). The first monotonicity may be a monotonic increase with a second
monotonicity being a monotonic decrease or vice versa the first monotonicity may be a monotonic decrease with a
second monotonicity being a monotonic increase.
[0049] The function F forming the contribution value 72 may, as outlined above by way of Eq. (2), be formed by a
product between two factors as shown in Fig. 5c. The first factor is a function of dissimilarity c(d) and has the first
monotonicity with c(d) and the second factor is a function of the dissimilarity d and has the second monotonicity with the
absolute difference between the disparity candidate d and the minimum disparity d1, i.e. |d-d1|. The accumulation over
the set of disparity candidates may be done by way of a sum as illustrated in Figs. 5b and 5c as well as in Eq. (2), but
an alternative may be used as well. As illustrated in Fig. 5c and already discussed above with respect to the inversion
of Eq. (2), the result of this summation, i.e. the sum or accumulation result, may be subject to a monotonically decreasing
function 74 such as an inversion depending on whether a confidence measure or an uncertainty measure is sought to
be computed by determinator 50. The monotonically decreasing function 74 may be an inversion, i.e. may map value x
onto 1/x as illustrated in Eq. (2), but another monotonically decreasing function may alternatively be used.
[0050] As got also clear by the description of Eq. (2), the first factor of Fig. 5c may be designed as illustrated in Fig.
5d. Here, the first factor depends on the dissimilarity c(d) according to a monotonic function 76 which comprises a plateau
78 for dissimilarity values indicative of lower dissimilarity than a predetermined threshold Δcthres. As described above,
the apparatus 50 may be configured to determine this threshold Δcthres depending on the maximum dissimilarity Cmax
among the dissimilarities c(d) for the set 54 of disparity candidates d. To be more precise, the threshold Δcthres may be
determined based on the minimum dissimilarity c1 and the maximum dissimilarity cmax. For instance, in the above
example of Eq. (2), the predetermined threshold Δcthres has been determined as c1 plus a fraction of cmax wherein the
fraction has be chosen as 1/5, but this fraction may alternatively be chosen to be between 1/2 and 1/20, both inclusively.
Even alternatively, the fraction may be chosen to be 1/5 6 1%. As illustrated in Fig. 5d, function 76 may be strictly
monotonic for dissimilarities indicative of higher dissimilarities than threshold Δcthres, i.e. to the right of Δcthres in Fig. 5d.
Here, function 76 may be 1/(c(d)-const) with const being a constant. Again, in Eq. (2), Δcthres has been c1 + t · Cmax
wherein t may be a fraction for which alternatives have been just-mentioned. But it should be recalled that dissimilarity
may be measured in terms of another measure, inversely related to cost/dissimilarity. Then, function 26 would look
different, i.e. minima would in fact become maxima, and then the threshold could be determined in a different manner,
namely based on a predetermined fraction of the minimum dissimilarity d1 or a difference of the minimum dissimilarity
d1 and a predetermined fraction of a difference between the minimum dissimilarity d1 and the maximum dissimilarity
dmax with the predetermined fraction being, again, smaller than one. Function 76 may be continuous at the threshold as
depicted in Fig. 5d.
[0051] Fig. 5e illustrates the second factor and that same may depend on disparity d via a function 80 according to
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which, for instance, the absolute difference |d-d1| is subject to a power greater than 1 for absolute differences smaller
than a predetermined threshold 82 which defines the vertical line 28 already mentioned above with respect to Figs. 2a
to 2d. For absolute differences greater than this threshold 82, function 80 may have a plateau 84. Event his function 80
may be continuous at the transition from plateau 84 towards d1. Apparatus 50 may determine threshold 82, or threshold
82 may otherwise have been determined, depending on the range 86 (Fig. 5a) of disparity candidates 54. Threshold 82
may be determined as a fraction of this range and this fraction is not restricted to 1/3 as it has been the case in Eq. (2),
but may, for instance, be between 1/3 6 10%, both inclusively. The power may be 2 as also illustrated in Eq. (2).
[0052] With respect to function 72, it should be mentioned that same could be implemented in different manners. The
input value of this function F could be subject to weights, powers and clipping factors in a manner so as to advantageously
adjust the above-outlined characteristics 1 to 5 of this function F. This adjustment leads to a high sensitivity in determining
the correct confidence/uncertainty by enabling to take into account merely those local minima which really have an
impact on the confidence/uncertainty.
[0053] Thus, above description revealed an apparatus for determining a confidence measure 58 measuring a confidence in a correctness of, or an uncertainty measure measuring a liability of incorrectness of, a measurement of a
disparity of a predetermined position 16 of a first picture 10 relative to a second picture 12, configured to accumulate,
for each of a set 54 of disparity candidates for the predetermined position 16, a contribution value 72 which depends on
the respective disparity candidate and a dissimilarity to the second picture 12 which is associated with the respective
disparity candidate according to a function F which has a first monotonicity with the dissimilarity c associated with the
respective disparity candidate, and has a second monotonicity, opposite to the first monotonicity, with an absolute
difference between the respective disparity candidate d and a predetermined disparity d1 having a minimum dissimilarity
c1 associated therewith among dissimilarities associated with the set 54 of disparity candidates. The apparatus may be
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configured to compute the contribution value 74 as a product comprising a first factor and a second factor, the first factor
has the first monotonicity with the dissimilarity c associated with the respective disparity candidate, and the second factor
has the second monotonicity with the absolute difference between the respective disparity candidate d and the predetermined disparity d1. The first monotonicity may be a monotonic increase and the second monotonicity is a monotonic
decrease and the apparatus is configured to subject a result of the accumulation to a monotonically decreasing function
74 to obtain the confidence measure, or use the result of the accumulation as the uncertainty measure, or the first
monotonicity may be a monotonic decrease and the second monotonicity is a monotonic increase and the apparatus is
configured to subject a result of the accumulation to a monotonically decreasing function 74 to obtain the uncertainty
measure, or use the result of the accumulation as the confidence measure. The monotonically decreasing function may
map x onto 1/x. The first factor may depend on the dissimilarity associated with the respective disparity candidate
according to a first monotonic function comprising a plateau for dissimilarity values corresponding to lower dissimilarities
than a first predetermined threshold. The apparatus may be configured to determine the first predetermined threshold
depending on a maximum dissimilarity cmax among the dissimilarities associated with the set of disparity candidates.
The apparatus may be configured to determine the first predetermined threshold based on the minimum dissimilarity c1
and the maximum dissimilarity cmax. The apparatus may be configured to determine the predetermined threshold based
on a sum of the minimum dissimilarity c1 and a predetermined fraction of the maximum dissimilarity cmax, the predeter-
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mined fraction being smaller than one. The apparatus may be configured to determine the predetermined threshold
based on a predetermined fraction of the minimum dissimilarity or a difference of the minimum dissimilarity and a
predetermined fraction of a difference between the minimum dissimilarity and the maximum dissimilarity with the predetermined fraction being smaller than one. The predetermined fraction may lie between 1/2 and 1/20, both inclusively.
The predetermined fraction May be 1/5 6 1%. The first monotonic function may be strictly monotonic corresponding to
dissimilarities larger than the first predetermined threshold. The first monotonic function may be 1/(c(d)-const) above
the first predetermined threshold with c(d) being the dissimilarity associated with the disparity candidate d and const
being a constant. The constant is specific for the position 16 via c1, for instance. The second factor may depend on the
absolute difference according to a predetermined function according to which the absolute difference is subject to a
power greater than 1 below a second predetermined threshold and has a plateau above the second predetermined
threshold. The second predetermined threshold may depend on a range of the set of disparity candidates. The second
predetermined threshold may a fraction of a range of the set of disparity candidates, the fraction being between 1/3
610%, both inclusively. The power may be 2. The apparatus may be configured so that the confidence measure C(x,y)

is
The apparatus may be configured to obtain for each of set of disparity
candidates for the predetermined position, a dissimilarity measure indicating the dissimilarity to the second picture which
is associated with the respective disparity candidate, or a similarity measure indicating an inverse of which indicating
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the dissimilarity to the second picture which is associated with the respective disparity candidate. The apparatus may
perform the confidence/uncertainty measure determination for each position or sample of picture 10. The dissimilarity
measure may be a sum of squared sample differences, or the similarity measure is a correlation value.
[0054] Although some aspects have been described in the context of an apparatus, it is clear that these aspects also
represent a description of the corresponding method, where a block or device corresponds to a method step or a feature
of a method step. Analogously, aspects described in the context of a method step also represent a description of a
corresponding block or item or feature of a corresponding apparatus. Some or all of the method steps may be executed
by (or using) a hardware apparatus, like for example, a microprocessor, a programmable computer or an electronic
circuit. In some embodiments, one or more of the most important method steps may be executed by such an apparatus.
[0055] Depending on certain implementation requirements, embodiments of the invention can be implemented in
hardware or in software. The implementation can be performed using a digital storage medium, for example a floppy
disk, a DVD, a Blu-Ray, a CD, a ROM, a PROM, an EPROM, an EEPROM or a FLASH memory, having electronically
readable control signals stored thereon, which cooperate (or are capable of cooperating) with a programmable computer
system such that the respective method is performed. Therefore, the digital storage medium may be computer readable.
[0056] Some embodiments according to the invention comprise a data carrier having electronically readable control
signals, which are capable of cooperating with a programmable computer system, such that one of the methods described
herein is performed.
[0057] Generally, embodiments of the present invention can be implemented as a computer program product with a
program code, the program code being operative for performing one of the methods when the computer program product
runs on a computer. The program code may for example be stored on a machine readable carrier.
[0058] Other embodiments comprise the computer program for performing one of the methods described herein,
stored on a machine readable carrier.
[0059] In other words, an embodiment of the inventive method is, therefore, a computer program having a program
code for performing one of the methods described herein, when the computer program runs on a computer.
[0060] A further embodiment of the inventive methods is, therefore, a data carrier (or a digital storage medium, or a
computer-readable medium) comprising, recorded thereon, the computer program for performing one of the methods
described herein. The data carrier, the digital storage medium or the recorded medium are typically tangible and/or nontransitionary.
[0061] A further embodiment of the inventive method is, therefore, a data stream or a sequence of signals representing
the computer program for performing one of the methods described herein. The data stream or the sequence of signals
may for example be configured to be transferred via a data communication connection, for example via the Internet.
[0062] A further embodiment comprises a processing means, for example a computer, or a programmable logic device,
configured to or adapted to perform one of the methods described herein.
[0063] A further embodiment comprises a computer having installed thereon the computer program for performing
one of the methods described herein.
[0064] A further embodiment according to the invention comprises an apparatus or a system configured to transfer
(for example, electronically or optically) a computer program for performing one of the methods described herein to a
receiver. The receiver may, for example, be a computer, a mobile device, a memory device or the like. The apparatus
or system may, for example, comprise a file server for transferring the computer program to the receiver.
[0065] In some embodiments, a programmable logic device (for example a field programmable gate array) may be
used to perform some or all of the functionalities of the methods described herein. In some embodiments, a field programmable gate array may cooperate with a microprocessor in order to perform one of the methods described herein.
Generally, the methods are preferably performed by any hardware apparatus.
[0066] The apparatus described herein may be implemented using a hardware apparatus, or using a computer, or
using a combination of a hardware apparatus and a computer.
[0067] The apparatus described herein, or any components of the apparatus described herein, may be implemented
at least partially in hardware and/or in software.
[0068] The methods described herein may be performed using a hardware apparatus, or using a computer, or using
a combination of a hardware apparatus and a computer.
[0069] The methods described herein, or any components of the apparatus described herein, may be performed at
least partially by hardware and/or by software.
[0070] The above described embodiments are merely illustrative for the principles of the present invention. It is understood that modifications and variations of the arrangements and the details described herein will be apparent to
others skilled in the art. It is the intent, therefore, to be limited only by the scope of the impending patent claims and not
by the specific details presented by way of description and explanation of the embodiments herein.
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Claims
1.

40

Apparatus for determining a confidence measure (58) measuring a confidence in a correctness of, or an uncertainty
measure measuring a liability of incorrectness of, a measurement of a disparity of a predetermined position (16) of
a first picture (10) relative to a second picture (12), configured to
accumulate, for each of a set (54) of disparity candidates for the predetermined position (16), a contribution value
(72) which depends on the respective disparity candidate and a dissimilarity to the second picture (12) which is
associated with the respective disparity candidate according to a function (F) which
has a first monotonicity with the dissimilarity (c) associated with the respective disparity candidate, and
has a second monotonicity, opposite to the first monotonicity, with an absolute difference between the respective
disparity candidate (d) and a predetermined disparity (d1) having a minimum dissimilarity (c1) associated therewith among dissimilarities associated with the set (54) of disparity candidates.

45

2.
50

Apparatus according to claim 1, configured to
compute the contribution value (74) as a product comprising a first factor and a second factor,
the first factor has the first monotonicity with the dissimilarity (c) associated with the respective disparity candidate, and
the second factor has the second monotonicity with the absolute difference between the respective disparity
candidate (d) and the predetermined disparity (d1).

55

3.

Apparatus according to claim 1 or 2,
wherein the first monotonicity is a monotonic increase and the second monotonicity is a monotonic decrease and
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the apparatus is configured to subject a result of the accumulation to a monotonically decreasing function (74) to
obtain the confidence measure, or use the result of the accumulation as the uncertainty measure, or
wherein the first monotonicity is a monotonic decrease and the second monotonicity is a monotonic increase and
the apparatus is configured to subject a result of the accumulation to a monotonically decreasing function (74) to
obtain the uncertainty measure, or use the result of the accumulation as the confidence measure.

5

4.

Apparatus according to claim 3, wherein the monotonically decreasing function maps x onto 1/x.

5.

Apparatus according to any of claims 2 to 4, wherein the first factor depends on the dissimilarity associated with the
respective disparity candidate according to a first monotonic function comprising a plateau for dissimilarity values
corresponding to lower dissimilarities than a first predetermined threshold.

6.

Apparatus according to claim 5, wherein the apparatus is configured to determine the first predetermined threshold
depending on a maximum dissimilarity (cmax) among the dissimilarities associated with the set of disparity candidates.

7.

Apparatus according to claim 5 or 6, wherein the apparatus is configured to determine the first predetermined
threshold based on the minimum dissimilarity (c1) and the maximum dissimilarity (cmax).

8.

Apparatus according to claim 5 or 6, wherein the apparatus is configured to determine the predetermined threshold
based on a sum of the minimum dissimilarity (c1) and a predetermined fraction of the maximum dissimilarity (cmax),
the predetermined fraction being smaller than one.

9.

Apparatus according to claim 5 or 6, wherein the apparatus is configured to determine the predetermined threshold
based on a predetermined fraction of the minimum dissimilarity or a difference of the minimum dissimilarity and a
predetermined fraction of a difference between the minimum dissimilarity and the maximum dissimilarity with the
predetermined fraction being smaller than one.
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10. Apparatus according to any of claims 5 to 9, wherein the first monotonic function is strictly monotonic corresponding
to dissimilarities larger than the first predetermined threshold.
30

11. Apparatus according to any of claims 5 to 10, wherein the first monotonic function is 1/(c(d)-const) above the first
predetermined threshold with c(d) being the dissimilarity associated with the disparity candidate d and const being
a constant.
35

40

12. Apparatus according to any of the previous claims, wherein the second factor depends on the absolute difference
according to a predetermined function according to which the absolute difference is subject to a power greater than
1 below a second predetermined threshold and has a plateau above the second predetermined threshold.
13. Apparatus according to claim 12, wherein the second predetermined threshold depends on a range of the set of
disparity candidates.
14. Apparatus according to any of the previous claims, configured so that the confidence measure C(x,y) is

45

where
50

(x,y) is the predetermined position,
d denotes a disparity candidate,
dmin and dmax are a lower and upper bounds of an interval within which the set of disparity candidates are spread,
55

cmax is a maximum dissimilarity among the dissimilarities associated with the set of disparity candidates,
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Δc(x,y,d) = c(d(x,y)) - c1(x,y) with c(d) being the dissimilarity associated with the disparity candidate d, and c1
being the minimum dissimilarity,
Δd = |d - d1| with d1 being the predetermined disparity having the minimum dissimilarity associated therewith.
5

15. Apparatus according to any of the previous claims, wherein
the dissimilarity measure is a sum of squared sample differences, or the similarity measure is a correlation value.

15

16. System for generating a depth/disparity map (64) for first picture (10) relative to a second picture (12), comprising
a determinator (62) for determining a disparity of a predetermined position of the first picture relative to the second
picture, and
an apparatus (50) for determining a confidence measure measuring a confidence in the correctness of, or an
uncertainty measure measuring a liability of incorrectness of, a measurement of the disparity of the predetermined
position of the first picture relative to the second picture according to any of the previous claims,
wherein the determinator (62) is configured to determine the predetermined disparity having a minimum dissimilarity
associated therewith among the dissimilarities associated with the set of disparity candidates as the disparity.

20

17. System according to claim 16, wherein
the determinator (62) is configured to perform the determination by disregarding the disparity determined and substitute the disparity determined by way of a substitute disparity, in case of the confidence measure being too low,
or the uncertainty measure too high.

10

18. System according to claim 17, wherein the determinator (62) is configured to
derive the substitute disparity using spatial prediction or adopting a disparity stemming from a different depth/disparity
map of a different view.
25

30

19. System for performing view synthesis based on a first picture, comprising
a system (66) for generating a depth/disparity map (64) for the first picture (10) relative to a second picture (12)
according to any of claims 21 to 25, and
view synthesizer (68) configured to perform the view synthesis using the depth/disparity map (64),
wherein the view synthesizer (68) is configured to perform the view synthesis based on the depth/disparity map and
the confidence measure or the uncertainty measure, or wherein the view synthesizer (68) is configured to perform
the view synthesis based on the depth/disparity map and the confidence measure or the uncertainty measure by
controlling an amount at which the view synthesis relies on the disparity measured or the related color value depending
on the confidence measure or the uncertainty measure.

35
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20. Method for determining a confidence measure (58) measuring a confidence in a correctness of, or an uncertainty
measure measuring a liability of incorrectness of, a measurement of a disparity of a predetermined position (16) of
a first picture (10) relative to a second picture (12), comprising
accumulating, for each of a set (54) of disparity candidates for the predetermined position (16), a contribution value
(72) which depends on the respective disparity candidate and a dissimilarity to the second picture (12) which is
associated with the respective disparity candidate according to a function (F) which
has a first monotonicity with the dissimilarity (c) associated with the respective disparity candidate, and
has a second monotonicity, opposite to the first monotonicity, with an absolute difference between the respective
disparity candidate (d) and a predetermined disparity (d1) having a minimum dissimilarity (c1) associated therewith among dissimilarities associated with the set (54) of disparity candidates.
21. Computer program having a program code for performing, when running on a computer, a method according to
claim 20.

50
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