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ABSTRACT

In this paper, we propose an efficient scalable multi-view
video coding with a novel algorithm to estimate panoramic
mosaic depth maps. Multiple view-dependent depth maps are
generated by applying a forward depth projection to decoded
panoramic mosaic depth maps in the proposed codec. By us-
ing the generated depth maps, the proposed scheme not only
improves view synthesis prediction performances, but also
achieves free-viewpoint scalability and coarse granular SNR
scalability. These functionalities will be important to sup-
port any kinds of 3D display by a single bitstream and to
realize free-viewpoint television. Experiments show that the
proposed scheme achieves about 7.4% bitrate reduction rel-
ative to the most popular multi-view video coding method
and also achieves almost the same efficiency as the conven-
tional scheme which supports neither free-viewpoint scala-
bility nor SNR scalability. Compared to one of the simplest
free-viewpoint scalable multi-view coding, up to 16.8% bi-
trate reduction is achieved by the proposed method.

1. INTRODUCTION

Free viewpoint television (FTV) and three-dimensional (3D)
video can enhance user’s visual experiences and they are ex-
pected to become accepted as a major type video service.
FTV allows viewers to roam the captured scenes; current TV
and DVD systems constrain all viewers to watch the video
from the viewpoint of the producers[1]. 3D video adds a
depth effect to the observed scenery to the point that it looks
as if it really exists in front of the viewer[2].

Multi-view video (MVV) is one of the simplest and
most basic representation of these advanced visual media be-
cause any of the other representations can be generated from
MVV. Therefore, MVV is commonly used to represent 3D
scenes. However there is one disadvantage; the data amount
of MVV is excessive because it consists of the combination
of many normal video sequences captured by multiple cam-
eras like [3]. This means that a high compression rate must
be achieved to realize practical applications.

Achieving efficient compression is an essential require-
ment but it is not enough to obtain wide practical use of
multi-view video coding (MVC). This is because there are
many kinds of 3D display terminals in the world and they
have different specifications in terms of the properties of their
inputs, e.g. the number of views, the distance among views
and the angle of views. It is unrealistic to capture, encode,
and transmit all views that could be used on at least one ter-
minal. Moreover, in the case of FTV, it is virtually impossi-
ble to prepare all the views because the viewpoint is decided
freely and continuously by the viewer.

One solution to this problem is the functionality of gen-
erating intermediate views from decoded static views. It is
possible to achieve view generation by applying techniques
from the fields of image based rendering and/or computer vi-
sion to decode images[4]. However such techniques incur
excessive computational costs at the decoder side. Further-
more, it might be difficult to control the quality of views gen-
erated at the encoder/creator side. These barriers are likely
to hinder market acceptance.

Adding depth maps to the bitstream can assist in view
generation[5]. By using a layered representation, where
depth data is associated with each viewpoint of MVV, it also
becomes possible to control the quality of views generated
at the encoder/creator side[6]. Unfortunately, this approach
increases the bitrate significantly. In this paper, we proposed
a new coding scheme that can achieve the efficient compres-
sion of MVV while realizing view generation functionality.
Moreover, the proposed scheme can achieve coarse granular-
ity in terms of SNR scalability.

This paper is organized as follows. Section 2 briefly re-
views related works; the common problems are also men-
tioned. The proposed scheme is described in Section 3. The
experiments and their results are presented in Section 4. Fi-
nally, we conclude in Section 5.

2. RELATED WORKS

View synthesis prediction (VSP) is one of the coding tools
specific to MVC. VSP increases the prediction accuracy by
using geometric information of the captured scene and a pro-
jection model of the cameras. In many cases, depth is used as
the geometric information because of its simplicity. VSP has
the potential to achieve more efficient compression of MVV.

Many VSP techniques have been proposed and they can
be roughly classified into two categories by the direction of
projection. One is forward projection VSP, where the depth
data of the reference block are used to synthesize predicted
pictures. In other words, projection is conducted from the
reference view to the coding view. The other is reverse pro-
jection VSP, where depth data of the coding block are used to
decide the reference pixels. In reverse projection VSP, each
pixel of the coding picture is projected into the reference pic-
ture to identify corresponding pixel. The predicted image
signals are then generated according to the correspondences.

S. Yea et al. proposed a kind of reverse projection
VSP[7]. In their method, a correction vector is addition-
ally encoded on each block in order to compensate errors in
the camera parameters and projection model. Their method
achieves some bitrate reduction if a multi-view depth map
(MVD) is originally included in the coding elements. Unfor-
tunately, when MVD is treated as just another piece of ad-
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ditional information, their method offers virtually no bitrate
improvement over the no-VSP approach. In other words,
their method only supports the functionality of generating
intermediate views without any bitrate increases.

We previously proposed a kind of forward projection
VSP[8]. There are two big benefits to this scheme. One is
low bitrate for depth information because depth map is asso-
ciated with just one MVV viewpoint. The other is an efficient
compression of VSP residuals; this is achieved by subject-
ing them to predictive encoding. This scheme succeeds in
achieving efficient MVC. However, it fails to generate com-
plete intermediate views because occlusions can’t be treated
properly by single depth map.

Y. Taguchi et al. proposed another kind of forward pro-
jection VSP[9]. Their method generates and encodes one
panoramic mosaic depth map, which covers an entire MVV
scene. This makes it possible to synthesize complete pic-
tures on any MVV viewpoint except for occluded regions;
[8] can’t generate image signals at the picture margins. Their
scheme, therefore, can increase the completeness of view
synthesis but it still lacks the ability to handle occlusions.

From the aspect of using panoramic mosaic depth maps,
the scheme proposed in this paper is similar to Taguchi et
al.’s scheme. However, our proposal uses reverse projection.
Usually, a reverse projection VSP requires relatively high bi-
trates because depth maps of all predictively encoded pic-
tures are necessary in the decoding process. In order to off-
set this disadvantage, our proposal encodes just a few depth
maps and generates the other depth maps at the decoder. The
generation of depth maps is realized by applying forward
projection view synthesis with assuming depth information
is image signals. Furthermore, occlusions are properly han-
dled in our proposal by cross-checking the depth information
between generated blocks and reference blocks.

3. FREE-VIEWPOINT SCALABLE MVC WITH
PANORAMIC MOSAIC DEPTH MAPS

It is obvious that 3D shapes of objects don’t change depend-
ing on the viewpoints. Therefore, there are many redun-
dancies among the view-dependent depth maps. This sug-
gests the possibility of an efficient encoding the sets of depth
maps by inter-view prediction. Even if there is no incon-
sistency other than those associated with occluded regions,
some header information must be encoded. This is bit waste-
ful, especially when the number of MVV views becomes
large.

In order to reduce the redundant encoding of depth in-
formation and the waste of bits for transferring header infor-
mation, we propose to encode just a few panoramic mosaic
depth maps and to generate all view-dependent depth maps
in the decoder. All the 3D information about a scene must be
informed to the decoder for free-viewpoint scalability, which
is the functionality of generating intermediate views at the
decoder. Therefore, the number of panoramic mosaic depth
maps to be encoded depends on the complexity of the scene
geometry. In our experiences, two panoramic mosaic depth
maps are enough to express the 3D geometry of an entire
scene in typical MVV sequences.

In the rest of this section, we first describe our algorithm
that generates panoramic mosaic depth maps. We then in-
troduce a method of generating view-dependent depth maps
and how to synthesize image signals. The proposed coding
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Figure 1: The proposed mosaic depth estimation procedure.

scheme and its functionalities are described last.

3.1 Mosaic Depth Map Estimation Using Modified
Multi-Baseline Stereo and Dynamic Programming
In order to achieve efficient coding and high quality view
generation, it is important to estimate depth information as
accurately as possible. We propose a novel mosaic depth map
estimation scheme that proceeds in five consecutive steps as
illustrated in Figure 1.

First, an initial depth map is estimated by using the
multiple-baseline stereo on each MVV viewpoint[10]. On
the multiple-baseline stereo, estimation is performed so as
to minimize the total dissimilarity measure. The most
common dissimilarity measures are SSD (Sum of Squared
Differences) and SAD (Sum of Absolute Differences) on im-
age signals. However, using these measures often fails to
estimate depth accurately because they assume the constant
colour constraint, which is seldom satisfied in practical situa-
tions. A more robust estimation is offered by gradient-based
measures. They, however, lose some robustness if there are
many non-textured regions. Therefore, we propose to use
a combination of AMD (Absolute Mean Differences) and
SDeD (Sum of Deviations on Differences). They are ex-
pressed by using MD (Mean Differences) as follows:

CAMD (t,r,x,d) = |CMD (t,r,x,d)|

and

CSDeD(t,r,x,d) =
| ∑
p∈N(x)

{It(p)− Ir(p+dv(t,r,x,d))−CMD(t,r,x,d)}|,

where

CMD(t,r,x,d) =
1
n ∑

p∈N(x)
{It(p)− Ir(p+dv(t,r,x,d)},

and x is a 2D coordinate of target pixel, and N(x) is a prede-
fined surrounding window at position x, and n is the number
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of pixels included in N(x), and dv(t,r,x,d) is a 2D disparity
vector from view t to view r when depth at x is d. For colour
sequences, we sum up the dissimilarity measures for both lu-
minance and chroma. We introduce weighting parameter ω
to increase our approach’s adaptability. The proposed dis-
similarity measure is written as:

C(t,r,x,d) =

∑
r∈REF(t)

{(1−ω)∗CAMD(t,r,x,d)+ω ∗CSDeD(t,r,x,d)},

where REF(t) is a set of reference views for view t.
We solve this minimization problem by applying dy-

namic programming (DP) on every line. We use the dissim-
ilarity values as the node costs on DP. For the arc costs, we
use the minimum bin length of absolute difference of depth
value with left/upper neighbor. We assume binarization is
done by Exp-Golomb code.

Second, we modify the estimated depth on the object
boundaries because multiple-baseline stereo fails to estimate
accurate depth at the regions where occlusions occur (see
Figure 1). We define the pixel with large discontinuity on
depth value as object boundary. On this step, depth values
are modified by the following minimization:

Dt(x) = argmin
d

∑
r∈R(t,Dt ,x)

{(1−ω)∗CAMD(t,r,x,d)

+ω ∗CSDeD(t,r,x,d)},

where

R(t,Dt ,x) =
{r‖∀p ∈ N(x), (p−q) · (p′−q′) > 0 ∩ r ∈ REF(t)},

p′ = p+dv(t,r,p,Dt(p)), q′ = q+dv(t,r,q,Dt(q)),

Dt(x) is depth value at x on view t, and q is the point sym-
metric to p with respect to x.

In order to take occlusions into account, we define R for
each x. R contains the views in which the corresponding
pixel of x supposes not to be occluded. This step yields better
view-dependent depth maps (see Figure 1).

Third, view-dependent depth maps are projected to a few
predefined representative viewpoints by 3D warping. Depth
values are warped in this projection while general 3D warp-
ing handles image signals. A number of pixels are projected
to the same pixel, so the depth value which indicates the near-
est point of them is selected at the pixel. This conversion
is applied for all the combination of MVV viewpoints and
representative viewpoints. Here, we define converted depth
maps as CDi,v(x), where i and v indicate one of the repre-
sentative viewpoints and one of the MVV viewpoint respec-
tively. Note that the representative viewpoints become the
viewpoints of generated panoramic mosaic depth maps.

Fourth, we generate panoramic mosaic depth maps. A
depth value at pixel k of panoramic mosaic depth map i is
generated by using Ti(k) = {CDi,v(k)|v ∈ MVV viewpoints}.
In order to increase the accuracy, we change the generators
based on the result of consistency check at every block. The
block size can be selected with consideration of desired view
synthesis quality and compression efficiency.

For the consistency check, we use the variance in Ti(k).
Figure 2 shows one example of the spatial distribution of
them. As can be seen, there are very large variances near

Figure 2: Example of the spatial distribution of the variance.

Figure 3: Generated panoramic mosaic depth maps.

the object boundaries. Though a median value might be opti-
mal in regions where the variance is small, it has no meaning
where the variance is large. Our proposed scheme, there-
fore, applies a simple 1D median filter on the blocks with
small variances. On the blocks with large variances, we take
3 steps procedure in order not to select wrong depth value. In
the first step, we divide Ti(k) into two sets T ′

i (k) and T ′′
i (k).

T ′
i (k) = {m |m ∈ Ti(k) ∩ m > average(Ti(k))}

T ′′
i (k) = {m |m ∈ Ti(k) ∩ m 5 average(Ti(k))}

Then, one with the bigger size than the other is decided as a
candidate set. Finally, the most frequently appearing value in
the candidate set is selected as the panoramic mosaic depth.

Fifth, a 2D median filter is applied spatially on each
panoramic mosaic depth map to reduce small estimation er-
rors. Figure 3 shows examples of the resulting panoramic
mosaic depth maps.

3.2 Reverse Projection View Synthesis After Forward
Projection Depth Synthesis
The proposed scheme employs a kind of reverse projection
view synthesis because reverse projection allows image sig-
nals to be generated at a certain block directly. This is useful
since it supports random access and reduces memory usage
in the decoder. Another advantage is that reverse projection
view synthesis has the same structure as the conventional pre-
diction method. In other words, the processing block has the
information needed to perform predictions. This fact allows
the encoder to be simplified.

In order to conduct a reverse projection view synthe-
sis, we propose to generate view-dependent depth maps of
synthesized views by a forward projection depth synthesis.
Depth synthesis is composed of three steps. First, each
panoramic mosaic depth map is projected to the target views
by 3D warping. Therefore, the number of warped depth maps
is the same as that of panoramic mosaic depth maps. Second,
one view-dependent depth map is generated from warped
depth maps. We simply average the warped depth values at
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every pixel when the variance in them is small, otherwise the
depth value that indicates nearest to the viewpoint is selected
as the view-dependent depth value.

The panoramic mosaic depth maps always contain some
kind of errors, e.g. estimation errors and compression noises.
These errors make some pixels have no depth value on the
view-dependent depth maps. Therefore, we pad the depth
value of such pixels in the third step. We use a 2D spatial
median filter to pad the blank pixels.

Reverse projection view synthesis is unable to treat oc-
clusion; image signals on occlusion areas are wrongly syn-
thesized. We, therefore, also propose to synthesize view-
dependent depth maps of reference views and to generate
image signals while checking the consistency of depth be-
tween synthesizing pixel and reference pixel. To explain the
process concretely, image signals are warped only when the
absolute difference in depth values at the corresponding pix-
els is smaller than a predefined threshold.

3.3 Hierarchical Coding Structure

View scalability is also important functionality because this
enables the image signals of the desired view to be recon-
structed with less processing costs. In order to enhance not
only free-viewpoint scalability but also view scalability, we
propose to encode MVV by classifying all views into three
groups: base views, 2nd views, and the other views. Base
views are encoded without any inter-view predictions. 2nd
views allow the use of inter-view prediction with just the base
view. The other views are encoded with inter-view prediction
with base views and/or 2nd views.

The proposed scheme encodes the input MVV to cre-
ate four components: 1) image signals of the base views,
2) panoramic mosaic depth maps, 3) image signals of the
2nd views, and 4) image signals of the other views. The last
two components are encoded by using view synthesis resid-
ual prediction (VSRP) described in [11]. Whether to apply
VSRP or not is adaptively selected on a block-by-block basis
by RD optimization. This coding scheme achieves the effi-
cient compression of MVV; some coding results are shown
in Section 4.

The proposed coding scheme yields the hierarchical bit-
stream shown in Figure 4. There are dependencies in the
vertical relations, but there is no horizontally. Therefore, it
is unnecessary to transmit and decode the bitstreams for any
unnecessary views, except for the base views and 2nd views.
This shows that flexible view scalability is supported by our
coding scheme.

By transmitting and decoding the bitstreams up to layer
3, it is possible to generate image signals on arbitrary view-
points between the base view and a 2nd view. This genera-
tion is performed by the same procedure described in Section
3.2 with the decoded panoramic mosaic depth maps and the
decoded image signals of the base view and 2nd view. This
fact shows that free-viewpoint scalability is supported by the
proposed scheme.

In the PSNR measure, the qualities of image signals other
than the base view and 2nd view aren’t so high when only the
bitstreams up to layer 3 are used. However, it is possible to
increase the quality by using the corresponding bitstreams in
layer 4. In other words, a coarse granular SNR scalability is
achieved for almost all views in MVV. Moreover, the image
quality of intermediate views will be also increased. This
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Figure 4: Bitstream structure on the proposed scheme.

is because it might be possible to generate view-dependent
image signals more accurately by using high quality image
signals on the adjacent views as a reference than by using the
ones from distant views.

4. EXPERIMENTS AND DISCUSSIONS

In order to assess the efficiency and the functionality of our
coding scheme, we conduct some experiments. We used two
MVC test sequences, ”Rena” and ”Akko&Kayo”[12]. Rena
is composed of 16 views arranged in a horizontal line, so we
set the most left view as the base view and the most right
view as the 2nd view. Akko&Kayo is composed of 15 views
arranged in a 2D array, so we set the left-uppermost view as
the base view and the leftmost and rightmost views in each
horizontal line as 2nd views. We implemented the proposed
scheme into JMVM software, which is the reference encoder
of MVC. We used four fixed QPs for the evaluation.

Figure 5 plots the rate-distortion curves for Rena. The
curve labelled ”MVC” means all non-base views were en-
coded using DCP and no depth map was encoded. This is the
most common MVC without depth map. The curve labelled
”Conventional(not scalable)” shows the coding performance
achieved by the scheme described in [11]. In the ”Conven-
tional(not scalable)” condition, only one depth map was in-
cluded in the bitstream, so free-viewpoint scalability wasn’t
supported. ”Proposed(scalable)” stands for the performance
of the proposed scheme; two panoramic mosaic depth maps
were included and all of the scalabilities described in Sec-
tion 3.3 were supported. We selected the leftmost viewpoint
and the rightmost viewpoint as viewpoints for the panoramic
mosaic depth maps for Rena. For Akko&Kayo, we selected
the upper-leftmost viewpoint and the bottom-rightmost view-
point. The coding performance on MVC plus all view-
dependent depth maps is showed by ”MVC plus MVD”. In
this condition, MVV and MVD are encoded by JMVM soft-
ware respectively. This is one of the simplest state-of-the-
art technologies to support free-viewpoint scalability. Table
1 shows the bitrate reductions and PSNR gains relative to
”MVC” as given by the Bjontegaard measure[13].

As can be seen, the proposed scheme can achieve the
same coding efficiencies as the conventional scheme even
though free-viewpoint scalability is supported only by the
proposed scheme. This is because the bitrate increase caused
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Figure 5: Total RD performances on Rena sequence.

Table 1: Bitrate reduction and PSNR gain

Rena Akko&Kayo
Bitrate PSNR Bitrate PSNR

Conventional 6.29% 0.31dB 7.33% 0.34dB
Proposed(scalable) 7.42% 0.36dB 7.43% 0.35dB
MVC plus MVD -9.42% -0.39dB -7.56% -0.33dB

by encoding multiple panoramic depth maps is successfully
compensated; the prediction accuracy of VSRP is increased
by the proposed scheme. Compared to the most popular
MVC, the proposed scheme achieved a 7.4% bitrate reduc-
tion on both sequences even though two panoramic mo-
saic depth maps are included in the proposed bitstream.
Compared to MVC plus MVD which a state-of-the-art free-
viewpoint scalable scheme, the bitrate reductions are in-
creased up to about 16.8% for Rena and about 15.0% for
Akko&Kayo.

Figure 6 show the RD performances achieved by using
different layers of the same bitstreams. For the condition
”low quality layer”, the image signals of the enhanced views
were generated from the image signals of the base view
and 2nd view by using the decoded panoramic mosaic depth
maps. For ”high quality layer”, the image signals of the en-
hanced views were reconstructed by decoding bitstreams on
layer 4 in Figure 4. As it can be seen, a coarse SNR scalabil-
ity is achieved. Moreover, the result on Rena indicates that it
is not necessary to encode all input views in order to achieve
efficient compression at low bitrates.

5. CONCLUSIONS

We have proposed an efficient scalable multi-view video cod-
ing scheme with a novel panoramic mosaic depth map es-
timation. In the proposed scheme, high quality panoramic
mosaic depth maps are generated and encoded as a scene
information. Multiple view-dependent depth maps are syn-
thesized from decoded panoramic mosaic depth maps in the
codec. The proposed scheme not only improves the VSP per-
formances but also achieves a free-viewpoint scalability by
using the synthesized view-dependent depth maps. The bit-
streams generated by the proposed scheme have a hierarchi-
cal structure to support both view scalability and coarse gran-
ular SNR scalability. These functionalities are important in
realizing all kinds of 3D display from a single bitstream and
realizing free-viewpoint television.

In this paper, we encode panoramic mosaic depth maps at

Figure 6: RD performances achieved by using different lay-
ers of the same bitstreams (left:Rena. right:Akko&Kayo).

the same bitrate even if the total target bitrates are different.
It is obvious that depth map quality affects not only the total
bitrate but also the quality of the synthesized image signals.
Accordingly, one of the future works is to explore the optimal
bit allocation techniques between image signals and depth
maps. The camera settings on both Rena and Akko&Kayo
are dense, so we also plan to check our proposal’s perfor-
mance on MVV with sparse camera settings in order to fully
determine its advantages and disadvantages.
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