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ABSTRACT

We present a novel codec of depth-image-based represerstditir
free-viewpoint 3D-TV. The proposed codec relies on a shagsp-
tive wavelet transform and an explicit representation @ lihca-
tions of major depth edges. Unlike classical wavelet trams$, the
shape-adaptive transform generates small wavelet cegfficalong
depth edges, which greatly reduces the data entropy. Trez@so

shares the edge information between the depth map and tige itma

reduce their correlation. The wavelet transform is impleted by
shape-adaptive lifting, which enables fast computatiorts @erfect
reconstruction. Experimental results on real data confirensupe-

T

(a) Depth map and edges (b) Image and edges

riority of the proposed codec, with PSNR gains of up to 5.46dB  Fig. 1. Input data of the proposed DIBR codec: shared edges super-
the depth map and up to 0.19dB on the image compared to standaimposed over a depth map (a) and an image (b).

wavelet codecs.

Index Terms— 3D-TV, shape-adaptive wavelet transform, lift-

ing, boundary wavelets, edge coding, joint coding

1. INTRODUCTION

Free-viewpoint three-dimensional television (3D-TV) yides an
enhanced viewing experience in which users are able toiperte
third spatial dimension and are free to move inside the 3Bwid].
Three-dimensional television poses new technologicallemges,
which include recording, encoding and displaying 3D videdd
the core of these challenges lies the massive amount of etptiared
to represent the set of all possible views, or at least asteabp-
proximation of them.

practical use of platelets is limited by the computatioratof en-
coding. Unlike standard image codecs which rely on fassfams
(such as DCT or DWT), quantizers and entropy coders to enttede
data [5], platelets require the encoder to solve a complexopid
mization problem.

Moreover, both platelet-based codecs and standard imageso
ignore another source of data redundancy: the correlagtwden
depth edges and image edges. Indeed, the 3D scenes arg usuall
made of objects with well-defined surfaces, which, by pridjec
onto the camera image plane, create edges at the same hsciatio
the depth map and the image.

In this paper, we propose a codec which takes into accouht bot
sources of redundancies. It encodes the locations of therrdepth

The Depth-Image-Based Representation (DIBR) has recentlgdges explicitly and treats the regions they separate apamdlent
emerged as an effective approach [2], which allows both eminp during the wavelet transform by using an extension of thep&ha

data representation and realistic view synthesis. As shioviig-

Adaptive Discrete Wavelet Transform (SA-DWT) [6]. The pospd

ure 1, the DIBR is made of pairs of images and depth maps, dach 8A-DWT generates small wavelet coefficients both in smoeth r

which provide a local approximation of the plenoptic fupati At
the decoder, arbitrary views are synthesized from the DIBRgu
image-based rendering [3].

gions and along the encoded edges. It is efficiently compuséty
lifting [5], a procedure which is fast, in place, simple toglement
and trivially invertible. Moreover, the explicit edge cadiallows

Each pair of image and depth map can be seen as a four chatlte codec to share the edge information between the deptlanthp
nel image with one channel for luma, two for chroma and one fotthe image, which reduces their joint redundancy.

depth. Therefore, classical image and video codecs like G/RE

Thus the proposed codec amounts to a simple modification of

H.264/AVC and JPEG2000 only need minor modifications to e ab a scheme that independently codes depth and image usindetvave
to handle DIBRs [1, 2]. This approach however fails to tak® in based codecs. As a result, we can benefit from the large body of

consideration the fact that images and depth maps exhili¢lyi

different statistics, which make classical transforms tike Discrete

Wavelet Transform (DWT) or the Discrete Cosine Transforr@ ()
ill-suited to encode DIBRs.

existing work on wavelet-based codecs. However, as we shall
this modification leads to significant gains, up to 5.46 dB.

The remainder of the article is organized as follows. An viay
of the proposed coded is presented in Section 2. A detailsctige

In [4], it was shown that a representation based on plateletdion of its components is given in Sections 3, 4 and 5, whictster

which assumes piecewise planar areas separated by piedmer
edges, could lead to major Rate-Distortion (RD) gains. Harghe

respectively the SA-DWT, the handling of edges duringritiand
edge coding. Finally, Section 6 presents experimentalteesu
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Fig. 2. Overview of the proposed encoder. It relies on a SA-DWT

and an edge coder (gray boxes) to reduce data correlatiotisinira
and inter the image and the depth map.
2. PROPOSED CODEC

As shown in Figure 2, the proposed DIBR encoder takes thgee si
nals as input, which represent respectively the depth niepint-

age and the edges. The DIBR encoder is made of two wavelet en-

coders [5], one processing the depth map and the other thgeima
Like standard wavelet encoders, each is made of a wavehstfran
followed by quantization and entropy coding. The DIBR dezrod
simply inverses each of these steps in reverse order.
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(a) Signal made of constant, linear and cubic pieces. The
dashed red lines indicate edges.
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(b) High-pass bands of a standard(c) High-pass bands of a 9/7 SA-
9/7 DWT with symmetric exten- DWT with cubic extension
sion

Fig. 3. Comparison of standard and shape adaptive DWTs. In the

The major novelty of the proposed encoder lies in the intcedu |iter case, all but the coarsest high-pass band are zero.

tion of a transform by SA-DWT for both the image and the depth

map. SA-DWT requires an explicitly representation of edgésch
leads to the introduction of a lossless edge encoder madeedge
transform and entropy coding. The explicit edge representaas
the advantage that it can be shared by the both the image attd de
SA-DWTs, which leads to bitrate savings.

locations into two cosets and modify them alternativelyngsa se-
ries of “steps.”

By convention, lifting begins by modifying the odd coset by a
so-called “predict” step, which transforms a sigmahto a signaly

The DIBR encoder generates three bitstreams (image, deptlych that

edge), which are eventually concatenated by a multipledérXx).

3. SHAPE-ADAPTIVE WAVELET TRANSFORM

Y2t = T2t,

1)

{

Yorp1 = T2e41 + Aok (T2t + Toey2),

wheret denotes the sample locatior®s; the step number andb,
SA-DWT [6] relies on the notion of image object. An image @bje a weight. The even coset is modified by a so-called “updatsJ, st
is made of a binary mask, which indicates which pixels aré@@és which transforms a signal into a signaly such that
the object, and an image. The image values at outside pixels a

assumed to be missing. The object is transformed by an atequa

downsampling of the mask and a DWT of the image, extrapaatin
the missing values around the object boundary by symmetténe

sion. The 2D SA-DWT is implemented as separable 1D SA-DWTs

and the process is iterated on the low-pass band to obtainta mu
resolution transform. SA-DWT has the advantage of avoidiegt-
ing large wavelet coefficients around the object boundaryédsting
the inside and outside areas as statistically independent.

This is this idea of statistically independent areas thaskal
use to efficiently code the DIBR. In our case, however, theneoi
single object. Instead, the DIBR is made of multiple supposed
objects. This issue is overcome by replacing the binary rbgsk
binary edge map and by treating the areas on opposite sidés of
edges as statistically independent.

Yot = Tot + Aog+1(T2e—1 + Tor41),

{ @
Figure 4 shows a graphical example of these lifting stepgerAf
the final update step, the odd coset contains the high-pas§-co
cients and the even coset the low-pass ones.

Standard lifting is made shape adaptive by modifying (1) @d
at locations where they would perform a weighted additiotwaf

Y2t4+1 = T2t+41-

samplesr; andzx,, separated by an edge. In that case, the sample

x Which is not on the same side of the edge as the sagpieing
computed is considered missing and is extrapolated fronplesnon
the same side ag.

4. LIFTING EDGE HANDLING

Figure 3 presents an example of signal processed by the pro-
posed SA-DWT. The SA-DWT clearly creates much less non-zer@ur goal is to design extrapolation methods which lead tbhigh-

wavelet coefficients around edges than the standard DWTchwhi

leads to bitrate savings. SA-DWT has the disadvantage ofniag

a bitrate overhead to code the edge location. However, empats

show that this overhead is more than compensated by thegsavin
We rely on lifting [5] to implement the 1D SA-DWT. First, we

present the standard lifting and then describe the modiitsimak-

ing it shape adaptive. The lifting splits the samples at autiti@ven

pass coefficients around edges. The symmetric extensi@m§gires
the continuity of the signal across the edge but not of ithéigr-
der derivatives. Therefore, even wavelets which zero ayti-order
polynomials are not able to zero them out near edges. Thapextr
lation design we now present is able to overcome this linoitat

In the following, we only consider extrapolation on the tiglue
of edges, as shown in Figure 4. Left-side extrapolatiorofesdl by
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withp=[4 —6 4 —1 ]. The effectiveness of this latter ex-
Fig. 4. The four lifting steps associated with a 9/7 wavelet, whichtrapolation is demonstrated in Figure 3. .
transform the signat first into a and then intay. The valuesca; 42 The proposed method fails in two cases. First, when the edge

andas. - on the other side of the edge (dashed red line) are extrapdocation is of the form2¢ + 1/2, the unknown high-pass coefficient
lated. They have dependencies with the values inside theasloed ~ ¥2:+1 has a dependency with the low-pass coefficignt but not
triangles. with any high-pass coefficient on the left of the edge. Thetbére-
fore no equation available to solve its extrapolation. Heevewe
can assume that the polynomial if perfectly fitted on thetrigtle
symmetry. Let us assume that there is an edgg at1/> and that ~ Of the edge, which means that;. is zero. The extrapolation also
left of this edge the signal is polynomial of degrbgthat is, fails when there is an insufficient number of samples between

edges. In that case, the ordeiof the extrapolation is reduced.
L

Ty = Z oektk,Vt <T. 3)
k=0

5. EDGE REPRESENTATION AND CODING

In order for lifting to be performed, some of the samples onThe SA-DWT requires an explicit knowledge of the edge |awai
the right side of the edge need to be estimated. In Figure dravh N 1D, these edges are located at half-integer locationsdest sam-
T = 2t + 1, these samples arey 4> andas4». We choose to ples. In 2D, they are located between samples along rows @nd c

extrapolate them using a weighted sum of the samples onfthef le  IUmns, which gives rise to an edge lattice dual to the sanapiiee,
the edge, using an equation of the form as shown in Figure 5. Edges are either horizontal, splittigmns,
or vertical, splitting rows. We represent them by two binadge
L maps, denoted respectiveéiﬂr)1 /> @and el”) +1/, Wheres and? de-
T+l = Z Pk 2T —1-2k () note integer spatial locations. ’
k=0 Moreover, the SA-DWT is a multi-resolution transform where
where > denotes the signal and the vector of unknown weights. €ach low-pass band must be associated with a pair of edge. maps
The extrapolation only relies on samples from the same doset Let use denote by ; the samples at resolution levgland by
maintain invertibility and in-place computation. ei’f] ot andegf’f 11/, ; the associated depth maps. The pyramid of
If the wavelet zeroes out polynomials of degieeall high-pass  edge maps is obtained by iterative downsampling using thatems
coefficients left of the edge should be zero. Among all thegeae

tions, only those near the edge depend.otn Figure 4, this corre- ei’f]/zjtd = max (eg};il/w’jfl, 62&1“/2,2@%1)
sponds tays;—1 andya.+1. We write them as functions ¢f, A and ) ) ) (5)
T using (1), (2), (3) and (4). Setting them to zero gives a sysié 6:’;“/2,]. = max (6%7;2”1/2,]‘,1, 657;2”1“/2,]-,1)

polynomials inT". We want the solution to be invariant to even shifts
of the edge, which means that the polynomials must be idgiytic The edge maps at the finest resolutjor= 0 are encoded using a
zero. Therefore all the polynomial coefficients are zerdgivigives  differential Freeman chain code inspired from [7].
rise toL new equations per polynomial. The unknown weightse
obtained by solving this system of equations. 6. EXPERIMENTAL RESULTS

Writing and solving the equations may be quite tedious bnt ca
be easily done by mathematical software and the solutionpar-  We present experimental results on the Teddy set, showigiméil.
ticularly simple. In the case of 5/3 wavelets, which zerogislioear  The DIBR is 375¢450 in size with intensities in the range [0, 255]
polynomials, an extrapolation with = 0 gives the standard sym- and depths in [0, 53]. For simplicity, only the luma channietie
metric extension withy = 1 and an extrapolation with = 1 gives  image is considered. Missing values in the depth maps hase be
a linear extension withy = [ 2 —1 ]. In the case of the 9/7, interpolated using in-painting. Edges have been obtainedsemi-
which zeroes out cubic polynomials, both of these extrafsla  automatic way by applying a Canny edge detector to the depgh m
hold true and an extrapolation with = 3 gives a cubic extension and letting the user choose which edge chains to keep.
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Fig. 6. Absolute values of the high-pass coefficients of the depth

map using standard and shape-adaptive wavelets. Thedattédes
a much sparser decomposition.

(a) Std9/7sym - 36.21dB

(b) SA9/7lin - 39.86dB

Fig. 8. Rate-distortion performances of standard and shapetiaelap
wavelets. The latter gives PSNR gains of up to 5.46dB on théhde
map and 0.19dB on the image.

with the edges in the shape-adaptive case. The figure shaivhth
edge overhead is more than compensated by the reducedyeatrop
the wavelet coefficients. This leads to PSNR gains over thalevh
bitrate range, achieving up to 5.46dB.

Figure 8(b) compares the RD performances of the two codecs
for the image. The bitrate is made of the wavelet coefficiémts
both cases, the edge overhead having been accounted ferdepth
bitrate. The figure shows another PSNR gains over the whuldi
range, achieving up to 0.19dB.

Fig. 7. Reconstruction of the depth map at 0.04bpp using standard

and shape-adaptive wavelets. The latter gives sharp edeeof
Gibbs artifacts.

7. CONCLUSION

We have presented a novel codec of DIBRs for free-viewpdit 3
TV. By replacing the DWT of classical image codecs by a SA-DWT

We compare the performances of two codecs: one based on tléad adding an edge encoder, we have been able to obtain cagiifi
DWT and the other on the proposed SA-DWT with explicit edgePSNR gains, achieving up to 5.46dB. Future work shall cangite

coding. Both codecs perform a five-level decomposition ahglan
the same quantizer and entropy coder, provided by the SRHHT i
plementation of the QccPack library. They also rely on thees8/7
wavelet for the transform, which is the main wavelet in JPEGY[5].
Following [8], both codecs allocate 20% of the bitrate todlegth.
The two codecs differ on their handling of edges: the DWT-
based codec uses the standard 9/7 wavelet with symmetea-ext
sion, denoted “std9/7sym”, while the SA-DWT-based codessiike
shape-adaptive 9/7 wavelet with linear extension, derd@&8/7lin,”
for the depth map and the shape-adaptive 9/7 wavelet withstm
ric extension, denoted “SA9/7sym,” for the image. The SA-DW
based codec also includes an edge codec, as shown in Figline 2.

automatic extraction of edges based on RD considerations.
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