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Abstract. In this paper we introduce a depth adaptive approach for disocclusion
removal in depth image-based rendering (DIBR). This approach extends the hier-
archical hole-filling (HHF) presented in an earlier work. Similar to HHF, the depth
adaptive approach results in synthesized 3D videos that are free of geometric dis-
tortions. Furthermore, the edges and texture around the disoccluded areas can be
sharpened and enhanced through adding the depth adaptive preprocessing step
before applying the hierarchal hole-filling. The subjective and objective results
show a significant improvement in quality for the synthesized views using the
depth adaptive approach.
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1 Introduction

Three dimensional television (3DTV) is believed to be the future of television broad-
casting that would replace current 2D HDTV technology. 3DTV would bring a more
life-like and visually immersive home entertainment experience [1], in which users will
have the freedom to navigate through the scene in order to choose a different viewpoint.
This is also known as free-viewpoint TV (FTV) [1]. Since the 3D content for a sin-
gle viewpoint requires two videos corresponding to the left and right views, generating
multiple viewpoints would require a very large number of cameras, extremely efficient
coding and very powerful processing. A more practical alternative for the multi-camera
capture is to interpolate the intermediate views using view synthesis. A popular ap-
proach for view synthesis is depth image-based rendering (DIBR) in which the two or
more views for 3D display can be generated from a single 2D image and a correspond-
ing depth map. The synthesized views are generated by first projecting the pixels in
the reference image back to the world coordinates using the depth map and camera in-
formation, the resulting pixels in the world coordinates are then projected back to the
estimated virtual image coordinate. This process is known as 3D wrapping [2].

3D wrapping may lead to occlusion. Occlusion occurs when two pixels in the refer-
ence 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. The second
problem is the disocclusion problem that could result from two primary reasons: when
uniform sampling in the reference image becomes non-uniform in the desired image



2 Mashhour Solh et al.

and mostly when occluded areas in the reference image becomes visible in the virtual
image. Resolving disocclusion is more challenging than occlusion since there is no in-
formation that can be derived from the depth map or the reference camera about the
real disocclusion areas. As a result some image processing or hole-filling is required to
fill in the disoccluded areas. With DIBR the 3D-TV system (depicted in Fig. 1) is com-
posed of six main components [3][4]: (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.

Fig. 1. Block diagram of the 3D-TV system-level architecture.

DIBR has many advantages over two-views approach [3]. Besides the fact that
DIBR is more bandwidth-efficient, it also allows for more interactivity through syn-
thesizing 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. In addition, DIBR can be
generated for a single range camera which makes it more computationally and cost
efficient.

In a previous work [5], we introduced a new hierarchal hole-filling (HHF) approach
for DIBR. HHF results in synthesized 3D videos that are free of geometric distortions.
Also unlike other hole-filling techniques HHF is not sensitive to depth maps with high
percentage of bad matching pixels. While HHF removes disocclusion completely, blur
may be introduced around the previously disoccluded areas. In this paper we show that
using a depth adaptive hierarchal hole-filling technique the edges around the disoc-
cluded areas can be sharpened and result in a better quality synthesized views. The
depth adaptive preprocessing step will be introduced to assign higher weights to depth
values belonging to the background pixels that the foreground pixels.

The rest of the paper is organized as follows. In Section 2 we classify the existing
approaches in hole filling for DIBR. Depth adaptive hierarchal hole-filling is presented
in Section 3. Results are shown in Sections 4. Finally, discussions and conclusion are
given in Section 5.

2 Hole Filling in DIBR

Fig. 2 shows several examples of synthesized images immediately after 3D wrapping.
The holes (black areas) are due to disocclusion. Several techniques have been proposed
in literature order to remove disocclusion. We can classify these techniques into four
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(a) (b) (c)

Fig. 2. Disocclusion: (a) Art before hole-filling (b) Aloe before hole-filling (c) Books before
hole-filling.

categories: inpainting [3] [6][7], depth map preprocessing [8][9][10] [11], layered depth
images [12] and hierarchal hole-filling [5].

Inpainting : Most inpainting techniques for filling in the holes areas, are developed to
reconstruct an image through interpolation, extrapolation or background mirroring [3]
[6][7]. Those regions covered by inpainting however, suffer from distortions around the
edges. These distortions are especially annoying in 3D videos, hence motion in videos
is accompanied with the changes in the background plane and its corresponding texture.
This will lead to inconsistencies around the edges and obvious distortions. Fig. 3 shows
three consecutive frames from a synthesized video with holes covered by horizontal
interpolation. Distortions around the edges are very obvious and notice the forming of
more distortions as the hand moves.

(a) (b) (c)

Fig. 3. Hole-filling by horizontal inpainting for three consecutive frames: (a) Frame 1: Notice the
distortion around the edges (b) Frame 2: More distortions around hand introduced as hand moves
(c) Frame 3: Distortion around the hand forms as hand changes background.

Depth map preprocessing : This is a two-step approach (see Fig. 4). The first step is
to smooth the depth map because a depth image with horizontal sharp transition would
result in big holes after warping; depth map filtering will smoothen sharp transitions
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Fig. 4. Hole-filling with depth map smoothing.

so as to reduce the size of big hole. The second step is to fill the remaining holes
through inpainting. The problem with this approach is that the preprocessing of the
depth map through smoothing results in geometric distortions as shown in Figure 5. 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 asymmet-
ric smoothing [8], distance dependent smoothing [9], and edge-based smoothing [10].
These approaches increase the computational complexity while the images still suffer
from geometric distortions. In [11] a non-hole filling approach has been proposed in
which the disparity values are mapped into distance values for which the 3D wrapping
would result in a hole-free synthesized image. The problem with the proposed model is
that the resulting synthesized view is not exactly the same intended from 3D wrapping
and the disparity in the synthesized is almost zero.

Fig. 5. Geometric distortion in a virtual image as a result of depth map filtering.

Layered depth images : Layered depth images (LDIs) [12] have also been proposed as
a solution for disocclusion removal. LDIs allow to store more than one pair of associ-
ated color and depth values for each pixel of the original image. The number of layers
typically depends on the scene complexity as well as the required synthesis quality. The
LDIs approach, however, is computationally expensive and inefficient for video coding
as more than one color and depth value per pixel location must be transferred.

Hierarchal hole-filling : In a previous work [5], we introduced a new hole-filling ap-
proach for DIBR as show in Fig. 6. This approach requires no preprocessing of the depth
map and is referred to as Hierarchal hole-filling (HHF). HHF uses a lower resolution es-
timates of the 3D wrapped image in a pyramid like structure. The image sequences in



Depth Adaptive Hierarchical Hole-Filling 5

Level k+1

Level k+2

Level k

Starting  

image

Reduce

Expand

Fill

HHF  

image

Fig. 6. Hierarchal approach for hole-filling. A Reduce operation is repeated until we have a hole
free image (left pyramid). The hole free images are then Expanded ( middle pyramid). The
Expanded images are used to Fill in the holes of the corresponding image (left pyramid) resulting
in hole free higher resolution images (right pyramid).

(a) (b) (c)

Fig. 7. (a) Art after HHF (b) Aloe after HHF (c) Books after HHF.

the pyramid is produced through a pseudo zero canceling plus Gaussian filtering (Re-
duce) 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 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. The resulting virtual images are free of any geometric
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Fig. 8. Zoomed in cut of Aloe after HHF in Fig. 12(b).

distortions as shown in Fig. 7. However, HHF may introduce a blur around previously
disoccluded areas as shown in Fig. 8.

3 Depth Adaptive Hierarchal Hole Filling

Fig. 9 shows a diagram representing our depth adaptive hierarchal hole filling approach.
As a first step the 3D wrapping is applied for both the colored image and depth map
image. Then the wrapped depth map is used to generate a depth weighted color image
through the depth adaptive preprocessing of the wrapped color image. The resulting
depth processed image is then used as the starting image for hierarchical hole filling
(HHF). The pixels estimated by applying HHF on the processed image are then used to
fill holes in the wrapped image. In what follows we will first explain the depth adaptive
preprocessing and then we will the explain the steps involved in HHF given the depth
processed image.
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Fig. 9. Block Diagram for DIBR with Depth Adaptive Hierarchal Hole Filling.

Depth Adaptive Preprocessing In order to improve the quality of hole filling obtained
by HHF a preprocessing step is necessary. The areas surrounding the disocclusions are
not just random regions of an image. Since disocclusion occurs around edges of depth
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transition, these areas are composed of a combination of background and foreground
pixels. The disoccluded areas are most likely to resemble the areas belonging to the
background than the foreground. In [5] we have shown that foreground information
can be blended with the background in a hierarchal fashion to create a seamless and
natural looking synthesized views. The blur introduced around the edges is due to the
fact that both background and the foreground pixels are given the same weight in the
calculations. Hence, this blur can be reduced by assigning higher weights to depth val-
ues belonging to the background pixels. For this reason, we introduce the following
mapping function:

w[i, j] =
γ

σ
(1− exp(−| (βmax + δ)

D[i, j]
|). (1)

wherew[i, j] is the assigned weight at pixel location [i, j] andD[i, j] is the disparity
that can be expressed in terms of focal length F , camera base line B and depth Z as
follows:

D[i, j] =
Frb

Z[i, j]
. (2)

The constants γ, σ, and δ are derived as follows:

γ =
3
2
(βcenter) + βmin (3)

σ =
4
3
(βcenter) + βmin (4)

δ =
1
2
(βcenter) + βmin. (5)

In here βmin, βmax and βcenter are respectively the minimum disparity, maximum
disparity and the central disparity. The central disparity is the average of the minimum
and maximum disparity.

Fig. 10 shows the plot of weighting coefficients as a function of the a full disparity
range [0, 255]. In practice this range depends on the image itself as the minimum and
maximum disparity may vary. The mapping is not random and all the coefficients in the
equations have been chosen to meet the following constraints:

1. Pixels with low disparity values that are close to the minimum are considered back-
ground information and given higher weights. The weights assigned are slightly
larger than one by a fraction as to enhance background. This weight is determined
by γ

σ which guarantees a small enhancement to avoid over illumination distortions.
2. Pixels with high disparity values that are close to the maximum are considered

foreground and are given lower weights. However, the weights cannot be too small
as this would cause distortions around holes on the foreground that are caused by
depth map noise.

3. The transition between low and high disparity must be smooth.

Now that we have derived our weighting coefficients for the depth preprocessing;
the resulting depth preprocessed color image Iprep can be expressed in terms of the
wrapped image Iwrap as follows:
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Fig. 10. The mapping of disparity range [0, 255] to weighting coefficients for colored image depth
preprocessing.

Iprep[i, j] = w[i, j]Iwrap[i, j]. (6)

Hierarchical Hole-Filling Fig. 6 shows a diagram representing the (HHF) approach.
For depth adaptive HHF the same steps as in [5] are followed with small exception at
the beginning and the end of the algorithm. The starting image now is the preprocessed
image Iprep and at the end the last Fill must be applied to the Iwrap. Hence, the depth
adaptive HHF will be defined according to the following steps:

– Step 1: Starting with the preprocessed image Iprep, 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 thatN = 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.
– Step 5: Fill in the holes in Iwrap by replacing them by the corresponding pixel in F0.

Where the Reduce, Expand, and Fill are the same as defined in [5].
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4 Results

We tested our algorithm on data set of stereo images and ground truth depth maps ob-
tained from [13]. Fig.11 and Fig.12 each show four synthesized views after applying
hole filling using depth adaptive HHF, original HHF, depth map smoothing and in-
painting through horizontal interpolation. These figures show that inpainting through
horizontal interpolation causes a severe distortion on the texture of the background. On
the other hand, while depth map smoothing seems to result in a clean image around the
edge it causes sever geometric distortions. These distortions can be seen on left bottom
of the pyramid of Fig. 11(c) and bowing of the leaf in Fig. 12(c). The leaf in Fig. 12(c) is
flatter than the other images indicating that it is geometrically distorted. This distinction
can be made In Fig.11 the depth adaptive HHF (Fig. 11(a)) shows a sharper edges when
compared to HHF(Fig. 11(b)). In Fig.12 the depth adaptive HHF (Fig. 12(a)) shows a
clearer texture reconstruction when compared to HHF(Fig. 12(b)).

Among the seven views in each data set in [13], we tried to synthesize view 0 and
view 2 from view 1 by applying hole filling using depth adaptive HHF, original HHF,
depth map smoothing and inpainting through horizontal interpolation. The resulting
figures were evaluated by PSNR and the results are shown in Table 1. From the results
we clearly see that depth adaptive HHF has a clear advantage over inpainting and depth
map smoothing (up to 2 dB). It also shows that depth adaptive HHF slightly outperforms
original HHF (0.1− 0.3dB). Keep in mind that we use PSNR and it doesnot capture all
the visually apparent geometric fidelity.

(a) (b)

(c) (d)

Fig. 11. Hole filling comparison: (a) Depth adaptive HHF (b) Original HHF (c) Depth map
smoothing (d) Inpainting through horizontal interpolation.
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(a) (b)

(c) (d)

Fig. 12. Hole filling comparison: (a) Depth adaptive HHF (b) Original HHF (c) Depth map
smoothing (d) Inpainting through horizontal interpolation.

HHF Depth Adaptive HHF Depth Map Smoothing Inpainting
Aloe2 20.8648 20.8734 18.9927 19.1042
Aloe0 20.9036 21.0221 18.8986 20.8023
Art2 18.8732 18.8811 18.0058 18.8721
Art0 18.2077 18.2123 17.7787 17.6509

Books2 17.3272 17.4163 15.4874 15.2277
Books0 17.701 17.7367 17.2362 17.373

Monopoly2 20.9825 21.0825 17.223 20.1216
Monoploy0 20.9815 20.8635 16.8117 19.7395

Table 1. PSNR comparison for various hole filling approaches. Among the seven views in of the
data set for Aloe, Art, Books, and Monopoly in [13], we tried to synthesize view 0 and view
2 from view 1.

5 Conclusion

In this paper we have presented an enhanced depth adaptive hierarchal hole-filling tech-
nique (HHF) for DIBR-based 3D videos. Similar to the original HHF, the depth adaptive
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HHF eliminates the need for pre-processing of the depth map which yields rendered vir-
tual images that are free of any geometric distortions. In addition, using a depth adaptive
hierarchal hole-filling technique the edges around the disoccluded areas can be sharp-
ened and result in a higher quality synthesized views.

References

1. A. Kubota, A. Smolic, M. Magnor, M. Tanimoto, T. Chen, and C. Zhang, “Multiview Imag-
ing and 3DTV,” IEEE Signal Proc. Magazine, vol. 24, no. 6, pp. 10–21, Nov 2007.

2. L. McMillan, An Image Based Approach to Three-Dimensional Computer Graphics, Ph.D.
thesis, Univ. of North Carolina at Chapell Hill, NC,USA, 1997.

3. C. Fehn, “Depth-image-based Rendering (DIBR), Compression, And Transmission For A
New Approach On 3DTV,” Proc. of SPIE, vol. 5291, pp. 93–104, 2004.

4. P. Kauff, N. Atzpadin, C. Fehn, M. Müller, O. Schreer, A. Smolic, and R. Tanger, “Depth
Map Creation and Image-based Rendering for Advanced 3DTV Services Providing Interop-
erability and Scalability,” Image Commun., vol. 22, no. 2, pp. 217–234, 2007.

5. M. Solh and G. AlRegib, “Hierarchical Hole-Filling (HHF): Depth Image Based Rendering
without Depth Map Filtering for 3D-TV,” in IEEE MMSP’10, Saint-Malo, France, October
4-6 2010.

6. L. Do, S. Zinger, and P.H.N. de With, “Quality improving techniques for free-viewpoint
DIBR,” in Stereoscopic displays and applications XXII, 2010.

7. K.-J. Oh, Y Sehoon, and Y.-S. Ho, “Hole-filling method using depth based in-painting for
view synthesis in free viewpoint television (ftv) and 3D video,” in Picture Coding Sympo-
sium, Chicago,US, 2009.

8. L. Zhang and W.J. Tam, “Stereoscopic Image Generation Based On Depth Images For
3DTV,” IEEE Trans. on Broadcasting, vol. 51, no. 2, pp. 191–199, June 2005.

9. Quang H. Nguyen, Minh N. Do, and Sanjay J. Patel, “Depth Image-based Rendering From
Multiple Cameras with 3D Propagation Algorithm,” in IMMERSCOM ’09. 2009, pp. 1–6,
ICST.

10. Sang-Beom Lee and Yo-Sung Ho, “Discontinuity-Adaptive Depth Map Filtering for 3D
View Generation,” in IMMERSCOM ’09. 2009, pp. 1–6, ICST.

11. Yu-Cheng Fan and Tsung-Chen Chi, “The Novel Non-Hole-Filling Approach of Depth Im-
age Based Rendering,” in 3DTV Conference: The True Vision - Capture, Transmission and
Display of 3D Video, 2008, may 2008, pp. 325 –328.

12. Jonathan Shade, Steven Gortler, Li-wei He, and Richard Szeliski, “Layered Depth Images,”
in SIGGRAPH ’98, New York, NY, USA, 1998, pp. 231–242, ACM.

13. D. Scharstein and R. Szeliski, “High-Accuracy Stereo Depth Maps Using Structured Light,”
in Computer Vision and Pattern Recognition, 2003. Proceedings. 2003 IEEE Computer So-
ciety Conference on, june 2003, vol. 1, pp. I–195 – I–202 vol.1.


