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Abstract

Distributed video coding (DVC) is a compression paradigm based on two key Information Theory
obprigp colj ogWdfand WynerZivthgarems. Baontoamy to’thlke available predictive
video codecs, DVC codecs exploit the source stagigtiche decoder, enabling applications with: i)
flexible distribution of the computational complexity between encoder and decoder; ii) error
robustness to channel losses; and iii) exploitatiorirder-view data dependencies at the decoder.

To fully expbit the potential of the distributed video coding paradigm, practical coding schemes
must use advanced side information frameworks and powerful error correcting codes with- near
capacity performance, to create a good estimation of the source and to reeeftaan target quality
with the minimum rate.

In this Thesis, several techniques to improve the RD performance of DVC codecs are proposed and
evaluated, notably, powerful techniques to create the side information: i) novel motion
compensation frame interplation techniques, based on the regularization of the motion field; ii)
DCT hash creation techniques to encode and transmit auxiliary information to obtain more accurate
Sl estimations at the decoder; iii) Intra mode selection, coding and transmissioht&noS| quality
improvements with a motion compensated quality enhancement solution. Furthermore, a Slepian
Wolf codec based on the design of a new LDPC-eamwecting code and a rate adaptive technique

to adapt the LDPC code compression ratio to theying statistics of the correlation noise is also
proposed.

Finally, a detailed performance evaluation of an advanced DVC encoder, tHe\MGTcodec, which
integrates many of the techniques proposed in this Thesis, is made. This evaluation shows that the
ISFDVC codec has better RD performance when compared to the DISCOVER and VISNEJi-11 state
the-art DVC codecs.
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Resumo

A codificacao distribuida de video (CDV) é um paradigma de compressao baseado em dois resultados
da Teoria da Informacdo dos anos 70: os teoremas de SMfulne WynerZiv. Em relacd@os

codecs de video preditivos, os codificadores CDV exploram a correlagdo no descodificador,
permitindo desenvolver aplicacdes com: i) uma distribuicao flexivel da carga computacional entre o
codificador e o descodificador; ii) elevada robustez a errosagh@l; iii) capacidade para explorar as
dependéncias entre as varias vistas de uma mesma cena no descodificador.

Para explorar o potencial do paradigma de codificacdo de video distribuido, sdo necesséarias novas
técnicas de codificacdo, nomeadamente téasi@vancadas de criacdo de informacédo lateral e
poderosos cddigos correctores de erros com um desempenho perto do limite de Shannon, de forma a
criar uma boa estimativa da fonte e a alcancar uma dada qualidade com o menor débito possivel.

Esta tese propd@ovas técnicas que visam melhorar o desempenho défigtor¢do dos codecs

CDV, nomeadamente: i) técnicas de compensacdo de movimento para interpolagdo de tramas com
base na regularizagéo dos vectores de movimento; ii) técnicas para codificar e trarisfoitinacdo

auxiliar com vista a ajudar o descodificador na criagdo de melhores estimativas de informacgéo
lateral; iii) seleccdo, codificacdo e transmisséo de blocos Intra e a sua utilizagdo no descodificador
com vista a melhoria da qualidade da informackberal. Além disso, é proposto um novo
codificador SlepiafWolf com base no desenho de um novo codigo corrector de erros LDPC e de uma
nova técnicade adaptacdo do poder corrector do cédigo a correlagdo entre a fonte a informacéo
lateral.

Finalmente, é ralizada uma avaliacdo detalhada do desempenho de um codificador CDV, o codec
IST-DVC, que integra muitas das técnicas propostas nesta tese. Esta avaliagdo mostra que o codec
IST-DVC tem melhor desempenho débilistorcdo do que codecs DISCOVER e VISNHEtell,
representam o estado da arte na area dos codificadores CDV.
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Codificacdo distribuida de video, Wyréiv, SlepiaAWolf, informacéo lateral, interpolacdo de
tramas, codigos correctores de erros LDPC.
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Chapter 1

Introduction

1.1 Context and Motivation

Nowadays audiovisual coding solutions are among the information technologiegith wider
deployment and use, e.gvatchinganduploadingvideo on popular video sharg sites, receiving an
e-mail with some photosandmaking a voice call over the Internet. Despite their ubiquitous use, end
users danot know much about these technologidsowever, they know quite well some of the most
popular devices and services that keaextensive use of audiovisual coding technologeeg, digital
cameras, digital television, DVDs, MP3 players and smartphones.

The key objective of digital audiovisual coding technologies is to compress the original audiovisual
information into the minimum numberof bits for a certain decoded signal quality. Additally, the
target application, and associated environment, e.g., thaetwork, also establisha set of
requirementsfor the coding algorithmgo complywith, e.g.,minimum allowable quality, &rget bit

rate, codec complexity, random accessd error resilience. Regarding video signals, the current
coding paradigm isnostly based on the following mix of techniques:

1. Motion-compensated temporal prediction between video frames to exploit the terapo
redundancy.

2. Transform coding, typically using theliscrete cosinetransform (DCT), to exploit the spatial
redundancy.

3. Quantization of the transform coefficients to exploit the charactéics of the human visual
system and, thus, to exclugeerceptually irrelevant information.

4. Entropy coding to exploit the statistical redundancy of the created symbols.

In this context the current video coding paradigm consisté two important stages: first, motion
estimation (ME) and motion compensatior{MC)techniques exploit the temporal redundancy by
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predicting each frame from neighboring frames amdter, the spatial correlation is exploited by
encoding the prediction error with transform and quantization techniqudsllowed by entropy
coding; thistype of coding architecture is known as hybri@ime and frequency)or predictive

coding.

The state of thart on predictive video coding is represented by the efficient H.264/A¥d/énced
video coding) video coding standarfl], [2]which is being adopted for a wide range of applications
from mobile videotelephony to digél television (both in standard and high definition) and Biay
discs[3]. The H.264/AVC standard has a coding efficiency of up toceddpared to previouvideo
coding standards[1], for a wide range of bitates and spatial/temporal resolutions. To provide
coding solutions adapted to a wide range of applicatiovideo codingstandard define a set of
profiles and leveld4], which constran the veryflexible coding syntax in appropriate ways to allow
and facilitatesuccessful deployment. Among all the techniques adoptetthéH.264/AVC standard,
the novelmotion compensated prediction techniques are responsible from most of the compressio
gains,e.g.,variable block sizemulti-reference framesand generalized®-frames[5], when compared

to previous standards. Further agpression gains were obtained with adaptive entropy encoders
such as the entext-adaptive binary arithmetic coding(CABAC) entropy coder along withnovel
de-blocking filter which reduces the visual artifacts, thus obtaining subjective quality
improvements. Sincél.264/AVC encoders are not normatjen alequate control of the H.264/AVC
codec throughefficient encodertechniques (e.g., byate-distortion (RD)optimization) leads to
improvements in RD peodimance while still guaranteeing the same compatibility with much
simpler decodersHowever, the compression gains rely on additional and significant encoder and
decoder complexity. Compared to previous standards, the H.264/AVC decoder complexity iabout
times that of the MPE@ Visual simple profile (SP) while the encoder complexity increases more
than a factor of 10egardingthe MPE&! Visual SP and the H.264/AYain profile [4]. Besides, the
predictive coding archiecture followed by H.264/AVC leads a0 encoder complexity thatan be
10100 times greater than the decodeomplexity [5]; this suits well the downlink broadcast model
with a few highly complex encoders and numerous simple (and cheaper) decadgrgligital TV
diffusion orvideo storage.

However, with the recent wide deployment of wireless networks and the proliferation of mobile
terminals with constrained computing power, a growing number of applications dofitowell the
typical downtlink model but rather follow an ugink model in which many senders deliver data to a
central receiver. Examples of these applications aiecless bw power video surveillance,isual
sensor networks mobile video communicationsand deepspace applicationsTypically, these
emerging applications require light encoding @t leasta flexible distribution of the video codec
complexity, robustness to packet losses, high compression efficiency, and, often, low latency/delay
as well. There is also a growing usagfemulti-view video content, which means the data to be
transmitted regards many (correlated) views of the same scdnemany cases, to keep the
acquisition system simple, the associated cameras cannot communicate among themselves,
preventing the usage & predictive approach to exploit theter-view redundancy.

| 2
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Around 2002, a new video coding paradigm known as distributed video coding (DVC) has emerged,
inspired by two Information Theory results from the 0 the SlepiasWolf [6] and the WynetZiv [7]
theorems, the fandations of distributed source coding (DSR)DSC, one of the most relevant cases

is the source coding dd source®, while acorrelated sourced, known as side informatioigSl) is
availableat the decoder only. For this case, Wyner and Ziv showedl tinder certain conditions

there is no loss in coding efficiency for lossy codiifgthe dependency betweed and is only
exploited at the decoderregardingthe case where joint encoding is performeice., @ and & are
jointly available at the encoder and their correlatioexploited. This interesting result opens the
possibility to design a system where two statistically dependent signals are compressed in a
distributed way (ndependent encoding and joint decoding) while still achieving the coding
efficiency of predictive coding schemes (joint encoding and decodiiigpus, distributed video
codingcanbring new advantagesuch as:

x Low encoding complexityTo fulfill the low encoding complexity requirement, it is emstial to
have a coding configuration where the balance between the encoder and decoder complexity
can be controlled, e.g., by performing all or part of the time consuming motion estimation task
at the decoderln such scenarios, DVC fits well, sincexploits the video statistics, partially
or totally, at the decoder and not anymore at the encoder side, as in predictive video coding
solutions, e.g.the MPEGx and H.26x standardsypically, this requirement means that a
longer battery life can be obtaed as well as cheaper and lighter encoders.

x Robustness to channel loss&gith DVC codingan improved robustness to channel errocan
be achieved by reducing the amount pf a o (lossqofcoding synchronization) between
encoder and decodeiOn one hand, many DVC codemscode each frame independently
(Intra) and decode each frame conditionally (Intergn advantage when compared to
predictive video coding schemes, where the current frame is decoded without errors, only if
the previousreference frames have beegorrectly received On the other hand, DVC coding
can complementa predictive video codec with additional information to avoithe
catastrophiceffect of error propagationinterestingly, DVC can also provide a framework for
novel joint sourcecoding solutions since a DVC decoder can simultaneously coctentnel
andSlerrors.

x Multi-viewvideocoding:A DVC approach can also be used in a avigtiv videocoding (MVC)
scenario where various views tife same scene are correlated. In altnview scenario, visual
data must be efficiently compressed with techniques that exploit theter-view correlation
between adjacent camera vievand the Intra-view correlation within each view, i.e, the
temporal and spatial redundancy in successiveagas of each vievA multi-view DVC solution
can empower the decoder to exploit theter-view correlation, without requiring the encoder
to have the various views simultaneously available to exploit lier-view correlation. Thus,
multi-view DVC encodsrdo not need to jointly process all views as predictive video encoders,
avoiding the need olfnter-encoder communication.
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x Open loopapproach:In many scenarios, a DVC loop free approach pasvide interesting
benefits,for example the correlation between layers of a scalable codec can be exploited at the
decoder side, leaving the encoder without some of the loops necessary to create the successive
enhancementsand predictions With DVC coding, multiple descriptions oféhsame imager
video can be exploited at the decoder siduitigating the traditional p a gy prablem of
traditional multiple description coding.Thus, robustness and increased performance can be
obtained sincethese descriptionscan be independently mcoded but jointly decoded to
exploit the correlation between the received descriptioasthe decoder.

When aDVC coding solutiofis designed to exploibne (orsomg of the aboveadvantagescoding

efficiency lossesshould be avoidd when compared tohe coding efficiency of thdest available
predictive video coding schemgthus, the best H.264/AVCbasedsolutions for high compression
efficiency, increasederror resilience,MVG providing scalability orcreating multiple desciptions

should be used.

1.2 Applications

The DVC advantaggseviously mentionedcan be useful for &argerange of applications, many of
which rely on underlying error prone networkgo deliver the encoded dataBelow, a bt of
application scenariosvhere DVC may bring relevant befits is presented; these applications have
beenidentified after reviewingthe relevant literature[8-11}

1. Wirelesslow power video surveillance One of the mostimportant application scenarie for
DVC is the wirelessansmissionof video surveillance data between camefasnsorsjand a
few central decoding/storageystem(seeFigure 1i). Typically, seveal neighboring cameras
sensepartially overlapped areas to capture relevant evertsreaktime, providing detailed
video (sensor) dataver wireless links Since DVC coding allows the development of low
complexity encoders, several benefits can be ob¢ginin multipoint to point video
communication scenarios, such as video surveillance: i) lower size and cost for the video
acquisition deviceswhen there are many encoders, any reduction has a significant overall
impact in terms of cost/size; ii)dwer en@ding power consumptionwvhenthese terminals are
resource constrained, longebattery life is achieved; iii)exploitation of the Inter-view
correlation at the decoder when overlapping areas are captured in multiplaon-
communicatingencoders, betteccoding efficiencyis achieved iv) improved error resilience:
when channel errors corrupt the bistream, the DVC performance is not significantly
degradedsince (typically) no prediction error is sent. This application scenario is very
important nowadayssince the number of surveillance devices has quickly grown in the past
few years, e.g., for home security monitoring, traffic surveillance, etc.
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Figure 101: Examples of video surveillance devices : left [12] andright [13].

2. Multi-view videosystems 3D and free viewpoint video (FVV) are new media types allowing
the user to have an experience far beyond what is currently offered by traditional 2D video
systems. While 3D video offers realistic 3D impressions of dynamiemadd scenes FVV
allows the user to interactively control the viewpointposition of any scene, usually by
decoding/generatingnew views[14] The target applicatios for the multiview technology
include 3D cinema, 3D televisibnoadcasting, video gaming, high volume visualization as well
as some forms of video surveillance. In this scenario, multiple video cameras (or sensors) are
used to simultaneously capture ¢hseveral viewpoints (seEigure 102), generating a huge
amount of multiview data that needs to be transmitted and stored. Distributed video coding
allows to encodeach view independenthat each camera, exploitinontra-view correlation at
the encoder (if complexity constraints permit), leaving thimter-view correlation to be
exploited at a central node (with disparity compensation techniques); certainly, thotha and
Inter-view correlationscan also be exploited at the decoder obtaining even simpler encoders.
Thus, DVC can be advantageous, requiring less expensive caaretamvoiding the need of
Inter-camera communicationwhich is especially important for largeamera arrays such as
the one depicted irFigure1i2.

Figure 1062: Examples of multi  -view systems: Panasonic AG  -3DA1 3D camera [15] (left)
and experimental Stanford multi -camera array [16] (right).
3. Mobile video communicationaiith the deployment of 3G mobile systems and the emergence
of 4G technologies, high quality video communicaiso such as video conferencing avideo
telephony, are now available to the useBy using distributed videcencoders and predictive

5]
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decodersit is possible to obtaifrow complexity at both encoder and decoderdopting the
transcoding architecture depi&d in Figure 103. In this architecture, amobile terminal
captures and encodes the video streamdtransmits the data to the fixed part of the network
where the bulk of the system complexityis located. In the network infrastructurethe DVC
stream isdecodedand reencoded using a standar@omplex) MPEGencoderand the new
stream sert to the receiving mobile terminalIn this case, boththe initial encoder andthe
final decoder, whickexist incomplexity constraireddevices, havéower complexity; since this
scenariois also very demanding in terms of error resiliendeis alsoexpected that DVC can
bring additional performance benefits for this (wireless) errorazimel.

Network Infrastructure
Distributed MPEG
Video Decoder Encoder

N

Distributed MPEG
Video Encoder Decoder

Figure 1083: Transcoding architecture for mobile video communications.

4. Visual sensor networksA visual sensor network is a network ddw-power camera nodes
providing visual information from a monitored location and performing distributed and
collaborative processing of the data obtainatieach camera nodd7]. The usge of multiple
cameras allows the development of novel visibased applicationge.g, smart monitoring
and telepresence systemsind the enhancement of thecaptured eventsor decisions
reliability. In this context,one of themain challengesis to efficiently transmit the large
amount ofvideo data produced by allameras, taking into account an error prometwork
(typically wireless)and noderesourceconstraints. Distributed video coding is an alternative
way totackle this challenge since it allows éhsensorcameranodes to have simplencoders
and to bring the complexity to a few central (decoding nodes.This characteristicis quite
important since visual sensor networks aedsoresourceconstrained in terms of battery life
(camera nodes), local node processiagd bandwidth, demandng realtime operation,
efficient data storage andode €amerg collaboration.

5. Distributed video streamingin distributed video streaminga singlereceiver obtains the
completevideo streamin a distributed fashiorfrom multiple sendersUsing this approachit
is posdble to obtain higher throughputresilience topacketlossesandreduced transmission

| 6
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delay, which is especially important inbesteffort packetswitch networks such as the
Internet. In this context,one possible approach is to encode the videtdependently at each
sender(without a precise knowledge of what other senders are doing) tantlansmit the bit-
stream to the receiverthese multiple bitstreams can be understood as descriptions of the
same source and can be combined at the receiver to obtain a certain quality lésielg
multiple senders and routes, it is possible to avoid the catastrophic effect of congestion (i.e.,
high loss rate and delay) of a clieserver streaming scenario (with just one kstream and
route). This can be observed Figure 14, where clientserver streamiig and peetto-peer
streaming cooperate to bring the video data to multiple receivers.

. % =
i ‘\‘ ‘ 'IIPeer—to—peer
‘ ——— s > ¢+ streaming
.
2 e
. Client-server Se
|I‘ streamlrlg =
. .
. . ?
< e
B R
_ b LT TR ) \\
Mobile phone

Figure 164: Example of distributed video streaming to mobile user S.

While independent multiple descriptions are diffitiuto efficiently implement with predictive
video coding since multiple encoders and decoder must be all synchronized (or drift occurs),
multiple DVC streams are naturally indendent (DVC encoders are Intfeeme encoders),
and most of the correlation cabe efficiently exploited at the decoder.

6. Deepspace video communicationBeepspace and planet exploration missionseadvanced
communications infrastructures which ra mainly characterized by erreprone links with
limited bandwidthand highly complexity constrained acquisition devicg48]. In this scenario,
the encoder complexityshould bemuch lower than the decoder compleity since the encoder
is located in thehostile space environmentvhere scarceresourcesare available, while the
decoder is onearth with plenty of computational resourcesThus, the low encoding
complexity feature of distributed video codecsaturally fits this scenario, since most of the
correlation can be efficiently exploited at the decodesavingthe encodercomputational
resources.ln addition, since deepspace links are mainly characterized by additive white
Gaussian noisfl 8], further benefits can be obtainedith a joint sourcechannel code design,
i.e., the distributed source codes employeth DVC,must includethe necessaryamount of
channelprotection to guarantee the required quality fathe videotransmission.

From the analysis ofhe application scenariosvheredistributed video codindhas major impactit is
possible to conclude thahe theoreticalfoundationsestablished byD.Slepian andl.KWolf andA.D.
Wyner andJ.Ziv do show great potentiab enhancethe performance of existing applications (e.g.
mobile video communications) androvide an interesting coding framework for novel emerging

7]
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applications (e.g.visual sensor networks)n [8], a more completelist of relevant applications for
distributed video codingand their characterization is presented.

1.3 Thesis Objective s

For most of the application scenarios presented in the previsestion, the compression efficiency
of the DVC coding solutioneeds to bdat least)as high aghe alternative video coding solutions
that also provice low complexity encoding notably H.264/AVC Intra oreven H.264/AVC zero
motion; in this last codeanotion compensation is restricted to the collocated blockane or more
reference framesThus,a big clallengein DVC research is the improvement thie RD performance
to outperform relevant alternative solutions, while maintaining the advantages in terms of
complexity balance and error resilience.

In this context the main objective of this Thesisthedevelomentofnovel techniques to improve the RD
performance of DVC coding, more precisely, to obtain a RD performance as close as possible to the predi
video coding schemes,tdé.géhe stateftheart H.264/AVC video coding standard, for simifaexity
requirementsdeally, this objective should be obtained while maintaining the encoder complexity as

low as possible, shifting most of the complexity to the decoder, and thus obtaining an interesting

and novel complexity balance.

One of the fist practical DVC coding solutions has been developed at Stanford Univ¢iSitpy a

team led by B. Girodrhis solutionwas adopted s the starting point of this Thesisince it is the

most studied and higiperformance DVC architecturavailable in the literature.The Stanford DVC
architecture can be characterized by a decoder that creates the side information (fatistrébuted
codedframes) based on some previously decoded frames, by the usage of advanced channel codes,
such as turbo codesr low-density parity-check (LDPC) codeasnd by a feedack channel based
decoder ratecontrol. This architecture has two flavors: pixdll9] and transform [20] domain,
depending if a deorrelation transform, such as the DCT, is us&te implementation of the
transform-domain StanfordDVC codeproposed inf20]wasthe first stepof this Thesis.

1.4 Summary of Original Contributions

Distributed video coding has not yet reached themsalevel of compression efficiency when
compared to the most recent video coding standards, such as H.264/AVC, mainly because the
development of practical video coding schemes has only started in the past few years and it is not
yet fully mature. In additon, to have efficientDVC codecs it is necessary to develop novel
techniques withimproved performance, such agood SlepiasVolf encoders(the corresponding
distributed module of entropy encoding in predictive video codgdsigh quality Sl creation and
accuratecorrelation noise modeling at the decoder side. It is well known that only by researching
and advancing these fundamental componentswitl be possible to obtain better RD performance

in a practical and competitive DVC solution that may confitile potential of the theoretical

| 8
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foundations. Thus, touifill the Thesisobjectives, several original contributions to théVCfield
have beermade notably several novel techniques improve the RD performance of the Stanford
DVC codec.

Theresearchwork described in this Thesis can be organized in @veas

1. Decoderdriven techniques:Techniques exploihg the source statistics at the decoder without
any help from the encoder. The two moduletudied have a major impact on the RD
performance of a DVC codec:

A. Side information creati@vith more accurateSlestimation, fewer WynefZiv bits are sent
by the encoder to achievecaertain target decoded quality.

B. SlepiafWolf coding@he use of powerful charel codes, such as thddPCodes can help
to achieve a high compression efficienayptably to reachthe minimum rate (ideally
close to theSlepianWolf limit) necessaryo correct theside informationerrors.

2. Encoder driven techniques: Techniques partially exploiting the source statistics at the
encoder to help the decoder to perfornbetter decisions and to achieve an improved RD
performance This approach requires efficient, but yet simpkncodermechanisms tenable
the more complex mechanisn{g.g, motion estimation) at the decodeside Each mechanism
added shall not significantly increas¢éhe encoder complexity, i.e, full search motion
estimationandcomplex mode decisions are forbidden.

The techniques proposed and developed in this Thesis bring significant advances in terms of
coding efficiencywith a small penalty in terms of encoder complexityConsidering theThesis
objectives, it is presented next a more detailed description of the original contributions of the
Thesis, organized o five chapters (the remaining chaptenggard the introduction, state of thart
review and conclusions):

1. Side information creation with frame interpolation techniques Chapter 3: The RD
performance of a DVC scheme is highly dependent onSHeame quality sincethe source is
SlepianWolf decoded giverthe estimatedside information.The focus of thisvork wasthe
improvement of theDVCRD performance by usingdvancedframe interpolation techniques
to generate the side informationMore precisely, the followinghovel contributions were
made

A. Novel motion compensated frame interpolation (MCFI) t&ithminpfiesnation generation
techniques which recreate a motion field just based on temporally adjacent decoded
frames are poposeal and evaluate [21-25] The novel techniques work at the block level,
as in predictive video coding, and capture a piecewise smooth motiod, fi&l, a motion
field capturing simultaneously the local motion caused by moving objects, and the global
motion of the scene.
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B. Novel daptivegroup of pictureSQ}sizecontral This technique proposes the use of varying
GOP sizes instead of the clagasiGOPs with a fixed number of picturg3]. When the
temporal coding structure is dynamically adapted through the contaflthe GOP size,
higher quality Slis generatedthrough MCFlwhich leads to anmproved overall RD
performance.

The publicationgelated tothe Sl creatiompproachproposed in this Thesiare:

G+ >p bkpl Nka C+ Mb ockedtiomtgchniguesaamd fkamdwark for flyrieded k c | oj ”
“lafkd)A Glrok?ni Il ¢ Sfprni @ jjr kf  ~apbre Rdaptvea Fj ~d |
Video Streaming, vol. 19, no. 8,-pf360&mbeR008.

J. Ascenso, C. Brites, and F* Pereia @l k gb k gWf*sa *snfqd Islb Tiv&tbld aof sbk v
International Conference on Image Processing, Atlanta, GA, USA, October 2006.

G+ >p bkpl) @+ ?2o0fgbp) ~ka C+ Mbobf on9yrppelpmial sf kd ¢
af pgof rgba sfabl lafkd)A 2ge BRO>PFM @ kcbobk b
and Services, Smolenice, Slovak Repudlio5Jul

G+ >p bkpl "ka C+ Mbobfo”") a Ef bcreation ire Wyné&iv vidgol qf | k b
1 af k @ndiAtern@temal Conference on Ubiquitous Information Management and ConBowaoation

Korea, Janua908.

. Sideinformation estimation with encoderhashbasedhints (Chapter #: In this work it is
proposedthe estimationof the side informationby the decoderat the block levelwith the
help of signatures ohashespreviously transmittedby the encoderThe encodertask is to
calculate, compress and transnitie hash forsome blocksthe decoder uses this information
to select for each side information block the best match from a set of candidate bloskally
obtainedfrom already decoded frame¥he novel contrilutions of this workare related to the
construction of thehash informationas low frequency DCT bandad a Sl creation approach
that combines the hasivased motion estimatiowith MCFI[26].

The publicationrelated to thehashbased Sl creation approaginoposed in this Thesis:

G+ >p bkpl Nk a  C-basel lsidebififarmadion explatation ofdr efficieneZzvywigeo
“lafkd)A FBBB Fkqgb ok “sing, Ban Antoni@TX USAcSeddddber | k Fj ~db Mol

. Sideinformation enhancement withadaptive Intra mode decision(Chapter §: To achieve a
better RD performancesome Wner-Ziv (WZ)frame blockscan beencoded as Intra in order to
bring additional information for the decoder to explaifThis idea comgfrom the observation
that, for someparts or regions othe WZframe, it is difficult to obtain a goodSIquality with
frame interpolation technigues. The proposed approach is s&end these parts Intra codetby
selectingthe coding mode of each block, allowing a spatial adaptation to the confEme.
novel contributionsconsistin two Intra mode decision algorithmét the encoderpndanovel
motion compensated quality enhancement technigteeimprove the Intra blocks quality at
the decodel27-30]

The publications related to thelntra block decision/enhancement approacproposed in this
Thesisare:

(10
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0 G+ >p  bkpl) @+ ?2o0fqgbp) "ka C+ Mbobfo?n) a> cibuf _
“lafkd)A Jrigfj ba $ecial@bue brpDisttidutad VideonSafind8/ nq. 3, pp-EH,
Jul. 2010.

iU G+ >p  bkpl "ka C+lkdgMbobfloah pbib gflljkmi budbgbccf fb
International Conference on Multimedia and Expo, New Y8# Qitly,2009.

4. SlepianWolf coding with novel low-density parity-check codes Chapter §: Snce Slepiaf
Wolf coding is the core of a DVC codec, it assumes a central role in terms of RD performance
and codec complexity budget. The focus of thisrk wasthe improvement of the SlepiafwVolf
codecwith the following contributions

A. Novel lowlensityparity-check codén LDPC based DVC system with the capability to
extract a high number of codes at fine granular compression ratas low encoding
complexity was proposed. The proposed LDPC cofd has ahigh compression
efficiency (close to the Slepiawolf limit) across a wide range of compression ratins
order to cope withthe varying statistics othe virtual correlation chanrel betweenthe
side information and the original WZ frame

B. NovelStopping criterion for a Slepintf DVC decadera SlepiadWolf LDPC decoder, the
popular logdomain sumproduct algorithm (SPA)s often usedto decod the LDPC
syndrome codes. The SHArative decoding algorithm was improved with an efficient
stopping criterion [32] which can detect urdecodable sources as early asgible thus,
the decoding complexity and delay are significantly redusglden not enough syndrome
information is sent by the encoder irthe requestbased (Stanford) DVC codec
architecture.

Thepublicationsrelated to theLDPC Slepiaiolf codegroposed in this Thesiare:

UG+ >p bkpl) @+ ?2o0fqgbp) Nka C+ -débstybplardgheck cadeébbop f d k7
afpgof _rgba sfabl 1 af kd) AcebsBi@ Ban Bikgq, ICA, kSAG @oREer | @! k c

J>p bkpl "ka C+ Mbobfo?n) a@ j mibufqv bccf fbkqg pg
International Mobile Multimedia Communicationsr@enfepadon, United Kingdom, Sept2o0ger

5. Evaluating the IST distributed video codefChapter J: To obtain a more precise
understanding of theadvancesmade in terms of RD performance, a detailed performance
evaluation of an advare® transform domain DVC encoddihe ISFDVC codedhat enhances
and adds new modules to theiginal Stanford DVC codec architectuf@] is presented The
DVC codeproposedfor this evaluation results from an intense integration effort that collects
the best available techniqudbat are proposed in this Thesiand also meanwhile published
the literature. In addition, the following techniquesthat were co-developedwith other
authorsare presented:

A. Novel Sefinemenapproachro furtherimprove the RD performance of a DVC cqdée
side information can beontinuouslyenhancedas WZ bits are receivetdased on(early)
preliminary versiors of the decodedVNZframe. Thus, the decoder can refine its motion
trajectories andcreateside informationwith better quality for the data (DCT bands or

11]
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pixels) not yet decodedbtaining bit-rate and quality improvements. Such solution was
initially proposed for the pixeldomain DVC cod€g@3]and extended in a joint wdr with
Martins [34], [35]for the transform domain DVC codec.

B. Novel éblocking filtetA de-blocking filter can reduce the blocking artifacts appéag in a
predictive DCT video coddry smoothng the discontinuities (edge$ that appearat block
boundariesdue to the motion compensation and DCT coefficiequisintization Based on
the H.264/AVC ddlocking filter, a novel adaptive dblocking filter for DVC codindpas
been proposed(in a joint work with Martins)to improve the objective andsubjective
videoqualities[36].

The publicationsrelated tothe Sl refinement and ddlocking filter techniquesproposed in
this Thesisare:
0 O+ J~oqfkp) @+ ?2o0fgbp) G+ > pforbmprpvied transferan dothain Viyheo b f o ~ )

Wfs sfabl lafkd) A FBBB Qo kp~ > qgflkp | k @4d rfqp ~
Sepembel009.

i O+ Jroqfkp) @+ 2?of Adagiye debleckingitenidr pangibontaik Wyn@vrvidédb o b f o 7 )
“lafkd)A FBQ Fj~db Mol *bppfkd) Pmb -38 Decafpep2009. | k Af |

6. DVC compression efficiency model (Annex A}heoretical analysis of the performance of a
DVC codec when the side information is generated by motion compensated interpolation is
presentedin Annex A[37]. The main objectivewas thedesignof a compression efficiency
modelto provide guidanceon the development ohovel frame interpolationside information
estimators such aghoseproposedin Chapter 3
The publicationrelated tothe DVC efficiency mod@roposed in this Thesiss:

0 G+ >p  bkpl) @+ ?2o0fqgbp) Nka C+ -Khbwdedodirg)witham@tion mo b p p f
I jmbkprgba pfab fkclojrqflk rmRgbomli~rqflk)A PAk Gl

Besides the original contributions presented in this Thesis, the author has worked on other
distributed videocodecs and proposed techniqyesdten in collaboration with other video coding
teamsandin contextof VISNET and DISCOMVERopean projectghat are not described here

x Hybrid DVC codecContributions to the hybrid DVC coded38] with serially concatenated
accumulate codesan effort madein collaboration with Mitsubishielectric research labs
(MERL), Cambridge, USA

x DISCOVERVC codedContributionsto the state-of-the-art DISCOVEBVC code{39], which is
considered one of the best in terms of RD perfonceand low encoder complexity.

x VISNETDVCcodecs: Contributions to the initial VISNET IDVC coded40], notably to the
neededcorrelation noise model [41-43] and spatial redundancy exploitatiofd4]. Later, the
much improvedVISNET IDVC codealso includesvork from this Thesig45].

x Other contributions:Contributions in error resilience[46], rate control [47], [48] stereo DVC
coding[49]and multiple side information generatiofb0].
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Another subject of work was a detailed, clear and complete performance evaluatiotieof
transform-domain DVC codec based on the Stanford architecfbig¢ additional studies were done
to understand the feedback channel imgaon the video codec architecturgs2], [53]and theRD
performanceimpactof longer GOP siz¢s4]. In [55], the two most popularDVC coding solutionare
describedand some important developments reviewed and compar@tle recent findings in
distributed video codingvere alsgresented in two book chaptef§6], [57]

Finally, for each of theThesisoriginal contributions aboveqe b p_bpqgy mpbfiRD qf | k
performance was always selectedThus, early (and not as efficient)solutions for the frame
interpolation framework[22], motion refinement[33], Intra mode selectior[29], [30]and the ISTF

DVC codec[51] are not described here, although that preliminary work was published i
conferencesand journals

1.5 Thesis Outline

This Thesis deals with the improvement of the RD performance of a DVC codec. It starts with
Chapter Ifeaturing a brief htroduction, where the contextthe applicationsthe Thesisobjectives
and a summary of the original contributions are presenteth Chapter 2 the foundations of
distributed source coding and distrlied video coding are presented, the early DVC coding
architectures aredescribedandthe DVCstate of theart is reviewed.Then, in Chaptes3to 5, novel
side information creation technigues with the corresponding encoder decision modules (if
necessarypre proposed In Chapter 6 the essentiaGlepiarWolf codecis addressed bgroposinga
novel LDCcode and the correspondingncoding and decoding algorithmdn Chapter 7 the
integrated IST-DVC codec is proposed along with exhaustive andorecise evaluation of it)D
performance and encoder/decoder complexitieEinally, Chapter 8closes thisThesis with a
summary of the achievementand some future directiondn Annex A atheoretical compression
efficiency modelfor a frame interpolation base®VC codecuseful fo the design of the techniques
proposed inChapter 3is presented
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Chapter 2

Distributed Video Coding: a Survey

2.1 Introduction

Since the early dayshovel video coding techniques have brougidrsficant advances in the rate
distortion performance of predictive video codecs along with a significant increase in the encoder
computational complexity. These advances mainly benefit thecalled downlink applications,
where few encoders feed numerouecoders (e.g., digital TV broadcasting). On the other hand,
video codecs with a more flexible partition of the computational complexity between encoder and
decoder are necessary for applications with limited computational power and memsugh as
thosedescribed in Sectiod.2 Ideally, these applications would benefit from a novel video coding
paradigm thatenables the development of low complexity encoders wjtod error robustness and,
ideally, with the same coding efficiency as the best predictive coding schemes availgbte.
example, if thehighly complex motionprediction searchis moved tothe decoder(without a
significant coding efficiency reduction), ainverted complexity balancean be achieved, whetbe
encoder complexity is lver than the decoder complexitysuch coding solution brings an important
additional advantagethis means theability to be robust towireless channel (bitgrrors as well aso
gracefully handle packet losses without a disastrous impact in the video quality.

Around 2002, a new video coding paradigm knowriatributed video coding (DVC) has emerged
inspired by two Information Theory results from the 1970s: the Slepidolf theorem[6], and the
Wyner-Ziv theorem[7]. These two results establish the foundations of DSC and open the door for
novel video codecs where the statistics are exploited, partially or totally, at the decoder and not
mainly at the encoder side, aig traditional video coding solutionse.g.,the MPE& and H.26x
standards.To fulfill the DVCpromises the first practical DVC codecs have been developed at the
Stanford University[19] and University of California (UCBerkeley[58]. In this chapter, these early
research initiatives are presented, followed by thext most important developments that have
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been produced in DVC and the most relevdidtributed coding frameworkslesignedo fulfill other
requirements,e.g.,enhancing the error robustness of predictive video casleDue to the scope of
this Thesis, this chapter only addresses meriew video coding techniques and architectures
however, DSC principles have been succesygfajplied to other fields, such &8VC[59-61]or even
authentication[62]and biometricd63].

This chapter is organized as follows: Sect®® briefly reviews the basic concepts and theorems
underpinning DVC. Next, Sectich3presents the fist distributed video codecs developed, while
Section2.4reviews some of the most relevant developments after the early DVC codecs, especially
those targeting RD performance improvements. In Secti@f DVC codecs which add important
features €.g.,scalability or encoder rate control) to well known early D¥¢@decsor that enhance
predictive codecs(e.g., with robust video transmissiprare describedFinally, in Sectior2.6 some
concluding remarks are drawn.

2.2 Foundations of Dist ributed Source Coding

The foundations of distributed source coding can be found in the seminal svaskociated tdhe
SlepianWolf [6] and WynerZiv [7] theorems. The mairDSCconcepts are briefly reviewetiere
since they establistthe common gound for the DVCresearch workFor more details, the readers
are referred to[64], [65], [9]

2.2.1 Slepian-Wolf Coding

Consider thatt and & are two statistically dependent discretenemoryless sources to be losslessly
encoded. If the encoder @ and the encoder ofocan communicate, the minimum rate necessary to
jointly encode and &is given by'O &ty . In 1973, Slepian and Wolf have established a theorem
addressing the case wheteand @ are independently encoded, and thus not jointly encoded as in
the predictive codingparadigm, but are jointly decoded. Tt&lepianiwolf theaem states that the
minimum rate to encode the two (correlated) sources is the same as the minimum rate for joint
encoding,with a vanishing errorprobability for long sequences, provided that their correlation is
known at the encoder and decodethis theorem is an important foundatiorfor new coding
solutions where, at least in theory, separate encoding and jointodéng does not induce any
compressionefficiency loss when compared to the joint encoding and decodapgproachused in

the traditional predictive coding paradigniThus, the achievable rate bounds can be defined by:

Y O,
Y OO0, (21)

Y Y O O ,
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where O g and"O g correspond to the conditional entropiesetween the two sources. This
corresponds to the area identified ifigure 2il. The bounds defined i2.1) establish that the
minimum coding rate is the same as for joint encodifigg., the joint entropy), provided that the
individual rates for both sources are higher than therrespondirg conditional entropies

RY A
[bits]
R Independent encoding and
\\ decoding: no errors
H
(Y) A
! Distributed encoding and joint
! decoding: vanishing error probability
H(Y |X) |----------- bocoommaon
(Y 1X) | N
§ e RetRy=H(X,Y)
HX 1Y) H(X) Ry [bits]
Figure 2061: Rate bounds defined by the Slepian -Wolf theorem for independent encoding

and joint decoding of two correlated binary sources.

SlepiariWolf coding is the term generallysed to characterize lossless coding architectures that
follow this independent encoding jointly decodingapproach. SlepiaiWolf coding is also referred
in the literature as lossless distributed source coding since itsiders that the two statistically
dependentsourcesare perfectly reconstructed at a joint decoder (neglecting the arbitrarily small
probability of decoding error), thus approaching the lossless cd3ee particular case of the
SlepianWolf theorem corresponds to the case wheabds avalable at the decoder and has been
independently coded (withY O ®) and it is used as side information (Sl) to decadéwith

Y O ); this caseorrespondgo the corner points of the SlepiaVolf rate bounds (points A
and B inFigure2il).

The SlepiaAWolf theorem established the rate boundaries (1) with techniques that are non
constructive, i.e., without defining the practical coding schemes able to achieve the promising
limits. In 1974 Wyner suggestethe use oflinear binary block codesor the SlepiarWolf problem
and has shown that aeep relationshp exists between Slepiaolf and channel coding[66],
although it is possible to perforn®lepianiWolf coding in other ways, for examplasing source
codes[67] Since® is correlated withthe side informationc, it can beconsideredthat a virtual
f[Wependence channgéxists betweerthe sourceso and @ In this context, the Stois regarded as
moisyyor ferroneougiversion of the original uncorruptedourced andthe [errorsybetweenc and @
can be correctedy applying a channel coding technique to encoéewhich will be conditionally
(jointly) decoded using the %3 Recent advances in chanrehpacity codes such as block co&s],
turbo codes[69], [70]and LDPC coddg31] can approach the corner points of the Slepisvolf
region. Typically, channel coding tools play a main role in the novel disited source coding
paradigm.

17]
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2.2.2 Wyner-Ziv Coding

In 1976, Wyner and Ziv studied a particular case of distributed source coding that dealstiagth
lossycompression ofource®, whilethe side informationd, is perfectly knownto the decodernly.
This case is well known asymmetric codismce®is independently encoded and decoded, while

is independently encoded but conditionally decodédyner and Zivhave shown thatfor lossy
coding there is in the general casea rate loss incurred when the side information is not available
at the encoder More precisely, they have established the rdlistortion (RD) function‘YZS (0]

when the side information is available at the decoder only, for a given distortiprin genera)
Ys O ‘st O Y O, where'’Y s O is the RD dnction when @ is available both at the
decoder and encodeHowever, they also derivette secalled WyneiiZiv theorem([7], which states
that when performing independent encoding with side information under certain conditignghat
is, whend and @ are jointly Gaussian, memoryles®urcesand a mearsquared error distortion
measure is consideregl there is no codingafficiencyIoss(i.e.,'YZs O Y O)with respect to
the case whee joint encoding is performed, even if the coding process is lossy (andiosglesy
anymore asin SlepianiWolf coding.For general statistics and a meanuared errordistortion
measure . Zamir also proved that the rate loss is less than 0.5 bit/sani@@]. Later,it was shown
that only the innovation,this means they  @difference needs to be Gaussia3]for no rate loss,
which means that®anddcan follow any arbitrary distribution.

When WynerZiv codingis put into practice, a quantizer (source cods)coupledwith a Slepian
Wolf encoder (channel code) as shoimrFigure2ii2; thus, WynerZiv codingcan be interpreted as a
joint sourcechannel coding solution65]. So, the first step is to quantize the source into bins
(quantization indexe} which are then lossle$g encoded with a Slepiawolf encoder. At the
decoder, the corresponding Slepidilolf decoder recovers the quantization index with the available
side information which is followed by a minimum distortion reconstruction (following the
minimization shown inFigure2(2) to obtain the best approximation of the source.

lY
X : . X Minimum ~
. q | Slepian-Wolf o | Slepian-Wolf |“*q . .
X—) Quantizer I Encoder » " Decoder - N Drsfor'hon. 3 X
T econstruction
Rxiy(D) < Ryy (D) < Rx(D) T

~ ) A2 oA
% =argminE |[(x = 2)" v, %, ]

Figure 2062: Practical Wyner -Ziv coding for general sourc es.

Practical implementations of WyneZiv coding (for general sources) have been proposed first for
Gaussian sources, based on scalar quantizers and block (teied) codes, by Pradhan and
Ramchandran ij68], then, Servetto and Liu et al. used nested lattice vector quantizefgdpand

(18
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[75], respectively. Wang and Orchard have also propdsd@d6] an embedded trelli€odequantizer
to showsomeimprovements over the results if68]. Finally, Yang and Zhao implemented a Wyner
Ziv encoder as a trelisoded quantizer followed by a LDPC channel coder[7iA] with a
performance close to the Wyn&tiv limits.

2.2.3 From Distributed Source Coding to Distributed Video Coding

Together,the SlepiaiWolf and theWyneriZiv theoremsopen the possibility to design aoding
system where two statistically dependent signals are compressed in a distributed way (separate
encoding, joint decoding) while still achieving tttmmpressiorefficiency of conventional predictive
coding schemes (jointreoding and decoding)Based on these theoremthe distributed video
coding paradigmhas emerged, which provideselevant benefits for a large range of emerging
application scenarios such asirelesslow-power video surveillance,MVC systems mobile video
communication visual sensor networks, distributed video streamirapnd deepspace video
communications (see Sectich2or [8]). While this chapter will concentrate on moreiew video
coding, multiview video coding using a DVC approach is also a very hot research topic; [g8gck

for a review on this subject.

Practical design oflistributed video codecs started around 2002, following important advances in
channel caing technology, especially errecorrection codes with a capég close to the Shannon

limit, for example, turbo and LDPC codes. While theory suggests that DVC solutions may be as
efficient as joint encoding solutions, practical developments did not yetiave that performance

for all types of content, especially if loaomplexity encoding is also targetedhis performance gap
between DVC codecs and predictive video coding is caused by several feotoggsample, while the

theory assumes that the encedand decoderknows the statistical correlation &tween the two
sources and @, and that the innovation - Wis Gaussian, in practicabnditions this is often not

the case and, thus, the absence of the side information at the encoder can cause some performance
loss. Other critical points that can be identified are associated to the inefficiency of the quantizer
and channel codes used the distributed video codec and the inefficiency of the techniques to
generate the side informatio at the decoder. In this Thesis, some of these challenges are tackled
and promising solutions are proposed and evaluated, nanglyextraction techniguesat the
decoder and novel Slepiawolf coding solutions based on advanced channel codes such as the
capacityapproaching LDPC codes. Naturally, some of these techniques may have to slightly increase
the encoder complexity in order tincrease the compressivefficiencyand reach the limits set by

the theory. This ighe most relevant DVC research challergging faced today.

2.3 The Early Distributed Video Coding Architectures

The first practical distributed video coding solutions emerged around 2002, notabiymfrthe
Stanford University[9], [19], [20hnd the UMerkeley[58], [79] The StanfordVC coding solutiois
mainly characterized by framéased SlepiaiWolf coding, typically using turbo codes, and a

19|
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feedback channel to perform rate control at the decod&he Berkeley DV€bding solution, known
as pwer-efficient, robust, hgh compressiorsyndrome basedanultimedia coding(PRISM)is mainly
characterized by bloclbasedsyndromecodingand decoderMEwith cyclic redundancy check (CRC)
bits to identify the correct side inform@on. This section presents and comparfesm the functional
point of view these twdVCcoding architecturegdue to their popularity in the research community
and thdr major tednical evolution in recent years

2.3.1 Feedback Channel Turbo -based DVC Codec

The Stanford DVCcoding architecture wadirst proposedin 2002by a team lead by Prof. Bernd
Girod, for the pixel domain[19] and later extended to the transform domaig], [20] In this later
approach, transforncoefficientsare DVCencoded to exploithe spatial redundancyvith a rather
smalladditional encoder compleity. The architecture of thetransform domainStanford DVC codec
[20], asshown inFigure 203, has two main characteristics: 1) the uskpowerful turbo codes to
perform SlepiarWolf coding over the entire frame, and 2) the availability of a feedback channel to
perform decoder rate control.

Intraframe I Interframe Decoded
Wyner-Ziv Encoder : Decoder Wyner-Ziv
Frames — | — —, [Frames
l;‘V : 1 W’
|
DCT : IDCT
| [
A i X
hit-plane ] : s
2Milevel |9k | Extract | pitplane2| Turbo e L Turbo | 7% :
Quantizer bit-planes : Encoder [ ] Buffer [ ™ Decoder || Reconstruction —
bit-plane M, [} : ‘ T y
) P | Side
For each transform coefficient band Re{quest Thlormation ‘?
hits “k
1
: DCT
| I3
I w
|
| Interpolation/
| Extrapolation
Key Frames | Conventional : Conventional Decoded
K — Intraframe f Intraframe ? Key Frames
Encoder I Decoder K’
Figure 24a3: Stanford transform domain DVC codec architecture  [20] .

In summarythe Stanford DVC encoderorks as follows:

1. Frame classification:;The video sequence is dildd into WZ frames and key frames,
corresponding to thed and & sources mentioned in Section 2.2 the key frames are
periodically inserted, determining th&ORsize.The key frames are Intra encoddtlis means
without exploiting temporal redundancy, notably without performing anyotion estimation,
for exampleusing the H.263+ Intra or H.264/AVC Intra standafdse WZ frames are encoded
as follows.
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2. DCTtransform: A DCT bloclbased transform is applied tthe blocks ofeach WZ frame. The
DCTcoefficientsof the entire WZ frame are thegrouped together, according to the position
occupied by each DE&Dbefficientwithin a block, forming DCToefficientbands.

3. Quantization Each DCT band is uniformly quantized with a number of levels that depend on
the target quality[20]. For a given band, bits of the quantized symbols are grouped together,
forming bit-planeswhich are then independently turbo encoded.

4. Turbo encoding The turbo encoding of each DCT band starts with thest significant kt-
plane (MSB). The parity infmation generated for each bplaneis then stored in the buffer
and sent in chunks upon decoder requests, made through the feedback charimelbit
stream produced by this encoder is inherently scalable in quality (signal to noise ratio (SNR)),
since it is possible to stop the decoding process at any bangfaime, reaching a decoded
quality which is proportional to the amount adfuccessfullydecoded biplanes.

On the other hand, the corresponding Stanford DVC decoder works as follows:

1. Sideinformation creation: The decoder createSIfor each WZ frame by performing a motion
compensated frame interpolation (or extrapolatiopyocessusing theclosest already decoded
frames.The side information for each WZ frameusderstoodas an estimate (noisy version)
of the original WZ frame. The better is the quality of the estimation, the smaller is the number
of ferrorsythe turbo decoder has to corot and thus, the number of parity bits (or birate)
needed.If a frame interpolation scheme is used, two past and future (reference) decoded
frames (key or WZ frames) are used; if a frame extrapolation is used, only past (typically the
previous ones) deaded frames are used. TI® frame is inferred by tracking the motion
trajectories between two (past and futu two past framepreference frames; the estimated
motion vectors are then used to interpolathe Sl frame in between or extrapolate the futur
Sl frame.

2. Correlation noise modeling: The residual statistics betweerthe correspondng DCT
coefficientsin the WZ andSl frames is assumed to be modeled by a Laplacian distribution
whose parameter was initially estiated using an offine training phase.This is an unrealistic
approach because it either assumes the original data is available at the decoder 8iithe
available at the encoder. Recently, solutions have been developed to overcome this problem
(see SectioR.4.3.

3. Turbo decoding: Once the Sl DCT coefficients and the residual statistics foreach DCT
coefficient band are known, each hilaneis turbo decoded (starting from the MSB one). The
turbo decoder receives from the encoder successive chunks of parity bits following the
requests made through the feedback channib. decide whether or not more parity bits are
needed forthe succesful deoding of a certain biplane the decoder uses a request stopping
criterion. Initially [19], [20] this criterion assumed the availability of the originals at the
decoder, but once again this unrealistic assumptiwes already beerovercome (see Section
2.4.). After successilly turbo decoding the MSB bjplane of a DCT band, the turbo decoder
proceeds in an anafpus way with the remaining biplanes associated withhe same band.
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Once all the biplanes ofa DCT band are successfully turbo decoded, the turbo decoder starts
decoding the next band.

4. Reconstruction After turbo decoding, all the biplanes associated with each DCT band are
grouped together to form the decoded quantized symbol stream associattdeach band.
Once all decoded quantized symbols are obtained, it is possible to reconstruct all the DCT
coefficientswith the help of the correspondingl coefficients The DCToefficientsbands for
which no WZ bits were transmitted are replaced byetleorresponding DCBI bands The
reconstruction function [19], [20] bounds the error between theNZ frames and the
reconstructed frames to th@uantizer coarsenesgyuaranteeing that the reconstructed DCT
value isbetween the boundaries of the decoded quantized bin

5. Inversetransform:After all DCT bands are reconstructed, iamersediscrete cosinetransform
(IDCT) is performed and the decoded WZ frame is obtained.

6. Frame emixing: Finally, to get the decoded video sequence, decoded key frames and WZ
frames are conveniently mixeth time.

Over the last few years, many improvements have been proposed for most of the modules in the
initial Stanford DVC codec, e.gnew source/channel codes instead of turbo codes, better side
information estimation, dynamic correlation noise modleg, erhanced reconstructionandrealistic
andefficient request stopping criteriaSome of these improvements are reviewed in Secfagh

2.3.2 Block Based Syndrome DVC Codec

Almost simultaneously anotherDVCcoding approach was proposed at UC Berkdlgya team lead
by Prof. Kannan Ramchandratet PRISM codec works at block level., channel codes are applied
independently for each blockand does not require a feedbaahannel. The PRISMencoder
architectureis shown inFigure2i4.

In brief, the PRISM encoderorks as follows:

1. Classifier Before encodingeach block isclassifiedinto one of seeral predefined classes
depending on the correlation between the current block and the preidictblock in the
reference frame. Depending on the allowed q@exity at the encoder, such prediction can
be either the cdocated block, or anotion-compensated block79], in the latter case, a fast
motion estimation technique is suggested. Ttlassificationstage decides the coding mode for
each block of the current frame: no coding (skip class), traditidn@ia frame coding (entropy
coding class), or syndrome coding (several syndrome coding classes), depending on the
estimated temporal correlation. The block#assifiedin the syndrome coding classes are coded
using aDVCcoding approach as described below. The coding modes are then transmitted to
the decoder as header informatioifhe PRISM block classification stage plays the role of a
correlation noise esthation module between each original block (source) and its temporal
prediction (taken as a coarse representation of the side information).
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Figure 2064: PRISM encoder architecture [79] .

2. DCTEat video frame is divided intgy psamples blocks, and a D€dnsform is appliedto
each block.

3. Quantizer A scalarquantizeris applied to the DCToefficients,correspondng to a certain
target quality. Forthe syndrome coded blocks, thealculation of the quantizeistep size as
described in58], depends on: i¥oding class of the bloglobtained from the classifier); anid
the variance of theestimated correlation noisebetween the current block andhe best
prediction block (@Ebtained by ful searchMB). This procedure requires a training stage to
obtain the needed correlation noise distribution parameters. This restriction was removed in
[79]by using a scalar quantizevith a fixed quantizationstep sizeas in H.263+.

4. Syndrome oding:According to[79], for those blocks that fall in the syndrome coding classes,
only the leastsignificant bits of the quantized DCToefficientsin a block are syndrome
encoded, since it is assumed that the magjnificant bits can be inferred from he side
information due to the higher correlation with the sourc&he number of leagignificant bits
to be sent to the decodefor each DCT coefficientlepends on the syndrome clasgswhich
the block belongsWithin the least significant bits, thdower part is encoded using auf,
depthpath las) 4tuple based arithmetic entropy code€he upper part of the leastignificant
bits is coded using a coset channel cddehis case a BosRayChaudhuriand Hocquenghem
(BCH) code, since it workselfor small blocdengths ast is the case herdn an early version
of PRISM58], only the DC and the first AC coeiiots were syndrome coded by using a trellis
code and a refinement process which divides the quantization interval (calculated in step 3)
into smaller intervals, according to théarget quantization step sizdn [58], the refinement
information is coded using fixed length codes while the remaining DCT coefficients are Intra
coded.

5. Hashgenerator: In addition, for each blockthe encoder sends a 48t CRCchecksum as a
signature of the quantized DQDefficients;this is needed to selethe best candidate blocét
the decoder, as explained below.
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Figure 2065: PRISM decoder architecture [79].
The correspondind®RISMlecoder(seeFigure2i5) works as follows:

1. Motion search The decoder generates side information candidate blocks, which correspond to
all half-pixel displaced blocks in the reference frame, in a window positioned around the
center of the block to decodelhe candidate blocks attempt to decode the source (quantized
coefficients) oneby-one from the set labeled by the received syndrome.

2. Syndrome decoder: Each of the candidate blocks plays the role of side mfation for
syndrome deoding, which consistén two steps[79]. one step deals with theoset channel
coded bitplanes and is performed for eacbandidate block; the other step deals with the
entropy decoding of the leassignificant bit-planesand is performed only for the selected
block by hash matchingsee next step)lif syndrome decoding is successful, theantization
intervals for the coefftients that are syndrome encodeare found. In[58], the syndrome
decoder takes as input the syndrome sequemacel the corresponding DC and the first AC
coefficients of the candidate block and outputthe decoded WZ coefficients. Moreover, the
value of each WZ coefficient is enhanced using the received refinement information from the
encoder{58].

3. Hashcheck:Each candidate block leads to a decoded blérchkn which a hash signature is
generated.To select one of the candidate blocksd to detect successful decoding (i.e., blocks
with a small error probability),each decoded blockashis compared with the CRC hash
received from the encoder. Candidate blocks aeguentiallyvisited until decoding leads to
hash matching.

4. Reconstrudbn and IDCTOnce the quantized sequence is recovered, it is used along with the
corresponding side information to get the best reairucted block. A minimum mean
squared estimate is computed from the side information and the quantized block.

Although not as popular as the Stanford DVC cadsveral authors have proposed improvements

for the PRISM DVC codeeg.,a maximum likelihood algorithm for motion estimation at the
decoder[80]. Other authors have extended the PRISM codec to satisfy other requirements, e.g., a
scalable PRISM with both spatial and temporal scalabjBtj, or have studied in detail the error
resilience capabilities of this DVC codée].
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2.3.3 Comparing the Early DVC Codecs

From the technical point of view, the following main functional differences between the two early
WZ videacodecsnay be highlighted (Stanford versu®RISNt

x Framebased versus bloekased codingtn the latter approach, it is easier to accommodate
coding adaptability to address the highly nestationary statistics of video signals.

x Decoder rate control versus encoder rate contrbl:the former casea feedback channel is
neededfestricting the scope taeal-time applicationswhile making the rate control problem
simpler.

x Very simple encoder versus smarter and likely more complex encddebling limited Inter
frame operations at the encoder allows incorporating spatially veny coding mode decisions
since it is useless to adopt ®VCcoding approach when the correlation is too weak or
inexistent.

x More sophisticated channel codesrsus simpler codes\otably, turbo codes and LPDC codes
which perform quite close to the Slepiawolf limit, versughe simplerBCH codesmployed in
PRISM.

x No auxiliary data versus hash codd$ the encodersends auxiliary informationthe ME
process at thelecoderis able to create higher quality side information; however, the hash bits
are Intra coded and a rate pengloccurs.

x Less intrinsically robust to error corruption versus higher resilience to error corruptidime
PRISM motion search apgach performed at the decodexlows tofind a less corrupted side
information, thus reducing the residual noise associatedte errors.

With time, some of the differences above between the two e@WCcodecs have been smoothed:

for example,there are nowadays Stanfoiblased codecs with selective blebksed Intra coding,
encodertransmitted hash signatures and without feedtk channelln the next sectionsthese and

other developments after the early WZ video coding solutiame addresgd. However, after a few
years, the performance gap between the two early solutions seems to be rather substantial, at least
in terms of eror-free RD performance. In November 20@fe European project DISCOVER
published error-free RD performanceresults for a StanfordibasedDVC codec,which is able to
outperform H.264/AVC Intra and, sometimes, euvbe H.264/AVCzero-motion codecwith a lower
encoding complexity[39], [83] In October @7, the Berkeley team publishedrror-free RD
performance results that slightly outperform H.263+ coding, with both encoders perfornvifg

[58]. However, for wireless erreprone conditions, notably packet errors according to the
CDMAZ2000 1X standard, PRISM performs better than H.263+ as well as better than H.263+-with Reed
Solomon forward error correction (FEC) and H.263th witra refreshing, providing graceful error
degradation.
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2.4 Improving RD Performance : Recent Developments

In recent years, aignificant number of research groups around the world have been developing
research activities in the distributed video codirfgeld, many of them building on and improving
the previously presentecearly DVCcodecs.This sectionbriefly reviews some of thetechnical
developmentsthat clearly target to improve the coding efficiency of both early DVC codecs.
However, this section is mme focused on the Stanford DVC codec developments due to the following
reasons: i) the Stanford DVC codec is clearlyrtigst popularDVCcodec design in the literature

and ii) the solutions proposed in the next chapters of this Thesis follow the Stardartitecture
(transform domain) and use relevant techniques described in this section (e.g., reconstruction or
correlation model estimation) in addition to some initial Stanford DVC codec techniques (e.g.,
quantization). Despite its lower popularity, itsiimportant to state that some of the PRISM
techniques (already described in SectigrB.2 and later improvements may bring benefits to both
DVC coding architectugs, e.g., Intra mode selection (described in Seidn and some forms @l
extraction (described in Sectiod.4.3.

2.4.1 Slepian-Wolf Codec

Channel coding developments play an important roie Slepiaiwolf coding which assumes a
central role in DVC codingyot only in terms of RD performance but also codec complelzitgget.

It has been shown that is possible to reaclRBperformanceclose to the SlepiafVolf limits for
Gaussian sourcewijth channel capacityachieving codessuch as théurbo codeqd69], [70], [84lised

in the early StanfordDVCsolution orthe popular LDPC cod§gl], [85] In some bthe SlepiarWolf

codes proposed in the literaturg’1], [84] it is assumed that the correlation between the source and
the side information is stationary and the proper code and code rate (useful part of the information)
are selected before transmission starts, i.e., the operational fixed commfmesode ratio is initially
selected and maintained. However, in many practical scenarios such as video coding, this
correlation may vary and the soalled rateadaptive scheme$69], [85]are necessary. A rate
adaptive code is able to account for variations in the correlation noise, and the ctéecan be
controlled by a feedback channel, i.e., the decoder requests more parity bits, if necessary; this
ensures that theencoder only sends # minimum number of parity bits necessatyp correctly
decodethe source. In these feedback channel scherntds, also important to have an incremental
code, i.e., the encoder can send additional bits to the decoder upon request and the decoder
combines all the previous information sent with the newly received information. Next, two popular
approaches to SlepiaWolf code design are presented along with some strategies foradsptive
operation.

The Parity Slepian -Wolf Design Approach

In the parity approach, the sourcé is compressed by transmitting only the parity bits of the
source sequenceéx The sgtematic bits ofw are discarded. The side information sequengea

realization of the sourced, assumes the role of the systematic bits at the decoder and the pair
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«fo  corresponds to a noisy version akfto  available at the encoder. The correlation channel or
virtual channel that relates the side informatiotband the sourcansequencegorresponds tahe
statistical distributionr) ago which is concatenated with a perfect channel for the parity bitscgn
it is usually assumed that the parity bits are received without error. Thus, the Sleplali decoder
is different from a channel decoder because it must take into account that the parity bits are
perfectly known. In the literature several channel codg such as the turbo cod¢g9], [84] were
used to implement this parity approach. As shownRigure 206, a SlepiarWolf turbo encoderis
made by theparallel concatenation of two identical constituemecursve systematicconvolutional
(RSC) encodersf ratee¥ ¢  p ; a pseudaandominterleaver is employed toconnect the tvo RSC
encoders EachRSC encoder outputsparity stream and a stematic stream which igliscarded So,
to compresshe sequencean it was proposed by Aaron and Girod[62] and Bajcsy and Mitran in
[84]to calculate two sequences (one for each RSC) of paritgobits @ fo  and to transmit them
to the decoder; compression can be achieved by assuming that the amount of parityabisitted
is less than the source length.

Slepian-Wolf turbo encoder : Slepian-Wolf turbo decoder

X Xpl
» RSC Encoder > SISO Decoder
> 'Da priori Pextr/nsic
Y oo A v
Interleaver Deinterleaver Deinterleaver Decision L—)

z 1 f ¥ , '
X2 Fexerinsic P priori
: »| RSC Encoder £ N g SISO Decoder »| Deinterleaver
r A posteriori
Y —»| Interleaver

Figure 206: Slepian -Wolf codec using punctured turbo codes (asin [86]).

The SlepiatiwWolf turbo decoder(also shown irFigure2(6) is constituted by twosoftinput sofoutput
(SISO) decodersisually implemented witithe maximuma posterior{(MAP) or logarithmMAP (Log
MAP) algorithms. Each SISO decoder receives the intact parity bits along with the conditional
probabilitiesr) ago which are calculated with the help of the correlation model (see Sec#i@rB).
Since the channel is a concatenation of the correlation noise channel and a perfect channel (for the
parity bits), the turbo decoder must be adapted by calculatinggw for the side information bits

(or symbols) and using a Gaussidrstribution with an arbitrarily small variance or a binary
symmetric channel (BSC) with a small error probabili86] for the parity bits. Then, the iterative
turbo decoding algorithm estimates tha posteriofprobabilities of the source bits by exchanging
extrinsidnformation between the two SISO decoders to improve ahgrioriinformation at the input

of each SISO deder. This iterative procedure stops when a certaraximum number of iterations

is reached.Then, an error detection criterion is used to estimate the error probabiﬁtyfor each

decoded bitplane.If 0 p 1, the decoder requests for more parity sifrom the encoder vithe
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feedback channel; otherwise, th#t-planea posterioprobabilities are converted to hard decisions
and successful decodingachieved In the past, ideal error detection was assunj&@], [20] i.e.,0
was calculated at theatoder side with the original biplane. More recently, several techniques
estimate 0 using the a posteriorprobabilities were proposed[87], [88] In [87], Kubasov et al.
computes a cdiidence score inthe logarithmic domain by comparing the ratio of the output
decoder probabilities) 0 & pIj0 & 1 with a fixed threshold"Y for each’@h
decoded bitIn [88], Tagliasacchi et al. calculatéee mean of the absolute values 6f acrossthe bit-
plane size) and the summed output is compared to another threshotd

In this parity approach, it is straightforward to construct ratedaptive schemes since standard
channel coding techniques, such as puncturii®], can be applied. For exampke pseuderandom
puncturing pattern [86] can define the transmissioorder of the parity bits.In each request, the
DVCencoder sends one parity bibr each0 (puncturing period parity bits from each RSC encoder
parity stream At the decoder, the parity bits received (not punctured) are modeled as a perfect
channel and he unpunctured parity bits are modeled by an erasure channel. This framework was
also independently proposed for the symmetric case, i.e., both soubcasd & are DVC encoded
with the same rate (i.emidpoint between A and B Figure2i1) by GarcigFrias and Zhao ifi70],

and further extended by the same authors i89] to cover any point in the SlepiakVolf rate
bounds.

The Syndrome _Slepian -Wolf Design Approach
The syndromeapproachwas firstsuggested by Wynein 1974 for linear binary block code$66];

Wyner has also shown the optatity of this approach, i.e., if a linear block code can achieve the
capacity for the correlation channel (e.g., BSC, Laplacian, etc.), then the same code can achieve the
SlepianWolf limits. A linear block codeé is defined through a matriXQ with dimension ¢ Q

¢, which represens the paritycheck equationsConsider thatwand ware two correlated binary
sequences that correspond to realizations of the soudeeand the side informationd In the
syndrome approach, the Slepiaiolf encoder calglates thesyndromei "Ocand sends it to the
decoder. Thus, sequenc® of length ¢ is transformed into ¢ "Q syndrome bits, which
corresponds to a compression ratio©f, ¢ Q. After, the decoder constructs the side information
sequencew and, with the help ofthe correlation noise model betweem and wand the received
syndromei , the SlepiaAWolf syndrome decoder searches for the decoded source sequeincine

coset that is closest ta

This syndrome approach was firstproposedby Pralhan andRamchandranin a scheme called
distributed source coding using syndromes(DISCUSpresented in[68]. In DISCUSwo Wyner-Ziv
codecs are proposed to encode statistically correlated Gaussian sources bothsimjplg scalar
quantizers The first proposed scheme uses simple scalar coset cod#s thie second coding
scheme uses trellis based coset codesodified Vitebi decoding algorithm was also proposed that
constructs a trellis based on the syndrome received and selects the decoded sequémateis
closest to the side informatiorh In[76], Wang and Orchard have improved the framework fr{@8]
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and proposed embedded trellis codes which jointly quantize and perform coset encoding of the
source. Although simple, these first approaches suffer from significate lossesvhen compaed

to the ideal Wyner-Ziv rate-distortion function [65], [69] Thus, more powerful Slepiawolf codes
were proposed, for example turbivellis codes constructions by Chou et al.[#0]or irregular LDPC
code based Slepiawolf coding by Yang et al. 7] In[71], Liveris et al. proposed a widely used
practical coding scheme based on LDPC codes with a performance very close to the-Blelbian
limit, overcoming the peformance of other available codes.[lf], the proposed belief propagation
algorithm adds (novel) syndrome nodes to the RM graph and assumes that the received
syndromes are perfectly known at the decoder.

To obtain a rateadaptive operationusing syndromesa straightforward method consiss in the
puncturing of the syndromeas proposed in the parity approachlowever, ast®own in [85], this

leads to significant performance losses atftls, other alternative solutions were developed. One of
the first rate-adaptive (and incremental) solutions developed was propose@limn et alin [91]and
consists o serially concatenatedaccumulate(SCA codes. The SCA codes consist in a concatenation
of a rate 1 accumulator followed by an interleaver and a base code, which is eithextended
Hammingor a product-accumulate code Qeb o”~qgb fp "I kqgoliiba _v
operation, which allows to incrementally vary the number of bits transmitted without wasting any
information from the previously sent syndromes. The decoder uses a turbo decoding algorithm to
exchange soft information between the base code decoder (bofP Mind belief propagation
algorithms were proposed) and the accumulator code (MAP decoltef5], Varodayan et alhave
introduced dasses of rateompatible LDPC codédor distributed source coding: DDPGccumulate
(LDPCA) codeandii) sum LDPC accumulate (SLDPCA) codes. In the LDPCA codes, the syndrome bits
are generated with regular and irregular LDPC codes, pretkavith an accumulator code and
punctured. The LDPCA code structure is illustraedFigure 2i7. The source bitsw are first
processedyielding syndrome bitsi , which are accumulated to produce the final syndromie
check[85]for more details.

Figure 24&7: LDPCA code structure  [85] .
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The LDPCA codes were designed fortiglhestcompression raticand then[splity(in a similar way

to [91)), recursivelygenerating two rows from a single row, thus obtaining a set afive codes,

one for each of the lower compression ratio codes. The presence of the accumulator allows an
incremental operation of the code, since the received syndromes can be combined with the previous
syndromes, obtaining a lower compression ratio.

It has been shown thathe LDPCA and SLDPCA codes performances are water comparedo

turbo coded85] (parity approach)for moderate and high ratefRecenly, interesting developments
regarded the use of raptor codes for distributed sourchannel coding, targeting scalable video
transmission over wireless network®2]. Raptor codes are the latest addition to a family of fow
complexity digital fountain code$93], capable of achieving nearapacity erasure protectiorThey

may be used as precoded Lubbgnsform (LT) codes the first class of practical fountain codes that

are near optimal erasure correcting codésn combination with LDPC precoding. Fountain codes
(also known as rateless erasure codes) are a class of erasure codes with the property that a
potentially limitless sequence of encoding symbols can be generated from a given set of source
symbols such thathe original source symbols can be recovered from any subset of the encoding
symbols of size equal to or only slightly larger than the number of source symbol84]nXu et al.
proposed areceiverdriven layered multicast system over the Internet and 3G wireless networks
based on layereiVyneriZiv video coding and digital fountain codeBhe use of rateless fountain
codes allowed an ear resilient transmission of a H.264/AVC base layerdiieam and transmission

in multicast networks with heterogeneous receivers without the use of feedback channels.

2.4.2 Side Information Creation

The quality of the side information plays a central role in the DVCoverall RD performance In
predictive coding, motion estimation and compensation techniques (such as variable block size or
multiple references) have improved the quality of the prediction (reference) leading to substantial
improvements in RD peoimance. In a similar way$Sl creationtechniques at the decodeare
responsible for the much needed compression efficiency advances in distributed video catieg.
higher the correlation between the side information (at the decoder) and the curi&/Z frame (at

the encoder), the fewethe (parity) bits are necessary tesendfrom the encoder to the decoder to
achieve a certain target qualityn distributed video coding, the Sl can beeatedin several ways:

1. psuesgapproach:Before the SlepiaiWolf decoding process starts, the DVC decoder creates
the side information just using previously decoded frames. Typicatigtion trajectories are
found betweendecodedframes with ME techniques[22] and the Sl is kept unchanged along
the whole decoding process.

2. MHintyapproach:The DVCencoder sends some Intra encoded d@tdelp thedecoder to create
the SI[95]. Typically, a block signature or hash code is sent for each blalich is then used
by the decodeto drive the ME process. e estimated motion field is then usdd create the
S| by motion compensation
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3. [Learnyapproach:At the DVC decodethe Sl is continuously refined as more information from
the encoder is receivefB33], [96] The already decoded information is used to continuously
improve the SI quality. Typically, the Slepiaifolf decoder, the motion estimator and the side
information generator are executed in loop several times.

4. [ryyapproach:The SlepianWolf decoding algorithm runs several times for eaShcandidate
and the best Sl candidate is selected according to ticecriterion [79], [80] Typically, every
possible block motion vector is used to obtain side information candidates and -ohisek
SlepianWolf decodings employed.

Most of the propose&lcreation techniques available in the literature can be classified into one (or
combinetwo) of the above gmroaches. Next, a review of the most relev&@itreation techniquess
presentedorganized according to the above approaches.

A &uess 6Approach: Motion Compensated Frame Interpolation/Extrapolation

For the Stanford WZ solution the first side informatian techniques have followed théguesy
approach and were quite simple. Aaron et al. proposed frame interpolation approaches ifil9]
to generate the side information: i) the average of the two nearest key framms i) motion
compensated interpolation basesh symmetric motion vectorsThese early techniques are simple,
but also inefficient, and thusnany improvenentshave been suggested meanwhikor examplethe
author of this Thesis hadeveloped drame interpolation frameworkin [22] that is alargely used
solution in the literaure. In[22], the linear motion between backward (past) and forward (fre
reference frames is estimated with forward motion estimatidmglirectional motion estimationand
weighted median filters these techniques are used to obta@immotion compensated Sl frame with
higher quality. This work was used as the starting pointtire development of two advanced
frameworks[23], [21}that are proposed irfChapter 3and Chapter 4of this Thesis.

In [97], Chien et alattemptedto find the true motion field by using a 3D recursive block matching
approachwith candidate motion vedirs obtainedboth from spatially and temporally neighboring
blocks. In[98], Kubasov and Guillemot proposedcombinedmesh based motiomstimation and
interpolation approach to better represent the motion field, especially for the cases where the scene
is composedby large objects and/or camera motion is dominanthe mesh constructed for a
reference frame based on a previously availatoéane is shown irFigure 208 (check[98] for more
details).Experimental results show that the hybrid combination of block baf#2] and mesh based
solutions allows some RD performance improvements when comparqura@vious stateof the art.

In [99], Li et al. proposed to predict gixel by using a weighted average of previous occurrences
(past frames)n the same spatial positiorthis prediction approach performs rather wellof low
motion sequences and has low computational complexity since it does not requinéon
estimation In [100] the same authors hass proposed to uséor Sl creation in DVCcoding the
motion compensated tools designed for predictive video coding, such as fractmalccuracy and
multiple reference motion searchlhe experimental results show that fractionalel motion search
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does noinfluence the coding efficiency as much as it does for predictive video coding; however, the
use of multiple references can bring significant improvements.
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Figure 2088: Mesh deformation for frame interpolation [98] .

In [100] the motion vectors are calculated between frarfe p and previously decoded frames,
"Q ¢ &HQ U, whereV is the number of references, and then applied to reconstruct the current
frame "Qusing this procedure, it is assumed that the motion fields of Thep and "‘Grames are the
same, which may fato occur in practice. To overcome this shortcomingagliasacchi et al.
proposel in [101]to track the motion between) previously decoded framesQ 0 fB8iQ p to
calculate a motion model and extrapolate the motion field for frafising a Kalman filtering
approach.Following a different approach, Misra et al. proposed[i02]to construct multiple SI
frames by including two motion compensated framextained by forward and backward
extrapolation, & and &, respectively. The correlation model distributiory QIO takes into
account both Sl frameand was obtained offline by training over several video sequences. The
authors claim that a be#r estimation is obtained in covered/uncovered regions by atieg
multiple extrapolation S| framesather than by frame interpolation. Ir{50], Huang et al. proposed
to gererate multiple Sl framedy applying separate (Laplacian) noise correlation models with
different parameters for interpolation and extrapolation and by combining them at the probability
level, generating a set of candidaseft inputs that are fed into the LDPC decoder. Experimental
results show that gains up to 0.4 dB on average can be aataiith multiple side information.

A &int 6Approach: Hash -based Motion Estimation

The previous approach was initially proposed by the e&@tanfordDVCcoding solution(described

in Section2.3.) and suffers from several problems, e.g., the difficulty to track motion trajectories
when the GOP size increases or when irregular (and high) motion is present. The lack of the original
frame at the decoder is responsibifor such weaknesses, thus, DVC coding schemes where the
encoder has the capabilitp encode and transmisomeauxiliary information have been proposed.
Followingthe [hintyapproach the encoder transmits to the decoder a signature or hash for each (or
some) block(s) of the current WZ frame to help the decoder in the motion estimation pr¢@8ks
[103] Inspired by the usage of the CRC codes in the PRISM framda@frkAaron ¢ al. first
proposed to construct the hash code for some blocks of the WZ frame sittadl subset of coarsely
quantized DCT coefficien{95]. Following the same approackaron et al. proposed to Intra code
(with run length and entropy codingDCT domain high passoefficients (the block signature) of
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some blocks and use them at the decoder to generate the side informatittim a motion
compensated extrapolation techniqupe.03] Since the hash requires fewer bits than the original
data, the enoder is allowed to keep the haslodewordsor the previaus frame in a small hash store

in order to better select for the current frame the blocks for which hash bits should be Jdéns.
procedure allows the decoder to generate more reliabige information when intense, complex
and badly behaved motion occurs; however, it requires the encoder to send additional information
(the hash signaturesyvhich is Intra encodefdthus, a rate penalty is paithat must be overcome
with better Sl estimation @ reduce the WZ bitate). Sincahe hash functions i{95]and[103]are
computed at the encoder for all or some blocks in W& frame, there is also an increase in the
encoder complexity.

Another approach to generate the side informati¢&8], [104106] which leads to an alternative
DVC codec architectureith strong similarities to scalable DVC schemes (see Se2tlma, consists

in the creation and encoding of aw quality reference (LQR) framedong with the WZ bistream.
With this approachside informationis generated with the help of a LQR layer sent by the encoder,
foo i It fkd ~ pef kqgySlcreatiomolh [104]e [38]skde infdsnwajiopis imterpolated
with the help of the LQR and previously decoded frames which have higher quality and/or
resolution since parity bits were used to improve their quality or they were Intra coded.38j,
Martinian et al. performedclassicalME between the LQR and the previous decoded frgntiee
motion field is then used to obtain motion compensated LQR frame with improved quality when
compared to the LQR frame itselifl [L04] Macchiavello et alperformed block based/E between

the LQR frame and two fufkesolution decoded frames (backward and forward references). Then,
with the two best predidbns, & and0 , several predictiorcandidates are calculated for each LQR
block, by using a weightedr@diction of 0 and0 ; the one withlower sum of absolutedifferences
(SAD, when compared to the LQR blocis selected. However, if the BAfor the best prediction
candidate is greater than a thresholt] the corresponding LQR block is uséd[105] Wu et al.
proposeda different approach by performing the motion search between the current and previous
LQR frames wht a modified matching criterion based on trsam squareddifference (SSD) metric
plus an additional constraint. This constraiig computed withi) the motion vector magnitudeand

i) an empirical function_, that receives as input the quantizatiggarameter and the qualityPSNR)
difference between decoddtiigh quality)and LQRframes.In [106] Wang et alperforms $creation

by reusing the motion vectors embedded in the base layersbtam ofa scalable MPEG fine
granular scalability FEG$scheme.

A & .earn 6Approach: Motion Refinement/Learning Side Information

In the previously presented Sl creation approachpsdr bppy “~ka pefkqgy &) geb
obtain the best estimate of the original WZ frame before the Slepénif decoding started.
However, new decoded information becomes available along the Sl&fialh decoding process,

e.g., at the end of eacturbo/LDPC iteration or after a decoded ptane is obtained; this new
information can be exploited to improve the Sl quality (creating a novel decoding loop in the DVC
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codec architecture) along the overall frame decoding process. Thus, instead of kethygingjde
information unchanged during the whole WZ frame decoding process, several techniques have been
proposed in the literature to improve the side information while more information (e.g., parity bits)

is obtained by the decoder from the encoder.

In [107] Artigas and Torres proposed an iterative motioaompensated interpolation technique
where the turbo decoder is ran several timesr fthe decoding of a WZ frame and new side
information is estimated. After each decoding iteration, for each aligned block in the partially
decoded frame, the best match is searched for in a number of sources (past, future and motion
compensated average phst and future frames), and adopted as the side information for the next
decoding iteration. The results show improvements around 0.15 dB for the first 100 frames of the
Foreman sequence, with QCIF resolution at 30HEB3h the author of this Thesis has introduced a
novel technique to continuously refine the motion vectors used &linterpolation as the WZ bit
planes ae decoded; this improves the side information for the remainingdddnes to be decoded,
thus increasing the coding efficiency. The proposed algorithm was evaluated on a Stdrdsed

pixel domain DVC coding architecture where it achieved up to 0.7 @ dar the first 100 frames of

the Foreman and Coastguard sequences, with QCIF resolution at 3&€xtion7.3.1 an extension

of this work is proposed for a &ansform domain DVC codec. [108] Adikari et al. proposed a bit
plane levelSlrefinement solution using luminance and chrominance anmation while, in[109]
Weerakkody et al. proposed a spatiamporal refinement algorithm extending108]to iteratively
improve the initial side information obtained by motion extrapolation; this comprises interleaving
the initial side information for error estimation and flagging, followed by-@igerleaving and filling

of the flagged bits with an alternate iterative use of spatial and temporal prediction techniques. The
performance was also evaluated on a Stanfbesed piel domainDVCcodec, using the first 100
frames of the Foreman sequence with QCIF resolution at 30Hz, achieving gains up to 3 dB.

A recent interesting approach is unsupervised learning;[i10] Varodayan et al. proposkan
expectation maximization algorithm to perform unsupervised learning of disparity at the decoder
for the distributed coding of stereo images. This type of learning Eggzh was also applied for
video coding[96] by exchanging soft information between an LDPC decoder and a probabilistic
motion estimator in an iterative way;Sl is sucessively refined after LDPCsyndromes are
incrementally received by the LDPC decodEhis proposal uses an unsupervised method to learn
the forward motion vectors based on expectation maximizatidks illustraed in Figure 209, a
motion estimator calculates a probability distribution for the motion field based on the side
information cand the soft estimate— calculated in each LDPC decoding iteratibhe probability
model calculates the side information , by combining @ according to the output of the
probabilistic motion estimatorThis approach was tested on a Stanfdrased DVC codec working at
the symbol (and not biplane) coding level. The authors claim increasingly better RD performance
for increasing GOP sizes which is rather unusual in the DVC literature; however, the RD performance
is compared with JPEG instead of state of the art alternatistesh as H.264/AVC Intra coding.
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Figure 20d9: Unsupervised motion vector learning [96] .

A dry 6Approach: Simultaneous Decoding and Side Information Selection

This approach shares some similarities with tfintyapproach, since the encoder also sends some
auxiliary information about the current WZ frame. However, the decoder uses the auxiliary
information to validate the correctness of the decoded information instead of using it to drive the
search for thebest prediction. This type of technique was first proposed for the PRISM J68¢c

[79], [80Jwhere the encoder calculates a CRC on the quantized DCT coefficients aff ealchlock

(see Sectio2.3.2. In this case, the decoding and Sl creation process consists in two stepsh §le
candidate block is fed intéhe SlepianWolf decoderwhich also receivesas input the syndrome
sequencegenerated by the encoder and outputs the most probable decoded block (quantized DCT
coefficients); and ii) after, a CRC is applied to the quantized DCT coefficients and the result is
compared to the CRC transmitted by the encoder. If the two CRCs mhbtisearch for the best
prediction stops and the rest of the decoding proceeds; otherwise, the next candidate block is
selected and the whole procedure is repeated. However, this technique only provides a pass/fail
decision and doeshgive much informationabout the quality of each prediction; thus, if thHeRC

test rejects every possibleSl candidate(e.g., when no good predictions were found odecoding

error has occurred), the decoder is not able to select the most likely candidate. This happens more
often with long block lengthssince the probability that remaining errors are left in the decoded
block increases when block length increases. Possible solutions could be the use of smaller block
lengths or smaller CRC codes; however, in the former caseatbeverhead increases significantly

(i.e., introducing RD performance loss) while the latter case leads to multiple different decoded
blocks which all pass the CRC test (and no selection mechanism is left available). To overcome these
problems, Tseng ah Ortega proposed ifi80] a technique to find the correct reference at the
decoder using maximum likelihood (ML) estimatiothus avoiding the need to transmit the
expensive (in terms of rate) CRC block signatures. As in PRISM, the method prop@3ahirolves

the decoding of all possible blocks with respect to all possible references. Then, for each decoded
block, it is calculated the likelihood that it corresponds to tlrrectyblock with the help of the
correlation model (more details ithe next section).The decodedblock corresponds to thénighest
average likelihood blockin [80], the DC value okach bbck is also transmitted (thu$80] is a
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combination of thefiry yand fhintyapproaches}o help the selection of the bestnediction and to
improve the reconstructionquality. In [111] the same authors developed a bit allocation technique
by deriving a ratedistortion modelof the decoding performance when thdL methodis used. This
modelis then used tallocate the bitrate needed byach DCT coefficient in order to minimizlee
meansquarederror (MSE)

2.4.3 Correlation Noise Modeling

In DVCcoding, the statigtical correlation between the original and side information ddtaessential
for an efficient RD performance. For the StanfolCarchitecture with pure decoder rate control,
only the decoder needs to be aware of gwrelation noisemodel (CNM) betweethe WZ original
frame and its side informationi.e., WZ Sl This CNMplays an important role in convertinghe Sl
(pixel values or transform coefficients) intthe soft-input information, i.e.,the conditional bit
probabilities (one probabilityvalue br each bitrepresenting the symbol valueheededfor the
SlepianWolf decoding.

In [112] Westerlaken et al. studied theelationship between the coding efficiency, the chosen
correlation noise model and the sensitivity of the decodestimated CNM parametels); it was
concluded that both the CNM and its parameter(s) significantly influence the coding efficiency and
the CNM parameter(s)epend significantly on the video sequence characteristithe Laplacian
distribution is widely used to model the residual statistics between correspamdoefficients in a
transform domain codec or corresponding pixels in a pixel domain codec. For example, Girod et al.
used a Laplacian distribution to model the residual statistics for a pixel and a transform domain
video codec following the Stanford DVC hitecture [9] (presented in Sectio2.3.) and Brites and
Pereira validated the widely used Laplacian model with a goodoésis test [113] For inspection,
Figure 2410 shows the actual histogram of the (WZ&I) transform domain residual for the 4th AC
coefficient band when the Hall Monitor QCIF sequence (the complete sequenuajed at 15 Hz; it

is also included irfFigure 2010, the Laplacian distribution with value obtained by curve fittingin

[43], Trapanese et al. proposea weighted model of two Laplacian distributioress the CNM
however,the weights areset emprically and the Laplacian distributiopparametes are calculated
using theoriginal WZ data at the frame levédr a pixel domain DVC codec.

Having established the CNM distribution, it was also necessary to estimate the CNM parameters
realistic way,which means at the decoder without hiang access to the original data or at the
encoder without having access to the side informatiomather important point is the CNM
granularity level, this means the level/frequency at which the CNM parameters are estiméted;
example in pixel domain DVC€oding, the following levels can be identifiedequence, frame or
pixel. In [9], [19], [20] a spatially and temporally stationary CNMas assumedi.e, the CNM
parameters are obtained through a training stage and kepistant for the whole decoding process.

In [113] Brites et al. propogsECNM solutions for the pixel dom@aiand transformdomain Stanford
basedDVCcodecs at various granularity levels.§.,band or coefficient levels), allowing a dynamic
adaptation of the model to the varying temporal and/or spatial correlation. As expected, there are
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benefits inthe coding efficiency by radeling the correlation noise with a finer granularitsince the
CNM adapts better to the varying correlation statistics along the decoding process
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Figure 20610: Residual histogram for the 4th AC coefficien t band in zigzag scan order of
the Hall Monitor QCIF sequence at 15Hz [113] .

In [113] Brites and Pereira proposed to estimate theplacian digibution parameter online at the
decoderfor each DCT coefficiemtased on the residual, betweenthe reference frames» and® ,
usedfor Sl creation after motion compensationBasically, after applying tha Tt integer DCT
transform over the'Y frame, each DCT coefficient @assifiedinto one of two classes) inlier
coefficients correspondig to those whose value is close to the correspondinffame DCT band
average value kg andii) outlier coefficients corresponding to those whose value is far frogty.

Thus, the CNM parameter estimate assuming a Laplacian model can be defja&8]as

= h'Og ¢ O bss
| oh - : (2.2)

F"Oﬁséﬁ:’ ns s

In (22),] oh) is the CNMparameter estimate for the DCoefficient located at 6h) position,

ns s is the estimate of the variance for the DCT band to which the Dd&Efficient belongs, and

(O 6hy represents the distance between théh coefficientand the DCTEoefficients band EW
average value. The distand® 6hy is compared againsts ¢ since the variance is a measure of
how spread thecoefficientvalues ae regarding its average valu€he parameter estimation if2.2)
leads to a finer adaptation of th€ENM both spatially (within a frame) and temporally (along the
video sequence)ince it is performed for each coefficient. (&2), the first branch corresponds to a
block/region well interpolated and thesecond branch corresponds to a block where the residual
error is high,meaningthat the Sl generation process failed for that block.
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The CNM is critical since it enables to give more or less confidence to the Shfukirdecoder on

the DCTcoefficientsbelongng to blocks where the frame interpolation algorithrwas successfully

or faled, respectively. The side information is converted into conditional bit probabilities needed
for the SlepianWolf decoder thatare computedtaking into accountthe Sl and all the previously
decoded bitsand represents, for any given bit, theonditional probability that the source
corresponds to theit 0 or 1. This procedure was presented by Dalai et dllid]and is illustrated

in Figure2il11 The first step is to center the Laplacian distribution (or other) at the side information
value; then, assuming that the MSB is decoded first (at thedbpigure 2011), it is possible to
calculate the conditional probability of getting a 1 (shaded area) and a 0 (non shaded area), for any
symbol,by integrating the appropriateareaof the distribution, and normalizing Then, assuming
that the bit dywas decoded in the MSB, it is possible to partition the distribution once again and
recalculate the conditional probabilities (at the middle Bigure2ul1). Finally, if the corresponding
MSRB1 bit was decoded as|@y the corresponding distribution is further divided and the shaded
areas (at the bottom dfigure21]) represent the conditional probabilities for the last hitlane.

Figure 20611 : Computation of the conditional prob abilities based on previously decoded
bit -planes [91] .

2.4.4 Block-Based Mode Selection and Coding

Somehow inspired by the PRIS8bdecand its blockbased approach, the aditin of a block
classificationmodule tothe Stanford DVC codec has been proposed by Trapanese et §0]n
allowing the selection of one of twblock coding modes (Intra or WZ magdalepending on the
available temporal corration. This approach results from the observation thiée quality of the
motion interpolation estimate varies temporally along the sequence and spatially within a frame
and motion compensated errors will be rather significant on some parts/regions of ithage
(regions bady predicted) while being rather small for other parts (regions well predicteft)is
possible to observe that covered/uncovered regions, illumination changes and camera noise do
affect significantly the quality of the motion interpolén phase andin such casest would be
beneficial to use a block based Intra ma@s in predictive coding)o send new information to the
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decoder for the parts difficult to predict, avoiding to send improvements for badly predicted zones
(in practice,there is no correlation to exploit)

A mode decision scheme (applied either at the encoder or at the decoder) works in such a way that
i) when the estinated correlation is weakn a block Intra coding is performegandii) alternatively,

when the estinated correlation is strong, the morefficient WZ coding mode is usedaturally, the

lack of correlation has to be detected without significantly increasing the encoder complexity.
Followingthis approachthe solution in[30] fedsall non-overlappingyy Y WZ blocks in each WZ
frame into a decision modul® classifythem as WZ or Intrdlocks depending on the SAD between
eath WZ block and the ectwcated block in the previous frame. Then, all pixels of the WZ blocks are
concatenated and coded with $tanfordbasedpixel domain DVC codec; all remaining blocks are
Intra coded with H.263+ Intra and sent to the decoder. The decma®nstructs the Intra and WZ
blocks and concatenates them to obtain the final decoded frame. The adaptive Intra block mode
proposed in[30] shows improvements up to 1 dB on RD performance, when compared to a DVC
codec without the Intra coding mode. Using the same framewd#dgliasacchi et al. proposed [i29]

to include the spatial smoothness of the block in the encoder mode decision procedure, considering
both spatial and temporal block characteristics and, thus, improving the RD perform&tmeever,

with this approach, the WZ source length varies with the number of selected Intra blocks causing
the pseuderandom interleaver to be generated for each WZ framstérleaver and source must
have the same lengdh thus increasing the encoder complexity. Also, when a large number of Intra
blocks are selected in a WZ frame, the size of the interleaver can decrease significantly, leading to
significant reductionsin the turbo decoder performancg86], this problem is more severe for
transform domain DVC code§0], [40] where the WZ source length is smalletd.,1584 for QCIF
frames).

Tsai et alpresented in[115]another related work, where the same mode decision a§2®] was

used, but the Intra blocks are now used by the decoder (as reference blocks) to generate the Sl; it is
claimed that longer GOs$tzesare now possible without coding efficiency losses. The Sl is created b
the weighted average of the docated Intra blocks in two decoded reference frames (WZ and/or
key frames), one in the past amshother in the future. Thus, the side information generator is quite
simple since the motion vectors only represent well stategions, failing quite often when there is
medium/high motion in the sequence, a major disadvantage of this solution.

In [116] Liu etal. studiedthe problem of mode selection in D\(tbe general architecture is outlined

in Figure2012 and an advanced Intra mode decision schemas beerproposed.n [116] two rate
modelswere proposed, both working at the block level: the first model estimates the Ibttaate
costwhile the other model estimates the WZ rate cost; then, the mode with the minimum rate is
chosen. However, memoryless Laplacian sources andtheailability at the encoder are assumed
while the effect of the distortion corresponding to each mode is Ieetgd; however,the first two
assumptions typically fail in practical DVC codecs.[147] Clerckx et al. presented BVC codec
with three encoding modes: Intra, Inter and WZ. At the encoder, a sitiptplane MEalgorithm is
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performed which evaluates only a limited set of positions in the search range of each block. The
residual error measured in thMEphase is then wed by the encoder to classify each block into one

of the three modes. Although improvements are expected using such approach, the DVC codec is
now prone to channel errors propagation (drift can occur) and the DVC encoder complexity is
higher thanpure Intra coding, which is not desirable for the DVC target applications.

S\N \'VZ mode
a 4x4 A Quantizer ¥ pooder >
block
DCT > I\?ode . - Entropy Intra mode
. Selector * Quantizer [ p 040 >
history
~ skipped Skip mode
Compressed mode information
Figure 2012 : Mode decision framework in a distributed video encoder [116] .

2.4.5 Reconstruction

The lastrelevantmodule inDVCcoding architectures is typically the reconstruction module whose
target is to convert the decoded quantized symbols or bins into a realeyalither luminance value

for pixel domainDVC codecsr transform coefficient valuefor transform domain DVQodecsOne

of the earliest reconstruction techniquesasproposedby Aaronet al. in[19] for the pixel domain
wherethe decoded/aluew is equal tothe side informationw if it falls within the decoded binjageor

clips to the bin limit closer to the side information if it falls outsidetuitively, this reconstruction
function (illustrated in Figure2i13 bounds the error btween the WZ frame and the reconstructed
frame to the quantizer coarseness since the reconstructed value is always between the boundaries
of the decoded quantization bin (approximately equal to the encoder quantization bin).

A y2= X8 A
11 | $ | I
qo
Figure 2013: Reconstruction function where «-and e correspond to the side information
and the decoded value, respectively [19] .

Recently, a novel reconstruction solutiofl18] was developed by Kubasov et al. in which the
decodedbit-planes, together with the side information and theorrelation noise model, arased to
obtain the decodedCT coefficients (or luminance values). First, a transfalomain video codec is
assumed and it considered that the bit-planes associated wittach DCT coefficients band, for
which WZ bits were reeived, weresuccessfully decode&or each band, the bjjlanes are grouped
and a decoded quantization symbol (bif)is obtained for each DCT coefficient, guiding the decoder
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about the rangewhere the original DCT coefficient value lie$he decoded quantization bifae
corresponds to the true quantization bir), obtained at the encoder befol@t-plane extraction, if

all errors in the decoded biplanes were corrected (however, a very small ergmobability is

allowed). Assuming alLaplacian correlation modelthe reconstruction function is optimal in the
sense that it minimizes thSE of the reconstructed valder each DCT coefficienand isgiven by

[118}
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information &, ‘O 8 is the expectation operator, andand 6 represent the lower and upper bounds
of gerespectively. In(2.3), the conditional probability density functioiQ; models the resiual
statistics between corresponding coefficientstime side informationiand the sourceb. After some
analytical manipulations in(2.3) and assumingthat "Qs corresponds to a.aplacian CNMthe

reconstructed DCToefficient can be obtained as:
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where 3- corresponds to the quantization bin size andis the Laplacian distribution parameter
estimated orline (see Sectior2.4.3 at the decoder for each DCT coefficient. The parametgfs
and] can be computed as:
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As it can be seen if2.4), the reconstruction function shifts the reconstructed DCT coefficient value
towards the center of the decoded quantization bin. The DCT coefficient bands for which no WZ bits
are sent & replaced by the correspondirgIDCT values.

2.5 Emerging DVC Architectures

Clearly, he main research targeih most of the DVC literature i® improve the RD performance,

but other objectives, such as providing error resilienpepviding scalability oreven removing the
feedback chanel in the StanfordDVCarchitecture,have been addressed in several research works.
In this section, other DVC coding architectures that provide other added value besides RD
improvements are presented, namely DVC codecisnitay the addition of specific features, such as
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error robustness, bitstream scalability (temporal, spatial or quality) or the removal of the feedback
channel, typical in Stanfordbased DVC codecs, by performing encoder rate control.

2.5.1 Robust Video Transmis sion

To improve thefinal decoded quality in the presence ohannelerrors, predictive coding schemes
typically adopttwo main solutionsi) add some FEC parity bits; ampperform postprocessing in

the form of error concealmentThesetwo solutions ae not incompatible and can be used together.
However, they have several disadvantages; for example, when error correction fails in the FEC
approach, significant quality degradation is observed; and when error concealment techniques are
applied, significantcoding artifacts may be observe®ince predictivecodecsare extremely
sensitive to transmission errors, distributed video coding principles have been extensively applied
in the field of robust video transmission over unreliable channélfie DSC princips are the same

but, in this case, the virtual channel includes the errors introduced during the transmission of a
video sequence over an err@rone network.

DVC Error Resilience Performance

Most of the DVQodecs are characterized by -built error robustness due to the lack of the
prediction loop that characterizes conventional motiecompensated predictive codecs. When
channel errors occur, the side informatioris corrupted with [errorsy introduced by thevirtual
channel anderrorsyintroduced by the transmission lossakus, DVCwill operate as a joint souree
channel codec and not only as a source codéw first experimental results demonstrizig the
goodDVC error robustneswere presented byPuri et al. for the PRISM codef58]. In [58], after a

frame lossis introduced, it is observed that a conventional predictive video codec (H.263+) leads to
drift (i.e., error propagation) and a significant drop of the video quality. However, with PRt&M
video quality is only slightly affected and no drift occurs.[lf0], Puri et al. used a wireless channel
simulator and the PRISM video codec has demonstrated superior robustness to packet errors when
compared to several H.263+ solutions for a wide range of packet loss rates (PLR) and video
sequencesThe error resilience performance of thieedbackchannel based Stanfdrvideo codec
wasstudiedby Pedro et al. if46]. The resultconfirm the intrinsic error resilience caphility of the
DVCcodec, due mostly to the usage of turbo codemgd the lack of the prediction loop at the
encoder. The most interesting result is that, for the adopted test conditions, th&'C codec
performs beter than the H.264/AVC (Inter) standard considering an ermone channel and small
GOP sizes.

Systematic Lossy Source -Channel Coding for Predictive Video Coders

The notion of systematic lossy sourohannel codingwvasfirst introduced by Shamai et al. ifil19]
Consider a system where tliecoder has access to a noisy version of the original shagamalog or
digital form; then, to provide error resilience,a coded version of the same data is ugby the
decoder)to reduce the average decoded distortion at the cost of an increase in the information
transmission rateDistributed sourcecoding has a very close relation with systematic ipssurce
channel coihg since it mayefficiently play the role of the auxiliary coded channdlhus, nost of
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the DVCcoding schemes that focus on error resilienadtempt to increase the robustness of
predictive encoded video by adding an auxiliary chainwith redundant information encoded
according tothe distributed sourcecoding principlesin the coding architecture shown ifigure2i
14, the input video'Yis bah compressed with a hybrid (or predictive) video encoder and a Wyner
Ziv video encoder. When errors occur in the transmission of the conventional encodestrbam,
error concealment is applied at the decoder and the decoded noisy versddifferent from the
reconstructed frame at the encoder) is used as side information. Sh&ameobtained by error
concealment mayaveunacceptably large errors (low quality) which are corrected by a WyZisr
decoder (receiving the WZ bitream) which produces # enhanced decoded videw,. The output
of the WynerZiv decoder,Y, is fed back to the hybrid video decoder to be usesda more accurate
referenceframeand, thus, error propagation is mitigated.

Input Decoded
Video Video
S Hybrid Hybrid B S’
> Video — — Video — >
Encoder [ Decoder Concealment
T ) )
o 1 il
(@) 1 |
® LN
5 1
a Side Information | Decoded
W Zi g W Z } Vigeo
yner-Ziv = yner-Ziv [
> Video —» Y > Video ————
Encoder Decoder
Figure 2014 : Robust video transmission using a WZ bit -stream [120 ].

Following thesystematic lossy soureehannelcoding architecture Sehgal et apresented in[121]

one ofthe first video coding schemes which transmitgndliary WZ encoded datandy for some
frames, to stop drift propagation at the decoder. The proposed video coding algorithm mitigates the
propagation of errors in predictive video coding by periodically transmittitmthe decoder small
amount of additionalinformation, generatel by LDPQoset codesnstead of periodically sending
Intra coded frames. Following the distributed coding approach, the coset information is able to
correct the errors,without the encoder havinga precise knowledge of the packets or information
that waslost. Thisleadsto a statefree codecdesign[122]where thevideo encoder and decodelo

not have to maintain the same stat¢hile decoding the next frame

At Stanford University this coding architecture was followed by protectimgn MPE& Video coded
bit-stream with an independent DVit-stream [9], [123] achieving graceful degradation with
increasing channelossrate without using a scalable represeritan, overcoming a major limitéon

of the available predictive video coding schemes. This systematic coding approach is compatible
with systems already deployed, such as MPBE@Bdeo digital TV broadcastingsince the Wabit-
streamscan be ignored by legacy systems while they woulgplmessed bypVCenabled receivers.

In [123] Aaron et al. proposed to generate an auxiliary WZ-siteam from theprediction error

signal (quantized), by concatenating eoarse quantizer entropy coding and a systematReed
Solomoncode. This coarser WZ representation can be transmitted at a very Iovatatto limit the
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amount of quality degradation that can occur in tleecoded video sequence when transmission
errors occur.This systematiclossyerror protection (SLEP) framework has been extended for the
H.264/AVCvideo codingstandardby Rane et al. ifil24] In [125] Wang et alhave proposed to
model the correlation noise for the overall, source correlation plus network loss Sl distortion
channel; an auxiliary chamel with a subset of the conventional stream transforoefficientsis
DVCcoded to improve error robustnesdn [126] Bernardini et al. proposed eate allocation
algorithm at the encoder side to estimate thdistortion in the DCTdomain, when packet losses
occur. The proposedcodingschemeperforms better thanadaptivelntra-refreshfor all PLRs and it is
better than a FEC based scheme for medium and high.PLRs

2.5.2 Scalable DVC Schemes

Scalability is a very important functionalityor video streamingn heterogeneous evironments, for
example in terms of networksand terminals. In current scalable codecs, there is typically a
hierarchical predictive approach from lower layers to upper layers, requiring the encoder to use as
reference the decoded frames from the previdagers in order to create the successive layarg(,

with SNR or spatial resation enhancements). However, the WZ prediction lefspe approach
between the scalable layers no longer requires deterministic knowledge of the previous layers (just
a correhtion model), which means the layers may be generated by varidififerent and even
unknown codecs. In this case, only the correlation between one layer and the side information
created from theprevious layer has to be known to use a sufficiently str@lgpianWolf code and

to convert the side information into the necessary sdfiput probabilities for Slepiarwolf
decoding.

In [127] Steinberg and Merhav fonulated and studied, from a theoretical perspective, the problem
of successiveefinement (SR) in the WynéFZiv coding scenariowhich has a close relationship to
scalable DVC schemdsgure 2il5illustrates the specificcase of tweayerssuccessivaVZ coding
Basically, a sourceéd is encoded in two layers: at a coarse layer with rate the decoder
reconstructs@ with side infamation & and at a refinement layer where an additional ras€Y
allows to obtaink , a more accurate reconstruction afwhen compared ta . It is assumed thab

is a better estimate abthan @. In this setting[127]characterized the rate region for thERof two
sources and shown that no penalty is paid by the succedstyeeriZiv coding, when identical side
informations are used at all layers, for Gaussian sources using a quadratic distortion measure.
However, this fails to happen in practical video coding schemes sin¢the enhancement layer Sl)
brings additional information from previously decoded frameshen compared tab and thusa
performance penalty can occuwith respect to a nonscalable systefwith side information ).
Refer to[78], [106}vhere this rate loss is theoretids discussed.
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Figure 2015: SR with different side information at each decoder [106] .

Already in 2004, Sehgal et §28]proposed a solution for the scalable predictive video coding
problem using a DVC codinframework. In this context, the predictiofior each video frame is
modeled as corrupted frame that was transmittethrough avirtual channel In this way, layered
video coding is recast as the problem of correcting the errors introduced by vintsal channel
while still preserving error robustness and flexible complexity allocation between the DVC encoder
and decoder. In this compression algorithm, the encoder has to deterrfii28} i) a prediction
through standard H.264/AVGAC techniques; and ii) parity information bymploying a bank of
LDPC codes applied to the quantized [BGAfficientsof the original frame At thedecoder, the same
prediction is generatedhfased on the pndous decoded framgsand used as side information. With
the parity information, a bank of LDPC decoders correctsSherrors up to a certain target quality
(and thus SNR scalable coding is d@ftd); finally, a minimum MSE reconstruction is applied to
obtain the decoded DCT coefficieni®he authors claim results demonstrating that the proposed
approach is approximately 4 dB superior to a H:BBised conventional scalable video coding
approach.

Another class of DVC codecs, encodes the WZ frame in two layers: a LQR layer and a WZ layer for
which parity bits are generated and sent to the decoder. This approach has the advantage that the
LQR layer can be utéor Sl generationOne of the solutions following this type of DVC architecture
was proposedby Martinian et. al in[38], where the LQR layds coded with a H.264/AVC zero
motion codec, i.e.using temporal prediction restricted to the collocated block in the previous
frame. Mukherjee et al. used similar approachin [129] where the LQR layer has a lower spatial
resolution (the source isdecimated by a fixed facto@nd is encoded with the H.263+ Inter mode
however, it hashigher encoder complexitythan the solution in[38], sinceMEis performed.In [129]

the core DVC encoder works on a residual frame that is constructed by subtracting the current
original frame to the interpolated reconstructed frame that is obtained dgcimation,H.263+ Inter
coding andinterpolation of the reconstructed low resolution frameén [106] Wang et al. assumed

that there isno constraint in encoder conlpxity and the objectivavasto improve the MPE@ FGS
coding RD performance, by exploiting at the decoder the enhancement I&é) temporal
correlation. In proposed FGS DVC coddd106] refinement bitplanes are encodedith a hybrid
approach, using either LPDC codes and interlayer prediction or conventional FGS véeiadle
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codng tools (Intra), depending on the amount of temporal correlatiomhe experimental results
show codingefficiency gains of 84.5dB for the FG$®ased DVCodec over MPE& FGSfor video
sequences with high temporal corrdlan.

A layered DVC coding architectue is proposed in[130] achieving both scalability and error
resilience. There, Xu and Xiong propaka layeredDVCcodecwhere the orighal video sequence is
encoded with the H.264/AVC video codec in thase layerand is simultaneously encoded in the
enhancement layewith the DCT transform, followed by nested scalar quantization and LDPC codes.
Due to theEL organization in bitplanes ad the use of multilevel coset LDPC codes, the WZ bit
stream can balecoded atseveral quality levels andraceful quality degradatior{when available
bandwidth decreases) is achievedihile the DVCcodec performs worse than conventional FGS
coding for error-free conditions, the opposite is true for CDMA2000 1X standard error channel
characteristics.In [131] Ouaret et al. proposkseveral WZ codingbased scalable architectures
providing different types of scalability, notably temporal, quality, and spatial, on top of the
DISCOVERVCcodec[39] Finally, n [81], Tagliasacchi et aproposeda scalable version of PRISM
addressingboth spatial and temporal scalabilityn the proposed codethe base layer is exploited

by letting the decoder to use any prediction (spatial, temporalkpatiotempora) and by using the
base layer motion vectors to (offline) estimate the correlatioroise for each prediction.
Experiments show that the proposed scalable PRISM codec is more resilient to packet losses than
conventional predictivecodecsand even outperforms, by significant margin predictive codedit-
streamsprotected with FEC codes under reasonable latency constraints.

2.5.3 Encoder Rate Allocation

The feedback channel is very likely the most controverseturein the StanfordDVCarchitecture
sinceit implies not only the presence of the fekdck channel itsé but also requires that the
application has to work in real time; the application and the video codec must also be able to
accommodate the delay associated with the feedback channel. On the other thengsage of the
feedback channetimplifies the rae control problem since the decoderan attempt to decode the
source with theavailable side informatiorand only request more information if necessary, thus,
easily adjushg the necessary bitate. To allow the StanfordVCsolution to be applicable totber
applications that do nofulfill the conditions above (e.g., storage applicatiamsszideo streaming, a
DVCcodec with encoder ratallocation, where thdeedback channdbk not necessarywasproposed

by Morbee et al. if132]for the pixel domain Stanforébased DVC codand byBrites and Pereira in
[133] for the more efficient transform domain Stanfordased DVC codec. In both encoder rate
allocation (or control) solutions, a coarse representation of the decdfleis constructed at the
encoder;[132]used the average interpolation of two key frames wHil&3]proposed a fast motion
compensatedrrame interpolation (FMQ) technigque to obtain more accurate rate estimation for
medium and high motion video sequences. After the estimation of the enc8dehe necessary
parity rate is calculated i1132]with the bit-plane error probability (the virtual channel is modeled
as a BSC) and [d33]with a rate allocation functia that depends on the biplane conditional

| 46



DISTRIBUTED VIDEO CTIDG: A SURVEY

entropy (assuming a Laplacian virtual channel) and the-fildne relative error probability. As
expected, the experimental results show thile pure encoderate control solutions present some
losses when compad to pure decoder rate control solutions; jh32] up to 35% of rate loss and
0.19 dB in PSNR loss are observed, whilgd38]a loss of up to 1.2 d@or the same bitrate) is
observedor the highestbit-rates.

An interesting improvement ordecoder rate control without completely giving up on the feedback
channel is hybrid rée control. For this case, ratmontrol processing is made botat the encoder and

at thedecoder[47], [87] While the encoder has to make a conservative estimation ohdeessary
rate, the decoder has the tasif complementing this rate using the feedback channel, if necessary.
The main hybrid ratecontrol advantage regards the reduction of the decoding compleaitd delay
since SlepiailWolf decoding will have to be run a substantially lower number of timeil&V
encoder rate overestimation is paid with losses in RD performance regarding the pure decoder rate
control solution, encoder rate underestimation is paid with increased decoding complexity and
delay regarding adealencoder rate control. For both deder and hybrid rate control, it is essential

to have efficient request stopping criteria that allow to stop the parity rate requestsfter
estimating that a certain error probability €.g.,typically p 1 for eachWZ bitplane) has been
reached[87], [88] Kubasov et al. calculated [87]the minimum rate with the conditional entropy

"O gw assuming the usual Laplacian correlation model (estimated at the decodgisent to the
encoder using the feedback channel). Later, Areia et al. propos@dliZira low complexity hybrid
rate contrd mechanism where the rate for each DCT bandphdine is calculated based on the
corresponding rate (same band/bjtlane) spent in the previous three decoded WZ frames. This
solution performs rather well for low and medium motion sequences, since the ngskr assumes
that rate is stationary along time. Both these algorithnié7], [87]allow significant decoding
complexity reductions (and delay) without significantly affecting the RD performance; however,
they still need the feedback channel.

2.5.4 Encoder RD Control

To satisfy requirements such as uniform quality and/or a constant-raiie across time, it is
necessary to have at the encoder RD algorithmisch control the quality and/or rate ofooth key
frames and WZ framesy adjusting the correspondinguantization parameters This is a difficult
problem, since the quality and rat@.e., the RD pointdpf the WZ frames strongly depend on tis
quality (besides the WZ quantization step a@GtM which dependstself on the quality (and thus
rate) of the key framesRaca et alproposedin [134]a distortion control algorithm for a Stanford
based pixel domain DVC codec. The proposed algorithm model€dhding distortion of each WZ
frame at the encoder as a function of the step size to futfig distortion constraints and thus
achievea certain smooth quality over time. The proposed solution consists in the estimation of the
average quadratic distortin assuming a Laplacian correlation model and an exhaustive search
algorithm that selects the best quantization parameter for each WZ fram¢gl18%] Sofke et al.
proposed an efficient and dynamic solutiotd guaranteea certain target video quality fora
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Stanfordbased transform domain DVC codec. The proposed solution includes online quality control
processing for both the key frames aWdZ frames using adequate distortion models; Bepire2016

for the overall quality control encoding architecturéor the key frames quality contrpa quadratic
distortion-quantization model with online parameter estimation is used ilghcorrelation noise
modeling with FMCFIs performed for the WZ frames quality control to calculdtee quantization
levelfor each WZ band. Following a different approaghkubowskyet al. attempted ir48]to reach

a constant bitrate while minimizing the changes in thelecoded sequenaguality. In the proposed
solution, the encoder allocates the hiate for each frame (Intra or WZ) by adjusting the
gquantization parameter of the Intra and WZ frames according to two rate models.

Feedback channel

WZ frames W7, fvrames WZ parity bits
encoder

L5 WZ frames :

—>1 quality control
Key frames H.264/AVC j Key frames bitstream

intra encoder

____Jer

Target quality 8 Key frames |
| quality control :

Figure 2016: Encod er architecture for the dynamic quality control [135] .

2.6 Final Remarks

This chapter has reviewed the state of the art oono-view distributed video coding, from the
basics and thesarly DVCcodecs to the more recent developmenavailable in the literature,
focusing on improvements for the Stanford DVC codec architect@empared with predictive
coding, DVC promisean enhancd video codec with the following potential benefits for several
important applications:a more flexibleallocation of the encoder/decoder complexityncreased
error robustness to channel errors, and joint decoding of independently encoded vieWB/Cset
ups, without requiring Inter-camera communication

By combining some of the techniques described in this chapter, an European team of researchers
have built the highly competitive DISCOVER DVC c¢8@f one of the most efficient DVC codecs
available that shifts the bulk of computation, i.e., the motion estimation and compensation
processes, to the decoder side. In termsR@d performancg83], [56] the DISCOVER video codec
alreadyoutperformsthe H.264/AVC Intra codec, for most test sequences, and fors@2P, forlow

motion activity sequences, the DISCOVBRCcodec may evemutperform the H.264/AVCzero-
motion codec. For longer GOP sizestperforming H.264/AVC Intra is moréifficult, highlighting

the importance andlifficulty of getting goodquality side information, notably when key frames are
farther away.On the other hand, th®ISCOVERVCencoding complexity(including Intra and WZ
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frames)is always lower tlan the H.264/AVC Intra encodirpmplexity [83], [56] even for GOBize2

where it performs better in terms of RD performance. Since the DISCOVER codec performs better
than H.264/AVC Intra for GOdtze 2, for most sequence®)VCcoding alreadyemerges as eredible

video codingsolution when encoding complexity is a critical requirement (even if at the cost of
some additional decoding complexity). Good exampleghefse applications may be deepace
videocommunicationswirelessvideo surveillance, angisualsensor networks.

DVCalso offers arattractive robustnesdo transmission errors and a simple and straightforward
way to perform joint sourcechannel coding. Due to the natur&ncoderuncertainty about the
[stateyof the decoder, most DVC schemes are naturally able to rethecdrift betweenthe encoder
and the decoderthat occurs with predictive video codecs in error prone channels. Additionally,
layered DVC codecs can be used to protect predictive video codingtredms and to obtain
gracefuldegradationwhen the network conditions change, a desired property lacking in ma&C
schemes.

However, even witha growing number ofnovel contributions every year several important DVC
related questions still need to be addressed in a more convincing and sojidna@der to reduce

the significant gap in RD performance when compared to the predictive video coding ckdhe-

art. Asimilar researcheffort to what was devoted to predictive coding may be needed to determine

if and under which conditions it is po#se to transform the foundations of distributed source (and
video) coding into practical and deployable video codecs with wide usage. The most important
challenges that need to be addressed by further DVC research were identified in several key
contributions by Guillemot et a]78], Girod et al[9] and Puri et al[79]and are summarized here:

1. The efficient creatbn of side information at the decoder when the original source is totally
unknown or only partially known, e.g., using sophisticated motion modeé#j, [79]

2. The efficient estimation at the encoder and/or decoder of thigtual correlation channel
when the side information at the encoder (or the original source at the decoder) is unknown
or only partially known[9], [78]

3. The development and tight integration of sophisticated channel codes in the DVC codec, such
as turbo and LDPC codes, while maintainidgdazk-level motion modeling philosolpy [79].

In the next chapters, some of these DVC challenges are addressed by proposing novel techniques at
the core of a @inford transform domain DVC codec, focusing on the much needed RD performance
improvements. In this Thesis, a significant effort was devoted to the first challenge, this nfglans
creation at the decoder side, where several techniques followinditiggrand [nint yapproaches were
proposed. The third challenge was also targeted by designing an LDPC syndrome code along with a
novel rate adaptation strategy and an early stopping criterion. The answer to these challenges
determines the capability and efficienayf the proposed DVC codec, with major RD performance
implications, encoder/decoder complexity balance, error resilience and the need of a feedback
channel. As it will be shown in the next chapters, the distributed source coding paradigm statistical
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approach forces to reinvent and revisit many video coding techniques presented in the past, from
motion estimation and compensation to transform coding, quantization and rate control.




Chapter 3

Side Information Creation with Frame
Interpolation Techniques

3.1 Introduction

Ql a~vyp mobaf =~ qénsedexdoit thd tempordiedundadcy ip video sequences by
encoding the difference betweethe motion compensated predictio(MCP)frame (obtained from
past and/or future decoded frames) and the current frame. Hmeoder taskénclude the complex
motion estimation process, theinteger DCT transformand quantization entropy coding of the
motion vectorsand quantizedCT coefficientsandthe construction ofthe complexbit-streamwith

all the necessaryauxiliary information (e.g, the coding modes) In this context, most of the
complexity lies at the encoder while the decoder acts aslmaob ppi *sby | ¢ qgqeb bk~
thus, it is much lesscomplex. In predictive video coding, significant improvements RD
performance, e.qgin the H.264/AVC standd [2], were achieved in the past by using powerlME
techniques to generate thBCPframe, such as variable block sizesjltiple reference frames, and
subpel spatial interpolation filters. All these techniques jointlgontribute to a more accurate
prediction, which lowers the energgf the residual between the prediction and the original frames,
leading to dower bit-rate for the same target qualityin DVCcoding, motion estimation is typically
performed at the decoder to generate the side informatikeeping the encoder simple and, thus,
with very low complexity.On the other hand, the absence of the prediction looptteg encoder
offers novel error resilience capabilities since, in this caslé WZcoded frames are independently
(Intra) encoded and conditionallyInter) decoded based omformation derived from already
decaled frames. This effectively deices the errorpropagation at the decoder (a critical issue in
predictive video coding schemes) when channel transmission errors, commavired and wireless
networks, such as packet lossasd bit errors, damage théit-stream However, it is expected that
the natural error resilience and lowencoding complexity features ddVCschemestanbe achieved
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with minimum loss, if any, in terms of coding efficiendhis corresponds t@RD performance close
to the best available predictive videsmding schemes, in thisasethe H.264/AVC standari®].

The techniques to generate the side information at the decodgnificantly influence the RD
performance of theDVCsolution in the same way as efficient motion estimation and compensation
techniques have been establishing the compressafiiciency advancesin block based predictive
video coding. The higher theorrelation between theSl(at the decoder) anthe original WZ frame

(at the encoder), the better the estimaticend the fewer are the (parity) bits necessary to be sent
from the encoderto the decoder to achieve a certain target quality. In practié&VC coding
architectures, sub as those proposed lyirod et al[9] and Puri et al[79], the encoder assumes the
side information to be available at the decoder and the encodends parity bits to improve its
quality, very muchfollowing a channelcoding approactvy ~ r mgba§ pf dk i tef’
improved isavailable at the decodeAs described in Sectioh 4.2 Slcan becreatedusingdifferent
approachesthe focus of thé chapter is on theguesapproachwhere the side information is created
by justusing previously decodefitames without any information about theriginal WZframe (only
available at the encoder). Thguessapproachis very likely the most widely studiedand better
performing Sl creationsolution for DVCcoding the techniques following this approach can be
classified into:

x Sl byextrapolation: The Siframe isestimated based on paseference (previously decoded)
frame(s).

x SY byinterpolation: The Slframe is estimated based on neighboring framesing both past
and future referencegreviouslydecoded) frames.

This chapter adopts an interpolation approach since higher RD performance can be achieved;
however, for lowdelay solutions, a motion extrapation approach is very likely needd@5], [100],

[136] The SI frame interpolation and extrapolation approaches can be implemented using several
techniques; one popular approach is to track the motion trajectories between the neterérames
(available at the decoder) by motion estimation and then inferring the SI frame by motion
compensation. This approach is usually called motion compensated frame interpolation (MCFI) or
extrapolation (MCFE). Since, in DVC coding, the decoder mimebave access to the current WZ
frame, it is necessary to develop a different set of motion processing techniiquesl generation

when compared with theME/MC techniques employed at the encoder in conventional predictive
video coding schemes (wherbd original frame to encode is always available).

To guide the development of novel techniques, Annex A characterizes theoretically the DVC
efficiency when MCFI techniques are uded S| generation The DVC compression efficiency rate
model proposed in Anex A, relates the estimation error power spectagnsity to the accuracy of

the MCFI motion fieldvhich allows to obtainsome interesting conclusionsiotably related tathe
impact of the motion field smoothness on the compression performance. Baséaeoronclusions

of the theoretical study, the following novel techniques amposedn this chapter:
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1. Novel motion compensated frame interpolation technique$he motion compensated
techniques usedn predictive video coding have been used as inspirationdevelop novel
MCFI techniques increag) the Sl quality, when compared to previous statd-the-art
algorithms. The novel techniques work at the block level, as in predictweeo coding, in
order to capture the local motion in eobust and accuratevay. The main goal is to calculate a
piecewisesmooth motion field, i.e.a motion field that captures simultaneouslthe local
motion caused by moving objects, and thkbal motion of the scene. In this context, the
following MCFltechniques are proposedmotion estimation with smoothnesgonstraint
(Section 3.3.), bidirectional motion estimation withlinear trajectories (Section3.3.3,
hierarchical motion estimation(Section3.3.3 and spatial motion filtering (SectioB.3.4.

2. Advanced side information creation frameworko achieve a higheDVCRD performance, all
the proposechovel MCFI algorithms are integrated in an advan&dreationframework. The
efficiency of the proposetkechniquesis studied in a cumulative watp understandthe added
value of each technique, i,®low much the Stjuality is incrementally improved.

3. Adaptive GOP siZ&GSxontrol: One common approach to perform frame interpolatieto
usesuccessive groupsf a fixed number of pictures, which is normally referred agi>ed GOP
sizesolution. Howeverthe useof varying GOP sizdwings an additional advantagey better
adapting the temporal interpolation structure to theamount of temporal correlation in the
video content. In this chapter, a technique tbetter exploit the temporal correlation of the
frames inside the GOB proposed, i.e., a DVC encoder with AGS control thatsgs@nger
GOP sizeshen there is more temporal redundan@yvailableandvice-versa

To assess the impact and benefits of the proposed contributiongably in terms of overall RD
performance,the Slcreation frameworkand the AGS control mechanism drdegrated ina DVC
codec adopting the Stanforttansform domainDVCarchitecture; moreover, the other modules in
the proposed DVC codec were improved with several stétiihe-art techniques when compared to
the early DVC codec presented in Sectib8.1[9]. The DVCcodec performancenicluding the novel
Sl creation techniques is also compared with two alternatieedecs using statef-the-art Sl
estimators from the literaturg[100] TheSIquality is also comparetb the corresponding quality of
the H.264/AVGtandardB-frame prediction.

The rest @ this chapteris organized as follows. In Sectié2 the transform domainDVCcodec
architecture adopted in thishapteris briefly describedin Section3.3 novel motion compensated
frame interpolation techniques are proposed and analyzed while Section3.4 an advancedl
creation framework integrating all the techniques proposeéd Section3.3is presentedln Section

3.5 the adaptive GOP size control mechanism is described, notably the motion activity metrics and

the hierarchical clustering technique Section3.6is dedicated to thgerformance evaluation oéll
the proposed techniques; first, the side information framework with a fixed GOP size opesatthn
after, the AGSased DVC€odec Theevaluation also includes a compariserth other state-of-the-
art codecalternatives, notably relevantstandardbasedpredictive codecs andVC codecswith
other Sl estimators. Finally, in Secti@7some conclusions angresented.
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3.2 Frame Interpolation based DVC Codec Architecture

To study the impact of the proposeliGS andlcreation techniquesn the overall RD performance,

it is necessary tdntegrate them in a practical DVCcodec.Figure 30l illustrates the DVC coding
architecture, highlighting the two modules for which novel solutions are proposed in this chapter:
1) anAGScontrol mechanism at the encodeand 2)the side information creation module at the
decoder, wherea adaptive GOP size frame interpolation framewoik employed.The DVCcodec
adopted in thischapterfollows thebasiccoding architecture proposed if9]y a transform domain
turbo coding based codec with feedbaakanneldescribed inmore detail in[40]; this is one ofthe
most used and high pesfmance DVC codec designs.
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Figure 301: Architecture of the transform domain DVC codec .
In a nutshell, the adopte®VCencoderworks as follows:

1. Adaptive GOP size contrdlhe coding process constructsachGOP bylynamically dividing
the video framesinto key frameand WyneiZiv (WZ) frame. This task is performed by the
novel AGScontrol mechanism, abandoning the fixed GOP size apprdagpically used in the
literature [9]. At the encoder, the novel shaded module performs the proposed AGS control
based on the current frameé and the previous fram&  and classifies each frame as WZ or
key frame.The keyframes are coded using the H.264/AVC Intra codinogemd?2].

2. Integer DCTiransform and uniform quantizerTheWZ frames are codagsing a DVC approach
which startsby applying a H.264/AVE 1 integer DCT followed by the construction athe
DCT coefficients bands, which represent the DCT coefficiehthe entire framed at the
same position within thet T blocks.Then, each DCT band is uniformly quantiZé@], and
bit-planes ardormed and sent to the turbo encoder

3. Turbo encoderThe turbo encodemenerates the correspondingarity sequences. Only the
parity bits are stored in thebuffer, to be punctured and transmitted in small amounts upon
decodemrequest via the feedback channel.

At the decoderthe following procedures are performed:

1. Side information creationThe Sicreation module generateso using theframe interpolation

framework proposedin this chapter, based on two referencesne temporally in the past® ,
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and another in the future® . While for GOP size 2, the two references are the two neighboring
key frames of the WZ frame to be decoded, for longer GOP giregpusly decoded WZ
frames may also play the role of referenitames for the decodingf other WZ frames inhe
GOP. Notice also thahe frame interpolation moduleanust support any GOP sizedrthus,
define a suitable interpolation mechanism, i.e., the order to interpolate the WZ frames and
their mutual dependencies (reference frames).

2. Correlation noise modelthen, theinteger DCTtransform is applied to the&SIframe @, forming
the decode estimation of the DCT bands. TteDCT bands are naeised directly by the turbo
decodersincethey are converted intcsoft-input information, through aCNMthat expresses
the statistical dependency betwee®d (at the encoder) andb (at the decode). The coding
efficiency ofmostDVCsolutionsstrongly depends on the capability to model this dependency
(orpbsfoqgr Ni "erkkbiy& fk ~k ~° 7 ro” g lhapldcianv 8
distribution approximates well the errogd  @sdistribution (as shown in Sectio.4.3. The
Laplacian distribution parameter isoenputedby online estimation of the error distribution (at
the decoder), baseon aresidual frame which represents the confidence (or matchsugcess)
of the frame interpolation operationijn practice a rough estimate ofhe interpolated frame
quality [113](checkSection2.4.3or more details)

3. Turbo decoder:The turbo decoder uses theogMAP algorithmto generde the decoded
(almost error free) quantized symbol streabased orthe received parity bits and the soft
input information provided by the correlation model. The decoder must also determadhe
end of each turbo decoding run, if the target {gitane error probability 0 has reached an
acceptable value or not: e,gf 0  p Tt , the decoder requests for more parity bits from the
encoder; otherwise, the bitplane turbo decoding task is considered successfmd the
decoding of another biplanemay start. The bit-plane error probabilityd is estimated based
on the loglikelihood ratio (LLR)of the decoded bitf87] (check Sectior2.4.).

4. Reconstruction and IDCT:he Sl frame is also used tine reconstruction module, together
with the decoded quantizedgymbol streamand the CNMto estimate the quantized DCT
coefficients [9], [19] (check Section2.4.9. Finally, the integer IDCT is applied to the
reconstructed DCT coefficients and tldecoded frameb is obtained. To obtainhie decoded
video sequencehe decoded key frames and WZ frames are convenianiked.

3.3 Motion Compensated Interpolation Techniques

In distributed video coding, the choice of the techniques to generdke side information
significantly influences theRDperformance; more accurate Sl through better MCFI mefaweger
errors (@ is more similar to® ), leading to a reduction irthe necessaryWZ bit-rate for the same
target quality. A straightforwardway to generatehe Sl is to apply traditional MEechniques (e.g.
full search ME)between the available decoded paanhd future frames, e.g.® and @, and

reconstruct® using the estimatednotion field. However, this approach may result in ratheoisy
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motion fields[137], [138kinceignores the true trajectories of eacbbject/background in the scene.
Since the frane to estimate is neithed or & but a frame between them, when the estimated
motion field is more accurate and close to thgrueymotion, better SI quality may bebtained[23],
[97], [98] The MCFI efficiencyralysispresentedin Annex A,also shows thaa high correlation to

g e bueymotion is necessary to obtain high coding efficiendhus, a set of techniquetifferent
from those used in traditionaME (thus, used in predictive video codecs) is necess#rg: approach
proposed here is to estimate a piewise smooth motion field whichis discontinuous at the
boundaries of objects with different motionge.g, foreground versusackground), and smoothly
varying within each object under the same motioTo oltain this motion field,four techniques are
presented independently from each other, inthe next four subsections; each one can be
individually combinedwith MCto gererate a better S| framddowever, a superior RD performance
can be achieved if alhe proposedtechniquesare combined in an advancefll framework as
presented in Sectio.4and evaluated in SectioB.6.2

3.3.1 Motion Estimation with Smoothness Constraints

The main objective of this technigus to perform motion estimatiorbetween the previous decoded
frames® and® , i.e, to determinefor each® block a motion vector which pointo an arbitrary
position in framed . A common approach to estimatkis motion field is to use a block matching
algorithm to obtain,for each"Qth block in® , the motion vector that minimizes thelistortion O

betweenw and® , as definedy the following unconstrainegbroblem:

0° AJCED 0 hw 0 M O B h (3.1)
where 0° is the motion vector for thek-th block in & minimizing the distortion O . In (3.1), U
represents a motion vector belongirtg the wmotion vector candidate set andl is the ME search
range in® . The candidate motion vectors must be within the searahge, inthis case with integer
pixel precision. In this context, onémportant issue in the design of the ME algorithm is the
distortion metric used to calculate the prediction error for a giveb block. In the case of block

based MEgne popular distortionmetric is themean absolute difference (MAD) for the luminariGe
th block:

o~ N s p N U
OUuL 00O vh 5 W ww W w Vho v sh (32)

h

where) U is the blocksize & "Q represents theQth block of frame® andd 0 R s the
displacement for which the) 0 ‘@riterion is evaluatedHowever, using3.1) and (3.2) to minimize
the individual blockdistortion O may resultin a quite noisymotion vector field, especiallyvhen
the search range is larg§l37] To address this problem, the author proposes to include an
additional penalty term of the MAD criterion i(8.2) [23], a solution to be used in the next chapters
and presented in Sectior.5 In [23], the motion field is regularizedoy favoring motion vectors
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closer to the origin while, if139] thedifference between the maximm andminimum values of the
residual blockis considered.

An alternative to the solutions above may be defined with inspirativom the rate-distortion
optimized motion estimation (RD®E) techniques, which have achieved significant RD gains in
predictive video coding schemes. In RIME, the choice of a motiomector depends both on the
distortion (e.g, MAD) andhe rate (the associatedost)to encode if138] thus, motion vectors with
higher distortion values(compared to the minimum distortion)nay still be selected if therate to
encode them is rather low. Since motion vectors are differentighcoded, i.etheir prediction is
formed from neighboringdata, the resulting motion field is smoother. IBVCcoding, a similar
framework to RDEME can be used at the decoder totaib a piecewise smooth motion field.
However, since irDVCthe ME is performed at the decodexhen the WZ bit-rate is unknown, a
different optimization technique is needed.o track the motion trajectories as close as possible to
the natural motion field it is proposed to exploithe smoothness (or spatial correlation) of the
motion vectors in an explicit way by using the followihggrangian cost function:

VUM MBL O UVMBRMBRL _I OB h (33

where0 ,O U representthe motion vectorand distortionof blocké® Q, respectively and£ is
the total number of blocks in a framd&o define the smoothness of the motion field, it is necessary
to assume that the 2D distortiorsurface (which represents the erroi0 0 B R  for
displacements in the&vand wdirections) has a global minimum and irexses monotonicallwhen
the motion vector deviates from the optimal minimumalue [140] Considering that block® Q
and® "Q are neighboring blocksaind Ul is the motion vector of blockd Q'O 0 increases a®

deviatesfrom U[ according to:
OO0 OUu | 0 O[h (34)

where| is a scaling factor. Considering that vectipiis one candidatevector for block® Q, it is
possible to definehe smoothnessi as a function expressing the similarity betweeamy two
neighboring blocks, by using the vector error differenced U betweentheir corresponding

motion vectors. Thus, if3.4) is solvedmorderto 0 0O[ , it comes:
i 0 0 of | Ouv ©Ou 8 (35)
Substituting(3.5) into (3.3), the Lgrangian cost function becomes:

bu O D o0 OO h (36)

where_ is the Lagrange multipliewhich also incorporates the scalirfgctor| . The smoothnesis
(2nd term in (3.6)) should be calculatedat least for eight neighboring block motion vectors
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Y& Q , in order tohave a reliable supporSincethe goal isto minimize the distortion’O subject

to a constraint on the smoothness , the Lagrangian solution for this problem is given by

of AGCEIO U _ ouv OUu 8 (37

The cost function(3.7) can be interpreted as a neighborhood regularizatifumction, which takes
into account the distortion ofneighboring blocks under similar motion as the current block;an
general way, if a motion vector can lead to a low distortion thoe current block and its neighbors,
it will be selected as the optimahotion vector O[. This leads to a smoother motion field when
compared to the unrestricted motion field produced I6$.1) and (3.2) since motion vectors similar
to their neighbors motion vectors are preferred (due to the inclusion of). However, (3.7) is
difficult to optimize becauseof the noncausal 8neighborhood; this meanst depends on
neighboring blocks for which ME may not have been performed. Therefore, thefollowing
iterative algorithm is proposed

1. First, the motion vector O of each block® Q is initialized to its optimum unregularized
value0®, accordingo (3.1) and(3.2).

2. Then, a random block frord is selected and the math vector for that block is calculated by
minimizing (3.7). The 8neighborhood blocks are obtained froma@a o window of blocks
centered atthe chosen blockand unavailable blocks (outside tlieame) are not considered.
This step is repeated until alllocks in framew have been selecte@herandom orderbrings
an adwantage over a raster scan ordey avoid dependenciei only two directions, since in
the raster scan order only thep and left neighboring blocks were already computed using
(3.7).

3. To guarantee the algorithm convergence (i,a stablesolution which corresponds to a global
minimum of (3.7)), it is necessary to repeabtimes step 2; experimentally, it wasund that
@ p Tguarantees that the motion vectors estimatatb not change between consecutive
iterations. Usingthis iterative approach, more accurate motion vectors afgtained since, in
the last iteration, every blockis estimatedusing more reliable motion vectors in the
neighborhood(obtained in previous iterations).

The choice of the Lagrange multiplier has an effect on theverall Sl quality; if a small is chosen,
a very rough motion fields obtained sincfor _ 11, (3.7) will be approximately equal t¢3.1) and,
thus, only the distortion ofthe 'Qth block is minimized without taking inteaccount any neighbors
distortion. If a large_ is chosen, thesmoothness factod (2nd term in(3.7)) will have a high value
and the motion field at the boundaries of objects with different motiomsll be inaccurate.To
overcome the limitation ofusing a fixed_, a technigie to adjust the_ value based on the motion

residual is proposed. Therefore, is computed for each frameadaptively and proportiondy to the
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sum of the residual block error® 0° calculated in the first step of the iterative algorithm (using
(31) and(3.2):
P i~ N7
— O U h 38

(38)
whereU” corresponds to the motion vector calculated in step lhuf iterative algorithm above and
I provides a way to control thé.agrange multiplier_ to obtain the best possible performance.
Experimentally, it was found that p mprovides good result§on averagekven for sequences
with different motion content;  p Texpresses that the smoothness tednshould represent 10%
of theaverage minimum distortion per block.

The motion field obtained with this technique represents wéhe motion of eaché® block;
however, the frame to estimate i® for which there isno data available. Thus, it is necessary to
guarantee thateach noroverlapping® block has a motion vector, in order @void regions where
there is no estimation or regionwith multiple estimations. So, for eaah block, the motion vector
that intersects eachiy block closer to its center is selected, fraat the unrestricted moton vectors
calculated using themoothnesglistortion criterion in (3.7).

3.3.2 Bidirectional Motion Estimation with Linear Trajectories

In the technique presented in the previous sectighere was no restriction imposedn the motion
field between the backwardy> and forward & reference frameswhen motion estimation was
performed. For the technique proposed ihis section, the objective is to incorporate an additional
condraint in the estimation ofthe motion field all motion vectors mustross a certain point in the
interpolated frame®, usualy the centerof each blockBy estimatingthe motion of eachi block, a
significant advantages obtainedwhen compared to thenethod described in thg@revious section
where the motionvectors ofd areused for eachd block, an inaccurate and eor prone approach

that leadsto errors inthe interpolated frame.

Thus, if the temporal position ofd, between the two referenckamesd® and @ , and the regular
grid associated tdhe centers of each block (with no data yet) is used, it possible toachieve a
higher correlation with the real motion trajectories, fronthe perspective of framev, since the
motion field is no longer estimatefbr each® block (as in the previous section). A similar approach
is also employed by the dict coding mode of H.264/AMgi-predictive slices which infers a motion
vector [141] by assuminga linear motion model and usintemporal neighboring motionvectors.
This type of approach was also proposedln2]to create an interpolatedrame for frame rateup

conversion and error concealmeipurposes.

Therefore, it is possible to define the bidirectional motion estimatiachnique, still assuming a
linear trajectory as in the previousection, but with two motion vectors for eaak block with their

origin at the block center. As illustrated iRigure 32, consider that eachd block has two motion
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vectors:0 the motionvector pointing tocd and0 the motion \ector pointing to® ; consideralso
that 'Q is the distance between fram&s and® and’Q is the distance between frames and ® .
The motion vectorh can beused to perform motion search, i,@iven two initial motion vectors)
andU , a new set of motion vectos and0 can becalculated according todgbindicates thatcd
must be a multiple of):

O 0 U

. QR QLT 0D O W 8 (39)

0 U U=

Q

The relation 0 'Q $Q implies thatv only assumsinteger values (for theavand ccomponents
of the motion vectors)in both the backward® and forward & frames. Usuallyyd assumes
different values within the search range and (3.9) forces allcandidate motion vector® andv

to: i) have their origin at the block center ii) have a linear trajectory andiii) be collinear (i.e.
both lie on the same line

f

v
db dr
Figure 302: Bidirectional motion estimation with linear trajectory.

Using this approach, no overlapped or uncovered areas will appetre estimated Sl frame, since
for each noroverlapped® block, a motion vector can be calculated according to the following
algorithm:

1. Foreach’Qth block in frame®, assume that the motion vectots and0 are initialized to the
collocated positions in frame® andd .

2. Compute the motion vector8 andb according to(3.9), for each'Qth block.

3. Perform ME using one of the methodpresented in the previous section, e.¢3.1), (3.2) or
(3.7), with all the motion vectors obtained in the previous step. Since thakgmrithms rely on
a single motion vectob for each blockthis motion vector can be obtained by: 0 0.

The motion field obtained with this algorithm is moneliable than the previous one, especially if
(3.7) is used in step 3, since thteue motion for each & block is estimated with the help of
smoothness constraints and assumiatinear trajectory of the objects (or background) between the
backward and forwardeference framesThe algathm above can also be used to refine a motion
field already computed by initializing the vectonrs and 0 in step 1 with the motion vectors to
refine (input).
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3.3.3 Hierarchical Motion Estimation

In this section, a hierarchical mimn estimation (HME) techniquewith multiple scales is proposed
to obtain amorerobustandaccurate motiorfield, and with enoudy spatial resolution to capturéhe
motion detail in a sequencén addition, wo other techniques are combinenh an efficient way:i)
adaptivesearch range; ani) affine motionmodel. The hierarchical coarge-fine searchapproach
is able to trackast motion andto reducethe sensitvity to quantization noise; quantization noiss
guite common in the reference (coded) frames at lbit-rates. The procedure stgs with motion
estimationbased on large blockizes where a coarse (and smooth) motiotineate is calculatedin
the next step, the motion trajectories are refined by usingraaller block size and this procesgy
be repeated untila detailed enougimotion field is obtained; the minimum block is@ p region
which corresponds to a pixel (in this case, a dense motion fieldbtained). Additionally, this
technique is combined with a neadaptive search rangéASRapproach which retricts the motion
trajectories by including information from its neighbors, to capturéhe true motion field and
correct discontinuities. ThASRperforms better than a fied one since it restricts thenotion vector
trajectory to be close tdhe neighboringmotion vectorswhile still leaving room to increase its
accuracy and precision.

In the HiIMEalgorithm, another important issue is the relationshipetween the motion vectors at a
coarse grain scaland the motion vectors used as the starting point for M the finer scales.
Considering that) 0 representsthe block size ascalei, one possiblesolution is to perform a
simple copy of the motion vectors froie i  p coarser scale to the motion vectors at thdiner
scale, i.e.each four0 0 blocks (for each) 0 blocK will have at its centethe motion
vector calculated at thé p coarser scale. However,naore reliable estimation can be obtained if
the local motion betweemdjacent blocks, at the p coarser scale, is calculateand used t@btain
the motion vectors at the finer scale.Therefore,the affine motion model with a triangularegion
of supportwas selected since it can efficientfgpresentthe local motionof each frame and has a
low complexity, sincethe motion of each triangle is independent, it is quite possible to estimate
more complex motion content appearing in the scene, ezpoms and rotationsThe algorithm
proposed here combines both tools above aondsists in the following steps:

1. Set the block sizeotO 0 and for each blockdo:
A. Set the search rangé& and’Y , in the backward and forward referendeamesbased on

the neighboringblocks motion vectors:

w 0 Y o 0.

@ 6 Y @ ¢ D (310
with @, @, w, w corresponding to the coordinatesi(correspondsto the horizontal
direction and wto the verticaldirection) in frame& for which the motion vectors of the
top, bottom, left and right neighboring blocks are availablEigure 303 shows he

coordinatesw , w , W, w in frame & and illustratesthe search range selected based on
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the neighboring motion vectors; the corresponding positions in fram@ can be
calculated using the technique presented in the previsestion,i.e.,with (3.9).

B. Obtain the best motion vectord ; ) ; for each'Qth block & by minimizing the
chosen cost functiorfeg., (3.1) or (3.7)).

p
(Xus Yu)eT] —

ft / 7ght

(%, ¥1) R¢ (Xr‘,{)/r)

QR,—A Bopgtom
y

Adaptive Search Range
(Xb, Yb)

Figure 3083: ASR calculation based on the neighboring blocks motion vectors

2.Seti i p,0 0 ] ¢ and, for each block, compute themotion vector at the block
center by using an affine motion modebnstructed with the motion vectors calculatedith
the 0 0  blocks Figure3i4illustrates the triangularizationmethod used; to estimate a
motion vector fa a position ata finer scale, e.gu , a triangle with the three closest motion
vectors 0 b A is constructed. Following this, the affinenotion of each triangle is
estimated and a motion modelith the corresponding parameters is obtained; shinodelis
then used to predict the motion vector at the finer scaie, the 0 value.

3. Repeat steps 1 and 2, for easlblock, until 0

For sequences at QCIF and CIF resolutions, as used in the experjpeéiaisned later, it vas
experimentally found that) P o p @ndl T T are good solutions.

Figure 3&4: Triangularization method to construct a local affine motion model

The triangularization method proposed here consistsfinding the motion of point ¢fto in the
current frame to the correspondingpoint ¢y in the reference frame, i.ean unknown motion
vector defined by two points, considering that the motion vectors i  are known, wheréQis

the block index at the coarser level. Assutiat the affine motion model describes well the motion
of each point:
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W o Y.
) w h (3.11)
P

where @B hd are the six affine motion parameters; assumifugther that the three vertices of

[
W

the triangle are under the same affinmotion, it is possible to calculate the corresponding
parametes by using(3.11) to construct a six parameter affine model from thieree motion vectors
at thei p coarser scalgsee step 2 above). Thuhe following system of equations can be

obtained:
W, W p T T U ® .
1 L, :’.:—YI‘ T o © pl’lh}? .I’.l
N " ', I(ro l-,ll(lo W p L Tt T[|-,||(|o T 3 1
w O(Ak 160 /It m T (.‘L) (b pﬁl‘lk) |’|h ( ) a
10 M@ o p M T Tl 60 1
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where ®who and o hd correspond to points in the current and referendeames from which

the motion vectors 0 ; D ; are definedSolving the systeni3.12) for ¢ it comes

O 'O »8 (313

Therefore, to obtain a motion vector fahe "Qth block at a finer scalestep 2 as described above
corresponds to the following process:

1. Construct matrix’O (as defined in(3.12) using the threeneighboring motion vectors at the
coarser scale, with theorresponding points in both current and reference frames.

2. Compute théQth block affine parametersé I8 fo  using(3.13).

3. Determine the motion vector at the finer scale wi(B.11).

However, to guarantee the coherence of the motion vector figld, piecewise smoothness), it is
necessary to limit the applicatioof this method when the motio is badly behaved or whdhis not

well described by an affine model. The major problems occur at the object boundaries, when the
neighboring motion vectorgepresent two different motions, e.gthe background and thebject
motion. In such cases, theidngular areaof support can give important information about the
motion model reliability;when the triangle area is too large oo small, the triangle verties (i.e.
motion vectors) represent very different motions antherefore, a reliable affine wtion model
cannot be computedlhus, if one of the conditions:

0 0 e A .
o) T~6 GT”A/:\(Onh (319

is verified, the affine motion model is not computed and thmtion vector available at the same
position at the coarser scals used. I(3.14), 6 represents théQth block areaandd 0§ 0 is
the block size. When all supporting motion vectors have gane (uniform) motion, the area

corresponds to the area o triangle 0 0 j¢. Therefore, in(3.14), the limits of aread
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correspondto the cases where the motion pattern is far away frtme uniform motion case, e.gn
object undaries, for which theaffine motion model fails. The two limits were experimentally
found and correspond to a minimum aream® © and a maximunarea ofp® O .In(3.14), itis
also checked if thdeterminant of O is zero, sincén that caséO would not beinvertible (i.e, O is

a singular matrix) and the affine motion model cannmt computed.

3.3.4 Spatial Motion Filtering

The objective of this posprocessing technique (no ME fgerformed) is to spatially filter a noisy
jlqgfl k cfbia ql obar " b geb krj bo tdthetrgefmktion oob qVy
field. The algorithm proposed hereses weighted vector mediafilters [22], [143] extensively
adoptedin the literature for noise removal in multichannelmages, since all the componengsr
channels) of the noisy image have to be taken iobmsideration. The weighted naéan vector filter
improves themotion field spatial coherence by looking, for eadhblock, for candidate motion
vectors at neighboring blocks which caepresent better themotion trajectory. This filter is also
adjustable by a set of weightontrolling the filter strength (or the spatial homogeneity of the
resulting motion field) dependingn the dstortion O (see(3.2)), for each candidatenotion vector.
The proposed spil motion filtering algorithm is both effective at the imagy boundary, where
abrupt changedn the direction of the moton vectors occur, as well as lomogeneous regions
(with similar motion) where the outliersare effectively removed. The weighted median vector filter
proposedis defined as:

0 AJCET 0 0 O hoR"™YOQRQAHR (315

where0 and0 assumehe motion vectorsvaluesof block ¢ Q and thecorrespondingd nearest
neighboring blocksnotion vectors™Y & "Q ; these motion vectors must be already available,, &y.
usingone ofthe ME methods presented in the previous sections. The weight$ i) correspond
to a set of adaptively varying weights and represents the motion vector output of the weighted
vector medianfilter which minimizes the sum ofthe distances to the othedb p vectors, in terms
of ad-norm (e.g, 0 ). The weights dependn the distortion O , a measure of the prediction
error confidenceand are calculated by:

o h (316
0 0 '

where 0 represents thecurrent vector of block & Q, which will bespatially filtered with (3.15).
The distortionO 0 or'O U representthe matchingsuccesdor the 'QGth block for which the
motion vectorsU or U are pointing in the reference framed and thecorrespondingblock in the
reference frame @ , as in(3.2). The weights have lower values when the distortifor each

(candidate)v vector is higher, i.e.when there is aigher predictionerror, and the weights have
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higher values wherthe prediction error for each (candidate)) vector is lower. Thereforethe
decision to substitute the previously estimated motion vecteith a neighboring vector is made by
evaluating both the distortiodO and themotion field spatial properties.

3.4 Side Information Creation Framework

To exploit their potential, the proposed techniques must inkegrated in an advance&I creation
framework, which is part ofa distributed video codec like the one presented Section3.2 In
Section3.3 a set ohovd MCFI techniques was independently proposatl of them with the same
main target:to computeor refine the motion field betweemeference frames in such a wayat the
quality of the interpolatedSI frame in betweenis improved. Although the techmjues proposed
before may be used independently, most benefit should resulten they are combined in an
adequate way. A careful combinationf the techniques in a novel Sl creation framework, as
proposed inFigure 305, is beneficial sioe the final SI frame will havan increased quality when
compared to the usage ehchsingletechnique.

ME-SC ASR BIME SMS MC
8G-t . 2 3 4 6
ME with s=1 . Bidirectional . . .
Smoothness —‘_>.—10—> Search ve »| ME with Linear |—» Spatlall\r/ﬂgon y Monon.on_>)§
= Constraints o5 ange Trajectories Smootl Compensati
8G—>»
AVM
5
Affine Motion |
Model D

Figure 3085: Proposed side information creation framework
The proposedlicreation framework $hown inFigure3i5) consistdn the following modules:

1. Motion estimation with smoothness constraim (MESC): The input of this module
corresponds to two decoded referenémmes® and @ and the output is a coarse smooth
motion field, capturing the true motion betweerid and &, and forcing that all motion
vectors cross the center of eaab block. Inthis first step ( p), unrestricted ME i.e,
without using any knowledge about the temporal positiaf @, is performed using the
smoothness distortionapproach as defined if3.7). In this algorithm, a large bloclsize
(p @ p pand asearchrange o @re used.

2. Adaptive search range (ASRhe next module calculatethe search range for eacéd block
adaptively, according to(3.10). It receives as input the motion vectocalculated by the MESC
module (fori  p) or AMM (fori  p) andoutputsthe search range for eaak block and the
motion vectors received.

3. Bidirectional motion estimation (BiME)Vith the motion vectorsand the search range (in
most cases, confined to a smdisplacement) obtained frorthe ASRmodule,the bidirectional
ME algorithm is performednext, assuming a linear trajectonas defined in(3.9). The two
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decoded reference framee& and @ are also used in theBiME process.Although, the
generation of candidate motion vectors is differetihe BIMEmodulealso uses the disrtion
smoothness approacfas the MESC module) as matching criteriofihe output of this module
corresponds to a refined motion field.

4. Spatial motion filtering (SMF)The BIMEmotion vectorsare filtered with the spatialmotion
filtering algorithm as ddéined in (3.15 and (3.16). This module corrects some of the motion
estimation errors of the BIME algorithm and outputs a filtered motion field, thathisn used
by the affine motion model to predict a set of motion vectors at a finer scale.

5. Affine motion model (AMM)if the motion field is notdetailed enough, i.e0 0 , the
motion vectors at the fineiscale are calculated using an affine motion mod@li{) to (3.13)
based orthe motion vectors at the coarse scale (obtairfeom the SMF module). Then,is
incremented and step 2 to 4 defined above are repeated as shownFigure 305. Three
iterations with 0 p @it are performed with 0 T. The output of this module
corresponds ta motion field ata finer scale.

6. Motion compensation (MCkinally, when0 0 , the finalmotion field is obtained from
the SMF module and the 8dme can be constructed ByC

For all the techniques proposed, the motion vector precisioraliways integefpel; it is expected
that a fractional-pel precision (especially haHpel) could further increase the RD performance,
although not significantly{100], [144]

3.5 Adaptive GOP Size Control Mechanism

Besides the proposed frame interpolation framework described in the previous sectionDVW@
codecdescibed in Section3.2comprises a novel encodanalysis techniquethe AGScontrol. The
AGS technique targetthe dynamic and adaptive control of the GOP size depemn onthe video
characteristics, i.e., theelecton of the [pesty GOP sizén terms of RD performance. For the DVC
codec considered heréhis implies developing an intelligent way to control the insertion of key
frames to separate the WZ coded frames. The mafBStarget is to enhancethe DVC RD
performance, notably regarding more rigid and ma@ontent adaptive approaches, by dynamically
adjusting the GOBize In predictive video codinga related problem existdo find the best GOP size
and frame coding arrangement in terms thfe dynamicallocation of I, P and B frames to obtain an
improved RDperformance This type of techniques wdisst proposedin 199, by Leeand Dickinson,
where the GOP size and the pasiting of | and P frames arealculated with a Langrangian
multiplier technique [145] In [146] Lan et al. calculate the picture type adaptively by performing
motion analysis and deriving statistics that ateen used to adapt the GOP structure to the scene
content. More recently, this type of approach was also applied Fb264/AV{147]and H.264/SVC
(scalable video coding}148], [149ktandardvideo codecsNormally, the algorithms performing this
task make use of thmotion information, typically available at theredictive encoder, to perform
complex motion analysis, to detect scene changes and to position the various types of frames inside
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the GOPEor example, Lan et al. proposed[i®6]the use of motion information obtained ém the
block-matching algorithm such as the magnitude of the motion vectors and the residual error
between the original and predicted (motion compensated frame), to perform the frame type (I, P or
B) decision. Natariand Pereira proposed an adaptive GOP size technjgd8]for H.264/SVC, that
evaluates the PSNR of each coded frame at each decomposition level of the motion compensated
temporal filtering hierarchical structure, increasing significantly the encoder complexityn |
distributed video coding it is hard to implementhis type of techniques, especially because detailed
motion information, i.e, the motion vectos, the residualand the WZ decodedframes are not
availableat the encoder. Thugp avoid increasing the complexity of the encoddris necessary to
develop efficient and low complexity techniquethat are able to decide on the GOP size by
measuring the activity along the video sequendasut without requiring the computationdly
expensiveME process So, thissectionproposes a novel content adaptive scheme whidépending

on the sequence characteristics, notably the amount of temporal redundancy, is able to dynamically
adapt the temporh coding structure through the control of the GOP size, to exptbié video
statistics more efficiently and achieve an improved RD performa&iece the encoder can choose a
GOP of any size, the encoder and decoder also need to know the frame intenpddatiicture
mechanism that defines the frame coding order and the reference frames to use. Besides, the MCFI
framework previously described in SectioBl4 must k& adapted to interpolate a frame in any
temporal position between the two reference frames.

3.5.1 Motion Activity Metrics

dnce the encoder complexitymust be kept lowthe simple but powerful metrics proposed to
evaluate the activity along the video sequencekaaise of low level features, alsommonlyused
for video parsing and indexin§l50]of large video databaseshus, 1 is proposedhere to combine
the following fourmetrics:

x Difference ohistograms (DH):

0'0d0 % Q4 Qa8 (317)
x Histogram ofdifference (HD):
i
"00"3Q % Ot Q a 8 (318
i
x Blockhistogramdifference (BHD):
i
8 "O0H0 0 Qi 8 (319

x Blockvariancedifference (BVD):
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6 o 'CQ , o, dns8 (320

In (3.17)-(3.20, 'QQepresent the frame indexQis the histogram opeator with 0 levels(i.e.,non-

overlapping intervalsthat accumulate the luminance valuedd ‘Oand0 0 are the frame and
block size, respectively, ang is the variance. In(3.17) and (3.18), '‘Qa corresponds to the global
histogram for the histogram level awhere, for (3.19 and (3.20), "Qaftr corresponds to the local
histogram for blockwand leveld For the HD metrig, is the thresholdexpressingthe closeness to
the histogram zero level (origingnd™Q  corresponds to thgresidual)histogramof & & . Based

on experiments, the best performance is achieveddor o gor DH,0 ¢ tfor HD,0  Yfor BHD,
O ¢ gandl po

The first two metrics work at the frame level and detect changethanglobal moton, e.g.zooming,
panning and scene changes. The HD metric is quite effective since, when significant changes occur
(e.g, due to high motion) between frames, more pixels are distributed away f@m| ,leading to

high HDvalues. The BHD and BVD maetsi are more sensitive to local motion and overcome some of
the limitations of the frame level metrics, e.gobject motion in static backgroundrigure 306
illustrates the behavior of each metric by measuring the motion atyivor the Foreman sequence
QCIF@1Hzand by applying the normalization step described in the next section

Foreman sequence: QCIF@15 Hz

1 T T
Difference of Histograms (DH) ———
Histogram of Difference (HD) -------
; . ! Block Histogram Difference BHD;
Sp TTTTTT AT FESESE Block Variance Difference (BVD

Motion

Frame number

Figure 306: Variation of the four proposed (normalized) metrics for the Foreman
sequence QCIF@15 Hz.

3.5.2 A Hierarchical Clustering Based on Motion Activity

As mentioned before,hie encoder must perform the GQize seledbn depending on the motion
activity in the sequence. Intuitively, when the amount of motion is higihe correlation is low and
smaller GOP sizes must be chosen. When the amount of motion igh&uegrrelation is higher (and
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thus more efficiently explited by the decoder) and longer GO$izes must be chosen. This strategy
avoids the penalty of inserting an Intra coded frame whiefis not needed, which normallyesults

in a significantcompressiorefficiency reduction when compared to a well interpolateWZ frame.
To perform the GOBizedecision, a new hierarchical clustering algorithm to temporally segment
the sequence is proposed. For a given maximum GOP siaohes

1. Set the number of cluster&y "Q p calculate the four metrics above for adjadeframes
"Q pand“Gnd construct thed T array, with'Q p:

o 0 "Ortp FOOTdp M "OQtp M & Otp i
E .
11 .. . o - Y]
b6f 110°0Q pRAIO0Q PGB 000 PGB &R PHQ =8 (3.21)
11 E Y

UO'0w phoRO00 phofd 0@ phofd '@ phol
2. To jointly processthe four metrics it is necessary to bring them to a common scale by
normalizingthe array 0 ; according to:
. od j 8 -
Op = :
i B or (322
3. Accumulate the motioraccording to
6p 0 5 OrfPp Q@ WM™ Q8 (323
Equation(3.23 adds adjacent lines of the matrix ; to create a new and smaller (with minus
one row)06 ; matrix.

4. Find the indexXQof the minimum accumulated motion value:
0 AJCEA #sh m Q ® ph (3.24

whered represents the rows of matrig f.
5. Cluster the motion of the correspondirfgames according to:
6 h 1Q Q. o~ -
50 0 TQh Q Q w ph (329
where0 represents the rows of matri® ;. The resultingd matrix shrinks one row.
6. Setd w p.
7. Go back to step 3 until thellowing stopping criterionis satisfied:

/A E 7 O p8 (326

The clusters obtained in stepdefine the GO i.e, the frames which delimit the GOP are encoded
as keyframes (with H.264/AVC Intra) and the framesbetween are encoded as WZ framieseach
iteration of the algorithm (steps J), frames with similar motion content are grouped by
constructing the GOPs which accumulatess motion (and thus are better correlatett) form
clusters of frames separatdyy keyframes. This algorithm is hierarchical in the sense that the result
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of the current iteration, e.g.a cluster, can be used in the next iteration to fornféggenycluster.

The thresholde serves to control themaximum amount oftemporal correlation and should be
adjusted according to the efficiency of the frame interpolation algorithm available at the decoder.
The maximum GOP siZ&s constrained bynemory,delayand random accesgquirements, since it

is necessary to store maximum ofQframes at the encoder to perform the GGRedecision.Since

the efficiency of theMCFI frameworkavailable at the decoder, is higher when the motion activity is
low and the MCFlaccuray is low whenthe motion activity is high, it is proposed to use éh
following modelfor the correlation control parameter

- .. .B oy,
. ”—XEOE_H_. hh (320

= W
where _ and — are two constants empirically determined aridcorresponds to the average motion
in a sequence. Equatig.27) leads tohigher thresholds when the amount of motion is lewand
lower thresholds when the amount of motion is higher. The paramet@nd— control the shape of

this function; based orexperiments_ tTand- o0 p Tt

Figure3dii7 illustrates the hierarchical nature of theAGSalgorithm with an example of the clustering
procedure for eight consecutive frames. As observed in the first stéqe correlation between
adjacent fames is calculated; in this example, only the mef{37) is used. The next step is to
hierarchically group the correlation values (andh¢refore frames) where the minimum amount of
motion is found, i.e.frames 57 which exhibit the minimum value 1.74; this is repeated for all
frames/clusters until the amount of motion is less than the thresheldIn this example, three GOPs
aredefined GOPO:@ frames GOPU-6 frames andGOP26-8 frames; the key frames are marked by
an intermittent line border.

Figure 34&7: lllustration of the AGS control technique
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3.5.3 Motion Interpolation with Arbitrary GOP Size Support

The MCFI framework proposed in Sectiddcan be applied without change for GOP size 2, where

the frame @ to interpolate is in the (temporalmiddle of the two reference framesy and @ .
However, when the GOP size increases, the following questions arise: i) what is the WZ frames
encoding order inside the GOP? ii) which reference frames does the decoder choose as references for
the MCFprocess? iii) how does the MCFI framework generate the Sl when the reference frames (
and @ ) are not equidistant fromie The objective of this section is to propose techniques able to
solve these problems.

To answer the first two questions, i$ necessary to define the frame interpolation structure that is
usedat the decodeto generate the side information based tmo previously decoded framesg.,
the backwardw and forward® references For a GO§izeof 2,0 and® are the previous and the
next temporally adjacent Intradecoded frames. For other GORizes, the proposed frame
interpolation structure definition algorithm is based othe solution proposed by Aaron et al. in
[136] however [136]only works fa GORsizes which arepowers of 2and, thus, it is hecessargn
algorithm that works for any GOBize. WherAGSs used, the following algorithm defines the frame
interpolation order at the encoder and decoder for each GOP:

1. Selectthe longesttemporal distance’Q found betweenany two already decoded framed
and @ of the GOP. In case multiple distances with the same value are found, select the
reference framesvith the lowest frame indexa

2. Interpolate the framek at (approximately)half thetemporal distancéQ according to:

w Q.
2 ——h (329

where "@fiQcorrespond to the frame indices @bfd Fty and @Dcorresponds to theround
towards zerg(or truncate) operator.

3. Decode framé.

4. Goto step 1 until all WZ framesf the GORre decoded.

Figure3i8 illustrates the proposed algorithnfor a GOP size of 5; the numbers indicate the decoding

order.
Intra WZ WZ WZ Wz Intra
frame frame frame frame frame frame
> | <
Pl
'
Pl
1 5 3 4 6 2

Figure 388: Frame interpolation structure.
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Similar frame interpolation structures are used for longer GS)&s. Naturally, the encoder also
needs to know the decoding order to properly encode and transmit the WZ frames in the same
order; it is always assumed that the Intra frames delimiting the GOP are the first to be sent to the
decoder. Interestingly, therecoder does not need to know which reference frames are used by the
decoder, quite different from the usual practice in predictive video codét®rder to supportGOPs

of arbitrary size the decodermust beable to interpolate frames when reference framédave
different temporal spacing in relation to the interpolated framEigure 3u9 illustrates this scenario
where the time interval(or distance)Q between the réerenceframe and theside informationc

is different to the time interval(or distance)Q betweend and the referencdrame @ . Notice that

the motion vectors can point to any part of the reference frames.

@ i

| dp=1 | di=3 |
I

1 1

Figure 3089: Frame interpolation using the reference frames i% and with different
temporal spacing ™, Mg fromthe side information

To perform frame interpolation wherQ2  'Q with the MCFI framework previously proped in
Section 3.4 it is just necessanto change the MC process. So, it is proposed to perfiinear
interpolation weighted by the corresponding time differencés the reference frames. Therefore,
the MCis weighted by the corresponding time differencas

. QM ® Lo U QO ® Ly 0§ o

W e 32
» o I h (329

The vectors 0 ;D 5 and U ;D ; correspond to the forwardd and backwardd motion

vectors defined in Sectio.3.2

3.6 Performance Evaluation

To evaluate the perfonance of the proposed advanced &leation frameworkand the AGS
technique it is essential to define firghe test conditions usedAfter, the experimental results are
presentedand discussed.
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3.6.1 Test Conditions

The DISCOVER DVC codec evalug8éh [83]provides a detailed, clear and complete set of test
conditions that are now widely used in the literature; thus, the test conditions used for the RD
performance evaluation of the techniqugmoposed in this chapteare similar to the conditions
defined for the DISCOVER DVC codec. By using common and widely available test conditions is
possible to understand of DVC weaknesses and strengths and evaluate theeglwaadeThe video

test material and the most relevant test conditions agescribed in the following:

x Sequencesthe Foreman Hall Monitor, Coastguardind Soccersequencesvere chosenfor the
RD performance evaluation, sincéney represent differenttypes of content with different
types of motion, from low to fagnotion.

x Frames for each sequenc®l frames of each sequence are coded; thmans 299 framefor
Foreman, 329 frames for Hallonitor, 299 frames for Coastguaraihd 299frames for Soccer
(alwaysreferring to 30 Hz). Whe only the luminance component is taken intaccount, all
coded frames (botkey frames andVZ frames) are considered in the RD results.

x Spatial and temporal resolutionfo have more representative results, two combinations of
spatial andtemporal resolutons are usedQCIF@15 Hz and CIF@30 Hz, depending on the video
content.

x  GOP sizd:or the evaluation of the DVC codec with the novel MCFI framewb&k QORizeis
kept fixed and equal t@ for all sequences. Naturally, for the evaluation of the DVC cowligh
adaptive GOP size, the GOP size is dynamically computed according to the algorithm proposed
in Section3.5

x Key frame codingThe key framesare always encoded with H.264/AVC Intra in tMain
profile [2] since this is among the best performing Intra codirsghenes available; the
H.264/AVC reference software JM9[651] with RD optimization on and all Intra modes
enabledhas been used.

To performthe experiments, eighRDpoints (0 ) were definel by combining quantizatiomatrices
for the WZ frames with quantization paramete(s0 ) for the H.264/AVC Intra key frames. The
guantization matricesdefine for which DCT bands gy bits are generéed and thenumber of bit
planesDVCencodedfor each DCT band; the amouit errors that will be corrected depends on the
guantization matrix chosen and, thus, the target decoded quality (after reconstructiof)e
adopted WZ quantization matricesirf vedor format and scanned irzigzag order)are shown in
Table3il; for the bands for which no parityits are sent, the correspondinglbands are usedt the
decoder

Thecorrespondingquantizationparametersfor the key frames are fixed for the whole sequence and
are shown inTable3ii2 for each RD poinb . They werefound by aqusting the average key frames
PSNR qualityi.e, changing the H.264/AVC Intra0 ) until it is similar to the WZ frames average
decoded qualityThis process assures that tlewerall decoded video quality is rather constant, on
average, for the full &t of frames (WZ and key frames) and no annoying flickering artifacts occur.
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However, for high motion sequences, the MCFI process fails more often which leads toViaver
decoded frame quality, since for some bands/bpplanes some errors are left to cone Thus, to
guarantee a similar decoded quality along timejs necessary tdower the key framesquality,

which cause more guantization noise and more motion interpolation errors in the Sl, lowering
even more the overall quality. Therefore, it is impant to note that betteraverageRD performance

can be achieved (especially when comparing to other codecs) by having key frames with more
quality at the cost of a less uniforoverall video quality (which is not desirable).

Table 381: Number of WZ bit -planes per DCT band  for each RD point |-

Number of WZ biplanes per DCT band in zigzag scan order (A=AC)

RDPoints| r = [= = |=|=|[=|[=|=|=|=|=|= [= |= |=
|'f 413(3l]0)J]0fO0O]J]O]J]OfO|JO]J]O|OfO]JO]O0]|O
|'f 5(3(3j]0|f0l0O)JOfO|J]O]J]OfOfO)JO]JOfO0]O
|'f 513(3|2|2|2|2(0|l]0]J]OfOf0O)J)O]JOfO0]O
|'f 5141413332222 ]]0[0[0]0]0]O0
|'|= 5141413332222 |2|22]0]0]O0
|'|= 614|141 3(3(3(3]|]3]3|13|2|2|2]2]2]0O0
|'|= 6| 5|5|14|4(4(3]|]3]13|13|2|2|2]2]2]0O0
|'|= 7166|5554 |]4]]4]14]13[33]2]2]0O0

Table 302: H.264/AVC Intra  quantization parameter for each RD point |If

Sequence | Resolutions| |- s s s |k |k L L
Coastguard| QCIF@15H| 39 38 38 35 34 33 31 27
Coastguard| CIF@30 Hz| 35 34 34 33 32 31 30 25
Hall Monitor | QCIF@15 H| 37 36 35 33 32 31 29 25
Hall Monitor | CIF@30 Hz| 34 33 32 31 31 29 28 26
Foreman | QCIF@15H| 42 40 39 36 35 33 31 26
Foreman CIF@30 Hz| 38 36 36 34 33 31 30 26
Soccer QCIF@15 H| 45 44 42 38 38 35 31 26
Soccer CIF@30 Hz| 43 41 40 38 36 33 30 25

The MCFI framework described in Secti®mis evaluated in theontext of the DVC codec described
in Section3.2with a fixed GOP size. This DVC codec is labeled asMi3Flandits RD performance
is compared against:

1. H.264/AVC IntraThe proposedDVCcodec is comparedgainst the best conventional Intra
coding scheme, whereo temporal correlation is exploited. However, it is portant to note

that H.264/AVC Intra exploits quite efficientlthe spatial correlation(with severalt 1 and
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P intra codingmodeg at the cost of a higher encoding complexitshen compared tdVC
coding[54]. An encoding complexity comparison is presentediection7.7.1

2. H.264/AVC zeranotion: The Inter frame predictive codec chosen for comparison, H.264/AVC
zero-motion, has an encoding complexity similar to a H.264/AVC Intra codeg thedefore,
much lower than a full Inter code@lthough still rather high when compared to DVC coding
[54](seeSection7.7.). TheH.264/AVera-motion encodercorresponds to a H.264/AVC Inter
(bi-predictive) encoder witha motion search range of zero, i,eising only for predictionthe
collocated block in the previous and/or fure referenceframes. The saalled zeremotion
modechieves betteperformance than Intra coding because it can partly explbi¢ temporal
redundancy by using aifferential pulse coded modulation DPCN temporal scheme;
however, it requires far lessomplexity than full motioncompensated Inter coding because no
motion search is performedn this case, Intra/Inter mode decision is stdlllowed, a missing
feature in theDVCMCFIcodec.

3. DVC codecs integrating two statd-the-art side information estinators[100} In this case, the
sameDVCcodec is usedqSection3.2 and only theSI creation module is changeth the
following, two Slestimators from the literaturewill be used:

A. In the first Sl estimator, SEL [100] for each'Qth Sl block & "Q the sideinformation
estimator uses theollocated block in the previous decoded frad  "Q and performs
ME looking for the best block (fuearch) in frame . After all motion vectors are
calculated,it is performedMCto construct the Sl framev using® as the reference
frame.

B. For the secon&lestimator, SEB[100] abidirectional multi-reference (with 2 references)
scheme is used: for each block in the Sl frame, the isit@mation estimator uses the
collocated block in therevious frame and performs forward ME obtainingretion field
0 w; then it performsbackward ME usinthe collocated block in the forward framéhus
obtaining the motion field 0 w . Using both motion #lds, it ispossible to performMC
(assuminginear motion) to obtain two references which aeveraged to create the final
Sl frame. ThiSlestimatorwas evaluated ifil00Jandachieved the highest performance.

Notice that the two DVC codecs described in 3) are only used for the purpose of the MCFI framework
coding efficiency evaluation (in the next section). For the coda@luation of theAGSechnique,
three DVC codecs are compared:

1. DVGAGS:Corresponds to the DVC codec described in SecB8dhwith the AGS technique
proposed in Sectio3.5

2. DVGFixed GORXorresponds to theDVGAGS codec but with a fixed GOP size operation; this
codec also corresponds to the DYWACTFI described above.

3. H.264/AVC Intra Corresponds to a pure Intrdrame codec as described above, i.e., the
H.264/AVC Intra codec.
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The H.264/AVC zermotion videocodec is not included in this evaluation since adaptive GOP
sizetechnique is known for this Inter video codec. Both DXGS and DV(Eixed GOP use the MCFI
framework described irBection3.4for Slgeneration; this means that DVEIxed GOP and DMICFI
have the same RD performance. foe AGS techniqu®D performance evahiion, the same four
QCIF sequencese consideredbut this time all sequences were encddit QCIF@15 Hz. This allows
to assess the DVAGS performance for different content but with the same temporal sampling
(frame rate).

3.6.2 MCFI Framework: RD Performance and Analysis

To evaluate the coding efficiencyf the proposedSicreation framework, seval experiments have
been performedFirst, the contribuion of each MCFI framewonkoduleidentified in Figure3U5 is

evaluatedin a cumulative way. The evaluated modules/algorithms must imprtve quality of the

motion field; with this purpose, ASR hbheen merged with BIME in terms of results, sifE8R must

be used in combination with eotion estimationtechnique to increaseffectiveness.

Table 303 shows the average PSNR results (in dB) for the Slitguedmputed over the whole
sequences for the RD poibt (seeTable3iil) and for different block sizeg @ p @ pandt T;

the samebehavior is observed for the othér . Each column shows the resultbtained by usinghe

MC module for SI creatiowith the motion field estimatedy the ¢ -th algorithm using all previous
p8 ¢ palgorithm stepgseeTable3u3 for this numbering)

Table 333: SI PSNR quality for each step of the Sl creation framework (RD point ).

dl ] ]
Sequence | Resolutions = = o

MESC| BIMEASR| 3SMF | “BIMEFASH °SMF | ®BiME+ ASH 'SMF
Coastguard| QCFI@15H 30.25 30.5 30.39 31.09 31.11 31.46 |3166
Hall Monitor| QCIF@15 H 35.46 35.48 35.22 35.74 3541 35.83 [35.81
Foreman | CIF@30 HZ 32.01 32.12 32.31 32.62 32.6 32.45 | 32.66
Soccer CIF@30 HZ 25.59 25.78 26.45 26.57 26.64 26.44 | 26.59

The hierarchical coars¢o-fine approach provides effective gains (e gpmparethe SMF column for

p @ p ewith the SMF column fort 1 blocks in Table 3i3) since a more reliable estimation
betweenthe definedblock sizedp @ p o Yandt 1) is obtained this is essential to obtain a

good interpolation, especially at low spatial resolutions, such as QGEBIME-ASRsolutionis also

quite effective for all sequences and spatial resolutions. On the other hand, the spatial motion
filtering algorithm (module SMF) is not effective for the Coastguard @op p ¢pand Hall Monitor

(all block sizes QCIF sequences but it reveals to be effective for CIF resolutions. For QCIF resolutions,
the SMF filter is too strongn this casethe motion contours are not preerved, especially when the
object area under the same motion is comparable to the block size. A future improvesoeltt be

to switch off the filter for strong edges, allowing to reduce some undesirable artifadie. RD
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performance of the DV®ICFI videaodec is presented iRigure3il0to Figure3i13 for the eight
identified RDpoints, according to the defined test conditions.

Coastguard sequence: QCIF@15Hz (all frames)
38 T T 1 L] L] L 1 T L

PSNR (dB)

H.264/AVC Intra —— |}
H.264/AVC zero-motion ---%---
- . . DVC-MCFI Codeg @~
d { ' DVC Codec with SE-1 --=
i i i ___DVC Codec with SE-B --&----

200 250 300 350 400 450 500 550
Bit-rate (kbit/s)

Figure 3010: DVC-MCFI codec RD performance for the Coastguard sequence.

Hall Monitor sequence: QCIF@15Hz (all frames)
44 T T T L]

42 oo . ; RRPPERL LR :

PSNR (dB)

H.264/AVC Intra —+—
H.264/AVC zero-motion ---%---
DVC-MCFI Codec @

DVC Codec with SE-1 —-m—
DVC C‘:odec with SI%-B e

50 100 150 200 250 300 350 400

Bit-rate (kbit/s)

Figure 3011: DVC-MCFI codec RD performance for the Hall Monitor sequence.
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Foreman sequence: CIF@30Hz (all frames)

39 ,

Do atiae

PSNR (dB)

H.264/AVC intra —+—

H.264/AVC zero-motion ----%---
i DVC-MCFI Codec g~ |4
C DVC Codec with SE-1 =—m-=:
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Figure 3012: DVC- MCFI codec RD performance for the Foreman sequence.

Soccer sequence: CIF@30Hz (all frames)

PSNR (dB)

H.264/AVC Intra —+— |
H.264/AVC zero-motion ----%---
DVC-MCFI Codec @

DVC Codec with SE-1 =-m=
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Figure 3013: DVC-MCFI codec RD performance for the Soccer sequence.

The following conclusions can be drawn:

x DVGMCFI codec versus H.264/AVC Intra codivhen comparingto H.264/AVC Intra, it is
observed that, for the majority of theequences (except for Soccer), D¥CGMCFIcodec haa
better RD performance with gains up ta@id dB. Note that théd.264/AVC Intra codec includes
several spatial predictiomodes (and CABAC entropy codimg)ich contribute to thehigh RD
performance. For the Soccer sequence, the complea erratic motionleads to a significant
amount of errors inthe Sl frame which causes a lower RD performahtmvever, the Soccer
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interpolation based DVC codec does not bring many adwgagaOn the other hand, for video

surveillance sequences (such as Hall Monitor), one of the most promising application scenarios
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when compared to H.264/AVC Intra.
x  DVGMCEFI codec versus H.264/AVC zarotion: In this case, th®VCMCFIcodec is compared
to a low complexity predictivelnter encoder (at leastegarding the full H.264/AVCinter

gl

¢ b-M@F&godeqig muchCbAttermb o c |

codec)which is still able to exploit some temporal correlatiomhe proposeddVGMCFIcodec

is only competitive for the Coastguardsequence at low/medium bit-rates, where some

marginalgains are observedn such casehe proposed SlI creatidinamework exploits rather

efficiently the temporal correlation However, for the Hall Monitoand Foremarsequencs, a
RD loss i®bserved, especially for highdit-rates, where the H.264/AVC SKIP macroblock

mode (no information other than thenode is codedis especially effective for thedew and

medium motion seqlences. The DVGMCFIcodec has the worst relativperformance for the

high motion Soccer sequence; an interestingpservation is that the H.264/AVC zemotion

curve is veryclose to the H.264/AVC Intra curve for this sequence sitiee temporal

correlation is quite low and the H.264/AVZero-motion codecselects the Intra mode for the

majority of theblocks

x DVGMCFIcodec ersusDVCcodec with stateof-the-art Sl estimators:When compared to

recent DVCcodingsolutions already published in the literatufd00] it is possible to conclude

that the proposedSlframework has better performanctor all sequences. When compared to

the single referencextrapolation side estimator SE, the proposed Sl framewoHhas gains up

to 2 dB (for the Foreman sequence);domparison to the multireference interpolationSl
estimator, SEB, the gains are up to 0.9 dB (for the Forenaamad Soccesequences). Th8I

estimator SEB performsmotion estimationin both ba&ward and forward directionsreating

two references(full search ME is performed twice), a feature thatnist included in the

proposed S| creation frameworkmainly due to theadded complexity Since for both

estimators, SE and S, only the distortion betweemeferences (adjacent or past) frames is

minimized, an efficiencyloss is expected when compared to the proposedcation

framework where a more piecewise smooth nastifield is estimated andtherefore, higher

quality Sl is obtained

Figure 3014 and Figure 3015 show the quality of theSI frame by frame; this quality depends

exclusively on the accuracy of theroposed S| framework and on the quality of the key frames. In
this case, the Coastguard QCIF@15 Hz and Foreman (HE@8§uences werselected; he QP for
the key frames was 3® ) and 26 §f ), respectivelyAs expected, the proposed MCFI framework

creates Sl wittbetter quality when compared to the SEand SEB Sl estimatorg-or the Coastguard

sequence, the maximum PSNR gain canug to7.8 dB when compared to SEand 4.2 dB when

compared to SB;for the Foreman sequence, the maximum PSNR gains arehegker, i.e, about 8
dB compared to SE and 7.8 dB compared 8EB. It is also possible to obsertret, for these video
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sequences, the MCFI framework generates side information with rather unstalzéty due to the
motion complexity ofsomeparts of each sequence, such as the-tilp around frames A5 of the
Coastguard sequence and the paght/tilt -down in frames 17825 of the Foreman sequence. In
these cases, the higher amouat errors will be corrected at the cost afore parity bits, to achieve

asmoother decoded quality.

Coastguard sequence: QCIF@15Hz (QP=35)
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Figure 30814 : Side information quality temporal evolution for the Coastguard sequence.

Foreman sequence: CIF@30Hz (QP=26)
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Figure 3015: Side information quality temporal evolution for the Foreman sequence.

Moreover,Figure3il4and Figure3il5also show theviCPquality obtained by H.264/AV&tandard
B framecodingmode when a IBI GOP structure is used; in this case, the fr&tnaes have the same
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guality as above (QP = 35 for Ggaard and QP = 28 for Foreman). To perform this experiment, all
H.264/AVCMC encodertechniques have been used atite high complexityRDoptimization was
also enabledo obtain the best possible-§pe prediction. Although an effortvas made to perform a
fair comparison, there is an importarddvantage for the H.264/AVC MCPBdecsincebit-rate was
spent to recreatethis prediction at the decoder, associated to the transmissionttef motion
vectors andcoding modes information; withDVCcoding, the sidénformation is obtained without
spending any rateMoreover, much complexity wagdded to obtain a H.264/AVC MCP fraat¢he
encoder which is not a desirable feature iBVCcoding. However, the MCP PSNR represéete

the ideal targetfor the proposed Bframewaorksinceit is difficult to createbetter Slat the decoder
especially considering that no origindlames can be used. The comparisorgigite encouraging for

a large part of the Coastguard sequence, sisgailar quality was achieved for bothompeting
solutions; armaverage gap (over the whole sequence) of 0.5 dB is observedoshgraring the MCFI

S| quality with the MCP qualityfframe byframe. For the Foreman sequence, the H.264/AVC MCP
guality is consistently better with an average gap 4fl dB; however, fosome framesa similar
guality was achieved. The high MCP quatipn be explaine@onsideringthe high bit-rate spent in
motion vectorsand mode information (2556 bits/frame for Foreman compated75 bit/frame for
Coastguard) whickignificantly helps in the creation of a good quality prediction. This suggests that
additional auxiliary information may have to be transmitted by the encodsuch as hash bif95],

to help the decoder creating bette8l framesfor the more difficult video periodsBesides the RD
performance, also the encoder complexity isao r = f ~ i jbgof ) klg™ ptv clo
space applicatiorscenarios. According tp4] and the Sectior/.7 evaluation where similar DVC
encodes are evaluatedthe encoding complexity of the H.264/AVC Intra ahtd264/AVC zero
motion coding solutions are above th®VCcodec encoding complexity. Thus, for applications
scendios wherethe encoding complexity must be as low as possible, the RD perforntasads
here presented indicate thaDVCcoding starts to be a viable practicsblution, especially due to the
advanced motion interpolatiorframework proposed. In fact, ihas been shown that the proposed
DVCcodec is able to outperform H.264/AVC Intra, and sometimdes H.264/AVC zermotion, in
terms of RD performance.

3.6.3 Adaptive GOP Size Control: RD Performance and Analysis

Figure 3ii17 to Figure 3i20illustrate the DVCAGS codefor the eight RD pointsaccording to the
test conditionsdefinedin Section3.6.1 The RD performance of tHeVGCAGS codets compared
againsta fixed GORize of 2 (DVEixed GOR) s wellas toH.264/AVC Intra. Both DVEixed GOP
and DVEAGS codecs use the MCFI framework proposed in Seg#diaand so the DVEixed GOP
codec has theame RD performance as the DMCFI codec evaluated in the previous sectibable
304 shows the number of Intra and WZ frames in relation to the total number of &arfin %) and
the average GOP siZeigure 3il6illustrates the GOP size histogram for all sequen&OpP size 1
corresponds to no WZ frames between the Intra framies., pure Intra operationThe following
conclusionsmaybetaken:
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x Foreman and SoccesequencesThe AGScontrol brings significant improvements for the
Foreman and Soccer sequences wj#ins up tal.7dB andl.9dB, respectivelyseeFigure3il19
and Figure 3u20for the RD results)As expected for this type of content, tH8VCAGScodec
encodes more Intra frames in comparison ttte DVGFixed GOPatlec(seeTable304) since
the temporal correlation for these sequencess low (Soccer) or mediurtow (Foreman)
Therefore, since the RD performanceaomajority of WZArames is worse than the H.264/AVC
Intra RD performance for these sequences, the overall coding efficiency improves quite
significantly.

x CoastguardequenceAs shown irFigure3ul7for the Coastguard sequendae AGSechnique
brings noRD improvement for higher bitateswhereas for lower birates a minor coding loss
up to 0.2 dB can be observed. Sibhe motion is almost constantwer the Coastgard
sequence, aaverage GOS§izeof 1.75(seeTable304) can be observed. The GOP size of 3 (see
Figure3u16) contributes significantly to the DVV@GS minor coding losses in RD performance
(between 0 and 0.2 dB) when compared to the IPW%€d GOP codec. TBéquality produced
by the MCFI interpolation framework decreases for this GOP size, mainly due to lack of
accuracy in the motion estimation/compensation process.

x Hall Monitor sequence For the low motion Hall Monitor sequencehe AGScontrol selects a
higher average GOP size, which means thdtigher percentageof frames areWZ encoded
when compared to other sequenceBhis can be observed Table3i4 where an average GOP
size of 3.56 is found for Hall Monitor and Figure 316 where GOP sizes of 4 and 5 #ne
most often selectedGOP size In terms of RD pesfmance, improvements up to 2 dB are
observed for this case, whickias quite expected for this type of content since WZ frames are
more efficiently coded than Intra frames.

x DVGAGS versus H.264/AVC Intk&hen the performance of the DVAGS codec is coraped
to the H.264/AVC Intra codec, quite encouraging results are obtained for the Foreman and Hall
Monitor sequences. For the Hall Monitor sequence, the IBXBS codec RD performance is
always above H.264/AVC Intra since improvements up to 3.8 dB and &g dibserved for
low bit-rates and high birates, respectively. For the Foreman sequence, the usage of the AGS
technique brings the previous DVRICFI codec performance (with the MCFI framework and
fixed GOP size) above the H.264/AVC Intra codec perfocenéor low and medium bitates;
gains up to 0.8 dB for the lower hiaites can be observed where for the high-kites (last RD
point 0 a minor coding loss of 0.1 dB is obtained (for the last RD point

Table 30d4: Distribution of Intra v ersus WZ frames and average GOP size for all test

sequences .
Sequence | Intraframes(%) | WZ frameq%) | Average GOP siz
Coastguard 57.7% 42.3% 1.75
Hall Monitor 28.5% 71.5% 3.56
Foreman 66.4% 33.6% 1.52
Soccer 75.2% 24.8% 1.34
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Adaptive GOP size: GOP histogram
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Figure 3016: GOP size histogram for the Coastguard, Hall Monitor , Foreman and Soccer

sequences .

Coastguard sequence: QCIF@15Hz (all frames)
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Figure 3017: DVC-AGS codec RD performance for the Coastguard sequence.
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Hall sequence: QCIF@15Hz (all frames)
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Figure 30618: DVC-AGS codec RD performance for the Hall Monitor sequence.

Foreman sequence: QCIF@15Hz (all frames)
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Figure 3019: DVC-AGS codec RD performance for the Foreman sequence.
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Soccer sequence: QCIF@15Hz (all frames)
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Figure 3820: DVC-AGS codec RD performance for the Soccer sequence.

3.7 Final Remarks

The main contribution of this chapter consists an advanced side information creatidramework

and the evaluationof its RD performance in the context ofteansform domain turbo basd DVC
codec with feedback channel. The proposed MCFI based DVC obtlos encouraging RD
performance results when aopared to the low encoding complexityH.264/AVC Intracoding
scheme; moreover, it alsachieves higher ampressionefficiency than other stateof-the-art Sl
estimators where up to 0.9 dB improvements in RD performance are observed when compared to
the bestknown Sl estimator available in the literaturd00] The major novelty regards both the
individual techniques, notably th motion estimation with smoothness constraingsmd hierarchical

affine motion modelingas well as the overall proposed side information creation framework.

Another novel contribution in this chapter is the conterAGScontrol algorithm for distributed
video coding. By adjusting the GOP size according to the amount of motion present in the sequence,
it is possible to exploit more efficiently the temporal correlation at the DVC decoder. The AGS
control brings benefits, especially when the motion is highdacomplex, where it is difficult to
obtain good Sl quality with a frame interpolation based DVC codexording to the results
obtained the AGSechniqueleadsto consistent RD perfonance gainsip to 1.9dB. In conclusion, it

is important to highlight that the DVEAGS codec proposed in this chapter has a rather competitive
performance for application scenarios where encoding complexity is a critical requirement, such as
video surveillance, as shown for the Hall Monitor or Coastguard sequences. Foe aktjluences
under evaluation, except the high motion Soccer sequence, the-B8&odec (which includes the
MCFI framework) has a better performance when compared to H.264/AVC Intra while having a
lower encoding complexity.
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Further coding efficiencyimprovements may be obtainelly introducing a block based Intra mode
and adequate Intra/WZnode decision algorithms for the WZ frames to achieve an impro8éd
estimation for the regions where the motion interpolatiofails more often, i.e.complex motion
trajectories, illumination changes, and when tlygiantization noise in the key frames is too severe
A solution along these lines will be proposeddhapter 5.

An hashbasedmotion estimation approach may also be a promising alternafimesome of these
cases, since the encoder may conteyhe decoder some auxiliampformation (typically, a low rate
signature) aboutthe more critical blocks in the original frame to help theME process in the
selection/creation of the best side informationA method to generate side information with the
help of hash signatures is proposed in the next chapter.




Chapter 4

Side Information Estimation with Encoder
Hash-based Hints

4.1 Introduction

The techniques to create the side informatti ©, an estimate of theurrent WZ frame, proposed in

the previous chapter follow theso-called guessapproach sincew is created basednly on two
reference(decoded)frames already available at the DVC decodére side information is used by

the turbo decoder and the reconstruction process, and thus the impact oStlgpuality is twofold:

in the WZ rate spent to successfully decode the frame (i.e., how many times the turbo decoder
requests for parity bits) andhe decoded WZ frame quality (since the reconstruction function also
takes into account the&v frame). So, the Sjuality is critical to obtain a higkperformanceDVC
codec, since highery quality means better correlation betweed and & which leads toan
improved RD performanceln the previous chaptey the & frame is estimated with a MCFI
framework that performs two main tasks: tjacking the motion trajectories between two (past and
future) reference frames® and @ ; and ii) interpolating the in between® frame using the
estimated motion vectorsFollowing the MCFapproach, assumptions about the type of motion in
the sequencevere made e.g, smoothness of the motion vector field, in order to improve the gtali

of the interpolated frame However, MCFI has several drawbacks, notably the difficulty to
interpolate frames when high and badly behaved motion occurs, when the reference frames are
temporally far from each other (long GOP sizes), and when severe quantization aftests the
reference framesln these casess significant decrease in th8lquality occurs,which leads to an
overall RD efficiencyeduction.

As presented in Sectiof.4.2 four different classes dbl creation techniques are available in the
literature. Besides thguesapproach adopted in the previous chapter, thimt approach refers to Sl
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creation with some auxiliary/helper information about the current frampreviously transmittedby

the encoderand used by the decodéo aid in the motion estimation processn this approach, the
encoder transmits a signature or has® "Q for WZ frameblocks with index 'Q where O Q

2 ® Q and> is a function tansforming the'Gth block of the originaWZframe & into the hash

"0 "Q. This technique is callethashbased motion estimatfptME) andt wasinitially proposed by
Aaron et al. in[95] inspired by the CRC code bits used in the PRISM video codec for joint motion
estimation and decodingb8]. Later, Aarorand Girod proposecdhigh pass filters in the DCT domain
asthe transform function to generate the hashformation [103]and Tsengand Ortegaproposed to
send the DC coefficient of each block along with a-CR€ode bit$80].

In this chapter, the hash functiord selects a subset of the DCT coefficients in\Wi2frame, both
spatially, i.e, determinesfor which blocks the hash is sent, and in frequency, determineswhich

DCT bands are selecteddeeatethe hash (for the selected blocks). The selection criter&ttempts

to maximize theSlquality (thus reducing the parity bits to be s&) while minimizing the rate spent
on the hash bits. Therefore, the major contributions of tluibapter (sorted by relevancewhich

departsfrom previous related work published in the literatuf@0], [95], [L03re:

x Adaptive DCT band selectig8ection4.3.3: Adaptive selection of DCT bands provides a good
approach for the hash transformation function, since se DCTbands have a higher
discriminative power than otherdo select the best candidate blocks necessary to create the
side information. Br each framethis technique selectahich DCT bandare used as hash in
order to maximizethe Slquality while maintaining the hash rate as low as possible.

x Bidirectional HME (Section4.4.2: In previous haskbased Sl estimatorf80], [95], [103]an
extrapolatiompproach has been followed; at the decoder, the hash information was used to
pbib> g col|j geb mobsflrp ab laba co”jb %TW
used as Sl. In this chapter, arterpolatiorapproach is followed, wherit is chosenfor each®
block, according to the hash information senpne candidate block from the backward or
forward frames, or a linear combination of blocks from both referenddslike predictive
videocodng schemegthis is accomplishedithout sending any coding mode information.

x BlockSI creation mode selectioh MCFI and HME (Sectidn3.): Since there are strengths in
both the MCFland theHMEapproachesit is possible to combine them in an intelligent way by
selecting (at the encoder)for each block the besBl creationmode The proposed block Sl
mode selection algorithm keeps the encoding complexity low and creates a map with all block
S| modes which is further encoded and transmitted to the decoder.

Finally, this chapter also describes in detail thBCT based HMiEchnique namely the m#ching
criterion (Section4.4.) used to select from the candidablocks the most similar one. In addition, it

is also proposed (isection4.4.3 the reuse in the HME technique, of the motion vectors calculated
in the MCFI technique, to further enhance the SI quality. The MCFI technique and the binary map
codng necessary to enable thikint approach are described in Sectioh5 and Section4.3.2
respectively. The experimental resultevaluating the proposed novel techniques are presented in
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Section4.6 RDimprovementsup to 1.2dB are dtained in comparisorio the MCFIguessapproach
proposed in Sectiod.5

4.2 Hash-based Distributed Video Codec Architecture

The hashbasedDVCsolution proposed in thichapterenhanceghe DVCarchitecture (with no hash
data) describedin the previous chapterin Section 3.2 However, an older version of the MCFI
framework described in Sectiof5is used instead of the more recent and efficient (in the RD sense)
MCFI framework proposed in the previous chaptBrgure 40l illustrates the nev overdl coding
architecture. The shadedlotted modules correspond to new blocks that were added to perform
HMEfor some(or all) SIblocks
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Figure 401: Architecture of the hash -based DVC codec .

As before, e coding process startwith the classificationof the video frames into keyrameso0

and WZ frames) . The keyframes are the first frames sent from the encoder to the decoder for each
GOP and are encoded using the H.264/AVC Intra coding schensemmary, he DVC encoder
works as follows:

1. Integer DCTtransform and uniform quantizer:At the encoder, each WZ framefisst coded
with the H.264/AVQ 1 integer DCT transfornfollowed by the rearrangement of th®CT
coefficients of the entire framé&d in DCT bandseach DCTbhand is uniformly quantized and
bit-planes are forme@nd sent to the turbo encoder.

2. Block Sl creation mode selectioand binary map encodenn the Sl block creation mode
selection, asimple classifier detectthe regions where significant motion has occurred based
on the backwardoriginal) frame & and selects thélocksfor which the DCT hash should be
computed and sent to the decoder (see Secldh). Since it is also necessary to signal to the
decoder for which blocks the hash is sent, a binary map signalingtiheespondingpositions
is encodedisingrun length enoding (RLE) and entropy coding (see Sectidhl.
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3. Adaptive DCT band selecti@nd hash encodefThen, for the chosen blocks, DCT bands are
constructedandthe DCT coefficientguantized. Some of the bands adaptively selected to
construct the hashsee Sectiod.3.3, encoded andent before the WZ bistream to help the
Sl creation processat the decoder.To reduce thehash bitrate, a temporal prediction
technique performs DPCM coding of the hash with respect to the previous hash sent to the
decoder Although, there is low correlation between temporal -tmcated blocks, since the
selectedblocks correspond to high main regions,the DPCM coding scheme still provides
(minor) coding efficiency gains. Then, for all the residual DCT hash coefficients, the selected
DCT bands are scanned and the number of zero coefficients until the nexterancoefficient
(i.e., run lengh) is successively calculated; then, these run lengths are entropy coded as well as
the nonzero coefficient values. Since residual coding is performed, the DVC encoder is no
longer an Intra frame encoder but a hybrid predictigistributed DVC encoder; heever,
these operations have a low burden in the overall DVC encoder complexity.

4. Turbo encoderThe turbo coding procedure for the DCT coefficients band starts withMisB
and generates theorrespondingparity bits which are stored in the buffer and traamitted in
small amounts upon decoder request.

Steps 23 correspond to thaew encoder operationaecessary to construct the DCT hash while the
remaining steps are the same as[28] and in the previous chapter. The new modules added at the
encoder do ot increase significantly theDVC encoder complexity when compared to the
H.264/AVC Intr&key frameencoder.In summary, he DVCdecoderworks as follows:

1. Binary map and hasHecodersAt the decoder, the first step is to obtain the binary map with
the decisions made at the encoder by performing entropy/RLE decoding. Next, the hash bits
are entropy decoded to obtain a selection of the quantized DCT coefficients (some DCT bands
of some bcks) needed by the HME module (step 3).

2. Motion compensated frame interpolatiorthen, theMCFImodule creates™Y, an estimate of
the @ frame, based on two references, one temporally in the pasand another in the future
® . The MCFI frameworkised in the hastbased DVC codes described in Sectiod.5 this
MCFI framework is also compard#ue previous chapteMCFI frameworkin Sectio 4.5

3. DCT hshbased motion estimationf a DCT hash is availabftr some WZ block&® guide the
ME proces, bidirectional HME is performed for each one (&mtion 4.4.2. This module
receives the decoded binary map to specify for which blocks a DCT hash was sent, the decoded
DCT hash information, the backwa@ and forward® decoded reference frames, thy
frame and the motion vectors computed by the MCFI framewéite the blocks which have
DCT hash information availablthe Y frame quality is enhanced by performin§/[Ewith the
reference framegd and® using the proposed matching criterion (see Sectibd.); for the
remaining blocks, the MCFI estimate is kept unchanged.

4. DCT coefficients multiplexeiThe integer DCT is applied to the enhancétframe obtained in
the previous stemnd thefinal side information frameis created by joining the hash bands
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sent by the encoder (for the WZ blocks with hash data) with the remaining (improved) DCT
bandsof the enhancedY frame.The usage of the DCT hash bandsvirenables to reduce the
bit-rate needed to correct the errors (in this case only quantization errors can occur) in the
coefficients for which a DCT hash has been received.

5. Correlation noisemodeling: Then, the Sl is converted into seftput probabilities using the
Laplacian correlation model, as described in Sectid@.3 The Laplacian distribution
parametes (one for each band) are computed offline for the whole sequence using original
data and then are kept fixed (for all frames) during the DVC decoding pr¢t&8%

6. Turbo decoderand reconstruction With the computed sofinput probabilities the iterative
turbo decodercan now usehe received parity bits to corredhe errorsin @ and generate the
(almost erro free) decoded quantized symbol streajd The side informatiomy is also used in
the reconstruction module[19], togeher with 1§ to obtain the decoded DCT bands; finally,
IDCT is applied to generate the WZ decoded frame

Basically, steps 1 and43correspond to the new decoder operations that were added to improve the
S| quality provided by the MCFI framework stgibed in Sectio.5 Thus, it is expected that RD
improvements are obtained despite the additional rate necessary to transmit the additional DCT
hash information

4.3 At the Encoder: DCT Hash Creation

The key idea irHMEis to createthe side information with somewuxiliary information sentfrom the
encoderfor the WZ frame regions with low temporal correlatiofo accomplish this, it is necessary
to find a transform functiond which produces a signature or a hadbor eachQth block O Q, that
maximizes theSlquality with the lowest possibleate. In practice, the rate increasdue to the hash
transmisson has to be smaller than the turbo coding rate savings associated toSthguality

increase Thedesired propertiedor the transform functiond are:

x Energy compactionThe functiond shouldgenerate a hasi® "Q which can be compacted and
represented with the minimumamount of bits

x Robustnesstf block & "Q is similarin the mean squared error senge block @ @, i.e., if
MSEQ Q & & mthend ® Q 2 & & must hold.

x Collision avoidanceThe hashd ® Q should be uncorrelated wittd & & if & Qis

differentfromé® &,ie.,if¢ 3% Q & & T

The first property simply states thathe hash bitsshould be a compact representation of a block; in
practice, the hash signatures are equivaldgn the motion vectors used ipredictive video coding
and should occupw similarrate for a certainSlquality. The last two properties enable the use of
the hash’O "Q in a full search block basedE process where on8lblock iscreated by selectig it
from a high number of candidates blockbtained from the reference framé 8A final constraint

should be placed on the conglity of the transform functiond which should be as low as possible

o1
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in order to keep low complexity encoding The integer DCT transform shares some of these
properties since most of the signal information is concentrated in a few-f@guency components,

has good robustness in the presence of noise and also low complexity. The other major advantage
regards the fact that thee coefficients can be reused in the side information transformed frame in
order to further enhance its quality.

4.3.1 Block SI Creation Mode Selection

Asdescribedin the DVC codewalkthrough (see Sectiod.?, hash bits ar®@nly sent forsomeof the
WZframe blocksto enable theHMEprocess at the decodefhis type of approach allows significant
savings in the hash rate (leading to a more efficient DVC codec) since it is only necessary to transmit
hash information for a small number of WZ blocks, this means those badly estimated with the MCFI
Slcreation agproach;for most video sequences, those blocks are typically characterized by motion
vectors with large displacementddowever, other WZ blockkave motion vectors equal to zero
(background areas) owith small magnitudeghat can be efficiently estimatethy MCFI; for those

WZ blocksjt is not necessary to send any hash information to improve the MCFI estimalfibe.
combination ofthe MCFI and HMEI approaches can bring major benefisince higher SI quality

can be achieved bgending hashinformation only for the appropriate WZ blocks, bringing a much
needed spatial (and temporal) adaptation of the Sl creation process to the video content.

However, the encoder has the additional burden to select the blocks iMtAé&rame for which hash
information is sent. Ideally, the encoder should generater eachWZblock, the side information
using both approaches and select thelution that minimizes someRDcriterion; however, due to
complexity constraints, this type ofipproachcannot be usedThus,the following technique is
proposed:

1. Compute theSADat the search origin between the current franmie and the backward frame

@ available at the encoder according to:

Y@ Q W o ® awsh 4.2

h

where @ "Q corresponds to theQth block in frame . Note that to compute’Y&® an
additional buffer (as shown ifrigure4iil) is necessary at the encoder to store the backward
frame® .

2. The Sl creation mode selection is performed for egch ) WZ block® Q, the block size used
to obtain reliableHMEat the decoder; ifY&® Q 1, the encoder sends a DCT hash for all
four 1 1 blocks of the correspondings ) block. An adequate thresholtihas been found
experimentally.

3. Then a binary ma@ is created; each entry in the map indicates whether the side information
of eachy  Qth block should be created with MCFI, i.6., Q  m or with HME, i.e.,

0 Q p,according to:

(02



SIDE INFORMATION BSRATION WITH ENCODEHASHBASED HINTS

R p YD Q t
v Q T YD ’?‘Q _|_8 (42)
Themetric in (4.1) tries to expressthe amountof motion for a block in a simple way: a largée®

indicates a large change between the current and backward reference frames and thus a high
probability that the block has a large motion

Figure4i2 to Figure4i4 show some representative WZ frames (left) and tberesponding block Sl
creation mode selection (right) for three QCIF sequences encoded at 30 Hz, GOP s$tigruBe4ii2,
Figure4i3, Figure4did, hash information is sent for the blocks marked in black.

Figure 483: Block Sl creation mode selection for the Hall Monitor sequence (frame #30).

Figure 464: Block Sl creation mode decisions for the Soccer sequence (frame #114).

To illustrate the efficiency of the proposed block Sl creation mode selection criterion, the overall RD
performance of the hastbasedDVC codedRD performance(see Sectiod.? is evaluated by
comparing three cases:
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x MCFI DVC Codest creation with the MCFI technique for all WZ blocks, iie.,Q  ttfor all
WZ blocks.
x HME DVC Code8i creation with the HME technique for all WZ blocks, De.,;Q p for all
WZ blocks. The DCT hash is created with the DC band+2AC bands.
x HMEMCFIDVC codecsl creation with HME and MCFI techniques with the proposed block Sl

creation mode selection algorithm, i.e., with created according t¢4.2).

As observed irFigure 405 for the Foreman QCIF@30Hz sequence with GOP ,sike MICFIDVC
codechas highercodingefficiency when compared tthe HMEDVC cdecat low bit-rates since the
hash bitrate is significant in these casefgr higher bit-rates, the HMEDVC codedas a slight
advantage since the hash bits provide an impro&duality.

Foreman sequence: QCIF@30 Hz, GOP 4 {(all frames)
42 T T T T T T L} L) L] L]
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- ' ' - ! : MCFI DVC Codec =&

HME DVC Codec -—#—

o8 : : 5 : ; 5 MCFI/HME DVC Codec ---&-:-
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Figure 4065: RD performance for MCFI, HME and combination of HME/MCFI .

The best performindVCsolution is the combination of both approach8dME/MCFI DVC codea$
proposed which can bringPSNRmprovements up to 1.2B when compared to thBICFlapproach.

So, theproposed block Sl creation mode selection algorithm is an efficient approach since it mainly
transmits hash informationonly for blocks wherethe HMESI creation modean obtain betterRD
performance thanthe MCFISI creation modeNotice that previous wdk in the literature uses the
collocated block of the previous frame as side information when hash information is not[88ht
[103] i.e., MCFlI is not used for any block.

4.3.2 Binary Mode Map Coding

Since he coding modedecisionto transmit the DCT hash is performed at the encoder for each WZ
block, it is necessary to transmiall the coding modedecisiors from the encoder to the decoder.
Since a strong spatial correlation between the coding modes of neighboring blocks is observed, a
RLE algorithm identifies runs of blocks assigned to the saotngmode in raster scan order and
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entropy encodes the symbotyn) usinguniversal variable length codeword (UVLC)codes adapted
to the statistics of the symbolk®btained from a large set of training sequences and test conditions).

For QCIF sequences at f5,f396 binary decisions (one for eagh Yblock) need to be represented

for each W frame, alding up to approximately 3 kbit/sif transmitted without compression By
using the proposed tools, it is possible to efficiently encode the binary map and retlacate cost

to 0.31.8 kht/s, depending on the maplLarger gains are achieved for sequences at 30 fps and for
larger spatial esolutions, e.g., CIF sequences.

4.3.3 Adaptive DCT Band Selection

The DCT hashpproachproposed in thischapteris similar to[95], [103]n the sense that a subset of
the original DCT coefficients is sent to the decoder to guideHiMEprocess.To minimize the hash
rate, coefficients must be quantized and only a setonsecutive DCT bands transmitted to the
decoder,correspondingto: D 0 06 "MIQ 8 , wherei and Qidentify the starting and endng
DCT hash band3he usage othis proposed DCT hash implies solviagtical issues such as which
frequencies (or bands to Q) should be sent to achieve a reliable estimation of tBéframe and
which quality (or quantization step) should be used to encode the selected DCT coefficients.

Low Frequency DCT Hash
Regarding theDCT hash creatigrseveraloptions were identifiedto selectthe best DCT hash in the

RD sensaotably the useof the DC band or alternatively some of the AC bands. In the literature, the
use of AC bands has been suggestdd08]([95] omits which bands were used); however, this has
several disadvantagebor the DCT hash to be strong enough to discrimaamong a high number

of candidate blocks, it is necessary to quantize the high frequency coefficients vgithadl step size
(when compared to low frequency onesg., to obtain the same rate, the quantization tables must
give more weight to the high frquency coefficients at the cost of the lower frequency coefficients.
However, this introduces noticeable artefacts since the quantization tables would not reflect the
human visual perception systerharacteristics and errors in the low frequencies woulte easily
perceived. It is also difficult to obtain god8l qualityfor smallblock sizes transforms (e.q., T)
which pack most of the energy in the low frequency coefficiersisice the robustness and collision
avoidance properties are difficult to holfibr a low energy high frequency hash and many candidate
blocks.Additionally, when thereferenceframes have significant quantization noise, fag low bit-
rates, the AC bands haweany zero coefficientsor capture much ofthe quantization noise; this
leads to low qualitySl Taking into account these observations,is proposel hereto use a low
frequency hash, where the DC coefficient is combined with some of the next AC bands in zigzag
scaming order (i.e, i Ttis adopted).

Adaptive DCT Band _ Selection Algorithm
Therefore, the DCT haslunction proposed here can be interpreted as a low pass filter

representation of theselected blocksvith a certain cutoff frequency_, which iscloselyrelated to
the number of bands sent. However, an importassue remains: the computation of tHaptimaly
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number of bands, or the ceadff frequency of the low pass filter which should depend essentially on
the frequency characteristics of eadWZframe and the necessargl quality for a given RD point.
With this purpose an adaptive method is proposéxre, which selects for each frame the optimal
number of bandsQaccording to the energy distribution of each DCT band and dhantization
parameterd 0 used to quantize the DCT hash bands

1. Quantize all DCT hasoefficients with the same QP as for the key franies ), thus assuring
a rather constant quality between the WZ and the Intra key frames,iie., 00 .

2. Include the DC coefficient in the DCT hash; since the DCT block size is small, thesechasf
very important to distinguish each candidate block in a robust way, especially at lovates
where the hash birate must be kept small.

3. For medium to high birates, it is necessary to include some AC bands in the hash to achieve
ME with higher accuracy To decide, for each frame, how many AC bands must compose the
DCT hash, it is proposed to maximize:

AdJCA@ Ow 1 h (4.3)

where'O @ is the energy of each DCT badd 18 p un zigzag scaning order computed as:

0o ® & h (4.4)

where0 , 0 represent the number of blocks per row and column for which the DCT hash is
sentand®  corresponds to the DCT quantized coefficients of ¢hieand. The parametet

in (4.3) represents the amount of energy necessary to maxinie Slquality with the lowest
possible rate.

Since the calulation of the parameter is important for the overall coding efficiency, it is proposed
here to compute it using aimple RDmodel, where the rate is represented by the energy of each
band'O @ and the distortion ismeasurecby| @ in a similar wayto the RDmodelstraditionally

used in predictive video codingh€ following model fotr was chosen

) 00| f 008 (4.5)

In (45), (00| z71) is alwaysO1 and represents the fraction of the total ener@y O® that
should be allocatedjiven 00 , the parameter that represents thieash quality (in the MBE sense)
The parameter$ andi are kept constant during the whole decoding process and wienend by
linear regression with the optimal found experimentallyby intensive evaluationi.e., by choosing

the parametel that maximizes the codingfficiency.
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Adaptive versus Fixed DCT Band Selection
To illustrate the efficiency of thdCT bandelectionalgorithm, the overallhashbased DVC codec
RD performancésee Sectiod.? is evaluatedy comparing two cases:

x FixedDCT band selectioms proposedin previous work[95], [103]the DCT hash is created
using a fixed amount of DCT bang<DC bandii) DC + 2AC bandsdiii) DC + 4 AC bands

x Adaptive DCT band selection algorithifhe DCT hash is created with the proposed adaptive
DCT band selection algorithm previously proposed.

Figure4i6 shows thempact of eachDCTbandselection solutiondescribed aboven the hash-based
DVCcodecRDperformancefor Foreman QCIF@30Hz; the HME technique was used to &idate

all WZ blocks. For both casésth WZ and hash bitatesare considered for all WZ frames. The GOP
size 4structure correspond$o ‘O @ w O wherew is sent afterOand"Oand uses as references
in the hashbased Sl creation process the key fran@snd 'O Then, framesv andw are sent
next and use as references the neighboring Intra or WZ frames.

As shown, thdestRDperformancefor the Foreman sequends achieved by sending DZAC bands,
while the proposed adaptive DCT band selection algorithm performs clog@gasolution. Since for
other sequences th@ptimalynumber of bands is noguaranteed to be thsame as found fothe
Foreman sequence (DC+2AC), the adaptive DCT band selgigiiwithm provides an efficient
solution for the problem of band selection in the DCT hash creation technique.

Faoreman sequence: QCIF@30Hz, GOP 4 (all frames)
42 L] L L] L] 1} 1 T 1 1 T

PSNR (dB}

S EGEEEE LY Fon Fixed DCT band selection: only DC —+—
Pl . : : Fixed DCT band selection: DC+2AC ==-¥-=-
) ' ' Fixed DCT band selection: DC+4AC «--#---

. Ad_apt.ive DCTIband sellection <

28 L
200 300 400 500 600 700 800 900 1000 1100 1200 1300
Bit-rate (kbit/s)

Figure 406: RD performance for adaptive versus fixed DCT band selection.

4.4 At the Decoder: DCT Hash -based Motion Estimation

As described in Sectiod.2 the decoder creates thed& information by improving the MCFI
estimate for the blocks that have DCT hash information available. To defineélfMEprocess, it is
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necessary to define solutions for two fundamental issues: i) the matching criterion that measures
the similarity betweentwo blocks (see Sectiod.4.); and ii) the candidate blocks which are
normally obtained (or derived) from one (P mode) or two (B mode) neighboring reference $rame
(see Sectiod.4.3.

4.4.1 Hash Matching Criterion

The most important part of theHMEalgorithm corresponds to the design of the necessary matching
criterion, where two approaches are possible:

1. Pixel domain matching criterionThe most straightforwardcriterion is to perform inverse
guantization of the DCT hash coefficients to obtain a coarselgnstucted frame to guide the
motion estimation; in this case, th8ADcriterion between the reconstructed and candidate
blocks should be minimized.

2. Hash domain matching criterionAnother possible criterionis to calculate the DCT hash for
each candidate block and compare it with the DCT hash received; in this case, ME is performed
in the DCT hash domain, where the SAD between the hash received and the hash of each
candidate block is calculated; the candiddtlock withthe minimum SAD is used to construct
the side information.

If this lastcriterion is employed, itis necessaryo apply the functiond for each candidate block at
the decoder which adds complexity to thdEprocedure. However, it leads todtier Sl quality (i.e.,

better coding efficiency)when compared to thepixel domain criterion and can be complexity

optimized by performingMEdirectly in the DCT domaifiLl52] i.e., usinghe DCT hash for the WZ
block andthe DCT coefficientavailable from the previous decoding of the reference frame(s).

The solution here proposeddopts on the hash domain matching criterion approach shmequiring
the inverse quantization(IQ) of the DCT hashO "Q received from the encodeand the DCT
transformation of all candidate blocks. In this contexthg motion vector can be foundby
minimizing:

AJCETO00Q ©08Yr & Q h (4.6)

where "Q represents all possibl@ candidate blocks for thédth block inframe @, Ssis the SAD
metric andO Y corresponds to a modified integer DCT transform that retains only the fibst
bands The amount of selected band@was established at the encoder for ea€h frame and
transmitted to the decoderQis kept constantfor all SI blocksof the “€&th frame. With this new
approach, it is possible to avoid the quantization of all candidate blotkss saving some
complexity at the decoder. It can also improve tH&l quality since the SAD metrigvorks with
reconstructed DCTcoefficients which allow better precision when compared to thesage of
quantizedbins (in the candidate and reference block3) completely define th&iMEprocess, it is
also necessary testablishthe block size; whiledrger block sizes can bringore robust matching
they will not account for complex motion, which is more accurately tracked with small block sizes.
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Therefore, it is proposed here to perfortlE with ¢ @ block sizes, which is a goddade-off
between robustnes§.e., more reliable lick estimationsandaccurate motion representation

Thus, the matching criterion establishes the similarity between the DCT hash, a compact
representation of the WZ block at the encoder, and a set of candidate blocks obtained at the decoder
@ (next sction describes how is derived. The overallHME process with the proposed
matching criterion is described in the followindzor each blockd Q that verifies0 Q p, i.e.,

with an available DCT hash:

1. Compute the following matching criteriofor all candidate blocks :

3+ 0 000 & 1w T 06YF O o tdhd tw h (47

h

wherea "Q represents the similarity betweed 'Q and all candidate block® , Gand Gare
the indexesof eacht 1 DCT block inside they W blocks under matchingand wand wthe
coefficient coordinates for each DCT block of size 1, & &, for which hash information was
sent.Thus (4.7) established that all DCT hashes of the t blocks insidesachy block are
considered.

2. Computethe minimumvalueot gl c¢cf ka qgeb p wiitpindgx@ i | *h ~~kaf

O AGCQs O 8 (4.8

3. The final side information fotd "Q in the DCT transform domain is defined as:

®0Q 00 zadQ . h (4.9)

where 8 | correspond to bandsfiQ, 8 ; correspond to the remaining DCT bands and

a corresponds to a union operator, thabncatenatesll coefficients of each 1 block.

Steps 12 in the HMEprocedure are illustrated irFigure 4ii7 for aDCT hash with 3 bands (DC+2AC
bands); as shown, o DCT hash @fficients are considered in the matching criterio8ince in step

3, DCT coefficients (obtained from thash informationsent from the encoder) corrupted only with
guantization errorsare used, some motion estimation errors are corrected and (slighthfjelo RD
performance can be achieved.

4.4.2 Candidate Block Creation with Bidirectional Modes

Previous approaches in the literaturgs8], [95], [103Juse the hash bits in an extrapolation
framework where candidate blocks are only obtained within a search region of the previously
decoded reference frame. However, it is expected tifahe DCT hash isreng enough i.e., with

good robustness and collision avoidantiee construction of candidate blocks frowo reference
frames in an interpolation framework (where two reference frames are available) can further
enhance theRDperformance.
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Figure 407: Hash -based motion estimation with blocks .

One possibility is to addBMEmodes, as ipredictive video coding, especially the most efficient one,

the B mode, where a block can be predicted from thetpand/or future reference framedlowever,

the HME modes are not defined by the encoder, and, thus, no transmission overhead occurs and the
encoding complexity is the sam&herefore, it is proposed here to use the following interpolation

modesfor the decoder creation obach'Qth ¢ P Slblock:

x Mode P:Within the search range, obtaithe ¢ W Slcandidate blocks in the backward and
forward reference frames; include alheseblocks in the seth 'Q, i.e., inthe Slcandidate
blocksfor the block® "Q. This mode is similar to the P coding modes available in predictive
video coding.

x Mode B1Find the best blocks) & and "Q according to(4.7)-(4.8) for each reference frame
available at the decode® and @ , andcomputethe linear combination (average) of blocks
® @ and & "Q; include this interpolatedSI block in the set of candidate blocks Q. This
mode is similar to the B coding modes available in predictive video coding.

x Mode B2if MCFlhas been perform@, use the motion vector already available and include in
the set ofSlcandidate blocksy "Q the linear combination of the blocks it , & to which
the motion vector is pointing; to account for slight displacement errordMi€Flinclude alsan
® Q some neighboring blocks within a small search range assuming linear mofibis
mode allows the combination of the MCFI and the HME procedures.

In the HME procedure (explained in the previous section) dillocks included incd through the
variousSlI creationmodes abovare considered in the matching criterio@.7) and contribute to the
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search forthe bestSlblock. The modes B1 and B2 contribute significantly for the improvement of
the Sl quality especially in occluded areas. It is also important to note tifathe hash is strong
enough, the inclusion of the mode B2 guarantees that the block obtained with HMEvays a
better estimation when compared to the block obtained with tHdCFI technique. The MCFI block
estimate is always taken into account as a Sl candidate block and it is selected if it corresponds to
the best candidate block, according to the hasltomfiation sent by the encoder.

To illustrate the efficiency of the threenodes, especially the nov8&l and Bbidirectional modes
(considering that[95], [103Jonly proposed an extrapolation P mogehe following quality metrics
are evaluated:

x |- 4 |- Sde information quality obtainedwith the P mode onlyi.e., only Slandidate blocks
from the backwad or forward reference frames.

x |4 4: Side information ality using also the B1 and B2 modésys including linear
combinationsof blocks in both reference frames.

To assess the codingdfiefency of all P and B modeis,is necessary to avoid the influence of other
techniques, such as the adaptive DCT band selection and $ICHation; thus, a DCT hash with
DC+2Cs bands was uséar all WZ framesand all blocks are HME interpolatedhe QP used to
guantize the H.264/AVC Intra key frames is 23 and the WZ frames are quantized according to the
last quantization matrix inSection3.6.1(highest qualiy); however, similar results were obtained for
other quantization points. The GOP size for all sequences #ss dbbserved irrable 401, the SI
guality increases significantly with the addition of the new B modes, especially for the Coastguard
and Foreman sequences.

Table 401: Improvements achi eved with bidirectional hash -based interpolation.
Sequence | Rate [kbit/s] | [} 4 [dB] | |{ 4 [dB] %P %B
Foreman 322.43 33.63 35.43 42 58
Coastguard 322.45 31.73 34.08 33 67
Soccer 378.58 30.86 3151 42 58
Hall Monitor 148.48 37.50 37.89 74 26

The rate shown includes only the DCT hash rate since no WZ coding is performed; this rate is always
the same since what changes here is the number of candidate blocks at the decoder. It is also shown
how often the P mode (%P) is selected against both BIBB&modes (%B): the B modes are selected
very often which justifies the PSNR increase in the Sl quality.

4.5 At the Decoder: Motion Compensated Frame Interpolation

In the hashbased DVC decoder, thees$| creation approach, originally proposed by the autlio
[23], is used for the MCFI SI creation blocks. The MCFI framewd28jis not as efficient as the one
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presented in the previous chapter, and the major difference lies in the first step where motion
estimation with a regularization criteion is performed instead of using the smoothness constrained
motion estimation technique presented in SectiGr3.1

Naturally, the MCFI framework proposed here still creates S| based only on two refdrances &
and® , temporally in the past and future (in relation to the WZ frandg), respectively. Then, both
reference frames are low pass filtered and ussdeferences in a full seardfiEalgorithm, but with
the following modified matching criterion:

Ui O O @ LR 0 h 410

0 AQCETY aw

h w
h
where the block size i§ 0, ® "Q represents the’Qth block of framed, 0 )  represents a
motion vector belonging to thew motion vector candidate seand'Y ofto is the regularization
term. The criterion in(4.10 is based on the popular MAD criterion as defined(&®); the only
differencebetween(4.10 and (3.1)-(3.2) is the regularization termiY ¢t in (4.10) that is calculated

according to:

Ya p IO U h (411

wherell is a smoothness constant that controls the penalty introduced when the motion vectors go
to extreme positions in the search range (experimentasults suggest thal 18t vis a good
choice). The regularization of motion vector field throudh.11) favors motion vectors closer tthe
origin and enables to increase thBIE search range, thus allowing to efficiently interpolate
sequences with high motion or when long GOP sizes are selected.

Then, theBiMEalgorithm presented in Sectio.3.2is applied in order to obtain a refined motion
field for each® block A hierarchical approach similar to Secti@i3.3is also used but with jugtvo
different block sizesd @ p @ndy ) and without the affine motion model; in this case, a simple
motion copy between block sizes is used. Despite the limitatiohis hierarchical approach can still
track fast motion, is capable to handle long GOP sizes in the first ptgp p ¢block size) and can
achieve finer detail by using smaller block sizgs ( block size) in the second step. Similarly to
Section3.3.3 an (adaptive) search range is also adaptively computed for each WZ block taking into
account the motion vectors of the neighboring blocks (in the top, bottom, right left blocks).
Next, as in the previous chapter, weighted vector median filters are used to obtain a smoother
motion field (see SectioB.3.4for the algorithmic description) and the final MCFI interpolated frame

is constructed by using a bidirectionMCtechnique (seé&ection3.5.3.
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4.6 Performance Evaluation

This sectionevaluates the performance of the novichnical contributions made in thischapter,
with the hashbased DVC codetescribedin Section4.2 The test conditionaused are presented in

detail in the next section.

4.6.1 Test Conditions

The test conditions used for tlse experiments arsimilar to those definedin Section3.6.1 thus,
they are not repeated here. However, theight RD points (0 ) were establishedwith new
quantization parameters{(0 ) for the H.264/AVC Intra key framgshown inTable4i2, andthe
guantization matrices for the WZ framealready defined in Sectior8.6.1 With these new
guantization stepsthe key frameslecodedquality is still similar to the WZ frames decoded quality
(using the MCFI for Sl creatiorin averagefor the whole sequence The Foreman, Hall Monitor,
Coastguard and Socceequences were coded at 15Hz with GOP size 2 (all frames), using the
H.264/AVC IntraMain profile to encode the key frameés a reminder, all the DVC codeosthis
chapter usethe MCFI frameworldescribed in Sectiod.5 the reconstruction techniqudn [9] and
the offline correlation model at sequence lev§l13] i.e., one Laplacian parameter for each band
which is kept fixed during the decoding of &NZ frames.

Table 4082: H.264/AVC Intra quantization parameter for each RD point E.

Sequence | Resolutions| [t s s = - S L L

Coastguard| QCIF@15H| 38 37 37 34 33 31 29 25
Hall Monitor | QCIF@15 H| 37 36 36 33 33 31 29 24
Foreman | QCIF@15H] 40 39 38 34 33 31 29 24
Soccer QCIF@15H]| 44 43 40 35 35 32 29 23

Thehashbased DVC codésee Sectiod.? is evaluatedy comparing its overall RD performance to
other predictive video coders, such as H.264/AVC Intra and H.264/AVG@zetion (both described
in Section3.6.) and the corresponding MCFI based DVC cadge3], which is equivalentto the
hashbased DVC codédmt only with MCFI S| creatioffior all blocks, i.e., modé ot Ttfor all
WZ blocks in all frames. In the hastased DVC codec, all the techniques proposed in Seétido
Section4.5are used; in the block Sl creation mode selection, the threstadequal to 15.

4.6.2 RD Performance

Figure4i8to Figure4illillustrate the DVC codec performance for the eight RD points, according to
the test conditions defined in the previous section. The RD performance of the HME/MCFI DVC
codec is compared againte MCFI DVC codec, H.264/AVC Intra and H.264/AVGraetion. The
following conclusions may be taken:
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HME/MCFI DVC codec versus MCFI DVC codecproposed HME/MCHlI creation approach

can bring RD performance improvements for the Foreman, SocceiHatfidvionitor sequences

with gains up to 1.2 dB. As expected, the maximum RD performance gains occur for the Soccer
sequence where the MCFI framework performs rather poorly (as showsention3.6.2 and

thus the DCT coefficients sent by the encoder provide valuable help in the Sl creation process.
However, this type of approach also provides RD performance benefits for the Foreman
(mediumlow motion) and Hall Monito (low motion) sequences with gains up to 0.9 dB and 0.3
dB, respectively. For these sequences, the number of blocks selected by the hash enabled DVC
encoder is lower when compared to the high motion Soccer sequence, yet benefits are still
observed in terns of coding efficiency. As shown Figure 408, the HME/MCFI SI creation
technique brings RD performance losses for the Coastguard sequence when compared to the
usageof just the MCFI technique. In this case, the DVC encoder transmits hash information for
several WZ blocks according to the selection criterion(#l) due to the panning motion
observed for a significant part of the Coastguard sequence. HowB\@F| already provides a
good Sl estimation for these WZ blocks and, thuthe hash information (DCT low frequency
coefficients) does not providedditional gains. Additionally, since the Coastguard is a highly
textured sequence, the cost of Intra coding the DCT low frequency coefficients is high and,
thus, losses in coding efficiency occur when compared with the MCFI (only) SI creation DVC
codec.

RDpoint influence on theHME/MCFI DVC cod®D performanceror all video sequences, the
HME/MCFI SI creation solution provides more significant RD performance gains for the high
bit-rates when compared to the low and medium-bgtes, e.g., for the two lowest RD points

(O pand0 () there are no benefits asciated to the transmission of DCT hash
information. For these lower bitates, the adaptive DCT band selection technique only
transmits the DC coefficient since the number of WZ coded coefficients is low and, typically,
there is good correlation betweethe MCFI Sl and the WZ original frame for these low
frequency bands. For high bitites, the Sl quality obtained with the HME/MCFI combination is
significantly better than the MCFI SI quality and, thus, WZrbie can be saved, since a high
number of band/bit-planes aralistributed coded.

HME/MCFI DVC codec versts264/AVC Intra/zeremotion: The RD performance of the
HME/MCFI DVC codec outperforms the H.264/AVC Intra codec for the Hall Monitor and
Coastguard (only medium and low biites) sequences. lgeneral, the HME/MCFI DVC codec
does not provide any coding efficiency benefits regarding the H.264/AVC-mattion codec

for all sequences under test. The main reason for these coding efficiency gaps is twofold: i) the
MCFISIcreation technique describeth Section4.5has a lower efficiency when compared to

the technique proposed itChapter 3 ii) the H.264/AVC Intra codec RD performance exploits
quite efficiently the spatial correlation with several Intra coding modeas (t andp ¢ p §

and includes an efficient adaptive entropy coder (CABAC).
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Figure 4088: Hash -based DVC codec RD performance for the Coastguard sequence.
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Figure 489: Hash -based DVC codec RD performance for the Hall Monitor sequence.
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Foreman sequence: QCIF@15Hz (all frames)
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Figure 4010: Hash -based DVC codec RD performance for the Foreman sequence.
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Figure 4011: Hash -based DVC codec RD performance for the Soccer sequence.

4.7 Final Remarks

In this chapter, a hah-basedDVC codets proposed, which include§: a simple encoder mechanism
to selectfor which blocks theDCThash is sentii) an encoder technique to determine the amount of
low frequency bandsto include in the DCT hasko efficiently guide the motion estimation
procedureat the decoder (adaptive DCT band selection); iii) a K\&reation techniqueo choose
between past and/or future reference frames for frame interpolati@®mode) using the decoded
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DCT hash information. This last capabilis/rnot possible with the MCFI SlI creation techniques since
it is difficult to find a criterion able to select the best interpolation or extrapolation mode. Other
important characteristics include the coding ofthe DCT hash witha DPCM mode anthe
combination of MCFiwith HME

When all the proposed techniques were integrated in a DVC cdieqgperformancgains up to 1.2

dB were obtainedwhen compared tothe same DVC codec just using tMEFISI creation solution.

Most of the RD performance gains are obgehfor complex motion video sequences, such as the
Soccer sequence, which exhibited the lowest RD performance when the MCFI SI creation technique
was usedWith the introduction of the haskbased motion estimation, most of the additional
computational buran lies at the decoder (associated to the matching criterion). The additional
encoding complexity due to the Sl creation mode selection, the DCT band selection and the
hash/map encoders is still lower when compared to the H.264/AVC Intra encoder (whiclmbaag

spatial prediction modes and adaptive arithmetic encoders).
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Chapter 5

Side Information Enhancement with
Adaptive Intra Mode Decision

5.1 Introduction

As described in previous chapterthe distributed video codecs generasomeside information at
the decoderby using motion estimation and compensation tetques. Usually, this means that all
frames are Intra (independently) encoded and that most of teedeccomplexity lies at the decoder,
leadingto video codecs which have two inherent characteristigsich may be important taaddress
the needs ofsome rdéevant emerging applications: loer encoding complexity and inbuilt
robustness to channel losses.

In the previous two chapters, the S| waeneratedby using the secalledguessind hint approactes.

In Chapter 3a MCFI framework following theuessapproach was proposed; in MCHRhotion
trajectories are found between adjacent reference frames witEtechniques and the Sé created

by motion compenation. Oneof the major disadvantages of thguessapproach isthe lack of
uniformity in the temporal and spatial correlation between th8| and the sourcedata for
distributed coded framedn fact,it is possible to observe that motion compensated errams rather
significant for some Siframe regions while beingmuch smaller for other regions; overed and
uncovered regions, illumination changes and camera noise are responsible for the lower quality of
some Slregions. After,Chapter 4has proposed a Sl creatiomint approach where somelow
frequency DCT coefficients (the DCT hash)emweoded, transmitted to the decodesind then used

to generatethe Slfor some (more difficult) WZ frame bloc26]. Although the guessand hint
approachescan be independently usedt is beleved that a combination oboth approaches can
bring better performance thanusing only one since each approach can provide benefits for a
certain type of source correlationThus, Chapter 4has proposed to combé the MCFI framework
with hash-based motion estimation at the block level, leading to improvements in coding efficiency.
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In this chapter,a combinedhint and gues$I creationsolution is again proposedhis time by Intra
encoding some blocks of theurrent distributed codedframe, bringing additionalhint data to the
decoder. In the proposed architecture, Intra encoded data is sent for the periodically Intra coded
frames (key frames) an@f some blocksfathe WZ framesThese Intra blocks in the WZ frames have
a lower qualitycompared tothe already decodeframes(key and WZ framesphndare used by the
decoderto generatebetter Sl for regions where thguessS| creationapproach fails. By sending
somelower quality Intra blocksfor the WZ framesit is expected to generate Sl with higher quality
for these blocksnotably close to the quality of the predictios produced by theMCtechniques
used in recent predictivevideo codecse.g, H.264/AVCinter. Side information with improved
quality means that the encodeshould need to send fewer rate to the decoder andR®d
improvement is usually obtained However, in thehint approach a penalty is paidegarding the
usual distributed video coding approachince some blocks antatra encodedin the WZ frames
thus, it is necessary to be conservative and only encode and transmit Intra blocks ifeh#y help

to generatebetter S| thus leadingto significant WZ rate savings(considering the same target
qudity) . Snce the Intra blocksin the WZ framesare encoded with lower qualitya low bit-rate
penalty is expectedwhen compared to the periodically inserted Intra frameblowever,several
challenges need to be tackledth the newly proposed solution

x Howto select at the encoder the blocls the WZ frames to be Intra codeslithout having
availablethe S| producedt the decodeby theguesandhint and guesslutions?

x How to improve at the decoderthe quality of the receivedintra codedblocks in order to
generate S| withmprovedquality?

The answer to these questions is a difficult tasld the first step is provided in this chapter, which
proposes a new DVC coding solution that further enhanttesDVC RD performancdhus, this
chapter makeseveralmajortechnical contributions, notably

x Two low complexityencoder mode decision algorithendescribed in Sectiob.3.1and Section
5.3.2 which are able to select the WZ frame blocks which should be low quality Intra coded.
These blocks are also WZ coded and belong to the so dalled\WZ coding mode the
remaining docks are only WZ coded (WZ mode).

x A motion compensated quality enhancement (MCQE) technidescribed in Sectio®.4.2to
generateSl for the blocks whit were lav quality Intra encoded (Intra/WZ mode). For the WZ
mode blocks, a frame interpolation technique is used to generate the side information.

Thus, WZ framélockis always coded usingdastributed codng approach withthe major difference

lying onthe way he side information is generatetty MCQE (Intra/WZ mode) dMCFI(WZ mode).

The proposedntra/WZ DVC codec is evaluated in terms of RD performance and in terms of the Sl
and WZ decoded quality, according to thiefined test conditions. The evaluation sk RD
performance gains up to @B, especially for high motion video sequences and long GOP sizes, and a
more constant WZ decoded quality.
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The next gctions describe th@roposed Intra/WZ DVC architecture and techniques: in SecBdh
the architecture of the Intra/WZ DVC codépresented and briefly describe@ections.3presens
in detail thetwo encoderintra/WZ mode decisiortechniquesand thetechniques used to code the
Intra blocks while Section5.4presentsthe MCQE technique uséar side informationgeneraton, at
the decoderwhen the Intra/WZ coding mode is selected. Finabgction5.5evaluates and analyse
the RD performance of theovel Intra/WZ mode DVC codeowhile Section 5.6 presentsthe
conclusionsand relevant future work

5.2 Intra/WZ Mode DVC Codec Architecture

The video codec adopted in thehapteris a transform domain DVC codec with feedback channel
and turbo codesn the SlepianWolf codec, followinghe architecture proposed if20]. However,
most of thetechniques used in the various modules have besgtesigned adescribed in23], [40]
Figure 501 illustrates the architecture ofthe novel distributed video codec with the bloekased
Intra/WZ and WZ codingnodes supported for the WZ frames
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V Inra gossosedesceces )
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Xi Key Frames H.264/AVC Intra
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Figure 501: Distributed video codec architecture with Intra/WZ coding mode.

The Intra/WZ DVC encodeincludes a forward integer DCT transform, a uniform quantizer, a turbo
encoder and a mode decision algorithm andrks as follows:

1. GORdefinition: First,a GOP is defineak the set of frames between two key frames plus the
first key frame inthis set Typically, the key frames are periodically insertedefining the GOP
sizewhich means each GOP has always one key frame and the remaining WZ.frmmeach
WZ frame, the encoderdefines two frames (temporally in the past) andv (temporally
in the future), which are used as references in the encoder mode decision process andin the
generation process. The framés and® can be key frames or WZ frames, depending on the
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GOP siz§23], and must be available at the decoder before decodingThe key frames are
encoded using the H.264/AVC Intra coding schd@jevhile WZ frames are encoded using a
DVC approach as explained in tfedlowing.

2. WZ frame encoder mode decisiohhe encoding process of a WZ frame startsdbyding it
into non-overlappingy W blocks. Then, a binary decision is made at the encoder regarding
the coding mode to be used for each block in a WZ frame: WZ or Intra/WZ coding modes. The
mode decision is based @n and the two adjacent referenceadmes (@ and @ ) andcreates

the socalledbinary decisionmap) tfge p-y |l o p.y abmbkWZkd | k
or Intra/WZ, respectively In this chapter, twoencoder mode decisioralgorithms are
presented in detail in Sectioh.3.1and in Sectiorb.3.2

3. Binary decision map coding: The binary deision map is the efficiently coded using a RLE
algorithm and UVL@odesand sent to the decoder; this processhe same as Sectigh3.2

4. Intra block coding: The Intra coded blocks (to be coded with the Intra/\Véddingmode) have
lower quality when compared to the key frames and are encoded with the efficient H.264/AVC
Intra mode techniqueq2]: T 1 DC Intra prediction moder 1 integer DCT transform,
uniform quantizer and thecontext-adaptive variablelength codes (CAVLCAlthough these
techniquesdo not correspond to the highest efficiency H.264/AVC Intra codiegnbination
(e.g, not all Intra prediction modes and CABAC are used), they are chosen to limit the encoder
complexity without significant compression efficiency penaltyrhis process is escribed in
detail in Sectiorb.3.3

5. WZresidualcreation: Compared tche previouschapters the WZ frame is not directly WZ
coded;to obtain coding efficiancy improvementsa (ot tempora) residual frame iscreated
and WZ coded. So, all reconstructed Intra blocks are subtracted from the corresponding
original blocksin the WZ frame®. For the other WZ blocks, no Intra coding is performed,;
instead the resiual betweend and 128 (central luminance value) is coded using a DVC
approach; this guarantees that the residual distribution is centeaedundzero. So, a residual
frame @ is obtained with a loweenergywhen compared to the framé; afterthe integer
DCT and quantization, the coefficients have a higher number of zeros and most of their energy
is compacted into a lower number of coefficients, thus improving the ovdR@lperformance,
especially when a highumberof Intra/WZ blocks are selected for encoding.

6. WZresidualquantization: The WZ residual framé is encoded in aistributed way; for each
WZ block, the H.264/AVE 1 integer DCT transform is applied and the coefficients are
grouped to create the DCdoefficients bands. Each DCT band is uniformly quantized with a
symmetric quantization interval around zero. Since now the WZ data to be coded is a residue,
the DCcoefficient has positive and negative values and their distribution is centeradthe
origin. While the same uniform quantizer as in the DVC codecs of previous chapters is used for
the AC bands, a deane uniform quantizer is now used for the DC bands. However, siece t
deadzone(zero bin) double sizevidth of AC bandgreviously usedvas nd found useful for
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the DCresidual coefficients band due to their distributionall the DC coefficient bins
(including the zero bin) have the same width

7. SlepianWolf encoder: After quantization,bit-planes are formed and sent to th&lepianWolf
encoder,in this case durbo encoderthat generates the corresponding parity sequencéke
parity bits are stored in a buffer, punctured and transmitted in small amounts upon decoder
request via the feedback channel. The encoder also calculates an 8 bit CRiGrhesthbit-
planeand sends it to the decoder; this will help the decoder to detect any remaining residual
errors left by therequest stopping criterion based on@nfidence measure computed at the
turbo decoder.

The Intra/WZ DVC decodeincludes now twoalternative Sl creation techniques, one for each WZ
coding mode (Intra/WZ and WZ), the typical turbo decoder, the reconstruction and inverse integer
DCT modules, ansorks as follows:

1. Intra block anddecisionmap decoding:At the decoder, the Intra blockis the WZ frames are
decoded using the H.264/AVC techniquygk the binary decision map is also decodedknow
which blocks have been Intra/WZ or WZ coded.

2. Side information creation: The MCFI module generatesghe Sl estimate of @ using the
advanced frame interpolation frameworklescribed inSection4.5 (also proposed in[23]),
based on the two frame referencegs andd . Whilefor GOP size 2, the two references are the
two neighboring key frames of the WZ frame to be decoded, for longer GOP sizes, previously
decoded WZ frames also play the role of reference framfter, using theMCFlinterpolation
together with the binary deision map and the Intra decoded blocks, the MCQE module
described inSection5.4.2improves the quality of theSI frameto be provided to the turbo
decoder and reonstruction modules Since Jower quality decoded data is available for the
Intra/WZ blocks, this information can be used to drive thE/MC process, obtaining at the
end a more reliable estimate compared to the estimate provided bym@éIimodulealone

3. WZresidualestimation: To obtainat the decoderthe residual frame , all decoded Intra
blocks (Intra/WZ coding mode) are subtracted from the corresponding blackke enhanced
S| frame generated by the MCQE module. For the WZ blocks, for whichra@oded blocks
were received, the estimation is obtained MCFlalone; in this case, 128 is subtracted from
the MCFIgenerated blocks (WZ coding modee)a similar way to the encoder.

4. WZ residualdecoding: Then, the H.264/AVG@ 1 integer DCT transfom is appliedto ® ,
creating the decoder estimation of the DCT bands, the. Slin the transform domainUsing a
Laplacian correlation modelhese DCT bands acenvertedinto soft-input probabilities for
each bit (belonging to a specific gilane) andthen used by the turbo decoder to recover each
bit-plane of each DCT bandhe Laplacian distribution parameters are computedline for
each DCT coefficienfl13] based on the residual between the two motion compensated
reference frames used to credtiee MCFI Sl (see Secti@grt.3. The turbo decoder iterates over
the side information with the received parity bits and when a confidence mead48i@
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estimates a lovbit-plane error probalility (typically, less thanp 1 ) it computesa CRC hash
(using the same CRC code as the encddasheckif there is a matchwith the CRC sent by the
encaler. In caseof CRCmismatch, more parity bits are requested; otherwise, the nbit
planedecoding will start. This last technique is an improvement over the previD¥C codecs
presented inChapter 3and Chapter 4and guarantees a vanishing small error probability for
each decoded biplane.

5. Decodedrame creation: Thew DCT bands are used by the reconstruction modal8]to
obtain, with a certain target quality, the blocks resultingoin the subtraction of the Intra
blocks (or 128) fromi given the SI DCT coefficient3he IDCT is then applied to the
reconstructed DCToefficientsand the decoded WZ frame is obtained by adding the IDCT
output to the corresponding Intra blocks (in case no Intra block da#s beemeceived, 128 is
added). To obtain the decoded video sequence, the decoded key frames and WZ frames are

conveniently mixed.

Compared toa DVC codeevith MCFI, e.g., the one presented @hapter 3 severalenhancements
were made but the main novelties lie in the coding mode decisairthe encoder side and tHdCQE
Slgeneration at the decoder side. In this context, a detailed description amalysisof these two
techniques is presented in the following sections.

5.3 At the Encoder: Mode Decision and C  oding

The blockbased WZ versusitra/WZ coding mode decisiorprocess performedat the encoderfor

the WZ framess presented in thisection. Since a low encoding complexity scenario is targeted, the
encoder computationatapabilities are limited andthus, the expensiveME operation to recreate

the MCFIblocks generatedat the decoder cannot beeplicated at the encodein this context, the
main challenge to obtain a more efficient DVC codec, still with low encoding complexity, is the
design of a encoder mechanismbleto selectwhich blocks in the WZ frameshould belntra coded;

this selection should be made without having available the MCFI S| and the decoded Intra coded
blocks.In this section, twdow complexity codingmodedecisionalgorithms are proposed to select

the mostcritical blocks (in terms of Sl qualityn the WZ frame and help the decodwsith some
reliable data for thee blocks Thus, the following two Intra/WZ DVC codecs are proposed, each one
with a different coding mode decision algorithm:

x Intra/WZ DVC codec with agtity-based mode decision (DMABAD) This solution corresponds
to the Intra/WZ DVC codec describedh iSection5.2 with the MCQE/MCFI framework
descibed in Sectionb.4and theactivity-basedmode decision (AMD) technique described in
Section5.3.1 The AMD criterion is based on simple activity metrics, notably similar to those
used in the adaptive GOP size control solution proposed in Se8tmand in the hash mode
decision criterion proposed in Sectiod.3.1 With this technique, codingmode decision
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essentiallydepends onthe SAD between each WZ block and thelomated block in the
referenceframes.

x Intra/lWZ DVC Codec with modélased mode decision (DMMMDY) This solution corresponds
to the DVGAMD codec desibed above, but with the modddased mode decision (MMD)
technique described in Sectioh.3.2 For each blocka novel coding modealecisionalgorithm
estimates the encoding rate for the Inth&/Z based andhe (pure) WZ coding modeso
determinethe best coding mode while maintaining a low encoder complexityis approach
departs from the AMIxpproach sincehe bit-rate spent for each coding modg estimatedio
find the bestmode for each block.

In both algorithms,residuals are calculated between the WZ fradaeand the reference frame&®
and @ . Nevertheless, the proposed Intra/WZ DVC codecs still follow the distributed video coding
principles as both DV@MD and DV®BIMD codecs are Intrérame encoders and the temporal
correlation is still fully exploited at the decoder (no predictive coding is performed at the encoder).
The performance evaluation of the DMKMD and DV®IMD codecs will show that:

x Both the activity and modebased mode desion algorithms areable to efficiently determine
the WZblockswhich is worthwhile to Intra code

x The proposedntra/WZ coding modes beneficial since iteads to significantoverall WZ rate
savingsconsidering the same target quality

The next two sections present each coding mode decision algorithm. In SéeBaBithe techniques
used to encode the Intra blocks in the WZ frames are also ithestr

5.3.1 Activity -based Coding Mode Decision

To decide whethema block in the WZ frameis to be encodedwith the Intra/WZ or the WZ coding
modes, the corresponding reference fram@s, & used for motion interpolation at the decoder are
stored in aencode buffer to help inthe mode decision process. TRBADmetric is employed as
measureof the temporal coherence between th@th block & "Q and the celocated block in both
reference frames:

Y@ 0 L adw ® ahwsh
(5.1)
Y® Q ® o O o h

where"Y&® Q and"Y® "Q represent two SADs forldick & Q, one for each ctocated block in

frames® and® . Then, the two block coding modés Q andd "Q can bedetermined basedn

a single threshold- according to:
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The criterion in (5.2) establishesthat when the zeremotion temporal correlation measured by
"Y&® or "Y® is high, then it is likely that the correlatiorbetween the source and the MCFI
interpolation is weak;therefore, Intra/WZ coding should be performed, i.e., 0 Q p or

0 Q p, respectively When"Y&® or "Y&® is low, the MCFI estimation should have better

quality and the blockshould beclassified agpure) WZ i.e.,0 Q mord Q T respectively.
This type of decision works well when the amount of global motion in #deo sequence is low,
thus capturing efficiently high motion objects that are difficult tointerpolate well with the MCFI
framework alone However, when there is global motion ihe scene several blocks can be wrongly
classified as IntrBVZ since,in this case, theMiCFl(decoder side) can be efficient but both SAD
metrics aboveare likely over the threshold (encoder side). To mittge this effecta global motion
estimate iscomputedaccording tathe following simple metric

0 — YO a Y®O Q h (5.3
Nl Nl
wherefl correspongto the @ blockswhich satisfy 0 Q 1 when (5.2) is calculated, i.ethe
set of ® blocksfor which "Y&® is lower than thethreshold T and1 stands for the number of

blocks in"Q; similar definitions apply tdl andi . Thus,(5.3) represents the SAD average value for

all blocks that are classified as WZ blocks using Q@ mand 0 Q 1.

The global motion estimative for a given frame can only be performed after abéing mode
decision is madé¢since only WZ mode blocks are usady, thus,it is only used in theodingmode
decisionprocessof the next WZ frame to be encoded. Therefoteg final criterion for encoding a
block® "Q as IntrdWZ versus WiZs given by

b P YDTQ O {7 Y® Q O Tg (5.4)
T I OEAOxEOA

Thus, a blockd Q is encoded asegularWZ block when) Q mand encoded with the novel
Intra/WZ mode whend "Q p. The final criterion in(5.4) improves the criterion in(5.2) since it
subtracts from the SAD rigkial,"Y® Qor Y® ™Q,the global motion estimatéO . This means
that the Intra/WZ coding mode is most often selected for object motion where most of the
occlusions, covered and uncovered regions occur (which are difficult to estimate the# MCFI
technique.

In summary, he encoding process af complete WZ frame proceeds as follows:
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1. For all blocks in the frame, evalua(b.4) to classify eachiQth block® "Q as WZ or Intra/WZ
thus defining the coding mode binary decision m&uor the first WZ frame, s€éD TL

2. Encode the binandecision map with RLE+UVLC (as described in Sedt&@ and the Intra
blocks with the H.264/AVC Intraoding techniques (as described in SectiérB.3 usingthe
quantization parameten U .

3. Create a framé&with the Intra reconstructed blocks at their respective location. Compute the
residual frame® by subtracting”Ofrom & for the blocks classified as Intra/WZ; for the
remaining bbcks, subtract 128 from .

4. Apply the H.264/AVCt 1 integer DCT transform to the whole residual fram® and
concatenate the resulting coefficients in bands. The bands are sent to the uniform quantizer in
zigzag scan order (DC band first) and a $dtitplanes is constructedor each bandThen, the
turbo encoder is run for eachit-planeand the parity bits are stored in a buffer; the parity bits
aresent to the decoder upon request.

The parameters with a major impact in the overall performancehs proposed coding scheme are
the threshold f, which affects the number of Intra/WZ encoddidlocks (depends on the motion
content) and the quantization parameter0 , which defines the bitate/quality of the Intra blocks
in the WZ frames.

If the Intra/WZ DVC encoder uses low values faand 00 , a significant amount of blocks will be
classified as Intra/WZ and the Intra bitate is high (since each Intra block has rather good quality),
when compared to the overall rate; thus, the ROfpemance will decrease and Intra block usage
overestimation occurs. If the Intra/WZ DVC encoder uses high valuesdod0 0 , a low amount of
blocks will be classified as Intra/WZ and the-bitte/quality of each block is low; thus, the quality of
the side information is mainly established by the MCFI interpolation, i.e., only a few MCFI blocks are
improved and Intra block usage underestimation occurs. Thus, the selection dbgtenalyvalues

for Tand0 0 is critical, resultfrom an importanttrade-off, strongly defining the RIPperformanceof

the proposed Intra/WZ DVC codeds. this sensethe fpptimalyt and 00 valuesmaximize the Sl
quality, while minimizing the hash bitate. A good thresholdt can be found when a high
percentage othe selected Intra/WZ blocks have low quality MCFI estimation at the decoder, since
in this case the Sl quality is improved with the novel MCQE technique. In addition, the SI quality
improvements must lead to savings in the WZ-kite greater than the Inta blocks bitrate;
otherwise, a loss in coding efficiency may be obsernigten, a good 0 can be found when the
quality of these Intra blocks is low (in order to save-kite) but still can help to generate more
reliable Sl, i.e., Sl blocks with dity greater than the corresponding Intra blocks quality and the
alternative, always available, MCFI S| estimation.

Several experiments have been performed using video sequences with different types of motion
content to assess the proposed techniquesyds found that a good compromise corresponds to a

thresholdt ¢ ¢ 0 whereb 0 corresponds to the block size (in this case ) andg gs the
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empirically found average difference per pixel in a block. Regardingitheparameter for the Intra
blocks in WZ frames, it was found thatd 00 ¢ is a good choice wher@0 is the
quantization parameter used for the key frames. This will reduce the Intra blockdi& by 24% on
average, (compared to Intra blockseded withO 0 ) since @ increment of QP by tiypically results

in a reduction ofbit-rate of approximately 12%1]. Thequality loss of the Intra blocks in WZ frames
when compared to the Intra blocks coded willh can be recovered at the decoder with the MCQE
(see Sectios.4.2.

5.3.2 Model -based Coding Mode Decision

Another possible approach to select the WZ frame codmngdes relies on the usage ofate-
distortion techniques, i.e., on the estimation of the biatte/distortion resulting from using the
Intra/WZ and WZ coding modes far given DCT coefficients blocko perfectly estimate the rate
and distortionusingthe modetbased coding modeéecisionapproach, it would be necessaiiy have
the S| generatedat the encoderfor eachcoding mode (Intra/WZ and WZ). However, since the
encoder computational capabilities are limited, the MCFI/MCQE framework cannot be replicated at
the encoder to recreate the Stherefore, an efficient but low complexity coding mod#ecision
criterion is needed. The criterion proposed this sectionexploits two rate models, both working at
the block level: the first model estimates the Intra/WZ coding moderhtie, Y , while the second
model estimates the WZ coding mobi-rate, Y ; then, the coding mode with the minimum rate
is chosen. It is ére assumed that the distortion/quality achieved for both coding modes is similar
since parity bits are sent for the same bandst-planes (at the entire WZ frame leveland the
reconstruction function is the same.

Intra/WZ Coding Mode Rate Estimation

Forthe Intra/WZ coding moderate,”Y , two contributions can be identifiedthe Intrabit-rate,"Y ,
and the Wabit-rate,’Y . However, it can be assumed th#t] Y since the MCQE Sl quality is
typically much higher thanthe MCFI Sl quality and onlhe residual between the Intra blocks and
the corresponding WZ block is encodeath@ less energy implies less rate). ThassumingY e
Y, it is only proposed a rate model foY which receives as input the wquantized frame DCT
coefficients and pedicts the rate spent by each Intra block.

To limit the encoding complexity, theate model proposed here avoids tteampletelntra coding
process for the WZ frame blocks. [£53] a popular RD model has been proposed: theatied”
domain RD model wherg s the fraction of zeros among the DCT quantized coefficients in a block.

It has been shown that thbit-rate and” exhibit the linear relationshipY —p , Where—is

the model parameter. Although this model works well to estimate the quantizapamameter at
frame level[153] it fails when applied to small block sizes such as the 1 blocks used by the
H.264/AVC integeDCT transform. Therefore, a new rate model is proposed here which extends the
" domainframe levelmodel in[153]by including the DC coefficient value and the quantization step

sizewfor each'Qth block:
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00 .
— h
W

Y —p " (5.9

where—and |l are the model parameters angdcan be expressed as a function of the quantization

parameer 0 0in the following way[1]:

© 8 (5.6)

In (5.5), O fwwis a measure of the energy of the quantized transform coefficiehke inclusion of
the DC coefficient adds another block feature (besige® the rate model of5.5) which is simple to
compute and leads to a more accurate-tzite estimation for eachid.264/AVC Intracoded blockThe
parameters—and Il can beestimatedusing a linear regression model with previous Intra encoded

blocks data, since it is known how mudfit-rate was spent and the corresponding and
‘O ofw values. This process enables the adaptation of the rate model parametdhe tepatial

(more or less textured) and temporal (more or less motion) video sequence characteristics. Thus,

considering ¢ past encoded blocks, Odw,T p
encodingthe Qth block® Q with H.264/AVC ltra tools, it comes:

and 'Y the bit-rate spent by

— ' ' h (5.7)

I ' A (5.8)

Although (5.7) and (5.8) may look rather complex, in fact only sums and multiplicas are
performed and most results can be reused more than oncditde extra complexity is introduced
by this regression method.

WZ Coding Mode Rate Estimation
To perform the coding moddecision a model to estimate the WZ rate spent for each blocthe
Wz frames for which the KFI S| approach is used at the decoder has begeloped Consider a

T Ttresidual block Q & Qz® Qin the pixel domain with® Q corresponding to théQth
block in the original framed and & "Q the correspondingblock in the Slframe ®. Then, a@ 1
integer DCT transform is applied teach block of the residual frame , obtaining T

i ¥ i &. ,wherei isthe H.264/AVC forward transform, is the post scaling factor matrix and
& is the point to point multiplication. When the SAD criterion is used to measure the distoi@on
and theLaplacian distribution model113]describes thestatistical correlation betweerdandwDCT

coefficients,the source RD functionan be defined g454}

(59)
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where | is the Laplacian distribution parameter. Assuming a uniform distribution over the
quantizer bins, the distortioriO for the Gbandcan be written as:

N
W .
0 6 v 200 L (510
W T
where6 ando6  are the limits of the quantizer bim, N is the number of quantizer bins ang
is the corresponding quantization step. ThelLaplacian distribution parameter| 6h) can be

estimated for each DCT coefficieth) as:

| 6f A (5.11)

where, 0h is thevarianceof the residual DCT coefficiemthich can be written as ifi155}

, o fi 6, o h (512

fi oho Pl T ol h (5.13
where , is the variance of the residual block "Q in the pixel domain,T corresponds tothe
correlation matrix (as defined irf155) andfi is a matrix which defines the linear relationship
between, o6f and, 6h) . Moreover, ithas beershown in[155]that, o WD & Othus,
substituting (5.12) in (5.13) it comes:

I R — (514
fi 6hb U 0O
where0 60O represents the MAD betweehe S| estimate at the encodéy Q and the sourc&d Q
for the "Qth block:

- P T
— h
0 00 5 W dw W dw (5.15

h ~

where( 0 corresponds to the blockize Using(5.10) to estimate the distortion(5.14) to estimate

the| Laplaciandistribution parameter and the rate model i{5.9), the novel WZ rate model comes:

.1 fi OFU 0 00 T oy
) . I 1T nm o 1 fi o 0 00
Y oh W 8 (5.16
i w T fi 6l 0 60

In (5.16), the model parametef is included to comperate for any mismatch in the assumptions
made in the construction of the rate model. To estimate the fite spent by a block using the WZ
mode it is only necessary to calculate
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Y Y oh 8 (5.17)
h v

In (5.17), the bit-rate of all WZ encodedCT coefficientsof) for each'Qth block is summed. The
guantization matrixX definesfor which bands WZ bits are sent, thus defining the DCT caesfiie
that are taken into consideration i1{5.17). It also defines the number of levels (orpitanes) for
each DCT coefficieftand (seeTable3l1) and, thusX is used to compute the corresponding in
(5.16) with (5.6). To obtain0 00 , it is necessary to creatat the encoderan estimate of the SD
frame anailable at the decoder (for all blockgut with lower complexity. In this case, thEMCFI
methoddescribed in133]is used, which has a very low complexity, rougblyresponding to &ii4
times increase in complexity when compared the average of the two collocated blocks in the
backward and forward reference frameSince the encoder FMCFI is not efficient as theoder
MCFI, he encoderstimatedSI® has lower quality when compared the decoder Si; therefore,
it is natural that some rate overestimation may occuhélmodel parameter is used to compensate
for the encoderSl estimation lack of accuracyit was experimentally found that  ¢j v leads to
goodresults

Rate Estimation Accuracy

The MMD performancedependsmainly on the accuracy of the WZ and Intra friite estimation. To
illustrate the performance of the proposebhtra and WZ rate mode]d-igure 502 and Figure 503
show, respectivelythe frame level bitrate evolutionfor the Foreman sequenc®CIF@15 Hajth
GOP size h Figure5i2, all blocks are encoded as Intra whereagigure5i3 all blocks are encoded
in a distributed way (WZ£oding mode). Theharts in Figure5i2 and Figure5(3 include two pair of
curves associated to the RD points with the lowest and highest averagatbjtcheck[51] for the
WZ quantization matriced-or each RD point, two curves are plotted:

1. Actual bit-rate spentto encode the IntrgFigure5i2) or WZ framegFigure5as3).
2. Estimated bitrate for all the blocksn the Intra or WZ frameswith the corresponding Intra
(Figure52) or WZ Figure5i3) rate models.

As shownin Figure5i2 and Figure5(3, the Intra rate model camstimatevery accurately the Intra
bit-rate for the low and highbit-rate regimes. As expected, the VBZ-rate model has a higher error
when compared to the Intrarate model due to several factors, e.lpw complexity SI estimation at
the encoder, Laplacian model failure, eitoweverthe estimatedWZ bitrate canstill follow rather
accurately the changes in the actudlZ bitrate, although with some rate underestimation at the
encoder this leads to a rather conservative Intra block selection, baly whenthe Intra/WZ mode
effectively providesimprovements.
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Foreman sequence: QCIF@15Hz
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Figure 502: Intra bit -rate (spent and estimated) temporal evolution.

Foreman sequence: QCIF@15Hz
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Figure 583: WZ bit -rate (spent and estimated) temporal evolution.

Coding Mode Decision Algorithm
In conclusion, the algorithm to estimate the Intra/WZ codingodebit-rate cost is the following:

1. For the first WZ frame, perform H.264/AVC Intra coding for\WZ frameblocks, collect the
corresponding parameters ,[ and’Y andcomputethe parameters—andll using(5.7) and
(5.8). Thus, for the first WZ frame, thiatra bit-rate 'Y for all blocks isaccurately known; for

the next WZ frames, thbit-rate'Y is estimatedwith (5.5) and(5.6).
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2. To obtain the encoder S| estimate, perform the FMCFImethod described in[133] Next,
computed 60 according to(5.15 using @ and & and then estimatehe WZ bit-rate 'Y
with (5.16) and(5.17).

3. The most advantageous coding madeselected with the following decision criterion:

R Y Y

0 Q f[ v oy 8 (518
The 0 Q value establishes the block coding mode: wheénQ p, the block® Q is
encoded with the novel Intra/WZ mode; otherwise, Q mand® Qis encoded with the
(pure) WZ mode.

4. Similarly to the previously presented mode decision criterion (Section5.3.), the binary
decision map and Intra blocks are encoded and transmitted to the decoder; then, the residual
frame® is created, tha Tt integer DA transform is applied, the bands quantized, the-bit
planes extracted and the parity bits generated.

When the number of Intra/WZ coded blocks in one or momeyious WZ frames idarger than a
threshold parameterhthe parameters—and|l are recalculatedising (5.7) and (5.8). The threshold
Jhwas found experimentally and corresponds36% of the total number of blocks in a franeeg, in
QClResolutionthis corresponds to 1584/2 = 792 blockhkis avoids the continuous updating of the
model parameters aftecoding each WZ frame since in some cases there is not enough data to
obtain reliable paramters with the linear regression if5.7) and (5.8). This updating strategy forces

the encoder to store the raté& and the parameters ,[ for the past/Hntra/WZ coded blocks,
independently of the number of past frames that these blocks belong.

5.3.3 Intra Block Coding

The H.264/AVC Intra codec is one of the most efficient Intra codecs available ®gdaymore tlan
JPEG 2000 for many conditida$6} thus, it is the natural choice to encode the Intra blocks in WZ
frames.The first step inH.264/AVCntra block coding is to select the best Intra prediction mode.
This step is essential in the H.264/AVC standgjto obtain good Intra coding RD performance at
the cost of higher complesy. Intra prediction must be always performed sintiee entropy coding
engine CA/LC or CABA® adapted to residuadtatistical data distributiors and not samplealues

In the current situation, not all blocks around the selected Intra/WZ blocks arealioded (some

are WZ coded); thus, for each 1 block, the spatial prediction values (obtained from the
neighboringt Tt blocks)are constrained to thap ( Intra blocks selected by the coding mode
decision algorithm, since the side information (available tae decoder) is not available at the
encoder. In order to limit the encoding complexity, it is proposed here to always use the same
prediction modey the 1 1 DC Intra prediction modeg since this is the most often selected
prediction mode when a sequends encoded with H.264/AVC Intrfl57] Thet 1 DClintra

prediction mode averages the prediction values (if available) in the top o8 O and left column
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‘@O ofthet T neighboring top and left blocks, respectively (sEgure 504). If the top row or
the left column is not available, the corresponding prediction values are not used; in case no
prediction values are available, the value 128 is used as predictor.

A|lB|C|D

Average
(A..D,l..L)

r| A| «

Figur e 584: H.264/AVC Intra mode spatial prediction: DC mode.

Next, the Intra blocks are encoded with the following H.264/A¥&seline profile tools[2]:
H.264/AVCt 1 integer DCT transform, uniform quantizer an@AVLC as the entropy coding
engine; the resulting bistream is fully compliant with the H.264/AVBaseline profile. Whentte
block based Intra/WZ coding mode is used, adbitam format capable to accommodate the
entropy coded data resulting from the Intra coding (variable size codewords) and the parity stream
data generated by the turbo encoder is necessary. Therefore,iggesyntax and semantics are
necessary to synchronize the encoder and decoder operations. The proposetidaiin format is
shown inFigure505 and includes three heaas:

x Sequence headeiThe sequence header defines the decoding parameters which are kept
constant along the sequence, e.g., the spatial resolution.

x Frame headerThe frame header marks the beginning of the coded frame data. After, the
RLE+UVLC coded bigamode decision map and all Intra coded blocks are sent, according to
the syntax defined by H.264/AVC (if the Intra/WZ mode is used).

x Band headerThe band header marks the beginning of each DCT coefficient band and contains
the dynamic rangg40]of each band; after each band header, the paritydieam is sent.

Naturally, the bitstream format illustrated inFigure5U5 contains the WZ parity data that has been
requested by the decoder (through the feedback channel) for each DCT bapthhé decoding
process. The number of bilanes for each DCT band isen by the quantization matrixx and the
number of chunks (i.e., parity data sent after each request) of eacblaite is determined by the
decoder which requests more chunks whenever unsuccessfully decoding occurs (i.e., when the
reconstructed bitplane created by the Slepiawolf decoder still have errors).
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Sequence Frame Binary Intra
Header Header Map Blocks
DC Band WZ Parity WZ Parity > Includes all the bit-rate
A . e * (chunks) requested by
Header | Bit-stream (chunk #0) | Bit-stream (chunk #1) the decoder
AC1 Band WZ Parity WZ Parity Includes all the bit-rate
Header | Bit-stream (chunk #0) | Bit-stream (chunk #1) > (Chunﬁ]sg Lee(izg:ed by
A 4
ACn Band WZ Parity WZ Parity Includes all the bit-rate
Header | Bit-stream (chunk #0) | Bit-stream (chunk #1) [ ° ')(Chuntﬁse) Leduested by
Frame Binary Intra
Header Map Blocks
v

End of Sequence

Figure 5085: Bit-stream format  for the forward channel (encoder to decoder
transmission)  wi th Intra/WZ block based support

5.4 Atthe Decoder: Improved Side Information Creation

With the proposedntra/WZ DVC codec architecture (séégure 501), the decodermust create Sl

not only for those blocks fowhich no hint information is available (WZodingmode), but also for

the Intra/lWZ coded blocks in WZ frameBor blocks in the WZ coding mode, the efficient MCFI
solution described in Sectio.5 is used which contributes significantly for the high RD
performance of a MCFI based DVC codec and it is rather difficult to outperform, especially for small
GOP sizes and low/medium motion content.

5.4.1 Overall WZ Decoder Walkth rough

The Intra/WZ blocks must have theBlquality enhanced andnustbe an efficient alternativdo the
MCFIblind or nohint estimation alternative. Thus, the technique used to generate Sl for the
Intra/WZ codingmode can significantly influence the DVC codec RD performance; in this case, it is
proposed to improve theSI quality of the received Intra block by exploiting the temporal
redundancies with the already decoded frames (which have higher quality). Moreraecisl
generatedthrough the MCQEprocess should meafewer errors, i.e.Sland sourcebecomemore
correlated.As a consequencéhe decodeneedsto request less parity bits from the encoder and the
WZ bit-rate is lowered for the same target quality; nreover, the Wzbit-rate reduction should
overcome the additionabit-rate cost of sending theselectedintra coded blocksThe WZ frame
decoding procedurean be described as

1. Receive and decode the mode decision niapand the Intradecodedlocks,’Q
2. Create the estimation’Y of the current frame (for all blocks) witithe MCFIframework

described in Sectio.5 using the decodedreference frames®w and & . The "Y blocks,
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classified at the encoder in the WZ coding mode are used without change in theSfiftame

3. For all blocks markeds Intra/WZ in the map) , create the Sl estimatiot with the MCQE
technigue using as input the reference framés and @ , the decoded block®©and the MCFI
“Y estimation; adetailed description of the proposed MCQE technique is giveSeition5.4.2

4. Computethe residual framei by subtractingOfrom @ for the blocks classified as Intra/WZ;
for the remaining WZ blocks, subtract 128 fo@. Since DCT bands are WZ encoded, a
integer DCT transform is applied t@ .

5. For each block, independently of the coding mode, and for datiplane of each DCT band,
correct the side information starting from the MSBand the lowest frequency band (D®)
obtain the residual source decoded bins with a vanishing error probability. The turbo decoder
will request more parity bits until the error probability estimated by a confidence criterion
[87]is below a predefined thresholg (11 ) and no residual errors are found in the CRC hash
comparison.

6. With the residual decoded bing) and theCNMparameters (estimated according [213), an
optimal MSE estimate[118] is determined for the decoded DCT coefficients the
reconstruction module Then, the integer IDCT transform is applied to obtain the
reconstructed residual valuegd). Fnally, the decoded framed can be obtained byb
Al &P 0 forthe Intra/WZ modeblockswith & A1 &8 p ¢ yor the remaining ones
(WZ mode blocks}he clip operator constraints the output to thet; v vange.

Since a major noveltyf this chapter is the proposed MCQE Sl creation technique (step 3 above), this
technique is described in detail in the next section.

5.4.2 Motion Compensated Quality Enhancement

When high motion orstrongillumination changes occur, thé1CFltechnique typicaly fails, leading
to a poor Sl quality. In the Sreation framework proposed in thishapter, sone low quality Intra
coded dataQ is sentoy the encodefor the source blockgor which the encoder estimates tHdCFI
(decoder)algorithm may have failedaccording to the AMD or MMD criteria)lhe idea of the
proposed framework is to improve th8lquality by enhancing the received low quality Intra coded
blocksCthrough a novelMCQE module.

To improve the Intra decoded bloclO quality, it is first necessary to formulate thenotion
estimationproblem at hand. Consider that a low quality version of a certain bl@k is available
andthe temporally adjacent decoded frame®, and @ havehigher quality when compared to the
‘Oquality of the Intra received blocksThe MCQE algorithm must adaptively select proper block
candidates from the enhanced reference frames and/or the Iri@a& block andcombinethem to
obtain an improved quality block® &. The most straightforward way isto simply use the

“Od reconstructed block asd &; however, since both reference framskouldhave higher quality
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than "Od, they can also be used to generate betteBl Whenever there is strong temporal
correlation in the video sequence, imfmation from the neighboring frames can help to improve
the quality of the Intra blocksOsince neighboring framesave a high similarity between them;
when the temporal correlation is lowthe Intra decoded datédcan be a valid alternative to repte
the corresponding data in thanitial MCFliside information

The MCQE technique proposed here is inspired by the motion compensated temporal filtering
(MCTF) schemes, an averaging process applied across video fraineasly proposed for DCT video
dendsing [158]and scalable wavelet video coding scherfiles9] A MCTF low pass filter separates
the guantization noise from the relevant content over time, which is desirable ttog MCQE
process MCTF also shares some similaritiesh the MCFltechnique since MCTHtering is applied
along the motion trajectories (with adequatdEtechniques) in order to obtain an invertible motion
field.

MCQE Architecture
Figure 506 illustrates the proposed MCQE algorithiarchitecture; MCQE creates a set of bloaks

frame“Ywith higher quality when compared to the correspondirigtra blocksin frame "‘Ousing the
decoded framesv , @ and thereceived Intrablocks (shown irFigure5ii6 as textured blocks).

Bidirectional Motion : : :
Estimation with Candidate Average > 7; : > MUX ’: Y/

.............. i Motion XfMC
—|_> Compensation _|—> s .
Block Checking 7'y
Motion T

Compensation Xs"c

1 | Weighted
BIiME block map "1 Average

A A

Figure 506: MCQE algorithm architecture.
TheMCQEHElgorithm works as follows:

1. For each Intraxth block in frame"Q bidirectional motion estimation (BiME)s performed to
find a pair of symmetric motion vectors, one pointing towards and the other pointing
towards @ , to representthe block 'O motion. Since the BIME algorithm was described in
Section3.3.2it is not repeated here; the only difference lies in thatialization of the motion
vectors which is (0,0) in this case, i.e., the collocated blocks in the backward and forward
reference frames.

2. When there is high temporal correlation, theymmetric motion vectors and the reference
frames @ , @, are used to obtain two motion compensated versions of the sarhick,

@ aand® «, respectively. Thena new"Y & block is obtained by averaging théwo
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motion compensated blocks and the Intra decoded bl&@k as in MCTFfiltering schemes
[158], [159] The amountof temporal correlation is measured by a candidate block checking
procedure which guarantees that eaplossible”Yblock has higher qualitythan thereceivedO
datasent from the encoderThe BiIME with candidate block checkiadgorithm is formalized
in the sectionfYblock estimatiory b i i | t

3. For some low quality Intra blocksthe BIME algorithm is not able to find high temporal
correlation with the candidate blocks inhe & and & frames i.e., the candidate block
checking procedure elimin@s all candidate blocks.his caseusually happens when there is
not enoughhigh frequency content to properly discriminate a good candidate frAmand® .
So, thenumber of blocksn “Ycan be less than the number of blodksOand these remaining
“Oblocks (signaled in the block majare combined with the correspondinglCFlestimated™Y
blocks using a weighted average algorithi8ince for some blockshe MCFI'Y estimation
provides better quality than the correspondin@block (the opposite is also true}he weights
are proportional toan estimate of each block quality. The output of this step is tieet of
blocks and this algorithm is formalized in treectionfY block estimatiory b i i | t +

In the last step, lie side informationd can becreatedby multiplexing all Intra/WZ mode estimated
blocks this means all blocks if¥and™Y, with all WZ coding mode blocks, j.eome blocks from the

initially estimated frame’Y.

J!!;:f;;Blocks Estimation
The "Y blocks are estimated by exploiting the temporal correlation among the video sequence
frames, as mentioned above. In the following, the waiblocks are obtained will be described.
Consider that a pair of symmetric motion vectorsh b h 0 h 0 is egimated for eachblock
"Oa with a BIME algorithm(see Sectior8.3.3 and usedtogether with the @ and @ frames,to
obtain two motion compensated versions of the sai®& block,co & andw &, respectively
according to

O W O o vhw 0 3D dwh

. . . (5.19

® dw ® w ho v 30 aw h
where3® and3® correspond to the residual errors in thélEprocess i.e. indicate how different
@ and® are from™Q Once the motion compensated blocks in the forward and backward
reference framesre found, they are used together with the correspding Intra decoded block to

obtain thecorrespondingblock™Y & accordingto:

Yao 2o de o v oww 8 (520

Ql©

The error'Y between the Sl estimatiofiYand the original frameb can be defined as:
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Y oy Yaw O oo 8 (5.21)

Substituting(5.20 in (5.21),"Y becomes:

Y G O W O do G W & do  Odw & 8 (522

P
o
From (5.22, it is possible to conclude that thé&Y estimation error mainly deperds on the
quantization errors of the Intra blockin "Oand the two motion compensated versions of ti@

block,&0© dand® «a.

Assuming that the quantization error for a uniformquantizer with step size%ois approximately
uniformly distributed in ~ %j ¢ % ¢ and has a variance ko p ¢ it is possible to obtain an
estimation ofthe quality of eachblock in the presence of quantization noise (the case considered
here) through the quantization error variance; considering that is a quantized version o, it is
possible to write the quantization error variance as in

%o
pC
This coarse estimation dhe block quality is valid if it is assumed that the quantization noise is

. 0 O dw (523

uniform and independent for all pixels of each possible candidate block. Although more complex
guality assessment metriasiay be employed, a coarddock qualityestimation can be obtained with

this quantization error variancethis was already used in the past for quality enhancement of
motion JPEG sequendés0]

Sincethe MCQE techniquebjectiveis to improve the quality of théO(Intra) decoded blocksit is
necessary to guarantee that the M®Etween”Y and & for each blek is lower than the MSE
betweenthe correspondingOand & block. Assuming zero mea¥x error, the MSE is equal to the

variance, of the error andtherefore, the "Yblocks should satisfy

%0

. (5.24)

In (5.24), %o is the quantization step sizeised forthe "Oblock and the blocks size i 0.

Considering’5.21), the variance of the error of any blo¢k & is given by

) 0O "Yahw & ofw oY o 8 (5.25

Replacing5.22) in (5.25), the error variance becomes
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Po o oo oamw 206 oo o

Toow w 52
0 (529

aO'Od% o o 8

Taking into account5.19 and(5.23), each termin (5.26) maybe @mputedaccording to(5.27) where

%o is the quantizationstep sizeused forthe key frames; it is assumed here that a similar quality is
used for the decoded WZ frames and the decoded key frames (corresponding to the same step size).
Considering that every term db.26) can be computed with the help ¢5.19 and(5.23), it comes:

o o n o
0 & o & o 'p—c O3® o R
. . n o o
0 & o & v '—c O3d o h (527
0 odn & dH S8
s

Substituting(5.27) in (5.26), the error variance can be written as

B P8 Piouy gy 0sd i B (528
WP G WpG W

Finally, replacing (5.28 in (5.24), the follbwing condition (.e., the candidate block checking

procedurg can be obtained

YO YW _h (5.29
with:
YO Oa3d h
YO O3® h (530
— ¢—. 8
- qu C ¢ (SIS

In conclusion,candidate blocks obtained by thBiME algorithmthat satisfy (5.29 are used to
estimate Y since a reliable estimation was found; when there is more than oneandidateblock
fulfill ing (5.29, the one with the minimum "Y® "YW valueis selected The'Oblockswhich do
not have any candidate blocks thatatisfy (5.29 are combined with the corresponding/ICFI

estimated Y blocks through a weighted average to obtdivi, as it will be explained in th@ext

section.
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= Blocks Estimation

At this stage,it is presented anovel Sl estimation mechanismfor those blocksfor which the
previous algorithm has not found any good candidate framand® , i.e, (5.29 wasnever satisfied

for any candidate blok. Since it was not possible to achieve a reliable match in the reference frames
with the Intra decoded datdOdue tothe lack of temporal correlation or insufficienDquality, it is
proposed to use the MCFI estimatiOrithat creates a Sl estintian just using the reference decoded
frames.Thus,it is proposedchereto weight™Y and ‘Oaccording to aguality estimate computed at the
decoder (where original blocks are not available); a similar approach was used in the estiraftion
the "Yblocksbut with fixed weights equal t@j o (average). In this context, two relevant situations
may occur:

x The MCFlalgorithm finds for a certain block igo a similar (low SADalue) block in® , which
typically leads to a block "Ywith higher quality when compared t&®
x  The MCFlalgorithm fails to find two similar blocks betweeh and& using as starting point a

@ block, which typically leads to blockin "Ywith lower quality when compared té0

Therefore, itis proposechereto use the same quality metric defined §6.23) to assesthe Intra and
MCFIblocks quality; in this last caséhe SSD atfhe residual error in theMCFImatching processs
used Taking into account these observations, the estimafigican be obtained from

Yaw 00ahw p 0 Ydwh (5.31)

with 0 representing theweight (that should be proportional to the quality) of the Intra decoded
block; the higher the Intra decoded block quality, the higher the weightOin the corresponding
"Y estimation. Accordindo (5.24), the quality of each'Oblock can be accessed using

| T

” C8 (532

©

The MCFlalgorithm (seeSection4.5 computessymmetric motion vectors 6 6 h 6 h ¢
which describethe possible motion trajectories between tiie and® frames. Thus, it is possible to

computethe variance of the matching erra between these twéramesafter MCfrom:
, O ®® o 6 & o ohy 6 8 (533

The Y estimation quality can be coarsely modeled by the variance of the matching erroy, i.e.
" »  this is avalid assumption that was also made in the online estimation of the correlation

noise distribution parameter with good resulf¢13] Finally, the weight) can be obtaineds:

8 (539
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With this approach the contributions of "Y and “Oin the *Y blocks are weighted by thequality
estimation of each blockom aMSEpoint of view.

L. side Information Creation

The final step of the proposed MCQE algorithm is to multiplex in fthal Slframe & the blocks
from the "Y, Y and"Yframes If ac block was classified at the encoder a¥VZ block {ith one of
the available coding mode decision techniques proposed in Sed&i8rland Section5.3.2, the
corresponding block in'Y is copied to®. Otherwise, thew block is an Intra/WZ block and two
situations can occur: if (5.29 is satisfiedthe & block is copied froniY (created from(5.20)); and ii)
if (5.29 is not satisfiegthe & block is copied fromiY (created from(5.31)).

5.5 Performance Evaluation

This section evaluatethe RDperformance of the proposed MCQEc&ation framework and the

AMD and MMriteria in the context of the proposed Intra/WZ DVC codec illustrated-igure501.
Moreover, the quality evolution of the SI and WZ decoded frames is also shown to better understand
the strengths and weaknesses of the proposed algorithms.

As in previous chapters, the test conditis used in this chapter are similar to the DISCOVER video
codec[39] test conditions [83] It is important to note that the RD tradeoff for WZ frames is
controlled by the T T quantization matrix X where eachentry indicates the number of
quantization levels used for each DCT baper¢for the DCT bands for which no WZ bits are sent to
the decoder). The eight quantization matrices (i.e., the eight RD points) considered here for the
Intra/WZ DVC codec RD perfoance evaluation were defined iBection3.6.1[39], RD point0
corresponds to the lowest decoded quality (also lowestraie) and RD poinb corresponds to the
highest decoded quality (also highest tite). The following changes were made when compared to
the test conditionsused in the previous chapters:

1. Test sequencediall Monitor, Foreman and Soccer sequences; these sequences represent a
content variety which is important to obtain enough representative and meaningful results.

2. Spatial and temporal resolutiomiways QCIF@Hz.

3. GOP sizes$ior the first time, fixed GOP sizes of 2, 4 and 8 are used; higher improvements are
expected for longer GOP sizes since (typically) correspond to poorer RD performance for most
the available DVC codecs.

4. Key frame codingH.264/AVC IntraMain profile with the quantization parameters) 0
according to the DISCOVER test conditi[88

First, the DVEAMD and WGMMD codecs are evaluated separately to assess the RD performance of
each proposed DVC codec with respect to the usual standard based predictive video codecs:
H.264/AVC Intra and H.264/AVC zemwtion (these two H.264/AVC codec benchmarks are
described m Section3.6.3. The RD performances of the D¥W®ID and DVGBIMD codecs are
(independently) presented in Sectidh5.1and Sectiorb.5.2 respectively; at the end of Sectiénb.2
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the two proposed DVC codecs are compared in termshop&formance and complexity increase.
After, Section5.5.3and Sectiorb.5.4evaluate theSland WZ quality evolution, respectively, for the
DVCGAMD codec. This temporal WZ and Sl quality evolution is only shown for the AMT codec
since the overall RD performance results of the PAMM@D codec are similar to the D\AMIMD co@c

and no major temporal variation differences (in terms of Sl and WZ quality) between these two DVC
codecs were found.

5.5.1 DVC-AMD RD Performance

In this section, the RD performance of the proposed BAMD codec is compared with the RD
performance of the baagkound DVEGMCFI codec which encodes every block using the WZ coding
mode, i.e., a simplified DVEAMD codec with MCRlI creation for all WZ blocks. The DMAMD RD
performance codec is also compared against the standard H.264/AVC Intra and H.264/AVC zero
motion video codecs since these codecs have a rather low encoding complexity (no emdBder
Figure5u7, Figure 58 and Figure 509 illustrate the RD performance obtained for the Hall Monitor,
Foreman, and Soccer test video sequences, respégctiansidering a GOP size of 2.

Hall Monitor sequence: QCIF@15Hz (all frames)
41 1 T L] L L] L)

....................................................................

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

PSNR (dB}

........................................................

S . H.264/AVC zero-motion ---%---
g . e TSTSTSYSISIS: ISR RpSSSs : H.264/AVC Intra —+— |
' DVC-AMD codec -+-@ -
DVC-MCFI codec_-—s-—

200 250 300 350 400
Bit-rate (kbit/s)

Figure 587: DVC-AMD codec RD performance for the Hall Monitor sequence (GOP size 2).

As it can be concluded fromigure 507, Figure 508 and Figure 519, the proposed DVBMD video
codec outperforms the DVRICFI codec for all sequences and RD points. As expected, the higher the
motion content of the video sequence, the higher is the coding gain of the proposed additional
Intra/WZ coding mode Typically, the MCFI Sl creation process fails more often for regions where
high motion occurs; this means that poorer Sl quality is generated for those regions. Thus, the
strategy to classify and encode some low quality Intra coded blocks, transmit thetfime decoder

and use them to drive the Sl creation process leads to better RD performance when compared to the

DVC codec with just the MCFI SI creation. For GOP size 2, coding gains up to 0.86 dB are achieved
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with the proposed AMD based Intra/WZ techniguvhen compared to the DVI@CFI codec, notably
for the Soccer sequence. The proposed technique also allows to reduce the RD performance gap to
predictive coding (H.264/AVC Intra and H.264/AVC zarotion), especially for the complex or

irregular motion video sequences.

Foreman sequence: QCIF@15Hz (all frames)
42 L] 1 L T L II !

PSNR (dB)

“r H.264/AVC Intra —+—
i . DVC-AMD codec --@--
i DVC-MpFI codec_——s-—

50 100 150 200 250 300 350 400 450 500
Bit-rate (kbit/s)

Figure 588: DVC-AMD codec RD performance for the Foreman sequence (GOP size 2).

Soccer sequence: QCIF@15Hz (all frames)

PSNR (dB)

S
L B ' : :
28 F---- 1 YRR R B L LETETTE PP H.264/AVC zero-motion - |-
i : : : : H.264/AVG Infra —+—
* ; ‘ : ; DVC-AMD codec --@--
LI . : ' : DVC-MGFI codec -—a-—
26 1 1 L 1 L I I I I
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Bit-rate (kbit/s)

Figure 589: DVC-AMD codec RD performance for the Soccer sequence (GOP size 2).

As the GOP size increases, the temporal spacing betweerkdy frames also increasesd,
therefore, theMCFISIquality tends to decrease; ifact, the RD performance fdonger GOP sizes is
one of the weakest features of the awdile DVC codec®specially DVC codecs with a MCFI Sl
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approach. Tie RD performanctor GOP sizes of 4 andi8tained for the Hall Monitor, Foreman, and

Soccer test sequencesshown inFigure5i10to Figure5ils

Hall Monitor sequence: QCIF@15Hz (all frames)
41 L] T L L} T

PSNR (dB)

H.264/AVC zero-motion ---#%---
H.264/AVC Intra —+— |4
DVC-AMD codec --@--
DVGI-MCFI codg'c - ——

0 50 100 150 200 250 300 350 400
Bit-rate (kbit/s)

Figure 5610: DVC-AMD codec RD performance for the Hall Monitor sequence (GOP size

4),

Foreman sequence: QCIF@15Hz (all frames)

42 T T T T T T T T

PSNR (dB)

o8 -J‘p.s I [ e .+ | H.264/AVC zero-motion ---%--- |
* ' i i 1 . H.264/AVC Intra —+—
oy - - - : - DVC-AMD codec --@--
- ; ; ; ; ; ; ____DVC-MCFI codec_--#-—
0 50 100 150 200 250 300 350 400 450 500 550

Bit-rate (kbit/s)

Figure 5611: DVC-AMD codec RD performance for the Foreman sequence (GOP size 4).
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Soccer sequence: QCIF@15Hz (all frames)
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Figure 50612: DVC-AMD codec RD performance for the Soccer sequence (GOP size 4).
Hall Moniter sequence: QCIF@15Hz (all frames)
41 L] L] L] L) II L) ,
o
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z
7
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Figure 5013: DVC-AMD codec RD performance for the Hall Monitor sequence (GOP size
8).
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Foreman sequence: QCIF@15Hz (all frames)
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Figure 5814: DVC-AMD codec RD performance for the Foreman sequence (GOP size 8).
Soccer sequence: QCIF@15Hz (all frames)
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Figure 5815: DVC-AMD codec RD performance for the Soccer sequence (GOP size 8).

As it can be seein Figure5U7 to Figure5iil5 the RD gains increase with the GOP size for all the test
seqiences; coding gains up to 1.43 dB amiB2re achieved for the Soccer sequence for GOP sizes of
4 and 8, respectively. Since tMCFISI quality tends to decrease with the GOP size, the exploitation
of the Intra coded data received for some regidhgically regions where theMCFlalgorithm will

likely fail) allows to improve the final SI quality. Better Sl quality means that fewerrors exist
between the sourcelata and the Sl and, thus, fewer WZ rate will be needed to achieve a target

decoded quality, improving the overall RD performance.

137]



SIDE INFORMATION ENNCEMENT WITH ADARMH INTRA MODE DECON

By enhancing the Sjuality due to the Intra block coding in the Intra/WZ mogdeven at the cost of a
bit-rate increase the RD performance gapo H.264/AVC Intra and H.264/AVC zerwmtion are
reduced; this is particularly evident for the Foreman and Soceileo sequences, which are
characterized by medium and high motion content, respectively. For the Hall Monitor sequence at
GOPRsize4, the proposedMD basedhtra/WZ codingmode enables the RD curve to be always above
the H.264/AVC zeronotion RD curvelt is important to note that the RD gains obtained are even
more relevant since they are obtained for the cases where the availablecodé&zswith MCFI Sl
creation usually perform more poorly, i.ehigh motion content video sequences and longer GOP

Sizes.

5.5.2 DVC-MMD RD Performance

Similar to the previous section, he proposed DV®MD codec and DVE@MCFI codecRD
performances are comparedpr benchmarking,the H.264/AVC Intraand H.264/AVC zermotion

RD curves are also presenteds shown inFigure 5016 to Figure 5024, the DVE@JMD codec
outperforms the DVEMCFIcodec for allGOP sizs,sequences and RD points. As expected, the higher
the motion content, the higher is the RD performance gain. As the GOP size increases, the MCFI SI
quality tends to decrease anthus, the Intra/WZ modebecomesmore effective, obtaining higher
compression gainsThus, thebest performance is obtained for the Soccer sequenG&®P size 8,
where up to2 dB gains in RD performance can be observed. The \dMO codec also outperforms
H.264/AVC Intrdor Hall Monitor and Foreman at lower bitates.

When the DVEAMD codec RD performance is compared with the IMMD codec RD performance,

it is possible to conclude that no significant differences occur; no plots are shown since it is difficult
to distinguish between th®©VCAMD and DVBIMD RD curves. Thiseans that the simple activity
based coding mode decision proposed in Secidhlis enough to perform efficient coding mode
decision with the proposed architecture. Since the BDM®ID is more complex due to the usage of
the FMCFlapproach, the MMD technique has a major disadvantage for very encoding complexity
constrained scenarios. The lack of enhanced RD performance by theMDARZ codec when
compared to the DVM@MD codec is mainly due to the estimation approach followed: the Weatst

is estimated at the block level while it is spent at the frame level (for each banglaite). Thus, the
contribution of the WZ bitrate for each block cannot be assessed and used in a learning process (as
the Intra bit-rate model), increasing the difficulty in performing accurate coding mode decisions.
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Hall Monitor sequence: QCIF@15Hz (all frames)

PSNR (dB)

; : H.264/AVC zero-motion ---%---
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! " DVC-MMD codec --@--
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Figure 5016: DVC-MMD codec RD performance for the Hall Monitor sequence (GOP size
2).

Foreman sequence: QCIF@15Hz (all frames)
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Figure 5017 : DVC-MMD codec RD performance for the Foreman sequence (GOP size 2).
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Soccer sequence: QCIF@15Hz (all frames)
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Figure 5818: DVC-MMD codec RD performance for the Soccer sequence (GOP size 2).

Hall Monitor sequence: QCIF@15Hz (all frames)
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Figure 5619: DVC-MMD codec RD performance for the Hall Monitor sequence (GOP size
4).
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Foreman sequence: QCIF@15Hz (all frames)
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Figure 50620: DVC-MMD codec RD performance for the Foreman sequence (GOP size 4).

Soccer sequence: QCIF@15Hz (all frames)
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Figure 50621: DVC-MMD codec RD performance for the Soccer sequence (GOP size 4).

141]



SIDE INFORMATION ENNCEMENT WITH ADARMH INTRA MODE DECON

Hall Moniter sequence: QCIF@15Hz (all frames)
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Figure 5622: DVC-MMD codec RD performance for the Hall Monitor sequence (GOP size
8).

Foreman sequence: QCIF@15Hz (all frames)
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Figure 5823: DVC-MMD codec RD performance for the Foreman sequence (GOP size 8).
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Soccer sequence: QCIF@15Hz (all frames)
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Figure 50624: DVC-MMD codec RD performance for the Soccer sequence (GOP size 8).

5.5.3 Side Information Quality Evolution

As shownin Section 5.5.1and Section 5.5.2 both the DVCAMD and DV®IMD codes bring
significant RD gains when compared the DVCGMCFI codec However, the RDperformance
expresses an averagever the whole video sequengenot reflecting the maximum quality
improvements that can be obtained over time.

In this section, the SI temporal evolution is presented to better understand in which conditions the
proposed Intra/WZcoding mode brings Sl adntages.Since the DV@MD and DVGIMD RD
performances are quite similar, results are only shown for the BAMD codec since it adds lower
encoding complexity (when compared to DWOMD) but still achieves the same improved RD
performance.

Figure5025to Figure5ii28illustrate the SI PSNR at the frame level for the Hall Monitor and Soccer
sequences for GOP sizes 2 and 8. For each cHagure5i25to Figure5i28 the two curvesshown
correspond to the DV®ICFI S| quality (just MCFI Sl creation) and the YD SI quality (AMD
coding mode decision and MCQE SI creation)hd@ve a fair comparison between those two curves,
they should correspond to the same averdgerate. While the DVEMCFIRD tradeoff is controlled
by at 1 quantization matrix[40] for the WZ frames and th& 0 value for the key frames, the
DVGAMDRD tradeoff is also controlled by tiie) value usedor the Intra blocks inthe WZ frames.
Thus, it is difficult to assur¢hat the sane average bitate is used for botlturves inFigure5i025to
Figure 5028 In this context, for each sequence and for each GOP size, it was choserthérom
correspondingchartsin Section5.5.1 the RD points for which the totabit-rate of both DVEMCFI
and DVEAMD codecs are more similar.

143|



SIDE INFORMATION ENNCEMENT WITH ADARMHE INTRAMODE DECISION

Hall Monitor sequence: QCIF@15Hz (GOP 2)
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Figure 5625: SI PSNR temporal evolution for the Hall Monitor sequence (GOP size 2)

Soccer sequence: QCIF@15Hz (GOP 2)
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Figure 5026: SI PSNR temporal evolution for the Soccer sequence (GOP size 2)
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Hall Monitor sequence: QCIF@15Hz (GOP 8)
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Figure 5027 : SI PSNR temporal evolution for the Hall Monitor sequence (GOP size 8)

Soccer sequence: QCIF@15Hz (GOP 8)
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Figure 5828: SI PSNR temporal evolution for the Soccer sequence (GOP size 8)

The RDcurves for the Hall Monitor sguence with GOP sizes 2 a@hdere obtained withRD point 5
and are presented ifrigure 5025 and Figure 5027, respectively; for RD point 5, the totait-rate of
both solutions is quite similar. For the Soccer sequence with GOP sshein inFigure5i26 the
curves correspond to RD point 3; for GOP sizeh8Bwn in Figure 5028 since there is ait-rate
mismatch in coresponding RD points, RD points 3 and 2 were chosen for theADand the
DVCGMCFI codecsespectively, since they havapproximately the sameverall bit-rate.
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As shownfrom Figure5025to Figure 5028 the proposed DVVBMD codec leads to an imprové&d

quality for both low and complex motion sequences, the Hall Monitor and Sosequences,
respectively.The maximum SI PSNR gains observed for the Hall Monitor sequence are 4.67 dB for
GOP size 2 and 8.03 dB for GOP size 8, and for the Soccer sequence are 6.69 dB for GOP size 2 and 6.6
dB for GOP size 8. Howewmmore constantover the whole sequence§l quality improvementsvere
obtained for the Soccer sequence where tiMCFloften fails due to the high motion which is
difficult to estimate and compensate; in this case, the usage of reliable Intra decoded data allows to
obtain better Sifor those blocksthrough the MCQE algorithm when compared with tMCFISI.

The maximum gains were obtained for the Hall Monitor sequence, where the side information for
some WZ frames is significantly improvedis also important to note thathe proposed technique

also enables to have a more constant S| quality along,tespecially for the Hall Monitor sequence.

This is particularly important if a rate control operationeeds to be performed at the DVC encoder;

a more constant Sl quality ev time means that the correlation between the original WZ frame and
the corresponding Sl frame is more stationary and, therefore, it is easier to perform DVC rate
estimation/allocation.

5.5.4 WZ Decoded Frame Quality Evolution

As shown in the previous sectiothe DVCAMD codec is able improve the Sl quality provided to
the turbo decoder and the reconstruction modulkghen compared to the DVBICFI codecBetter Sl
quality means that fewer errors exist and are left for correction by means of turbo decoding Not
that, for a certain RD point, parity bits are not sent for hit-planes, just for a subsets defined by
the quantization matrix [40] (see Table 301). So, it is expected that when the DMMD codec
choosegshe proposed Intra/WZ modéor a block the decoded WZ frame quality improvegezding

the DVGMCF] for a given targebit-rate. The emporal evolution of the decoded/Z frame quality

for the Hall Monitor and Soccer sequences for GOP sizes 2and@picted inFigure5ii29to Figure
5032 Applying the same total bitate restriction (already discussed in the previous section), the RD
points corresponding to the curves ifigure 5029 to Figure 5032 match the equivalent ones in
Figure5ii25to Figure5i28for the correspondingsequences and GOP sizes.

Fom Figure5ii29to Figure5i32, it can be concludedhat the proposed DVV@MD codedypically

improves the decoded WZ PSNR quality regardivegDVCGMCFIcodec, fora similarbit-rate. For the

Hall Monitor sequence, the maximum WZ PSNR gains observéd/atelB for GOP size 2 and 1.51 dB

for GOP size 8, and for the Soccer sequence are 1.11 dB for GOP size 2 and 2.08 dB for GOP size 8.
Thus higher quality improvements are observed for high motion content video sequences and for

longer GOP sizes, where peoSiquality is generated due to thBICFlalgorithm weaknesses.
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Hall Monitor sequence: QCIF@15Hz (GOP 2)
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Figure 5629: WZ PSNR temporal evolution for the Hall Monitor sequence (GOP size 2)

Saccer sequence: QCIF@15Hz (GOP 2)
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Figure 50630: WZ PSNR temporal evolution for the Soccer sequence (GOP size 2).
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Hall Monitor sequence: QCIF@15Hz (GOP 8)
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Figure 50831: WZ PSNR temporal evolution for the Hall Monitor sequence (GOP size 8).

Soccer sequence: QCIF@15Hz (GOP 8)
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Figure 5832: WZ PSNR temporal evolution for the Soccer sequence (GOP size 8).

When the proposed Intra/WZ mode is used, the SI quality is enhanced thod, for the same
overall bit-rate, the decoded quality increasgsotice thatthe Sl qualityimprovements have direct
impact on the decoded quality through the reconstruction module addition,a more constant
decodedobjective quality over time is achievedor the Hall Monitor sequencewhich hasa
significant impact in the perceived subjective quality since less flickering occEws. Hall Monitor,
Figure 5029 (GOPRsize 2) and Figure 5i31 (GORsize 8), the decoded quality for a few WZ frames is
lower when using the proposedoding technique; this can be explained with the fact that the
overall bit-rate is not exactly the sam#or both curvesin eachchart.
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In conclusion, the proposed Intra/W2odingmodeand AMDcriterion allow SI PSNR improvements

up to 8.03 dB (Hall Monitor, GOP size 8) and WZ PSNR improvements up to 2.08 dB (Soccer, GOP size
8) , especially for cases wherevalable DVQodecshave lower RD performance, i.@igh motion

video sequences and long GS&ifes

5.6 Final Remarks

Thischapterproposes the inclusion of an additional Intra/WZ coding maatel the associated mode
decision algorithmin the architecture of aturbo-based transform domain DVC codec. The proposed
Intra/WZ DVC codec improves the &fiency of stateof-the-art DVCcodecs byncluding two novel
Intra mode decisiontechniques (at the encoder) for the WZ frames and a motion compensated
guality enhanement solution (at the decoder). THatra/WZ DVC codec also advancpsevious
DVC codecs by encoding each block with H.264/AVC Intra instead of H.263+ Intra, as used in
previous work with Intra block coding in WZ framg¢80], [29] The experimenthresults show RD
gains up to 2B forcritical test conditions whereaypically available DVC codecs have poorer RD
performance: complexmotion video sequences and loag GOP sizes. From the experimental
results, it is also possible to conclude thathen the proposed Intra/WZ modés coupledwith an
efficient mode decision algorithm, more stable quality along timés obtained both forthe Sland
decoded WZ frames; this is a desirafdature since it can help in the design of efficient encoder
rate control solutions and leatb higher subjetive quality.

Further RD performancémprovements may be obtained bysing a model based coding mode
decision algorithm coupled with Block baseancoder rate control for the WZ frames (e.g., as in the
PRISM DVC codec), since in this case it is predisglwn how much rate was spent for each WZ
block, facilitating the WZ rate estimation process for the next WZ blocks. To pursue this objective, it
is necessary to develop novel radelaptive SlepiasWolf codesvhich are proposed and evaluated in
the next clapter.
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Chapter 6

Slepian-Wolf Coding with Novel Low -
Density Parity -Check Codes

6.1 Introduction

The theoretical foundations of distributed video coding, the Slepi&iolf and WyneiZiv theorems,
suggest that it is possible to independently encode and jointly decode two statistically dependent
sourcesm and @, with the sameRDperformance as when the two sources are encoded and decoded
together. In DVC, a single decoder performs the joint decoding of all encoded sequences, exploiting
the statistical dependencies between them. However, to achieve such target iRidnence in a
practical DVC system, it is necessary to use powerful channel cdtedfirst practical DVC codecs
appeared around 2002, following important advances in error correcting codes, especially codes
with a capacity near the Shannon limit, sucls ¢he turbo and LDPC codes. Since Sle{#dolf

coding is the core of a DVC codec, it assumes a central role not only in terms of RD performance but
also in terms of codec complexity budget. For Slepislalf coding, the two most efficient solutions,

turbo and LDP@odes, have a performance close to the channel cap#y [71] The LDPC codes
have a wide range of tradeoffs betweeonding efficiencyand decoding complexitya similar
encoding complexity compared to the turbo codes can be achieved with a careful LDPC code design
[161] It hasalso beenshown that LDPC codes exhibit betteoding efficiencyfor Gaussian and
binary symmetric(correlation) channels (BSC) when comparedurbo codeg71].

The main objective of this chaptéas the designof efficient LDPCcodes for theDVCscenario. The

LDRC codes are a class of linear block codes that can approach the Shannon limit quite [d68¢ly

for several types of transmission arstiorage channels. The most important issue in the desigmof a
LDPC based DVC system is the capability to extract a high number of codes at fine granular
compression ratios (or code rates), since in the B¢€narioit is necessary to finely adapt the LDPC
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code compression ratio to the varying statistics of the correlation noise, i.e., to the errors between
the side information and the original data. In DVG the correlation noise varies significantly,
depending on several factors, such as tbequencemotion and the efficiency of thevid MC
techniques employed at the decodfar Slcreation; therefore, a wideange of compression ratios
must be achieved while maintaining a high RD performance. Moreover, the high compression ratio
codes must be embedded in lower compression ratio codeghieebits received at lower rates must

be useful and thus combinable with ¢hadditional bits received when a higher ratgower
compression)is further targeted. This type of codes referred in the literature asrate compatible
codesand is used in solutions (e.gwireless communications) where the transmission channel
statistics vary over time and a feedback channel is availaBteral ratecompatible strategies can

be followed to obtain different compression ratios, such as extendinguncturing. In[91], [163] a
practical solution is proposed where a base code is constructed for a high compression ratib€(i.e.
minimum amaunt of bits to send); to obtain lower compression ratios, the base code is recursively
split until the necessary compression ratio is obtained.[81], Chen et al. proposedxtended
Hamming and productaccumulate codes as base codes where§k6id] Varodayanet al. proposed
regular and irregulalL.DPC codeonstructions.In this chapter a novel ratecompatibility strategyis
proposedand evaluated in the context of the DVC scenarthe proposed rateompatible LDPC
code presentgate savingsfor the WZ framesup to 8% with respect t@revious stateof-the-art
LDPC codes, such as the one propos¢tiag]

All the DVC codecs proposed so far (Chapters 3 to 5) make use of a feedback channel; this means that
the encoderreplies to eachdecoderrequest by sending more parity/syndrome bits which combined
with the previous onedead toa higher likelihood of successful deding. Since the encoder does not
know the correlation between the source and the SI, the encoder sends a small amount of
information (e.g., parity bits)n order to achieve the minimum rate and avoid rate overestimation.
This usually means that Slepiaiolf decoding must be run several times for each coding unit (e.g.
DCT bandit-plane) and thus, it is desirable to reduce its complexiton the other hand, in some
DVC architecturesthe encoder is responsible to estimate the syndrome/parity rate amhd it at

once to the decodef79], [133]the sacalled encoder rate contWC schemes, such as PRISM. For
example, in[133] the decoding complexity is lower tham feedback channel based DVC
architecture, since theSlepianWolf decoder is run only once for each coding uritowever, ir{79],

the SlepianWolf decodetliterates over a set oSlcandidate predictors, to findhe S| candidate¢hat

is able to decode the source successfullysuch scenario, the SlepiaiWolf decoder is run several
times, one for each candidate predictor anthus. its complexity must be maintained as low as
possible.

Considering the highly efficient LDPC codes, there is a need to minimize its decoding complexity, in
order to obtain lower latency in a requestecode DVC codec architecture torallow the iterative
decoding over a large number of predictors (thus obtaining Hghcoding efficiency) for
architectures where theside informationis definedin a tentative way.Thus this chapter targets

two objectives: i) to design compression efficient LDPC symérccodes; and ii) tadevelop
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techniques that are able to effectively reduce the LDPC codes decoding complenétefore, the
novel contributionsproposedin this chapter are:

1. Novel LDPC rateompatible operation:A low compression ratio (equal to 1:1) RO code is
first built; then, to obtain higher compression ratios, it is proposed to merge the pafigck
nodes of the LDPC base code until the necessary rate is achieved. This novel approach is
effective to obtain a wide range of compression rates athoMas an effective optimization of
the LDPC code structure, a major advantage when compared to previoug9i¢rk163]

2. Novel LDPC code desidre propsed LDPC code structure is optimized for low compression
ratios, where certain graph structures (e.gycles) can be avoided, since for high compression
ratios it is more difficult or even impossible to condition the graph struetuas will be seen in
Setion 6.4 The LDPC codes considered here are carefully designed with a selective cycle
avoidance algorithm[164]in order to obtan a LDPC codstructure (or bi-partite graph)
offering a good performance for a wide range of compression ratiosking into account the
node merging operatiorjprevious item)that is performedto obtain low rate codes.

3. Early stopping criterionin a SlepiaAwolf LDPC decoder, the popularidgmain sumproduct
algorithm (SPA) described ify1]is often used for the LDPC syndrome codes decoding. The
SPA is an iterative decoding algorithm which uses an efficient convergence criterion to stop
the decoding proceswhen the source is succeaflyf decoded. However, when the Sl does not
have enough quality for a given syndrome rate, the source islacodable (i.eunsuccessful
decodingoccurg, and the iterative decoding only stops when predeterminedmaximum
number of iterations is reachedlherefore, it is highly desirable to have a stopping criterion
which can detect urdecodable sources as early as possilttels stopping the iterative
decoding algorithm. In this way, the decoding complexity and delay can be significantly
reduced since ungcessful decoding occumather often, e.g. when not enough syndrome
information is sent by the encoder in a request decoding DVC codec architecture. The
proposed stopping criteriorevaluatesf enough syndrome bitare availableoy using decoding
convergence metricsthusallowing a significant reduction irthe decoding complexity.

This chapter is organized as follows: in Sectid2 a brief overview of LDPC codes is presented
after, the architecture and a brief walkthrough dhe SlepiarWolf LDPC codeproposedare
presentedin Section6.3 next, inSection6.4and Section6.5 the novel techniques to design LDPC
codesand thenovel early stopping criterionare proposed; next,n Section6.6 the LDPC codBD
performance is evaluatednd compared to relevant competing solutioatong with the decoding
complexity (and the RD impact) of the proposed stopping criterion technidtiaally, in Sectior6.7,
some final remarks are drawn.

6.2 Low-Density Parity -Check Codes

In the context of DVC, the most common Slepuolf code is still the popular turbo codes.
However,Varodayanhas proposedin [163]an LDPC code for distributed source coditgt allows
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higher efficiency andwvassuccessfully integrated in someVC cdecs, such as the DISCOMBRC
codec[39), a stateof-the-art solution for DVQoding

6.2.1 Introduction to LDPC Codes

LDPC codeare nowadays one of the hottest topics in coding theory. Originally invented in hp62
R.Gallager in[165] and forgotten for almosB0 years, there has been renewed interest since their
rediscovery by MacKay, Luby and othdiB66], [167]in the mid-199@s, notably due to their
advantages in terms of bit error rate performance (very close to the Shannon limit).

In 1981, Tanner hashown in[168]that LDPC codes can b#iciently representedby a bipartite
graph. The bipartite graph provides a complete representation of the LDPC code and corresponds to
a graph with two node types and gds that can only connect two nodes of different typés
illustrated in Figure 601, LDPC codes can be graphically represeritgédn LDPC bipartite graph,
nowadays calledanner graphhat is defined by two node types (solid squares and circleBigure

601): the variable nodes (or-modes), wich represent the codeword bits, and the check nodes for ¢
nodes), which represent the paritgheck equations of the coge parity-check matrix 'O with
dimensiond  £.The matrixOperformsa & Qparity-checks on a received codeword, where
"Crepreserts the amount of data to code ardrepresentsthe total amount of data (of which Q

is redundant). The paritscheck matrix'Oof the LDPC code sparse i.e, it has a low density of&:

O L €and0 L & with 0 and0 representing the number of & in each row (®mode degree)

and column (v-node degree), respectively. Thenodes are connected by edges ttee c-nodes
according tothe matrix "O Each edge connecting anede Qo a ¢node ‘(mplies’™Q  p, where
variable (s a component of the paritgheck equation of rodQ. Each of thearity-check equations,

when multiplied by a codewordy must fulfill 'O T, i.e, the bit values connected to the same ¢
node must sum to zerd.he factor graph is thus a visuapresentation of matrixXQ An LDPC code is
called regularif the c-node degree) is constant for everycolumn and the v-node degree)

0 €&ja is alsoconstant foreachrow. In Figure 601, a regular LDPC code with 1,4 @,

0 o and0 ¢ is shown.Graphically, the factor graphof a regular LDPC code hasonstant
number of edges for every check node and a constant number of edgesdoy variable nodeln

the exampleof Figure6iil, the factor graph is regular: each variable node is of degree 2 (has 2 edge
connections) and each check node is of de@@@as3 edgeconnections)On the other handif "Ois
alowdensitymatrix butgeb krj bo I ¢c . yp %l o b addomsi@ntifek b"°
the degres of the variable and check nodetange the code isalledanirregularLDPC codén the
context ofdistributed source coding, some especiaha@des, usually called syndrome nodes (see the
dashed nodes/edges), can be connected by edgesmtiles and represent the syndrome bits that
are calculatedat the encoderaccording to'Q, and transmitted to thedecoder.More details about
this procedure are described in Secti6r2.3

Since most of the efficient LDPC codes have more than one edge connecting to-readdor v-
node, cycles (or loops) naturally occur which correspond to a set of edges that are connected
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between each other (by nodes) in a cyclic manner. The length of such cycles corresponds to the total
number of edges involved in the cycle; the Tanner gragfhFigure 6ll shows a lengtk6 cycle
illustrated in bold edgesAn important metric to assess the LDPC code performance igittieof a
Tanner graph which correspuls to the length of theshortest cycle in thélannergraph. Typically,

short cycles degrade theDPGterative decodingperformance because they affect the independence

of the information that is exchanged between nodes of the Tanner grfif#p]and, thus, the code

girth is an important design metric for an LDPC code (ideally it should be as large as possible).

variable

nodes
check  syndrome
nodes nodes
_— Vo Vi V2 V3 Vg Vs
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Figure 601: LDPC syndrome code: Tanner graph (left) and corresponding LDPC parity -
check matrix 5 (right).

6.2.2 LDPC Codes for Channel Coding

The last years of channel coding research have shown that the LDPC codes have an error correcting
performance close to the theoretical limit and can compete (and even surpass) the turbo codes with
some additional benefits, e.g., fewer operations per dedobié. The design of the LDPC code is
made through the construction of the sparse paritheck matrix 'Q i.e., the bipartite graph
connections, which has a great impact in the code performance. Several design strategies exist in
the literature, all aimirg to achieve several characteristics such as complexity efficient encoding
and decoding or good performance for a certain code rate or for shorter/longer codeword sizes. In
summary, the following LDPC codes can be identified:

x Gallager or regular LDPC Codéie first LDPC codes were discovered in thys 89 Gallager
[165]and are regular £ ofp codes with rate 1/2. Theare used as a reference point
and have a low encoding complexity but perform rather poorly when compared to other more
recent codes, mainly because the cidgraph has small cycles, including lengthcycles.
Gallager also showed that good coding penfance was obtainedif = candv 08

x MacKaycodes:In [167] MacKay has independently Hdiscovered the good performance of
linear codes with a sparse parigheck matrix and proposed algorithms to semsindomly
generate sparse matrices. The proposed design algorithms consist in the creation of ifatrix

by randomy generating thecolumns with degre® while maintaining the degree of the rows
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as uniform as possible and simultaneously avoiding short cyc@se disadvantage of
MacKays codes is the high encoding complexity due to the lack of structure of thetypari
check matrices. HoweveRichardsonand Urbanke have proposed [161] a more efficient
encoding technique.

x |rregular LDPC codedn [170] Richardson et al. proposed a class of LDPC codes, known as
irregular LDPC codes, with a higher performance than pgular turbo codes for large block
lengths. The irregular LDPC codes are defined by ‘thdaable node degree distribution
polynomial_ w and thechecknode degree distribution polynomidl . Good polynomials
can be found using optimization algohins (such as density evolutioft71) and high
performance for large block lengths can be achieved. However, for medium and-islock
lengths, the error floor (performance for low error rates) is high and the irregular codes
intrinsically have high encoding complexity (although lower complexity encoders were
proposed161).

x Progressiveedgegrowth codeslt is well known that short cycles degrade the LDPC code error
correction performance (and thus must be avoided) when a belief propagation decoding
algorithm is used. Progressive edge growth (PEG), propogdd 2jby Hu et al, is a computer
search algorithm that creates the LDPC code, by defining the places of the LDPC code edges in
such a way that short cycles in the-partite graph are avoided, i.e., the length of the smallest
cycle in the graph (or code girth) is maximizewhen used in combination with a zigzag
pattern (or accumulator) for the parity bits nodes, it is possible to achieve linear encoding
time proportional to the number of edges in matrifO (followed by cumulative modul
addition) and a higher coding effiency when compared to MacKay cod&g2]

x Finite geometry basedcodes:In [173] Kou et al. designed LDPC codes based on a geometric
approach, in this case Euclidean geometries over finite fields. The resulting LDPC codes belong
to the category of cyclic anduastcyclic codes and are free of lengthcycles. They have good
coding efficiency for a wide range of block lengths, can be encoded in linear time and are
implemented with simple feedback shift registers. Another advantage of the finite geometry
LDPC ades is their capability to be extended and shortened in order to obtain LDPC codes
with different code rates.

x  Accumulatorbasedcodes:The serial concatenated convolutional codé34]inspired one type
of LDPC codes which makes use of simple elements such as accumulators, permutations or
repeat operations concatenated in a serial way. In this code family, the repeatmulate (RA)
codeswere first proposed byivsalaret al. in[175] A RA code has a simple structure: each bit
is repeated (2 or 3 times), permuted and theent to an accumulator. A RA code has an
operation near capacity limit for long code rates; however, the performance for short and
medium rates decreases and code rates higher than 1/2 are not possible (a bit is repeated at
least twice). The irregular m@eataccumulate (IRA) codes proposed bin et al. in[176]
generalized the RA codes by repeating some bits more often than otherstlfieerepetition
rate is highly irregular), thus allowing more flexibility in the code rate choice (i.e., higher
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rates). They show better coding efficiency but it is difficult to encode them in a
systematic+parity form for low code rates. To achieve aewidnge of code rates with a low
complexity encoder, the extendeliRAcodeshave been proposed byanget al.in [177]

Besides the various design approaches already presented, there are other LDPC code families, such
asprotograph based codearray codes, produeaccumulate codes, LDPC based R&mldmon codes

and combinatorial LDPC codes which are not detailed helewerer, an extensive survey is
presented in[178] by Liva et al. where several (if not all) LDPC code designs approaches are
described ancetvaluated.

6.2.3 LDPC Codes for Distributed Source Coding

The codingschemesuggestedy Wyner in 1974, for linear binary block codgs6]is one of the most
popular approaches for the design efficient sourcecodes for the general DSC caSer a certain
source®, the encoder calculates the syndrori¢ "OdYrepresented bythe dashedsyndromenodes
in Figure 601), and sends it to the decoder; the encoder code rate is, in this dgsg, i.e., the
compression ratio i€ dy . The decoderstarts by creatinghe Slframe, ®and converting it to soft

input information with the help of the correlation noise model betweénand . Afterwards, the
SlepianWolf decodemttempts to reconstruct the sourced using a belief propagatiofexplained in

detail in Section6.3.2 or ML decoding algorithmwith the soft-input information and thesyndrome
nodes initialized according to the syndrome bits receivéthis type of approach was first usead

[68] by Pradhanand Ramchandrarfor simple codes and extended [i1] by Liveris et alto the

highly efficient LDPC codes.

Basically, in the context of LDPC codes, by calculatdthe encoder maps theé-I AT QEuE
sequencew into one of ¢ syndromes, through the division of the sequenspace(with ¢
sequence possibilities) intq cosets, each one labeled by one distinct syndrome. All¢the
cosetsare disjoint and cotain ¢ codewords with maximum Hamming distance, which guarantee a
good performance over the binary symmetric chanfiél].

6.3 IST LDPC Slepian-Wolf Codec

In DVC, different SlepialVolf codes can be used such as the block codes used in the Berkeley PRISM
solution [79], the turbo codes used in the Stanford feedback channel based DVC s¢@]tiond the

LDPC syndrome des used in the DVC solution describedi63] The LPDC codes are among the
most efficient SlepianNolf coding solutionsdue to their capacity approaching performance for
several communication channeld162] and for the distributed source coding casg1]
outperforming the turbo codes. In this section, the proposed LDPC syndomahec is presented.
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6.3.1 LDPC Syndrome Codec Architecture

The architecture of the proposed LDPC based Sleyiaif codeds presented irFigure6i2. The rate
control is male by the decoder with the help of a feedback channel and the LDPC syndrome coder
makes use of the rate compatible strategy described in Se@&idri namedcheclkhode merginghe
architectural novelty corresponds to the check node merging and early stopping critemaiules

in bold; in addition, the LDPC code structure (proposed in Se&idérd was also optimized to obtain

the best compression performance for distributed video coding. The proposed LDPC based- Slepian
Wolf encoder receives as input the souride where Qs the bitplane index for coefficient ban®

The encoding process starts always with tMSBarray and the frequency bands are scanned in
zigzag order from the DC band to the highest frequency AC bands.

Rate Adaptive LDPC Syndrome Decoder

CRC Generator CRC bits

N | Niter > 100
Convergence |y
v Criterion
LDPC | Check |
Syndrome (> Buffer Syndiomes Node | SUAT-;E%drECt SPA Decoded Source N C?hF;Sk L,
X Encoder - | Merging 9
I AR Early_Sto_pping Y
I Criterion
! L N
|
! Feedback Channel
| mo
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Figure 602: Slepian -Wolf LDPC syndrome codec  architecture.
The LDPC SlepiaWolf encoder works as follows:

1. LDPGyndromeencoder:The LDPC syndrome code matidis used to calculate the syndrome
"Yby Y "Qb which is then sent to an accumulator to generate the final syndrome
information, similar to the LDPCA (accumulate) cofie63] The LDPC code graffhis built
according tothe technique described in Sectiof.4.2which allows highercompression
efficiency when compared to previous statdé-the-art solutions(see Sectio®.6.].

2. Buffer: The syndromes are stored in a buffer and sent to the LDPC syndrome decoder upon
request, through the feedback channel. The syndromes transmission order is defined by a
regular puncturing periodw, which defines the granularity of the code rates which are
incrementally obtained; it also indirectly defines the decoding complexity since a small
puncturing period means that the LDPC decoder mostun a higher number of times to
decode the source €, to achieve the necessary hiate).

3. CR@enerator:A CRC code with a 8 bits polynomial is applied to ddicplane the checksum
is sent to the decoder to help the error detection proces®eperformed at the decoder.
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The core of the SlepiaWolf decoding process is thePAalgorithm [179]which is described in detail
in Section6.3.2 Theoveralldecoding procesproceedsas follows:

1. Check node mergingtn this module, the LDPC code graph structure (defined ®yis
modified, taking into account the number of syndrome bits received. Soheek nodes of the
LDPC base code graph (compression ratio equal to 1:1) are merged according to a simple rule
to obtain higher compression ratios: any two check nodes are merged as long as they are
connected by a punctured syndrome node (with 2 edges)s Step is repeated when more
syndrome information is received by the Slepi&¥olf decoder.

2. Sumproduct algorithmt In this module, one iteration of the SPA is performed. This SPA
iteration attemptsto decode the source with the received syndromes, the ediLDPC code
graph and the sofinput information & obtained from theCNMfor all coded bitplanes.At
the end, softoutput information is obtained and the convergence criterion determines if the
hard decision output has a small errprobability 0 (i.e, if the decoded outputs close to the
original data).

3. Convergencecriterion: First, the convergence criterion checks if all LDPC code patiyck
equations are fulfilled for the decoded (hard decision) codeword; in the positive case, the LDPC
syndrome decoderclaimsthat the source is decoded and stops the iterative process. In the
negative case (one or more paritheck equations failed), the iterative process continues and
a further SPA iteration is performed if the number of iterations is mweater than a certain
threshold; in this case, up to 100 iterations are performed (the same limit §&6@8). If this
number of iterations threshold has been reached, the decoclaimsthat the source is un
decodable with the available syndrome bits arldus,more syndrome bits are requested using
the feedback channel.

4. Early stopping criterion:In parallel with the convegence criterion, the proposed early
stopping criterion is also performed with a different objective: to detect the-decodable
sources cases at an earlier stage of decodingbiéore the maximum number of iterations is
reached. TIs avoids wasing resourcesin unsuccessful decodingperations lowering the
overall LDPC decoding complexity. This early detection can also reduce the latency since the
decoder can more quickly make a request to the encoder for additional bits, if necessary. The
early stoppng criterion is thus able to predict decoding failures by monitoring changdshe
end of each iterationjn the SPAsoft-output information, and changes in the number of
satisfied check ade equations in the LDPC grapithen the early stopping criterio detects
an undecodable source case, it requests from the encoder more syndrome bits. If this
criterion fails, this meansa decodable source igrongly classified as wdecodable and the
consequence is rate overestimatiomhus leading to a reduction othe coding efficiency.
Clearly, a tradeoff exists in this case between the decoding complexity reduction and the RD
performance losses.

5. CRC checkinally, the source reconstructed by the LDPC syndrome decoder is checked for any
residual errors left.Note that the convergence criterion does not guarantee that the source
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was always correctly decoded, i.e., there iéoav) probability that the decoded biplane still

has errors (wrong codeword)Thus, thesame CRC used by the encoder is applied to the
reconstructedbit-plane If the CRC checksum obtained matches the one received from the
encoder, no remaining errors are corrupting thst-planeand the decoding ofhe next band

or bit-plane can start; if there is no matchmore syndrome bits are requesteusing the
feedback channellas in the previousdecoding attempts This procedure guarantees a
vanishing error probability &0) for each decoded bjilane with a small rate penalty for each
bit-plane (8 bits).

The IST LDPC based Sleplfolf codec can besed in any DVC codec with a feedback channel
available, such as the DVC codecs that follow the Stanford DVC architecture. In the evaluation of the
IST LDPC based SlepMifolf codec, two DVC codecs are used: the DISCOVER DV({3¢jatat the
feedback channel transform domain (FCTD) DVC codec describgdljnNotice that several
techniques differentiate these two DVC codecs, such as the Siah approach (LDPCA in
DISCOVER versus turbo codes in FCTD), the rate control solution (hybricordtel in DISCOVER
versus decoder rate control in FCTD) éldtreation (e.g., haHpel MEis used in DISCOVER whereas

in FCTD is absent).

6.3.2 Sum-Product Algorithm

Besides the LDPC code definition, made through m&@jxa rate adaptive LDPC syndrome dexrod
algorithm that provides neaoptimal coding efficiencyis also necessary. The most used algorithm
comes with different names, such as sgmoduct algorithm, message passing and belief
propagation algorithm [179] For LDPC based syndrome codes, the decoding algorithm for
distributed source coding was first presented biyeriset al. in[71] This solution is described here
with the necessary adaptations to DVC, since it provides the necessary basis forlghetepping
criterion proposed in this chapter.

The SPA algorithm is an iterative algorithm which exchanges messages in the edges of the Tanner
graph. In each node of the Tanner graph, the incoming messages are processed according to the
node type: i) eeh v-node which represens each codeword bjtprocesses its input messages and
sends the output to the neighboring-modes (neighbor nodes are connected with an edge); and ii)
eachc-node, which represersteach paritycheck equationof the LDPCcodes matix O, processes

its input messages and sends the output to the neighborifagpdes. Typically, the SPA decoding
algorithm operates in the loglomain, i.e., the messages exchanged in the edges concern the ratio of
the probabilitiesd @ TET OO | A@OLHCADI POO 1 Avbéehcokésponds to

the source bit. As described below, the SPA algorithinifiglized according to step 1, and has two
half-iterations: i) the enode operation where messages are sent fromodes to neighboring v
nodes(step 2); and ii) the-wmode operation where messages are sent fromodes to neighboring-c

nodes (step 3). After, tentative decoding can be performed according to step 4.
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Step 1: Initialization

Before the SPA decoding obi-planestarts, it is necesary to model the correlation noise between
the corresponding coefficients of the soura® and the side informationd&. The CNMis used to
convert the Sl into the virtual channdbg-likelihood ratios (LLR)a , this meanshe belief of being

transmitted the source bit 0 or 1, according to:

® pI o 8o .
© T M 8w

Q
CHDHCT

(6.1)

where @ correspond to the value of the DCT S| coefficieint index Qwithin band Q &

corresponds to the source bihdex "Qn bit-plane ‘(f bandQand the probability distributiond
corresponds to the adopted Laplaci@NM

Step 2: Check -node Operation

In the first half-iteration, the SPA takes into account the syndrome information received from the
encoder. Since it is assumed that this information is received losslessw(itle.no channel errors),
some adaptations are needed for the DVC case when compared to the usual ctaooding
algorithm (wherethe syndromeinformation can also have errors). At this step, it is calculafed,

the message sent frommodedto v-node’®

a | %o %ol h (6.2)

h h

wherei corresponds to themumber of syndromes nodes connected to@ded(it can be 1 or 2 for

the chosen accumulator structurel) is the number of vnodes connected to-nodedand:

| OEG@I h (6.3)

i & h (6.4)

%o 171 0ATE 17 8-Ph 65
00 c ﬁ .

whered is the message sent fromnode™Qto c-noded At the beginning of the first iteration, all

messaged  are initialized with zero.

Step 3: Variable -node Operation

In the second SPA hatkration, each vnode calculates soft extrinsic information taking into
account all the messag sent by its neighboring-sodes (connected through edges) and the vatu
channel LLR calculated {6.1). At this step, it is calculad:
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& a a h (6.6)

whered is the message sent fromnode™@o c-node & is the message received frormoded

to v-nodeand’Q is the number of edges ofvode QNote that, in the first iteration, all messages

a are zero andthus, the decodingalgorithm only takes into account the virtual channel LLRs,
a .

Step 4: Tentative Decoding

After steps 2 and 3 (one full iteratiomye performed it is possible to estimate a novel decodwutt
planewith:

0 & a h (6.7)
.. ThEIE e 68)
phE AE T '

where is thea posterioprobability of the source bifQcscorresponds tahe sign ofd  and
represents the estimation of the decoded f§dand thed  magnitude represents the confidence on
the a@decision.With ¢ it is possible to evaluate if the source is successfully decoded or not by
checking ifc#®® T, i.e, if all parity-check equations are fulfilled (see convergence criterion in

Section6.3.). In cased® 1T, a new iteration starts, i.e(6.2) to (6.8) are repeated.

The LDPC code performancsing the SPA decoding algorithm depends: i) the LDPC code
structure since irregular graphs with short cycles are preferred; ithe codeword sizewhich
corresponds to thebit-planelength; iii) the code ratethrough the bit-plane compression ratipand
iv) the node degree optimizationthrough the number of edges in eachrode and v-node [161],
[170]

6.4 Designing Novel LDPC Codes for DVC

AnLDPC code appropriate for the DVC scenario must fulfill three main requirements:

1. Encoding complexityThe codemust have an encoding complexitgts low as podsie, even at
the cost of an increase in the decoding complexity. Thig requirement is usually met byhe
syndrome based LDR@coding approach as described in Sectéd.3where the encoder just
needs to calculat&dto obtain the syndrome bits to be transmitted. Sincmtrix "Ois sparse,
theencoding™ | j mi bufgv fp hbmg ilt ~ka mol mloqgfl k*i
LDPC code.
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2. Ratecompatiblestrategy: The code must be rate adaptive and incremental, i.e., the codes at
higher rates should be embedded in the codeslaiver rates, to allow a dynamic adaptation of
the code rate by using a feedback channBhus a novel technique is proposed based ¢
node merging to obtain a rateompatible slution, instead of the @ode splitting technique
used in[91], [163]

3. Compression efficiencythe code must have a performanascloseas possible t60 w3 , the
SlepianWolf limit, for a wide range of compression ratios, to cope efficiently wittanges in
the correlation betweerty and @. With the proposedrate-compatible strategy, it is possible to
optimize theLDPC high rate base code instead of a low ratecsdle, allowing to use powerful
graph conditioning techniques (e.g164), which fail when appliedirectly to the low rate
sub-code due tdts structure (low amount of rows or-aodes).The novel strategiesto design
the LDPC codanply the selective avoidance of cycles in both base and-cudes andhe
carefully positioring of the variable nodes to break the error burstgpical in the S| frame

Thecheck node merging technigu@nd requirement) is presnted in Sectioré.4.1and the degn of
an efficient LDPC code (3rdquirement), i.e., the construction of matri¥Q, is presented irBection
6.4.2

6.4.1 Rate-compatible LDPC Code by Check Node Merging

This section proposes a technique to obtain a ratenpatible LDPC code by merging any two check
nodes, as long as they are connected by a degsyadrome node.

Check -node Merging

When two check nodes are mergdatle number of paritychecksa is decreaedby one unit(as
illustrated in Figure 603), and a higher compression ratio is obtained; thrarles merging operation

corresponds to the sum of tw@rows.

Compression Ratio = 1:1 Compression Ratio = 6:5 Compression Ratio = 3:2

Figure 603: Factor graphs when check nodes are merged

The technigue to obtain a new (merged) check naomtainingthe edges mergeddm the two old

c-nodes, is quite simple:
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1. A rate = 1 base codefisst generated, corresponding ta squaréOmatrix. In the Figure 603
example thebase codenatrix "Ohas sizep @.

2. After, any two c-nodescan be successively merged untie necessary code rate (hitane
compression factor) is obtained. The lower rate codbsainedare referred here asubcodes
In the Figure 6ii3 example, the eodes(® and®) and ( and®) are successively mergethd
higher compression ratios (up to 3:2) are successively obtained from the same base code.

Rate -compatible Operation
The checknode mergemethod can provide an elegant way to obtain a rate adaplDPC code,
since the graph structure can be adapted to obtain fine grarityacode rates; however, it does not

provide a ratecompatible LDPC code in the sense that a set of syndrome bits cannot be combined
with previously sent syndrome bits. Twlfill this important requirement, it is necessary to include

at the encoder, for each pair ofrjodes to merge, a-@egree syndrome nodé€onsidering that 2
degreesyndromenodes represent equalitythe message in one edge is the same as in the other
edee), it can be easily proved that th&yndrome bits not sent, i.epunctured, can be removed as

long astheir connected enodes are merged. At the light of a coset interpretation, this represents
the union of two cosets, since there will ke cosets each one withg codewords.For
example, to obtainthe higher compression ratio 3:th Figure 603, the encoder sends all the
syndrome bits, exceptt andi which are punctured(as shown inFigure6id). At the decoder, for

each syndrome bit not received, thermdes connected to it are merged.

Figure 6064: Syndrome node placement to obtain the graph structure of Figure 603
(shaded nodes are punctured)

Although this scheme is highly flexible in the choice of then@des to merge, to obtain a good
performance for a wide range of code rates, it is necessary Ifill fan additional constraint: the
checknode degree distribution of the base code and of the-sottes must be as concentrated as
possible, i.eall the cnodes degrees should be as similar as possible. This result is well known in the
LDPC channel caaj literature [170]and was confirmed in practice for LDPC syndrome codes. A
guestion then arises: Which structure shoul@ lised to connect the syndrome nodesthe check
nodes? The authoexperimented several types of graph structures for the syndrome nodes, and the
respective transmission orders (following the above criterion), all of them reaching similar
performance. Tha, a simple structure, as shown Figure 605, where each syndrome node is
connected to two adjacentrodes, was selected. As it can be noticed, this structure cooreds to
the accumulator used in the family of repeatcumulate channel coddg477] which consis$ in a

concatenation ofa set of repetition codes with one or more accumulators and an interleaver; this
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solution was also employed if91], [163]for LDPC syndrome codes but with a different rate
compatible method. Using the accumulator structure, the encoding procedure corresponds simply
to:

1. Compute the syndrome vectdly "Odas explained in Sectiof.2.3 The vector'Y has the
same size as the pflane length and corresponds to the syndromes obtained in eacbde as
a function (module 2 addition) of the neighboringnodes. These-wodes are initialized with
the source bitplane to encode.

2. Computethe accumulated sydrome vectorY Y Y , and send some of the syndrome
bits to the decoder (in the next sukection the transmission order is definedyector Y
correspondgo the syndrome bits obtained in the syndrome nodes, which are connected to the
chedk-nodes (with the calculated syndromesY by the accumulator structure.Source
compression is obtained by sending only a few of thenputedsyndrome bits.

The decoding procedure then corresponds to:

1. Receive some of the bits of the accumulate syndreetor and merge all cheekodes which
are connected by a punctured (i.e., a syndrome bit not sent) syndrome node.

2. Perform theSPAas described in Sectiofi 3.2 If successful an estimate of the source-pliane
is obtained, otherwise, more syndrome bits are requested.

7N -~ 7N 77N

1 S7) 1So) 1 S3) v Sy)
< \v/\\ \v/\\ \-r,\\ AT AN
~ | ~ | ~ | ~ |

S S S ]

Co Cy Co C3 Cy Cs

Figure 6085: LDPC syndrome based accumulator

Syndrome Transmission Order

Once the syndrome nodgdacement is defined, it is necessary to define the order by which the
check nodes are merge¢at the decoder) For the LDPC syndrome based accumulator, the
transmission order is definetly the puncturing period w, which determines the minimum amount

of rate spent in the first transmission and the granularity thie code rates which are incrementally
obtained.The transmission ordefor each bit in the syndrome vectdl is defined at the encoder,
taking into accounthe accumulatorstructure, andis desribed in the following:

1. With @ wandda p, send positionwin each puncturing period, i.e., each B in index Q
that is a multiple oftin the syndrome vectotY .
2. Initialize "Q mERepeatitimes:
A. Send the positiom) ¢ "Q @in each puncturhg period.
B. IncrementQ
C. If more syndrome bits are requested by the decoder, continue; otherwise, exit.
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3. Setd & cand®d G¥c.
4. If all syndrome bits have been sengxit; otherwise,if a request for more syndrome bits is
received from the decodego ba& to 2.

The Qg cwand“Gare auxiliary variablesto help in thedetermination of each position to be sent. This
algorithm allows maintaining a concentrated check node degree distribution, each time step 2
aboveis executed.

6.4.2 LDPC Syndrome Code Design

The performance of the LDPC codes depends on several fautbably onthe regular nature of the
graph;in fact, irregular LDPC codes can achieve highérerror rate efficiency, i.e., close to the
Shannon capacity limifl62]and high compression performance, i.e., close to the Slejiatf limit

[71]. Another important factor is the length of the cycles in the bipartite graph. Since the decoding
algorithms, such as th&8PA can achieve optimal decoding only in cydtee graphs, it is naturaio
minimize the number of short cycles in the design of the LDPC code. Thus, techniques that limit the
effect of cycles in the LDPC code performance, such as the graph conditioning techniques proposed
in [164], [172] are also necessary when the target is to design efficient LDPC codes for the DVC
scenario.

LDPC Syndrome Code Design Principles

An efficient LDPC codean bedesigred when the novel check node merging technique is used to
obtain a ratecompatible strategy Howeverthe following principles must be considered

1. Common neighborvoidance The base code must be designed to maintain a valid structure
for any subcodes, i.e., no more than one edge can cont@etny ¢cnode/v-node pair. So, to
guarantee valid graph structures for the sutodes, the base code must followsthule: the ¢
nodesto merge cannot have a common neighbor,,itke base code matrix cannot haveyinp
the same column in the rows to sum.

2. Graph conditioning for the LDPBasecode:The LDPC syndrome code can benefit if a graph
conditioning technique isapplied to the baseode (rate = 1). If164] the concept of stopping
setshasbeenproposed: a stopping set is a set of variable nodes whashall its neighbors
connected to the set at least twice. The stopping sets impair the code performance when all v
nodes of the set are affected by errors, causing a decoding fafbimee thestopping setsare
related to the connectivity of wnodes, anextrinsic message degree (EMD) metric that
approximates the yvnodes connectivityhas been defined ifiLt64] Thus,it is proposed here to
design anLDPC code base matrix (for rate = 1) using the greedy search alg@throximate
cycle EMD(ACE)in [164] which increases the smallest stopping set size, to obtain better
performance for an iteratively decoded irregular LDPC cadee ACE algorithm enhances the
PEG algorithm (reviewed in Sectiér?.2 by taking into account the connectivity of the cycles
shorter than a prescribed length and the LDPC code girth (shortest cycle length) used by the
PEG algorithm.
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3. Graph conditioning for the LDPC swabdesSimultaneously, it is also necessary to obtain good
subcodes that result from the pariicheck node merging. However, since for high
compression ratios the number ofrodes is quite low and the number ofnodes and edges
remain constant, it is difficult or eve impossible to apply the graph conditioning techniques
to the subcodes. Therefore, a simpler option is to forbid certain types of cycles that impair the
LDPC codeompressiorefficiency. So, inspired by the releviariteria in the literature [170]
4-length cycles that involve only-Blegree vnodes are forbidden.

4. Low degree \nodes placementAnother important issue is the proper placement of the v
nodes. As shown ifl7q, [177] low-degree vnodes are susceptible to errors, because they
converge slower than high degree-nodes and can affect the code efficiency when a
significant amountof them isaffected by errorshowever, their presence is necessary to have
lower degree eodes[170] Considering that the lovdegree vnodes are the most vulnerable
onesin the code, they must be placed taking into account the nature of the correlation noise
in DVC,notably in certain regionswhere the Sl estimation fails e.g.,due to erratic motion,
occlusions and/or illumination changes. So, quite often, error bursts present in the side
information associated to noisy regions. To improve the LDPC code capability to correct
consecutive bit errors, it is proposed to insert high degreaodes ¢ o) periodically; this
avoids that error bursts only affect low degreenodes.

While the common neighbor avoidance principle results frahe cnode merging techniquegraph
condition techniguesare usedfor the first time to improve the LDPC syndrome code performance
(notably for the high rates),mainly because the@roposedrate-compatible strategyallows its usage
Finally, the low degree snodes placementakes into account the DVC virtual channel statistics to
improve the code rate performance.

LDPC Code Construction Algorithm

Considering the above features, and giventagr global distributions,_ @ and” w, for the
variable and check nodes degre@s and 0 , respectively, the algorithm proposed here to create
the irregular LDPC base code with ¢ sizeis the following:

1. Sarting from the low-degree vnodes,generateone variable nodeccording to the_ @ and
" w degree distributions, with random connections (edges) to th@odes. A v-node is
accepted as valid if:

A. All v-node edges do not connect more than once toraode in the base code and in the
lowest rate subcode. This guarantees that no mu#idges exist, i.eno two or more
edgesconnecting a enode to a ynode in any (sufcode.

B. The ACE algorithm requirements are met, i.e., all the cycles of length less than a specified
threshold (JAACE)have @B s " i r b p i b p pgl64jfertmére détail®B8 obcbo ¢

C. There are no 4ength cycles involving only 2legree vnodes inthe lowest rate suicode.

2. The previous step isepeated until the whole paritycheck matrix is createdi.e., until all the
necessary (biplane size) ynodes are generated.
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3. Check if the paritycheck matrix Ois full rank (all the rows and columns arenéarly
independent); otherwise, go to step 1. This operation is needed to guarantegdahaate = 1
the parity-check matrix is invertible in order to recover the original data, independently of
the amount of errors in the side information.

4. In this laststep, the placement of-nodes is donas follows

A. Random shufflall v-nodesto guarantee that wnodes are not sorted by degree (which
occurs at the output of step 3).

B. Calculate the period dividing the total number of vnodes by the number of-nodes
with degreel o.

C. Reposition all vnodes with degree) o in such a way that they are equally spaced
with a period ¢, i.e., consecutive-nodes with degree) o are separated by-modes

with degreel o.

The major advantage of the proposed LDRGSign is that the code graph structure can be tailored
for different code rates; in this case, it was optimized for the lowest and highest compression, ratios
expecting that compression ratios in between are also peatimum optimization. However,
different strategies can be appliedependingon the amount of correlation noise betweesl and
original data.

6.5 Early Stopping Criterion

The SPA algorithm is a decoding algorithm which uses a convergence criterion at the end of each
iteration to check if the sorce was successfully decoded or not. Since this may be a rather wasteful
process from the decoding complexity point of view, it is proposed here to include an additional
criterion to early stop the decoding process and obtain lower decoding complexity langr
latency for undecodable sources, when compared to the usual case where a predefined maximum
number of iterations is processednother way to further reduce the decoding complexity is the
usage of lower complexity alternative® the sumproduct algorithm described in Sectior6.32,

such as the mirsum algeithm or algorithm E. This approach waecently followed in[180] where
encouraging results were achievéar distributed source coding, although it is not pursued here.

The proposed criterion is based on previous work on stopping datdor turbo [181]and LDPC
channel code$§182] In[182] Kienle and Wehn propose an LDPC code stopping criterion which relies
on the variable node reliability (VNR), a summation of the LLR values alongnalties. Since most

of the existing stopping criteria are only proposed for channel coding éesgly turbo codes), it is
necessary to study, propose and evaluate a novel early stopping criterion for distributed source
coding, especially for LDPC syndrome codes. Although good results are obtained for channel coding
[182] unsatisfactory results are obtained when the VNR criterion is applied to DVC coding, since a
distributed source code (e.g., LDPC syndromes) is used.
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6.5.1 SPA Decoding Metrics

In this context, a novel criterion based on the evolution of the LLR values between decoding
iterations and the number of satisfied paritgheck equations at the end of each iteration is
proposed here. Using these two noveétcodingmetrics, it is possible to obtain a more robust
criterion when compared to previous stataf-the-art [182] notably with thefollowing features

1. BEarly detecion of un-decodable sourceghus allowing to significantly reduce the decoding
complexity.

2. Minimization of the number of cases where a source is wrongly classified agdegondable
when it is, in fact, decodablend thusawidance ofrate overestimation(i.e., coding efficiency
loss)

For decodable sourcethe average of the magnitude of values increases vémthe number of

unsatisfied paritycheck nodes decreasder each SPA iteration. Thus, the proposed stogpi
criterion is based on two metrics:

1. The variation of thea posterioliLR 0 , between successive iterationsand 0 p, w0

according to:

30 0o 0O o p O oh (6.9

¢
where € corresponds to the sourcebif-plane) size. When the iterative SPA algorithm is
converging to a successful resulh, increases between decoding iterations, leading to
larger values 080 . On the other hand, a source can be classifiegnadecodablevhen the
PM> ~i dl of q ethevdlues opp g aréclose Jo zdroHilgno variation).

2. The number of parity-check equations (or-aodes) unsatisfied at iteration:

O o wn hx EO&E o h (6.10

where & corresponds to the total number ofgodes. The number of unsatisfieénodest  is a
jbgof ™ tef e "I rkqgp agmdes, kerthe c-riodes foravhich the suin kftthe r p y
connected vnodes hard decision values and syndrome node values is different from zero (equation
not fulfilled). In a general way, when the source is decodable, drops between iterations untiit

is equal to zerpat that point, the SPAclaimsthat the source is decoded. On the other hand, a source

can be classified asm-decodablevhen the value off  is kept constant between SHt&rations.

6.5.2 Early Stopping Criterion Algorithm

With o 0 and0 0, it ispossible to measure the LDPC syndrome decoding convergence in a
robust way, i.e., it is possible to discriminate between a source that is decodable and one that is un
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decodable for a certain number of syndrome bits. Despite the robustness of these twioanttere
are two situations where they can fail, notably:

x Oscillation statein this state,0  changes continuously between 0 (no variation, i.e., stuck)

and values greater than zero (convergence) and changes between a constant value ard

abrupt change. In these cases, it is very difficult to predict the outcome and, thus, the early

stopping criterion should avoid taking any decision.

x Slow convergencdn this state, the SPA only converges after a high number of iterations, i.e.,

0 is close to zero and is kept constant for a certain number of iterations and then

convergence occurs. In this case, the sources can be wrongly classifieddecanable and
the stopping criterion should also avoid taking a decision too early.

In the design of the early stopping criterion, the two metrics proposed above are used to increase

the robustness and a source is only considereéhubh ~ | a”~ _i b tebk ~ ppqr"’
a certain amount of iterations. At the end of each SP&aition 0, the following early stopping
criterion is checked:

At the first SPA iterationd m),d w0 mandd& O 1 whend T, go tostep 2
Calculatesd 0 with (69). Ifq@d 0 _, incrementd o potherwised @0 T8

Calculateh o with (6.10.1f0 6 0 o p,incrementd 0; otherwised 0 18

P w DB

If & w0 Qor a 0 'Q classify the source asn-decodableand stop the iterative SPA
algorithm; otherwise, continue to the next SPA decoding iteration

The counterd  (measures the number of iterations where small increments)in are observed

and the counted 0 measures the number of successive iterations where the number of unsatisfied

c-nodes is kept constantn step 14 30 andd 0 are initialized; in step 2 and step 3, the counters are

fk objbkgba gl fkaf > ~gb ~ ppqgr hy ab’ 1| af kd

determined number of iterations, the decoding of the source is terminated and more syndrome bits
are requestedn step 4. Thus, it is possible to avoid any misclassification in the oscillation or slow

convergence states by classifying the source asdeocodable only when the neoconvergence
behavior is successively observed for a certain amount ofit&Paions. By adjusting the thresholds

_and’Q different tradeoffs between performance and decoding complexity can be achieved; it was

experimentally found that_ 1@ and 'Q ¢ provide a good compromise between these two

conflicting requirements.

6.6 Performance Evaluation

This section evaluates the performance of the LDPC SléMalfi codec described in SectiémBwith
the novel LDPC code and rate compatible agpien proposed in Sectiof.4and the early stopping

criterion proposed in Sectio®.5 The test conditions used here are the same as the ones established

for the DISCOVER DVC cofB8], previously used in the previous chapters.
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The four test sequences selected are Hial Monitor, CoastguardForemanand Soccersequences
which have different characteristics, notably in terms of motion and texture. All sequences have
QCIF spatial resolutionta5Hz.In all the experiments,a GOPsize of 2 is usedand only the
luminance iscoded The key frames are H.264/AVC Intkain profile encodedand the decoded
video hasalmost constantguality for the full set of frames (key frames and WZ frameB) obain

the RD curve, eight Rpoints are considered,each onecorresponding toat 1 WZquantization
matrix as defined inrable30l.

The technigues proposed arevaluated in the context otwo DVCcodee, both followingthe

Stanford architecture, with different SlepiakVolf coding solutions and other differences (see @hd
Section6.3.). Using two different DVC codecs reinforces the generic character of the IST Slepian
Wolf codec which can be used independently of the remainingluhes. The DISCOVER codec was
used to show that the proposed LDPC code with node merging and graph condition techniques is
better than the LDPCA code with node splitting selected for the DISCOVER codec. Then, FCTD codec
with decoder rate control (insteadfahe hybrid rate control of the DISCOVER codec) was used to
assess the entire impact in terms of RD performance and decoding complexity of the proposed early
stopping criterion. In both codecs, the RD performance gains of the IST Sléydidincodec can be
compared to the quite popular SlepiaWolf turbo coding solution (used here as reference).

6.6.1 Rate-Distortion Performance

The RD performance of the DISCOVER and FCTD video codecs with different\8lglpianding
engines is evaluated in this section.

DISCOVER DVC Codec
The coding efficiency of the proposed IST Slep¥dolf codec which includes the novel LPDC code

design and rate compatible operation is evaluated in comparison with other competing Stepian
Wolf codecs, such as the LDPCA and turbo codes. [H&@&OVER DVC codéedcribed in[39)) is
used to assess the proposed Slepidalf LDPC codec since it is a welbwn DVC odec which uses
the stateof-the-art SlepianWolf LDPCA codec engine described1i®3] The DISCOVER DVC codec
follows a transformdomain DVC codec architecture with uniform quantization, hybrid rate control,
MCFISI creation andminimum MSE reconstructiortechnigques By using different SlepialVolf
codecs within the DISCOVER DVC codemusbDVC codecs are obtained:

x DISCOVERDP@Merge: This DVC codec uses the IST Slepilolf codec proposed in Section

6.3without the early stopping criterion butwith the node mergingrate-compatible strategy

proposed in SectioB.4.1 The LDPC codeconstructed according téhe techniques inSection

642 with _o Top ™M@ 71 Yoy T P TEIE T8 oY and

T TR T o;these. w and” w distributions wereobtained from[163] For the

>@B "~idlofgej) geb m*fo %a>@B) ~">@B& : %. 0) 4
x DISCOVERDPECSpIit: This DVC codec uses the&SCOVERIepianWolf LDPC code(presented

in [39)]) without any changeand maintains the same edge degree distributionshesproposed
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LDPC code described in the previous itefime ratecompatible strategy corresponds to the
node splitting technique fron91], [163]

x DISCOVERurbo: For better analysistimakes sense to compare the propod€2PC syndrome
code solution with a turbo code based solutidoe to its high coding erformance In this
case, the DISCOVER turbo encoder encloses twa r&@&CGncoders and an interleaver; the
systematic bits produced by the turbo encoder are discarded while the parity bits are stored in
a buffer and sent upon decoder request. The tudesoder is composed by two sdfiput soft-
output decoders implemented using the L&WAP algorithm.This turbo coding based Slepian
Wolf codec is similar to the ones used in previous chapters and is used here as reference for
comparison.

Table6iil shows for the Hall MonitorForemanand Soccesequences the WZ rate saving¥ (in
percentag@ for the DISCOVERDP@Merge code with respect to he DISCOVERurbo codecY'Y
and theDISCOVERDPGSplit codec Y'Y ; only the WZ rate is considerdtbre since the key frames
rate is the same for the threSlepianWolf codes In Table 6ii1, 0 represents the'@h WZ
quantization matrix associated with th&h RD pointas in previous chaptersvhen0 increases,
the bit-rate and quality also increase.

Table 601: WZ rate saving s (in %) for the proposed DISCOVER -LDPC-Split code c
regarding the DISCOVER-LDPC-Merge codec and the DISCOVER -Turbo code cs.

L Hall Monitor Sequence

I WZRate [kbit/§ | Wz PSNR [dB] 1 4 [%] 4 4 [%]
1 9.77 31.53 17.0 6.5

4 24.53 34.39 19.2 8.0

6 39.10 35.94 18.4 7.5

8 81.79 40.53 14.3 4.4
|Lm Foreman Sequence

r WZ RateKbit/s] | WZ PSNR [dB] 1 4 [9%] 44 [9%]
1 22.36 28.35 10.2 2.2

4 60.70 31.90 8.6 2.8

6 93.53 33.16 9.8 2.0

8 211.75 38.65 9.8 1.2
|L.. SoccelSequence

s WZ RateKbit/s] | WZ PSNR [dB] 14 %] 41 [%]
1 36.80 27.58 9.0 1.5

4 87.84 31.26 8.7 1.7

6 124.97 32.35 10.2 2.2

8 266.62 38.13 10.5 0.9
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The rate and PSNR columnsTiable6il correspond to theDVCRD performance obtained with the
LDP@EDISCOVERIerge codes proposed in thischapter, as expected, the same PSNR values were
obtained for the three alternative channel code solutiosisice the probability of error§ ) is quite
small andsimilar for all SlepiarWolf codec solutionsAs it can be observed imable 601, the
proposed LDPC code (DISCOVBRCESpIlit) with node merging allows a maximum WZ rate
reduction of 19.2%, 10.2% and 10.5% versus the turbo code (DISO@MERolution, for the Hall
Monitor, Foreman and Soccer sequences, respectivdlyen compared ith the DISCOVERDPE
Split codec, the proposed DISCOMERPEMerge solution allows WZ rate savings of up to 8%, 2.8%
and 2.2%, for the Hall Monitor, Foreman and Soccer sequences, respectively. Notice that, between
the DISCOVERDPEGSplit, DISCOVEEDP@Verge and DISCOVERIrbo codecs, only the Slepian
Wolf codec changes.

The higher WZ rate savings are obtained for the Hall Monitor sequence because the proposed LDPC
code design has a higher efficiency when the correlation between Sl and original datalisrmer

high, i.e., for medium/lower code rates (or medium/high compression ratios). Since the turbo code
solution is parity bit based instead of syndrome based (see Seztibd, the proposed LDPC code
allows higher WZ rate savings over the turbo code solution, as shovh8®8jfor the general DSC
case. Moreover, when the correlation between Sl and original data is clearly low, the code rate in
the turbo code solution can be higher than 1. However, since both LDPC code solutions use the log
domain SPA at the decoder and the inseeiofOmatrix is used to recover the original data when the
code rate is equal to Jp@p compression ratio) it is possible to obtain the source data losslessly
when the amount of syndromes received is the same as the source length (kglarkit size) Notice

that, to detect successful decoding, the paritheck equations must all be satisfied and then &rit8

CRC code is used to detect residual errors which guarantees a vanishing decoding error probability.

FCTD DVC Codec
The FCTD video codec is dskere to assess the RD performance impact of the early stopping

criterion with the proposed IST Slepiawolf codec; in addition, it is also included a comparison
with the turbo code previously used in FCT&l]and the standard H.264/AVC Intra and H.264/AVC
zero-motion video codecs. One of the most important differences of the FCTD codec in comparison
to the DISCOVER codecsdgbed above is the adopted rate control scheme. The DISCOVER DVC
codec uses hybrid rate control whereas FCTD deesderrate control; this will mostly influence

the decoding complexity evaluation in Sectiois6.2and 6.6.3 By using different SlepiakVolf
codecs within the FCTD codec, various DVC codecs are obtained:

x FCD-LDP&Merge:This corresponds to the FCTD codec with the IST Sleplati LDPC codec
proposed in Section6.3 without the early stopping criterion. Thenode mergirg rate-
compatible strategyand the node degree distributions are the same as the DISGCOVER
Merge video codec.

x FCTBLDP@MergeEarly:This corresponds to the same DVC codec as described in the previous
item, FCTELDP@Verge, but with the early stopping criterion proposed in Sectiérh Thus,
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the RD performance impact the proposed early stopping criterion can be evaluated, in the
context of a LDPC based high performance DVC codec.

x FCTBTurbo: This corresponds to the FCTD codec but with the same turbo code as the
DISCOVERurbo DVC codec. Thus,&iRD performances of the FGLDP@Verge and FCTD
LDP&MergeEarly are compared to the turbo code solution used in the previous chapters and
in other works available in the literatur§9], [40]

The RD performance for the three FCTD coders above is presentedrigone 66 to Figure6u9, for
all the four test sequences. In these results, all Intra and WZ frames are incindbkd evaluation.
The following conclusions can be drawn:

x FCTBLDP&Merge versus FCTODPGMergeEarly: As shown, the impact in the RD
performance of the proposed early stopping criterion is quite small, especially for low and
medium bitrates. It is onlypossible to observe a minor loss in RD performance for the last RD
point (high bit-rate/quality) which goes up to 0.15 dB for ti#all Monitor sequence (the worst
resultfor all four test sequences).

x FCTBELDP@MJerge versus FCTDurbo: As expected, when th&CTBDLDPEMerge codec is
compared with the FCTDurbo codec, gains occur for all RD points and sequences which
confirm the results already obtained for the DISCOVER DVC codec. The more significant gains
(up to 0.3 dB) occur for the Hall Monitor and Coastgl sequences, mainly due to higher
coding efficiency for low/medium correlation nois& & (a similar conclusion was obtained
for the DISCOVER DVC codédfhough nda shown, more significantRD performanceayains
occur for longer GOP sizes since thepmuion of WZ frames increases when compared to the
proportion of Intra framesfor GOP size 2 only half of the franmgledare WZ frames.

x FCTELDP@Mergeversus H.264/AV€odecsfor all sequencegxcept Soccer, thECTBLDPE
Mergecodec has a better RD performant@an H.264/AVC Intrawith maximum gains of 1.5
dB, 3 dB, 0.4 dB, for Coastguard, Hall Monitor and Foreman, respecfeglthe Soccer
sequence, the gap corresponds to a 2 dB loss in performance, mainly due teidihe
information low quality. When compared to the H.264/AVC zanotion codec, the FCTD
LDP@&Merge codec is only competitive for the Coastguard sequence at athigis where up to
0.5 dB gains can be observed.
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Coastguard sequence: QCIF@15Hz (all frames)

PSNR (dB)

' H.264/AVC Intra —+—
] H.264/AVC zero-motion ---%---
FCTD-LDPC-Merge @

- FCTD-Turbo =-m-=
i FCTD-LDPC-MergeEarly ------
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500
Bit-rate (kbit/s)

Figure 606: FCTD codec RD Performance for the Coastguard sequence (GOP size 2).

Hall Monitor sequence: QCIF@15Hz (all frames)
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Figure 607: FCTD codec RD Performance for the Hall Monitor sequence (GOP size 2).
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Foreman sequence: QCIF@15Hz (all frames)
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Figure 608: FCTD codec RD Performance for the Foreman sequence (GOP size 2).

Soccer sequence: QCIF@15Hz (all frames)
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Figure 609: FCTD codec RD Performance for the Soccer sequence (GOP size 2).
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6.6.2 LDPC Syndrome Decoder Complexity

To assess the complexity reduction obtained for tHeT SlepianrWolf decoding process with the
early stopping criterion, the total number of SPA iterations for each test sequence has been
measured. With this metric, it is possible to assess the impact ohdivel early stopping criteria in

the LDPC syndrome decoder without any further external complexity contribution such as the SI
generation, correlation noise modely, reconstruction, etcln Figure6i10to Figure 613 the total
number of requestgor the SlepianWolf LDPC syndrome decodsrplotted in a bar chart with and
without the proposed early stopping criterigni.e., for the FCTDDP@Merge and FCTDDPC
MergeEarly video codecEhe xaxis shows the eight RD points considered.

Comparing the results for the LDPC syndrome decoder with and without the novel early stopping
criterion, it is possible to observe significant savings in the total number of iterations (and thus
decoding complexity) for all sequences and RD points. As expected, more significant savings are
obtained for the last RD points which correspond to highaliies/bit-rates, since the LDPC decoder

is run for a highemumber of bit-planes and the correlation between the source and the Sl is lower
(and thus the number of requests is highigrl]). The best result is obtained for the Hall Monitor
sequence where a 4.4 times reduction is observed for the last RD Pphmtworst result in terms of
complexity reduction is obtained fothe Soccer sequence with a 1.7 times reduction in the total
number of SPA iterations for the first RD point. By averaging the results obtained for all RD points,
3.44, 2.46, 2.19, 2.17 times reduction are obtained for the Hall Monitor, Coastguard, Fareman
Soccer sequences, respectively. In a general way, low (and regular) motion sequencdsale.g.,
Monitor) have a more stable decoding behavior (easier to predict) when compared to high (and
irregular) motion sequences (e.g@pccey where a more instdp (oscillations) behavior is observed.
This implies larger decoding complexity reductions for more stable content and-vésea.
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Coastguard sequence: QCIF@15Hz (all frames)
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Figure 60610: Total number of SPA iterations

Hall Monitor sequence: QCIF@15Hz (all frames)
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Figure 60611: Total number of SPA iterations
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Foreman sequence: QCIF@15Hz (all frames)
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Figure 60812: Total nu mber of SPA iterations for the Foreman sequence (GOP size 2).

Soccer sequence: QCIF@15Hz (all frames)
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Figure 60613: Total number of SPA iterations for the Soccer sequence (GOP size 2).

6.6.3 Overall DVC Decoding Complexity

The overall DVC decoding complexity was also evaluated with a simple although rather meaningful
(if used in a relative/comparative sense) complexity metric; the decoding time for the full sequence
in seconds. The main disadvantages of using the decoding &s a complexity metric are: i) it is
highly dependent on the hardware/software platform; and ii) it is highly dependent on the degree
of software optimization. However, in this case, there is a minimal impact by these two factors since
the goal is to cmpare the effect of the novel early stopping criterion which as a small footprint (and
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complexity) when compared to the whole DVC decoder, without changing the hardware platform
and the remaining software. For these experiments, the hardware used wasGamaghine with a

dual core Pentium D processor at 3.4GHz with 2048MB of RAM and Windows XP operating system.
Figure 614 to Figure 6017 show the decoding complexity measured in terms of decoding time,
distinguishing the DVC decoder with and without the early stopping criteria, i.e., for the FCTD
LDP&Verge and FCTDDP&MergeEarly video codecs.

Coastguard sequence: QCIF@15Hz (all frames)
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Figure 60614: Decoding time(s) for the Coastguard sequence (GOP size 2).

Hall Monitor sequence: QCIF@15Hz {all frames)
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Figure 60615: Decoding time(s) for the Hall Monitor sequence (GO P size 2).
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Foreman sequence: QCIF@15Hz (all frames)
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Figure 60816: Decoding time(s) for the Foreman sequence (GOP size 2).

Soccer sequence: QCIF@15Hz (all frames)
100000 T

FCTD-LDPC-MergeEarly ——1]. . ' ! VL
FCTD-LDPC Merge &3t ]| ! : - s
90000 < C-Merge L2 ) : : : £t ]
80000 -
70000 .
T 60000 f------ IS e R S e Feeeaan PR -
E i i i i i l Fvi e
F I L T AR e 2 N
© ' ' ' ! ' 7
o ' ] ' N '\&
§  4D00D f----ciecccecdeoooo o AEETREE: F e =
(] ' ' ' ) 457
: . . : B ol
30000 f--- - p oA s o o SE EEEEE
- : ! oI £ |
20000 e e L L EEEEL I ELEEEL oS Rt £ow A I o T I % et .
3 5 1 e 1%
10000 T --(::;- 15t L, -
b e 1< %
0 % > (7 L B
7 8

RD point (Q;)

Figure 60617: Decoding time(s) for the Soccer sequence (GOP size 2).

As expected, the overall decoding complexity follows the same trend as the Slégndindecoding
complexity presented in the previous section; thus, the conclusions taken before are also valid here,
i.e., more significant complexity savingsare obtainedfor the higher bit-rates and low motion
sequencesThe minimumtotal decodingtime reduction hasoccurred for the first RD point of the
Soccer sequence with abtimes reduction(1.7times in the total number of SPA iterationsf the

DVC decoidig complexty. The maximum total decoding time reductids observed for the last RD
point of the Hall Monitor sequence with a8¥.times reduction(4.4 times in the total number of SPA
iterations) due to the inclusion of the early stopping criterio®o, the overallecodng complexity
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is significantly reduced and, thus, the main objective of the proposed early stopping criterion is
fulfilled. As expected, the RD point and sequence where the maximum loss in RD performance was
obtained (0.15 dB for the Hall Monitor cagence) corresponds also to tHeD point where more
significant savings in decoding complexityene achieved This suggests that by choosing different
values for the thresholds and'Q a different balance between the decoding complexity reduction
and the RD performance losses can be achieved with the proposed early stopping criterion
algorithm.

6.7 Final Remarks

To fully exploit the potential of the WyneiZiv coding paradigmit is necessary to haveractical
DVC codecthat make use of neatapacity perfomanceerror correcting codessuch as the LDPC
codes.In this chapter, new ways to design LDPC codes for the DVC paradigm are proposed and
evaluated The new LDPC solutions rely on merging patdheck nodes, which corresponds &
reduction ofthe numberof rows in the paritycheck matrix. This allowso gracefully changethe
source compression ratio (DCT coefficient-piane) according to the correlation between tis¢ and
original data The proposed LDPC codes reach a good performance for a wide rfasgearce
correlations and achieve a better RD performance when compared to the popular turbo @gdts
19%) According to the experimental resulisthe proposedLDPC code andate-compatibility
strategyleads to WZ rate savings up to 8% with respeqirevious LDPC staiaf-the-art solutions,
notably those using the node splitting technigue

An efficient early stopping criteria algorithm foSPA basedDPC decodeis also proposed ithis
chapter. A minor loss in coding efficiency (0.15 dB maximumgbiserved while major reductions

(1.7 to 4.4 times) in the decoding complexity can be achieved, depending on the amount of
correlation betweenSland original data. Tis criterion is based on two relevant metrics computed

at the end of eaclSPAiteration. As shown, it is possible to achieve significant reductions in the
decoding complexity with negligible losses in the RD performance.

To obtain further RD improvements, is possible toexploit, in the decoding processhe memory
(i.e., spatial correlatiorof the errors)in the correlation noise betweei®s! andoriginal data This
could be achieved by designing an LDPC SleWaif decoding algorithm for memory channels
using finite-state binary Markov models ohidden Markov models to represent the virtual
correlation channel, e.g., by including additional nodes to accurately model the error patterns.

On the other handthe proposed metric$or the stopping criterioncould be used to indicate the
most probable error locations, guiding the refinement of tele information quality(see Section
2.4.2; this could lead to better RD performance and a tight integration betwtensyndrome
decoding andhe side information creation processes.
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Chapter 7

Evaluating the IST Distributed Video
Codec

7.1 Introduction

The main purpose of this chapter is to report on the integrated DVC coded developed in the context
of this Thesis. With this purpose, a detailed description and a complete performance evaluation of
geb [|SFDVE gaodec Built is presented; significant effort was made to achieve the highest RD
performance while considering significant complexity constraints at the encoder, i.e., less or similar
to H.264/AVC Intra. The I1SDVC codec proposed in this chapterggrates some of the techniques
already described in previous chapters and also techniques available in the literature which provide
additional gains in RD performance. To obtain a solid assessnmatiseand relevant test
conditionsare first defined. Aferwards,the most relevant performance metrics to evaluate ISF

DVC codec will be used notably the RD performanceand encoder/decoder complexity. This
evaluation shows that the ISDVC codec developed for this Thesis is among the best available DVC
codecs, if low encoder complexity is a strong requirement; the RD performance is consistently
better when compared to the DISCOVB& and VISNET [U5]state-of-the-art DVC codecs.

The ISTDVC codec evolved during the whole duration of this Jiseand the codec described here
corresponds to the final version obtained. As far as the authors know, théNT has very likely

the best DVC performance available by combining some of the techniques proposed in this Thesis
along with other stateof-the-art techniques meanwhile proposed in the literature. It is also
important to note that complete evaluations of DVC solutions following the Stanford architecture
have been made in the past. [B1], Brites et al. presented @recise and detailed evaluation tie
performanceof an early ISIDVCcodec¢ namely the overall RD performance, the quality evolution

of the Wz frames, he bitplane compression factors, the number of requests and the
encoder/decoder complexity. 1139], Artigas et al. evaluad the weltknown DISCOVER DVC codec



EVALUATING THE ISTOITRIBUTED VIDEO CBED

and [45] reports similar RD performance advances for the VISNET Il DVC codec. METVISDVC
codec was developed in the context of a Europeatwork of excellence (NoEnd was the result of
the effort of several organizations working in the field of networked audiovisual media technologies
[184]

This chapter is organized as follows. SectibApresents the overall ISDVC codec architecture and

its coding walkthrough, while Sectio.3summaizes the novel techniques in the 1S9VC codec
and Section/.4compares the ISDVC codec with statef-the-art DVC codecs, e.g., the DISCOVER
and VISNET |l DV®@daecs. The next sectiong,5to 7.7, providethe test conditionsand acomplete
performance evaluation ofthe ISFDVC codec, namely the RD performance and the
encoder/decoder complexity.

7.2 IST-DVC Codec Architecture

This section provides a brief description of tli@al ISFDVC codec anits encodingand decoding
process. Aimplified version of the codec architecture is shownRigure7U1.
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Figure 7061: Simplified IST -DVC codec architecture.
ThelST-DVC encoding processdefinedby the following steps:

1. Frameclassification:First, the coding process defines a GOP as the set of frames between two
key frames plus the first key frame in this set; typically, key frames are peraigiinserted,
thus defining the GOP size. This means that each GOP has always one key frame and the

remaining frames in the GOP are WZ frames. The adaptive GOP size selection process proposed

in Section3.5may also be used; in this case, the key frames are inserted depending on the
amount of temporal correlation in the video sequence. Most performance results available in
the literature use a GOP size of 2, whiskans that odd and even frames are key frames and
WZ frames, respectively.
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2. Integer DCT Over eachWZ frame, an integert T block-based DCT is applied. The DCT
coefficients of the entire WZ frame are then grouped together, according to the position
occupied by each DCT coefficient within the t blocks, forming the DCtoefficientbands,

i.e, a vector with all DCT coefficiestin the same frequency (or position).

3. Uniform quantizer After the transform coding operation, each DCT coefficients bands
uniformly quantized with¢  levels (where the numbecoded bitplanesd depends on the
DCT coefficients bang ). Ove the resulting quantized symbol streanbit-plane extraction is
performed. Foreachband &, the quantized symbols bits of the same significance ,(&g.
most significant bit) are grouped together, forming the correspondbit-planearray which is
then independentlySlepianWolf coded (in this case LDPC codeffe distribution of the
quantizer bins for the DC and AC coefficients used in this uniform quantizer was proposed in
[113]by Brites and Pereira.

4. LDPGyndromeencoder The LDPC encoding procedure for the DCT coefficients Gasthrts
with the MSBarray, which corresponds to the most significant bits of tfe band quantized
symbols. Thesyndromeinformation generated by the LDRfhicoder for each biplane is then
stored in the buffer and sent in chunks/packets upon decoder request, throughattzlable
feedback channelThe complexity of this operation idgriearly proportional to the number of
edges defined for the LDPC code, which is low since the LDPC sparse ‘@&t a low
amount of edges. The LDPC code structure was obtained with the graph conditioning
algorithm proposed in Sectiof.4.2

5. CR@enerator. The encoder also calculates an 8 bit CRC hash forleplaneand sends it to
the decode87]; this will help the decoder to detect any remaining residual errors left by the
stopping criterion computed at th& DPC syndroméecoder (stefd.l).

6. H.264/AVC Intraencoder The key frames are encoded with the efficient H.264/AVC Intra
mode of the Main profile [2]; this means that CABAC is active ant také spatial Intra
prediction modes{ T andy ) are enabledthus achieving agoodRDperformance(at the
cost of higher complexity)

ThelST-DVCdecodingprocesss definedby the following steps:

7. H.264/AVC Intradecoder The key frames aredecodedwith the corresponding H.264/AVC
Intra decoder and stored in a buffer for later use.

8. Motion compensated frame interpolatiohe decoder creates the side information for each
WZ frame with the motion compensated frame interpolation framework propose&éction
3.4(including the techniques proposed in Secti8rf, using theprevious and next temporally
closer reference frames. The side information for each WZ frame corresponds to an estimation
of the original WZ frame; the better is the quality of this estimation, the smaller is the
necessary birate for successful decodin@e, to achieve a small error probability). The MCFI
framework developed in the context of this Thesis is one of the pestorming Slestimators
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(notably better than the early workin [22], [23]and Section4.5 and thus, it contributes
significantly to the achieved RD performance.

9. Integer DCTA blockbasedt t integer DCTtransform is then carried out over th&l frame
in order to obtain theSIDCT coefficientsthe estimate of the WZ frame DCT coefficients.

10.Correlation noise modeling: The residual statistics between corresponding WZ frame DCT
coefficients and theSIDCT coefficients is assumed to be modelled by a Laplacian distribution.
The Laphcian parameter is estimated online #te finest DCTcoefficient granularity level
using the stateof-the-art algorithm proposed if113]by Brites and Pereira (see Sectidd.3.

11 LDPGyndrome decoderOnce the DCT transforme®l and the residual statistics for a given
DCT coefficients bané are known, the decoded quantized symbol stream associated to the
DCT bandd can be obtained through thesum productdecodingalgorithm described in
Section6.3.2 As thedecoder receiveshe successive chunks ayndromebits following the
requests made through the feedback cimeh the LDPC code graph structuie modified by
merging the appropriate check nodes as proposed in Sedidtil After successfully decoding
the MSBarray of the @ band, theLDPCdecoder proceeds in an analogous way with the
remaining 0 bit-planes associated to the same bar@nce all thebit-planes of the DCT
coefficients bandb are successfully decoded, th®PQlecoder starts decoding ghnext®
band. This procedure is repeated until all the DCT coefficients bands, for slimfromebits
are transmitted, are decodedimultaneously with the LDPC syndrome decoding algorithm,
two criteria are employed by the decoder with different elojives:

A. Convergence criterido: decide whether or not morgsyndromebits are needed for the
successful decoding of a certabit-plane the decoderchecks if all LDPC code parity
check equations are fulfilledif true, the source isconsidereddecoded otherwise, the
iterative decodingprocess continués

B. Early stopping criteriofhis criterion detects the cases of wtecodable sources at an
earlier stage of decoding, i.e., before the maximum number of iterations is reatiheidl.
un-decodable source tetected, the LDPC iterative decoding process is stopped and more
syndrome bits are requested (using the feedback channel) by the decoder. This criterion
was proposed in Sectigh5and allows a significant reduction of the decoding complexity
and latency.

12.CRC lteck Because some residual errors are left when dwnvergencecriterion of the
previous stegs fulfilled, and these errors may have a rather negative subjective impact on the
decoded frame quality, a CRC check sum is transmitted to help the decoderidgtanl
remaining errors in each biplane. This techigue was proposed by Kubasov &t in [87]
Since this CRC is combined with the convergence criterion, it does not have to be very strong
to guarantee a vanishing error probdity (& 0) for each decoded bjilane. As a consequence,

a CR@ check sum for each bjilane was found to be strong enough for this purpose which
only adds minimal extra rate (8 bits) for each decodedgéne. Thus, if the decoded kilane
has the smme CRC checksum that the encoder CRC checksum, the decoding is declared to be
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successful and the decoding of another band/piane can start; otherwisemore syndrome
bits are requested and the LDPC decoding process starts @tginll)

13.ReconstructionAfter LDPC decoding tHe bit-planes associated to the DCT band the bit
planes aregroupedtogether to form the decoded quantized symbol stream associated to the
@ band. This procedure is performed over all the DCT coefficients bands for which WZ bits are
transmitted. The reconstruction corresponds to the inverse operation of the quantization and
exploits the SIDCT coefficients and all LDPC decoded symbols (gadiotizbins/intervals).

The reconstruction creates the matrix of decoded DCT coefficients for each block; this process
is performed iteratively for eactSlrefinement (step 15)The reconstruction solution used by

the ISFDVC codec has been proposed by lsobeet al. if118]and corresponds to an optimal
MSEbased estimation using closddrm expressions derived for a Laplaniaorrelation model

(see Sectior2.4.5for more details).The DCT coefficients bands for which no WZ bits were
transmitted are simply replaced bythe correspondingDCT S| bandé o MSEestimation is
performed)

14Inverse DCTAfter, a blockbasedt Tt integer IDCT is performed and theconstructedpixel
domain WZ frame is obtained.

15 Motion refinement:After the IDCT, a partially decoded WZ frame becomes available at the WZ
decoder, i.e., a decoded frame with an enhanced quality when compared to the 8lifielme
(since some biplane errors have been corrected). This partially decoded frame can be
exploited to enhance the side information using shifted blocks in the init&ll frameitself
rather than searching again in the key frames. This process is perforneéore the decoding
of each AC band, after the Slepisiviolf decoding of all the previousalnd bitplanes. With the
improved Sl transform coefficients,CNM LDPGsyndromedecoder, reconstruction and IDCT
(steps 16014) are performed again to obtain a higher quality decoded frame, until all DCT bands
are decodedAfter the decoding of aIDCT bans, motion refinement(and reconstruction)is
performed one last time to improve the quality of the wooded DCT coefficients (for which no
syndrome bits were received). The motion refinemegMR)is proposed in thischapter, in
Section7.3.1

16.Deblocking filter: To further improve boththe subjective and objective qualities of the WZ
decoded frames, a decoder side adaptivebleking filter is inserted in thesideinformation
motion estimation loop as am-loop de-blockingfilter (ILDF), i.e.the frame generated by the
filter is used as reference in thglgeneration processofly relevantfor GOP sizes greater than
2). This technique is based on the well known2&4#/AVC deblocking filter with the
computationof the boundary strength and filter parameters adapted to the DVC contélxe
de-blocking filter is proposed in thigshapter, in Sectiorv.3.2

17 Frame remixing:Fnally, to get the decoded video sequence, decoded key frames and WZ
frames areappropriately mixed.

For most of the modules described above, lB&DVC codec and the associated integrated software
have adopted advanced solutions, eith@oposedwithin the objectives of this Thesisr proposed
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in the literature by other research groups. For th&T-DVC codec, the target was clearly to redle

best wssible RD performance without compromising the encoder complexity. Thus, the techniques
proposed inChapter 4and Chapter 5are not included in ISTDVC since they increase the encoder
complexity (although not significantly) in the creation of hash bits or Intra blocks; however, some
RD improvements (at least for high motiorguences and long GOP sizes) can be expected with the
integration of these techniques in the IS9VC codec at the cost of higher encoder complexity.

It is important to stress that théST-DVC codec does nshowany of the limitations that are many
times dgill present in DVGCsolutions in the literature[20], notably those adoptig the StanfordDVC
codecarchitecture[9]. This means, for example, that original frames amverusedat the decoder

for Sl creation to estimate thebit-plane error probability or to estimate theCNMparameters for
LDPGsyndromedecoding. ThdST-DVC codec is a fully practical video codec for which a realistic
performance evaluation is presented in Sectoh67.7.

7.3 Additional IST -DVC Decoding Techniques

As described in the previous section, most of the techniques chosen forSR®VC codec were
proposed or described in previous chapters and, thus, their description is not repeated here;
however, the ISIDVC codec also includes two novel techniques which were developed in a joint
work with colleagues from the same institution I® the motion refinement[34] and the de
blocking filter [36]techniques which are described in the following.

7.3.1 Motion Refinement

The motion refinementechnique works at the block level (as the MCFI) and improvesSllygiality

along the decoding of the DCT coefficient bands, instead of keeping it unchavgatiakes use of

the already decoded DCT coefficients (an approximation of the original WZ DCT coefficients) since
they provide information that was not available ahe time the initial side information was
estimated. Moreover, the information learnt with all the decoded DCT bands is also used to improve
the Sl quality for the bands which were not corrected (syndrome bits were not sent) further
improving the quality d the final decoded frame.

The MR starts after decoding all thebit-planes of the first DCT band, the DC bancheTMR
framework improves someSl blocksbeforethe decoding of the remaining DCT bands order to
obtain RD improvementsFigure 702 illustrates the sequence of numberetiodules of the MR
framework InFigure7i2, @ corresponds to the initial (obtained by MCFI) side informatidh, to
the decoded frame using the already decoded p DCT bands: to the DCT coefficients refined
in the previous band and to the final side information refined DCT coefficienthat are used in
the correlation noisemodel reconstruction modules and the next refinement for baddEach of
the modulesis explained in detail in the next sections.
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Motion refinement . |
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Figure 7062: Motion refinement architecture and walkthrough.

Block Selection for Refinement
Thefirst module%i ~ b i b a Figurk7j2ecorfespdndsftdhe selection of theSIblocksthat are
going to berefined. In principle, a block should beefined if the side information for the DCT

coefficients previously decodedias not very accuratd.e, the initial guessprovided bythe MCFI
technique has a low qualityThe block selection is performed for eath T &-th blockand banda
anddefinesthe candidate blocks for refinememtccording to

o o Y  ofw “h (7.0)

where f are the pixel coordinates inside the T block, * is a fixed threshold¢y is the initial
sideinformation collocated blockand'Y  corresponds to a partial decoded block (pixel domain)
obtained after applying the reconstruction algorithm and theteger IDCT to thet 1 £-th block,
using the® p SlepianWolf decoded bandsiready obtained; e DCT bands not yetecoded
(above or eqal to ¢) are copied from the initial sidenformation & obtained throughMCF! If the
sum of squared errors calculated in the left side(al) is equal to or exceeds the threshdldthen
the block under consideratioris improvedin terms of quality otherwise, it is not considered in the
next MR framework modulesThe sum of squared errors calculated(ifil) attempts to represent
the real error between the initial side informatiod and the original frame & , since'Y
corresponds to an approximation ab , that will become more accurate as decoding proceeds.
Typically, when& is very different from’Y , ahigh amount of errorshad to be corrected in the
previous®z p bandsby the SlepiarWolf decoder and reconstruction modules, i®., corresponds

to a block with low quality and, thus, it must be refineéifter extensive experiments, it was found
that* p 1iE a goodrade-off valuein terms of thedecoder complexity and Rilmprovements

Candidate Blocks Searching

The second module in the Rframework (labeled with 2 inFigure 7i2) determines the candidate
(reference) blocks that will be used to create the new side informat@reach block to be refined.
For eactt T €£-th blockselected in the previoumodule the search for candidate blocks proceeds
as follows:
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1. Candidateblocks identification: The candidate blocks to refine the side information are all
blocks within a windev with sizeq0  p centered in each block. Afteexperiments 0 T
was considered a good traadf between RD performance and complexity.

2. Matching error computation: For eachi-th block and band it is calculated the matching
error 'Y QHQ between the previous reconstructed bloéX  and eachSl candidate

block& according to:
Y¥ QHRQ Y dw ® o Qo Q h (7.2

where ™, and®, correspond to the displacement of each candidate block within the window
as defined in the previous step.

3. Candidate blocks filteringTo avoid dealing with candidate blocks which do not significantly
improve the already available side information, the matching error computed7i@) must be
below the sum of squared errors regarding the collocated block in the initial side information

block with a penalty termd:
YO QQ YY nim p 0 xEOQE mip 8 (7.3

After experiments, ||- 8 was considered a good solution in terms of decoder complexity
and RD performance tradeff. Only the candidate blocks thélfill the condition in (7.3) are
considered in the remaining of th8lrefinement process (nexmnodule).

Refined Side Information Creati on
In this MRmodule%i ~ _b i b a Figufedld), the @ewSlfrakne for the next decoded band is
calculated based on the weigtitscomputed as:

- p
Q hQ ——————38 :
! Y QR (74
The weights calculated for each candidate block accordingAd) express a confidence value
inversely proportional to the matching error calculated iv.3) since lower errors irply that the
block is a better candidate and the opposite is also true. Then, the refined side infornmiatican
be calculatedthrough a normalized and weighted medi.5), assuming that the weights calculated
in (7.4) accurately representhe quality of each candidate block. This solution can be understood as
overlapped block motion compensation (OBMC) and provides better quality than just using a single
candidate block (typically the best one).
B B & ® Qo Q1 QM

» ofw _ 8 7.
B B QfQ (7:9)

After @ is obtained a newSlestimate isavailableonly for the blocksselected inthe first module of
the architecture (sed-igure702) or blocks that have more than one candidate block available after
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the filtering operation in step 3(second module) above; notice that the collocate®&l block
Q[0 TiTt is always selected ifv.3) and thus if it isthe only candidate block remaining, the
side information for that block isalso kept unchanged. For the remaining blocks, the side
information is kept unchanged, i.e., it corresponds to the side information obtained in the previous
iteration & . Therefore, for eachid improvedblock, ainteger DCT transform is applieth obtain

the + DCT coefficientsfor the remaining blocks, the DCT coefficients calculated in the previous
iteration for + are usedNotice that these DCT coefficientsay correspond to the initial side
information frame & created by frame interpolation oto refined DCT coefficients in a
previously decoded bang p. All the side information coefficients (refined or not) are denoted as
+ as shown inFigure 702 and are used for decoding the next band. If betf&r quality was
obtained, a lower rate should spent for the next DCT coefficietand improving the overall RD
performance.

After decoding all the quantized DCT bands, 8leefinement (modulesl to 3in Figure7ii2) is also
appliedto the bands for whichno WZ bits were sentreating refined DCT coefficients for thm-
codedbands; thus, it is exploited whawvas learned with all the decoded DCT barfés theseun-
codedDCT bandsViR only brings quality gainssincethe refined coefficientsare only used by the
reconstruction module(LDPC syndrome decoding is not performed). For thecoted DCT bands
the reconstruction function just copiethe refined DCTcoefficients then allthe reconstructedDCT
coefficients (for the coded and wooded bands) areonverted to pixel domain by thimteger IDCT

Figure 743 shows an example of the side informati®®SNRyains obtained by calculating the side
information quality bdore and after theMR Although some specific frames show small PSNR losses,
these rarely happen and are usually negligible regarding the overall gains presented. Notic8lthat
guality gains, typically, do not directly correspond to similar quality gafies the final decoded WZ
frames.
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Figure 74&3: Side Information quality improvement due to the MR technique for the
Foreman sequence QCIF, 15Hz, GOP size 8 and .
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7.3.2 De-blocking Filter

In predictive video coihg, the quantization of the DCT coefficients amibtion compensatiorare

the main causes identified for the blocking artifacts that may appear in the decoded video sequence
[185] The importance of this type of artifacts has led to the inclusion of atoop deblocking filter

in the H.264/AVC video codingastdard[186]that is able to significantly improve the subjective
video quality and (sometimes) even obtain objective RD performanaesgén transform domain
DVC, blocking artifacts may also appear at the block boundaries. In this context, a novel adaptive
ILDFfor DVC was developed, based on the available literature for predictive video coding de
blocking filtering, with the same objeate: improvement of the subjective (and objective) image
quality by removing theblockinessof the decoded WZ frames.

As for all available délocking filtering approaches, it is important that the filter is able to
distinguish between true edges in the age (the ones that should not be filtered) and the coding
artifacts that appear because of the used codec and coding parameters (the ones that ideally should
be filtered or removed). In DVC, the blocking artifacts usually appear on some particular zones of
the sequence, notably the regions where the side information (previously obtained by MCFI) was
corrected by the Slepidiwolf decoder. ThéLDFproposed for the ISDVC codec (see Sectidr?)
adapts the welknown H.264/AVC délocking filter to a DVC context by rdefining some
parameters that control the filter operation, namely the boundary strength and tmaximum
filtering parameters. Note that some parametass the H.264/AVC délocking filter, such as the
boundary strength, cannot be computed in DVC coding in the same way since they depend on the
block coding mode (Intra or Inter) or coding residuals that cannot be computed at the DVC decoder.

H.264/AVC De-blocking _Filter
The H.264/AVC dblocking filter is applied in the coding loop at the encoder and decoder in order

to improve the subjective video quality; however, compression efficiency improvements are also
obtained since filtered data is further usefdr MCP The H.264/AVC delocking algorithm is
adaptive at the slice, boundary (blo@dge) and sample levels and has two primary filtering modes:
strong and default filtering; these modes are selected based on the boundary strength) (
parameter. Theboundary strengthd iassumes a value between 0 and 4, where 0 corresponds to no
filtering and 4 to the strongest filtering. The value df i depends on the modes and coding
conditions of neighboring blocks and is calculated for every boundary betweenadjacentt 1
luminance blocksTable 701 shows the block modes and conditions along with the corresponding

boundary strengthd iand filtering mode.

TheH.264/AVQe-blocking filter alsoanalyzes the sample values across every boundary in order to
be adaptive at the sample level. When boundaries hiave T, parameters andf are calculated
based on the quantization parameters (QP) of neighboring blocks andsae to determine which
samples that lie in a line of samples that span two neighboringt blocks (perpendicular to the
boundary) are filtered or notSince andf depend on QP, the filtering strength is proportional to
the quality of the reconstructedmage before the filtering process, i.e., boundaries with a higher
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gradient (high variation in sample values) are filtered when QP is high (more coding artifacts).
Another component of the filtercapacity to adapis the limitation on the maximum amount of
filtering that can be performed by the using the clipping valte see[186] The deblocking filter

can also be adjusteat the slicelevel by transmitting encoder chosen offsets that are used to adjust
the values of andi used in the filtering process. Thus, it is possiblegjtimize the decoded
subjective quality according to some nomormative technique overridingthe default filter
behavior.

Table 701: H.264/AVC boundary strength parameter calculation [186] .
Block modes and conditior{in evaluation order) || v| Filtering mode
One of the blocks is Intra and the boundary is a macroblock e[| 4 Strong
One of the blocks is Intra 3 Default
One of the blocks has coded residuals 2 Default
Difference of block motio®1 luminance sample difference 1 Default
Motion compensation from different reference frames 1 Default
Else 0 No filtering

The H.264/AVCde-blocking filter is appliedfirst to the vertical andthen to the horizontal
boundariesof t T chromaor luma blocks in a macroblock which are filtered in rastan order
across each image. Depending on fiegametersd i, @,| , and QP it is decided which samples
across the boundary are filtered and how the filtered values are calculatkdck [186] for the
complete filter description.

Boundary Strength Computation for DVC Coding

In DVC, the main blocking artifact sources correspond to the low qu&itglocks, i.e., blocks for

which the MCFI process has failed. A simple metric to assesSlIthleck quality at the decoder is

the amount of corrections made by ti&lepianWolf decoder at the bin (symbol) level, i.e., when the

decoded bin is not the same as the side information bin or when, at least one side information bit (of

a bin) has been correetl. When the amount of corrections increases, Blequality decreases,

bringing the decoded quality down (especially at low-kates) and creating block artifacts between

adjacent blocks. Thus, one of the criteria chosen to determine the boundary stidadtased on the

correction decision foDCT bandyon a givere -th block, 6 , that can becalculated by

ph 0 x=+
0

8 7.6
o N (7.6)

In (76), 0 is the decoded hi obtained by SlepiaiVolf decoding of band) + is the side
information (DCT domain) coefficient of barand blocké and X + is the quantized symbol
(bin) of + with the same number of biplanes a$) . When the side information value lies outside

the limits imposed by the decoded bin , it is assumed that a correction was made by the Slepian
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Wolf decoder ¢ p ; otherwise, it is assumed that had no error and, thus, no correction was

made © 11 . Thus, he total amount of corrections for blocké can be computed as:

r 0 6 h (7.7

where 0 is the weight (normalized) associated to each DCT hamdkfined as a function of the
number of quantization levels used for banda Since the HVS is more sensitivedifferences in
the lower frequencies than in the highdrequencies, stronger filtering should be applied when
changes occur in the lower frequency bandbus, the weights are given by:

8 (7.8)

In addition, the boundary strength should also depend on the texture characteristics of each block,
especially because the HVS is more sensitive to differences between thike@mooth) adjacent
blocks thanbetween two highly textured adjacent blocks. Accordingly, the second criterion to

determine the boundary strength considers the block variapceof each block

" L ¢ "6Q ¢ '8Q h (7.9

Poe

wherec represents the -th block luminance valuesThen,a block smoothness parametercan be
calculated as:

ph EE v 71
w1 OEAGKEOA (719
With (7.10, it is possible to decide if the block is {K& (smooth) or not; the calculation of
parameter...in (7.10 is linked to the boundary strength which must increase when neighboring

blocks have low variance.

Now that two criteria have been established, the boundary strerythoh for eachpair of blocks
6h) can be adaptively calculated (without pretermined values as in H.264/AVC) with a fine
granularity based on the amount of corrections)(and the blocksmoothnesg..):

r r e e

0 h 7.1
c P c (713

6iolb m™T O

where 0 expresses the relative importance given to the average of the paramgteegjarding the
average of the paraeters... After extensiveexperiments,0 was set to 0.9nearing that 90% of the
boundary strength isdetermined by the average of the parameters associated to the nuner
corrected DCT bands artlde rest (10%) is determined by the average of the parameters associated
to the blockvariance.In (7.11), the 0.14 constant factor defas the maximum value thad i may
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assume; it was adjustesb that the maximum filtering alloweds the same as for the H.264/AVG de
blocking filter (in average) Whenthe boundary strength calculated witl(7.11) is high, the number
of corrections made irthe DCTbandsof both blocks R is alsohigh and increaseseven more
when the variances of thavo blocks 6f) are low.

De-blockin g Filter Operation

As in the H.264/AVC standard, -tdocking filtering is performed in rastesscan order throughout
the decoded frame blocks, with horizontal filtering of the vertical t boundaries performed first,
followed by vertical filtering (of the horizontat T boundaries). The délocking filtering works
for each pair of adjacent blocksandv as follows:

1. Compute the parameters with (7.7) and.. with (7.10) for blocksd ando.
2. Compute the boundary strength ibetween the two blocké and0 as in(7.11).
3. Select the filtering mode to applywith the following criterion:

(& o 6 ®OOONMEICHAOEEGEH _
G o (& ot 6 AAENEBI OAOBE @ o  _h (7.12
I NER OAQET C i OEAOxEOA

where_is a predefined threshold andr 6 is the filtering mode; after extensive subjective
and objective experiments, it was found that T8t s a good choice.

4. If the default filtering mode is chosenthe maximum amount of filtering also known as
clipping value®, is calculated as:

o 6 o ¢ p 8 (713

5. Apply the H.264/AVC dblocking filter with the filtering moded 6h) computed in step 3,
the boundary strength parameted i 6f) computed in step 2 and the clipping valde 6f
computed n step 4.

6. Finally, after the whole decoded frame is processed, and to prevent-filtening, the DCT
coefficients of the filtered frame are checked using a simple procedure: if the new filtered
coefficients are outside the decoded bins, their valueliigped to the limits of their respective
bins.

Concluding, the ISDVCILDFis adaptive at the block and sample level. The boundary between two
blocks may be filtered or not depending on the number of corrections made by the Sig@h
decoder in both bbcks and their variance, i.e., according to tBei value.In addition, the filtering
mode 6trongor defaull and the maximum amount of filtering defined bgp are calculated
adaptively for each boundary according toiand QPFurthermore, some ling of samples may not
be filtered according to the conditions established by the H.264/AV&bldeking filter (which
depend on the sample values, QPandf parameters)thus providing adaptation at the sample
level. Figure 704 shows results obtained for the ISAVCILDFfor the Foreman and Hall Monitor
QCIF@15 Hz sequences.
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No deblocking filter With de-blocking filter

a) PSNR=25.77 dB, SSIM=0.6780 b) PSNR=26.45 dB, SSIM=0.73380

c) PSNR=27.51 dB, SSIM=0.8075 d) PSNR=28.07 dB, SSIM=0.8439

Figure 764: ILDF examples: all results are for GOP size 8 and |,'= . a-b) Hall Monitor, frame
24; c -d) Foreman, frame 46.

Comparing the decoded frame with no filtering and the decoded frame with filtering, it can be
observed that a substantial amount of blocking artifacts were successfully removed, clearly
improving the subjective quality of the WZ frame. Besides #ubjective quality improvement, the
examples shown ifrigure7i4 also indicate that both the PSNR and structural similarity (SSINY]
objective quality metrics have increased by using the proposed filter.

7.4 IST-DVC Codec versus State -of-the -art DVC Codecs

The ISTDVC codec presented in Secti@h2 represents the main outcome of this Thesis; the
proposed ISIDVC codec maintains much of the Stanford architecture originally propos¢é]jr20]
intact, while proposing several novel and improved technéguto reach the best possible RD
performance for low encoder complexity. The FBVC codec also represents well the advances that
have been achieved after several years of research work by the community on distributed video
coding since other efficient sta-of-the-art technigues meanwhile developed (e.g., thenimum
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MSE reconstruction) were also included in the ISBVC codec to reach a rather powerful DVC
solution.

In addition, the ISTDVC codec integrates techniques for the first time used together #maks,

brings substantial advances in comparison to other relevant DVC codecs, such as the DISCOVER DVC
[39] or VISNET Il DV(45] codecs, notably in terms of RD performance gains and complexity
reduction. Notice that some technigs proposed in this Thesis were not included in the final-IST

DVC codec to obtain a rather clean and efficient DVC codec where maximum RD performance is
reached with a minimum encoder complexity, and not simply a patchwork of tools.

Table702 and Table 703 show the most important video coding techniques that were integrated at
the encoder and decoder sides in the initial Stanford transform domain [R0f; DISCOVER?9],
VISNET I[45] and ISTDVC codecs; these tables should allow to easily check the differences and,
thus, the evolution made.

Table 702: Techniques integrated at the encoder side in the initial Stanford DVC codec
[20], IST-DVC, DISCOVER and VISNET Il DVC coders.

Initial Stanford [ DISCOVER DV( VISNET Il DVC
Modules DVC codef20] codec[39] codec[45] ISFDVC codec
GOP size Fixed Fixed/adaptive Fixed/adaptive Fixed/adaptive
H264/AVC 4x4| H264/AVC 4x4| H264/AVC 4x4
DCT transform Ax4DCT integer DCT integer DCT integer DCT

Quantization

Uniform scalar

Scalar niform with
deadzone (AC

Scalar uniform wi
deadzone (AC

Scalar uniform wi
deadzone (AC

coefficients coeficienty coefficients
Key frane codec H.263+ Intra H.264/AVC Intrg H.264/AVC Intrg H.264/AVC Intrg
SlepiaAWolf Turbo parity cod LDPGsplit Turbo. parity cod¢ LDP@merge
code syndrome codeq + preinterleaver| syndrome codegd
Hybrid rate No Yes No No
control

When compared to thaitial Stanford DVC codec, the starting point of tHikesis, allinitial codec
modules were improvedThelST-DVCtechnical advancesan alsobe classified in two main types
regardingthe initial Stanford TBDVC codef9], [20]

1. Architectural advancesCorrespond to adding a new module with a eb¥unctionality. The
de-blocking filter, motion refinement, adaptive GOS$ize CRC error detection and early
stopping criterion techniques fall into this category.

2. Improved techniquesCorrespond to the improvement of an already existing module and
functionality, e.g.,integer DCT or quantization. As observed, all modules that were defined in
the initial Stanford TBDVC codec were improved in order to obtain: i) better RD performance,
e.g., reconstruction andslcreation; ii) a realistic DVC codec, e.g., correlation noise modeling
and error detection at the decoder without using the original data.
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Table 783: Techniques integrated at the deco

[20] , IST-DVC, DISCOVER and VISNET Il DVC coders.

der side in the initial Stanford DVC codec

Modules

Initial Stanford
DVC odec[20]

DISCOVER DV(
codec[39]

VISNETIDVC
codec[45]

ISFDVC codec

Side information
creation(frame
interplation)

Symmetrical +
overlapped ME W
spatial restriction

2-level hierarchic
ME + spatial
smoothing + sear
range adaptation
subpel accuracyj

2-level hierarchic
ME + spatial

smoothing + sear

range adaptatiof

3evel affine mode
smoothness
constraints + sea
range adaptation
spatial smoothin

Correlation noise
model

Offline at the
sequence level

Online at the
coefficient level

Online at the
coefficient level

Online at the
coefficient level

Error detection

Using originals g

CRC + parity che

CRC + stopping

CRC + parity che

the decoder criterion

Early st(_)pplng No No No Yes

criterion
Reconstruction Cllpp_lng toward; MinimurMSE MinimurMSE MinimurMSE
the bin boundary
Motlon No No Yes [only in Yes
refinement reconstruction]
Deblocking filter No No Yes Yes

As shown in both tables in detail, the KPVC codec has several novel modules, such as the de
blocking filter and the LDP@erge SlepianNolf decoder when compared to the DISCOVER and
VISNET Il DVC codecs, respectivety.summary, the ISDVC codec not only includes the best
techniques from each of the statf-the-art DVC codecs but also novel advanced techniques which
in combination, should allow to obtain the best RD performance under encoder complexity
constraints.

7.5 Test Conditions

In a similar way to previous chapterdye following test conditionscorresponding to those adopted
for the DISCOVER DVC codesre defined for alfinal IST-DVC experiments:

x Video sequences-oreman, HalMonitor, Coastguard and Socceidl(frames)

x Spatial and temporal resolutiarQCI& 15Hz.

x GORsize 2, 4 and 8.

x Key frame codingThe key frames are encoded withie H.264/AVC Intra Joint Model (JM) 9.6
the Main profile was selected since it allows obtaining the best performance, evimseime
complexity cost (especially due to the CABAC entropy encoder).

x Quantization The quantization parameterfor the key framesare defined in Table704. The
guartization parameterswere found using an iterative process stqung when the average
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quality (PSNR) of the WZ frames ssnilar to the averagequality of the Intra frames
(H.264/AVQAntra encoded).

x Ratedistortion points: Eight RD points 0 are testedcorresponding to the various T
quantization matricespresentedin Chapter 3Table3ul. Thed RD point corresponds to the
lower bit-rate/quality RD point and) to the highest bitrate/quality RD point.

Table 7084: Key frames quantization parameters for each RD point ||'=;;,

FE Lk [ E T ETE [ [F [F
Hall Monitor 37 36 36 33 33 31 29 24
Coastguard 38 37 37 34 33 31 30 26

Foreman 40 39 38 34 34 32 29 25
Soccer 44 43 41 36 36 34 31 25

To evaluate the performance of the proposed DVC tools, RD plots for all frafradks sequences
above are shown. These test conditions are only focused on the evaluation of the error free
performance of the ISDVC codec. However, the error resilience performance of theD8T codec

has also great importance since transmission ogaor prone channels (e.gwireless networks) is
sometimes unavoidablen [46], the DVC codec error resilience performance for packet networks
was evaluatedior an early version of the VISNET Il DVC codec.

The ISTDVC codec RD performance is compared with the corresponding RD performance of four
relevant video coding dations, sharing one important characteristic: the expensiviEtask is not
performed at the encoder and, thus, they can be classifiefloas encoding complexity The four

video coding solutions used for benchmarking are:

x H.264/AVC Intra: One of the mostefficient standard based Intra coding solutions
corresponding to the H.264/AVC standardMain profile using only the Intra mode. Note that
the spatial correlation in H.264/AVC Intra is efficiently exploited with several 1 and
p @ p ¢ntra prediction mades (a feature missing in the independently encoded WZ frames of
the ISFDVC codec) and the CABAC arithmetic encoder, naturally at the cost of some additional
complexity, especially when compared to the {BVC solution.

x H.264/AVC zerenotion: Another relevant benchmark is the H.264/AV®/ain profile
bumi |l fgfkd geb qgbj ml o”i obarka"k v tfge "~k F?
performing motion estimation Since the H.264/AVC motion estimation is the most
computationally expensive encoding taskith several hundred of prediction modes, reference
frames and partitionsthe encoder complexity is significantly reduced.

x DISCOVER D¥6dec[39] The DISCOVER (DIStributed COding for Video sERvices) codec is one
the best performing DVC codecs available in therhture. It corresponds to a European
project effort of two years devoted to the advancement of distributed video coding, resulting
in a complete DVC codec architecture and a set of associated techniques. The DISCOVER DVC
codec was the first comprehensiwdfort towards a fully practical video coding system, with
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many novelor improved techniques to enhance tieDperformanceor to copewith problems
associated to oitine estimation of parameterge.g., correlation noise, error detection).

x  VISNETI DVC codc[45]: The VISNET Il DVC codec achieves very high RD performance thanks
to the efficient combination of many statef-the-art coding techniques into a fully practical
video codec. The VISNET Il DVC codec was developed in the VISMERAL is the outcome
of an intensive collaboration effort. Experimental results show that the VISNET Il DVC codec
outperforms H.264/AVC Inta for sequences with coherent motion and provides better results
compared to the DISCOVER DVC codec

In the next sections, a detailed evaluation of the ISVC codets performed, notably in terms of RD
performance (SectiorY.§ and video codec complexity of both the encoder and decoder (Section

7.9.

7.6 RD Performance Evaluati on

This section reports the ISDVC RD performance for the selected video test sequences, according to
the test conditions described in the previous section. The-IBAT codec is evaluated by comparing

its RD performance with relevant alternative standavileo coding solutions such as H.264/AVC
Intra and H.264/AVC zermotion, and stateof-the-art DVC codecs such as the DISCOVER and
VISNET Il DVC solutions, for the most commonly used test conditions in the literegaeeprevious
Section) The RD perforntce charts shown regardiigure 705 to Figure 708 results for GOP size 2,
from Figure7u9 to Figure7ul2results for GOP size 4 and frdfigure 7413to Figure7u16results for

GOP size &romthese resultsthe following conclusionsnaybe drawn

x |IST-DVC codec versus.264/AVC Intracodec In this case, thdST-DVCcodec is compared to
the best performingstandard(video) Intra codecavailable, the H.264/AVC Intra codebhe
IST-DVC RD performance is consistently better than the H.264/AVC Intra RD performance with
the exception of content with highly complex motion, such as the Soccer sequence. For low
motion content, such as the Halllonitor video surveillance sequence, the I®VC codec has
consistent gain®ver H.264/AVC Intrdor all GOP sizeshese gains go up to &B for GOP size
8. In addition, gains up to 2dB (GOP size 4) are achieved for the Coasthysequencevhen
compared to H.264/AVC Intra (gains are also consistent for all GOP sizes). Feaorémean
sequencegains are obtained for GOP sizes 2 to 4, with a maximum gaidB®fdr GOP size 2.
However, the Soccer sequen¢and the Foreman sequence with GOP sizehds lower
performance when compared to H.264/AVC Intrajthis case the difficulty is to obtain good
quality Slfor high motion sequencesnotably forlarge GOP sizeShese results are quite
encouraging since for a significant amount of (sequence @£ scenarioghe ISFDVCRD
performanceoutperforms the more complexH.264/AVC Intracodec; the higheH.264/AVC
Intra encoding complexity when compared to the KBVC codec (see Secti@ry) is mainly
due to theseveral spatial prediction modes, RD optimization @hd CABA@dvanced entropy
codingengine.
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x ISTDVC codec versud.264/AVC zeranotion codec The ISTDVC RD performance is not
consisently better than the H.264/AVC zemmotion RD performance. However, for sequences
with regular global motion, like the Coastguard video surveillance sequence, thé®Y&T
codec performs better than H.264/AVC zarwtion (up to 1.25dBfor GOP size)4These gains
are mainly due to the H.264/AVC zenootion codec inability to efficiently exploit the
temporal redundancy and the consequent negative RD performance impact. Moreover, for low
motion video surveillance content like the Hall Monitor sequence, th®FDVC RD
performance for GOP size 8 is similar (or better) than H.264/AVGmetmn with GOP size 2
while there is still an efficiency gap for longer GOP sizes. Notice that the H.264/AVEC zero
motion codec has higher encoding complexity when comparedhe ISFDVC codec (see
Sectionf.® ~ka mboclojp ~k pl mgfj”riy Fkqo”~ jlab al
block (Inter or Intra). Thus, the ISDVC compression efficiency gap can be compensated by
having lower encoding complexity (especially for higher GOP sizes) or by senddigoaal
auxiliary data (Intra information or block signatures) as proposedinapter 4and Chapter 5

x IST-DVC codec versuBISCOVER/VISNHT DVC codecsThe ISTDVC RD performance is
consistently better than the DISCOVER DVC and VISNET Il DVC RD performances for all
sequences and bitates; however, the gains are morebstantial for higher motion sequences
and longer GOP sizes, e.g., for the Soccer sequence, GOP size 8, gainsdipandlZB are
observed when compared to the VISNET Il and DISCOVER DVC codecs, respectively. Even for
lower GOP sizes (GOP size 2)lawdmotion sequences (Hall Monitor and Coastguard), the IST
DVC codec has gains up to 8B5when compared to the VISNET Il and DISCOVER DVC codecs.
These gains are mainly associated to the improvements irSteeeation process (as proposed
in Chapter 3, the novel LDPC Slepialolf codec (as proposed i€hapter $, motion
refinementandin loop deblocking filter techniques already described in this chapter. This is
an important achievement since it means that the IBVC solution has a better RD
performance than available statef-the-art competing DVC solutions and, thui,is very
likely the best performing DVC codec currently available.

x IST-DVC codec RD performance f@ariousGORsizes:The ISTDVCcodec RD performance for
severalGOPRsizes can be more easily observedFRigure 7017 and Figure 7418 As shown, the
ISFDVC RD performance is typically the best for GOP size 2, showinglifficulty in
producing, at the decoder side, high quali§l when the key frames are farther apart (GOP
sizes of 4, 8 at 15Hz). However, for low motion sequences, such as the Hall Monitor video
surveillance sequence, better results are obtained withger GOP sizes; in fact, increases in
RD performance may be observed when the GOP size increases from 2 to 4 and then to 8 (for
Coastguard, the RD performance also increases from GOP size 2 to 4).
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Foreman Sequence QCIF@15Hz (all frames)
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Figure 7087:IST-DVC codec RD performance for the Foreman sequence (GOP size 2)
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Figure 788:IST-DVC codec RD performance for the Soccer sequence (GOP size 2)
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Coastguard Sequence QCIF@15Hz (all frames)
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Figure 709:IST-DVC codec RD performance for the Coastguard sequence (GOP size 4 ).

Hall Monitor Sequence QCIF@15Hz (all frames)
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Figure 7010:IST-DVC codec RD performance for the Hall Monitor sequence (GOP size
4).
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Foreman Sequence QCIF@15Hz (all frames)
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Figure 70611:IST-DVC codec RD performance for the Foreman sequence (GOP size 4 ).
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Figure 70612:1ST-DVC codec RD performance for the Soccer sequence (GOP size 4 ).
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Figure 70613:IST-DVC codec RD performance for

the Coastguard sequence (GOP size 8 ).

Hall Monitor Sequence QCIF@15Hz (all frames)
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Figure 7014:IST-DVC codec RD performance for
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IST-DVC GOP Comparison
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Figure 70617:1ST-DVC codec RD performance for the Coastguard and Foreman
sequences (all GOP sizes) .
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Figure 70618:I1ST-DVC codec RD performance for the Hall Monitor and Soccer  sequences

(all GOP sizes) .
The conclusions above clearly highlight the adequacy of the-DST codec for quite diverse
scenarios ranging from video surveillance (e.g., Hall Monitor) to vitidephony (e.g., Foream).
This means that DVC technologies may provide novel or enhanced solutions for available and
emerging applications, especially when low complexity encoders and efficient compression are

relevant requirements.
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7.7 Complexity Performance Evaluation

Since theRD performance evaluation, presented in the previous section, only characterizes one
particular aspect of the ISDVC codec performance, it is necessary to complement its assessment

with other aspects, notably the evaluation of the FBVC codec complexitperformance presented

fk gefp pb qgflk+ Pfk> b fqg fp " Ijjlkiv “i~rfjba %
"l jmibufqgv fp ilty ~ka pab Il afkd "I jmibufqgv fp
encoder and decoder complexiseand compare them to alternative relevant video coding solutions

in order to assess if these claims are solid.

While it is possible to measure the encoding and decoding complexities in many ways, some of them
rather precise, it is also possible to getather good estimation of the relative complexity using
rather simple metrics. Here, the encoding and decoding complexities are characterized by
measuring the encoding and decoding times for the full sequence, in seconds, under controlled
conditions.

It is well known that the encoding (and decoding) times are highly dependent on the used hardware
and software platforms. For the results present here, the hardware used was an x86 machine with a
Pentium Core2 Quad Q9400 processor at 2.66 GHz with 3072 bftiyfdd. Regarding the software
conditions, the results were obtained with a Windows XP operating system, with the C++ code
written using Visual Studio C++ 2008 express edition compiler, with the optimizations parameters
on, notably the release mode and ggeoptimizations. To avoid outside influences, nothing was
running in the machine when gathering the performance results besides the operating system.
Under these conditions, the complexity results have a rather solid relative and comparative value:
in this case, they allow to compare the BV C codec with alternative coding solutions, such as the
H.264/AVC codecs using the JM9.5 reference software, running in the same hardware and software
conditions. While the degree of optimization of the software hasrapact on the running time, this

is a dimension that was impossible to fully control in this case and, thus, will have to be kept in
mind when dealing with the provided complexity performance results.

7.7.1 Encoding Complexity Assessment

This section targetghe complexity evaluation of the encoding process. The-I[BAT encoding
complexity includes two major components: i) WZ framasd ii) key frames encodingdrigure 7419

to Figure 7022 show the ISTDVC encoding complexity results, this means the total encoding times,
for various GOP sizes, showing the Kegmes and WZ frames encaodi complexity shares; along
with these results, and for comparison purposes, the H.264/AVC Intra andmetmn encoding
times are also showT.able7i5to Table7i8 show (for various GOP sizes) the total-I3NC encoding
time andthe ISFDVC complexity eduction with respect to H.264/AVC Intra and zemwtion
codecs labeled asratios | and ", respectively. The results presented allow the following

conclusions:
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x ISTDVC code§y WZ framesversuskey frames When the total number of WZ frames is the
same a the total number of H.264/AVC Intra key frames (GOP sjzé@)NZ frames encoding
complexity issmallerthan the key frames encoding complexityn general, this means that
the encoding complexity cost of a key frame is-2.% times greater when compad to the
encoding complexity cost of a WZ frame. Naturally, the larger the GOP size, the smaller the
number of key frames coded and, thus, the lower will be the share of the key frames encoding
complexity in the overall complexity.

x |ST-DVC codewersusH.264/AVC Intra and zermotion codecsAs observed ifrigure7019to
Figure 7022, the ISTDVC encoding complexity is always lower than the H.264/AVCaint
encoding complexity; in fact, the ISDVC codec is able to reduce the complexity up td 2.2
times (with a minimum of 1.24imes) with respect to H.264/AVC Intra. Comparing the
H.264/AVC zeranotion codec with the ISDVC codec, the encoding complexitycieases
1363.73times (seeTable 705 to Table 708) since the inclusion ofhe Inter mode (even
restricted to the collocated block) asks for more complexity. Concluding, these encoding
complexity results are quite encouraging since they confirm that WZ encoding has a lower
complexity than alternative relevant coding solutions (avewith the more complex LDPC
syndrome codes). This gap in encoding complexity can be exploited by including additional
encoder techniques to improvéhe RD performance while still maintaining the encoding
complexity as low as H.264/AVC Intra.

x IST-DVCencoder complexity for various GOPsizes Although the H.264/AVC Intra encoding
complexity does not vary with the GOP size and the H.264/AVC-metmn encoding
complexity increases with the GOP size (since there are more highly complexrigs), the
IST-DVCencoding complexity decreases with the GOP size. For longer GOP sizes, the overall
IST-DVC encoding complexity decreases due to the increased share of WZ frames regarding
the key frames (since a WZ frame has lower complexity than a key frame). This niednfot
the video surveillance Hall Monitor and Coastguard sequences, it is possible to obtain a high
RD performance DVC codec (better than H.264/AVC Intra) for large GOP sizes with a
significant encoding complexity reduction compared to the H.264/AVGdrand H.264/AVC
zero-motion solutions.

If encoding complexity is a critical requirement for an application, the results in this section
together with the RD performance results previously shown indicate that theD&T video codec

with GOP size 2 (forladequences) and GOP sizes 4 and 8 (for low/medium motion sequences) is a
credible video coding solution since it has a significantly lower encoding complexity and
outperforms H.264/AVC Intra in terms of RD performance for most cases. Another importauit res

is that the WZ encoding complexity does not significantly increase when thedbé increases.
Although not shown, the ISDVC encoding complexity is rather similar to other DVC coding
solutions, such as the DISCOVER and VISNET Il DVC codec&®@d? alkes.

[210



EVALUATING THE IST ®TRIBUTED VIDEO CADE

QCIF@15Hz
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Foreman sequence: QCIF@15Hz
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Table 705: Encoding time for the IST
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-DVC, H.264/AVC Intra and H.264/AVC zero
video codecs: Coastguard sequence.

-motion

ISFDVQotal encoding time(s)

H.264/AVC Intra; ratios

H.264/AVC zeronotion: ratioz

GOP2| GOP4| GOP8| GOP2| GOP4| GOP8| GOP2| GOP4| GOPS8
'f 13.50 10.41 9.26 1.41 1.82 2.05 1.96 2.9 3.48
'f 14.01 10.83 9.59 1.40 1.82 2.05 1.91 2.80 3.37
'f 14.16 11.44 9.89 1.39 1.72 1.99 1.89 2.65 3.26
'f 15.60 12.97 10.94 1.38 1.66 1.96 1.76 2.36 2.97
'f 16.52 12.98 11.64 1.35 1.71 191 1.69 2.38 2.80
'f 17.82 14.27 12.97 1.35 1.69 1.85 1.61 2.19 2.53
'f 18.14 15.27 13.35 1.36 1.62 1.85 1.60 2.06 247
'f 21.17 16.98 15.08 1.37 1.71 1.92 1.47 1.92 2.23
Table 706: Encoding time forthe IST  -DVC, H.264/AVC Intra and H.264/AVC zero -motion

video codecs: Hall Monitor sequence.

ISFDVQotal encoding time(s)

H.264/AVC Intra: ratios

H.264/AVC zeronotion: ratioz

GOP2| GOP4| GOP8| GOP2| GOP4| GOP8| GOP2| GOP4| GOPS8
'f 14.94 10.73 10.18 1.42 1.98 2.09 1.82 2.82 3.13
'|= 15.33 11.14 10.57 141 1.94 2.05 1.78 2.72 3.01
'f 15.48 11.74 10.87 1.9 1.84 1.99 1.76 2.58 2.92
'|= 17.04 12.87 11.56 1.36 1.9 2.00 1.62 2.33 2.69
'f 17.16 12.99 11.60 1.35 1.78 1.99 1.61 2.3 2.68
'|= 18.® 14.56 12.94 1.33 1.68 1.9 1.51 2.06 2.39
'f 19.14 15.D 13.39 1.34 1.69 191 1.48 1.99 231
'f 22.36 17.56 15.15 1.32 1.68 1.95 1.36 1.76 2.07
Table 70d7: Encoding time forthe IST  -DVC, H.264/AVC Intra and H.264/AVC zero -motion

video codecs: Foreman sequence.

ISFDVQotal encoding time(s)

H.264/AVC Intra: ratio

H.264/AVC zermnotion: ratioz

GOP2| GOP4| GOP8| GOP2| GOH GOP8| GOP2| GOP4| GOP8
'f 12.85 10.33 7.96 1.37 1.0 2.21 1.9 2.0 3.73
'f 13.05 10.36 8.27 1.37 1.73 2.16 1.87 2.69 3.59
'f 13.31 10.95 8.57 1.37 1.66 2.13 1.85 2.55 3.47
'f 1500 12.74 10.04 1.34 1.58 2.00 1.69 2.21 2.97
'f 15.09 12.41 10.37 1.33 1.62 1.94 1.68 2.27 2.88
'f 16.31 13.63 11.9 131 1.56 1.85 1.58 2.08 2.8
'f 17.51 14.78 12.02 1.33 1.58 1.94 1.52 1.95 251
L 20.29 17.0 14.38 1.33 1.58 1.88 141 1.74 2.13

r
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Table 708: Encoding time for the IST  -DVC, H.264/AVC Intra and H.264/AVC zero -motion
video codecs: Soccer sequence.

ISFDVQotal encoding time(s) H.264/AVC Intra: ratios H.264/AVC zeranotion: ratioz
GOP 2| GOP4| GOP8| GOP2| GOP4| GOP8| GOP2| GOP4| GOPS8

'|= 12.09 9.69 8.9 1.33 1.66 1.83 1.87 2.67 3.16

'f 12.35 9.95 9.11 1.32 1.64 1.79 1.83 2.8 3.05

'f 12.62 10.0 9.42 1.31 1.55 1.76 1.8 2.42 2.95

'|= 13.76 12.11 10.77 1.31 1.48 1.67 1.0 2.19 2.59

'f 14.11 11.89 10.96 1.27 151 1.64 1.66 2.23 2.55

|'= 15.12 13.11 12.18 1.24 1.43 1.54 1.57 2.02 2.31

'f 16.18 14.14 12.® 1.27 1.45 1.8 1.52 1.9 2.21

|'= 19.26 16.66 14.78 1.31 151 1.0 1.0 1.69 1.97

7.7.2 Decoding Complexity Assessment

This section targets the complexity evaluation d¢ie decoding process. Again, the decoding
complexity includes two major components: the WZ frames and the key frames decoding shares.
The larger is the GOP size, the smaller the number of key frames coded and, thus, the lower the key
frames decoding compkity share in the overall decoding complexity. Following the options taken

for the encoding complexity assessment, the decoding complexity evaluation will be measured
using an equivalent metric for the decoder, this means the decoding time for the fullesexg, in
seconds, under the same conditions and software/hardware platform.

Table709 to Table7i12 show the decoder complexity results for GOP sizes 2, 4 and 8, measured in
terms of decoding time. No charts are presented because only the bars corresponding to the WZ
frames decoding times would be visible since the key framesdiag times are negligible regarding

the WZ frames decoding times. These results allow the following conclusions:

x ISTFDVC codec WZ framesversus key frames The key frames decoding complexity is
negligible regarding the WZ frames dedod complexity, everfor GORsize2 (when thereare
more key frames)and, thus, their complexity is not shown (the maximum share is 0.08%63
confirms the well-known WZ codingcomplexity trade-off where the encoding complexity
benefitsare paid in terms of decoding compléx penalties However, it is also true that while
much research efforts have been invested in increasing the RD performance while keeping the
encoder simple, the same amount of efforts has not been invested in the complexity
optimization of the decoder.

x |ISTFDVC codewersusH.264/AVC Intré&ero-motion codecs The overall ISIDVC decoding
complexity is always much higher than the H.264/AVC decoding complexity, both for the
H.264/AVC Intra and H264/AV&ero-motion solutions. This confirms that the encoding
complexity benefits shown in the previous section are paid with an increase in decoding
complexity (as suspected).
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x |ST-DVC decoder complexity for various GOPsizes As expectedthe IST-DVC decoding
complexity increases with the GOP sigmcethe longer 5 the GOP sizé¢he higher is the
amount of complexity to decode the more numeroWsZ framesNaturally, the H.264/AVC
Intra decoding complexity is independent of the GOP size since all frames are Intra encoded.
As shown inTable709 to Table7il12, the H.264/AVCzero-motion decoding complexity is also
rather stable with a varyingGOP sizeand quite similar to the H.264/AVC Intra decoding
complexity. This suggests that the H.264/AVC decoder was optimized in order to decode in
real time some sequences independently of the chosen GOP pattern.

x |IST-DVC decoding complexitfor various RDpoints: As can be observed, the WZ decoding
complexity increases significantly whel increases (i.e., when the hite and quality
increase). This significant increase in the decoding complexity is mainly due to the higher
number of bitplanes to LDPC decode and the higher number of requests (typically the
correlation is lower for the last significant bitplanes), i.e., the number of times the LDPC
decoder is invoked increases significantly.

Sincethe DVC decodecomplexity increases witlh and the complexity of the decoder module3
creation, CNM key frame decoding and reconstrimb do not depend much on the amount of bit
planes to decodethe most significant complexity burden is associated with the Slepidolf
decoding andthe repetitive requestdecode operation([51] also confirms this complexity
allocation). This fact highlightsthat it is important to reduce the number of decoder requests by
adopting adequate rateontrol strategies such asfficient hybrid encoderdecoder rate control
where the encoder estimates the rate and the feedback channel serves only to complement the
estimated rate when the (under)estimatiomadeis not good enoughNaturally, if the application
allows the encoding compkity to increase, it is possible to perform rate control entirely at the
encoder, thus avoiding the repetitiveéequestdecode operationand significantly reducing the
decoding complexity although very likely at some cost in terms of RD performgrR2j

Table 739: Decoding time  (s) for the IST -DVC, H.264/AVC Intra and H.264/AVC Zero -
motion video codecs: Coastguard sequence.

H.264/AVC H.264/AVC zeranotion ISTDVC
Intra GOP2| GOP4| GOP8| GOP2| GOP4| GOPS8
'f 0.84 0.79 0.73 0.74 907.72 | 1551.64| 2161.95
'f 0.82 0.77 0.74 0.75 1164.62| 1914.22| 2609.03
'f 0.82 0.77 0.74 0.75 12949 | 2141.71( 2946.95
'f 0.87 0.81 0.8 0.81 2000.99| 3672.76  5210.35
'f 0.88 0.83 0.83 0.85 2031.28  3826.78| 5486.58
L 0.92 0.88 0.89 0.9 2825.88 | 5429.43| 7667.04
'f 0.95 0.90 0.93 0.93 3750.17| 6890.93( 9448.72
'f 1.06 1.04 1.04 1.04 5461.59| 9896.84 | 13241.92
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motion video codecs: Hall Monitor sequence.

(s) forthe IST -DVC, H.264/AVC Intra and H.264/AVC zero -

H.264/AVC H.264/AVC zergnotion IST-DVC

Intra GOP2 | GOP4 | GOP8| GOP2| GOP4| GOPS8
L 0.9 0.84 0.8 0.79 579.15 | 802.29 | 940.57
L 0.91 0.83 0.82 0.79 702.96 | 897.17 | 1011.98
L 0.91 0.83 0.8 0.79 756.1 978.99 | 1120.32
L 0.94 0.85 0.82 0.8 1024.91| 1480.53( 1829.18
L 0.94 0.85 0.82 0.8 1084.89 | 1570.38( 1929.57
L 0.97 0.88 0.83 0.81 1501.64 | 2166.4 | 2652.58
L 1.01 0.89 0.84 0.82 176.23 | 2632.45| 3161.81
L 1.10 0.95 0.89 0.88 2369.44 | 3902.15( 4683.85

Table 7011: Decoding time (s) for the

IST-DVC, H.264/AVC Intra and H.264/AVC zero -
motion video codecs: Foreman sequence.

H.264/AVC zeranotion ISFDVC
H.264/AVCntra

GOP2| GOP4| GOP8| GOP2| GOP4| GOPS8
L 0.75 0.71 0.68 0.66 1826.3 | 3463.32| 4678.97
L 0.75 0.71 0.68 0.68 | 2248.61| 4102.75| 5457.85
L 0.76 0.72 0.69 0.69 | 2473.96| 4570.94| 6094.87
L 0.81 0.76 0.75 0.75 | 3920.94| 7505.78| 10346.06
L 0.81 0.76 0.74 0.75 | 4305.56| 8027.52| 10949.75
L 0.84 0.78 0.78 0.79 | 5492.17| 10128.58 13477.25
L 0.88 0.84 0.84 0.85 | 6214.97| 11755.84 16160.76
L 0.98 0.93 0.93 0.94 | 7935.44| 14786.92| 20114.83

Table 70812: Decoding time

motion video codecs: Soccer sequence.

(s) forthe IST -DVC, H.264/AVC Intra and H.264/AVC zero -

H.264/AVC H.264/AVC zeranotion ISTDVC

Intra GOP2| GOP4| GOP8| GOP2| GOP4 | GOPS8
'f 0.73 0.72 0.71 0.71 3225.87| 5378.78| 6594.45
'f 0.73 0.73 0.72 0.72 3565.29 | 5745.75| 6943.28
'f 0.74 0.74 0.73 0.73 3887.46 | 6590.42| 7855.02
'f 0.78 0.77 0.77 0.77 5993.67 | 10066.73 12302.45
'f 0.79 0.77 0.77 0.77 6225.89 | 10609.56] 1285.84
'f 0.8 0.8 0.8 0.8 7589.22| 12858.5] 15432.21
'f 0.85 0.84 0.85 0.84 8319.72 | 14282.94) 17342.43
'f 0.97 0.97 0.97 0.98 10022.41f 17327.29 21305.69
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7.8 Final Remarks

This chapter describes the integration efforts and the IBVC codedevelopedhat aims to achieve
a high RD performancehile still maintaining a lowencoding complexity in comparison to relevant
alternative coding solutionsThe proposed ISTIDVC codets a complete DVCdution with state-of-
the-art RD performance that includes a selection of techniques developed-deeeloped by the
author of this Thesis and some relevant techniques available in the literature.

Regarding the ISDVC codec RD perfoance analysis, it is clear that DVC RD performance benefits
can be obtained when a low encoding complexity requirement is fulfilléd. terms of RD
performance, the ISDVC codec already consistently overcomes the H.264/AVC Intra codec. For
low motion or well behaved sequences (g.goastguard), the ISDVC codetnay alsooutperform

the H.264/AVC zeronotion codec. For video surveillance content, ekdall Monitor, the ISFDVC
codecshows increasingly good RD performance for GOP sizes 2, 4, thigin8ay be relevantsince

WZ frames encoding is much simpler than H.264/AVC Intra frames encadidghusthe longer the

GOP size the larger are the BVC codec low encoding compigxadvantagesThese advantages
may be reinforcedf the transmission channeis significantly errorprone, due to the lack of the
prediction loopleading to dimited temporal error propagation.
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Chapter 8

Achievements and Future Directions

8.1 Introduction

After several years of research work on distributed video coding, it is possible to summarize the
achievements made by the author andentify the still open challenges and future research
directions.In the next section, the main achievements accomplished in this Thesis are summarized
after, the main future directions will be addressed.

8.2 Achievements

In distributed video coding, the nia challenge is to obtain a DVC codec with a compression
efficiency asclose as possible to thdest available predictive video coding schemaswadays
represented by theH.264/AVC standardwhile maintaining low encoding complexity and high
robustness tochannel errors (by Intra encoding, Inter decoding). This Thesis addressed this
challenge by proposing several techniques at the core of the distributed video codec, namely:

x Side information creationThe distributed video codedRDperformancestrongly depends on
the quality ofthe side information, since better correlatiobetweenthe WZ frame and the
side information (i.e., higher side information qualityads to i) reduction in the bitrate
required by the SlepianWolf decoderand ii) better decodd (reconstructed) quality. In this
Thesis, several techniques were developed to create the side information:
i Motion compensated frame interpolation (Mg dr bppy ” mproposefiin e t ~ p
Chapter 3to create the side informatiorirame by motion compensation aftetracking
the motion trajectories between two (shand future) reference framen this context, it
wasproposed anovel MCFIlframework exploiting the availabletemporal correlation by
using novel motion estimation and compensatiotechniques at the decoder, notably
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motion estimation with smoothness constraints and hierarchical motiestimation with
affine modeling among othersWith this technique better RD performance is achieved
(up to 0.9 dB) when compared ther stateof-the-art Sl estimatorsavailable in the
literature.

T Hashbased motion estimation (HME)rder to create side informatiorwhen high and
badly behaved motion occurs or when the reference frames are temporally far from each
other (long GOP sizes) was proposedn Chapter 4ap e f k lo ps@ufion where the
encoder sends auxiliary/helper information about the WZ frame to the decoder. The
helper information corresponds to hash bits for each selected block (by the encoder)
which areused to help the decoder in the motion estimation pess. In this context, it
was proposed to create the hash at the encobgrblock and DCband seletion and a
bidirectional hashbased motion estimation technique at the decodgvith HME side
information creation,RD performance improvements were obtain@g to 1.2dB)when
compared to MCFI side information creation.

T Motion compensated quality enhancement (M@ pproach proposed i€hapter 5also
cliiltp ~ pefkg,drbppy ~“mmol " e ql "ob”ghb
classification, at the encoder, of each WZ frame block into one of two matlgsor
Intra/WZ. In the Intra/WZ mode, WZ blocks are first encoded with H.264/AVC Intra,
transmitted to the decoder and used as reference to create Sl; they aralialsibuted
codedusing parity information which is sent to the decoder to improve the previously
created Sl. fiis codng mode is called Intra/WZ since it is a mik latra and DVC coding.

At the encoder, mode decision algorithms were proposed to select which WZ blocks are
Intra encoded; aithe decoder,the Intra blocks (Intra/WZ mode) received have their
quality improved through the proposed MCQE moduleh€eTproposed Intra/WZ mode
allows RD improvements up to 2 dighen compared to a pure WZ modkICFIside
information creation), especially for high motion video sequences and long &233
x NovelLDPCSlepiarWolf codesNear-capacity error correcting codeare needed to maximize
the RD performance gifractical DVCcodecs In Chapter 6a noveldesignof LDPC codes for the
DVC scenaio was proposed thatrelies on merging paritycheck nodes,.e., addition of
successive rows ithe parity-check matrix. This allow$o obtain a graceful adaptation dhe
source(DCT coefficient biplane) compression ratio ando achieve better RD perfmance
when compared toprevious stateof-the-art SlepianWolf codes.In addition, techniques to
optimize theLDPC code structur@y avoidingcertain graph structureyandan early stopping
criterion for the LDPC syndrome belief propagation decothett is able to reduce the number
of decoding iterationsvithout a major impact in the coding performance were also proposed.
The proposed LDPC codesve better RD performance when compared to the popular turbo
codesand previous relevant state of the art, witlate savings up td.9% and% respectively

Finally, Chaper 7 proposed the stat®f-the-art ISTDVC codec including a selection of the best
techniques already proposed in previous chapters (such as MCFI and LDPC-8leffiandes)
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along with techniquesco-developed with othercolleaguegsuch as the adaptive daocking filter

and motion refinement), and available in the literature (e.g., correlation noise model and
reconstruction). The ISDVC codec was submitted to a rather exhaustive performanceuatiah
process, notably in terms of RD performance and encoding/decoding complexity. With this
performance evaluation, it was possible to conclude that the-ISIC codec ranks among the best
state-of-the art low complexity encoders. Thus, thellowing RDperformance achievementaere
obtained at the end of this Thesis:

1. Consistently better RD performance when compared to the H.264/AVC Intra dodenost
test sequences and all GOP sizes

2. For low motion sequences, the FBMVC codec may even outperform th&264/AVC zero
motion codedn terms of RD performance

3. Consistently better RD performance when compared to alternative stéiihe-art DVC
codecs, such as the DISCOVER and VISNET Il DVC codecs, especially for long GOP sizes.

However, it should be notedhat for longer GOP sizes and higher motion sequences, it is more
difficult to obtain gains over H.264/AVC Intra and H.264/AVC aeation, highlighting the
challenge of getting good quality side information, notably when key frames are farther alifese
three RD performancechievementsabovewere obtained keeping the encoding complexity low
which is essential for applications such aeepspace videocommunications wireless video
surveillance, andvisual sensor networkswhere typically there are many caeras (i.e., encoders)
and one central station (i.e., decoder) which collect all the cameras data. This is the opposite of the
broadcasting model (one encoder and many decoders) which has driven in the past the
development of most video coding solutionsdastandards.The ISTDVC encoding complexity is
always much lower than the H.264/AVC Intra encoding complexity, even for €22 where it
performs better in terms of RD performance. Since the-IBAC codec performs better than
H.264/AVC Intra for a higmumber of test scenarios, this highlights that DVC coding is already a
credible solution when encoding complexity is a very critical requirement (even if at the cost of
some additional decoding complexity)

However, to obtain this encoding complexity aRD performance some tradwfs had to made; one
controversial characteristic is the usage of the feedback channel to perform rate control at the
decoder, since it requires a retime setup and adds undesirable coding delay. To address this
limitation and allow the usage of Stanfordased DVC codecs in applications with no feedback
channel available (e.g., storage applications) or with stringent delay requirements, a DVC codec with
encoder rate control (without feedback channel) has been proposefl®3] However, this first
feedback channel free WZ video codec pays a RD performance loss uglB dnd anricrease in
encoding complexitysince some coarse side information estimation is needesgecially for the
highest bitrates.

In conclusion, DVC codecs may have a chance in terms of RD performance versus standards based
low encoding complexity codecs fapplication scenarios wittmedium/low motion content and
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low encoding complexity constraints, such a&&leo surveillance and remote space transmissions
scenarios

8.3 Future Directions

This Thesis has been focused on the development of novel techniques tooumpthe RD
performance of distributed video coding systems. To achieve this goal, the proposed techniques
mainly targeted side information creation at the decoder, mode decision or hint data creation at the
encoder and LDPC syndromes codes for SleWiaif coding. This section discusses some of the
work that naturally follows from the techniques proposed here, and that may be pursued in the
future.

Improved LDPC Slepian __-Wolf Coding
To obtain further coding efficiency improvements, new coding strategies lwammplemented with

LDPC codes due to their natural representation as bipartite graphs and the use ofoptiasal

decoding algorithms, such as belief propagati@enerally,video sources exhibitstrong statistical
dependencavhich is exploited in preditive video codecs by using adaptive entropy coding engines
(e.g., CAVLC or CABAC). Thus, a source model, which describes the statistical nature of the data (e.qg.,
symbol occurrence) can be integrated in the Slepi&iolf decoder to obtain additional compraisn

gains. For example, the usage of finftate binary Markov channels or hidden Markov models may

be used to model the virtual correlation channel error pattern, as suggest¢tida], [189]

In DVC, another interesting scenario is when the decoder creates multiple side information
hypotheses which are correlated with ghsource according to different virtual correlation channels.
The usage of multiple side information hypotheses may bring further advances in the overall RD
performance. However, efficient simultaneous decoding techniques are necessary to exploit this
type of correlation, e.g., by performing joint decoding with multiple LDPC decoders that mutually
exchange information; some initial work in this direction has been describdd 99], [191]

Since in DVC, the source to encode is represented with integer values (e.g., DCT coefficients), a
multi-level source mappings normallyused to slice the source into a certain number of bianes;

at the receiver side, each bilane is decoded individually, taking into account the decisions of prior
decoding stages (i.e., previous +pianes). However, this approach may lead to high dig
complexity and latency (more encoder requests), error propagation between decoding levels and
performance degradation when compared to singgeel coding. Thereforeto jointly decode all

source bitplanes may bring additional and interesting benefitsince the statistical dependencies
between bits of the same symbol canfodly exploited. The usage of nennary LDPC codd492]

and a modulation based belief propagation decofi@3]are interesting directions to follow.

Error Resilience

An important advantage o DVC codec, such as the-I3YC codeds that WZ framesare always
encodedas Intra, i.e., independently of its predecessors and successors and, thus, there is no
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prediction (closed)loop as it exists in alpredictive video codecsThis inherent architetural error
robustness is an attractive DVC characteristic which may bring major RD performance
improvementsfor error prone channels (such as wireless networks), especially when compared to
predictive codecs with similar complexity (e.g., H.264/AVC zeration). The VISNET |l DVC codec,
which shares many similarities with the ISDVC codec, was evaluated for packet loss networks in
[46]and performed better when compared to H.264/AVC Inter codinglB), forPLR®f 5% and 20%.
However, this benefit only brings advantages if the error free RD performance gap between
predictive and distributed video coding solutions (as observed in-D&LC) is overcome by the
intrinsic error resilience DVC performamcin a error prone channel; otherwise, the error free RD
loss may significantly impair the RD performance when channel errors occur, especially for low bit
(or packet) error rates. On the other hand, it is also possible to complement predictive coding
schames with a DVC encoder adopting a hybrid predictilistributed coding solution and obtain
graceful degradation when channel conditions deteriorate; naturally, this also depends on the
relevant low complexity requirements.

To obtain the maximum RD performae in error prone channels, such as wireless environments
and packet loss networks, novel techniques are needed since many Stanford DVC codecs (including
the ISTDVC codec) assume that the parity bits (turbo codes) or syndromes (LDPC codes) are
received ly the decoder without error. Thus, the ISVC codec may be enhanced with novel
SlepianWolf codes and improved decoding algorithms, even if it already mitigates the error
propagation (or drift). Since the side information is corrupted by channel errong, ¥irtual channel

needs to be redefined and the Slepidfolf code correction power (or rate), which now operates as a
joint sourcechannel code, needs to be adjusted. Thus, this virtual channel must take into account,
not only the residual statistics beteen the error free side information and the source, but also the
noise distribution model (e.g., additive white Gaussian noise) expressing the impairments of the
communication network. In a distributed video coding setting, efficient error resilience ii$ &t a

rather initial status with several open issuesthie methodto estimate the correlation noise channel
parameters, which now depend on the side information quality and the amount of transmission
noise; ii)the method toestimate/allocate the necgsary WZ rate at the encoder; and thie method

to control the coding rate of the soureehannel codes. When noisy channels are considered,
distributed coding can be reefined aglistributed joint sourcechannelcoding (JSCC); some authors
have alreadyaddressed distributed JSCC by proposing novel SléMalf code§194196]

Multi -view Video Coding

A DVC approach can also be used in a avidtiv video scenario where multiple cameras, capturing
various views of the same scene, generate a large amount tisttally redundant video data.
These video sequences may be compressed at a central encoder with the typical predictive
approach, exploiting the spatial, temporal arldter-view correlations, e.g., using the mukiew

video coding H.264/AVC based startlaHowever, the DVC approach provides a significant
architectural benefit since it does not requirtnter-camera orlnter-encoder communication to
explore theInter-view correlation while the predictive approach requires the availability of all
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views at sme encoder location, forcing the various cameras to communicate among them. While
multi-view predictive video coding is more suited to 3D cameras (which typically have 2 or more
acquisition celocated sensors), muliview DVC is more suited to video suillence where the
cameras are physically located in different locations, but capture viewpoints of the same scene. In
the latter case, a predictive video coding solution cannot easily exploitltiter-view correlation

and, thus, it is expected for a DV@ded solution to overcome it from a RD performance point of
view.

Naturally, many challenges are faced by distributed mwigw systems, such as how to estimate the
side information by exploiting the disparity between views and how to estimate the catimh

noise at the decoder without having access to the original source data. To perform disparity data
estimation at the decoder, the usage of previously decoded fraj@@ls global models such as an
eight-parameter homography matrix197]and the constraimg of the disparity search according to

the epipolar geometry of the scene (reduces the disparity search to a 1D proljgthijvere
proposed in the past. However, capturiigter-view correlation is hard (compared to temporal
correlation) since it strongly depends on the scene/camera geometry, the presence of occlusions
and depth discontinuities (i.e., parts of the scetiat are only observed by one of the cameras).
Thus, many challenges lie ahead to design an efficient distributed rwidiv codec to be
competitive with independent view predictive coding where the temporal correlation is efficiently
exploited. Advances on thiissue may also be relevant in the context of the emerging MPEG
standardization effort on 3D video where a few video views together with the associated depth maps
should be coded in a very efficient way, with the target to synthesize at the decoder ni@nes v
than those explicitly coded at the encoder.

Hybrid Predictive -distributed Coding
In the past DVC work, the target was the development of novel DVC codecs and their improvement

by proposing novel techniques able to define an alternative anthpetitive solution to predictive
video codecs, especially in terms of complexity balance and error resilience. However, it is possible
to design a solution where predictive and distributed coding join forces instead of competing with
each other. In factsubstantial gains in predictive video codecs RD performance have been achieved
in the past by continuously and substantially increasing the encoder complexity and only slightly
increasing the decoder complexity. Thus, it is expected to obtain RD perfareamprovements if a
predictive decoder exploits the available correlation using DVC principles, even if the decoding
complexity increases, i.e., adopting a combined high encoding and high decoding complexity
configuration. For example, a predictivaistributed decoder can estimate the side information in a
similar way to the predictivedistributed encoder, and parity/syndrome information can remove
any mismatch. Naturally, the applications must define the acceptable encoding and decoding
complexities, e.g.for some scenarios such as broadcasting, decoding complexity cannot increase
significantly; thus, the complexity requirements of different applications may be accommodated by
having profiles/levels with different complexity balances.
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Nowadays, RD perforamce gains are harder and harder to get with predictive video coding
solutions; in fact, seven years have passed from the publication of the latest video coding standard
(H.264/AVC) and yet no practical solution with significant improvements in codinggrerance has
been found. Therefore, a hybrid predictivdistributed approach can be relevant in the context of
the emerging standardization efforts towards a new standard in video compression, notabbathe
for proposals CFP that was jointly issued by the ITU-T VCEG and ISO/IEC MPEG video
standardization bodies in early 201098] In fact, these two bodies have recently joined foraes
the joint collaborativeteamon video coding (JEVC) with the target to develop mew generation of
video compression technology that has substantially higher compression capability than the
existing H.264/AVC standardThe CFP associated set of requilents were ambitious, since it was
claimed that HD/UltraHD devices and mobile terminals with increasingly higher resolution (up to
720p) need higher compression capabilities than the existing H.264/AVC standard, be-rate
reduction of approximately50%for the same subjective qualitjd99], [20Q] Interestingly, thenew
standard should also suppodomplexity scalability at the encoder and decoder by trading it with
the compression capability199]

Beyond Video Compression

It is presently more and more accepted that distributed source coding principles are leading to a
variety of techniques which may help to solve various problems, not only in the coding domain but
also in other fields, notablyproblems like authentication and tampering detection[62], secure
biometrics[63], video quality monitoring[201] encryption of video and imagg202]and bitstream
switching and backward/forward video playbadR03] Only the future can tell in which specific
applications distributed source coding principles will find success; at this staggedifficult to state

if any application, even thenore promisingvideo codingapplications, will ever use the theoretit
framework established by Slepiawolf and WyneiZiv in the 7. However, DVC offers an
exceptional opportunity to enhance a wide range of applicati@msl functionalities from mone

view to multi-view video coihg, from improved error robustness to scalable coding, from security
to monitoring and thus, it is necessary to fully study and exploit this novel coding paradignfiact,

the first benefit of DVC research has already been achieved: a better undensganélithe video
coding field since the dichotomy between encoder predictions and decoder estimations has taught
much about the principles, relations and limits of video coding when the encoder and the decoder
play a more balanced role.
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Annex A

Compression Efficiency Analysis of
Distributed Video Coding

In some of the most populddVCarchitectures, MCFI allows the decoder to estimate the Sl frame
(a noisy version of the current fram@) based on two decoddthmes, called reference frames, one
in the past® (backward) and another in the futuré (forward), without any knowledge on the

current frame @ (available only at the encoderYo obtainMCFI base®VCschemes competitive

with the popular predictivevideo coding schemes, the errors or inaccuracies in the motion search
performed by the decoder to generate side information should be as small as possible. In practice,
this is hard to achieve since the motion compensation soaked inpredictive video coding are
already quite efficient and the MCFI techniques have not yet achieved the same level of maturity
and cannot use the original frame (since are employed at the decoder). Inathigex key
considerations are made in ordé understand the MCFI efficiency limits and tB8/Cperformance

when MCFI schemes are used to generate the side information.

A comprehensive analysis of MC prediction faedictive video coding has been performed in the
past, especially to understandh¢ impact of new algorithms such as fractional motion accuracy
[204]and multihypothesis M@205] In[100] a similar ratedistortion study is made in the context of

a distributed video codec, where the Sl is generated by MC frame extrapolationthieemotion
between framesQ ¢ and 'Q p (‘Qdenotes thecurrent frame index) is calculated and applied
(assuming constant motion) to builthe SI frameQIn this annex the important MCFI case is
studied, where two reference (decoded) frames are used and the frame to be interpolated is in
between both references. In this context novel compression efficiency model is proposed to study
the impact of the MCFI side information estimators accuracy on BR&Cschemes compression
efficiency. The theoretical treatment proposed in trasinexprovides guidance to develop new and
efficient frame interpolation tools for efficienDVCcoding such ashose proposed irfChapter 3 In



COMPRESSION EFFICTENANALYSIS OF DISBRTED VIDEO CODING

addition, the proposed modelsan also help in the development of novel encoder rate control
solutions for DVCarchitectures that row mostly use decoder rate control based on a feedback
channel.

This annex is organized as follows: in Sectioh.l, a brief overview of MCFI side information
estimation is presented; in Sectioh.2 a broad modelor rate analysis is presented and in Section
A.3 a model for the motion interpolation error is proposed. With these two models, several
experiments were performedor which results are shown in Sectioh.4along with key theoretical
insights. The final remarks are presented in Secthh

A.1 Motion Compensated Side Information Interpolation

In MCFI, motion estimation is based on a linear model for the motion trajectory between the
reference frameg[22] This scenario is shown ifigure A-1 for a simple casewithout loss of
generality, where it is assumed that the Sl fraés always in the middle dfames® and® . The

GOP siz& ¢ is defined through parametet with £ &; if this GOP size restriction is applied,

geb mlppf i b DLM pf wbpwilobb estfimated bjuging i@feréncefranees b » °

already decoded in a hierarchical frame dependency arrangement.

In FigureA-1, the vector0 represents the best match between and @ ; the motion betweer
and & and between and @ is half ofb in amplitude and follows the same trajectory as. The
linear motion assumption can lead to a mismatch error when compared to the true trajeaiory
especially whemd and @ are temporally farawayfrom each other or complex motion happens.
Since the backwardy O and forwardd @GO motion vectors are restricted by the

linear motion model, a loss in efficiency is expected when compared to the case whese
available, as in the motion estimation and compensatsahemesised inpredictive video coding. In
this last case , @ and® are all available simultaneously and the motion vectorsand0 can

follow any trajectory and, therefore, represent better the true trajectay

¢ 1
\Y/
X V= Vk/ 2
Vp—= -Vk/ 2
Xi Side information frame Y; Xj

Figure A-1: MCFI with linear motion.

However, since MCFI is performed at the decottew,complexity encoders can be developedd it
is not necessary to send any motion information from the encoder to the dec(siaing some bit
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rate). On the othe hand, in predictive video coding schemes, motion vectors are calculated,
predicted (from neighboring motion vectors), entropy encoded and transmitted to the decoder in
order to generate the same reference frame used by the encaiecgany mismatch wil cause
drift). Asthe side information is estimated by MCFI at the decoder only, B(v&Ccodec works in
open loop andthus, the error propagation is also severely mitigated.

A.2 Power Spectral Model for MCFI

To performa compression efficiency analysis of MGCsolutions, the statistical model defined in
[205]is used here as the starting point since it provides a MC prediction theory for rhyftiothesis
(combination of more than one prediction) video coding. However, to study the MCFI efficiency, it is
necessary to modify the model proposed[#05]to account for two major differences: i) there is no
access to the original current frame, since Sl is generated at the decodeii) dind assumed that

the errors in the backward and forward motion vectons, and 0 as shown inFigure A-1, are
independent.

In FigureA-2, the statistical model proposed to analyze the motion interpolation case is illustrated.
Consider that® ofwy is the current frame under estimation, and® ¢fw is the estimation

& ofwo ; the main goal is to minimize the prediction errdf ofto & afo & afo without any
information aboutéd Gito .

Figure A-2: Statistical model used for the computation of the residual error =| ofw .

The estimationé 6w can be constructed b afto 0 6 oo 0 6 o, whered G
and 6 «fw correspond to twopredictors, in this case representing the contribution for the
estimation of the backward and forward frameand 0 and 0 correspond to the interpolation
filter taps, i.e, the weight of each predictartypically, these weights are proportional to the
temporal spacing betweehd i (see Sectior8.5.3for the proposed algorithm). fie predictors
6 ofw andd ohw correspond to motion compensated frames that aimaeccuratelyrepresent
& ofto . However, errorsri DVC occur sinci¢ is difficult to capture the true displacemestin the
scene due to the lack of the original franig afwo at the decoder limited accuracy and noise

components. These displacement errors are representetl by 1 ¢h & and 1 o ®
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