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Abstract: In Wyner-Ziv coding, video signals are reconstructed by correcting side information 
generated by block-based motion estimation/compensation at the decoder. The correction is not 
always accurate due to the limited number of parity bits and early stopping of low-density parity 
check accumulate (LDPCA) decoding in distributed video coding, or due to the limited number of 
measurements in distributed compressive video sensing. The blocking artifacts caused by block-
based processing are usually conspicuous in smooth areas and degrade the perceptual quality of the 
reconstructed video. Conventional deblocking filters try to remove the artifacts by treating both 
sides of the block boundary equally; however, coding errors generated by block-based processing 
are not necessarily the same on both sides of the block boundaries. Such a block-wise difference is 
exploited in this paper to improve deblocking for Wyner-Ziv frameworks by designing a filter 
where the deblocking strength at each block can be non-identical, depending on the reliability of 
the reconstructed pixels. Test results show that the proposed filter not only improves subjective 
quality by reducing the coding artifacts considerably, but also gains rate distortion performance.  
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1. Introduction 

Most video coding frameworks are usually equipped 
with the following powerful block-based tools: inter-
prediction by motion estimation and compensation; intra-
prediction; transform, such as discrete cosine transform 
(DCT); and quantization [1]. However, these tools are all 
invoked at the encoder; consequently, encoding com-    
plexity is really a problem in some usage scenarios where 
encoding resources, such as power availability and 
computational capacities, are limited. Based on the concept 
of “independently encode, jointly decode” in the theorems 
of Slepian-Wolf [2] and Wyner-Ziv [3], Wyner-Ziv video 
coding schemes are able to shift the heavy task of 
exploiting the temporal correlation from the encoder to the 
decoder. Accordingly, the advantage of low encoding 
complexity and consequential low power consumption 
shows the Wyner-Ziv video coding scheme to be very 
promising for expanding the usability of handheld/ 
surveillance devices. Distributed video coding (DVC) and 
distributed compressive video sensing (DCVS) are new 

paradigms of the Wyner-Ziv video coding principle. 
However, in these frameworks, coding artifacts, such as 
blocking artifacts [4] and high-frequency oscillatory 
artifacts [5, 6], are considerable problems. 

To reduce blocking artifacts, significant efforts have 
been made to design effective deblocking filters for both 
conventional video coding and Wyner-Ziv video coding. 
One well-known method is the deblocking filter proposed 
by List et al. [7] for H.264 Advanced Video Coding 
(H.264/AVC). For a block boundary between blocks P and 
Q in Fig. 1, based on the block boundary strength (BS), the 
deblocking filter adaptively selects one filter from a choice 
of a strong filter, a default filter, or no filter. Here, the 
boundary strength is treated as an attribute of a block 
boundary; thus, one single value is determined by referring 
to the coding modes of the two facing boundary blocks and 
the relationship between their motion information, such as 
reference indices and motion vectors. As with other 
approaches, the spatial variation of pixels in either the 
horizontal or vertical direction was examined to evaluate 
whether the given block boundary is located in a smooth, 
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intermediate, or complex area [8-10]. Subsequently, the 
proper amount of filtering compensation is determined in 
proportion to (i.e., half of, quarter of, etc.) the difference in 
pixel values between boundary pixels. Huang et al. [11] 
modified the H.264/AVC filter by finding edges occurring 
in a scene in order to differentiate the true edges from 
blocking artifacts. Their work further tracked how the 
blocking artifact is propagated into the inside of the block 
through inter-frame motion estimation/compensation by 
combining motion vectors and a blocking artifact map 
from reference pictures [11]. Yang et al. examined intra-
mode information of neighboring blocks to identify 
whether or not the blocks belong to the same object [12]. 
Based on this classification, a strong filter was applied to 
their intervening block boundary if the two neighboring 
blocks are inside an object, and a weak filter otherwise. In 
this context, the methods can be said to better preserve 
object edges than the H.264/AVC filter [11, 12]. Converse 
to these spatial-domain filtering approaches, Chang et al. 
reduced the blocking artifacts by removing some high-
frequency components at the intersections of the four 
blocks [13]. They were able to reduce the artifacts in both 
vertical and horizontal directions at the same time. 
However, the elimination of high-frequency coefficients 
with this approach can blur the true edges. The temporal 
correlation has been exploited, instead of the spatial 
correlation, in tackling the blocking artifacts [14-16]. 
Under an assumption that the coding error is a stationary 
Gaussian noise, those authors estimated a motion 
trajectory for certain blocks based on a global motion 
vector. A noise-cancelled representation of a filtering 
block is computed from the average of a group of motion 
compensations along the trajectory. The performance of 
the noise cancellation relies heavily on how faithfully the 
coding error meets the stationary Gaussian noise 
assumption. Other work evaluated the block discontinuity 
as a sum of the squared differences of the pixel values 
along the block boundary and compensated for the 
discontinuity by correcting a few transform coefficients 
[17]. In yet another approach, Luong et al. [18] utilized the 
properties of the human visual system (HVS) to control the 
boundary strength for the deblocking filter in H.264/AVC. 
A variation of the work by List et al. [7] applied to DVC 
was presented by Martins et al. [4] with a tailored 
boundary strength determined by estimated error in both P 
and Q blocks. Although many different ideas on 

deblocking have been presented, all conventional 
deblocking filters commonly treat both P and Q blocks 
along the block boundary in the same manner; that is, the 
filtering strength for each block is determined as a property 
of the block boundary, not of each individual block.  

It is noted that the block-wise independent execution of 
side information generation, prediction, transform, and 
quantization is sure to create a non-identical amount of 
coding errors over neighboring blocks. Furthermore, the 
difference in statistical behavior of pixels inside each 
block renders the coding error unequally distributed from 
pixel to pixel in each block [19]. Because both boundary 
blocks P and Q are processed in the same manner, even 
though the two blocks along the block boundary do not 
necessarily have the same coding conditions or the same 
degree of blocking artifacts, it is impossible for any 
deblocking filter developed so far to properly accommo-
date the difference between each individual block. 

In this paper, we propose to utilize the inequality of 
blocks P and Q in terms of coding error to further improve 
the deblocking filter for Wyner-Ziv video coding, which 
was partly presented in [40, 41]. In general, a decoder 
cannot determine exactly how much coding error each 
block has, except for its estimate (therefore, let us denote 
the coding error at each block as Ep and Eq). A large value 
of the estimated error is likely to indicate that current 
pixels to be filtered are most probably located at some 
distance from their original values or, equivalently, they 
are less reliable. Similarly, a small estimated error should 
mean the opposite. Hence, the amount of estimated error 
can be a good indicator of the degree of reliability of the 
reconstructed (unfiltered) pixels. We therefore define a 
reliability measure, which is then used in deblocking. The 
key contribution of this paper is the control of deblocking 
filtering based not only on pixel behavior but also on the 
pixel’s reliability. For this, to each block P and Q, we 
assign separate block boundary strengths: BSp (for block 
P) and BSq (for block Q). Subsequently, each filtering 
compensation value Δ for blocks P and Q is generated 
differently. The Δ value is adjusted slightly smaller for 
pixels in a highly reliable block, since they are believed to 
have pixel values closer to their original values. 
Conversely, the Δ value is set larger for pixels in a less 
reliable block. In this way, highly reliable pixels are not 
significantly changed by filtering, but help to correct less 
reliable pixels through the filtering process. In short, the 
reliability of each block is used to control the filtering of 
the block. In this paper, the proposed concept of the 
reliability-based deblocking filter is integrated into the 
DVC and DCVS frameworks, which share the same 
concept of the Wyner-Ziv theorem [3]. 

This paper is organized as follows. The concept of 
reliability and related works as such are presented in 
Section 2. Section 3 then analyzes the coding artifacts in 
DVC and DCVS, and explains the implementation of the 
proposed reliability-based deblocking filter on these 
frameworks. Subsequently, Section 4 presents experiment 
results and a discussion of the proposed deblocking filter. 
Finally, Section 5 concludes this paper. 

Fig. 1. Illustration of lines to be deblocking-filtered. 
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2 Blocking Artifacts in Wyner-Ziv Video 
Coding 

2.1 Blocking Artifacts in Distributed 
Video Coding 

Practical DVC frameworks were first introduced by 
Puri and Ramchandran [20] and Aaron et al. [21, 22]. Due 
to the superior coding performance, the transform domain 
Wyner-Ziv (TDWZ) video coding [22] is a popular 
scheme for researching DVC. Consequently, we focus on 
integrating the proposed filter as post-processing to TDWZ, 
as shown in Fig. 2(a). Under the assumption that linear 
motion is in the temporal direction, side information (SI) is 
generated by block-based motion estimation/compensation 
(ME/MC) from key frames. Due to quantization, the 
reconstructed key frames are not perfect; therefore, motion 
estimation from such noisy key frames may not always be 
correct. Covered/uncovered regions (if any) also degrade 
the accuracy of ME. In addition, assumptions about linear 
motion between key frames may not always be correct, 
either, especially in fast-motion video content. Thus, such 
inaccurate ME/MC causes severe discontinuities to occur 

in SI, as demonstrated in Fig. 3, because SI blocks cannot 
fit together, especially in the case of fast-motion scenes. 
Therefore, even after correcting errors in SI by low density 
parity check (LDPC) code, those discontinuities in SI 
could remain. Furthermore, combined transformation and 
quantization can also create discontinuities in the same 
way as conventional predictive video coding schemes. 

2.2 Blocking Artifacts in Distributed 
Compressive Video Sensing 

The emerging technique called compressive sensing 
(CS) [23, 24] facilitates new access to the sampling theory 
of Shannon [25] and Nyquist [26] for a special group of 
signals, called sparse signals, which are characterized by 
having only a few non-zero sample values. CS can also be 
applied to a compressible signal that has most of the signal 
energy concentrated in a small number of coefficients. 
Images or videos are good examples of such signals. In 
conventional image/video acquisition, because of their 
wide bandwidth, an extremely large number of samples 
must be measured in order to fulfill the Shannon/Nyquist 
sampling theorem. Hence, applying the CS technique to 
the image/video acquisition problem should be extremely 
promising in reducing sampling cost for future 
image/video-based applications in handheld/surveillance 
devices [27].  

The DCVS framework is a combination of the CS 
technique and the DVC framework, where the sampling 
task and coding task help each other to improve 
performance and reduce acquisition/coding cost [28, 29]. 
We apply the proposed reliability-based deblocking filter 
to the DCVS framework [5], as shown in Fig. 2(b). An 
input video sequence is separated into key and CS frames. 
The H.264/AVC intra-coding technique is used to encode 
the key frames. CS frames are encoded by block-wise CS 
[5]. The compressively sensed signal is reconstructed 
through measurement-based SI generation [29] or by 
motion estimation and compensation from key frames [30]. 
In general, the reconstructed CS frames are sometimes 
heavily inflicted with two types of artifacts: high-
frequency oscillatory artifacts and blocking artifacts. The 
proposed deblocking filter is applied to DCVS decoding as 
post-processing in order to reduce these two coding 
artifacts. 

 
● High frequency oscillatory artifact 

Transformed coefficients of a natural image are 
compressible, since the signal energy of the natural image 
is concentrated in a few transform coefficients. The other 
coefficients are zeros, or are very close to zero. Because of 
this characteristic, the image can be compressively sensed 
in its transform domain:  

 
 y =Φx =ΦΨs  (1) 

 
where x is an Nx1 image data vector, y  is its Mx1 
measurement vector, and Φ  is an M×N measurement 
matrix. M is much smaller than N, and s  is a sparse 
representation of image x  in a selected transform domain 

(a) Proposed DVC framework 
 

H.264/AVC
Intra encoder

H.264/AVC
Intra decoder

Side Information
generator

Measurement
generator

Measurement
generator Recovery

Key frame

CS frame
Output
frame

Output frame

Deblocking filter

Channel noise 
modeller

(b) Proposed DCVS framework 

Fig. 2. Wyner-Ziv video coding with proposed filter. 

 

 
(a) Foreman, frame #69 (b) Soccer, frame #13 

Fig. 3. Illustration of blocking artifacts in SI in DVC. 
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dictated by the transform matrix Ψ,  i.e.,   .x Ψs=  The 
subrate, defined as r = M/N, represents how much the 
sampling rate is reduced. Note that in the CS framework, 
instead of N measurements for signal x, only M 
measurements are obtained. Image x is reconstructed by a 
certain CS reconstruction algorithm, such as 1l  norm 
minimization [27]:  

 
 1     . .ˆ  s argmins s t ΦΨs y= =  (2) 

 
Most CS reconstruction algorithms rely on the sparsity 

of the signal in their solutions, yet do not fully utilize the 
typical characteristics of the image signal, such as 
smoothness. For example, in the 1l  norm minimization 
algorithm [27], the sole objective is to minimize the 
number of nonzero coefficients for a solution. However, 
pursuing only minimum sparsity is not enough for 
image/video sensing, especially because incorrect elimina-
tion of high-frequency components may generate the so-
called high-frequency oscillatory artifacts [5, 6]. For 
example, this can be seen in the artifacts (i.e., visually non-
smooth area) on the face of the foreman in Fig. 4(b), 
corresponding to SI in Fig. 4(a). 

This observation is not entirely new since Mun and 
Fowler [5] already attempted to tackle these problems by 
embedding a 3x3 Wiener filter inside the iterative process 
of their reconstruction under a very strict computational 
requirement on the in-loop filter, considering its iterative 
nature. Their method could not sufficiently remove the 
coding artifacts due to its relatively simple in-loop filtering. 
Due to this limitation, a low-pass filter, which acts as post-
filtering, is essential to increasing the subjective quality of 
the reconstructed frames. Besides, a proper deblocking 
filter, with an embedded low-pass filter, is able to deal 
with this type of artifact. Accordingly, we apply the 
proposed deblocking filter inside a CS block to remove the 
high-frequency oscillatory artifacts. 

 
● Blocking artifacts  

DCVS exactly conforms to the idea of independent 
encoding and joint decoding of the Wyner-Ziv architecture. 
At the encoder, key frames and CS frames are sampled and 
encoded independently. The key frames help to decode  
CS frames because they are temporally correlated. The 
signal to be reconstructed is the residual between CS frame 

x and its SI: 
 

 ( )residual SIy Φ x SI Φx ΦSI y y= − = − = −  (3) 
 
Although SI is an erroneous version of the original 

signal x, as illustrated in Fig. 4(a), the residual signal 
( )x SI−  is, in general, considerably more compressible 
than signal x itself, i.e., signal ( )x SI−  is sparser. As SI 
improves, ( )x SI−  will be sparser, and a better frame is 
reconstructed. Because of the local motion of objects in the 
scene, for the best performance of ME/MC, SI is generated 
block-wise. However, such block-wise processing means 
the quality of the SI block rapidly changes from block to 
block, depending on the video-content activities. Due to 
various qualities of SI blocks, the sparsity of residual 
blocks ( )x SI−  and, therefore, the quality of the recon-   
structed blocks also rapidly changes from block to block. 
Sometimes, qualities among reconstructed neighboring 
blocks differ significantly, which makes the quality 
fluctuation from block to block easily noticeable. The 
visual artifacts that are similar to the blocking artifacts 
then appear at the CS block boundaries. Hence, the 
deblocking filter should be applied to the CS block 
boundaries to reduce these artifacts. Consequently, to 
reduce both the blocking artifacts and the high-frequency 
oscillatory artifacts, the proposed filter is applied not only 
inside the CS block but also at the block boundaries, as 
shown in Fig. 5.  

2.3 Difference in Coding Error Among 
Blocks in Reconstructed Frames 

Conventional video coding frameworks employing 
motion estimation/compensation, such as H.264/AVC, 
encode the motion-compensated residual signal. Therefore, 
depending on the effectiveness of the predictions for each 
block, the amounts of coding error differ along spatial 
neighboring blocks. On the other hand, in the Wyner-Ziv 
framework [21, 22], frames are reconstructed by correcting 
the side information generated by the decoder, using the 
information sent from the encoder, for example, low-
density parity check accumulate (LDPCA) parity bits in 
DVC, or the measurement signal in DCVS. Therefore, the 
quality of reconstructed blocks mostly depends on the 

 
(a) Side information (b) Reconstructed frame

Fig. 4. Relationship between SI error and coding 
artifacts for a reconstructed frame in DCVS (Foreman, 
frame 39, GOP 2, QP 40). 

 

 

Fig. 5. Proposed filter for reducing both high-frequency 
oscillatory and blocking artifacts. 
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quality of the SI. Note that SI is obtained by block-based 
temporal prediction; its quality should therefore differ 
from that of block-to-block due to the variation of 
temporal correlation among blocks (i.e., the non-identical 
local motion characteristic of objects in the scene). 
Additionally, the encoder sends limited information to the 
decoder. Therefore, the amount of spatial coding error 
(reconstructed pixel value – original pixel value) over the 
block boundary can differ remarkably from block to block 
in the Wyner-Ziv framework. Fig. 6 illustrates such an 
example, and shows the relationship between spatial 
coding error and blocking artifacts. In the face region in 
Fig. 6(a), which shows some motion, the blocking artifacts 
are conspicuous. In the same area in Fig. 6(b), it can be 
noted that spatial coding errors differ block to block. 
Furthermore, it is likely that if faster motion occurs, the 
gaps in coding error are larger, and the blocking artifacts 
appear to be more serious.  

3. Proposed Reliability-Based Deblocking 
Filter 

3.1 General Concept 
Let us assume a smooth area in which block P has a 

small coding error, and its immediately adjacent block Q 
has a large coding error. Assume there are two pixels near 
a block boundary, one at position ( , )i j  in block P and the 
other at ( , )k l  in block Q. Reconstructed pixel ijp%  has a 
value similar to its original ijp , and the magnitude of error 
( )ij ijp p−% is small. Conversely, reconstructed pixel klq%  is 
far different from the original pixel value,  klq , and the 
magnitude of error ( )kl klq q−%  is large. Since the two pixels 
are in a smooth area, the original values of ijp  and klq  are 
close. Therefore, ij ij klp p q≈ ≈% . Accordingly, the filtered 
values of both ijp  and klq  should be close to those of 
reconstructed pixel ijp% . 

However, if blocks P and Q are treated equally in 
deblocking, irrespective of the reliability of their 

reconstructed values, the reduction in the pixel gap by 
deblocking makes the filtered pixel ˆ ijp  become more 
erroneous, since the gap reduction brings filtered pixel ˆ ijp  
closer to reconstructed pixel klq% , which has a large error. 
This suggests that the amount of filtering compensation 
( ˆ )ij ijp p− %  for ijp  should be limited in some way. On the 
other hand, filtered pixel ˆklq  comes closer to reconstructed 
pixel ijp% , and is more similar to its original value klq . That 
is, the filtering makes ˆklq  desirably more correct. Thus, in 
contrast to ijp , the filtering compensation ( ˆ )kl klq q− %  on 

klq  should be large to further correct the pixel with a large 
error. Therefore, for the purpose of limiting the harmful 
side-effect on block P (reliable pixel) of filtering, and to 
enhance its beneficial effect on block Q (less reliable 
pixel), we propose exploiting reliability information based 
on the coding error in order to adaptively control a 
deblocking filter as follows.  
·A well-reconstructed (i.e., reliable) pixel should not 

be overly corrected by a deblocking filtering so that 
the filtered pixel is still very close to its original value.  

·A poorly reconstructed (i.e., less reliable) pixel 
should be corrected with a large filtering 
compensation to be closer to the well-reconstructed 
pixel in the neighboring block.  

 
Fig. 7 illustrates the proposed adaptive allocation of 

filtering compensation based on this concept. Fig. 7(a) 
shows a situation in which the coding errors of both blocks 
P and Q have the same polarity, but deblocking filtering 
increases the erroneousness of the pixels in well-decoded 
block P, and decreases the erroneousness of the pixels in 
block Q. According to the proposed idea, large filtering 
compensation is added to the pixels in poorly decoded 
block Q (which has large coding errors), so they come 
closer to their original values, while small filtering 
compensation on pixels in well-decoded block P means 
they are not significantly affected. On the other hand, as 
shown in Fig. 7(b), where coding errors in two blocks have 

 

 
(a) Blocking artifacts  (b) Spatial coding errors 

Fig. 6. Illustration of relationship between blocking 
artifacts and spatial coding error (Result with Foreman 
[31], unfiltered frame #1). 

 Fig. 7. Proposed allocation of deblocking compensation.
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opposite signs, the pixels in block P with a small coding 
error are prevented from surpassing their original values 
and becoming worse. Those pixels in large coding–error 
block Q should significantly change to come closer to their 
original values. Therefore, in both Figs. 7(a) and 7(b), the 
proper amount of compensation tailored to each block, 
based on reliability, is very important in improving the 
performance of the deblocking filter. 

3.2 Reliability Estimation 
The reliability of a reconstructed pixel can be inferred 

from its (estimated) spatial-domain coding error. A large 
coding error indicates low reliability. However, the coding 
error cannot be estimated directly in the spatial domain, 
since quantization is performed in the transform domain. 
The error in the transform domain clearly depends on three 
components: quantization parameter (QP), probability 
density function (PDF) of DCT coefficients [32], and 
inverse quantization. A large quantization parameter (or 
quantization step size) introduces large quantization error 
in the transform domain, and thus, is likely to lead to a 
large error in the spatial domain, which causes severe 
blocking artifacts. Furthermore, an inverse quantization 
technique (for example, minimum mean square error 
recovery [33] in DVC based on Laplacian distribution of 
the residual signal) may cause a large or small coding error. 
There are several approaches to estimating the spatial-
domain coding error in the H.264/AVC framework. 
Robertson and Stevenson proposed a method for 
estimating DCT-domain quantization error using the PDF 
of DCT coefficients and inverting the quantization error in 
the spatial domain [19]. On the other hand, Shim et al. [34] 
estimated the coding error of each block in the frequency 
domain and then shifted this error to the spatial domain, 
utilizing the fact that the total energy of the error in the 
frequency domain should be equal to that in the spatial 
domain. Accordingly, the estimation of spatial-domain 
coding error must rely on the quantization parameter and 
the PDF of DCT coefficients, which may be burdensome 
for the decoder.  

In DVC and DCVS, which share the key concept of 
Wyner-Ziv coding, SI is generated by block-wise motion 
estimation/compensation from key frames. This block-
wise process causes the accuracy in SI to fluctuate from 
block to block. Furthermore, the quality of reconstructed 
frames mostly depends on the quality of SI. This means 
that if the SI error is large, its reconstructed block is 
insufficient (i.e., coding error is large), and the reliability 
of the block should also be low. Hence, we use the 
estimated SI error to evaluate the reliability of each 
reconstructed block. In this regard, note that Brites et al. 
[35] proposed a channel noise modeling (CNM) technique 
that subtracts backward motion compensation frame bwdR  

from forward motion compensation frame ,fwdR  where 
bwdR  and fwdR  are available after SI generation, in order to 

estimate SI error. We partially inherit those results [35] to 
calculate the reliabilities in order to avoid the additional 
heavy task of error estimation in the decoder. Reliability is 
computed as a reverse quantity of the estimated SI error, 

which is the difference between fwdR  and  bwdR . Estimated 
errors pE  of P and qE  of Q blocks, respectively, are: 

 
 ( )fwd bwd

p p pE MSE R R= −  (4) 

 qE = ( ) fwd bwd
q qMSE R R−  (5) 

 
MSE is the mean squared error between the thp  block 

fwd
pR  and its co-located block, denoted by bwd

pR .  

3.3 Reliability-Based Deblocking Filter for 
Wyner-Ziv Video Coding 

We inherit the structure of the H.264/AVC deblocking 
filter [7], for which processing is controlled by 
quantization-dependent parameters, boundary strength, 
clipping threshold, and filtering compensations. 

3.3.1 Quantization-Dependent Parameters 
Quantization-dependent parameters, α and β, indicate 

whether or not the deblocking process needs to be 
performed according to the conditions of Eqs. (6)-(8). The 
thresholds α and β are determined from the video content 
and help to check whether each pixel line is located in a 
smoothly varying region. Filtering takes place if all the 
conditions below are satisfied: 

 
 0 0p q α− <  (6) 

 1 0p p β− <  (7) 

 1 0q q β− <  (8) 
 

If much error is found, serious blocking artifacts are 
likely to occur. In the H.264/AVC deblocking filter [7], 
these parameters, denoted by .264Hα  and .264Hβ , adapt to 
blocking artifact conditions by two quantities called 

Aindex  and ,Bindex which are adjusted values of the 
quantization parameter by adding some values (from -12 to 
+12) to the QP. Large values of .264Hα  and .264Hβ  are used 
to penalize serious blocking artifacts. In WZ video coding, 
the two parameters also need to be adjusted in terms of 
how much coding error occurs: large values of α and β, by 
which boundary pixels have more chance to be filtered, 
that are used for the boundary tend to have serious 
blocking artifacts.  

 
 ( ) ( ).2641 Hextension QPα α= +  (9) 

 ( ) ( ).2641 Hextension QPβ β= +  (10) 
 
However, the main reason for the blocking artifacts    

in WZ video coding is the error in SI, as explained in 
sections 3.1 and 3.2. Therefore, the blocking artifacts tend 
to be more serious with a large error in SI; thus, the value 
of extension is determined in proportion to the total error 
in SI.  



IEIE Transactions on Smart Processing and Computing, vol. 5, no. 2, April 2016 

 

135

 ( ) ( )2/ 2p qextension E E d= +  (11) 
 
A value d is used to control the proper range of α and β 

based on the estimated SI error. 

3.3.2 Boundary Strength  
Boundary strength decides the strength of the filter 

applied to a boundary. Pixels of low reliability indicate 
that the pixels are poorly decoded. In a smooth region, 
such less-reliable pixels located near the block boundary 
indicate that a serious blocking artifact is likely to occur. 
In that case, a large boundary strength must be set. 
Actually, reliability of boundary pixels can be inversely 
represented by coding errors pE and qE  over boundary 
blocks P and Q; that is, in the area with large coding errors 
of pE  and qE , not only do α  and β  need to be large to 
handle most probable serious blocking artifacts, but BS 
also needs to be large to perform strong filtering. In this 
sense, the boundary strength should be an increasing 
function of the coding error (or, inversely, a decreasing 
function of reliability). BS  is modeled as an increasing 
function f(.) of two variables pE and qE : 

 
 ( ),p qBS f E E=  (12) 

 
Furthermore, for better filtering, a strong filter should 

be applied to a less reliable block (i.e., a large coding–error 
block) and a weak filter should be applied for a highly 
reliable block (i.e., small coding–error block). The relative 
reliabilities of the two boundary blocks are used to adjust 
the boundary strength of each side as follows:  

 
 p pBS BS R= ×  (13) 
 (1 )q pBS BS R= × −  (14) 

 
Here, Rp and Rq are the relative reliabilities of blocks P 

and Q, defined as:  
 

 ( )/p p p qR E E E= +  (15) 

 ( )/ 1q q p q pR E E E R= + = −  (16) 
 
Obviously, Rp is smaller than Rq if block P is better 

reconstructed than block Q or Ep < Eq. Consequently, a 
small boundary strength (equivalently, a weak filter) is 
assigned for the well-decoded block P. In the same way, a 
large boundary strength (equivalently, a strong filter) is 
assigned for poorly decoded block Q. 

SI errors (i.e., SI – original signal) in block P and block 
Q can be modeled well by Laplace distribution with zero 
mean and variance var [35]: 

 

 ( ) ( ) ( )Pr Pr exp
2
lle SI x ll e= − = −  (17) 

 
where e is the SI error and 2 / ( )ll var SI x= − is the 

Laplace parameter. As the size of the Laplace parameter 
ll  increases, the distribution becomes more skewed; then, 
it is more likely that SI error is small. Conversely, if SI 
error is large, it is likely that Laplacian parameter ll  is 
small. Therefore, the Laplace parameter can be used as a 
representative for SI errors. In this paper, the Laplace 
parameters for block P and block Q are calculated from the 
difference of backward and forward motion compensation 
in the SI generation process [30].  

 
 2 /p pll E=  (18) 

 2 /q qll E=  (19) 
 
In H.264/AVC, a block can be coded either in intra- or 

inter-coding mode. Because of the accuracy of intra-/inter-
prediction, blocking artifacts tend to be much more serious 
in the area near intra-coded blocks than in the area near 
inter-coded P or B blocks. That is, strong filtering is better 
performed near intra-blocks, and less strong filtering is 
performed near inter-coded P or B blocks. However, in 
TDWZ, all blocks are coded in the same manner, and the 
blocking artifacts vary considerably from block to block, 
depending on SI quality. Therefore, a strong filter is 
desirable for blocks having a large SI error, for example, 
the blocks with a very small Laplace parameter of ll (less 
than 0.1 for the fast motion of the sequence Soccer). In the 
same way, a weak filter is desirable for blocks having a 
small SI error (i.e., blocks with large ll), for example, 
larger than 0.2 for a slow-motion sequence like Hallmo-
nitor. In this sense, we control boundary strength BS 
according to an exponential function of reliability, i.e., 
function f(.) in Eq. (20), such as 1 2 plla −  and 1 2 qlla −  where 

32a = . Fig. 8 illustrates the value of BS along llp and llq. It 
is clear that the boundary strength is large for small llp and 
llq, and quickly decreases for large llp and llq:  

 
 1 2 1 2p qll llBS a a− −= +  (20) 

 
● Distributed Video Coding 

In TDWZ, the quality of SI depends not only on the 
temporal correlation between key and WZ frames but also 
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Fig. 8. Illustration of master boundary strength over 
quality of neighboring blocks P and Q. 
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on quantization. The quantization of the WZ frame is 
determined by quantization matrices indexed by a 
quantization matrix (QM) value (the maximum is QM = 8). 
At the same time, QM determines the quantization 
parameter for the key frames in order to avoid temporal 
quality fluctuation. A larger QM indicates a smaller QP for 
key frames. As a result, it produces a better key frame, 
which also leads to better performance in ME/MC or, 
equivalently, better SI. Furthermore, it indicates that more 
DCT coefficients, which are quantized with smaller 
quantization steps, are transmitted. After reconstruction, 
with better SI and more parity bits, the reconstructed frame 
has better quality, and the blocking artifacts must be less 
severe. Therefore, QM needs to be taken into account in 
calculating the boundary strength in such a way that a 
strong filter (i.e., a large BS) is chosen for a small QM. 
Hence, we also examine QM in determining the boundary 
strength to control the deblocking filter. Based on Eqs. 
(21) and (22), we calculate the boundary strength for 
blocks P and Q. 

 
 ( )8p pBS BS R QM= × + −  (21) 

 ( )8q qBS BS R QM= × + −  (22) 
 
If the coding error is serious (a very small QM, or 

when the estimated quality of SI is poor), a strong filter 
must be applied. In our proposed filter, if pBS  is larger 
than threshold   2µ a= × , a strong filter is applied to block 
P; otherwise, the default filter is used. The same procedure 
is applied to block Q. 

 
● Distributed Compressive Video Sensing 

In DCVS, the key frames and CS frames are encoded 
by H.264/AVC intra-coding and CS, respectively. The 
quality of encoded key frames is controlled by QP, 
whereas the quality of CS frames is controlled by subrate r 
(i.e., how much lower than the Nyquist rate when the block 
is sensed by CS). In order to keep their perceptual quality 
consistent frame to frame, QP and subrate r should be set 
in a relative way so the quality of key frames and CS 
frames does not differ too much: a large subrate r (i.e., 
good quality in CS frames) is paired with a small QP (i.e., 
good quality in key frames). Due to the good quality in key 
frames, if a smaller QP is used, ME/MC will perform 
better, which should result in better SI. In the same way, if 
a large number of measurements, in comparison to signal 
length, are acquired with a high subrate, then its 
reconstructed data should have better quality. Both better 
SI and a better recovery process help to significantly 
reduce the coding artifacts in DCVS. Therefore, subrate r  
also needs to be taken into account in the boundary 
strength decision: 

 
 ( )1 2.5p pBS BS R a r= × + × −  (23) 

 ( )1 2.5q qBS BS R a r= × + × −  (24) 

3.3.2 Filtering Compensation and Clipping 
Thresholds 

In the H.264/AVC deblocking filter [7], the filtering 

compensation (i.e., the difference between a filtered pixel 
and an unfiltered pixel) for each pixel is calculated as 
follows in either the default-filter mode or the strong-filter 
mode. 

In default-filter mode, p0  is filtered as: 
 

 ( ).264
0 0 0 1 1( ) 2 ( ) 4 3H

p q p q pΔ = − << + − + >>  (25) 
 

while p1 is conditionally filtered if 2 0p p β− <  as: 
 

 ( )( ).264
1 2 0 0 1( 1) 1 2 1H

p p q p pΔ = + − + >> − >>  (26) 
 
In strong-filter mode, if 2 0p p β− <  && 0 0q p− <  

( 2 2),α >> +  p0 and p1 are filtered as follows:  
 

 ( ).264
0 2 1 0 0 1 02 2 2 4 3H

p p p p q q pΔ = + + + + + >> −  (27) 

 ( ).264
1 2 1 0 0 12 2H

p p p p q pΔ = + + + + >> −  (28) 

 ( ).264
2 3 2 1 0 0 22 3 4 3H

p p p p p q pΔ = + + + + + >> −  (29) 
 
otherwise, only p0 is filtered: 

 
 ( ).264

0 1 0 0 02 2 2 2H
p p p q pΔ = + + + >> −  (30) 

 
where .264H

piΔ  is the pixel compensation for pixels pi, i = 0, 
1, and 2. A similar procedure is performed in filtering 
pixels q0, q1, and q2. In order to have a smooth transition at 
the block boundary, proper filtering compensation should 
be allocated to both blocks P and Q. For example, even if 
the reliability of block P is very high, compared to that of 
block Q, instead of allocating all filtering compensations to 
block Q, a small filtering compensation still needs to be 
added to the pixels in block P to achieve a smoother 
transition. Hence, for the proposed reliability-based 
deblocking filtering, filtering compensation values piΔ and 

,qiΔ for blocks P and Q, are modeled as increasing 
functions of Rp and Rq as follows: 

 
 ( ).264 0.5 ; 0,1, 2H

pi pi pR iΔ = Δ × + =  (31) 

 ( ).264 0.5 ; 0,1, 2H
qi qi qR iΔ = Δ × + =  (32) 

 
Since too much compensation can cause spurious 

irregularity, a clipping threshold is used to limit filtering 
compensation to within a set bound. Clipping threshold 

1
pC  in the proposed method is generated in the same way 

as 1
.264HC  in H.264/AVC, but the boundary strength is 

designed in a different manner for Wyner-Ziv video 
coding; thus, 1

pC  is calculated by adapting the maximum 
value of 1

.264HC  (as a combination of .264HBS  = 4 and QP 
for key frames) to the ratio of /pBS a , which is similar to 
the ratio of .264 / 4HBS , where a  is the parameter used in 
calculating boundary strength from Eq. (24).  



IEIE Transactions on Smart Processing and Computing, vol. 5, no. 2, April 2016 

 

137

 ( )1 1
.264 .264 4, /p H H pC C BS QP BS a= = ×  (33) 

 ( )1 1
.264 .264 4,q H H qC C BS QP BS a= = ×  (34) 

4. Experimental Results 

The performance of the proposed deblocking filter was 
evaluated for both subjective and objective quality using 
the various video sequences in Table 1 covering slow 
motion, complex motion, fast motion, and detailed content 
[36]. The variety in video content helps to generate various 
SI qualities and leads to various qualities of reconstructed 
frames. All test sequences are in quarter common 
intermediate format (QCIF) format at 15 Hz and were 
tested with group of pictures (GOP) at a size of 2. 

4.1 Performance of Proposed Deblocking 
Filter on DVC 

The proposed filter was applied to the DVC framework 
[31] and tested with different rate distortion points, as 
shown in Table 1, set by a combination of QM for WZ 
frames and QP for key frames [37]. The performance of 
the DVC framework with and without the proposed filter 
was then evaluated. For comparison, we also experimented 
with the DVC framework with another deblocking filter, 
named the adaptive deblocking filter, called IST filter, in [4]. 

The proposed filter is designed based not only on 
reliability, as reliability values Rp and Rq are proportionally 
considered in determining the boundary strength and 
filtering compensation calculation, as in Eqs. (21) and (22) 
and Eqs. (31) and (32). Consequently, the proposed filter is 
particularly effective when the difference in coding errors 
among neighboring blocks is very large. In Table 2, we 
provide this difference at every block boundary. This 

difference is measured by an average ratio avgR  of a large 
amount of coding error to a small amount at every possible 
boundary of blocks P and Q: 

 
 { }

( , )
max( , ) / min( , )avg p q p q

boundary P Q sequence
R mean E E E E

∈
=  (35) 

 
As illustrated in Table 2, the test sequences (Foreman, 

Hallmonitor, and Soccer) have a large difference in coding 
errors from block to block. On average, due to the high 
QM value, reconstructed frames have good quality, the 
ratio avgR  is then about 4 at a low bitrate, and equivalently, 
to a certain boundary, error quantity of a worse-decoded 
block is four times the error quantity of a better-decoded 
block. The ratio of avgR  reduces to approximately 2 at a 
high bitrate. This large difference in coding error between 
two neighboring blocks allows the reliability-based 
distribution of filtering compensation to take strong effect. 
The other sequence, Coastguard, does not have much 
difference in coding error among blocks (almost 1.4) due 
to its detailed content. However, in a detailed-content 
sequence, the blocking artifacts are not well observed. 
Then, this small avgR  is trivial. Obviously, the difference in 
amounts of coding error in boundary blocks is large, and it 
must be exploited for better performance of the deblocking 
filter.  

4.1.1 Objective Quality Evaluation 
As seen in Table 3, the proposed filter provides an 

improvement of about 0.16 dB for Foreman and about 0.24 
dB for Soccer, on average. Besides, Stefan is also a fast-
motion sequence, but its content is very detailed. 
Consequently, the gain from the proposed filter in a 
detailed sequence such as Stefan is less than the gain seen 
in Soccer (about 0.03 dB). On the other hand, due to the 
characteristics of slow motion, few blocking artifacts occur 
in the reconstructed Hallmonitor sequence. Hence, the 
improvement is insignificant, at about 0.07 dB. 

Another case is in the detailed content sequence of 
Coastguard; there are almost no blocking artifacts 
perceived, and the difference in coding error among 
neighboring blocks is minimal (about 1 to 1.4), as shown 
in Table 2. Consequently, the proposed filter does not 
improve the quality of the reconstructed sequence very 
much, but can only try not to blur its detailed content. 
Additionally, the proposed filter has considerable effect on 
a low QM but less effect on a high QM. Because the 
quality of key frames rises as QM increases, motion 
estimation and compensation perform better. Due to the 
better SI and more parity bits sent to correct errors in the 
SI, the blocking artifacts seldom occur at a high QM. 

Consequently, at a high QM, the proposed filter does 
not gain as much as at a low QM. For example, in the 
Soccer sequence, the improvement is up to 0.35 dB at a 
low QM, but is reduced to 0.11 dB for a high QM. A 
similar observation can be made for other sequences. 
Furthermore, the proposed filter not only uses the total 
amount of errors in boundary blocks to control the 

Table 1. Rate-distortion test points for DVC framework.

QM 1 4 7 8 
Foreman, Carphone 40 34 29 25
Hallmonitor, News 37 33 29 24
Mobile, Container,  

Coastguard 38 34 30 26
QP 

Soccer, Stefan 44 36 31 25

 
Table 2. Average ratio avgR  in terms of error quantity 
between worse-decoded block and better-decoded 
block (measured at all block boundaries in recon-
structed sequences coded by DVC framework). 

Quantization matrix (QM) Sequence 
1 4 7 8 

Foreman 4.0 3.3 2.6 2.2 
Hallmonitor 4.3 3.5 2.8 2.2 
Coastguard 1.4 1.4 1.4 1.0 

Soccer 3.6 2.7 2.2 2.0 

 



Quoc Dinh et al.: Reliability-Based Deblocking Filter for Wyner-Ziv Video Coding  

 

138

deblocking filter, as with the IST filter, but also exploits 
the relationship between these amounts of error. Therefore, 
the proposed filter outperforms the IST filter, even for 
each test sequence: detailed sequences, slow-motion 
sequences, and fast-motion sequences. The superiority of 
the proposed filter is up to 0.14 dB for the fast-motion 
sequence of Soccer, in which many blocking artifacts are 
observed. Conversely, in slow-motion sequences or 
detailed sequences, the blocking artifact is not as severe as 
in a fast-motion sequence; accordingly, the difference in 
PSNR is only 0.03 dB for the Hallmonitor sequence and 
0.09 dB for the Coastguard sequence. Therefore, with the 
help of the reliability concept, the proposed filter works 
well with the DVC framework.  

4.1.2 Subjective Quality Evaluation 
Subjective quality improvement from the proposed 

filter is shown in Figs. 9 and 10. Fig. 9(b) is an unfiltered 

8th frame in the reconstructed Foreman sequence, which is 
severely degraded by blocking artifacts perceived mostly 
in the face of the foreman. The result of filtering by the 
IST scheme is shown in Fig. 9(c), and the perceptual 
quality is noticably enhanced. However, artifacts in the 
neck and around the nose of the foreman are still 
observable. Fig. 9(d) shows that although some blocking 
artifacts still remain after IST filtering, they are almost all 
removed by the proposed filter. 

The human eye is more sensitive to signal changes in 
regions with a low frequency than in those with a high 
frequency. Besides, because the Coastguard sequence has 
so much detail, the signal energy is densely located in the 
high-frequency components. Therefore, although the 
objective quality (i.e., PSNR) of the Coastguard sequence 
filtered by the IST scheme is lower than that of the 
unfiltered scheme or the proposed scheme, a perceptual 
examination cannot find any remarkable difference among 
them. Indeed, Figs. 10(b), 11(c), and 11(d) appear to be 

Table 3. Performance comparison of the proposed filter on WZ frames against IST [4] for PSNR [dB].

Gains by proposed deblocking filter [dB] (I) Gains by  IST deblocking filter [4][dB] (II) Sequence 
QM = 1 QM = 3 QM = 6 QM = 7 Avg. (I) QM = 1 QM = 3 QM = 6 QM = 7 Avg. (II)

(I) -  (II)
[dB] 

Carphone 0.06 0.17 0.12 0.06 0.10 0.03 0.11 0.10 0.08 0.08 0.02 
Coastguard -0.05 0.01 0.05 0.02 0.01 -0.07 -0.07 -0.11 -0.08 -0.08 0.09 
Container -0.01 0.01 0.00 -0.04 -0.01 -0.04 -0.03 -0.08 -0.16 -0.08 0.07 
Foreman 0.16 0.22 0.17 0.07 0.16 0.16 0.15 0.09 0.03 0.10 0.06 

Hallmonitor 0.08 0.08 0.07 0.04 0.07 0.03 0.05 0.05 0.03 0.04 0.03 
Mobile -0.05 0.02 0.04 0.02 0.01 -0.06 -0.01 -0.02 -0.03 -0.03 0.04 
News 0.09 0.10 0.08 0.04 0.08 0.01 0.03 0.03 0.03 0.03 0.05 

Soccer 0.26 0.35 0.24 0.11 0.24 0.14 0.21 0.12 -0.06 0.10 0.14 
Stefan -0.07 0.08 0.07 0.03 0.03 -0.07 0.01 0.03 0.04 0.00 0.03 

 

 
(a) Original frame (b) Reconstructed frame

 
(c) Result of IST filter     

[4] 
(d) Result of the proposed 

filter 

Fig. 10. Results of the proposed filter and the IST filter 
[4] on Coastguard at QM = 4, GOP = 2, frame 46. 

 

 

 
(a) Original frame 

 
(b) Reconstructed frame

 
(c) Result of IST filter      

[4] 

 
(d) Result of the proposed 

filter 

Fig. 9. Results of the proposed filter and the IST filter 
[4] on the sequence Foreman at QM = 4, GOP = 2, frame 8.
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very similar. Consequently, the difference in the amount of 
error between neighboring blocks is small and hardly 
noticeable by the human eye, so blocking artifacts are not 
observed. 

4.2 Performance of Proposed Deblocking 
Filter on DCVS 

We also tested the proposed filter in the DCVS 
framework with a CS block size 16b =  (I) and a CS block 
size 4b =  (II). The filtering step size was 4, whereby it is 
guaranteed that every pixel has a chance to be filtered. We 
used a block-based compressed-sensing (BCS) scheme 
with the smoothed projected-Landweber (SPL) recon-
struction algorithm. The BCS–SPL algorithm [5] has 
performance similar to the minimum 1l  norm algorithm 
and has much lower decoding complexity [38]. Actually, 
the Wiener filter of size 3x3 exists inside the BCS–SPL 
reconstruction process for the purpose of reducing the 
coding artifact [5]. However, even with in-loop Wiener 
filtering, both high-frequency oscillatory aritfacts and 

blocking artifacts are still perceivable, as can be seen in 
Fig. 11(b) and Fig. 12(b).  

For evaluation of the proposed reliability-based 
deblocking post-filtering method, subrate distortion points 
were carefully selected, as shown in Table 4, in order to 
ensure similar quality between the key frames and CS 
frames; hence, the problematic effect of quality fluctuation 
from frame to frame is avoided. Three subrate distortion 
points were chosen, as shown in Table 4, where the subrate 
varies from 0.2 to 0.5. Furthermore, this is one of the first 
works on coding-artifact reduction for the DCVS 
framework; therefore, we compared the proposed filter 
with a simple low-pass filter (LPF) at a window size of 
3x3, as mentioned by Gonzalez and Woods [39].  

4.2.1 Objective Quality Evaluation 
In fact, both blocking artifacts and high-frequency 

oscillatory artifacts can be reduced by the LPF. However, a 
simple LPF does not adapt to the quality of the 
reconstructed blocks, even though this quality is very 
important in controlling the strength of the filter. Therefore, 
a simple LPF seriously blurs the reconstructed image, 
especially in areas that have a lot of detail. Table 5 shows 
that the LPF causes degradation of about 8 dB in 
Hallmonitor, a high-quality sequence, and by about 6 dB in 
Coastguard, a detailed-content sequence. The degradation 
becomes higher from low subrate to high subrate because 
of the increasing quality of reconstructed sequences.  

On the other hand, the proposed filter, which adapts not 
only to amounts of coding artifacts in each block but also 
to their relationship, remarkably improves the coding 
efficiency of the DCVS framework. Table 5 shows that the 

Table 4. Subrate-distortion test points of the DCVS 
framework. 

Subrate ( r ) 0.20 0.35 0.50 
Foreman, Carphone 40 34 29 
Hallmonitor, News 37 33 29 
Mobile, Container,  

Coastguard 38 34 30 
QP 

Soccer, Stefan 44 36 31 

 

 
Table 5. Results in PSNR [dB] of the low-pass filter (LPF) [39] and the proposed reliability-based deblocking filter 
(RBF) on DCVS framework with various subrates r.  

Sequence Car-
phone 

Coast-
guard

Con-
tainer Foreman Hall-

monitor Mobile News Soccer Stefan

r  = 0.20 0.11 -0.03 0.04 0.12 0.13 -0.01 0.12 0.32 0.03 
r  = 0.35 0.15 0.01 0.04 0.11 0.11 0.03 0.10 0.24 0.05 
r  = 0.50 0.07 0.03 -0.02 0.08 0.05 0.04 0.06 0.16 0.03 

Gain due  
to RBF 
 [dB] 

Avg. (A) 0.11 0.00 0.02 0.10 0.10 0.02 0.09 0.24 0.04 
r  = 0.20 -1.77 -3.83 -5.97 -0.93 -5.46 -5.72 -5.25 0.58 -0.76 
r  = 0.35 -4.00 -6.15 -9.15 -2.67 -8.12 -9.24 -7.49 -0.20 -2.47 
r  = 0.50 -5.85 -8.13 -12.75 -4.52 -10.43 -12.10 -9.56 -0.94 -3.67 

b = 4 

Gain due 
to LPF 

[39] [dB] 
Avg. (B) -3.87 -6.04 -9.29 -2.70 -8.00 -9.02 -7.44 -0.19 -2.30 

A – B [dB] 3.98 6.04 9.31 2.80 8.10 9.04 7.53 0.43 2.34 
r  = 0.20 0.18 -0.03 0.08 0.13 0.19 -0.01 0.17 0.25 0.02 
r  = 0.35 0.20 0.02 0.07 0.17 0.15 0.04 0.14 0.31 0.06 
r  = 0.50 0.14 0.04 0.01 0.16 0.10 0.06 0.14 0.29 0.05 

Gain due  
to RBF 

[dB] 
Avg. (C) 0.17 0.01 0.05 0.15 0.15 0.03 0.15 0.28 0.04 
r  = 0.20 -1.80 -3.73 -5.94 -1.08 -5.64 -5.80 -5.46 0.08 -0.69 
r  = 0.35 -4.53 -6.18 -9.41 -3.32 -8.68 -9.38 -8.44 -1.09 -2.73 
r  = 0.50 -7.20 -8.64 -13.34 -5.86 -12.01 -12.68 -12.01 -2.84 -4.48 

b = 16 
Gain due  
to LPF  

[39] 
 [dB] 

Avg. (D) -4.51 -6.18 -9.56 -3.42 -8.78 -9.29 -8.64 -1.28 -2.63 
C-D [dB] 4.68 6.19 9.61 3.57 8.93 9.32 8.79 1.56 2.67 
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proposed filter works well with various CS block sizes  
and various input sequences. At a low subrate, the quality 
of SI is low due to the key frames of low quality; SI, 
therefore, cannot significantly help recover the CS frames. 
Consequently, coding artifacts are much more serious at a 
low subrate than at a high subrate. The effect of the 
proposed filter then tends to increase as the subrate 
decreases.  

Results of the proposed filter also vary depending on 
the characteristics of sequences to be sampled and encoded. 
In general, because of the low temporal correlation, SI 
generated in the case of a fast-motion sequence has low 
quality. Hence, the reconstruction does not perform well, 
and the coding artifacts strongly degrade the reconstructed 
frames. Accordingly, experimental results show that the 
proposed filter gains a great deal in the fast-motion 
sequence of Soccer by 0.24 dB at 4b = , on average, and 
0.28 dB at 16.b =  Conversely, SI is well generated for a 
slow-motion sequence, and its reconstructed frames have 
good quality. Coding artifacts do not significantly degrade 
quality. The proposed filter does not help a great deal in 
the case of Hallmonitor, whereby the improvement is   
only about 0.1 dB at 4b =  and 0.15 dB at 16.b = For a 
complex motion sequence such as Foreman, the coding 
error cannot be estimated as accurately as in the slow-
motion sequence. Although more artifacts occur, 
improvement by the proposed filter is still similar to that 
with a slow-motion sequence. In a sequence with a lot of 
detail, the proposed filter gains a little at a high subrate, 
due to the accurate estimation of the coding error. Actually, 
because of the detailed content, the filtering condition in 

Eqs. (6)-(8), and the exponential boundary strength over 
coding errors, the boundaries are not filtered or are only 
slightly filtered. Then, there is almost no effect by the 
proposed filter on a detailed sequence like Coastguard.  

4.2.2 Subjective Quality Evaluation 
In the test on the DCVS framework, BCS–SPL 

recovery [5] with an in-loop Wiener filter was used. It is 
clear that, even with the in-loop filter, blocking artifacts 
and oscillatory artifacts are still perceivable. Blocking 
artifacts clearly occur in the foreman’s face in Fig. 11(b) 
and around the player’s feet in Fig. 12(b). Besides, high-
frequency oscillatory artifacts can also be seen in the 
foreman’s face and around the hands and heads of the 
soccer players. Consequently, such artifacts seriously 
degrade the perceptual quality of reconstructed frames.  

Although a simple low-pass filter [39] is also able to 
remove high-frequency artifacts, it seriously blurs the 
filtered frames, as can be seen in Fig. 11(c) and Fig. 12(c). 
On the other hand, in observing Fig. 11(d) and Fig. 12(d), 
most of the blocking artifacts and high-frequency 
oscillatory artifacts are removed by the proposed filter. 
Furthermore, by counting on the quality of each 
reconstructed block and their relationships, the proposed 
filter adaptively controls the strength of the filter applied  
to each individual block. Consequently, blurring does     
not occur in Figs. 11(d) and 14(d). Accordingly, the 
proposed filter is shown to also work well with the DCVS 
framework.  

 

 
(a) Original frame (b) Reconstructed frame 

(no-post filtering) 

 
(c) Filtered by a simple   

LPF 
(d) Filtered by the 

proposed filter 

Fig. 11. Results of the proposed filter and LPF in Fore-
man at subrate = 0.2, GOP = 2, frame 7, CS block = 4. 

 

 

 
(a) Original frame (b) Reconstructed frame 

(no-post filtering) 

 
(c) Filtered by a simple     

LPF 
(d) Filtered by the 

proposed filter 

Fig. 12. Results of the proposed filter and LPF in 
Soccer at subrate = 0.2, GOP = 2, frame 7, CS block = 4.
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5. Conclusions 
In this paper, a reliability-based deblocking filter is 

proposed. The proposed filter exploits the reliabilities of 
boundary blocks to improve filtering performance—highly 
reliable blocks help correct less-reliable blocks. The 
proposed filter is applied to DVC and DCVS frameworks 
that share the key concept of Wyner-Ziv video coding. 
Experiments using a variety of video content verified the 
improvements in the reconstructed video by the proposed 
filter in both subjective and objective quality, in which the 
proposed deblocking filter outperformed the IST deblock-
ing filter [4] in DVC and outperformed a simple low-pass 
filter in DCVS. 
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