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ABSTRACT

Multiple Description Coding (MDC) is aimed at achieving
transmission diversity for error resilient purposes by trans-
mitting different coded descriptions of the same data. In
this paper we analyze a poliphase subsampling MDC tech-
nique implemented by pre-processing and post-processing
stages of a H.264/AVC standard compliant encoder and de-
coder. The pre-processing step performs a suitable interleav-
ing that builds a synthetic sequence where each frame car-
ries different subsampled frames of the original sequence.
The synthetic sequence is ordinarily encoded and transmit-
ted. At the receiver side, the H.264 decoder performs error
concealment exploiting the multiple data descriptions, and
the de-interleaving stage generates a decoded version of the
original sequence. A robust restoration algorithm based on
edge-preserving interpolation is then applied. Simulations
show that the analyzed scheme improves the decoded video
sequence quality both from an objective and from a subjec-
tive point of view.

1. INTRODUCTION

Multiple description coding (MD Coding, or MDC) consists
in providing different coded description of the same data, and
to send them using different transport channels, achieving the
transmission diversity needed for error resiliance. Surveys
on principles in designing MD video coders and on different
MD compression algorithms can be found in [1, 2]. MDC al-
gorithms descriptions are generated by subsampling the data
either in the spatial, temporal, or frequency domain. A pos-
sibly lost description can be estimated from the others by
exploiting spatial or temporal adjacent video data samples
correlation. In [3], two MDC algorithm based on polyphase
down-sampling are investigated and their performances over
unreliable networks assessed by numerical simulations. In
[4] the authors analyze a mathematical framework for pre-
and post-processing two descriptions of the original data, so
as to implement the MDC paradigm by exploiting the native
directional correlation characteristics of the image. Specif-
ically, in the pre-processing stage the data splits into two
subsets by means of a forward transform, that are separately
encoded and transmitted. At the receiver side, data is re-
covered by an inverse transform making use only of the ef-
fectively available description. In [5, 6], MDC is achieved
by originating four descriptions from the spatially downsam-
pled polyphase components of the original frames; each de-
scription is independently H.264 coded, and concealment is
applied at the decoder side in case of losses. In [7] a dis-
tributed video streaming framework using unbalanced MDC
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and unequal error protection for wavelet-based coders is pro-
posed. In [8], a MDC technique based on the H.264/AVC
slice group syntactic structure [9] is described. Recently,
in [10] a novel MDC technique has been proposed, in the
framework of H.264 coding. The coding algorithm exploits
the H.264 redundant slices; at the receiver side, the received
compressed bitstream must be pre-processed before being
applied at the input of a standard compliant decoder.
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Figure 1: MDC scheme proposed.

In this paper we analyze an error resilient MDC scheme
based on Polyphase SubSampling (PSS MDC). The analyzed
MDC scheme is shown in Fig.1. The original video sequence
is applied at the input of a spatial-temporal interleaving stage
that generates a synthetic sequence, in which each frame con-
veys a fixed number of descriptions pertaining to different
frames of the original sequence. The synthetic sequence is
applied at the input of a standard video encoder; the trans-
port channel diversity is achieved simply by mapping dif-
ferent encoded frames into different transport packets. Let
us observe that, since MDs are managed only inside the in-
terleaving stage, switching from a MDC scheme to a Single
Description (SD) coding one can be performed dynamically
at the encoder input at the expence of an interleaving delay,
easily recoverable by suitable buffering at the decoder side.
At the receiver side, the synthetic sequence is decoded and
concealed using available MD and de-interleaving is applied
to provide a coarse reconstruction of the original video se-
quence.

Once this coarse estimate of the video sequence has been
provided, a fast restoration algorithm based on robust in-
terpolation is applied. The interpolation algorithm exploits
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the local image directionality feature as well as the informa-
tion on which descriptions have been correctly received and
which have been concealed and it effectively improves the
decoded video sequence quality both from an objective and
from a subjective point of view. The herein analyzed scheme
presents two interesting properties: the MDC technique em-
ploys a standard compliant video coding stage, so that it can
be implemented at a slightly increased computational cost;
besides, it appears to the transport layer as a SD coded data
flow, and the increase of protocol overhead is limited, too.

The remainder of the paper is organized as follows: in
Sect.2 the overall MDC coding scheme is outlined, while in
Sect.3 the standard compliant encoding/decoding stages pro-
viding a coarse video sequence reconstruction are described.
Sect.4 describes the final restoration stage performing a ro-
bust edge-preserving interpolation; the results of numerical
simulations assessing the MDC algorithm performance are
shown in Sect.5. The paper is concluded in Sect.6.

2. MD GENERATION

PSS MDC generates descriptions of each single frame by
subsampling it with different initial phases in vertical and/or
horizontal directions; each subsampled image provides a
simplified frame description, and the original frame is recov-
ered by suitably collecting different descriptions.

Benefits of PSS MDC are achieved when the different de-
scriptions are transmitted in diversity. However, independent
MD encoding and transmission not only results into heavier
computational requirements due to encoding and decoding
different descriptions, but also into increased protocol over-
head and reduced bandwidth efficiency! Here, we describe
how PSS MDC can be realized by an application layer in-
terleaving scheme operating at the input of a standard com-
pliant encoding module, so as to bound the computational
requirement. Furthermore, the interleaving generates a syn-
thetic sequence in which each frame contains different sub-
sampled descriptions pertaining to different frames of the
original video sequence; thus, diversity is straightforwardly
achieved when each coded frame of the interleaved sequence
is mapped into at least one transport-layer packet.

Let us denote the /-th frame of the original video se-
quence, of dimensions M x N by

I(l)[m,n],sz,---,M—l,nzO,---N—l

and let us suppose that a K x K downsampling factor is em-
ployed in the PSS stage, so that each frame is conveyed by
K x K descriptions. The j-th poliphase subsampled descrip-
tion of the [/-th frame, of size M /K x N/K, is given by

A [, n) ETOKm+mj, Kn+nj], j=0,--- K>~ 1

m; = jmoax>n; = /K], (1)
m=0,--- M/K—1,n=0,---N/K—1.

The K? descriptions can be juxtaposed into a single M x
N frame, so as to associate at the original video sequence a

'In almost all the emerging video communication schemes, it is recom-
mended a one-to-one correspondence between application layer packets and
transport packets [?], resulting in protocol overhead in case of independent
MD transmission.

new spatially interleaved sequence:

Iéll)[m—l—mj*M/K,n—l—nj*N/K]d:efASl)[m,n],

m=0,--- M/K—1,n=0,---N/K—1,j=0,---K*>—1,
(2)
The spatially interleaved sequence Iéll) [m,n] exhibits
more rapid luminance variations than the original sequence
1O [m, n], thus presenting a higher coding cost. However,
since in video coding intensive prediction techniques are
used, the overall coding cost is strongly related to interframe
correlation, and a suitable temporal interleaving increases
the coding efficiency. Then, on the spatially interleaved se-
quence, a temporal interleaving is applied, aiming at

e assigning different descriptions of the j-th frame to dif-
ferent application layer packets

e preserving the inter-frame correlation properties typical
of natural video sequences.

The spatio-temporal interleaved sequence is built as

Ils/llz)[m—l—mj*M/K,n—l—nj*N/K]:ASlJrj)[m,n] 3)

form=0,-- . M/K—1,n=0,---N/K—1,j=0,---K>—1
From (3), we recognize that the [-th frame of the inter-

leaved sequence IIE,II%) [m,n] conveys K? subsampled descrip-

tions, with different sampling phases, pertaining to K2 dif-
ferent frames of the original sequence I'))[m, n], namely
I,1+1,---,14+K*—1 of the original sequence /") [m, n]; con-
versely, the K2 descriptions of each frame of I\)[m, n] are

conveyed by K? different frames of IIE,II%) [m,n]. Thus, the in-

terleaving introduces diversity when each frame of the inter-

leaved sequence IIE,II%) [m,n] is sent using a different transport

packet; this condition is a minimal requirement [?] that is ex-
pected to be satisfied by all video communication systems.
Such interleaving also preserves the inter-frame correlation,
in fact each description follows the correspondant descrip-
tion of the previous frame.

For instance, let us fix K = 2. Then, given the original se-
quence 1!)[m, n], the PSS followed by the interleaving stage

generates the MD sequence IIE,II%) [m,n]:

- A(E)lfl) AEl) A(()l) AEIH) A(E)IH)AEIH) A(?H)AEIH)
- A21+1)A:(}’l+2) A§l+2)Agl+3) A21+3)Agl+4) A21+4)Agl+5)
1) 1)
frame [ — 1, framel, framel/+ 1, frame /42,

whose [-th frame is built by juxtapposing the K> = 4 de-

scriptions A(()l),A(Hl), A(Hz), Ang) pertaining to the frames

I,14+ 1,142,143 of the original video sequence.

3. MD ENCODING AND DECODING

The MD sequence IIE,II%) [m,n] is applied at the input of a stan-
dard video encoder, and transmission diversity of MD is im-
plicitly assured when each coded frame is mapped into at
least one independent transport packet. From now on, and
without loss of generality, we will refer to a video commu-
nication scheme based on the most recent Joint Video Team
coding standard H.264 [9]. In the H.264 framework, each
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frame can be coded in one or more Network Adaptation
Layer Unit (NALU), and each NALU can be coded in one
or more transport packets. In either case, coded video data
pertaining to different frames are expected to be conveyed by
different transport packets when IETF recommended packe-
tization [11] is applied. Hence, from a technical point of
view, the herein analyzed MDC scheme has the merit to
bound the visibility of MDC to the application layer and to
appear to the network as a unique media flow, so simplifying
the protocol architecture required for the video communica-
tion.

At the receiver side, the video stream is decoded; in case
of channel errors, data are lost and the decoder invokes er-
ror concealment procedures to provide the decoded video se-
quence IAIE,II%) [m,n]. In case of data loss, error concealment
may use the same algorithms adopted in SD coding or ex-
ploit the MDC paradigm by searching in the decoder buffer
for alternative descriptions of lost data. When the loss oc-
curs on less than K2 consecutive frames, the decoder can ex-
ploit the availability of MD pertaining to the same frame of
1 (l)[m, n] to recover the loss; otherwise it performs a generic
concealment, for instance by exploiting descriptions belong-
ing to adjacent frames.

Once the sequence IAIE,II%) [m,n] has been generated, de-
interleaving is applied to generate the decoded version

1™[m, n], which represents a coarse estimate of the trasmitted
sequence 1) [m, n].

4. VIDEO SEQUENCE RESTORATION BY MEANS
OF ROBUST EDGE PRESERVING INTERPOLATION

After the decoding, error concealment and de-interleaving
stages, the reconstructed video sequence f(l)[m,n] is avail-
able. The luminance values [()[m,n] may be error-free or
affected by reconstruction errors, resulting from losses of
coded data pertaining to the /-th frame or from propagation of
errors occurred on preceding frames due to the employment
of predictive coding. Moreover, the amount of error varies
from a pixel to another. In fact, at the output of the decoding
and de-interleaving stage, in 1!)[m, n] we can distinguish
e crror-free pixels,
e pixels that have been concealed using at least one cor-
rectly received description pertaining to the same frame
e pixels that have been concealed in absence of alternative
descriptions pertaining to the same frame.

Hence, we recognize that the MDC concealment induces a
fairly natural reliability hierarchy in the luminance values of
the pixels of the sequence 1!)[m,n]. We formalize this hier-
archy by introducing three classes of pixels, namely Class I
(error-free), Class II (MD concealed), and Class III (SD con-
cealed) and assigning a different reliability r(!) [m,n] to pixels
belonging to different classes. Then, the decoding sequence
quality can be improved by applying a restoration algorithm
that takes into account not only the local image edges but also
the pixel reliability. The restoration stage operates by replac-
ing each concealed (Class II or Class III) pixel in /) [m, n]
with a suitably interpolated estimate.

The herein presented interpolation technique extends the
classical edge-detection interpolation scheme Edge-based
Line Average (ELA) into a Robust ELA (RELA) to exploits
the reliability of the descriptions available for interpolation.

Namely, for a given site (m,n), we define a 3 x 3 neighbor-
hood 1 (m, n) as illustrated in Fig.2Then, for each site (m,n),
four pairs of pixels belonging to 1 (m,n) are individuated
as: {(m + 6y,n+ 5;1), (m —0y,n— 6;1), o,,0, € <5”]5]_1;} be-

ing FpLa defined as: A {(1,0),(0,1),(1,1),(1,—1)}.
Each pair of pixels, indexed by 8,0, identifies a candi-

ame (B, Bn)=(1.0)
1 O (m.n lI_O 6Oy, On)=(0.1)
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Figure 2: The considered neighborhood 1 (m,n) and the as-
sociated four pixel pairs, indexed by (J,,5,) € SELA -

date direction for interpolation; ELA searches for the direc-
tion of minimal luminance variation, i.e. for the pair (5, 0y)

minimizing f(l)[m+6v,n+5h]—f(l)[m—6v,n—5h]‘ and esti-
(1)

mates the luminance in i ,[m,n] as the average between
IO[m+8,,n+ &) and ') [m — §,,n — 8]. Since it has been
originally designed for fast upsampling of high quality im-
ages, the ELA interpolation algorithm does not take into ac-
count possible errors affecting the luminance of the pixels in
1 (m, n); thus, it performs quite well on reconstructing miss-
ing pixels for error free descriptions, but it presents modest
performances when the descriptions are affected by residual
errors after concealment.

We design here a robust edge driven interpolation algo-
rithm (RELA) taking into account the measurements relia-
bility. Specifically, let us assume that a reliability measure
rD[m, n] is associated to each pixel [m,n] of the [-th frame
after the concealment stage. This measure is used to oper-
ate a reduction of the set of directions which are candidate
for interpolation, by limiting to the set of most reliable di-
rection, i.e. the set .YRgLa as in (4), being 6 a suitably de-
fined threshold. Then, the optimal interpolation direction is
determined as in (5), and estimates the luminance in (m,n)
as in (6). From (6), we recognize that the robust interpola-
tion attempts to restore the concealed pixels by directional
smoothing, meanwhile using only the most reliable lumi-
nance values. Finally, we observe that the described inter-
polation strategy estimates the luminance value at the loca-
tion (m,n) employing directional interpolation of pixels be-
longing to 7 (m, n). The reformulation of this interpolation in
terms of Bayesian interpolation of Markov Random Fields is
currently under investigation.

5. NUMERICAL RESULTS

In this section we present a set of numerical simulation re-
sults assessing the performance of PSS MDC technique using
the robust RELA interpolation. The experiments refer to the
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i = {(8,81) € Fia, (8,80) st [rOfm-+ 8-+ &) |+ m— 8,1 8] > 0} 0
(SV(RELA) , 6,5RELA)): argmin ‘IA(I) [m+8y, n+8y) —f® m—8,,n— 8y (5)
(6y,0)€SRELA
) i0 §(RELA) SRELAN L j(0)r,  G(RELA) | S(RELA)
Il(ll]%LA[man]: mt 1% [+ S ] (6)

test sequences Foreman and News, CIF format, at 10 frames
per second.. A number of K =2 x 2 descriptions has been
selected. The RELA was realized by assigning r!)[m, n] = 2
to Class I pixels, 7!)[m, n] = 1 to Class II pixels, r!)[m, n] =0
to Class III pixels, and by setting 6 = 1.

The interleaved sequences are encoded using the ref-
erence JM H.264 coder version 11.0 [12], one NALU per
frame. The GOP structure is given by a primary SP frame
followed by 9 P frames; in each frame, 40 macroblocks are
INTRA encoded for Random Intra Refresh purposes. The
H.264 Video Coding Layer encodes one slice per frame, and
the Network Adaptation Layer followed by the RTP packe-
tizer using the so called simple packetization method maps
each slice into an RTP packet.

The first set of numerical simulations refers to the en-
coding of 100 frames of the sequence News, at a bit-rate of
600 kbps. We analyze here in detail a run characterized by
PLP=13%. MDC using RELA reduces the visually relevant
artifacts that are observed on the decoded video sequence in
presence of transmission errors. Fig.3 shows selected de-
tails of a few snapshots captured within the sequence de-
coded using ELA and RELA; the visual quality improvement
achieved by adopting MDC with RELA is clearly appreci-
ated. The quality of the video sequences decoded in different
conditions has been also evaluated in terms of Peak to Sig-

nal Noise Ratio (PSNR), defined as: PSNRdEZSS2 /MSE,
proving that the RELA stage significantly improves the over-
all MDC performance, resulting into a PSNR gain of 1.5 dB
over MDC without interpolation and 1.1 dB over ELA.

The second set of numerical simulations refer to the en-
coding of 100 frames of the sequence Foreman, at a bit-rate
of 750 kbps. A transport channel characterized by a packet
loss probability (PLP) equal to 10% has been simulated over
100 Montecarlo runs. The MDC scheme using RELA, ELA
and MDC without interpolation have been compared, by
evaluating the decoded sequence PSNR values observed on
each of the 100 frames, and by characterizing statistically
the PSNR values observed using the different schemes. Fig.
4 reports the PSNR histograms of the three schemes, while
Table 1 reports selected parameters characterizing the PSNR
distributions.

6. CONCLUSION

In this paper, we have analyzed a PSS MDC scheme. The
underlying assumption of general MDC schemes is that each
description is a tight approximation of the others; in the par-
ticular case of PSS MDC, this is the consequence of the cor-
relation between the neighboring pixels of a natural image.
In case of losses, the availability of multiple descriptions is
exploited to perform a more accurate error concealment. The
concealment induces a fairly natural pixel hierarchy that can
be exploited by a post-processing stage. Here, we analyze

a fast restoration stage that makes use not only of the local
directionality information but also of the reliability of the de-
coded pixes. The scheme effectively improves the decoded
video sequence quality on lossy channels both from an objec-
tive and from a subjective point of view. The interesting per-
formance of the interpolation stage are related to the marko-
vian nature of natural images; the relation between the inter-
polation algorithm and markovian image interpolation [13]
is currently under investigation. The herein presented MDC
scheme is realized in the form of pre-processing and post-
processing stage in H.264/AVC standard compliant encoder
and decoder pair; besides, transmission diversity is straight-
forwardly obtained by mapping one application packet in at
least one transport packet, while maintaining a single trans-
port data flow.
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Figure 3: Details for frame 46 of the sequences decoded using R-ELA and ELA interpolation, News sequence, CIF, 600 kbps.

E

R-MDC +ELA

R-MDC + R-ELA

PSNR MDC using RELA | MDC using ELA | MDC without interpolation

Mean 30.59 29.41 28.14
Standard Deviation 342 4.03 4.56
Median 31.03 29.41 27.63

Table 1: PSNR of the MD encoded sequences, decoded using R-ELA and ELA interpolation, and without interpolation:

Foreman sequence, CIF, 750 kbps, 100 encoded frames, 50 Montecarlo runs.

o+ MDC wathont intepolation
= ==MDCusing ELA
= NMDCusing REL A

Figure 4: PSNR Histograms for the MD encoded sequences, decoded using R-ELA and ELA interpolation, and without

40 45

interpolation: Foreman sequence, CIF, 750 kbps, 100 encoded frames, 50 Montecarlo runs.
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