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ABSTRACT

In this paper we address a novel scheme to protect video sequences
according to slice importance based on slice reordering, ULP and
error-concealment techniques. The approach does not require the
modification to the video decoder although an application-layer
channel coding is required. Simulation results show that the pro-
posed algorithm outperforms state-of-the-art approaches, reducing
the gap with the upper-bound error-free performance curve. More-
over, the complexity of the additional stage required to pilot the
protection allocation stage is negligible with respect to traditional
ULP schemes.

Index Terms— Video coding, Image communication

1. INTRODUCTION

On-demand peer-to-peer (P2P) video streaming has recently gained
interest, and is becoming popular due to the increasing number of
wideband home connections and the recent advances in video cod-
ing technologies [1]. In such a scenario, there is no centralized ap-
proach to store and stream multimedia data. Instead, a client can
receive data from many peers at the same time, without relying on
index servers and multicast trees. All peers should provide resources
(bandwidth, storage space) to the community, and the distributed na-
ture of the network increases robustness in case of failures by repli-
cating data over multiple peers.

In spite of this, P2P streaming presents many challenging is-
sues that should be addressed to increase efficiency and robustness
of the video transmission. A non-negligible packet loss rate must
be coped with, mainly due to the unreliability of peers and links. In
fact, during a video transmission, a sender may turn off, or a link
be inefficient especially if wireless access is considered, or part of
the network is congested. This may cause the loss of some mac-
roblocks (MBs) or even of whole frames at the decoder.

Usually, retransmission of the missing portions of the data is not
feasible due to the constraints of real-time content delivery, or too
expensive in case of multicast transmission; therefore, techniques
that insert a proper amount of redundant information to deal with
information losses could be of great benefit. These techniques in-
clude error resilient coding schemes (such as flexible MB ordering
and Intra MB refresh for the H.264/AVC standard [2]). They may
mitigate the effect of channel errors, but usually increase computa-
tional complexity and reduce compression efficiency. Error conceal-
ment algorithms are applied at the decoder side, and can mitigate
the effect of lost information. A simple concealment algorithm may
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recover missing slices by copying the same slice from the previous
frame or performing more sophisticated spatio-temporal interpola-
tion of missing slices [3].

Other methods to face packet losses include error-protection al-
gorithms which assign forward error correcting (FEC) codes to the
data. The amount of recovered data depends on the strength of the
FEC codes. Unequal Loss Protection (ULP) algorithms [4] assign
unequal amounts of FEC protection to the data so as to obtain differ-
ent protection strength according to the importance of various por-
tions of the data. ULP techniques provide graceful degradation of
the quality, and this latter is then proportional to the number of suc-
cessfully received packets. The main objective of these algorithms is
to maximize the expected quality of the received video stream, and
this is achieved by using different optimization techniques. In [6],
unequal amounts of protection are allocated to the different frames
of a group of pictures (GOP). Stronger FEC codes are allocated to
the former frames of a GOP while less redundancy is added to the
latter ones to account for the different impact on the error propaga-
tion (drift). In [7], the error resilient features of H.264/AVC codec
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 channel rate allocation are achieved by
iteration.

Here, we propose a novel scheme namedconcealment driven
smart slice reordering (CD-SSR) which combines ULP algorithms
with concealment tools in order to increase the robustness of a
video streaming. Unlike P2P file download, video streaming is loss-
tolerant and it can be of great benefit that packet losses corrupt the
less important portion of the video leaving unaltered the most signifi-
cant regions. Video information is then partitioned into slices, which
are first sorted by relevance (considering their contribution to the
distortion) and then protected with different FEC codes, according
to the probability of packet loss. Hence, the most important slices
are successfully decoded with high probability, because they have
been protected with powerful FEC codes whereas less important
slices are concealed leading to low distortion.

This paper is organized as follows. In Sec. 2 we introduce the
proposed algorithm based on slice classification and FEC allocation.
In Sec. 3 we provide some experimental results and in Sec. 4 we
report some conclusions, highlighting the benefits of this encoding
procedure and sketching future developments.

2. PROPOSED ALGORITHM

The proposed algorithm is composed of two stages. In the first stage,
slices are classified and reordered according to a metric of impor-
tance. In the second stage, ULP is applied to the slices so that the



most important ones are the most protected and will be successfully
decoded with high probability.

2.1. Encoder: Slice classification and reordering

In order to determine the importance of each slice of a video se-
quence, the encoder emulates the decoder concealment stage. A dis-
tortion ∆di is evaluated for each slicei, as the mean squared error
between the quality achieved if the slice is received, and the recon-
structed version if the slice is lost and the concealment algorithm is
applied. In the following, the distortion caused by the drift effect
is not taken into account, and the related analysis is left to future
research.

In addition to∆di, the proposed algorithm also requires the rate
∆ri devoted to encode each slice. This value is calculated in the
video entropy coding stage of the encoder [2] and does not increase
the complexity of the system.

After collecting the pairs (∆di, ∆ri) for all the slices, the CD-
SSR algorithm sorts them from the most to the least important. The
metric used to determine the importance of a slice is the normal-
ized residual distortion (NRD)∆di/∆ri. Slices with high NRD
are classified as more important, and as a consequence, they will be
protected with a stronger FEC code. The normalization term∆ri

quantifies the relative importance of a slice, with respect to the other
slices that do not necessarily have the same rate. If slicei has higher
∆di/∆ri than slicek, then the unit value of rate in slicei carries
more information than in slicek.

The ordered list of pairs (∆di, ∆ri) allows the encoder to gen-
erate a particular rate-distortion function (from now on, calledrate-
residual-distortion function, RRD). This is made of discrete points
[R̂j , D(R̂j)] whereR̂j =

∑j

i=0 ∆ri (cumulative sum of the rate
of the j most important slices),D(R̂j) = σ2 −

∑j

i=0 ∆di, σ2 =
D(R0) = D(0) being the distortion when no information is re-
ceived. The RRD is used to pilot the redundancy allocation stage as
described in Sec. 2.2 and does not represent the source distortion for
a given rate; instead, it classifies the slices in terms of their relative
importance, and is evaluated on a GOP basis. As an example, in the
upper part of Fig. 1, the termR1 marks the first2 most important
slices (R1 = R̂2) andR2 = R̂5, R3 = R̂10. The valuesR1, R2,
R3 are selected by the ULP allocation scheme.

2.2. Encoder: ULP allocation

The level of inserted FEC codes at the encoder depends on the RRD
function of each GOP and the probability of packet loss over the
network. In [8], 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 independent
losses. This approach is adopted also in this paper, using the infor-
mation collected in the concealment-emulation stage at the encoder.
An example of RRD function and the corresponding ULP allocation
scheme is reported in Fig. 1. From now on, and without loss of gen-
erality, RS codes are assumed for ULP protection. Raptor codes or
Fountain codes [9] can be applied as well.

To createM packets ofR bits each, the Lagrangian optimization
partitions the sequence of ordered slices into groups (chunks). A
chunk is made of a variable number of slices and is protected with
an(M, k) RS code, so that it can be decoded if at leastk packets out
of M are received. The Lagrangian optimization marks the RRD
function atM different rates; chunkc is bounded by ratesRc−1

and Rc (1 ≤ c ≤ M ). As shown in Fig. 1, a chunk protected
with the (M, k) code is divided intok parts of equal length, and
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Fig. 1. The RRD function and the ULP coding scheme.M = 7
packets,c = 4 chunks.

accommodated intok different packets. The remaining(M − k)
packets host the RS parity bits required to protect the information
according to an(M, k) RS code. Thus, each packet is composed
by data and/or FEC of all the chunks. It contains both slices and
redundancy information.

The resulting total output rate [8] isRt =
∑M

j=1 αjRj with

αj =
M

j(j + 1)
for j = 1, . . . M − 1

αM = 1

and denoting withR1, . . . RM theM rates in which the RRD func-
tion is divided. This represents the Lagrangian constraint on the ULP
system. The allocation procedure may partition the RRD function in
c ≤ M rates; consequently not all theM rates are different, as some
of them may overlap.

Denoting withp the probability of losing a packet in the net-
work, the end-to-end distortion is given by [8]:

Ed = q0σ
2 +

M
∑

j=1

qjD(Rj) (1)

with qj denoting the probability thatj out ofM packets are delivered
to the destination andD(Rj) being the RRD function evaluated in
Rj , for 1 ≤ j ≤ M .

To obtain the values ofRj that minimize (1) while satisfying the
rate constraint of the ULP system, a Lagrangian multiplierλ is used:

L = q0σ
2 +

M
∑

j=1

qjD(Rj) + λ

(

M
∑

j=1

αjRj − Rt

)

(2)

To get the minimum of this function, the partial derivative of the
Lagrangian function with respect toRj , j = 1, . . . , M , should be
equal to zero:

∂L

∂Rj

, 0 ⇒
qj

aj

dD(Rj)

dRj

+ λ = 0 for j = 1, . . . , M (3)



The optimal solution is obtained by locating the rates on the RRD
function, where slopes are in proportion to each other according to
the ratioqj/aj . In a practical implementation of the scheme, the rate
Rj is only possible 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

dD(Rj)

dRj
≈

∆di

∆ri
, with i = f(j)

andf being a mapping function that generates the index of the slice
that corresponds to the rateRj in the RRD function.

This scheme is similar to some extent to a multiple description
coding scheme (MDC) [10]. Each packet sent over the network is
independent of the others and the quality at the receiver (hence, the
number of successfully decoded slices) increases with the number of
received packets, regardless of the arrival order. However, themain
difference with a traditional MDC scheme is that the decoder has to
receive at leastkmin packets in order to begin decoding, withkmin

being the strongest FEC code(M, kmin). For example, in Fig. 1,
the strongest code is(7, 2).

2.3. Decoder side

At the receiver side, packets are collected within a time window
shorter than or equal to the playout deadline. Packets received af-
ter the end of the time window are assumed to be lost. FEC de-
coding starts when the time window has elapsed. The loss of some
packets results in missed slices, which are recovered by the conceal-
ment stage. The algorithm decodes the most important slices first, as
they are protected with stronger codes which requirekmin packets
to be decoded. As packets are received, more slices are successfully
decoded. Since slices are not received according to the correspond-
ing frame ordering, the application at the receiver should take into
account a delay of at least one GOP size. In fact, given that the
decoder cannot display a frame before receiving all its slices, as a
worst case, if the first slice of the first frame of a GOP is marked as
the less important at the encoder, it will be available at the decoder
only when nearly all packets of the corresponding GOP are received.
In general, when all packets belonging to a GOP are received and
FEC-decoded, the decoder can reorganize the sequence of slices ac-
cording to the correct order and move it to the video application for
displaying.

3. EXPERIMENTAL RESULTS

A set of simulations has been carried out using the first90 frames of
the standard CIF Foreman sequence @30 fps.

For the proposed algorithm, a GOP structure containing only P
slices is adopted, and each slice is constrained to contain a maximum
number of66 MBs, leading to6 slices per frame. Slicing policy
yields a certain degree of error resilience; in fact, packet losses and
consequently slices loss will appear as partial picture losses, thus
making the subsequent concealment procedure more effective. As
a consequence, small slice size improves system robustness while
increasing header information. The number of reference frames is
set to5 and the entropy coding scheme is CAVLC. The H.264/AVC
standard includes many resilience options that may further improve
the results reported in the following. Nevertheless, the optimization
and the joint benefits of other features, such as Intra MB refresh,
flexible MB ordering, B slices, data partitioning, etc. are beyond the
scope of the present work and not adopted here.

The value of packet loss probabilityp used to pilot the ULP
allocation scheme is assumed to be known at encoding time, and
can be determined by a feedback channel or by estimating the trans-
mission characteristics. Each packet, which contains both data and
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Fig. 2. Foreman CIF sequence,30 fps, GOP= 11, p = 10%. Av-
erage PSNR versus total output rate compared to RS-MDC, PSS-
MDC, standard H.264/AVC with Nokia concealment and error-free
H.264/AVC.

FEC protection, is assumed to be lost using the Bernoulli model with
probabilityp. The packet sizeR is set to400 bytes and is kept un-
changed 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 than400 bytes and fits
into a packet.

The performance is measured in terms of average luminance
PSNR, obtained with 100 independent transmission trials. This
amounts to the transmission of more than4 · 104 packets, when
working at 1000 kbps, which yields significant results from the
statistical point of view.

In order to appreciate the robustness of the proposed scheme,
we compare CD-SSR with the algorithms proposed in [11] and [12].
These are MDC algorithms based on polyphase spatial sub-sampling
(PSS-MDC). In [11], four descriptions are created by H.264/AVC
encoding of four QCIF sequences, obtained by sub-sampling the
original CIF video, whereas in [12] two sub-sequences are generated
by splitting odd and even rows of the frames. The two generated sub-
sequences are then encoded using H.264/AVC. The results in [11]
and [12] are obtained using both P and B pictures. The results of the
redundant slice MDC scheme (RS-MDC) proposed in [13] are also
reported. This latter is an MDC technique based on the redundant
slice representation option, defined in the H.264/AVC standard. The
redundant representation of a slice is used to replace missing por-
tions of the compressed bitstream, thus yielding a certain degree of
error resilience. The performance of the Nokia spatio-temporal con-
cealment [14] are shown as well, and represent the quality obtained
at the receiver if a concealment algorithm is applied but no slice re-
ordering and no FEC insertion are performed at the encoder side.
Finally, we also compare CD-SSR with the error-free H.264/AVC
curve as a performance upper-bound.

In Fig. 2, the average PSNR obtained with the proposed alloca-
tion, p = 10% and GOP size11 is shown versus the output rate.
For all the algorithms, the total output rate varies from approxi-
mately100 to 1600 kbps, according to the Quantization Parameter
QP that varies from22 to 51. The proposed concealment driven ap-
proach exhibits a noticeable performance improvement with respect
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to PSS-MDC. The gain range is between2 and5 dB. The CD-SSR
algorithm significantly outperforms also a system in which a con-
cealment is applied without any knowledge of slice importance (i.e.
Nokia). The system gain is up to8 dB thus making the proposed
approach robust for high probability of packet loss. As for the com-
parison with RS-MDC, the proposed algorithm gains approximately
2.5 dB. It is worth noticing that CABAC is used in the RS-MDC
scheme while in CD-SSR, CAVLC is adopted. Preliminary results
show that if CABAC is used also in CD-SSR, this allows for an ad-
ditional0.5 dB gain.

Similar results forp = 1%, reported in Fig. 3, show that a gain
of approximately3 dB can be obtained with respect to PSS-MDC (2
descriptions), while the gain versus RS-MDC is approximately1 dB
and up to4 dB versus the Nokia spatio-temporal concealment.

As for complexity, the CD-SSR algorithm requires an additional
stage at the encoder to sort slices and insert FEC, and an additional
stage at the decoder to collect packets and to decode FEC codes. A
standard H.264/AVC encoder running on a Intel Pentium IV2 GHz,
1 GB RAM requires2.3 s to encode a frame with the parameters
reported above. The generation of the RRD function required an
additional time of0.06 s/frame and the Lagrangian allocation pro-
cedure is performed in a negligible time. Concerning the decoding
time, the FEC decoding time strictly depends on the code applied to
the data. For example, if Raptor codes are applied, then the decoding
time is nearly linear with the numberM of packets to be decoded.

4. CONCLUSIONS AND FUTURE WORK

In this work we propose a novel scheme to protect a video sequence
according to the importance of its slices. The importance of a slice
is evaluated at the encoder side using its normalized residual dis-
tortion, evaluated by emulating the concealment stage. Simulation
results showed that the proposed algorithm outperforms state-of-the-
art approaches by approximately1 dB at lowp and up to2.5 dB at
high probability of packet loss. The complexity of the additional
stage required to pilot the allocation stage is negligible with respect
to traditional ULP schemes.
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