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Abstract

In this paper, we propose efficient schemes for enhancing the error robustness of multi-hypothesis motion-compensate

predictive (MHMCP) coder without sacrificing the coding efficiency significantly. The proposed schemes utilize the

concept of reference picture interleaving and data partitioning to make the MHMCP-coded video more resilient to channel

errors, especially for burst channel error. Besides, we also propose a scheme of integrating adaptive intra-refresh into the

proposed MHMCP coder to further improve the error recovery speed. Extensive simulation results show that the proposed

methods can effectively and quickly mitigate the error propagation and the penalty on coding efficiency for clean channels

due to the inserted error resilience features is rather minor.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Multimedia applications, such as communica-
tions, entertainments, and surveillance, are enabled
and getting more and more popular by the evolution
of technologies in personal computers and net-
works. In multimedia applications, compression is a
crucially important issue since raw video/audio data
demand tremendous storage space and network
bandwidth. To reduce the temporal redundancy in
raw video data, motion-compensated prediction
e front matter r 2007 Elsevier B.V. All rights reserved
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(MCP) [1] has been widely exploited in the
contemporary video coding standards. With MCP,
incoming video frames are predicted from pre-
viously reconstructed frames stored in frame
buffers by spatial displacement vectors (namely,
motion vectors). Since only the motion vectors
and the quantized prediction errors are coded in
the bitstream, the more accurate the prediction,
the more compression gain can be achieved. To
achieve better prediction accuracy, long-term mem-
ory motion compensation (LMMC) was proposed
in Ref. [2] to predict the video frames more
effectively among multiple reconstructed frames,
leading to bit-rate saving of up to 30% using 50
reference frames. The H.264 standard [3] adopts
LMMC as a coding tool to achieve high coding
efficiency.
.

ing based on multi-hypothesis motion-compensated prediction,
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The concept of multi-hypothesis MCP (MHMCP)
was first introduced in Ref. [4], which reported that
prediction error reduction between 18% and 40%
(0.9–2.2 dB) can be obtained with MHMCP. Sub-
sequent research works [5–7] have been dedicated to
the theoretical analysis of the compression improve-
ment and the integration of the MHMCP into a
standard video codec. A theoretical analysis in [5]
discusses performance bounds for hybrid video
coding using MHMCP. In [6], an optimal hypoth-
esis selection and predictor coefficient selection
algorithm was proposed. A rate-constrained mode
decision algorithm was also proposed in [7]. The
combination of LMMC and MHMCP is natural
and can achieve better coding efficiency. Simulation
results in [7] show that the combination of MHMCP
(two hypotheses), variable block-size coding, and
long-term memory (10 reference frames) saves up to
30% bit-rate for the same video quality. The
performance of generalized B-pictures in H.264,
that also adopts MHMCP, was investigated in [8],
in which the issues about syntax adjustment, rate-
constrained mode decision, entropy coding model
adjustment (CABAC), and multi-hypothesis motion
estimation were addressed.

Besides the compression issues in multimedia
applications, the robustness of multimedia data
against transmission errors is also essential, espe-
cially for video streaming over unreliable networks.
Due to the variable length coding (VLC) adopted in
most video coder, a small data error may result in
loss of synchronization. Coded data succeeding to
the loss will become undecodable even if they are
correctly received. Furthermore, due to the MCP
exploited in most existing coding standards, the
distortion of one video frame which results from
transmission errors will propagate to its subsequent
frames. These reasons make compressed video data
very sensitive to channel errors and cause serious
quality degradation. Thus, enhancing the error
resiliency of video streams in video coding/trans-
coding has become a crucial problem [9,10].

The error robustness of MHMCP coders against
transmission errors has been investigated recently.
In [11], Kim et al. proposed a double-vector
motion compensation (DMC) scheme that adopts
two-hypothesis MCP (2HMCP) by which each
macroblock (MB) is predicted from the weighted
superposition of two MBs in two reference frames
using two motion vectors. The proposed DMC
coder can effectively suppress the error propagation
caused by the loss of one reference MB by using the
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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other reference MB for motion compensation,
should only one reference MB be corrupted. Lin
and Wang [12] presented a decoder distortion model
for a given channel condition and a simplified
encoder distortion model of a 2HMCP coder.
Their proposed algorithm selects the optimal
hypothesis weighting factors which minimize the
total distortion. In [13], a thorough mathematical
analysis was developed to characterize the error
propagation effect caused by packet loss in an
MHMCP coder. The error resiliency of MHMCP is
also analyzed and compared to the well-known
random intra-refresh (RIR) scheme. It was con-
cluded in [13] that MHMCP can more effectively
suppress the short-term error propagation, whereas
IR outperforms the MHMCP for stopping long-
term error propagation.

In this work, we propose efficient schemes to
further enhance the error robustness of an MHMCP
coder with two forward hypotheses involved in the
prediction process while retaining good coding
efficiency. The contribution of our work is twofold.
First, we propose two efficient encoder-side error
resilience coding tools that exploit the concept of
reference picture interleaving and data partitioning
to improve the error robustness of MHMCP-coded
video against channel errors, especially for burst
error situations. We shall show that an efficient
combination of the encoder-side tools and the
decoder-side error concealment method proposed
in [11] further enhances the error resiliency. Besides,
we also propose a scheme of integrating adaptive IR
into the proposed MHMCP coder to improve the
speed of error recovery.

The rest of this paper is organized as follows:
Section 2 gives an overview on MHMCP. The
proposed approaches enhancing the resilience of
2HMCP codec with theoretic investigation are
presented in Section 3. Simulation results of com-
pression and resilience performance will be given in
Section 4. Conclusions are drawn in Section 5.

2. Multi-hypothesis motion-compensated prediction

In a traditional predictive coder, a MB prediction
is reconstructed by a given spatial displacement
vector (motion vector) and a temporal displacement
index (reference frame index). With these two
parameters, a decoder can find the prediction of
an MB/sub-block among the frame buffer, which
is reconstructed during the decoding process of
previous frames. In an MHMCP coder, MB/sub-block
ing based on multi-hypothesis motion-compensated prediction,
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predictions for the kth frame are formed by linear
combinations of multiple hypotheses, each is a
block of pixels specified by a spatial displacement
vector and a temporal displacement index as
formulated in (1). Note that if the weighting factor
for each hypothesis varies, the weighting informa-
tion should also be signaled in the video bitstream

ĉðkÞ ¼
Xn

i¼1

hi
~cðk; k � iÞ; where

Xn

i¼1

hi ¼ 1, (1)

where ĉðkÞ is the multi-hypothesis prediction of the
kth frame, hi stands for the weighting factor for each
hypothesis, n represents the number of hypotheses,
and ~cðk; k � iÞ represents the motion-compensated
prediction for the kth frame using the (k�i)th frame
as reference.

In this work, we focus on the 2HMCP codec, in
which each MB is predicted by a linear combination
of two forward hypotheses, which are selected from
the (k�1)th and (k�2)th reference frames, respec-
tively, using two weighting factors, h and 1�h, as
expressed by (2):

ĉðkÞ ¼ h ~cðk; k � 1Þ þ ð1� hÞ ~cðk; k � 2Þ. (2)

Fig. 1 illustrates how the 2HMCP coder deals
with two situations of frame loss, including a single-
frame loss and a burst loss of two consecutive
frames. Due to the leaky prediction adopted in the
2HMCP coder, not all the concealment distortion of
the corrupted frame will propagate to the next
Framek Frame kFrame k-1

HP2 HP2

HP1
Frame
Copy

Frame k FFramek-1Frame k-2

H

Frame
Copy

Frame
Copy

Fig. 1. Illustration of the original 2HMCP scheme encountering loss o

frames.
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frames since part of the MB prediction (that is,
another hypothesis) comes from the previous error-
free reference frame. As a result, the distortion
would be attenuated and the error propagation is
thereby suppressed. A distortion model for the
2HMCP encountering a single-frame loss was
presented in [13]. In this model, the error propaga-
tion in terms of mean squared error (MSE) to the
(k+i)th frame, when the kth frame is lost, is derived
by the MSE value of the lost frame (Dd(k)) as
follows [13]:

Ddðk þ iÞ ¼
1� ðh� 1Þkþ1

2� h

 !2
y

1þ gdi
DdðkÞ, (3)

where gd and y are constant model parameters used
to take into account the effect of sub-pixel motion
compensation.

According to Eq. (3), the 2HMCP coder reacts to
a single-frame loss very quickly and mitigates the
error propagation more effectively. For transmission
in slow-fading wireless channels, burst error, which
will usually result in serious video quality degrada-
tion, occurs more frequently than transmission in
wireline channels. In the additive model presented in
[14], the effect of multiple losses is modeled as the
superposition of multiple independent losses. This
additive model usually cannot characterize a burst
loss very well since there typically exist inter-frame/
packet dependencies among the lost frames/packets.
+1 Frame k+2 Frame k+3

HP2

HP1
HP1

rame k+1 Frame k+2

P2

HP1

HP2

HP1

Frame k+3

f frames: (a) a single-frame loss and (b) a loss of two consecutive

ing based on multi-hypothesis motion-compensated prediction,

002

dx.doi.org/10.1016/j.image.2007.05.002


ARTICLE IN PRESS

0

50

100

150

200

250

300

54 59 64 69 74 79 84 89 94

M
S

E

Inter (Additive)

2H (Additive)

Inter (Burst)

2H (Burst)

burst loss of frames 55and 56

(actualdistortion vs. additive model)

Fig. 2. Comparison of error propagation effects: measured burst-

loss distortions versus the additive model approximations.

Y.-C. Tsai et al. / Signal Processing: Image Communication ] (]]]]) ]]]–]]]4
In [15], a more accurate model about the error
propagation effect of a burst loss is presented, which
shows that a burst loss generally produces a larger
distortion than that produced by summing up the
individual distortions of an equal number of isolated
single-frame losses using the additive model. There-
fore, a burst loss should be treated more carefully
than an equal number of individual single-frame
losses. Fig. 2 illustrates how worse the burst error can
be. The ‘‘Inter (Burst)’’ and ‘‘2H (Burst)’’ curves
represent the actual MSE distortion values obtained
from the single-hypothesis and two-hypothesis co-
ders, respectively, when a two-frame burst-loss
occurs (in this example, both the 55th and 56th
frames are lost). ‘‘Inter (Additive)’’ and ‘‘2H
(Additive)’’ represent the corresponding estimated
MSE distortions obtained by using the additive
model that sums up the channel distortions caused
by two independent single-frame losses at the 55th
and 56th frames together. Evidently, the actual
distortions due to a burst-loss (i.e., the ‘‘Inter
(Burst)’’ and ‘‘2H (Burst)’’ curves) are significantly
higher than the distortions estimated by the additive
model (i.e., the ‘‘Inter (Additive)’’ and ‘‘2H (Addi-
tive)’’ curves). Therefore, a more effective approach
against burst error is desirable for video streaming
over lossy channels.

3. Proposed error-resilient H.264 coding scheme for

MHMCP

In predictive coding, when a video frame is lost
during transmission, the decoder reconstructs the
lost frame by using certain error concealment
method, which usually results in reconstruction
distortion. Such reconstruction distortion will lead
to the mismatch between the encoder’s and the
decoder’s reconstructed frames, thereby leading to
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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severe drifting error. The drifting error will propa-
gate to the succeeding frames all the way until
reaching an IR point. In the 2HMCP coder, the
error propagation still exists since the predictive
coding scheme is exploited as well. To mitigate the
error propagation due to packet loss, we propose
efficient error resilience coding methods at the
encoder and decoder sides, respectively. We also
provide theoretical analyses to justify the perfor-
mance of the proposed methods.

3.1. Encoder-side error resilience coding tools

3.1.1. Hypothesis parameters separation

Though the 2HMCP can suppress the error
propagation well, the distortion of a lost frame
may still be serious. The frame loss cannot be easily
recovered by error concealment in the decoder. To
reduce the distortion of a lost frame and its error
propagation, we propose a hypothesis parameter
separation scheme.

In the 2HMCP coder, each hypothesis requires a
motion vector and a reference picture index to
obtain the predicted block from the corresponding
frame buffer. In what follows, the term ‘‘hypothesis
parameters’’ is referred to as the motion vectors and
the reference block indices required to form the
prediction for the two hypotheses.

For the mth MB of the kth frame, there are two
sets of hypothesis parameters required for specify-
ing the two hypotheses used for prediction. These
parameters are both coded and embedded into the
locations between the MB header and the transform
coefficients of residues of the mth MB in the
bitstream. When a frame is lost during transmission,
all the data, including the hypothesis parameters
and residue signals, will also get lost since they are
usually all encapsulated in the same packet, thereby
resulting in significant quality degradation.

The motivation of the scheme is to mitigate the
impact caused by a single-frame loss by separating
the most important data into two partitions. The
hypothesis parameters of the mth MB of the kth
frame is separated and embedded into the mth MBs
of the kth frame and the (k�1)th frame, respec-
tively, as illustrated in Fig. 3(a). As a result, when a
single frame is lost, only half of the hypothesis
parameters and all the transform coefficient of
residues are lost. The decoder can recover the
erroneous frame more accurately with the remain-
ing half of the hypothesis parameters rather than
reconstructs the lost frame by copying the prior
ing based on multi-hypothesis motion-compensated prediction,

002

dx.doi.org/10.1016/j.image.2007.05.002


ARTICLE IN PRESS

mth MB
mth MB

Frame kFrame k-1

mth MB

Frame k

HP 0
HP 1

HP 0

HP 1

ResidueResidue

Separated Separated

Frame k Frame k+1 Frame k+2Frame k-1

HP2

HP1

Frame k+3

HP2

HP1

Fig. 3. Encoder-side tools: (a) hypothesis parameter separation and (b) reference interleaving scheme.

Frame k Frame k+1 Frame k+2Frame k-1

HP2

HP1

Frame k+3

HP1

Frame

Copy

HP2

Fig. 4. Decoder side tool: clean hypothesis formation.

Y.-C. Tsai et al. / Signal Processing: Image Communication ] (]]]]) ]]]–]]] 5
reconstructed frame (i.e., the zero-MV error con-
cealment [9]). In this way, the drifting error caused
by packet loss would be significantly reduced.

The merit of the hypothesis parameter separation
is to mitigate the distortion caused by frame loss
without embedding any additional overhead. Be-
sides, this approach does not require a feedback
channel between a sender and a receiver. It will,
however, introduce extra one-frame encoding la-
tency and storage cost. In order to separate the
parameters, the encoder needs to buffer the
compressed data of the current encoding frame
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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until the hypothesis parameters for the next frame
are available, thereby requiring the extra encoding
delay of one frame and the extra memory space for
buffering one compressed video frame. Since
compressed data of one frame normally will not
occupy too much memory space, the extra storage
cost should not be a critical issue. However,
inserting hypothesis parameters into dynamic loca-
tions of a pre-compressed video frame may raise a
few complexity issues in system implementations
such as flexible data structure and circuit design,
which needs to be carefully treated.
ing based on multi-hypothesis motion-compensated prediction,
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3.1.2. Reference Interleaving

The original design of 2HMCP may suffer
from burst packet loss a lot, since both hypotheses
will be lost in the original 2HMCP when a burst loss
of length larger than two happens. As a result, the
next frame after the lost frames may suffer from
serious error propagation which is difficult to
recover.

We propose a ‘‘Reference Interleaving’’ scheme to
mitigate the impact of a burst-loss with a length of
two or more. In our method, we consider only the
cases with a burst-length of two or less because it
was shown in [16] that the average burst length
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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caused by random packet loss is around 1.5–2. For
a burst loss with a long burst-length caused by slow
signal fading, packet interleaving can be used to
effectively spread out the long burst loss into short
individual packet losses. Fig. 3(b) illustrates the
reference interleaving method with an interleaving
distance of two to combat against packet losses with
a length of two or less, in which the two hypotheses
are selected from the (k�1)th and (k�3)th reference
frames, respectively. This reference selection can
effectively mitigate the error propagation caused by
a burst loss, since a clean hypothesis still exists when
two consecutive frames are lost.
ing based on multi-hypothesis motion-compensated prediction,
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3.2. Decoder-side error concealment

At the decoder, we adopt the error concealment
scheme proposed in [11], namely ‘‘clean hypothesis
formation’’ as illustrated in Fig. 4, to make best use
of the proposed encoder-side tools so as to further
Frame k FFrame k-1Frame k-2

HP1

HP2
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Frame k Frame k+1Frame k-1Frame k-2
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HP2

Frame
Copy
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Fig. 7. Rate–PSNR performance comparisons of four metho
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mitigate the error propagation effect caused by
packet loss. Assume that frame k is lost during
transmission. At the decoder side, the predictions of
MBs within subsequent frames (frame k and frame
k+1) that contain the hypothesis predicted from
frame k�1 will only be estimated with the clean
rame k+1 Frame k+2

HP1

Framek+3
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Frame k+3
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Table 1

Encoding configuration for 2HMCP

QP 12, 15, 18, 21, y, 36

GOP IPPMMMMy

Frame rate 30 fps

No. of reference frames 2 (n-1 and n-3 are used as references)

Block mode 8� 8

Rate-control N/A (fixed QP)

ME search range 16

ME accuracy Quarter-pel

Entropy coder CAVLC
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hypothesis. That is, the corrupted hypotheses are
discarded when constructing the predictions of the
subsequent frame at the decoder side.

With this method, the distortion of the frames
after the erroneous one can be reduced significantly
compared to the conventional 2HMCP method [11].
Although the drifting error due to the reconstruc-
tion distortion is not avoidable, the overall resilience
against frame loss is significantly improved, espe-
cially for single-frame loss situations.

3.3. Combination of the encoder-side and decoder-

side tools

Since the proposed encoder-side error resilience
coding tools are orthogonal to each other, they can be
combined together to further benefit from each other.
Note that, the decoder-side error concealment scheme
would not be useful without separating the hypothesis
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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parameters or reasonably estimating the parameters.
Our simulation results show that the combination of
the ‘‘hypothesis parameters separation+reference
interleaving’’ tools (denoted as ENC) and the ‘‘clean
hypothesis formation’’ (denoted as DEC) tool works
well for burst-loss situations, whereas the ENC tools
themselves performs better for single-loss situations.
The reason is, using Fig. 5(a) as an example, if only
frame k is lost, it may be reconstructed with reason-
ably good quality from the available hypothesis using
the combination of tools. Therefore, when recon-
structing frame k+1, it is possible to obtain a better
reconstruction from frame k�2 (error-free) and frame
k�1 (concealed) with two motion vectors by turning
off ‘‘cleaning hypothesis formation’’ than from only a
single hypothesis (frame k�2) by turning on the
decoder tool. We therefore propose to combine the
ENC and DEC tools with a little modification. If the
frame before the lost frame that is the reference of the
second hypothesis of the current frame is not lost
during transmission, then the DEC tool is disabled.

As shown in Fig. 6, we compare the PSNR
performances of the conventional 2HMCP, reference
interleaving, and reference interleaving+clean hypoth-
esis formulation under a single-frame loss with
QP ¼ 24 for the Foreman and Carphone sequences.
The Reference Interleaving scheme achieves significant
PSNR performance improvements over the conven-
tional 2HMCP coder. The combination of Reference
Interleaving and Clean Hypothesis Formation (i.e., the
method in [11]) achieves further substantial PSNR
ing based on multi-hypothesis motion-compensated prediction,
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performance gains. Our experimental results also show
that the adaptive combination always achieves better
resilience except for only a few special cases. Fig. 7
depicts the error resilience performance comparison of
the single-hypothesis MCP, the conventional 2HMCP,
2HMCP with a direct combination of ENC+DEC,
and the proposed combination method for the
Carphone sequence with QP ¼ 12 and PLR ¼ 5%.
We can observe that the proposed combination of
encoder and decoder error resilience tools always yields
significantly better results than the original 2HMCP.
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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3.4. Analysis of the joint error resilience coding

method

The error propagation of the proposed method is
analyzed and compared to the conventional
2HMCP in this section. Assuming that the kth
frame is lost during transmission, with the proposed
HP Separation, as shown in Fig. 7(a), the kth frame
can be reconstructed from the (k�1)th frame using
the first-half hypothesis parameters. The mismatch
between the reconstructed values of the kth frame at
ing based on multi-hypothesis motion-compensated prediction,
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Fig. 10. Comparisons of average rate–PSNR performances of MCP and the proposed 2HMCP with different IR rates in an error-free

channel for: (a) Foreman, (b) Carphone, and (c) Stefan.
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the encoder and the decoder is as follows:

�½k� ¼ ~f e½k� �
~f d½k�

¼ h ~cðk; k � 1Þ þ ð1� hÞ ~cðk; k � 3Þ þQðr½k�Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
~f e½k�

� ~cðk; k � 1Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
~f d½k�

¼ ð1� hÞð ~cðk; k � 3Þ � ~cðk; k � 1ÞÞ

þQðr½k�Þ, ð4Þ

where ~f e½k� and
~f d½k�, respectively, represent the

reconstructions of the kth frame in the encoder (i.e.,
the error-free reconstruction) and the decoder (i.e.,
the reconstruction by error concealment), ~cðk; k � iÞ

represents the prediction of the kth frame from the
(k�i)th frame, r[k] stands for the prediction residual
of the kth frame, and Q( � ) represents the quantiza-
tion function.

Similarly, the reconstruction errors of the sub-
sequent frames due to error propagation can be
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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expressed as the following recursive equations.

�½k þ 1� ¼ ð ~f e½k þ 1� � ~f d½k þ 1�Þ

¼ ðh ~cðk þ 1; kÞ þ ð1� hÞ ~cðk þ 1; k � 2Þ

� ~cðk þ 1; k � 2ÞÞ

¼ ðhð ~cðk þ 1; kÞ � ~cðk þ 1; k � 2ÞÞÞ, ð5Þ

�½k þ 2� ¼ h�½k þ 1�, (6)

�½k þ i� ¼ h�½k þ i � 1� þ ð1� hÞ�½k þ i � 2�; iX2.

(7)

Similar to (3), the distortion propagation from
the loss of the kth frame to the (k+i)th frame can be
obtained by

Ddðk þ iÞ ¼ E½�2ðk þ iÞ�
y

1þ gdi
, (8)

where the factor y/(1+gdi) is incorporated to take into
account the attenuation effect of sub-pixel motion
compensation on the distortion [13,14]. Fig. 8 shows
that the proposed theoretic model is rather accurate,
ing based on multi-hypothesis motion-compensated prediction,
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Fig. 11. Comparisons of average rate–PSNR performances of MCP, 2HMCP, and the proposed 2HMCP with different intra-refresh rates

(PLR ¼ 5%, 10 test patterns) for: (a) Foreman, (b) Carphone, and (c) Stefan.
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and that the proposed 2HMCP coder does effectively
mitigate the error propagation due to a single-frame
loss. In these simulations, y and g are fixed parameters
that are determined empirically. For the Foreman

sequence, they are set to 1 and 0.3, respectively.
Compared to the conventional MHMCP coder,

the proposed scheme results in much less distortions
on frame k+1 and the subsequent frames if frame k

gets lost. This is because, as derived in (5), e[k+1]
with the proposed scheme is proportional to the
difference between the two hypotheses, that is
�ðk þ 1Þ / ~cðk þ 1; kÞ � ~cðk þ 1; k � 2Þ. On the
other hand, in the conventional 2HMCP,
�½k� ¼ h�½k� ¼ hð ~f e½k� �

~f d½k�Þ ¼ hð ~f e½k� �
~f e½k � 1�Þ,

e[k+1] is proportional to the frame difference. The
difference of two hypotheses (i.e., motion-compen-
sated predictions) of the same block is usually
much smaller than the direct difference of two
consecutive frames. Therefore, the proposed scheme
will usually provide better reconstruction for a
single-frame loss.
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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For burst-loss situations, as shown in Fig. 5(b),
the difference between error-free reconstructed
frames and the decoder reconstructed frames (with
transmission error), if the kth frame is corrupted, is
formulated as

�½k þ 1� ¼ ð ~f e½k þ 1� � ~f d½k þ 1�Þ

¼ ðh ~cðk þ 1; kÞ þ ð1� hÞ ~cðk þ 1; k þ 2Þ þQðr½k þ 1�ÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
~f e½kþ1�

� ~cðk þ 1Þ|fflfflfflfflffl{zfflfflfflfflffl}
~f d½kþ1�

, ð9Þ

�½k þ 2� ¼ ðh ~cðk þ 2; k þ 1Þ þ ð1� hÞ ~cðk þ 2; k � 1Þ

� ~cðk þ 2; k � 1ÞÞ

¼ ðhð ~cðk þ 2; k þ 1Þ

� ~cðk þ 2; k � 1ÞÞÞ, ð10Þ

�½k þ 3� ¼ ðh�½k þ 2� þ ð1� hÞ�½k�Þ, (11)
ing based on multi-hypothesis motion-compensated prediction,
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�½k þ 4� ¼ ðh�½k þ 3� þ h ~cðk þ 4; k þ 3Þ

þ ð1� hÞ ~cðk þ 4; k þ 1Þ � ~cðk þ 4; k þ 3ÞÞ

¼ ðh�½k þ 3� þ ð1� hÞ ~cðk þ 4; k þ 1Þ

� ~cðk þ 4; k þ 3ÞÞ, ð12Þ
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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3.5. Adaptive intra-refresh

The 2HMCP reacts to a packet loss swiftly, but it
cannot completely recover from the packet loss. As
for IR methods, it recovers from packet loss slowly
ing based on multi-hypothesis motion-compensated prediction,
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but in long term will completely eliminate the error
propagations [13]. Due to this reason, appropriately
combining the IR tool with the proposed 2HMCP
will do a better job. Our simulation results justify
that the combined method is able to compensate for
the drawback of the 2HMCP coder, while benefiting
from the merits of 2HMCP a lot.

In order to have better error resilience perfor-
mance, we also propose an adaptive IR scheme
based on our 2HMCP coder. Our scheme first
computes for each MB the distortion caused by its
corrupted hypotheses using the additive model. A
predetermined number of MBs with top-ranking
Table 2

The average PSNR over 10 error patterns for Foreman with QP ¼ 30 a

QP ¼ 30 M1 M5 2H M1_IR10 M1_IR20

Error pattern 1 21.74 24.20 26.09 31.60 32.59

Error pattern 2 16.65 19.43 21.79 31.50 32.53

Error pattern 3 17.84 21.11 24.42 31.53 32.50

Error pattern 4 20.25 23.27 26.04 31.61 32.58

Error pattern 5 20.29 23.08 25.65 31.60 32.60

Error pattern 6 18.20 21.26 24.11 31.12 31.96

Error pattern 7 15.49 19.03 22.37 30.51 32.02

Error pattern 8 16.27 19.87 22.14 30.95 32.03

Error pattern 9 15.38 18.59 22.34 31.07 32.41

Error pattern 10 17.57 21.24 23.47 31.62 32.62

Average 17.97 21.11 23.84 31.31 32.38
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Fig. 13. Comparisons of frame-by-frame PSNR performances of MCP

Stefan (QP ¼ 30, error pattern #2, frames 170–250).
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distortions are then intra-coded. The priority
decision is summarized as follows:

Step 1: Encode the video with the GOP (group of
pictures) structure: IPPMMMyIPPMMMy,
where M-frames are 2HMCP-coded frames.

Step 2: For each M-frame, collect distortion_cost
for each MB in frame k. Calculate the concealment
error of frame k using (4) and (8). Calculate the
error propagation from frame k to frame k+1 using
(5) and (8). Use the additive model to estimate the
distortion_cost ¼ e[k]+e[k+1].

Step 3: When encoding frame k+1 with the
proposed 2HMCP, sort the distortion_cost for MBs
nd PLR ¼ 5%

Proposed 2H Proposed 2H+IR5 Proposed 2H+IR10

32.66 33.15 33.45

31.05 33.46 33.61

29.04 32.84 33.31

32.37 33.70 33.76

31.06 33.13 33.42

28.40 32.52 33.04

28.80 32.30 32.86

26.11 32.25 32.84

30.45 33.27 33.51

31.54 33.34 33.54

30.15 33.00 33.33

220

Inter

Inter + RIR:10%

Inter + RIR:20%

2HMCP

e NO.

, 2HMCP and the proposed 2HMCP with various IR rates for
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in frame k and a number of MBs with top ranking
distortion_cost will be intra-refreshed. The number
of intra-coded MBs is calculated according to a
predetermined IR rate.

Step 4: Perform Steps 2 and 3 iteratively to
encode the rest M-frames in the current GOP until
all the M-frames are processed. Go to Step 1 to
encode the next GOP.

Note that, more sophisticated methods, such as
ROPE [17] and the method in [18], can also be
integrated with the proposed 2HMCP by modifying
the error model to further improve the performance
of adaptive IR at the cost of significantly higher
computational complexity.

4. Experimental results

In our experiments, we modify the H.264 JM7.3
reference codec to implement 2HMCP. Three
Table 4

The average PSNR over 10 error patterns for Stefan with QP ¼ 24 an

QP ¼ 24 M1 M5 2H M1_IR10 M1_IR20

Error pattern 1 19.83 20.44 24.81 31.10 33.83

Error pattern 2 17.23 18.58 23.71 30.49 33.37

Error pattern 3 15.19 17.53 23.97 31.43 34.13

Error pattern 4 20.02 20.74 25.18 32.00 34.14

Error pattern 5 19.62 20.58 24.21 31.20 33.97

Error pattern 6 17.45 18.91 22.86 30.84 34.08

Error pattern 7 16.02 17.61 22.59 30.34 34.02

Error pattern 8 17.05 18.90 23.21 32.25 34.38

Error pattern 9 14.92 16.10 22.19 31.36 33.75

Error pattern 10 19.44 20.71 24.6 31.45 34.20

Average 17.68 19.01 23.73 31.25 33.99

Table 3

The average PSNR over 10 error patterns for Carphone with QP ¼ 24

QP ¼ 24 M1 M5 2H M1+IR10 M1+IR2

Error pattern 1 22.74 24.58 27.72 35.52 36.77

Error pattern 2 19.70 21.77 25.30 35.81 37.01

Error pattern 3 19.17 21.97 27.01 36.22 37.51

Error pattern 4 21.09 23.18 27.20 36.31 37.34

Error pattern 5 23.93 26.32 29.43 36.54 37.63

Error pattern 6 21.62 25.48 29.40 36.44 37.33

Error pattern 7 19.56 23.63 27.81 36.26 37.46

Error pattern 8 20.65 23.19 28.34 36.24 37.49

Error pattern 9 19.10 21.38 25.26 32.90 33.74

Error pattern 10 20.21 22.81 27.46 36.13 37.34

Average 20.78 23.43 27.49 35.84 36.96
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300-frame QCIF test sequences: Foreman, Car-

phone, and Stefan are used for performance evalua-
tion. The first frame of each GOP is coded as an I-
frame, while the second and third frames are coded
as P-frames. The I- and P-frames are the same as
those coded with an H.264 coder. The remaining
frames in the GOP are then all coded in the 2HMCP
mode (M-frames). Each frame is encoded with
various fixed quantization parameters, ranging from
12 to 36. Since the error resilience performance is
the central focus of this work, for the sake of
simplicity but without loss of generality, all MBs are
coded in fixed 8� 8 block size with quarter-pel
precision ME. Furthermore, the mode decision for
block size or inter /intra- mode is disabled, that is,
all the MBs within one frame are coded in the same
block mode (except for those MBs chosen to be
intra-refreshed). Table 1 lists the encoding config-
uration of our experiments.
d PLR ¼ 5%

Proposed 2H Proposed 2H+IR5 Proposed 2H+IR10

30.86 33.34 34.36

31.27 30.60 30.85

30.19 33.29 34.26

30.52 34.10 34.71

32.08 33.99 34.54

30.00 33.27 34.07

30.18 33.12 34.07

27.64 31.88 33.51

30.31 33.66 34.45

31.89 34.24 34.87

30.49 33.15 33.97

and PLR ¼ 5%

0 Proposed 2H Proposed 2H+IR5 Proposed 2H+IR10

36.47 41.50 43.09

31.07 36.84 37.78

32.60 37.59 37.98

34.79 37.85 38.32

34.91 37.17 37.88

31.89 37.15 37.77

34.92 37.43 38.07

29.69 36.46 37.34

32.83 37.49 37.92

33.71 37.23 37.90

33.29 37.67 38.40
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In our experiments, each frame is encapsulated
into a single packet. For channel condition simula-
tions, a two-state Markov model [19], which adopts
a simplified Gilbert channel [20,21], is used to
generate packet loss patterns. The channel packet
loss rate (PLR) is set to 5% and the mean burst
error length is set to two packets. Ten different
patterns are generated for each channel PLR under
this configuration. For performance comparison, we
also implemented the RIR, which is a widely
adopted error resilience coding tool, with refresh
rates of 10% and 20%, respectively. The proposed
2HMCP method is also integrated with the RIR.

The average rate-PSNR performances of the
proposed 2HMCP, the conventional 2HMCP, the
inter-MCP with one and five reference frames are
compared in Fig. 9. Fig. 10 compares the average
rate–PSNR performances of the proposed 2HMCP
and the single-hypothesis MCP with RIR for a wide
range of bit-rates. In the two figures, ‘Inter (M ¼ 1)’
and ‘Inter (M ¼ 5)’ stand for Inter-MCP with one
and five reference frames, respectively. ‘2HMCP’
stands for the conventional 2HMCP, and ‘Proposed
2H’ represents the proposed method. The IR
scheme used in Figs. 10–12 is RIR, where ‘Inter+
RIR: X%’ and ‘Proposed+RIR: Y%’ stand for
Fig. 15. Subjective performance comparison of different methods for

(a) Inter-MCP (17.00 dB), (b) 2HMCP (23.42 dB), (c) Inter–MCP with

IR rate (26.86 dB).

Fig. 14. Subjective performance comparison of different methods for

(a) Inter–MCP (14.33 dB), (b) 2HMCP (19.91 dB), (c) Inter-MCP with

IR rate (30.18 dB).
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Inter-MCP with X% and the proposed 2HMCP
with Y% out of total MBs of each frame being
randomly selected to be intra-coded, respectively.
The simulation results show that, with quarter-pixel
ME, the coding efficiencies of single-hypothesis
MCP and 2HMCP are very close, since the coding
gain obtained from quarter-pel ME for the single-
hypothesis MCP is comparable with the coding gain
from adding an additional temporal hypothesis
from another reference frame for 2HMCP. Overall,
the 2HMCP coder performs better than (or equally
with) the single-hypothesis MCP at medium to high
rates, but poorer at low rates due to the extra
overhead for sending the hypothesis parameters.
The proposed 2HMCP coder lowers down the
compression efficiency slightly compared to the
conventional 2HMCP coder since the proposed
Reference Interleaving lengthens the reference dis-
tance.

The error resilience performances of MCP,
2HMCP, and the proposed 2HMCP are compared
in Figs. 11–13 and Tables 2–4. Fig. 11 illustrates the
rate–PSNR curves for the three test sequences,
respectively, where the average PSNR values for
each test sequence are computed for 300 frames and
10 error patterns with PLR ¼ 5%. The results show
frame #185 of Stefan (PLR ¼ 5%, error pattern #2, QP ¼ 36):

20% IR rate (23.47 dB), and (d) the proposed 2HMCP with 10%

frame #80 of Foreman (PLR ¼ 5%, error pattern #2, QP ¼ 36):

20% IR rate (26.06 dB), and (d) the proposed 2HMCP with 10%

ing based on multi-hypothesis motion-compensated prediction,
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that for the three test sequences, the proposed
2HMCP with 5% IR rate outperforms the single-
hypothesis MCP with 10% IR rate by about 1.9 dB
on average. It can even beat the Inter–MCP with
20% IR rate at low to medium bit-rates. As shown
in Fig. 10, the coding efficiency of the proposed
2HMCP with 5% IR is better than those of the
single-hypothesis MCP with 10% and 20% IR
rates. Therefore, the proposed 2HMCP with a
lower-rate IR significantly outperforms Inter MCP
with the same or higher IR rate for most types of
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Fig. 16. Frame-by-frame PSNR performances of the proposed MHM

pattern #1) and (b) Stefan (QP ¼ 12; error pattern #2).
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sequences in terms of both coding efficiency for
clean channels and error robustness for lossy
channels. Among these error patterns and QP
settings, the proposed method evidently yields a
significantly better error resiliency over the original
2HMCP coder. The average PSNR improvement
ranges from 3 to 6 dB for the same bit-rates.

Increasing the IR rate will increase the error
resiliency of a compressed video, while also reducing
the coding efficiency. Since the impact of IR rate on
the PSNR performance and output bit-rate is
51 201 251

51 201 251

Proposed 2H + IR: 5% 

Proposed 2H + Adaptive IR: 5% 

Proposed 2H + IR: 10% 

Proposed 2H + Adaptive IR: 10% 

e NO.

e NO.

CP with fixed and adaptive IR for: (a) Foreman (QP ¼ 12; error
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Table 5

Average PSNR performance comparisons for corrupted frames using proposed 2HMCP with random IR and adaptive IR

Proposed 2HMCP+random IR (dB) Proposed 2HMCP+adaptive IR (dB)

5% IR 10% IR 5% IR 10% IR

Foreman 34.36 34.89 34.52 35.02

Stefan 30.80 31.48 31.14 31.78
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dependent on the PLR and the quantization
parameters, we only show in Fig. 12 two examples
about the rate–PSNR performances versus the IR
rate under PLR ¼ 5% and with QP ¼ 30 for
Foreman and Carphone, respectively. The numbers
around the data points indicate the IR rates used.
We can observe that the PSNR performance of the
proposed 2HMCP saturates at the IR rate of about
20–30% in both cases. Applying an intra-fresh rate
higher than the saturation rate only slightly
improves the PSNR performance while significantly
increasing the output bit-rate. For the single-
hypothesis MCP coder, the saturation point of IR
rate is about 50%. These comparisons justifies that
the proposed coder has much stronger error
resilience than the single-hypothesis coder. Others
simulations with different quantization step sizes for
different test sequences also show similar results.

Fig. 13 illustrates a frame-by-frame PSNR
performance comparison of the three coders with
various IR rates for Stefan. We can observe from
Fig. 13 that the differences between the character-
istics of IR and 2HMCP in terms of error resiliency
and coding efficiency. The 2HMCP reacts to error
quickly but is usually not able to terminate the error
propagation entirely, whereas the IR scheme reacts
to channel relatively slowly but can recover from
error propagation almost entirely in the long run.
Combining the proposed method with IR can do a
better job in further enhancing the error robustness
of the 2HMCP coder. Figs. 14 and 15 illustrate the
snap-shots of some corrupted frames coded with
different coders for subjective performance evalua-
tion.

The performances of the proposed 2HMCP with
adaptive IR and RIR are compared in Fig. 16 for
the Foreman and Stefan sequences. From Fig. 16,
we can see that the proposed adaptive IR scheme
reacts to channel error more swiftly than the RIR,
leading to about 0.2–0.3 dB average PSNR im-
provements for the corrupted frames as shown in
Table 5.
Please cite this article as: Y.-C. Tsai, et al., H.264 error resilience cod
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5. Conclusion

In this paper, we proposed efficient schemes for
enhancing the error resiliency of 2HMCP, especially
for burst error conditions. We have shown that
combining the proposed 2HMCP with RIR can
achieve faster error recovery speed. We have also
proposed an adaptive IR scheme to further improve
the error recovery capability of the proposed
MHMCP coder. Extensive simulation results show
that the proposed methods effectively and quickly
mitigates the error propagation and the penalty on
coding efficiency for clean channels due to the
inserted error resilience features is rather minor. The
proposed 2HMCP with a lower-rate IR can achieve
better or comparable error resilience compared to
Inter MCP with a much higher-rate IR, while
retaining significantly better coding performance for
clean channels.
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