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ABSTRACT generated on demand at the decoder using the image-based rendering

IBR) techniques [5]. A similar approach has been adopted in [6],
We present a novel and efficient multi-view depth map enhanceme;}i ) 9 5] bp e [6]

. e - here the authors propose to use multi-view coding (MVC) tools de-
method proposed as a post-processing of initially estimated deptfi,oned under the standardization group in JVT for the compression

maps. The propos_ed method i_s bgsed on edge, motion_and SCE&¥hoth the multiple viewpoint color texture videos and associated
dept_h-rangc_e adap_tlve medlan_fllterlng and allows for_an IMProveGer_pixel depth map sequences. These two types of sequences are
quality of virtual view synthesis. To enforce the spatial, ttmporalg.qqeq separately using the MVC method based on hierarchical B-
e_lnd Inter-view _coherenc_e n the multl_-V|ew depth maps, the rnedla[p‘Srediction and H.264/AVC that exploits the intra-frame spatial, inter-
filtering is applied to 4-dimensional windows that consist of the Spat., e temporal and inter-view correlation in the multi-view signal

tially _neig_hboring depth map "?'“es taken at differ_ent viewpoint_ 1, 7]. However, the depth map sequences differ from the color tex-
and time Instants. A fast_ lterative b!OCk segmentation approach ig;re sequences, having large regions of smoothly changing or even
adopted.to adaptively sh_rlnk these windows in the presence of edg% nstant gray levels. Thus, applying the same MVC method to both
and motion for preservation of sharpness and realistic rendering ang, s of sequences might result in a suboptimal coding performance.
for improvement of the compression efficiency. We show that OUFryig shortcoming has already been addressed and the depth maps
en_hancement method_ leads to a reduction of the coding bit-rate "&ave been encoded using modified methods based on wedgelets and
_quwed for representation of th_e depth maps an(_j also I_eads toa 9%atelets [8] or on shape-adaptive wavelets [9]. Moreover, the latter
in the quality of synthesized views at arbitrary virtual viewpoints.  \athod has also exploited a correlation between location of edges in
Index Terms— Depth estimation, Free viewpoint video, Multi- the depth map and color texture sequences.
view coding, Multi-view depth map. Our goal is to efficiently post-process the estimated multi-view
depth maps so that both the resulting coding efficiency and the qual-
ity of IBR at decoder are improved without significant complexity.
We propose a hovel enhancement method based on an edge, motion
_and depth range adaptive median filtering of the multi-view depth
Jnaps across the spatial, temporal and inter-view dimensions. A sim-
ple and quick initial depth estimation process therefore can still re-
sult in good rendering at the decoder in terms of both objective and
v\yisual quality of the synthesized views. Beside that, owing to an iter-
h%tive and adaptive block division of the frames, the median filtering
E’s applied jointly to a set of pixels and, thus, our method carries only
low additional complexity.
The paper is organized as follows. In Section 2, we review depth
ap estimation. Then, we explain the principles of the novel en-
ncement method in Section 3. We present the results in Section 4
and, finally, we conclude in Section 5.

1. INTRODUCTION

Multi-view video signals are typically captured by an array of syn
chronized cameras, which cover the same scene from different vie
points. Such a system enables Free-Viewpoint Video (FVV) appli
cations, where the user freely chooses a viewpoint in the scene.

Recent research in the area of FVV brought into focus ne
technological challenges, like recording, encoding and decoding tl
FVV signals [1]. The key issue is how to deal with the large amoun
of data required for representation or realistic approximation of &
scene in the FVV. The current commercial broadcasting systems are
not capable of processing and transmitting the signals recorded at
possible views. For that reason, several different coding approach
have recently been proposed to improve the coding efficiency.

In mesh-based FVV coding [2], the underlying 3D geometry of
the scene is encoded and sent to the user along with the correspond- 2 REVIEW OF DEPTH MAP ESTIMATION
ing photometric properties. This method significantly reduces the

amount of data needed for tran;mlssmn, but it a_lso requires a prec'%?epth map estimation attracted a lot of attention and resulted in a
knowledge of the 3D geometry in the scene, which is still difficult to Vumber of methods with different accuracy and complexity

acquire in a general case. By contrast, in the depth map-based F\p In [10], the depth maps are estimated by a multi-stage segmen-

coding [3, 4], depth map sequences join the color texture SEQUENCESion method. A color texture-based segmentation is followed by

in each chosen viewpoint to locally approximate the light-field func- coarse disparity assianment obtained by exploiting the inter-view
tion. Such a representation does not need a precise geometric Knowl ) parity 9 X ~0 DYy €Xp 9
. . correlation and, finally, the resulting disparity space is smoothed to
edge of the scene and, thus, the required number of views (and, con- . . - A
. . . improve the quality of view synthesis. In [11], the authors estimated
sequently, cameras) is reduced. Moreover, arbitrary views can b . :
epth maps by a stereo matching method and, then, regularized them

This work was in part developed within VISNET II, a European Net- in @ filtering step. In [12], the coarse depth maps obtained by seg-

work of Excellence (http:/Aww.visnetnoe.org), funded under the Europearmentation are refined using belief propagation. Even though these
Commission IST FP6 programme. methods are efficient in representing accurately the scene geometry,




they are computationally complex and require powerful processors Then, these depths are used to obtain the corresponding three-
for a real-time implementation. dimensional coordinates as
Another depth estimation method proposed in [13] (and also 1
used as a reference approach in the FVV standardization [14]) is (4,v,w) = R(n)- A" (n) - (z,y,1) - D(z,y,t,n) + T'(n),
based on stereo matching. The method uses a graph cuts algorithm

for energy minimization during a bi-directional disparity sedrghd ~ W1€Te the functionsd(n), R(n) andT(n) represent the intrinsic

applies a regularization to a spatial neighborhood of pixels. The reS@mera parameters, rotation and translation, respectively, aththe

sulting computational complexity is low, as compared to the previ-v'eWpO'm' The three-dimensional coordinates are further warped to

ous depth map estimation methods. However, the generated dep%e samaoth viewpoint using

maps can be inconsistent across views and time, since the inter-view (v, w') = A(ng) - Rfl(no) {(u,v,w) — T(no)}

and temporal coherence is not fully exploited. A lack of inter-view Y Y

coherence is caused by the estimation using only the color texturg ensure spatial alignment of the depth maps estimated at different
frames taken at two neighbor viewpoints. Similarly, a lack of the\/iewpoin’[s_ Finally, the warped coordinatés’, ') are expressed
temporal coherence is caused by an independent generation of edgha homogenous two-dimensional form &s = o Jw' andy’ =

depth frame across time using only the color texture frames takey /w'. The corresponding warped depth map is denoted as
at the same time instants. As a consequence, the depth maps can

be locally erroneous with spot noise in some regions. This reduces d;o(x, y,t,n) =d(@’,y t,n). 2

both the coding performance and quality of view synthesis because

of a lower prediction efficiency in the encoder, visually annoying3 2. Adaptive median filtering

distorted object edges and jitter in time. An improvement of the

temporal coherence proposed in [15] included a depth range depehbe depth mapsi(z,y,t,n) are first warped using (2) to the

dant temporal regularization factor in the energy function definitioncentral viewpointno = [N/2]. Then, the warped depth map

However, this approach is not adaptive to the local motion activity invalues dy,, (z,y,t,n) are transformed to the real-world depths

the scene and, thus, the temporal consistency can not be improvedft, (¢, y, t, ) at the viewpointio based on the transform in (1).

case of pixels that are occluded at some time instants. To exploit spatial, temporal and inter-view coherence, median
Our depth map enhancement method exploits the algorithm ifiitering is applied toD;,, (z, y, ¢, n) within a 4-dimensional win-

[13] and provides a solution to the shortcomings by post-processingoW S. The shape and size of the wind@ware adaptive to edges,

the depth maps using an efficient edge, motion and depth rangBotion and d_epth_rangg ln_the multl-v_lew sequences to prevent a vi-

adaptive median filtering. The filtering is applied within the multi- sually annoying distortion in synthesized views. This adaptation is

dimensional windows that are iteratively resized to achieve the bedt@sed on three parameters that measure locally a presence of edges,

adaptation to the content of the signal. The novel method results ifiéPth range and motion activity. The parameters are denoted as 1)

an improved coding performance and the quality of view synthesi¢oc@l variance of the depth values, 2) local mean, of the depth
with a limited additional complexity, as explained in the sequel. ~ Values and 3) local mean.. of the absolute difference between the

luminance components of the two consecutive color texture frames,
respectively. All parameters are computed i2'a x 2" spatial
3. DEPTH MAP ENHANCEMENT neighborhoodV; .,.m (i, 7) at the time instant and viewpointng

that consists of the pixels:, y), suchthat < z < i+2™,j <y <

The proposed enhancement method of the initially estimated multis + 2™ and the integet < m < M.2 Hence, the first parameter is

view depth maps consists of three stages: 1) warping all viewpointsomputed from the transformed depth valu#s, («, y, t, no) as

to the central viewpoint, 2) application of the adaptive progressive

block segmentation median filtering to the warped viewpoints to pro- v(t, m) = var[ Dy, (Ni,ng,m)]-

duce consistent depth maps and 3) inverse view warping of the fil- . .
tered depth map to all initial viewpoints. We explain each stage next! '€ Parametern is obtained as the local average of the depth value

ma(t,m) = mear{ Dy, (Ningm)]-
3.1. View warping . . . .
Finally, the third parameter is computed from the luminance com-

The multi-view per-pixel depth map sequencks, y,t,n) are es-  ponents: of the color texture sequences at two consecutive time in-
timated at each viewpoint = 1,..., N, time instantt and spatial ~ stants(t — 1) andt taken at thexoth viewpoint, that is,
location(z, y) using the algorithm from [13]. Since the goal of our
method is to enforce the spatial, temporal and inter-view coherence  "e(t,m) = mearf|c (Neng,m) — ¢ (Ne—1,n0,m) |-
in the depth map sequences, they have to be warped to the same
viewpoint to ensure spatial alignment.

First, assumind < d(z,y,t,n) < 255, the depth maps are
transformed to the real-world depth¥x, y, t, n) by

The first parameter is compared to the threshdld, to detect a
presence of edges. If no edge is detecteel(T’,), then the spatial
coherence is exploited and the wind&consists of the™ x 2™
neighborhoods across all views, thatd, = UY_; N ,.m. Oth-
1 erwise, a finer segmentation is obtained by iterative partition of the
ok, — Zfalr) + Z;alr) . (D spatial neighborhood into 4 equaf; .., -1 neighborhoods of the
size2™~! x 2m~1 The sensitivity to edges is scaled with depth,

) that is, a higher threshold, is chosen in the area far from camera
wherezpear aanfar are the smallest and the largest depths in the(for mq > Ty) and vice versa. In this way, a coarser partition is
scene, respectively. applied to the background area using larger windSviecause of a

d(x? y? t7 n)

D(%%E“) = < 255

1At the left and right directions across the neighbor viewpoints. 2For a convenient notation, we drop the indeéx;j) whenever possible.
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Fig. 2. An example of the effect of median filtering on the depth maps. Four
3 frames are shown for two successive viewpoints and time instants. Notice

the improvement of the spatial, temporal and inter-view coherence in the

processed depth maps.
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iterative block partition, where the corresponding thresh@ldsndT,, are MWC == == decoding
updated in each iteration. The window includes the depth map values from il i 3 A
the current and previougt—1) time instants at the views = 1,..., N. In estmaton LB renderng
this way, the spatial, temporal and inter-view coherence is exploited without | S— b : I
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distortions in the synthesized views around edges or motion. Mult-view depth? map enhancement’ i 17 decouing

map sequences ! !

smaller disparity. Furthermore, such an adaptation reduces the ovép¥: 3 A common FVV scenario: the input multi-view color texture se-

. . . - uences are used for depth map estimation and, then, both signals are en-
all computational complexity, because of joint processing performeaoded using MVC and sent to the receiver. Our enhancement method is im-

on many pixels, and itimproves the visual quality of the synthesizegemented as a post-processing of the estimated depth-maps.
views. The threshold’; is chosen so that the disparity between two

neighbor pixels after the view warping is equal to zero for an averag
physical distance in the scene. Assumig’ is this distance, the
disparityp is given by

fterated for these pixel positions with the target warping viewpoint
no = [N/2] £ 1,[N/2] £ 2,... instead of[ N/2]. This iteration
continues until either all depth values are processed or all possible
{ a-AD J target viewpointsi, are exhausted. Notice also that this additional
p= ) (3) procedure does not carry a significant overhead complexity because
D) - D) 1 . . .
ho (@, t,m) - Do (2 + 1,9, t,m) the occluded regions have typically small size.
wherea is a constant derived from the rotational, translational and ~ Fig. 2 shows an example of depth maps processed by median
affine parameters of the source and target viewpoints. The value #ftering. The four frames are sampled at two successive viewpoints
T, is updated throughout the iteration. and time instants and processed by the proposed algorithm. The
If no motion is detected in the window (that isy.(¢,m) < spatial, temporal and inter-view coherence is apparently improved
T,), then the temporal coherence is enforced by including the locaafter filtering.
tions at the previous time instaft — 1) in the window and, thus, 4. RESULTS
S =8, UNi_1,ng,m. OtherwiseS = S,. '

Finally, the resulting depth values are obtained by applying thé ommon Fvv scenario comprises a depth map estimation from
median filter to the adaptive windot as the input signal and two MVCs applied to both multi-view depth

’ . . / maps and color texture sequences, as shown in Fig. 3. The pro-
Drg(Neno,m) = medlar[DnO (S)]’ ) posed efficient enhancement method is integrated in this scenario
for al m = 1.....N. Notice that the inter-view coherence &S @ post-processing of the estimated multi-view depth maps. Both

is exploited by using the same resulting real-world depth valué*";\(jll\lli/rl‘ces are eglgo?jed lIJSin% th_?h?]oit?]t l\\;l\l}lllt_l\;\ler\]lv Videhq N|Ic|)3de|
D;, (z,y,t,n) for all viewsn = 1,..., N. The described process ( ), version 6.0, developed within the JVT. A hierarchical B-

is illustrated in Fig. 1. prediction across time and view is used and the temporal Group of
Pictures (GOP) size is set to 8. The MVC blocks are tuned in such a
way that the encoding of depth maps spends between 20% and 40%
of the total bit-rate sent to the receiver.

The resulting depth map sequené,, (z,y,t,n) is first trans- The experiments are made with two test multi-view videos (also
formed back taf,,, (z,y,t,n) using the inversion of (1) and, then, usedin[13]): 1) Akko with 5 consecutive viewpoints (#26 - #30) and
inverse warped to the original viewpoints. This inversion is imple-2) Rena with 7 consecutive viewpoints (#41 - #47). The cameras are
mented following the opposite order of steps from Section 3.1. arranged on a line and the sequences are rectified. The encoding is
performed at 4 different quantization points for both the multi-view
color texture and multi-view depth map sequences.

To compare the quality of the view synthesis using the original
Notice that the depth values for the pixels visible in one of the view-and enhanced depth maps, we estimate the color texture sequence
points, but occluded in the central viewpoin¥/2], are not com-  at the view #28 in case of Akko and at the views #42 and #46 in
puted during the median filtering. To improve also the consistencgase of Rena using the neighbor color texture and depth map se-
of these values, the three stages explained in Sections 3.1-3.3 agyaences. The threshold, is chosen ag’, = 20, for mq4 < Ty, and

3.3. Inverse view warping

3.4. Occluded pixels



B S— —+— without multi-view depth map enhancement

—s— with muti-view depth map enhancement (no depth
range adaptation based progressive block division)

Avg PSNR (dB)
-\\\
1
\

—%— with muti-view depth map enhancement (depth range

=~ 62 seclframe adaptation based progressive block division)
46 seclframe

600 1100 1600 2100
Avg Bit Rate (kbps)

View #28 of Akko Legend

/x’_,,—/_—ﬁx

x
i
—=— 58.8 sec/frame| //'m
—i— 4 seclframe —x 4 seclframe

600 1100 1600 2100 2600 600 1100 1600 2100 2600 with
o nt -
Avg Bit Rate (kbps) Avg Bit Rate (kbps) enhancement

View #42 of Rena View #46 of Rena

without enhancement wuh enhancement

Avg PSNR (dB)

Avg PSNR (dB)

wio
W

. POz

PO s MG\

Fig. 4. The color texture sequences at the viewpoint #28 of Akko and the o snencement vl ennzncermert mn;".m L/

viewpoints #42 and #46 of Rena are synthesized using the neighbor col®iig. 5. An example of synthesized frames of Akko and Rena with the original
texture and depth map sequences. The synthesis is performed using 3 typiespth maps and with enhanced depth maps using the novel adaptive scheme.
of depth maps: a) original (non-enhanced), b) enhanced using only eddkhe difference between the performance of the two schemes is shown in the
and motion adaptation with small windows and c) enhanced using the novehagnified images. The artifacts that appear in the synthesized frames without
method with edge, motion and depth range adaptation. The novel adaghe enhancement are suppressed using the adaptive filtering.

tive method outperforms the scheme without enhancement and it reduces the

computational time as compared to the second scheme. [2] K. Mueller, A. Smolic, M. Kautzner, P. Eisert, and T. Wiegand, “Rate-distortion-
optimized predictive compression of dynamic 3-D mesh sequenSigyal Proc.:
Image Comm.vol. 21, no. 9, pp. 812-828, 2007.
T, = 100, otherwise, wherd; = 70. The thresholdl}, = 50, [3] fE Martinian, A. Behrens, J. Xin,A‘; Vetro, and H. Sun, “Extensions of H.264/AVC
. . . or multiview video compression,” itEEE Int. Conf. on Image ProcAtlanta,
whereas the maximal/ = 6. The quality of the synthesized se- GA, 2006.

quences is me_asure_d in terms of PSNR with the original Sequenceﬁ] E. Ekmekcioglu, S. Worrall, and A. Kondoz, “Bit-rate adaptive downsampling

at the same viewpoints as reference signals. The PSNR values are for the coding of multi-view video with depth information,” Proc. IEEE 3DTV

plotted in Fig. 4 for these three views and for a wide interval of total ~ Conference 2008stanbul, Turkey, May 2008.

coding bit-rates. Notice that the novel method strongly outperformsl(S] '\"/\I( S%fg% S.-C. Chan, and S. B. Kandmage-Based RenderingSpringer-

the method with the original depth maps. The results are also com- ‘' ag;d . o ang . e olus oot

P. Merkle, A. Smolic, K. Mueller, and T. Wiegand, “Multi-view video plus dept

pared to the performance of the method usmg Only edge and motlorﬁ representation and coding,” IREE Int. Conf. on Image ProcSan Antonio, TX,

adaptation (without depth range adaptation) with a small window  2007.

size. While the PS_NR is comparable, the computatlon_al t'me IS SI9-7] K. Mueller, P. Merkle, H. Schwarz, T. Hinz, A. Smolic, and T. Wiegand, “Multi-

nificantly reduced in the novel method, as also shown in Fig. 4. The  view video coding based on H.264/AVC using hierarchical B-framesPiature

obtained visual quality of the synthesized views is noticeably better ~ C0ding SymposiunBeijing, China, Apr. 2006.

than in the case of the original depth maps, as depicted in Fig. 5[8] Y. Morvan, D. Farin, and P. H. N. de With, “Depth-image compression based
h . if h ially visibl ded d on an R-D optimized quadtree decomposition for the transmission of multiview

The annoying artifacts that are especially visible around edges and  jqages;” inlEEE Int. Conf. on Image ProgSan Antonio, TX, 2007.

occluded pixels are suppressed and the synthesized sequences ShBYVM Maitre and M. N. Do, “Joint encoding of the depth image based representation

a higher coherence across space and time. using shape-adaptive wavelets,” IEEE Int. Conf. on Image ProgSan Diego,
CA, 2008.
5. CONCLUSIONS [10] L. Zitnick, S. B. Kang, M. Uyttendaele, S. Winder, and R. Szeliski, “High-

quality video view interpolation using a layered representation,Prioc. ACM
. . - SIGGRAPH New York, NY, 2004.
In this work, we propose a novel and computationally efficient en-&}] o o e:;v Ilor e I - "
hancement method for the multi-view depth map sequences bas - Cigla, X. Zabulis, and A. Alatan, “Region-based dense depth extraction from
i ! X ) N multi-view video,” inIEEE Int. Conf. on Image ProcSan Antonio, TX, 2007.
on a locally edge, motion and depth range adaptive median filterin . . - .
T id t di filt tati t ixel | ti ] S.Lee, K.Oh,and Y. Ho, “Segment-based multi-view depth map estimation using
1o avoid vast median filter computation at every pixel location, a belief propagation from dense multi-view video,” IBEE 3D-TV Conf.Istanbul,
iterative block partition median filtering is used. The method allows  Turkey, 2008.
for an improvement of the coding performance in a common FVV[13] M. Tanimoto, T. Fujii, and K. Suzuki, “Multi-view depth map of Rena and Akko
scenario and provides a better quality of synthesized color texture se- & Kayo,” MPEG Doc. M148880ct. 2007.
quences at arbitrary virtual viewpoints. Furthermore, the additionall4] ISO_/IE(E JTC1/SC29/WG11, “Description of exploration experiments in 3D video
computational complexity added by the method is kept low. Hence, ~ ©°9ing:"MPEG Doc. N9991July 2008. . o
it is possible to incorporate the proposed enhancement scheme [ff¥] S- Lee and . H&P‘Egﬁnce&”les";;‘{dtelmggg consistency for multi-view depth
K . . map estimation,’ oC. 4Ju .

fast depth map estimation techniques to strengthen the performance P Y
of compression and virtual view rendering without a substantial in-
crease in computational complexity.
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