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Abstract—In this letter, we propose a novel unequal loss protec-
tion scheme, which allocates FEC codes to video slices according
to their impact on the GOP distortion. This is evaluated taking the
concealment procedure and the drift effect into account. Simula-
tion results show that the proposed algorithm outperforms state-of-
the-art approaches, reducing the gap with the error-free perfor-
mance curve. Moreover, the complexity of the additional stage re-
quired to pilot the protection allocation stage is negligible with re-
spect to traditional ULP schemes.

Index Terms—H.264/AVC, unequal loss protection, video
streaming.

I. INTRODUCTION

T HE increasing number of wideband home connections,
jointly with the technological advances in video coding,

are making peer-to-peer (P2P) video streaming more and more
popular [1]. In P2P streaming, all peers provide resources in
terms of upload bandwidth and storage space, and the dis-
tributed nature of the network allows one to increase robustness
by replicating data over multiple peers. On the other hand, the
overlay network should guarantee reliability of the connections
and a constant flow of data, as well as low startup latency [2],
crucial for streaming of live events. In this context, a main
challenge to be coped with is the typically non-negligible
packet loss rate, mostly due to the unreliability of peers. This
may cause the loss of some macroblocks (MBs), slices, or
even of whole frames at the decoder. Furthermore, distortion
due to packet losses not only corrupts a single frame but also
propagates to subsequent frames due to the predictive encoding
mechanism. This effect is referred to as drift [3].

Retransmission mechanisms cannot be typically afforded
due to the constraints of real-time content delivery. As a
consequence, one should rely on source coding or joint
source-channel coding mechanisms to insert a proper amount
of redundant information able to cope with information losses.
Error resilient coding schemes (such as flexible MB ordering
and Intra MB refresh for the H.264/AVC standard [4]) may be
useful to mitigate the effect of channel errors, but they usually
increase computational complexity and reduce compression
efficiency; moreover, they are seldom addressed as standalone
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methods but possibly associated to error correction mechanism
to improve the overall performance. Error concealment is
indeed applied at the decoder side, and it can mitigate the effect
of lost information; sophisticated spatiotemporal interpolation
of missing slices have been proposed, e.g., in [5].

Unequal loss protection (ULP) algorithms [6] recognize the
fact that multimedia data are not equally important. They as-
sign unequal amounts of forward error correcting (FEC) pro-
tection so as to obtain different protection strength according
to the importance of various portions of the data. The main ob-
jective of ULP is to maximize the expected quality of the re-
ceived video stream, and this is achieved by using different op-
timization techniques. In [7], ULP is applied to motion-compen-
sated H.263 video by reordering the bitstream so as to make it
embedded. In [8], stronger FEC codes are allocated to the first
frames of a group of pictures (GOP), to account for their larger
impact on the error propagation. In [9], the error resilience fea-
tures of H.264/AVC are exploited together with Reed–Solomon
(RS) codes to enhance the protection of the stream. The optimal
classification of MBs into slice groups and the optimal rate al-
location are achieved by iteration.

In this letter, we propose an alternative ULP algorithm named
slice sorting by relevance (SSR). Video slices are first sorted,
depending on their contribution to the GOP distortion. Then,
slices are protected with different FEC codes, according to their
importance and the packet loss rate. This letter is organized
as follows. In Section II, we introduce the SSR allocation.
In Section III, we provide some experimental results, and in
Section IV, we draw some conclusions and discuss future
developments.

II. SSR ALGORITHM: ENCODER OPERATION

Fig. 1 represents the block diagram of SSR, encompassing a
standard H.264/AVC encoder as well as four additional blocks
(dotted box). In the decoder emulation block, the decoding
operations are emulated (including the adopted concealment
strategy), and the contribution of each possibly lost slice to
the GOP distortion is evaluated. In the RRD function gener-
ator, slices are ranked from the most to the least important,
according to a suitable criterion, while in the redundancy
allocation unequal FEC code allocation is performed, so that
the most important slices are the most protected, hence likely
to be successfully decoded.

In order to perform a slice classification, the impact of each
slice on the GOP distortion must be evaluated. To this end, a
measure of the distortion due to concealment, , is evaluated
for each slice . This represents the mean-squared error between
the slice reconstructed at the decoder, and its concealed version
in case a loss has occurred. We have deemed more effective to
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Fig. 1. Block diagram of a typical H.264/AVC encoder with the proposed stage
(in dotted box). The box includes the concealment emulator stage, the RRD
curve generator, the redundancy allocation procedure, and the ULP stage.

use the reconstructed slice than the original one, as this allows
one to identify the residual error due to losses, keeping it well
separated from the distortion due to compression.

Then, the drift caused by a lost slice is accounted for by
means of a proper weight parameter . This takes into account
the position of each slice in the current GOP, and the leakage in
the prediction loop, by which the propagated distortion decays
over time. According to the analytical model in [3], the leakage
is determined by the fact that some MBs are encoded in I mode,
by the presence of the de-blocking loop filter and because of
the spatial filtering used for sub-pixel motion estimation. The
parameter is evaluated as [3]

(1)

with being the GOP length, and a many-to-one mapping
function, which receives as input a slice index and outputs the
corresponding frame index, referred to the current GOP. The pa-
rameter depends on the video sequence characteristics and the
encoding rate. In general, and the lower , the more the
residual distortion propagates in the following frames. There-
fore, its value usually increases when more spatial filtering is
applied in the prediction loop, or when the introduced error in-
cludes high spatial frequencies that are easily removed by the
loop filter. However, as discussed in Section III, we have veri-
fied that the value of has little impact on the system perfor-
mance. Given and , the encoder finally evaluates the
metric for each slice of a GOP. Clearly, this
semi-analytical approach to account for the drift is by far less
computationally intensive than directly evaluating the impact of
each lost slice on the overall GOP distortion; in fact, this would
require the decoding of the entire GOP for each slice.

In addition to , the SSR algorithm also requires the rate
devoted to encode each slice. This is available in the video

entropy coding stage of the encoder [4], as shown in Fig. 1;
therefore, it does not increase the system complexity. The pairs
( , ) are then used to sort all the slices in a GOP. To
this end, the normalized residual distortion (NRD) is
employed; the normalization term allows one to compare

the distortion contributions of slices that are not necessarily en-
coded at the same rate.

The ordered list of pairs ( , ) allows the encoder
to generate a particular rate-distortion function, called
rate-residual-distortion function (RRD). This is made of
discrete points , where repre-
sents the cumulative rate of the most important slices, and

, being
the variance of the video sequence; this term measures the
distortion decrease achieved when the most important slices
are correctly received.

The RRD is used to pilot the ULP allocation stage as de-
scribed in the following. It is worth noticing that it does not
represent the source rate-distortion curve; instead, it classifies
the slices in terms of their relative importance and it is evalu-
ated on a GOP basis.

The second significant operation of the SSR encoder is the un-
equal FEC allocation. Given the different impact of lost slices
on the GOP distortion, the level of FEC at the encoder should be
dependent on the slice relevance and the probability of packet
loss, . In [10], a Lagrangian rate-allocation procedure has been
proposed to evaluate the suitable level of protection for different
quality layers, using RS erasure codes and assuming indepen-
dent losses. A similar approach is adopted also in this letter,
using the RRD function as input. From now on, and without
loss of generality, we assume to use RS codes. Raptor codes or
Fountain codes [11] can be employed as well. The value of
used to pilot the ULP allocation is assumed to be known at en-
coding time, and it can be determined by a feedback channel or
by estimating the transmission channel characteristics.

To create packets of bits each, the Lagrangian opti-
mization procedure partitions the sequence of ordered slices into
groups (chunks). A chunk is made of a variable number of slices,
which are protected with the same RS code. Thus, the
chunk can be decoded if at least packets out of are re-
ceived. The Lagrangian optimization marks the RRD function
at different rates; chunk is bounded by rates and

. An example of RRD function and the corre-
sponding ULP allocation scheme is reported in Fig. 2.

A chunk protected with the code is divided into
parts of equal length, and it is accommodated into different
packets. The remaining packets host the RS parity
bits required to protect the information according to the
RS code. Thus, each packet is composed by data (slices) and/or
FEC of all the chunks. The resulting total output rate [10] is

with for
, and being the rates at which the

RRD function is marked. The term represents the Lagrangian
constraint on the ULP system, as it is generally upper-bounded
to a value , dictated by the application.

Finally, the end-to-end distortion can be easily worked out as
in [10]

(2)

with denoting the probability that out of packets are
received and being the RRD function evaluated in ,
for .
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Fig. 2. Proposed allocation procedure. � � � packets, � � � chunks.

The optimization problem can be cast in terms of finding ,
, minimizing (2) while satisfying the constraint

. This problem is solved using Lagrangian optimization.
The rates are located on the RRD function where slopes are
in proportion to each other according to the ratio . In a
practical implementation, the rate is defined at slice level,
and the slopes on the RRD function are quantized and defined
at slice level. Then, the algorithm should take into account the
approximation , with and
is a mapping function that generates the index of the slice that
corresponds to the rate in the RRD function.

Additional information may be required to inform the de-
coder about which slices have not been transmitted at all and
should be simply concealed. In fact, the FEC allocation may
truncate the source information in order to free space for the
proper FEC codes. In any case, the impact of this extra informa-
tion is negligible.

A. Decoder Operation

At the receiver side, packets are collected within a time
window shorter than or equal to the playout deadline. Packets
received after the end of the time window are assumed to be lost.
Missed slices are recovered by the concealment stage. FEC de-
coding starts when the time window has elapsed. The algorithm
decodes the most important slices first, as they are protected with
stronger codes, which require fewer packets to be decoded. For
example, said the most powerful code employed, the
decoding procedure can start when packets are received.
As more packets are received, further slices are decoded. Since
slices are not received according to the corresponding frame
ordering, the receiver should take into account a worst-case
delay of one GOP time. In general, when all packets belonging to
a GOP are received and decoded, the decoder can reorganize the
sequence of slices according to the correct order and move it to
the video application for displaying.

III. EXPERIMENTAL RESULTS

A set of simulations has been carried out using the first 90
frames of the standard CIF Foreman sequence at 30 fps. For the
proposed algorithm, a GOP structure containing P slices only
is adopted, and each slice is constrained to contain a maximum
number of 66 MBs, leading to six slices per frame. The number
of reference frames is set to five and the entropy coding scheme
is CAVLC.

The packet size is set to 400 bytes and is kept constant for
all simulations so as to enable fair comparisons of the results
under the same transmission constraints. In particular, for all
the addressed schemes, each slice is smaller than 400 bytes and
fits a packet.

Packet losses are assumed to be independent of each other,
following a Bernoulli distribution with probability . However,
more sophisticated (e.g., Gilbert–Elliot) models can be easily
accommodated in the algorithm. The performance is measured
in terms of average luminance PSNR, obtained with 100 inde-
pendent transmission trials. This amounts to the transmission of
more than packets, when working at 1000 kbps, which
yields significant results from the statistical point of view.

The performance of the proposed SSR scheme is compared
to three benchmark algorithms.

The first one, named multiple description coding polyphase
spatial sub-sampling (PSS-MDC), has been proposed in [12].
Two sub-sequences are generated by splitting odd and even rows
of each frame, and then H.264/AVC encoded. A similar version
of the algorithm, which addresses four descriptions, is not con-
sidered here as a benchmark as its performance is proven to be
inferior [13].

The second benchmark algorithm is a state-of-the-art mul-
tiple description coding (MDC) scheme called redundant slice
MDC (RS-MDC) and proposed in [14]. It is based on the redun-
dant slice option defined in the H.264/AVC standard. The redun-
dant representation of a slice is used to replace missing portions
of the compressed bitstream, thus yielding a certain degree of
error resilience.

The third benchmark is a scheme which simply relies on
the Nokia spatiotemporal concealment [15] without any FEC
strategy. The complexity of this scheme is extremely limited. It
allows one to evaluate if the extra complexity of using unequal
FEC allocation is worthy. Finally, the error-free H.264/AVC
curve is reported as a performance upper-bound.

In Fig. 3, the average PSNR obtained with SSR and the bench-
mark algorithms, and GOP size 11, are shown versus
the total rate. For all the algorithms, the total output rate varies
from approximately 100 to 1600 kbps, according to the quan-
tization parameter (QP), which is in the range 22–51. As for
SSR, different values of have been tested ( , and

). As shown, has little impact on the average PSNR
(below 0.5 dB).

From the reported results, it can be noticed that the proposed
approach exhibits a noticeable performance improvement with
respect to PSS-MDC; the gain in PSNR ranges from 2 to
5 dB. SSR significantly outperforms (up to 8 dB) the Nokia
concealment system; this confirms that a well-conceived ULP
strategy is extremely effective in case of significant packet loss
rates. Compared with RS-MDC, the proposed algorithm yields
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Fig. 3. Foreman CIF sequence, 30 fps,��� � ��, � � ���. Average PSNR
versus total rate for SSR and benchmark algorithms.

Fig. 4. Foreman CIF sequence, 30 fps, ��� � ��, � � ��. Average PSNR
versus total rate for SSR and benchmark algorithms.

a PSNR enhancement of about 2.5 dB. It is worth noticing
that RS-MDC adopts CABAC, whereas in SSR, CAVLC is
employed. Preliminary results have shown that if CABAC is
used also in SSR, an additional 0.5 dB gain can be achieved.

Similar results are reported in Fig. 4 for . A PSNR
gain of approximately 3.5 dB can be obtained with respect to
PSS-MDC, 1.5 dB versus RS-MDC, and up to 4.5 dB versus the
Nokia spatiotemporal concealment. This results are significant,
as they reveal that an optimized ULP strategy is effective also at
low packet loss rates.

As for complexity, if compared to standard H.264/AVC en-
coding running on an Intel Pentium IV 2 GHz, 1 GB of RAM,
the generation of the RRD function increases the encoding time
of about 2.5%, whereas the FEC allocation procedure has neg-
ligible impact on the encoding time. As for decoding, the FEC
decoding complexity is strictly dependent on the code family.
For example, if Raptor codes are applied, the decoding time is
linear with the number of packets to be decoded.

IV. CONCLUSIONS AND FUTURE WORK

In this letter, we proposed a novel ULP-based scheme that
protects a video sequence according to the relevance of its slices.
This is evaluated at the encoder side using a normalized residual
distortion metric, worked out by emulating the decoder conceal-
ment stage, and properly weighted in order to take the drift effect
into account. Simulation results showed that the proposed algo-
rithm significantly outperforms state-of-the-art approaches, es-
pecially at high packet loss rates. Future developments include
the use of digital fountain/raptor codes, a more detailed study
of the complexity of the encoding/decoding stages, and further
study on the allocation procedure.
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