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ABSTRACT

This paper proposes a method to recover lost regions in image-based
depth maps used in video plus depth 3D format. This method per-
forms depth maps reconstruction taking into account depth contours
within the lost regions. This is achieved by extracting the contours
and recovering their lost segments based on Bézier curve fitting,
followed by spatial interpolation. The proposed method maintains
contour smoothness and uses them as the boundary limits of ho-
mogeneous depth regions, which are then filled through weighted
pixel interpolation. The experimental results show that the proposed
method yields better synthesized images than classic spatial con-
cealment methods, uniquely based on pixel interpolation techniques.
The method presented in this paper is able to outperform the refer-
ence method, in terms of PSNR by up to 1.91dB. The subjective
quality is also shown as being significantly better.

Index Terms— Error concealment, depth map, Bézier curves.

1. INTRODUCTION

Nowadays 3D content is spreading fast and is now available to the
general public, significantly increasing the number of services and
applications, such as 3D movies and 3DTV which have reached great
popularity. However, there are still several problems and research
challenges to be addressed before an acceptable quality is guaranteed
in all delivery services and applications.

The most common 3D video coding formats are the MVC (Mul-
tiview Video coding) [1], and the MVD (Multi-view video plus
depth) [2]. In the MVC format, all available views are explicitly
encoded, each one exploiting the redundancy in temporal domain
and among views. In MVD, each view has an associated depth map,
allowing other views to be synthesized using depth-based image
rendering (DIBR) [3] The main advantages of the latter format are
the possibility of generating multiple views from only one view, and
the significant bitrate savings that can be achieved due to the use of
a depth map. The depth map is represented as a grayscale picture
with the same number of pixels as the corresponding color image.

In the case of the video+depth representation, the quality of
depth perception experienced by users might be seriously affected
by the integrity of the depth map. For example, the authors in [4]
show that quality enhancement of a depth map can improve the ren-
dering quality significantly. Thus, in the case of transmission errors,
proper error concealment of the depth map is of major importance in
the 3D quality delivered to the users.

The problem of depth map error recovery addressed in this pa-
per is currently an active field of research, but there still are several

This work has been supported by the Fundaco para a Ciéncia e a Tec-
nologia, Portugal (under the PhD Grant SFRH/BD/64988/2009 and Project
PTDC/EEA-TEL 114487/2009)

limitations to overcome. For instance, the method proposed in [5] as-
sumes that in presence of depth map errors, the corresponding color
image region is always received with no errors, in order to be used
in the depth map recovery. Although the authors report good objec-
tive results, the impact on the synthesis quality of other views is not
evaluated.

The authors in [6] implemented a method to conceal lost frames
in the depth maps by exploiting the correlation of motion activity be-
tween the color image and the depth map. Good objective results are
also reported, but some block artifacts are subjectively noticeable in
the depth map, mainly at the edges between the foreground and the
background. Thus, most of the error recovery techniques published
so far for coping with missing data in depth maps are mainly based
on information from temporally adjacent depth maps and/or corre-
sponding color image. This paper proposes a rather different method
based on the combination of depth contour recovery with depth spa-
tial information located in the surrounding areas of the corrupted
region. This has the advantage of being useful for both image and
video depth map recovery, when no temporal information is avail-
able.

In the proposed method, depth map contours representing sharp
transitions between different levels of depth, are reconstructed by
using curve fitting techniques based on Bézier curves [7]. Firstly,
all contours representing sharp transitions in depth values are ex-
tracted from the received depth map. Secondly, the depth lost blocks
are classified in two categories: non-edge lost blocks and edge lost
blocks. For the non-edge lost blocks, weighted pixel interpolation
is used to compute the values of the missing depth pixels, while for
edge lost blocks the missing edge/contour is first reconstructed by
using Bézier curves. Based on the recovered depth contours, the
depth pixel values inside these edge lost blocks are also computed
using weighted pixel interpolation. In this case the contours are used
as boundaries to distinguish between regions with different levels of
depth. Bézier curves were previously used in image/video conceal-
ment methods [8], but their application in error recovery of depth
maps cannot be found in the literature.

This paper is organized as follows. Section 2 presents the pro-
posed method for error recovery in image-based depth maps. Exper-
imental results are shown and discussed in Section 3, while Section
4 concludes the paper.

2. PROPOSED METHOD DESCRIPTION

The proposed algorithm consists in four main steps, as shown in
Fig. 1. Firstly, all contours are extracted from the depth map. Sec-
ondly, the contour around each lost area is analysed to find which
end-points should be connected together. Thirdly, based on the end-
points pairs, matched together on the previous step, an additional
pair of control-points is computed, and then reconstruction of the
contour with a Bézier curve is carried out. Finally, all lost blocks are
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concealed using weighted pixel interpolation.
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Fig. 1: Depth map concealment algorithm

2.1. Contour extraction

Contour extraction is based on the variance of a sliding window with
size of 3x3 pixels. Firstly, the variance of such window is computed
for the whole image. Secondly, the contours are defined as those
pixels for which the corresponding variance is above a pre-defined
threshold. A value of 5 was empirically found as good tradeoff be-
tween sharpness of depth transitions across edges and contour rele-
vance in the lost region. Figure 2, shows an example of a depth map
and its respective extracted contour.

Fig. 2: Depth map and respective contour

2.2. Matching end-points

Since several different contour segments might be within the lost
region, in order to reconstruct them separately, the corresponding
end-points should be found and then matched together in pairs for
reconstructing the lost contour segments. Such pair of end-points
correspond to the contour points (i.e. depth pixels), where the con-
tour is broken by the missing region.

Figure 3, shows an example of a contour passing through a lost
area, where P1 and P4 are the end-points of Contour 1 and Contour
2, respectively. 31 and (32 are the angles between the tangent vectors
(at the end-points) and the straight line P1 — P4 connecting the two
end-points. Reliable and precise computation of 81 and (32 requires
accurate tangent vectors at the end-points. In this work up to 5 con-
tour depth pixels, located behind each end-point, are used to define
the tangent vectors.

Matching the end-points is done by comparing 81 and S5 for all
possible combinations of end-points pairs in each lost region, and
then by choosing the minimum sum of the corresponding angles 31
and f». If different matching pairs give rise to intersecting contours,
then such matching pairs will not be considered valid, and another
possible matching will be checked.

2.3. Contour reconstruction with Bézier curves

The cubic Bézier curves used to connect the lost contour segments
are based on four control-points P1...P4, where the first (P1) and
the last (P4) of these points are the end-points of the lost contour
segment. The control points P2 and P3 are computed based on the

Bézier Curve

Contour 1:
iLost Block

_________________________

Contour 2

Fig. 3: Match lost contours and Bézier control points

tangent vectors at the end-points P1 and P4. The first step to find
the control points P2 and P3 is to draw two virtual lines passing at
P1 and P4, with angles 51 and (32, respectively. Then P2 and P3 are
the points located at the middle of segments P1 — A and P4 — A,
where A is the intersection point of the two virtual lines (see figure
3). Finally, these four control points are used to define the Bézier
curve, which in turn is used to reconstruct the lost segment of the
contour.

A parametric Bézier curve is represented by Q(t), where ¢ €
[0,1] and P;... Py are the 4 control-points described above.

Q) =(1—1)°Pr +3t(1 —t)°Po +3t>(1 — t)Ps + t° Py (1)

The Bézier curves z(t) and y(t) representing Q(t) are:

a(t) = aut’ +bat’ +cat +da ()
y(t) = ayt’ +byt’ +cyt +d, 3)
)

Defining C' as the coefficient matrix of (¢) and y(t), and F as
the parameter vector of the parametric curves, i.e.,

c = (&)

F = [ # ¢ 17 ©)

Q(t) can also be written in matrix form as follows:

Q) =[xz(t) y(t)" =C.F )

Since equation 7 does not depend on any control point, in or-
der to find the Bézier curve that represents the lost segment of the
depth contour, one has to define an equation where P1...P4 are in-
cluded. This can be obtained by using the definition of the Bézier
curve based on the basis matrix B (definition of B can be found in
[7]),i.e.,

Q)= P,.B.F ®)

where the four control-points P; with ¢ = 1...4, are defined by the
corresponding coordinates x; and y;, i.e.,

e

Pi:{ },i:172,374 )

After substituting Q(t) in equation 8 by C.F from equation 7,
the problem solution consists of finding the elements of matrix C.
The result is the following set of equations:
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ar = —Pl,+3x P2, —3xP3,+P4,  (10)
ay = —Pl,+3xP2,—3xP3,+P4, (1)
br = 3xPl,—6xP2,+3x P3, (12)
by = 3xPl,—6x P2, +3x P3, (13)
cx = -3xPl,+3xP2, (14)
cy = -3xPl,+3x P2, (15)
de = Pl, (16)
dy = Pl1, (17)

After computing matrix C, the parametric Bézier curves x(t)
and y(t) are completely defined. Then, the interval of t ([0,1]) is
divided by twice the number of depth pixels comprising the seg-
ment P1 — P4, in order to obtain the number of points of the Bézier
curve. Finally, based on the computed curve, the closest depth pixels
inside the lost region are chosen to build to the reconstructed contour.

2.4. Depth map reconstruction

After recovering all lost contour segments, the depth pixels within
a lost region of the depth map must be filled. As mentioned before,
every lost block is classified according to whether a lost contour seg-
ment is included. The first category includes those blocks that have
contours passing through them, while the other category includes the
remaining blocks.
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Fig. 4: Weighted interpolation

Figure 4 shows the process of finding the value of a depth pixel
Y(s,y) inside the lost block, by using weighted pixel interpolation
based on four depth pixels (Y;,2 = 1...N and N = 4) located in
the boundaries of the lost block. Depending on the category of the
lost block, not all of the adjacent depth pixels can be used. If a
lost contour segment is reconstructed across a block, then there exist
adjacent depth pixels located on the opposite side of the contour that
cannot be used, because they belong to a very different depth level.
In the example of figure 4, pixel Y, is not used for interpolating
Y(.,y) because of the reasons explained above.

The weighted pixel interpolation is implemented by computing
a weighted average of the adjacent pixels, as defined by equation 18:

JZVjYix[wfdi]

V(z,y) ="t (18)
d;

s

1=1

where d; is the pixel distance between Y{, ) and Y;, which can have
a maximum value of 15 for a 16x16 block size.

3. EXPERIMENTAL RESULTS

The performance was evaluated by using the first frame of the five se-
quences presented in table 1. Note that, since the proposed method is
a spatial error concealment algorithm, any other single frame could
be used in the experiments. The color images and their correspond-
ing depth maps were encoded with H.264/AVC intra mode and fixed
QP=28. The reference software JM17 was used [9]. The PSNR ob-
tained for color and depth is shown in table 1. These color and depth
maps were used to evaluate the quality of the second view synthesis,
after recovering from depth map errors.

Sequences Resolution | Color Depth
(PSNR) (PSNR)
ST | Ballet 1024x768 | 41.04 46.25
S2 | Breakdancers 1024 <768 40.05 48.08
S3 | Book Arrival 1024x768 | 40.50 45.89
S4 | Champ. Tower 1280x960 | 43.28 49.6
S5 | Beergarden 1920x 1080 | 38.76 48.22

Table 1: Tested sequences (dB)

(a) Original (b) Damaged, 20% lost blocks

(c) Recovered with ref. method

(d) Recovered with prop. method

Fig. 5: Depth Maps

The VSRS (View Synthesis Reference Software) of the MPEG
group, was used to synthesize the second view from the base view
plus the recovered depth maps [10]. A regular error pattern was
introduced in the whole image, in order to obtain a large number of
different types of lost contour segments. Thus, depth map losses are
not constrained within any particular type of image region. The error
pattern was defined as 1616 lost blocks equally spaced between
them, as shown in figure 5b). This type of error pattern may occur
from transmission error(namely burst errors) in video streams coded
with Flexible Macroblock Ordering (FMO) [11].

The simulation tests where done for three different block loss
rates: 5%, 10% and 20%. Performance evaluation was carried out
by measuring the PSNR of the synthesised views using the concealed
depth maps. A spatial concealment method only based on weighted
pixel interpolation, without taking into account the depth map con-
tours, is used as reference for comparison (Ref.) with the proposed
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(a) Original

(b) Reference method

(c) Proposed method

Fig. 6: Synthesized View

one (Prop.). Since the inpainting process of VSRS for occlusions has
a major impact on the PSNR [12], the occluded regions were not in-
cluded in the PSNR computation of the synthesised view. Therefore,
the PSNR obtained for these views is exclusively due to the perfor-
mance of the depth error recovery methods and does not suffer the
influence of the inpainting process.

Seq. No 5% Loss 10% Loss 20% Loss
errors | Ref. [ Prop. | Ref. [ Prop. [ Ref. | Prop.
S1 36.07 | 34.85 3555 [ 3477 3589 | 3393 35.64
S2 3893 | 38.86 3887 | 38.81 38.87 | 38.28 38.69
S3 40.07 | 39.73 39.88 | 39.51 39.74 | 38.11 38.64
S4 39.58 | 3797 39.29 | 36.67 39.17 | 36.11 38.02
S5 34.60 | 34.15 3439 | 33.83 3422 | 3358 34.03

Table 2: Synthesis results (dB)

Table 2 shows the PSNR obtained from synthesised views for
the test sequences, at 5%, 10% and 20% block loss rates. As shown
in the table, the proposed method outperforms the reference method
for all sequence images. A relevant observation in these results is the
fact that PSNR gains of the proposed method are generally higher for
higher loss rates, which proves its effectiveness.

These results can be subjectively confirmed by observing the
details shown in figures 6a to 6¢. Observing the details of the syn-
thesized view, obtained with the proposed method (Fig. 6¢), one can
clearly perceive that indicated regions are much better reconstructed
than in Fig. 6b. This is because the proposed method first recon-
structs the lost edges of the depth map and then pixel interpolation
takes into account the boundaries defined by these edges. Note that
these regions correspond to sharp depth transitions with significant
impact on the perceived 3D quality. Moreover, by using the pro-
posed method, the block effect that is visible in reference method is
almost eliminated.

4. CONCLUSION

The experimental results show that good quality depth maps are of
major importance to have good quality synthesised images. This pa-
per shows that good quality results can be achieved in synthesised
views using error recovered depth maps. By reconstructing the most
significant edges in the depth map using Bézier curves, the proposed
method is able to yield better 3D quality than the reference one. This
method has potential applications in 3D image and video communi-
cations over error-prone channels.
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