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Abstract—In this paper we propose a new approach for
disocclusion removal in depth image-based rendering (DIBR)
for 3D-TV. The new approach, Hierarchical Hole-Filling (HHF),
eliminates the need for any preprocessing of the depth map.
HHF uses a pyramid like approach to estimate the hole pixels
from lower resolution estimates of the 3D wrapped image.
The lower resolution estimates involves a pseudo zero canceling
plus Gaussian filtering of the wrapped image. Then starting
backwards from the lowest resolution hole-free estimate in the
pyramid, we interpolate and use the pixel values to fill in
the hole in the higher up resolution image. The procedure is
repeated until the estimated image is hole-free. Experimental
results show that HHF yields virtual images that are free of any
geometric distortions, which is not the case in other algorithms
that preprocess the depth map. Experiments has also shown that
unlike previous DIBR techniques, HHF is not sensitive to depth
maps with high percentage of bad matching pixels.

I. I NTRODUCTION
Depth perception can be generated by projecting two views
of the same scene captured from slightly different angle into
a stereoscopic display. In the last decade we have noticed a
rapid increase in demand for 3D movies. Increasingly, a larger
number of movies are being recorded in a stereoscopic format.
This trend was accompanied with advances in stereoscopic
display technologies which are now commercially available
at a larger scale with reasonable prices. For these reasons,
three dimensional television (3D-TV) is believed to be the
next generation of television broadcasting that would bring
a more life-like and visually immersive home entertainment
experience[1]. The first 3D-TV system was proposed by the
European IST project ATTEST (Advanced three-dimensional
television system technologies)[2]. The 3D-TV system (depicted in Figure 1) is composed of six main components [2][3]:
(i) 3D video capturing and content generation; (ii) 3D content
video coding; (iii) transmission; (iv) decoding the received
sequences; (v) generating virtual views; (vi) displaying the
stereoscopic images on the screen.
While 3D content could be generated by transmitting two
video streams corresponding to the left and right views,
this approach is highly inefficient as it requires double the
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Fig. 1.

Block diagram of the 3D-TV system-level architecture.

resources. ATTEST proposed a depth image-based rendering
(DIBR) in which the two-views for 3D display can be generated from a single 2D image and a corresponding depth
map. DIBR has many advantages over two-views approach
[2]. Besides the fact that DIBR is more bandwidth-efficient,
it also allows for more interactivity through synthesizing
virtual views from various view points in addition to 2D
and 3D selectivity. Moreover, DIBR eliminates photometric
asymmetries in between the two views hence both of them
are generated from the same original image. Moreover, DIBR
can be generated for a single range camera which makes it
more computationally and cost efficient.
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Depth image-based rendering (DIBR).

The building blocks of the DIBR technique are depicted in
Figure 1. The virtual views are generated by first projecting
the pixels in the reference image back to the world coordinates
using the depth map and camera information, the resulting
pixels in the world coordinates are then projected back to the
estimated virtual image coordinate. This process is known as

3D wrapping [4]. There are two problems that my result from
the mapping using a 3D wrapping equation. The first problem
is the occlusion problem. Occlusion occurs when two pixels
in the reference image are mapped to the same pixel location
in the virtual image. The occlusion problem is resolved by
choosing the pixel with the smallest depth value [5]. The second problem is the disocclusion problem that is resulted from
two primary reasons: when uniform sampling in the reference
image becomes non-uniform in the desired image and mostly
when occluded areas in the reference image becomes visible
in the virtual image. Resolving disocclusion is considered a
challenging problem hence there are no information that can
be derived from the depth map or the reference camera about
the real disocclusion areas. Hence some image processing is
required to generate a more natural view.

backward from the lowest resolution hole-free estimate in the
pyramid, the images are interpolated (Expand) and the pixel
values are used to Fill in the hole in the higher up resolution
image. The procedure is repeated until the estimated image
is hole-free. Experimental results, to be presented, prove that
HHF yields virtual images that are free of any geometric
distortions. Also another set of experimental results will be
presented that show that unlike previous DIBR techniques HHF
is not sensitive to depth maps with high percentage of bad
matching pixels.
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Depth image-based rendering with Hierarchal Hole-Filling (HHF).

The rest of the paper is organized as follows. In Section II
our proposed DIBR approach with Hierarchical Hole-Filling
(HHF) will be presented. Experimental results are shown in
Section III. Finally, discussion and conclusion are given in
Sections IV and V, respectively.
Fig. 3. Geometric distortion in a virtual image as a result of depth map
filtering.

In order to remove disocclusion two-step approach has been
used. The first step is to apply Gaussian smoothing of the
depth map in order to reduce the disocclusion. The second
step is to apply a hole filling process through interpolation,
extrapolation or background mirroring [2]. The first step of
preprocessing of the depth map through smoothing results in
geometric distortions as shown in Figure 3 and it also requires
further processing of the colored image for the remaining
holes. Several approaches have been proposed to reduce the
geometric distortion such as asymmetric smoothing [6], distance dependent smoothing [5], and edge-based smoothing [7].
These approaches increase the computational complexity while
the images still suffer from geometric distortions. Layered
depth images (LDI) [8] has also been proposed as a solution
for disocclusion removal. The problem with LDI is in the computational complexity. It is also inefficient for video coding as
more than one color and depth value per pixel location must
be transferred.
In this paper, a new hole-filling approach for DIBR is
proposed. In this approach (Figure 4) the preprocessing block
is eliminated and replaced by a Hierarchal Hole-Filling (HHF)
approach. HHF uses a lower resolution estimates of the 3D
wrapped image in a pyramid like structure. The image sequence in the pyramid is produced through a pseudo zero
canceling plus Gaussian filtering (Reduce) of the wrapped
image. The Reduce step is needed as long as there are observed
holes in the image. At a certain level, a downsampled image
will be generated with no holes. At that stage and starting

II. D EPTH I MAGE -BASED R ENDERING WITH
H IERARCHICAL H OLE -F ILLING
The block diagram for depth image-based rendering based
on our approach is show in Figure 4. Next, we will discuss in
detail both major steps: 3D wrapping and Hierarchical Hole
Filling (HHF).
A. 3D wrapping
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The 3D wrapping technique allows us to map a pixel at
the reference image to a corresponding pixel at the virtual
view at a desired location as long as the depth map is known.
Consider a reference camera Cr and a virtual camera Cv as
shown in Figure 5. Where Fr and Fv are the focal lengths of
the reference and virtual camera, respectively. B is the baseline
distance that separates the two cameras. Zc is the convergence
distance of the two cameras. The horizontal coordinate xv of
the virtual camera as a function of the horizontal coordinate
xr of a the reference camera is given by:
Fv B
+h
(1)
Z
where s = −1 when the estimated view is to the left and
s = +1 when the estimated view is to the right. Z is the depth
value at pixel location (xr , yr ) and h is the horizontal shift in
the camera axis which can be estimated as:

2) Reduce: The Reduce operation performs a 5 × 5 averaging filter to produce a down-sampled images as in [9],
however the averaging is only done over the non-zero values
in the sliding window. The only exception is when all the
values in the window are all zeros then the Reduce will result
in a zero value. The process will eventually end up gradually
reducing the number of holes as we proceed from Rk to Rk+1
for 0 < k < N − 1. Letting R0 be the original image then
R1 and Rk+1 in general are computed using the following
relation:
Rk+1 = Reduce(Rk )

xv = xr + s

Fv B
.
(2)
h = −s
Zc
The depth map can be either obtained directly through a
depth camera or indirectly through the disparity map. The
depth value Z at a certain pixel location can be obtained from
disparity value D as:
Fr b
(3)
D
where b is the original baseline distance of the stereo camera
pair used in disparity calculation. The wrapping equation can
be expressed in terms of disparity as:
Z=

xv = xr + s

Fv B
Fv BD
−s
Fr b
Zc

(4)

B. Hierarchical Hole-Filling
Figure 6 shows a diagram representing our Hierarchal HoleFilling (HHF) approach. In what follows we will first explain
the steps involved in HHF and then we will explain each
process in detail.
1) Hole-Filling: The hole filling algorithm consists of the
following steps:
• Step 1: A sequence of low-passed filtered image sequences R0 , R1 , ...,RN are produced using a combined
Gaussian and zero elimination filtering operation (Reduce). The number of images and hence Reduce operation
needed is image dependent. The image should be reduced
as long as there are visible holes in the image. In practice
we found that N = 4 is sufficient to achieve that goal on
all tested images.
• Step 2: Starting from the hole-free image RN we apply
an Expand operation to get a interpolated image EN −1
of a size equal to RN −1 ’s size.
• Step 3: Fill in the holes in RN −1 by replacing them by the
corresponding pixel in EN −1 . The resulting HHF image
is FN −1 .
• Step 4: Repeat Steps 2 and 3 with FN −1 , FN −2 ...F0 now
being the starting image.

(5)

For each pixel [m, n] in Rk+1 we define Am,n as the 5 × 5
matrix:
Am,n =

Rk [2m + 1, 2n + 1], ..... Rk [2m + 1, 2n + 5]
 Rk [2m + 2, 2n + 1], ..... Rk [2m + 2, 2n + 5]

 Rk [2m + 3, 2n + 1], ..... Rk [2m + 3, 2n + 5]

 Rk [2m + 4, 2n + 1], ..... Rk [2m + 4, 2n + 5]
Rk [2m + 5, 2n + 1], ..... Rk [2m + 5, 2n + 5]








(6)

We define nz(Am,n ) as the number of non-zeros in matrix
Am,n and w as the 5×5 Gaussian kernel [9]. Then, the Reduce
operation translates to:
Rk+1 [m, n] =

5
5 X
X



w[i, j]Am,n [i, j],




i=1 j=1

 5 5
XX
Am,n [i, j]




i=1
j=1


,

nz(A)


0,

if nz(Am,n ) = 25
(7)
if nz(Am,n ) < 25
if nz(Am,n ) = 0

3) Expand: The Expand operation is a linear interpolation
defined for k > 0 as follows [9]:
Ek = Expand(Ek+1 )

(8)

For a pixel [m, n] Expand translates to:

Ek [m, n] = 4

2
2
X
X
i=−2 j=−2

Ek+1 [

2m + i 2n + j
,
]
2
2

(9)

where only terms for which 2m+i
and 2n+j
are integers
2
2
contribute to the sum.
4) Fill: The Fill operation replaces the holes in a reduced
image by the expanded hole-free version and is defined for a
pair Rk and Ek as follows:
Fk = F ill(Rk , Ek )

(10)

For a pixel [m, n] Fill translates to:

Fk [m, n] =

Ek [m, n],
Rk [m, n],

if Rk [m, n] = 0
Otherwise

(11)
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Fig. 6. Hierarchal approach for hole-filling. Arrows 1 and 2 (also marked in red) refer to a Reduce operation. Arrows 3 and 5 (also marked in blue) refer
to an Expand operation. Arrows 4 and 6 (also marked in green) refer to a Fill operation. The numbering on the arrows also reflect the sequence of execution
of HHF processes.

III. E XPERIMENTAL R ESULTS
We tested our algorithm on data set of stereo images and
ground truth depth maps obtained from [10]. Figure 7 shows a
set of wrapped virtual images before and after applying HHF.
In the three examples shown in Figure 7 the disocclusion in the
wrapped images is totally eliminated as a result of applying
HHF and no further hole-filling is required. The results show
that HHF also eliminates the noise resulting from bad pixels
in the depth map.
In Figure 8 the comparison between the traditional DIBR
depth map filtering approach (Figure 8(a)) and DIBR using
HHF (Figure 8(b)) is shown. The virtual image yielded by HHF
in Figure 8(b) has no geometric distortions and no further hole
filling is necessary, in the contrary the virtual image yielded
by the filtering approach has obvious geometric distortions and
hole-filling still needed to remove the extra holes.
Another experimental results comparing our approach to the
previous DIBR architecture is shown in Figures 9 and 10.
In both examples HHF totally eliminates disocclusion without
any geometric distortion where as the filtering approach has
very noticeable geometric distortions and some disocclusion.
While HHF removes disocclusion, blur is introduced around
the previously disoccluded areas. Our subjective testing have
shown that for 3D stereo vision these blurs are not visible as
these areas will be overshadowed by the surroundings which
happens to be of high resolution. In the contrary, the geometric
distortions introduced by filtering approach are visible and
causes visual discomfort.

Another advantage for using HHF over the traditional
approach is that HHF is less sensitive to poor depth map
estimation. The results shown in the previous examples were
all based on ground truth high accuracy depth maps [10].
However, in practice the depth map are generated using a
stereo matching algorithm. A comprehensive list of stereo
matching algorithms and their performance can be found in
[11]. The resulting estimate of the depth map from stereo
matching usually suffers from high percentage of bad matching
pixels [12]. Figure 11 shows the ground truth disparity map
11(a) and the depth map obtained through stereo matching
algorithm 11(b). The stereo matching algorithm used in this
example is based on [13].
In the images of Figure 11(c) and 11(d) the depth map
generate by stereo matching (Figure 11(b)) was used to estimate the virtual views. The image in Figure 11(c) is generated
using the traditional DIBR scheme with depth map filtering
while the image in Figure 11(d) is generated using DIBR with
HHF. This result shows that instead of removing disocclusions
the filtering approach results in visually disturbing artifacts
(i.e., black circles in Figure 11(c)). On the other hand, HHF
generates a disocclusion free virtual view with high resolution
rendering. Another example is shown in Figure 12. Figure
12(a) is the high accuracy ground truth depth map while Figure
12(b) is the depth map obtained by applying stereo matching
[13]. Figure 12(c) and Figure 12(d) are the rendered images
obtained using the depth map in Figure 12(b) by applying the
filtering and HHF approaches, respectively. The artifacts are

(a)

(b)

(a)

(b)

Fig. 9. (a) DIBR with depth map filtering (notice geometric distortions
around two black pens in the cup). (b) DIBR with HHF.

(c)

(d)

(a)

(b)

Fig. 10. a) DIBR with depth map filtering (notice geometric distortions
around brown bowl). (b) DIBR with HHF.

(e)

(f)

Fig. 7. (a) Art after 3D wrapping (b) Art after HHF (c) Aloe after 3D
wrapping (d) Aloe after HHF (e) Books after 3D wrapping (f) Books
after HHF.

(a)

(b)

Fig. 8. (a) DIBR with depth map filtering (notice geometric distortions
around the blue book). (b) DIBR with HHF.

clearly obvious in the filtering approach which is not the case
when using HHF. These results show that, in the contrary to
the filtering approach, HHF is insensitive to high percentages
of bad matching pixels in depth maps.
IV. D ISCUSSION
While HHF has many advantages in terms of rendering quality of DIBR images, it is also important to address the computational cost efficiency. Each Reduce operation decreases the
number of samples by half and hence the computational cost

is held to the minimum. DIBR through depth map filtering on
the other hand requires filtering of the depth map and holefilling using interpolation. Without including the wrapping in
both cases, both algorithms will require calculations in the
order of O(N ×M ). However, unlike HHF reducing geometric
distortions requires advanced depth map filtering techniques
like asymmetric smoothing [6], distance dependent smoothing
[5], and edge-based smoothing [7]. These techniques introduce
an additional computational complexity.
V. C ONCLUSION
In this paper we have presented a new depth image-based
rendering technique using hierarchal hole-filling (HHF) which
eliminates the need for pre-processing of the depth map in
previous approaches. HHF uses a pyramid like approach to
estimate the hole pixels from a sequence of lower resolution
estimates of the 3D wrapped image. The lower resolution
estimates involves a pseudo zero canceling plus Gaussian filtering. HHF yields rendered virtual images that are free of any
geometric distortions. Also unlike previous DIBR techniques
HHF is not sensitive to depth maps with high percentage of bad
matching pixels. Finally, HHF has no significant computational
disadvantage over previous DIBR techniques but instead the
two algorithms are comparable in computational complexity.
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