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Abstract 
 

A layered method is presented in this paper to resolve the 
visibility problem in depth image-based rendering. A novel 
three-layer representation for each reference view, i.e. the 
main layer, background layer and the boundary layer, is 
proposed. A spatial-temporal method is designed to generate 
the boundary layer for pixel-based rendering (splatting). 
Meanwhile, a temporal background model is built for each 
frame by searching backward and forward for uncovered 
background information based on depth variance in the 
reference video. Promising results of view synthesis using 
the multiple-view 3d data from Microsoft Research, "break 
dancer" and "ballet", are given to demonstrate the 
performance of the proposed method.  
 
 
1. Introduction 
 
   In the past decade Image-based rendering (IBR) has 
received much attention as a powerful alternative to the 
traditional geometry-based rendering for view synthesis [2, 8, 
1, 11]. Applications such as video games, virtual travel, 
multiple view video coding (MVC), 3-d TV and free 
viewpoint video (FVV) stand to benefit from this technology. 
    Depth-image-based rendering (DIBR) is an IBR technique 
to generate a novel view [7] from one or more images and 
associated per-pixel depth information [9]. Determination of 
colors per pixel in the synthesized view is the classical 
computer graphics problem of reconstruction and resampling. 
Generally the rendering method can be pixel-based (splatting) 
[6, 8], or (triangular) mesh-based [5, 15]. Either way has to 
deal with the occlusion and dis-occlusion problems [4]. 
    The straightforward solution for occlusion handling is Z-
buffering [2]. An alternative method is mapping the pixels in 
a back-to-front specific order [7]. Its short-coming is 
unavailability for rendering with multiple reference images. 
    Since the reference view doesn’t provide information 
about the dis-occluded area or hole, a view synthesis system 
has to assume the background typically extends into the hole, 
such as searching backwards along the epipolar lines in [8], 
despite that it gets more complicated when the foreground 
object is non-convex. Alternatively, people can apply 

boundary and statistical pattern assumptions in hole-filling 
through inpainting and texture synthesis [14, 13]. 
Nevertheless, this method has to take the risk of extending 
foreground into the hole. It is worth to mention, Shade et al. 
proposed layered depth image (LDI) to tackle this problem 
[10]. However, generating a compact LDI as a segmentation 
task is not easy. 
    A simple technique is smoothing the depth information by 
low-pass filtering [4], still possibly leading to geometric 
distortions. In contrast, a smart approach is proposed in [15], 
which locates the depth discontinuities and creates a 
boundary strip around these pixels. Then it performs image 
matting to determine the color and depth within these strips. 
Both the main layer and boundary layer are blended together 
to remove cracks and artifacts in view synthesis. Criminisi et 
al. consider a temporal background model to help filling in 
holes and reducing temporal artifacts in view interpolation 
from a pair of rectified images for one-to-one conferencing 
[3]. Its background model is built by bi-modal disparity 
histogram-based segmentation and maintained dynamically. 
The bi-modal histogram looks characteristic of the relatively 
simple scene of talking head, notwithstanding this model will 
face more challenges in the complicated background. As a 
matter of fact, range data segmentation is difficult. Besides, 
background maintenance is also challenging though the 
camera is assumed fixed [12]. 

The author’s work is inspired by [15] and [3]. In this 
paper a layered method of depth-image based rendering with 
one or more camera views is proposed. Each reference view 
applies a novel three-layer representation, i.e. the main layer, 
background layer and the boundary layer. When the boundary 
layer is built in pixel-based rendering (splatting), a spatial-
temporal method is proposed in this paper. Meanwhile in the 
reference video, a temporal background model is constructed 
for each frame by searching backward and forward for 
uncovered background information based on depth variance. 
Experiment results using MSR multiple view data* “Break 
Dancer” and “Ballet” are presented to demonstrate the 
proposed method and future work are discussed eventually.  
 

                                                           
*http://research.microsoft.com/vision/InteractiveVisualMediaGroup/3D
VideoDownload/ 



2. The Layered DIBR Approach 
 
2.1. 3-D Warping 
   The technical route to realize DIBR is 3-d image warping 
[7, 8] known in computer graphics literatures. It generates a 
novel image from any nearby viewpoints by un-projecting 
pixels of reference images to the proper 3d locations and re-
projecting them onto the new image space. 
Let's define a 3-d point by its homogenous 

coordinates tzyxp )1,,,(= , and its perspective projection in 

the reference image space is t
rrr vuP )1,,(= , then 

pPPMPw rrr = ,                               (1) 

where 
rPPM is the 3x4 perspective projection matrix, built 

by extrinisic and intrinsic parameters of the calibrated 
reference camera. Correspondingly, it is direct to get the 
equation for the synthesized view as 

pPPMPw sss = .                                (2) 

Denote the twelve elements of the perspective projection 
matrix 

sPPM  as 
ijq , i =1,2,3, j=1,2,3,4. From image point 

sP  and its depth z, other two components of the 3-d point p 

are estimated by a linear equation as 
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with 
zquqquqb rr )()( 331334141 -+-= , 

113111 qqua r -= , 
123212 qqua r -= . 

zqvqqvqb rr )()( 332334242 -+-= ,  

213121 qqva r -= , 
223222 qqva r -= . 

Re-projecting the 3-d point onto the synthesized image plane 
by (2), the novel view’s image

sP  is obtained. 

 
2.2. Boundary Layer 
   In the reference view, depth discontinuities at the boundary 
between foreground and background cause the holes in the 
synthesized view. Since the pixels along the boundary of the 
objects receive contributions from both of the foreground and 
background colors, these mixed pixels' color will result in 
visible artifacts in depth-image-based rendering. Though 
boundary matting is originally a technique to reduce the 
artifacts due to mixed pixels [15], the concern in this paper is 
more focused on filling in holes. 
   First the depth discontinuities are located by checking if the 
disparity jump between each neighboring pixel pair is greater 
than x  pixels. Based on the pixel-based rendering method 

(splatting), the procedure to form the boundary layer is 
discussed specifically below. 
   Illustrated in Figure 1, pixeld ’s disparity value disp( d )  is 
checked with its 8-neighborhood. When a disparity jump is 
detected, boundary pixels are marked and their color and 
disparity values are adjusted based on background extension. 
   The modification formula for the pair of pixels at the depth 
discontinuity is: for example, if depth jump is found between 
pixel d and pixel 

4e  shown in Figure 1, where d  is 

foreground and 
4e  is the background, then pixel d  and 

4e  

are modified from
4f  as 

)()1()()( 444
* evalfvaleval ×-+×= aa , 

)()1()(*)( 4
* dvalevaldval ×-+=* bb , 

where ba ,  are constant factors (0.5<a < b <1) and val(.) 

denotes the color or depth information. Like [15], the 
boundary layer is eroded by one pixel to prevent cracks from 
appearing in rendering.  

    
Figure 1. Boundary layer construction in splatting  

   Furthermore, for each pixel in the boundary region, its 
information in temporal dimension is exploited, i.e. searching 
forward and backward at the latest frames in the same video 
for uncovered background by checking whether abrupt 
disparity reduction is more than a given threshold.  

  
  (a) frame 20 in Color       (b) frame 20 in Disparity 

 
(c) Disparity varies over the sequence 

Figure 2. Temporal extension in boundary layer  
   It is possible to find not a few background candidate pixels 
with smooth disparity change during a period of continuous 
frames. A simple method is median-filtering them on the 
disparity space; alternatively the one which color is consistent 
with the existing color determined by background extension 
as above is selected. The color consistency measure is chosen 
to be a L2 distance in the RGB space. If different background 
information is found in the forward and backward direction, 
the color consistency metric is also used to determine the 
ultimate one. If no background information is found, the 
existing information obtained from background extension will 
be preserved. 



   Figure 2 is illustrating this scheme by an example. Pixel in 
red at frame 20 in view 4 of MSR multiple view video 
“Ballet” is on the boundary area (on the left hand), shown in 
the image Figure 2(a) and its associated depth in Figure 2(b). 
The depth value at this position varies in the whole sequence, 
shown in Figure 2(c). The disparity at frame 20 is highlighted 
in red. Searching forward and backward, background 
candidate pixels are extracted, shown as painted in green. 
Then the one from them the most consistent with the existing 
color from background extension is chosen. Figure 3 shows 
examples of generated boundary layers (color only) for the 
first frame in video “break dancer” and video “ballet” 
respectively. 
   In summary, the proposed method to build the boundary 
layer works in a spatial-temporal way. Information in 
temporal dimension is exploited that is more reliable than 
simply extending background in spatial dimension.  

  
Figure 3. Boundary layers in “Ballet” and “Break dancer” 

 
2.3. Background Layer 
   Usually holes result from unknown information. Multiple 
reference views provide spatial information in IBR, while 
temporal consistency offers additional information in video-
based rendering, such as the use of a temporal background 
model for hole-filing in [3].  

   

  
(a) Color                                        (b) Disparity 

Figure 4. The background model in “Ballet”, “Break dancer”  
   In this paper a disparity-based temporal method is 
proposed to build the background for each frame without the 
burden of depth data segmentation and background 
maintenance [3]. It is to extend the idea of temporal 
background extension for the boundary layer described in 
Sect. 2.2: for each pixel, its varying disparity in the whole 
sequence is investigated and abrupt disparity change that 
greater than a given threshold is detected; based on that, the 

temporal disparity curve is separated into different segments, 
where disparity in each segment varies smoothly; each 
segment  is assumed to possess the same background and to 
be the background for other segment or itself; eventually 
each segment is searched forward and background to find its  
background from neighboring segment. A complicated 
algorithm would utilize the spatial consistency to optimize 
the background model [14]; instead in this paper median 
filtering is employed to determine the disparity and the color 
for each segment. Figure 4 provides examples of the built 
background model at frame 20 in video “break dancer” and 
video “ballet” respectively. 
  The proposed method is not trying to maintain a 
background model, instead to discover temporally the 
uncovered background information in neighboring frames 
based on depth plunge. 
 

2.4. Compositing in Rendering 
   The compositing method combines the warped frames from 
different layers and different views. The more emphasized 
reference view is defined by the angular distance used in [1]. 
For each reference view, the background layer, the main layer 
and its boundary layer are formed. Figure 5 shows the 
compositing framework from two reference views. Pixel 
blending is realized by Z-buffer [2]. Below the procedure 
using the pixel-based rendering (splatting) is discussed. 
   The splatting method will render the novel view pixel-by-
pixel varying the reconstruction kernel size depending on the 
disparity and normal vector orientation of the reference pixel. 
The splatting kernel size for the background/main layer 
differs from the boundary layer, because the latter will be 
warped to the dis-occluded area in the synthesized view. The 
hole size can be estimated based on the depth discrepancy, 
which decides the reconstruction kernel size in splatting.  

 
Figure 5. Multiple (two) reference views-based rendering  

    In blending, two main layers are fused first. Then the 
boundary layer and the background layer are applied to fill in 
the uncovered area in the synthesized view. 
 

3. Experimental Results 
 
    A GUI is designed with Visual Studio.Net and 
implemented with VC++ for depth-image based rendering. 
Two experimental results for video “ballet” and “break 



dancer” from MSR are given in Figure 6-7. There are eight 
cameras in video capture, view 0-7. To demonstrate the 
rendering with multiple reference views, view 2 and view 5 
are selected as reference, and other views are synthesized. In 
each figure in this paper, the results with/without hole-filling 
are shown for comparison (the holes are drawn by green). 
The hole filling process applies spatio-temporal information 
from the boundary layer and the background layer.   

  
      (a) without hole-filling              (b) with hole-filling 

Figure 6. Rendered view 6 from views 2, 5 in “Ballet”  

  
    (a) without hole-filling         (b) with hole-filling 

Figure 7 Rendered view 1 from views 2, 5 “Break dancer”  
  The PSNR (peak signal-noise-ratio) values for synthesized 
sequences (with/without hole-filling) are given in Table 1. It 
is shown PSNRs for views 3-4 are higher than views 0-1 and 
6-7 because the holes are smaller and fewer in the former. 
Meanwhile, since the baseline distance between neighboring 
cameras in capturing data “Break dancer” is less than data 
“Ballet”, PSNRs in the latter get lower.  
 
4. Conclusions 
 

A novel depth image-based rendering method is proposed. 
The layered-based representation with the main layer, 
boundary layer and the background layer solves the visibility 
problem in rendering, i.e. occlusion and dis-occlusion. A 
spatial-temporal rather than spatial only method is put 
forward to build the boundary layer in splatting (it is easier to 
apply this spatial-temporal framework to the mesh-based 
rendering method). Meanwhile, a temporal background 
model is constructed based on depth variation in the whole 
video to form the background layer. 

In future work, a more delicate spatial-temporal method 
can be investigated to improve the rendering quality, and 
meanwhile it is advantageous to consider image prior in 
artifact removal. 
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Table 1. PSNR values of synthesized sequences with/without hole-filling (HF) for “Break dancer” and “Ballet” respectively 

 
View # 0 1 3 4 6 7 

“Break dancer” w/o HF 19.11 21.19 31.13 29.13 22.40 20.75 
“Break dancer” w/ HF 31.49 33.45 34.82 35.05 34.11 31.59 

“Ballet’ w/o HF 16.29 18.45 29.48 27.78 21.00 17.38 
“Ballet” w/ HF 27.29 32.68 35.43 35.78 33.87 24.85 

 


