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Abstract Transmission errors or packet loss in depth maps have great impact on the decod-
ing quality and view synthesis of 3D and multiview video. Thus efficient methods to recover
corrupted depth data are critical functions for accurate view rendering. This paper pro-
poses an error concealment method for intra-coded depth maps, based on spatial intra and
inter-view methods, which exploit neighbouring data of depth and colour images received
error-free. A novel three-stage processing algorithm is devised to reconstruct sharp depth
transitions (i.e. lost depth contours), using a disparity map and geometric interpolation based
on parametric Bézier curves. The simulation results obtained from different views of var-
ious MVD sequences, for different packetisation modes and a wide range of packet loss
rates (PLR), show that the proposed method consistently leads to quality improvement of
synthesised images in comparison with reference methods.
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1 Introduction

In the last few years, services and applications using three-dimensional representation of
visual information, such as 3D and multi-view images/video, have been driving R&D efforts
worldwide. As a result, the use of 3D media content and associated technology is expected
to expand into many different fields of application, reaching an increasing number of con-
sumers. Besides entertainment, there are also several other fields where 3D images and
video are becoming quite useful, such as medical, engineering, training and education. As
a consequence of this recent evolution, compressed 3D and multiview visual content is
expected to be a major contributor to the overall multimedia traffic delivered through various
types of channels. Nowadays, there are two main types of coded representations of 3D and
multiview image and video content, where the most common are the multiview video cod-
ing (MVC) and multiview video-plus-depth (MVD) [3, 40]. In MVC, stereoscopic viewing
is directly obtained from two adjacent views, while in the MVD format each colour image
is associated with a corresponding depth map, which is used to synthesise other views.

The impact of transmission errors or data loss is greater in 3D and multiview commu-
nications than in traditional 2D communications, because the perceived quality is highly
sensitive to a wider variety of factors [9] and error propagation [21]. Therefore, careful
design of error concealment algorithms for robust multiview image/video decoding is essen-
tial to minimise the strong effects of data loss in the perceived quality [19, 23]. In particular,
the quality and integrity of intra-coded depth maps plays a crucial role in the quality of the
synthesised views with great impact on the perceived quality [29]. Hence, the efficiency of
error concealment algorithms specifically tailored for intra-coded depth maps is a critical
performance factor in multiview video delivery services.

Since depth transitions in 3D visual scenes correspond to edges in depth maps, the
boundaries between visual objects located at different distances from the viewer, i.e. depth
levels, comprise relevant information for three-dimensional perception. Therefore, preserv-
ing sharp edges is an important requirement when processing depth maps, regardless its
objective, either to cope with transmission errors, data loss or minimise coding distortion.
However, it is worthwhile to note that a depth map with lower distortion does not necessarily
lead to better synthesised images. For instance, in [30] several depth maps were compressed
with different encoders and it was concluded that coding depth maps with higher PSNR
does not guarantee that the corresponding synthesised views have better quality than those
obtained using lower quality depth maps. Despite the significantly higher coding efficiency
of H.264/AVC, the lower PSNR depth maps compressed with the Platelet-based encoder,
produced synthesised images of higher quality. This is due to the capability of Platelet-
based coding to better preserve the quality of edges in comparison with H.264/AVC. In [8]
and [11], the authors use the edges of depth maps as crucial elements in different problems,
though both of them related to the quality of 3D video. In the former, a method for enhanc-
ing synthesised views is proposed by using edge-adaptive filtering of depth maps. In the
latter, the authors demonstrate that edge information provides an accurate measure of quality
(or distortion) in 3D video. Explicit edge information was also used in [34] to improve the
quality obtained in image restoration algorithms. Therefore, whenever any type of distortion
affects the depth information, preserving the whole geometry of the depth maps through
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high quality edges is of major importance to achieve enhanced 3D perceptual quality, since
this type of details carry in fact relevant information for quality depth perception.

The results of the works cited above, established the grounds for the novel error con-
cealment method proposed in this paper to reconstruct lost depth data, through specifically
tailored spatial intra and inter-view techniques. The contributions of this research com-
prise (i) a novel error concealment algorithm based on a hierarchical processing structure
with three stages, each one corresponding to the use of different type of data, available at
MVD decoders and associated with the corrupted depth map, i.e., adjacent colour views and
depth maps, associated colour view, adjacent regions of the corrupted depth map itself; (ii)
the reconstruction of depth discontinuities (i.e., contours) using Bézier curves to improve
the quality of recovered depth data by spatial interpolation, i.e., recovering depth contours
in lost regions and then using them as boundaries to define different weights in bidirec-
tional interpolation. Even in difficult cases, where large areas of depth maps are lost (e.g.
large slices), the results show that synthesised views using recovered depth maps, consis-
tently achieve better quality than using methods that do not take depth boundaries into
consideration.

This paper is organised as follows: Section 2 presents an overview of related work avail-
able in the literature. Section 3 describes the proposed error concealment algorithm and
Section 4 presents the simulation results. Finally Section 5 concludes the paper.

2 Related work

In the recent past, research on error concealment for 3D video decoders has been attracting
attention from both academic and related industry, in order to find efficient solutions for
coping with error prone transmission channels. The existence of different 3D coding and
representation formats requires different approaches and methods to deal with data loss.
Currently, the two main formats of wider interest are the MVC and MVD, but error conceal-
ment methods published in the literature for these formats, are mostly based on existing ones
that were already conceived for 2D video. Nevertheless, even these are still attracting re-
search interest and evolving solutions keep being published in the relevant literature, e.g., [5].

In the case of MVC, the error concealment methods developed so far are mostly tar-
geted to H.264/AVC stereo decoders. For instance, in [31] and [32] the authors used
techniques adapted from H.264/AVC, while in [25] and [42], the proposed methods
mostly rely on temporal information. In [6], besides temporal information, disparity is
also used to recover the lost data, which in general contributes to enhance the results
in MVC.

Regarding MVD, most of the work developed so far, dealing with depth map error
concealment, is focused on efficient use of temporal information extracted from coded
sequences with depth maps. The most common data loss scenarios are the loss of a full frame
[38], though in some cases only single blocks or groups of blocks need to be recovered (i.e.,
slices), as proposed in [43], where motion information is used based on the H.264/AVC
standard. However, since the authors have only used one video sequence in the experimental
validation, it is difficult to evaluate the effectiveness of the method.

In [37] and [26], the authors propose methods for error concealment in MVD but these
are generic in the sense that the specific characteristics of depth maps are not taken into
account. In [37] a general approach for MVD is proposed, based on classic temporal techni-
ques with motion vectors, intra information and a novel inter-view technique, while in [26],
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a frame concealment technique was developed using motion vector sharing. The case of
entire loss of depth maps is addressed in [7, 12, 24, 44] and [23], using concealment meth-
ods for MVD mostly relying on temporal information. In [12], motion correlation between
colour and depth is exploited for concealment and in [7], the motion information of colour
images is also used to conceal depth maps, based on a 3D-warping technique. In [44], the
proposed method also deals with full frame concealment using a pixel-based motion vector
extrapolation technique. In [10], the authors propose an efficient concealment method for
both colour and depth, also based on temporal information. In [24] a technique based on
a 3D-warping is used, while the remaining holes are concealed with temporal method. In
[23], colour and depth map information is used together in order to conceal errors on both
of these types of data, this technique is based on motion compensation.

In regard to spatial concealment methods specifically tailored for intra-codee depth maps,
to the authors’ knowledge, these have not been extensively studied in the available literature.
In [1], a spatial concealment method is proposed using depth information to restore the
corresponding colour image, based on simple thresholding of the depth map. However, since
the method depends on the 3D view content itself, the scope of its application is limited. A
different approach is described in [13], where the correlation of motion information between
colour images and their corresponding depth maps is used to recover lost regions in both the
colour images and depth maps. However, despite the good objective results, depth contours
are not preserved, causing noticeable blocking artifacts in the depth map, mainly at edges
between foreground and background objects in the 3D scene. In [27] the authors assume that
in presence of depth map errors, the corresponding colour image region is free of errors, then
it can be used for the depth map recovery. Despite the good performance of such method in
this specific case, only the quality of the depth map itself was evaluated and the quality of
the corresponding synthesised views remains unknown.

In most of the above cited publications, the impact of depth map error concealment in
the quality of the synthesised views is not always evaluated, which limits its performance
validation and comparison. In the next sections a new method for efficient spatial intra
and inter-view depth concealment for multiview-plus-depth images using depth contour
reconstruction and interpolation is proposed.

3 Proposed method

The spatial error concealment method proposed in this work is structured as a hierarchical
three-stage processing algorithm, where each stage is defined by the type of data used in
spatial concealment of missing regions in depth maps. Figure 1 shows the three cases that
may occur in MVD, when a corrupted depth map is received and no temporal information
is used: (i) reliable data from both adjacent colour images is available; (ii) the only reliable
data that is available comes from the colour image associated with the corrupted depth
map; (iii) the colour images do not provide any useful information for concealment of the
lost region in the corrupted depth map. Whenever the texture data from colour images is
located in image regions where the disparity cannot be computed with good accuracy, this
is classified as a non-reliable data region to be used by the concealment algorithm. This is
possible to occur in three cases: 1) missing texture data due to losses; 2) occluded regions in
the texture view; 3) due to algorithmic inefficiency, the texture disparity tested in the border
regions of the lost area in the depth map does not produce a good enough match between
both depth maps.
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MVD, characterised by the data ( h
available for error concealment Image
View b,
N-1
Data
Depth | available
L for
I V concealment
+D
-
Image Image
View p D J
N
Corrupted
Depth Depth Depth Depth map
S

(i) (ii) (iii)

Taking into account the three cases identified above, an algorithmic structure is proposed
for spatial error concealment of depth maps, comprising the 3-stages shown in Fig. 2. Stage
1 corresponds to case (i), where reliable data from the two views is used for error conceal-
ment of lost areas in the corrupted depth map. At this stage, the disparity between available
views is used to retrieve missing depth values from the depth map of the adjacent view, i.e.,
disparity compensation between depth maps.

If not all lost areas of the depth map are fully recovered in Stage 1, because the auxiliary
view/depth cannot provide useful disparity information, it means that only one view plus
depth is available. Then this is processed in Stage 2, corresponding to case (ii) in Fig. 1. In
Stage 2 the contours of the lost regions in the corrupted depth map are first reconstructed
by using information from its associated colour image. If all depth map contours of interest
are not fully recovered after Stage 2, because they were not found in the colour view, for
instance, then the algorithm proceeds to Stage 3, where only depth data of the corrupted
depth map itself is used for concealment, i.e., case (iii) in Fig. 1. At this Stage, the remaining
lost contour segments are reconstructed using Bézier curves. A similar method for contour
reconstruction was used in [36], though in a different context. Finally, the lost regions of the
depth map are recovered using selective weighted interpolation based on the reconstructed
contours. In the next subsections each stage of the proposed algorithm is explained in detail.

3.1 Stage 1 - Depth recovery using disparity compensation

Two views (N-I and N) are used in this processing stage, each one comprising a colour
image and the corresponding depth map (see Fig. 1). It is assumed that Depth N is corrupted,
i.e., with missing regions. The disparity Dy, computed from colour images N-1 and N, is
used to find the best matching depth values in Depth N-1 to recover the lost ones in Depth
N. When Depth N is fully lost, Stage 1 is the only processing stage of the algorithm that is
used to recover the whole depth map. In this case, Depth N-1 is used as a substitute of Depth
N after disparity compensation. Occlusions are filled by gradient-based linear interpolation.
The following steps are carried out at Stage 1.

3.1.1 Disparity computation

The first step is to compute a disparity map Dy between Image N-1 and Image N. The dis-
parity is determined using an algorithm based on a multi-level adaptive method combined
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with a multigrid technique [22]. It presents low implementation complexity and good effi-
ciency in comparison with others, as demonstrated in the study carried out with the
Middlebury Stereo Evaluation dataset [16].

3.1.2 Disparity compensation

The next step in Stage 1 is to recover lost depth values using disparity compensation. Assum-
ing standard block-based coding, each lost region corresponds to either a single block or a
group of blocks. Each missing region in the depth map is reconstructed by using the dispar-
ity compensated values obtained from the corresponding region in the error-free map of the
adjacent view.

Since disparity is computed from the colour images, view N-1 and view N, the resulting
disparity map is not ground truth data and does not ensure the most accurate values for
filling the corresponding lost regions in the corrupted depth map. Therefore, to ensure the
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best match between depth maps, the disparity values are further refined before being used
to retrieve the depth values from view N-I to N. The refinement process devised to compute
suitable disparity values to recover the missing block is based on the following method.
The disparity values corresponding to the lost region are quantised using a fixed number of
intervals ranked in increasing order. In this work 15 quantisation intervals were used, this
number of intervals was found through several experiments to be enough to define the initial
search points that are used to find the best match. Then each quantised value is used to
define an initial search point for finding the best matching block in phDepth N-1 that should
be used to recover the corresponding corrupted one in Depth N. The refinement is applied
over a range of 4 pixel, using the minimum Sum of Absolute Differences (SAD) as the best
matching criterion. In this process, the searching area used for finding the best match only
includes the depth values belonging to the boundaries of the lost region, because the region
itself is missing.

Figure 3 illustrates this process using a single lost block in a corrupted depth map. The
neighbour depth values of the Candidate Block from depth map N-1 are used to find the best
match for the Lost Block in Depth N, i.e., the top and bottom neighbour values of the lost
block, Dt; j and Db; ; respectively, are used for searching the minimum SAD with Ct; ;
and Cb; ;. In Fig. 3, h and [ are the height and width of both the lost and candidate blocks
and W is the width of the search window only in horizontal height. The best match is found
by (1), using three rows on the top and another three on the bottom (i.e., » = 3) of the lost
block.

SAD,,;, = min E |Dt,',j — Cfi7j|n + |Db,"j — Cbi,j|n (1)
ne
1<i<l
I<j<r

If SAD,y;y is greater than a decision threshold related to the number of pixels n . used
in the computation, i.e., k X SAD > n, then the lost depth block is not recovered with
disparity compensation, but is further processed in the following stages. The constant k =
20 was found through an experimental study using six sequences, as used in Section 4 using
several error patterns. The amount of processing and concealment done at Stage I depends

7, ¢ >
Gl Gt Dy, Dt Dt
v | b |
1 ! [ 1
Ch, Ct,, Cy, Dy, Dt,, Dy,
| Rt h ] | B h ]
| < > | | - > |
1 / 1 1 / 1
] | | | ] |
: i Lo o b roy
1 q 1
| | Candidate Block /1| y __ Disparity |, |Lost Block AT
| | compensation 1 | |
| | | |
| | | |
[ | [ |
L] ] o L]
Cby, Cby, Cb,, Db, Db,, Db,
P e ! b !
L] L] LJ o L] L
Ch,, Cb,, Ch,, Db,, Db, Db,
Depth Map: View N-1 Corrupted Depth Map: View N

Fig. 3 Depth map block matching using disparity
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on k, but its actual value was found not to be a critical factor in the overall concealment
performance.

3.1.3 Depth correction

Although depth maps from adjacent views are highly correlated, there might be slight dif-
ferences between their average depth values for the same region of the 3D scene. This
is equivalent to have different average intensities between depth maps N and N-1. Thus,
intensity correction is performed after recovering a lost depth block, which requires edge
information to distinguish regions with different intensity. In the proposed method, the
Canny edge detection algorithm is used for such purpose. Figure 4 shows an example of the
underlying process devised for intensity correction using depth map edges. In this exam-
ple a depth Candidate Block from view N-1 was used to recover a Lost Block in view N.
The intensity correction is achieved by adding a correcting factor A; ;) to each depth value
P, j), as given by (2),

Pi.jy = Pa.j) + Ad,j) @)
with A(i,j) defined by (3):

An n (D,0) — Ci,0)d2 + (Dbin+1y — Ciint1))d1
N = d1+d2 ©)
where i and j are the coordinates of depth value P j) to be corrected, A is the height of
the block, d1 and d2 are the distances between P; ;) and the top or bottom values in the
concealed depth map. D(; oy and Db 41y, C(i,0) and C; ,+1) are the top/bottom neighbour
values in the depth map of view N and view N-1, respectively.

In the example illustrated in Fig. 4, the interpolated value P ) is located below the
contour. In this case, the upper neighbour value D; ¢y is not used because it belongs to
a region with different intensity, as defined by the contour. Thus, the difference between
D 0y and C; o) is not considered and d2 = 0.

Depth
Contour

[
»

| Lost Block |
e _——
D bi,h+1
Depth Map: View N-I Corrupted Depth Map: View N

Fig. 4 Intensity compensation of the recovered depth map
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Fig. 5 Object contours: colour
(light gray) and depth (dark gray)
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3.2 Stage 2: Depth countour reconstruction

In Stage 2, reconstruction of the contours inside the missing regions of the depth maps is
based on contour information extracted from the corresponding colour image. In general,
object contours in depth maps also exist in the corresponding colour images. However,
colour image contours include texture information which does not necessarily include object
contours. Moreover, object contours in colour images are not always spatially coincident
with their corresponding ones in depth maps. This mismatch is shown in Fig. 5 where colour
and depth contours are represented along with a uniform pattern of possible missing blocks.

As shown in Fig. 5, there are nearly-matching colour contours that can be used to recon-
struct broken depth contours, while others do not have any correspondence. In order to find
the colour image contours that are useful for reconstruction of missing contour segments
inside lost regions of a depth map, the method illustrated in Fig. 6 is proposed.

Is this example there is a broken contour (Cp; and Cpy) across a lost region in the depth
map and another contour (Cc; and C¢y) taken from the corresponding colour image. The
angles o1, @2, 81 and B2 are defined as the angles of the tangent vectors pointing to the

Reconstructed contour

Corrupted
Depth contour

Corrupted
Depth contour

Colour
Image contour

Colour
Image contour |Lost Region

Fig. 6 Matching colour contours
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lost area. In this case, «1 and o2 represent the tangent angles corresponding to Cp; and
Cp2, Bl and B2 represent tangent angles corresponding to Ccy and Ccp. Al and A2 are
the distance between the end points of C¢y and Cpi, Cc2 and Cpy, respectively. In order
to obtain a precise computation of &1, &2, 81 and 82, up to 5 contour depth points, located
behind each end-point, are used to define the tangent vectors. Thus, in order to recover
broken depth contours from colour image contours, the following procedure is defined:

1- Match: Every end-point of each broken depth contour segment is checked for a possible
match in the colour image. This is validated by checking whether there is a colour image
contour close to the end point (e.g., up to a distance of 10 points). In Fig. 6, the candidate
for CDl is CCl-

2 - Find: The tangent angles of the broken depth contour and colour contour candidates are
compared in order to find out if the tangent angles define a similar direction. The direction
is considered similar when the difference is smaller than 30 degrees, which was found a
suitable value for this type of similarity.

3 - Fit: Then, any colour contour inside the lost area is tested whether it fits onto the broken
section of the depth contour. This is done by verifying the continuity of the colour contour
against the possible candidate. In Fig. 6, Cc; corresponds to the same contour as Cc, thus
C > is the candidate to reconstruct the broken depth contour Cp;.

4 - Recover: If the colour contour segment meets the above conditions, then it is used to
recover the depth contour. The colour contour segment is copied to connect the two end
points of the broken depth contour. In the case of Fig. 6, the colour contour Cc; to Ccz
is copied to the end-points of Cp; and Cpy by moving it from its original location with a
distance of (A1 4 A2)/2. If the copied contour end-points do not match exactly the end
points of the damaged contour these are interpolated with a straight line. Usually this is no
more than two or three contour points.

In the case where no suitable colour contours are found to recover the damage depth
contours, these loose ends will be interpolated at Stage 3, described in the next section.

3.3 Stage 3: Depth contour recovery using curve fitting

This stage implements a refinement process after Stage 2, where the pairs of remaining
end-points are further processed to reconstruct broken depth contours not recovered during
Stage 2. The proposed method for this refinement is based on matching end-points using
geometrical similarities and Bézier curves [28].

3.3.1 Matching end-points

Since several contour segments might remain damaged after Stage 2, in order to reconstruct
them separately, the corresponding end-points are first matched together in pairs. Such pair
of end-points correspond to the points, where the contour is broken by the lost region.
Figure 7 shows an example of two contours passing through the lost region. Cp1, Cpa,
Cp3 and C pg4 are segments of the corrupted depth contours that pass through the lost region
and the respective end-points are E'1, E2, E3 and E4. The pair of end-points that are more
likely to belong to the same contour is found by testing every possible combination of
matching contours. In the example of Fig. 7, Cp is being tested with Cp,, Cp3 and Cpa4.
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Damaged depth contours
E2
C Cn
DI N
BLIY .

>~ JE3

p14 ‘K‘
Cns
E4

Lost Region

CDK

Fig. 7 Matching corrupted depth contours

The angle o; ; is defined by the tangent vector of Cp; and the straight line between the
end-points E;, E;. Angles §; ; are defined by the tangent vector of Cp; and the straight
line between the end-points E;, E;. The index numbers i, j of the angles «; ; and B; ; are
defined as: i is the number of the contour being tested, in the example of Fig. 7i = 1; j is the
number of the contour that is being compared with i, in the example of Fig. 7, j = 2, 3, 4;

After computing all the previous angles §; ; and «; j, the best pair of end-points (E;, E ;)
is obtained by the following (4):

(Ei, Ej) = g}i}l{(ai,,‘ + Bi.j)s @i j+1 + Bij+1); (@i + Bij+n)} 4

The best match (E; and E ) is given by the minimum of the sums of the pair of angles o
and B. If the resulting end-points combinations give rise to intersecting contours, then such
matching pair is not considered valid and another possible match is checked.

3.3.2 Contour interpolation with Bézier curves

After finding the best matching endpoints, cubic Bézier curves are used to connect the lost
contour segments. These are based on four control-points P1... P4, where the first (P1) and
the last (P4) are the end-points of the broken contour segment. The control points P2 and
P3 are computed based on the tangent vectors at the end-points P1 and P4 (see Fig. 8).
Control points P2 and P3 are found by drawing two virtual lines passing at P1 and P4,
with angles B and B, respectively. Then P2 and P3 are the points located at the middle

Fig. 8 Bézier curve fitting

Lost Region
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of segments P1 — A and P4 — A, where A is the intersection point of the two virtual lines
(see Fig. 8). 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 cubic Bézier curve is represented by Q(¢) (5), where ¢ € [0, 1]. P, are the control-
points described above (n € [1, 4]) and Pn, and Pny are the coordinates of Pn.

0)=(1—-03P1+3t(1 —1)>P2+3t>(1 —1)P3+ 1> P4 5)
Q(t) can also be written in a matrix form as follows:
Q) =[x(t) )" =CF (6)
The parametric curves x(¢) and y(¢) representing Q(¢) are:
x(t) = ayt® + byet® + cxt + dy (7
y(t) = ayt® +byt® + ¢yt +dy (8)

Defining C as the coefficient matrix of x(¢) and y(¢), and F as the parameter vector of
the parametric curves, i.e.,

ay by ¢y dy
C = 9
|:ay by cy dy:| ®
F=[B2r1] (10)

Since (6) does not depend on any control point, in order to find the Bézier curve that
represents the lost segment of the depth contour, one has to define an equation where P1...P4
are included. This can be obtained by using the definition of the Bézier curve Q(¢) based
on the basis matrix B [17], i.e.,

Q(t) = PBF (11)
with
-1 3 =31
3 -630
B=133 00 (12)
1 0 00

where the elements of P are the coordinates Pi,, Piy of the four control points Pi, i =
1---4,ie.,

Pl, P2, P3, P4, (13)

After substituting Q(¢) in (11) by CF from (6), the problem solution consists of finding
the elements of matrix C. The result is the following set of equations:

p_ [Plx P2, P3y P4x}

ay = —Ply +3x P2, —3 x P3, + P4, (14)
ay = —Ply+3 x P2y, —3 x P3, + P4, (15)
by = 3x Ply —6x P2, +3 x P3, (16)
by =3x Pl,—6x P2, +3x P3, a7
cx = —3x Ply+3x P2, (18)
cy = =3x Ply+3x P2, (19)
d, = Pl, (20)
dy = Pl, @n

@ Springer



Multimed Tools Appl (2017) 76:13835-13858 13847

After computing matrix C, the parametric curves x(¢) and y(¢) are completely defined.
Then, the interval of t ([0,1]) is divided by twice the number of depth values comprising the
segment P1 — P4, in order to obtain the number of points of the Bézier curve. Finally, based
on the computed curve, the closest points inside the lost region are chosen to build to the
reconstructed contour. When all contours are recovered, the depth values of the remaining
lost blocks are interpolated using the method described in the next section.

3.4 Depth map reconstruction

After recovering all lost contour segments across the lost region, in Stage 2 and Stage 3, the
missing depth values must be estimated to fill the whole lost region.

Figure 9 shows the process for determining the lost depth value Y(; ;) by using weighted
interpolation and the reconstructed contour. Y{; ;) is interpolated based on four depth values
(yk, k = 1...N and N = 4) located in the boundaries of the Lost Block. However, depending
on the existence of a recovered contour in the lost block, not all of the adjacent depth values
are necessarily used. If a contour segment crosses a block, then the depth values located
on the opposite side of the contour are not used for interpolation, because they belong to a
region with very different depth level. For this reason, in the example of Fig. 9, y4 is not
used for interpolating Y(;, ;). The weighted interpolation is implemented as defined by (22):

N

Yok x[B—=dXq . y) — 1]
k=1

Yijh = , (22)

N
> d(XG, jys Yi)
k=1

where d(Y(; jy, yk) is the distance between the coordinates of Y(; ;) and y; and B is the
block size.

3.5 Complexity discussion

Overall, it can be shown that the relative complexity of a robust decoder with the con-
cealment algorithm described above lies between that of a simple decoder without error
concealment mechanisms and an encoder. It is known that the complexity of an H.264/AVC
encoder E. is roughly about 10 to 90 times higher than the corresponding decoder, D, i.e.,

Fig. 9 Weighted interpolation
using a reconstructed contour
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10x D, < E; <90 x D, [33, 35]. In the proposed method, disparity estimation (DE) is the
most complex task and for this application a block-based algorithm, similar to motion esti-
mation, can be considered as a reference to compare the computational complexity. Thus
based on [20], it is assumed that disparity estimation complexity (D E.) is roughly the same
as motion estimation complexity (M E.), i.e., DE. = ME,. Since M E, represents about
70 % of the overall encoding complexity [4], this means that the additional complexity of a
robust decoder lies between 7 x D, and 63 x D,.. Note that this is valid for the very worst
case where DE is computed for the whole frame. From another point of view, it is also
worth to note that the increased complexity of the robust decoder is still below the maximum
complexity of an encoder, i.e., 90 x D..

4 Simulation results and discussion

The spatial concealment algorithm presented in previous sections was evaluated using the
MVD format with corrupted depth maps. The quality of the synthesised views (PSNR)
was used as the performance metric of different spatial concealment methods applied to
depth maps used in the synthesis. The objective quality is evaluated using the virtual view
synthesised with the uncorrupted depth map instead of the actual view, to avoid the influence
of the DIBR algorithm in the results.

The synthesis of virtual views was performed by using the reference software VSRS 3.5
(View Synthesis Reference Software) [39]. To obtain the necessary disparity map for Stage
1, the OpenCV 2.1 software package was used [15, 22]. The contours of both the colour
images and depth maps are extracted using the Canny edge detector [2]. The code was
written in C and MATLAB 2012 and the simulations were run on Intel 17 2600, 3,4GHz
8GB RAM.

To evaluate and compare the performance of the proposed algorithm, two reference meth-
ods were used for spatial concealment of the same corrupted depth maps: (i) method R1
based on weighted spatial interpolation to fill in the missing depth regions using the uncor-
rupted depth values located along the borders of each missing region; (ii) method R2, based
on disparity compensation using the depth values of the uncorrupted adjacent view. The spa-
tial interpolation procedure is defined by (22), where P (x, y) is the value being interpolated
at coordinates x and y. No contour information is used in reference methods R1 and R2.
In the presence of error bursts affecting several consecutive blocks, weighted interpolation
only uses the nearest (e.g., top and bottom) error-free border values (N = 2).

Two colour views and the corresponding depth maps of six sequences with 100
frames each, were used in the simulations: Book Arrival (1024x768), Balloons, Dancer
(1920x1080), Shark (1920x1080), Kendo (1024x768) and Champagne (1280x960). The
visual content of each sequence has different characteristics, spatial resolution and different
types objects in the 3D scene, which results in a diverse dataset to evaluate the proposed
algorithm. In sequence Book Arrival view 8 and view 10 were used to synthesise view 9, in
Balloons and Dancer, view I and view 3 were used to synthesise view 2, in Shark and Kendo
view 1 and view 5 were used to synthesise view 3 and in Champagne view 37 and view 39
were used to synthesise view 38.

To evaluate the performance of the proposed spatial concealment method, the colour
images and the corresponding depth maps used in the simulations were encoded with
H.264/AVC Intra mode at fixed QP=30, using the reference software JM17 [14]. Eight slice
groups per depth map were packetized into one single packet, which never exceeded 1500
bytes in these tests. Two different types of slices were defined in slice mode and another
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(a) Pack. mode 1 (b) Pack. mode 2 (c¢) Pack. mode 3

Fig. 10 Error patterns originated from different packetisation modes

one using the Flexible Macroblock Order (FMO) [41]. In the former, each slice comprises
either one or two rows of macroblocks, while in the latter the dispersed mode was used.
Note that FMO is not defined in the standard extensions based on the high profile thus,
this case finds application in simulcast encoding schemes using the baseline profile. These
packetisation modes result in three different types of error patterns, as shown in Fig. 10: (a)
single macroblocks of 16x16 (b) rows of height=16; (c) rows of height=32. Packet losses
were simulated using the Gilbert-Elliot model for different average packet loss ratios (PLR)
and burst sizes [18]. Average PLRs of 5 %, 10 %, 20 % and 40 % with an average burst size
of 3 were obtained from each sequence. To obtain stable results, each simulation run was
repeated 10 times.

The proposed algorithm was evaluated in two different modes, referred to as PM(a) and
PM(b) in Table 1. Mode PM(a) corresponds to the full algorithm operating as depicted in
Fig. 2, while mode PM(b) is intended to evaluate the case where no texture information of
colour images is available for any reason (e.g., lost, recovered from loss with poor quality).
In the case of PM(b), the algorithm in Fig. 2 follows from the start directly to Stage 3
and concealment is fully obtained by using uncorrupted data from the depth map itself and
Bézier curves, as described in Section 3.3.2. Note that this is the most difficult concealment
case, because no other data from adjacent views is used. The PSNR of the synthesised
virtual views obtained by using depth maps concealed with the proposed method, operating
in modes PM(a) and PM(b), is compared with that obtained from reference methods R1 and
R2, for different PLR and the three types of packetisation modes described above. Table 1
shows the difference (A psy ) between the PSNR of synthesised views using the error-free
depth map (PLR = 0 % in column 0 %) and the PSNR obtained from the various concealed
depth maps (PLR = x %). The lower this difference, the better the quality.

The case of full loss of the depth map was also simulated using 30 random and indepen-
dent losses. The average PSNR of the virtual views synthesised with the fully reconstructed
depth maps was compared with those synthesised with the corresponding error free depth
maps. The results are shown in Table 2. In this case, the proposed method (PM(c) in Table 2)
uses the disparity compensated depth map from the adjacent view to reconstruct the whole
lost depth map. In the algorithm of Fig. 2, this corresponds to use Stage 1. The results are
compared with those obtained from reference method R3, i.e., the least complex method.

4.1 Discussion
The experimental results shown in Table 1 demonstrate that the proposed method is able to

consistently outperform the reference ones. The performance is better in sequences that have
depth maps with many objects, because the lost areas are recovered with good accuracy,
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Table 1 PSNR (dB) of synthesised views using the concealed depth maps under three different packetisation
modes and four PLR

Pack. mode 1 Pack. mode 2 Pack. mode 3

Apsnr = PSNRyoo — PSNRy ¢

Sequence Method 0% 5% 10% 20% 40% 5% 10% 20% 40% 5% 10% 20 % 40 %

Book Arrival PM(a) 40.27 048 0.59 0.75 1.70 0.23 0.33 0.33 0.72 0.32 035 0.44 0.94

PM(b) 044 054 0.68 1.73 0.63 0.81 1.14 2.81 0.68 0.80 1.09 2.36
R1 0.65 092 130 3.67 0.68 0.82 1.05 259 099 1.23 155 3.40
R2 231 2.56 3.16 5.04 0.60 0.81 0.89 153 0.63 0.73 0.88 1.57
Balloons PM(a) 4153 0.64 0.73 0.96 2.34 0.57 0.64 082 1.75 0.80 0.76 1.14 2.17
PM(b) 0.61 0.69 095 247 0.56 0.63 0.85 195 0.95 097 150 3.04
R1 0.87 1.21 1.73 513 0.76 090 1.18 295 124 137 196 4.27
R2 140 147 1.87 3.11 1.77 2.03 242 390 196 191 247 3.97
Dancer PM(a) 38.04 0.03 0.12 0.19 0.74 0.03 0.08 0.08 0.16 0.02 0.09 0.10 0.21
PM(b) 0.16 032 038 092 0.24 037 042 1.19 030 056 0.65 1.80
R1 0.34 0.65 095 328 0.11 021 024 0.85 0.17 035 0.38 1.26
R2 048 0.69 0.83 137 0.57 071 0.86 149 0.55 0.73 0.86 1.49
Shark PM(a) 39.77 0.33 038 0.37 0.78 0.26 029 020 049 025 028 021 0.21
PM(b) 048 0.58 0.63 131 0.46 0.58 0.64 145 0.71 083 1.04 237
R1 0.58 0.76 094 234 0.59 0.74 0.83 1.88 0.83 096 1.16 1.26
R2 0.62 0.67 0.71 123 0.64 0.73 0.75 144 0.65 0.71 0.78 1.49
Kendo PM(a) 41.79 1.00 1.15 1.64 325 1.10 1.15 1.51 240 1.02 125 1.63 274
PM(b) 0.82 092 1.58 344 1.03 1.10 144 242 1.07 1.29 1.77 3.30
R1 124 1.59 225 582 1.15 1.15 1.60 3.09 137 1.64 223 4.07
R2 1.70 1.99 241 3.70 1.76 1.94 246 3.69 1.66 1.96 249 3.69
Champagne PM(a) 3895 0.80 1.28 1.58 3.30 0.70 092 1.32 272 0.73 0.86 1.20 2.40
PM(b) 094 143 1.75 340 191 191 3.89 9.83 240 343 488 9.98
R1 1.46 227 294 6.14 1.17 152 191 434 202 237 3.05 5.55
R2 3.44 397 440 737 3.80 421 494 854 3.72 410 5.00 7.06

preserving the depth edges which are of major importance to achieve high quality synthe-
sised images. The PSNR obtained by the proposed method is higher than the one achieved
by the reference method R1, up to 4.04dB (Champagne), in the worst case scenario at 40 %
error loss in a depth map, with lost blocks of 16x16 (packetisation mode I). The higher
quality gain in Champagne is due to its higher spatial detail (i.e., more objects at different
depth levels) in comparison with Balloons, for instance. Since Balloons is smoother than
Champagne, which is a friendly characteristic for the reference method R1, the difference
between the proposed and reference methods is smaller, in the case of Baloons. In gen-
eral, the quality gain obtained with the proposed method is higher when recovering highly
detailed missing regions, which are in fact the most difficult ones to reconstruct. This is the
reason why the Champagne sequence provides better results than other sequences.

The lowest gains over the reference method R1 occur for slice modes where packet loss
leads to missing regions with small height, such as, for instance Pack. Mode 1. In this case,
particularly in depth maps with highly homogeneous regions, the results obtained from the
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Table 2 Full loss: PSNR

difference (A PSN R) between Sequence Method APpsNR Err. free
synthesised views using
error-free and reconstructed Book arrival PM(c) 2.68 40.27
depth maps R3 8.45
Balloons PM(c) 6.41 41.53
R3 9.28
Dancer PM(c) 2.96 38.04
R3 3.38
Shark PM(c) 2.85 39.77
R3 3.47
Kendo PM(c) 6.17 41.79
R3 9.38
Champagne PM(c) 8.39 38.95
R3 11.8

reference methods are close to the proposed one (.e.g., Dancer, Kendo). The advantage of
using the proposed method increases at higher error rates with larger lost areas, as shown
by the results in Table 1. This is due to the use of depth contours and selective spatial
interpolation, which increase the reconstruction accuracy of depth values. The lowest gains
over reference method R2 occur when the computed disparity is more accurate. In the syn-
thetic sequences Dancer and Shark, and also on the natural video sequences Book Arrival
and Kendo, the computed disparity map is more accurate than in sequences Balloons and
Champagne, which leads to better results than R1 but still bellow the results of the pro-
posed method PM(a). The proposed method PM(a) is able to refine the disparity information
with good accuracy, resulting in a good quality concealed depth map. The disparity refine-
ment process described in Section 3.1.2 is of major importance especially in large lost areas
where the proposed method PM(b) and also the reference methods can not accurately con-
ceal the depth map. Table 2 shows that the proposed method also consistently outperforms
the reference one. This is due to the fact the the proposed method is capable of accurately
compensating for for the different viewpoints in the reconstruction process of lost depth
maps.

PSNR Dif. (dB)

PSNR Dif. (dB)
6

0
33 34 35 36 37 38 39 38 38,5 39 39,5 40
Mean PSNR (dB) Mean PSNR (dB)

(a) Champagne (10% PLR) (b) Book Arrival (20% PLR)

Fig. 11 Bland-Altman plots: proposed (PM(a)) vs reference (R1)
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To show the statistical behaviour of the proposed method in comparison to a reference
(R1), a Bland-Altman plot is shown in Fig. 11a and b, corresponding to sequences Cham-
pagne e Book Arrival with losses of 20 % and 10 %, respectively. This plot shows that the

(a) Original (b) Corrupted
(C) Reference method (R2) (d) Proposed method (PM(a))

[\
(e) Original (f) Reference method (R2) for an av-
erage video PSNR=33.95dB

(g) Proposed method (PM(a)) for an
average video PSNR=37.75dB

Fig. 12 Example 1: Concealed depth maps and respective synthesised views (example of 2 lost packets
using packetization 3 in the 1st frame of Champagne), at 20 % PLR
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difference between the proposed method and the reference one is greater for smaller mean
PSNR, which means that its efficiency is greater for higher loss rates as it corresponds to
lower PSNR (higher distortion). This beahviour is consistent throughout all sequences.
The objective results can be subjectively confirmed in Figs. 12 and 13, where the syn-
thesised images are shown with the respective depth maps. The example of Fig. 12 shows
a region detail of the original depth map (Fig. 12a), the corrupted depth with two lost

(a) Original (b) Corrupted

(C) Reference method

d) Proposed method
(R1)

Pi(a))

E

(e) Original (f) Reference method (g) Proposed method
(R1) for an average video (PM(a)) for an average
PSNR=39.18dB video PSNR=39.83dB

Fig. 13 Example 2: Concealed depth maps and respective synthesised views (example of 2 lost packets
using packetization 3 in the 1st frame of Book Arrival), at 20 % PLR
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packets (Fig. 12b), depth map recovered with the reference method (Fig. 12¢) and a depth
map recovered with the proposed method (Fig. 12d). The bottom images of Fig. 12 show
the correspondent synthesised views using the original depth map (Fig. 12e), depth map
concealed with the reference method R2 (Fig. 12f) and the synthesised views using the pro-
posed method (Fig. 12g). These details clearly show the type of artifacts caused by synthesis
with inaccurate depth.

The highlighted regions of Figs. 12 and 13 show the impact of depth map accuracy
in view synthesis. The detailed regions show that even when large depth areas are lost,
the proposed method is able to reconstruct the lost regions with very good quality. In the
case where overlapped and thin objects exist in the image, like in the case of the chair of
Fig. 13, the proposed method has also good performance because it is able to restore the
broken contours with higher fidelity from the corresponding colour image.

When a small number of objects are present in the scene, there are fewer variations of
depth, and consequently the depth map is more homogeneous and with less corresponding
contours. In this case it is much easier to conceal the errors of a depth map and the perfor-
mance of the proposed method is, in some cases, identical to the reference methods. When
large variations of depth values are present in the depth map, the results show that the pro-
posed method significantly outperforms the reference ones. By observing the details of the
synthesised view, when abrupt changes in depth values occur, the proposed method is able
to achieve a better recovery than the reference method.

5 Conclusion

This paper described a novel method for spatial error concealment of intra-coded depth
maps, which is able to efficiently recover lost depth areas by first reconstructing the most
significant edges in the corrupted depth map, using both colour image information and
curve fitting with Bézier curves. It was found that higher quality views are obtained in
comparison with the common spatial weighted interpolation and disparity compensation
techniques. The results show that even when large depth areas are lost, it is possible to
achieve good spatial error concealment efficiency, demonstrated by increased quality of
virtual views. The concealment method proposed in this paper does not depend on any
particular type of coding algorithm, which makes it a promising candidate for implemen-
tation in decoders of 3D video delivered over error-prone networks, using the multivew
video-plus-depth format.
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