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ABSTRACT 
 
Error robustness becomes an important issue when the 
compressed depth map is transmitted over error prone 
network. There have been some algorithms to improve the 
error robustness of color video in the past years. However, 
their extensions to depth map are not reasonable due to the 
difference between depth map and color video. In this paper, 
a novel error robust distortion model is proposed to enhance 
the error robustness of depth map, in which the end-to-end 
distortion of virtual view is estimated. More specifically, the 
proposed distortion model recursively computes the 
expected decoded depth for each pixel by considering the 
channel condition and error concealment method, and then 
the expected decoded depth is used to estimate the end-to-
end distortion of virtual view. Experimental results show 
that the proposed distortion model consistently outperforms 
the conventional distortion model and outperforms the 
random intra updating algorithm in most cases. 
 

Index Terms— Depth map coding, error robustness, 
distortion model, end-to-end distortion 
 

1. INTRODUCTION 
 

In 3DTV system, the depth map is commonly 
compressed by using conventional video compressing 
standards, such as H.264/AVC [1] and HEVC [2]; and the 
compressed depth map is commonly transmitted through 
packet loss networks.  

While the compressed depth map is transmitted 
through error prone networks, error robustness to packet 
loss is a crucial requirement since the conventional video 
coding standard is based on the hybrid coding framework, 
in which the prediction loop propagates errors and causes 
substantial distortion of received depth map. 

To deal with the error propagation problem, several 
error resilience coding techniques have been proposed. 
Insertion of intra coded blocks is a widely used and 
standard compliant type, sine the intra coded blocks can 
switch off the inter-frame prediction loop and the 
reproduced blocks are no more dependent on the previously 
decoded frames. However, the intra coded blocks generally 

require more bits. Therefore, a careful selection of intra 
coded block in terms of rate and distortion is necessary.  

Some algorithms have been proposed to insert intra 
coded blocks for color video. The early algorithms have 
been proposed to insert intra coded blocks randomly [3] or 
periodically [4]. To improve the coding performance 
further, several rate distortion optimized methods [5]-[9] 
have been proposed to optimally choose the number and 
position of the intra coded blocks. In [5], a generalized 
framework for joint rate control and error control is 
proposed, in which the intra refresh rate is determined prior 
to the coding of a frame. Some end-to-end distortion 
models have been proposed in [6]-[9], in which the end-to-
end distortion of the color video was estimated in different 
manners. In [6], a recursive optimal per-pixel estimate 
(ROPE) algorithm has been proposed to estimate the end-
to-end distortion at pixel level by recursively computing the 
first and second moments of the reconstructed pixel value. 
However, it is assumed that the integer motion 
compensated prediction is used rather than sub-pixel 
prediction in ROPE to avoid the intensive computing and 
storage required in pixel averaging operation. To deal with 
this problem, two model-based cross-correlation 
approximation methods were proposed in [7], in which the 
cross-correlation of two pixels were approximated as a 
function of their available first and second marginal 
moments. The H.264/AVC test model adopted an error-
resilient rate distortion model proposed in [8], in which the 
expected end-to-end distortion is estimated in a manner of 
independently simulating K copies of channel behaviors at 
the encoder. The end-to-end distortion model in [9] takes 
the overall distortion as the sum of several separate 
distortion items. 

The above methods can enhance error robustness of 
color video to packet loss. However, their extension to 
depth map is not reasonable, because it is not depth map, 
but virtual view to be displayed to users. In error free 
environment, some virtual view distortion models have 
been proposed to improve the coding efficiency of source 
coding for depth map. In [12], a distortion model taking the 
global video characteristic into account was proposed to 
estimate the distortion of virtual view. In [13], Kim et al. 
extends the method by considering the local characteristic 



of video. To make the distortion model more accurate, the 
disparity rounding problem was considered in [11]. In [14], 
an alternative model has been proposed by mimicking the 
view rendering process. However, these distortion models 
are not suitable for depth map coding in error-prone 
environments, since the channel condition and error 
concealment method are not considered. 

In this paper, we proposed an error robust distortion 
model for depth map coding in error-prone environments. 
In the proposed model, the end-to-end distortion of virtual 
view should be estimated. Toward this goal, we firstly 
estimate the expected decoded depth for each pixel, and 
then use the distortion model in [11] to estimate the end-to-
end distortion of virtual view. 

The rest of the paper is organized as follows. In Section 
2, the depth image based rendering process (DIBR) and the 
virtual view distortion model in [11] are described. Section 
3 described the proposed error-robust distortion model for 
depth map coding. The experimental results were presented 
in Section 4. Section 5 concludes the paper. 
 

2. VIRTUAL VIEW DISTORTION MODEL FOR 
DEPTH MAP CODING  

 
In this section, we firstly describe the rendering process of 
the virtual view and then introduce the virtual view 
distortion model for depth map coding in [11]. 

2.1. Rendering process of virtual view 

The virtual view can be synthesized by using the reference 
video and corresponding depth map through depth image 
based rendering (DIBR) process. Simply speaking, DIBR 
process projects the pixel value at reference video to the 
corresponding position at the virtual view. 
        In the following description, we assume that ሺݔ,  ሻݕ
denotes pixel position in reference video and ሺݔ௩,  ௩ሻݕ
denotes the corresponding pixel position in virtual view. 
The subscript r indicates reference view, and the subscript v 
indicates the virtual view. Therefore, the DIBR process can 
be described by the following two steps. 
        First, position ሺݔ,  ሻis mapped into the real worldݕ
coordinate ሺݑ, ,ݒ  ሻ with the depth map byݓ

1[ , , ] [ , ,1] ( , )T
r r r r r r r ru v w R A x y Z x y T−= ⋅ ⋅ ⋅ +   (1) 

where ܴ  is rotation matrix, ܣ is intrinsic camera 
parameter matrix, ܼሺݔ, ሻݕ is real depth value at 
position ሺݔ, ሻݕ  and ܶ  is translation vector. The real 
depth value ܼሺݔ, ሻݕ  can be calculated according to 
depth map  ܦሺݔ,   ሻ throuthݕ
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where ܼ  and ܼ  represent the nearest and farthest 
depth value in the scene, respectively. If the depth value is 
represented by 8 bits, they correspond to 0 and 255, 
respectively. 

Second, the real world coordinate ሺݑ, ,ݒ ሻݓ  is 
projected into the position ሺݔᇱ, ,ᇱݕ  .ᇱሻ in the virtual viewݖ

' ' ' 1[ , , ] {[ , , ] }T T
v v vx y z A R u v w T−= ⋅ ⋅ −           (3) 

where ܣ௩ , ܴ௩  and ௩ܶ  are the intrinsic camera parameter 
matrix, rotation matrix and translation vector of virtual view, 
respectively. 

The corresponding pixel position ሺݔ௩, ௩ሻݕ in virtual 
view can be calculated by 

' '
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However, for multi-view video system with parallel 
camera arrangement, the virtual view can be simply 
synthesized by the following equation. 
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where ݂ denotes focal length, and ∆୶ is the distance between 
two cameras. 

The term 
·∆ೣೝሺ௫ೝ,௬ೝሻ  in equation (5) is also called 

disparity in horizontal direction and denoted as d. In most 
cases, the disparity is not integer and it needs to be rounded 
to integer in rendering process. If the rendering process 
enables a pixel to be rounded to 1/M sub-pixel in the virtual 
view, the disparity λ-rounding function [10] can be written 
as 

( )
( )

d M
round d

M
λ− ⋅⎡ ⎤⎢ ⎥=                           (6) 

where λ is usually set 0.5 Mൗ . 

2.2. Virtual view distortion model 

Assume the original depth map is Dሺx, yሻ  and its 
reconstruction value is Dሺx, yሻ  after encoding. Their 
associated disparities calculated according to equation (5) 
are ݀ and ො݀, respectively. The rendering position error xΔ  
caused by depth distortion can be calculated by 

ˆ( ( )) ( ( ))
ˆ( ) ( )

x x round d x round d

round d round d

Δ = + − +

= −
      (7) 



According to [11], the distortion D୴ሺxሻin virtual view 
caused by xΔ can be approximated as 

2( ) 2 (1 )x
vD x δ ρ Δ= ⋅ ⋅ −                         (8) 

where δଶ is the variance of the video block collocated with 
depth map block and ρ  represents the video block 
correlation when translated by one pixel. 

Since xΔ is not very large, the distortion of virtual 
view can be approximated by 

2( ) 2 (1 )vD x xδ ρ= ⋅ ⋅ − ⋅ Δ                      (9) 

Therefore the distortion of virtual view caused by the 
current depth map block is 

2 2
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where N is the size of the current depth map block. 
 
3. THE PROPOSED ERROR-ROBUST DISTORTION 

MODEL FOR DEPTH MAP 
 
From the above description, we can see that the distortion of 
virtual view can be estimated if the reconstructed depth map 
is obtained. However, the decoded depth map is unavailable 
at the encoder due to the random channel behavior when the 
depth map is transmitted over the error-prone network. So 
the decoded depth map should be estimated at the encoder. 
In the following, we firstly analyze the reconstruction 
process of depth by considering two cases depending on 
whether the pixel belongs to intra coded block or inter coded 
block, and then propose a method to estimate the 
reconstructed depth map at decoder. 
 
3.1. Analysis of reconstruction process of depth at 
decoder 
 
We assume that D୬୧  be the original depth of pixel i in frame 
n, and D୬୧  denote its reconstruction at encoder. Let  D෩୬୧  be its 
reconstructed depth at decoder, which is potentially different 
from the reconstruction depth at encoder D୬୧  due to the 
packet loss. Assume that  p is the packet loss rate. 
 
3.1.1. Reconstruction process of depth in intra coded block 
 

If the packet containing intra coded block to which pixel i 
belongs is correctly received, then D෩୬୧ ൌ D୬୧  and the 
probability of this event is 1- p. If the packet is lost, the 
depth of pixel k in the previous frame n-1 is used to estimate 
the pixel i in the current frame, then D෩୬୧ ൌ D෩୬ିଵ୩  and the 
probability of this event is p. Therefore, the reconstructed 
depth for intra coded pixel at decoder can be represented as 

1

. . 1
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                        (11) 

 
3.1.2. Reconstruction process of depth in inter coded block 
 
Let us assume that pixel i in the current frame n is predicted 
from pixel j in the reference frame ref and the encoder 
prediction is ܦ . We denote the encoder quantization 
residue as ݁̂ , which means that the reconstruction depth of 
this pixel at encoder, ܦ , is equal to ܦ  ݁̂ . 

If the packet consisting of quantization residue and 
motion vector is correctly received, the decoder 
reconstruction of depth of pixel i in frame n is given by ܦ෩ ൌ ݁̂  ෩ܦ , which is potentially different from the 
encoder reconstruction  ܦ   due to the difference between ܦ෩  and ܦ . The probability of this event is 1-p. If the 
packet is lost, the reconstruction depth of pixel k in the 
previous frame n-1 at decoder is used to estimate the 
reconstruction of pixel i in the current frame, that is ܦ෩ ൌ ෩ିଵܦ  and the probability of this event is p. So the 
reconstructed depth for inter coded pixel at decoder can be 
represented as follows. 
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3.2. Estimation of reconstructed depth at decoder 
 
According to the above description, we can use the 
expectation of the decoded depth map to be the estimation 
of the reconstructed depth map at the decoder. 

For the pixel in the intra coded block, the expectation 
of the reconstructed depth at decoder can be calculated by 
the following equation. 

1{ }( ) (1 ) { }i i k
n n nE D I p D p E D −= − ⋅ + ⋅       (13) 

For the pixel in the inter coded block, the expectation 
of the reconstructed depth at decoder can be calculated by 
the following equation. 

1{ }( ) (1 ) ( { } ) { }i j i k
n ref n nE D P p E D e p E D −= − ⋅ + + ⋅ (14) 

where I and P indicate the current pixel is intra coded or 
inter coded, respectively. 

Note that the expectation of the decoded depth of the 
first frame can be obtained directly without error 
propagation because it is coded as intra frame. Hence, the 
expectation of the decoded depth of the following frames 
can be recursively calculated frame by frame. 

 



3.3. Estimation of end-to-end distortion of virtual view  

 
According to the above description, we can calculate the 
expectation of the decoded depth for each pixel. Given the 
expectation of the decoded depth Eሼܦ෩ሺݔ, ሻሽݕ  and the 
original depth ,ݔሺܦ ሻݕ , the corresponding rounding 
disparities ݀ாሼ෩ሽ  and ݀  can be computed according to 
equations (5) and (6). Hence, the rendering position error is 
obtained by ∆x ൌ ݀ாሼ෩ሽ െ ݀ . Therefore, the end-to-end 
distortion for virtual view can be estimated for the current 
depth map block according to equation (10). 
 

4. EXPERIMENT AND RESULTS 
 
To evaluate the accuracy of the proposed distortion model, it 
is integrated into the RDO framework to choose optimally 
the number and position of intra coded blocks. The 
competing methods consist of random intra updating 
algorithm (“RU”) and conventional RDO algorithm (“Con-
RD”). In random intra updating algorithm, given packet loss 
rate p, a fraction p of macro-blocks (MB) in each frame is 
coded as intra. In conventional RDO algorithm, the packet 
loss rate is ignored. In the two methods, the distortion model 
of virtual view described in Section 2 is adopted. In the 
disparity rounding part of the distortion model in Section 2, 
we set 1M = , 0.5λ = in this experiment. 

The JM 15.1 H.264/AVC codec was employed. In the 
experiment, we employed CABAC for entropy coding; a 
single reference frame is used in motion estimation and sub-
pixel motion estimation is disabled. The de-blocking filter is 
enabled and inter pixels are not used for intra macro-block 
prediction. Each row of macro-blocks in each frame 
composes a slice and is packed in a separate packet. The 
original rate control algorithm from JM codec is used and 
the temporal-replacement is employed for error concealment. 

In the experiment, the depth maps from different views 
are compressed independently under the same bit rate, and 
the texture videos are not compressed.  The first frame of 
the sequence is coded as I-frame and all the rest frames are 
coded as P-frame. The reconstructed depth map and the 
texture videos are used to synthesize the virtual view by 
view synthesis reference software (VSRS) version 3.5. The 
virtual view synthesized using original depth map and 
texture video is used as reference to compute PSNR. At the 
decoder, 200 randomly generated packet loss patterns are 
used, and the average luminance PSNR of the virtual view is 
calculated to evaluate the performance. 

As a test set, we selected four multi-view sequences 
Balloons, Newspaper, Lovebird1 and BookArrival. The 
resolution of these sequences is 1024x768. The detailed test 
setting is shown in Table 1. 

At the encoder, four bit streams are generated in terms 
of each algorithm; at the decoder, these bit streams are 
decoded after simulating packet loss rate 5%, 10%, 15% and 
20%, respectively. It is assumed that the packet containing 

the parameter set and packets containing the first frame are 
correctly received at the decoder. The performance 
comparison for different sequences is presented in Table 2. 

Table 1. Test setting for each sequence 
 Balloons Newspaper Lovebird1 BookArrival 
Bit 
rate(kbps) 688.57 788.96 528.49 518.57 

Frames 150 150 200 100 

View-
number  1-3 4-6 4-6 8-10 

Frame 
rate(fps) 30 30 30 16.67 

Table 2. Performance comparisons of average PSNR [dB] 
for virtual view at different packet loss rate 

sequence scheme 
PSNR of different packet loss rate 

5% 10% 15% 20% 

Balloons 

Proposed 43.83 43.13 42.55 42.07 

RU 43.66 42.83 42.15 41.60 

Con-RD 43.25 41.94 40.87 39.96 

Newspaper 

Proposed 41.64 40.97 40.39 39.84 

RU 41.32 40.18 39.31 38.47 

Con-RD 40.75 39.35 38.29 37.42 

Lovebird1 

Proposed 42.71 42.23 41.82 41.39 

RU 43.32 41.34 40.14 38.65 

Con-RD 42.27 41.41 40.68 40.04 

BookArrival 

Proposed 41.32 40.66 40.00 39.40 

RU 41.48 40.59 39.87 39.29 

Con-RD 40.93 39.72 38.72 37.87 

From the Table 2, we can see that the proposed method 
outperforms the conventional RDO algorithm in all cases, 
and outperforms the random intra updating algorithm in 
most cases.  

In particular, it outperforms the conventional RDO 
algorithm about 2.4dB and the random intra updating 
algorithm 1.4dB for Newspaper sequence at the packet loss 
rate 20%. Such gain in PSNR also means the visual quality 
improvement. The visual quality comparison of the frame 
138 in the virtual view between the conventional RDO 
algorithm, random intra updating algorithm and the 
proposed method is shown in Fig.2. It can be seen that the 
proposed method achieves the best visual quality. 

At the packet loss rate 5%, the random intra updating 
algorithm achieves better performance than the proposed 
method for Lovebird1 and BookArrival. That is because the 
random intra updating algorithm inserts more intra coded 
blocks in the beginning frames of the sequence and the 
quality of these frames is higher than that of the frames 
encoded by the proposed method. However, there are more 



bits required to encode these intra coded blocks in the 
random intra updating algorithm, so the bits left to encode 
the following frames is fewer than that left in the proposed 
method. Therefore the quality of the following frames in the 
proposed method will be higher than that of the frames in 
the random intra updating algorithm. This is can be shown 
in Fig.1, in which we illustrate the PSNR of the frames from 
176 to 199 in the virtual view of Lovebird1 that is rendered 
using the depth map encoded by the proposed method and 
the random intra updating algorithm at the packet loss rate 
5%. 

 
Fig.1. PSNR of frames from 176 to 199 in the virtual view for 
Lovebird1 rendered using depth map encoded by two methods 

At packet loss rate 10%, 15% and 20%, the random 
intra updating algorithm achieves less performance than the 
convention RDO algorithm for Lovebird1. In my opinion, 
this is caused by the characteristic of the sequence. The 
depth of the foreground and background are nearly not 
changed in sequence Lovebird1; based on the assumption 
that the first frame is correctly received, for some regions, it 
is not necessary to code them as intra, since the depth after 
error concealment approximates to the decoded one. 
Therefore, compared with the random intra-updating 
algorithm, the conventional rate-distortion algorithm can 
allocate more bits to the regions which have more influence 
on the quality of virtual view. So the performance of the 
conventional RDO algorithm is better than that of the 
random intra updating algorithm. 
 

5. CONCLUSION 
 
This paper proposes an error robust distortion model for 
depth map coding to enhance the error robustness of depth 
map coder to packet loss. Different from the existing virtual 
view distortion functions used in the source coding of depth 
map in error-free environment, the channel condition and 
the error concealment algorithm used in the decoder are 
taken into account. To demonstrate the accuracy of the 
proposed distortion model, we incorporate the distortion 
model within the RDO framework to choose the optimal 
number and position of the intra coded blocks. The 
experimental results show that the proposed method 

achieves better performance than the conventional RDO 
algorithm in all cases and outperforms the random intra 
updating algorithm in most cases. In the future work, we 
will analyze this distortion model and improve its 
performance. 
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(a) Virtual view rendered by original depth map 

 
(b) Virtual view rendered by depth map encoded by Con-RD 

 
(c) Virtual view rendered by depth map encoded by RU 

 
(d) Virtual view rendered by depth map encoded by the proposed 

method 

Fig. 2. Visual comparison for Newspaper at packet loss rate 20% 
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