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This paper presents new hole-filling methods for 
generating multiview images by using depth image based 
rendering (DIBR). Holes appear in a depth image 
captured from 3D sensors and in the multiview images 
rendered by DIBR. The holes are often found around  
the background regions of the images because the 
background is prone to occlusions by the foreground 
objects. Background-oriented priority and gradient-
oriented priority are also introduced to find the order of 
hole-filling after the DIBR process. In addition, to obtain a 
sample to fill the hole region, we propose the fusing of 
depth and color information to obtain a weighted sum of 
two patches for the depth (or rendered depth) images and 
a new distance measure to find the best-matched patch for 
the rendered color images. The conventional method 
produces jagged edges and a blurry phenomenon in the 
final results, whereas the proposed method can minimize 
them, which is quite important for high fidelity in stereo 
imaging. The experimental results show that, by reducing 
these errors, the proposed methods can significantly 
improve the hole-filling quality in the multiview images 
generated. 
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I. Introduction 

A significant amount of research has been conducted on 
multiview image generation technologies complying with the 
compression and transmission standards, especially by     
the Moving Picture Experts Group [1]. Various techniques 
regarding the application of 3D content have recently been 
developed because stereo movies and 3D displays are 
becoming very popular with consumers. In addition, 
researchers have studied technologies for displaying and 
producing free-view images [2]–[4]. Depth image based 
rendering (DIBR) has been used as one of the methods to 
produce multiview images by using a single view color image 
and its depth image [5]–[7]. The transmission of a single video 
and depth sequence is more efficient than that of multiview 
videos in terms of data compression. The depth image is 
captured from 3D sensors such as stereo RGB cameras and 
RGB-D sensors used for rendering when making different 
view images [8]–[11]. The sensors are likely to produce holes 
in the occluded region of the background. Holes in the 
rendered images are also generated by DIBR. We should fill in 
these holes to produce satisfactory multiview images. 

1. Related Works 

A number of algorithms have been studied for recovering the 
scratched parts of old photographs and intentionally erasing 
objects from photographic images. Some researches have 
recently been conducted on filling in holes in a depth image 
captured from a Microsoft Kinect [12], [13]. These researches 
have not covered the whole process of hole-filling for a 
continuous image sequence. Exemplar-based image inpainting 
(EBI) was presented in [14]. This region filling technique is 
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based on the exemplar by propagating a linear structure, which 
means first filling in a patch surrounded by high-confidence 
pixels and preserving the continuation of strong edges. An 
exemplar is called a patch or image window in this paper.    
It is preferable for the filling order in [14] to be changed in 
accordance with the characteristics of the generated holes in a 
multiview image in order to reduce hole-filling errors when 
using EBI.  

Telea has proposed an image inpainting method using fast 
matching (IFM), which is estimating the image smoothness as a 
weighted average over a known image neighborhood of the 
pixel to be filled, and treating the missing regions as level sets 
[15]. The disadvantage of IFM is that a blurring phenomenon 
occurs in a hole-filled region that is farther from the boundary of 
the hole when the size of the hole is relatively large. To reduce 
the blur from IFM, a depth-based inpainting method (DBI) [16] 
has been introduced. However, DBI still contains blurry parts in 
a hole-filled region. Hierarchical hole-filling was also proposed 
to fill in the holes in the reduced resolution image with small-
sized holes and then restore the image into the original resolution 
[17]. A blurry phenomenon is also observable in the final result. 
A bi-layer inpainting method has been proposed for synthesizing 
a new-view image under the EBI framework [18]. To accurately 
separate the foreground and background, it is assumed that the 
cardboard depth is divided into only two layers for simplicity. An 
error in filling in a hole region with some of the background 
region occurs when the hole is positioned on the same 
foreground. Holes can be removed in the rendered images when 
rendering has been performed on the smoothened depth images 
pre-processed using an asymmetric filter [19], [20]. However, 
the rendered images are distorted in the neighborhood of the 
foreground boundaries. 

Hole-filling methods based on EBI or IFM have been used 
in most related works. The disadvantage of hole-filling 
methods based on EBI is that jagged edges often appear in a 
hole-filled region that exists between the foreground and 
background because the exemplar coming alternatively from 
the foreground and background regions is likely to be 
repeatedly selected. A blurry phenomenon is often observed in 
the hole-filling result when using an IFM-based method owing 
to the fact that the holes have been filled using the weighted 
sum of the neighborhood pixels. 

2. Summary of Proposed Methods 

We propose new methods for filling in the holes of an 
occluded region in a sensor image and the holes of a multiview 
image generated through a DIBR process. The first hole-filling 
method is to fill in the holes in the depth image captured from 
the sensors used for rendering. Background-oriented priority is 

proposed to determine the filling order, and a fusing method for 
finding patches to fill in a hole based on the color and depth 
information is also proposed. Holes also appear in the rendered 
depth and color images obtained using DIBR. The second 
hole-filling method is related to the removal of holes in the 
rendered color image. First, gradient-oriented priority is 
proposed for the filling order because, depending on the left- or 
right-view image, the background direction can be known in 
advance. Moreover, an adaptive search window stretched 
toward the background can be constructed, and a new distance 
measure in such a search window is introduced to find the best-
matched patch more reliably. Finally, the third hole-filling 
method is proposed for the rendered depth image. An adaptive 
outer-band in the fusion procedure and gradient-oriented 
priority are both introduced to remove holes in the rendered 
depth images. The proposed method can minimize the jagged 
edges and blurry phenomenon in the rendered color image 
more satisfactorily than the previous inpainting methods. 

Section II presents the details of the three hole-filling steps 
and the problem statement of a conventional method. The 
proposed hole-filling methods are described in Section III. We 
compare the results of our method to those of previous 
methods in Section IV. Finally, we provide some concluding 
remarks in Section V. 

II. Hole-Filling Process 

In this section, we present the hole-filling process, DIBR, for 
generating multiview images, as well as the details of EBI and 
its inherent problem. 

1. Overview of Hole-Filling Process 

The hole-filling process contains three steps for generating 
multiview images, as shown in Fig. 1. The first hole-filling 
(HF1) step is used to fill in the holes in the depth image captured 
from 3D sensors. Holes also appear in the rendered color and 
depth images produced by the DIBR process. The second step is 

 

 

Fig. 1. Overview of hole-filling process for generating left-view 
and right-view images. 
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hole-filling for the rendered color (HF2), and the third step is 
hole-filling for the depth image (HF3). The hole-filled results of 
the rendered color images are the final multiview images. Here, a 
color image and its depth image with holes (DIH) obtained from 
sensors are indicated by Γc and Γd, respectively. The hole-filled 
depth image is denoted by f

d .Γ  DIBR on Γc and 
f
d  produces 

a rendered depth image ΓRd and color image ΓRc, both of which 
also include holes whose size is determined by rendering the 
parameters described later. We provide the details of each hole-
filling step in Section III. 

2. Depth Image Based Rendering 

New view images are generated through depth-image based 
rendering (DIBR) using a color image and its depth image. We 
should use a hole-filled depth image for DIBR instead of the 
original depth image with holes, as shown in Fig. 1. When two 
matched stereo image points for the viewing rays from the eyes 
are located behind the screen, these points are said to have a 
positive parallax, whereas in the case of a negative parallax the 
matched points are located in front of the screen [21]. The 
regions of the holes generated by DIBR become larger in the 
case of a negative parallax than for a positive parallax under the 
same disparity because the corresponding image points on an 
object in a 3D space are closer from the eyes for a negative 
parallax. The DIBR applied in the experiment used only a 
negative parallax because the hole-filling is expected to be 
more difficult for this case than for a positive parallax and 
mixed cases. Here, we describe the DIBR used for the 
experiment under the case of a negative parallax [4]. Let xc be 
the viewpoint of the original center image, and xl and xr be the 
viewpoint of the virtual left- and right-view images, as shown 
in Fig. 2. A new view image is generated by shifting each pixel 
from the center on the screen. The shifting value h is changed 
in accordance with disparity t and distance z, and is defined by 
the pin-hole camera model as follows: 
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The distance z is defined as (2) in [6] and is applied to (1). 
For this, the original minimum and maximum depth values 
Zmin and Zmax are required. Equation (1) can then be rewritten 
as (3) [22]. Here, disparity t is the distance between the two-
view virtual cameras, and Vd is equal to Zmax, which is the  

 

Fig. 2. Camera configuration used for generating multivew images.
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Fig. 3. Rendered images: (a) left- and (b) right-view rendered 
depth images, and (c) left- and (d) right-view rendered 
color images. 

(a) (b) (c) (d)

 
 
distance between the screen and center camera under the case 
of a negative parallax. In addition, s is the sign term. The sign 
term s is negative (–) when the generated view is the left-view 
xl with respect to the center view, and s is positive (+) when the 
generated view is the right-view xr with respect to the center 
view. The depth value Id can be changed between zero and 255. 
Each pixel in the original image is shifted using (3) to generate 
a new view image by the given Id. We show the rendering 
results of left- and right-view images for Aloe from the 
Middlebury dataset in Fig. 3. When the width size of the screen 
is W, the disparity t is nine-times the average distance (65 mm) 
between two human eyes [6], Zmin is 2.6 W, and Zmax is 3 W, 
the hole region is shown as a black region generated by (3), as 
shown in Fig. 3. If we change the disparity t, we can generate  
a new view image. In this way, multiview images can be 
generated by DIBR when changing t repeatedly. One of the 
generated multiview images and the original image can 
become a stereo set for viewing on a 3DTV. 

3. Exemplar-Based Image Inpainting (EBI) 

The priority of filling order is critical to the hole-filling result. 
The isophote-driven priority in [14] was proposed for 
propagating the extended linear image structure, as shown in 
Fig. 4. The hole region to be filled in is indicated by Ω and its 
boundary is denoted by δΩ. The source region Φ remains fixed 
and provides samples for the filling process. The unit of the 
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samples is a window image called a patch Ψ and the default 
patch size is 9 × 9 pixels. When a patch Ψp is given for point p 
for any p on the boundary δΩ, its priority Pp is defined as the 
product of two terms in [14]: 

,p p pP C D                    (4) 
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where Cp is the confidence term and Dp is the data term. In 
addition, |Ψp| is the area of Ψp,  is the normalization factor, np 
represents a unit vector orthogonal to the front δΩ at point p, 
and   indicates the orthogonal operator. In addition, Cp is the 
number of pixels surrounded by a source region, and Dp 
represents the linear nature of the structure. Once all priorities 
for all points p δΩ  are computed, the target patch p̂Ψ  
with the highest priority is located first. The best-matched patch 

ˆ ,qΨ  which is the most similar to ˆ ,pΨ  is found in the source 
region to fill in the missing part of patch p̂Ψ during the first 
iteration, as shown in Fig. 4(b), using (7) as follows:  

ˆarg mi (n .ˆ , )p qq Φ
q d Ψ Ψ


              (7) 

Here, ˆ( , )p qd Ψ Ψ  is the distance between two patches and is 
simply defined as the sum of the squared differences (SSD) of  
 

 

Fig. 4. Structure propagation through exemplar-based image
inpainting (EBI). 
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Fig. 5. Hole-filling result using EBI: (a) original depth image and
(b) result from EBI. 
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two corresponding pixels that are not holes. All priorities are then 
updated and the hole-filling process is repeated iteratively until 
the target region is filled in completely. Using EBI, we filled in 
the holes in the depth image of Aloe from the Middlebury dataset, 
the resulting image of which is shown in Fig. 5. Parts of the 
images, indicated by the red arrows in Fig. 5(b), show that 
several of the holes are filled in incorrectly with part of the 
foreground region instead of the background region. 

III. Proposed Hole-Filling Methods  

In this section, we present three hole-filling procedures, as 
shown in Fig. 1. First, we propose a hole-filling method for 
fusing the depth and color information (FDC), and a new 
priority of the filling order for depth images from the sensors. 
We propose a hole-filling algorithm using a depth-based 
distance measure and adopting a new filling unit for the 
rendered color image together with a new priority of the filling 
order. Finally, we propose a hole-filling method using a 
modified FDC for the rendered depth image.  

1. Hole-Filling for Depth Image 

A. Background-Oriented Priority 

Most of the holes in a depth image are often found in the 
background region because the sensor cannot detect the depth 
of the background, which is too far from it or is occluded by 
the foreground, as shown in Fig. 5(a). To reduce such errors in 
the hole-filling, as shown in Fig. 5(b), we aim to first fill in the 
points closer to the background among the boundary points on 
δΩ iteratively. Then, pixels of the hole tend to be filled in 
gradually from the neighboring points of the background 
toward those of the foreground. For this, we sum the depth 
values of the pixels within patch Ψp and divide the sum value 
by the number of occupied pixels inside Ψp. The average is 
denoted by Iavr(p). Because the depth value of the background 
is smaller than that of the foreground, the patch with a small  
Iavr(p) should be given the higher priority. This priority for the 
filling order is called the background-oriented priority (BOP), 
which is defined as follows: 

,p p pP C G                  (8) 
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the depth, Iavr(p) is the average of the depth values Ii within 
patch Ψp, and N is the number of pixels within patch Ψp except 
for the hole pixels. In the HF1 step, we use BOP as the priority 
function of the DIH by replacing the data term of (4) with the 
distant term because it was found that BOP performs better 
than the priority of (4) by starting the filling from the hole 
pixels neighboring the background for most of the Middlebury 
dataset.  

B. Fusing of Depth and Color Information (FDC) 

The EBI algorithm provides the best-matched patch 
searched from the source region, which is most similar to the 

target patch, in order to fill in the target region. Some regions of 

the holes can be filled in with the foreground instead of the 
background when only the depth information is used by   

EBI, as shown in Fig. 5(b). Color can generally provide 

supplementary information for a depth image. For the hole-
filling of the DIH, using both color and depth information is 

better for identifying more similar patches. Thus, we propose 

the use of color information together with the depth values to 
locate a more similar patch for filling in the holes of the DIH. 

Once all priorities are computed for all points ( )p δΩ  at 

the hole boundary, one best-matched patch c
ˆ 'qΨ  is found for 

the target c
p̂Ψ  in the color image, and the other best-matched 

patch d
q̂Ψ  is also found for the target d

p̂Ψ  in the depth image 

by using (7). The superscripts c and d represent the color and 
depth spaces, respectively. In addition, d

q̂Ψ  can be used as a 

candidate patch, as represented by the yellow window in Fig. 6. 

The center point ˆ 'q  of the best-matched patch c
ˆ 'qΨ  in the 

color image can be projected back into the depth image, 

producing another candidate d
ˆ 'qΨ  around point ˆ 'q  derived 

from the color image, which is represented by the red window 
at the bottom of Fig. 6.  

One important issue remaining is to determine which of the 
two candidates d

q̂Ψ  and d
ˆ 'qΨ  is more suitable to fill in the 

target patch d
ˆ .p  To obtain more information for this decision, 

the size of the original patch is extended, and the outer band 
can then be newly used, as shown in Fig. 7. We now define 
two error measures and reliabilities, which will be used to 
choose the better patch from two candidate patches or to merge 
them. Two sets of difference error E are newly defined for the 
original and extended patches as follows: 

     d_in avr avrˆ ˆ ,ˆE p I q I p             (11) 

     c_in avr avr'ˆ ˆ ˆ ,E p I q I p             (12) 

where Iavr(p) indicates the average depth value in the patch 
centered at p. 

 

Fig. 6. Two patches searched using depth (yellow window) and 
color (red window) information. 
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Fig. 7. Definition of outer band, Iband(p) at a point p on the 
boundary δΩ. 
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     d_band avr bandˆ ˆ ˆ ,E p I q I p           (13) 

     c_band avr band'ˆ ˆ ˆ ,E p I q I p          (14) 

where band ( )ˆI p  is the average outer band depth of the target 

region, which is compared to the average of the two candidate 

patches found. Now, the reliabilities d ( )p̂  for patch d
q̂Ψ  

and c ( )p̂  for patch d
ˆ 'qΨ  in which ˆ 'q  is obtained from a 

color image comparison, are defined as follows: 

 d d_in d_band( ) 1/ (ˆ )ˆ ˆ( )p E p E p   and       (15) 

 c c_in c_band( ) 1/ (ˆ )ˆ ˆ( )p E p E p  .            (16) 

Once the reliabilities have been computed using (15) and 
(16), the candidate patch with the larger reliability is selected to 
fill in the target patch. The problem with this selection is that if 
a wrong patch is selected as a candidate based on the 
reliabilities, the contents of that patch are propagated during the 
later iterations. This problem tends to occur when the two 
patches have similar reliabilities. To overcome this problem, 
we also propose a method for fusing the two candidates by 
using the weighting values based on the reliabilities. A new 
patch can be computed through the weighted sum of the two 
candidates d

q̂Ψ  and d
ˆ 'qΨ . The weights are defined as follows: 
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The weighted sum of the two candidates is defined as a new 

patch d
p̂  for the target patch d

p̂Ψ  by fusing d
q̂Ψ  and d

ˆ 'qΨ  

as follows: 

d d d
1 'ˆ ˆ2ˆ  p q qwΨ w Ψ   .              (19) 

Note that a new patch d
p̂  will be filled only into the hole 

parts of the target patch. In addition, note that 1 2 1w w  . This 

hole-filling method using the weighted sum of two patches is 

called the fusing depth and color information method with BOP 

(FDCBOP). Once we have filled in the missing  part of the 

target patch, d
p̂Ψ , we update the boundary δΩ and priority Pp 

using BOP and then restart the hole-filling procedure.   

2. Hole-Filling for Rendered Color and Depth Images 

A. Gradient-Oriented Priority 

Holes in the rendered images, shown in Fig. 3, are sandwiched 
between the closer foreground and farther background from the 
virtual camera. One side of the hole is in contact with the 
foreground, and the other side is in contact with the background. 
In the left-view image, the holes are generated on the left side of 
the foreground, whereas in the right-view image, the holes are 
found on the right side of the foreground. Thus, the depth and 
gradient values are reflected in the priority at a point located at 
the boundary of the hole. The priority is called the gradient-
oriented priority (GOP) and is defined as follows: 

_ ,p p p x pP sC G g                (20) 

_ ,d
x p

p

Γ
g

x

    
                 (21) 

where gx_p is the gradient at point p along the x axis for     
the rendered depth image, as illustrated in Fig. 8. When the 
gradient is negative, the sign term s is negative (–) for the left-
view image, making priority Pp positive, whereas s and Pp are 
positive (+) for the right-view image. When we use BOP, the 
hole pixels of the rendered depth image often tend to be filled 
in with pixels with a small depth value coming from the 
background region, and these pixels are propagated iteratively 
to the boundary of the foreground object, which appears as a 
thin dark belt inside the red rectangle shown in Fig. 9(a). When 
we use GOP for the rendered color and depth images, this 
background-propagation problem is found to be successfully 
reduced, as shown in Fig. 9(b). 

Γ 

Fig. 8. Gradient of the rendered depth images, (a) left-view and 
(b) right-view images. 
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Fig. 9. Hole filling results for rendered left-view image, using (a) 
BOP and (b) GOP. 
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B. Hole-Filling for Rendered Color Image 

Because the pixels of an object located closer to the camera 
move from the center of the image further to the left or right 
compared to those of the background through depth image 
based rendering, the holes are found between the object and the 
background in the rendered color image. The holes are very 
likely to belong to the background region because the hole 
region is occluded by a foreground object, and holes appear 
from the relatively large movement of the object compared to 
the background. When the original EBI algorithm fills in the 
holes in a rendered color image, the foreground patch may 
occasionally be put into the hole region, and this part then 
works as a target region in the later iteration, which 
accumulates profound errors, as indicated by the yellow arrow 
in Fig. 10(a) for Cones of the Middlebury dataset [11]. Because 
it is quite harmful for foreground pixels to be mixed into a hole 
region, instead of searching the entire source region, the search 
region should be limited. To do so, we switch to the rendered 
depth image, which allows us to find the background at the 
boundary point. The background region is on the left side of 
the hole for the left-view image and is on the right side of the 
hole for the right-view image. The search region, now defined 
as the bounded source region (Φb), will be a rectangle stretched 
toward the background. Such examples are shown in the 
yellow rectangles in Fig. 11 for left- and right-view images,  
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Fig. 10. Hole-filling results using (a) EBI without considering the
distance of rendered depth image and (b) BORM. 
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Fig. 11. Examples of bounded source region (yellow-dotted 
window) for (a) left-view image and (b) right-view 
image. 
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Fig. 12. Result images using (a) BORM and (b) MBORM. 
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respectively, when a boundary point p is given. However, a 

portion of the bounded source region can include a foreground 

object. Thus, when we determine the best-matched patch for a 
given target patch, we need to include the distance measure 

derived from the depth space in which the foreground object can 

be clearly represented. The distance dc represents the sum of the 
squared differences in the RGB channel between two patches in 

the rendered color image. The new distance  ,m p qd Ψ Ψ  and 

the best match position q̂  are defined as follows:   

 arg minˆ , ,
b

m p q
q Φ

q d Ψ Ψ


            (22) 

      c c d d
c, , , ,m p q p q d p qd Ψ Ψ d Ψ Ψ d Ψ Ψ      (23) 

where Φb is the bounded source region. A new method using 
the new distance measure for Φb is called the background- 

oriented rectangle method (BORM). Hole-filling errors are 
removed successfully by BORM, as shown in Fig. 10(b). A 
problem with BORM occurs when the width of a hole is less 
than half the size of the patch width and the number of 
foreground pixels within the target patch is not negligible. This 
problem produces jagged edges in the hole-filled region, as 
shown in Art of the Middlebury dataset in Fig. 12(a). Thus, if 
the width of a hole is reduced to less than half the width of the 
patch, it is better to fill in the hole pixel with a single value by 
computing the average pixel intensity around hole point p by 
giving up the patch unit. The averaging operation is applied to 
the RGB values. The final modification method is called the 
modified background-oriented rectangle method (MBORM). 
The result of MBORM in Fig. 12 shows that a jagged shape is 
removed from the averaging operation for a left-view color 
image. 

C. Hole-Filling for Rendered Depth Image 

The remaining issue is filling in any holes appearing in the 
rendered depth image. The hole-filling procedure in the first 
stage (HF1) can be used here; however, because the 
background or foreground direction can be known in advance 
when rendering occurs, we introduce two modifications with 
respect to HF1. The first modification is the use of the bounded 
source region when finding the best-matched patch, which 
speeds up the algorithm and reduces the chance of improperly 
introducing the foreground pixels into the target region. The 
second modification is related to the definition of band ( )ˆI p  in 
(13) and (14) around point p̂  found from GOP to prevent the 
foreground pixels from being used in each equation. As an outer 
band, we consider only the green colored area on the left side of 
the outer band in Fig. 13(a) for the generation of a left-view 
image, instead of the green colored outer band shown in Fig. 7. 

IV. Experimental Results and Discussion 

To evaluate the HF1 step, depth images with large holes in 
 

 

      

Fig. 13. Modified outer band are for (a) left-view image and (b) 
right-view image. 
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Fig. 14. Results of the previous and proposed methods for depth images with holes (DIHs) of Teddy, Art, and Baby3 in HF1 (a) original
color images, (b) enlarged yellow rectangle of the color images, (c) DIHs, results of (d) EBI, and (e) proposed method. 

(a) (b) (d) (c) (e) 

 
the datasets have been chosen as a DIH in order to prove the 
clear advantage of fusing the depth and color information as 
well as the BOP. The Teddy, Art, and Baby3 images in the 
Middlebury dataset [11] are placed in order from top to bottom 
in Fig. 14. The image sizes of Teddy, Art, and Baby3 are   
900 pixels × 750 pixels, 1,390 pixels × 1,110 pixels, and  
1,390 pixels × 1,110 pixels, respectively. The yellow windows 
of these color and depth images are enlarged in Figs. 14(b) and 
14(c). To evaluate the hole-filling performance for the depth 
images, we compared the use of EBI with our proposed 
method, as shown in Figs. 14(d) and 14(e), respectively. The 
conventional method filled in the wrong patch coming from 
the foreground part into the region indicated by the red arrows, 
whereas for our method these regions are suitably merged into 
the background parts, resulting in smooth backgrounds, as 
shown in Figs. 14(d) and 14(e). The area of the hole in the 
depth image of Baby3 is about 5% of the whole area, and the 
hole region is shown as dark in the bottom of Fig. 14(c). When 
the biggest hole is sandwiched between two foreground objects, 
such a large hole region can be filled in successfully with 
background pixels owing to the fusing of depth and color 
information, as shown at the bottom of Fig. 14(e). We used a 
patch size of 9 pixels × 9 pixels, and the outer band was 
extended to 17 pixels × 17 pixels for this HF1 experiment. 
Because holes exist in most depth images of the Middlebury 
dataset, the holes can be reasonably filled in using our 
FDCBOP method. 

The rendered images are generated using (3) for hole-
removed images provided by FDCBOP. The disparity t in (3) is 
nine-times the average disparity (65 mm) of the human eyes, 
where the screen width W is 1,100 mm, Zmin is 2.6 W, and  
Zmax is 3.0 W for the rendering. Given disparity t, because the 
width of the generated hole is proportional to the depth 
difference between the foreground and background, the hole 
width of the rendered images is about 10 pixels to 25 pixels 
along the horizontal direction. We use a patch size of 7 pixels × 
7 pixels and a bounded source region size of 35 pixels × 70 
pixels for filling in the holes of the rendered images. First, we 
show the rendered depth images and their holes that need to be 
filled because this depth image will be used to generate a hole-
filled color image as the final rendered image. The left-view 
images of Cones, Teddy, and Art are shown in the first column 
of Fig. 15. For clarity of display, part of the image marked by 
the yellow window is enlarged and shown in the remaining 
columns in Fig. 15. Portions of the hole region have been 
replaced by incorrect patches of the foreground in the resulting 
images of EBI in Fig. 15(d). Jagged edges at the boundary of 
the hole are observable in the EBI results, as shown in Fig. 
15(d), whereas clear edges appear in the results of our proposed 
method when the holes have been filled with new patches 
determined by fusing two candidate patches using GOP, as 
shown in Fig. 15(e). 

Finally, we show the hole-filled results for the rendered color 
images using our proposed method. Five rendered color  
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Fig. 15. Results of the previous and proposed methods for rendered depth images of Cones, Teddy, and Art in HF3: (a) left-view color
images, (b) enlarged images of the left-view color images corresponding the yellow rectangle, (c) enlarged depth images,
results of (d) EBI, and (e) proposed method. 

(a) (b) (d)(c) (e)

images are used for evaluating our method. The enlarged left- 
and right-view images of Art and Cones, and the left-view 
image of Teddy, are enlarged for display and shown in    
order from top to bottom in Fig. 16(a). The results of the 
conventional method are shown in Figs. 16(b) through 16(d), 
whereas the results of our proposed method are shown in   
Fig. 16(e). The results of EBI are not satisfactory at all because 
jagged edges are observable and incorrect colors appear in  
Fig. 16(b). The problem with IFM is displayed in Fig. 16(c). 
The boundaries are quite blurred here and the filling itself is  
not correct for certain parts of the image. One of the major 
problems is that this algorithm searches only the neighbors   
of a boundary point and performs a weighted sum of the 
neighboring pixels, which seems to be the major source of 
blurring. Another feature is that the algorithm searches the 
neighboring pixels of the boundary and cannot reach the deep 
region from the boundary as compared to our proposed method. 
The results in Fig. 16(d) are from DBI, which modifies the 
IFM method by copying the background onto the other side of 
the hole, thus preventing the foreground from being inserted 
into the hole region. This method can remove most of the 
blurring effects occurring from the IFM, as shown in Fig. 16(c). 
However, when holes exist between two foreground objects, 
the idea of copying the background does not work well, which 
explains why hole-filling is not perfect in parts of the Art image 
as marked by red arrows. Still, the weighted sum property 
introduces many blurring spots in the remaining images, as 
shown in the third through fifth rows of Fig. 16(d). As for our 

proposed method shown in Fig. 16(e), a careful examination 
reveals that the jagged edges are minimized and a blurring 
phenomenon is not observable in most of the hole regions.  

One important issue is the evaluation of these multiview 
images on an actual 3DTV. We used five sets of depth and 
color images of the Middlebury dataset for evaluating the 
multiview images generated by our proposed method. We 
generated seven images for each set: an original image, three 
left-view images, and three right-view images. If the disparity 
of the human eyes is denoted by ∆t, three disparities for the left 
views and another three disparities for the right views are 
defined with a uniform interval of 1.5∆t with respect to the 
original image. Hence, the total span of the disparity used in 
this evaluation is 9∆t An original image and one of six 
generated images constitute a stereo set with changing disparity. 
Thus, each set produces six stereo sets and we constructed a 
total of 30 stereo set images from the Middlebury dataset to  
be tested on a 3DTV. The evaluation of the five sets was 
conducted using 20 Asian participants. The ages of the 
participants ranged from 28 to 52, and the gender ratio was 1:1. 
The participants watched the stereo images for each method 
randomly and assessed them by employing a questionnaire 
[23] often used in stereo image evaluations, which has five 
grades of 20 to 100 points, as shown in Fig. 17. The average 
scores for the five sets are shown in Fig. 18(a). The proposed 
method ranked first and obtained more than 80 points for the 
four sets, whereas IFM and our method had the same highest 
score of 67 for the Aloe set. In the case of this set, the area of 
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Fig. 16. Results of the previous and proposed methods for rendered color images of Art, Cones, and Teddy in HF2: (a) enlarged
rendered color images, results of (b) EBI, (c) IFM, (d) DBI, and (e) MBORM (proposed method). 

(a) (b) (d) (c) (e) 

 

 

Fig. 17. Symptom questionnaire about eye-fatigue. 

How do your eyes feel? 

Very fresh OK Mild strain Strain Severe strain

(100) (80) (60) (40) (20)

 

 
the hole in the depth image generated by the sensors was the 
largest (about 5% of all image pixels) of the five sets, causing 
mismatches between the object in the color image and that of 
its corresponding hole-filled depth image, and thus degrading 
the performance. The standard deviations of each set are also 
included in Fig. 18(b). The standard deviations ranged from  
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Fig. 18. Evaluation results of eye-fatigue for 20 participants for 
the five sets: (a) average scores and (b) standard deviations.
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about 19.39 to 26.29 for the Cones and Aloe sets, whereas for 
the other three sets, our method with the highest scores showed 
relatively small standard deviations ranging from roughly 9.80 
to 15.33. 

We found that if the rendered image introduces artifacts such 
as jagged edges or blurry parts, particularly at the edges, an 
awkwardness or uneasiness may occur when watching 3D 
images on a 3DTV. When viewing stereo images containing 
resulting images from the previous method, we cannot help but 
feel uncomfortable owing to certain mismatches in the image 
contents, whereas when using stereo images based on our 
method, we feel much more comfortable and do not 
experience eye-fatigue even when exposed to the image for a 
period of more than a full minute. 

V. Conclusion 

We presented new hole-filling methods for generating 
multiview images. For the hole-filling of a depth image, we 
proposed the fusing of two candidates derived from color and 
depth images by introducing reliabilities and weights. In 
addition, because the filling order is very critical, we proposed 
the use of background-oriented priority (BOP), which starts to 
fill in the holes on the background side. Our experiment results 
show that the proposed fusion method using BOP with a 
weighted sum of the two candidates can significantly improve 
the quality of the hole-filling. For the hole-filling of the 
rendered color image, we added the distance measure from the 
depth space to that from the color space to find the best-
matched patch in the background or foreground. When the 
hole width becomes smaller than one-half the size of the patch 
width, the hole region starts to be filled in by the pixel unit 

instead of the patch unit, which can reduce the jagged edges on 
the foreground side of the hole-filled region. It is shown that 
the proposed MBORM can successfully reduce the jagged 
edges and blurry phenomenon occurring from certain 
conventional methods. In addition, the results of our proposed 
method are more comfortable than those of previous methods 
when the images are assessed on an actual 3DTV. 
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