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ABSTRACT

A depth-image-based rendering system for generating new
views is proposed. One important aspect of the proposed
system is that the depth maps are pre-processed using an
asymmetric filter to smoothen the sharp changes in depth at
object boundaries. In addition to ameliorating the effects of
blocky artifacts and other distortions contained in the depth
maps, the smoothing reduces or completely removes
disocclusion areas where potential artifacts can arise from
image warping which is needed to generate images from
new viewpoints. The asymmetric nature of the filter reduces
the amount of geometric distortion that might be perceived
otherwise. We present some results to show that the
proposed system provides an improvement in image quality
of stereoscopic virtual views while maintaining reasonably
good depth quality.

1. INTRODUCTION

Depth-image-based rendering (DIBR) techniques have
recently received much attention in the broadcast research
community as a promising technology for three-
dimensional television (3D TV) systems [1][2]. Whereas,
the classical approach requires the transmission of two
streams of video images, one for each eye, 3D TV systems
based on DIBR will provide a single stream of monoscopic
images and a second stream of associated images that
convey per-pixel depth information. One advantage of
using depth images is that they can be coded more
efficiently than two streams of natural images, thereby
reducing the bandwidth required for transmission. More
importantly, DIBR provide the added flexibility of being
able to create new images, using information from the
depth images or depth maps, as if they were captured with a
camera from a different viewpoint. The drawback is that
with this type of data representation, one or more “virtual”
images of the 3D scene have to be generated at the receiver
side in real time. As well, it is not an easy task to create the
new images with decent image quality.

A depth map is essentially a two-dimensional (2D)
function that gives the depth (with respect to the camera
position) of a point on an object in a visual scene as a
function of the image coordinates. Since the depth of every
point in an original image is known, a virtual image of any
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nearby point can be rendered by projecting the pixels of the
original image to their proper 3D locations and re-
projecting them onto the virtual image plane. Thus, this
rendering of the original images according to their depth
maps can create virtual images of the scene.

The most significant problem in DIBR is how to deal
with holes appearing in the virtual images. Holes are due to
the accretion (disocclusion) of features of objects or
background that would have been visible only from the new
viewpoint but not from the original location that was used
in capturing the original image. There is no information in
the original image for these disoccluded regions and,
therefore, they are empty, like holes. To fill in the holes, the
most commonly used method is to map a pixel in the
original image to several pixels in the virtual image by
simple interpolation of pixel information in the foreground
or background. A somewhat more complex extrapolation
technique can also be used. However, depending on the
scene layout, all these approaches are known to produce
more or less annoying visible artifacts in the virtual images.

To deal with the disocclusion artifacts in the virtual
images several approaches have been suggested. In one
approach, layered-depth-image (LDI) [3] provides a set of
original images of a scene and their associated depth maps.
The images and depth maps store not only what is visible in
the original image, but also what is behind the visible
surface. In another approach, depth maps are pre-processed.
In a technique that we have proposed depth maps are
processed using a 2D Gaussian filter, so that the
disocclusion artifacts are incrementally removed as the
smoothing of depth maps becomes stronger [4].
Experimental results using formal subjective evaluation
techniques indicate that this technique (symmetric
smoothing) can be used to significantly improve the image
quality of novel stereoscopic views especially when there
are blocky artifacts in the depth maps and potential
distortions in the newly generated images as a result of
disocclusion [4]. Recently, Fehn also proposed a similar
idea to pre-process the depth map using a 2D Gaussian
smoothing such that “no disocclusions” appear in the
“virtual” stereoscopic images [6].

In this paper, we present a new algorithm for DIBR that
provides an improvement in results over our previous
technique. The first part pre-processes the depth maps,

2993



which includes setting of the zero parallax planes and
smoothing of the depth maps. The second part builds the
3D images by warping the original center images to create
virtual left-eye and right-eye images, based on information
from the depth maps. The third part deals with disocclusion
by filling the holes, as necessary. Based on this system,
different types of artifacts and distortions that could appear
in the virtual images are experimentally investigated for
different system parameters. Following this investigation,
we propose the concept of asymmetric smoothing of depth
maps to improve the image quality of the rendered
stereoscopic images. This is in contrast to our previous
technique where symmetric smoothing was used in [4].

The present paper is organized as follows. After the
introduction, the proposed rendering system is described in
Section 2. Section 3 is devoted to the comparison of
experimental results with different system setups. Section 4
proposes the concept of asymmetric smoothing of depth
maps. Section 5 provides a discussion of the results.

2. DEPTH-IMAGE BASED RENDERING SYSTEM

A flowchart describing the proposed depth-image-based
rendering system is illustrated in Fig. 1. This system
consists of three steps: (i) pre-processing of depth maps, (ii)
3D image warping and (iii) hole-filling. Note that (iii) may
not be necessary if there are no holes to fill as a result of
optimal pre-processing. In the following, these three steps
will be addressed in detail.

Pre-processing 3-D image Hole-fillin:
of depth map Warping ¢

Fig. 1. Flowchart of the proposed depth-image-based
rendering system.

A. Pre-processing of depth maps

The pre-processing of depth maps includes two issues:
one is in choosing the convergence distance Z, (so-called
zero-parallax setting (ZPS)) and the other is in smoothing
the depth maps.

To establish a ZPS, two methods have been proposed.
In the so-called “toed-in” approach, the ZPS is chosen by a
joint inward rotation of the left-eye and right-eye cameras.
In the so-called shift-sensor approach, a plane of
convergence is established by a small shift 4 of the CCD
sensors in the pair of parallel cameras. Different from these
two methods, in the present rendering system, the ZPS is
chosen by “shifting” the depth map. Without loss of
generality, we choose

Ze = Zoear —Z 1) 12

as the ZPS plane, where Z,, and Z, are the nearest
clipping plane and the farthest clipping plane of the depth
map. In an 8-bit depth map, Z,.,~ 255 and Z,,=0 (Fig. 2).
After that, the depth map is further normalized with the
factor of 255, so that the values of the depth map lie in the
interval of [-0.5, 0.5], values that are required by the image
warping algorithm.

near

Fig. 2. The test image: “Interview”. The original center
image is on the left and its associated unprocessed depth
map is on the right. The luminance value in the depth map
reflects the depth value.

The second issue in the pre-processing step is to smooth
the depth maps. To this end, a Gaussian filter g(x, o)

2
exp{—x—z}, for —w<x<w, (1)

o

g(x,0)=

2ro
is used, where w is the filter’s window size and o the
standard deviation. The value of ¢ determines the severity
of smoothing of the depth maps. Let s(x,y) be a depth value
in the depth map at the pixel (x,y). Then, depth value $(x,y)
after smoothing is equal to
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It is expected that different values of w and ¢ have different
impact on the image quality of the virtual images generated
from the original center image. We will discuss this issue in
the next section. In the following experiment, we let w be

equal to 1.50 empirically.
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Fig. 3. Camera configuration used for generation of virtual
stereoscopic images.

B. 3-Dimage warping

For simplicity, we only consider the commonly used
camera configuration for generating virtual stereoscopic
images from one center image associated with one depth
map for 3D TV (Fig.3). In this case, the vertical coordinate
of the projection of any 3D point on each image plane of
three cameras is the same. Let ¢, be the viewpoint of the
original center image, ¢; and c, the viewpoint of the virtual
left-eye and right-eye images to be generated. z, is the
distance between these two virtual cameras. Under this
camera configuration, one point p with the depth Z in the
world is projected onto the image plane of three cameras at
pixel (x, »), (x, y) and (x, y), respectively. From the
geometry shown in Fig. 3, we have
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where information about x. and f/Z is given in the center
image and the associated depth map, respectively.
Therefore, with formulation (3) for 3D image warping, the
virtual left-eye and right-eye images can be generated from
the original center image and its depth map by providing
the value of #,.
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C. Disocclusion and hole-filling

Due to a difference in viewpoints, some areas that are
occluded in the original image might become visible in the
virtual left-eye or the right-eye image. These areas, referred
to as “disocclusion” in the Computer Graphics literature,
have no texture after 3D image warping because
information about the disocclusion is not available either in
the center video or in the accompanying depth map. We fill
in the disocclusion areas by averaging textures from
neighborhood pixels, and this process is called hole-filling.

3. EXPERIMENTAL COMPARISON

This section is devoted to evaluating the performance of
the proposed rendering system using natural images. As an
example, only results with the test image “Interview” (Fig.
2) are shown. In the following investigation, the distance of
two virtual left-eye and right-eye cameras is fixed at 48
pixels.

First, we evaluate the performance of this system without
smoothing the depth maps. Fig. 4 shows an example of the
results of the virtual left-eye image. The image after 3D
image warping is illustrated in Fig. 4 (a). In the figure,
white areas are the disocclusion areas. We can see the
disocclusion areas mainly along the object boundaries and

(b)

() (d)
Fig. 4. Virtual left-eye image generated without smoothing
of the depth map. (a) Image after 3D image warping.
White areas represent disocclusion areas; (b) Image after
hole-filling; (c) and (d) Artifacts more clearly seen in
enlarged segments of the image from (b).

(c) (d)
Fig. 5. Virtual left-eye image generated using symmetric
smoothing of the depth map with 6,=¢,=30. (a) Image after
3D image warping. White areas are disocclusion areas; (b)
Image after hole-filling; (c) and (d) Enlarged segments of
the image shown in (a). Notice the curved table leg in (c)
and the curved vertical lines in (d).

the right margin of the image. After hole-filling, as shown
in Fig. 4 (b), significant artifacts appear in the virtual
image. Fig. 4 (c¢) and (d) show clearer illustrations of the
artifacts by enlarging segments of Fig. 4 (b). The texture
artifact stem from hole-filling using neighborhood textures
because information about the previously occluded areas is
available neither in the monoscopic video nor in the
accompanying depth maps.

We then evaluate the performance of the proposed
system with smoothing of the depth maps. Similar to [4],
we let g, and o, of two Gaussian filters have the same
value, so-called symmetric smoothing. Fig. 5 shows the
results of the virtual left-eye image with 0,=0,=30. The
image after 3D image warping is illustrated in Fig. 5 (a).
White areas represent the disocclusion areas. Compared to
Fig. 4 (a), we can see from Fig. 5 (a) that the disocclusion
areas within the image almost disappear except for the area
in the right margin of the image. This can be explained as
follows. Due to the smoothing of the depth map, there are
no more sharp depth discontinuities. In other words, the
disocclusion areas become sparse through smoothing and
even disappear, as the smoothing becomes stronger. After
hole-filling, it can be seen from Fig. 5 (b) that no texture
artifacts appear in the virtual image within the image,
compared to Fig. 4 (b). However, some vertically straight
object boundaries now become curved. This can be more
clearly seen in Fig. 5 (¢) and (d), which show enlarged
segments of the image in Fig. 5 (b). We call this type of
distortion, geometric distortion. The origin of this type of
distortion can be explained as follows. Let us examine the
table leg in Fig. 5 (¢). In the unprocessed depth map, this
table leg has the same depth value along its vertical length
and, at the bottom of the leg, the legs of the man and the
woman with relatively large depth are in its neighborhood
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(as can be seen in Fig. 2). After processing, due to
smoothing of the depth map in the horizontal direction and
at a level that is as strong as that in the vertical direction,
the bottom of the table leg has a slightly larger value than
that of its top. This creates a curved table leg after 3D
image warping.

4. ASYMMETRIC SMOOTHING OF DEPTH MAP

Based on the analysis above, the strength of the
smoothing of depth map in the horizontal should be much
less than that of the smoothing in the vertical, so that the
object, e.g. the table leg, has similar depth value throughout
after the smoothing. We call this asymmetric smoothing.

(a) (b)

(c) (d)
Fig. 6. Virtual images generated using asymmetric
smoothing of the depth map with ,=10 and ¢,=90. (a) Left-
eye image; (b) Right-eye image; (c) and (d) Enlarged
segments from the image shown in (a).

Fig. 6 shows the results of rendering using asymmetric
smoothing of the depth map with 6,10 and 0,=90. The
virtual left-eye and right-eye images generated from the
original center image (Fig. 2) are shown in Fig. 6 (a) and
(b). Two enlarged segments from the left-eye image are
shown in Fig. 6 (c) and (d) for better comparison. It can be
seen from Fig. 6 (c) and (d) that geometric distortions are
strongly reduced compared to Fig. 5 (¢) and (d). Also, no
texture artifacts appear. Generally speaking, using
asymmetric smoothing, the virtual images have very sharp
texture and high image quality. When viewed in a
stereoscopic display, they also create reasonably good and
stable depth. Our next step will be to conduct formal
subjective assessments on stereoscopic images that have
been generated using this asymmetric smoothing technique
on depth maps.

5. DISCUSSIONS AND CONCLUSIONS

DIBR has the inherent problem of having to deal with
disocclusion areas, and filling in these “holes” so as to
create new images with decent image quality is not easy. In

this paper we propose pre-processing of the depth maps to
smooth the sharp changes in depth at object boundaries. In
addition to ameliorating the effects of blocky artifacts and
other distortions that might be contained in the depth maps,
the smoothing reduces or completely removes disocclusion
areas where potential artifacts can arise from image
warping. In a previous experimental study we found that
subjective ratings of image quality in the stereoscopic
virtual views can be improved with symmetric smoothing
[4] and [5]. Results presented in this article demonstrate
that the proposed system using asymmetric smoothing
provides a significant improvement in image quality over
symmetric smoothing by reducing the amount of geometric
distortion that might be present otherwise.

In addition to improving overall image quality of the
virtual views, smoothing depth maps can potentially lead to
other benefits. Firstly, smoothing reduces the contrast of
depth maps and, thus, narrows the range of disparities
contained in the rendered images. This will lead to
increased visual comfort for viewing virtual stereoscopic
images that are rendered from depth maps with large
disparities. Secondly, smoothing reduces the sharp
transitions at the edges and borders of objects that are in
front of a background and, therefore, smoothes out the
depth at and near the outlines of objects. Informal
observations indicate that this removal of “crispness” at the
borders of objects removes chances of perceiving the
“cardboard effect” in which objects appear in depth but
seam to be flat like a sheet of cardboard.

Nevertheless, smoothing of depth maps, while
attenuating some artifacts, will lead to a diminution of the
depth resolution contained in the rendered stereoscopic
views. Future studies will be required to examine this
tradeoff more closely, although based on the previous and
current studies the benefits appear to outweigh this
disadvantage.
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