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This paper presents an improved redundant picture
coding method that efficiently enhances the error
resiliency of H.264. The proposed method applies
polyphase downsampling to residual blocks obtained from
inter prediction and selectively encodes the rearranged
residual blocks in the redundant picture coding process.
Moreover, a spatial-temporal sample construction method
is developed for the redundant coded picture, which
further improves the reconstructed picture quality in
error prone environments. Simulations based on JM11.0
were run to verify the proposed method on different test
sequences in various error prone environments with
average packet loss rates of 3%, 5%, 10%, and 20%.
Results of the simulations show that the presented method
significantly improves the robustness of H.264 to packet
loss by 1.6 dB PSNR on average over the conventional
redundant picture coding method.
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1. Introduction

H.264/AVC is the latest video coding standard developed by
the Joint Video Team (JVT) of ITU-T Video Coding Experts
Group (VCEG) and ISO/IEC Moving Picture Expert Group
(MPEG) aiming at enhanced coding efficiency and improved
network adaptation [1]. The standard was designed to cover a
wide range of video applications. Among those applications,
video service over unreliable networks is a challenging task in
terms of both compression efficiency and error resiliency.
However, enhanced coding efficiency somewhat increases the
sensitivity of a codec to channel errors in error prone
environments. Especially in a packet loss environment, the loss
of a whole or partial picture due to packet loss may further
result in a crash of the decoder. Therefore, there is a demand for
error resiliency tools which make the codec robust to data
losses or errors.

To meet this demand, current H.264 has been developed
with error resiliency tools (A detailed description may be found
in [2]-[6]). Among those tools, slice-based flexible macroblock
ordering (FMO) is an effective tool for combating data loss [7].
This tool releases the constraint of macroblock (MB) raster
scan order for slice coding; instead of doing that, it flexibly
groups MBs into slice groups using an MB allocation map. An
example of this is to assign MBs in a checker board mode, as
shown in Fig. 1. In this case, when MBs in one slice group are
lost, the lost MBs will be concealed by their neighboring MBs
which are coded in other slice groups. Apparently, it makes it
easier to construct the lost MBs. However, the error
concealment uses spatially distant information of neighboring
MBs; therefore, the artifacts may degrade the concealed effect.
Also, the reconstruction quality greatly depends on the
availability of the neighboring MBs.
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Fig. 1. Checker board mode for FMO.

Another highlighted error resiliency tool is redundant picture
which has been developed to enhance the robustness of H.264 to
data loss. With redundant picture, when the primary coded
picture [1] is lost, a redundant one can be used to replace the lost
picture in the decoding process, a simple implementation of
which is to use a repetition of the primary coded picture as the
redundant coded one. However, as the same bits are used to
represent the redundant coded picture, the coding efficiency is
decreased. Therefore, an altemative strategy was proposed,
which uses fewer bits to represent the redundant picture,
typically with somewhat degraded quality, for instance, using the
greater quantization parameter (QP) in the redundant picture.

In this case, when the primary coded picture is lost, a picture
with lower quality will be used to replace the lost one. For this
reason, the performance is not significantly improved. Besides
the methods described above, another redundant picture coding
method has been recently proposed in [6], in which the
redundant pictures are encoded with different reference
pictures from those used for the primary picture coding. This
effectively prevents temporal error propagation without relying
on feedback information. However, as the redundant pictures
are predicted from different reference pictures which are not
the optimal ones used for primary picture coding, more bits
will be used for the representation of the redundant ones.
Coding efficiency still remains a problem.

In order to make a fair tradeoff between the coding efficiency
and the error resiliency of H.264 in error prone packet loss
environments, a polyphase-downsampling (PD)-based
redundant picture coding method is investigated in this paper.

The remainder of this paper is organized as follows. Section
IT reviews the PD algorithm and section III describes the
proposed redundant picture coding method. Simulation results
are presented in section IV, and finally, conclusions are drawn
in section V.
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II. Polyphase Downsampling Algorithm

The PD technique applied to video coding had been
investigated in [8] and [9] for improved coding efficiency and
in [10] and [11] for multiple description (MD) coding.
Moreover, an improved scheme, where PD is applied in the
spatial domain, was developed in [12]. A PD-based MD coding
combined with data partition in H.264 was proposed in [13] for
error resiliency. The PD technique was further extended to
improve scalable video coding efficiency in [14]. Until then,
the PD technique had been applied to primary picture coding.
After that, a PD-based redundant picture coding was proposed
in [15]. Further work on this has been encouraged by JVT
since the 17th JVT meeting in October 2005. The technique
described in [15] became the basis of the current work
presented in this paper.

Inspired by FMO, instead of using spatially distant
information of neighboring MBs for error concealment, a
method utilizing the PD technique is investigated, where the
spatial correlation among neighboring samples is exploited.
With the proposed method, when errors occur, the lost samples
are more effectively concealed with the information of
neighboring samples.

For a better understanding of the PD algorithm used in this
paper, an exemplification of the PD procedure is illustrated in
Figs. 2 and 3 along with the corresponding inverse PD procedure.

Basically, the PD procedure is a sample reorganization
process, which rearranges the original sample in the position
(ro,C,) to the position (1,,,c,) given by (1) and (2):

r, =(r,mod2)x4+(r,/2), )

¢, =(c,mod2)x4+(c,/2). (@)

For the case of inverse PD, it can be represented as (3) and
(4). The samples rearranged by the PD process, as shown in
Fig. 3(a), will be reorganized back to their original positions, as
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Fig. 2. Exemplification of PD procedure.
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shown in Fig. 3(b). Further description of the PD technique
applied to redundant picture coding is given in section IIL
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Fig. 3. Exemplification of inverse PD procedure.

III. PD-Based Redundant Picture Coding

This section describes the proposed method in detail, which
is investigated in both the encoding and decoding process.

1. PD Process for Residual Blocks

The proposed method is developed for redundant picture
coding; therefore, in the following description, the coding
process refers to the redundant picture coding process.

Figure 4 gives the block diagram of the PD-based H.264
redundant picture coding structure. Two functional blocks—the
PD block and the inverse PD block—are added to the coding
process. First, PD is applied to each 8x8 prediction residual
block which is the difference between the current block

Redundant
coded
picture

Video in coding

T: Transform

Q: Quantization

Motion compensated
prediction

Deblocking
filter

Video out

Motion estimation

Fig. 4. Block diagram of the redundant picture coding.
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and the reference block obtained from previously-decoded
pictures. After that, transform is applied to the rearranged
residual blocks, followed by quantization and entropy
coding.

Inverse PD, denoted by PD™ in Fig. 4, is implemented in
both the encoding and decoding process. Hence, an inverse
PD module would be added for a normal H.264 decoder.
Inverse PD is applied to the decoded 8x8 residual blocks
obtained from the inverse transform in both the encoder and
the decoder, followed by sample construction and a
deblocking process.

2. Encoding Process for Rearranged Residual Blocks

In order to maintain coding efficiency while providing
error resiliency, the redundant picture is typically coded with
the higher QP, which results in more zero coefficient levels
in the quantized transform block. This inspired the idea not
to encode all the rearranged residual blocks, but to
selectively encode only some of them. Figure 5 gives the
block group patterns for the selective block coding. The
rearranged residual blocks are classified into two block
groups: one includes blocks to be coded; the other comprises
blocks not to be coded.

Since some of the residual blocks are not to be coded,
information related to those residual blocks is not considered
for reference in the coding process of blocks being coded.
Therefore, regarding the coding process of transform
coefficient levels, when context-based adaptive variable length
coding (CAVLC) is used, the following modifications are
needed for the prediction of the number of non-zero transform
coefficient levels:

0 1 4 5 0 1 4 5
2 3 6 7 2 3 6 7
8 9 12 | 13 8 ¢ 12 | 13
10 | 11 14 | 15 10 1 14 | 15

Block to be coded

Block not to be coded

10| 1 14 | 15

()

Fig. 5. Block group patterns for selective block coding.
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a) If the blocks to be coded and the blocks not to be coded
are distributed as in Fig. 5(a), then the available neighboring
block is limited to the top neighboring block. In this case, the
number of non-zero transform coefficient levels is predicted
from that of the top neighboring block.

b) If the blocks to be coded and the blocks not to be coded
are distributed as in Fig. 5(b), then the number of non-zero
transform coefficient levels is predicted from that of the left
neighboring block.

¢) If the blocks to be coded and the blocks not to be coded
are distributed like a checker board as shown in Fig. 5(c), then
the number of non-zero transform coefficient levels is
predicted from that of the top-left neighboring block.

3. Sample Construction Process for Redundant Pictures

Only some of the prediction residual blocks have been
coded; therefore, for those samples whose prediction residual
have not been coded, a spatial-temporal sample construction
method is developed for the corresponding picture construction
process as illustrated in Fig. 6.

Using the PD technique in the coding process, each sample
whose prediction residual has not been encoded is surrounded
by four samples whose prediction residual have been encoded.
Therefore, in the redundant picture decoding process, those
samples whose residual signals have not been encoded will be
constructed by referring to not only the inter predicted samples
obtained from the previously decoded picture, but also the
previously decoded neighboring samples within the current
picture.

Two steps are included in this construction process. First, a
zero prediction residual is assumed to have been decoded for
the samples whose prediction residual have not been encoded.
In this way, the temporally predicted sample value is
primitively used as the constructed sample value. Then the
average of the spatial neighboring samples is used to adjust the
primitive sample value. For simplicity, in this paper, an
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Fig. 6. Spatial-temporal sample construction.
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experimental threshold of 10 is used in the simulations. When
the difference between the primitive value and the average
value is larger than the threshold, the average value is used to
replace the primitive sample value. Further study is needed on
threshold selection, which will further improve the
reconstructed picture quality.

IV. Simulation Results

To evaluate the performance of the proposed method,
simulations were run based on the reference software JM11.0
[16]. Two methods were used as anchors in this study. In the first
method, the redundant picture is coded with higher QP (denoted
by QP). The other method is described in [6], and is denoted by
RO58 in the following descriptions. Both the proposed method
and the anchor methods were tested on several standard video
test sequences (YUV 4:2:0): Foreman.qcif (400 frames),
News.qcif (300 frames), and Stefan.cif (300 frames). The coding
parameters were set as follows:

esequence coding type: IPPP, with one redundant picture
coded for every other frame for the PD method and the
higher QP method

« intra period: 1 second

e number of reference frames: 5, in the RO58 method, when

the redundant slice is enabled, the parameter
NumberReferenceFrames set to be no less than the
parameter PrimaryGOPLength

« entropy coding method: CAVLC
« RD optimization: on
e allocation of redundant pictures in the R0O58 method: GOP
size = 10 and NumRedundantHierarchy = 2 used for News
and Stefan sequences; GOP 12 and
NumRedundantHierarchy = 2 used for Foreman sequence
e« multi-slice not used, each coded slice assumed to be
encapsulated in one RTP packet
« forced intra MB update not used
o RestrictRefFrames = 1 and UseConstrainedIntraPred = 1.
For the higher QP anchor, the value of the QP used for the
redundant picture was 3 larger than that used for the primary
picture. For the proposed method, the block group pattern for
selective block coding as illustrated in Fig. 5(c) was used.

size =

Four packet loss patterns, as specified in [ITU-T VCEG and
[17], [18], with the average PLR of 3%, 5%, 10%, and 20%,
were employed in the simulations. A 0 in the packet loss
pattern indicates a packet loss, while a non-zero numeral
indicates a successful packet transmission. Note that, regarding
residual blocks obtained from intra prediction, the conventional
coding process is applied.

Figures 7 through 9 compare the performance of the PD-based
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Fig. 7. Performance comparison between the proposed method
(PD), the higher QP method (QP), and the method
described in JVT-R058 (RO58) in error prone
environments—Foreman, QCIF, and 10 fps.

redundant picture coding method with that of the higher QP
method and the RO58 method in various packet loss
environments. Figure 7 presents the simulation results for the
Foreman sequence based on different bit rates, where the target
bit rates of 64 kbps, 128 kbps, 192 kbps, and 320 kbps were
tested. All four of the simulation results show that the proposed
method achieves better reconstruction quality in terms of
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PSNR than the anchor methods. This is due to the fact that the
proposed method uses fewer bits to represent the redundant
coded picture while keeping as many as possible of the
reconstructed sample values in the redundant coded picture the
same as those in the primary coded picture. In this way, with
the same bit rate, more redundant coded pictures can be used
for the protection of the primary coded pictures. Furthermore,
the experimental results demonstrate that, for each case, the
higher the PLR, the more the proposed method outperforms
the anchor. Up to 2 dB improvement can be observed when the
proposed method is compared with the higher QP method and
up to 3 dB enhancement can be seen when it is compared with
the RO58 method.

It should be noted that at lower PLR, the performance
improvement of the proposed method over other methods is
relatively minor (around 0.2 dB improvement). This is because
at lower PLR, fewer redundant coded pictures are really used
in the decoding process, resulting in similar performance for all
three of the methods.

In general, similar performance improvements can also be
observed from the simulation results for the Stefan sequence
and the News sequence, as shown in Figs. 8 and 9. Also, it is
clear that when the transmission environment becomes worse,
the proposed method gives more a gradual degradation of the
reconstructed picture quality than the higher QP method.
There is one counterfactual point in Fig. 8. When the PLR is
3%, the anchor method in which the redundant pictures are
coded with higher QP outperforms the proposed method by
approximately 0.1 dB. This is due to the very infrequent use
of redundant coded pictures in the decoding process when
PLR is low.

As the simulation results demonstrate, the error resilience of
H.264 has been significantly enhanced with the proposed
method by an average 1.6 dB PSNR improvement over the
higher QP redundant picture coding method and around 0.8 dB
PSNR enhancement over the R058 method in various packet
loss environments. Moreover, a further comparison between

Y-PSNR (dB)

PLR (%)

Fig. 8. Performance comparison between the proposed method
(PD), the higher QP method (QP), and the method
described in JVT-R058 (RO58) in error prone
environment—Stefan, CIF, 30 fps, and 1.0 Mbps.
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Fig. 9. Performance comparison between the proposed method
(PD), the higher QP method (QP), and the method
described in JVT-R058 (RO58) in error prone
environment—News, QCIF, 10 fps, and 64 kbps.
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Fig. 10. Comparison of R-D performance between the proposed
method (PD), the higher QP method (QP), and the
method described in JVT-R058 (R058) in error prone
environment—Foreman, 10 fps.

different test sequences shows that the proposed method
achieves higher PSNR enhancement on high motion sequences
like Foreman than on low motion sequences like News. This is
due to the fact that as motion in video sequences increases, the
loss of one picture will have an increasingly serious affect on
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Fig. 11. PSNR performance comparison against frame numbers
between the proposed method (PD), the higher QP method
(QP), and the method described in JVT-R058 (R058) in
error prone environment—Foreman, 10 fps, and 128 kbps.

the reconstruction quality of the following pictures. Therefore,
the more the pictures are protected, the better the reconstruction
quality will be.

Figure 10 shows a comparison of R-D performance between
the proposed method and the anchor methods in error prone
environments for the Foreman sequence. It can be seen that at a
lower PLR, a slightly better performance is obtained by the
proposed method. At a higher PLR, for instance, when the
PLR is 5%, the proposed method gives obvious consistent
PSNR improvement from 1.1 dB to 2 dB over the higher QP
method and from 0.5 dB to 1.5 dB over the R0O58 method. This
is in accordance with the conclusions drawn from the previous
analysis.

To further illustrate the improved error resiliency of H.264
with the proposed method, Fig. 11 gives the frame-by-frame
objective PSNR performance of the three methods in detail.

The experimental results demonstrate that the proposed
method outperforms the anchor methods most of the time.
Quality degradation has been observably restricted with the
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(d)

Fig. 12. Frame #92 of the reconstructed Foreman sequence coded
at 128 kbps, with frame rate = 10 fps and PLR=10%: (a)
error free, (b) redundant slice coded with higher QP, (c)
JVT-R058, and (d) redundant slice coded with PD based
method.

proposed redundant picture coding method.

For a subjective quality comparison, Fig. 12 presents
reconstructed pictures from the Foreman sequence under
error free and PLR=10% conditions. Figure 13 shows a
comparison from the reconstructed Stefan sequence of frame
#226 with PLR=20%. In both of the figures, (a) gives the
reconstructed picture in error free conditions, while (b), (c),
and (d) give the reconstructed picture in an error prone
environment, where the redundant pictures are coded with the
higher QP method, the method described in JVT-R058, and
the proposed PD method, respectively. From the decoded
pictures, it can be seen that the proposed method gives better
reconstructed subjective quality than either of the anchor
methods.

V. Conclusion

In this paper, an improved redundant picture coding method
considering both the coding efficiency and the error resiliency
of H.264 has been presented. The proposed method applies a
polyphase downsampling technique to 8x8-sized inter
prediction residual blocks, followed by selectively encoding
part of the rearranged residual blocks. The spatial-temporal
sample construction method proposed in this paper further
improves the reconstructed picture quality in error prone
environments. The results of simulations show that the
proposed method efficiently enhances the error resiliency of
H.264 in error prone environments.

24  Jie Jiaetal.

(d)

Fig. 13. Frame #226 of the reconstructed Stefan sequence coded
at 1.0 Mbps, with frame rate = 30 fps and PLR=20%: (a)
error free, (b) redundant slice coded with higher QP, (c)
JVT-R058, and (d) redundant slice coded with PD based
method.
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