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Abstract

The dissertation deals with the problem of representation of mwtiormationin 3D video
codecsExisting techniques ahotion informatiorrepresentation istateof-the-art multiviewvideo
codess are thoroughly discussethe problem of motion information prediction and representation
in coding of 3D video with additional depth imfoation is statedThe possible solutions are
presented. Similarities and correlationsnter-view predicted motion fieldare researched.

The athor proposes several techniques dépthbased inter-view motion information
prediction andcoding Different variants of the proposed methods are discussed, including
efficiency and complexity aspects particular, he efficient modes of motioninformationcoding
in stateof-the-artand futuremultiview videocode arealso presented in the thesis.

Proposedlgorithms have been experimentally tested and compared against other miéteods.
obtained results are presented ia dssertation.

11



12



Streszczenie

Rozprawa dotyczy problemu reprezentaoformacji o ruchuw t r - j wy mikadekachy c h
wizyjnych. W pracyo m- wi o n dte technikn ieprezentacjinformacji oruchy st an o wi N
obecny stan technikiw dzi edzi ni e Kompresj i tr-j) wymi a
Sfor mugowany prenykdji argz reprezentadji enformacji o ruchu przayodowaniu
tr-j) wpmiyah sekwencj i wi zyjnych w z Brpedstawiona y c |
r - wnmodivie rozwiNzania tego problemu. Przebadano pod@giiga i korelacje wyspujNce w
przewi dy wa awdakbwopolaaghrdchuy

Aut or zapr ezent oiwadvidokowvd] Rredykdji @ kodowania informacji o

ruchu w oparciu o dostfApnN informacjfi o gg§
met od, z uwzglndnieniem zagaMns zdz egf dkntoySvern
zaprezentowano wydajne tryby kodowanian f or macj i o ruchu dla pot

kodek:-w wiel owidokowych.
Zaproponowane al goryt my zostagy sprawdzon

stosowanymmetodamja wyskang ez ul t at y ekedgasviono m eonptawiev
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Chapter 1

Introduction

1.1. Scope of the dissertation

The dissertation deals with improving compression of 3D video sequences. This issue is o
fundamental importance famerging3D video services, including the new generatiorthoée
dimensional television (30V), and television with free navigation in the sceoalled thefree-
viewpoint televisionFTV). These new types of videystemsare attracting a lot of intereas they
offer possibilities that are far beyond the opesvided bythe commercially available stereoscopic
systemsFTV allows viewers to change their viewpoint without concern fopthesicalpositionof
the camera Suchvirtual viewpoints are createby means ofa view synthesiswhich utilizes
available texture andhformation about visual scergometryin order to generateisual content
for the virtual cameraOn the other handthe new generation 3D technologipsovide more
realistic depth effetto a viewer.As result reproduction of movement parallax perception of
stereoscopic depth without the need to use special glasseme possibldt is expected that th
new generation of 3D video will offer advantages in many fields, includingrtamtment and
education.Hence in the future, these types of video may be offered in various applications, like
broadcast television, internet streaming or mobile video. Howekiese futurevideo systems
require transmitting of very larggatastreamsto the recipient. Consequently, the capabilities of
existing data transmission technolograll be pushed to the limits, especially in case of the mobile
applications. As a result, there is a strong motivation to efficiently utilize existing correlation
between pictures of encoded video content and develop new prediction techniques to increase tt

compression ratiof 3D video.
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In the abovementioned newrggrationmultimediasystemsmultiview video contenis used a
some stage of video generation andspregation[Smo06 Kauf07] A multiview video is a set of
video sequences recorded at the same time instance from different viewpoints and representing tl
same sceneln the new generatior3D video applicatiors, the multiview video is very often
accompanie with additional depth informatigre.g.stereoscopic depthwhich describes geometry
of the visual scene and usually represented either directly by depth samples or indirectly by
disparity samplesThis particularkind of a multiview video content isisualy referred to as the 3D
video in a multiview video plus depth (MVDJormat [Smo07. Depth information in multiview
video may be acquired or estimated using dedicated algorithms for one or more viewjints.
exemplary texture and corresponding defptim a 3D video sequence are presentedrig. 1.1.

This dissertation regards 3D video sequencesspecially

b)
Fig. 1.1. An example of. a) texture and b) depflom 3D videotestsequenc&oznan Street

A typical multiview video system contains modules for video acquisition, transmission and
presentation (sefeig. 1.2). In such a system, depth information is usually utilized/few synthesis
purposes. Based on a texture availablesfmmeviews, content displayed imther viewpointss
synthesizedusing dedicated depiased rendering techniqug¢kaufO7]. Consequently view
synthesis requires information about texture andhgdput also parameters describing location of
the viewpoints in the visual scenehese parameters are often referred to as camera pararimeters.
order to supply the receiver with all information requireddqroper presentation of a multiview
video cortent, video or, in case of 3D video content, video plus degather with all necessary
system parameterseed to be encoded and delivered to the dectttdartunately, estimation of
accurate depth maps is still a complex and time consuming problech ylavents its usage in
practical reatime applicationsn the decoderin this dissertationwe will focus on the part of the

multiview video system related to encoding and decoding process.
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Fig. 1.2. Multiview video system.

To date, many efforts have been made to develop more efficient techniqties rfarltiview
and 3D video sequence compressiom. natural video high level of spatial and temporal
redundancy exists, which can be efficiently removedndutfie video coding processin order to
increase the compressiaatio. This can be obtained with almost negligible impacth@subjective
quality of the resultant video. The most efficient and widely used class of etdiszs commonly
calledthe hybrid video codecs [Dom98Skad3, Shi00, Ohm04Dom1(Q, use motiorcompensated
prediction and prediction residuals coding to achiawedeo compressionMotion-compensated
prediction is usually performed in small, rectangular bloGke excoder estimates nioh vectors
for each block and transmitsighnformation tothe decodelin the bitstream. As aonsequencehe
resultant bitstreanproduced by a typical hybrid video codecontains three main types of data
motion vectors, transform coefficients of pretéin residuum and control data (side information)
[Dom98, Skeb3, Ric02]. Consequently, reduction of the part of the bitstream representing motion
vectors will result in considerable gains in compression performance of the codec.

In the multiview videq additional spatial redundancy existdf the distance between
neighboring viewpointoof multiview videois small, high correlation between content of video
sequences obtained from these viewpoiaigsts [Feck05, Merk07, Su06]. This intstew

correlationmay be exploitedto reduce the amount of ddteatmust betransmittedrom acquisition
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to presentation module of the multiview video systénsimple approacks to utilizepictures from
neighboring views fothe inter-frame predictionISO11, Vetl]]. On the other hand, irthe new
generation 3D video systems, a more advanced approach ceeddhe presence of additional
depth information in encoded video content makes the problem of video compression more
complex. However it also provides the possibilityo apply sophisticated methods known from
computer graphics to this process. Since depth information describes geometry and location c
objects in the visual scene, new prediction methioalsed on 3D projectiobecome possible.
Consequently,improvement m compression efficiency of the multiview codec can be made
[Mart06, Shim07].Following thisreasoningthe dissertation presents results of research aimed at
increasing compression ratio of the 3D video sequeincesdich depth informations utilized for
efficient interview prediction of motion information.

The perspective ofgrowing demand forthe multiview and 3D video coding technology
motivated the Moving Picture Experts Group (MPEG) of International Organization for
Standardization (ISO) to startn@w activity in 2004, which aim was to develop a Multiview Video
Coding (MVC) standardHfis04. The result of this works was new multiview video codec based
on the AVC video coding technology, established by the MPEG committee &BUah and
ISO/IEC standard in 200915011, Ric1(. The basic approach introduced in MVC is an hview
prediction with disparity compensation, which uses a mechanism similar to motion compensation o
the AVC video codec, however, with reference frames from neighboring viéWws simple idea
resulted in considerable coding gains when compared to simulcast coding (independent coding ¢
each view) of a multiview video. é&Vertheless,achieved compression ratio is stilbelow
requirementsof the future 3D television applicationdMoreover, MVC does not describe any
dedicated method fahe multiview video plus depthepresentation.

As a result,n 2010, MPEG began works on new techniquesd®D video plus depth coding
that should allow efficient representation @8D video fa the future 3D television applications
[MP11Q. The author of this thesis actively joined the MPEG team to develop new algorithms for
more efficient encoding of motion information 3 video codec. As a result of research, a number
of documents were cambuted to MPEG and some of ideas presented in this dissertation were
incorporated into MPEG workdn particular, the algorithms described in this dissertatua@ne
utlize<dinPozna Uni versity ofMPIEeGEHH oothe B yideopcodigp o0 s a
technology that achieveslitstandingesults (refer t€hapter 7J.

Algorithms fortheinter-view prediction of motion informatioare importanin improving the

compression ofa multiview video ang hence,are intensively researched in tharea ofvideo

20



sequences coding. However, there is still no ultimate solution for efficient representation of motion
information in a multiview or 3D video codecthat would utilize the availability of depth
information desching location of objects in thasualsceneAs a consequenca this dissertation

the problem ofncreasing the coding efficiency of a 3D video collgadevelopment of new depth

based inteview motion information prediction algorithnisinvestigated

1.2. Goals and thesis of the dissertation

The goal of this dissertations to develop new techniques foompression ofhe 3D video in
the multiview video plus depth format. New methofinter-view predictionin the 3D videoare to
beproposedallowing toreduce théitratecompared to the currently known systems by providing a
more efficient representation of motion information and utilization of availddpehinformation
New algorithms and tools are to be researched in order to imghaveverall compgession
efficiency with minor impact on complexity and requirements of multiview video codecs. The
proposed techniques are to be experimentally evaluated to accurately assess their actual impact

thecodingefficiency of existing and future multiview @t codecs.

The followingassumptionsare made in this dissertation:

- stateof-the arthybrid video codexzareusedas a basigideo compressiotechnology

- depthinformationdescribingvisualscene is availablatthe decoder

- the proposed technigsshoutl assure possibly high compatibility wiéxisting stateof-

the-art codingtechniques

Themain thesesof the dissertation are:

- It is possible to improve efficiency of motion information representatiocoding of 3D
video in the multiview video plus dep format by exploiting the correlation between
motion fields of neighboring views and utilizing the availaidgth information.

- It is possible to develop techniques of representation of matifummation that are
competitive to the methods described literature, developed simultaneously with the

authorés investigations.
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1.3. Research methodology

The goal of the dissertation is to study whether it is possible to improve the coding efficiency
of contemporary multiview video coding techniques by creating netiominformation intetview
prediction methods that utilize sophisticated modeling of wiseal scene. Consequently, the
starting point fotheresearch was related to existing techniques of matfonmationpredictionin
multiview video codersA spedal attentionwas given to the most recent and the most advanced
solutiors proposed during work of MPEG committee on the multiview @ideding standard, the
MVC video codec ISO11, Yang09,Koo06]. These techniques have been analyzed and their
efficiency for amotion data encoding has been exsd and experimentally tested.

A problem of motioninformation prediction in coding 08D video sequences with additional
depth information describing location of objacin the visual scene has been formulated. New
techniques forsuch depttbasedinter-view prediction of motioninformationin multiview video
coding have been proposdalie to high, multdimensional complexity of the problem, the process
of developing new predictiotechniquesave been decomposeddrdtagesNext, these developed
methods have beemplemented within the reference anchor softwardexperimentally tested in
order to check their usefulness in further algoritfionsnultiview video codingConclusions drawn
from the experimental resslthave been utilizedo furtherimprove the proposednethods.This
procesdave been repeated in subsequienations.

As the reference anchor, the following multiview videading techniquesvave beerused
during the experimental verification tiferesarch:

1 MVC (Multiview Video Coding), developed by MPEG asnex Hof AVC video coding

standardISO/IEC MPEG4 part 10, ITUT H.264)

1 JIMVM (Joint Multiview Model), developed by MPEG during work on MVC video coding

standard, and

1 MV-HEVC, a HEVGbased multivew video codec, developed originally at Pd&Ea

University of Technology.

The first of the abovementioned video codecs is a multivielo codec based on ti#&/C
video coding technology that was established as alm&wT and ISO/IECstandard in 2008s a
result ofthe work of MPEG committee[ISO11,Chen09. The codec is briefly presented in Section
2.4.1and ha been used as the basis for implementation of algorithms proposed by the author of this

work.
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The JMVM multiview video codec was developed by theB¥& committee during the work on
MVC coding standard and refers to the reference model described in [MP08, Pan08]. The IMVM is
areference codec model pfevious version of MVC that contains a number of additional coding
tools designed especially foa multiview video coding. One of the multiview coding tools of
JMVM is an interview motion information prediction tool named Motion Skip, which obviously
aims in the area of interest of this dissertation. The JMVM multiview video codec and the Motion
Skip caling tool are briefly described in Sectigrt.1and2.5.

The third codec, MVHEVC [Dom11], had been build using the new generation video codec
named HEVC (High Effiency Video Coding) currently developed by the MPEG committee
[MP11,Dom13. The reference software version of the HEVC test model HM 3.0 [MP11a] was the
basis for creating an implementation of multiview video compression scheme similar to MVC
technology m which the AVC core was substituted by the HEVC coder. As a resutHEVC
codec constitutes a basis for future multiview video codec that provides mechanisms fdevwmter
prediction known from MVC to exploit the intetew correlation that exists ia multiview video
and reduce the bitstream representing the side views. ThelBNXC codec is briefly presented in
Section2.4.2

The abovementionectbdecshave been chosen as they follow the most recent worldvadds
in the multiview coding technology and because the author had free access to their source code, <
that modifications could be introduced in their algorithms.

During the research,ffeciency of motion information coding and efficiency of overall
compression have been examined: the existing techniques of motaymation encoding have
been compared against the original solutions proposed in the dissertation. For this purpose:
correlation between estimated and inteaw predicted motion fields afnultiview sequences, as
well asrate and distortion have beemeasured. For measuring the distortions, objective quality
measure PSNR anthe Bjontegaard metric have been chosen, as discussed in S2@igrard
2.2.2 In order to determine the complexity tfie proposed methogdsexecution times of the
researched video codecs have been measured.

In all experimentsthe standard multivienand 3Dvideo test sequencesahable through the
standardization committee of MPEG have been used. These test sequences were chosen amc
others by the MPEG committee in order to perform comparisons and experiments during
developing of new tools and techniques &multiview and 3Dvideo compression [MP11b] and

contain various types of motion and textures. Diteate ranges of compressed video sequences

23



have also beenchosen to meet the requirements announced by Video Coding Experts Group
(VCEG) and MPEG organization during compansd video codersi[an08 Bos11].

1.4. Thesis overview

The dissertation is organized as follows. In Chapter 2 the basic information about multiview
television systems is presented. Hybrid video coder together with the paradigm of-motion
compensated predictioma algorithms of motion estimation and representation are also described.
Measures of correlations of motion vector fields are introduced. Finally, multiview video coding
techniques, with an emphasis on the most advanced motion data prediction alg&nthwmsfrom
theliterature are discussed in detail.

Chapter Iontains a description 6voo r i g i n a techrmques bf intevdew prediction for
multiview video codec. Different variants of these methods are discussed, including efficiency and
complexty aspects.

In Chapter 4 motivation for intariew prediction of motion data in multiview video codecs is
presented. Correlations in intelew predicted motion fields are discussed. Also, experimental
results are presented regarding the contributionndifvidual components of the bitstream in
multiview hybrid video coding.

In Chapter 5possibilities to utilizethe or i gi n al aut hor-desy matient h o c
prediction in statef-the-art and future multiview video codease discusseddifferent varants of
AVC and HEVCGbased multiview video codecs are proposed.

Chapter 6presentsexperimental results obtained fearious codec variantsitroducedin
Chapter 5 The efficiency and complexity of these implementatians discussed based on the
resultsachieved by proposed multiview codecs.

In Chapter pr esents considerations on utilizat:i
view motion prediction in the future 3D video codecs. The most important results of the cooperation
with the MPEG committeare discussed.

ChapterB contains a summary of achieved results and conclusions.
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Chapter 2

Selected issues in digital video

compression

2.1. Hybrid video coding

2.1.1. General concept

Hybrid video coding isa method of video representatiomvhich utilizesa mechanism of
predction with motion compensation in order to eliminate the existing temporal redundancy in
video sequenceand blockbased transform coding of prediction residy&ka98 Dom98 Sad02.
Moreover, t is the only method of motion picture coding widely usedpriactical applications
especiallyjf the high coding efficiency is concern¢gfom1(.

The general concept of hybrid video coding is based on thefiatae prediction with motion
compensation, coding of the cosine block transform coefficients compoitethe prediction
residwls and, finally, the entropy codingA block diagram of a typical modern hybrid video
encoder with motioirtompensated prediction is presenteéim 2.1.

As presented in the diagram, @riently encoded input frami®is compared with its prediction
"Q The difference between these two signals forms a residual signal which is lossy coded usin
transform coding and quantization of transform coefficients. The reconstructiosiztefor the
guantizer determines the quality of encoded picture and is usually controlled by a quantizatior
parameter (QP). Eventually, quantized values of transform coefficients are subjected to entrop
coding and encoded into a bitstream. The bettediption "Ois, the smaller residual signal is
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produced. Consequently, less bits need to be encoded into bitstream, which obviously leads to bett

compression efficiency of the coder.

Transform
; F; coefficients
I )
Input video Block Quantization
sequence e transform
Fi Inverse
quantization
Inverse block
transform
[
&
Deblocking 5
filter S Output
Intra F & bitstream
[ prediction F; o
1=
T Motion Fi ref|  Reference '-”
B =
compensation frame buffer _
Motion
information
-
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RN . _ -——————
estimation
A A A A
i i i : Control
' ' ' data
Control —

Fig. 2.1. Hybrid video encder with motioncompensated prediction.

Inverse quantization and inverse transform are performed in the reconstruction loop of the
encoder to form a residual signal which is adde@®tpredictionand filtered using a deblocking

filter. As a resulta reconstructioriOof the current framé&Dis obtained and stored in the reference

frame buffer used for motion estimation process.
Prediction signalOis obtained using motieoompensated prediction from reference frame

"O  or using spatial intrdrame prediction from reconstructed current frai@d-or some reasons,
the interframe prediction may not be efficient for some areas of encoded picture. In such cases

encoder uses intfaiame prediction in which sampleseapredicted based on already encoded

neighboring samples from the same picture.
As a result the output bitstream of the hybrid video encoder contains three main types of

information which are required for appropriate reconstruction of the input videersss at the

decoder:
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- control data (prediction modes, block partitioning, frame resolution, etc.),

- transform coefficients (qQuantized transform coefficients of prediction res)dual

- motion information (motion vectors, reference frame indices).

Now, let usclarify the basic idea of motiecompensated prediction which is one of the
fundamental concepts used in hybrid video codifige main reasorof utilizing the motion
compensated prediction is to remove temporal redundancies from a video sequence. Subseque
frames are predicted using previously encoded frambis constitutes a temporal intfiame
prediction mechanism of hybrid video codec.

The paradigm of motioceompensated prediction is described by the following formula:
Ow 0O ® avhl av (2.1
where ¢hw are horizontal and vertical coordinates determining location of an image ek

prediction of the current framéQ is a reconstructed reference frame (i.e. one of preciously

encoded frames selected as the reference)) it 0 are horizontal and vertical components of

the motion vector.Consequentlythe final reconstruction of the current frame calculated

according to the equation:
Oay  "Odm YO (2.2)

where"Ois areconstruction of the current frame a¥i®is a reconstructed prediction residual.

In Eqg. 2.1, motion vector & OF 0  determinesdisplacement value which minimizes
prediction error, i.edifference betweervalue of asample incurrent frame™O afto and its
prediction"O ¢fwo . In order to perform moticnompersated prediction, motion vectors have to be
estimated in the encodand transmitted to the decoder.

The encoder searches for motion vector components in the process called motion estimatior
which is one of the most complex stages performedhenhybrid video codec. The motion
estimation itself may consume 40 [%] of computing power used for video sequence encoding
[Dom10]. The most widely used method of motion estimation in video compression is the block
matching algorithm Jai81, Ska98 Sad02 Dom10].In this approach, a common motion vector is
determined for a rectangular blockntainingpoints from currently encoded fram®uch motion
vector minimizes the criterion of distortion between blocks from current and reference frame
[Kri97, Dom9§. Consegently, the algorithm finds the matching block in reference frame that
matches the current block best (&g 2.2).
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Motion vector Encoded block

Search area

Reference frame Current frame

Fig. 2.2. Motion estimation using the block mataf algorithm.

While early video codecs utilized motiexompensated prediction for blectf 161 1, @l 16 or
81 8 luminance samplekpg81, Nin82, Eri8h new generation video codecs apply variakilee
blocks to further increase the video compression efiy [Flier04]. The most advanced stafe
the-art video codecs use variable block size from1B6to even B4 luminance sample$JO11].

Every block which uses motiecompensated prediction requires at least one motion vector to
be sent in the bitstreanorf proper reconstruction in the decofi&093, 1ISO%, ITUTO5, ISO11]
However, more than one motion vector can be used for prediétsoa.result the following types
of frames can be specified:fRames predictivg , B-frames bidirectional or bi-predictive) and
frames (ntra-predicted. In P-frames only forward prediction, i.e. prediction from the past, is
allowed, while in Bframes forward, backward and bidirectional (both forward and backward)
predictions can be used. In this case backward prediateans prediction which utilizes reference
frames from encoded sequence that are located in future relative to the current frame. Th
applicability of bidirectional predictionan further reduce the energy of prediction residi&t96,
Dom10]and consguently, it is widely used in all advanced hybrid video coders-frames, only
intra-frame prediction is allowed, i.e. no other frame except the current frame can be used as th

reference.Thus, no temporal prediction of sample values is perforrBegtaise Hrames are
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encoded independently of other framtigey are extremely useful for encoding the first frame of a
sequence or to insert random access points into the bitstream.
Details of the motion compensated predictmethodsused in the most advaritstateof-the-

artand emerging video coding standards will be discussed in the following sections.

2.1.2. Advanced Video Coding (AVC)

The Advanced Video Coding (AVCJ)s an internationalvideo coding standardiSO/IEC
MPEG4 part 10, ITUT H.264)[ISO1] which first release was published in 20@8espite the
lapse of almost 10 years, it is still considered as the-stdtes-art solution for advanced video
coding thatfollows the blockbased hybrid video coding approach. Althoubh basic desigrof
AVC is very smilar to earlier video coding standardé.g. H.261, MPEG1, H.262/MPEG2,
H.263, or MPE&4 Visual), AVC introduces new features to achieve a significant improvement in
compression efficiencywhen comparedo any prior video coding standardVie03 Sul05
Marp0g. In particular, AVC was reported to reduce thmtrate by almost two times against
H.262MPEG-2, while preserving the same video quality [Doml@{dditionally, the most
significant difference relative to previous video coding standards is theagexnt flexibility and
adaptability of the AVC desigivetl]].

In AVC pictures are partitioned into smaller coding units callédes which in turn are
subdivided intomacroblocks Each macrobl ock (MB) <covers
luma samms. AVC supports three basic slice coding typesickes, Pslices and Bslices, which
specify the degree of freedom for generating the prediction signal and asetlablecoding tools
for each macroblock within the slice.

AVC specifiesmany new codig tools and @utions for advanced video codingome of the
most significant improvementsintroduced inH.264/MPEG4 AVC are briefly described below.
More detailed information can be found 18011, Wie03 Sul05 Marp0g§ Dom10]

- Adaptive entropy coding two methods of conditional probability distributions modeling can
be selectedUVLC/CAVLC (universal variable length coding/contddsed adaptive variable
length coding)and CABAC (contextbased adaptive binary arithmetic codinghe later one
utilizes arithmetic coding and provides maephisticated mechanism for employing statistical
dependencies, whidh turn leads to typical bit rate savings ofil® [%)] relative to CAVLC
[Vetl]].

- I nt e g @md8 B Bassformsi this enables fast and efficieithplementationof discrete

cosine transfornDCT) and inverse DC®n 16bit fixed-point processors
29



- Adaptive ablocking filter T this especially designed filter operates within the metion
compensated prediction loop to reduce blocking artifactse most dsturbing artifacts in
block-based coding.

- Directional intrapicture prediction modeis spatial intrapicture prediction is performed using
the decoded samples of preceding neighboring bldoks-picture prediction can be applied
individual by B8b8ehaoamad4b#hocks, or to the fu

- Variable block size moticocompensated prediction with multiple reference pictures

partitioning of a macroblock into bl ocks
applied. In case of partitini ng i nto four 81 8-méacilolbocks san bee a c
further split i nt oTh8 kndbles d beBgdaptationto4hk ghapd of o ¢ k

objectsmovingin the scenef encoded sequenckloreover, the reference picture to be used
forinterpi cture prediction can be independent |
macroblock motion partition. For P slices, one motion vector and reference picture index is
transmitted for each intgicture prediction block. In B slices, up to two mot vectors and
reference picture indices can be chosen for each block. Also, the resolution of motion vector:
was increased to 1 |l umi nance point, whi ct

compensated prediction.

B
axd 16x8

8x4

Current block

Fig. 2.3. Median prediction of motion vectors in AViCexample for various block sizes
(based onRic10]).

In addition, AVC specifies a method of effective motion information prediction, which, in
many cases, allows for resignation of trantingtmotion vectors and reference picture indices for a
macroblock. In particular, special modes referred t@iasct (B slices) andSkip (P and B slices)
modes are introduced\ie03 Tou03, in which the motion information is simply derived based on

prevously encoded neighboring regions without the necessity of indicating it by the macroblock
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syntax. The main difference between Direct and Skip modes is the fact that no prediction residus
signal is transmitted for the skgonded macroblocks.

Both Directand Skip modes use-®alledmedian predictioralgorithm to calculate the median
of each component of motion vectors assigned to three selected neighboring blocks of the currel
block (seeFig. 2.3). The result othe median is the predicted motion vector for the current block.
The median prediction usually performs very wethotion vector prediction error produced by
such predictor is often less or close to one sampling period [Lang06, Dom10].

As a result, Direcand Skip modegrovide avery efficient way of encoding intgpredicted
blocks of samples in AVC codedn order to fully utilize thepotential of these two modes, a
dedicatednacroblock mode signaling strategy is up&D11]]. In case of the Skip modéhe binary
valuedskip_flagis signaled for each macroblock prior to any other parametskigf flagis equal
to 1, the current macroblock is skipped and no further parameters are sent for this macroblock
Otherwise, syntax element describing the macblmode (b _typg and other parameters
required for the selected mode are transmiti®tile for the Direct modeskip_flagis equal to O
and mb_typeindicate the usage of Direct mode by means of the shortest available code. Next,
elements for coding thergdiction residual signal are transmitted, however, no parameters
describing motion information are encodedtionsequentlyamong all available intgoredicted
modes Direct and Skip modes are signaled using the most limited syntax as possible, whigh is als
the reason for naming them tlosv-cost modesf AVC codec.

2.1.3. High Efficiency Video Coding (HEVC)

In 2010, ITUT VCEG and ISO/IEC MPEG launched a joint video coding standardization
activity, called the Joint Collaborative Team on Video Coding (MCY}, to develop a video coding
standardfor High Efficient Video Coding(HEVC) [Wiel(d. HEVC is designedin order to
efficiently compress high and very high resolution video ¢atdDTV), but also with the aim of
wireless telecommunicatioapplications The final draft of HEVC standardis expected to be
specified in the beginning of 2013.

The Call for Proposals for new video compression technology [ISO10] received tsexaty
proposals with several of them able to provide the same subjective quality of the AN @rbliide
at approximately half theitrate [Sul10]. Based on these proposalk;T-VC developed a HEVC
Test Model(HM) that is still emergingTo improve the compression efficiency beyond the AVC
standard, a number of novel coding tools have been intrddat® previous structure of a hybrid
video codefWiell]:
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Larger block sizes- the picture is subdivided into Large Coding Units (LCU), which
correspond to assof 6 4 | lerdinancesamples Each LCU can be recursively subdivided into
smaller Coding Units GU), according tothe quadtree patternHan10, Karc1q, until the
smal |l est CU si zAnalagdus t8 ha®roblosks im AVE calCel dan be inter
intra-predicted. Prediction type and flag indicating whether the block is skipped or not are also
defined on the CU leveEvery leaf CU of the quadtree contains one or more Prediction Units
(PU) and Transform Units (TUBJps10,Marpl1d. PU defines CU split intoectangulablocks

of2 NT 2 N, 2 NTahINT Mize2TN signals transform related informai and residual

data.

DCT calculated for TU blocks of size 41 4 t
New intraprediction nodes.

Improved adaptive loop filters threeadaptiveloop filters for reduction of noise in decoded
video frames are integratedeblocking filter[List03], Sample Adaptive Offset (SAOF{11],
adaptive loop filtering (ALF) based on a Wiener filtering appro&dbG11]. As reported, all
these approaches bring a significant amount of gain compared to thefgteteart.

Improved interpolation filters.

Adaptive selection of motion vectors resolution.

Motion-compensated predictionith multiple reference pictureand variable block size and
shape- each PU is predicted using one or two reference pictures enlisted in two reference
picture lists (LO and L1) ahacombinedlist (LC) that contains pictures from both LO and L1
lists. The motion information is signaled at the PU level and contareferenceictureindex,

a motion vector prediction index and a motion vector differeBéeck sizes available for
motion-compensated predictiare within therange & 4 1 641 4 | umi nance s a

Similarly as in AVC standard, motiecompensated inter prediction is the main technique for

temporal redundancy reduction in HEVC. Because a motion vector field reduttmdgolockwise
motion estimation is highly redundant as the motioradjacentblocks is very similar [Tok12],
motion vectors of a current PU can be efficiently predicted from already encoded, surrounding
blocks.Consequently, HEVC utilizes a combined e&tifferent motion vector predictors that are
enlistedin form of an ordered lisfBros11] During the encoding process, the most efficient
predictor in the created list is selected for each PU and signaled to the decoder by means of tf

motion vector prdiction index

In the currentdraft of HEVC [Wiel]] five different typesof motion vector predictors are

consideredFig. 2.4): left, top, co-located (block with the same spatial position, but located in a
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different frame),right-top cornerandleft-bottom cornerThese predictors are arranged in form of

an ordered lis{Fig. 2.5). Position on the candidate list is determined based olk#i#good of the
candidate to be hosen forprediction This provides a simple but efficient mechanism for
manipulating cost of selecting each predictor from the Tise great advantage of such motion
vector predictiorstrategyis the fact that prediction error of a motion vector cangokeiced to small
amplitude and thus compressed very efficiently. However, an additional information, i.e. the motion

vector prediction indexnustbe transmitted to the decoder each predicted motion vector

RT

to
5 corner

current PU

N co-located PU

Fig. 2.4. Motion vector predictors in HEVC.
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Fig. 2.5. Candidate list of motion vector predictors in HEWased on [Kon12))

In addition, a new coding tool calldalock merging[Oudl11, Win10, Marpl1Q Matl( was
introduced in HEVC, which is conceptually similar to thigect mode of AVCBlock merging is
designed to exploit the spatial redundancy of motion information in neighboring blocks belonging
to potentially different branches and levels in the quadtierarchyFor this purpose, the merging
algorithm uses the abovementioned list of motion vector predictors, vahiclcalled theanerge

candidatesMerge candidateare utilized to efficiently represent areas of homogeneous matidn
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arbitrary shapevith a single motion parametén case the block merging is used for a current PU,
no other motion information excephindexdescribing motion vector predictaeed to transmitted
for the block. As a result, block merging is a very efficient way of mofigiormationcoding

The usage ofblock merging algorithms signakd using dedicated syntax elemen®i¢l11]:
merge_flag and merge_index The binary valuedmerge flagis signaled for each motien
compensated partition block prior to any prediction paramé&texr merge_flagflag is transmitted
only if the list of merge candidates is not empty, i.e. at least one of the neighboring blocks is
predicted using motion compensation. In this caseeifge_flags equal to 0, the current block is
not merged with angf its neighboring candidate blocks and motion parameters for this block are
signaled explicitly. Otherwisepne of the available merge candidates is selected as the motion
information predictor for the current blocdnd signaled using thmerge_indexIf the motion
information of different merge candidates is identical, the list of candidates can be reduced.
Consequently, the reduced list of candidates contains only motion information sets that differ from
each other and its size is as small as possible.pbsition of selected candidate in the reduced list
is identified by themerge_index however, if the list is composed of only one candidate
merge_indexs not need to be transmitted.

Despite tle similarity between block merging of HEVC and Direct modeAWC, these two
algorithms differ in the way they handle motion information from neighboring, previously encoded
blocks. While the Direct mode infers motion parameters from adjacent blocks based on the media
calculation, merging creates regions wheretal blocks share the same motion information. The
creation of these regions can be performed using only simple operations, such as comparing ar
copying the complete motion information from a neighboring block. In contrast, the calculations
performed by radian predictor in Direct mode require more computational complexity.

Consideringthe high effectiveness of the motion vector prediction scheme and block merging
tool introduced in HEVC, there is still one basic assumption which must be fulfiltedmoton of
neighboring blocks have to be very similar. This assumption works well for smooth translational
motion, however, it fails when higher order motion as zoom or rotation appears in encoded videc

content.
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2.2. Codec evaluation methods

2.2.1. Video quality assessmen t

Image and video quality assessment is an important issue in efficiency comparison of different
coding algorithms. However, the complexity of the human visual system causes many difficulties in
measuring the influence of distortion in visual content an glbrceptual feelings of the viewer
[Sul98, Dom10]. As a result, there are many methods for video quality assessment, among whic
two main classes can be distinguished:

- subjective quality evaluation [Wink05, ITURO3],

- objective quality evaluation [Oja03, MkO05].

The subjective quality evaluation of visual content is still considered as the most reliable
assessment method, however, it must take into account many different aspects affecting th
individual opinion of the viewer. Issues like individual in&s expectations and habits,
congenital or acquired features of human visual system related to age and past illnesses a
important for proper selection of the group of viewers. Obtained results depend also from
presentation order of the evaluated cofjtkghting conditions, distance from the display and type
of the equipment used during the assessment. The procedure requires also the involvement of
large group of viewers. Consequently, subjective quality evaluation is the most expensive, time
consuming and laborious method of visual content assessment.

There are several recommendations describing the procedure of proper subjective qualit
evaluation [ITUR97, ITUR98, ITUR98a, ITURO3]. In particular, the recommendation of
International Telecommunicationion [ITURO3] specifies two classes of subjective quality
evaluation methods: double stimulus and single stimulus techniques. In Double Stimulus
Continuous Quality Scale (DSCQS) method evaluated visual content is compared against th
original one. On thether hand, in Single Stimulus Continuous Quality Evaluation (SSCQE) no
original content is presented to the viewer. The quality scale used for the assessment is continuot
however, the variants of the abovementioned methods with disceted®s scalare also used
[ITURO3].

The most often utilized objective quality measure for the visual content quality assessment is
peak signato-noise ratio (PSNR) [Wink05, Dom10]. The PSNR measure is defined as follows:

B Q

0 YO K" prd 1 c;CSDC 5

(2.3)
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where:U is the total number of samples in a pictufe,is the number of bits representing the value
of a sample (dynamic range) atis the difference betweemresponding pixels in original and
distorted pictures.

The value of PSNR can be computed for each visual component representing the analyze
picture, however, it is often measured only for the luminance component, as the luminance
distortions are the mostsible [Sul98]. In such a case, the PSNR measure is usually represented by
the abbreviation PSNRYpeak signato-noise ratio for luminance.

The PSNR measure usually gives quite good evaluation of the visual content quality, especially
when analyzed disrtions are of limited range and have the same character. Unfortunately, if the
above conditions are not fulfilled, PSNR values may deviate significantly from the results of
subjective quality assessment [Dom10].

Also, methods aimed at automatic assessmievideo quality are intensively developed. These
techniques are able to produce results highly correlated with subjective tests measurement
nevertheless, they still suffer from limited scope of applications [Wink05, Pas06, Dom10, Wink10,
ANSIO3, ITUROG4, ITUTO4]. Consequently, automatic methods are usually not suitable for the
assessment of new coding algorithms.

Despite all the above mentioned methods differ substantially, selection of the method used fo
efficiency comparison of different codecs résufrom a compromise between measurement
accuracy, time required to perform the assessment and its cost. The subjective quality evaluation
expensive and difficult to carry out, as it requires a number of observers, specialist equipment and
lot of tess. On the other hand, differences in quality of compared video are often slight. This
requires high accuracy and a fine grain of the scale to properly assess the quality of the vide
sequence. Subjective tests are important for evaluating new technotbggraparison of different
transmission systems. On the other hand, PSNR objective measure usually provides fine visu:
content quality evaluation if distortions are of the same type and change to a limited extent
[Dom10]. Because of the above reasonshis tlissertation, the objective measure PSNR has been

chosen for the video quality evaluation.

2.2.2. Caoding efficiency evaluation

Efficiency of a video coder is described by a fditgortion curve (RD curve), called also a-R
D characteristics [Ort98, Ska98hi80, Dom10]. By selecting the values of control parameters, a

specific operating point can be set for the coder. Such operating point is characterized by values ¢
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bitrate R and distortion D. Consequently, theDRcurve is generated by plotting the disiam

measure obtained by the analyzed coder against each tested Bity.£2¢5).

codec #1
1 i — — - codec #2

Distortion A

Growing

I efficiency

....

Fig. 2.6. Exemplary RD characteristics.

In practice, RD curves are usually preged as function of image quality measures against
bitrate (seeFig. 2.7). As stated in Sectior2.2.1, due to many difficulties in conducting the
subjective quality assement, the objective measure PSNR is the most frequently used for quality
evaluation. In such a case, the value of PSNR is often measured only for the luminance componer

as the chrominance distortions are less visible and annoying for the viewer [Sul98]

psnR A
B, < B; Codec 1

Codec 2

-
Bitrate

Fig. 2.7. Coding efficiency evaluation.
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Coding efficiency comparison of two different codecs is conducted based onRheuRes
generated for each codec [Dom10]. Specifically, bitrates of the streamstgeinby each of the
analyzed codecs for the same quality of decoded pictures are compared. Alternatively, the quality ¢
decoded pictures achieved for the same bitrate can be considered. As shogurRin Code 1
presents better coding efficiency th@ndec 2as it achieves smaller bitrate at the same quality of
decoded picture. Similarifzodec lachieves better quality of decoded picture for the same bitrate
thanCodec 2 which also testifies its better cadi efficiency.

However, the abovementioned comparison can be made only for specified value of bitrate ol
quality. In practice, due to the fact that itaften difficult to obtain exactly the same bitrate or
quality of decoded picture for all tested coslewe usually compare the position of each of the
analyzed RD curves. In this case, better coding efficiency is related tobecBve located higher
on the plot (se€&ig. 2.7). Unfortunately, the problem of thapproach reveals when intersecting R
D curves are analyzed. As a result, a dedicated metric for more systematic comparison of codin
efficiency was introduced. This metric, called tBgpntegaard metric(BJM) [Bjo01], will be
further discussed in this cigon.

The idea of complex comparison of coding efficiency introduced in Bjontegaard metrics is
based on the interpolation of[R curves calculated from the measured operating points of analyzed
codecs. For practical reasons connected with the time anglexity of calculating Bjontegaard
metric, the number of required data points used for interpolating eacibafurve was limited to 4
(seeFig. 2.8). Consequently, the interpolatedDRcurve for each codec is @emined by a third
order polynomial.

On the basis of interpolated-IR curves, an average bitrate difference between two analyzed
codecs is calculated for a considered quality (usually PSNR) range. Alternatively, differences in
guality are averaged amongcansidered bitrate range. As a result, there are two Bjontegaard
metrics presenting average bitrate and quality differences, representi [kpps] andY0 “Y{ 'Y
[dB] respectively. Both quality and bitrate ranges used for averaging procedure are roketdogni
outermost operating points measured for each code€&igee8).

Today, Bjontegaard metrics are widely used for comparing the coding efficiency of the codecs,
especially by VCEG and MPEG. Detailed desaniptof the procedure for calculating Bjontegaard

metrics can be found in [Bjo01, Pat07].
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metric evaluation.

2.2.3. Complexity analysis (coding and decoding time measure)

Today, there are many methods to assess the computational complexity of the software. Ther
are several informatics tools, such as VTune, which carasieyedopted for measuring encoding
and decoding time of a video codec. However, all these methods suffer from inaccuracies caused t
the CPU load due to other tasks, which fluctuates in time, and changing hard drive access time. Th
results in no repeability of the experimental results and may lead to significant measurement
errors. On the other hand, single encoding of a multiview sequence performed with a modern vide
codec may take tens of hours. This definitely limits the possibility of repeatpeyimental tests
when employing statistical analysis in order to achieve narrower confidence intervals.

As a consequence, J&IT adopted a simple and rough video codec computational complexity
analysis method which consists in measuring a single runtirecoder or decoder using the same
machine for each tested codegu[10, Suelp) Results obtained this way are not free from the
abovementioned disadvantages, however, can be utilized for a rough computational complexit
assessment, which is usually sciint at the stage of development of new video coding techniques.
Moreover, measurements can be repeated on different platforms, which is also a workaround for th
problem of code optimization. In case of usage of specialized instruction sets in theesalls,
obtained for various platforms may differ significantly. By comparing the results from different
platforms, the influence of code optimization on the final assessment of the analyzed codec can &

reduced.
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2.3. Accuracy measures of motion field predictio n

In this section we present methods for evaluating the accuracy of predicted motion vectors. Tht
methods are Pearson correlation coefficient (PCC) and Vector Similarity Measure (VSIM) which
are commonly used correlation measuiRgU1]1]. Both methods indiate how close the calculated
values are to the maximum accuracy which is an obvious requirement for evaluating motion vecto

prediction accuracy.

2.3.1. Pearson correlation coefficient (PCC)

Pearson correlation coefficient (PCC) is a widely used measure efatmn betweersets of
scalar variable. For two scalar variable setndY, each containing af samples, the sample PCC,
indicated ag, can be defined a®{e0T:

- - . (2.4)
B w w B w o
Based on a sample of paired daia, (0) from the analyzed data seXsandY an equivalent

expression defining the sample PCC as the mean of the products of the stanéarsscor

I3 - - (2.5)
E p i i

where — is the standard score&p is sample mean and is sample standard deviation

respectively.

The absolute values of PCC correlation are less than or equal to 1. Correlation value of ]
indicates that a perfect linear equation describes the relationship betaadiy.

Application of PCC correlation measure as an accuracy or similarity of mogiols fneasure
is implemented separately for horizontal and vertical components of motion veRiargl]
Consequently, PCCX(Y), PCCyK,Y) and PCCavg(,Y) measures are calculated for data 3éts
and Y, containing motion vectors from compared motion fiel®CCxK,Y) indicates PCC
calculated for horizontal component of motion vectors from dataXsatsl Y, PCCyK.,Y) is PCC
for vertical component of motion vectors, and PCCAWJ( is an averaged value of the two

abovementioned coefficients.
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2.3.2. Vector Similarit y Measure (VSIM)

Vector Similarity Measure (VSIM)Ryul] is a measure for evaluating the similarity of two
vector quantities, with values in a range{ed , 1} . The value of VSI M
two compared vectors are more similar. The VSIM combines two similarity types: the angular
similarity ASIM(&® and the magnitude similaritSIM(8®), where in general® and®are two
compared vectors.

The VSIM value between two vectd®&®is defined as follows:
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where—is the angle betweed® ands3represents the magnitude of a vector.

The angular similarity of VSIM describes the relative magnitude of the two vectors. If the angle
between8h® decreases the value of VSIM increases. Similarly, the value of VSIM increases when

the magnitude ratio o8f@®approaches 1.

The VSIM measurenay be used to compate@o motion fields.In such applicationtwo data
sets:X andY are created, each containing motion vectors from different motion field. Next, for each
element of data set a VSIM similarity value is calculated with the corresponding element from
data sety. Finally, VSIM values calculated for each corresponding motion vector pairsXramadl
Y data sets are averaged creating the mean \)§W{value used for evaluation of two motion
fields simlarity [Ryul1].
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2.4. Multiview video coding techniques

2.4.1. Multiview Video Coding (MVC)

The Multiview Video Coding (MVC) is a video cot) standardased on the AVC technology,
established by the MPEG committee as a fBU+T and ISO/IECstandard in 2009$011, Vetl],
Chen09. The MVC codec was designed to utilize the existing correlation between neighboring
views in multiview video sequences in order to increase the compression ratio using thranmter
prediction [Feck05, Kaup06]. The principal reason foicefficy of such approach results from the
fact that camera positions in recent multiview acquisition systems are very close. Consequently
view-fields of the cameras overlap in large part producing highly correlated video content.

The basic approach to ntiview video coding introduced in MVC is an intelew prediction
with multiview disparity compensation. This inteame prediction uses a mechanism similar to
motion compensation of the AVC codec, however, with reference frames from neighboring views.
As a result, original reference lists of the AVC used for motion compensation are extended with
additional frames from the same time instance, but different views. For examplgs2®), a
frame from viewc; andtime instance; can be predicted using not only reconstructed frames from
time instances$.; andt,; of the same view, but also reference frames from neighboring gaws

andcj:1 with the same time indetx

r Y )
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Fig. 2.9. Exemplary nterview prediction in MVC.
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Fig. 2.10. Multiview Video Coding prediction schemes: a) with independent views
(simulcast), b) with outermost base view, c) with central base view.
43



The abovementioned mechanism imposes a defined view coding order which must be uniformn
at the encoder and decoder side. Exemplary schemes of encoding using different view coding orde
are presented iRig. 2.10. The view encoded as first according to the view coding order is called a
base view All other views are referred to asde views Each frame which starts the group of
pictures (GOP) in every view of the multiview sequence is describadc®r picture Oneof the
most important consequences which results from application ofviger prediction schemes in
MVC is substitution of the anchor | frames in the #ii@se views with the P and B frames. This
obviously reduces the overall compression performancenefcodec as the P and B frames
represent the video content much more efficiently than | frames. Other prediction schemes
discussed during standardization process of the MVC can be found in [Feck05, Kaup06, Merk07
Flier07, Huol1].

In the design process ttie MVC, a reference codec model called dJbmt Multiview Model
(JMVM) was formed and intensively develop&uiiring this process, a number of coding tools were
explored, including especially the following.

- lllumination compensatiori the purpose of thidool is to compensate for illumination
differences between the views as part of the iwiew prediction process.£e06 Hur07).

- Adaptive reference filteringy a scheme of adaptive reference filtering to compensate for focus
mismatches between differeriews of a multiview sequence [Lai07, Lai08].

- Motion skip modeé method of inferringmotion vectors from inteview reference pictures in
order to utilize the existing correlation between motion fields of different views [Koo06,
Koo07, Koo08]. This methodiWbe further discussed in Secti@rb.

- View synthesis prediction in this method, a prediction of a picture in the current view is made
based on synthesized references generated from neighboring views [Na@66Yea09].

It was shown that additional coding gains can be achieved by utilization of these coding tools.
However, due to required lolgvel design and syntax changes affecting the coding process, the
abovementioned tools were not included in the ®/standard. There was also some concern that
achieved coding gains might be reduced by growing quality of video acquisition and improved
preprocessing algorithm&/¢tl11]. As a result, a revised model for MVC codec was formehe
JMVC, which includes alfunctionalities of the final MVC release.

MVC standard ISO1]] defines two main profiles for multiview video codingtereo high
profile andmultiview high profile First of these profiles is designed for stereoscopic video coding,
including interleaved steoscopic video. The second one defines coding of multiview video

containing more than two views and applies only to progressive video c&lergo high profile
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has been included in the Bhuay standards and is commonly used for recording stereoscopic
movies on Bluray discs. Additionally, the MVC standard specifies a number of dedicated
Supplemental Enhancement Information (SEI) messages for transmitting the maximum value o

disparity between encoded views and parameters of the camera system usguigdioa.

2.4.2. Multiview High Efficiency Video Coding (MV  -HEVC)

Multiview High Efficiency Video Coding (MYHEVC) is an implementation of multiview
video coding in the framework of emerging HEVC technology [Donsta12. Similary as inthe
MVC approach, MVHEVC uses interview prediction in addition to the classic infeame
prediction to encode multiview videnore efficiently

The interview prediction of MVHEVC is applied by modifying the reference picture lists of
side views. Pictures from the same tinmestart but other views may be also selected as the
reference pictures by the cad€onsequently, MMHEVC implements compression scheme similar
to MVC technology, however, the AVC core of the coti@s beersubstituted by themerging
HEVC coder.

As thestructure of the HEVC codec is quite similar to that of AVC, the adaptation of multiview
coding tools of MVC is almost straightforward. Neverthelés® to existence of new coding tools
introduced in HEVC codec, the following modifications for improvetriwiew prediction were
proposed in MVYHEVC [Stal3.

- Interview motion \ector scalingi additional intetview scaling of motion vector used by
motion vector predictors of HEVC in case the reference pictures form other views are utilized
for prediction.

- Inter-view support forco-located predictiori one of four possible etmcated motion vector
predictors is selected as the candidate predictor depending on the location etbttetemb unit
and the reference frame that is being used.

- Nested predictioi a new coding toolfor predicing motion informationwhen no motion
vectorprediction candidates can be derived fritraneighboring blocks due to temporal/inter
view referenceicturemismatch.

Experimental results on compression performance of HMEX/C indicate a significanbitrate
reduction of 50 [%] when compared to the stwit¢he-art MVC technology and 20-30 [%] bitrate
reduction when compared to the simulcast HEVC [Donsita12.
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2.5. Inter-view prediction of motion information

The fundamental idea utikdl in multiview video coding is based on the questbhow to
efficiently exploit the existing correlation between adjacent vié\sseported, in casine distance
between neighboring viewpoints is small, there is a high correlation between conteatvafeo
sequences obtained from these viewpoints [Feck05, Merk07, Su06]. Consequeatlyf the
conceptdor improving the compression efficiency of the multiview videdased on the ideat
inter-view motion prediction. In particular,irce the motia of neighboring views is highly
correlated, the motion information of encoded view, including motion vectors and reference picture
indices, can be derived from the neighboring view at the same time instant.

This concept was investigated iGBJo0d, wherethe authors point out thdtesides traditional
skip and direct modes known well from AVC standard, there are no more efficient ways to predict
motion vectors in MVC. As presented in the article, usage of global geometric model representing
differences inlocation and angle between cameras is sufficient to derive motion vectors from
neighboring view in case of simple local motidm.the proposed approach, authors emg@yx-
parameter affine transformation tteterminethe global disparityrepresenting t displacement

between neighboring views.
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l_‘_‘_‘_‘_‘—l_
=
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Fig. 2.11. Geometric model of motion and disparity vectors correspondence (based on
[Guo06]).
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As shown inFig. 2.11, the iner-view motion correlation can be deduced based on the mapping
along both temporal and view directions. Using the disparity vector,(®Wotion vector (MV)
can be identified for each pointfof encoded imageThis interview correspondencef motion
fields wasutilized in a macroblock prediction modamedinter-view direct mod¢Guo06] In this
mode(seeFig. 2.11), for each macroblock of encoded view, a motion vector MY (B determined
based orthe known global disparity vectarDV(P;,) and DV(R.1\1) and a corresponding motion
vector in the neighboring view MV(R;). Moreover, coding of prediction directions for derived
motion vectors into bitstream is not necesdarythe interview direct modeasthese information
can be also derived from the neighboring vieResults presented by the authors show that
utilization of the proposedhotion model is accuratend causes only minor increase of the coder
and decoder complexity. davever, large predictionr®rs are produced in case of complicated
motion in the encoded scema@d in the regionswhere global disparity vectdiffers from local
disparity.

The inter-view motion informationpredictionhad also called the interest &int Video Team
(JVT). As a esult, in addition to the final draft of MVC, JVT had also maintaindairst Multiview
Model (JMVM) for MVC [MPOS§] in which an additional coding tool called tiMotion Kip (MS)
was included. TheMotion Skip is a coding toolwhich enables reusing motionformation from
other views employing a given disparity for each macroblock that utilizesvisgpD9.

The concept of MS was first introduced iKdoOg and is motivated by the idea that a
similarity in motion fieldsbetween neighboring views exisiBhe dea of MSis similar to inter
layer motion predictionintroduced in Scalable Video Coding (SV{3$011, Lang04], however,
does not enable motion refinemdny coding differential motion vectarsn the proposedvS
algorithm [Koo06] for each encoded maciobk, a global disparitpf 16-pixel accuracysignaled
in the slice header, is used to determine the corresponding macroblock in the neighboring referenc
view. The usage of MS is indicated by additionalflag calledmotion_skip_flaghat isincluded in
the head of macroblock layer syntakside views [Chen07] If the motion_skip_flags set to 1,
macroblock mode, motion vectors and reference picture indices are derived from the correspondin
macroblock in the reference vieand reused for the motiesompensated inter prediction of the
current macroblock. Consequenthg further macroblock informatiohave to beransmittedfor
the current macroblock, which obviously increases the compression effiaéribg multiview
codec

Although tre initial verson of MS algorithm proposed in[Koo0§ improved the coding
efficiencyof MVC and had been adopted irgarly version ofIMVM [Vet07a], some modification
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proposals appeardd further increase itperformanceOne of the most important modifications
resultel from the observation that utilization of the global disparity vector does not provide the
sufficient accuracy for determining the position of corresponding macroblock in the neighboring
reference view because of the depth differences between objectsonedvisual scenglKoo07].

As a result, aregionbased estimation and transmission of disparity corrections were proposed
[Song07, Lin07 Yang0{. For each macroblock in MS mode, a local disparity vector is searched at
the encoder within a given seardiea (sed-ig. 2.12). The local disparity vector defines an offset to
the global disparity vector and is selectedm all available candidates defined by the search
window based on the rathstortion performanceriterion. Obviously, he offset needs to be

transmitted in head of the macroblock layer as an additional side information.

Macroblock selected
as the reference

Local disparity Global disparity
vector \ / vector
\
/ J
N \
/ \ \
Corresponding Search area Encoded
macroblock macroblock
Reference view Current view

Fig. 2.12. Interview motion prediction in Motion Skip.

The secondsignificantchangewas increasing the disparitectoraccuracy to &ixel and, as a
consequence, the accuracy of the position from which the motion information is derived. This
concept wasproposedin [Yang07, Yang08 Yang0g as the fine-granular motion matching
algorithmfor the Motion Skip mode. The main motivation originated from the observation that the
basic unit to perform motion compensation in AVC standard Is8abBock. Therefore it would be
reasonable to use the motion information of thé® ®lock as the basic iinto derive motion
information for thecurrentmacroblock.Consequentlythe current macroblodksesa disparity that

points t o fwithirthe&drr@&pobdingredinsthe neighboring reference viefig.
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2.12). Next, notion informationof thes e f our & Ire8sedbdsultingkirs more accurate
motiorn-compensated predictia@f the current macroblock

As a consequence tie above mentioneahodifications the MS tool was updata@sulting in
a new JMVM releasgfMP0§. Experiments have showtihat Motion Skip together witranother
coding tool calledllumination CompensatioflLee06, HurO7]presenta good coding performance
in comparison to simulcast AVQyroviding approximately26 [%] of averagebitrate saving
[Jeon03 However, when comparedo MVC code¢ the coding efficiency increasef
approximately4 [%] provided bythe MS was concluded arelatively low [Chen09% especially
when compared with the expectations set in the future video coding staoidamdltiview video.

Similarly to the solution called intesiew direct mode which was described earlier, the
complexity increase due to MS is minor at the decoder, however, it is substantial at the encode
because of a local disparity search performedrderto increase the accuracy of the iniew
prediction provided by the global disparity vector

Following the developmentof MS algorithm it can be clearly observed that most of the
attemptsaimed at improving the performance of MS addressed the a$snereasing the accuracy
of the method to determinthe inter-view correspondenceegion for a macroblockThe main
reason is thatn some cases, thBock-wise global and local disparity vectors are not sufficifemt
this purpose

Besides the pure ogpression domain, the concept of deriving the motion information on the
basis of intewiew reference is also present in issues related to reducing computation complexity of
the motion estimation process. In this application, the accuracy of derived atifamns crucial in
terms of reducing the number of motion estimation search steps, as it is used to determine initi
search point and the macroblock partition scheme. Although the final goal is different from the case
of coding with intefview motion inbrmation derivation tool, both issues are based on the
assumption that the motion information in neighboring views is highly correlated and can be reusec
in encoded view. As a consequence, the concepts invented in this issue should also be mentioned
present a wide range of techniques and conceptions utilized to reuse motion information in
multiview video.

In [Ding084 authors present a complete system for-tmanputation multiview coding. The
concept introduced in the article uses the motion informatenved from the reference view to
reduce the number of motion estimation steps for encoded macroblock and predict the macrobloc
partition mode. The position of the encoded macroblock in the reference view is determined with &

simple block disparity estiation which chooses best matching position according to Sum of
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Absolute Differences (SAD) measure. Next, the encoded macroblock is split into siXxtéen 4
blocks and the motion information from the reference view is derived to datpe# blocks
independetly in order to preserve the original AVC macroblock partitionifig(2.13). In case the

41 4 area which is covered by the block contains more than one different motion vector, the vecto
with the largest overlagu area is assigned. Then a partition labeling begins and the most
representative motion vector is chosen as an initial guess for motion estimation. Finally, the
refinement within a small search range is performed around initial guess and the motioovector
encoded macroblock is determined. Important assumption of this method is that there are no ear!
termination and fast prediction schemes applied in the reference view. This means all kinds of cos
including especially the best inter prediction modd &s motion vectors, must be calculated during

the reference view coding process and remain available for the encoded view. This prevents th

prediction error propagation.

Reference view

mvlg [ mv2g
mv5g
my3p | mwdy
mvls M2, Current macroblock Current macroblock
Y
g mv7a mvly | mv2, | my2, | mubg 6-‘"'""--“. \! _._-—--"""_)
mvle | mvle | mvle [mvly
mvlp | mv2p [ mv3p | mvdg
| =
mvle | mvle | mvle [ mySy A v =]
mySg L mhvEy [ mv7n | mvBp
mvle | mvle | mvle | mvg /
| M3y My 10aimv11pmy12, ¢ o e i
mvlc / L/
w13pmyldgmylSglmyvlGg
Corresponding Inter-view derivation Partition erounin
macroblock of motion information grouping

Fig. 2.13. Derivation of motion iformation with partition grouping fdiastmotion estimation
(based oning08§).

Similar concept is used iDjng0g and [Ding07] where theinter-view motion information
derivation is utilized to perform fast or computatibee motion estimation respeatly. As the
authors point out, the computation complexity reduction equald99%] with only small quality
degradation. Nevertheless, both methods present early termination limitations mentioned above ar

employ additional refinement of the motion infwation derived from the neighboring view.

50



On the above it can be concluded, that the application of the global disparity model or simple
block disparity estimation as the determinant of correspondence between different views does nc
allow to fully utilize the existingnter-view redundancy. The most important reason is that such a
basic approach does not include many complex geometry dependencies between objects in tl
scene. Utilization of the block approach, even with bleck size of4l 4 pixek, still does not
preserve object borders. Moreover, the simple, translational motion model with motion vectors
assigned on a block level limits the correlation of motion fields between the views. As a result, a

field for further improvement in multiview video cqmession exists.

2.6. Perspective projection and multiview depth -based

rendering

2.6.1. Pinhole camera model

Every image acquisition system, including human visual system or visual systems used in
machine vision applications, utilizes a transformation of a point isf#2e into native coordinate
space, e.g. 2D image plane. In case of camera models, the most widely used appropahateare
andperspectiveprojections which define the geometric relationship between a 3D point and its 2D
corresponding projection ontbe image plane [CygQdav06,Cyg09,Mend09.

Parallel transform assumes parallel projection of 3D objects onto 2D image plane, which is a
simplified approximation of a transform conducted by the camera. As a result, the main advantage
of this approachare linearity and small complexity. However, due to very limited accuracy, the
method is usually used when the distance between the camera and resudestene is small or
in case of applications for which accuracy aspect is not crucial [Cyg02].

The ®cond projection method, called thmerspectiveprojection, performs much better,
offering accuracy adequate for stereovision or motion estimation applications [Adam01, Davi97,
Deve95, Faug93 Heik00, Youn94. Consequently, this is the camera model whghdagularly
employed as a basis in this thesis. The pinhole camera model with perspective projection

considering world and camera coordinate systems, is preserigd 2114.
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Fig. 2.14. Pinhole camera mod@ased ofiCyg02]).

When using a pinhole camera model [Cyg02], we denote the center of the perspective
projection as theptical center|=4% the point in which all the rays intersect ($eg. 2.14). The line
perpendicular to the image planepassing through the optical center is thyical axis (line
|=% |=49 Additionally, the inérsection point of the image planewith the optical axis is called the
principal point= with pixel coordinatesé Fé . The distance between the image planand the
optical center|=% determines théocal length'Qi andi are the physical diameters of a pixel on
the image plane in horizontal and vertical direction respectively.

Point |=4|r, together withdd YR axes, create the coordinate system associated with the camera.
On the other hand) h th axes create the world coordinate system with the center point

The location of a poinf}- in 3D space is described by a vectprin the camera coordinate
system and a vectdf. in the world coordinate system. The perspectixgection of the poind}
onto image plane is point== Point ||- and its projectiorsshave the following coordinates in the

coordinate system associated with the camera:

AR e (2.9)

- GiTh (2.10)

Now, let us consider the similarity of triangleg-mm- anda Fu|l ki, andalso assumé "Q
As the optical axis is perpendicular to the image plane we can write the following equalimts,

constitute the pinhole camera model:
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W Qg h Qg h & Q (2.11)

Mathematical generalization of the pinhole camera model is known as affine camera model
which is well described inTruc98 Moh96, Mun92 Faug93. There are also more accurate camera
models that consider modeling of the real camera lenses, used to solve more advanced and comp
problems of computer graphics. These methods are well described in [K6I8@589T. However,
for thepurpose of applications discussed in this thesis (e.g. stereovision) the pinhole camera mode
is assumed to be sufficient and commonly used [Cyg02].

The pinhole camera model is further specified by the semtdhsic and extrinsic camera

parametersvhich are discussed in the following section.

2.6.2. Camera parameters

2.6.2.1. Intrinsic camera parameters

The intrinsic camera parameterare related to: focal length, principal point offset, image
sensor characteristics and geometric distortion from optical circuit ofaimera Cyg02, Jav06,
Cyg09.

In pinhole camera model, the only parameter required to define perspective projection is the
focal length™Qof the camera that determines distance between the optical center and the imag:
plane (sed=q. 2.11). The intrinsic camera parameters set may be represesitaginatrix notation
by aprojection matrix\t:

QoM

L maon (2.12)
T T P

The origin of the pixel coordinate system in most of the current imaging systems is defined at
the topleft pixel of the image. However, as it was previously assumed, the origin of the pixel
coordinate system correspondghe principal point ¢ ¢ , located at the center of the image

(seeFig. 2.14). Consequently, a conversion of coordinate systems is necessary:
w i o ¢ (2.13)
w i o ¢ (2.14)

wherewandwdetermine the position of a 3D world poiHatprojected onto the image plangsee

Eq.2.11), ® andw are pixel positions in the image plangi andi are the physical diameters
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of a pixel on the image planein horizontal and vertical direction respectively. As a resh#, t

principal point position can be readily integrated into the projection miatrix

Q@
~— qm ¢'!
] ¥

e 2 (215)

11 | Y}
Un m »p v
In Eqg. 2.11it was implicitly assumed that the pixels of the image sensor are square (i.e. their

aspect ratio is 1:1) and not skewed. However, in physical camera systgnassumptions may not
always be true. In case of image acquisition by means of frame grabber pixels can potentially b
skewed. Also, pixels may be naquare. In that case the pixel aspect ratio is usually provided by
the sensor manufacturer (e.g. 1I0:ih NTSC TV systems). These imperfections of the camera
system can be successfully addressed by introducing parameteds- into camera model. The
parametert models skew of the pixels, while the parametenodels pixel aspect ratio (S€&g.
2.15). Consequently, projection matrlx can be updated as:

-
~— ft ¢!
] e

L h e ; ; (2.16)

11 i ]
um . pV
However, in practice, when employing recent digital cameras, it can be safely assumed tha
pixels are square-(= 1) and norskewed t = 0).

«—

na

T

Image sensor

Fig. 2.15. Image sensor characteristics distortions.

Real camera lenses usually suffer from4iorar lens distortions and dependencies from light

wavelength [Hech98Shan97 Pedr98]. In case of lens distortions, sphericalrrabien, coma,
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astigmatism, curvature of field of view, as well as barrel distortion should be mentioned. In the
latter case, the most common representative is chromatic aberration. In practice, the
abovementioned distortions are usually modeled by mebassample radial distortion used to

determine the dependency between distorted and undistorted pixel positions [Cyg02]. The strengt

of radial distortion grows with the distance from the principal point ¢ ¢

o o ¢
R TRGY (2.17)

L w £
I TR oY (2.18)
oo ¢ O ¢ (2.19

where’Q and’Q are intrinsic camera parameters defining the radial distortion of theilensdw

are undistorted pixel positions in the image plane> andw are distorted piel positions in the
image plane . It is often assumed th® 1, as this does not introduce a noticeable degradation
of the quality of the modellfruc9§.

In order to estimate the distortion parameters a minimization of a cost function that measures
the curvature of lines in the distorted image is perfornfdwi05 Klet98]. One of the possible
approaches to measure the curvature is to detect feature points belonging to the same line on
calibration rig, e.g. a checkerboard calibration pattern. drdiktorted image, each point belonging
to the same line forms a bended line. Consequently, the distortion parameters can be calculated |
analyzing the deviation of the bended line from the theoretical straight line mMbae0q.

2.6.2.2. Extrinsic camera parameers

Theextrinsic camera parametemdicate the external position and orientation of the camera in
the 3D world [Fol94Truc9§. Mathematically, the transition from the camera coordinate system to
the world coordinate sytonveadodiasnddéfyi med By 3ar
=| (seeFig. 2.14). Translationﬂ vector defines displacement between centers of coordinate systems:
|=% and |= Rotation, defined by a orthogonal matﬁlx transforms arresponding axes of both
coordinate systems.

Relation between coordinates of poiftin the camera and word coordinate systems, using

notation introduced idection2.6.], is defined by the following equation:
b 4 F 4 (220)
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where |l is position of point|} in the camera coordinate systeff, is position of point|} in the
world coordinate systend, is the rotation matrix and| is the traslation matrix between both
coordinate systems. Additionally, we can define:
i i i 0
(LI T 22
Extrinsic camera parameters of the perspective camera model are defined as a set of geomet
parameters that explicitly determine transformation from the camera coordinate system into

extrinsic coordinates.

2.6.3. Projective geometry and perspective projection using

homogeneous coordinates

Projective geometrprovides a very useful framework for analysis and description for machine
vision and 3D multiview imaging in computer graphics [CygB2m98 Hart00,Faug01 Mun92,
Moh96]. The most important reason foropting the projective geometry to abovementioned
applications instead of Euclidean geometry is the ability to describe easier the geometric object
(e.g. point, line or surface) that are projectively transformed. The main disadvantage of Euclidear
geometryis the problem of modeling the points at infinity. In perspective, two parallel lines meet at
vanishing point at infinity, however, such a case is not easily modeled by the Euclidean geometry
Additionally, projection of a 3D point onto an image planeEuclidean geometry requires a
perspective scaling operation which means a division by the scaling factor and, thus, becomes
nortlinear operation.

The projective geometry introduckemogeneous coordinates point in 3D space is described
using a 4element vector & o O Y instead ofinhomogeneous coordinatea 3element

vector G used in Euclidean geometry. The relation between two types of coordinates is:

n

" W .
W -=—h

W =—h ® =—=h w = (2.22)
W W W
As a generalization, the isomorphic mapping between a point in-diraensional Euclidean

space to projective space can be written as:
OB © _dhdmMBhodh (2.23
where_ corresponds to a free scaling parameter, calleddhegeneous scaling factor
The relation described iBg. 2.11 can be expressed using the projective geometry in a matrix

notation as:
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_® monn @ (2.24)
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where_  &is the homogeneous scaling factor.

Additionally, if we incorporate the intrinsic and extrinsic camera parameters to the above
relation, an equation describing the perspective projection for the pinhole camera model is obtaine
[Cyg02]:

L Ty
= b o B B e k44 (2.25)
w

wheremm @ P represents homogeneous coordinates of pixel positions of a 3D world point
GG projected onto the image plane(Eq. 2.10, | ddfp  represents homogeneous
coordinates of a 3D world point with Euclidean coordinateiy , L is the projection matrix
(Eq.2.15, s the all zero element vectoi,is the rotation matrix anﬁ is the translation matrix

(Eq.2.21).

2.6.4. Depth Image Based Rendering

Depth ImageBased Rendering (DIBR) is a 3D image warping technique, desigmetthefo
rendering of a synthetic image using a reference texture image and a corresponding depth imag
[McMi97]. Let us consider a 3D world point at homogeneous coordinHttes op
captured by two cameras and projected onto the reference atitbty image planes at pixel
positions=m WO andem @O respectively (seEig. 2.16).

Based on the relation introduced in Sect26.3 (Eq. 2.25) we can determine the pixel

POSitioNSmm andmm as follows:

L4 (2.26)

Ld 2.27)

EE:& E:E: &

where Q plt is a camera index_ represent the homogeneous scaling fact&rgg,is the

projection matrix -is the rotation matrix argj. is translation matrix ofhe camersQ
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Fig. 2.16. Rendering using 3D image warping.

From Eq. 2.26, the position of the 3D world poﬂntn Euclidean coordinates can be determine

as:
ATA IS Ly  O_wm L4 (2.28)

Finally, the relation between pixel positiea in the virtual view ance= in the reference view

can be written as:

- L4 L4 o_m L{y4 L4 @29

EqQ. 2.29constitutes the 3D image warping equation [McMi97] that enables the synthesis of the
virtual view from a reference texture view andoaresponding depth image.

As a consequence of 3D image warping defined in DIBR algorithm, the synthesized image
consists ofvisible overlappedand undefinedpixels. Overlapped pixels result from the fact that
multiple pixels from the reference texturewiean be projected onto the same pixel position in the
virtual view. This happens for example, when a foreground pixel occludes a background pixel in the
rendered view. Additionally, some regions in the virtual view are not visible from the original
viewpant. Consequently, holes containing pixels with undefined values are produced in the virtual

image.
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Chapter 3

Proposed depth -based inter -view

prediction techniques

3.1. Main idea and motivation

In this chaptey new techniques faldepthbasednter-view prediction of notion information are
proposed to improve the overall coding efficiency of a multiview video codec with available depth
information e.g. stereoscopic deptim previous approacheslatively simple techniques of inter
view data prediction based giobaldisparity model or simple block disparity estimatitare been
used.These techniques were introduced in coding tools sudho@ien Skip[Koo06, Yang09 (see
Section2.5). Here, utilization ofmore sophisticaid and accurate techniques presentedThe
author has proposeivo novel methods of incorporation of 3§pace modeling based on depth
informationinto multiview video codingThe methods allovaccurate pointo-point predictionof
motion informationfrom the reference view. Number of variantstbé proposed methods have
beenalso introduced and analyzed.

The purpose ofhe proposed algorithms ® predictmotion informationfor everyimagepoint
in the coded viewsing the data assigneditbagepointin available reference views. In order to
allow such predictiona mapping between coordinates of eadmnt of the codedimage with
correspondingpoint in the reference imagaust be foundFig. 3.1c). However, a the codedand
reference images originate from the same time instdntedifferent views of the same multiview
sequence, the mapping algorithm should take into consideration complex scene geometr

dependencies in order to assure that accuracy requiremtr@ assignment is fulfilledJtilization
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of the global disparity vector or simple block disparity estimation as the determinants of
correspondence between different views may lead to significant effosshappens when unified
value of global dispartis used to describe disparity between areas ofithel scenethat have

very different distance from the caméseeFig. 3.1a). Similarly, usage of local disparity assigned
to bl ocks, even Isamay sause linbccuamey, ad it doespndt xpserve depth
discontinuities on object border®ig. 3.1b). Therefore,in the proposed approact3D-space
modeling techniques based on the image warpwig available degh information have been
incorporated intathe proposed inteview prediction algorithmsin the proposed methedeach

point of the coded image is mapped using Depth Iniaged Rendering (DIBR) technigygee
Section2.6.4 with a corresponding point in the reference view. The mapping is done independently
for each pointof the coded imageising available depth information assigned toighpoint.
Consequently, every image point has its own, individual dispaaltye assigned and discontinuities
between objects in the scene are presefiagd 3.1c). Problemsof both global disparity and block
disparity approaches are reducéd a result, the proposed metlsochn lead @ more efficient
utilization of the existing inteview redundancy between the views of a multiview sequence.

If the distance between neighboring viewpoints is small, i.e. comparable with the eye
interocular distance, a high correlation between contettteof/ideo sequences obtained from the
viewpoints exists [Feck05, Merk07, Su06]. In particular, motion fields of the neighboring views are
highly correlated Guo0g. Consequentlymotion information of a coded side view of the multiview
sequence, includingnotion vectors and reference picture indices, can be derived from the
neighboring, already encoded view at the same time instant without the need to retransmit it agai
in the coded view. Obviously, this results in improved compression efficiency of thieieww
codec.

However, simple translational motion model with motion vectors assigned on a block level
limits the correlation of motion fields if motion information is derived between the views with a
simple blockto-block reassignment. The abovementiopedblem is illustrated irFig. 3.2. If we
consider the video content of the pictures in the reference and coded views, block partitioning in th
reference view does not correspond to block partitioning in thedoode,. Moreover, a rectangular
block of pixels in the reference view usually does not correspond to a rectangular block in the code
view. As a result, motion information assigned to a block in the reference view might not be a gooc
prediction for a rectagular block in the coded view. Therefore utilization of pmeposed method
of pointto-point depthbased interview prediction as a new technique of motion information

prediction should further increase the compression ratio of multiview sequence coding.
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Fig. 3.2. Problens of interview blockto-block assignment.

In the next section two pointto-point interview prediction techniques utilizing depth
information are introduced Following the forward and inverse mapping approachks of virtual
images rendering known from computer graphics [Lav94, McMB&7a98, the proposed methods
have been called Forward Projection Deptsed Prediction (FPDBP) and Inverse Projection
DepthBased Prediction (IPDBP) respectivelgach method is designed for spéctases of
availability of depthnformationin reference and coded views. As a consequence, the proposed idea

can be successfully adopted into wide range of multiview coding scenarios.

3.2. Proposed depth -based inter-view prediction

techniques

3.2.1. Forward Projecti on Depth-Based Prediction (F PDBP)

Forward Projection DeptBased Prediction (FPDBP) algorithm is a pdmpoint interview
prediction technique utilizing deptimformation of the coded viewThe algorithm use®epth
Image Based Rendering (DIBR) techniquend forward mapping approach of virtual images
rendering known from computer graphics in order to obtain the mapping between corresponding
points in coded and reference viewssitions of the corresponding points in the reference view are

determined asollows (Fig. 3.3):
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Fig. 3.3. Scheme of Forward Projection Defgased Prediction.

1) For eachimage pixel in the coded view®, project pixel locatiorss @O in the
codedimagefrom view @ into image planef the reference viewb usingDIBR technique
(refer toEQ. 2.29in Section2.6.4:

SSICI (31)

where _ represerst the homogeneous scaling factdy,is the projection matrix=,| is the
rotation matrix and| is translation matrixdeseibing cameraparameters foeach ofthe
views: ® and®. Theresult of such projection is the correspondimgpposition in image
plane of the reference view, equal toms G OMP . In order to obtain this position
the homogeneous scaling factor must be known.As stated in Sectior2.6.3 for the
purpose of projective geomejrye assume. to be equal to the distance of projected world
point |F from optical center of theview @, which is specified by the depth information
availablee.g.in form of stereoscopic deptbr view .

2) Next, corresponding pixglositions== and=m are tested to determine visilpeels This is
done in a step dad occlusiondetection which is desched in details in SectioB.3. If
pixel =m is Visible in the reference view, the corresponding pixee can be assigned as
thereference fointer-view prediction Otherwise predictionfrom thecorrespondingmage
point == in the reference view is not possible grigel == remains unassigneth such a

case another available reference view should be inspected.
63



3) If no other reference view is avable, the corresponding pixel positidior pixel mm is
derived from the neighboringxels of the same view, for which the corresponding piel
was successfully founth the reference viewThis step is done by a dedicated filling
algorithm whch variants are described in Secti®d. The filling algorithm is applied to
every image arethat contais unassigned pixels.

4) In cases the filling algorithm fail® find the corresponding pixaed or there is nodatato
be derived from the corresponding pixads, another possibility to gaipredicted datdor
pixel == is t0 usea standardintra-view predictoravailable inthe codec Of course this
predictor is codedependenand may be diffemt for each type of predicted dakag. n
case ofAVC codecand motion information predictiothe standard Direct mode prediction
with median prediar can be applied. For HEVC codec, the best available predictbe
mergecandidatdist may be utized.

5) Finally, when the source of predicted data is determined for each pixel of encoded block,
the block can be encoded. As the derived data may be different for each pixel, the encodin
process is, to some extent, independent for every pixel of the block

The only information which is derived from the reference view is the data originally encoded in
the bitstream and there are no additional calculations or restrictions to encoding process for th
reference views. The computational overhead in the encededer is related to DIBR, occlusion
testing and filling algorithm procedurdsor detailed discussion on the computational complexity of
the proposed algorithms, please refer to Se@ibn

The issue of pixetoordinates rounding should also be clarifigd.the projection of pixel
position== from the codedto thereference viewgoordinates of the corresponding piwal are, in
general,the floating point numbersThis obviously makes it necessaxy perform the rounding
operationto obtain an integer pixel positipfollowing the equation:

- whofp w e TP (3.2)

This simple heuristic techniquelays on mapping the sydixel coordinatass to the nearest
integer pixel positiomss. In case of texture synthesis in computer graphics, the above procedure is a
generally accepted approach which does not affect the quality of synthesizedigmgicantly
[lyer10]. However, it is also possible to apply an additionalampling and interpolation of texture
value in the target point of the synthesis. Some of thekmelvn solutions are triangular meshes
rendering or linear interpolation based the neighboring points values and utilization of an

intermediate imageWol90]. Neverthelessfor the purpse of intetview prediction of e.gmotion

information, attempts to apply such interpolation esaepling methods are difficult to justifif.
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the pixelssurrounding the supixel position== have the same motion information assigned
interpolation is not necessary. @me other handif the surroundingpixels have different motion
informationassignegdwhich occurse.g.in case ofpixels bdonging toseparated objesmoving in
various directions, interpolatiasf such differentotion fields is also inappropriate.

3.2.2. Inverse Projection Depth-Based Prediction (I PDBP)

InverseProjection DeptiBased Predictiorfl PDBP) algorithm is @otherpointto-point inter
view prediction techniqueHowever, the IPDBP algorithm does not require the availability of depth
information from the coded vievas it useslepth of thereferenceview only. The algorithmalso
utilizes Depth ImageBased Rendering (DIBR) ¢bniquein order to obtain the mapping between
corresponding points in coded and reference views,fdowtard mapping approach of virtual
images renderingsed in FPDBRilgorithm haseen substituted by the inverse mapping approach
As a consequencepsgitions of the corresponding points in the reference view are determined as
follows (Fig. 3.4):

3D world point

Depth P=(X,Y,2)
‘ ~.

Reference \ Coded
P=(x0,y1) *. pi=(x,yi)

image plane ~ image plane

N
-
Cr i Cf

Reference view Coded view
Fig. 3.4. Scheme ofnverseProjection DeptiBased Prediction.
1) Mark all pixels in the coded viewb as not visible.
2) Take first available reference vieWor each image pixel in theferenceview @, project

pixel location== G hOfp in thereferencémage from vieww into image plane of t
codedview @ using DIBR techniqueseeEq. 2.29in Section2.6.4:
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(3.3)

O_m L4 4, L4

where _ represents the homogeneous scaling fadtois the projection matrix=,| is the

rotation matrix and| is translation matrix describing camera parameters for eatheof
views: 0 and . The result of sucprojection is the corresponding pixel position in image
plane of thecodedview @, equal tomm @O . In thiscase, thepositionis obtained
based on the knowhomogeneous scaling factor, which is equal to the distancef
projected world poinll} from optical center of theiew o (see Sectioi2.6.3 andspecified

by the depth information availabéeg.in form of stereoscopic depth for vie.

3) If pixel =u, ddermined with the above method, is still marked as not visible, position of
pixel == in the reference view is assigneds®as the corresponding position for inteew
prediction andss is marked as visible. Otherwise, a correspondinglgiesition in the
reference view was already assigned to pisellet us refer to this position aaalIf the
pixels == and mmaoriginate from different views, the corresponding pixel positionskor
remains unchanged. If not,Xeils == and=mazepresent different 3D world points that are
projected into the same positiaa in the coded view. This conflict is a typical problem of
overlapping pixels, which is solved by simply comparing the depth values assigned to
pixels== and==a@nd choosing the one that is closer to the camera.

4) Next, if there are still pixels marked as not visible in the coded veafter projedng all
pixel positiors from the reference viewn, another available referenciew is used fothe
inverse mapping.

An important consequena# this procedurés thatevery pixel in the coded view which
remains unassigned after inspecting all available reference views is assumed to be nc
visible. As a result no further ocalision detectionis requiredin IPDBP, which is a
significantdifference when compared to FPDBP algorithm.

5) Finally, for all pixels of the coded viewb which still remain unassigned, filling algorithm
andintra-view predictor are utilized to determiriee source opredicted dataThese steps
are the same as describegoints3) and4) of FPDBP algorithn{see Sectio’.2.]).

6) Perform encoding process of the block using data predicted independently for each pixel o
encoded block (refer to st&pof FPDBP algorithm in SectioB.2.]).

Similarly as in FPDBP algorithm, the data originally encoded in the bitstream is the only

information derived from the reference vidar IPDBP algorithmand there are no additional

calculations or restrictions to encoding process for the reference. vieewgomputational overhead
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in the encoder/decoder is related to DIBRh overlapped pixelkesting and filling algorithm
procedurs. Detailed discussion on the computational complexity of the proposed algoighms
presented itsection6.5.

The issue of pixel coordinates roundimg also present in IPDBP algorithnDuring the
projection of pixel position== from the referenceto the coded view, coordinates of the
corresponding pixak= need to be rowted. The procedure applied for that purpose is the same as
the one described for FPDBP algorithm (Eee3.2in Section3.2.7J).

3.3. Occlusion detection algorithms

A consequence of 3D image warping with DIBR alduonitis that some of visible pixels ane
view are overlapped ithe otherview by pixels representing objects located closer to the camera.
The coordinates of overlapping pixels might differ significamlyhe view from which pixels are
projected(Fig. 3.5). Thus, it is important to detect such cases to avoid assignment of incorrect inter
view corresponding pointsThis procedure iscalled an occlusion detection and is especially
required in FPDBP algorithm (Seati 3.2.1) as no other pixel visibility tests are implemented in
this algorithm. In the following paragraphs, a number of proposed algorithms for occlusion
detection are presented.

Without the loss of generalityn the following description of the algorithms, we assume that
occlusion detection is performed for each piel @hohp in the reference view. Pixakm is
an interview corresponding pixel for pixals ~ @hOFP in the coded view and its position was
determined using projection of pixak position from coded view into image plane of the reference
view.

The first of the proposed algorithms ibackprojectionalgorithm which was proposed by the
author for occlusion detection. For each pixa in the reference view, a reverse projection is
performed. This means that pixel positia#in the reference view is projected back to the coded
view based on the depth information of the reference wiesulting in corresponding pixel position
=2 &I (seeFig. 3.6). If the original pixel position in the coded view differs from the
position of backprojected pixelmepixel == is assumed to be not visible in the reference view.
Consequently, the assignment of the iview corresponding pixels=s and== is assumed to be

incorrect.
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Fig. 3.5. Problem of incorret assignment of interiew corresponding pixels due to occlusion.

However, due to rounding operation applied while calculating integer coordinates forsgixels
and==af{refer to SectiorB.2.1), a smd margin of error should be preferably accepted during the
comparison of pixelwacand == positions. Thus, we propose to assume that pielsnd m=e

represent the same 3D world point if the distance between their positions is gest thgn some
pre-defined valué'Y

N —~ W W Y
erooooaoQQXZQg wz y (3.4
As a result of studies with synthetic 3D sequences, the vali¥ha$ been s¢b 2. This value
results also from the theoretical considerations on maximum possible truncation error of the
rounding operation of floating point pixel coordinates to integer values. Truncation to the nearest
integer position produces maximum error eqt@all. The truncation is performed twice: in
projection from the coded view to the reference view and in-peglection. As the truncation

errors sum up in the worst case, the maximum truncation error which includes both projections is
equal to 2.
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Fig. 3.6. Occlusion detection using bapkojection algorithma) pixel = is visible in

reference view, b) pixamis occluded

Secondof the presentedcclusion detection algorithens a z-testalgorithm, knownalsofrom
computer graphics and texture synthesz-buffering[Berg0(Q. The idea of zest is to compare

the values of depth information assigned to correspondingspiechnd ==. If depth valueO

assigned to corresponding pixas indicates that the distance of the 3D world point represented by
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this pixel is smaller than the distance indicated by depth V@lwé pixel ==, Occlusion is detected
and pixel=m is assumed to be not visible in the reference vidtherwise, pixeksis visible and the
assignment of the intariew corresponding pixels= and== is consideredo bevalid.

As a consequence, thetest algorithm is very simple and presents low computational
complexity. No reverse prajdon of the pixel position is required and the only operation performed
during the occlusion test is simple depth value comparidonever, in case depth information is
in form of disparity maps, which is very common, disparity calculated for one vied toebe
scaled to a value range represented in the other M&W10]. As the disparity valuesm disparity
maps are usually quantized to integer values,ie.the rangeof 1it v pand the scaled disparity
value from the other view is, in general, aating point number, a small margin of error shdagd
preferably accepted during the comparisbthe two disparity values

0 omda SAEN'Q0QI 1Y 0Qi 70 (3.5)
where: O"Qi ns a disparity value assigned to pixal in the reference view)Yo O™Qi ip a
disparity valueO "Qi af the pixel=m in the coded view scaled tange of disparity values of the
reference view an@is a value of accepted margin of errdhe value ofOwas set to 1, which is
the width of quantization interval used fateger valualisparity maps.

Both of theabovealgorithns perform well for synthetic video sequences, however, produce
poor resultsn case of natural video. The reason is tmatact, the algorithmcheck the consistency
of depth information available for coded and reference vidwsa consequence, the algorithare
very sensitive tointer-view inconsistency ofdepth information which can lead to incorrect
decisions in occlusion detectiodnfortunately, thiss a common case for natural video, for which
depth information isobtained using dedicated dep#stimation algorithms. Although depth
estimation is an intensively growingefd, many of theexisting algorithms despite their huge
computational complexity, still produce deficient res{#ii$04, Lee1Q. This happens especially for
light-reflecting and transparent objects or textdedicient regions of the visual scene
Consegently, the resultant depth information is inconsistent not only between subsequent time
instances, but also between different views of the multiview sequehdeh restricts the range of
applications of the occlusion detection algorithms presented.so far

As a result, the abovecclusion detectioralgorithms will not be investigated in detail in
presented experimental resu{ection6.1). For further considerationshe z-test algorithm was
selected as a regwentative of this group, as it presents similar performamgemuch smaller

complexityand, consequently, better perspectives for practical applications.
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In order to limit the influence of intariew inconsistency of depth information, another
algorithmfor occlusion detectigncalledo-mask have been proposed by the author. The algorithm
utilizes a dedicated occlusion mask which is used to determine which pixels in the reference view
was already assigned to pixels in the coded view. The informatiant #ie pixel coordinates is
also storedThe whole procedure is very similarttee pixel visibility check performed in step) of
the IPDBP algorithm (see Sectidh2.2 andis described as followdor eachpixel == in the
referenceview thatis assigned tats inter-view corresponding pixaks in the coded viewstore the
coordinatef pixel == andmark pixel== as assignetb pixel=min the occlusion maskAlso, set
pixel == as visible in the coded viewVhenanother pixel in the coded view, indicated dageis
projected into the location gfixel ==, a simple comparison of depth values assigned to pisels
and==s performedoased on the depth information of the coded viéwixel == represents a 3D
world point ||- that is closer to the camera that the one represented by=girpixel ==ats set to be
not visible in the reference viewhe asignment between pixelss and == remains unchanged.
Otherwise, pixelma®ccludes pixek= and should be set as visible in the coded viewvthis case,
the assignment between pixeks and== is incorrect.Consequently, piXa== should be set as not
visible andvalues stored in occlusion mask for pixsalshould be appropriatelyverridden with the
data of pixelmse

As the algorithm utilizes only depth information of the coded view, the problem ofvieter
inconsistency of depth information does not oc&imilarly as ztest algorithm, e abovemethod
is not computationally complex, however, requires an additional buffer of size correspornitiieg to
image resolution to store coordinates of assigned pixats the coded view for each pixak and
also information whether the pixak has already been assignddhis obviously results in higher
memay consumption of the algorithm when compared to the two previously described.

There are many other methods for occlusion detection krfoovn literature. Among them,
methods based on thidarkov Random Field®or iterative belief propagationand graph cuts
algorithms should be particularly mentioned. These algorithms have recently attracted muck
interest, especially in applications of stemsatching and depth estimatiom [Sun03 authors
proposea symmetric stereo modé&br occlusion detection and handling which consisteisibility
constrainthatforces disparity and occlusion to be consistent between the. \iswthe other hand,
in [Fran06] authors describe the probabilistic imaging model, in which visible and occluded regions
are generated by two separate processes and the region partitioning is made explicit by th
introduction of an hidden binary visibility mapJnfortunately, thesemethods usually require

texture images from both views, which disqualifies their application at the decoddvier@ever,
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the computational complexity of these methods is enormousféeniexceeds the one of modern,
stateof-the-art video codecs. Obwisly, this fact excludes the use of such algorithms in practical
implementations, especially if mobile user terminals are concefisea consequence, the author of

this thesis did not include the abovementioned methods in further considerations.

3.4. Algorithm s for unassigned area filling

After the 3D image warping with DIBR algorithm and applicationtlé occlusion detection
algorithm, some of the pixels thecoded view may still remain unassigned to ahtheinter-view
corresponding pixslin therefererte views.This is obviously caused by occlusion and the fact, that
not all ofthe pixels in the coded view are visible in any of the available reference Vilegvs3.7
shows an eample of such situatiangreen piels indicate image areas that are not visible in the
reference view, which, in this case, is located to the right of the currenthl@wever,unassigned
pixels mayalso occur due towrong decisions of the occlusion detection algorithmsymthesis
artifacts related to the problem of undefined pixéltie latter case can appear in the IPDBP
algorithm, wherepositions of corresponding pixels are projected from the reference view into the
coded view. As aesultof rounding operations performed on floatingirg pixel coordinates to
match the integer pixel grid of the image, some of the pixels in the coded view may not be assignec
Using the nomenclatureof computer graphics, such pixels are called the undefined pixels.
Examples of undefined pixels can be etved inFig. 3.7 in form of thin, usually singlpixel lines
ontheobjects with large surface, like wathr acolumnin presented picture

Fig. 3.7. Unassigned pels due to occlusioandsynthesis artifactdeft i depth map with

unassigned pixel@reen), righti texture image.
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Fig. 3.8. Unassignedre filling based on the nearest left and right neighboring pixels.

To resolve the problem of unassigned pixels in the coded view, dedicated filling algardms
proposedoy the author. Let us denote the unassigned pixel position in the coded viawTae
positions of the neighboring pixels nearest to the piaefor which a corresponding pixin the
reference view was successfully found ase and wm for left and right neighbors
respectively(seeFig. 3.8). To determine the neighbogrpixel of the same viewirom which the
corresponding pixel position for pixak is derived, the following variants of filling algorithms are
introduced
- FILLmaxi neighboringpixel with largerdistance from the camers selected. This variant of

the algorithm favors background pixels as the source for derivation of corresponding pixel

position, based on the observation that most of the unassigned sixate the occluded

background pixelsin case of FPDBP algorithm, depth values of pixals andmm are
available in form of depth information for the coded view. However, for IPDBP algorithm,
depth informationis not providedor the coded view. To solve this problem, in case of IPDBP
algorithm, presented filling atgithms utilize depth informationf pixels from the reference
viewsthat correspond to pixelsa  anCmm

- FILLmin T neighboring pixel with smalledistance from the camers selected. In this variant

of the algorithmwe include the fact that some of the unassigned pixels are the parts, e.g. side

walls, ofthe foreground objectdMloreover, because the derived position of the corresponding

pixel in the reference viewan beused to prediceé.g.motion information, it is also raal to

prefer motioninformation of the foreground objects as the motmympensated errdor the

foreground objects igsuallymuch more annoying.

- FILLsim T neighboring pixel with most similar depth is selecf€lis variant of the algorithm
takes intoconsideration that each of the above, predefined assumptions may not always be
accurate.As a result, the decision is made based on the similarity between depth values

assigned to pixekm and pixe|mm Of wm respectively.Because this method requires
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knowledge of the depth value assigned to paelit cannot be applied to IPDBP algorithm in

which depth information of the coded view is notia&d.

All of the abovevariants ofthe filling procedurepresent similar amputational complexity.
Eachvariantrequires a search operation to determine the neighboring gixels andmm for
each unassigned pixal. Based on the values of depth assigned to thegghboringpixels, a
simple comaprison operationis performed Complexity of this operationdepends on selected
variant of the algorithm, but does not differ substantidllye most demandingtepis obviously
related tothe searchoperation which is performedalong the horizontal diréion, both left and
right. However, as all of the pixetsr the samdine of an imagebelonging tathe sameunassigned
area share the same left and right neighkars andmm from which the corresponding pixel
position is derived, the number of performed search operations can be refsidesult, the
proposed filling algorithmswre characterized dgw computational complexitywhich m&es them
especially usefuh practical implementationgjcludingapplications for mobile endser terminals.

A more advanced approahfor occluded area fillingor texture imagesan be found in
literature. Theemethod focus mainly on filling holesn texture images aramrecommonly known
as theinpainting algorithns [Bert0J. The basic idea used in inpainting algorithms is to interpolate
texture value of the missing pixel based on the values assigned to piselsoundingthem The
fill -in of the mssing region is done by prolonging the isophote lines arriving at the boundaries of
the region and completing them inside the regiddditionally, the angle of thasophotesis
maintained This way in each iterationthe algorithm computes missing vasu®r pixels lying
closest to the boundaries of the region, until the whole gap isifilled

Unfortunately, this approach is not suitable for the purpose of-viger prediction ofe.g.
motion information, as it isin fact a form of more sophisticatednterpolation algorithm. As
already discussed in Sectidh2.], utilization of interpolation methods iwaseof motion field
should be avoided Furthermore, the inpainting algorithms usually presentsignificar

computational complexity, which excludes them from the scope of considered applications.
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Chapter 4

Motivation for inter -view motion

Information prediction

4.1. Introduction

The depthbased inteview prediction algorithms proposed i€@hager 3 are designed
especially for motion information prediction. However, the proposed FPDBP and IPDBP
algorithms may be also adopted foter-view prediction ofother syntax elementk both methods,
we assume thaachblock in analyze&l image is encoded using the data derived independently for
everypixel of the block, based on the data assigned to corresponding pitked neference view.

No restrictions on specific types of data are introdu€zhsequentlythe block can be encoded
with various types of data derivédm the reference view, including control data, e.g. information
about block partitioning or block coding mode, but also transform coefficients and motion
information In the following sections, the arguments for utiliaa of the proposed algorithms for

inter-view prediction of motion information are presented.

4.2. Bitstream structure in advanced video coders

As already mentioned in Secti@nl.l, the output bitstream of the tyail modern hybrid video
encoder contains three main types of data: control data (prediction modes, block partitioning, etc.)

transform coefficients (quantized transform coefficients) and motion information (motion vectors,
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reference frame indices)n this section, experimental results showing the participation of the
abovementioned components of the visual stesi@ncase of the multiview sequenees presented.
The most significant part of the bitstream produced by a typical hybrid video co@esirigre-
view video sequence issed to represent transform coefficierii®imn9g. However, this situation
changes when the multiview video coding is considefedh. 4.1 presentsexperimental results
obtainedwith MVC codec[Chen09 for the complete set of multiview test sequences (see Annex
A.1) using 2view code setup The results araveraged over all test sequendestailed results for
individual test sequences are prase in AnnexC.L Configuration of MVC coder used in the
experiment is described iAnnex B.1. The entropy codeutilized in the experiments Context
Adaptive Binay Arithmetic Coding (CABAC). Howevelt is extremely difficult to determinéhe
number of bits representing individual syntax elemémtthe bitstream produced by the CABAC
entropy coder. Consequently, the number of bits for individual syntax elemeaisutated in the
experimentoy ContextAdaptive Variable Length Coding (CAVLCusedin MVC codecfor rate
optimization purposes. As a result, percentage values presenied.id.1 may differ from the
exact valies for the generated output bitstreams, neverthelegsapertion is very similar.

Tab.4.1. Bitstream structure for MVCaveraged ovaall test sequences.

Base view [%]

QP
22 | 27| 32| 37
Control data 9.9| 15.3| 22.1| 29.9
Transform coefficients | 76.8| 69.7| 62.2| 55.1
Motion information 13.3| 15.0| 15.7| 14.9
Sideview [%)]

Syntax element

QP
22 | 27| 32| 37
Control data 12.6| 21.8| 33.7| 46.1
Transform coefficients | 66.3| 49.0] 32.1| 19.8
Motion information 21.1] 29.1| 34.2| 34.1

Syntax element

As shown inTab. 4.1 for the base view, transform coefficients are the dominant part of the
bitstream for every analyzed value of the quantization parameter @®rtheless, thiesharein
the bitstream decreases fower bitrates (larger QP valuesit the same timethe sharein the
bitstreamdoes not change signiéiatly for motion information with the value below 1P%] of the
bitstream.The part of the bitstream represeng control data remains relatively constant for wide

range ofbitrates. Consequentlyifs sharein the bitstream grows with decreasibgrate On the
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other hand, in case of th&de view of a multiview sequencethe share inthe bitstreamfor
transform cefficients is much smaller when compared to tHease view.Also, it decreases
noticeably falling below 20[%] for lower bitrates (QR=37). This is obviously a consequence of the
inter-view prediction with multiview disparity compensatiosed by MVC codecSimultaneously,
share inthe bitstream for motion information increases, exceeding the part of the bitstream
representing transform coefficientsr QPG82. As a result, motion information, together with
control data, becomes a dominant part of the bitstreansiflerviews in multiview sequence,
especially when lowdritrates areconsidered

Similar tendencycan be observed fddEVC video codecjn which the emphasis was mainly
placed on more advanced and accurate predictiethodsin order to decrease the energy of
prediction error and, consequently, reduce the number of transform coefficients to be encoded in th
bitstream.This results in largesharein the bitstream represeing motion information and control
data when compared to coding a video sequence usingb@g€d codec with comparable quality

of the decmpressedideo.

4.3. Accuracy of inter-view prediction of motion

information

In this section,the possibility of utilizing the similarity between motion fieldof the
neighboring views of a multiview sequenisediscussedAs already stated in Sectidh5, if the
distance between neighboring views is smiilé content of the video sequences obtained from
these views and, consequently, their motion fields are highly correlateaDf§ Feck05, Merk07,
Su06]. However, n order to examindiow accuratelythe motion information can bactually
predicted from theneighboring view at the same time instarsing the proposed deptiased
algorithms the following experimenis conducted.

The proposed depibhased inteview prediction algorithmsFPDBP and IPDBP (see Section
3.2) areimplemented in MVC reference codec and utiliZed motion information codingas
described in Sectiob.1l Next, a complete set & multiview test sequences (see AnneA) is
encodedusing the 2-view codec setupréfer to codec configuration iAnnex B.1) for values of
QP={22,27,32,37}[Su0g Tan0g. In the experiment, theroposed prediction algorithmare
utilized in B-frames ofthe sideviews only. Consequentlymotion information, i.e. motion vectors
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and reference picture indigeselected in the coding process such frames aranalyzed. For each
picture point of encoded sequences, selected motion veat®ompared with motion vectors
predicted using each die considerednter-view prediction algorithms tassesgher prediction
accuracy.The evaluationis performed usinghe accuracy measures of motion field prediction
described in Sectio.3. Pearson Correlation Coefficient (PCC) and Vector Similarity Measure
(VSIM). In case of PCCaccuracy of motion field prediction is measured separately for horizontal
and vertical components of motion vectd@Zsnseqgently, values for horizontal (PCCx) and vertical
(PCCy) coefficientare presenteftefer to Sectior2.3). Additionally, an averaged value of the two
abovementioned coefficien{fCCavg)is alsocalculated The results for both available reference
lists of MVC code¢ averaged over QP valueare presented iffab. 4.2. For detailed results
obtained for individual QP values, please refer to AnMGigX The accuracy measurasecalculated
only for the picture points for which predicted reference pictureeii consistent with the one
selected during the coding proceske percentage of such poirfiés each predictois indicatedoy

the A% of poTamd2sd col umn i n

Tab.4.2. Accuracy measurdsr motion information predictiomsingmedian,|PDBPand
FPDBPpredictors averageaverQP={22,27,32,37}.

Predictor median IPDBP FPDBP

% of % of % of
Sequence . PCCx PCCy|PCCav| VSIM| " PCCy PCCyPCCav|VSIM " PCCj) PCCyPCCay VSIM
points points points

Poznan Streetf 85 | 0.96 | 091 | 0.93 | 0.97 | 89 [ 0.96| 0.93 | 0.94 | 0.97| 89 |0.96| 0.93 | 0.95 | 0.97

S PoznanHall2| 84 | 0.97 | 0.80 | 0.88 | 0.97 | 90 | 0.94| 0.84 | 0.89 | 0.95| 90 |0.94| 0.84 | 0.89 | 0.96
% GT Fly 43 1097|109 | 097 | 095| 79 |097| 097 | 097 |0.97]| 79 |0.98] 0.97 | 097 | 0.97
% Dancer 69 | 092 | 080| 0.86 | 094 | 83 | 0.98| 0.83| 091 | 0.96| 83 |0.98| 0.83 | 0.91 | 0.96
@ Kendo 77 [ 093|077 | 085 | 094 | 87 |095| 088 | 091 |[0.95| 87 |0.95 0.89 | 0.92 | 0.96
& Baloons 75 | 091 092| 091 | 093 | 89 [0.95| 0.96| 0.96 | 0.95| 89 |0.96| 0.96 | 0.96 | 0.95
Lovebirdl 85 | 083 080| 082 | 098 | 93 |0.87| 0.84| 085 |0.98| 93 |0.87| 0.84 | 0.86 | 0.98
Newspaper 86 | 090| 0.79| 0.85 | 0.95| 92 | 097| 0.88| 0.92 | 097| 92 |0.98| 0.89 | 0.93 | 0.97
Average 72 | 095|085| 090 | 0.95| 86 | 0.96| 0.89| 0.93 | 0.96| 86 |0.96| 0.89 | 0.93 | 0.96

Poznan Street| 88 | 0.97 | 0.92 | 0.94 | 097 | 91 | 0.96| 0.92| 0.94 |0.97| 91 |0.96| 0.93| 0.94 | 0.97
PoznanHall2| 89 | 0.97 | 0.78 | 0.87 | 097 | 92 | 0.92| 0.77 | 0.85 | 0.94| 92 |0.92| 0.78 | 0.85 | 0.94

; GT Fly 48 | 096 | 095| 096 | 0.95| 87 |0.98| 0.97 | 0.97 | 0.97| 87 |0.98] 0.97 | 0.97 | 0.97
o |Dancer 71 | 096 | 0.79| 0.88 | 0.95 | 88 | 0.97| 0.82| 0.90 | 0.95| 87 |0.97| 0.82 | 0.89 | 0.95
g Kendo 83 | 092]074| 083 | 092 | 91 |094| 084 | 089 [ 0.93| 91 |0.94| 0.84 | 0.89 | 0.94
‘% Baloons 82 | 093] 091| 092 ] 092 | 92 |0.95| 0.95| 095 |0.94| 92 |0.95/ 0.95| 0.95 | 0.94
o Lovebirdl 90 | 0.86| 0.79| 0.82 | 0.98 | 94 | 0.84| 0.80| 0.82 | 0.98| 94 |0.84| 0.80 | 0.82 | 0.98

Newspaper 89 | 095 075| 085 | 0.96 | 94 |0.96| 0.81| 0.88 | 0.96| 94 |0.97| 0.86 | 0.92 | 0.96

Average 76 | 095|084 | 090 | 0.95 | 90 [ 0.95| 0.86| 0.91 | 0.95| 90 |0.95| 0.87 | 0.91 | 0.95
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The prediction accuracy measured for FPDBP and IPDBP algorithms are also compared witt
accuracy of the standard median predictor of AVC, which is the fundammetictor used in
MVC (see Tab. 4.2). Motion vectors resulting from the median prediction are compared with
motion vectors selected by the reference MVC co@en09 with the same iew configuration
(see Anng B.1). For prediction of reference picture indices, a procedure used in standard Direct
mode, the most efficient int@rediction mode of AVC, is utilized.

The analysis offab. 4.2 shows that proposed deptbased interview prediction algorithms
(FPDBP and IPDBPpresent higher accuraof reference picture index prediction than the one
used in standard Direct mode of MMCr ef er t o col umn A% ofandpoi |
FPDBP predictors)The average difference is almost 14 [pp] in favor of the proposedvieter
predictors, and is especially noticeable for sequences with complex;anstational motion, e.g.

GT Fly. Additionally, the accuracyneasures omotion field prediction for FPDBP and IPDBP
algorithmsare usuallysimilar or higher than for median predictor. This is observed for both of the
adopted measures: PCC and VSIMe results averaged over all inspected QP values and the
whole set of test sequencewshthat proposed intariew prediction algorithms achiewalues of
PCCavg=0.93 and VSIM=0.96 for reference list 0 and PCCavg=0.91 and VSIM=0.95 for reference
list 1 against PCCavg=0.90 and VSIM=0.95 observed for the median predictor in case of both
reference lists.

Analysis of theaccuracymeasures for individual QP values (see Anr&®) shows that
prediction accuracy grows for loweitrates regadless of the analyzed predictdrhe reasorior
such situationd thefact that motion vectors assigned to neighboring regions of encoded picture
differ slightly due to predictive coding if the bit budget is limitelso, motion fields of the
neighboring views are more similar in such a case.

Experimental results ohined forindividual test sequences indicatalso the importance of
accuracy of depth informatiomitilized in depthbasedinter-view prediction. In case of test
sequences with complex motion, for which the gretrath depth information is not available,
motion field obtained using theroposed predictomnay be slightly less accuratiean for median

predictor Such situation is observed e.g. floe test sequend&znan Hall2
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4.4. Conclusions

Analyses of bitstream structupeesented in Sectioh2 show clearly that development of more
efficient ways of representing motion information is expedient, as motion information becomes
more and more important part of the bitstream produced by the modern hybrid video Tbdecs.
applies also to the multiview video coding, where wview prediction of texture is currently much
more advanced than motion information prediction. Therefore, improvement in this field is
desirable.

Additionally, based on the results presentedSection 4.3, it can be concluded that the
proposed deptbased inteview prediction algorithms exhibit a potential for accurate prediction of
motion information. Both FPDBP and IPDBP algorithms present sipgedormanceand, in many
cases, can predict motion information more accurately than theo§tidteart median predictor of
AVC and MVC.

As aresult the author of this thesis decided to utilize the proposed -testd inteview
prediction algorithms fomotion information prediction in order to reduce the amount of motion
information transmitted in the bitstream and, consequently, increase the coding efficiency of the
multiview video codecWith regard to bitstream structure analysesesented aboyédt can be
expected that achieved results should be especially evident for lower bitrates, which, in turn, are c
particular importance for emerging and future multiview video codecs [MP11b]. Furthermore, the
proposed inteview prediction algorithms are dgsied to reduce the need of dividing larger image
blocks into smaller units, due to utilization of independent pohptoint prediction. As a result, the
number of syntax elements used for signaling the block partitioning in the bitstream should be alsc
reduced, decreasing the amount of control data to be transn@iesgequently, utilization of the
proposed algorithms should increase coding efficiency of the-aitdte-art multiview video

codecs, which is further investigated in this dissertation.
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Chapter 5

Application of proposed depth -based
Inter -view prediction methods in motion

Information coding

5.1. Proposed approach

In this section, utilization of the proposed deptsed inteview prediction methods in
advanced multiview video codecs is discussed. As puslyostated, the proposed FPDBP and
IPDBP algorithms, introduced in Secti8r®2, exhibit a potential to increase the coding efficiency of
the multiview video codecs, when adopted for prediction of motion infismaHere, methods for
utilization of the proposed prediction algorithms for efficient motion information codirlgVvVC
and MV-HEVC multiview video codecare presented.

As described in SectioB®.2, the purpos®f the proposed FPDBP and IPDBP algorithms is to
find a mapping between coordinates of each point of the coded image with corresponding point ir
the reference imageConsequently, for every ndrase view of encoded multiview sequence,
motion information,jncluding motion vectors and reference picture indices, can be predicted from
available already encodetkeference viewsln the proposed approach, if coder chooses the-inter
view predicted motion information as the best option in thedit®rtion optimzation process, the
predicted motion vectors and reference picture indices are independently derived from the referenc

view at the same time instant and assigned to each point of encoded block for the purpose of motic
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compensatior(seeFig. 5.1). As a result, motion information from the reference view is simply
reused without the need to retransmit it once again in the bitstretiva @dded view.This results
in improved compression efficiency of the multivieadec, if the correlation between motion fields

of the coded and reference views is high.

[X,Y, Z]
o Motion information

(predicted)
{mv0, ref idx0,
mvli, ref idx1}

Motion information
(in bitstream)
{mv0, ref idx0,
mvli, ref idx1}

.
(xi» vi)

c,i ic,-

Reference view Coded view

Fig. 5.1. Interview derivation ofmotion informationbased onKon11]).

Obviously, utilization of the proposed methaidmotion information prediction for the encoded
block must be somehow indicated to the decoder. In the following sections, strategies for signaling
together with details on modificatiomms syntaxand structureof MVC and MV-HEVC advanced
video codecsdue to application of the proposed approach for motion information caaliag

presented.

5.2. Motion information codingin  MVC

Based on the results presented in Sedcti@ proposed FPDBP and IPDBP predictors should
be incorporated into MVC codec in a way that would utilize their potential for efficient motion
information prediction as, in many cases, the proposed algorithms perform more efficiently than the
median predictor of MVC. Following #se observations, the FDBP and IPDBP prediction
algorithms have been adopted as the enhancemém afiost effective motion information coding
techniquesin MVC, the standardSkip andDirect mods of AVC. Consequently, the cost of
selecting the proposeatkpthbasednter-view prediction methods for motion information coding is
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possibly low, which should result in maximizing the expedbétate reduction and improve
performance of the multiview video codec.

In the proposed approacsach of the introduced FPDBP and IPDBP prtaaincalgorithms is
utilizedin the MVC codemneat a time Following theconcept of standard Skip and Direct modes,
in which prediction residual signal is transmitted only forrbe-skip-coded macroblocks, several
variants of utilization of the proposeéter-view prediction algorithms are possibgonsequentlya
macroblock coding mode which uses one of the proposedwviater prediction algorithms for
motion information prediction will be referred to as Irtéew Direct (IVD) mode if the prediction
residual signal is transmitted for the macroblock and vtew Skip (IVS) mode in the opposite
caseWe will refer toall of these modes together as Irtéew (IV) modes.As a result regarding
the utilized intetview prediction algorithm, the followinghew macroblock coding modes are
introduced into MVC codec:

- Forward Projection InteYiew Direct (FPIVD),

- Forward Projection InteYiew Skip (FPIVS),

- InverseProjection IntetView Direct (IPIVD),

- InverseProjection IntetView Skip (IPIVS).

First two modesFPIVD and FPIVS apply to the casden FPDBP prediction algorithns used
whereas the latter two: IPIVD and IPIVS implement IPDBP prediction algorithm.

As a consequenctmgether with the standard macroblock coding modes of Mi€re are four
macroblock coding modes for efficient representation of motion information available in the
modified MVC codec: Skip, Direct, IVS and IVDDbviously, n such situation, a number of
possible strategies for efficient motion information codaxgst First, the questionarises if allof
these modes are necessa@n the other handhere is also the question of what thestway of
signalingthese modem a bitstream isBoth question are addressed in Sec6dhland inone of
the authors previous work&onl11d. Fig. 5.2 presens the possible mode selection strategies and
shows necessary syntax modifications to implement the cfidensl1al

In Fig. 5.2, eight different variants of syntax are presented. The traditional AVC and MVC
codecs use syntavariant 1, which is described in detail in Secti@nl.2 Skip mode is signaled
with a skip_flagonly. Direct mode is encoded with a full macroblock header includntgtype
specific for Direct modelVS and IVD modes are navailable invariant 1, however, they are

utilized in all further syntax variants.

83



) SKIP DIRECT VS D
variant
1) [1] Not used Not used
2) o[m[oko) [o[m[Tf0) [0[mM[1[0
3) [ Not used kD
9 O Not used
5) [om[ofo) [o[m[O0 0 [mM[ER0)
6) [0]m][0] Not used [0 [M]50)
7) Not used
8) Not used Not used 0 [M[20)
Number of bits for syntax element
skip_flag mb_type ivd_flag chp
[1]1bit | [M]=as for Direct | [@]=1 bit | (0)=1 bit

mode

[0 1 bit [T]=1 bit | £0)>1 bit

Fig. 5.2. Syntax variants for MV(based on [Kon11a]).

In variant 2, the ideais to modify the existing Direct mode macroblock layer syrigaddng
an extral-bit flag representinga new syntax element, i.&d_flag whenmb_typeis signaling the
Direct mode selectionThis bit enables the codéc distinguishlVS and IVD modesrom the
traditional Direct modelVS and IVD modesre discriminated bthe value ofcodal block pattern
(cbp) element, which indicates if therediction residual signal is trangtad for the macroblock

Next two syntaxvariants(variant 3 and4) are motivated by the observation that Direct and
IVD modes- the modes with negero prediction residual signal, are selected rarely in encoding
process, especially for lowditrates. If we dsabke one of these modethe prediction errowill
increasefor some macroblockdjowever, acoding gain may be achievehlie tonot sending the
additional bit flag ivd_flag In variant 3 Direct mode is not used. Consequenilyl_flagis not
necesary to distinguish it from IVS an/D modes.On the other handnivariant 4IVD mode is
disabled andVS modeis distinguished from Direainodeby testing ifcbpis set to zeroln this

casejvd_flagis also redundant.
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As mentioned irSection4.3, the proposed interiew prediction algorithms caperformmore
efficienty than traditional median predictatilized in Direct and Skip modes of MVC. In order to
verify this observation IVS modehave beerencodedwith syntax ofthe Skip mode, resulting in
syntaxvariants 57 (corresponding towariants 24). Here,IVS modeis signaled withskip_flag=1
and other modes are encoded with a full macroblock header inclondintypespecific for Direct
mode The lastsynta variant,variant 8 have been proposed check if the traditional Direcnd
Skip modesan be completelgubstituted by the IVD and IV@odes.

For all of the abovementioned syntax variants, the proposeévietempredictionis disabled in
the base vie andin all anchor pictures dhe sideviews (seeFig. 5.3). This results from the basic
concept of presented inteiew prediction algorithms which reuse motion information from
different view and, hence, canrme applied if no reference view or motion informatreferring to
other time instanare availableThis means that the base view remains compatible with AVC and
the anchor picture syntax is not modified. Consequently, possible selection of the IVDianode

signaled only in nom@ndor pictures othe sideviews.

Anchor
picture

Base
view “0
<.
s |«
Cz
N
to t; L {3 ty
R
time

— Depth-based inter-view prediction of motion information

Fig. 5.3. Depthbasednter-view prediction of motion information iexemplaryMVC
prediction scheme.

When thelVS or IVD mode is selectely the coer in the ratelistortion optimization process,
every pixel ofthe current macroblock derives motion vestand referenceictureindices froma
corresponding pixein the reference viewHowever, if no motion information can be derivied
somepixels of the current macroblogknotion information obtained for this macroblock with the

standard spatial predictor available in the codeassd for these pixels (refer to algorithm
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description in SectioB.2). In case of MVC codec, the standard Direct mode prediction with median
predictor is applied No motion vectors roreference picture indices are transmitted for the
macroblock in IVS or IVD mode. Thenly additional information signaled in the bitstream is the
ivd_flagand in case of IVD modehe quantized prediction residual signalhich is encoded as in
the traditional Direct mode of AVAn presented implementation of tieéS andIVD modes, no
dedicated context model for thel_flag has beeremployed in theCABAC encoderTheivd_flag
uses context modsimilar toskip_flag As a consequencéhe encoding process afd_flagis sub
optimal, thus a fieldor some further improvement exists.

Utilization of the proposed deptiasednter-view prediction algoritmsrequires availability of
depth information for coded (FPDBP algorithm) and reference views (FPDBP and IPDBP
algorithms).Originally, MVC codec does not provide any depth information during the coding or
decoding proces#\s a consequence, the approtichangeshave been applied the structure of
MVC codec.In proposed solution, depth information in form of disparity mapgedded into the
codec from an external stream. In this way, the number of modifications introduced to the referenct
MVC model [Chen09 is reducedThe method of encoding depth information is independent of the
MVC structure.Also, the quality of depth information provided to the codec can be flexibly
modified without interference with rat#istortion control algorithm of thielVC codec.

Another importantissue which refers to utilization of the proposed prediction algorithms in
MVC codec is related tthe usageof DIBR techniqueAs discussed in Sectidh6.4 intrinsic and
extrinsic camea parameters are indispensalde DIBR. MVC provides these information in form
of Supplemental Enhancement Information (SEI) messages called Multiview Acquisition Info SEI
[VetO7]. However, in case the depth information is available in form of dispandps, an
additional information, namely the nearandz_far coefficients essential to convert disparity to
depth [ISO10], need to be signaledtte decoder for each view. For the purpose of presented
solution this functionality have beenimplementedby the author Konl0Os Konl(b] as the

extension of Multiview Scene Info SEI message introduced originallyea(7 (seeFig. 5.4).

K,R, T Z near, z_far
Multiview Multiview ‘
. Acquisition '”fOSH . Scene Info SEI

Fig. 5.4. Syntax modifications fotamera and depth parametfyased on [Kon11])
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As presented above, the analyzed implementation ditBeandIVD modes uses the proposed
new macroblock modeonly in 16 16-pixel macroblock partitioning scheme. Thssdictated by the
intention to compar¢he presented concept with the existing Motion Siodingtod of JMVM,
which is applied only to maoblocks of size 1616 pxels. The 88-pixel and further partitioning
hasnot beenimplemented, however, the possibility of utilizing & andIVD modes in smaller

blocks exists anchayfurther improve thgerformance of multiview video codec

5.3. Motion information coding in ~ MV-HEVC

Utilization of the proposed FPDBP and IPDBP prediction algorithmsainew generation
multiview HEVC-based video codec, namétlV-HEVC (see Sectior2.4.2), requires a different
approach than the one presented previously for MR€hresentatioof the proposed depibhased
inter-view algorithms for motion information prediction as an agten of the classic Direct and
Skip modes known from AVC is no longer possible due to substantial differences in -motion
compensated prediction between AVC and HEWG.the chssic Direct and Skip modes dot
exist in HEVC,the most efficient modes for ending a Coding Unit (CU) are based thie concept
of block merging described in SectioR.1.3 All of the available motion information predictors of
HEVC are arranged in form of an ordered list of merge catelid Consequently, the most natural
way of introducing the proposed defithsed intewiew motion information predictors into MV
HEVC is extending the existing merge candidatedisthe block merging modeThis approach
preserves the original structuoé MV-HEVC and, also, does naehangethe number and cost of
available CU modes. Additionally, the proposddpthbasedinter-view predictors are easily
adopted to encoding of wide range of CU sizes witleatra syntax modifications.

Fig. 5.5 presents the original merge candidate list of HEVC and its exemplary modifications by
addinga new depthbased predictordPB) at various positionsSimilarly as for MVC, only one of
the proposeddepthbased inteview motion information predictors is utilized in a single
implementation of the MMHEVC codec.Depending on the prediction algorithm selected for the
implementationDBP refers to FPDBP or IPDBR.he position on the candidate list determines the
cost of candidate tbe chosen for merging process. As a result, this provides a simple but efficient
mechanism for manipulating the usage of the proposed FPDBP or IPDBP predictdteiand
impact on the coding efficiency.
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list index 1 2 3 4 5 6

signaling cost T —

.. co- RT L8
a) original left top located || corner || cormer | —
. - RT LB
b) DBP index=1 bep left top Ioggred corner || corner
. co- RT LB
¢) DBPindex=2 left Lt top located || corner || corner
. _ co- RT LB
c) DBPindex=3 left top Dep located || corner || corner

Fig. 5.5. Merge candidate list of MHEVC: a) original, b)d) with additional depttpased
predictor (DBP) placed at positions3lrespectively.

In the proposed approach, when BP merge candidatis selected by the coder in the rate
distortion optimization pcessgvery pixel ofthe currentCU derives motion vectgsrand reference
pictureindices from corresponding pixiel the reference view. However, if motion informatiom
someof macroblockpixels camot be derivedthis way another predictor availabia the codec is
utilized to obtain motion informatiofor thesepixels (seealgorithm description in Sectid®.2). In
the proposed solution for MYAEVC, motion information calculated for current Qidingthe fir st
available merge candidate predicon the list other thaDBP is selected As shown inFig. 5.5a,
thepossible merge candidgbeedictors arén turn: left, top, co-located right-top andleft-bottom If
no camlidate other thanDBP is available, zero motion vectors and indices of the fnstilable
reference picturen each reference picture list are selected to represent the motion information of
the missing pigls.

In MV-HEVC, if a merge candidate is choserrépresent encoded CU, motion information for
motion-compensated prediction of this CU is obtained from the candidate. As a consequence, n«
motion vectors or reference picture indices are transmitted in the bitstream for such CU. The onl
additional infomation signaled in the bitstream is theerge_indexhat indicates which of the
available merge candidates was selected. phigedureis fully compatible with theproposed
approach of depthased inteview motion information coding. Consequently, théyo8U syntax
modification is relatel to extending the range d@llowed merge_indexvalues.As discussed in
Section 5.2 for MVC, the proposed interiew prediction and all of the resulting syntax

modifications ag disabled irthebase view and all anchor picturestioé sideviews.
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Similarly as in MVC, depth information is required to utilize the proposed dmgstad inter
view prediction algorithms in MAHEVC. In particular, depth information must be available fo
coded (FPDBP algorithm) and reference views (FPDBP and IPDBP algorithmsyder to
introduce such functionality into MMEVC code¢ an implementationof MV-HEVC codecin
which texture and depth informatigm form of disparity mapsare encoded simianeously by a
pair of parallel coderbas been usedThis provides an elegant structure of the multiview codec in
which depth information can be compressed with selected quality, but without interfering the
encoding process of the textuAdso, this impementation of MVHEVC provides a mechanism for
efficient encoding ofcamera parametetegether withz_nearandz_far coefficients designed by
the author of this thesis. The proposed approach for coding of the abovementioned multiview
parameters isaan exensionof the Multiview Acquisition Info and Multiview Scene Info SEI
messages known from MV(ee Sectiorb.2). However,ana d di t i on al predict.
values from neighboring views and time instanesitroduced The detailed description of this
method can be found iDpm113.

89



Chapter 6

Experimental res ults and comparison

with existing technigques

6.1. Comparison of proposed occlusion detection

algorithms

In this section, performance of the proposed occlusitecten algorithmsz-testando-mask
introduced in Sectio.3, has been investigate@ihesemethodsare utilized in FPDBP algorithm
(seeSection3.2.]) to determie the overlapping pixelsand check visibility of pixels from the coded
view in the reference view. Similar proceducalled the pixel visibility checkpvo), is conductedn
step 3) of IPDBP algorithm (Sectior3.2.2, however, in this case, the projection of pixel
coordinates isnadefrom the reference view into the coded vidke performance givcalgorithm
is also investigateth this sectionAs a result of apping all of the abovementioned methods, the
occluded area in the image planetlué coded view is detecte®ixels inthe occluded areare not
assigned to anyorresponding pixelposition in available reference viewsand their motion
information have to mdicted in other wayUnfortunately, due toinaccuracy andnter-view
inconsistency of depth information or synthesis artifacts related to the problem of undefined pixels
unassigned pixels may also occur in not occluded areas of the image whacke mayaffect
efficiency of the proposed dephiased intewview prediction algorithms

In order to evaluate performance of the considered occlusion detection algorithms, the numbe
of such unassigned pixels for each of the algoritlemsvestigated Tab. 6.1 presentgpercentages

of unassigned pixels determined by each of the analyzed algorithms, averaged over a complete <
90



of multiview test sequences (see Anreg) using 2view setup Detailed results for individual test
sequences are presented in An@R To check the influence of depth quality on performance of
the analyzed algorithmslepth information in form of disparity mggompressed witMVC and
different quantization parameter valua® used. In the experiment, values oft, fo ft 1o Ttfor
depth quantization parameter (QBre selected.This provides a wide range of QD values to be
tested, with a special emphasis owéo bitrates, which results from the approach accepted by the
MPEG to treat the depth as a kind of side informationetsdnt withbitratemuchbelow the target
bitrate for texture [MP11bISO114 QD value equal to zero indicates the usage of original, n

compressed disparity maps

Tab.6.1. Unassigned pixels for different occlusion detection algoritant€QD values

averaged ovedll test sequences [% picture arep

QD
0 20 | 30 | 40 | 50 | Avg.
pvC 5.010] 4.987| 4.858| 4.695| 4.413| 4.793
z-test 21.476| 21.885| 22.284] 23.103] 20.065( 21.763
o-mask | 4.803| 4.800] 4.708| 4.675| 4.623| 4.722

Algorithm

As there are no grourtuth occlusion maps available for the analyzed test sequences, the
accuracy of the considered tusion detection algorithexannot be objectively evaluated using an
independent measure. In this case, the only way is to compare the results obtained by eac
algorithm and to assess subjectively if the adsterminedoy the algorithms match theccludel
areas of the analyzed visual scene

Analysis of experimental results presentedab. 6.1 shows that o-maskand pvc algorithms
perform very similarlyi average difference between percentages of unassignecapeesl for the
algorithms is usually below 0.2 [pp]. These slight differences result from inconsistency of depth
information available for coded and reference views in case of naturalamdeconsequently, the
fact that projection from coded into refape viewmay sometimes produce different pairs of
corresponding points than projection in the opposite direetitom reference into coded vieWn
the other hand,of synthetic sequences, 16T _Fly andDancer, the results are identical (refer to
Annex C.3). Moreover, we can also observe similar and small influence of the depth quality on the
performance ofo-maskand pvc algorithms. The number of assigned pixels do nothange
drastically with the growing Q value. Difference between percentages of unassigned pixels for
individual sequences is less than 2.0 [pp] for analyzed range of QD values, but usually does nc

exceed 10 [%] of thgaluedetermined for QD=0 (see Ann€x3). The results show clearly that
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maskand pvc algorithms present a practical potential in detection of occluded #fweasdeo
coding applications

The results obtained fartestalgorithm differ significantly from the osgresented foo-mask
and pvc algorithms.Values averaged over complete test (femultiview sequencgepresented in
Tab.6.1, show that prcentages of unassigned pixels determined aigistare much largeiThis is
caused by theoorresults obtained fasequences with inconsistent depth information between the
views (Annex C.3). However, in case of synthettest sequences, i.&T_Fly and Dancer, for
uncompressed disparity maps (QD=the resuk are almost identical as farmask and pvc
algorithms.Moreover, due to accepted margin of ei@utilized inz-testalgorithm (see Ed3.5) to
minimize the error introduced by the rounding operatmmducted on disparity value, the
determined area of unassigned pixels is even smaller than for concurrent algorithms, but th
difference is very sligt. Nevertheless, analysis of the experimental results stlearly thatz-test
algorithm is much more sensitive for depth information inaccuracies and its inconsistency betweer
the views. It is also much more sensitive for depth quality chargepresated in Annex C.3,
differences insize of unassigned pixarea for individual test sequences due to depth quality
changes may exceezl’len 10.0 [pp].Consequentlyz-test algorithm is not suitable for practical
usage in occlusion detection applications with corrupted depth information, however, it can be
successfully adopted to evaluate the accuracy and consistency of depth information between tt
Views.

In Annex C.4, exemplary pictures used for subjective evaluation of the proposed occlusion
detedion algorithms are presenteBubjective assessment allow determine tht o-maskandpvc
algorithmsusuallygenerate accurate occlusion areas with only a small numiiaisefdetermined
pixels. False detections are mainly caused by depth information inaccdoaanesural videadue
to imperfect depth estimation algorithms or, in much smaller degree, from synthesis artifacts relate
to undefined pixelsvisible especiajl for pvcalgorithm The influence of depth quality is small and
occluded regions are determined properly even for large QD valfggssequences with accurate
depth (e.g. Dance), the occluded area is incorrect only for QD=58s already mentioned,
differences between occluded areas detectedobyiaskand pvc algorithmsresult from interview
inconsistency of depth information. Consequently, they visibleonly for sequences lik&Kendo
(natural videowith inconsistent and inaccurate depbin whenstrorgly compressed disparity maps
are utilized (e.g. QD=50 fahe Dancersequence).

On contrary,subjective evaluation of third dhe analyzed algorithms sh@athat the z-test

algorithm producepoor results, especially for natural video. The occluded aetasmined with z
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test are definitelydo large, which is very undesirable regarding the application in thevieer
prediction. The main cause of such situation isitier-view inconsistency of depth information,
which results in incorrectly determitieoccluded areas even for original, uncompressed disparity
maps.

Based on the result presented tioe changing quality oflisparity mapswe can observe two
phenomena related to the influence of depth quahtyhe size of occluded area determined by the
occlusion detection algorithms:

- decreasing depth quality results in smaller occluded antds is caused by smoothing the
depth/disparity values on the object borders,

- decreasing depth quality results in decrea#iiegaccuracy and intetiew consistenyg of depth
which, in turn, may lead to generationlafgeroccluded area

As a consequence, the effect of decreasing the quality of disparity maps utilized in occlusion
detection depends on which of the two abovementioned phenomena dominates for thedanaly
sequence and QD valuA. dependency from the 3D structure of the visual scene (e.g. range of
disparity values represented in the scene), but alse\i@erconsistency and accuracy of original,
uncompressed disparity mapsshaeen observedExperimens showalso an initial growth of
determined occluded area with decreasing depth quality, however, the souxlodedarea

decreasefor the largest QD value$his occursfor all of the analyzed test sequences.

6.2. Comparison of proposed unassigned area fill ing

algorithms

Algorithms for unassigned area filling angsed in the proposed degihsed inteview
prediction algorithms FPDBP and IPDBP to resolve the problem of unassigned pixels in the codec
view. Here, performance ofhe unassigned area filling algthms FILLmax FILLmin and
FILLsim, introduced in Sectio.4, is analyzed.

The poposed unassigned area filling algorithame evaluated based on their influence on the
coding efficiency of the multiview vide codec in which depthased inteview prediction is
appliedas described in Sectidn2 In the experimentMVC codec[Chen09 with syntaxvariant 5
is used(see Sectiorb.2). This syntax variant specifiessignalingmethod formacroblock coding

modes withdepth-based inteview prediction, called thénter-View (IV) modes The choice of
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such syntaxs a consequence dtiie experimental resslobtained for allof the proposedsyntax
variantsof MVC (refer toSection6.3.]). In the selectedsyntax variantusage of théV modes is

high. Consequently, the influence of the considered filling algorithms on the coding pederisan
clearly visible. Also, this syntax variant achieves the best coding gains, which makes it the mos
promising for practical usage The experimenis conducted for Ziew MVC codec setup with
configuration presented iAnnex B.1, for values of texture quantization parame@P) equal to

¢ & yv & X [Su06 Tan08]

Due to the number of required tests, a reduced set of test seqisaimes Poznan StreeGT
Fly, BalloonsandNewspapesequences have beearlectedto assure that both natural and synthetic
sequences are included in reduced test set with the same proportion, and also, that all of the vidk
resolutions from comnlpte test set are represented.

For the purpose of evaluating the influence of depthlity on performance of the analyzed
unassigned area filling algthims, depth information in forrof disparity maps compressed with
MVC (refer to codec configuration ilinnex B.1) andvarious quantization pametervalues (QD)
is used.In the experiment, QD values offt ft TtareselectedThe choice of the QD values was
dictated by desireotprovide a wide range of QD values to be tested, including QD values for lower
bitrates, but also requirement to minize the number of experiments to be conducted. According to
conventionadopted irthis thesis, the value @D=0 indicates the usage of original, uncompressed
disparity map.

Tab.6.2. Bitrate changg(aBitrate[%]) vs. original MVC and usage dhter-View modeq1V
modes usagg %)) for differentunassigned area filling algorithms, averaged over all considered
test sequencegside view)

o ) . Kk Bitrate [%)] ‘ IV modes usage [%]
Prediction & occlusiol Filling QD
detection algorithm |algorithm
0 20 40 Avg. 0 20 40 Avg.
FILLno -9.56 -9.47 -10.27 -9.77 68.871 68.78 69.19 68.95
IPDBP FILLmax -15.98 -15.92 -15.73 -15.8§ 72.65 72.62 7257 72.61
FILLmin| -15.92 -15.86 -15.66 -15.81 72.63 72.60 72.55 72.59
FILbo -6.92 589 579 -6.20 66.20 65.24 64.75 65.4Q
FPDBP FILLmax -12.25 -11.81 -10.91 -11.65 69.36 69.02 68.47 68.95
z-test FILLmin| -12.64 -12.3¢ -11.70 -12.21 69.71 69.43 69.04 69.39
FILLsim| -12.74 -12.39 -11.48 -12.20 69.85 69.54 69.00 69.46
FILLo -10.17 -9.85 -10.04 -10.00 69.1 68.97 68.95 69.03
FPDBP FILLmax -15.77q -15.76 -15.49 -15.67 72.49 72.48 72.41 72.46
o-mask FILLmin| -15.75 -15.74 -15.49 -15.66 72.49 72.49 72.41 72.4§
FILLsim| -15.79 -15.74 -15.49 -15.6 72.49 72.49 72.41 72.46
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Tab. 6.2 showsexperimental results obtained for MVC codeith different combinations of
prediction, occlusion detection and unassigned area filling algorithms implemémtde: table,
valuesof bitrate changeagainst originalMVC and usage ofV modesin analyzed codeare
presentedboth measured fdhe sideview only. The values araveraged over all considered test
sequenceskor the resultsshowing bitrate changéor individual test sequences, please refer to
Annex C.5. The bitratechangeis calculated using Bjontegaard metrics (refer to Se@i@m) for
QP=c¢ (r Jv &w Xx. The IV mode usage indicates the percentage of macroblockssthane of the
IV modes against all macroblocKEhe valuesof IV mode usage are averapever all considered
QP values.

In case oMVC with IPDBP, only two of the proposed unassigned area filling algorithms can
be applied:FILLmax and FILLmin. The reasons that depth information for coded view is not
available andFILLsim algorithm cannot be used\s presented iriTab. 6.2, utilization of the
proposedfilling algorithms can reduce bitstream by almost 6.1 [pp]rrsgjatompression gains
achieved by a codec without any unassigned area filling algorithm applied, indicatdd_byp. It
can be observed that both algorithiaB:LmaxandFILLmin perform very similarly the difference
in bitstream reduction is less tha®® [pp] in favorof FILLmaxalgorithm.The usage ofV modes
averaged ovenll analyzed QD values is equal to 72.61 [%] fdiLmax and 72.59 [%] for
FILLmin, and it is higher by almo&.5 [pp]when compared t&lLLno. Decreasing the quality of
disparity maps used for depibase intewiew prediction reduces the coding performance of the
codec, however, the change is slight. When compared to the coding performance with
uncompressed disparity maps (QD=0), the reduatibbitstreamis less than 0.25 [ppr both
filling algorithms. The usage diVv modes also decreases insignificantly, by less than 0.09 [pp].
Consequently, it can be concluded that the influence of depth quality on performance of the code
with FILLmax or FILLmin unassigned area filling adgthms applied is smalOn contrary, if no
filling algorithm is utilized (FILLno), performance of the codec varies much more for changing
depth quality- difference in bitstream reduction is larger than 0.7 .[A#o, due toconsiderably
smallersize of the unassigned aredetectedor QD=40 (refer toTab.6.1), the codec performance
increases in this case.

In FPDBP depttbased interview prediction algorithm, two different occlusion detection
algorithms can beised (see SectioB.3). As a consequencé&lLLmax FILLmin and FILLsIim
unassigned area filling algorithmege analyzedfor the cases of utilization af-test or o-mask

occlusion detection algorithen
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For FPDBP aorithm with o-maskocclusion detectionutilization of the proposed filling
algorithms can reduce bitstream by almost 5.7 [pp] agé&ilidino (Tab. 6.2). All of the filling
algorithms achieve very similar resuitshe difference between bitstream reduction for each of the
analyzed filling algorithms is less than 0.02 [pp] in favolFdfLmax algorithm. The usage of IV
modes, averaged over all analyzed QD values is equal 46 [?@] for FILLmax FILLmin and
FILLsim, and it is higher by almo&.4 [pp] when compared tBILLno. Similarly as for IPDBP, a
coding performance reduction for decreasing quality of disparity maps used forbdsptinter
view predictionis observed but still, the change is slightwhen conpared to the coding
performance with uncompressed disparity maps (QD=0), the reduction of bitsrkms than 0.29
[pp] for every of the analyzed filling algorithm¥he usag of IV modes also decreasé®wever,
the difference is insignificantless han 0.08 [pp]Consequently, the influence of depth quality on
performance of the codec wifILLmax FILLmin or FILLsim unassigned area filling algorithms
applied is smallAs for IPDBP, performance of the codec without any filling algorithm applied
(FILLno) varies much more for changing depth quality, which is evident especially if we refer to
the results obtained for single test sequenses Annex C.5). Also in this case, the codec
performance increases fQD=40 due taonsiderablysmaller size othedetected unassigned area.

The results obtained for FPDBP algorithm wattestocclusion detection (s€kab. 6.2) show
that utilization of the proposed filling algoritts can reduce bitstreairthe difference is almost 5.7
[pp] againstFILLno. However, in this caseodec performancearies betweeiilling algorithms
The results averaged over all of the considered test sequences and QD haué)(show that
difference betweerrILLmin and FILLsim algorithms is slight (less than 0.02 [pp]), while the
bitstream reduction foFILLmaxis almost 0.55 [pp] smaller. Nevertheless, careful aealg§the
results obtained for indivighl test sequences (Ann€x5) show that the aboverder changes as it
depends on accuracy and quality of depth utilized by the proposed algorithensisage of IV
modes, averaged over all analyzed QD valuesgisal to 68.9 [%] for FILLmax 69.39 [%)] for
FILLmin and 69.46 [%] forFILLsim, and it is higher by almost 341 [pp] when compared to
FILLno. What is significant, the achieved bitstream reduction and IV mode (($abe6.2) are
clearly smaller then fotwo previously discussed cases: IPDBP and FPDBP writtask The
reason igheimproperly determined unassigned area which is much larger than the actual occludec
area. This disadvantage pftest algorithm wasdiscussed in Sectiof.1 Additionally, we can
observe thatalso in this casedecreasing the quality of disparity maps used for dbp#e inter
view prediction reduces the coding penm@ance of the codetiowever,in contrast to IPDBP and

FPDBP witho-mask differences noted for FPDBP algorithm wititest occlusion detection are
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much more evidenexceeding 1.0 [ppjegardless of the analyzed filling algorithBimilarly, the
usage of IV modes varies much raodue to depth quality changes when compared with two
previously discussed caskslifferences equal up to 0.9 [pp] (SE&b.6.2).

In addition to theexperimentalresults presented abqveorrelation of coordinase of the
corresponding pixels calculatesing original and compressed depth informatisrinvestigated
The purpose is taheck the influence ofuality of depth used for inteview prediction on
performance of the proposed unassigned area filling #hgasi In contrast to the previous
experiment, in which results obtained for MVC codege analyzed, utilization of the correlation
coefficients provides results that are independent of the multiview codec implementation or ever
predicted syntax element. the experiment, we check the correlation betwéen and 6 :
whered is asetof coordinates of pixels frorthe reference view, corresponding to pixelstie
coded view and determinagsing original, uncompressed disparityaps and is thesetof
corresponding pixel coordinates determined with compressed disparity maps. Quantizatior
parameter values QD front fo ft fo 1t setare utilized to compress the disparity maps using
MVC. Correlation coefficients are lcallated separately for each coordinate of corresponding pixels
according to Eq2.5 Consequently, pixels which remain unassigned after application of filling
algorithms are not analyzed. The results presented in A@n@show correlation coefficients
calculated for the horizontal coordinates of corresponding pixels determined with the proposec
depthbased intdrview prediction algorithms for different filling algorithms. Also, results tioe
casewherefillin g algorithm is disabled~{LLno) are presented. The resudt®obtained for 2view
case (one reference view available) and averagedaogemplete set of multiview test sequences
(see AnnexA.l1). Vertical corelation coefficients are not presented as their values are equal to 1.
This results from the fact that for properly rectified pictusekich is the caseprojection between
views does not change the image line.

Analyses of the results shown in AnnéXx6 lead to similar conclusions as presented for the
previous experiment. In particular, values of correlation coefficients calculated for each
combination ofdepthbased inteview prediction ad occlusion detectiomlgorithmsdiffer very
slightly between various filling algorithm®n the other hand, correlation fel_Lno differs from
the values calculated fahe cases when filling algorithm is enabled and is usually higher. This is
becaus@ixelsin unassigned aaare not considered in the experiment. In fact, corresponding pixel
coordinates determined for pixaéfsunassigned arday means of filling algorithms change the most
for decreasing depth quality. Also, we can observe that values of correlation eatsffor FPDBP

algorithm with ztestdeviatevisibly from results presented for other algorithms and are evidently
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smaller. This confirms the conclusion thatest algorithm is more sensitive to depth quality
changes than two othecclusion detectioalgorithms(refer to Sectiorb.1), regardless of the filling
algorithm utilized. On contrary, FPDBP withmaskand IPDBP algorithms perform very similarly.

Results presented in this section show evidently thdicagpipn of thediscussedinassigned
area filling algorithmsmprove compression performance of the multiview video codec which uses
the proposed depthased inteview prediction.For all caseswe observe a significant bitstream
reduction ofapproximatey 5.56.0 [pp] on averag&hen compared to the codec without filling
algorithm applied regardless of the prediction and occlusion detection algaithitized in the
codec.The choiceof the unassigned area filling algorithis of lesser importance, abtained
results are usually similar for every of the analyzed filling algorithms. Consequently, motieation
applhying more advanced approach&s unassigned area fillings small. However, the simple
approach to search only the closest available nerghboatedo theleft and right from unassigned
pixel may not always be successfuh. some cases, the whole line imhage may consist of
unassigned pixels only. This was observed Kaendo test sequence and FPDBP witktest
occlusion detection algorithn®bviously, the reason of such situation is a poor performanze of
testalgorithmdue to depth information inaccuracy and inteEw inconsistencyor this sequence.
Nevertheless, such cases may hamahthe discussed limitation of the proposed fillhgprithms
should be noted.

Following the observationmentioned aboveonly one of the discussed unassigned area filling
algorithms will be used in further anaggsof the proposed deptased inteview prediction
algorithms. In this way, the number ekamined test cases will be significantly reduced without
affecting the general result&lLLmax algorithm will be selected for that purposbecause it
presents a slightly better results concerning the influence on the coding performance for most of th
analyzedsyntaxvariants and, also, it can be utilized for both FPDBP and IPDBP -thegtid inter

view prediction algorithms.
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6.3. Impact of proposed prediction methods on

compression efficiency of MVC

6.3.1. Choice of optimal signaling strateg vy

In this section, perfenance of different syntax variantgroduced in Sectiob.2 is analyzed.
These syntax variants atesedfor signaling utilization of the proposed deptbased inteview
prediction modes in MVC codeds discused in Sectiorb.2, due to introduction of new methods
for efficient motion information representation, a number of possible strategies for motion
information coding exist. As a consequentteg question of whathe best way of signaling the
proposed deptbased inteview modes in a bitstream should be answereth the experiment, we
havealso checkdif all of the proposed and existingiodesfor efficient motion representation in
MVC codec are necessary.

Expaimental resultsare obtainedwith MVC codec[Chen09 in which eight different syntax
variants for signaling theproposed depthbased inteview prediction modeshave been
implemented refer to Fig. 5.2 in Section5.2). In order to reduce the number pé&rformed
experiments, only IPDBP prediction algorithsnused.However, as presented in Secti@i.2 the
influence of both pposed depthased interiew prediction algorithms FPDBP and IPDBP on the
compression efficiency of MVC codec is very simil@onsequently, conclusions drawn for IPDBP
should also be true for FPDBP algorith@onfiguration of MVC coder is described AmnexB.1.
2-view codec setups utilized. In the experiment, five standard multivigest sequenceare used
(seeTab.6.3). The selected test sequences were the onlyesees approved by MPEG at the time
of experiment for which appropriate depth information was avail&hle.to large number of tests
to be conducted, only first 96 frames of each sequaneencoded. As th@roposed prediction
methods are desired inaease compression efficiency especiddly the lowerbitrates (refer to
Section4.1), QP values equal to¢ ju o @ @ are utilized. To provide depth information to the
codec, oiginal, uncompressed disparityapsareused.

Tab. 6.4 presents results for individual test sequences. The improvement in compression
performance is measured feyntaxvariants2-8 (codecs with proposed IV modes implemented)
againstvariant 1 (original MVC codec) using Bjontegaard metrics (Sect®R.2. The measures
show average changes of bitrate and luminance PSNR (PSNRY) of encoded side view. Bitrat
required for transmission of depth informati@nnot included, as it is assumed to be transmitted

with the base layer for other purposes.
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Tab.6.3. Parameters of video sequences used for evaluation of different signaling strategies in

MVC.

.| Framerate Number Coded views
#| Sequence |Sequerce name Resolution of frames . Source

[FPS] (2-view case)

used
1| Champagne|  Champagne | ;' /o 59 41 96 3941 [Taniog
tower tower

2.| Pantomime Pantomime | MHY N R 2941 96 3941 [TaniOg
3.| Book Arrival | Book Arrival | MmnH N R 16.67 96 108 [Feld0g
4.| Lovebirdl Lovebirdl MO HNR 30 96 6-8 [UmO08]
5.| Newspaper| Newspaper | M HNOR 30 96 4-6 [Ho08]

Tab.6.4. Performance oMVC codec with syntaxariants2-8 compared twariant 1using
Bjontegaardnetrics(based oriKon11a]).

j kKPSNR [dB] | Kk Bitrate [%]
QP={27,30,33,3 :
Syntaxvariant

Sequence 2 3 4 5 6 7 8 2 3 4 5 6 7 8
Book Arrival  |0.12[0.13[0.12[0.16[0.15[0.14[0.12| -3.6| 3.8] 3.6] -4.7| -4.4| 40| 3.4
Ch;‘)TVZ?g”e 0.25/0.26/0.21/0.31|0.31| 0.26{0.28| 5.6| -5.9| -4.8| 7.2| -7.1| 6.1| 6.5
Lovebirdl  |0.08[0.07[0.06[0.07[0.08[0.06[0.07| -2.5| 2.3 2.1| 2.4 24| -1.9] 2.4
Newspaper |0.14/0.15/0.15[0.17{0.15[0.15[0.11 -3.6] -3.8] 3.7| -4.3| 3.9] 3.7| 2.9
Pantomime  |0.33[0.33[0.30[0.40{0.38{0.35|0.32| -7.7| -7.8| -7.0] -9.3] 9.0] 83| -7.5

Average  |0.19(0.19(0.17{0.22[0.21{0.19{0.18] -4.6] -4.7| -4.2| 5.6 53] a8 45

The results show that modifications of the syntax and mode selection strategy change tht
compression performance of the codec. All of the propsgathxvariants in which depthased
inter-view prediction is utilize(variants 28) perform better thathe original MVC codec yariant
1). Achieved bitrate reductions averaged over considered test sequences are between 4.2 and '
[%]. The largest coding gains are observed/@rant 5of MVC codec

The reason of the improved compression efficiency is an increase in frequency of selecting the
low-costmacroblockmodes of MVC, i.e. Direct, Skip and the proposed IV mdqdelied IVD and
IVS). Fig. 6.1 shows tle lowcost mode usagéor different syntax variants averaged oveall
considered test sequences and QP vaAgs result of introducing the proposed dep#sed inter
view prediction of motion information, macroblock modes that do not require tramgmitttion
information in the bitstream are selected more frequently by the coder (difference in usage of low
cost modes is 1-3.3 [pp] on average)Consequentlycompression performanad the codeds

better.
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Based on the above results, it can be comduthat the proposed degthsed inteview
prediction performs better than the traditional prediction used in Direct and Skip modes as far a:
bitrate reduction is concerned. Comparison betwsgmax variants 1-4 and their counterpart
variants5-8 shows tearly that the lowcost modes are used more frequently for the latter case,

which | eads to higher cemprte sreoideers Big.&1pil au mnsse &

Mode usage [%]

90
8o — 7 — — —— — — B
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10

1 2 3 4 5 6 7 8
Syntax variant

M Direct & Skip ® VD & IVS All low-cost modes

Fig. 6.1. Macroblock mod@isagdor traditional(Direct & Skip modesanddepthbasednter-
view (IVD & IVS) motion information predictors for MVC cod&dth syntaxvariants 18,
averaged ove@P={27,30,33,36} and all considered test sequeflzased orfKonlla).

Let usnow refer to theissue of disabtig Director IVD modes inMVC codec (efer tosyntax
variants3,4,6 and7). In case ovariant 3 a slight bitrate reductioaf 0.1 [pp] againsvariant 2can
be observed iTab. 6.4. This resultsfrom more frequent usage of macroblocks witpthbased
inter-view predictiondue to lack ofvd_flagfor signalng the IV modes.A gain of 1.5 [pp] is noted
in Fig. 6.1. However in variant 4 we observe doss of coding performance when compared to
variant 2 In this case, due tihe lack of efficient way of encoding complex motiarnth low-cost
IVD mode, some of macroblocked to beencoded with extra motion information resuogfiin
higher bitrateAlso, in case of variant§ and7, the gain fom not transmitting additionald_flagis
lower than the loss on larger prediction erk@nhen compared toariant 5 Analysis of the
abovementionedyntaxvariants showhowever,thatit is alwaysbetter to disable the Direct mode
instead of IVDmode Consequently, the conclusiontlgat the best mode selection strategyois
preservall the macroblock modes to match various caSeserthelesdVS mode should be set as

the least expeng mode Yariant 5).
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As a consequence of the experimental result presented ataoaat 5of the MVC codec has
been selected to be used in further researciMVC as it achieves the best coding performance
from all of the analyzedyntaxvariants.

6.3.2. Coding efficiency analysis

In this section, influence of the propos#epthbased inteview prediction algorithms=PDBP
and IPDBP(see Sectior3.2) on performance of MVC codec is investigated experimentBged
on the conclusions presented in previous section, the syntax aoétite MVC codec is analyzed
(refer to Sectior6.3.1). In both of theconsideredalgorithms: FPDBP and IPDBP, unassigned area
filling algorithm calledFILLmax is used as a consequence of experimental results presented in
Section6.2 Additionally, in case of FPDBP algorithrthe o-maskocclusion detection algorithm is
utilized. As discussed in Seotn 6.1, this choice results from the fact thiéie secondcclusion
detection method introduced for FPDBRamelyz-test is much less suitable for practical usage in
occlusion detection applications due tol&ge sensitivity for inaccurate or inteiew inconsistent
depth information. Unfortunately, such corrupted depth information may occas@of multiview
video coding, e.g. when depth information is provided in form of compressed disparity maps.
Consegently, the variant of FPDBP algorithm usimgestfor occlusion detection may perform
much worsdf utilized as a new prediction method in multiview video codec. An example of such
situation can be observeth Tab. 6.2 (seeSection6.2) where performance of MVC codec for
different unassigned area filling algorithms is discusgegrage bitstream reduction achieved for
codecs withe-testalgorithm applied is almost 280 [pp] worse than for the corresponding codec
variants usingo-maskalgorithm, in case of utilization of original, uncompressed disparity maps
(QD=0). For compressed disparity maps, the difference in bitstream reduction increases even to 4
[pp]. Similarly, the average usage thfe proposedhter-view macroblock moded8V modes)for all
codecs withz-test algorithm isapproximately3-4 [pp] smallerthan for the corresponding codec
variants witho-maskalgorithm.

In the experiment, MVC codsavith FPDBP @ IPDBP algorithms implementedi€notedas
JMVC+FPDBP and JMVC+IPDBP respectively) are compared whthoriginal MVC codec
[Chen09 (JMVC) anda reference codec model for MVC called the joint multiview mpsiE0g
with Motion Skip coding tool enable@MVM+MS). JMVM contains a number of additional
multiview coding tools, including Motion Skip (Secti@b), that were not included in the final
MVC standard but can aclive some additional coding gains compaed/C (refer to Section

2.4.7). As a result, performance of the proposed déyatbed inteview prediction algorithms is
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evaluated in comparison to the latest and most promising solutions of thefdteert multiview
video coding standard.

The experimenis conducted for Ziew and 3view MVC codec setup with configuration
presented in AnneB.1l. IMVM+MS codec also uses the default configuration of M{ADnex
B.1), however, the Motion Skip coding tool must be additionaiyned on, as it is dibled by
default Performance of the analyzed codecs is testedthe complete set of multiview test
sequences (see AnneX.1) and QP valuesequal to ¢ &t v &o X [Su06 Tan08] Depth
information for JMVC+FPDBP and JMVC+IPDBP codecs is provided form of original,
uncompressed disparity maps make the obtained results independenttted influence of
additional depth compression artifatee effect of depth compression is analyzed separately in
Section6.3.3.

The results are presented feide views only. In the Ziew case,only one side view is
available. According to the view coding order in MVC configuration (AnBe¥), this view is
denoted asiew 1 On the other hand, fordew camera setupnore than one view coding order is
applicable In the experiment, a typical view coding order presenteéign 2.10b is utilized.
Consequently, according to Annék1, the analyzedside views are denoted asiew 1 for the
central view(® in Fig. 2.10b) andview 2for the outermost vie® in Fig. 2.10b).

Tab.6.5 andTab.6.6 showresultsobtainedfor individual test sequencescoded using-2iew
and 3view case respectivelyThe improvement in compression performarnsaneasured for
JMVC+FPDBP, JMVC+IPDBP and JMVM+M8odes againstIMVC using Bjontegaard metrics
(Section2.2.2. The measuresdicateaverage changes of bitrate and luminance PSNR (PSNRY) of
encodedside views. The depth information is assumed to be transmitted with the base layer for
other purposesCongquently litrate required for transmission of depth information is not included
in the results.

The results presented rab. 6.5 and Tab. 6.6 show that IMVC+FPDBP and JMWIPDBP
codecs always perform better than JMVC. In case of IMVC+FPDBP, the average bitrate reductior
for sideview is equal to 14.5 [% 2-view case and 14.3 [%] faiiew land 7.7 [%] forview 2in
3-view case. Even better results are observed for JIMNDBP: the average bitrate reduction is
equal to 14.7 [%]n 2-view case and 15.2 [%] fasiew 1and 9.8 [%] forview 2in 3-view case. In
contrast, the concurrent solution for inteew motion prediction called Motion Skip, implemented
in JIMVM+MS codec, prforms less effectively than the proposed methods. The average bitrate
reductions achieved by IMVM+MS fsideview are visibly smaller and equal to 6.8 []2-view

case and 7.3 [%] foriew land 5.6 [%] foview 2in 3-view case.
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Tab.6.5. Bjontegaaranetricsfor IMVC+FPDBP, JMVC+IPDBP and JMVM+M&s. IMVC

codec, calculated faideview with QP={22,27,32,37)2-view caseview J).

kt{bw, kK. AGNI 4GS

Sequence | JMVC | JMVC|JMVM| JMVC | JMVC|IMVM
+FPDBI +IPDBF +MS |+H°DBH +IPDBH +MS

Poznan Stree 0.12) 0.12| 0.00 -6.2 -6.1 0.1
Poznan Hall2 0.34), 0.34| 0.22] -22.1| -22.4| -124
Dancer 0.39 0.41, 0.09| -12.7] -13.3] -24
GT Fly 0.67| 0.68| 0.02| -22.8/ -23.2| -0.6
Kendo 0.55| 0.55| 0.53| -154| -15.2| -13.0
Balloons 0.89| 0.92| 0.75| -22.8/ -23.7| -17.6
Lovebirdl 0.10, 0.10{ 0.05 -2.8 2.7 -1.3
Newspaper 0.40; 0.39] 0.28] ~-11.3| -11.0f -7.3
Avg. 0.43] 0.44| 0.24| -14.5| -14.7| -6.8

Tab.6.6. Bjontegaardnetricsfor IMVC+FPDBP, JMVC+IPDBP and XWM+MS vs. JMVC
codec, calculated faideviews with QP={22,27,32,37X3-view casg.

View 1 (central)
kt{bw, k. AGNX 4GS

Sequence | JMVC | JMVC|JMVM| JMVC | JMVC|JMVM
+FPDBI +IPDBF +MS | +FPDBH +IPDBR +MS

Poznan Stree; 0.18| 0.17, -0.03 -8.2 -8.1 15
Poznan Hall2 0.40{ 0.40] 0.30] -22.2| -22.3| -14.3
Dancer 0.43] 0.44| 0.12) -13.1| -13.8/ -3.5
GT Fly 0.55| 0.56| -0.03] -18.4| -18.5 0.5
Kendo 0.55| 0.60] 0.54| -155 -17.0] -13.1
Balloons 0.93] 1.05] 0.89] -23.2] -26.7| -20.0
Lovebirdl 0.11] 0.14| 0.03 -3.0 -3.6| -0.7
Newspaper 0.42] 0.44) 035 -11.1, -11.6] -8.7
Avg. 0.45| 0.48] 0.27] -14.3| -15.2| -7.3

View 2 (outer)
kPSNRY [dB] k Bitrate [%]

Sequence | JMVC | JMVC|JMVM| JMVC | JMVC|JMVM
+FPDBH +IPDBH +MS |+FPDBI +IPDBR +MS

Poznan Stree 0.09 0.08| 0.02 -4.0 -3.8| -0.8
Poznan Hall2 0.32 0.32| 0.24 -17.2| -17.4| -11.4

Dancer 0.19] 0.25] 0.09 -5.9 1.7 24
GT Fly 0.51 0.52| 0.22| -16.8/ -171| -6.3
Kendo 0.21] 0.37] 0.38 -5.4 -9.8| -8.9
Balloons 0.40, 0.68| 0.63 -9.7| -16.4| -14.2
Lovebirdl 0.02| 0.05| -0.03 -0.5 -1.6 0.7
Newspaper 0.09 0.18] 0.07 -2.2 44| -1.6
Avg. 0.23) 0.31] 0.20 -7.7 -9.8| -5.6
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Coding gains achieved by JMVC+FPDBP and JMVC+IPD&#ecsin 2-view case differ
very slightly T difference in bitrate reduction fide view is equal toapproximately0.2 [pp] on
average, and do not exceed 0.7 [pp] for individual test sequéndast, our experiments show that
motion information is predct ed f or both of t he cons-pixtler ed
blocksf or more than 75 [ %] o f -pipel btoeld far alraost®0 [$oJrob m ¢
pixels. Consequently, as the motion vectors for neighboring blaoksimilar because of &
predictive coding of the motion vector residuum, the motion field predicted by FPDBP and IPDBP
algorithms differs slightlyln turn,this results in similar influence on compression performance of
the codecHowever,in 3-view case, the difference is neonoticeable, especially for test sequences
with inter-view inconsistent depth information, eKendq Balloons Lovebird1lor Newspaperand
for encoding of the most outer view, ixdew 2 In case of projection between distant views, the
inter-view deph information inconsistency causes larger differences in the results of projection
from left-to-right and rightto-left direction. Consequently, coordinates of the corresponding pixels
in reference view calculated with FPDBP and IPDBP differ more signtficaThis obviously
results in larger differences in coding gains achieved by the two analyzed ¢otteraverage
bitrate reductions for IMVC+FPDBP and JMVC+IPDBP codecs differ by 2.1 [pplidar 2 In
case ofview 1 the differences between achieveading gains are much smallerthe average
bitrate reductions differ by 0.9 [pp]. Nevertheless, for individual test sequences, especially the one
with interview inconsistent depth information, the differences exceed 1.0gojne cases

As presentedn Fig. 6.2, coding gainsachieved by the analyzed codex® bigger for lower
bitrates. The reason is ththenumber of bits saved by not sending motion vectors due to utilization
of inter-view prediction increas slower tharthe number of bits for representing transform
coefficients that must be transmitted for growing quality of the video.

The reason for better compression efficiency of IMVC+FPDBP and JMVC+IPDBP codecs is a
significantly higher usage of macroibk modes that do not require transmission of motion
information (lowcost modes) observed for these codéwg. 6.3-6.5 show the usage of leeost
modes for all of the analyzed codecs. The results are average@lbeonsidered test sequences
and QP values. For results showing loest modes usage for individual QP values, please refer to
Annex C.7. In 2-view case, the average usage of all considereectmst modes ifigher by 10.3
and 10.4 [pp] in IMVC+FPDBP and JMVC+IPDBP respectively when compared with JMVC
codec. Similarly, in 37iew case the values are: 10.4 and 10.6 [ppyiew land 8.4 and 9.4 [pp]
for view 2 In contrast, the effect of higher usage of Jowgt modes does not occur in IMVM+MS

codec. The same tendency is observed for individual QP values (Anfex
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bitstreams of considered multiview coders shows another reason for better performance of th
proposedJMVC+FPDBP and JMVC+IPDBP codecs, when compared with the reference JMVC
codec. In the experiment, number of bits representing control data, transform coefficients anc
motion information in side views is analyzed. All of the considered codecs use CABApyent

coder, however, the number of bits representing individual syntax elements is determined based c

Fig. 6.2. Exemplary ratelistortion curves for JMVCHPDBP, JIMVC+IPDBP, JMVM+MS

The analysis of the number of bits representing individual syntax elements in the output

and JMVC codecg-view caseview J).

CAVLC, utilized in MVC for rateoptimization purposes. As discussed in Sectdd, a

consequence of such@pach is that presented percentage values may differ from the exact values

for the generated output bitstreams, but the proportion is very similar.
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Fig. 6.6-6.8 show bitstream structuréor analyzed codecs. The values areraged over all
considered test sequences andv@Res.Detailed results for individual QP values are presented in
Annex C.8 The percentage of the bitstream for motion information JIMVC+FPDBP and
JMVC+IPDBP codecs is significantly smaller than for IMV&lec. The difference observed for
each of the proposed codeéns2-view case is betweenMl [pp] and forview 1in 3-view case. In
3-view casethe difference observed forew 2is between &8 and3-9 [pp] for IMVC+FPDBP and
JMVC+IPDBP respectivelyAlso, we observe that for IMVM+MS codec, the percentage of the
bitstream for motion information is even smaller, however, at the same time, percentage of
bitstream for transform coefficients increases. Based on these results, it can be concluded th:
predictian in Motion Skip generatdargerprediction residuum in this casehich obviously limits
the achieved coding gains

The conclusion from analgs of the influence of the proposed depblased inteview
prediction algorithmson MVC codec performanceis tha the proposed FPDBP and IPDBP
algorithms can limit the number of macrobledk the bitstream, for which motion information
need to be transmitted. This results in increased performance of MVC codec. Also, results show th:
the proposed prediction methogsovide larger coding gains that the concurrent Motion Skip
coding tool. As a consequence, we have shown that the propose¢dsethinteriew prediction
algorithms can be successfully adopted for motion information prediction in MVC, increhsing
performance omultiview video codec

6.3.3. Influence of depth quality on coding efficiency of MVC

The influence of depth quality on coding efficiency of MVC is an important issue in case of
practical applications of the proposed dep#ised inteview predictionalgorithms. As discussed in
Sectionl.1, depth information utilized in 3D video systems is usually transmitted to decoder using
somelossy compressiomethods As a result the interview projection conducted ithe proposed
algorithmsis made withmodified, not original depth informatioin texture synthesis applications,
aslightchangdn luminance value of a pixel in texture image does not affect the quality of rendered
image significantly, especially if theubjective quality evaluation is concerned [Yan05]. However,
the sameslight change of a depth image value may result in very annoying changes of luminance
value intextureimage rendered with this depfMerk08]. The reason is that position of a pixel
cdculated using the modified depth valcendiffer substantially. Obviously, this property of depth
may also affect the accuracy of motion information predictéth the proposed depihased inter

view prediction algorithms and, consequently, performarica multiview codec utilizing these
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algorithms.In this section, the impact of depth quality on performanded€ with the proposed
prediction algorithmsppliedis analyzed.

The experiment setup is the same as described in Sé&c8cdh however, this time onlyhe
proposed inteview prediction algorithms FPDBP and IPDBP implemented in MVC are
considered. As a result, performance of IMVC+FPDBP and JMVC+IPDBP codecs is comparec
with the original MVC codecQher09] (JMVC). The experiment is conducted forvizw and 3
view setup(seeMVC configuration in Annex8.1). Also, the sam&omplete set of multiview test
sequences (see Annéxl) is encodedisingQP values equal ta; & v & X [Su0§ Tan08]

To check the influence of depth quality on performance of the analyzed algorithms, depth
information for IMVC+FPDBP and JMVC+IPDBP codecs is provided in form of disparity maps
conmpressed using MVC codec for QD values equalrfy fo ft fo 1t This way, a wide range of
QD values is tested, with special emphasis on lower bitrates, for which compression artifacts ar
most annoyingSimilarly as in previous experiments, the value of=QDndicates the usage of
original, uncompressed disparity mag$e approach of coding disparity maps by means of a
texturecoder has been proposed by MPR@11b, ISOl11a] and is commonly used in research on
the impact of disparity maps compression ongii@lity of synthesized texture.

The results are presented fdeviews only.Similarly as inSection6.3.2 in the 2view case
this view is denoted agsew 1 Also in 3-view camera setuphe same notation fahe analyzedide
viewsis usedview landview 2indicatecentraland outermostiews respectively. The position of
the cameras im multiview acquisition system is illustratéd Fig. 2.10b (refer toview ¢ and ®
respectively.

Fig. 6.9-6.11presenexperimental resultgbtainedfor each of the analyzed QD valugsing 2
view and 3view codec setupThe values are averaged over all considered test sequemtsbow
improvement in compression performanae a function of QD valuéor JIMVC+FPDBP and
JMVC+IPDBP codes against original JIMVC codec For that purpose, Bjontegaard metrics
(Section 2.2.2 indicating the werage changeof bitrate for encodedide views are utilized.
Bjontegaard metricdor individual test sequenceshowing the average changeof luminance
PSNR (PSNRY), together with numerical values for bitrate, are presented in Ahf@eXdAs
previously, bitrate required for transmission of depth information is not included in the results.

The results show that lossy compression of depth information generally decreases the
performance of the proposed JMVC+FPD&iRd JMVC+IPDBP codec#iowever, the change in
coding gains is only slight. For analyzed range of QD values, the value of average bitrate reductiol

decreases by less than 1.0 [pp] when compared with the results for QD=0. Additionally, for a wide
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range of QDvalues, the diffegnce usually doerot exceed 0.90.3 [pp]. A greater decrease is
observed for the largest QD values: for QD=50 the difference exceeds 0.%A[pp).for the
outermost view\{iew 2 in 3-view camera setup, a noticeable decrease of cagiingis observed
between values for QD=20 and QD=0. In this case, the large distance between coded and referen
views results in less accurate inteew prediction due to only slight changes in depth quality.

On the other hand, compression of dispamigps utilized in deptbased inteview prediction
may increase the coding efficiency. Such situation is observed especially for test sequences wit
inaccurate depth information, e dewspapeior Balloons Here, false edges occurring in disparity
maps areusually smoothened as a resulttiog lossy compressionConsequently, their impact on
the inaccurate inteview prediction is being reduced to some extent.

In the experiment, the influence of depth compression on the usage -obsbwnacroblock
modes isalso analyzedFig. 6.12-6.14 show the average usage of all Hoest modes available in
the analyzed multiview codecs for different QD values. The results are averaged over all tes
sequences and QP values usedthe experiment. Detailed results for individual loast
macroblock modes are presented in AnekQ We can observe that decreasing the depth quality
changes the average usage of-mgt modes only slightlyThe difference against values obtained
for original, uncompressed disparity maps (QD=0) does not exceed 0.5 [pp]. The usageastlow
modes that utilize the proposed deptsed intewiew prediction algorithms (IVS and IVD modes)
is smaller for lower dpth quality, while the usage of traditional l@ast modes grows slightly.
Nevertheless, the total usage of all of available-émst modes decreases which results in limited
compression efficiency of the multiview codec.

Now, let us consider the causdstlee observed impact of decreasing the depth quality on the
performance of the deptiased inteview prediction algorithms. As discussed in Sectdh lossy
compression of disparity maps changes the sizecofuded area determined by the proposed
algorithms. It can also improve the int@ew consistency of depth information (refer to Section
6.1). Additionally, the effect of smoothing the sharp edges indicatijgcbborders in the disparity
maps occurs. On the one hand, this results in less accurat@i@weprediction, but also may
reduce the influence of errors introduced by imperfect depth estimation algorithms, that occur in
original, uncompressed deptHformation. Nevertheless, decreasing the depth quality has generally
a negative impact on performance of the proposed prediction algorithms, reducing the compressio
efficiency of a codec. Fortunately, as presented in this section, the coding gains abéhieved
compressed and original disparity maps differ only slightly which makes the proposedhaspth
inter-view prediction algorithms suitable for practical applications of multiview video coding.
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6.4. Impact of proposed prediction metho ds on

compression efficiency of MV-HEVC

In this section, influencef the proposed depthased inteview predictionon performance of
MV-HEVC codec is analyzed. Previously, the proposed algorithms have dxpenimentally
evaluated in the statsf-the-art multiview video codeccalled MVC Here, the impact on
compression efficiency in a new generation multiview HEdM&Sed video codec, named MV
HEVC (see SectioR.4.2 is investigated As discussed in Sectidn3, utilization of the proposed
prediction algorithms in MVHEVC requires a different approadh motion information coding
than the one proposedor MVC codec The reasom are the substantial changes imotion
conmpensated prediction of the HEVC core when compared to ,A8é@ecially the utilization of a
new advanced motion information predictors arrahge form of an ordered list of merge
candidates and introduction of the concept of block merging (refer to S@cti@ Consequently,
the question arises the proposed depthased interview prediction algorithms can stiéichieve
good performance and provide additional coding gains to the new generatibfEME& multiview
video codec.

In the experiment, performance dfV-HEVC codec with IPDBP algorithm implemented
(denoted as MMVHEVC+IPDBP) is compared with the original MMEVC codec [Dom11Stal3?.

As discussed in Sectigh3.2 impact ofthe proposed FPDBP and IPDBP algorithsse Section

3.2) on performance ahe stag-of-the-art multiview video codeds very similar. As a consequence,

in order to reduce the number of &tst be conductedn the experiment, only one of the algorithms

is investigated. The selection of IPDBP results from the fact that this algorithm does not require
depth information of the coded view, which makes it applicable to most of the multiview video
coding scenarios. Also, coding gains reported in Se@&iB8rRare slightly better for IPDBP than for
FPDBP.Similarly as in previous experiments on coding performance of MVC, unassigned area
filling algorithm called FILLmaxis used in IPDBP.

As discussed in Sectidn 3, the proposed deptased inteview predictor is adopted in MV
HEVC as an additional merge candidate, called dbpfed predictorOBP). Position on the
candidate list determines cost of selecting candidate andftects coding efficiency.In order to
analyze tis dependency, the propose8P candidate is implementeadthree different positions on
the list1 for list index1, 2 and 3(Fig. 5.5b, ¢ and d respectivelyVe will refer to thesesyntax
variants of MV-HEVC+IPDBP codec asMV-HEVC+IPDBP1, MVAHEVC+IPDBP2 and MV
HEVC+IPDBP3 respectively.
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The experiment is conducted fowizw and 3view MV -HEVC codec setp with configuration
presented in AnneB.2. Analyzed codecare investigatedusinga complete set of multiview test
sequences (see Annéxl) and QP values equal tq &t jo & X [Bos1].

Depth information for MYHEVC+IPDBP codecis provided in form of disparity maps
compressed using MYEVC codec with QD valueequal to quantization parameter for texture
(QD=QP). As discussed in Sectiob.3.3 the approach of coding disparity maps by means of a
texture coder is commonly used in MPEG [MP11b, ISOllbagucha case QD values are usually
selectedby group of experts duringubjective test in order to obtain the {QP, QD} pathat
provides the best quality of the synthesized view. However, for the purpose of practical utilization
in multiview video coding, the procedure described above is not applicable. Therefore, in the
experiment, a simple solution of using QD value thatresponds to value ofjuantization
parameter for textuns adopted.

The results are presented fdeviews only. Similarly as in previous experiments, the same
notation for the analyzesideviews is used. In the-Ziew case depemrdt view is denotedsaview
1. In 3view camera setupsiew 1landview 2indicate central md outermost views respectively
(refer to position of the cameras in an exemplary multiview acquisition system illustrefegl in

2.10b: view & and® respectively).

Tab.6.7. Bjontegaardnetricsfor differentsyntax variants alV-HEVC+IPDBP codec vs.
MV -HEVC codec calculated fosideview with QP={22,27,32,37} (2/iew caseview J).

kt{bw, ®R. kK. AGNF 0SS

QP={2227,32,37} DBPcandiste position
Sequence 1 2 3 1 2 3

Poznan Street 0.03 0.03 0.03 2.4 -2.3 2.2
Poznan Hall2 0.03 0.03 0.03 4.1 4.2 -3.7
Dancer 0.06 0.06 0.06 -2.3 -2.3 -2.3
GT Fly 0.30 0.29 0.29 -12.4 -12.3 -12.1
Kendb 0.15 0.15 0.15 5.7 5.7 -5.5
Balloons 0.32 0.32 0.31 -11.8 -11.6 -11.4
Lovebirdl 0.01 0.01 0.01 -0.5 -0.4 -0.6
Newspaper 0.13 0.13 0.13 -4.5 4.4 -4.4
Avg. 0.13 0.13 0.13 -5.5 5.4 -5.3

In Tab.6.7 and Tab. 6.8 results obtained for individual test sequences encoded usrey2
and 3view case respectively are presented. The improvement in compression performance i

measured for three syntax variamf MV-HEVC+IPDBP codec (three differemtBP positions on
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the merge candidate list) and compared with-MEVC using Bjontegaard metrics (Sectidr2.2).
Average changes of bitrate and luminance PSNR (PSNRY¥nobded side views are shown.
Following the approach applied in previous experiments, bitrate required for transmission of deptt

information is not included in the results.

Tab.6.8. Bjontegaardnetricsfor differentsyntax variants diV-HEVC+IPDBP codec vs.

MV -HEVC codec, calculated faideviews with QP={22,27,32,37} (¥iew case).

View 1 (central)
OP=(22.27.32.37 kt{bw, &R. | _ k. AGNTGS
DBPcandidate position
Sequence 1 2 3 1 2 3
Poznan Street 0.04 0.03 0.03 -2.6 -2.5 -2.3
Poznan Hall2 0.03 0.03 0.02 -3.6 -3.7 -3.2
Dancer 0.07 0.07 0.07 -2.5 -2.5 -2.5
GT Fly 0.19 0.18 0.18 -8.1 -7.9 -7.8
Kendo 0.12 0.12 0.11 -5.1 -5.0 -4.7
Balloons 0.35 0.35 0.34 -13.7 -13.5 -13.1
Lovebirdl 0.00 0.00 0.01 -0.3 -0.2 -0.3
Newspaper 0.12 0.12 0.12 -4.6 -4.6 -4.5
Avg. 0.12 0.11 0.11 -5.1 -5.0 -4.8
View 2 (outer)
OP={22.27 32,51 kKt {bw, R . { kA QNJ GS
DBPcandidate position
Sequence 1 2 3 1 2 3
Poznan Street 0.02 0.01 0.02 -1.2 -1.0 -1.2
Poznan Hall2 0.02 0.02 0.02 -2.7 -2.6 -2.5
Dancer 0.02 0.01 0.02 -0.7 -0.5 -0.8
GT Fly 0.18 0.17 0.18 -7.1 -6.9 -7.0
Kendo 0.07 0.07 0.07 -2.5 -2.4 -2.4
Balloons 0.19 0.18 0.18 -6.4 -6.2 -6.1
Lovebirdl 0.00 -0.01 0.00 0.0 0.1 -0.1
Newspaper 0.03 0.03 0.03 -1.1 -1.0 -1.1
Avg. 0.07 0.06 0.06 -2.7 -2.6 -2.7

The results show that the proposed MZVC+IPDBP achieves coding gains when qamed
with original MV-HEVC. The bitrate reduction averaged over all considered test sequences in 2
view case is equal to 585 [%] depending on the position &BP candidate on the merge
candidate list. In &iew case, the average bitrate reductionsegueal to 4.8.1 [%] forview land
2.6-2.7 [%] forview 2

We can also notice, that the position @BP candidate on the list affects the compression

performance of the codec. The largest coding gains are obseni@BRgrlaced athe front of the
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list regardless of which of the considered coding scenariege(@ or 3view) is analyzed.
However, the differenca average bitstream reduction against othetaxvariantsis usually less
than 0.5 [pp] Moreover, itcan beobserved thaselecting the posdn of DBP candidate closer to
the front of the list is not always the best strategy. Hew 2 in 3-view case Tab. 6.8),
performance of MVHEVC+IPDBRF2 codec is worse thafior MV-HEVC+IPDBP3 The reason is a
large distance between the codeew 2and the only available reference view, the base view. As a
consequence, theroposed interview prediction of motion information is less accurate and some
other predictors available on the candidate list perform better in this case.

Fig. 6.15 shows exemplary ratdistortion curves obtainddr the analyzed codecs. Similarly as
for MVC codec, bitrate savings achieved by MNEVC+IPDBP grow for lower bitrates, as the cost

of encoding motion information is higher for small bitstreams.
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Fig. 6.15. Exemplary ratedistortion curves for MVHEVC+IPDBP and MVHEVC codecs

(2-view caseview J).
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Fig. 6.16. Usage of merge candidate predictors in-MZVC+IPDBP and MYHEVC
codecs, averaged over QP={22,27,32,37d all test sequences-y&w caseview J).
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Fig. 6.17. Usage of merge candidate predictors in-MZVC+IPDBP and MVYHEVC
codecs, averaged over QP={22,27,32,37} and all test sequenciesv(8aseyiew 1J).
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Fig. 6.18. Usage of merge candidate predictors in-MZVC+IPDBP and MVYHEVC

codecs, averaged over QP={22,27,32,37} and all test sequencesv(B8aseyiew 2.
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Fig. 6.16-6.18 showusage of all available merge candidate predictors in the analyzed codecs
for 2-view and 3view coding scenariosThe values are averaged over all test sequences and QP
values utilized in the experimerRResultsfor individual QP valuesre praented in AnnexC.11 In
HEVC-basedcodec, each ahe motion information predictors can be assigned to represent blocks
with different sizeThe si ze of a bl ock may . Merefoye, ifitheo m
experimentwe analyze th@ercentage gbicturearea to whiclevery of the considered predictors is
assigned.

According to presented resultsitroduction of a newDBP prediction candidate into merge
candidate list increases the overall usage of meagdidate predictors h®.8-5.3 [pp] depending
on theMV-HEVC+IPDBP syntax variant and coding scenario (see Anr@x1). However, the
influence of the position oDBP candidate on the list is small. The diffeces between
corresponding values of the overall usage of merge candidate predictors for the three considere
MV -HEVC+IPDBP syntax variants are less than 0.2 [pp]. On the other hand, the usage of
individual merge candidates varies noticeably for tlsgsdax variants and relates especially to the
proportion betwee®BP andleft candidatesthe two most frequently used predictors

In Fig. 6.19-6.21 usage of different types of coding units available in HEd&Sed codeis
presented. Each coding unit (CU) can be enced#dintra (denoted aBNTRA) or inter prediction.
Among inter modes, we can specify ones that require transmission of:

- transform coefficients and motion vectors prediction elfdTER),

- transform codfcients only (NTERMERGBH,

- no transform coefficients nor motion vectors prediction eMiERGBE.

As the results for all considered MNEVC+IPDBP syntaxvariants are similar, we present
figures for MV-HEVC+IPDBP1 and MVHEVC codecs onlyPresented valuesre averaged over
all test sequences and QP values utilized in the experiDetailed results foindividual QP
values andill of the analyzed codecs can be found in AnGel2 For the same reasons above,
we analyze the percentagepifturearea to which every of the considered CU mode is assigned.

In Fig. 6.19-6.21, we can observe that presence of the B&# predictor on the merge
candidate list results in highesage oMERGEmodes to represent encoded CUs. Depending on
the MV-HEVC+IPDBP syntax variant and QP value, the increase is by approximatedy63ep]

(refer to AnnexC.12). At the same time, usage of modkeat require sending of additional motion
vectors prediction error or transform coefficientiSTER and INTERMERGE decreases, which
results in improved compression efficiency of the MZVC+IPDBP codec.
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Fig. 6.19. Usage of coding units (CUs) with different modes in4MEVC+IPDBPL and MV-
HEVC codecs, averaged over QP={22,27,32,37} and all test sequenaesv(Raseview J).
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Fig. 6.20. Usage of coding units (&) with different modes in M\HEVC+IPDBPL and MV-
HEVC codecs, averaged over QP={22,27,32,37} and all test sequenaesv(Baseyiew J).
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Fig. 6.21. Usage of coding units (CUs) with different modes in4MZVC+IPDBPL and MV-

HEVC codecs, averaged over QP={22,27,32,37} and all test sequenaesv(Baseyiew 2.
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Fig. 6.22. Usage of coding units (CUs) with different size in MNEVC+IPDBPL and MV-
HEVC codecs, aveged over QP={22,27,32,37} and all test sequencesg& caseview J).

80
'ﬁ' 70 MV-HEVC ||
B gp o m MV-HEVC+IPDBP1 | |
g 50
A3
o 40
k=)

30 1+
)

@ 20
¥ 10
o
N . I | -
B o & h & b
N d
@'*{9 @53’ 4 u;»*fb os»‘" & fo+ g @ W
CU size

Fig. 6.23. Usage of coding units (CUs) with different size in MNEVC+IPDBPL and MV-
HEVC codecs, averaged over QP={22,27,32,37} antkatlsequences-{8ew caseyiew J).
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Fig. 6.24. Usage of coding units (CUs) with different size in MNEVC+IPDBPL and MV-

HEVC codecs, averaged over QP={22,27,32,37} and all test sequenaesv(Baseyiew?2).
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Another reason for coding gains achieved by the proposedHEVC+IPDBP codec is
illustrated inFig. 6.22-6.24 which show the usage of CUs with different size for analyzed codecs.
The values show a percentagepafture area covered by CUs of each available size. Again, as the
results for all considered MYAEVC+IPDBP syntax variants are similar, figures for MV
HEVC+IPDBP1 and MVYHEVC codecs are presented. Presented values are averaged over all tes
sequences angP values used in the experiment. For results showing all of the analyzed codecs anc
QP values, please refer to AnnéxL3

The results show clearly that the uixdspie of
higher for M\\HEVC+IPDBP codec. The increase is by approximately6216[pp] depending on
MV -HEVC+IPDBP syntax variant and QP value (see An@Gek3. This means that the proposed
depthbased intewiew predictor can preserve some CUs from further division into smaller parts. It
also reveals an important feature of the proposed prediction algorithms in which motion information
is predicted independently for each pixel of encoded CU (refer to S&:fiprAs a consequence,
bits for signaling the further CU partitioning are not transmitted in the bitstream which leads to
coding gains achieved by MMEVC+IPDBP codec.

To conclude, the experimental results presenh this section show that, despite the advanced
motion prediction methods used in HEMf@sed codec, the proposed depdised intewview
prediction algorithms can still improve the compression efficiency of a new generation multiview
video codec that imipments the HEVC core, i.e. MMEVC. Introduction of the proposedBP
predictor on the merge candidate list increases the overall usage of merge candidate predictors.
also results in higher usage of km@st modes that do not require transmission oitiat@l motion
vectors prediction error or transform coefficients. Additionally, the proposed-apéd inteview
predictor preserves some CUs from further division into smaller parts. As a consequence, number
bits transmitted in the bitstream is vegd, which leads to coding gains when compared to original
MV -HEVC codec.

6.5. Complexity analysis of proposed algorithms on

multiview video codec

In this section computational complexity of the proposaftjorithmsfor depthbased inter

view motion informatio prediction and coding is evaluated. A method proposed by\VITT
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described in Sectior2.2.3 is adopted for that purpose. According to this method, a rough
computationalcomplexity analysis of a video codean be conducted by measuring a single
runtime of encoder or decoder using the same machine for each tested codec. In this way, tt
impact of the proposed FPDBP and IPDBP algorithmgpemormance oMVC and MV-HEVC
multiview video codecs is investigated.
Experiment is conducted usirg PC computer with Intel Core i7 CPU, 12 GB RAM and
Windows 7 Professional platforrRor each of the analyzed codeagpropriate codec configuration
is applied(see AnnexB.1 and Anrex B.2 for MVC and MV-HEVC respectively)To simplify the
experiment, only Ziew setup is usedselectedtest sequencesre encoded and decoded with QP
values equal to¢ &t Yo & X. In order toimit the numbe of conducted tests, a ssbt of four test
sequences is usedoznanStreef GT Fly, BalloonsandNewspape(refer to AnnexA.1). To further
reduce the number of tests, only first 24 frames of each test seqaenencoded/decoded. In case
of MVC codecs that utilize the proposed dep#ised inteview prediction algothms, depth
information in formof original, uncompressed disparity maps is used. ForHEX¥'C codecs,
disparity maps compressed with QD valueado QP for texture are used. Encoding and decoding
times are measured based on the number of CPU cycles reported by the operating system.
Unfortunately, the results obtained with the utilized evaluation method suffer from inaccuracies
caused by the CPldad due to other tasks and varying hard drive access time. As a consequence
the experimental results are not repeatable and may be affected with significant measurement errol
In order to assess the accuracy of the obtained experimental results athegaad decoding time
of an exemplary test sequence have been measured using the considered computational complex
evaluation method. The first 24 framesBHdlloonssequence have been encoded and decoded 30
times using MVC and MMHEVC codecsin orderto obtain population samplder statistical
analysis Each of the samples has been tested using Lillefors test to confirm the null hypothesis tha
the samples come from a distribution in the normal family at significance level 0.05. Next, standard
deviaton and 99 [%] confidence interval for each sample have been compuiakysis of the
measured encoding and decoding times sitbat theratios of confidence interval to average value
for each sample do not exceed 0.4 [%] in case of coding time andsaiutbdm 2.7 [%] for decoding
time (see AnnexC.14). Consequentlydeviationof the single testresultfrom the average value
negligibly small and can be omitted during a rough evaluation of computationalestiypf the
analyzed algorithms. As a result, in the experiment, only single encoding or decoding will be
performed for each input data and codec configuration in order to significantly reduce the numbel

of conducted tests.
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In order to analyze the compatibnal complexity of the proposed algorithms in a more
comprehensive way, two main tasks performed in the proposed-lolesed inteview coding
methods are investigated in the experiment:

- DBP task depthbased projection of pixel coordinatesccluded aa detection and
unassigned area fillingrefer to stepd) to 4) in Section3.2.1or stepsl) to 5) in Section
3.2.2for FPDBPandIPDBP algorithns respectively

- MCP task pointto-point motiorcompensated predictionusing predicted motion
information - an additional block coding modevailable in the coderefer to stepb) in
Section3.2.1or step6) in Setion 3.2.2for FPDBPandIPDBP algorithns respectively.

Increase of encoding/deding time due to each taskanalyzed in presented results. We will
refer to these values 8¢ & for the first taskand"O¢ ¢ for the latter one’O¢ ¢ and'0¢ &

are calculated using the following equations:
« Y

— 7YY Y
0t w ~ Pnnb (6.2

where:"Yis the time of encoding/decoding measured for the analyzed codec that utilize one of the

proposed prediction algorithm&y is the time of encoding/decodingeasured for the reference

codec andY is the time of deptibased projection of pixel coordinates, occluded area detection
and unassigned area fillipgerformedn the analyzed codec.

However the evaluated algorithmare implementedvithout anyspecial intention to assure
their efficient executiomndusingnon-optimal reference softwarélso, in practical applicatios) a
software optimized for target platformatilizing all possible hardware acceleratiould be used.
Consequently, due to sidptimal implementation of the proposed algorithms, the measured values

areexaggerated.

In case of MVC codec, computational complexity of FPDBP and IPDBP algorithms is
analyzed JMVC+FPDBP and JMVC+IPDBP codecs, investigated previously in Se6i®g are
analyzedand compared with original JMVC codem case of FPDBP algorithm, themask
occlusion detection algorithm is utilized. The other occlusion detection method introduced for
FPDBP, calledz-test is ot evaluated in the experiment as the coding gains achieved by this
method are significantly worse (s&ab. 6.2). However, the number of operations performed-in
testare much smaller, so it can be concludeditsatomputational complexity iswerthan the one

measured foo-maskalgorithm.
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In the experiment, an increase of coding time is analyzed in relation to encoding side of
view only and, also, in relation to overall encoding time of all views. Taiises will be referred to
assingle viewandall viewsrespectively. In case of decoding time anedyselation to all views is
analyzed, as the considered implementation of MVC decoder enables processing of all decode
views at the same time only.

As presented inFig. 6.25, the values ofO¢ & averaged over all considered test sequences
vary from 3 to 4 [%] for both FPDBP and IPDBP algorithms in relation to single view encoding
time. In relation to encadg time of all views, the averaged value®t & falls to approximately
2 [%] for both analyzed algorithms (sdeg. 6.26). In case of decoder, due to suboptimal
implementation of DBP task in MVC codesecoding time of IMVC+FPDBP and JMVC+IPDBP
increaseapproximately20 times when compared with IMVC, regardless of the analyzed algorithm
or QP value (refer to Anne®). Experimental results show also thiatd required for DBP tasks
almost the same for every QP value, however its proportion to overall processing time changes ¢
the time of coding/decoding depends from QP value. As a consequenc@éaléo changes for
different QP values (refer téig. 6.25 and Fig. 6.26 for coder and Annex0 for decoder).
Additionaly, we can observe th&D¢ o is very similar for both analyzed deplased inteview
prediction algorithms. Nevertheless, values measured for IMVC+FPDBP are usually larger whick
results from the characteristics of tbemaskalgorithm utilizedin FPDBP. In particular, both
FPDBP and IPDBP algorithms use very similar procedure for occlusion detection, however, FPDBF
with o-maskrequires an extra operation to be performed for overlapping pixels in case an incorrect
assignment to pixel in referenew occurs (refer to Sectidh3).

In Fig. 6.27, the values ofO¢ & averaged over all considered test sequences are presented.
The values vary from 15 to 19 [%] for FPDBP and 15 to 18 [%] for IPDBP algorithm in relation to
encoding time of a single view. In relation to encoding time of all views, the adevadge of
"'0¢ o is equal toapproximately9-11 [%] for both analyzed algorithms (SEig. 6.28). Again, due
to suboptimal implementation of MCP task in MVC codec, decoding time of JMVC+FPDBP and
JMVC+IPDBP increasegspproximately50-70 times when compared with IMVC (refer to Annex
0). The values of 0¢ & measured fodMVC+FPDBP and JMVC+IPDBP codecs differ only
slightly which results from unequal usagf macroblock modes that utilize the proposed prediction
algorithms (IVS and IVD modes) in these codecs. The results show also that vade of
increases for large QP values which is obviously caused by the growing usage of IVD and IVS

modedsfor smaller bitrates.
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averaged over all test sequentabviews).

Based on the experimental results it can be concluded that, despite the utilization of no
optimized implementation ohée proposed algorithms, the increase of encoding time is not very
large having regard to the fact that two additional macroblock coding modes, i.e. IVS and VD,
have been introduced into codec. Moreover, the observed extra computational overheadus also fe

times smaller than computational complexity of motion estimation.
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averaged over all test sequentabviews).

Now, let us refer tahe main reason folarge computational complexityf IMVC+FPDBP and
JMVC+IPDBPdecodes. Both DBP and MCP taskperformed in thenalyzedcodecsneed to read
and write datanany times. Unfortunatelyin case of theonsideredVC implementationthis data
is stored in form of external files on the hard drids a consequencdglays related to hard drive

access time result gignificantincrease irprocessindime.
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A comparison beteen the analyzed measures show also a huge disproportiovalunes
obtained for coder and decodeinlike in the intefpredictedmacroblock modethat use a complex
motion estimation at the encoder side and only a simple motiopensated prediction with
given motion vector at the decoder, the number of operations required in encoder and decoder ft
IVD and IVS modes is much more symmetric. This obviously results in larger increase of operating

time for the decoder, as the encoding time is usually miggjeb

In case of MVHEVC, computational complexity of IPDBP algorithms is analyzed for three
different syntax variants: MVHEVC+IPDBP1, MGAHEVC+IPDBP2 and MVHEVC+IPDBP3
(see Sectior®.4). For each variant, ghproposed merge candidate predictor, cdllB®, is located
at different position on the candidate list.the experiment, an increase of coding and decoding
time measured for eachf these codecs is compared with original MNVC. As the considered
implementation of MYHEVC processes all views at the same time, the codecs are analyzed in
relation to overall processing time of all views.

In Fig. 6.29, the values ofO¢ & averaged over all considered testjuences arghown As
the DBP task is exactly the same for each of the analygetdxvariants, the results for only one
codec, labeled as MYAEVC+IPDBP, are presented. All valués coder, presenteth Fig. 6.29,
are similar and do not exceed 1 [%]. In case of decdHeryalue ofO¢ & averaged over all
considered test sequences varies frapproximately60 to 90 [%] (refer to AnnexC.16). The
increases large due to suboptimal implementation of DBP task in-NBA/C codec. Howeer, it
is alsosignificantly lower than the one measured for M@@le¢ because MMHEVC software is
better optimized. Also in case of MMEVC codec, conducted experiments show tima¢ required
for DBP taskdiffers only slightly for all analyzed QP valuest the same time, its proportion to
overall processing time changes as the time of coding/decoding depends on the bitrate
Consequently, the value &¢ & also changes with the bitrate (referRiy. 6.29 for coder and
AnnexC.16for decoder).

As presented irFig. 6.25, the values ofO¢ @ averaged over all considered test sequences
vary from 9 to 13 [%] for all MVHEVC+IPDBP syntax variants. Similarly as for MVC, the
measured increase of encoding time is not significant, despite the utilization of noizegtim
software implementation of the proposed algorithms. In case of decoder, the védDe of
averaged over all considered test sequences varies from approximately 80 to 260 [%] and depen:
on analyzed syntax variant and QP value (refer to Arth&6. Obviously, the implementation of

MCP task is suboptimal. Nevertheless, as procedures used foitg@pint motioncompensated
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prediction are designed more carefully in NREVC software, the values o0& @ are
significantly smaller than for MVC. In particular, MMEVC keeps all the necessary data cached,
unlike MVC, which stores it on the hard drive. This obviously reduces required access time

resulting in much faster decoding of the bitstream

22 27 32 37 Avg.

QP

=
(=]

e
o

e
o

o
.

Increase in coding time [%]
=)
(=)

e
(=

Fig. 6.29."'0¢ & for MV-HEVC+HPDBPcode and different QP valuesiveraged over all

test sequencdsll views).

o MV-HEV C+IPDEP1T  MV-HEVC+IPDEPZ B MV-HEVC+IPDEBP3

— 14

e

Q 12

E

= 10 -

o

5 8-

9

£ °

2 4

m

iy B

L]

[

— D .

22 27 32 37 Avg,
QP

Fig. 6.30."0¢ & for differentsyntax variants of1V-HEVC+IPDBPcode and QP values

averaged over all test sequengabviews).

129



Among all analyzedsyntaxvariants, the value 6D¢ @ is largest forMV-HEVC+IPDBP2
(seeFig. 6.30). According toFig. 6.16, the usage dDBP merge candidate is highest for thimtax
variant which explains this relatioWe canalso notice a regular increase ‘af¢ & with the
growing value of QP Wich results from the fact that the usageD&P merge candidate is higher
for smaller bitratesSimilarly as for MVC, ahuge disproportion in valueseasuredor coder and

decoder is observears well

The obtained experimentaesults show that computatial complexity of the proposed
algorithms, observed especially for the decoder, are not negligible. However, as already statec
presented results are exaggerated due to utilization of not optimized implementations of the
proposed methods. Moreover, no gidtial hardware acceleration is used.

As a consequenca,number of possible improvements exitsich should considerably reduce
the computational overhead. First of all, current implementation of the proposeetogoat
motion compensation is perfoed using very inefficient procedure which requires multiple
function callbacks. On the other hand, dedicated 3D point projection methots applied.One
of the possible solutions is a relief texture mapping algorithm [OliW6|90] developed for
rendeing uneven surfaces of synthetic computer graphics objects. In this approach, the 3D imagt
warping equation is factorized into a combination of simpler 2D texture mapping operasoas.
result a hardware implementation available in a standard Grapbme&sor Unit (GPU) can be
utilized to further acceleratéhe computationsAdditionally, in the future 3D video codecs, an
optimized procedure for 3D point projection will b&eadyavailable. In such a case, inteew
projection of pixel coordinates Wibe performedanyway for texture synthesis purposes.
Consequently, the proposed deptised inteview prediction algorithms will simply reuse the

results of these computations.
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Chapter 7

Application of proposed depth -based
Inter -view motion information predict ion

In future 3D video coding

71. Description of P oat mexhBolodgyn i v

proposal for 3D video coding

In 2010, MPEG began works on new techniques for multiview video plus depth coding. As a
result, the Call for Proposals (CfP) on compression of the 3D video was announced in 2011
[MP11b].In response tohis CfP, over 20 proposals have been submitted in two categories: AVC
and HEVGcompatible. The results of subjective quality assessment of the proposed compressior
techniques were disclosed at MPEG meeting in Geneva in November 20Itlh e pr opos all
University of Technology, in which methods described in this dissertation have been incorporated
achieved outstanding results. Together with propasalsraunhofer Instituté H. Hertz Institute
Berlin, it was qualified as the sein HEVGcompatible class.

The 3D video codec proposed by Pozna& Univ
the MV-HEVC codec, described in Sectidh4.2 As the new HEV&@ompatible compression
techndogy is intended for compression of multiview video with corresponding depth or disparity

maps, the MVHEVC has beerextended with additional compression tools that utilize available
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depth information to encode the side views of multiview video more efifigii Dom11a Dom12a
Dom12l. We will refer to this 3D video codec as HEMBD.

In HEVC-3D, one of the views, called the base view, is encoded using the HEVC syntax. As
the remaining side views are reconstructed from the baseiwvithe decoder using wesynthesis,
only the disoccluded regions need to be encoded and transmitted for theséseehig. 7.1). The
shape of the disoccluded regions is determined based on a view synthesis using reconstructed de|
maps. Thus, no additional side information describing this shape needs to be transmitted to decode

Encoded blocks

B Disoccluded region

-

/7//

-
|

Base view Side view

Fig. 7.1. Exemplary mage areancoded in HEVED codec for base and side views.

The main idea exploited inEVC-3D codec is to predict as much information from the base
view as possible. Consequently, apart from methods of-weer prediction introduced in MVC
and MV-HEVC, a number of new coding tools utilizing view synthesis approach and prediction
with 3D maping is used to provide higher compression efficiefitygse coding tools are:

- Inter-view depth consistency refinement,

- Nonlinear depth representation,

- Depthdependent adjustment of QP for texture,

- DepthGradientbased Loopback Filter (DGLF) and Availahyjl Deblocking Loopback
Filter (ADLF) - additional irloop filters used in side views to reduce the artifacts resulting
from coding of disoccluded regions only.

- DepthBased Motion Prediction (DBMP) depthbased inteview prediction of motion
informationproposed by the author of this thesis.

Apart fromthe coding tools designed for increasing the compression efficiency of depth maps,
the proposed DBMP is the oniyethod used fodepthbased intewiew prediction ofsyntax
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elements in HEVED. DBMP is an mplementation of the proposed IPDBP motion information
prediction algorithm (refer to SectioB.2.2 adopted for HEVED codec. As the syntax of
considered 3D video codec is HEM®©mpatible, the proposed algbm is implemented with the
same syntax modifications gwesentedfor MV-HEVC codec (see Sectiob.3). Based on the
experimental results presented in Sectd, syntax variant with the proposed depibased
predictor DBP) located athe first position a the mergecandidate list has been selected. Also, the
unassigned area filling algorithm calletL_Lmaxis utilizedin DBMP.

As a consequence of outstanding resuttieved by HEVE3D codeg the proposed approach
for depthbased inteview motion information predictiomvas included in the Test Model under
Consideration [ SO11b], whi ch pr es enprosesstnh e ¢
HEVC-compatible 3D video coding.Moreover, ideas discussed in this dissertation were also
submitted in form ofa patent application [Konl10] and are likely to be enclosed in the future

standard for 3D video coding.

7.2. Experimental results

In this section, performance of the posed deptibased inteview motion information
prediction algorithmadoptedin HEVC-3D codecin form of DBMP coding toolrefer to Section
7.1) is analyzedln the experiment, HEV@GD codec with DBMP enabled @VC-3D_DBMPon)
[Dom11g is compared with HEVED codec in which DBMP is turned off (HEVC
3D_DBMPoff). Similarly as intheresearch on MMHEVC codec presented in Sectiér, 2-view
and 3view coding scenarios alinvestigatedAlso, a complete set of multiview test sequences (see
AnnexA.1) and QP values equal tq & v & x are used.

As in previous experimentshe results are presented &ide views only.In 2-view camera
setup, encoded side view is denotediag 1. In 3-view camera setup, encoded vies are denoted as
view 1andview 2 for central and outermostide views respectivelyThe arrangement of the
cameras in aultiview acquisition systeris illustratedin Fig. 2.10b (refer toviews @ and®).

Tab.7.1 andTab. 7.2 showresults obtained for individual test sequences encoded usiregv2
and 3view case respectively. The improvement in compoesgerformance is measured for
HEVC-3D_DBMPoncodecand compared wittHEVC-3D_DBMPoff using Bjontegaard metrics
(seeSection2.2.2. Average changes of bitrate and luminance PSNR (PSNRY) of ensaiied
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views ae presentedFollowing the approach applied in previous experiments, bitrate required for
transmission of depth information is not included in the results.

The results show that, despttee advanced predictions and view synthesis applied in HEVC
3D, the poposed DBMP coding tool can still improve compression performantieed3D video
codec The bitrate reduction averaged over all considered test sequence®m @ase is equal to
2.4[%]. In 3-view case, the average bitrate reductions are equab{®o] for view land1.1 [%)]
for view 2 However, the coding gains achievied the bitrate are usually 250 [pp] smaller than
the ones observed for MMEVC (refer toTab. 6.7 and Tab. 6.8). This results from the approach
usedin HEVC-3D, in which only disoccluded regions and thae#arest neighborhood are encoded
in the side views. As the vast majority of the picture area is synthesized from the reference views
only small number of coding uniteeed tabe transmitted to the decoder. Obviously, the amount of
information that can beeduced due to utilization of the proposed motion information prediction is
decreased in such case.

Despite the smaller coding gains observed for DBMP coding tool when compared-to MV
HEVC codec, the analysis of the ratistortion curves obtained for twmayzed HEVG3D codecs
shows that achieved bitrate savings grow for lower bitrates @Ege7.2). This effectwas also
noticed for all ofthe previously investigated multiview video codecs and results from theffac
thecost of encoding motion information is higher for small bitstreams

To conclude, experimental results presented in this section show that the proposed methods f
depthbased inteview prediction of motion information can be successfully adbpiehe future

3D video codecs and contribute to improvement of the 3D video compression.

Tab.7.1. Performance afiEVC-3D_DBMPonvs. HEVC-3D_DBMPoff codeg calculated
using Bjontegaardetricsfor QP={22,27,2,37} (2-view caseview J).

Sequence |@P SNRY |&Bi tr g
Poznan Stree 0.00 -0.8
Poznan Hall2 0.01 -1.2
Dancer 0.05 2.7
GT Fly 0.06 -3.2
Kendo 0.04 5.1
Balloons 0.02 4.1
Lovebirdl 0.00 0.1
Newspaper 0.00 -1.9
Avg. 0.02 2.4
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Tab.7.2. Performance afiEVC-3D_DBMPonvs. HEVC-3D_DBMPoff codeg calculated
using Bjontegaardetricsfor QP={22,27,32,37} (3view case).

Sequence View 1 (centr:?ll) View 2 (outer.)
&PSNRY |&eBi tr gePSNRY |&Bi tr ¢
Poznan Stree 0.00 0.0 0.00 -0.5
Poznan Hall2 0.01 -2.3 0.00 -0.3
Dancer 0.14 -5.8 0.02 -1.0
GT Fly 0.02 -1.1 0.03 -2.0
Kendo 0.01 -4.2 0.00 -2.4
Balloons 0.01 -3.7 0.00 -1.7
Lovebirdl 0.00 2.7 0.00 0.0
Newspaper 0.00 -0.9 0.00 -0.9
Avg. 0.02 -2.6 0.01 -1.1
Poznan Hall2 GT Fly
35.8 38
35.6 / 37 /
g 354 / 3 36 /
i 352 D
35.0 / 4 HEVC-3D_DBMPon 34 4+ HEVC-3D_DBMPon |
j -=-HEVC-3D_DBMPoff ’/ -=-HEVC-3D_DBMPoff
34.8 : ' r : 33 4 : : ;
15 65 115 165 215 40 240 440 640
Bitrate [kbit/s] Bitrate [kbit/s]
Balloons Kendo

i—
/

PSNRY [dB]
b b4
w (Yo ]
PSNRY [dB]
®
a

w
= ;
=

+ HEVC-3D_DBMPon | 34.2 +HEVC-3D_DBMPon |
—=HEVC-3D_DBMPoff —=HEVC-3D_DBMPoff
33.7 . : : 3.8 r . .
40 140 240 340 40 140 240 340
Bitrate [kbit/s] Bitrate [kbit/s]

Fig. 7.2. Exemplary ratalistortion curves foHEVC-3D_DBMPonandHEVC-3D_DBMPoff

codecs (view caseview J).
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Chapter 8

Recapitulation and conclusions

8.1. Recapitulation

The author focused his efforts on developing new, efficieathods of representation of
motion informationfor the 3D video coding. The goal was to find algorithms that result in better
compression efficiencywhen compared to the one offered by existing techniques rabtion
information representation.

The problemof motion information representation in 3Batural video sequences with
additional depth information has been formulated. The proklamserngrediction and coding of
motion information in a 3D video codec.

In order to develop efficient solutisdor motion information representation the 3D video
coding, the following studies and experiments have been performed:

- Existing multiview video coding techniquésive beeranalyzed with an emphasis on the
most advanced motiomformation prediction algorithmsknown from the literature
(Chapter 2.

- Weak sides of existing intetiew prediction techniques have been identifietddgpter 3.

- Number of preliminary experiments febeen conducted, resultingdevelopment othe
depthbased inter-view prediction algorithmsproposed by the authorthe Forward
Projection DeptfBased Prediction HPDBP and the Inverse Projection DeptBased
Prediction (PDBP) (Chapter 3.

- Performance offPDBP and IPDBRalgorithms in case of motion information prediction

have been analyzed and compared witstateof-the-art median predictoiGhapter 4.
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The prgosed deptibased interview prediction algorithms proved to be very accurate for
motion information prediction. In particular, the considered prediction methods in many cases
performbetter than thetateof-the-art median predictor. This encouraged thehar to exploit the
potential of the proposed algorithms in order to improve the compression efficiency of tkad-state
the-art multiview video codec£onsequently, the followingctivitieshave beeraken:

- The methodsfor efficient utilization of the mposed motion information prediction
algorithmsin MVC and MV-HEVC stateof-the-art multiview video codectiave been
developedChapter .

- On the basis of these methods?DBP and IPDBRalgorithms have been ingmented
within the reference anchor softwarfeMVC and MV-HEVC and experimentally tested in
order to check their usefulnesstime multiview video codingChapter §.

In the design process, specialattentionhas beengiven to minimize the complexity of the
structure ofresultantcodec ando reduce the number of required syntax modifications introduced
due toimplementation of the proposed prediction algorithms.

The FPDBP and IPDBP algorithms developed by #uwthor improve the compression
efficiency of the stateof-the-art multiview video codecs. Increase in usageheflow-cost block
coding modes causes a compression efficiency improvement for side views of a multiview video
sequence. In case of MVC codebjective distortion measures show average bitrate reduction of
7.7-15.2 [%] for a single side view. On the other hand, the average bitrate reduction measured fo
MV-HEVC codec is equal to 255 [%]. The coding gains are determined with Bjontegaard
metrics [Bjo01] which are commonly used the Moving Picture Experts Group (MPEG) tie
International Organization for Standardization (ISO).

The proposed methods have been experimentally compared with another technique of inter
view motion information predtmon, called Motion Skip, which was propose@dVMPEG committee
during development process thfe MVC standard.The compression efficiency achieved by the
MVC encoders that useétile FPDBP or IPDBP algorithms proposed by the author outperformed the
compressin efficiency of the Motion Skip algorithmverage litrate reductions achieved with the
methods proposed by the author w2re7.9[pp] larger than fothe Motion Skip.

In order to evaluate the performance of the proposed prediction algorithms, mo&® 0@
hours of experiments have been conductér calculations have been performed using ofthe
most powerful computing servers that were commercially available at the time of experiments.

The depthbased intewview prediction algorithms proposedy bthe author werealso
incorporatedntoPoz na E Uni v er s propypsalforfthe 3Deviddo rmaaihgoterhnology
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developed as a response the Call for Proposals [MP11b] announced by the MPEG committee
(Chapter J. The proposed 3D video codech&ved outstanding results and, together with
proposals of Fraunhofer InstituteH. Hertz Institute Berlin, was qualified as the besheHEVC-
compatible classAs aresult the approach for motion information predictiproposed by the
authorwas included in the Test Model under Consideration [ISQlihich presents the starting
point for MPEGOs st andampitble alt videoncodipgCansegusndy, o0 n
theideasproposedn this dissertation are likely to be enclosed inehgergingstandard forthe 3D

video coding

It is worth noticing that the proposed FPDBP and IPRD&thniquesvere the first inteview
algorithms that utilize depth information for accurate péoApoint prediction of motion
information They were also one of thedt successful algorithms of interew motion information
prediction presented foéhe HEVC-compatible 3D video codec.

The goal of the dissertation was to develop new techniques for compression of 3D video in the
multiview video plus depth format. The aot has proposed two methods of int@w prediction
in 3D video: FPDBP and IPDBP. It has been shown that the proposed predictors allow to reduce th
bitrate compared to the currently known systems by provittiagnore efficient representation of
motion information and utilization of available depth informatidine proposed techniques have
been researchexhd experimentally evaluated to accurately assess their actual impact on the coding
efficiency of existing and future multiview video codecs.

The thess stated in the dissertation have been proitelmas been proven that the proposed
depthbased intewview prediction algorithms improve the efficiency of motion information
representation ircoding of 3Dvideo in the multiview video plus depth format has also been
proven that the proposed techniques of representation of motion information are competitive to the

methods describedthel i t er at ure and devel oped simultane

8.2. Original achievements of the dissertation

The main achievements

- Development obriginal depthbased inteview motion information prediction algorithms
for the 3D video codingForward Projection DeptBased Prediction (FPDBP) and Inverse
Projection DeptiBased Prediction (IPDBRgchniquegSection 3.2).
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- Proposal of original algorithms of motion information representatidhaistateof-the-art
multiview video codecs: MVC and MYAEVC (Chapter %.

- Experimentalevaluation of different signaling strategies ftwe proposed FPDBP and
IPDBP prediction techniquéSection6.3.1 and Sectiorb.4).

- Experimentalevaluationof the poposed prediction techniques against MVC and-MV
HEVC multiview video codecéSection6.3.2and Sectiorb.4).

- Experimental comparison of the proposed FPDBP and IPi2BRniques against Motion
Skip modeof JMVM (Section6.3.2.

- Developmenbf original algorithmof motion information representation fan emerging

3D video coding standard aitd experimental evaluatiofChapter 7.

Other original results of the dissertatian

- Experimental investigationan the participation of individual visual stream components in
thestateof-the art multiview video codéviVC (Section4.1).

- Comparison of the accuracy tife proposed deptbased intewiew motion information
predictors with the statef-the-art median predictqiSection4.3).

- Proposabf theo-maskocclusion detection algorith®ection3.3).

- Adaptation ofthe z-testalgorithm for fast and simple occlusion detectjSection3.3).

- Developmenbf simple unasigned area fillingnethods:FILLmax FILLmin andFILLsIim
(Section3.4).

- Experimental evaluation dhe influence of depth quality on performance of the proposed
algorithms of motion information representationthe stateof-the-art multiview video
codec MVC Eection6.3.3.

- Experimental investigatian on the complexity of proposed algorithm®r motion

information representation in MVC and MNEVC multiview video codcs (Sectios.5).

8.3. General conclusions

The thesis of this dissertation states that exploiting the correlation between motion fields of
neighboring views in a multiview video sequence and utilizing the avaitidgéh information
describing the visual scene should improve the efficien@mobtion information representation in

amultiview video coding.
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In the modern video coders, motion information, together with control data, constitutes a
significant part of te bitstream. Experimental results obtained by the author show that in case of
multiview video encoding, the abovementioned syntax elements become a dominant part of th
bitstream forthe side views of a multiview sequence, especially when the lower bitrate
considered. These observations show clearly that development of more efficient ways of
representing motion information is expedient. Improvesignthis field should result in increasing
the coding efficiency afhe multiview video codecs.

As a consquence, dedicated methods for efficient motion information representatian in
multiview videobitstream have been developed in recent yéansarticular, intetview correlation
between motion field of the neighboring views amultiview sequence havbeen exploited.
However, the techniques proposed previously suffered from utilizatiarglobal disparity vector
or simple block disparity estimation as the determinants of correspondence between different views
Such approach may lead to significantoesr especially if unified value dhe global disparity is
used to describe disparity between areas of the visual scene that have very different distance fro
the cameraMoreover,the usage of local disparity assigned itnage blocks mayalso cause
inacarades as it does not preserve depth discontinuities on object boerthe other hand,
availability of additional depth information enables utilizatioritef 3D-space modeling techniques
based on the Depth Image Based Rendering (DIBRYwn from canputer graphicsThis way, a
mapping can be done independently for each point of encoded image. Consetjuetdishniques
of pointto-point depthbased intewiew prediction of motion informatiohave beerproposed by
the autholand presented in thissdiertation

The obtained experimental results proved thia¢ proposed improvement of motion
information representatioleads to anoticeableincreasen compressiorefficiency of the state-of-
the-art multiview video codcs The modified MVC coder with ppmsedinter-view predictos
outperforms the original MVC codeeducing the bitstreatony 7.7-15.2 Poj onaverage | n aut |
opinion it is a very good result. For comparisam,concurrent technique of interew motion
information prediction, calledhe Motion Skip, which was proposed ihe MPEG committee
during development process of the MVC standacadling gains arequal to approximately 5.8.3
[%]. Significant coding gains are also observethmnew generation multiview video codec, which
is basd on the emerging HEVC coding technology. The achieved average bitrate reduction is equa
to 2.65.5 [%)].

On the basis of experimentalestigationsof the proposed depihased inteview predictors,

the following conclusioswere drawn:
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- The considered pdiction methods in many cases perform better than theddtdie-art
median predictor

- Utilization of the proposed prediction algorithms results in higher usage of block coding
modes that do not require transmitting motion information to the decodeprasérves
some of encoded blocks from further partitioning into smaller parts. This leads to improved
compression efficiency of the codec.

- Bitrate savings achieved due to usage of the proposed prediction techniques grow for lowe
bitrates, as the cost ehcoding motion information is higher for small bitstreams.

- Decreasing the depth quality has generally a negative impact on performatioe of
proposed prediction algorithms, reducing the compression efficiency of a codec. However,
the impact on achieveading gains is only slightly.

- The influence of proposed prediction techniques on performance of the-cftdite-art
multiview video codecs is very similar.

Theexperimentakvaluationof efficiencyof the proposed deptbased inteview algorithms in
representing motion information leads to a conclusion that techniques proposed by the author coul
be also successfully adopted to prediction of other syntax elements in multiview video coding. This
is one of the possible areas for future research.

A new 3D video coding standard row intensively developed hetechniques of deptbased
inter-view predictionof motion information presented in this dissertation were included in the Test
Mo d el under Consideration [ | SO11b]tandatdizatom i s
process orthe HEVC-compatible 3D video codingds a consequence, the approach proposed by

the author is likely to be enclosed in the future standarthé8D video coding.
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Anex A Video sequences used In

experiments

A.1l. Parameters of video sequences

| Eramerate Number Coded views
#| Sequence |Sequence nam{ Resolution [FP$ of frames| 2-view | 3-view | Source
used case case
1.| Poznan Hall PoznanHall2|m pH n R 25 200 6-7 5-7-6 |[Dom09
2.| Poznan Streg Poznan Street/m ¢oH n P 25 250 34 3-5-4 |[Dom09
3. Dancer Undo Dancer |m cbH 11 P 25 250 5-2 1-9-5 |[Rusall
4. GT Fly Ghost Town Fym dpH 1 P 25 250 2-5 1-95 | [zhal]l
5. Kendo Kendo MNnHMR 30 300 5-3 1-5-3 | [TaniD]
6. Balloons Balloons MNnHMR 30 300 5-3 1-5-3 | [TanilQ
7. Lovebirdl Lovebirdl MNnHMR 30 240 8-6 4-86 | [UmO§
8.| Newspaper| Newspaper | M1 H N A 30 300 6-4 2-6-4 [HoO0g

151




A.2. Exemplary frames from video test sequences

Poznan Hall2

Poznan Street
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Dancer

GT Fly
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Kendo

Balloons
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Loveirdl

Newspaper




Anex B Codec configuration s

B.1. Configuration of MVC codec

Parameter Value
Group of Pictures (GOP) size 12, hierarchical B frames
Intra period 12
Entropy coder CABAC
Number of reference frames 2
Maximum number of forward 1
inter-view reference frames
Maximum number of backward 1
inter-view reference frames
Anchor reference frames enabled
Non-anchor reference frames enabled
QP values {22,27,32,37} unless other specifie(

2 viewcase: 61

View coding order
3 view case: -1

156



B.2. Configuration of MV -HEVC codec

Parameter Value
Group of Pictures (GOP) size 12, hierarchical B frames
Intra period 12
Entropy coder CABAC
Number of reference frames 2

Maximum number of forward

. . 1

inter-view reference frmes

Maximum number of backward 1

inter-view reference frames

Anchor reference frames enabled

Non-anchor reference frames enabled

SAO enabled

ALF enabled

QP values {22,27,32,37} unless other specified

2 view case: 4

View coding order
3 view cas: 0-2-1
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Anex C Detailed experimental results

C.1. Bitstream structure for MVC

Tables show bitstream structure obtained for individual test sequences using MVC with
configuration described irAnnex B.1 for 2-view codecsetup. Number of bits representing

individual syntax elements is determined base@ANLC (see Sectiod.1).

Tab.C.1. Bitstream structure for MVC, values for indiual test sequences.

Control data [%)]

Base view | Sideview
Sequence QP
22 | 27 | 32 | 37 | 22 | 27 | 32 | 37
Poznan Street 8.0 12.6| 20.3| 29.7( 9.3| 20.8[ 38.9 56.8
Poznan Hall2 16.5] 28.5| 39.5( 48.2] 19.7| 36.8[ 50.4| 60.2
Dancer 6.2 10.0| 16.2| 24.4( 11.1] 19.5 31.3| 42.9
GT Fly 10.5( 15.2] 21.2] 28.9| 15.1] 24.6| 35.9| 45.9
Kendo 12.4| 17.8| 24.4] 31.6| 13.7| 20.7| 29.4| 39.0
Balloons 11.9| 16.1] 21.2| 27.6| 14.2| 20.7| 29.0| 38.5
Lovebirdl 59| 10.1| 16.0f 24.2[ 6.6 12.7| 24.0[ 41.4
Newspaper 8.1 11.9| 17.7| 24.9( 11.0| 18.9 30.7| 44.1
Avg. 9.9| 15.3| 22.1| 29.9 12.6| 21.8[ 33.7| 46.1
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Transform coefficients [%]

Base view | Side view
Sequence QP

22 | 27 | 32 | 37 | 22 | 27 | 32 | 37
Poznan Street | 83.6] 78.8| 70.6] 61.9] 77.2| 55.3| 31.8| 16.2
Poznan Hall2 65.5| 54.7( 45.7| 39.8] 49.7| 28.0] 15.8| 10.4
Dancer 85.8| 78.9[ 69.9| 604| 72.3] 53.9] 33.2| 19.0
GT Fly 68.9| 60.7[ 52.4| 44.8| 58.2|] 38.9] 21.8]| 13.0
Kendo 69.7| 60.9| 53.0| 46.7| 60.0| 45.2| 31.1]| 20.7
Balloons 68.5| 62.5| 57.4| 53.3| 56.2| 42.1| 29.6| 21.0
Lovebirdl 89.1| 83.4| 77.2| 69.4 84.5 72.3] 54.6| 34.2
Newspaper 82.9| 77.8| 71.4] 64.9( 72.3| 56.7| 38.7| 24.0
Avg. 76.8| 69.7[ 62.2| 55.1| 66.3] 49.0] 32.1] 19.8

Motion information [%0]

Base view | Sideview
Sequence QP

22 | 27 32 37 22 27 32 | 37
Poznan Street 8.3] 8.7 9.1 8.4 13.5 23.9] 29.3[ 27.0
Poznan Hall2 18.0] 16.8| 14.8( 12.1| 30.6] 35.2| 33.8 29.4
Dance 8.0 11.0] 13.9] 15.2| 16.6| 26.6| 35.5[ 38.1
GT Fly 20.6| 24.1 26.3] 26.3| 26.7| 36.5| 42.3] 41.1
Kendo 17.9] 21.3] 22.7( 21.8| 26.2] 34.1] 39.5| 40.2
Balloons 19.6] 21.5| 21.4 19.1 29.6] 37.2| 41.3| 40.4
Lovebirdl 5.0/ 6.5 6.8 6.3 8.9| 15.0] 21.4| 24.4
Newspaper 9.0] 10.3| 10.9( 10.3| 16.7] 24.4] 30.6( 31.9
Avg. 13.3] 15.0] 15.7( 14.9( 21.1] 29.1] 34.2 34.1

C.2. Accuracy measures for | nter-view motion

information prediction

PCC and VSIM ecuracy measurg3 for motion information prediction using median, IPDBP and
FPDBP predictors, calculatddr QP=¢ &t v & x. Tests performed for MVC reference codec
with different motion information predictors implemented ustogfiguration described iAnnex

B.1 and2-view codec setufrefer to Sectio.3).
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Tab.C.2. Accuracy measures for different motion information prediciQiz+=22

Predictor median IPDBP FPDBP
sequence | 2| pceo pecyipecad vsim| 2 O pecy pecylpecad veim 2 Of [pect peeypecad vsiv
points points| points
Poznan Streetf 73 | 0.95| 0.87 | 0.91 | 0.91 | 80 | 0.98| 0.92 | 0.95 [ 0.92| 80 |0.98| 0.92| 0.95 | 0.93
© |PoznanHall2 | 76 | 0.94| 0.70 | 0.82 | 0.94 | 78 | 0.90| 0.64 | 0.77 | 0.90| 78 |0.91| 0.64 | 0.77 | 0.90
% GT Fly 23 | 097]095| 0.96 | 090 | 62 | 0.98| 0.98| 0.98 | 0.96| 62 |0.98| 0.98| 0.98 | 0.96
§ Dancer 61 | 0.88| 0.66| 0.77 | 0.89 | 71 | 0.98| 0.75| 0.86 | 0.95| 71 |0.98| 0.75| 0.87 | 0.95
& |[Kendo 71 | 0.88] 0.69| 0.78 | 0.89 | 80 | 0.93| 0.85| 0.89 | 0.92| 80 |0.94| 0.86 | 0.90 | 0.93
 [Baloons 69 | 0.86| 0.89| 0.87 | 0.87 | 83 | 0.94| 0.95| 0.94 | 0.92| 83 |0.94]| 0.95| 0.95 | 0.92
Lovebird1l 76 | 0.79] 0.75| 0.77 | 097 | 93 | 0.85| 0.81| 0.83 | 0.98| 93 |0.86| 0.80 | 0.83 | 0.98
Newspaper | 79 | 0.85| 0.76 | 0.81 | 0.92 | 88 | 0.97| 0.82 | 0.90 | 0.95| 88 |0.97| 0.85| 0.91 | 0.95
Average 61 | 0.92] 0.77| 0.85| 091 | 74 | 0.95| 0.83| 0.89 | 0.93| 74 |0.96| 0.83 | 0.89 | 0.93
Poznan Street| 77 | 0.95| 0.87 | 0.91 | 0.92 | 84 | 0.97| 0.90 | 0.93 [ 0.92| 84 |0.96| 0.91| 0.93 | 0.92
Poznan Hall2| 80 | 0.95| 0.69 | 0.82 | 0.93 | 81 | 0.89| 0.57 | 0.73 | 0.88]| 81 |0.90| 0.57 | 0.73 | 0.89
; GT Fly 28 | 0.95] 093] 0.94| 092 | 76 | 0.98| 098 | 0.98 | 0.95| 76 |0.98| 0.98| 0.98 | 0.95
':._3 Dancer 57 | 0.95| 0.61| 0.78 | 0.93 | 78 | 0.97| 0.73| 0.85 | 0.94| 77 |0.97| 0.72| 0.84 | 0.93
G |[Kendo 77 | 0.87| 064 | 0.75| 0.87 | 86 | 0.91| 0.77 | 0.84 | 0.89| 86 |0.92| 0.78 | 0.85 | 0.89
« |Baloons 76 | 0.90| 0.88| 0.89 | 0.87 | 86 | 0.93| 0.93| 0.93 [ 0.91| 87 |0.94]| 0.93| 0.93 | 0.91
© | ovebird1 83 | 0.83] 0.72| 0.77 | 096 | 95 | 0.81| 0.76 | 0.78 | 0.97| 95 |0.80| 0.75| 0.78 | 0.97
Newspaper | 83 | 0.94| 0.70| 0.82 | 0.93 | 90 | 0.95| 0.76 | 0.85 | 0.94| 90 |0.97| 0.81 | 0.89 | 0.95
Average 64 | 0.93] 0.75| 0.84 | 091 | 81 | 0.95| 0.79 | 0.87 [ 0.92| 81 |0.95| 0.79 | 0.87 | 0.92
Tab.C.3. Accuracy measures for different motion information predictors, QP=27.
Predictor median IPDBP FPDBP
Sequence %.Of PCCx PCCyPCCav| VSIM %.Of PCCy PCCy|PCCav| VSIM %.d PCCj PCCyPCCay VSIM
points points points
Poznan Street| 84 | 0.96| 0.89 | 0.93 | 0.97 | 87 | 0.97| 0.93 | 0.95 | 0.97| 87 |0.97| 0.93| 0.95 | 0.97
© |PoznanHall2 | 84 | 0.97 | 0.76 | 0.86 | 0.98 | 90 | 0.93| 0.82 | 0.87 | 0.96| 90 |0.93| 0.81 | 0.87 | 0.96
% GT Fly 38 | 0.97] 096| 097 | 095 | 76 | 0.97| 096 | 0.96 | 0.96| 76 |0.97| 0.96 | 0.97 | 0.96
§ Dancer 68 | 0.92] 0.78| 0.85 | 0.93 | 81 | 0.98| 0.80 | 0.89 | 0.95| 81 |0.98| 0.80 | 0.89 | 0.95
O |Kendo 75 | 0.92] 0.75| 0.83 | 0.93 | 85 | 0.95| 0.87 | 0.91 [ 0.95| 86 |0.95/ 0.89 | 0.92 | 0.95
 [Baloons 72 1 0.90] 0.91| 0.91 | 092 | 89 | 0.96| 0.96 | 0.96 | 0.95| 89 |0.96| 0.96 | 0.96 | 0.95
Lovebirdl 84 | 0.82] 0.79| 0.80 | 098 | 91 | 0.86| 0.83 | 0.84 [ 0.98| 91 |0.87| 0.83| 0.85 | 0.98
Newspaper | 85 | 0.89| 0.76 | 0.83 | 0.95 | 91 | 0.97| 0.87 | 0.92 | 0.96| 91 |0.98| 0.88 | 0.93 | 0.97
Average 70 | 0.95] 0.83| 0.89 | 0.95| 84 | 0.96| 0.88| 0.92 | 0.96| 84 |0.96| 0.88 | 0.92 | 0.96
Poznan Street| 87 | 0.96| 0.91| 0.93 | 0.97 | 88 | 0.96| 0.92 | 0.94 | 0.97| 88 |0.96| 0.92| 0.94 | 0.97
Poznan Hall2| 89 | 0.98| 0.76 | 0.87 | 0.97 | 93 | 0.91| 0.71| 0.81 | 0.94]| 92 |0.91]| 0.73| 0.82 | 0.94
2 [GTFly 44 | 0.96| 096 | 0.96 | 0.95| 85 | 0.97| 0.96| 0.97 | 0.95| 85 |0.97| 0.96 | 0.97 | 0.95
g |Dance 68 | 0.96| 0.79| 0.87 | 0.95| 86 | 0.97| 0.78 | 0.88 | 0.94| 86 |0.97| 0.78 | 0.88 | 0.94
& |Kendo 82 | 0.91]0.71| 0.81 | 091 | 91 | 0.94]| 0.83| 0.88 | 0.93| 91 |0.94| 0.83 | 0.88 | 0.93
« |Baloons 81 | 0.92]091| 092 | 091 | 92 | 0.95| 0.95| 0.95 | 0.93| 92 |0.95| 0.95| 0.95 | 0.94
® | ovebird1 88 | 0.85| 0.77| 0.81 | 0.97 | 92 | 0.84| 0.80 | 0.82 | 0.97| 92 |0.84| 0.80 | 0.82 | 0.97
Newspaper | 88 | 0.95| 0.72| 0.83 | 0.95| 93 | 0.96| 0.79 | 0.88 | 0.96| 93 |0.97| 0.85| 0.91 | 0.96
Average 74 | 0.95| 0.83| 0.89 | 0.95| 89 | 0.95| 0.84 | 0.89 | 0.95| 89 |0.95| 0.85| 0.90 | 0.95
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Tab.C.4. Accuracy measures for different motion information predictors, QP=32.

Predictor median IPDBP FPDBP
sequence | 2| pceo pecyipecad vsim| 2 O pecy pecylpecad veim 2 Of [pect peeypecad vsiv
points points| points
Poznan Stret | 90 | 0.97 | 0.93| 0.95 | 0.99 | 94 | 0.95| 0.91 | 0.93 [ 0.98| 94 |0.95| 0.91| 0.93 | 0.98
© |PoznanHall2 | 87 | 0.98| 0.83 | 0.90 | 0.98 | 95 | 0.95| 0.93| 0.94 | 0.98| 95 |0.95| 0.93 | 0.94 | 0.98
% GT Fly 51 | 0.98] 0.97| 0.97 | 0.96 | 86 | 0.97| 0.96 | 0.96 | 0.97| 86 |0.97| 0.96| 0.96 | 0.98
§ Dancer 72 |1 0.94| 0.85| 0.90 | 096 | 88 | 0.98| 0.87 | 0.92 | 0.96| 88 |0.98| 0.87 | 0.92 | 0.96
& |[Kendo 80 | 0.95| 0.82| 0.88 | 0.95| 89 | 0.95| 0.90 | 0.93 [ 0.96| 90 |0.95| 0.91| 0.93 | 0.97
 |Baloons 76 | 0.92] 093] 0.92 | 095 | 92 | 0.96| 0.96 | 0.96 | 0.96| 92 |0.96| 0.96| 0.96 | 0.96
Lovebird1l 86 | 0.84| 0.83| 0.84 | 0.99 | 93 | 0.87| 0.85| 0.86 | 0.98| 93 |0.88| 0.86 | 0.87 | 0.99
Newspaper | 89 | 0.92| 0.79| 0.86 | 0.97 | 94 | 0.97| 0.89 | 0.93 [ 0.97| 94 |0.98| 0.90 | 0.94 | 0.97
Average 76 | 0.96| 0.88| 0.92 | 0.97 | 90 | 0.96| 0.91| 0.94 | 0.97| 90 |0.96| 0.91| 0.94 | 0.97
Poznan Street| 92 | 0.97 | 0.94| 0.96 | 0.99 | 95 | 0.95| 0.94 | 0.95 [ 0.98| 95 |0.95| 0.94 | 0.95 | 0.98
Poznan Hall2| 92 | 0.98| 0.79| 0.88 | 0.98 | 96 | 0.92| 0.87 | 0.90 | 0.97| 96 |0.92| 0.87 | 0.90 | 0.97
; GT Fly 56 | 0.97] 0.96| 0.96 | 096 | 92 | 0.97| 0.96 | 0.96 | 0.97| 92 |0.97| 0.96| 0.96 | 0.97
E Dancer 77 | 0.96| 0.86| 0.91 | 096 | 92 | 0.97| 0.86| 0.91 [ 0.95| 92 |0.97| 0.86 | 0.91 | 0.95
G |[Kendo 85 | 0.94| 0.78| 0.86 | 0.94 | 93 | 0.95| 0.86 | 0.90 | 0.95| 93 |0.95| 0.87 | 0.91 | 0.95
« |Baloons 84 | 0.94] 093| 0.94| 094 | 95 | 0.96| 0.95| 0.96 | 0.95| 95 |0.96| 0.95| 0.96 | 0.95
© |Lovebird1 92 | 0.85] 0.81| 0.83 | 0.98 | 94 | 0.85| 0.84 | 0.84 | 0.98| 94 |0.85| 0.83 | 0.84 | 0.98
Newspaper | 91 | 0.95| 0.75| 0.85 | 0.97 | 95 | 0.96| 0.84 | 0.90 | 0.97| 95 |0.97| 0.89 | 0.93 | 0.97
Average 80 | 0.96| 0.87| 0.92 | 097 | 94 | 0.95| 0.90 | 0.92 [ 0.96| 94 |0.95| 0.90| 0.93 | 0.96
Tab.C.5. Accuracy measures for differemotion information predictors, QP=37.
Predictor median IPDBP FPDBP
Sequence p(goir?t]; PCCx PCCy/PCCav| VSIM p(goir?tfs PCCy PCCy PCCav|VSIM po(/)oir?tfs PCCj PCCyPCCay VSIM
Poznan Street| 92 | 0.97 | 0.93| 0.95 | 0.99 | 97 | 0.96| 0.95| 0.9% [0.99| 97 |0.96| 0.95| 0.95 | 0.99
© |PoznanHall2 | 89 | 0.97 | 0.90 | 0.94 | 0.99 | 97 | 0.97| 0.97 | 0.97 | 0.99| 97 |0.97| 0.97 | 0.97 | 0.99
% GT Fly 59 | 0.98] 0.97| 0.97 | 097 | 92 | 0.98| 0.98| 0.98 [ 0.98| 92 |0.98| 0.98| 0.98 | 0.98
§ Dancer 77 1 0.94] 090 | 0.92 | 097 | 93 | 0.98| 0.92| 0.95 | 0.97| 92 |0.98| 0.92 | 0.95 | 0.97
O |Kendo 83 | 0.96| 0.81| 0.88 | 0.97 | 92 | 0.95| 0.90 | 0.93 [ 0.98| 93 |0.96| 0.91| 0.93 | 0.98
 [Baloons 82 | 0.94] 0.94| 0.94| 097 | 95 | 0.96| 0.96 | 0.96 | 0.97| 95 |0.96| 0.97 | 0.96 | 0.97
Lovebirdl 93 | 0.87| 0.85| 0.86 | 0.99 | 96 | 0.89| 0.88 | 0.88 [ 0.99| 96 |0.89| 0.89 | 0.89 | 0.99
Newspaper 91 | 0.96| 0.84| 0.90 | 098 | 96 | 0.97| 0.92| 0.95 [ 0.98| 96 |0.97| 0.92| 0.95 | 0.98
Average 80 | 0.96] 0.90| 0.93 | 0.98 | 94 | 0.97| 0.94| 0.96 | 0.98| 94 |0.97| 0.94 | 0.96 | 0.98
Poznan Street| 94 | 0.98| 0.95| 0.96 | 0.99 | 98 | 0.95| 0.94 | 0.95 | 0.99| 98 |0.95| 0.94 | 0.94 | 0.99
Poznan Hall2| 94 | 0.97| 0.87| 0.92 | 0.98 | 98 | 0.96| 0.94 | 0.95 | 0.98| 98 |0.96| 0.94 | 0.95 | 0.98
; GT Fly 64 | 0.97] 096 | 0.97 | 097 | 95 | 0.98| 097 | 0.98 [ 0.98| 95 |0.98| 0.97 | 0.98 | 0.98
E Dancer 83 | 0.96] 0.91| 0.93 | 097 | 95 | 0.97| 0.92| 0.94 [ 0.96| 95 |0.97| 0.92| 0.94 | 0.96
& |Kendo 88 | 0.95| 0.83| 0.89 | 0.96 | 95 | 0.95| 0.89 | 0.92 | 0.97| 95 |0.95| 0.89 | 0.92 | 0.97
« |Baloons 88 | 0.95| 0.93| 0.94| 096 | 96 | 0.96| 0.96 | 0.96 | 0.96| 96 |0.96| 0.96 | 0.96 | 0.96
® | ovebird1 95 | 0.89| 0.88| 0.88 | 0.99 | 96 | 0.85| 0.82 | 0.84 | 0.98| 96 |0.86| 0.82 | 0.84 | 0.98
Newspaper | 93 | 0.97] 0.82| 0.90 | 0.9 | 97 | 0.96| 0.84 | 0.90 | 0.97| 97 |0.97| 0.91| 0.94 | 0.98
Average 85 | 0.97] 090 | 0.93 | 097 | 96 | 0.96| 0.93| 0.95 | 0.98| 96 |0.96| 0.93| 0.95 | 0.98
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C.3. Performance of different occlusion detection

algorithms

Table presentgercentages of unassigned pixels determined by diffevealusion detection
algorithms for individual test sequences and Qi o ft o 11 using 2view setup (see Section
6.1).

Tab.C.6. Unassigned pixels for differentclusion detection algorithms and QD values.

Unassigned pixels [% picture ared
. QD

Sequence Algorithm 0 20 30 20 50 Avg.
pvc 4350, 3.722| 3.010] 2.617| 2.220, 3.186

Poznan Street | ztest 29.746| 27.096/ 20.839 11.617] 9.151) 19.690
0-mask 3.875 3.446| 3.034| 2.649 2.298 3.060

pvc 3.445 3.583 3.710, 3.573 3.377| 3.538

Poznan Hall2 z-test 15.703 15.671] 14.466/ 13.988 15.263 15.018
0-mask 3.437| 3.565 3.794| 3.928 3.659 3.677

pvc 3.746| 3.836| 3.865 3.887| 3.914/ 3.850

Dancer z-test 3.375| 3.819] 7.038| 22.855 21.384| 11.694
0-mask 3.746| 3.848) 3.893] 3.953 4.091 3.906

pvc 2.144| 2.237] 2.156| 2.021] 1.824| 2.076

GT Fly z-test 2.128/ 5.105/ 10.633 15.017 11.943 8.965
o-mask 2.144| 2.243] 2.150, 2.020, 1.843] 2.080

pvc 5.859 5.953] 6.018 6.225 6.043 6.020

Kendo z-test 44.713| 45.518 46.561] 46.781] 40.961] 44.907
o-mask 4.193 4.247) 4.324 4.758] 5.236| 4.552

pvc 6.009 6.094, 6.076] 5.995 5.588 5.953

Balloons z-test 39.724{ 41.000 42.492 39.946/ 30.637 38.760
0-mask 4956/ 5.004 5.027| 5.426] 5.883] 5.259

pvc 3.496/ 3.338| 3.084] 2.769 2.431 3.024

Lovebirdl z-test 7.954| 7.492| 6.943 6.286| 3.512| 6.437
0-mask 3.689 3.467| 3.186| 2.897| 2.669 3.182

pvc 11.0220 11.134 10.940 10.472] 9.909 10.696

Newspaper z-test 28.467| 29.378 29.303 28.336 27.668 28.630
o-mask 12.382 12.581] 12.255 11770 11.306 12.059
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C.4. Exemplary pictures with unassigned pixels for

different occlusion detection algorithms

Pictures present unassigned pixels determined by different occlusion detection algorithms fo
QD= mit tv ft tv Tmand selected test sequenésseSection6.1). Unassigned pixels are marked
in green.

Dancer(synthetic video)

0

ap

20

ap

QD=30

QD=40

Qp=50
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Kendo(natural video)

pvc o-mask z-test

QD=0

ap=20

QaD=40

ap=50
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C.5. Bitrate change for different unassigned area filling

algorithms

Tables show bitrate change measuradM&/C codec using different combinations of prediction,
occlusion detection and unassigned area filling algorithms, against original MVC codec. Changes ir
bitrate are calculated using Bjontegaard metrics for QRg %o & X. Results ar@btained using

MVC configuration described iAnnex B.1 for 2-view codec setup and depth maps compressed
with QD= it ft Ti(refer to Sectior6.2).

Tab.C.7. Bitrate changea@itrate [%]) for different unassigned area filling algorithms,

Poznan Stredest sequencgside view)

Prediction & occlusion| Filling QD
detection algorithm | algorithm 0 20 40 Avg.
FILLno -2.74 -2.99 -3.45 -3.06
IPDBP FILLmax -6.05 -6.05 -6.01 -6.04
FILLmin -6.04 -6.03 -5.97 -6.01
FILLno -1.17 -1.63 -2.22 -1.67
FPDBP FILLmax -4.52 -4.53 -4.57 -4.54
z-test FILLmin -4.75 -4.80 -5.06 -4.87
FILLsim -4.82 -4.80 -4.84 -4.82
FILLno -3.20 -3.26 -3.41 -3.29
FPDBP FILLmax -6.22 -6.23 -6.02 -6.15
o-mask FILLmin -6.23 -6.24 -6.01 -6.16
FILLsim -6.23 -6.24 -6.01 -6.16

Tab.C.8. Bitrate changeaitrate [%]) for different unassigned area filling algorithi@g,

Fly testsequencéside view)

Prediction & occlusion| Filling QD
detection algorithm | algorithm 0 20 40 Avg.
FILLno -15.85 -15.15 -16.02 -15.67
IPDBP FILLmax -23.18 -23.01 -22.51 -22.90
FILLmin -23.03 -22.87 -22.44 -22.78
FILLno -15.83 -12.09 -9.70 -12.54
FPDBP FILLmax -22.84 -21.75 -17.81 -20.80
z-test FILLmin -22.66 -21.96 -18.64 -21.09
FILLsim -22.84 -22.11 -18.32 -21.09
FILLno -15.82 -14.97 -16.06 -15.62
FPDBP FILLmax -22.79 -22.70 -22.20 -22.57
o-mask FILLmin -22.64 -22.58 -22.17 -22.46
FLLsim -22.66 -22.60 -22.19 -22.48
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Tab.C.9. Bitrate changea@itrate [%]) for different unassigned area filling algorithms,

Balloonstest sequencgside view)

Prediction & occlusion| Filling QD
detection algorithm | algorithm 0 20 40 Avg.

FILLno -13.63 -13.79 -15.36 -14.26

IPDBP FILLmax -23.68 -23.65 -23.53 -23.62
FILLmin -23.65 -23.63 -23.49 -23.59

FILLno -5.21 -4.57 -5.01 -4.93

FPDBP FlLLmax| -12.12| -11.66] -12.00 -11.93

ztest FILLmin -13.31 -12.76 -13.29 -13.12
FILLsim -13.54 -13.06 -13.11 -13.24

FILLno -16.58 -16.50 -15.37 -16.15

FPDBP FlLLmax| -22.82| -22.80| -22.55 -22.72
o-mask FILLmin -22.78 -22.79 -22.51 -22.70
FILLsim -22.79 -22.79 -22.51 -22.70

Tab.C.10. Bitrate changeagBitrate [%]) for different unassigned area filling algorithms,

Newspapetest sequencgside view)

Prediction & occlusion| Filling QD
detection algorithm | algorithm 0 20 40 Avg.

FILLno -6.01 -5.96 -6.26 -6.08

IPDBP FLLmax -11.02 -10.96 -10.85 -10.94
FILLmin -10.96 -10.91 -10.75 -10.87

FILLno -5.46 -5.26 -6.20 -5.64

FPDBP FILLmax 9.51 -9.29 9.24 9.35

z-test FILLmin -9.86 -9.67 -9.81 -9.78
FILLsim -9.76 -9.57 -9.64 -9.66

FILLno -4.86 -4.67 -5.33 -4.95

FPDBP FILLmax| -11.28] -11.29] -11.20] -11.26
o-mask FILLmin -11.34 -11.34 -11.24 -11.31
FILLsim -11.34 -11.34 -11.24 -11.31
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C.6. Correlation of coordinates of corresponding pixels
by mapping with

compressed depth information

assigned original and

Table shows awelation of horizontal coordinates of the corresponding pixels calculated using
original (QD=0) and compressed depth information (@P#0 ft fo 1), for different unassigned
area filling algorithmgrefer to Section6.2). The values araveraged oveall test sequencesee
AnnexA.l).

Tab.C.11 PCC coefficients for horizontal coordinates of assigned corresponding pixels

calculated for QD={20,30,40,50} vs. QD=0.

Prediction & occlusior]  Filling QD
detection algorithm | algorithm 20 30 40 50 Avg.
FILLno |0.99999884 0.9999980( 0.9999965( 0.9999920( 0.9999970¢
IPDBP FILLmax|0.9999990( 0.99999779 0.9999965( 0.99999224 0.9999910
FILLmin | 0.9999990( 0.99999784 0.9999965( 0.99999224 0.99999711
FILLno |0.99999984 0.99999964 0.99999813 0.9999913¢ 0.9999978(
FPDBP FILLmax| 0.99864064 0.99700919 0.9926103§ 0.9892403¢ 0.9955001(
z-test FILLmin | 0.99870463 0.99724384 0.99283284 0.98958513 0.9956733(
FILLsim | 0.99866129 0.99712284 0.99295464 0.9896565( 0.99567905
FILLno |1.0000000¢ 0.99999964 0.9999980( 0.99999029 0.9999975§
FPDBP FILLmax| 0.9999990( 0.99999784 0.9999960( 0.99998864 0.9999963(
o-mask FILLmin | 0.99999925 0.9999985( 0.99999679 0.99998934 0.9999967§
FILLsim | 0.99999929 0.9999985( 0.99999674 0.99998925 0.9999967]
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C.7. Usage of low -cost modes for different codecs

Tables present usage of laest modes in IMVC, IMVC+FPDBBMVC+IPDBP and JIMVM+MS
codecs, averaged over cplete set of test sequences (see AnAel). The results are obtained
using MVC configuration described iAnnex B.1 for 2-view and 3view codec setup (refer to
Sectbn6.3.9.

Tab.C.12. Average usage [%] of lowost modes for different codecs\{l2w caseside view.

. QP
Algorithm | MB mode 22 27 32 37 Avg,
Skip 56.4 682 75.5 79.8 70.0
Direct 3.8 1.4 0.7 0.4 1.6
JMVC |IVS 0.0 0.0 0.0 0.0 0.0
IVD 0.0 0.0 0.0 0.0 0.0
Sum 60.2 69.6 76.2 80.3 71.6
Skip 12.3 10.6 7.3 4.8 8.7
IMVC Direct 2.1 0.7 0.4 0.2 0.9
+FPDBP IVS 55.6 68.4 76.9 82.2 70.8
VD 3.4 15 0.7 0.4 15
Sum 73.5 81.2 85.3 87.6 81.9
Skip 12.2 105 7.2 4.7 8.6
IMVC Direct 2.1 0.7 0.4 0.2 0.9
+IPDBP IVS 55.9 68.6 77.1 82.3 71.0
IVD 35 15 0.7 0.4 15
Sum 73.7 81.3 85.3 87.6 82.0
Skip 52.7 65.8 73.4 78.2 67.5
Direct 2.3 0.8 0.4 0.2 0.9
JM\)I/QA IVS 0.0 0.0 0.0 0.0 0.0
IVD 0.0 0.0 0.0 0.0 0.0
Sum 55.0 66.6 73.8 78.5 68.5
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Tab.C.13. Average usage [%] of lowost modes for different codecs\{i&w case).

View 1 (central)

View?2 (outer)

Algorithm | MB mode QP
22 27 32 37 | Avg. | 22 27 32 37 | Avg.
Skip 58.9| 72.8/ 81.2| 86.6/ 74.8 54.7| 67.3] 74.6] 79.2| 68.9
Direct 5.8 2.7 15 1.1 28| 4.4 15 0.8 0.5/ 1.8
JM\C IVS 0.0 0.0 0.0 0.0 0.0 0.0/ 0.0 0.0 0.0/ 0.0
IVD 0.0 0.0 0.0 0.0 0.0 0.0/ 0.0 0.0 0.0/ 0.0
Sum 64.6| 75.4| 82.7| 87.7| 77.6| 59.1 68.8] 75.4| 79.7| 70.7
Skip 13.9] 11.7 9.7 8.0 10.8| 14.5| 13.0f 95 6.6/ 10.9
Direct 4.0 2.0 1.1 0.8 20| 27 0.9 0.5 03 1.1
il\g\é(ép IVS 55.8/ 71.0f 79.8)] 85.6| 73.1 49.6/ 63.1] 72.4| 78.8| 66.0
IVD 2.7 1.1 0.5 0.3 1.1, 27 11 0.5 03] 1.2
Sum 76.5| 85.8) 91.2| 94.6/ 87.00 69.5| 78.1 829 86.0 79.1
Skip 13.5| 114 9.4 7.6| 10.5| 13.6| 12.1f 8.6 5.8/ 10.0
Direct 4.0 1.9 1.1 0.8 20| 26| 0.9 0.4 03] 1.0
J;JIII\D/II\D/ISP IVS 56.4/ 71.6/ 80.4| 86.1| 73.6 51.4| 649 74.1] 80.1 67.6
IVD 2.8 1.1 0.5 0.3 1.2 3.3 14 0.7 04| 14
Sum 76.8) 86.0f 91.4| 94.8/ 87.2] 70.9| 79.3] 83.8] 86.6/ 80.1
Skip 55.6/ 70.3] 79.2| 85.0f 725 52.1f 65.8 735 784 67.5
Direct 4.0 2.1 1.3 0.9 2.1 3.0 1.0 0.5 03] 1.2
JJ,:/II\>I/SM IVS 0.0 0.0 0.0 0.0 0.0 0.0/ 0.0 0.0 0.0/ 0.0
IVD 0.0 0.0 0.0 0.0 0.0 0.0/ 0.0 0.0 0.0/ 0.0
Sum 59.6| 72.4| 80.4/ 85.9H 74.6| 55.2| 66.8/ 74.1] 78.7| 68.7
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C.8. Bitstream structure for

Tables present bitstream structure for JMVC, JMVC+FPDBP, JMVC+IPDBP and JMVM+MS

codecs, averaged over complete set sef sequences (see Annéxl). The results are obtained

different codecs

using MVC configuration described iAnnex B.1 for 2-view and 3view codec setup (refer to
Section6.3.9.

Tab.C.14. Bitstream structure [%] for different codecsvi2w caseside view.

Algorithm Syntax element QP

22 | 27 | 32 | 37 | Avg.

Control data 13| 22| 34| 46 29

JMVC | Transform coefficienty 66| 49| 32| 20 42
Motion information 21| 29| 34| 34 30

Control data 12| 22| 37| 53 31

+‘::|\|/3|\E/)CE:$P Trar.lsfo.rm coefficient 71| 56| 38| 24 47
Motion information 17| 22| 25| 23 22

Control data 12| 22| 37| 53 31

J;JIII\D/II\D/BCP Trar.lsfo.rm coefficient 71| 56| 38| 24 47
Motion information 17 22| 25| 23 22

Control data 10| 19| 33| 48 27

JEA|\>|/SM Transform coefficient; 76| 62| 46| 32 54
Motion information 14| 19| 22| 20 19

Tab.C.15. Bitstream structure [%] for diffen¢ codecs (iew case).

View 1 (central) \ View 2 (outer)
Algorithm Syntax element QP

22 | 27 | 32 | 37 | Avg.| 22 | 27 | 32 | 37 | Avg.

Control data 14| 25| 37| 49 31 12 19| 29| 40 25

JMVC | Transform coefficients 62| 44, 27| 17 38 69 55| 41| 29 48
Motion information 23| 31| 35| 33 31 19 26 31| 32 27

Control data 14| 26| 41| 57 35| 11 19| 30| 44 26

+\::I\él)\|:/)(ép Transform coefficients 66| 494 32| 21 42 72 59 45/ 33 52
Motion information 19| 25| 27| 22 23 16 21 24| 24 22

Control data 14| 26| 42| 57 35 11 19| 30| 44 26

J;JIIILAI\D/I;:P Transform cefficients 67| 494 32| 21 42 73 60| 46| 33 53
Motion information 19| 25| 26| 22 23 16 20 23| 23 21

Control data 11| 22| 37| 53 31 9 17 28| 41 24

JE/I|\>|/SM Transform coefficients 74| 58| 41| 29 51| 77 65| 51| 38 58
Motion information 15| 20| 21| 18 19 14 18 21 21 18
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C.9. Coding efficiency measures for JMVC+FPDBP and
JMVC+IPDBP calculated for different depth quality

Tables showBjontegaard metrics for JMVC+FPDBP and JMVC+IPDBP vs. JMVC codec
calculated forQP=¢ @& jv & x and different QD valuesThe results present codingfieiency
measurefor side views only and are obtainesing MVC configuration described AnnexB.1 for

2-view and 3view codec setup (refer to Secti6rs.3.

Tab.C.16. Bjontegaard metrics for IMVC+FPDBP and JMVC+IPDBP vs. JMVC codec,
calculated for side view with QP={22,27,32,37}{2w caseview J).

kPSNRY [dB]
JMVC+FPDBP \ JMVC+IPDBP
Sequence QD
0 20 | 30 | 40 | 50 0 20 | 30 40 50
Poznan Stree 0.12| 0.12| 0.12| 0.12| 0.11] 0.12| 0.12| 0.12| 0.12] 0.12
Poznan Hall2| 0.34| 0.33| 0.33| 0.33| 0.33] 0.34| 0.34| 0.34| 0.33] 0.33

Dancer 0.39| 0.39| 0.38| 0.37| 0.36] 0.41| 0.40| 0.39] 0.38, 0.38
GT Fly 0.67| 0.67| 0.66| 0.65| 0.63| 0.68] 0.67| 0.67| 0.66| 0.66
Kendo 0.55| 0.55| 0.55| 0.54| 0.52| 0.55| 0.55| 0.54| 0.54| 0.53

Balloons 0.89 0.89| 0.89| 0.88| 0.86] 0.92| 0.92| 0.92 0.92| 0.90
Lovebirdl 0.10{ 0.10; 0.10] 0.10| 0.09| 0.10{ 0.10| 0.10] 0.09, 0.09
Newspaper | 0.40| 0.40| 0.40| 0.40| 0.38] 0.39| 0.39| 0.39] 0.39] 0.38

Avg. 0.43| 0.43| 0.43| 0.42| 0.41| 0.44| 0.44| 0.43| 0.43 0.42
Kk Bitrate [%6]
JMVC+FPDBP \ JMVC+IPDBP
Sequence QD
0 20 | 30| 40 | 50 | O 20 | 30 | 40 50
Poznan Streq -6.2| -6.2| -6.2| -6.0| -5.7| -6.1| -6.0| -6.0| -6.0/ -5.8
Poznan Hall2| -22.1|-22.0|-21.9|-21.8|-21.4| -22.4| -22.3| -22.1| -21.8| -21.5
Dancer -12.7|-12.6|-12.3|-11.9|-11.6|-13.3| -12.9| -12.6| -12.4| -12.2
GT Fly -22.8(-22.7|-22.5|-22.2|-21.6|-23.2| -23.0| -22.8| -22.5| -22.1
Kendo -15.4/-15.4|-15.3|-15.1|-14.5|-15.2| -15.1| -15.1| -15.1| -14.7
Balloons -22.8|-22.8|-22.8|-22.5|-21.9|-23.7| -23.7| -23.6| -23.5| -23.1
Lovebirdl -2.8| -2.8| -2.8| -2.7| -2.6| -2.7| -2.7| -2.7| -2.6| -25
Newspaper |-11.3|-11.3|-11.2|-11.2|-10.7|-11.0| -11.0| -10.9| -10.8| -10.5
Avg. -14.5/-14.5|-14.4|-14.2|-13.8|-14.7| -14.6| -14.5| -14.3| -14.1
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Tab.C.17. Bjontegaard metrics for IMVC+FPDBP and JMVC+IPDBP vs. JMVC codec,
calculated for side view with QP={22,27,32,37}\&w caseyiew J).

kt{bw, ®R. 8
JMVC+FPDBP \ JMVC+IPDBP
Sequence QD
0 20 | 30 | 40 | 50 0 20 30 40 | 50
Poznan Streg 0.18| 0.18| 0.18| 0.18| 0.17| 0.17 0.18] 0.18] 0.18| 0.17
Poznan Hall2| 0.40{ 0.40| 0.40| 0.39| 0.38| 0.40| 0.40 0.40{ 0.40| 0.39

Dancer 0.43| 0.40| 0.39| 0.37| 0.35] 0.44| 0.42| 0.41 0.39 0.38
GT Fly 0.55| 0.55| 0.54| 0.53| 0.52| 0.56| 0.54| 0.53] 0.53| 0.52
Kendo 0.55| 0.54| 0.53| 0.52| 0.51] 0.60] 0.60] 0.59] 0.59| 0.58
Balloons 0.93| 0.91| 0.91] 0.89| 0.89] 1.05] 1.05] 1.05] 1.04| 1.03

Lovebirdl 0.11 0.11| O0.11] 0.11| 0.10; 0.14] 0.14] 0.14] 0.13| 0.12
Newspaper | 0.42| 0.41 0.41] 0.41| 0.39] 0.44] 0.43] 0.43] 042 0.41

Avg. 0.45| 0.44| 0.43| 0.42| 0.41] 0.48] 0.47| 0.47| 0.46| 0.45
kK. AGNXdS @86
JMVC+FPDBP \ JMVC+IPDBP
Sequence QD
0 20 | 30 | 40 | 50 0 20 30 40 | 50
Poznan Stre¢ -8.2| -8.2| -8.2| -8.1| -7.9| -8.1| -8.1| -81| -8.1| -7.9
Poznan Hall2| -22.2|-22.2|-21.9|-21.6|-21.0| -22.3| -22.1| -22.0| -21.7|-21.1
Dancer -13.1|-12.2|-119|-11.3|-10.8| -13.8| -13.1| -12.6| -12.1|-11.7
GT Fly -18.4/-18.2|-17.9/-17.6|-17.2| -18.5| -18.1| -17.8| -17.6|-17.2
Kendo -15.5/-15.2|-15.2|-14.8|-14.3| -17.0| -16.9| -16.8| -16.7|-16.3
Balloons -23.2|-22.8|-22.9|-22.5|-22.3| -26.7| -26.6| -26.7| -26.5/-26.1
Lovebidl -3.0| -3.0| -2.9| -2.9| -2.7| -3.6| -3.6/ -3.6| -34| -3.1
Newspaper |-11.1/-10.9/-10.9|-10.8|-10.5| -11.6| -11.5| -11.4| -11.2|-10.8
Avg. -14.3/-14.1|-14.0|-13.7|-13.3| -15.2| -15.0| -14.9| -14.7/-14.3
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Tab.C.18. Bjontegaard metrics for IMVC+FPDBP and JMVC+IPDBP vs. JMVC codec,
calculated for side view with QP={22,27,32,37}\&w caseyiew 2.

kt{bw, ®R. 8
JMVC+FPDBP \ JMVC+IPDBP
Sequence QD
0 20 | 30 | 40 | 50 0 20 | 30 | 40 | 50
Poznan Streg 0.09| 0.09 0.09| 0.08| 0.08] 0.08| 0.08| 0.08| 0.08| 0.08
Poznan Hall2| 0.32| 0.32| 0.31| 0.31| 0.30] 0.32| 0.32] 0.32| 0.31] 0.30

Dancer 0.19| 0.16| 0.16] 0.15| 0.14| 0.25| 0.23| 0.23| 0.22| 0.21
GT Fly 0.51| 0.51| 0.50] 0.49| 0.47| 0.52| 0.51] 0.50, 0.50| 0.48
Kendo 0.21 0.18| 0.18| 0.18| 0.18] 0.37| 0.37| 0.36] 0.36] 0.3
Balloons 0.40{ 0.36| 0.36| 0.35| 0.36] 0.68| 0.68| 0.67| 0.66| 0.64

Lovebirdl 0.02| 0.02| 0.02| 0.01| 0.01] 0.05| 0.05| 0.05| 0.05| 0.05
Newspaper | 0.09| 0.07, 0.07| 0.08] 0.07| 0.18] 0.18] 0.18| 0.19] 0.19

Avg. 0.23| 0.21| 0.21] 0.21| 0.20{ 0.31] 0.30] 0.30{ 0.30] 0.29
K. AGNX 4GS @:8
JMVC+FPDBP \ JMVC+IPDBP

Squence QD

0 20 | 30 | 40 | 50 0 20 | 30 | 40 | 50
Poznan Streq -4.0| -4.0| -3.9| -3.8| -3.4| -3.8| -3.8| -3.8| -3.7| -3.6
Poznan Hall2|-17.2|-17.2|-17.0|-16.8|-15.8| -17.4|-17.4|-17.2| -16.9| -16.3
Dancer -5.9| -5.1| -5.0| -4.7| -4.2| -7.7| -7.2| -7.1] -69| -6.7
GT Fly -16.8/-16.6|-16.4|-16.1|-15.4| -17.1|-16.7|-16.5| -16.3| -15.8
Kendo -5.4| 49| -48| -4.7| -4.8| -9.8| -9.7| -9.6| -9.6| -9.2
Balloons -9.7| -8.8| -8.8| -8.6| -8.8| -16.4|-16.3|-16.3| -16.0| -15.3
Lovebirdl -0.5| -0.5| -0.5| -0.4| -0.2| -1.6| -1.6| -1.6| -1.5| -14
Newspaper -2.2| -1.7| -1.8| -2.0| -1.8| -4.4| -4.3| 44| -45| -45
Avg. -7.7| -7.3| -7.3| -7.1| -6.8 -9.8| -9.6| -9.5| -9.4| -9.1
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C.10. Usage of low -cost modes for JMVC+FPDBP and
JMVC+IPDBP measured for different depth quality

Tables present usage of lmwst modes iIIMVC+FPDBP and JMVC+IPDBP codecs for different
QD values. The values are averaged over QRE Jv & x and complete set of test sequences
(see AnnexA.1). The results are obtainesing MVC configuration desdred inAnnexB.1 for 2-

view and 3view codec setup (refer to Secti6rs.3.

Tab.C.19. Average usage [%] of lowost males for IMVC+FPDBP and JMVC+IPDBP

codecs (view caseside view.

. QD
Algorithm| MB mode 0 20 30 20 50
Skip 8.75| 8.75| 8.76| 8.78| 8.84
IMVC Direct 0.86| 0.86| 0.86| 0.86| 0.87
+FPDBP VS 70.80| 70.79| 70.76| 70.71| 70.58
IVD 1.51] 1.50| 1.49| 1.48| 1.45
Sum 81.91/81.90/81.88/81.84|81.73
Skip 8.64| 8.65| 8.66| 8.68| 8.71
IMVC Direct 0.86| 0.86| 0.86| 0.86| 0.86
+IPDBP VS 70.98| 70.96| 70.93| 70.90( 70.81
IVD 1.51] 1.49| 1.49| 1.49| 1.47
Sum 81.99/81.96/ 81.95/81.92(81.85

Tab.C.20. Average usage [%] of lowost modes for IMVC+FPDBP and JMVC+IPDBP

codecs (view case).

View 1 (central) | View 2 (outer)
Algorithm| MB mode QD
0 20 30 40 50 0 20 30 40 50
Skip 10.84| 10.92| 10.94| 11.05| 11.13/10.89|11.04| 11.05|11.12| 11.23
Direct 1.98| 1.98| 1.98| 1.99| 199 1.12| 1.13] 1.13 1.13| 1.14
+‘]F'\g\[/)(ép VS 73.05| 72.94| 72.89| 72.71] 72.55/ 65.97 65.69| 65.67| 65.54| 65.33
IVD 1.14/ 1.11| 1.10{ 1.08| 1.07| 1.16| 1.08] 1.07, 1.06] 1.05
Sum 87.01] 86.95| 86.92| 86.83| 86.74| 79.13| 78.94| 78.92| 78.85| 78.75
Skip 10.48| 10.50| 10.52| 10.56| 10.66| 10.03| 10.06| 10.06| 10.07| 10.14
Direct 1.96| 1.96/ 196/ 1.97| 1.98| 1.05 1.05| 1.05/ 1.05| 1.06
+J|||;/|E)/(B:P VS 73.61] 73.56| 73.52| 73.43| 73.24/67.62|67.56| 67.53/ 67.50| 67.34
IVD 1.18| 1.16| 1.15| 1.14| 1.12| 145 1.42| 141 14| 1.39
Sum 87.24| 87.18| 87.15| 87.09| 87.00| 80.14| 80.08| 80.06| 80.03| 79.92
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C.11. Usage of merge candidate predictors in MV -
HEVC+IPDBP and MV -HEVC codecs

Tables show usage of merge candidate predictors irHAEVC andall analyzedsyntax variants of
MV -HEVC+IPDBP codec MV-HEVC+IPDBP1, MVHEVC+IPDBP2 and MYHEVC+IPDBP3
for QP=¢ & Ju &v x. The values araveraged over all test sequendese AnnexA.1). The
results are obtaineasingMV -HEVC configuration described iAnnexB.2 for 2-view and 3view

codec setup (refer to Sectiér).

Tab.C.21. Usage of merge candidate predictors [%iofure area] in MVHEVC+IPDBP
and MV-HEVC codecs (Ziew caseside view.

Codec . QP
variant | Verge candidate——7 27 32 37 Avg.
left 46.6 54.0 58.1 61.5 55.0
top 16.8 18.4 19.4 19.9 18.6
co-located 7.3 6.3 6.1 6.1 6.4
MV-HEVC | RT corner 4.3 3.5 3.0 2.6 34
BL corner 0.9 0.5 0.3 0.2 0.5
DBP 0.0 0.0 0.0 0.0 0.0
Sum 75.8 82.7 87.0 90.3 84.0
left 28.7 23.7 22.7 23.6 24.7
top 10.7 8.5 6.8 5.8 7.9
MVLHEVC co-located 5.1 3.4 2.3 1.8 3.2
+IPDBP1 RT corner 2.6 1.6 1.2 1.1 1.6
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 33.3 50.4 58.3 61.4 50.8
Sum 81.0 88.0 91.6 93.8 88.6
left 28.0 22.2 18.9 115 20.2
top 10.0 8.1 6.4 5.8 7.6
co-located 5.2 3.5 2.4 1.9 3.3
I\:-II\I/DBE\ISCZ: RT corner 2.7 1.6 1.3 1.1 1.7
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 34.3 52.2 62.3 73.4 55.5
Sum 80.9 87.9 91.6 93.8 88.5
left 31.5 29.3 27.9 28.8 29.4
top 11.8 10.4 8.8 7.8 9.7
co-located 5.2 3.6 2.8 2.3 3.5
I\:I_I\é,glé\ég RT corner 2.6 1.6 1.3 1.1 1.7
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 29.3 42.8 50.7 53.7 44.1
Sum 81.0 88.0 91.6 93.8 88.6
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and MV-HEVC codecs (diew caseview J).

Tab.C.22. Usage of merge candidate predictors [% of picture area] irH&VC+IPDBP

Codec . QP
variant Merge candidate 22 27 32 37 Avg.
left 47.0 54.8 58.5 61.6 55.5
top 17.2 19.0 19.9 20.5 19.2
co-located 8.0 7.1 7.0 7.0 7.3
MV-HEVC | RT corner 4.5 3.5 3.0 2.5 3.4
BL corner 0.9 0.4 0.3 0.1 0.4
DBP 0.0 0.0 0.0 0.0 0.0
Sum 77.7 84.9 88.7 91.8 85.8
left 29.4 24.7 23.4 22.8 25.1
top 115 9.3 7.6 6.3 8.7
co-located 5.8 4.3 3.3 2.7 4.0
'\-{I-I\IQBE\F/’? RT corner 2.9 1.8 1.3 1.1 1.8
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 32.0 49.0 56.8 61.6 49.8
Sum 82.2 89.5 92.6 94.7 89.7
left 28.2 22.3 18.9 10.0 19.8
top 10.8 8.9 7.4 6.5 8.4
MVEHEVC co-located 6.0 4.4 34 2.8 4.1
+IPDBP?2 RT corner 3.0 1.8 1.3 1.1 1.8
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 33.5 51.7 61.4 74.2 55.2
Sum 82.1 89.4 92.6 94.7 89.7
left 32.4 30.2 28.6 27.6 29.7
top 12.6 11.2 9.8 8.3 10.5
MVEHEVC co-located 5.9 4.4 3.7 3.2 4.3
+IPDBP3 RT corner 3.0 1.8 14 1.1 1.8
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 27.8 415 49.1 54.4 43.2
Sum 82.3 89.4 92.6 94.6 89.7
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Tab.C.23. Usage of merge candidate predictorsgPpicture area] in MVHEVC+IPDBP
and MV-HEVC codecs (diew caseyiew 2.

Codec . QP
variant Merge candidate 22 27 32 37 Avg.
left 45.3 52.5 56.5 59.7 53.5
top 16.8 18.0 18.9 19.6 18.3
co-located 7.1 6.2 6.2 6.3 6.4
MV-HEVC | RT corner 4.2 3.3 2.9 2.5 3.3
BL corner 0.8 0.5 0.3 0.2 0.4
DBP 0.0 0.0 0.0 0.0 0.0
Sum 74.2 80.4 84.8 88.3 81.9
left 31.8 28.6 27.8 27.7 29.0
top 12.2 10.7 9.2 7.9 10.0
co-located 5.4 4.0 3.2 2.7 3.8
'\-{I-I\IQBE\F/’? RT corner 2.7 1.7 14 1.2 1.7
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 25.7 39.2 46.7 51.5 40.8
Sum 78.3 84.5 88.4 91.2 85.6
left 31.1 26.6 22.6 13.9 23.6
top 11.0 9.8 8.5 7.8 9.3
MVEHEVC co-located 5.5 4.1 3.3 2.8 3.9
+IPDBP?2 RT corner 2.8 1.8 14 1.2 1.8
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 27.2 41.8 52.3 65.2 46.6
Sum 78.2 84.4 88.3 91.1 85.5
left 34.5 34.4 33.5 33.0 33.9
top 13.1 12.2 11.1 10.0 11.6
MVEHEVC co-located 5.2 4.0 3.3 2.9 3.9
+IPDBP3 RT corner 2.8 1.8 14 1.2 1.8
BL corner 0.6 0.3 0.2 0.1 0.3
DBP 22.1 31.9 38.8 43.8 34.2
Sum 78.4 84.5 88.4 91.1 85.6
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C.12. Usage of coding units with different modes in
MV-HEVC+IPDBP and MV -HEVC codecs

Tables show usage of coding units with different modes inHEX'C and all analyzed syntax
variants of MVHEVC+IPDBP codec MV-HEVC+IPDBP1, MV-HEVC+IPDBP2 and MV
HEVC+IPDBP3 for QP=¢ &t jo &v x. The values are averaged over all test sequences (see
AnnexA.1). The results are obtainedingMV-HEVC configuration described iAnnexB.2 for 2-

view and 3view codec setup (refer to Secti6r).

Tab.C.24. Usage of coding units (CUs) with different modes [% of picawea] in MMVHEVC

and all analyzed syntax variants of MMEVC+IPDBP codec (Xiew caseside view.

Codec QP
variant | Y mode 22 27 32 37 Avg.
MERGE 5220 6843 7664 8287 7006
wvneve INTERVERGE 2356 1426|1031 748 13.90
INTER 2047  1556] 11.% 889  14.22
INTRA 3.69 1.75 1.09 0.76 1.82
MERGE 5753 7486 8274 8771 7571
MV-HEVC [INTERVERGE 2344  13.12 8.84 6.12| 12.88
+IPDBP1 [INTER 1535  10.28 7.34 5.42 9.60
INTRA 3.68 1.75 1.09 0.76 1.82
MERGE 5764  75.04] 8294 8797 7590
MV-HEVC | INTERMERGE  23.23]  12.90 8.61 586  12.65
+IPDBP2 [INTER 15.46]  10.30 7.36 5.40 9.63
INTRA 3.68 1.76 1.09 0.77 1.83
MERGE 5742 7480 8279 8778 7570
MV-HEVC [INTERVERGE  23.58]  13.20 8.80 6.05| 12.91
+IPDBP3 [ INTER 1533 10.26 7.33 5.42 9.58
INTRA 367 1.75 1.09 0.76 1.82
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Tab.C.25. Usage of coding units (CUs) with different modes [% of picture area] in MV
HEVC and all analyzed syntax variants of MMEVC+IPDBP codec (iew caseview J).

Codec QP
variant CU mode 22 27 32 37 Avg.
MERGE 53.29 69.83 78.22 84.75 71.52
MV-HEVC INTERVIERGE 24.39 15.04 10.48 7.00 14.23
INTER 20.00 14.36 10.88 8.02 13.32
INTRA 2.33 0.77 0.41 0.23 0.93
MERGE 58.68 75.93 83.68 89.04 76.83
MV-HEVC | INTERMERGE 23.49 13.54 8.91 5.62 12.89
+IPDBP1 | INTER 15.51 9.77 7.00 5.11 9.35
INTRA 2.33 0.77 0.42 0.23 0.94
MERGE 58.76 76.07 83.99 89.31 77.03
MV-HEVC | INTERVMERGE 23.37 13.29 8.60 5.38 12.66
+IPDBP2 | INTER 15.56 9.86 7.00 5.08 9.38
INTRA 2.32 0.78 0.42 0.23 0.%
MERGE 58.46 75.88 83.69 89.04 76.77
MV-HEVC | INTERMERGE 23.80 13.56 8.88 5.58 12.95
+IPDBP3 | INTER 15.41 9.80 7.01 5.15 9.34
INTRA 2.34 0.77 0.42 0.23 0.94

Tab.C.26. Usage of coding units (CUs) witlifferent modes [% of picture area] in MV
HEVC and all analyzed syntax variants of MMEVC+IPDBP codec (&iew caseyiew 2.

Codec QP
variant | Y mode 22 27 32 37 Avg.
MERGE 5188  67.45 7520 8143 6901
vnpve INTERVERGE 2237 12.98 9.48 6.92] 129
INTER 2008  16.02] 1259 952 1455
INTRA 5.67 355 2.64 214 3.50
MERGE 56.04 7224 7986 8500 7331
MV-HEVC|INTERMERGE  22.22]  12.25 8.56 6.06] 1227
+IPDBP1 [INTER 16.08]  11.97 8.93 671  10.92
INTRA 5.66 355 2.65 213 3.50
MEFGE 5592 7230 7998 8528 73.37
MV-HEVC|INTERMERGE  22.33]  12.10 8.36 586 12.16
+IPDBP2 [INTER 16.10|  12.06 9.01 6.73)  10.98
INTRA 5.66 3.54 2.65 213 3.50
MERGE 5567 72.17| 7984 85.07] 73.19
MV-HEVC|INTERMERGE 2269 12.33 8.55 6.07] 1241
+IPDBP3 [INTER 15.97] 1196 8.97 6.72|  10.91
INTRA 5.67 355 2.64 214 3.50
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C.13. Usage of coding units with different size in MV -
HEVC+IPDBP and MV -HEVC codecs

Tables show usage of coding units with different sizeMV-HEVC and all analyzed syntax
variants of MVHEVC+IPDBP codec MV-HEVC+IPDBP1, MVAHEVC+IPDBP2 and MV
HEVC+IPDBP3 for QP=¢ &t jo &v x. The values are averaged over all test sequences (see
AnnexA.1). The results are obtainedingMV-HEVC configuration described iAnnexB.2 for 2-

view and 3view codec setup (refer to Secti6r).

Tab.C.27. Usage of coding units (CUs) with different size ¢¥picture area] in MVHEVC

and all analyzed syntax variants of MMEVC+IPDBP codec (Xiew caseside view.

Codec . QP
variant | CYS7 27 32 37 Avg.
64x64 38.31 5876 7051  79.23  61.70
64x32 2.82 2.25 1.75 1.38 2.05
32x64 248 2.47 237 2.01 233
32x32 2570  19.25| 1520 1161] 17.96
32x16 3.02 153 1.10 0.66 157
16x32 283 1.83 1.35 0.90 1.73
MV-HEVd 16x16 13.92 8.56 5.24 3.13 7.71
16x8 1.32 0.72 0.36 0.16 0.64
8x16 1.41 0.83 0.44 0.24 073
8x8 5.99 3.00 1.31 0.59 272
8xa 0.77 027 0.09 0.03 0.29
4x8 0.78 0.32 0.12 0.05 0.32
4x4 0.65 0.22 0.08 0.03 0.25
64x64 4140, 64.76| 77.38  8521] 67.19
64x32 219 1.44 1.01 0.79 1.35
32x64 222 1.92 1.63 1.26 1.76
32x32 2541  16.92] 11.93 831 1564
32x16 235 1.08 075 0.46 1.16
16x32 238 1.44 0.99 0.64 1.36
'\fl\ggg\écj 16x16 13.74 7.69 428 2.44 7.04
16x8 1.07 0.57 0.27 0.13 051
8x16 1.19 0.67 0.34 0.18 0.60
8x8 6.04 279 1.14 0.50 2.62
8x4 0.69 0.23 0.08 0.02 0.26
4x8 0.70 0.28 0.10 0.04 0.28
4x4 0.64 0.22 0.08 0.02 0.24
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Codec

QP

variant | VS5 27 32 37 Avg.
6464 4174 6498 7751 8521 67.36
64x32 214 1.35 0.96 0.74 1.30
32x64 217 1.79 1.49 111 164
32x32 25371 1701 1206 850  15.74
32x16 2.28 1.04 0.73 0.45 1.12
vy 16X32 234 1.37 0.92 0.59 1.30
IpDEPa L6X16 13.77 7.75 432 2 50 7.08
16x8 1.04 0.55 0.27 0.13 0.50
8x16 1.16 0.63 0.32 0.17 0.57
8x8 5.99 281 1.16 0.50 2.62
8x4 0.68 0.23 0.08 0.02 0.25
4x8 0.69 0.27 0.10 0.04 0.27
4x4 0.63 0.22 0.08 0.02 0.24
6464 4153 6481 7738 8507 67.20
64x32 2.23 1.45 1.00 0.78 1.37
32x64 218 1.88 1.59 1.23 1.72
32x32 2527 1694  12.02 8.48]  15.68
32x16 2.38 1.07 0.76 0.46 1.17
16x32 2.38 1.40 0.94 0.63 1.34
'\fl\gg:\ég 16x16 13.71 7.70 4.29 2.46 7.04
16x8 109 0.57 0.27 0.13 0.52
8x16 1.19 0.65 0.33 0.18 0.59
8x8 5.99 2.80 1.15 0.50 261
8x4 0.70 0.23 0.08 0.02 0.26
4x8 0.70 0.28 0.10 0.04 0.28
4x4 0.64 0.22 0.08 0.02 0.24

181




Tab.C.28. Usage of codingnits (CUs) with different size [% of picture area] in MMEVC
and all analyzed syntax variants of MMEVC+IPDBP codec (&iew caseview J).

Codec . QP
variant CU size 22 27 32 37 Avg.
64x64 39.08 60.95 72.91 81.33 63.57
64x32 3.34 2.27 1.75 1.37 2.18
32x64 2.78 2.67 2.42 2.05 2.48
32x32 26.56 18.81 14.39 10.58 17.58
32x16 2.88 1.53 1.00 0.55 1.49
16x32 2.82 1.78 1.24 0.79 1.66
MV-HEV(Q 16x16 13.17 7.66 4.40 2.49 6.93
16x8 1.19 0.59 0.26 0.11 0.54
8x16 1.32 0.75 0.38 0.20 0.66
8x8 5.24 2.38 1.04 0.46 2.28
8x4 0.53 0.19 0.06 0.02 0.20
4x8 0.67 0.28 0.11 0.04 0.28
4x4 0.43 0.13 0.04 0.01 0.15
64x64 42.43 66.75 78.95 86.62 68.69
64x32 2.50 1.42 1.01 0.78 1.43
32x64 2.41 2.04 1.79 1.39 1.91
32x32 26.13 16.45 11.33 7.57 15.37
32x16 2.25 1.13 0.69 0.38 1.11
16x32 2.39 1.45 0.97 0.60 1.35
I\f?{:gg\ég 16x16 13.02 6.89 3.64 1.96 6.38
16x8 0.99 0.47 0.20 0.09 0.44
8x16 1.15 0.65 0.32 0.17 0.57
8x8 5.23 2.21 0.90 0.38 2.18
8x4 0.48 0.17 0.05 0.02 0.18
4x8 0.61 0.25 0.10 0.04 0.25
4x4 0.42 0.13 0.04 0.01 0.15
64x64 42.62 66.90 79.04 86.58 68.78
64x32 2.42 1.38 0.99 0.75 1.39
32x64 2.42 1.92 1.60 1.22 1.79
32x32 26.21 16.55 11.51 7.81 15.52
32x16 2.20 1.09 0.67 0.37 1.08
16x32 2.37 1.39 0.89 0.55 1.30
I\fl\ggg\ég 16x16 12.97 6.95 3.70 2.01 6.41
16x8 0.95 0.45 0.20 0.09 0.42
8x16 1.13 0.61 0.30 0.16 0.55
8x8 5.22 2.22 0.92 0.39 2.19
8x4 0.47 0.16 0.05 0.02 0.18
4x8 0.60 0.25 0.09 0.03 0.24
4x4 0.41 0.13 0.04 0.01 0.15
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Codec . QP
variant | VS5 27 32 37 Avg.
6464 4245  66.72] 7889 8645  68.63
64x32 2.59 1.45 1.05 0.79 1.47
32x64 2.47 1.99 1.69 1.33 1.87
32x32 2506 1651  11.46 777 15.42
32x16 2.28 1.13 0.69 0.39 1.12
16x32 2.41 1.41 0.94 0.58 1.33
'\fl\ggg\ég 16x16 12.96 6.91 3.67 1.99 6.38
16x8 1.01 0.48 0.20 0.09 0.44
8x16 1.16 0.63 0.32 0.16 0.57
8x8 5.21 2.22 0.91 0.39 2.18
8x4 0.49 0.17 0.05 0.02 0.18
48 0.62 0.25 0.10 0.04 0.25
4x4 0.41 0.13 0.04 0.01 0.15

Tab.C.29. Usage of coding units (CUs) with different size [% of picture area] iRHEEX/'C

and all analyzed syntax variants of MMEVC+IPDBP codec (&iew caseyiew?2).

Codec . QP
variant | CYS128 55 27 32 37 Avg.
64x64 3838 5755 6922 77.83  60.74
64x32 218 2.29 1.80 1.41 1.92
32x64 236 224 221 1.87 217
32x32 2500 1967 1576 1230 1820
32x16 268 153 1.07 0.69 1.49
16x32 2.65 177 131 0.88 1.65
MV-HEVd 16x16 14.93 8.99 5.77 3.63 8.33
16x8 1.27 0.72 0.40 0.21 0.65
8x16 137 0.8 0.45 0.24 0.71
8x8 6.28 3.27 1.56 0.77 2.97
8x4 1.02 0.41 0.14 0.04 0.40
4x8 0.79 0.33 0.13 0.05 0.33
4x4 1.01 0.42 0.18 0.07 0.42
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Codec

QP

variant | VS5 27 32 37 Avg.
6464 4093 6177 7391 8210 64.68
64x32 1.68 157 1.17 0.90 1.33
32x64 2.10 1.01 1.82 1.48 1.83
32x32 2467 1808 13.49 9.87] 1653
32x16 218 1.18 0.81 0.51 117
16x32 2.29 153 1.13 0.74 1.42
'\fl\ggg\g 16x16 14.89 8.46 5.10 3.15 7.90
16x8 1.07 0.59 0.34 0.18 0.55
8x16 121 0.70 0.39 0.21 0.63
8x8 6.31 3.11 1.42 0.70 2.89
8x4 0.94 0.37 0.13 0.04 0.37
4x8 0.73 0.30 0.11 0.04 0.30
4x4 0.99 0.41 0.18 0.07 0.41
6464 4119 6193 7390 8214 6481
64x32 1.67 151 1.15 0.87 1.30
32x64 2.12 1.90 1.75 1.36 1.78
32x32 2464 1814 1357  10.05)  16.60
32x16 213 114 0.79 0.50 114
16x32 233 151 1.07 0.68 1.40
'\fl\gg:\ég 16x16 14.80 8.44 513 3.18 7.89
16x8 1.04 0.57 0.33 0.18 0.53
8x16 1.02 0.69 0.37 0.20 0.62
8x8 6.20 3.09 1.43 0.70 2.86
8x4 0.94 0.37 0.13 0.04 0.37
4x8 0.72 0.30 0.11 0.04 0.29
4x4 0.99 0.41 0.18 0.07 0.41
64x64 4097 6183 7386 8204  64.67
6432 1.76 1.61 1.18 0.91 1.37
32x64 218 1.01 1.80 1.47 1.84
32x32 2446  17.99] 1354 9.93  16.48
32x16 2.24 1.19 0.82 0.51 1.19
16x32 235 151 1.10 0.72 1.42
T}ggg\ég 16x16 14.75 8.45 5.12 317 7.87
16x8 1.10 0.60 0.34 0.18 0.56
8x16 1.24 0.70 0.38 0.21 0.63
8x8 6.26 3.11 1.44 0.71 2.88
8x4 0.95 0.38 0.13 0.04 0.38
4x8 0.74 0.31 0.12 0.04 0.30
4x4 0.99 0.41 0.18 0.07 0.41
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C.14.

decoding time

Table presents values of parameters describing population samples of coding and decoding tirr

obtained during deviation analysis (refer to Secto®. Quantity of each population sample is

equal 30 N=30).

Results of deviation analysis of

coding and

Sampleg(N=30)
Parameterdescribing coding ot MV-HEVC IMVC
decoding time coder
coder decoder ] . view0 decoder
viewQ viewl .
+viewl
Average valuef[s] 1666949 3.006| 273181| 430395| 703576 0.890
Sandard deviationi [s] 2121 0.021 0.341 0.396 0.554 0.009
99% confidence intervab Js] 5.510 0.054 0.886 1.029 1.440 0.024
©  Led[%] 0.331 1.800 0.324 0.239 0.205 2.675
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C.15. Impact on coding/decoding time due to
proposed algorithms in MVC

Tables present increase in coding and decoding time due to proposedbdsegthinteview

prediction algorithms measured for MVC codec (refer to Seétion

Tab.C.30."0¢ & [%] for MVC coder relatedto coding time of a single view.

JMVC+FPDBP \ JMVC+IPDBP
Sequence QP

22 27 32 37 | Avg.| 22 27 32 37 | Avg.
Poznan Street 14| 38| 24 254 25 13| 37 24| 24| 24
GT Fly 39 41| 7.3 6.8 55 38/ 4.0 7.0 6.6/ 5.3
Balloons 32| 36| 33 38 35 3.3 3.2 3.1 38/ 34
Newspaper 24, 3.7, 20/ 13| 23 21 3.6 2.0 1.1 2.2
Avg. 27 38 37 36| 35 26| 3.6 3.6/ 35 33

Tab.C.31."0%¢ & [%] for MVC coder, related to codirntime of all views.

JMVC+FPDBP \ JMVC+IPDBP
Sequence QP

22 27 32 37 | Avg.| 22 27 32 37 | Avg.
Poznan Street 0.8/ 23 1.4 14 15 0.8 2.2 14 1.4 1.5
GT Fly 21, 22| 39 37| 30 2.0 2.2 3.8 3.5 29
Balloons 20, 22| 20, 24 21 2.1 2.0 19 2.3 2.1
Newspaper 16| 24 13| 08| 15 1.4 2.4 13 0.7 1.4
Avg. 16| 23| 22 21| 20 1.6 2.2 2.1 2.0 2.0

Tab.C.32."0¢ & [%)] for MVC coder, related to coding time of a single view.

JMVC+FPDBP | JMVC+IPDBP
Sequence QP
22 | 27 | 32 | 37 [ Avg. | 22 | 27 | 32 | 37 | Avg.
Poznan Street| 14.1] 13.6| 17.1] 19.0] 159 13.6] 13.1] 16.4] 184 154
GT Fly 22.2| 23.7] 22.5] 252 23.4] 219 236 226 24.8 232
Balloons 11.6] 125 13.3] 145 130 11.5] 12.4] 13.3] 14.3] 129
Newspaper 11.8) 11.2] 14.0] 156 13.1] 12.2[ 11.3] 14.1] 16.1] 134
Avg. 14.9| 15.2| 16.7| 18.6] 16.4| 14.8] 151 16.6] 18.4] 16.2

Tab.C.33."0¢ & [%)] for MVC coder, related to coding time of all views.

JMVC+FPDBP \ JMVC+IPDBP
Sequence QP

22 27 32 37 | Avg. 22 27 32 37 | Avg.
Poznan Street| 8.6/ 8.2/ 10.1] 11.0 9.5 8.3 7.9 9.7/ 10.7f 9.2
GT Fly 12.0f 12.8) 12.2| 135 12.6| 11.9| 12.8| 12.2| 13.3| 126
Balloons 73| 7.8/ 83| 89 8.1 7.2 7.8 8.2 8.7 8.0
Newspaper 7.8 7.3/ 9.0 10.0 8.5 8.1 7.4 9.2 10.3 8.7
Avg. 8.9/ 904 99| 109 9.7 89/ 8.9 9.8/ 10.8| 9.6
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Tab.C.34."0¢ & [%] for MVC decoder, related to coding time of all views.

C.16.

JMVC+FPDBP ‘ JMVC+IPDBP
Sequence QP
22 27 32 37 Avg. 22 27 32 37 Avg.
Poznan Street| 1954| 2271| 2402| 2517| 2286| 1880 2182 2317 2411 2198
GT Fly 1983| 2123| 2253| 2285| 2161| 1902| 2074| 2149| 2225| 2088
Balloons 2116| 2271| 2396| 2512| 2324| 2041 2187, 2311| 2426| 2241
Newspaper 2234| 2378| 2504| 2566| 2420| 2149| 2303| 2401| 2472| 2331
Avg. 2072| 2261| 2389 2470 2298| 1993| 2187 2294| 2383| 2214
Tab.C.35."0¢ & [%] for MVC decoder, related to coding time of all views.
JMVC+FPDBP | JMVC+IPDBP
Sequence QP
22 27 32 37 Avg. 22 27 32 37 Avg.
Poznan Street| 3986| 602 | 7019| 7742| 6193| 3767 5646 6636| 7335 5846
GT Fly 4941| 6134| 6912 7339| 6332| 4689| 5788| 6536 6947 5990
Balloons 5239| 6444| 7183| 7867| 6683| 5010, 6145 6863| 7455 6368
Newspaper 6001, 6850| 7486| 7931 7067| 5842| 6612| 7237 7683 6843
Avg. 5042| 6363| 7150 7720 6569| 4827 6048| 6818| 7355 6262
Impact on coding/decoding time due to

proposed algorithm in MV-HEVC

prediction algorithm measured for MMEVC codec (refer to Sectidhb).

Tables present increase in coding and decoding time due to proposeebakmathinteview

Tab.C.36."0¢ & [%] for MV-HEVC coder, related to coding time of all views.

MV-HEVC+IPDBP
QP
Sequence > T 27 | 32 | 37 | Aw.
Poznan Stree| 1.1 1.0 1.1 0.8 1.0
GT Fly 0.9 0.7 0.6 0.5 0.7
Balloons 0.5 0.6 0.8 0.8 0.6
Newspaper 1.0 0.7 0.5 1.1 0.8
Avg. 0.9 0.8 0.8 0.8 0.8
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Tab.C.37."0¢ & [%)] for MV-HEVC coder, related to coding time of all views.

MV-HEVC+IPDBP1 |

MV-HEVC+IPDBP2 |

MV-HEVC+IPDBP2

Seqience QP
22 | 27 | 32 | 37 |Avg.| 22 | 27 | 32 | 37 |Avg.| 22 | 27 | 32 | 37 |Avg.
Poznan Streg 8.9/10.9|12.1/14.8| 11.7| 9.0|10.7|11.9| 14.8| 11.6| 8.7| 10.0| 10.9| 12.1| 10.4
GT Fly 10.7/11.9|12.2|11.8| 11.6/10.7| 12.1| 12.7| 12.0| 11.9| 10.2| 12.1| 12.4| 12.3| 11.8
Balloons 9.5/10.6/13.1{14.3| 11.9| 9.7|11.1| 13.9| 15.0| 12.4| 9.3|10.4| 11.7| 11.3| 10.7
Newspaper | 9.2/10.6/10.6/10.4| 10.2| 9.3/10.7/11.2| 11.1| 10.6| 8.9| 9.8| 10.4| 10.2| 9.8
Avg. 9.6/11.0/12.0{12.8| 11.3| 9.7|11.1| 12.4| 13.2| 11.6/ 9.3|10.6| 11.4| 11.5| 10.7

Tab.C.38."0¢ & [%] for MV -HEVC decoder, related to coding time of all views.

Tab.C.39."0¢ & [%] for MV-HEVC decoder, related to coding time of all views.

MV-HEVC+IPDBP

QP
Sequence > T 27 | 32 | 37 | Awg.
Poznan Stree] 54 62 76 83 69
GT Fly 53 57 61 76 62
Balloons 57 68 85 83 73
Newspaper 76 82 94 103 89
Avg. 60 67 79 86 73

MV-HEVC+IPDBP1 |

MV-HEVC+IPDBP2

MV-HEVC+IPDBP2

Seqguence QP
22| 27 | 32 | 37 |Avg.| 22 | 27 | 32 | 37 |Avg.| 22 | 27 | 32 | 37 | Avg.
Poznan Stree 30| 75| 110| 170| 97| 34| 82| 140| 242| 125| 24| 48| 68| 99| 60
GT Fly 149| 190| 233| 278| 213| 144| 189| 237| 312| 221| 140| 180| 210| 247| 194
Balloons 95| 155| 200| 208| 165| 91| 153| 209| 236/ 172, 89| 139| 171| 184| 146
Newspaper 70| 97| 94| 69| 82| 84| 104| 127| 247| 141 58| 79| 66| 504 63
Avg. 86| 129| 159| 181| 139| 88| 132| 178| 259| 164, 77| 112| 129| 145| 116
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