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Abstract—An error resilient video streaming scheme that trans-
mits offline coded H.264/AVC video through erroneous channels,
called the alternative macroblock coding (AMC) scheme, is pro-
posed in this work. In the AMC scheme, each macroblock can be
reconstructed from one default and several alternative versions
coded using different predictions. During the transmission, the
sender tracks ACK or NACK messages from the receiver to detect
transmission errors. When the reference used in the default ver-
sion of a macroblock that has not been transmitted is corrupted
by errors, one of its alternative versions that has the correctly
received reference is selected to replace the default version in the
output bit stream to stop error propagation. The AMC scheme
is designed to ensure that the bit stream replacement during
streaming will not cause significant mismatch at the decoder end
and neither introduce large bit rate overhead to the transmitted
bit stream. Furthermore, adaptive quantization selection and
bit stream replacement methods are developed to improve the
rate-distortion performance of received video. It is demonstrated
by experimental results that the AMC scheme is effective in
reducing error propagation in offline coded H.264/AVC video.

Index Terms—AVC, error resilience, H.264, video coding, video
streaming.

I. INTRODUCTION

VIDEO streaming offers an effective means in distributing
video data for entertainment and information services.

Many communication networks (wired, wireless and cellular
networks) start to provide sufficient bandwidths for transmis-
sion of high quality video data. At the same time, modern
video compression techniques help reduce the bit rate of trans-
mitted video stream substantially. The emerging video coding
standard H.264/AVC [1] is shown to outperform previous
coding standards in terms of compression efficiency [2]–[5].
It is expected that H.264/AVC will be widely used in video
streaming applications in the near future. The media industry
aims to provide video services for individuals at any place and
any time. As more and more electronic devices and portable
devices have built-in video display capability, there will be a
tremendous growth in video streaming applications.
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In typical streaming applications such as video on demand
(VOD) and Internet streaming, video streams are compressed
offline and stored in the streaming server. Upon user’s request,
the compressed stream is transmitted to the client device, where
it is decoded and played back in real time. One main problem
with video streaming applications is that it is difficult to achieve
guaranteed end-to-end quality of service (QoS) over the entire
streaming process [6], which is especially true for wireless net-
works. Data packets may be lost, corrupted or delayed during
the transmission, and these transmission errors can degrade the
perceptual quality of received video substantially over a long
period due to error propagation. It is important to develop ef-
fective error resilient streaming techniques for reliable delivery
of offline compressed H.264/AVC video over various commu-
nication networks.

Various tools were introduced in the past to improve error
resilience of compressed video. However, few of them can
be used to effectively stop error propagation in offline coded
video and maintain a high video quality level in an erroneous
environment. Existing error resilience tools are reviewed in
Section II-B. Some of them insert redundant or side information
into the bit stream in offline encoding to guide the decoder to
reconstruct corrupted data or make the bit stream more robust
to propagation errors. However, most of these solutions only
work well for certain channel conditions. They are not adaptive
to the varying channel status. Another group of tools has been
designed for one-to-one conversational visual communication
applications that allow a real-time handshaking mechanism
between the encoder and the decoder. That is, by utilizing the
feed-back information such as ACK and NACK messages, a
real-time encoder can mark corrupted or lost video data in its
reference frame buffer and avoid the use of them to predict
future frames. As a result, a video stream of higher quality
can be generated on the fly without being affected by errors
occurring in previous frames. These methods are effective
in reducing error propagation and highly adaptive to varying
channel conditions.

However, the tools described above are not directly applicable
in the streaming of offline coded H.264/AVC video for two rea-
sons. First, the H.264/AVC encoder has a very high complexity
and it is too expensive to re-encode all video frames based on
the channel condition. Second, it is often that a streaming server
should serve multiple users. It is difficult for the server to adopt
real-time encoding to meet the need of different users in the
video streaming context. Thus, a new error resilient scheme is
developed in this work to achieve a similar error propagation re-
duction effect for offline coded H.264/AVC video using a con-
cept called alternative macroblock coding (AMC). In the AMC
scheme, the video stream can be adjusted during the streaming
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process yet without the need to re-encode the entire video stream
so that the complexity is significantly lowered for streaming
servers. Besides its excellent error resilience, the AMC scheme
does not degrade coding efficiency of transmitted video when
no errors occur and only introduces a relatively small amount
of overhead in bit rates when there are errors. It works effec-
tively under varying channel conditions with different bit error
rates and network delays. It serves as a generic tool for robust
video streaming over erroneous channels.

The basic idea of the proposed AMC scheme is stated below.
Each macroblock can be reconstructed from one default and
several alternative versions coded using different predictions.
During the transmission, the sender tracks ACK or NACK mes-
sages from the receiver to detect transmission errors. When the
reference used in the default version of a macroblock that has
not been transmitted is corrupted by errors, one of its alterna-
tive versions that has the correctly received reference is selected
to replace the default version in the output bit stream to stop
error propagation. The encoding of alternative macroblocks is
designed to ensure that the replacement will not cause signifi-
cant mismatch to have an influence on subsequent frames. To
achieve excellent error resilience as well as high coding effi-
ciency, two methods are developed to create alternative predic-
tions in the encoding process. The first one utilizes the multiple-
reference-frame feature in H.264/AVC while the second one
uses concealed reference frames to generate alternative predic-
tions. They can be used to meet different application scenarios.
In addition, adaptive quantization selection and bit stream re-
placement methods are developed to work together with the pro-
posed scheme to further improve the rate-distortion (R-D) per-
formance of the received video.

The rest of this paper is organized as follows. The back-
ground of the error resilient video coding problem is described
in Section II. An overview of the proposed error resilient
video coding system is presented in Section III. Then, the
proposed AMC scheme is discussed in Section IV. Adaptive
quantization selection and bit stream replacement methods
are proposed to further improve the performance of the AMC
system in Section V. Experimental results of the AMC scheme
are shown in Section VI. Finally, concluding remarks are given
in Section VII.

II. BACKGROUND REVIEW

A. Error Propagation

In most existing video coding standards including
H.264/AVC, the video stream is compressed using motion-com-
pensated predictive coding. As a result, transmission errors can
cause chain effect in the received video stream that is called
“error propagation,” and the associated errors “the propagation
(drift) errors.” For example, if transmission errors occur in one
received frame, parts of that frame are corrupted and cannot be
reconstructed or displayed correctly. Furthermore, some blocks
in the next frame will be affected and cannot be reconstructed
correctly as well if their predictions are generated from the
corrupted areas in the previous frame. The reason is that the
decoder is not able to obtain correct predictions as required.
Similarly, the third frame may also be affected by the incorrect
reconstruction of the second frame. As long as future frames are

coded by predictions from these corrupted or affected data, such
propagation errors will continue. The magnitude of the errors
tends to attenuate as they propagate but the attenuation speed
is low [7]. Error propagation degrades the peak signal-to-noise
ratio (PSNR) and subjective quality of received video for a
long period of time, which is one of the biggest challenges in
error resilient video transmission. If propagation errors can be
eliminated or largely reduced, the impact of transmission errors
will be much limited and the quality of received video can be
well preserved.

B. Review of Error Resilient Tools

Various error resilient tools have been introduced in the past
to improve the error resilience performance of compressed
video for previous video coding standards. A large number
of error resilient tools are designed to offer better protections
to the compressed video data against transmission errors.
For example, error resilient entropy coding methods such as
reversible variable length coding (RVLC) [8] and others [9],
[10] can help partially recover corrupted video packets. The
compressed video data can also be classified based on their
importance and given different degrees of protection. For ex-
ample, scalable or layered coding methods [11]–[14] are used
to classify compressed video data into different layers, and
more protection can be given to the base layer which provides
the basic quality level. Data embedding [15] offers another
approach that embeds important data such as motion vectors
into discrete cosine transform (DCT) coefficients so that the
embedded data can be extracted if they are lost or corrupted
during transmission. In multiple hypothesis coding scheme
[16], a macroblock is coded using multiple motion vectors
and references, thus a single lost or corrupted reference will
do less damage to its reconstruction. All these methods help
reduce the damage of errors and most of them can be adapted
to work for H.264/AVC. However, the performance is achieved
at the cost of redundant transmission or quality degradation.
More importantly, when the video stream is coded offline, it is
difficult to decide where and how much the protection should
be applied. As a result, the effect of these protective methods
is limited.

One way to reduce error propagation in previous standards
is to insert intra macroblocks in temporally coded (P- or B-)
video frames. The inserted intra macroblocks will not be af-
fected by errors in previous frames because they are not coded
using motion compensation. This technique is known as “intra
refreshing” [17]–[19], and it is shown to be effective in cer-
tain scenarios. However, as intra macroblocks in H.264/AVC
are coded by intra predictions generated from their neighboring
areas, the insertion of intra macroblocks may fail to stop error
propagation since its neighboring blocks might be corrupted
or affected by errors. Therefore, simply inserting intra mac-
roblocks is not sufficient in stopping error propagation for H.264
video. Additionally, it is difficult to decide where and how many
intra macroblocks need to be inserted without the knowledge of
actual errors that occur during transmission. Another problem
is that intra macroblocks usually have much lower coding ef-
ficiency than inter macroblocks so that the overall coding effi-
ciency of the video stream may be degraded significantly if a
large number of intra macroblocks are inserted.
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Error concealment techniques [20]–[24] are commonly used
in decoders including H.264/AVC decoders [30] to reconstruct
a better version of lost or corrupted video content in order to
improve the quality of the received video. The reconstruction is
usually not perfect because the concealed video frame is not the
same as the original one transmitted by the sender. Therefore,
the concealed data still causes error propagation if it is used as
the reference for future frames although the magnitude of such
error may be reduced.

Besides error concealment, a number of new coding features
are adopted by H.264/AVC for error resilience. For example,
macroblocks grouped in the same package may not be adjacent
to each other geographically under the flexible macroblock or-
dering (FMO) [31], [32]. Thus, if a packet is lost or corrupted,
error concealment tools can generate a better concealed recon-
struction based on macroblocks that are spatially distributed.
Redundant slices (RS) coded using a coarser quantization pa-
rameter than primary slices can be used to obtain a low-quality
reconstruction of a slice when the primary slice is lost. Even
though these methods help improve the error resilient perfor-
mance, their effectiveness is very limited in reducing error prop-
agation for offline coded H.264 video.

Feedback-based schemes [25]–[28] provide excellent error
resilient performance for one-to-one conversational visual com-
munication applications. By tracking the ACK or NACK mes-
sages sent by the receiver, the sender can identify transmis-
sion errors occurred in the past and encode the video stream
adaptively on the fly. One popular approach is known as NEW-
PRED [29] and adopted in MPEG-4. NEWPRED selects refer-
ence frames dynamically with real-time encoding to avoid ref-
erencing to corrupted or lost data. In other words, the encoder
attempts to use reference frames that are successfully received
and acknowledged only. Since error propagation can be largely
reduced in feedback-based schemes, the quality of the video can
be well preserved. However, as these methods demand real-time
encoding of the entire bit stream according to the channel con-
dition, they are typically used in the context of conservational
visual communication applications such as one-to-one video
telephony or video conference. They are not suitable for video
streaming applications such as video-on-demand for two rea-
sons. First, the H.264/AVC encoder has a high computational
complexity and it is costly to re-encode all video frames based
on user’s channel condition. Second, a streaming server may
serve multiple users with the same video bit stream at the same
time, dynamic real-time encoding to adapt to different channel
conditions of different users is even more challenging.

Generally speaking, it is desirable to develop an error resilient
scheme that can reduce error propagation of offline coded video
without real-time encoding. Another feedback-based strategy
is based on the idea of automatic repeat request (ARQ). Even
though the ARQ scheme does not require real-time encoding
of video data, it may not be suitable for some video streaming
applications if the retransmission delay is too long to be accept-
able. The impact of network delay on feedback-based schemes
will be discussed in Section III.

In summary, even though error resilience in video transmis-
sion over erroneous channels has been studied for more than one
decade, the error propagation problem for offline coded video
has not been well addressed in the past. A novel error resilient

scheme, called the AMC scheme, is proposed in this work to
achieve this goal. It is designed to stop or largely reduce error
propagation. The proposed AMC scheme does not affect coding
efficiency of transmitted video when no error occurs, and intro-
duces a relatively small amount of bit rate overhead in the pres-
ence of errors. It can also be applied together with other error
resilient tools to achieve better performance.

III. AMC-BASED VIDEO STREAMING SYSTEM

A. System Overview

In this section, we describe an error resilient video streaming
system that is able to eliminate or largely reduce propagation
errors for offline coded H.264 video based on AMC. The AMC-
based video streaming system consists of two main parts.

1) Offline video stream preparation: The source video is com-
pressed using the standard H.264 encoding process to give
a default bit stream at a certain bit rate, and it is stored in
the streaming server before the streaming operation starts.
Furthermore, we encode additional versions of each mac-
roblock with different predictions or prediction methods.
These alternatively coded versions can also be generated
during the offline encoding process and stored in the server.
They are coded in a special way to have close reconstruc-
tion and compression efficiency with the default version.
The coding methods of these macroblocks are discussed in
Section IV.

2) Online selected bit stream replacement: During the
streaming process, the sender tracks the ACK or NACK
messages to determine previous transmission errors. Based
on the information, the sender replaces the default version
of macroblocks in output bit stream that are affected by
previous errors to avoid them referencing the corrupted
regions in order to stop error propagation.

When no error occurs, the default compressed video stream
is transmitted by the sender to the receiver without any changes.
When a transmission error occurs, part of the transmitted video
will be corrupted or lost. As explained in Section II-A, the error
will propagate to subsequent frames. This error propagation
phenomenon cannot be stopped by the error concealment
technique at the decoder. As a result, certain macroblocks
in subsequent frames that have not been transmitted will be
affected if the references used in their default version are
corrupted. However, if one of their alternatively coded versions
uses a prediction that is not affected by any transmission error,
the sender is able to substitute the default version with this
alternative version in the output bit stream. Then, the decoder
can reconstruct these macroblocks without being affected
by previous errors. In other words, error propagation can be
stopped or largely reduced by the substitution.

The macroblocks affected by previous errors can be identified
by error tracking techniques [27]. There are a number of ways
to implement error tracking in the proposed AMC scheme. For
example, motion vectors and block types can be stored in a sepa-
rate file during offline encoding and used to extract the informa-
tion to track how errors propagate during the streaming process.
Another way to obtain such information without an additional
file is to decode the motion information in real time. Since the



428 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 18, NO. 4, APRIL 2008

Fig. 1. Illustration of how the AMC scheme works under different network delays with the NACK messages.

complexity the H.264/AVC decoder is much lower as compared
with that of the encoder, the resulting method is still efficient.

B. Relationship between AMC and Network Delay

Since the feedback-based error resilient systems, including
the AMC scheme, are dependent on the ACK and NACK mes-
sages received from the receiver, network delay plays a critical
role in these systems. For example, the ARQ retransmission
scheme only works if a retransmitted packet arrives before its
actual decoding time. In other words, when a corrupted packet
is detected by the receiver, its replacement (or a retransmitted
packet) has to arrive before the corrupted packet reaches the end
of the decoder buffer and will be decoded immediately. Mathe-
matically, the round-trip network delay time should be less than
the queuing delay decided by the decoder buffer size. This con-
dition could be difficult to meet if the decoder buffer size is
small and the associated queuing delay is short. This is often the
case if the receiver is a portable device. The ARQ retransmis-
sion scheme could also fail when the round-trip network travel
time is too long.

The proposed AMC scheme does not work on the corrupted
or lost video data directly and does not retransmit any data. In-
stead, it adaptively adjusts the proper portion of the remaining
bit stream that has not yet been transmitted. Fig. 1 shows an
example of how the AMC scheme works under different net-
work delays by utilizing the NACK messages. In this example,
a NACK message is sent to the sender as soon as the receiver
detects a lost packet in frame . (Since packets may arrive out
of order at the receiver side, a moving packet window is utilized
to determine packet loss.) Under the short-delay scenario, the
NACK message arrives before the sender transmits frame .
Therefore, the sender can identify macroblocks in frame

that refer to the lost packet by tracking the motion vectors and
replace them with proper alternative macroblocks that are not
affected by the lost packet. As a result, transmitted frame
is no longer affected by the error, and the associated error propa-
gation is stopped. Other subsequent frames will not be changed
until a new error is detected.

Consider another example that has a longer network delay,
say, the NACK message for a macroblock in frame is re-
ceived after the sender has transmitted frames, i.e.,

. On one hand, it is too late to correct the errors that
have already been propagated to these frames. On the other
hand, the sender can still stop error propagation using the AMC
scheme from frame . It determines macroblocks in
frame that refers to error corrupted macroblocks in
previous frames and replaces them with their proper alternative
versions to stop error propagation. The AMC scheme can also
work with the ACK messages in a similar manner.

Generally speaking, the AMC scheme can be applied to both
short and long delay scenarios as long as error tracking is ef-
fective. We have so far presented an overall framework of the
AMC-based video streaming system but have not yet described
ways to generate alternative macroblocks, which is the main
subject in the next section.

IV. ALTERNATIVE MACROBLOCK CODING (AMC) SCHEMES

Before we elaborate the AMC scheme, it is important to dis-
cuss three desirable features of the scheme so that AMC can be
effective in offline coded H.264/AVC video streaming.

1) Reconstructions of alternative macroblocks should be very
close to the default coded version. Since the entire bit
stream is compressed offline, the replacement will affect
subsequent frames if there exists a large difference between
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Fig. 2. General framework of alternative macroblock encoding (top) and decoding (bottom).

the default version and other reconstructions. Suppose that
a number of macroblocks are replaced by their alternative
versions in frame . After transmission of the new version
of frame , the transmitter will continue to send the default
coded stream of subsequent frames to the receiver. If the al-
ternative macroblocks used in the replacement are very dif-
ferent from their default versions, there will be a mismatch
that in turn affects the decoding of subsequent frames when
these reconstructions are used as the reference.

2) The coding overhead should be as low as possible. If no
error occurs during transmission, it is desirable that the bit
stream being transmitted is the same at that obtained by a
normal H.264/AVC encoder. If the error occurs, the coding
of alternative macroblocks should not increase the original
bit rate much since the video transmission bandwidth is a
critical performance metric. The alternative macroblocks
should be coded with high coding efficiency such that the
introduced bit rate overhead is small.

3) Independence of default and alternative versions. The en-
coding of the default and alternative versions should be in-
dependent of each other and different methods should be
used to encode alternative macroblocks to increase the di-
versity of the underlying bit stream.

The specific coding schemes of alternative macroblocks are
described in this section to realize the above three features.

A. Process of AMC

For standard motion-compensated predictive coding schemes
such as MPEG-2, H.263 and H.264/AVC, a general framework
to encode and decode alternative macroblocks is shown in
Fig. 2. To get a reconstruction close to the default version, the
reconstructed default version instead of raw video data is used
as the input as shown in the figure. The alternative macroblocks
are coded using alternative predictions that are different from
the default one. If the difference between the reconstruction
of the default version and the alternative prediction is small,
alternative macroblocks can be coded efficiently.

When the H.264/AVC extended profile is adopted for the
streaming application, we can use the secondary SP macroblock
coding process to encode alternative macroblocks. The SP/SI
picture coding in the H.264/AVC standard was introduced
by Karczewicz and Kurceren [33] to enable flexible stream
switching and splicing in video streaming. There are two types
of SP/SI pictures, i.e., primary and secondary SP/SI pictures,
and they are always used in pairs. The macroblocks in these

Fig. 3. Encoding/decoding diagram of alternative macroblocks using the sec-
ondary SP picture coding syntax.

pictures are coded differently from those in the normal I- or
P-pictures. Here, only the coding process and syntax of the
secondary SP macroblocks are adopted [34] for the coding of
alternative macroblocks as shown in Fig. 3. It is worthwhile to
emphasize that the reconstruction of the default coded version
is used as the input.

When compared with the normal motion-compensated
coding, one major difference of the secondary SP encoding
process is that the transform and the quantization modules are
done before residual calculation. With such a coding method,
quantization errors of the prediction value will not affect the
reconstruction of secondary SP macroblocks. As shown in the
figure, value in the encoding process and value in the
decoding process are completely identical. By combining the
encoding and decoding processes of alternative macroblocks
in Fig. 3, we can simplify the overall process and depict it in
Fig. 4. As shown in the figure, the only possible difference of the
input (i.e., reconstruction of the default version) and the output
(i.e., reconstruction of an alternative version) is caused by the
forward/inverse transforms and the quantization process. Thus,
although alternative macroblocks are coded using different
predictions and/or prediction methods, their reconstructions
are always identical. This feature allows selecting different
alternative versions without introducing quality fluctuation.

The quantization level can be chosen properly so
that only very small quantization errors are introduced in the
process. It is a tradeoff between the closeness of the recon-
struction to the default values and the bit rate overhead due
to smaller quantization step size. This issue will be discussed
in detail in Section V. Multiple alternative predictions are
used to generate different alternatively coded versions for the
macroblock. Although the best prediction is often the one used
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Fig. 4. Integrated encoding/decoding process of alternative macroblocks.

Fig. 5. Prediction from multiple reference frames.

in the default coded version, it is still possible to get good
alternative predictions for a given macroblock. We propose two
different methods to generate such predictions in Section IV-B
and IV-C.

B. Alternative Prediction With Multiple Reference Frames

H.264/AVC allows multiple reference frames (or long term
reference frames) to be used for motion compensation. When
multiple reference frames are allowed, motion estimation is per-
formed in each available reference frame to find the best predic-
tion. Suppose that we fix the block size for motion estimation
to be 16 16, the encoder will find one best matching 16
16 block in each reference frame. As shown in Fig. 5, the five
best matching blocks for macroblock in frame
are determined in the five reference frames, respectively. Then,
macroblock is coded into five different versions using each of
the matching blocks as predictions. The one provides the lowest
R-D cost is chosen and saved as the final (default) coded ver-
sion for macroblock and its reconstruction will be saved in
the reference buffer to be used for future frames.

Suppose that is chosen as the final prediction and, during
the transmission of the encoded video stream, is corrupted
due to transmission errors. Upon receiving frame , the decoder
is not able to reconstruct macroblock correctly with a cor-
rupted prediction. However, it is not as likely that all other pre-
dictions are corrupted at the same time. Thus, these pre-
dictions can serve as good alternative predictions in the AMC
scheme.

We modify the encoder so that it saves all of the five pre-
dictions of macroblock during the encoding process instead
of saving only the final choice. Four alternatively coded SP
macroblocks can be generated using the alternative predictions

along with one default version coded using . These al-
ternative predictions are expected to match macroblock well
since they provide the best match in each reference frame via
motion search. Such alternatively coded SP macroblocks can
be generated for each macroblock in the bit stream. During the
video streaming process, the sender always sends the default
coded macroblocks unless an error is detected. If it does de-
tect an error, the sender checks the part of the video stream that
is going to be transmitted to see whether there are any mac-
roblocks that may be affected by this error. If this is the case,
the bit stream of the alternative version is used to replace the

original bit stream containing the default version, and then the
modified bit stream is transmitted. As long as not all of the pre-
dictions saved for this macroblock are affected by transmission
errors, the sender can always find a suitable coded version to
have the macroblock correctly decoded. Thus, the error propa-
gation can be stopped.

C. Alternative Prediction With One Reference Frame

The above alternative SP macroblock encoding scheme works
well when multiple reference frames are available for predic-
tion. However, in some mobile applications, the reference buffer
size may be restricted to one due to the limited memory size of
the receiver. In this case, the above method will fail since no al-
ternative SP predictions can be generated. Even if the encoder
does allow multiple reference frames, the above method may
not work well sometimes when there is only one frame available
for reference. For example, the second frame that immediately
follows an IDR frame could only use one frame for prediction.
Sometimes, alternative predictions from other reference frames
may generate a large residual and then introduce a high bit rate
overhead if being transmitted (which may happen during scene
changes). Under these situations, a different method to generate
alternative predictions is desired.

One possible solution is that we generate multiple predic-
tions from the same reference frame. For example, we can di-
vide the motion search region into four parts and find the best-
matched prediction from each part as alternative predictions.
On one hand, these predictions may not provide good predic-
tions. On the other hand, since they are mutually exclusive from
each other they are less likely to be corrupted by the same error.
Another way is to generate alternative SI macroblocks instead,
where the alternative prediction is generated using intra predic-
tion. With these two methods, alternative macroblocks can be
generated effectively. However, their coding efficiency is de-
graded due to poor predictions [35].

In the following, we propose a more effective technique
to generate alternative macroblock when only one reference
frame is available by exploiting error concealment techniques.
Although the error concealment tools implemented at the
decoder cannot be used to completely stop error propagation,
they still help reduce artifacts of corrupted video frames and
improve the PSNR of received video. Corrupted video frames
concealed by the decoder are stored as references for subse-
quent frames. Since these concealed frames are different from
correct reference frames used at the encoder, there is a mis-
match and subsequent frames may be vulnerable to propagation
errors. However, if the encoder has the knowledge of error
concealments tools used by the decoder, such a mismatch can
be eliminated as described below.

Fig. 6 shows video frames received at the decoder during the
transmission of the encoded H.264 stream. Suppose that a trans-
mission error occurs in frame so that it is corrupted at the
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Fig. 6. Error concealment of the decoder.

receiver. Upon detection of the transmission error, the decoder
conceals the corrupted frame using error concealment tools and
stores concealed as a reference frame in its buffer. At the
same time, after detecting the error in frame by tracking
ACK or NACK messages, the sender can generate the concealed
frame exactly the same as that in the receiver by using the
same error concealment methods. Then the sender can iden-
tify macroblocks in frame that are affected by the mis-
match between and . An alternative SP macroblock can
be generated in real time for these macroblocks by using predic-
tions from concealed reference frame with the same coding
method as shown in Fig. 3. The concealed reference frame can
generate a reasonable prediction and the coded SP macroblock
will then be used to replace the default version in the bit stream
and sent to the receiver to stop error propagation.

In the long network delay scenario, the sender can generate
concealed versions of intermediate frames. As shown in Fig. 7,
the sender generates concealed frames , and
that are identical to concealed frames at the decoder. Thus,
using these regenerated concealed frames as new references,
the sender can encode the affected macroblocks in into
SP macroblocks and send them to the receiver to stop error
propagation. Consequently, the AMC scheme still works for the
long network delay scenario. Please note that it only requires
re-encoding of the macroblocks that are affected by previous
errors in the frame to be transmitted next. It does not require
re-encoding of any other part of the bit stream unless new
errors are detected. Since the number of the macroblocks to be
re-encoded is limited, the introduced computational overhead
is relatively small.

To summarize, both approaches described above can be used
to generate alternative coded SP macroblocks to eliminate or
reduce error propagation in various coding and delay scenarios.
They can also be combined to make the integrated scheme more
robust.

V. ADAPTIVE ALTERNATIVE MACROBLOCK CODING (AAMC)

A. Adaptive Quantization for Alternative Macroblocks

The encoding process of the AMC scheme ensures that the
difference between the reconstruction values of default and
alternative versions is very small. The mismatch can be further
reduced by properly choosing the quantization step size when

Fig. 7. Concealed multiple reference frames for the long delay scenario.

Fig. 8. Four macroblocks affected by an error in its previous frame as the
reference.

encoding the alternative macroblocks. A simple experiment
is given below to shed light on how the mismatch affects the
quality of subsequent frames and the impact of using different
quantization step sizes.

The Foreman QCIF sequence is used in the experiment as
shown in Fig. 8, where the quantization level to encode both
the default bit stream and the alternative version is 28. It is as-
sumed that an error occurs in the previous frame so that four
macroblocks in the current frame need to be replaced with their
alternative versions. The error is selected such that the four mac-
roblocks to be replaced are in the region of interest (ROI) of the
frame. The PSNR value of subsequent frames after the replace-
ment is measured and compared with the original PSNR. The
result is shown in Fig. 9. We see from the figure, the first frame
after replacement is affected most, which has more than 0.1 dB
degradation in PSNR. The other subsequent frames are also af-
fected but in a smaller degree. By viewing the reconstructed
video sequence after replacement, there is no noticeable percep-
tual quality degradation. This experiment proves that the AMC
coding scheme is able to reduce the mismatch introduced by bit
stream replacement.

Furthermore, we compare the PSNR degradation under dif-
ferent quantization levels. Four quantization levels are used to
encode alternative versions. The average PSNR value of 60 sub-
sequent frames after replacement is calculated. The results are
shown in Fig. 10. The PSNR value of the original video stream
is provided for comparison. As shown in the figure, the PSNR
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Fig. 9. Comparison of the PSNR value of subsequent frames after replacement
for alternative SP/SI macroblocks.

Fig. 10. Comparison of the average PSNR value of subsequent frames under
different quantization levels for alternative SP/SI macroblocks.

degradation is further reduced via the use of a smaller quantiza-
tion step size, which is desirable in the AMC scheme. However,
more bits is needed to encode the alternative macroblocks with
smaller quantization step size. Although the number of alterna-
tive macroblocks used in the replacement is limited, they may
still introduce considerably large bit rate overhead if the quan-
tization step size used is too small.

As observed from the experiment, we find it important to
choose the quantization step size properly to obtain a better R-D
tradeoff. In the following, we propose a method to select the
quantization step size adaptively to improve the overall coding
efficiency. The Lagrange R-D cost function

(1)

is often used in a video encoder to make coding decision to
achieve the best R-D performance of a coded video stream. In an
erroneous environment, the received video stream cannot be per-
fectly reconstructed due to transmission errors and error propa-
gation. The above R-D cost function can be adapted to the con-
text of error resilient coding by measuring the expected distor-
tion caused by errors and the actual transmission bit rate.

When a macroblock is replaced by its alternative version, the
distortion caused by error propagation from an earlier error is
replaced by the distortion caused by the mismatch of the re-
construction of the alternative macroblock, which is denoted by

. The actual transmission bit rate for the macroblock is the
bit rate for the alternative macroblock denoted by . Thus, the
problem to minimize the R-D cost of the alternative macroblock
can be formulated as

where (2)

Since the distortion caused by the replacement will affect sub-
sequent frames, we select the quantization parameter to lower
the resultant distortion. To achieve the best overall R-D perfor-
mance, we can set up the following optimization problem:

where (3)

and where denotes the distortion propa-
gated to subsequent frames. Here, we use to represent
the number of remaining frames in the group of pictures (GOP)
since the mismatch will not affect the next GOP. The exact value
of can be calculated in an offline encoding process. To reduce
the complexity, they can be estimated by

(4)

where is the attenuation factor of error propagation. Its cal-
culation is discussed in [7]. By using (3), the quantization step
size of the alternative macroblock can be adaptively determined
to achieve the best R-D performance.

B. Adaptive Bit Stream Replacement

In the proposed AMC scheme, if a macroblock is affected by
an error, it is replaced by an alternative version in the output
bit stream. The replaced macroblock can be correctly recon-
structed at the decoder side with little mismatch from the re-
construction of the default version. In most cases, the mismatch
error is much smaller than the propagation error if there is no
replacement so that error propagation can be largely reduced or
eliminated by the bit stream replacement. However, there are
occasions where the propagation error is very small. For ex-
ample, consider the case where a macroblock is decomposed
into 16 submacroblocks of size 4 4 and only one of the 4
4 blocks has the reference to a corrupted region. With the help
of an error concealment tool, the propagation error in this mac-
roblock could be very small. Under this scenario, it may not
be necessary to replace the bit stream with an alternative mac-
roblock. Besides, the bit rate overhead is reduced by transmit-
ting fewer alternative macroblocks since they tend to consume
more bits than the default version. It is desirable to make deci-
sion on the bit stream replacement adaptively based on actual
errors in the streaming process.

To achieve the best R-D performance of the received video
stream, a macroblock will be replaced only when the R-D cost
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of the received macroblock after replacement is smaller than that
without replacement. This criterion can be written as

(5)

where

(6)

is the R-D cost of the macroblock without replacement. The
distortion is the distortion caused by the propagation error
due to previous corrupted or lost video packets. As discussed
in Section III, it can be calculated by some error tracking
technique. The bit rate is the bit rate of the default coded
macroblock.

In summary, adaptive quantization parameter selection and
adaptive bit stream replacement improve the R-D performance
of the AMC scheme. They also provide a basis to develop simple
yet efficient methods to achieve similar performance. For ex-
ample, the decision on the quantization parameter is based on
the impact of the alternative macroblock to subsequent frames
in the same GOP. Instead of calculating the R-D cost, the impact
of the macroblock can be evaluated by other “easy-to-collect”
data such as the number of remaining frames in the GOP and
the number of macroblocks/blocks that will be affected by the
mismatch of the alternative macroblock. Similarly, to determine
how much a macroblock has been damaged and decide whether
it is worthwhile to do bit stream replacement, the number of par-
titions (in terms of 4 4 blocks) in the macroblock affected by
previous errors can be used as a rough measure. These low-com-
plexity methods are under our current investigation.

VI. EXPERIMENTAL RESULTS

The H.264 JM 8.6 reference code [36] was modified to im-
plement the proposed AMC coding scheme. The default error
concealment methods implemented in the decoder of the refer-
ence codes were turned on. In the experiments, various channel
characteristics were examined. Error patterns were generated to
simulate both random and burst errors with a broad range of
error rates occurring in real world applications. The list of test
conditions conducted in the experiment is shown in Table I. Both
random and burst errors generated by the Gilbert–Elliot packet
erasure channel model [37] with an average length of 3 packets
were simulated. For each test condition, experiments were re-
peated over 200 times on randomly generated error patterns.

In the simulation, each video frame was divided into five
slices and each packet contained one slice of the compressed
video data. We also tested the performance of the proposed
scheme with the flexible macroblock ordering (FMO) of the
checkerboard pattern. FMO changes the pattern of corrupted
macroblocks and affects the performance of the AMC scheme
accordingly. Since a concealed video frame was used in the
AMC scheme for the one reference frame case, it is interesting
to test its dependency on FMO as well.

A. Quality Comparison

In this experiment, the quality of received video streams using
different error resilient methods is evaluated to demonstrate the

TABLE I
LIST OF TEST CONDITIONS

superior performance of the proposed AMC scheme. We con-
sider two AMC schemes, which generate alternative predictions
based on “multiple reference frames” and “concealed reference
frames.” They are called AMC-1 and AMC-2, respectively. The
scheme uses only the error concealment tools at the decoder
(without AMC) is used as the benchmark. We also show other
reference data in Tables II and III such as the original coded
stream without any error, and the received video stream using
ideal real-time re-encoding in the presence of errors. For the
ideal re-encoding scheme, whenever an error occurs, the rest
of the video stream is completely re-encoded to avoid refer-
encing to corrupted data so that error propagation is completely
eliminated. All schemes were simulated under the short network
delay scenario as discussed in Section III-B.

Secondary SP macroblocks are used to encode alternative
macroblocks. The quantization step size to encode all default
versions is set to 28 and the quantization level used to encode
alternative macroblocks in the experiments is set to 22. For each
test sequence, the size of the group of pictures (GOP) is set to
60. Only the first frame of the GOP is coded as the intra pic-
ture while all other frames are coded as P-pictures. The average
PSNR of received Foreman and Akiyo QCIF sequences under
each test condition are shown in Tables II and III, respectively.
The PSNR improvement of the AMC-1 scheme over the bench-
mark is listed as well.

The PSNR values of AMC-1 and AMC-2 are identical in
most test cases, which confirms the design objective of the AMC
scheme; namely, the same reconstruction can be obtained using
different predictions in AMC. The slight difference between
their PSNR results at high error rates (e.g., test conditions T3,
T4 and T10 for the Akiyo sequence) is caused by the rare case
where AMC-1 fails to find an alternative version for replace-
ment since all the alternative versions are affected by errors.
However, the coding bit rates of AMC-1 and AMC-2 do de-
pend on the chosen prediction method. A better prediction will
lead a lower bit rate overhead. This point will be examined in
Section VI-B.

We observe a significant PSNR improvement of the AMC
scheme over the benchmark from these two tables. The improve-
ment becomes higher as the packet loss rate goes higher. When
compared with the reference data, the quality of the received
stream with AMC is very close to that of the ideal real-time
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TABLE II
PSNR VALUE (dB) OF THE RECEIVED FOREMAN QCIF SEQUENCE

TABLE III
PSNR VALUE (dB) OF THE RECEIVED AKIYO QCIF SEQUENCE

re-encoding method. This indicates that AMC can stop error
propagation for offline coded video in a similar manner as feed-
back-based methods for online coded video, which was dis-
cussed in Section II-B.

By enabling FMO, macroblocks in the same packet are
scattered in a video frame. The performance of error conceal-
ment tools is enhanced and a single packet loss usually has
less damage to the overall PSNR. Thus, the benchmark PSNR
values with FMO enabled are higher than that without FMO.
On the contrary, the PSNR values of the AMC schemes are
slightly lower when FMO is enabled. The quality of alternative
macroblocks is not affected by the pattern or positioning of
previously corrupted macroblocks. But when the corrupted
macroblocks are more scattered spatially, the number of
macroblocks in subsequent frames that are affected by them
generally increases. As a result, the number of alternative
macroblocks used in replacement becomes higher and the small
mismatch introduced by them slightly degrades the overall R-D
tradeoff of received video.

Fig. 11 shows the PSNR values as a function of the frame
number in a typical run under test condition for Foreman
QCIF sequence. The PSNR values of 50 frames starting from the
fifth frame in a GOP is shown. The two AMC schemes have the
identical PSNR performance so that they share the same curve.
We see from the figure that the quality of each individual frame

Fig. 11. The PSNR value as a function of the frame number for the foreman
QCIF sequence under test condition T .

of the AMC scheme is significantly better than that of the bench-
mark. For the benchmark, the frames closer to the I frame have
relatively better quality while the quality of subsequent frames
drops more and more as propagation errors originated from mul-
tiple transmission errors keep adding up. In contrast, the quality
of video frames in the AMC scheme is well maintained. To com-
pare the visual performance, several reconstructed frames coded
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Fig. 12. Comparison of three reconstructed frames coded by the AMC
scheme (right) and the benchmark (left). (a) The 10th frame after the error
occurrence. (b) 30th frame after the error occurrence. (c) 60th frame after the
error occurrence.

by AMC and the benchmark under test case for the Carphone
QCIF sequence are compared in Fig. 12. As shown in the figure,
the AMC scheme provides significantly better visual quality
than the benchmark. Even at the 60th frame in the GOP, we
still do not observe any significant artifact in the reconstructed
frame. On the other hand, the reconstructed frame of the bench-
mark has been greatly distorted. This example clearly demon-
strates the advantage of AMC in stopping error propagation.

As shown in the results, the AMC scheme is able to pre-
serve the quality of the received video stream under high error
rates and with large GOP sizes (say, 60 frames). In traditional
video streaming applications, the GOP size is usually set to
be a smaller value in order to confine the damage due to error
propagation, which in turn sacrifices coding efficiency as more
intra-coded pictures are adopted.

When a smaller GOP size is enforced by some applications,
AMC is still an effective method in stopping error propagation
for quality improvement of received video. The PSNR values of
the AMC scheme, the benchmark and the original PSNR with
different GOP sizes under test case are shown in Fig. 13. We
see that a larger PSNR gain is achieved by the AMC scheme.
The difference ranges from 2.25 to 3.65 dB for a GOP size from
15 to 50 frames.

Fig. 13. PSNR value as a function of the GOP size for the Foreman QCIF
sequence under test condition T .

TABLE IV
BIT RATES (kbps) OF TRANSMITTED VIDEO FOR

THE FOREMAN QCIF SEQUENCE

B. Bit-Rate Overhead Comparison

Since the bandwidth is an expensive resource for video
streaming applications, it is important that an error resilient
scheme does not have a large bit rate overhead during transmis-
sion. To illustrate this, we consider the coding of the Foreman
QCIF sequence as an example. The original bit rate of coded
Foreman QCIF sequence is 99.04 kbps as shown in the four
column of Table IV. Please note that we simulated the FMO
effect by using the standard bit stream and mapping errors to
the corresponding macroblocks associated with a specific FMO
pattern. Consequently, there is no bit rate overhead of FMO
under this particular implementation.

The results on bit rate overhead of the AMC-1 and AMC-2
schemes are shown in the second and the third columns of
Table IV. The bit rate overhead is calculated and shown inside
the parenthesis. We see that the bit rate overhead of AMC-1
and AMC-2 is very small (i.e., less than 1%) when the packet
loss rates are low (e.g., under test conditions T1 and T2). The
overhead is only introduced when alternative macroblocks are
transmitted for the replacement purpose. Typically, alternative
macroblocks consume more bits than the default version since a
smaller quantization step size is used to encode them. When the
packet loss rate becomes higher, the number of replacements
increases and the bit rate overhead increases accordingly. Even
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Fig. 14. Quality-rate performance comparison of several methods for the foreman QCIF sequence under test conditions (a) T5 and (b) T7.

at a very high packet loss rate such as 5%, the overall bit rate
overhead is still around 10%–20% of the original bit rate for
AMC-1, which is very good by considering the achieved error
resilience performance shown in Section VI-A. AMC-2 has a
larger bit rate overhead than AMC-1 since it would be more
difficult to find a good reference from a concealed version of
the previous reference frame than a correct reference frame.
This is especially true when the error rate is high.

Similarly, as more alternative macroblocks are used and trans-
mitted when FMO is enabled, the bit rate overhead for AMC-1
is higher than the case without FMO. For AMC-2, the rela-
tionship between FMO and the bit rate overhead is more com-
plex since the concealed reference frame is used to generate
alternative predictions. As FMO improves the performance of
error resilience tools, better prediction can be generated. As a
result, alternative macroblocks can be coded more efficiently
when FMO is enabled. This is especially true when the error
rate is relatively high. Thus, although the number of alterna-
tive macroblocks transmitted increases when FMO is enabled
for AMC-2, the bit rate overhead is smaller when the error rates
becomes higher as shown in the result.

As the error rate goes higher, AMC-2 starts to introduce much
larger overhead. When the transmission network is suffering
from high packet loss rates, sending more bits in these cases ac-
tually may worsen the situation. One possible solution is to use
AMC-1 that has a lower overhead as compared with AMC-2
when the error rate becomes close to or exceed 5%. A more
complete solution to this problem demands further examination
in the future.

C. Quality-Rate Performance Comparison

To further demonstrate the error resilience performance of
the proposed scheme, we compare AMC-1, AMC-2 and an-
other error resilience method developed with a similar principle.
Since there are few existing error resilience tools that utilize the
feedback mechanism and work for offline coded video as AMC
does, we implemented the idea in [33] and used its SP/SI pic-
tures for error resilience for fair comparison. In this scheme,

some frames in the sequence (called switching points) are coded
into primary SP pictures or associated secondary SI pictures in
offline encoding. Primary SP pictures are always transmitted
when there are no errors. When the sender receives the feed-
back about an error, SI pictures (or slices) are transmitted in-
stead of the primary SP picture to stop error propagation at these
switching points. We further improve this scheme by allowing
the use of secondary SP pictures coded using long term refer-
ence frames to reduce the bit rate overhead. We call this scheme
the SP/SI switching scheme. Since primary SP pictures affect
coding efficiency and error propagation can only be stopped
at these switching points, it is critical to select the frequency
of switching points in a sequence properly. The optimal fre-
quencies for test conditions T5 and T7 are found to be one
SP/SI switching point per 7 and 4 frames, respectively. They
are used in the SP/SI switching method in the corresponding
experiments.

The quality-rate performance of methods mentioned above
under test conditions T5 and T7 is compared in Fig. 14. The
curves of the original coded video (i.e., with no transmission
errors) and the reconstructed video using error concealment are
also shown in the same figure. It is obvious that the original coded
video has the best performance. However, the gap between the
original coded video and the proposed AMC1/AMC2 is very
small even in the presence of erroneous channels. AMC1 and
AMC2 have much better performance than SP/SI switching
scheme. The SP/SI switching method suffers from coding effi-
ciency degradation due to the use of primary SP pictures. They
are also less effective in reducing error propagation since it can
only be done at fixed switching points which are preselected
during offline encoding. In contrast, coding efficiency is pre-
served for the most part of the video sequence in AMC1 and
AMC2 except for the macroblocks being replaced. Furthermore,
error propagation can be stopped immediately after the sender
receives the error feedback, which can be done anywhere in the
compressed sequence. Finally, we see that AMC1 has slightly
better performance than AMC2, which is achieved at the expense
of a larger memory buffer that allows multiple reference frames.
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Fig. 15. Comparison of the R-D performance of AMC and AAMC for the mo-
bile CIF sequence.

Fig. 16. Error resilient performance for the foreman QCIF sequence under dif-
ferent network delays.

D. Adaptive AMC Schemes

In this subsection, we compare the R-D performance of the
AMC-1 scheme with and without using adaptive quantization
selection and adaptive bit stream replacement. They are denoted
by AMC and AAMC, respectively. The Mobile CIF sequence
was used in the test under test case . As shown in Fig. 15,
AAMC yields better R-D performance than AMC. Most of the
improvements are attributed to reduced overhead in bit rates.

E. Long Delay Scenarios

Finally, we test the AMC scheme under different network
delay scenarios. The delay is defined to be the interval between
sender’s transmitting a corrupted frame and the reception of
its corresponding error message. It is measured in terms of the
number of frame intervals. For example, when the frame rate is
15 fps, one frame interval is 66 ms. As shown in Fig. 16, the
AMC scheme provides good error resilient performance under
different network delays. The PSNR degradation with longer de-
lays is caused by the fact that errors already propagate in frames
that have been transmitted before the sender receives the error
message from the receiver.

VII. CONCLUSION AND FUTURE WORK

A novel error resilient H.264 video coding scheme designed
to reduce error propagation caused by transmission errors for
offline coded video was proposed for streaming applications.
The new scheme was shown to provide excellent error resilient
performance. Since it can work effectively under a broad range
of error rates and network delays, the proposed scheme offers a
great tool to maintain the streamed H.264 video at a high quality
level in an error-prone environment. The proposed scheme only
modifies the transmitted stream whenever an error is detected.
Thus, when there is no transmission error, there is no bit rate
overhead. Even if there are transmission errors, the bit rate over-
head is still low. Furthermore, adaptive quantization scheme and
bit stream replacement were developed to further improve the
performance of the proposed AMC scheme. The AMC scheme
does not demand any significant syntax changes for the H.264
standard. The general idea can be adapted to any other coding
standards through slight modification. In the future, we will con-
tinue to investigate a generic error resilience framework for ro-
bust H.264 video streaming by exploiting its rich syntax.
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