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Distributed video coding (DVC) is a video coding paradigm allowing low complexity encoding for emerging applications such
as wireless video surveillance. Side information (SI) generation is a key function in the DVC decoder, and plays a key-role in
determining the performance of the codec. This paper proposes an improved SI generation for DVC, which exploits both spatial
and temporal correlations in the sequences. Partially decoded Wyner-Ziv (WZ) frames, based on initial SI by motion compensated
temporal interpolation, are exploited to improve the performance of the whole SI generation. More specifically, an enhanced
temporal frame interpolation is proposed, including motion vector refinement and smoothing, optimal compensation mode
selection, and a new matching criterion for motion estimation. The improved SI technique is also applied to a new hybrid spatial
and temporal error concealment scheme to conceal errors in WZ frames. Simulation results show that the proposed scheme can
achieve up to 1.0 dB improvement in rate distortion performance in WZ frames for video with high motion, when compared to
state-of-the-art DVC. In addition, both the objective and perceptual qualities of the corrupted sequences are significantly improved
by the proposed hybrid error concealment scheme, outperforming both spatial and temporal concealments alone.
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1. Introduction

Nowadays, the most popular digital video coding solu-
tions are represented by the ISO/IEC MPEG and ITU-
T H.26x standards [1], which rely on a highly complex
encoder. However, in some emerging applications, such as
wireless low-power video surveillance, multimedia sensor
networks, wireless PC cameras, and mobile camera phone,
low complexity encoding is required. Distributed video
coding (DVC) [2], a new paradigm in coding which allows
for very low complexity encoding, is well suited for these
applications.

In DVC, the complex task of exploiting the source
statistics, that is, the motion estimation can be moved from
the encoder to the decoder. The Slepian-Wolf theorem on
lossless distributed source coding states that the optimal rate
of joint encoding and decoding of two statistically dependent
discrete signals can be achieved by using two independent
encoders and a joint decoder [3]. Wyner-Ziv coding extends
this result to lossy coding with side information (SI) in
the case of Gaussian memoryless sources and mean-squared

error distortion [4]. DVC generally divides a video sequence
into key frames and WZ frames. The key task to exploit
source statistics is carried out in SI generation process to
produce an estimation of the WZ frame being decoded.
SI has a significant influence on the rate distortion (RD)
performance of DVC. Indeed, more accurate SI at the
decoder implies that fewer bits are requested from the
encoder through a feedback channel, so that the bitrate is
reduced for the same quality. In common DVC codecs, the SI
is obtained by motion compensated temporal interpolation
(MCTI) from the previous and next key frames and utilizes
the block matching algorithm (BMA) for motion estimation.
However, motion vectors from BMA are often not faithful
to true object motions. Unlike classical video compression,
it is more important to find true motion vectors for SI
generation in DVC. Therefore, it is important to improve
the SI generation in DVC in order to achieve better RD
performance.

Another appealing property of DVC is its good
resilience to transmission errors due to its intrinsic joint
source-channel coding framework. A thorough analysis of
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its performance in the presence of transmission errors has
been presented in [5], showing its good error resilience
properties. This results from the fact that DVC is based on a
statistical framework rather than the closed-loop prediction
used in conventional video coding. Recently, the rapid
growth of Internet and wireless communications has led
to increased interest for robust transmission of compressed
video. However, transmission errors may severely impact
video quality as compressed data is very sensitive to these
errors [6]. Thus, error control techniques are necessary for
efficient video transmission over error prone channels.

This paper proposes a new SI generation scheme by
exploiting spatio-temporal correlations at the decoder. It
uses partially decoded WZ frames generated by the WZ
decoder to improve SI generation. In other words, the
proposed scheme is not only based on the key frames,
but also on the WZ bits already decoded. Furthermore,
enhanced temporal frame interpolation is applied, including
motion vector refinement and smoothing to re-estimate
and filter the motion vectors, and optimal compensation
mode selection to select the mode with minimum matching
distortion. Based on these techniques, we also propose a
new hybrid spatial and temporal error concealment (EC)
scheme for WZ frames in DVC. It uses the error-concealed
results from spatial EC to improve the performance of the
temporal EC, instead of simply switching between spatial and
temporal EC. Spatial EC based on the edge-directed filter
[7] is firstly applied to the corrupted blocks, and the results
are used as partially decoded WZ frames to improve the
performance of temporal EC. In other words, the temporal
EC is not only based on the key frames, but also on the
WZ bits already decoded. Experimental results show that the
proposed scheme significantly improves the quality of the
SI and RD performance of DVC, and the performance of
the proposed hybrid scheme is superior to spatial EC and
temporal EC alone.

This paper is organized as follows. First, the DVC
architecture and other related work are introduced in
Section 2. Then, the proposed SI generation scheme is
presented in Section 3. Section 4 introduces a new hybrid
spatio-temporal EC based on the improved SI generation
technique. Simulation results are presented in Section 5.
Finally, Section 6 concludes the paper.

2. Related Work

2.1. DVC Architecture. Without loss of generality, in this
paper, we consider the transform domain Wyner-Ziv
(TDWZ) DVC architecture from [8], as shown in Figure 1.
A video sequence is divided into key frames (Y) and WZ
frames (X). Hereafter, we consider a Group of Pictures
(GOPs) size of 2, namely, the odd and even frames are
key frames and WZ frames, respectively. Key frames Y are
conventionally encoded using H.264/AVC Intra coding [1].
Conversely, for WZ frames X, a DCT transform is firstly
applied to the input stream, and the resulting transform
coefficients undergo quantization. The quantized coefficients
are then split into bitplanes which are turbo encoded. At the
decoder, SI approximating the WZ frames is generated by

MCTI of the decoded key frames. The SI is used in the turbo
decoder, along with WZ parity bits requested from feedback
channel, in order to reconstruct the decoded WZ frames X ′.
In this paper, the turbo decoder stops requesting more bits if
the bitplane bit error rate is below a given threshold equal to
10−3.

2.2. Motion-Compensated Temporal Interpolation. Motion-
compensated temporal interpolation (MCTI) has been used
in almost the all DVC codecs to generate SI by interpolating
the current frame from key frames. The purpose of MCTI
is to create an interpolation of a particular frame by using
blocks from previous and next reference frames. This prob-
lem is similar to video frame rate upconversion interpolation
to improve temporal resolution at the decoder [9, 10]. In
contrast to the motion compensation (MC) technique used
in conventional codecs, MCTI has no knowledge about the
frame being decoded. To estimate frame k, bidirectional
motion estimation is generally used in MCTI using a
bidirectional motion estimation scheme similar to the B-
frames coding mode used in current video standards. For
every block in frame k − 1, the most similar block in frame
k + 1 is found, and its motion vector is calculated. Once
the motion vector is obtained, the interpolated frame can
be filled by simply using bidirectional motion compensation.
Due to block-matching techniques not being ideal, forward
and backward searches usually do not produce the same
results, and they need to be averaged. This scheme holds as
long as the block has constant velocity. However, when there
is large or asymmetric motion, MCTI fails to generate a good
SI estimate.

Spatial motion vector smoothing was proposed to
improve the performance of bidirectional MCTI in [8, 11].
It is observed that the motion vectors have sometimes low
spatial coherence [11]. Therefore, spatial smoothing filter
was proposed to improve motion estimation by reducing
the number of false motion vectors, that is, incorrect
motion vectors when compared to the true motion field.
This scheme uses weighted vector median filters, which
maintains the motion field spatial coherence by looking,
at each block, for candidate motion vectors at neighboring
blocks. This filter is also adjusted by a set of weights
controlling the filter smoothing strength depending on the
prediction mean square error of the block for each candidate
motion vector. However, spatial motion smoothing is only
effective at removing false vectors that occur as isolated pulse
spikes.

Subpixel interpolation is also proposed to improve
motion estimation for SI generation [12]. The subpixel
interpolation method of H.264 is used to generate the
pixel value at subpixel position. At the decoder, the side
information is motion-compensated refined according to
the chosen multiestimation mode from backward, forward,
and bidirectional modes. This motion refinement procedure
uses subpixel interpolation to improve the precision of
search. The subpixel interpolation is effective at improving
the generated SI, but it also fails in the presence of large
or asymmetric motion. Moreover, it increases the decoder
complexity.
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Figure 1: DVC architecture.
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Figure 2: DVC decoder architecture with proposed SI generation.

2.3. Encoder Aided Motion Estimation for SI Generation.
Encoder aided motion estimation to improve SI generation
was proposed to conduct more accurate motion estimation
at the decoder with the help of auxiliary information sent
by the encoder, such as the cyclic redundancy check (CRC)
[13] and hash bits [14]. In [13], CRC bits for every block
are calculated at the encoder and transmitted for the decoder
to perform motion search and choose the candidate block
that produces the same CRC. The encoder transmits a
CRC check of the quantized sequence. Motion estimation
is carried out at the decoder by searching over the space
of candidate predictors one-by-one to decode a sequence
from the set labeled by the syndrome. When the decoded
sequence matches the CRC check, decoding is declared to
be successful. However, the way to generate and exploit
CRC is complicated, and it increases the complexity not
only at the decoder, but also at the encoder. In [14], it is
proposed to send robust hash codewords from the encoder,
in addition to the Wyner-Ziv bits, to aid the decoder in
estimating the motion and generating the SI. These hash
bits carry the motion information to the decoder without
actually estimating the motion at the encoder. The robust
hash code for a block simply consists of a very coarsely
subsampled and quantized version of the block. The decoder
performs a motion search based on the hash to generate the
best SI block from the previous frame. In this scheme, the
encoder is no longer an intraframe coder because of the hash
store. The hash bits do help in motion estimation, but they
increase the encoder complexity and transmission payload.
In addition, in [14], the SI is generated only based on the
previous key frame, which is not as good as bidirectional
motion estimation.

It was also proposed to split the Wyner-Ziv frame into
two subsets at the encoder based on a checkerboard pattern,

in order to exploit spatial correlations between these subsets
at the decoder [15]. Each subset is encoded independently. At
the decoder, the first subset is decoded using the SI obtained
by MCTI, thus exploiting only temporal correlation. Then,
the second subset is decoded by MCTI based on key frames,
or by interpolating the first decoded subset. When the
estimated temporal correlation is high, the temporal SI
is used. Otherwise, the spatial SI is used. However, this
approach can only achieve a modest improvement, and the
encoder must be modified accordingly.

2.4. Iterative Decoding and Motion Estimation for SI Genera-
tion. The idea of iterative decoding and motion estimation
has also been proposed to improve SI, such as motion
vector refinement via bitplane refinement [16] and iterative
MCTI techniques [17, 18], but with a high cost of several
iterations of motion estimation and decoding. In [16],
the reconstructed image and the adjacent key frames are
used in order to refine the motion vectors and, thus,
obtain a new and improved version of the decoded and
SI frames, including matching criteria function to perform
motion estimation and three decoding interpolation modes
to select the best reference frame. This scheme is based on
bitplane refinement for pixel-domain DVC, and only minor
improvements have been achieved. In [17], the first outcome
of the distributed decoder is called partially decoded picture.
A second motion-compensated interpolation is applied,
which uses the partially decoded picture as well as the
previous and next key frames. For each aligned block in
the partially decoded picture, the most similar block is
searched in the previous frame, the next key frames, the
motion-compensated average of the previous and the next
frames, and the result from the MCTI previously performed.
However, only minor improvement has been achieved. In
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Figure 3: Proposed SI refinement procedure.

this paper, we use the same idea of using partially decoded
picture, but it is further augmented with suspicious vector
detection, new matching criteria for motion estimation, and
motion vector filtering, resulting in much better improve-
ments. An iterative approach based on multiple SI with
motion refinement has also been proposed in [18]. Multiple
SI streams are used at the decoder: the first SI stream is
predicted by motion extrapolating the previous two closest
key frames and the second SI stream is predicted using the
immediate key frame and the closest Wyner-Ziv frame. Based
on the error probability, the turbo decoder decides which SI
stream is used for decoding a given block.

2.5. Error Concealment. EC consists in estimating or inter-
polating corrupted data at the decoder from the correctly
received information. It can improve the quality of decoded
video corrupted by transmission errors, without any addi-
tional payload on the encoder or channel. EC can be
classified into three categories: spatial concealment [19–
21], temporal concealment [22–24], and hybrid spatial and
temporal concealments [25–27].

Spatial EC is used to interpolate the lost block from its
spatially neighboring available blocks or coefficients in the
current frame. It relies on the inherent spatial smoothness
of the data. For example, the technique proposed in [19]
exploits the smoothness property of image signals and recov-
ers the damaged blocks by a smoothness measure based on
second-order derivatives. However, this smoothness measure
would lead to blurred edges in the recovered frame due to the
simple second-order derivative-based measure to represent
the edges. In [28], through benchmarking results on the
existing error concealment approaches, it was observed that
none of the existing approaches is an all time champion.
A classification-based concealment approach was proposed
which can combine the better performance of different
spatial approaches [29].

Temporal EC techniques use the temporally neigh-
boring frames to estimate the lost blocks in the current
frame, based on the assumption that the video content is
smooth and continuous in the temporal domain. A very
simple scheme for temporal error concealment is used to
just copy the block at the same spatial location in the
previous frame to conceal the lost block. A bidirectional
temporal error concealment algorithm that can recover loss
of a whole frame was proposed in [23]. However, the
accuracy of the motion estimation may affect the results
significantly.

Temporal EC usually leads to better results when
compared to spatial concealment, given the typically high
temporal correlation in video. However, for video with scene
changes or with very large or irregular motion, spatial EC
is preferred. Some attempts have been made to combine
both spatial and temporal ECs to improve performance
[26, 27]. These schemes use some mode selection methods to
decide whether to use spatial or temporal EC. For example,
temporal activity (measured as the prediction error in the
surrounding blocks) and spatial activity (measured as the
variance of the same surrounding blocks) are used to decide
which concealment mode to use [26]. In general, however,
these methods have achieved very limited success, mostly due
to the simple mode selection mechanisms at the decoder to
merge the results from both spatial and temporal ECs.

In [30], a forward error correcting coding scheme is
proposed for traditional video coding, where an auxiliary
redundant bitstream generated at the encoder using Wyner-
Ziv coding is sent to the decoder for error concealment.
However, in the literature, few error concealment schemes
for DVC can be found.

3. Proposed SI Generation Scheme

The DVC decoder architecture including the proposed SI
generation scheme is illustrated in Figure 2. Firstly, the
MCTI with spatial motion smoothing from [8] is used
to compute motion vectors and to estimate the initial
SI (ISI) for the frame being decoded. Based on the ISI,
the WZ decoder is first applied to generate a partially
decoded WZ (PDWZ) frame denoted by X ′′k . The PDWZ
frame, that is, the decoded result after the first run of WZ
decoding, is then exploited to generate an improved SI as
detailed in Figure 3. More specifically, the SI refinement
procedure first detects suspicious motion vectors based on
the matching errors between the PDWZ frame and the
reference key frames. These motion vectors are then refined
using a new matching criterion and a spatial smoothing
filter. Furthermore, optimal motion compensation mode
selection is conducted. Namely, based on the spatio-temporal
correlations between the PDWZ frame and the reference key
frames, the interpolated block can be selected from a number
of sources: the previous frame, the next frame, and the
bidirectional motion-compensated average of the previous
and the next frame. The final SI (FSI) is constructed using
motion compensation based on the refined motion vectors
and the optimal compensation mode. Finally, based on the
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FSI, the reconstruction step is performed again to get the
final decoded WZ frame.

Common MCTI techniques use only the previous and
next key frames to generate the SI. In comparison, the
proposed SI generation scheme appears to perform much
better than common MCTI, since it has additional infor-
mation (from WZ bits) about the frame it is trying to
estimate. Moreover, the spatio-temporal correlations are
exploited based on the PDWZ frame using the SI refinement
procedure. The decoded frame obtained here could then
be used again as PDWZ frame for a subsequent iteration.
However, our experiments show that extra iterations do not
provide a significant performance improvement. In other
words, the additional information carried by parity bits is
fully exploited in a single run of our SI generation scheme.
Therefore, only one iteration is used in the proposed scheme,
avoiding additional complexity at the decoder.

3.1. Matching Criterion. To exploit the spatio-temporal
correlations between the PDWZ frame and reference key
frames, a new matching criterion is used to evaluate the
errors in motion estimation. Generally, the goal of motion
estimation is to minimize a cost function that measures the
prediction error, that is, how similar the original blocks and
the estimated block are. For example, the popular mean
absolute difference (MAD) for the estimated motion vector
MV of the block B1 is defined as

MAD
(
P0,F1,F2,MV

)

= 1
MN

M−1∑

i=0

N−1∑

j=0

∣
∣F1

(
i + x0, j + y0

)

− F2
(
i + x0 +MVx, j + y0 +MYy

)∣∣,
(1)

where (x0, y0) is the coordinate of the top left point P0 of
the original block in the current frame F1,F2 is the reference
frame, (MVx,MYy) is the candidate motion vector MV, and
(M,N) are the dimensions of the block. However, when there
are changes in pixel intensity and noises, minimizing MAD
often leads to false motion vectors.

On the other hand, boundary absolute difference (BAD)
is proposed in the error concealment literature [9, 24] to
measure the accuracy of motion compensation to enforce the

spatial smoothness property by minimizing the side match-
ing distortion between the internal and external borders of
the recovered block. It is defined as
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(2)

Unfortunately, BAD is not efficient at picking out bad motion
vectors when local variation is large [9].

In this paper, we propose a new matching criterion based
on MAD and BAD. The matching distortion (DST) for the
motion vector (MV) of the current block with upper-left
point P0 is defined as

DST
(
P0,F1,F2,MV

) = αBAD
(
P0,F1,F2,MV

)

+ (1− α)MAD
(
P0,F1,F2,MV

)
,
(3)

where α is a weighting factor, and MV is the candidate
motion vector. MAD is utilized to measure how well the
candidate MV can keep temporal continuity. The smaller
MAD is, the better the candidate MV keeps temporal
continuity. On the other hand, BAD is used to measure
how well the candidate MV can keep spatial continuity. The
smaller BAD is, the better the candidate MV keeps spatial
continuity.

This matching criterion is exploited in suspicious vector
detection, motion vector refinement and smoothing, and
optimal motion compensation mode selection in the pro-
posed SI generation pipeline.

3.2. Suspicious Vector Detection. Generally, for most
sequences with low and smooth motion, the majority
of motion vectors estimated by MCTI are close to the
true motion. However, erroneous vectors may result in
serious block artifacts if they are directly used in frame
interpolation. In this paper, a threshold T is established to
define the candidate blocks for further refinement based
on the matching criterion DST. If an estimated MV satisfies
the criteria defined in (4), it is considered to be a good
estimation; otherwise, it is identified as a suspicious vector
and will be further processed as follows:

DST
(
P0,X ′′k ,Y ′k−1,MV

)
+DST

(
P0,X ′′k ,Y ′k+1,MV

)
< T ,

(4)
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Figure 6: Errors in WZ frame (Foreman, frame 54).

where Y ′k−1 and Y ′k+1 are the previous and next decoded key
frames, respectively, and X ′′k is the PDWZ frame.

3.3. Motion Vector Refinement and Smoothing. The spatio-
temporal correlations between the PDWZ frame and the
reference key frames are exploited to refine and smooth
the estimated motion vectors. More specifically, the motion
vectors are re-estimated by bidirectional motion estimation
using the matching criterion defined in (3) and the PDWZ
frame. They are then filtered using a spatial smoothing filter.
This process generates a new estimation of the motion vector
for the block to be interpolated.

It is observed that motion vectors have sometimes
low spatial coherence. A spatial motion smoothing filter
is therefore used, similar to [11], but with the matching
criterion defined in (3) and the PDWZ frame. More precisely,
a weighted vector median filter is used to maintain the
motion field spatial coherence. This filter is adjusted by a set
of weights controlling the smoothing strength. The weighted
vector median filter is defined as

MVF = arg min
MVi

Num∑

j=1

wj

∥∥MVi −MVj

∥∥, i ∈ [1, Num],

(5)

where MV1, . . . ,MVNum are the motion vectors of the cor-
responding nearest neighboring blocks. MVF is the motion
vector output of the weighted vector median filter, which
is chosen in order to minimize the sum of distances (L2-
norm used in this paper) to the other Num − 1 vectors. 8-
neighborhood is used in this paper (Num = 8), as shown in
Figure 4. The weights w1, . . . ,wNum are calculated based on

the new matching criterion and the PDWZ frame as follows:

wj = DST
(
P0,X ′′k ,Y ′k−1,MVc

)
+DST

(
P0,X ′′k ,Y ′k+1,MVc

)

DST
(
P0,X ′′k ,Y ′k−1,MVj

)
+DST

(
P0,X ′′k ,Y ′k+1,MVj

) ,

(6)

where MVc is the current estimated vector for the block to
be smoothed. The weight is small if there is a high prediction
error using MVj , that is, the median filter is to substitute
the previously estimated motion vector with a neighboring
vector which has the smallest prediction error.

3.4. Optimal Motion Compensation Mode Selection. The
objective of this step is to generate an optimal motion-
compensated estimate. In most DVC schemes, while bidi-
rectional prediction is shown to be effective, it is limited to
motion-compensated average of the previous and the next
key frames.

Based on the PDWZ frame, the most similar block
to the current block can be selected from three sources:
the previous frame, the next frame, and the bidirectional
motion-compensated average of the previous and the next
frames. More specifically, the block is estimated by selecting
the mode with minimum matching error from the following
three modes of motion compensation.

(i) Backward mode: the block in the SI is interpolated
using only one block from the previous key frame.

(ii) Forward mode: the block in the SI is interpolated
using only one block from the next key frame.

(iii) Bidirectional mode: the block in the SI is interpolated
using the average of one block in the next key frame



EURASIP Journal on Image and Video Processing 7

(a) Original (b) SI (TDWZ, 20.3 dB) (c) SI (proposed, 26.6 dB)
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Figure 7: Visual result comparisons.

and another block in the previous key frame, at
arbitrary positions.

Among these modes, the decision is performed according
to the matching criterion defined in (3), and the one with the
minimum matching error is retained.

Based on the refined motion vectors and the selected
interpolation mode, motion compensation is applied to
generate the final SI. Based on this SI, the final decoded frame
X ′k is got after running the WZ decoder again.

4. Application of Improved SI Generation
Technique to EC

The techniques used to improve SI generation for DVC
not only can improve the performance of DVC, but also
are useful to improve the error resilience of DVC when
applied to a hybrid error concealment scheme. A hybrid error
concealment scheme is proposed based on the improved
SI generation techniques, as illustrated in Figure 5. The
error location is firstly detected. In this paper, we assume
that the error locations are known at the decoder, as often
presumed in error concealment literature, which can be done
at transport level or based on syntax and watermarking
[6]. For example, the UDP protocol generally used for
video streaming provides the parity check information. If
an error is detected, the entire packet is discarded and an
error is reported. Spatial EC is then applied to obtain a
partially error-concealed frame. This frame is much closer
to the error-free frame than the corrupted one. The partially
error-concealed frame is used for motion vector refinement,
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smoothing, and optimal compensation mode selection to
obtain an estimate of the motion vector of the corrupted
block. Motion compensation is finally used to obtain the final
error-concealed frame X̂k.

4.1. Spatial Concealment Based on Edge Directed Filter. In
DVC, the decoded WZ frames are based on the SI generated
by MCTI of the key frames. WZ bits are then used to improve
the quality of the approximate estimation of SI, and to obtain
the decoded WZ frame. Motion estimation for SI would be
more correct for smooth areas than edges, that is, less WZ
bits are used for smooth areas. Therefore, the transmission
errors in WZ bits tend to cause noises around edges in the
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corrupted WZ frames. For example, when there are errors
in WZ bits, the error pattern of the damaged WZ frames,
as shown in Figure 6(b), is different from that of traditional
video coding schemes (Figure 6(c)). Therefore, the error
concealment schemes proposed for traditional video coding
schemes cannot be directly applied to conceal errors in WZ
frames. In this paper, since errors in WZ bits tend to cause
artifacts around edges, an edge-directed filter is constructed
to remove the noises without serious blurriness.

Anisotropic diffusion techniques have been widely used
in image processing for their efficiency at smoothing
noisy images while preserving sharp edges. We adopt the
anisotropic diffusion as a direction diffusion operation and
use the diffusion function for spatial error concealment as
in [7]. The error concealment method in [7] is designed
for wavelet-based images and contains wavelet domain
constraints and rectifications. In this paper, we only use the
edged directed filter without any constraint or rectification.
Based on the error patterns generated by WZ corrupted
frames, an edge-directed filter is constructed to remove
the noises around edges caused by errors in the WZ
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Figure 11: RD performance for sequence Soccer.
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Figure 12: RD performance for sequence Coastguard.

bits by adopting the anisotropic diffusion as a direction
diffusion operation and the diffusion function for spatial
error concealment proposed in [7]

f (∇I) = exp
(− |∇I|/M)

max
(

exp(ΔI), 1 + |∇I|) ,

M = max
P∈ Γ

(∣∣∇IP
∣∣),

(7)

where Γ is the 16 × 16 pixels blocks where the corrupted
pixel belongs to, ∇ is the gradient operator, and |∇I| is the
magnitude of∇I.ΔI is the Laplacian of the frame I, a second-
order derivative of I.

The edge-directed filter is applied iteratively as follows:

In+1 = In +
Δt

N

N∑

i=1

f
(∇Ini

)·∇Ini , (8)

where In+1 is the recovered frame after n + 1 iterations, I0

is the corrupted frame, and Δt is the anisotropic diffusion
step. For each pixel (Ini ), the filtering is carried out on the
neighboring N (16× 16) pixels.
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Figure 13: RD performance for sequence Hallmonitor.
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Figure 14: RD performance for sequence Foreman (CIF).

4.2. Enhanced Temporal Error Concealment. The techniques
used in the improved SI generation scheme, as described
in Section 3, are exploited to improve the performance of
the temporal EC. The approach is based on MCTI and
motion vector filtering as proposed in [11]. One of the
key novelties is that the partially error-concealed frame is
used to improve the temporal EC, unlike [11], where MCTI
is based on the previous and next key frames. Indeed,
the reconstructed frame by spatial concealment contains
additional information about the current frame carried by
the correctly received WZ bits. Therefore, by using the
partially error-concealed frame resulting from spatial EC,
the spatio-temporal correlations between this frame and the
reference key frames can be better exploited. Hence, the
performance of the temporal EC is improved.

The matching criterion in (3) is used to evaluate the
error in motion estimation based on the partially error-
concealed frame and the reference key frames. The spatio-
temporal correlations between the partially error-concealed
frames and the key frames are then exploited to refine and
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Figure 15: RD performance for sequence Soccer (CIF).

smooth the estimated motion vectors using the technique
presented in Section 3.3. The block most similar to the
corrupted block is selected from a number of sources: the
previous frame, the next frame, the bidirectional motion-
compensated average of the previous and the next frames,
as presented in Section 3.4. Based on the estimated motion
vectors and the interpolation modes, motion compensation
is applied to generate the reconstructed blocks as the result
of temporal concealment.

5. Results and Discussions

The TDWZ DVC codec proposed in [8] is used in our
experiments, and only luminance data is coded. The video
sequences Foreman, Soccer, Coastguard, and Hallmonitor are
used in QCIF format and at 15 fps. The DVC codec is run
for the first 149 frames. Eight RD points are computed per
sequence. The results are compared to the TDWZ codec
[8]. The quantization parameters of the key frames in our
experiments were selected in such a way that the qualities of
the output key frames are kept similar with those of the WZ
frames. The weight α in (3) and the threshold T in (4) are
empirically set to 0.3 and 10, respectively.

5.1. Performance Improvement by the Proposed SI Generation
Method. Figure 7 shows the visual results of SI and decoded
frames for Foreman. The face and the building in the SI
generated by the TDWZ contain block artifacts (Figure 7(b)).
On the contrary, the SI generated by the proposed method
(Figure 7(c)) is much better, with the same requested bits
(20.6 Kbits). The improvement in the SI also results in a
better quality of the decoded WZ frame. There are much
fewer block artifacts on the face and building in the decoded
frame (Figure 7(e)) when compared to the proposed method
by the TDWZ (Figure 7(d)).

Figure 8 shows the SI quality for Foreman. The proposed
algorithm achieves up to 6.7 dB and an average of 2.4 dB
improvement, when compared to the SI in the TDWZ.
The PSNR values of the decoded WZ frames are shown in
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Figure 16: PSNR performance for Foreman (only WZ frames are corrupted).

Table 1: Effect of the weight α (Foreman, QCIF, 15 fps, T = 10).

PSNR (dB)

α = 0.0 α = 0.3 α = 0.7 α = 1.0

Bitrate (kbps)

72.86 28.31 28.36 28.10 27.85

99.41 29.62 29.66 29.26 28.94

170.06 32.15 32.19 31.65 31.26

297.16 35.51 35.53 34.88 34.38

Average 31.40 31.44 30.97 30.61

Table 2: Effect of the threshold T (Foreman, QCIF, 15 fps, α = 0.3).

Bitrate (kbps)
T = 10 T = 40 T = 70 T = 100

PSNR (dB) Percentage PSNR (dB) Percentage PSNR (dB) Percentage PSNR (dB) Percentage

72.86 28.36 84.13% 28.34 18.73% 28.3 9.45% 28.06 0%

99.41 29.66 91.24% 29.63 19.47% 29.55 10.83% 29.26 0%

170.06 32.19 89.82% 32.12 21.73% 32 11.82% 31.65 0%

297.16 35.53 94.24% 35.41 24.21% 35.23 13.05% 34.84 0%

Average 31.44 89.86% 31.38 21.03% 31.27 11.29% 30.95 0%
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Figure 17: PSNR performance of different sequences (only WZ frames are corrupted).
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Figure 18: PSNR performance for Foreman (both key and WZ frames are corrupted).
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Figure 9. Compared to the TDWZ, the proposed method
achieves up to 2.2 dB and an average of 0.6 dB improvement.
Both TDWZ and the proposed algorithm have the same
bitrate, 12.0 kbps. From these figures, we can also find that
the proposed algorithm gets larger improvement over TDWZ
when there is large or asymmetric motion, for example, from
frame 35 to 55. The reason is that for small or symmetric
motions, the motion estimation and compensation are
correct enough by TDWZ.

The RD performance of the decoded WZ frames for
all the sequences is shown in Figures 10, 11, 12, and
13, respectively. RD performance improvements over the
TDWZ are observed for all sequences. For Soccer (Figure 11),
the proposed method significantly improves the objective
quality (up to 1.0 dB at QP6) with respect to TDWZ.
When compared to H.264/AVC intra, the performance is still
inferior but the gap is brought down to around 2 dB, while
it was around 3 dB for the TDWZ. For video with simple
motion such as Hallmonitor (Figure 13), the performance of
the proposed method is only slightly better than the TDWZ,
which is already around 3 dB superior to H.264/AVC Intra.
For Foreman, the introduced SI improves the performance
over H.264/AVC intra for low bitrates (Figure 10). For
Coastguard, the introduced SI outperforms H.264/AVC intra
for all different bitrates (Figure 12).

We also test the proposed SI generation with sequences
in CIF format at 30 fps. The RD performance results are
show in Figure 14 for Foreman and in Figure 15 for Soccer,
respectively. Compared to the QCIF results (Figures 10 and
11), the improvement of the proposed method over TDWZ
for CIF format is a bit smaller than that for QCIF format. The
reason is that the better quality of CIF format and the larger
number of frame per second, which means that the motion
between two subsequent frames is smaller, improve motion
estimation, which makes the improvement of the proposed
method smaller.

The effect of the weight α and the threshold T on
the finally decoded frames has been also studied for the
sequence Foreman. The average PSNR values of the decoded
frames at different bitrates with different α are shown in
Table 1. We can observe that the α value of 0.3 always
generates the best PSNR. The average PSNR values and

the corresponding percentage of detected suspicious motion
vectors with different T are shown in Table 2. Naturally, for
larger T, the percentage of detected suspicious vectors gets
smaller, and then the complexity of out method decreases.
However, as a good number motion vectors estimated by
MCTI are close to the true motion, the false motion vectors
are always filtered. Hence, the coding performance remains
essentially constant for small enough T.

5.2. Error Concealment Simulations. In simulations on error
concealment for DVC, a communication channel, character-
ized by the error pattern files provided in [31] with different
Packet Loss Ratios (PLRs), is used. The test sequences are
corrupted with packet loss rates of 3%, 5%, 10%, and
20%. For the various test conditions in terms of PLR and
Quantization Parameters (QPs), the average PSNR is mea-
sured. Results are obtained by averaging over ten runs using
different error patterns. In video streaming, due to the tight
delay constraint, a feedback channel is not preferred since it
will cause additional delay, and the received retransmitted
bits beyond time constraint will be useless. In this case,
no feedback channel is used when errors occurred during
the transmission. However, the rate control of the DVC
architecture (Figure 1) used in this paper uses a feedback
channel driven rate control. Therefore, in this section, we
suppose that the encoder performs ideal rate control, that is,
the number of requested bits for each bitplane for the error-
free case is determined a priori and used for decoding the
corresponding corrupted bitstream. Furthermore, as used
in [8], if the bit error probability of the decoded bitplane
in WZ decoder is higher than 10−3, the decoder uses the
corresponding bitplane of the SI. The header of the WZ
bitstream, which contains critical information such as frame
size, quantization parameters, and intraperiod, is assumed as
correctly received.

To evaluate the performance of the proposed error
concealment method, first only errors in WZ frames are
simulated. Figure 16 shows the PSNR values of error-
concealed results at several quantization indexes for sequence
Foreman. The results of the proposed concealment method
are compared to those of spatial concealment (SC, based
on edge directed filter [7]), and temporal concealment (TC,
based on MCTI [11]). As shown in Figure 16, the proposed
error concealment method achieves better objective qualities
than both SC and TC, for all packet loss ratios and
quantization indexes. The improvements of the proposed
method can be considered as quite good when compared to
the-state-of-the-art. From the results, we can also observe
that, although TC generally performs better than SC, the
performance of SC can be very close to TC when the video
quality is good (for high QP or low PLR).

Figure 17 shows the results of sequence Soccer
(Figure 17(a)) and Hallmonitor (Figure 17(b)). For
sequences with large and complex motion such as Soccer, the
temporal EC performance can become worse than that of
spatial EC (Figure 17(a)). For sequences with simple motion
such as Hallmonitor, the performance of the proposed EC
becomes close to TC (Figure 17(b)).
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Figure 20: Error-concealed results for Foreman.

To evaluate the performance of the proposed method in
a more realistic scenario, errors in both key and WZ frames
are also simulated. The spatial EC defined in H.264/AVC
JM 11.0 is used to conceal errors in key frames. Figure 18
shows the PSNR values of error-concealed results at several
quantization indexes for sequence Foreman. As shown in
Figure 18, errors in key frames further decrease PSNR values
for all EC methods, but the proposed error concealment
method leads to even larger improvements when compared
to the-state-of-the-art. The reason may be that the errors
in key frames cause distortions in WZ frame, and these
distortions can also be better concealed by the proposed
method.

Figure 19 shows the PSNR values of all frames of
sequence Foreman (QP7, PLR 20%). The improvement by
the proposed method is quite important, with gains up to
8.0 dB. The average improvement for the whole sequence
is 2.0 dB, significantly outperforming SC (0.82 dB) or TC
(1.13 dB).

Figure 20 shows the visual results of frame 56 (QP7, PLR
20%). Distortions are still visible near the edges in the frames
concealed by SC (Figure 20(b)) and TC (Figure 20(c)).
The visual quality obtained with the proposed method
(Figure 20(d)) is better.

6. Conclusions

A new side information generation scheme is proposed to
improve the performance of DVC. The use of the partially
decoded WZ frame, which is exploited in motion vector
refinement, smoothing, and optimal compensation mode

selection improves the performance of SI generation. Simu-
lation results show that a large improvement of performance
has been achieved by the proposed approach, compared to
the-state-of-the-art DVC. The proposed approach achieves
better RD performances than TDWZ for all test sequences.
For sequences with large motion, such as Soccer, the pro-
posed method improves the objective quality (up to 1.0 dB),
compared with TDWZ. These results were obtained with no
additional complexity or modification to the DVC encoder.

The new SI generation technique is also very helpful in
the proposed hybrid EC scheme for WZ frames. Simulation
results on the proposed error concealment method also show
that the proposed method can bring significant improve-
ments in terms of both objective and perceptual qualities for
corrupted sequences. The proposed hybrid EC scheme is only
applied at the decoder, without any modification to the DVC
encoder or transmission channels.
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