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Motion-Aware Mesh-Structured Trellis for
Correlation Modelling Aided Distributed
Multi-View Video Coding
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Abstract— A joint source-channel coding has attracted sub-
stantial attention with the aim of further exploiting the residual
correlation residing in the encoded video signals for the sake of
improving the reconstructed video quality. In our previous paper,
a first-order Markov process model was utilized as an error con-
cealment tool for exploiting the intra-frame correlation residing
in the Wyner-Ziv (WZ) frame in the context of pixel-domain
distributed video coding. In this contribution, we exploit the inter-
view correlation with the aid of an inter-view motion search in
distributed multi-view video coding (DMVC). Initially, we rely
on the system architecture of WZ coding invoked for multi-
view video. Then, we construct a novel mesh-structured pixel-
correlation model from the inter-view motion vectors and derive
its decoding rules for joint source-channel decoding. Finally,
we benchmark the attainable system performance against the
existing pixel-domain WZ coding based DMVC scheme, where
the classic turbo codec is employed. Our simulation results show
that substantial bitrate reductions are achieved by employing the
proposed motion-aware mesh-structured correlation modelling
technique in a DMVC scheme.

Index Terms— XXXXX.

I. INTRODUCTION

ULTI-VIEW Video Coding (MVC) [1] has recently

attracted substantial attention in the context of both
sophisticated 3D-TV and low-complexity wireless sensor
network scenarios. A number of video coding techniques
[2]-[4] have been developed for MVC, which typically rely
on a high-complexity encoder and a low-complexity decoder.
The constraint of the inter-view prediction based MVC is that
all cameras of the MVC must exchange their monoscopic
views with each other for inter-view prediction. What is even
more challenging is that the communication between cameras
must have a low-latency in delay-sensitive lip-synchronized
interactive applications. These requirements are unrealistic in
many applications, such as wireless video sensor networks
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(WVSN) [5] for example, where both the energy and the
computational complexity are constrained [6]. Hence it is
necessary to shift the computationally complex tasks from the
sensor to the base station (BS) or the server of the network, in
addition to limiting the data exchange among the sensors. In
theory, the Wyner-Ziv (WZ) [7] video coding philosophy, also
known as distributed video coding (DVC) [8], is capable of
assisting the sensors in relocating the computational burden
to the BS, whilst simultaneously limiting the data exchange
among themselves. Below, we will firstly review the WZ
coding techniques for monoscopic video and for multi-view
video, followed by the motivation of our proposed algorithm.

Two basic types of WZ coding structures [8] have been
proposed for monoscopic video. In [9]-[11], the authors
advocated a WZ codec, which is composed of an inner turbo-
code-based [12] Slepian-Wolf (SW) codec [13] concatenated
with an outer quantization-reconstruction component pair.
More specifically, the odd-indexed video frames, namely the
so-called key frames are intra-coded, while the even frames,
namely the WZ frames are encoded by the WZ codec. At the
receiver, the side information of the WZ frames will be
estimated from their adjacent key frames for joint inter-frame
decoding. However, a specific impediment of this structure
is that the turbo decoder has to invoke a “request-and-
decode” [9] process for the transmission of the WZ frames’
parity bits, which precludes its application in delay-sensitive
services. Low density parity check (LDPC) codes were
employed for distributed source coding in [14], which were the
so-called rate-adaptive LDPC accumulate (LDPCA) codes and
the sum-LDPC-accumulate (SLDPCA) codes. It was shown
in [14] that the LDPCA codes are capable of approaching
the capacity of a variety of communication channels more
closely - including that of the virtual channel in DVC - than
the family of turbo codes. Based on the WZ video coding
structure of [11], in the European project DIStributed COding
for Video sERvices (DISCOVER) [15] the transform-domain
of the WZ frames was encoded by the LDPCA code of [14]
at the transmitter. A so-called unsupervised motion learning
technique was proposed in [16], which estimates the Motion
Vectors (MVs) of the next video frame during the decoding of
the current frame with reference to the previous reconstructed
frame. This technique may be readily applied for both pixel-
domain and transform-domain coding. The authors of [17]
proposed a more realistic WZ video coding approach, which
performs online estimation of the channel-induced noise (CN)
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model parameters at the decoder, which can be invoked for
both pixel-domain and for transform domain WZ video codecs.
Moreover, three levels of granularity were proposed by Brites
and Pereira for pixel-domain WZ (PDWZ) video coding in
[17], namely frame-, block- and pixel-level granularity, while
both DCT-band and DCT-coefficient level granularity was
proposed for transform-domain WZ (TDWZ) video coding.
Then in [18] the same authors proposed an efficient encoder
rate control (ERC) solution for feedback free transform-
domain WZ (TDWZ) video coding. The approch of multiple
side information (SI) components was proposed in [19] for
improving the accuracy of SI using a single estimation mode.
As a further advance, a more accurate parity rate estimator
(PRE) is employed for more closely estimating the parity
rate necessitated. A context-adaptive Markov random field
reconstruction algorithm was proposed in [20], which exploits
the spatio-temporal correlation by modelling the WZ frames.
The so-called optical flow was proposed in [21] to improve
the side information generation, which is exploited at the
decoder side to compensate for weaknesses of block-based
methods. A successive bit-plane-by-bit-plane refinement of
the SI estimation algorithm was investigated in [22], leading
to successively improved SI. The same authors proposed a
motion-compensated multi-hypothesis prediction technique for
medical imaging applications. Moreover, techniques conceived
for multiple SI generation were proposed in [23], [24], where
additional information may be used for improving the esti-
mated SI of WZ frames. Apart from the WZ coding architec-
ture mentioned above, another DVC architecture was proposed
in [25], which allows the flexible sharing of complexity
between the encoder and decoder.

Below, we review the WZ coding techniques designed for
multi-view video sequences. In [26], the authors proposed a
novel framework for the distributed compression of multi-
view images, which was based on a tree-structured com-
pression algorithm that guaranteed an optimal rate-distortion
performance for specific video signals. Yeo and Ramchandran
extended their previous PRISM framework detailed in [25]
into distributed MVC in [27], [28], where the achievable error-
resilience was studied in wireless scenarios. Two alternative
models were proposed for exploiting the inter-view correlation,
namely the view-synthesis-based correlation model and the
disparity-based correlation model. The view-synthesis-based
correlation model requires at least two other camera views
and relies on both disparity estimation and view interpolation,
while the disparity-based correlation model requires only a
single additional camera view. In [29], the authors extended
the WZ framework proposed in [11] into distributed MVC.
At the encoder side, a wavelet-based WZ scheme was pro-
posed for compressing each camera’s view independently,
where all coefficients were organized as proposed in the
SPIHT scheme of [30] on a bitplane by bitplane basis. At the
decoder side, a flexible prediction technique was proposed for
generating the required SI, which jointly exploited both the
temporal and inter-view correlations. The common benefit of
the frameworks advocated in [28], [29] is that inter-camera
communication is completely avoided and the computational
complexity of the encoder was shifted to the decoder.

IEEE TRANSACTIONS ON IMAGE PROCESSING

The iterative source-channel decoding (ISCD) [31] principle
can be utilized for improving the system’s performance by
exploiting the residual correlation within the source signals.
Moreover, a first-order Markov model based error concealment
technique was developed in our previous work [32], where
the intra-frame correlation was exploited for achieving an
improved reconstructed video quality. However, the ISCD
principle has not been conceived for family of the WZ multi-
view video codecs. Since the inter-view correlation is not
removed by the WZ multi-view video encoder, it is beneficial
to exploit the residual correlation at the receiver for the sake
of reducing the required bitrate. In this treatise, we develop a
novel mesh-structured source model (MSSM) based decoder
for exploiting the correlation among the inter-view pixels,
which will be combined with a turbo codec for performing
iterative source-channel decoding (ISCD) in the context of
DMVC for the sake of achieving a reduced bitrate. Against
this background, our novel contributions are:

1) We conceive a novel mesh-structured trellis exemplified
in Fig. 7 for exploiting the inter-view correlations inher-
ent in the video signal. Furthermore, the corresponding
decoding rules of this trellis are derived for the sake
of performing turbo-like iterative decoding, again, by
exploiting the inter-view correlations.

2) We apply the new-trellis based proposed technique in
a DMVC system, which results in a substantial bitrate
reduction.

This rest of this paper is organized as follows. Section II
briefly reviews the first-order Markov modelling technique
used for exploiting the intra-frame correlation. We present
our DMVC system architecture in Section III. In Section IV
we detail our mesh-structured source model conceived for
exploiting the correlation among the inter-view pixels, which
is applied in the distributed MVC system of Section III. The
performance of the proposed scheme is quantified with the aid
of simulations in Section V. Finally, we offer our conclusions
in Section VI.

II. FIRST-ORDER MARKOV PROCESS MODEL

The a-posteriori probability determination technique con-
ceived for first-order Markov processes was detailed in
[31]-[33]. In this section, we will briefly introduce the tech-
nique of first-order Markov process aided decoding. Let us
commence by stipulating the following assumptions:

e x;: an m-bit pattern of pixels scanned from the original

video pixels at time instant i, which is expressed as
(i 0o, xilm — 1)) = x; (5"12;

« m: the number of bits in each m-bit pattern x; of pixels;

o« X, =1{0,1,...,2™ — 1}: the set of all possible values
in an m-bit pattern x;;

. x(’) = X, ..., Xs: the bit patterns of the 15! frame of the
original video consisting of (¢ + 1) m-bit patterns during
the time interval spanning from O to ¢;

e Y, = Y0, ...,y potentially error-infested bit pattern of
the 1% frame;

The corresponding trellis of the first-order Markov process

is displayed in Fig. 1, where the m-bit pattern x; indicates the
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Fig. 1.  Trellis of first-order Markov process for BCJR decoding, where
p (xi411x;) is the Markov transition probability.

trellis state at time instant i and the probability p (xj4+1]x;)
indicates the transition from state x; to state x;;j. At the
receiver, the a-posteriori probability of the m-bit pattern
Xi,Xxj € X, conditioned on the specific received frame of
m-bit patterns yp, ..., y; may be expressed as

P (xi A ¥p)
P (%)

where the joint probability p (x,- A y(t)) of the m-bit pattern x;
and of the received frame y may be further formulated as
[32]

p (xilyf) = , (1)

p(xi AYY) =B (i) x (i) a(xi). (2)

It was shown in [32] that the bit-based a-posteriori LLR
L [x; (k) |y§] can be formulated as

> B&xi) -y (xi) - o (xi)
x; (k=0
DS A x el

L[xi (k)lyp] =1 3)

where the components «, 8, y are derived in [32].

III. WYNER-ZIV CODING FOR MULTI-VIEW
VIDEO: SYSTEM MODEL

Again, WZ compression techniques designed for
monoscopic video have attracted substantial research
attention [8]-[11], [14]-[18], [20], [25], [34], [35]. A number
of contributions have also been proposed for DMVC
[26]-[29]. In this section, we will detail the WZ compression
philosophy shown in Fig. 2, which is invoked for distributed
MVC employing our proposed MSSM-Turbo decoder. In
the system of Fig. 2, there are N cameras capturing N
views, respectively. We consider an array of N cameras,
which employ N identical low-complexity video encoders for
encoding the N camera-views independently at the transmitter
and a potentially high-complexity video decoder for jointly
decoding the N camera-views at the receiver. Each group of
pictures (GOP) of each of the N camera views consists of
a single I frame followed by a fixed number of WZ frames.
The architecture of the investigated pixel-domain Wyner-Ziv

View 1 View 4 View N
e N e N WZ
Encoder 1 Encoder @ Encoder N
I 1 1
wz| wz|, wZz
1 I I

MSSM-Turbo Based Decoder

Multi-view Video

Fig. 2. The schematic compression process of Wyner-Ziv coding conceived
for multi-view video.

coding system is displayed in Fig. 3, where the MSSM
exploits the inter-view correlations, which cannot be removed
by the multi-view Wyner-Ziv encoder, regardless, whether a
pixel-domain architecture or a transform-domain architecture
is employed. Hence the proposed MSSM is not limited to the
family of pixel-domain architectures. The residual inter-view
correlation encountered in transform-domain systems may
potentially be exploited by appropriately designing the MSSM
techniques, which may be part of our future research.

Generally, this treatise focuses on the MSSM-Turbo decoder
of Fig. 3, while the rest of the techniques, including the WZ
encoder, the motion-compensated frame interpolation (MCFI)
etc., are detailed in [35]. Below, we will briefly introduce
the system of Fig. 3, while the MSSM-Turbo decoder will
be detailed in Section IV.

A. Transmitter

For each view, the frames are classified into two categories,
namely the so-called key frames Uy, ..., Uy of Fig. 3 and the
WZ frames Vi, ..., Vy of Fig. 3. The key frames Uy, ..., Uy,
also referred to as I frames, are intra-frame-coded by the
H.264/AVC encoder and then transmitted to the receiver.
Below we consider the monoscopic WZ frame V; (1 <i < N)
for introducing the encoding process of the WZ frames in
Fig. 3. The encoding process is encapsulated in the following
steps.

o The monoscopic frame V; is quantized by a uniform
quantizer at the transmitter of Fig. 3 generating the
resultant m-bit monoscopic frame g;.

« Each pixel of the m-bit quantized monoscopic frame g¢;
is decomposed into m bits. Then the bits from the same
position of ¢g; constitute the most significant bit (MSB)
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The behavior of the receiver is described in Fig. 4, which
will be further detailed in Section IV. At the receiver, the
received bitstreams of the key frames representing the N cam-
era views may be independently decoded for reconstructing
the key frames U Towvns U ~, which will then be utilized for
estimating the SI for the corresponding WZ frames. Then the
decoding process is listed as follows.

« For each monoscopic WZ frame, two temporally adjacent
monoscopic key frames may be utilized for predicting
the related soft-bit information. A number of algorithms
have been proposed for this estimation process, such as
for example the MCFI framework [35] shown in Fig. 3,
which is invoked in our system for predicting the SI in
the temporal direction.

o As observed from Fig. 4, the SI generated for the WZ
frames and the received parity bits of the MSB planes
related to the WZ frames will be used by the MSSM-
Turbo decoder of Fig. 3 for reconstructing the WZ frames
Vi,...,Vn.

IThe subscript p indicates that qp, p, ...
pixels q1,...,gN-

»qN,p are parity bits of quantized

4 IEEE TRANSACTIONS ON IMAGE PROCESSING
Key | Wyner-ZivEncoder 1 : | Wyner-Ziv Decoder | Decoded
frames H.264/AVC H.264/AVC ' key frames
Uy ‘ Intra-Cod. Intra-Decod. ‘ Ul
View LIl MCFI Decoded
] + Slepian-Wolf Codec ‘ 1w
W2 3 -~ P SIL|Fy . o
rames g urbo 1 d1p L econ- 1
Vi Quantizer % Encoder 1 Buffer - struction ! Decoded
| N « \\/
Request *é frames
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, g
2 MVs Motion
5 Prediction
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, &
Request P é Decoded
Wz | ] = in Wz
frames ! I qN: Turbo 149Ny - Recon- rames
Vv Quantizer % Encoder N %Buﬂer '—‘l—é% struction V\
77777777777777777777777777777777777777777777777777777777 st | Fy :
View N MCFI Decoded
‘ View N
! Decoded
H.264/AVC H.264/AVC | key frames‘
Intra-Cod. Intra-Decod. ‘ Uy
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Wyner-Ziv Encoder N 1 | L4
Fig. 3. System architecture of the Wyner-Ziv compression for MVC using MSSM-Turbo decoding.
plane resulting in m MSB planes. Afterwards, each of o The flow-chart of Fig. 4 shows that when the MSSM-
the m MSB planes will be considered as a block input, Turbo decoder fails to perfectly recover a MSB plane,
which is encoded by the turbo encoder i of Fig. 3. the receiver will send a feedback flag to the transmitter
« The systematic output of the turbo encoder i is directly for requesting more parity bits for this particular MSB
transmitted to the receiver. The parity bits g1,p, ..., gn. pl plane. Again, this process is referred to as “request-and-
of Fig. 3 generated by the turbo encoder i for the different decode”? process [9] in Fig. 4. The MSSM-Turbo decoder
MSB planes of the WZ frame V; may be independently will be detailed in Section IV.
buffered at the transmitter, which will then be transmitted e As observed from Fig. 4, the “request-and-decode”
to the receiver upon its request. process will terminate, when the bit error ratio (BER) of
the MSB plane becomes lower than a preset threshold.
) Once all MSB planes have been decoded, the current
B. Receiver

multi-view frame may be readily reconstructed.

IV. INTER-VIEW CORRELATION MODELLING

The maximum a-posteriori probability (MAP) determina-
tion technique conceived for first-order Markov processes was
briefly reviewed in Section II, where the intra-frame correla-
tion was exploited using both horizontal and vertical Markov
processes. However, the first-order Markov processes cannot
be readily applied for modelling the inter-view correlation. In
this section, we introduce the techniques invoked for exploiting
the inter-view correlation of the N cameras by designing
a novel trellis representation and derive its decoding rules.
Below we focus on a specific multi-view WZ frame, which
consists of N monoscopic video frames, whose SI is estimated
by the MCFI of Fig. 3. Moreover, the trellis generation,
MSSM-Turbo decoding and “request-and-decode” processes
are illustrated in the flow-chart of Fig. 4. Let us commence
by introducing the following notations:

e N: the number of camera views in the multi-view video;
o V;: the original monoscopic frame of the camera view i;

2Rate controller at the encoder side [18] may be investigated to avoid this
feedback channel.
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Key Frames Key Frames
i—1 i+ 1
Motion Motion
Search Search
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—= Averaging
$ MVs of [WZ frame ¢ $
Train Link Pixels MCFI
Mesh-Struc-
MSSTT tured Trellis Py Fy
! (i1 | !
| EEEES y(xiy) |
3 afi;) Bli;) 3
Ll j(x: )| Y]
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i Ext i
3 } Request 3
! Turbo Parity Bits |
! BER !
! <Threshold No !
| o |
Y Request-and-Decode =
Yes
G, QN
Recon-
struction

Fig. 4. Flow-chart of the receiver.

o F;: the SI of the frame V;, which is estimated by the
MCFI block of Fig. 3;
o x;;: the j pixel® in V;, namely the pixel at position

(@, J)s

3The pixels of a 2D frame are indexed using a one-dimensional formulation,
assuming that the 2D image is scanned into a single-dimensional vector.

Fig. 5. Motion based inter-view correlation, where (j —4)...(j +4)
indicate the indices of the (1 x 1)-pixel MBs.

o x; j(k): the k' bit of the pixel x; ;.

 y; j: the SI of the pixel x; ;, which is at position j of F;;

o m: the number of bits contained in the pixel x; ;;

e X, =1{0,1,...,2™ — 1}: the set of legitimate values of
an m-bit pattern x; ;;

e L;iji: the set of the original pixels linked with x; ; in
camera view k.

N
. Lf.v, |: notation for the set U L; j;;
sJ» =1

o Y jk: the corresponding SI of L; j ;

N
« YN |: notation for the set U Y; j ;.
sJ> =1

A. Mesh-Structured Trellis Representation

Again, each multi-view frame consists of N monoscopic
camera view frames. Since the current multi-view WZ frame is
not available at the receiver, the inter-view MVs of the current
WZ frame are estimated from the adjacent key frames. Note
that all the key frames are available at the receiver after the
“H.264/AVC intra decoder” block of Fig. 3. Here we consider
the scenario of GOP=2, but this technique may be readily
extended to larger GOP scenarios. Specifically, the (i — 1)*
and (i +1)* key frames are utilized for estimating the MVs of
the i’" WZ frame, as illustrated in the flow-chart of Fig. 4. The
inter-view MVs of the WZ multi-view frames are generated
as follows.

o The inter-view MVs of the (i — 1) and (i + 1)
key frames are readily estimated using the traditional
macroblock (MB) based motion search techniques [36],
which is indicated by the “Motion Search” blocks of
Fig. 4.

o The inter-view MVs of the i WZ frame is averaged
based on that of the (i — 1)*' and (i + 1)* key frames,
as illustrated by the “Averaging” block of Fig. 4.

The structure of the inter-view “Motion Prediction” of Fig. 3 is
shown in Fig. 5, where the MBs of the specific view associated
with the Monoscopic View Index MVI) i 2 < i < I) are
estimated from the views (i —1) and (i +1). Note that in Fig. 5
we employ (1 x 1)-pixel “MBs” for the sake of simplifying
the relevant descriptions, which the classic (8 x 8)-pixel MBs
may be readily extended to.

Following the inter-view motion estimation process at the
receiver, the pixels of a given MB of Fig. 5 may be linked to
other pixels in the same position of the predicted MBs in the
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Fig. 6. The inter-view pixel correlation graph of Fig. 5, where each marker
indicates a different pixel.

other views, as exemplified in the inter-view pixel correlation
graph of Fig. 6. Specifically, the graph of Fig. 6, indicated by
the “Link Pixels” block of Fig. 4, may be created using the
following steps:

o The pixels of Fig. 5 are scanned into one-dimensional
Intra-Frame Pixel Indices (IFPI), namely (j—4),..., (j+
4) in view (i —2) of Fig. 5. For example, each monoscopic
frame having (352 x 288)-pixels will be indexed by 352-
288 = 72864 one-dimensional scan-line indices.
o The coordinate axes of Fig. 6 are created by arranging
for the x axis and y axis to indicate the MVI and
the IFPI, respectively. Specifically, the MVI of Fig. 5
are in the range of (i —2,...,i + 2). Furthermore, we
only consider the colored pixels of Fig. 5 for sim-
plifying the related descriptions, resulting in IFPI of
(J—4,...,]+2).

o Connect all the correlated pixels portrayed in Fig. 6
using a link, where the presence of highest correlation
is indicated by the MVs of Fig. 5. For example, in Fig. 6
the pixel at position (i, j) is correlated with the pixels at
positions of (i — 1, j+ 1) and (i + 1, j + 1) in Fig. 6,
as indicated by the MVs of Fig. 5.

Based on the two-dimensional Markov-modelling based
trellis representation developed in [32], the mesh-structured
trellis of Fig. 7 may be derived from the correlation graph
of Fig. 6. This trellis generation process is also indicated in
Fig. 4, which is completed using the following steps:

« Each m-bit pixel has a value in the range of [0, 2""), which
we refer to as the Legitimate Markov States (LMS). Then
each pixel in Fig. 6 has 2 LMS. Hence by introducing
the z axis indicating the LMS, Fig. 7 may be created,
where the x axis and y axis indicate the MVI and IFPI,
respectively.

o Each pair of pixels connected by a direct link in Fig. 6
represents a correlated Markov-state transition. Hence
we have to incorporate (2" x 2™) links indicating the

IEEE TRANSACTIONS ON IMAGE PROCESSING
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Fig. 7. Mesh-structured trellis representation of inter-view correlations for
m = 1-bit pixels, where the pixels of view (i —2) to view (i 42) are displayed.

j—4

(2™ x 2™) possible Markov-state transitions for these
pixels in Fig. 6. Specifically, for the pixel x;; within
view i, the transition probability from state x; ; to the
correlated successor state x;41,j41 within view (i + 1)
is represented by p (xit1,j4+1lxij), which is the state
transition of the related Markov process.

Hence all nodes in Fig. 7 associated with identical MVI
belong to the same view, while the nodes having both an
identical MVI and SII values are Markov states for a same
corresponding pixel. Furthermore, the trellis representation
seen in Fig. 7 may be readily generalized both for arbitrary
m-bit pixel multi-view signals and for an arbitrary number of
views, which leads to 2 LMS.

B. Trellis Decoding

Section III detailed how the SI of a multi-view WZ
frame can be generated. The SI consists of floating-point
values indicating the reliability of specific pixel values, which
is estimated by the MCFI block of Fig. 3. For example,
the SI of the bit x; ;(k) may be expressed in the log-

likelihood ratio (LLR) format as L [xi, j (k)] =1In %,
while the reliability of the pixel x; ; can be represe'ijlted by
L [x,',j (0)] ..., L [x,-,j(m — 1)]. In Section IV-A, the pixel
correlations of a multi-view WZ frame are modelled by the
mesh-structured trellis of Fig. 7. Hence the SI of the multi-
view WZ frame may be refined by decoding the trellis of
Fig. 7, where the classic Bahl-Cocke-Jelinek-Raviv (BCJR)
[37] decoding principle may be applied.

Given the SI of the current multi-view WZ frame
Fi,...,Fy , the pixel x;; may be estimated by the
a-posteriori probability (APP) p (xi, jlF1, .., F N). Further-
more, by employing our proposed MSSM detailed in
Section IV-A, we have

pGijlFis ..., Fy) = p(i |V 1), ©))
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where YN .1 includes the SI of the pixels L 1> which are
correlated with x; ,j- Consider the trellis of F1g "7 for example,

where we have Lljl 2 = {x172,]+2}7 Ll,j,l*l = {x171,1+1}7

Liji = {xij} Ll]l+1 = {xiy1,j+1) and L;jiy2 =
{xXit2,j42}), the pixels L’ ]2l , can be readily derived as
Li“;zl , = U Ll _j.t- In the Appendix, we show that the log-
likelihood ratlo (LLR) version of the APP p(x; ; k)| YN i, 1) for
the bit x; ; (k), 0 < k < m may be formulated as
L[xi; @ 1vY, ]
2 Plag)x (i) e xg)
= In X; o , Q)
0 (xij) - x (xij) - o (xi )
x; (k=1

where f (x,-,j), X (x,-,j), o (x,-,j) are defined in Egs. (16), (10)
(15). Specifically, £ (x;,;), « (x; ;) indicate the backward and
forward oriented probability of the pixel x; j, while y (x; ;)
is the channel information of the pixel x; ;.

C. Iterative MSSM-Turbo Decoding

A limitation of the formulas provided in Section IV-B is
that they cannot be directly used for iterative decoding, since
they cannot exploit the a-priori LLR Ll[x; ;(k)], which was
generated from the extrinsic information gleaned from the
other decoder components. To make use of the a-priori LLR
L[x; j(k)], the combined bit-wise LLR may be expressed as
[31], [32]

vij (xij) =

m—1 -
i (k)
xp > —”2

k=0

AL [xi,j ®)] + L [yi,j ®)|xi, (K]}, (6)

where the symbol-based m-bit information y is the combina-
tion of the bit-wise a-priori LLR L[x; ;(k)] and of the channel
information L[y; ;(k)|x; j(k)]. We note in this context that y
of Eq. (6) contains more valuable information than the channel
information y. Hence Eq. (17) may be used for iterative joint
source-channel decoding by replacing y with y in Eq. (6).
Similar to the BCJR decoding technique of classic turbo
codes [38], the bit-based a-posteriori LLR L[x; j(k)| i, 1]
may be split into three components, namely the a-priori LLR
Llx; j(k)], the channel information L[y; ;(k)|x; j (k)] and the
extrinsic information L.[x; ;j(k)]. Specifically, the bit-based
a-posteriori LLR L[x; ; (k)|Yi1’\;.’1] may be formulated as

L[xl] (k)| i,j, 1]
= L[xi,j (k)] + L [yi,j k) |xi,j (k)]
2 P g) e 0] - a i)
x,-:;(k)ZO

> B(xij) e x (k)] - a

Xi j€Xm
% j()=1

, (7
(i)

e buithl e, ()Y
: L|z; 1
: Turbo Q MSSM i iJ.
Yiin Decoder
Lelxi (k)]
Fig. 8. The MSSM-Turbo decoding architecture of Fig. 3.

where the extrinsic information component p [¢*!] [x,-, j(k)]
may be expressed as

y [ext] [x- (k)]

m—1 -

—exp Z xl](l)

1=0,1#k

-xl j(l)] +L [yl ](l)|xl ](l)]}

Based on the above, the MSSM-Turbo decoding architecture of
Fig. 3 is shown in Fig. 8, which terminates after /;;., iterations
of extrinsic information exchange. Moreover, the MSSM-turbo
decoding process is also detailed in the flow-chart of Fig. 4.

D. Training for Mesh-Structured State Transition

Again, the mesh-structured trellis of Fig. 7 is utilized for
modelling the inter-view correlation at the receiver. Specifi-
cally, the component p (xj41,.|x;,;) of Egs. (15), (16) quan-
tifies the inter-view correlation, where z and j indicate the
pixel index of the views (i — 1) and i, respectively. Here we
refer to p (xj41,2|x;,j) as the Mesh-Structured State Transition
Table (MSSTT) for simplicity. We initialize the (2™ x 2™)-
element MSSTT T[0:2" —1,0:2™ — 1] to zero values.
Then we scan all the linked pixel pairs of Fig. 6. For
example, when the pixel pairs s;—; and s; are scanned, the
corresponding element T [s,-_l , si] in the MSSTT is increased
by 1. Finally, by normalizing the summation of all rows in the
MSSTT T [0 :2m—1,0:2™ — 1], the transition probabilities
p (x,-+1,z|x,-,j) can be obtained, where we have x; j, xjy1,; €
[0, 2™).

E. Complexity Analysis

The complexity of our proposed MSSM can be attributed
to the calculation of y (x; ;) in Eq. (6) a(x; ;) in Eq. (15),
B (xi,;) in Eq. (16) and L[x; j (k) |Y} ] ,11in Eq. (5). As shown
in Fig. 7, the trellis size is (2™ -S-N), where S is the
number of pixels in each monoscopic view. Similar to the
BCIJR decoding rules proposed in [37], the decoding of the
(2™ - S - N)-state trellis of Fig. 7 may be generalized into the
following two stages:

« Calculation of y, a and f: These operations are carried
out across the entire trellis of Fig. 7, which imposes
the complexity of m, 2™, 2™ for each trellis state, as
suggested by Eqs. (6), (15), (16), respectively. Hence
the associated computational costs are on the order of
O@"-S-N-m), 0(2>"-S-N) and O (2*"-5-N)
for y, o and f, respectively.

« Calculation of L[x; ; (k)|Yl{\},1]: This operation is carried
out for all the (S- N -m) bits of a multi-view frame,
which imposes a complexity of 2 for each bit. Hence the
computational cost is on the order of O 2™ - § - N - m).
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TABLE I
TABLE OF PARAMETERS EMPLOYED FOR THE SIMULATIONS

Representation YUV 4:2:0 | Motion MB 8 x 8
Format CIF Generator of RSC [11011,10011]
Bits Per Pixel 8 | Turbo Code Rate 172
Number of Frames 100 | Interleaver Length 352 x 288
GOP 2,4 | Puncturer [11;01;10]
Number of Views 8 | Intra-codec H.264

Therefore, the overall complexity imposed by our pro-
posed decoder is O (2 Q2 S N42.2m.§. N . m) when
decoding a multi-view frame.

V. PERFORMANCE STUDY

In this section, we present our simulation results for bench-
marking the scheme introduced in Section III. Firstly, in
Section V-A we will introduce the parameters of the scenario
considered in our experiment. Then we will discuss our
numerical results in Section V-B.

A. Scenario

In this section, we present our experimental parameters used
for characterizing the convergence behavior of the proposed
scheme introduced in Section III. Multi-view video sequences
having 8 camera views represented in (352 x 288)-common
intermediate format (CIF)* and 4:2:0 YUV representation
are employed. Moreover, the bitrate/PSNR of both the WZ
and the key frames was taken into account in our average
results. The distributed WZ coding scheme conceived for the
multi-view video scheme of Fig. 3 operates on the basis of
(352 x 288)-pixel blocks. More specifically, a specific MSB
plane of each view is input to the turbo encoder, which
consists of (352 x 288) bits. In other words, the interleaver
length of our turbo codec is (352 x 288) bits. In [35], each
bitplane of the MSB was transmitted separately and each
bitplane was then refined based on the previously decoded
bitplanes [39]. However, in our system, all MSB planes were
transmitted together, which allowed us to reduce the number
of “request-and-decode” processes defined in [8]. We employ
a recursive systematic convolutional (RSC) encoder relying
on the generator polynomials of g; = 11011, go = 10011,
which are represented as G = [I1, g»/g1], where g1 is a
feedback input and g, is feed-forward output. Moreover, two
identical RSC encoders are employed for the turbo codec and
the puncturing matrix of [11;01; 10] is employed for the
turbo code. The parameters employed are listed in Table I. The
remaining parameters of our system were identical to those in
[17], [35].

4We converted the multi-view video sequences into CIF representation for
the sake of speeding up our simulations.
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TABLE II
COMPARISON OF MSSM-TURBO AND THE BENCHMARKER TURBO FOR
WYNER-ZIV CODING OF MULTVIEW VIDEO, WHERE n);sg INDICATES
THE NUMBER OF MSB PLANES. /., = 4 IS EMPLOYED, WHERE
INDICATES THE NUMBER OF DECODING ITERATIONS FOR THE
MSSM-TURBO DECODER

Turbo MSSM-Turbo
Dimension 1 2
Number of Bits to Decode | 352 x 288 | 352 x 288 X 8 X nysp
Side Information None 1xMMSTT

A WZ multi-view frame, Newspaper sequence, CIF
10 ; . ;

o« !
W i
m |
!
I

107} i
!
|
—— MSSM-Turbd |
- = Turbo I
|
107 . 850 ) ‘ 1920,

0 500 1000 1500 2000
Bitrate (Kbps)
Fig. 9. BER versus bitrate comparison of the MSSM-turbo and of turbo

codec for a multi-view WZ frame, where only the bits of the WZ frame
are taken into account as the bitrate. Using the Newspaper sequence and
GOP = 2.

TABLE III
BINTEGAARD COMPARISON OF THE MSSM-PDWZ VERSUS THE PDWZ
SCHEMES FOR THE CONSIDERED MULTI-VIEW SEQUENCES ORGANIZED
IN GOPS OF 2 AND 4. “R” INDICATES “RATE”

GOP=2 GOP=4
Sequence
AR (%) | APSNR (dB) | AR (%) | APSNR (dB)
Newspaper 0.3 0.02 1.8 0.17
Leavinglaptop 6.7 0.42 15.6 0.92
Outdoor 12.6 0.97 30.7 227
Ballroom 13.4 0.80 27.2 1.58

Let us now compare the proposed MSSM-Turbo decoder to
the classic turbo decoder. The turbo decoder is invoked for
each MSB plane of each monoscopic frame, which carries
(352 x 288) bits, scanned into a one-dimensional vector.
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100-frame—-Newspaper sequence, FPS=30, CIF

100-frame—Newspaper sequence, FPS=30, CIF 100-frame-Leavinglaptop sequence, FPS=16.67, CIF
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100-frame-Ballroom sequence, FPS=25, CIF 100-frame—-Ballroom sequence, FPS=25, CIF
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Fig. 10. Rate-distortion performance comparison of the MSSM-PDWZ codec and the benchmarkers. (a) Newspaper, GOP = 2. (b) Newspaper, GOP = 4.
(c) Leaving-laptop, GOP = 2 (d) Leaving-laptop, GOP = 4. (e) Outdoor, GOP = 2. (f) Outdoor, GOP = 4. (g) Ballroom, GOP = 2. (h) Ballroom, GOP = 4.

(i) Benchmarkers.

Let nysp be the number of MSB planes. The MSSM-Turbo
decoder is invoked for all MSB planes of each multi-view MSSM-Turbo scheme relies on the corresponding MSSTT,
frame, which carries (352 x 288 x 8 x nysp) bits and it is

arranged into / = 8 scanlines or vectors. Furthermore, the

which has (2"MsB x 2"MSB) elements. Specifically, for the
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Comparison of original WZ frames and the related estimated SI frames at the receiver. From left to right are Newspaper, Leaving-laptop, Outdoor

and Ballroom sequences, respectively. The top row and the bottom rows list the original and the estimated SI frames, respectively.

simulations associated with m = 4, the size of the MSSTT
SI was (16 x 16) floating-point values for 100 CIF frames.
Our detailed comparisons are listed in Table II. Note that the
MSSTT may be estimated from the adjacent I frames of the
current WZ frame.

B. Numerical Results

In this section, we present our numerical results for bench-
marking the proposed MSSM-PDWZ scheme’s performance
against that of the PDWZ system of [17] for four multi-view
sequences associated with different motion features, namely
the Newspaper sequence, the Leaving-laptop sequence [40],
the Outdoor sequence [40] and the Ballroom sequence [41],
scanned in FPSs of 30, 16.67, 16.67, 25, respectively. The
rate-distortion (RD) results recorded for both the PDWZ and
MSSM-PDWZ schemes in Fig. 3 were parameterized by the
number of WZ coded bitplanes for m =1, 2, 3 or 4 MSB
planes, because this configuration has been widely adopted in
the pixel-domain WZ video coding literature [17]. This was
arranged by invoking the uniform quantizers shown in Fig. 3.
The RD results of the test sequences coded by the H.264/AVC
codec [42] are provided below as usual, both in the associated
intra-frame encoding mode and in the motion compensation
dispensed mode in conjunction with GOP periods of 2 and 4.
Both these modes were selected by appropriately adjusting the
encoding parameters of the H.264/AVC reference software JM
[43]. Furthermore, the performance of the multi-view video
codec IMVC operating without motion estimation and using
GOP periods of 2 and 4 was also provided.

1) BER Characteristics: The BER comparison of the
MSSM-turbo and turbo codec schemes is displayed in Fig. 9,
where the x axis represents the bitrate of the multi-view WZ

frame. Note that the bitrate of a video sequence consists of
the bitrate of the WZ frames and the bitrate of the key frames.
Here we only count the bitrate of the WZ frames for the sake
of providing further insights into our system’s behavior.

For the MSSM-turbo decoder, the BERs of both the MSSM
and of the turbo decoder components are provided. More
specifically, multiple BER values are plotted for the MSSM-
turbo decoder for each “Bitrate” abscissa value in Fig. 9. This
results in a wave-shaped, fluctuating curve for the MSSM-
turbo decoder. Alternatively, for each “Bitrate” value, the
MSSM-turbo is capable of further reducing the BER upon the
turbo codec during the ISCD process. Observe from Fig. 9
that BER of the WZ frame using the MSSM-turbo decoder
becomes vanishingly low at about 850 Kbps, while that of
the turbo decoder vanishes at 1920 Kbps. The MSSM-turbo
decoder requires 1070 less Kbps for achieving a BER of
107*. This observation is due to the fact that MSSM is
capable of further reducing the BER by exploiting the residual
redundancy within the WZ frame by iteratively exchanging
extrinsic information with the turbo decoder.

2) Rate-Distortion Characteristics: The simulation results
recorded for the four sequences are displayed in Fig. 10, while
the Bjntegaard comparison of the MSSM-PDWZ versus the
PDWZ schemes for the four multi-view sequences considered
and organized in GOPs of 2 and 4 is provided in Table
III. For the MSSM-PDWZ, Fig. Fig. 10 shows that the
GOP = 4 scenarios outperforms the GOP = 2 regime for the
Newspaper, Leavinglaptop and Outdoor sequences, while the
opposite trends were observed for the Ballroom sequence. This
is due to the fact that less bits are required for reconstructing
the WZ frames than that of the key frames, when the SI for
the WZ frames can be accurately estimated. Table III shows
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that the bitrate reduction ratio increases in the sequence order
of Newspaper, Leavinglaptop, Outdoor and Ballroom. Similar
trends are observed in terms of the PSNR reduction attained.
The reason for this trend is that the receiver is more unlikely to
be able to estimate the SI frame accurately from the received
key frames, while our MSSM-PDWZ scheme is capable of
effectively concealing the errors, which is an explicit benefit
of our MSSM-Turbo decoder.

The comparison of the original frames to the corresponding
estimated SI frames is displayed in Fig. 11 for the Newspaper,
Leavinglaptop, Outdoor and Ballroom sequences, respectively.
Observe that the receiver fails to estimate the SI frames of
the higher-motion sequences, namely of the Outdoor and
the Ballroom sequences, as precisely as for the lower-motion
sequences, namely for the Newspaper and the Leaving-laptop
sequences. We may conclude that our proposed MSSM tech-
nique is capable of reducing the bitrate more substantially
for the higher-motion sequences, where the SI of key frames
cannot be accurately estimated at the receiver.

VI. CONCLUSION

In this paper, we firstly extended the WZ coding techniques
for monoscopic video into a Wyner-Ziv coded multi-view
video system. Then we conceived the techniques for construct-
ing a novel mesh-structured pixel correlation model from the
inter-view MVs and derived its decoding rules. Furthermore,
by incorporating the MSSM scheme into WZ video coding
of multi-view video, we were able to substantially reduce the
bitrate compared to that of the PDWZ benchmarker systems.

Our future work will focus on developing techniques for
exploiting both the pixel correlation among different views
and the pixel correlation within camera views for the sake of
further reducing the required bitrate.

APPENDIX

Let us initially follow the procedure of the classic Bahl-
Cocke-Jelinek-Raviv (BCJR) [37] algorithm based determi-
nation rule of the MAP decoder for deriving the APP

p(xljl N 1) of Eq. (4). The APP p(xij|YN
bit pattern x; j,x; j € X, conditioned on the specific Y,
values may be expressed as

p (xl N Yl 3, 1)

P(xi,j|Yii\§,1) = >
p (1)

The joint probability p (xi A Y.N. ) of the m-bit pattern x; ;
in Eq. (8) and that of SI Y

p(xl]/\Yljl)

) of the m-

l]l

(®)

;1 may be further formulated as

(x,,j ANYiji N Yil LA YlAj z+1)
(Y ialbis) - p (agabwi) - p (Yi5h A i)
(Y iabig) - p Ggleag) - p (Y5 Axiy)

(i) - o (xig) o (i) - ©)

11

In Eq. (9), the symbol-based channel information y (x; ;) =
p (vi,jlxi,j) may be calculated from the bit-based channel
information as

"

x (xij) = Cy; -exp kZO L2 Ly (k) xi (k)] (10)
where Cy, ; is a normalization factor, which solely depends on
vi,j. Furthermore, similar to the forward recursion calculation
in the BCJR algorithm, the component « (x;,;) in Eq. (9) may
be formulated as

o (xi,))
:p(Ylljll /\x,j)

= z p(Yi,jll/\Yj]/\-xlj/\Lljll)

Ll/l 1€
‘Lz/z 1l

ﬂ‘l
i—2
E p (Yiji-1 AxijlLiji-1)-p (Y, aNLi j,i*l)
i,j,i—1€
\L

L;
10— 1l

= z p (Yiji-1ILiji—1) - p (xijILiji-1)

Liji-1€
‘Li,_/‘,i—l I

p(Yljl/\Lt]z 1)

Note that, given the original pixel set L; j ;1 the soft pixels
within Y; j;_1 are independent to each other, hence the item
p (Y,-,j,,-_llL,-,j,,-_l) in Eq. (11) may be expressed as

H X (xi—l,z)-

p (Yiji-1lLiji-1) =
Xi—1,z€

L

(1)

12)

Then the forward recursion calculation may be further formu-

lated as
Z H[ (Vi-1,2l%i-1.2)

Liji-1€ ? .73
ILj ji—11 Fij,i=1
X i,j,i—1 J

P(Yl - N Xie lz):l‘p(xi,ﬂLi,j,ifl)

ca (xi—1,2)] - p (xijILiji-1) -

)C,j

xtlz

=2 1l [x

Lljl 1€ %i—1,z€

i1 \Li,j,;—l
m
(13)

Furthermore, by assuming the pixels are independent to
each other the item p (x;;|L;j;—1) in Eq. (13) may be
approximated as follows

p(Liji-1lxij) - p (xi))

p (xijlLiji—1) =

[T p(xicizlxij) - p

p(Liji-1)
(i)
Xi—1,z¢e
N Liji—1

~ =

[T »r (Xi—l,z)

Xi—1,ze
L

[T p(xijlxiziz)

Xi—1,z¢e

Liji-1

p (Xi,j

[Liji—11—1
)

i j,i=1

(14)
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Then by substituting Eq. (14) into the Eq. (13), a (x;,;) may
be approximated as

a (xi,;)

< 11

Xj—1,z€
L

Do (rimre) o (ximre) - p (xijlxione)

Xi—1,z
€Xm

[Liji—1]1—1

i,j,i—1

/p (xij) (15)

Similar to a (x;,;), the backward recursion calculation /8 (x;,;)
in Eq. (9) can be formulated as

B (xi,j)

N .
=Pp (Yi,j,i+1 A xw)

N
>, (Yi,j,i+2 AYijitt ALijiti IXi,j)
Liji+1€
L: -
X’|n Is],l+l|

N
E p (Yi,j,i+2|Li,j,i+1) p (Yijis1ILijiv1)
Liji+1€
Xl:i,_j,[-%—”

(16)

- p (Liji+11xi )

H Z [B (xit1,2) - x (xig1,2) - p (xig1,21%i5) ]

Xi+1,z€ Xit+1,z
Liji+1 L€Xm

Finally, the determination of the bit-based APP LLRs

Lix;; (k) Y]

L

; ;1] may be formulated as

[xis G 1Y ]
> P (xf>j|Yi1,\;',l)

%i,j €Xm
xj, (=0

2P (xi,j|Yi1,\;',l)
Xi j €Xm
xi,j (0)=1
> B(xig)-x (xij) o (xij)
X,',_/' €eXm
% (0)=0

2 B (xig) - x (i) e (i)
x;€Xm
x; (k)=1

=1In

—1In (17)

where the Jacobian logarithm [38] can be readily applied for
deriving the log-domain representation of our algorithm.
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Motion-Aware Mesh-Structured Trellis for
Correlation Modelling Aided Distributed
Multi-View Video Coding

Yongkai Huo, Tao Wang, Robert G. Maunder, Member, IEEE, and Lajos Hanzo, Fellow, IEEE

Abstract— A joint source-channel coding has attracted sub-
stantial attention with the aim of further exploiting the residual
correlation residing in the encoded video signals for the sake of
improving the reconstructed video quality. In our previous paper,
a first-order Markov process model was utilized as an error con-
cealment tool for exploiting the intra-frame correlation residing
in the Wyner-Ziv (WZ) frame in the context of pixel-domain
distributed video coding. In this contribution, we exploit the inter-
view correlation with the aid of an inter-view motion search in
distributed multi-view video coding (DMVC). Initially, we rely
on the system architecture of WZ coding invoked for multi-
view video. Then, we construct a novel mesh-structured pixel-
correlation model from the inter-view motion vectors and derive
its decoding rules for joint source-channel decoding. Finally,
we benchmark the attainable system performance against the
existing pixel-domain WZ coding based DMVC scheme, where
the classic turbo codec is employed. Our simulation results show
that substantial bitrate reductions are achieved by employing the
proposed motion-aware mesh-structured correlation modelling
technique in a DMVC scheme.

Index Terms—XXXXX.

I. INTRODUCTION

ULTI-VIEW Video Coding (MVC) [1] has recently

attracted substantial attention in the context of both
sophisticated 3D-TV and low-complexity wireless sensor
network scenarios. A number of video coding techniques
[2]-[4] have been developed for MVC, which typically rely
on a high-complexity encoder and a low-complexity decoder.
The constraint of the inter-view prediction based MVC is that
all cameras of the MVC must exchange their monoscopic
views with each other for inter-view prediction. What is even
more challenging is that the communication between cameras
must have a low-latency in delay-sensitive lip-synchronized
interactive applications. These requirements are unrealistic in
many applications, such as wireless video sensor networks
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Grant and in part by the RC-U.K. under the India-U.K. Advanced Technology
Centre. The associate editor coordinating the review of this manuscript and
approving it for publication was Prof. Stefano Tubaro.

The authors are with the School of Electronics and Computer
Science, University of Southampton, Southampton SO17 1BJ, U.K. (e-mail:
yh3g09 @ecs.soton.ac.uk; tw0O8r@ecs.soton.ac.uk; rm@ecs.soton.ac.uk;
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(WVSN) [5] for example, where both the energy and the
computational complexity are constrained [6]. Hence it is
necessary to shift the computationally complex tasks from the
sensor to the base station (BS) or the server of the network, in
addition to limiting the data exchange among the sensors. In
theory, the Wyner-Ziv (WZ) [7] video coding philosophy, also
known as distributed video coding (DVC) [8], is capable of
assisting the sensors in relocating the computational burden
to the BS, whilst simultaneously limiting the data exchange
among themselves. Below, we will firstly review the WZ
coding techniques for monoscopic video and for multi-view
video, followed by the motivation of our proposed algorithm.

Two basic types of WZ coding structures [8] have been
proposed for monoscopic video. In [9]-[11], the authors
advocated a WZ codec, which is composed of an inner turbo-
code-based [12] Slepian-Wolf (SW) codec [13] concatenated
with an outer quantization-reconstruction component pair.
More specifically, the odd-indexed video frames, namely the
so-called key frames are intra-coded, while the even frames,
namely the WZ frames are encoded by the WZ codec. At the
receiver, the side information of the WZ frames will be
estimated from their adjacent key frames for joint inter-frame
decoding. However, a specific impediment of this structure
is that the turbo decoder has to invoke a “request-and-
decode” [9] process for the transmission of the WZ frames’
parity bits, which precludes its application in delay-sensitive
services. Low density parity check (LDPC) codes were
employed for distributed source coding in [14], which were the
so-called rate-adaptive LDPC accumulate (LDPCA) codes and
the sum-LDPC-accumulate (SLDPCA) codes. It was shown
in [14] that the LDPCA codes are capable of approaching
the capacity of a variety of communication channels more
closely - including that of the virtual channel in DVC - than
the family of turbo codes. Based on the WZ video coding
structure of [11], in the European project DIStributed COding
for Video sERvices (DISCOVER) [15] the transform-domain
of the WZ frames was encoded by the LDPCA code of [14]
at the transmitter. A so-called unsupervised motion learning
technique was proposed in [16], which estimates the Motion
Vectors (MVs) of the next video frame during the decoding of
the current frame with reference to the previous reconstructed
frame. This technique may be readily applied for both pixel-
domain and transform-domain coding. The authors of [17]
proposed a more realistic WZ video coding approach, which
performs online estimation of the channel-induced noise (CN)

1057-7149 © 2013 IEEE
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model parameters at the decoder, which can be invoked for
both pixel-domain and for transform domain WZ video codecs.
Moreover, three levels of granularity were proposed by Brites
and Pereira for pixel-domain WZ (PDWZ) video coding in
[17], namely frame-, block- and pixel-level granularity, while
both DCT-band and DCT-coefficient level granularity was
proposed for transform-domain WZ (TDWZ) video coding.
Then in [18] the same authors proposed an efficient encoder
rate control (ERC) solution for feedback free transform-
domain WZ (TDWZ) video coding. The approch of multiple
side information (SI) components was proposed in [19] for
improving the accuracy of SI using a single estimation mode.
As a further advance, a more accurate parity rate estimator
(PRE) is employed for more closely estimating the parity
rate necessitated. A context-adaptive Markov random field
reconstruction algorithm was proposed in [20], which exploits
the spatio-temporal correlation by modelling the WZ frames.
The so-called optical flow was proposed in [21] to improve
the side information generation, which is exploited at the
decoder side to compensate for weaknesses of block-based
methods. A successive bit-plane-by-bit-plane refinement of
the SI estimation algorithm was investigated in [22], leading
to successively improved SI. The same authors proposed a
motion-compensated multi-hypothesis prediction technique for
medical imaging applications. Moreover, techniques conceived
for multiple SI generation were proposed in [23], [24], where
additional information may be used for improving the esti-
mated SI of WZ frames. Apart from the WZ coding architec-
ture mentioned above, another DVC architecture was proposed
in [25], which allows the flexible sharing of complexity
between the encoder and decoder.

Below, we review the WZ coding techniques designed for
multi-view video sequences. In [26], the authors proposed a
novel framework for the distributed compression of multi-
view images, which was based on a tree-structured com-
pression algorithm that guaranteed an optimal rate-distortion
performance for specific video signals. Yeo and Ramchandran
extended their previous PRISM framework detailed in [25]
into distributed MVC in [27], [28], where the achievable error-
resilience was studied in wireless scenarios. Two alternative
models were proposed for exploiting the inter-view correlation,
namely the view-synthesis-based correlation model and the
disparity-based correlation model. The view-synthesis-based
correlation model requires at least two other camera views
and relies on both disparity estimation and view interpolation,
while the disparity-based correlation model requires only a
single additional camera view. In [29], the authors extended
the WZ framework proposed in [11] into distributed MVC.
At the encoder side, a wavelet-based WZ scheme was pro-
posed for compressing each camera’s view independently,
where all coefficients were organized as proposed in the
SPIHT scheme of [30] on a bitplane by bitplane basis. At the
decoder side, a flexible prediction technique was proposed for
generating the required SI, which jointly exploited both the
temporal and inter-view correlations. The common benefit of
the frameworks advocated in [28], [29] is that inter-camera
communication is completely avoided and the computational
complexity of the encoder was shifted to the decoder.
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The iterative source-channel decoding (ISCD) [31] principle
can be utilized for improving the system’s performance by
exploiting the residual correlation within the source signals.
Moreover, a first-order Markov model based error concealment
technique was developed in our previous work [32], where
the intra-frame correlation was exploited for achieving an
improved reconstructed video quality. However, the ISCD
principle has not been conceived for family of the WZ multi-
view video codecs. Since the inter-view correlation is not
removed by the WZ multi-view video encoder, it is beneficial
to exploit the residual correlation at the receiver for the sake
of reducing the required bitrate. In this treatise, we develop a
novel mesh-structured source model (MSSM) based decoder
for exploiting the correlation among the inter-view pixels,
which will be combined with a turbo codec for performing
iterative source-channel decoding (ISCD) in the context of
DMVC for the sake of achieving a reduced bitrate. Against
this background, our novel contributions are:

1) We conceive a novel mesh-structured trellis exemplified
in Fig. 7 for exploiting the inter-view correlations inher-
ent in the video signal. Furthermore, the corresponding
decoding rules of this trellis are derived for the sake
of performing turbo-like iterative decoding, again, by
exploiting the inter-view correlations.

2) We apply the new-trellis based proposed technique in
a DMVC system, which results in a substantial bitrate
reduction.

This rest of this paper is organized as follows. Section II
briefly reviews the first-order Markov modelling technique
used for exploiting the intra-frame correlation. We present
our DMVC system architecture in Section III. In Section IV
we detail our mesh-structured source model conceived for
exploiting the correlation among the inter-view pixels, which
is applied in the distributed MVC system of Section III. The
performance of the proposed scheme is quantified with the aid
of simulations in Section V. Finally, we offer our conclusions
in Section VI

II. FIRST-ORDER MARKOV PROCESS MODEL

The a-posteriori probability determination technique con-
ceived for first-order Markov processes was detailed in
[31]-[33]. In this section, we will briefly introduce the tech-
nique of first-order Markov process aided decoding. Let us
commence by stipulating the following assumptions:

e x;: an m-bit pattern of pixels scanned from the original

video pixels at time instant i, which is expressed as
(i 0), ., xilm — 1)) = x; (3“2;

« m: the number of bits in each m-bit pattern x; of pixels;

o« X;m =1{0,1,...,2™ — 1}: the set of all possible values
in an m-bit pattern x;;

e X = X0, ...,X: the bit patterns of the 1°' frame of the
original video consisting of (# 4+ 1) m-bit patterns during
the time interval spanning from O to ¢;

. y(’) = Yo, ..., y:: potentially error-infested bit pattern of
the 1*' frame;

The corresponding trellis of the first-order Markov process

is displayed in Fig. 1, where the m-bit pattern x; indicates the
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Vo a4
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p(l’lfl‘ﬁzf‘z)
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a(z;) x(x;) B(z;)

Fig. 1.  Trellis of first-order Markov process for BCJR decoding, where
P (XH, 1 |xi) is the Markov transition probability.

trellis state at time instant i and the probability p (xj4+1|x;)
indicates the transition from state x; to state x;;i. At the
receiver, the a-posteriori probability of the m-bit pattern
xi,x; € X, conditioned on the specific received frame of
m-bit patterns yp, ..., y; may be expressed as

P (xi A ¥p)
p(v)
where the joint probability p (xi A y(’)) of the m-bit pattern x;

and of the received frame y, may be further formulated as
[32]

p (xilyg) = (1)

pxiAyy) =B i) x (xi)-a(xi). (2)

It was shown in [32] that the bit-based a-posteriori LLR
L [xi (k) |yy] can be formulated as

%Oﬁ o) - (i) - o (xi)
%;1 Bxi) - x (xi)-a(xi)

L [xi (k)] =1n- 3)

where the components a, B, y are derived in [32].

III. WYNER-Z1V CODING FOR MULTI-VIEW
VIDEO: SYSTEM MODEL

Again, WZ compression techniques designed for
monoscopic video have attracted substantial research
attention [8]—-[11], [14]-[18], [20], [25], [34], [35]. A number
of contributions have also been proposed for DMVC
[26]—[29]. In this section, we will detail the WZ compression
philosophy shown in Fig. 2, which is invoked for distributed
MVC employing our proposed MSSM-Turbo decoder. In
the system of Fig. 2, there are N cameras capturing N
views, respectively. We consider an array of N cameras,
which employ N identical low-complexity video encoders for
encoding the N camera-views independently at the transmitter
and a potentially high-complexity video decoder for jointly
decoding the N camera-views at the receiver. Each group of
pictures (GOP) of each of the N camera views consists of
a single I frame followed by a fixed number of WZ frames.
The architecture of the investigated pixel-domain Wyner-Ziv

View 1 View 4 View N
WZ W7 W7
Encoder 1 Encoder ¢ Encoder N

1 1 I

\ \ \

\ \ \
wz, wz, wZz

\ \ \

\ \ \

I I I

| | |

i i i

MSSM-Turbo Based Decoder

Multi-view Video

Fig. 2. The schematic compression process of Wyner-Ziv coding conceived
for multi-view video.

coding system is displayed in Fig. 3, where the MSSM
exploits the inter-view correlations, which cannot be removed
by the multi-view Wyner-Ziv encoder, regardless, whether a
pixel-domain architecture or a transform-domain architecture
is employed. Hence the proposed MSSM is not limited to the
family of pixel-domain architectures. The residual inter-view
correlation encountered in transform-domain systems may
potentially be exploited by appropriately designing the MSSM
techniques, which may be part of our future research.

Generally, this treatise focuses on the MSSM-Turbo decoder
of Fig. 3, while the rest of the techniques, including the WZ
encoder, the motion-compensated frame interpolation (MCFI)
etc., are detailed in [35]. Below, we will briefly introduce
the system of Fig. 3, while the MSSM-Turbo decoder will
be detailed in Section IV.

A. Transmitter

For each view, the frames are classified into two categories,
namely the so-called key frames Uy, ..., Uy of Fig. 3 and the
WZ frames V1, ..., Vi of Fig. 3. The key frames Uy, ..., Uy,
also referred to as I frames, are intra-frame-coded by the
H.264/AVC encoder and then transmitted to the receiver.
Below we consider the monoscopic WZ frame V; (1 <i < N)
for introducing the encoding process of the WZ frames in
Fig. 3. The encoding process is encapsulated in the following
steps.

o The monoscopic frame V; is quantized by a uniform
quantizer at the transmitter of Fig. 3 generating the
resultant m-bit monoscopic frame g;.

o Each pixel of the m-bit quantized monoscopic frame g;
is decomposed into m bits. Then the bits from the same
position of g; constitute the most significant bit (MSB)
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Fig. 3.

plane resulting in m MSB planes. Afterwards, each of
the m MSB planes will be considered as a block input,
which is encoded by the turbo encoder i of Fig. 3.
o The systematic output of the turbo encoder i is directly
transmitted to the receiver. The parity bits g1,p, ..., gn. pl
of Fig. 3 generated by the turbo encoder i for the different
MSB planes of the WZ frame V; may be independently
buffered at the transmitter, which will then be transmitted

to the receiver upon its request.

B. Receiver

The behavior of the receiver is described in Fig. 4, which
will be further detailed in Section IV. At the receiver, the
received bitstreams of the key frames representing the N cam-
era views may be independently decoded for reconstructing
the key frames 01, ey U ~, which will then be utilized for
estimating the SI for the corresponding WZ frames. Then the
decoding process is listed as follows.

« For each monoscopic WZ frame, two temporally adjacent
monoscopic key frames may be utilized for predicting
the related soft-bit information. A number of algorithms
have been proposed for this estimation process, such as
for example the MCFI framework [35] shown in Fig. 3,
which is invoked in our system for predicting the SI in
the temporal direction.

o As observed from Fig. 4, the SI generated for the WZ
frames and the received parity bits of the MSB planes
related to the WZ frames will be used by the MSSM-
Turbo decoder of Fig. 3 for reconstructing the WZ frames
Vi,..., Vn.

IThe subscript p indicates that qq p, ...
pixels q1,...,gN-

»qN,p are parity bits of quantized

4 IEEE TRANSACTIONS ON IMAGE PROCESSING
Key | — Wyner-ZivEncoder 1 | | Wyner-Ziv Decoder | Decoded
frames H.264/AVC 1 H.264/AVC ' key frames
Uy i | Intra-Cod. i Intra-Decod. [71
View 1 777777777777777777777777777777777777777777777777777777777 ‘ MCFI D\L;_cx\)(%vld
) ' Slepian-Wolf Codec b ‘ 1w
Wz v = SR Cn
rames | antiver 4L urbo W) L T econ- i 1
v Quantizer % Encoder 1 %Buﬂor }—J; - — struction i Decoded
: Lo 5 o L WZ
Request é frames
”””””””””” T A
2 MVs Motion ;
. = Prediction
,,,,,,,,,,,,,,,,,,,, g |
| = |
Request @ i Decoded
Wz = v Wz
frames ! Quantizer qn. Turbo ) EAR - Rr‘copf : frain(‘,s
Vi . | Encoder N struction : Vy
R B SI| Fy ! )
View N MCFI Decoded
‘ View N
! Decoded
H.264/AVC H.264/AVC | key frames|
Intra-Cod. | Intra-Decod. Uy
Wyner-Ziv Encoder N !

System architecture of the Wyner-Ziv compression for MVC using MSSM-Turbo decoding.

o The flow-chart of Fig. 4 shows that when the MSSM-
Turbo decoder fails to perfectly recover a MSB plane,
the receiver will send a feedback flag to the transmitter
for requesting more parity bits for this particular MSB
plane. Again, this process is referred to as “request-and-
decode”? process [9] in Fig. 4. The MSSM-Turbo decoder
will be detailed in Section IV.

e As observed from Fig. 4, the “request-and-decode”
process will terminate, when the bit error ratio (BER) of
the MSB plane becomes lower than a preset threshold.
Once all MSB planes have been decoded, the current
multi-view frame may be readily reconstructed.

IV. INTER-VIEW CORRELATION MODELLING

The maximum a-posteriori probability (MAP) determina-
tion technique conceived for first-order Markov processes was
briefly reviewed in Section II, where the intra-frame correla-
tion was exploited using both horizontal and vertical Markov
processes. However, the first-order Markov processes cannot
be readily applied for modelling the inter-view correlation. In
this section, we introduce the techniques invoked for exploiting
the inter-view correlation of the N cameras by designing
a novel trellis representation and derive its decoding rules.
Below we focus on a specific multi-view WZ frame, which
consists of N monoscopic video frames, whose SI is estimated
by the MCFI of Fig. 3. Moreover, the trellis generation,
MSSM-Turbo decoding and “request-and-decode” processes
are illustrated in the flow-chart of Fig. 4. Let us commence
by introducing the following notations:

o N: the number of camera views in the multi-view video;

o V;: the original monoscopic frame of the camera view i;

2Rate controller at the encoder side [18] may be investigated to avoid this
feedback channel.
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Key Frames
1—1

Key Frames
i+1

Motion
Search

Motion
Search

MVs MVs

=

Averaging

$ MVs of [WZ frame ¢ ¢

Link Pixels MCFI

Train

Mesh-Struc-
tured Trellis

P(Tig ,;W,_/L

B(zi ;)

a(xu')

MSSM

Turbo

Request
Parity Bits

BER

<Threshold No
2

Llz; j(z:5)|Y:)4] i

Request-and-Decode

417"' y AN

Recon-
struction

Vi, Wy

Fig. 4. Flow-chart of the receiver.

o F;: the SI of the frame V;, which is estimated by the
MCEFI block of Fig. 3;
e x;j: the j™ pixel® in V;, namely the pixel at position

(i, J)s

3The pixels of a 2D frame are indexed using a one-dimensional formulation,
assuming that the 2D image is scanned into a single-dimensional vector.

Fig. 5.
indicate the indices of the (1 x 1)-pixel MBs.

o x; j(k): the k' bit of the pixel x; ;.

 y; j: the SI of the pixel x; ;, which is at position j of F;;

« m: the number of bits contained in the pixel x; ;;

e X, =1{0,1,...,2™ — 1}: the set of legitimate values of
an m-bit pattern x; ;;

e Ljji: the set of the original pixels linked with x; ; in
camera view k.

N
. Lfvj |: notation for the set U L; j;;
2Js P

e Y k: the corresponding SI of L; ; «:

N
. Yl.N. |: notation for the set U Y; ;.
sJs =1

A. Mesh-Structured Trellis Representation

Again, each multi-view frame consists of N monoscopic
camera view frames. Since the current multi-view WZ frame is
not available at the receiver, the inter-view MVs of the current
WZ frame are estimated from the adjacent key frames. Note
that all the key frames are available at the receiver after the
“H.264/AVC intra decoder” block of Fig. 3. Here we consider
the scenario of GOP=2, but this technique may be readily
extended to larger GOP scenarios. Specifically, the (i — 1)*
and (i +1)* key frames are utilized for estimating the MVs of
the i’ WZ frame, as illustrated in the flow-chart of Fig. 4. The
inter-view MVs of the WZ multi-view frames are generated
as follows.

o The inter-view MVs of the (i — 1) and (i + 1)
key frames are readily estimated using the traditional
macroblock (MB) based motion search techniques [36],
which is indicated by the “Motion Search” blocks of
Fig. 4.

o The inter-view MVs of the i'" WZ frame is averaged
based on that of the (i — 1)* and (i + 1)* key frames,
as illustrated by the “Averaging” block of Fig. 4.

The structure of the inter-view ‘“Motion Prediction” of Fig. 3 is
shown in Fig. 5, where the MBs of the specific view associated
with the Monoscopic View Index (MVI) i (2 <i < I) are
estimated from the views (i —1) and (i +1). Note that in Fig. 5
we employ (1 x 1)-pixel “MBs” for the sake of simplifying
the relevant descriptions, which the classic (8 x 8)-pixel MBs
may be readily extended to.

Following the inter-view motion estimation process at the
receiver, the pixels of a given MB of Fig. 5 may be linked to
other pixels in the same position of the predicted MBs in the
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Fig. 6. The inter-view pixel correlation graph of Fig. 5, where each marker
indicates a different pixel.

other views, as exemplified in the inter-view pixel correlation
graph of Fig. 6. Specifically, the graph of Fig. 6, indicated by
the “Link Pixels” block of Fig. 4, may be created using the
following steps:

o The pixels of Fig. 5 are scanned into one-dimensional
Intra-Frame Pixel Indices (IFPI), namely (j—4),..., (j+
4) in view (i —2) of Fig. 5. For example, each monoscopic
frame having (352 x 288)-pixels will be indexed by 352 -
288 = 72864 one-dimensional scan-line indices.
o The coordinate axes of Fig. 6 are created by arranging
for the x axis and y axis to indicate the MVI and
the IFPI, respectively. Specifically, the MVI of Fig. 5
are in the range of (i —2,...,i 4+ 2). Furthermore, we
only consider the colored pixels of Fig. 5 for sim-
plifying the related descriptions, resulting in IFPI of
(—4,...,]+2).

o Connect all the correlated pixels portrayed in Fig. 6
using a link, where the presence of highest correlation
is indicated by the MVs of Fig. 5. For example, in Fig. 6
the pixel at position (i, j) is correlated with the pixels at
positions of (i —1,j+ 1) and (i + 1, j + 1) in Fig. 6,
as indicated by the MVs of Fig. 5.

Based on the two-dimensional Markov-modelling based
trellis representation developed in [32], the mesh-structured
trellis of Fig. 7 may be derived from the correlation graph
of Fig. 6. This trellis generation process is also indicated in
Fig. 4, which is completed using the following steps:

o Each m-bit pixel has a value in the range of [0, 2""), which
we refer to as the Legitimate Markov States (LMS). Then
each pixel in Fig. 6 has 2" LMS. Hence by introducing
the z axis indicating the LMS, Fig. 7 may be created,
where the x axis and y axis indicate the MVI and IFPI,
respectively.

o Each pair of pixels connected by a direct link in Fig. 6
represents a correlated Markov-state transition. Hence
we have to incorporate (2" x 2™) links indicating the

IEEE TRANSACTIONS ON IMAGE PROCESSING

Fig. 7. Mesh-structured trellis representation of inter-view correlations for
m = 1-bit pixels, where the pixels of view (i —2) to view (i+2) are displayed.

(2™ x 2™) possible Markov-state transitions for these
pixels in Fig. 6. Specifically, for the pixel x;; within
view i, the transition probability from state x; ; to the
correlated successor state x;y1,;41 within view (i + 1)
is represented by p (xit1,j4+1lxij), which is the state
transition of the related Markov process.

Hence all nodes in Fig. 7 associated with identical MVI
belong to the same view, while the nodes having both an
identical MVI and SII values are Markov states for a same
corresponding pixel. Furthermore, the trellis representation
seen in Fig. 7 may be readily generalized both for arbitrary
m-bit pixel multi-view signals and for an arbitrary number of
views, which leads to 2™ LMS.

B. Trellis Decoding

Section III detailed how the SI of a multi-view WZ
frame can be generated. The SI consists of floating-point
values indicating the reliability of specific pixel values, which
is estimated by the MCFI block of Fig. 3. For example,
the SI of the bit x; ;(k) may be expressed in the log-

likelihood ratio (LLR) format as L [x; j(k)] = In %,
while the reliability of the pixel x; ; can be represéﬁted by
L[xij(©)],...,L[xij0m —1)]. In Section IV-A, the pixel
correlations of a multi-view WZ frame are modelled by the
mesh-structured trellis of Fig. 7. Hence the SI of the multi-
view WZ frame may be refined by decoding the trellis of
Fig. 7, where the classic Bahl-Cocke-Jelinek-Raviv (BCJR)
[37] decoding principle may be applied.

Given the SI of the current multi-view WZ frame
Fi,...,Fy , the pixel x;; may be estimated by the
a-posteriori probability (APP) p (x; j|Fi,..., Fy). Further-
more, by employing our proposed MSSM detailed in
Section IV-A, we have

p(xijIFy, . Fn) = p( 1YY D, “)
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where YN 1 includes the SI of the pixels L i1 which are
correlated with x; _j- Consider the trellis of F1g "7 for example,

where we have Liji—2= {x172,1+2}, Liji-1 = {xlfl,j+l},

Lijji = A{xij}, Liji+1 = {xiy1,j+1} and Lijipo =
{Xit2,j+2}), the pixels L’ zl , can be readily derived as
Lf;zl ) = U Li j,¢- In the Appendix, we show that the log-
likelihood rat10 (LLR) version of the APP p(x; ; (k)Y N i, 1) for
the bit x; j (k), 0 < k < m may be formulated as
L[y 0174
> B lig) (i) o)
x; j€Xm
_ In xi,j ()=0 ’ )
P (xij) - x (i j) - e (xi )

xj (k)=1

where f (xi,j), X (xi,j), o (xi,j) are defined in Egs. (16), (10)
(15). Specifically, £ (xi,;), « (x; ;) indicate the backward and
forward oriented probability of the pixel x; j, while y (x;;)
is the channel information of the pixel x; ;.

C. Iterative MSSM-Turbo Decoding

A limitation of the formulas provided in Section IV-B is
that they cannot be directly used for iterative decoding, since
they cannot exploit the a-priori LLR Ll[x; j(k)], which was
generated from the extrinsic information gleaned from the
other decoder components. To make use of the a-priori LLR
L[x; j(k)], the combined bit-wise LLR may be expressed as
[31], [32]

vij (xij) =

. p’"zl % (k)

L [xi,; (0] =+ L [yi,; ®)lxi,j (k)] } , (6)

where the symbol-based m-bit information y is the combina-
tion of the bit-wise a-priori LLR L[x; j (k)] and of the channel
information L[y; ;(k)|x; j(k)]. We note in this context that y
of Eq. (6) contains more valuable information than the channel
information y. Hence Eq. (17) may be used for iterative joint
source-channel decoding by replacing y with y in Eq. (6).
Similar to the BCJR decoding technique of classic turbo
codes [38], the bit-based a-posteriori LLR L[x; J(k)l i, 1]
may be split into three components, namely the a-priori LLR
Llx; j(k)], the channel information L[y; ; (k)|x; j (k)] and the
extrinsic information L.[x; ;j(k)]. Specifically, the bit-based
a-posteriori LLR L[x; ; (k)|Yi1’\;.’1] may be formulated as

L{xij (k) 1Y ]
=L [xi,j(K)] + L [yi,j k)|xi (k)]

> B i) 0] - (i)
;ij(elomo )
Z;( B (xij) -y x(0)] o (xij)

x,](k) 1

: , L 1
‘ Turbo Q MSSM i (R)IY;, 7
Yiin Decoder
Lelz; (k)]
Fig. 8. The MSSM-Turbo decoding architecture of Fig. 3.

where the extrinsic information component p [¢*!] [xi, j(k)]
may be expressed as

p 1 i, ()]
m—1 _

e S B0

1=0,1#k

Based on the above, the MSSM-Turbo decoding architecture of
Fig. 3 is shown in Fig. 8, which terminates after /., iterations
of extrinsic information exchange. Moreover, the MSSM-turbo
decoding process is also detailed in the flow-chart of Fig. 4.

-xl j(l)] +L [yl ](l)|-xl ](l)]}

D. Training for Mesh-Structured State Transition

Again, the mesh-structured trellis of Fig. 7 is utilized for
modelling the inter-view correlation at the receiver. Specifi-
cally, the component p (xiH,le,-,j) of Egs. (15), (16) quan-
tifies the inter-view correlation, where z and j indicate the
pixel index of the views (i — 1) and i, respectively. Here we
refer to p (xit1,2]xi,j) as the Mesh-Structured State Transition
Table (MSSTT) for simplicity. We initialize the (2" x 2™)-
element MSSTT T[0:2" —1,0:2™ — 1] to zero values.
Then we scan all the linked pixel pairs of Fig. 6. For
example, when the pixel pairs s;—1 and s; are scanned, the
corresponding element 7' [si_l R s,-] in the MSSTT is increased
by 1. Finally, by normalizing the summation of all rows in the
MSSTT T'[0: 2" — 1,0 : 2™ — 1], the transition probabilities
p (xi+1,z|x,~,j) can be obtained, where we have x; ;, xjy1,; €
[0,2™).

E. Complexity Analysis

The complexity of our proposed MSSM can be attributed
to the calculation of y (x; ;) in Eq. (6) a(x; ;) in Eq. (15),
B (xi,j) in Eq. (16) and L[x;; (k) |Y} / ,]in Eq. (5). As shown
in Fig. 7, the trellis size is (2" -S-N), where S is the
number of pixels in each monoscopic view. Similar to the
BCIJR decoding rules proposed in [37], the decoding of the
(2™ - S - N)-state trellis of Fig. 7 may be generalized into the
following two stages:

o Calculation of y, a and fS: These operations are carried
out across the entire trellis of Fig. 7, which imposes
the complexity of m, 2™, 2" for each trellis state, as
suggested by Eqgs. (6), (15), (16), respectively. Hence
the associated computational costs are on the order of
O@Q"-S-N-m), O(2*"-S-N) and O (2*"-S-N)
for y, a and S, respectively.

« Calculation of L[x; ; (k)|Yl.1,\;.,1]: This operation is carried
out for all the (S- N -m) bits of a multi-view frame,
which imposes a complexity of 2 for each bit. Hence the
computational cost is on the order of O (2™ - S - N - m).
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TABLE I
TABLE OF PARAMETERS EMPLOYED FOR THE SIMULATIONS

Representation YUV 4:2:0 | Motion MB 8 X 8
Format CIF Generator of RSC [11011,10011]
Bits Per Pixel 8 | Turbo Code Rate 172
Number of Frames 100 | Interleaver Length 352 x 288
GOP 2,4 | Puncturer [11;01;10]
Number of Views 8 | Intra-codec H.264

Therefore, the overall complexity imposed by our pro-
posed decoder is O (2~22’” -S-NH42.2m. S~N~m),when
decoding a multi-view frame.

V. PERFORMANCE STUDY

In this section, we present our simulation results for bench-
marking the scheme introduced in Section III. Firstly, in
Section V-A we will introduce the parameters of the scenario
considered in our experiment. Then we will discuss our
numerical results in Section V-B.

A. Scenario

In this section, we present our experimental parameters used
for characterizing the convergence behavior of the proposed
scheme introduced in Section III. Multi-view video sequences
having 8 camera views represented in (352 x 288)-common
intermediate format (CIF)* and 4:2:0 YUV representation
are employed. Moreover, the bitrate/PSNR of both the WZ
and the key frames was taken into account in our average
results. The distributed WZ coding scheme conceived for the
multi-view video scheme of Fig. 3 operates on the basis of
(352 x 288)-pixel blocks. More specifically, a specific MSB
plane of each view is input to the turbo encoder, which
consists of (352 x 288) bits. In other words, the interleaver
length of our turbo codec is (352 x 288) bits. In [35], each
bitplane of the MSB was transmitted separately and each
bitplane was then refined based on the previously decoded
bitplanes [39]. However, in our system, all MSB planes were
transmitted together, which allowed us to reduce the number
of “request-and-decode” processes defined in [8]. We employ
a recursive systematic convolutional (RSC) encoder relying
on the generator polynomials of gy = 11011, go = 10011,
which are represented as G = [1, g2/g1], where g1 is a
feedback input and g, is feed-forward output. Moreover, two
identical RSC encoders are employed for the turbo codec and
the puncturing matrix of [11;01;10] is employed for the
turbo code. The parameters employed are listed in Table I. The
remaining parameters of our system were identical to those in
[17], [35].

4We converted the multi-view video sequences into CIF representation for
the sake of speeding up our simulations.
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TABLE 11
COMPARISON OF MSSM-TURBO AND THE BENCHMARKER TURBO FOR
WYNER-ZIV CODING OF MULTVIEW VIDEO, WHERE n);sg INDICATES
THE NUMBER OF MSB PLANES. [, = 4 IS EMPLOYED, WHERE
INDICATES THE NUMBER OF DECODING ITERATIONS FOR THE
MSSM-TURBO DECODER

Turbo MSSM-Turbo
Dimension 1 2
Number of Bits to Decode | 352 x 288 | 352 X 288 X 8 X nysp
Side Information None 1xMMSTT

A WZ multi-view frame, Newspaper sequence, CIF

10 : . !
T T
ISR, o
1071.8 N\ .
-1.9 N
1072} 10 \ |
\

600 700| \
x L
i i
m I
|
3 |

10 "f [
|
|
—— MSSM-Turbd |
= = Turbo I
|
107 ‘ 850 ‘ 19201

0 500 1000 1500 2000
Bitrate (Kbps)
Fig. 9. BER versus bitrate comparison of the MSSM-turbo and of turbo

codec for a multi-view WZ frame, where only the bits of the WZ frame
are taken into account as the bitrate. Using the Newspaper sequence and
GOP = 2.

TABLE III
BINTEGAARD COMPARISON OF THE MSSM-PDWZ VERSUS THE PDWZ
SCHEMES FOR THE CONSIDERED MULTI-VIEW SEQUENCES ORGANIZED
IN GOPS OF 2 AND 4. “R” INDICATES “RATE”

GOP=2 GOP=4
Sequence
AR (%) | APSNR (dB) | AR (%) | APSNR (dB)
Newspaper 0.3 0.02 1.8 0.17
Leavinglaptop 6.7 0.42 15.6 0.92
Outdoor 12.6 0.97 30.7 227
Ballroom 134 0.80 27.2 1.58

Let us now compare the proposed MSSM-Turbo decoder to
the classic turbo decoder. The turbo decoder is invoked for
each MSB plane of each monoscopic frame, which carries
(352 x 288) bits, scanned into a one-dimensional vector.
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Fig. 10. Rate-distortion performance comparison of the MSSM-PDWZ codec and the benchmarkers. (a) Newspaper, GOP = 2. (b) Newspaper, GOP = 4.
(c) Leaving-laptop, GOP = 2 (d) Leaving-laptop, GOP = 4. (e) Outdoor, GOP = 2. (f) Outdoor, GOP = 4. (g) Ballroom, GOP = 2. (h) Ballroom, GOP = 4.
(i) Benchmarkers.

Let nysp be the number of MSB planes. The MSSM-Turbo arranged into / = 8 scanlines or vectors. Furthermore, the
decoder is invoked for all MSB planes of each multi-view MSSM-Turbo scheme relies on the corresponding MSSTT,
frame, which carries (352 x 288 x 8 x nysp) bits and it is  which has (2"MsB x 2"MsB) elements. Specifically, for the

558

559

560



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

Fig. 11.

IEEE TRANSACTIONS ON IMAGE PROCESSING

Comparison of original WZ frames and the related estimated SI frames at the receiver. From left to right are Newspaper, Leaving-laptop, Outdoor

and Ballroom sequences, respectively. The top row and the bottom rows list the original and the estimated SI frames, respectively.

simulations associated with m = 4, the size of the MSSTT
ST was (16 x 16) floating-point values for 100 CIF frames.
Our detailed comparisons are listed in Table II. Note that the
MSSTT may be estimated from the adjacent I frames of the
current WZ frame.

B. Numerical Results

In this section, we present our numerical results for bench-
marking the proposed MSSM-PDWZ scheme’s performance
against that of the PDWZ system of [17] for four multi-view
sequences associated with different motion features, namely
the Newspaper sequence, the Leaving-laptop sequence [40],
the Outdoor sequence [40] and the Ballroom sequence [41],
scanned in FPSs of 30, 16.67, 16.67, 25, respectively. The
rate-distortion (RD) results recorded for both the PDWZ and
MSSM-PDWZ schemes in Fig. 3 were parameterized by the
number of WZ coded bitplanes for m =1, 2, 3 or 4 MSB
planes, because this configuration has been widely adopted in
the pixel-domain WZ video coding literature [17]. This was
arranged by invoking the uniform quantizers shown in Fig. 3.
The RD results of the test sequences coded by the H.264/AVC
codec [42] are provided below as usual, both in the associated
intra-frame encoding mode and in the motion compensation
dispensed mode in conjunction with GOP periods of 2 and 4.
Both these modes were selected by appropriately adjusting the
encoding parameters of the H.264/AVC reference software JM
[43]. Furthermore, the performance of the multi-view video
codec IMVC operating without motion estimation and using
GOP periods of 2 and 4 was also provided.

1) BER Characteristics: The BER comparison of the
MSSM-turbo and turbo codec schemes is displayed in Fig. 9,
where the x axis represents the bitrate of the multi-view WZ

frame. Note that the bitrate of a video sequence consists of
the bitrate of the WZ frames and the bitrate of the key frames.
Here we only count the bitrate of the WZ frames for the sake
of providing further insights into our system’s behavior.

For the MSSM-turbo decoder, the BERs of both the MSSM
and of the turbo decoder components are provided. More
specifically, multiple BER values are plotted for the MSSM-
turbo decoder for each “Bitrate” abscissa value in Fig. 9. This
results in a wave-shaped, fluctuating curve for the MSSM-
turbo decoder. Alternatively, for each “Bitrate” value, the
MSSM-turbo is capable of further reducing the BER upon the
turbo codec during the ISCD process. Observe from Fig. 9
that BER of the WZ frame using the MSSM-turbo decoder
becomes vanishingly low at about 850 Kbps, while that of
the turbo decoder vanishes at 1920 Kbps. The MSSM-turbo
decoder requires 1070 less Kbps for achieving a BER of
10~%. This observation is due to the fact that MSSM is
capable of further reducing the BER by exploiting the residual
redundancy within the WZ frame by iteratively exchanging
extrinsic information with the turbo decoder.

2) Rate-Distortion Characteristics: The simulation results
recorded for the four sequences are displayed in Fig. 10, while
the Bjntegaard comparison of the MSSM-PDWZ versus the
PDWZ schemes for the four multi-view sequences considered
and organized in GOPs of 2 and 4 is provided in Table
III. For the MSSM-PDWZ, Fig. Fig. 10 shows that the
GOP = 4 scenarios outperforms the GOP = 2 regime for the
Newspaper, Leavinglaptop and Outdoor sequences, while the
opposite trends were observed for the Ballroom sequence. This
is due to the fact that less bits are required for reconstructing
the WZ frames than that of the key frames, when the SI for
the WZ frames can be accurately estimated. Table III shows
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that the bitrate reduction ratio increases in the sequence order
of Newspaper, Leavinglaptop, Outdoor and Ballroom. Similar
trends are observed in terms of the PSNR reduction attained.
The reason for this trend is that the receiver is more unlikely to
be able to estimate the SI frame accurately from the received
key frames, while our MSSM-PDWZ scheme is capable of
effectively concealing the errors, which is an explicit benefit
of our MSSM-Turbo decoder.

The comparison of the original frames to the corresponding
estimated SI frames is displayed in Fig. 11 for the Newspaper,
Leavinglaptop, Outdoor and Ballroom sequences, respectively.
Observe that the receiver fails to estimate the SI frames of
the higher-motion sequences, namely of the Outdoor and
the Ballroom sequences, as precisely as for the lower-motion
sequences, namely for the Newspaper and the Leaving-laptop
sequences. We may conclude that our proposed MSSM tech-
nique is capable of reducing the bitrate more substantially
for the higher-motion sequences, where the SI of key frames
cannot be accurately estimated at the receiver.

VI. CONCLUSION

In this paper, we firstly extended the WZ coding techniques
for monoscopic video into a Wyner-Ziv coded multi-view
video system. Then we conceived the techniques for construct-
ing a novel mesh-structured pixel correlation model from the
inter-view MVs and derived its decoding rules. Furthermore,
by incorporating the MSSM scheme into WZ video coding
of multi-view video, we were able to substantially reduce the
bitrate compared to that of the PDWZ benchmarker systems.

Our future work will focus on developing techniques for
exploiting both the pixel correlation among different views
and the pixel correlation within camera views for the sake of
further reducing the required bitrate.

APPENDIX

Let us initially follow the procedure of the classic Bahl-
Cocke-Jelinek-Raviv (BCJR) [37] algorithm based determi-
nation rule of the MAP decoder for deriving the APP

(x,,| Ul) of Eq. (4). The APPp(x,,| Ul) of the m-

bit pattern x; j,x; ; € X,, conditioned on the specific Y,
values may be expressed as

p (xl] A Yz/ 1)
p (Xi,j|Yi1,\§',1) =T 7 N

N
r(v5))
The joint probability p (xl A Yl i, 1) of the m-bit pattern x; ;

in Eq. (8) and that of SI YiA; | may be further formulated as

p(xl]/\Y )

l]l

®)

(le/\Y[jl /\Yl L /\YlAjH—l)
i—1

( l,,+1lxu) P(Yi,j,iIXi,j)'P(Yi',j,1 /\xi,/)
i—1

( ij, ,+1|x11) p ()’i,jlxi,j) P (Yil,j,l Axia/)

(xi.j) -

p
p
p
p x (xij) o (xij) . ©)

11

In Eq. (9), the symbol-based channel information y (xi, j) =
p (vi,jlxi,j) may be calculated from the bit-based channel
information as
m] x;,j (k)
X (xij) = Cpj-exp 2 =5 Lyij (0l j (0], (10)
k=0
where C, ; is a normalization factor, which solely depends on
¥i,j Furthermore, similar to the forward recursion calculation
in the BCJR algorithm, the component « (x;,;) in Eq. (9) may
be formulated as

o (xi )
Zp(Ylljll /\x’j)

= Z p(Yi,jll/\Y[jl/\xlj/\Lljll)

Liji-1€

‘Ll_[l 11

= Z p (Yiji-1 AxijlLiji-1) - (le/21 AL; j,i*l)

Liji-1€
L ji—1]
xibijii=1

= Z p (Yiji-1lLiji—1) - p (xi

Liji-1€
‘Li,j,i—l \

(Y’jl/\L,], 1)

Note that, given the original pixel set L; j ;1 the soft pixels
within Y; j;—1 are independent to each other, hence the item
P (Yi,j,i_llLi,j,i_l) in Eq. (11) may be expressed as

H X (xi—l,z)~

p (Yiji-1lLiji-1) =
Xi—1,z€

L

i,j,i—l)

(11

(12)
iji—1

Then the forward recursion calculation may be further formu-

lated as

a(i))= D [I[pGimrcbeior)
Liji-1€ %i=1z€
le,',j,i_ll Liji—1

(Y’ -2 1 N Xie lz)]'l’(xi,ﬂLi,j,ifl)

(xic12) -a (xicr2)] - p (xij|Lijio1) -

=2 1l [x

Liji-1€ %i=1,:€
IL; i \Li, ji—1
Xml,j,l 1 J

13)

Furthermore, by assuming the pixels are independent to
each other the item p(x,-,lei,j,iﬂ) in Eq. (13) may be
approximated as follows

p (Liji-1lxij) - p(xi)

g (Xi’”Li’j’i_l) B p (Li,j,zel)
TPl )T i)
~ Li,j,ifl _ Li,j,i—l
- IT r (Xi—l,z) p (xi,j)|L,-)j,,-,l|_1
(14)
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Then by substituting Eq. (14) into the Eq. (13), a (x; ;) may
be approximated as

a (xi;)

~ H Z){ (xic1,z) - a (xiz1,2) - p (xij1xi—1,2)
xi—1,z€ | xi-1z
Li,j,i—l €eXm

/p (xi’j)‘Li,j,i—H—l . (15)

Similar to a (x;,j), the backward recursion calculation 8 (x;,;)
in Eq. (9) can be formulated as

B (xi;)

— N L.
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Finally, the determination of the bit-based APP LLRs
L[x; ; (k) |YI.A§ 1] may be formulated as
AENICLAN
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where the Jacobian logarithm [38] can be readily applied for
deriving the log-domain representation of our algorithm.
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