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Depth Reconstruction Filter and Down/Up
Sampling for Depth Coding in 3-D Video
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Yo-Sung Ho, Senior Member, IEEE

Abstract—A depth image represents three-dimensional (3-D)
scene information and is commonly used for depth image-based
rendering (DIBR) to support 3-D video and free-viewpoint video
applications. The virtual view is generally rendered by the DIBR
technique and its quality depends highly on the quality of depth
image. Thus, efficient depth coding is crucial to realize the 3-D
video system. In this letter, we propose a depth reconstruction
filter and depth down/up sampling techniques to improve depth
coding performance. Experimental results demonstrate that the
proposed methods reduce the bit-rate for depth coding and achieve
better rendering quality.

Fig. 1. Distribution of depth coding errors for various bit rates: (a) QP22, (b)
QP27, (c) QP32, (d) QP37.

Index Terms—3-D video, depth down/up sampling, depth reconstruction filter, free viewpoint television (FTV).

I. INTRODUCTION

A

depth image represents a relative distance from a camera
to an object in the three-dimensional (3-D) space, and is
widely used in computer vision and computer graphics fields to
represent 3-D scene information. Most image-based rendering
(IBR) methods [1] utilize the depth image in conjunction with
stereo or multiview video to realize 3-D and free-viewpoint
video applications [2]–[7]. Efficient coding of both the depth
image and the multiview video and rendering techniques are
key issues for such applications.
The recently finalized multiview video coding (MVC) [8]
standard supports inter-view prediction, but it does not include
any particular provisions for depth coding. Recently depth
related issues, such as depth estimation, rendering, and depth
coding, are investigated in the context of the end-to-end system
that includes 3-D data acquisition, transmission, and display in
the MPEG 3DV group.
The main objective of depth coding is compression of the
depth image to guarantee the decoded depth can synthesize the
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high-quality virtual view. That is, in texture coding, we try to
improve coding performance of video data; however, in depth
coding, we focus more on better rendering quality rather than
depth quality. In this letter, we propose a depth reconstruction
filter and depth down/up sampling methods. The proposed algorithms focus on coding of object boundaries that are sensitive
to both depth coding and rendering.
The proposed depth reconstruction filter is designed as an
in-loop filter to recover object boundaries. It consists of a newly
designed frequent-low-high filter and a bilateral filter. The
proposed down/up sampling employs nonlinear scaling. The
up-scaled image is post-filtered by combination of the median
filter and the proposed depth reconstruction filter. Efficiency of
the proposed algorithms is evaluated by the depth coding rate
and rendering quality.
II. PROPOSED DEPTH CODING METHODS
A. Depth Reconstruction Filter
Unlike natural images, the depth image has a well-defined
object boundary and it is very important to maintain the object boundary for high-quality rendering. In general, the object
boundary is weak to coding errors, since its intensity value is
rapidly changed. The coding errors increase with lower bit-rates
as shown in Fig. 1.
In this letter, we propose the depth reconstruction filter to
compensate for depth coding errors by recovering distorted object boundaries. The proposed depth reconstruction filter consists of the frequent-low-high filter mainly to recover object
boundaries and the bilateral filter to refine object boundaries by
eliminating remaining errors. The frequent-low-high filter is a
nonlinear filter and is designed as follows:
of
pixels, and are odd
After we defined a
numbers, we sort all pixels in by its intensity value, as shown
is defined by (2):
in (1), and the median value for
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(1)
(2)
The pixels in
are categorized into low and high groups by
as seen in (3).
(3)
, we count the number of occurrence
For the pixel set
for each intensity value
belonging to
with (4).

(4)
Among values, we choose the intensity value having the
maximum number of occurrence and we define it as
as seen
is the pixel intensity value of the most frein (5). That is,
quently occurring intensity value among the set of pixel values
which are smaller than the median value of .
(5)
In the same manner,
is also defined. Finally, we decide
the representative value for a given pixel by (6)

(6)
is a center point in .
is replaced by
where
and
, in
the closer of the two representative values,
the proposed frequent-low-high filter.
The proposed frequent-low-high filter has following merits
over other linear filters: 1) it is more robust against outliers; a
noisy neighboring pixel does not affect the frequent-low-high
value significantly and 2) the frequent-low-high does not create
new unrealistic pixel values when the filter straddles an edge
since the frequent-low-high value must actually be the value of
one of the pixels in the neighborhood.
However, since the frequent-low-high filter dose not clean up
the whole coding errors, some errors look like Gaussian noise
still remain. To eliminate the remaining errors, we apply the
bilateral filter [9]. The bilateral filter is nonlinearly designed
and is a representative edge-preserving filter. The bilateral filter
extends the concept of Gaussian smoothing by weighting the
filter coefficient with the intensity value of the corresponding
relative pixel. Pixels that are very different in intensity from the
central pixel are weighted less even though they may be in close
proximity to the central pixel. This is effectively a convolution
with a nonlinear Gaussian filter, with weights based on pixel
intensities as in (7):
(7)

Fig. 2. Flow diagram of the depth down/up sampling.

where
is a central pixel to be bilateral filtered and
is a
in the window
. The filter parameneighboring pixel of
and range sigma
, which define the
ters, space sigma
spatial extent of the kernel and threshold for which color differences in the image, respectively. The depth reconstruction filter
is implemented as an in-loop filter and it is located after the deblocking filter in H.264/AVC compatible codecs.
B. Depth Down/Up Sampling
Encoding a reduced resolution depth can reduce the bit-rate
substantially, but it also degrades the quality of the depth
map, especially in high frequency regions such as the object
boundary. The rendered image from the subsampled image has
visible rendering artifacts. In general, conventional down/up
samplers use a low-pass filter and an interpolation filter to
resize the image without quality degradation. However, these
traditional techniques are not suitable for depth down/upsampling since they smooth out the object boundaries.
Considering the above, we design a new down/up sampler for
depth. In down-sampling a 2-D image, a representative value
among the values in a certain window must be selected; we
choose a median value as in (8):
(8)
where
represents a
block and is a scaling factor for
down-sampling. That is, the down-sampling reduces the image
.
size by selecting the median value for each
The up-sampling process consists of following three steps:
1) image up-scaling, 2) 2-D median filtering, 3) proposed depth
reconstruction filtering. The up-scaling is an inverse process of
the image down-sampling as depicted in (9). We use the same
scaling factor used in the down-sampling process.
(9)
After the up-scaling, we apply the 2-D median filter to smooth
the blocking artifact caused by image down-sampling. Finally,
the proposed depth reconstruction filter is applied to reconstruct
the object boundary smoothed by median filtering. Fig. 2 shows
a flow diagram of the depth down/up sampling processes. As
you can see, down/up sampling is a pre/post-processing.
C. Evaluation of Depth Coding
Coding efficiency of the texture image is measured by the
encoding bit-rate and a peak signal-to-noise ratio (PSNR) value
between the original and the reconstructed images as in (10):

Authorized licensed use limited to: Kwangju Institute of Science and Technology. Downloaded on August 31, 2009 at 01:27 from IEEE Xplore. Restrictions apply.

OH et al.: DEPTH RECONSTRUCTION FILTER AND DOWN/UP SAMPLING

749

TABLE I
EXPERIMENTAL RESULTS FOR RECONSTRUCTION FILTER (BALLET)

TABLE II
EXPERIMENTAL RESULTS FOR RECONSTRUCTION FILTER (BREAKDANCERS)

Fig. 6. Effect of the depth down/up sampling (QP31, 1st frame): (a) without
depth down/up sampling, (b) rendering result for (a), (c) with depth down/up
sampling, (d) rendering result for (c).

(10)

Fig. 3. RD curves for depth reconstruction filter: (a) Ballet, (b) Breakdancers.

However, the depth image is 3-D information to support the
virtual view synthesis, thus its quality should be evaluated in
terms of rendering quality. In this letter, we measure the rendering PSNR by mean squared error (MSE) between the origand the rendered image
as in (11):
inal image
(11)

III. EXPERIMENTAL RESULTS AND ANALYSIS

Fig. 4. Effect of the depth reconstruction filter (QP31, 33rd frame): (a) without
depth reconstruction filter, (b) rendering result for (a), (c) with depth reconstruction filter, (d) rendering result for (c).

Fig. 5. RD curves for depth down/up sampling: (a) Ballet, (b) Breakdancers.

We have tested the proposed methods on “Breakdancers” and
“Ballet” sequences [10]. Among the eight views, view 3 and
view 5 were selected as reference views and view 4 was set
as a virtual view to be synthesized. Depth views were encoded
using JMVC 3.0 [11] with QP 22, 25, 28, and 31. The delta
QP for the hierarchical-B picture structure was set as zero in all
layers. We used own rendering method [12] and it was fairly
used and texture videos were not encoded. The original coding
means coding results without the proposed method.
The 7 7 frequent-low-high filter was used and bilateral filter
parameters, the color sigma and space sigma, were set as 10
and 1, respectively. Experimental results for depth reconstruction filter are given in Tables I and II. The rate-distortion (RD)
curves are shown in Fig. 3. Fig. 4 shows the effect of the depth
reconstruction filter by comparing decoded depth images and
rendered images for “Ballet” sequence coded with QP 31.
Experimental results for the down/up sampling filter in terms
of the depth coding rate and rendering quality are given in Tables III and IV. The 5 5 median and 13 13 frequent-lowhigh filters were used for up-sampling. RD curves are illustrated

Authorized licensed use limited to: Kwangju Institute of Science and Technology. Downloaded on August 31, 2009 at 01:27 from IEEE Xplore. Restrictions apply.

750

IEEE SIGNAL PROCESSING LETTERS, VOL. 16, NO. 9, SEPTEMBER 2009

TABLE III
EXPERIMENTAL RESULTS FOR DOWN/UP SAMPLING (BALLET)

TABLE IV
EXPERIMENTAL RESULTS FOR DOWN/UP SAMPLING (BREAKDANCERS)

Fig. 8. Comparison of RD curves for four coding methods (Breakdancers).

TABLE V
EXPERIMENTAL RESULTS FOR COMBINED METHOD (BALLET)

TABLE VI
EXPERIMENTAL RESULTS FOR COMBINED METHOD (BREAKDANCERS)

Fig. 7. Comparison of RD curves for four coding methods (Ballet).

in Fig. 5. Fig. 6 shows decoded depth images and rendered images for depth down/up sampling.
From experimental results, we confirmed that the proposed
depth reconstruction filter and down/up sampling achieve better
depth coding performance and better rendering quality.
Tables V and VI show experimental results for both the depth
reconstruction filter and down/up sampling methods used. The
combined scheme was slightly better than the down/up sampling
case. This is due to the effect of the reconstruction filter being
offset by the up-sampling process. As shown in Figs. 7 and 8, the
down/up sampling method achieved a good gain by reducing the
bit-rate, whereas the reconstruction filter improved rendering
quality.
IV. CONCLUSIONS
In this letter, we have proposed a depth reconstruction filter
and depth down/up sampling methods. The proposed depth reconstruction filter consists of the frequent-low-high filter and the
bilateral filter. The depth reconstruction filter recovers the object boundary and gives advantages to both depth coding and
rendering. In addition, the depth down/up sampling methods
were designed by considering the characteristics of the depth
image and enormously reduced the depth bit-rate without degradation of rendering quality. By experiments, we confirmed that
the proposed schemes achieved better coding performance and
rendering quality.
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