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«Codage et compression de vidéo multi-vue robuste aux erreurs de

transmission »

Résumé :

La derniere génération de codage vidéo multi-vues MV-HEVC a exploité efficacement les
informations redondantes entre les vues dans les vidéos multi-vues et a fourni une efficacité de
compression élevée. Cependant, I'augmentation de la distance entre les caméras lors de 1'acquisition
de vidéos multi-vues a créé une disparité entre les vues. Ce dernier a influencé les similitudes
d'interview et a affecté 1'estimation de la disparité qui a nécessité une estimation individuelle pour
chaque unité de codage. Par conséquent, cela a augmenté la complexité de calcul du codeur MV-
HEVC.

Dans cette recherche, nous avons proposé une approche améliorée pour estimer la disparité
en éliminant le décalage entre les vues lors de l'encodage des entrevues. Cette suppression du
décalage a permis de réduire la fenétre de recherche pour l'estimation de disparité en fonction de la
taille des unités de codage. De plus, nous avons introduit une décision antérieure de division des
unités de codage (EDCS) pour améliorer la fiabilité de l'estimation de mouvement. Les résultats
expérimentaux ont démontré que notre approche proposée réduisait considérablement le temps
d'encodage, allant de 20,31 % a 44,35 % en moyenne, avec une dégradation minimale des

performances.

De plus, cette these a évalué la robustesse de MV-HEVC contre les erreurs de transmission
en analysant la sensibilité du flux binaire MV-HEVC dans des conditions sujettes aux erreurs. Plus
précisément, 1'analyse s'est concentrée sur l'effet de la propagation des erreurs dans la couche
d'abstraction du réseau (NAL). L'étude a pris en compte deux types d'unités dans cette couche : la
couche de codage vidéo (VCL) et la couche de codage non vidéo (non-VCL), en les soumettant a des
taux d'erreur binaire variables. Les résultats expérimentaux ont révélé que la NAL VCL et la zone
active non-VCL étaient les données codées les plus sensibles dans le flux binaire MV-HEVC,
soulignant la nécessité de les protéger pour minimiser la propagation des erreurs dans la

transmission vidéo multi-vues.

Mots clés: MVV, MV-HEVC, complexité de calcul, prédiction entre vues, estimation de la
disparité, flux binaire MV-HEVC, unités NAL, robustesse aux erreurs.



« Coding and compression of multi-view video robust to transmission errors »

Abstract:

The latest multi-view video coding generation MV-HEVC exploited effectively the inter-view
redundant information in multi-view videos and provided high compression efficiency. However,
increasing the distance between cameras during multi-view videos acquisition created an inter-view
disparity. This latter, influenced the inter-view similarities and affected the disparity estimation
which required an individual estimation for each coding unit. Consequently, this increased the

computational complexity of the MV-HEVC encoder.

In this research, we proposed an improved approach to estimate disparity by eliminating the
offset between views during inter-view encoding. This elimination of the offset enabled a reduction
in the search window for disparity estimation based on the size of the coding units. Additionally, we
introduced an earlier decision of coding units splitting (EDCS) to enhance motion estimation
reliability. Experimental results demonstrated that our proposed approach significantly reduced the

encoding time, ranging from 20.31% to 44.35% on average, with minimal performance degradation.

Furthermore, this thesis evaluated the robustness of MV-HEVC against transmission errors by
analyzing the sensitivity of the MV-HEVC bitstream under error-prone conditions. Specifically, the
analysis focused on the effect of error propagation in the Network Abstraction Layer (NAL). The
study considered two types of units in this layer: the Video Coding Layer (VCL) and the Non-Video
Coding Layer (Non-VCL), subjecting them to varying bit error rates. The experimental findings
revealed that the VCL NAL and the non-VCL active area were the most sensitive encoded data in the
MV-HEVC bitstream, emphasizing the need to protect them to minimize error propagation in multi-

view video transmission.

Key words : MVV, MV-HEVC, Computational Complexity, Inter-View Prediction, Disparity Estimation, MV-

HEVC bitstream, NAL units, error robustness.
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(zeneral Introduction

Multi-view videos (MVV), also known as multi-angle or stereoscopic videos, are
video contents captured from multiple simultaneous viewpoints. With the advent of
technology, these videos have rapidly gained popularity as a legitimate alternative
and extension to 2D video. MV Vs offer a more immersive and interactive viewing
experience, as well as higher video quality. They are also accessible to the general
public through various channels such as the internet, cable and satellite transmis-
sion, as well as terrestrial broadcasting. The key technology for these different
applications is multi-view video, also known as Multi-View Video (MVV). In this
introduction, we will explore in more detail what multi-view video is, its advantages
and applications, as well as the challenges it faces.

Multi-view video is a form of video captured by multiple cameras from various
viewing angles simultaneously. This technique can be used to capture depth in
addition to texture, which is known as Multi-view Video-plus Depth (MVD). MVD
can provide information about the geometry of the captured scene and can be used
like conventional videos for transmission and viewing.

The arrangement of cameras in multi-view video setups can vary based on the
application and desired video quality, as well as the display devices being used.
Figure 1 is an illustration of a typical multi-view video capture system.

Each camera-captured video can be encoded using any standard encoder such
as H263, H264/AVC, etc. However, the individual sequences comprising the multi-
view video must be encoded using the same encoder to ensure compatibility. This
is essential for new multimedia applications such as 3D television (3DTV) and Free
Viewpoint Video (FVV), which provide viewers with a more realistic impression of

the visualized scene. This allows for the provision of a completely new stereoscopic



MVV Acquisition MVYV Cameras Visualization

Figure 1: Multi-View Video Capture System.

vision to viewers.

Multi-view video has a wide range of applications across several domains, in-
cluding entertainment, surveillance, medical imaging, sports, and robotics. With its
ability to capture depth and texture, multi-view video has opened up new possibil-
ities for creating immersive and realistic visual experiences.

Multi-view video compression is an area of research that has garnered significant
attention in recent years. The compression of MVD sequences, in particular, is a
challenging task due to the additional bits required to represent depth information
accurately. To achieve efficient compression of multi-view video, it is necessary to
leverage the temporal, spatial, and inter-view redundancies present in the different
sequences.

Moreover, during the transmission of multi-view video sequences, errors can oc-
cur, which can lead to a degradation in the reconstructed video quality. Hence,
developing compression techniques that can handle these transmission errors is crit-
ical for efficient and reliable multi-view video transmission.

The goal of this thesis is to explore and evaluate multi-view video compression
techniques that can provide high compression efficiency and robustness to transmis-
sion errors. Specifically, the study aims to investigate methods that can exploit the

correlations between multiple camera views to reduce redundancy. Additionally, the



thesis aims to evaluate error robustness in MV-HEVC coding standard.

The proposed research will have significant implications for applications that
rely on multi-view video, such as 3D television, free viewpoint video, and virtual
reality. By improving the compression efficiency and robustness of multi-view video,
it will be possible to deliver high-quality video content over networks with limited

bandwidth and to enhance the user experience.

Multi-view video technology has revolutionized the way we perceive and interact
with visual media. Unlike traditional single-view video, multi-view video provides
the user with the ability to view a scene from multiple angles, navigate between
views, and enjoy special visual effects provided by divergent devices.

One of the most exciting applications of multi-view video is FVV, which allows
the user to interactively control a viewpoint in a 3D space to view a dynamic scene.
The specific feature of FVV is that users can select a viewpoint that does not corre-
spond to any existing camera viewpoints, and generate a new view of the scene from
any 3D position. This requires the use of multiple cameras arranged and config-
ured carefully to achieve high-quality video. FVV has many potential applications,
such as in sports coaching where a coach can better evaluate their players through

multiple angles of view.

Another exciting application of multi-view video is 3DTV, which has become
increasingly popular in recent years. 3D video requires capturing depth along with
the texture of the scene to be visualized. This means that from each viewpoint,
a sequence of texture and depth must be obtained. Several 3D display techniques,
such as stereoscopic or auto-stereoscopic systems, can be implemented to provide the
viewer with a sense of depth. In stereoscopic systems, special devices like glasses
are used to provide the viewer with the sense of depth, while auto-stereoscopic
systems use a lenticular network or parallax barrier to distribute different viewpoints

intended for each eye.

The compression of multi-view video sequences is a challenging task, and com-
pression of MVD sequences is particularly demanding due to the depth information
requiring additional bits for accurate representation. Developing robust compres-

sion techniques that can cope with transmission errors is essential for efficient and



reliable multi-view video transmission. Research into multi-view video compres-
sion techniques that can provide both high compression efficiency and robustness to

transmission errors is an important area of investigation.

Multi-view video compression is a vital aspect of handling the vast amount of
information generated by multi-view video capture. Due to the high redundancy of
information contained in the different views captured simultaneously, as well as the
considerable size of the processed information, efficient compression is indispensable.
The importance of compression in this case is evident in the improvement and op-
timization of storage and transmission of video over computer networks such as the
internet. To achieve efficient compression, various constraints need to be considered,
including compression efficiency defined by a bitrate/quality compromise, random
temporal accessibility requested by all video coding algorithms, random accessibility
to the different views of the video, and possible reduction of the complexity of the

coding algorithm.

Multi-view video compression (MVC; Multi-view Video Coding) is the process
of generating a single binary stream (bitstream) using N views and exploiting the
different views after decoding the binary stream sent by the encoder. The general
architecture of multi-view video compression is illustrated in Figure 2. The MVC
has been standardized as an extension of the H.264/AVC standard by "The ISO/IEC
JTC1/SC29/WG11 Moving Pictures Experts Group (MPEG)". All charact eristics

and techniques of this video compression standard are used by MVC.

Multi-view video compression has numerous applications, including 3D video,
virtual reality, and augmented reality. It enables a high-quality viewing experience
with a reduced storage footprint and a lower bandwidth requirement. Additionally,
the ability to access multiple views of the video provides enhanced user interactivity
and improved overall video quality. However, multi-view video compression still
faces challenges, including ensuring compatibility with different devices and video
players, as well as ensuring the robustness of the compressed video stream against
transmission errors. These challenges require ongoing research and development
to ensure that multi-view video compression continues to meet the ever-increasing

demands of video processing and delivery.
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Figure 2: General Architecture of a MVV Compression System.

Thesis Contributions

This thesis mainly addresses issues related to multi-view video compression, with
a particular emphasis on reducing computational complexity for the multi-view ex-
tension of HEVC (MV-HEVC) and robustness to transmission errors. Specifically,

the main contributions of this thesis are as follows:

e Efficiently reducing the computation time for motion and disparity estima-
tions (DE) during the encoding process can help reduce the coding complexity
of Multi-View Video (MVV). This thesis proposes an efficient algorithm for
Earlier Disparity Estimation (EDE) to further decrease the computational
complexity in MV-HEVC. The main contribution of this work is the improved
early offset estimation between the different views of the MVV, which takes
into account several three-view prediction structures. The EDE algorithm
reduces the complexity of disparity estimation by eliminating the inter-view

offsets caused by different viewing positions. By considering inter-view simi-
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larities and coding unit (CU) split levels, the DE search window is reduced,
thereby decreasing the number of searching points within a limited window.
Additionally, motion estimation (ME) is improved in this thesis for dependent

views only, by introducing an earlier decision for CU splitting (EDCS).

e Due to the scarcity of studies analyzing error-sensitive encoded data in MV-
HEVC, this thesis aims to explore the sensitivity of MV-HEVC bitstream
under error-prone conditions as a second contribution. The evaluation work
examines the effects of different encoded components in the MV-HEVC bit-
stream, such as the Network Abstraction Layer (NAL) unit types, which in-
clude both the Video Coding Layer (VCL) and Non-Video Coding Layer (Non-
VCL) samples that are encoded and subjected to various random bit errors
and packet loss rates. This study aims to identify the most sensitive com-
pressed data that should be encoded in higher-protected channels, and the

less error-sensitive encoded data that can be encoded in dependent views.

Thesis Outline

In addition to this introduction, which serves as both a motivation and a general
presentation of the problem, the manuscript consists of four chapters organized as
follows:

Chapter 1 introduces some general information about video compression, par-
ticularly the different types of video redundancies and hybrid video coding. We
will then provide a brief overview of the technical aspects of the two standards
H.264/AVC and HEVC to clarify the specificities of each norm. To position MV-
HEVC in relation to HEVC, we will study the profiles and levels of HEVC. Finally,
this chapter concludes with the presentation of current multi-view video coding
standards, particularly the two standards MVC and MV-HEVC.

In Chapter 02, we will outline the fundamental concepts of multi-view video
compression, including the constraints that must be satisfied, the conditions, and the
MV-HEVC Hybrid Video Coding. Additionally, we will introduce the construction
of the MV-HEVC bitstream and the complexity of this standard. Furthermore, we



will discuss the HTM reference model jointly developed by ISO/IEC JVT, MPEG,
and VCEG.

In Chapter 03, we will discuss the proposed approach for reducing the computa-
tional complexity of the MV-HEVC standard while maintaining a better trade-off
between bitrate and video quality. After presenting a statistical study on the use
of blocks in inter-view prediction, we will detail the proposed method based on the
elimination of inter-view offset. Finally, to complete the study, we will examine the
results on the test data presented in Chapter 02.

The fourth chapter deals with the analysis of the sensitivity of the MV-HEVC bit
stream under error-prone conditions. Then, a study will be presented on the effects
of different components coded in the MV-HEVC bitstream, such as the types of
Network Abstraction Layer (NAL) units, which are samples of Video Coding Layer
(VCL) and Non-Video Coding Layer (non-VCL), coded and subjected to error-prone
conditions with various error rates on bits and packet loss. The study presented in
this chapter helps identify the compressed data that is most sensitive to coding in
a more protected channel, as well as the coded data that is least sensitive to errors

in dependent views.






Chapter 1

Video Compression Fundamentals

1.1 Introduction

Video compression is the process of reducing the size of a digital video file by re-
moving redundant or irrelevant information, without significantly reducing the visual
quality of the video. This is achieved by exploiting several types of redundancy that
exist within video content, using specific video coding standards.

The aim of this chapter is to provide a comprehensive introduction to video
compression fundamentals and standards that will serve as a foundation for further
study and exploration in this area. The chapter will cover the concept of video
redundancies, the different types of video compression, and the fundamental princi-
ples of hybrid video coding. It will also discuss various video compression standards
that have been developed over the years, including H.264/AVC, HEVC, MVC and
MV-HEVC.

1.2 Video Redundancies

Streaming high-definition video data requires approximately 2 billion bits per second
of data bandwidth. Owing to the significant amount of data required to represent
digital video, it is desirable for these video signals to be easily compressible and
decompressible. Fortunately, exhibits strong vertical, horizontal, and temporal cor-

relation or redundancy, making it highly compressible. Data compression refers to
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the reduction in the number of bits required to store or transmit a video sequence
by exploiting four types of redundancies those are Psycho-visual, temporal, spatial

and statistical redundancies [1].

1.2.1 Psycho-visual Redundancy

Psycho-visual redundancies refer to the persistency of human eye. The human eye
cannot perceive certain details in a digital picture, and those details can be selec-
tively removed from the digital data. However, removing these details does not
significantly affect the quality of the digital data, as they are not noticeable to the

human eye.

1.2.2 Spatial Redundancy

Video data is typically composed of a sequence of still pictures or frames. To exploit
the correlations between pixels, each frame can be divided into smaller pixel blocks.
Particularly, when considering the luma and chroma components [2], neighboring
pixels within a video frame tend to exhibit significant similarity . Spatial redundancy
emerges from the horizontal and vertical correlations between adjacent pixel values
within the same frame, commonly referred to as intra-picture correlation. Figure

1.1 illustrates an example of spatial redundancy.

Original Frame

I
anm

Figure 1.1: Spatial Redundancy Within the Same Video Frame.
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1.2.3 Temporal Redundancy

The number of frames per second in a motion video is called as frame rate. Typically,
a video is displayed at a frame rate higher than 15 frames per second (fps) to ensure
smooth and continuous motion perception by a human observer [3]. This necessitates
a high degree of similarity between neighboring frames.Temporal redundancy refers
to the correlation or similarities between adjacent frames within the same video

sequence, also known as inter-frame correlation.

[ ] Temporal Redundancy Frame 7

Figure 1.2: Temporal Redundancy Between Successive Video Frames.

1.2.4 Statistical Redundancies

Statistical redundancies in video data typically refer to additional bits or fixed-length
binary codes added to encode various components such as transform coefficients,
motion vectors, and other data. This redundancy can be eliminated at the last level

of video compression before transmission.

1.3 Video Compression

Video compression techniques involve the removal of redundant information that is

not considered critical for viewing the video content. In end-to-end video compres-
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sion, the process involves an encoder situated at the source, which compresses the
input video into a bitstream. At the receiver end, a decoder is utilized to decom-
press this bitstream, allowing for video playback [1]. The collaboration between an
encoder and a decoder is often referred to as a codec or video compression standard,

as depicted in Figure 1.3.

/ Video CODEC \

Video EnCQder Transmission / Storage Video DECoder

Bitstream

Figure 1.3: Video CODEC (COder/ DECoder).

1.3.1 Lossy Compression

Lossy compression techniques involve a partial loss of information, which means that
the compressed data cannot be fully restored during the subsequent decompression
process |5]. Lossy video compression takes advantage of psycho-visual redundancies
in the human visual system, removing non-relevant data portions. This process
retains only the information that can be perceived, resulting in a decoded image

that appears almost identical to the original for most observers.

1.3.2 Lossless Compression

Lossless compression serves the objective of reducing redundancy in video data while
maintaining the entirety of the information, by encoding it with a reduced number
of bits [5]. In which, the compressed data can be fully restored during the decom-

pression process, ensuring that the original and reconstructed video pictures are
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identical.

Spatial, temporal and statistical redundancies are the primary types of redun-
dancies visible to the human eye. Such redundancies can be exploited by lossless
compression techniques such as efficient prediction, which is commonly found in

most current video codecs.

1.4 Hybrid Video Coding (HVC)

Among the widely adopted video compression codecs, Hybrid Video Coding (HVC)
stands out as a standardized communication protocol that guarantees interoperabil-
ity between several types of encoders and decoders [6]. The encoder in the HVC
system mainly goes through four steps: prediction, transformation, quantization,

and entropy coding. This can be later played by a decoder with a reverse process.

1.4.1 HVC Encoding Process

Figure 1.4 illustrates the fundamental elements of a generic video encoder within

the HVC system, represented as a block diagram.

Input Video
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+ >® residue T >l coefficients Entropy
Original Coding
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>| Prediction | _[ | __________ .
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I
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Reference > Intra | ;
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Reconstructed samples Prediction
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Compressed Video

Figure 1.4: Generic HVC System (Encoder).
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1.4.1.1 Prediction

Before the encoding process begins, all input video frames are partitioned into rect-
angular blocks. The performance of video coding largely depends on the effective use
of block predictions. The prediction process aims to identify common blocks within
the same frames or among neighboring frames .When a reference block is found,
the redundant one is removed by either intra-prediction or inter-prediction. Intra-
prediction reduces spatial redundancy by predicting blocks in the current frame from
neighboring blocks already encoded in the same frame, using a predefined predic-
tion mode. In inter-prediction, redundant information between adjacent frames or
so-called temporal redundancy is eliminated by predicting the current block from
the blocks belonging to the pre-coded frames. Enhancement of inter-prediction can
be achieved through accurate estimation of block motion. This technique is com-
monly known as Motion Compensated Prediction (MCP) or prediction assisted by
Motion Estimation (ME) [7].The ME algorithm is utilized to search for the most
similar block within the reference frames, relative to the current block. Once the
best matching block is identified, the ME algorithm determines the corresponding
motion vector (MV), which consists of a horizontal and a vertical component. This
motion vector indicates the relative displacement of the region in relation to the cur-
rent block position. Given that the predicted and current blocks are rarely identical,
the MCP generates a shifted pixel block from the referenced frame. This process
involves utilizing the motion vector (MV) to calculate and encode the difference be-
tween the shifted block and the current block. This difference is commonly referred
to as the prediction residue or prediction error [3]. In the case of inter-prediction
during the MCP, the motion vector (MV) needs to be encoded and transmitted
alongside the residual. Conversely, for intra-prediction, the residual is encoded and

transmitted using different prediction modes [9] [10] [11].

1.4.1.2 Transformation

In the field of image and video coding, effectively encoding spatial data poses inher-
ent challenges due to the high correlation among neighboring samples in the spatial

domain and the random distribution of energy across video frames. Consequently,
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a mathematical transform (referred to as the T module) is employed to process
prediction error blocks. This transformation converts the values from the spatial
domain to the frequency domain, thereby mitigating correlation and concentrating
energy in a reduced number of coefficients. Among the transformation techniques
commonly employed in recent years, the Discrete Cosine Transform (DCT) [12] has
gained significant popularity. Typically, it is applied to small, equally sized blocks
of image pixels such as 8x8 or 16x16. Additionally, variable block size transforms

[13] and 3D transforms [1/]| have also emerged as widely used alternatives.

1.4.1.3 Quantization

The aim of quantization is to map a set of continuous or discrete values to a smaller
set of discrete values, called quantization levels. This is done by selecting one rep-
resentative value for several values, which is usually the value closest to the original
value. The quantization process can eliminate small values of the transformed resid-
uals associated with spectral components that are not perceptibly relevant. For in-
stance, in image compression, high-frequency image components are quantized more
aggressively than low-frequency components due to the human eye reduced sensitiv-
ity to high-frequency details. Aggressive quantization of high-frequency components
helps to eliminate small values associated with these components, leading to more
efficient compression. However, it is important to note that improper selection of
quantization levels can introduce errors or distortions.

The quantization is commonly used in lossy compression algorithms, in which
it is used to reduce the amount of data needed to represent a video signal while

preserving its perceptual quality.

1.4.1.4 Entropy Coding

Entropy coding is a highly effective method of lossless data compression, wherein
a distinctive prefix code is generated and assigned to every quantized coefficient
found in the input. The purpose of entropy encoders is to compress the data by
substituting fixed-length input samples with their corresponding variable-length pre-

fix codewords. Subsequently, the processed data is converted into a bitstream and
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transmitted through a channel or stored in a medium for decoding purposes.

1.4.2 HVC Decoding Process

The hybrid video decoder is represented by the generalized block diagram illustrated

in Figure 1.5.
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Figure 1.5: Generic HVC System (Decoder).

Within this diagram, the inverse quantization (IQ module) [15] and inverse trans-

form (IT module) [16] are responsible for processing the quantized and transformed
coefficients, respectively. Their outputs generate the prediction residue, which is
then combined with the predicted samples derived from the inter-frame or intra-
frame decoding modules. The resulting combination is stored as the reconstructed

residue and serves as a reference for the intra-prediction or inter-prediction modules.

1.5 Video Compression Standards

Numerous video compression standards have been developed by international orga-
nizations over the past three decades and continue to remain highly popular today.
The primary organizations responsible for the advancement of video coding stan-

dards are the International Telecommunication Union Telecommunication sector
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(ITU-T), and the International Standard Organization /International Electrotech-
nical Commission (ISO/IEC) [17]. Collaboratively, ISO/IEC and ITU-T contribute
to the creation of the MPEG and H.26x series of video coding standards. These
standards are designed to enhance encoding bitrate efficiency while maintaining
consistent perceived video quality [18].

Within the JCT-VC team (Joint Collaborative Team on Video Coding), dedi-
cated developers and researchers tirelessly strive to maximize the compression ratio
of video coding standards. Simultaneously, other researchers focus on improving the
error robustness of video transmission in diverse network environments. Figure 1.6
visually presents the evolution of video coding standards starting from 1990 (H.261)
and culminating in the latest generation, VVC (Versatile Video Coding) in 2020.

ITU-T H.263, H.263+
ISO/IEC MPEG-1 MPEG-4
Visual
3D-HEVC
Joint ITU-T/ H.264/AVC HEVC
|SO/|EC H.262/MPEG-2 MVC MV- HEVC Ve
1993 1996 1999 2002 2005 2008 2011 2014 2017 2020

Figure 1.6: Advancements in Video Compression Standards.

Throughout the evolution of video coding standards, spanning from the incep-
tion of H.261 to the latest VVC codecs, each successive generation has consistently
achieved a remarkable reduction of approximately (50%) in the required bitrate,
while maintaining an equivalent level of video quality [19] [20] [21] [22]. However,
H.264 and HEVC are the most commonly used standards in the world of video com-
pression and streaming [23] as their HVC fully support layered video coding features
and their extensions that are able to generate layered video streams with unequal

importance used in 3D video coding.
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1.5.1 H.264/AVC

The ongoing collaborative efforts between ITU-T VCEG and ISO/IEC MPEG have
led to significant advancements in video coding, resulting in the establishment of
the H264/AVC (Advanced Video Compression) standard in 2003 [24]. The AVC
standard demonstrates notable enhancements in compression efficiency, surpassing
previous standards by up to 50% across various bitrates and video resolutions. No-
tably, H.264 stands out from other standards due to its exceptional video robustness
and the ability to maintain high-quality video at both high and low bitrates. The
main improvements added to H.264 hybrid video coding are based on a layered
design that allows different aspects of the compression process to be optimized in-

dependently.

1.5.1.1 H.264/AVC Layered Design

The AVC layered design refers to the organization of different functional components
in a Network Abstraction Layer (NAL)[25]. Each layer provides a specific set of
functionalities and is responsible for a specific process in the hybrid video coding
[26].

There are two types of NAL units, Video Coding Layer (VCL) NAL units and
non-VCL NAL units as shown in Figure 1.7.

v ¥ A — . }”

Input video | ‘ Reconstructed video

-
4—»{ non-VCL NAL Encoder ‘ [ non-VYCL NAL Decoder

A

Y

VCL NAL Encoder ‘ [ VCL NAL Decoder ]4—»

Hybrid video Decoder
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--------------------- > Transmission / Storage R ————
AVC bitsream

Figure 1.7: H.264/AVC Layered Design.
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VCL NAL units are responsible for creating a coded representation of the video
pictures based on variable block size to improve prediction processes, ME and MCP.
Seven variable block sizes are allowed in VCL NAL which are 16x16, 16x8, 8x16,
8x8, 8x4, 4x8 and 4x4 [27] as shown in Figure 1.8.

16X16 16X8 8X16 8xs

4X4 4X8 8X4

Figure 1.8: H.264/AVC VCL NAL Variable Block Sizes.

In contrast to previous standards that employed fixed blocks [28], the adoption
of variable block sizes in AVC has resulted in reduced bitstream sizes. This approach
enables smaller block sizes for encoding blocks with higher motion detail, thereby
enhancing prediction by capturing fine motion details. Conversely, larger block sizes
are utilized to encode blocks with lesser motion detail [29].

The non-VCL NAL units carry information that is needed for decoding and trans-
mission the video stream such as Supplemental Enhancement Information (SEI),
parameter sets, picture delimiters and filler data.

SEI is a set of optional metadata that can be included in the H.264 bitstream.
It provides additional information about the video content or encoding process, and
can be used to signal changes in the video stream or provide metadata about the
video, such as color space information or time-code data. SEI can be included in any
slice of the video frame and can be inserted at any point in the bitstream, allowing
for greater flexibility in the encoding process. Also, SEI are important for improving
the quality and efficiency of video encoding and playback, and should be carefully

considered when designing an H.264 video encoding system.
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Parameters set is a collection of parameters that define the configuration of the
video encoder and decoder. There are two types of parameter sets in H.264: the
Sequence Parameter Set (SPS) and the Picture Parameter Set (PPS) [30]. The SPS
defines the basic properties of the video sequence, such as the image size, aspect
ratio, and frame rate. The PPS provides additional information about individual
video frames, such as the type of picture (e.g., I-frame, P-frame, or B-frame) and
the motion vectors used to encode the frame. This made AVC more flexible for

multimedia services, wireless and mobile networks [31].

1.5.1.2 H.264/AVC In-Loop Deblocking Filter

In addition to AVC layered design, H.264 employs an adaptive in-loop deblocking
filter in the AVC decoder as shown in Figure 1.9. The deblocking filter is an op-
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Figure 1.9: In-loop Deblocking filter of AVC.
tional feature in H.264 [32] [33]. It is used to reduce block artifacts that can occur

when a video is compressed using block-based motion estimation, compensation and
quantization techniques. Block artifacts are caused by the discontinuities between
adjacent blocks in a compressed video frame, which can lead to jagged edges or vis-
ible blocks in the frame. The deblocking filter smooths out these discontinuities by
applying a low-pass filter to the edges between blocks through various parameters

such as the strength of the filter, the window size and the threshold for applying the
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filter to different block edges [31]. These parameters can be adjusted to balance the

reduction of artifacts with the preservation of detail in the compressed video.

1.5.1.3 H.264/AVC Drawbacks

The flexibility and robustness introduced in the newly coding structure of H.264
compression standard make it a popular choice for a wide range of applications,
including video telephony, video conferencing, HDTV, storage (DVD and Blu-Ray
player), video streaming, digital video authoring, digital cinema, and many others.
It is included into approximately one billion devices worldwide. However, the in-loop
deblocking filter can increase the computational complexity of the encoding process,
leading to longer encoding times and higher processing requirements. There is also
a risk of over-smoothing, which can result in a loss of detail and sharpness in the
final compressed video. Furthermore, the expanding range of services, the surging
popularity of HD video, and the emergence of higher-resolution formats such as
4kx2k or 8kx4k have created a pressing need for coding efficiency surpassing the

capabilities of H.264/AVC [35].

1.5.2 H.265/HEVC

High Efficiency Video Coding (HEVC) is the latest standardization efforts of ISO/IEC
MPEG and ITU-T VCEG for further improving the coding efficiency of H.264/AVC
standard. The first version of HEVC was finalized and published in January 2013
by the (JCT-VC) [36]. It has been reported that HEVC can provide comparable
subjective visual quality with H.264/AVC at only half bitrates in many cases. One
of the key improvements in HEVC over H.264 is the use of a more complex lay-
ered coding structure. It combines various advanced coding tools to further improve
compression efficiency and robustness, such as larger block sizes, quadtree-based
coding unit partitioning, parallel processing, more advanced prediction methods,

new profiles and levels.
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1.5.2.1 HEVC quadtree-based coding unit partitioning

Newly emerged video resolutions require larger smooth regions in the picture, which
can be encoded more efficiently when using large block sizes. This paved the way
for HEVC to introduce an innovative structural syntax with larger block sizes, and
more flexible than that defined in earlier H.264/AVC [37].

In HEVC structure, each frame is divided into CUs (Coding Units) for the pur-
pose of encoding processes, and each CU can be further split into PUs (Prediction
Units) used for predictions, or into TUs (Transform Units) defined for transform
and quantization. CU is based on a quad-tree partitioning architecture, which can
be recursively subdivided into four levels, corresponding successively to the depths

(DO, D1, D2 and D3) ranging from 64x64 to 8x8, as shown in Figure 1.10 (a).

CTU
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CU size=64x64
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CU size=32x32

Depth: 2

Depth:3 e
CU size=8x8
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(b)

Figure 1.10: (a) CUs Splitting. (b) PUs partitions modes.

CUs of the same depth level have equal sizes, close and do not overlap. In order to
enhance intra and inter predictions, each CTU (Coding Tree Unit) of size 2Nx2N is
divided into PUs, which are predicted from previously coded data using Symmetric
Partitions (SMP) and Asymmetric Partitions (AMP), as shown in Figure 1.10 (b).
Square Partitions (SP) with sizes 2Nx2N and NxN are the symmetrical PUs used
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in both intra prediction and inter prediction. Whereas, the rectangular SMP and
AMP are only used for inter-picture prediction such as SKIP, AMVP (Advanced
Motion Vector Prediction) and MERGE modes [38] [39] [10].

The TUs are used to apply Discrete Cosine Transform (DCT) or Discrete Sine
Transform (DST) [11] to the pixel values of a CU, in which the residual of prediction
is transformed, quantized and entropy encoded. TUs can be rectangular or square,
and their size is determined by the CU depth. The smallest size of the TU is 4x4
pixels, while the largest size is 32x32 pixels.

The use of CUs, TUs, and PUs in HEVC partitioning concept provided a much
larger number of options in the search for block matches to reduce the spatiotempo-
ral redundancies, which immensely improved the efficiency of HEVC encoding and

provided better compression performance, especially for UHD videos.

1.5.2.2 HEVC Parallel Processing

HEVC is designed to offer a significant improvement in coding efficiency compared
to the H.264/AVC standard, with a target of doubling the efficiency. However,
this higher efficiency comes at a cost of increased computational complexity. As a
result, HEVC encoders are expected to be several times more complex than their
H.264/AVC counterparts, making parallelism essential for achieving real-time HEVC
[12]. Among the various options available, a multi-core platform is considered most
suitable for accelerating video compression. HEVC incorporates slices, tiles, and
Wavefront Parallel Processing (WPP) to further refine the partitioning structure of
CTUs and enable efficient parallel processing. A slice in HEVC is a group of CTUs
that can be decoded independently, as illustrated in Figure 1.11 (a).

On the other hand, a tile is a rectangular area of CTUs arranged in horizontal
and vertical borders, as shown in Figure 1.11 (b). The number and size of tiles
are signaled in the video bitstream using syntax elements. The tile boundaries are
determined based on the CU and PU size, and they can be aligned to the raster
scan order or specified using tile coordinates [13]. The utilization of slices and
tiles for picture partitioning in video coding serves a primary purpose of facilitating

parallel processing applications by enabling synchronized multi-threaded processing.
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Figure 1.11: Picture partitioning using a) Slices, b) Tiles.

Moreover, tile partitioning in HEVC allows for convenient random access to specific
local regions within video pictures through the HEVC bitstream. However, it is
important to note that the tile coding structure lacks error robustness when it comes
to errors within the HEVC coding standard. In the tile partitioning process, the

scanning order initiates from the top-left corner of each divided tile.

In HEVC, a wavefront is another set of consecutive CTUs that are arranged

horizontally, as shown in Figure 1.12.

Thread 1 CTU | CTU | CTU CTU | CTU | CTU
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Figure 1.12: Partitioning of CTUs in Wavefront Parallel Processing (WPP).

24



The encoder processes each wavefront sequentially, but multiple wavefronts can
be processed in parallel by different processors. By dividing the frame into wave-
fronts, WPP can effectively utilize multiple processors |14], leading to faster encoding
times.

WPP in HEVC is signaled using a syntax element in the bitstream. The number
of wavefronts and the size of each wavefront are determined based on CTU size and
the picture dimensions. The number of wavefronts can be adjusted dynamically to
optimize the processing performance based on the available computational resources.

One of the main advantages of WPP is that it improves encoding performance
without compromising coding efficiency. In fact, WPP can improve coding efficiency
by reducing the number of bits required for motion information and reducing the
complexity of the motion compensation process at the same time reducing visual

artefacts that can be produced using tiles

1.5.2.3 HEVC Layered Design

In HEVC layered design [15], a new layer called Video Parameter Set (VPS) is added
to non-VCL NAL, as shown in Figure 1.13. The addition of VPS in HEVC provides
more flexibility and efficiency in video encoding compared to H.264, particularly
when it comes to handling changes in resolution and frame rate, multiple bitstreams,
and video metadata.

More precisely, in H.264 the resolution and frame rate had to be defined in the
SPS, which meant that every change in resolution or frame rate required a new SPS
to be transmitted. With VPS, changes in resolution or frame rate can be handled
more efficiently, as they can be specified separately in the VPS without requiring
the transmission of a new SPS.

VPS provides a more efficient way of handling video metadata, such as color
space information, bit depth, and chroma subsampling. In H.264, this information
had to be specified in the SPS, which could result in inefficient use of bandwidth.
With VPS, this information can be specified separately, allowing for more efficient
use of bandwidth.

In addition, HEVC allows for the transmission of multiple independent bit-
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Figure 1.13: HEVC parameters sets.

streams, each with its own VPS, SPS, and PPS. This is particularly useful for
applications that require the transmission of multiple video streams, such as multi-

view or 3D applications. H.264 also supports multiple bitstreams, but they are not

handled as efficiently as in HEVC.

1.5.2.4 HEVC Profiles and Levels

HEVC profiles and levels are standardized sets of specifications for video coding
that determine the compression efficiency and compatibility of HEVC encoded video
bistreams across different devices and platforms [16].

HEVC profiles define the features and capabilities of the codec, such as the
maximum video resolution, bit depth, and chroma sampling formats that can be

supported. There are several HEVC profiles, including:

e Main profile: is the most widely used HEVC profile, designed for a wide
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range of applications, including video conferencing, online video streaming,
and digital broadcasting. The Main profile supports video resolutions up to
4096x2304 pixels (4K UHD), and offers a good balance between compression

efficiency and computational complexity.

Main 10 profile: is designed for high-quality video applications that require
support for 10-bit color depth, such as HDR (High Dynamic Range) video
content. The Main 10 profile supports video resolutions up to 4096x2304
pixels (4K UHD) and 10-bit color depth, which allows for a wider range of

colors and greater color accuracy.

Main Still Picture profile: is optimized for still image coding, such as
in digital cameras or medical imaging applications. It uses advanced coding
techniques such as intra prediction and Context-Adaptive Binary Arithmetic

Coding (CABAC) [17] to achieve high compression efficiency for still images.

Scalable Main profile: this profile is designed for video coding applications
that require scalability, such as adaptive video streaming. It supports multiple
layers of video streams, each with a different resolution and bitrate, which can
be decoded independently or in combination to provide different levels of video

quality.

Main Intra profile: is optimized for video coding applications that require
high-quality, low-latency video compression, such as in video conferencing or
real-time streaming. It uses only intra-frame coding techniques, which do not

require motion estimation and allow for faster encoding and decoding.

Each HEVC profile is designed to cater to specific use cases and applications, and

choosing the appropriate profile can help achieve optimal compression efficiency and

video quality for a given application.

On the other hand, HEVC levels specify the maximum video parameters that

a device can support in terms of video resolution, frame rate, and bitrate. Higher

levels require more processing power and bandwidth to decode the video stream,

and not all devices may be able to support the highest levels. The HEVC standard
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defines ten levels, ranging from Level 1 (for low-resolution, low-bitrate video) to

Level 6 (for ultra-high-definition, high-bitrate video) as shown in Table 1.1.

Table 1.1: HEVC Levels

HEVC Maximum video Frame Maximum
Level resolution (pixels) rate (fps) bitrate
Level 1 3840x2160 (4K UHD) | 30 128 kbps
Level 2 3840x2160 (4K UHD) | 60 1 Mbps
Level 2.1 4096x2160 60 1.5 Mbps
Level 3 5120x2700 60 3 Mbps
Level 3.1 5120x2700 120 4.5 Mbps
Level 4 8192x4320 30 20 Mbps
Level 4.1 8192x4320 60 50 Mbps
Level 5 8192x4320 120 120 Mbps
Level 5.1 8192x4320 240 240 Mbps
Level 6 16384x8640 120 480 Mbps

Choosing the appropriate HEVC level is important for ensuring compatibility
between the video encoder and decoder, as well as for achieving optimal video quality
and compression efficiency for a given application. Devices that support higher
HEVC levels typically require more processing power and bandwidth to decode the

video stream, and not all devices may be able to support the highest levels.

1.6  Multi-layer Video Coding

Video compression technologies have made possible various exciting new services
since their international standardization started. While the main target has been
high compression efficiency, a lot of attention has recently been paid to three-
dimensional (3D) applications.

The ability to capture a same scene from multiple camera views simultaneously,

often referred to as multi-view video (MVV) has opened up new possibilities for
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emerging 3D video technologies, allowing for the creation of more realistic and en-
gaging visual content.

When capturing MVV, each camera view requires its own video stream, and
when combined, the resulting video data can be quite large. Although video streams
from each camera can be encoded independently using the straightforward coding,
such as AVC or HEVC, the exploitation of inter-view dependencies created between
cameras views is believed to offer up to 50% or more in bit savings, thereby called
Multi-view Video Coding (MVC) [18]. Figure 1.14 illustrates a typical structure of
MVC.

View 1 MVV View 1
' _— . —_— H
MVC Bitstream MVC
_—
—— Encoder Decoder ——
—_— —_—
—_— —_—
View View

Figure 1.14: MVC Typical Structure.

The MVC encoder receives temporally synchronized video streams and generates
one bitstream from each of the N camera views. The MVC decoder receives the
bitstream, decodes and outputs the video signals for each of the N views.

Two main approaches that have been reported in the field of MVC. One class
of approaches uses adaptive suband and decomposition within and across video
sequences from different cameras. This technique is out of the scope of this particular
thesis research.

Another class of algorithms extends the use of predictive coding, which is com-
monly used in single-view video compression, to multiple views. This approach takes

advantage of the temporal and inter-view dependencies created between adjacent
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views in MVV to reduce redundancy and compress the MVV data. MVC (Multi-
view Video Coding) and MV-HEVC (Multi-View High Efficiency Video Coding) are
both the latest MVC standards that have explored this approach.

1.7  Current Progress on MVC standards

1.7.1 MVC

Recognizing the growing need for MVC, MPEG published a call for proposals on
the MVC standard in July 2005. Since early 2006, The Joint Video Team (JVT)
has been devoting on the development of Multi-view Video Coding (MVC) standard
as an extension of H.264/AVC, which has been finalized in 2008 [19)].

The new MVC standard aims to exploit the high correlation between the mul-
tiple views of the same MVV, by exploiting spatio-temporal redundancies between
the adjacent frames, as well as by exploiting inter-view redundancies between neigh-

boring views, as shown in Figure 1.15.

Frame 1 Temporal Correlations Frame 2

View 1

I
|
|
|
I Inter-view Correlations
|
|
|
|
1

View 2

Figure 1.15: Inter-view redundancies between two views of Kendo sequence.
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The JVT is also considering the integration of additional features into the codec
with minimum changes in macro-block level syntax. Such features include illumina-
tion compensation that incorporates illumination changes into the motion compen-
sation process, adaptive reference filtering that compensates for focus mismatches
between views, and view synthesis prediction that generate synthesized views from
neighboring views.

MVC increases the MVVs compression rate by approximately 30% compared
to independently coded multi-view videos using H.264/AVC. These improvements
make MVC suitable for use with multi-view 3D displays and the coding format
in the majority of 3D Blu-rays. On the other hand, the recent advent of 3D Ultra
High Definitions (3D-UHD) technologies and the introduction of HEVC have slowed
the success of MVC solutions, as they are intended for compressing high and lower

definitions videos.

1.7.2 MV-HEVC

In an effort to satisfy the MVC requirements and to significantly enhance the feasibil-
ity of 3D Ultra High Definition (3D UHD) contents, the Joint Collaborative Team
on 3D Video (JCT-3V) developed MV-HEVC, a multi-view extension of HEVC.
MV-HEVC was published in mid-2014.

MV-HEVC offers a highly efficient video coding solution for MVV contents by
combining the capabilities of both HEVC and MVC designs. It offers backward
compatibility with HEVC, which enables existing HEVC decoders to decode MV-
HEVC bitstreams for the base view. This ensures that MV-HEVC can be adopted
gradually, without requiring a complete overhaul of existing MVC inter-layer struc-
ture.

In addition to its backward compatibility with HEVC, MV-HEVC allows a View
Synthesis Prediction (VSP) in its inter-layer design.The basic idea behind VSP is
to use the available views to synthesize a new virtual view. This can be used in
cases where inter-view prediction based on motion vectors is not effective, such as
in regions with occlusion or where there is significant camera motion. By using view

synthesis to generate a synthesized view, VSP can effectively capture the complex
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relationships between views By generating a virtual view and using it for prediction
and therefore MV-HEVC can achieve higher compression efficiency and better video
quality than traditional inter-view prediction techniques.

MV-HEVC improved features make it an ideal choice for applications that re-
quire efficient and high-quality video streaming over limited bandwidth, adaptive
streaming, and immersive 3D video experiences. Furthermore, MV-HEVC serves as
the foundation for 3D-HEVC standard. In which, it is built on the top of the MV-
HEVC codec and extends the MV-HEVC view synthesis to support the encoding
of depth maps. Depth maps provide essential depth information of a 3D scene and
can be compressed more efficiently than full-color video frames. By encoding depth
maps, 3D-HEVC achieves more efficient compression of 3D video content compared
to traditional 2D video coding standards, resulting in lower bitrates and reduced
storage requirements.

Moreover, 3D-HEVC utilizes multi-view video coding to enhance the visual qual-
ity of 3D video content, which has been widely adopted for various applications,
including virtual reality, augmented reality, and 360-degree video. Its efficiency
in compressing 3D video content has made it a popular choice for delivering high-
quality immersive media experiences. With ongoing research in this area, 3D-HEVC
continues to evolve, providing improved compression efficiency, reduced computa-

tional complexity, and higher visual quality for 3D video content.

1.8 Conclusion

Video compression techniques play a crucial role in enabling efficient video streaming
over limited bandwidth and improving the overall user experience. Therefore, a
thorough understanding of video content redundancies and video coding standards
is essential for developing state-of-the-art video compression solutions.

This chapter began by highlighting the video compression process and emphasiz-
ing the impact of hybrid video coding on perceived visual quality at both the encoder
and decoder sides. A concise review of video coding standards was then provided,

with a focus on the primary objectives of each coding tool developed for both cur-
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rent and previous video coding standards. Then the chapter presented the current
progress of the multi-view video coding standards, particularly the two standards
MVC and MV-HEVC.

When comparing the background of video coding standards presented in pre-
vious sections, it becomes clear that MV-HEVC offers advantages over traditional
single-layer video and MVC coding techniques in terms of the efficiency of video
compression and the quality of the encoded video. However, it requires more com-
putational resources for encoding and decoding, and may also require additional
bandwidth for transmission. It is therefore typically used in applications where
the benefits of multi-view video encoding outweigh these costs, such as in stereo-
scopic 3D, virtual reality, and immersive video applications. The next chapter of
this thesis will present more details about the MV-HEVC standard and its encoding

complexity.
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Chapter 2

Multi-View High Efficiency Video
Coding (MV-HEVC) Standard

2.1 Introduction

The multiview extension of high efficiency video coding (MV-HEVC) offers a signif-
icant improvement in compression performance for multi-view and 3D videos when
compared to multiple independent single view HEVC coding. However, the high
computational complexity of MV-HEVC demands significant optimization of the
MV-HEVC codec and poses a significant challenge in terms of real-time processing
and error robustness.

This pivotal chapter of the thesis focuses on the various tools and techniques
that have been proposed to enhance the performance of MV-HEVC codec. The
initial sections furnish an extensive overview of the requirements of MV-HEVC and
the diverse optimization tools that have been put forth for this codec.

Moving on, the following sections explore optimization strategies proposed for
MV-HEVC codec, such as parallel processing, prediction and mode decision algo-
rithms. The performance of these techniques will be evaluated in terms of encoding
time, complexity, and visual quality to identify the most effective approach for op-
timizing the MV-HEVC encoder.

In addition to exploring optimization techniques for the MV-HEVC codec, this

chapter also covers methods proposed in the literature to enhance robustness against
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multi-view video coding and communication errors. Specifically, we will investigate
error resiliences and error concealments. At the end of the chapter, we will provide

an explanation of the Test Common Conditions (CTC) and the MV-HEVC test

model.

2.2 (General Requirements

Multi-view video is becoming increasingly popular due to its potential for providing
an immersive viewing experience. The development of MV-HEVC was driven by
several requirements to support efficient coding of multi-view video content. Some

of the main requirements for developing MV-HEVC include:

e Compression efficiency: one of the main requirements for MV-HEVC was
to provide high compression efficiency for multi-view video content. This in-
volves developing new coding tools and techniques to effectively exploit the
redundancies between the different views and reduce the overall bitrate re-

quired to represent the content.

e Scalability: another requirement for MV-HEVC was to support scalability,
which allows for the video content to be encoded at different bitrates and

resolutions to accommodate different network conditions and playback devices.

e Low complexity: MV-HEVC was designed to have low computational com-
plexity to enable real-time encoding and decoding of multi-view video content.
This was achieved through the use of efficient coding tools and techniques, as
well as the development of parallel processing algorithms to take advantage of

multi-core processors.

e Flexibility: MV-HEVC was designed to be flexible to support different types
of multi-view video content, including different numbers of views, view geome-

tries, and camera setups.

e Interoperability: MV-HEVC was developed with interoperability in mind,
to ensure compatibility with existing video coding systems such as H.264/AVC
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and H.265/HEVC, as well as support for different video formats and transport

protocols.

2.3 MV-HEVC Hybrid Video Coding

Fundamental principle of MV-HEVC hybrid video coding is to reuse the same cod-

ing tools of HEVC with only inter-layer processing and High-Level Syntax (HLS)

changes.

For inter-layer processing, the MV-HEVC encoder should include a combination

of motion estimation and disparity estimation (DE) techniques. Figure 2.1 illustrates

the processing blocks typically included in the HEVC encoder to build an MV-HEVC

encoder.
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Figure 2.1: Diagram of the MV-HEVC Encoder.

2.3.1 Disparity Estimation

In multi-view video coding, different cameras capture the same scene, which means

that the content of the videos is almost the same. The slight difference is due to
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the change in angle of capturing between the scene and the cameras. This can be

observed from the CU splitting of the first frame for three views shown in Figure

2.2.

1° Frame of Camera 1 1° Frame of Camera 2 1° Frame of Camera 3
Figure 2.2: Three views from video sequence "Kendo", showing all CU splitting of

each First Frame and the inter-view offsets.

Disparity estimation involves estimating the spatial offsets between correspond-

ing points in two different camera views, as shown in Figure 2.3.

Frame 1l

View 1

(ov)

View 2

Figure 2.3: Motion and Disparity Vectors.

Also, it can estimate the disparity vectors for each block in the current view by
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comparing it with the corresponding blocks in the reference views. The disparity
vectors can be represented using a set of syntax elements in the bitstream. Once
the disparity vectors are estimated, the reference frames can be transformed to
match the current view. This can be done using techniques such as block-based
motion compensation. The resulting compensated reference frames are subsequently

employed for inter-view prediction [50].

2.3.2 Inter-view Prediction

Unlike a single-view sequence, a multi-view sequence exhibits high correlations be-
tween views in addition to spatio-temporal correlations within each frame. En-
hancements in subsequent standards and recently in MV-HEVC [51] have reduced
the data rates of MVV sequences and achieved a high coding gain. MV-HEVC used
an efficient coding structure to exploit inter-view and spatio-temporal dependencies.
This is predicted by a hierarchical coding concept known as a Matrix Of Pictures

(MOP), as shown in Figure 2.4. Each column of the MOP represents the time do-
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Figure 2.4: MV-HEVC Prediction structure for three-views.

main of the video while each row consists of Group Of Pictures (GOP). A GOP
is a fixed pattern which is periodically repeated along the video sequence with the

encoding of pictures in Intra mode (I), Predicted mode (P) and Bi-predicted mode
(B).
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2.3.2.1 Intra-coded Frames (I Frames)

I frames are a type of frame that contains the full image information and can be
decoded independently without any dependency on other frames. In other words,
each I-frame is a self-contained image that can be decoded without any reference
to any other frame. I-frames are used as the starting point for a group of pictures
(GOP) in video compression.

The use of I-frames at the beginning of each GOP facilitates random seeking,
which means that users can quickly jump to a specific part of the video without
having to decode every frame that comes before it. This is because I-frames provide a
reference point for decoding other frames in the GOP. In contrast, without I-frames,
seeking to a particular part of the video would require decoding every frame up to
the desired point, which would be time-consuming and computationally intensive.

Another benefit of I-frames is that they provide significant coding robustness
to transmission errors. This is because each I-frame is coded with only moderate
compression, reducing the spatial redundancies in the image. As a result, if there
is a transmission error that affects a particular frame, only that frame needs to
be retransmitted, and the rest of the video can continue to be decoded using the
I-frame as a reference point. In contrast, without I-frames, a transmission error in
one frame would affect the decoding of all subsequent frames, leading to a loss of

image quality or even complete video failure[52].

2.3.2.2 Predictive-coded Frames (P Frames )

P frames are a type of frame that is more efficiently compressed than I-frames by
using motion compensated prediction from a past I or P-frame. This is achieved
by analyzing the motion of objects within the video frames or the video views and
predicting their location in subsequent frames.

By only transmitting the difference between the predicted and actual image data,
P-frames can achieve higher compression than I-frames, which require transmitting
the full image data [53]. P-frames are typically used as a reference for further
prediction in video compression. For example, a P-frame might predict the motion of

a moving object in one frame and use that prediction to generate the next frame. The
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next frame might then be used as a reference for further prediction, with subsequent
frames predicting the motion of objects relative to the previous frame. This process
can continue until the next I-frame is reached, at which point a new reference point
is established.

By using motion compensated prediction and referencing past frames, P-frames
can achieve high compression while maintaining good image quality. However, this
approach also introduces some challenges, such as the need to handle errors and
discrepancies in motion prediction. In addition, because P-frames depend on past
frames, they may not be suitable for certain types of video content, such as live

streaming or real-time video, where delays in transmission can be problematic.

2.3.2.3 Bidirectional-predictive-coded frames (B Frames )

In MVV compression, B-frames are used to provide the highest degree of compres-
sion. B-frames are compressed by analyzing the motion of objects within the video
frame and predicting their location in both the past and future frames. By trans-
mitting the difference between the predicted and actual image data, B-frames can
achieve even higher compression than P-frames.

However, in multiview video compression, B-frames also require both past and
future reference pictures for motion compensation. This means that the encoder
must use information from both the previous and next frames in multiple viewpoints
to generate the B-frame in a specific viewpoint. B-frames are typically placed in
between two P-frames in the GOP structure to ensure that both past and future
reference pictures are available.

The use of B-frames in multi-view video compression can introduce some chal-
lenges. One of the challenges is that the use of both past and future reference pictures
can introduce delays in video decoding, which can be more significant in multi-view
video compression due to the increased complexity of the decoding process. Another
challenge is that the use of future reference pictures can make B-frames more vul-
nerable to transmission errors, as the future reference picture may not be available
at the time of decoding in all viewpoints [54].

Despite these challenges, B-frames remain an essential part of multiview video
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compression, particularly in applications where high compression is essential, such as
virtual reality or 3D video. The use of B-frames can significantly reduce the amount
of data that needs to be transmitted, enabling efficient use of limited bandwidth

and reducing storage requirements while maintaining high-quality video.

2.3.2.4  Access Unit (AU)

The pictures captured at the same time are grouped together and stored in an
Access Unit (AU), with a uniform Picture Order Count (POC). The first view or
base layer within an AU must comply with the single-layer coding standards of
HEVC. The layers of other views within the same AU are known as enhancement or
non-base layers and must conform to the specifications for MVC extension. In the
case of the prediction structure for a three-view MV-HEVC, as shown in Figure 2.5,
View 0 is the base view, which is encoded first without using inter-view prediction
information. On the other hand, View 1 and View 2 are dependent views and use

inter-view prediction from the base view to improve coding efficiency.

Time
Views TO T1 T2 T3 T4 TS T6 T7 TS
View 1 I | E“"““:* v |¢ ¢| vV I |
Pii —»| B); | Bz ( Byy & Bis B [« B ™ By & P1
T S Sy 7y T A 3 T
| ]
View 0 I | E K AR J | * * vivy | I
| ! B

- Iﬂl — Buz - ia 03 Rl BEN L B|]5 |+ Bﬂﬁ o B[n' B an 4 I‘]Z

View 2 ¢ ' : L ;*‘}v v I‘lll v LAA J ¥ | ¢

P;; —» B;; 4 B:; | Bay (& Bis - Bys (4 B:; 9 Big 14— Pi

Figure 2.5: Access Unit in Three-View MV-HEVC Prediction Structure.

In HEVC single-layer coding, motion information MV and reference index for
a current prediction unit (PU) can be coded in merge mode or using advanced

motion vector prediction (AMVP). In both modes a list of candidates is created
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from the motion information of spatial or temporal neighboring PUs. In this process
MVs from neighboring blocks may be temporally scaled, by multiplying the POC
difference between the picture of the current PU and its reference picture; and
dividing the POC difference between the picture of the neighboring PU and its
reference picture.

Within the context of MV-HEVC, pictures within the same AU are assigned
identical POC values. Consequently, the POC of an inter-view reference picture
matches that of the current picture, potentially leading to MV scaling issues aris-
ing from division or multiplication by zero. To circumvent this problem, inter-view
reference pictures in MV-HEVC are consistently designated as long-term reference
pictures. This designation allows for the utilization of a block-level design mech-
anism from HEVC version 1, known as the motion hook [55]. The motion hook
effectively disables MV scaling for long-term reference pictures. Furthermore, since
DVs correspond to spatial distance while MVs correspond to temporal distance,
performing prediction between DVs and MVs proves inefficient. Hence, in HEVC
single-layer coding, an MV from a neighboring PU can only be considered as a
candidate for the current PU if the related reference pictures for both the current
PU and the neighboring PU are marked as either long-term reference pictures or
short-term reference pictures.

By employing the motion hook, MV-HEVC achieves efficient reuse of motion pre-
diction from HEVC single-layer coding, requiring modifications solely in the HEVC
bitstream design. More details about this design will be explained in the following

section.

2.3.3 MV-HEVC Bitstream Construction

MV-HEVC compressed bitstream must include the base view bitstream encoded
independently of other views in a format compatible with decoders for the single view
profile of HEVC. Figure 2.6. shows the proposed scheme explaining the construction
of the MV-HEVC bitstream.

The encoded multiple bitstreams are assembled into one bitstream and the syn-

chronization between bitstreams as well as the connection between the base and
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In which, an encoded MV-HEVC video bitstream can be obtained by encapsu-

lating the video data in a series of NAL units. MV-HEVC shares the same NAL unit

header as that specified in HEVC standard. Each one contains an integer number

of bytes. The first two-byte constitutes the NAL unit header that is designed to

make it easy to parse the main properties of a NAL unit such as type layer and

temporal sub-layer. The rest of the NAL unit contains the payload data. Figure 2.7

provides a visual representation of the NAL unit header used in the MV-HEVC. The

E NAL type Lyer ID Temporal ID
o|1|12(|(3|4)|5|6|7|]0|1]|2(3|4|5]|6]|7
15t Byte an Byte

Figure 2.7: MV-HEVC NAL unit header structure.

NAL units that represent compressed video pictures, are the Video Coding Layer

(VCL) NAL units. The slice data within the VCL NAL units is encoded with larger
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Coding Tree Units (CTU) according to a particular scanning order. Each CTU can
split into square regions of equal sizes, known as Coding Units (CUs) that contain
samples of the luma and the chroma color planes. The CUs have a size selected by
the encoder ranging from 8x8 to 64x64 pixels for all HEVC extensions. There are
three basic slice coding classes that specify the types of coding supported for the
CUs:

1. Random access point pictures, where a decoder may start decoding a coded
video sequence. These are referred to as Intra Random Access Pictures (IRAP).
There are three types of IRAP pictures; Instantaneous Decoder Refresh (IDR),
Clean Random Access (CRA), and Broken Link Access (BLA). IDR pictures
are self-contained pictures that can be decoded independently of any other
picture in the sequence. They are used to start a decoding process and are
typically placed as the first picture in a GOP. CRA pictures, on the other
hand, allow a decoder to start decoding at any point within a GOP without
any error propagation from previously decoded pictures. These pictures are
useful in scenarios where the video stream may be damaged or interrupted,
as they allow the decoder to recover quickly. Finally, BLA pictures are used
to recover from a broken link in the video stream. These pictures can help

recover the video stream after transmission errors or packet loss.

The decoding process for a coded video sequence always starts at an IRAP.

2. Leading pictures, which precede a random access point picture in output order
but are coded after it in the coded video sequence. In other words, they are
pictures that come after an IRAP picture in the coded video stream but appear
before the IRAP picture when the video is played back. Leading pictures that
are independent of pictures preceding the IRAP in coding order are called
RADL (Random Access Decodable Leading) pictures. These pictures can
be decoded independently of the pictures that precede the IRAP in coding
order, which allows for faster decoding and random access to the video stream.
Random Access Skipped Leading pictures (RASL) is another type of leading

picture that are not decodable on their own and require other pictures to be
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decoded before they can be used. RASL pictures are typically used for random
access points that are not IDR frames, such as recovery points, which can be
used to recover from errors in the video stream. RASL pictures can be used

as reference pictures for decoding other frames in the stream.

3. Trailing pictures, which follow the IRAP and the leading pictures in both, out-
put and display order. Pictures at which the temporal resolution of the coded
video sequence may be switched by the decoder: Temporal Sublayer Access
(TSA) and Stepwise Temporal Sublayer Access (STSA). TSA allows the de-
coder to access specific sub-layers of the video sequence based on the temporal
resolution, which can improve the overall decoding performance and reduce the
computational complexity. This is achieved by coding specific information in
the trailing pictures that allows the decoder to identify and access the desired
sub-layers. On the other hand, STSA provides a more fine-grained temporal
resolution switching capability by allowing the decoder to switch the tempo-
ral resolution at specific intervals in the video sequence. This is achieved by
coding additional information in the trailing pictures that allows the decoder

to identify the specific switching intervals.

2.3.4 MV-HEVC High Level Syntax (HLS)

The structuring of the MV-HEVC bitstream into NAL units and all of the syntax
outside the VCL NAL or the slice data is considered as the High-Level Syntax
(HLS) or the non-VCL NAL. The interconnection between MV-HEVC VCL and
Non-VCL NAL units is highlighted in the proposed scheme depicted in Figure 2.8
An example of the HLS outside the slice data is the slice headers that precede the
slice data within the VCL NAL units and all of the syntax in the Non-VCL NAL
units, such as Parameter sets and Supplemental Enhancement Information (SEI)
messages. There is a hierarchy of parameter sets in MV-HEVC, including the Video
Parameter Set (VPS), the Sequence Parameter Set (SPS) and the Picture Parameter
Set (PPS).

The VPS is the newly parameter introduced in HEVC and it has been extended
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Figure 2.8: MV-HEVC NAL Units types (VCL and Non-VCL).

in MV-HEVC by adding the number and format of views, views dependency, layer
sets and output layer sets. A VPS contains two parts, the base VPS and the VPS
extension. The base VPS, as per the first version of HEVC, includes information
relevant to the HEVC version 1 compatible layer, as well as operation points that
correspond to layer sets. Moreover, the base VPS contains temporal scalability

details, such as the maximum number of temporal layers.

On the other hand, the VPS extension holds information related to additional
views beyond the base view. The syntax used in the VPS extension can flexibly
associate each layer ID with scalability parameters and inter-view dependencies.
When coding the current view, view dependencies are signaled to indicate which
views are used as reference views for inter-view prediction. The pictures are encoded
in increasing order of view ID, meaning that a view can only depend on another view

with a lower value of layer ID. VPS is usually transmitted once per sequence.

The SPS contains parameters that do not change from picture to picture within
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coded views. This include picture format (size and the color sampling format),
PTL indicators (Profiles, Tiers, and Level), block structures (coding, prediction,
transform), etc. However, the PPS contains parameters that may change for different
pictures within the same view such as initial quantization parameter (QP), chroma
QP offsets, slice configurations, deblocking filter controls, and scaling list data. FEach
slice header information is stored in a single active PPS, SPS. Finally, the VPS
contains shared information of the PPS and the SPS. SPS and PPS are typically
transmitted once per view.

By transmitting these parameters separately, MV-HEVC enables more efficient
coding of MVV sequences, where different views may have different coding param-

eters. This helps to reduce the bitrate while maintaining the desired video quality.

2.4 MV-HEVC Complexity

The incorporation of new coding tools and parameter sets in MV-HEVC can increase
the computational complexity of the MV-HEVC encoder, potentially affecting the
encoding time and requiring more processing resources. The multiple parameter
sets, such as VPS, SPS, and PPS, require the encoder to handle and transmit more
information than in previous video coding standards. Additionally, the use of multi-
ple views and frames in inter-view prediction and the new coding structures, such as
the inter-view prediction structure, the disparity and motion compensation require
the encoder to estimate and manage more motion vectors and reference frames, fur-
ther increasing the computational complexity. Therefore, the MV-HEVC encoder
may require additional resources and optimizations to maintain real-time encoding
performance, especially for high-resolution and multi-view video sequences.

Modelling the computational complexity of video codecs is essential to estimate
the computational requirements of a particular operation before its execution. How-
ever, this task is not straightforward as video encoders consist of multiple interde-
pendent tools with parameterised functionalities that can significantly impact the
level of computational complexity.

Another challenge of MV-HEVC is the propagation of errors between different
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views. Since the encoder uses information from other views to compress a given view,
any errors in the encoding of one view can propagate to other views. The propagation
of errors can be particularly problematic in cases where the video content has large
depth variations or when there is a significant disparity between the views. In
such cases, the errors can become more visible, leading to a loss of quality in the
reconstructed video.

A range of techniques and approaches have been put forward by the research
community to enhance the efficiency and reliability of the MV-HEVC encoder, as
well as to ensure that the resulting video output adheres to the highest standards
of quality and clarity. The following sections provide a detailed exploration of these
approaches, with particular attention to their ability to reduce computational com-
plexity of the MV-HEVC encoder and mitigate the effects of errors on the final video

output.

2.4.1 MV-HEVC Computational Complexity

A number of studies have been conducted to evaluate the computational complexity
of MV-HEVC. In a study by W. Ahmad et al [56]. It was found that the compu-
tational complexity of MV-HEVC was significantly higher than that of HEVC for
low-resolution videos, but the difference decreased as the resolution increased.

Another study in [57] found that the computational complexity of MV-HEVC
was higher than that of HEVC for both high and low-resolution videos, but the
difference was more pronounced for high-resolution videos.

The computational complexity of MV-HEVC is generally higher due to the in-
creased computational requirements of processing multiple views. In particular, the
processing of motion and disparity estimations, which are the more complex parts
in MV-HEVC, as they involve encoding and decoding multiple views and predicting
the motion of objects across different views. The complexity of motion and disparity
estimation can be divided into two main stages: search and refinement.

The search stage involves searching for the best motion or disparity vectors for
each CU or pixel in the current view, based on a search range and a cost function.

The cost function is used to measure the quality of the predicted motion or disparity
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vector and is based on the difference between the current block or pixel and its

predicted value based on the motion or disparity vector.

The refinement stage involves refining the motion or disparity vectors found in
the search stage to improve the overall quality of the encoded video. This may
involve using more advanced techniques such as interpolation or filtering [58] to

reduce artifacts or improve the accuracy of the predicted vectors.

Several fast algorithms have been proposed recently to reduce the computational
complexity of the HEVC encoder |59, 60]. However, a limited number of methods
have been devoted to the two extensions MV-HEVC [61, (2] and 3D-HEVC [63] of
this standard. In fact, the majority of the proposed algorithms for the improvement
of the HEVC standard can also be applied on the base view or the dependent views
of the two extensions MV-HEVC and 3D-HEVC. The algorithms proposed for the
reduction of the complexity of HEVC and its extensions have generally been based on
three aspects: the CU, the Prediction Unit (PU) and the Transformation Unit (TU).
This was done primarily by prediction of the best CU, PU and TU for improved

encoding time.

Pan et al. [59] described a Fast motion estimation algorithm for improving the
encoding time of the HEVC encoder. This approach can be used without inter-
view encoding for the different views of the MV-HEVC. Basic thought behind this
approach is the use of the best motion vector selection correlation for the various
sizes of the prediction modes. This choice of using the best movement selection is
made in [59] through two major steps. The initial step is to organize all PUs into
two classes depending on the partition type. In the second step, when the parent PU
uses the initial search point, in this case the block matching search process of the
children PUs must be ignored. An important gain in ME encoding time is achieved
by combining these two phase which can reach 20% on average. Nevertheless, in
the case of MV-HEVC this method can be useful only for the simulcast prediction
structure. In [60], Ahn et al presented a fast and an efficient CU encoding algorithm
using the spatiotemporal encoding parameters of HEVC encoders. The idea on which
this method is based is the prediction of the best CU split in advance. Therefore, the

spatiotemporal encoding parameter data is used to evaluate the texture complexity
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of encoded CU. Before this step, the CU block must be encoded in HEVC inter-
slice coding. The number of the sample adaptive offset (SAO) edge categories 1
and 4 is then compared with that of categories 2 and 3 for the current CU. This
comparison is made for making a rough CU classification. This approach allowed
reducing up to 35% of the encoding time compared to the reference software HM
12.0. Nevertheless, using only the SAO parameters make this method limited in

terms of using the encoding parameter in the procedure of CU depth decision.

G. Jiang et al. [61] explored the use of a 3DSobel model [(4] for the proposal of
a novel perceptual distortion threshold model (PDTM). The PDTM model consists
primarily in reducing the computational complexity of the dependent view coding
using a new fast inter-frame prediction algorithm in MVC. Then, the developed fast
MVC algorithm is integrated into the MV-HEVC encoder to improve MVC cod-
ing efficiency. In practical coding, the thresholds derived from the PDTM are used
to terminate the unnecessary mode selection for inter-frame prediction of depen-
dent view. The computational complexity is reduced by 52.9% compared with the
HTM14.1 algorithm. This gain is estimated only in relation to the dependent view.
In [62], P. Wan et al presented a fast coding unit (CU) decision algorithm based
on the use of spatiotemporal and inter-view information in addition to the maxi-
mum depth level of current CUs and motion vectors. The first step is to predict the
maximum depth level of the related CU by exploiting spatiotemporal and inter-view
CUs. Then, a check between the current CU and the nearby spatial CUs in terms
of motion feature is performed in order to adjust the maximum depth level of the
related CU. A promising encoding time gain of 50.02% on average is reported based

on experiments carried out using this approach.

In order to reduce the 3D-HEVC computational complexity, Z.Pan et al. [63]
proposed a motion and disparity vectors early determination algorithm. This ap-
proach is applied on the texture views which mean that it can be applied also on
MV-HEVC. This method starts by adaptively reducing the spatial and temporal
motion vector candidates for the prediction unit with the Merge mode. Then, a
combination of spatial and temporal candidates is performed to early determine the

final Motion Vector (MV) for the PU with the inter mode. The next step in this al-

o1



gorithm relates to the inter-view encoding where an adaptive optimization algorithm
is used for the selection of the valid inter-view disparity vecied also on MV-HEVC.
This method starts by adaptively reducing the spatial and temporal motion vector
candidates for the prediction unit with the Merge mode. Then, a combination of
spatial and temporal candidates is performed to early determine the final Motion
Vector (MV) for the PU with the inter mode. The next step in this algorithm re-
lates to the inter-view encoding where an adaptive optimizattor. Another test used
to skip unnecessary coding process is the difference between candidate vectors. If
this difference is within a conditional range, the current PU must be encoded with
the Merge mode. The encoding time saving obtained by this algorithm can reach

33.03%.

In [65], an Efficient Inter-Prediction Mode Decision (EIPMD) technique was pro-
posed to decrease the complexity of the MV-HEVC encoder by presenting a novel
approach for inter-prediction mode decisions of dependent views. The technique uti-
lizes CU depth levels information of the co-located area of the base view to optimize
decision-making for dependent views, with the observation that the views are only
horizontally displaced and disparity is only in the horizontal direction. The proposed
technique also utilizes the correlation between the temporal levels of pictures and
the mode levels to optimize mode decisions and avoid intra-prediction in temporal
level-4 pictures. Furthermore, the technique uses the average rate distortion cost of
the CUs of the decision window and the correlation between current CU depth and
mode decisions to enhance its performance. This technique decreased the encoding

time by 66.56% on average compared to the reference encoder.

The previously mentioned work is a valuable contribution to the realm of low
complexity MV-HEVC techniques. However, during our investigation, we have iden-
tified additional parameters that can be explored to optimize the MV-HEVC encod-
ing process in a simpler manner. Hence, the focus of our research thesis is on a novel

idea to reduce the encoding time of the MV-HEVC encoder.

To the best of our knowledge, there is no previous literature on removing the
inter-view offsets to minimize the encoding time of both disparity estimation and

inter-view prediction. Our proposed technique not only will introduce this novelty
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but also will generate better results than the existing methods for low complexity

MV-HEVC. Further details on this technique will be introduced in the next chapter.

2.4.2 MV-HEVC Error Propagation Effects

The main purpose of using NAL units in the MV-HEVC standard is to support
various video transmission systems. However, in the event of transmission errors,
compressed MV'V bitstreams become more susceptible to these errors, due to saptio-
temporal and inter-view dependencies in the MVV sequences as shown in Figure 2.4.
In which, an important dependency structure is introduced by motion compensa-
tion, where each reference frame is used to predict another frame. Another set of
dependency structures is introduced in layered video coding where the base view
is referenced by enhancements views, and each enhancement view can be further
referenced by other enhancement views.

The I frame at the beginning of a base view serves as a basic entry point to
facilitate random seeking or channel switching and also provides coding robustness
to transmission error, but it is coded with only moderate compression to reduce the
spatial redundancies. P frames are coded more efficiently using motion compensated
prediction from a past I or P picture and are generally used as a reference for
further prediction. B frames provide the highest degree of compression, but require
both past and future reference pictures for motion compensation. In error-prone
environments, error happening in the previous frames in a GOP may propagate to
all the following frames and views. The effects of displaying one of these frames
reconstructed from corrupted data can adversely degrade visual perception in the
decoded video.

Various techniques have been proposed in the literature to enhance the robust-
ness against video coding and communication errors. Error Resilience (ER) is one
of the most effective solutions for mitigating the effects of errors in real-time video
transmission. Which are applied at the encoder side. One of the approaches based
on the ER technique is the Feedback Channel (FC) [66], in which the receiver can
request the retransmission of some missing data. Channel Coding or Forward Error

Correction (FEC) [67] is another approach based on the ER technique. The basic
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idea of this approach is to protect video sequences with Error Correction Codes
(ECCs). This technique inserts redundant data into the encoded video for detect-
ing missing data on the decoder side, and to recover them without retransmission.
Multiple Description Coding (MDC) or Layered Coding (LC) [68] is another group
of ER without using complex channel coding schemes. MDC and LC encode a me-
dia source into multiple sub-bitstreams. The main difference lies in the dependency
among bitstreams. In which, all sub-bitstreams for LC are dependently generated
while each sub-bitstream for MDC can be independently encoded. The robustness
comes from the fact that a high quality reconstruction can be achieved from all

sub-bitstreams at the decoder, as shown in Figure 2.9.
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Figure 2.9: Enhancing Error Resilience with Multiple Description Coding (MDC).

However, the coding efficiency is reduced depending on the amount of redun-
dancy between sub-bitstreams. Several works exploit intra refresh [69]-[70] tech-
niques to improve video robustness. In video coding, an inter-coded frame can be
affected by a reference frame with errors, and it can propagate the error to other
inter-frames which use it as reference. Thus, defining appropriate intra refresh en-
coding modes and intra-coded frames with an adequate selection of reference frames
can make bitstreams more robust.

Unlike ER methods that actively place error protection at the encoder side, Error

Concealment (EC) techniques estimate and predict the missing data in an attempt
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to conceal errors in the decoded stream. ECs predict the missing parts and correct
them by exploiting spatial and temporal similarities in the video sequence. Spatial
prediction can be only used for small areas, whereas the temporal prediction can
replace a whole missing frame with a previously received frame [71]. This is known
as Frame Copy Concealment. A variety of EC techniques based on motion vector

(MV) information can also be used to estimate the content of a missing area [72].

The approaches discussed in the first and second paragraph of this section have
been devoted to improve the quality and transmission of single-view videos, while lit-
tle efforts have been reported in the literature on error robustness of multi-view and
3D video data. Song [73]| proposed an efficient EC algorithm in Multi-view Video
Coding (MVC) to conceal blocks losses by exploiting intra-view and inter-view cor-
relations using three EC modes and hierarchical B prediction structures |741]. Pan
et al [75] described an efficient mode switching algorithm to improve 3D video re-
construction qualities. The idea is based on the analysis of the impact of texture
and depth map video reconstruction errors on the quality of the virtual view. In
[76] the multi-view video end-to-end distortion is estimated at the encoder accord-
ing to the inherent error resilience property of the hierarchical B prediction. In this
model, blocks at regions that will cause significant drifting errors can be refreshed
with intra blocks to achieve the trade-off between coding efficiency and error ro-
bustness. Dissanayake |[77] presented an error resilient method by incorporating the
disparity vectors into MVC to generate a redundant data stream. Another work in
[78] examined the effect of GOP size on erroneous multi-view Data Partition (DP)
bitstream when transmitted over error-prone networks. Two different techniques
namely H.264 DP and multi-layer DP are used to analyse the bitrate performance
for different GOP and error rates on MVC. In this study, the Multi-layer DP tech-

nique showed a better performance at higher error rates with different GOP.

ER and EC techniques are crucial for minimizing the impact of error propagation
in video standards. However, the development of a reliable ER or EC algorithm
relies heavily on an in-depth analysis of error propagation effects and identifying the
most vulnerable components of the video data. Given the lack of error analysis in

the MV-HEVC standard, chapter 4 of this study will propose an analysis of error
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robustness in the MV-HEVC standard to fill this gap in the literature.

2.5 Data and Test Conditions

During the standardization of the HEVC video coding standard, the (JCT-VC)
group coordinated the development of a reference software encoder and decoder re-
ferred as HTM (High-Throughput Multimedia ), as well as a set of testing guidelines

known as the Common Test Conditions (CTC) document.

2.5.1 HTM Reference Model

The High-Throughput Multimedia (HTM) is a widely used test model for evalu-
ating the performance of video compression algorithms, especially for HEVC ex-
tensions. HTM provides a set of software implementations specifically designed for
this purpose, including three separate software packages that are used to compare
and evaluate the efficiency of video compression algorithms. These packages provide
a comprehensive framework for testing various aspects of the compression process,
including encoding speed, complexity, and visual quality.

By leveraging the HTM test model, researchers and developers can ensure that
their video compression algorithms meet the high standards of efficiency and effec-
tiveness required for modern video applications.

The following subsections will provide an explanation of the three distinct soft-

ware implementations included in HTM.

2.5.1.1 HEVC Test Model (HM)

HM is the first and most widely used software implementation of the HEVC stan-
dard. HM is a reference software that was developed by the Joint Collaborative Team
on Video Coding (JCT-VC), which is a joint committee of the ISO/IEC MPEG and
ITU-T VCEG.

HM provides a flexible framework for evaluating the performance of various
HEVC algorithms and encoding techniques. It includes a set of configurable encod-

ing parameters that enable researchers and developers to experiment with different
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encoding strategies and compare their results. Additionally, HM supports a range of
different video formats and resolutions, making it suitable for testing and evaluating

different applications and use cases.

2.5.1.2 MV-HEVC Test Model

MV-HEVC is an extension of HM that supports multi-view video coding (MVC)
and scalable video coding (SVC) in addition to HEVC. MV-HEVC is designed to
test the performance of these additional features and to facilitate the development
of new algorithms for these types of video coding. It includes in HM framework the
encoding and decoding of multiple views of a scene in a single bitstream. It also
supports different coding structures for MVC, including the inter-view prediction

and the view synthesis prediction.

2.5.1.3 3D-HEVC Test Model

3D-HEVC Test Model is a specialized software extension of HM designed specifically
for 3D video encoding. It supports advanced features of the HEVC standard, such
as multi-view video coding and depth-based coding for 3D video content. Unlike the
MV-HEVC Test Model, the 3D-HEVC Test Model does not support scalable video
coding but provides additional tools and features that are specifically designed for
3D video coding. These features include support for depth maps and more efficient
inter-view and intra-view dependencies coding.

All three implementations are freely available for download and can be used to
test and evaluate the performance of different video coding algorithms. The source
code is also available, allowing developers to modify and customize the software to

suit their needs.

2.5.2 Common Test Conditions (CTC)

In video compression, CTCs are a set of standardized test conditions used to evaluate
the performance of a video codec. For MV-HEVC, the CTCs would typically include

standardized test conditions such as the video content used for testing, the number
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and type of views being encoded, the frame rate, the bitrate, and other relevant
parameters.

These CTCs are important to ensure that different implementations of the MV-
HEVC codec are evaluated under the same conditions, which makes it easier to
compare and benchmark their performance. This can help identify areas where
improvements can be made to the codec, as well as provide guidance to users on
how to optimize their encoding settings for the best possible video quality and

compression efficiency. Common test conditions of MV-HEVC typically include:

e View configuration: MV-HEVC is designed to support stereoscopic and
multi-view video content, so testing should include multiple views of the same
scene or object. Different view configurations can be tested, including side-

by-side, top-and-bottom, and interlaced views.

e Frame rate: The frame rate refers to the number of video frames per sec-
ond. MV-HEVC can support a range of frame rates, so testing should include

different frame rates to evaluate its performance at different frame rates.

e Bitrate: The bitrate refers to the amount of data that is transmitted per
second. MV-HEVC should be tested at different bitrates to evaluate its com-
pression efficiency and to determine the appropriate bitrate for a given video

quality.

e Video content: MV-HEVC should be tested using a variety of video content,
including video with high and low motion, varying levels of detail, and different
color palettes. This helps to evaluate MV-HEVC performance across different

types of video content.

¢ Encoder settings: Different MV-HEVC encoders may have different settings
that can affect the output video quality and compression efficiency. Testing
MV-HEVC with different encoder settings can help determine the optimal

settings for a given application.

e Disparity estimation: Disparity estimation is a key component of MV-

HEVC, as it is used to identify and compensate for the differences between
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different views of the same scene or object. Testing should include different
disparity estimation algorithms to evaluate their performance and to determine

the optimal algorithm for a given application.

2.6 Conclusion

This chapter discussed the challenges posed by the high computational complexity of
the MV-HEVC encoder and the need for optimization to achieve real-time processing
and error robustness.

The various optimization techniques proposed for the MV-HEVC codec were
explored, targeting various aspects such as Intra-prediction, Quad-tree CU and PUs
splitting process, and inter-prediction modes.

Our upcoming research work, however, will focus on reducing the encoding time
of the inter-view prediction by optimizing disparity and motion estimations of MV-
HEVC encoder. By doing so, we aim to effectively reduce the complexity of the
MV-HEVC encoder.

Furthermore, the chapter also covered the methods proposed in the literature
to enhance robustness against multi-view video coding and communication errors,
with a particular focus on error resiliences (ER) and error concealments (EC), em-
phasizing their crucial role in minimizing the impact of error propagation in video
standards. It was further highlighted that developing a robust ER or EC algorithm
requires a thorough analysis of error propagation effects and identifying the most
vulnerable components of the video data. In light of this, chapter 4 will propose an
analysis of error propagation in the MV-HEVC standard to address the lack of error
analysis in the literature.

Finally, an explanation of the common test conditions and the MV-HEVC test
model was provided, which are essential for evaluating the performance of the MV-

HEVC codec.
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Chapter 3

Improved Inter-view Correlations For

Low-Complexity MV-HEVC

3.1 Introduction

The latest advanced multi-view extension, MV-HEVC, effectively exploits visual
similarities between multi-view videos and enables high compression efficiency. Each
view in the multi-view sequence depends on the captured scene, the distance between
cameras and recording angles. Increasing the distance between dependent view-
points generates an inter-view disparity. This impacts the inter-view similarities,
affects the disparity estimation and further increases the computational complexity
of the MV-HEVC encoder.

In this chapter, an efficient Earlier Disparity Estimation (EDE) algorithm is
proposed for low complexity MV-HEVC. This algorithm is based on reducing the
complexity of disparity estimation by eliminating the inter-view offsets. Moreover,
the inter-view similarities are controlled by considering the reliability of each coding
unit size in the search range. This reliability is estimated by reducing the number
of searching points within a new limited window.

For reliable motion estimation, we further proposed an Earlier Decision of Cod-

ing units Splitting (EDCS) in the dependent views according to those in the ref-
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erence views. Experimental results show that the proposed algorithm can achieve
an average encoding time saving of 20.37% - 40,61% with marginal performance

degradation. This research work is published in [79].

3.2 Inter-view Prediction: Motivation and Statisti-
cal Analyses

In preliminary work, an experimental analysis of MV-HEVC inter-view prediction
is performed to study the rate of CUs used during inter-view prediction. The objec-
tive of this analysis is to assess the inter-view coding efficiency during MV-HEVC
encoding process as well as to evaluate the disparity between the dependent views
and in particular between the more distant ones. This assessment was conducted
using multiple HD-MVV sequences with different contents and qualities. Table 3.1
describes the used videos sequences and their parameters. Also, two prediction
structures are used in this analysis: IP by the use of two views and IPP using three

views. Analysis results are given in Table 3.2 and 3.3.

Sequences Resolution | Frames | Frame Cameras
Rate (fps) | spacing (cm)

Champagne-tower 1280x960 300 30 Stereo
Panatomim 1280x960 300 30 Stereo

Dog 1280x960 300 30 Stereo
Balloons 1024x768 300 30 )

Kendo 1024x768 | 300 30 5

Sharek 1920x1088 | 300 30 Stereo

Table 3.1: HD-MVYV sequences used in experimental analysis

As can be seen in Table 3.2, the rate achieved by IP structure is very high,
exceeding 37.50%, 40.30% and 40.70% for Dog, Pantomim and Kendo sequences,
respectively. Furthermore, it can be clearly seen from Table 3.2 that the rate for

high-definition videos such as 1920 x 1088 is much higher than that for low-definition
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Sequences
Views | Champagne-tower | Pantomim | Dog | Balloons | Kendo | Sharek
V0&V1 | 9.04 40.39 37.52 | 22.15 40.70 | 91.61
V0&V2 | 8.91 39.68 37.37 | 20.86 37.07 | 84.27
V0&V3 | 8.80 30.57 33.63 | 20.56 37.17 | 78.36
V0&V4 | 8.68 30.34 31.55 | 20.48 36.57 | 72.92
VO&V5 | 8.45 28.22 31.05 | 20.18 34.32 | 69.33
VO&V6 | 7.48 25.44 30.89 | 19.31 34.60 | 65.51

Table 3.2: Inter-view prediction rate in MV-HEVC for IP structure

Sequences
Views Champagne-tower | Pantomim | Dog | Balloons | Kendo | Sharek
VO,V1&V2 | 8.97 40.03 37.44 | 21.50 38.37 | 87.94
VO0,V2&V4 | 8.79 35.01 34.46 | 20.67 36.81 | 78.59
VO0,V3&V6 | 8.08 28.01 32.25 | 19.93 35.88 | 71.93

Table 3.3: Inter-view prediction rate in MV-HEVC for IPP structure

videos of 1280 x 960 and 1024 x 768, whereby a gain of 91.61% is obtained for Sharek
sequences. Similarly, Table 3.3 shows that the rate obtained using three views is
also high. It exceeds 37.44%, 38.37% and 40.03% for Dog, Pantomim and Kendo

sequences, respectively. The important rate is always obtained for Sharek sequences,
which exceeds 87.94%.

The aforementioned results have shown that a large part of the CUs is ob-
tained only through inter-view prediction during the MV-HEVC encoding process.
This means that the inter-view similarity is very important. Accordingly, if we can
take full advantage of this similarity to simplify Disparity Compensation Prediction
(DCP) process, the encoding time will be greatly reduced in the whole MV-HEVC

encoding process.

Table 3.2 and Table 3.3, also show that the rate of CUs at the inter-view level

decreases with the increase in the distance between the different views, whether for
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the structures of two or three views. The inverse relationship between interview dis-
tance and CUs rate is mainly due to the diminution of the inter-view similarity each
time. More precisely, the capture of the same scene simultaneously from different
angles creates an interview offset between the adjacent views as shown in Figure
3.1. This may be accompanied by low precision of CUs in the search range during
disparity estimation.

In this research, we exploit the high rate of CUs at the interview level and also
the interview offset between the adjacent views to reduce the computation time for

motion and disparity estimation during MV-HEVC encoding process.

3.3 MV-HEVC Disparity Estimation and Motion

Estimation Improvements

3.3.1 Elimination of the Interview offsets

The multi-view video coding is mainly based on three coding levels: spatial, temporal
and inter-view. The coding quality in each level depends on certain criteria. At the
temporal level, this quality strongly depends on the similarity of the information
between the images, in particular the successive ones. Within a MVV sequence,
using multiple viewing angles to capture the same scene results in a slight offset
between adjacent views as shown in Figure 3.1.

The similarity between the views is therefore considered very important, espe-
cially other than the inter-view offset zones. The offset between simultaneously
captured scenes varied depending on several settings of the camera array, such as
the distance between cameras and the difference in viewing angle between views, as
well as the depth of the objects in the scene. To increase the accuracy of inter-view
motion estimation, disparity vectors are required to identify PUs of the same objects
between adjacent views. Knowing the disparity for a given PU allows the prediction
of that PU from the corresponding disparity-compensated PU in the neighboring
view. Table 3.4 shows the rate of PUs predicted only from the offset part.

As it is evident in Table 3.4, the rate of PUs predicted from this inter-view offset
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Figure 3.1: Inter-view offsets between the adjacent views.

Dependent Views

Sequences View 1 | View 2 | View 3 | View 4 | View 5 | View 6
Champagne tower | 0.60 0.72 1.32 2.17 2.89 4.08
Pantomim 0.79 1.17 1.58 1.70 2.80 3.69
Dog 1.18 2.79 3.66 4.47 4.66 5.18
Balloons 2.75 3.22 3.31 4.88 6.43 9.92
Kendo 1.08 1.77 4.47 5.01 6.09 7.2
Sharek 0.03 018 0.40 0.68 0.84 0.95

Table 3.4: The percentage of predicted units from shift parts

increases with increasing distance between views, which the highest rate is observed
between views 0 and 6. It starts from 0.95% for Sharek sequences and achieves 9.92%
for Balloons sequences. This is a negligible rate, but can consume a substantial

amount of time in inter-view encoding process which increases the complexity of the
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MV-HEVC encoder. Additionally, increasing the inter-view displacement between
views affects the disparity estimation, in which a small difference in estimation of
a single pixel may vary the inter-view prediction. The main focus of our proposed
approach is essentially based on this constraint of inter-view similarity.

The basic idea of the proposed approach in this research is to make the inter-view
information visually similar as shown in Figure 3.1. This can be done according to
the previous analysis by eliminating the inter-view offset. The main aim of this visual
adjustment between the different views is to improve the inter-view correlation.

Figure 3.1 illustrates an example of the inter-view offset between two images of
the same temporal level. Elimination of inter-view offset is achieved by cutting out
both sides of the offset from both views. That is, the first part to be eliminated is
located at the beginning of the images of the views on the left while the second part
is at the end of the images of the views on the right. To clarify, the right and left
views are obtained by using the right and left cameras. The parts eliminated from

the two views must then be analyzed and processed separately.

3.3.2 Earlier Disparity Estimation Algorithm (EDE)

Disparity estimated between two images of two views that are captured simulta-
neously can be done using several approaches. Usually, this disparity estimation
results in a disparity map for all pixels. Note that the proposed method seeks to
find the offset portions between the two views, not the disparity for all pixels. In
fact, the proposed approach focuses on the detection of the first and the last column
delimiting the similar part between the two images in the used views. An example
of the two columns to be detected is shown in Figure 3.1. These two columns should
be determined from the left and right views respectively. The detection of these two
columns delimiting the inter-view offset is performed using the similarity between all
the columns of the two frames in the two views. This method is mainly applied on
MV Vs captured using linear arrangement of cameras where the similarity between
the different views is very important. The first and the last column to be detected
are called F'— Col and L — Col respectively. The F' — col is always in the first view
which is on the left while L — C'ol is in the second view which is on the right. In this

66



research work, the F' — Col is always shown in view-0. The L — Col can be found
in the other views from view-1 to view-6. The similarity measure used in this case
between the different columns is the Euclidean distance. The F' — Col is the most
similar column to the first column of the second view. Indeed , the L — Col is the
most similar column to the last column of the first view considering that L — Col is
still in second view. The Euclidean distance can be, therefore, calculated between
the first column of the second view and all the columns of the first view. In this
case, the F' — Col is the one that has the minimum distance. The L — Col can be
obtained by the same method using the last column of the first view for the calcu-
lation of the Euclidean distance. Using the first column only for F' — C'ol detection
does not always give good results. We thus calculated the Euclidean distance for all
the columns of the second and the first view for the detection of the F' — Col and
L — Col respectively. Therefore, the general steps followed in this method to obtain

the F' — Col can be summarized as follows:

1. Calculate the Euclidean distance between column number 7 of the second view
and all the columns of the first view; i starts with the value 1. We consider

that the minimum distance is Dmin.

2. Store the number of the column that has the minimum distance Dmin in a
vector V of size equal to the column number of the video. This number must

be stored in position i of the created vector.

3. Repeat the two steps 1 and 2 for all the columns of the second view, adding

the value 1 to the variable i each time.

4. In this step, we apply a subtraction between the content of the vector V and

its indices, starting with the index 1.

5. Thus, F-Col corresponds to the most repeated number in the result vector V

which is obtained after step 4.

These steps can be given by,

V Res(i) = EDis(CRy(i), Frameres), i = 1.M (3.1)
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Feo = Occ(V Res(i) —i), i =1..M (3.2)
The VRes is the vector of size equal to the column number of the video. This
vector contains the column numbers of minimum distances. The CRg corresponds
to the columns of the right views while Occ denotes the function that returns the
most repeated number in VRes and M is the column number of the video. The
Euclidean distance is represented in 3.1 by EDis. L — Col can be obtained by the
same method using all the columns in the left view.
Using a prediction structure of three views with two dependent views requires
the estimation of the inter-view offset between the base view and the two dependent
views and also between the dependent views them selves. Figure 3.2 illustrates an

example of the IBP prediction structure which uses three views.

Base view (View-I

Interview offset i -
Between - _

view-I & view-B

Interview offset

Between -1---- View-B

view-B & view-P

Interview offset

View-P

Figure 3.2: Inter-view offsets for three views.

This figure shows the different inter-view offsets where the largest offset is be-

tween the base view and the view-P. The size of the offset between views is mainly
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due to the distance between these views. Increasing the distance between cameras
gives a greater offset between the views. The greatest distance is between the base
view and the view-P.

The coding order in the case of three views is started with the base view, then
the view-P uses the base view as the reference view for its coding and finally the
view-B uses the base view and the view-P as reference views for its coding. The
elimination of the inter-view offset is applied during the coding of the two views
P and B which use the inter-view coding. In the case of view-P, the same steps
previously presented for the case of two views are applied for the designation of the
F —Col and L — Col. The same method is applied when coding view-B which uses
two reference views. In this case, determining F' — C'ol and L — Col is carried out
first between view-B and the basic view (F' — Col in the basic view and L — Col
in the view-B) and then between the view-B and view-P (F' — Col in view-B and
L — Col in view-P) as shown in Figure 3.2.

To sum up, the inter-view correlation can be improved by eliminating the inter-
view offset. The most evident advantage of improving the inter-view correlation is
the improvement of the encoding time of the disparity estimation process. This im-
provement is essentially based on reducing the size of the search window as presented

in the next section.

3.3.3 Improved ME/DE for dependent views

The disparity estimation is the most important process in the greater part of MVC
standards. Nevertheless, the computational complexity of the encoder significantly
increases using this technique. It is worth mentioning that 70% of the total encoding
time in the HEVC coding standard is consumed in the ME/DE process. That has
been tied to the fact that this technique is the most important block finding process
for the different blocks of the current frame. The block finding process is carried
out in a search window of the reference frame. The computational complexity has
a direct relation with the size of the search window in the ME/DE process. The
encoding process thus consumes more computing time for a large search window.

An example of a finding process in a search window is shown in Figure 3.3.
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Figure 3.3: Illustration of the search window in ME / DE processes.

The algorithm presented in this research essentially aims to decrease encoding
time for DE process. Basically, the main idea revolves around the visual adjustment
between views by offset elimination as presented in previous section. After eliminat-
ing the inter-view offset, the first step in the coding process is to reduce the search
window in DE process. This reduction is achieved depending on the CUs depth
levels for the current frame from the reference image which is located in the base
view. In fact, this reduction can be justified by the visual adjustment between the
current frame and the reference one by the elimination of the inter-view-offset. To
this end, we opted to increase the size of the search window according to the four
CUs depth levels DO, D1, D2 and D3. Therefore, the four sizes of the search window
that are used for the four depth levels are 4,8,12 and 16, respectively. Note, that
these four sizes are only used at the inter-view level for the disparity estimation. In
fact, the reduction in the size of the search window especially for CUs depth levels
DO and D1 is justified by the inter-view visual adjustment applied in our approach.

At the temporal level, the reference frames can be either similar or completely
different from the current frame. Unlike the temporal level, the reference frame
at the inter-view level is certainly similar to the current frame. This property is
justified by the fact that the base view and the dependent view which contain

the reference frame and the current frame respectively are captured simultaneously
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from two different angles. Thus, this capture constraint generally results in very
similar video sequences. In the process of disparity estimation for the DO level for
example where CU size is 64x64, the use of a small search window is due to the
prior knowledge that the most similar information of the current CU in the base
view cannot be moved away. This is due to the fact that we have already eliminated
the inter-view offsets as mentioned earlier. The larger the CU, the less likely it is
that the most similar CU will be found far from it in the base view. This explains
the relationship between the search window size and the CUs depth level. The use
of the small sizes of the search window, in particular for the two levels DO and D1,

can achieve a significant reduction in computational complexity.

3.3.4 Earlier Decision of Coding units Splitting Algorithm
(EDCS)

After visual adjustment and decreasing the size of the search window in the DE
process, the second step is the earlier decision for CU splitting (EDCS). The EDCS
are performed according to the decisions obtained from basic view in terms of se-
lection modes as the content of the base view and the dependent views is almost
the same as presented above. Selecting the best match is considered as one of the
most computationally time consuming processes. The selection of the best match is
made in this step without having all possible combinations of sizes in the available
reference frame. This is mainly due to the visual adjustment made in the first step.
Earlier decisions are made in this step in dependent views only for the temporal

level, that is to say just for the ME process.

Several previous studies [62, 80, 81] proved that during the CU size selection
process, the highest percentages are best matched at level DO and D1.This is also
due to increased similarity between base view and dependent views.These studies
also demonstrated that the CU splitting decisions made by the encoder for the basic
views are very similar to those made for the dependent views. For those purposes
and in order to achieve a good compromise between encoding time and quality, only

the CUs depth levels DO and D1 are concerned by the EDCS. This means that in
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the reference frame of the base view if the size of the used CU is 64x64 or 32x32,
the current block of the dependent view must therefore use the same mode directly.

The visual adjustment between the base and the dependent view is obtained
by cutting out the inter-view offset from the different used views. As argued in
the previous section, the first part of the inter-view offset is at the start of the
base view while the second is located at the end of the dependent view. To fur-
ther reduce the computational complexity in the MV-HEVC, we have eliminated
the inter-view prediction for the offset parts. This action is justified by the total
absence of information from these parts in the reference frames at the base view. By
removing the inter-view prediction for the offset parts, we significantly reduce the
computational complexity involved in analyzing and processing regions that lack any

meaningful reference information, thereby improving the overall encoding efficiency

of MV-HEVC.

3.4 Experimental results

3.4.1 Experimental settings

The proposed algorithm is implemented on the recent MV-HEVC reference soft-
ware, the HTM version 16.2. Experimental results presented in this study were
obtained using six HD-MVV sequences( Champagne-lower, Panatomim, Dog, Bal-
loons, Kendos, and Sharek) as shown in Table 3.1. The six MVV sequences used
in the evaluation of the proposed approach are captured by linearly arranged cam-
eras where each video is made up of seven views. The values of the quantization
parameters (QP) used during this evaluation are 25, 30, 35 and 40.

The detailed simulations were performed using the common test conditions (CTC)
[32] required by JCT-3V. In this research study, we have utilized three inter-view
prediction structures for the evaluation of the proposed method which are IP, PIP
and IBP. These prediction structures use two (IP) or three views (PIP and IBP).
Table 3.5 illustrates a number of configuration parameters that we used during the
encoding process. As mentioned in the previous section, the size of the search win-

dow changes according to the four CUs depth levels D0, D1, D2 and D3. The values
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thus used representing the size of this search window are 4,8,12 and 16.

Setting Value

Prediction Structure IP and PIP

GOP length 8

Intra period 24

Coding tree block 64x64 pixels

CU depth level 4

Search range Variable (4,8,12 and 16)
Entropy coder CABAC

Table 3.5: Encoder configurations

3.4.2 Experimental results using tow views (V1 & V2)

The distance between the different cameras used when capturing views directly in-
fluences the disparity between these views. That is, the inter-view disparity changes
depending on the distance between the cameras. Elaborate analysis is devoted on
the relationship between the disparity eliminated each time from two views and the
saving encoding time.

The experiments are performed using the prediction structure called IP. The
base view used in this case is always VO while the dependent view can be any of
the V1 to V6 views. The evaluation of the proposed approach is carried out by the
three parameters: change in encoding time Atime (%), percentage change in the bit
rate ABitrate (%) and the change in PSNR APSNR (dB). These parameters can
be calculated using Eq.3.3.

Proposed — HT' M
HTM

Where Proposed denotes the coding results of the proposed approach and HTM

gain = (3.3)

is the coding results of the HTM software.
Table 3.6 summarizes the obtained results by the proposed approach (EDE) with

respect to the HTM reference software using two views V-0 and V-1.
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As shown in Table 3.6, the proposed method reduces the total encoding time
from 20.37% to 29.26% using QP equal to 25 for the six used videos. Increasing
the value of QP gradually improves the saving encoding time. Nevertheless, this
increase in the value of QP causes reduction of the encoding quality and the used
CUs depth levels. This implies that the size of the CUs increases according to the
value of QP. Indeed, the size of the search window is also affected by any change in
the value of QP and CUs. This volume decreases with each increase in QP, and vice
versa. The values presented in Table 3.6 in terms of Atime can thus be justified by
this relation. The obtained results show that the Atime varies from one video to
another may be due to a number of reasons, including the nature of the video itself
and the distance between the cameras. The Atime is less important for the two
videos "Kendo" and "Balloons" that the distance between the different cameras of

these two videos is slightly lower than the other two videos.

The rate distortion (RD) performance degradation of the proposed method in
terms of APSN R and ABitrate is negligible as shown in Table 3.6.

3.4.3 Experimental results using two views (V1 up to V6)

Figure 3.4 illustrates the obtained results by moving the dependent view further

away from the basic view.

The base view is always VO while the dependent views are V1, V2 up to V6.
When the distance between the cameras increases, this makes the inter-view dispar-
ity more important. The information removed from the inter-view encoding has a

relation of proportionality with this disparity.

The elimination of information during the inter-view compression process means
a gain in search time in this eliminated part and therefore a reduction in encoding
time. As results, we got a Atime = 39.20% on average for the "Pantomime" video
using the V-6 depend view and a QP of 25. As shown in Figure 3.4, in the case
where QP is equal to 40, this gain exceeds 48%. Figure 3.5 shows the obtained Rate
Distortion (RD) performance degradation for the IP prediction structure using the

dependent views from V1 to V6.
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Figure 3.4: The saving encoding time according to the increase in inter-view offset:
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Figure 3.5: The RD performance degradation using two views.
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3.4.4 Experimental results using three views

This section presents the obtained results using three-view prediction structures.
The objective is therefore to analyze the elimination of disparity before encoding
using three views. The first three-view prediction structure used in this experiment
is PIP. As with the IP prediction structure, the parts to be eliminated during inter-
view encoding are located in the three views used which are the base view I and the
two dependent views P. The removal of these parts depends on the order of each
view in the prediction structure. This analysis is applied first on adjacent views VO,
V1 and V2 where V1 is the base view and V0,V2 are dependent views. Then, the
case where the dependent views are far from the base view is tested. In this case,
the new base view becomes V2 and dependent views are VO and V4. the obtained
results in terms of Atime, ABitrate and APSN R are summarized in Table 3.7.

The obtained results show that the use of three views significantly increases
the Atime. This increase can be attributed to the use of two dependent views
where the number of parts to be eliminated is doubled compared to two views. The
obtained saving time from the two dependent views is almost similar because the
parts removed from these two views are equal. The best saving encoding time in the
case of three views is also obtained for video “Panatomim” from 35.41% to 46.13% on
average respectively for QP equal to 25 and 40. Spacing the cameras from each other
increases the disparity between the views which has increased the saving encoding
time as shown in Table 3.7. The obtained Atime in this case exceeds 46.00% on
average for QP equal to 40.

In order to analyze the impact of the proposed approach for bidirectional pre-
diction of B-views, the IBP prediction structure is used in this experiment. This
impact can be expressed by the efficiency of the compression in terms of trade-offs
between bit-rate and quality and also encoding time Atime. The process of elimi-
nating the inter-view offset in the case of the IBP prediction structure is different
from that of the PIP structure, especially for the view-B. As presented in Section
3, the elimination of inter-view lag is based on visual adjustment which is essential
in this approach for improving the disparity estimation. Each frame in view-B uses

two inter-view reference images from the base and the dependent views respectively.
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In the disparity estimation from the base view the eliminated parts from B frames
are not the same as those in the estimate from the P-view. The change between the
two is mainly in the position of these parts in the reference views and also in the
B-view. Tables 3.7 and 3.8 show that the obtained saving encoding time is greater
compared to the PIP prediction structure.

Parts eliminated from view-B in addition to base view I and view-P greatly
improves the disparity estimation time. the visual adjustment obtained after elimi-
nation of the inter-view offset also makes it possible to bring similar inter-view blocks
closer together, which reduces the block search window and thus the encoding time
in the temporal level. Another important criterion also influences the encoding time
is the distance of the view-P from the base view I beside PIP structure. The re-
sults presented in Table 3.8 show that the bit rate increment is greater in the IBP
prediction structure compared to the PIP structure. The bit rate increment in this
case is due to the increase in the eliminated parts of the inter-view prediction. Ob-
viously, the bit rate decrement with the use of inter-view prediction in addition to

the temporal prediction.

3.5 Conclusion

The compression efficiency of MV Vs particularly that concerning the inter-view pre-
diction is greatly improved with the coding tool-sets of the MV-HEVC standard.
Hence, improvements built into the MV-HEVC encoder have significantly increased
the computational complexity of the encoding process.

In this chapter, we proposed the Efficient Earlier Disparity Estimation (EDE)
approach for MV-HEVC standard by improving the inter-view prediction and dis-

parity estimation processes. Our approach involves several steps:

e Firstly, an inter-view visual adjustment is performed by eliminating inter-view
offsets caused by different viewing positions. The elimination of the inter-
view offsets is justified by the negligible rate of the PUs predicted from these

inter-view offsets.
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e Then, we decrease the DE search window based on the inter-view similarity

and the split levels of CUs.

e At last, we use the CUs splitting decisions that are obtained from the reference
views for the proposal of the Earlier Decision of CUs Splitting (EDSC) in the

dependent views.

Experimental results demonstrated that the proposed algorithms provided promis-
ing encoding saving time using inter-view visual adjustment with negligible effect
on RD performance. Furthermore, the proposed algorithms can be extended to the
3D version of the HEVC compression standard, offering a decrease in computational

complexity.
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Sequences QP | ATime | ABitrate | APSNR
Champagne tower | 25 | -26.87 | 1.39 -0.05
30 |-30.82 | 1.17 -0.03
35 | -35.05 | 1.02 0.02
40 |-38.11 | 0.89 0.02
Pantomime 25 [-29.26 | 1.79 -0.09
30 |-33.06 | 1.53 0.00
35 | -37.17 | 1.36 -0.03
40 | -40.07 | 1.23 0.07
Dog 25 | -24.53 1.27 -0.07
30 |-28.26 | 1.09 0.02
35 |-32.25 | 0.98 0.01
40 |-35.12 | 0.88 0.04
Balloons 25 | -20.37 | 0.89 -0.05
30 | -2449 |0.73 -0.03
35 |-2891 | 0.63 -0.02
40 |-31.93 | 0.55 0.02
Kendo 25 | -23.03 1.02 0.01
30 | -27.47 | 0.82 0.07
35 | -31.56 | 0.69 -0.01
40 | -34.47 | 0.59 0.02
Sharek 25 | -26.54 1.22 -0.04
30 |-30.45 | 0.98 -0.03
35 | -34.68 | 0.80 -0.05
40 | -37.74 | 0.66 0.00
Average 25 | -23.31 | 1.04 -0.02
30 | -27.47 | 0.84 0.00
35 | -32.73 | 0.70 -0.02
40 |-34.71 | 0.60 0.01

Table 3.6: The obtained results with

prediction structure

respect to the HTM
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Sequences | QP Used Views
1-2-3 1-3-6
ATime | ABitrate | APSNR | ATime | ABitrate | APSNR
Champagne | 25 | -33.07 | 2.57 -0.11 -37.24 1294 -0.13
30 |-36.95 | 227 -0.09 -41.17 | 2.62 -0.07
35 | -41.29 | 191 0.02 -45.29 | 2.28 -0.01
40 | -44.42 | 1.69 0.05 -48.09 | 2.09 0.03
Panatomim | 25 |-35.41 | 2.82 -0.17 -39.72 | 3.25 -0.14
30 |-39.21 | 2.55 -0.05 -43.37 | 2.93 -0.07
35 | -43.52 | 2.18 0.02 -4741 | 2.51 -0.04
40 |-46.13 | 1.87 -0.01 -50.15 | 2.32 -0.01
Dog 25 |-30.69 | 2,53 -0.13 -34.81 | 2,82 -0.12
30 | -34.38 | 2,11 -0.04 -38.25 | 2,43 -0.07
35 | -38.47 | 1,86 0.01 -42.33 | 2,25 -0.03
40 | -41.29 | 1,62 0.05 -44.92 | 1,96 0.02
Balloons 25 | -26.59 | 2.08 -0.07 -30.21 | 2.38 -0.10
30 |-30.60 | 1.85 -0.05 -34.26 | 2.19 -0.08
35 | -35.17 | 1.59 0.02 -38.48 | 1.91 -0.05
40 | -38.09 | 1.35 0.05 -41.35 | 1.73 0.02
Kendo 25 |-29.31 |2.23 -0.06 -33.09 | 2.49 -0.08
30 |-33.64 | 1.98 -0.04 -37.35 | 2.33 -0.04
35 | -37.81 | 1.78 0.03 -41.28 | 2.16 -0.04
40 | -40.59 | 1.48 0.04 -44.02 | 1.88 -0.02
Sharek 25 |-32.78 | 2.39 -0.07 -36.95 | 2.89 -0.09
30 |-36.58 | 2.01 -0.07 -40.71 | 2.36 -0.05
35 | -40.80 | 1.77 -0.04 -44.83 | 2.14 0.02
40 |-43.91 | 1.50 0.03 -47.68 | 1.87 0.04
Average 25 |-31,31 | 244 -0,10 -35,34 | 2,79 -0,11
30 |-3523 | 2,13 -0,06 -39,18 | 2,48 -0,06
35 |1-3951 | 1,85 0,01 -43.27 | 2,21 -0,02
40 | -42,40 | 1,58 0,03 -46,03 | 1,97 0,01

Table 3.7: The obtained results with respect to the HTM encoder using the PIP

prediction structure.
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Sequences QP Used Views
1-2-3 1-3-6
ATime | ABitrate | APSNR | ATime APSNR
Champagne | 25 | -38,18 3,11 -0.10 -43,53 3,49 | -0.13
30 | -41,83 | 2,69 -0.04 -4724 | 3,08 | -0.10
35 | -45,73 | 2,44 0.01 -50,91 | 2,78 | -0.05
40 | -48,46 | 2.05 0.02 -53,52 | 2,29 | 0.01
Panatomim | 25 |-40,61 | 3,56 -0.13 -46,12 | 3,89 | -0.10
30 | -43,99 | 3,25 -0.04 -49.56 | 3,56 | -0.07
35 | -47,92 | 2,83 -0.04 -53,37 | 3,17 | -0.05
40 |-50,81 | 2,34 0.03 -55,71 | 2,57 | 0.03
Dog 25 |-3581 | 2,89 -0.11 -40,88 | 3,22 | -0.09
30 |-38,62 | 2,56 -0.04 -44.09 | 2,83 | -0.06
35 | -42,84 | 231 -0.03 -47.80 | 2,65 | -0.04
40 | -45,26 | 2.02 0.02 -50,21 | 2,28 | 0.04
Balloons 25 |-31,22 | 2,39 -0.08 -35,55 | 2,72 | -0.12
30 | -34,70 | 2.12 -0.07 -39,31 | 2,53 | -0.07
35 |-38,85 | 1,91 -0.04 -43,47 | 2,20 | -0.04
40 |-41,85 | 1,65 0.00 -46,02 | 1.92 | 0.01
Kendo 25 | -34,12 | 253 -0.06 -38,54 | 2,81 | -0.08
30 |-37,76 | 2.19 -0.01 -42.74 | 2,49 | -0.05
35 | -41,71 | 1,81 -0.02 -46,39 | 2,10 | -0.01
40 | -44,53 | 1,64 0.02 -4791 | 1,87 | 0.00
Sharek 25 |-37,94 | 283 -0.07 -43,24 | 3,12 | -0.13
30 | -41,11 | 2,52 -0.05 -46,75 | 2,82 | -0.10
35 | -45,23 | 2.19 -0.01 -50,57 | 2,49 | -0.06
40 |-48,15 | 1,87 0.03 -54,16 | 2,11 | 0.01
Average 25 |-36,31 | 2,88 -0,09 -41,31 | 3,21 | -0,11
30 |-39,67 | 2,55 -0,04 -4495 | 2,88 | -0,07
35 | 43,71 | 2,25 -0,02 -48,75 | 2,56 | -0,04
40 |-46,561 | 1,93 0,02 -51,25 | 2,17 | 0,02

Table 3.8: The obtained results with respect to the HT'M encoder

prediction structure
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Chapter 4

Error robustness evaluation in

MV-HEVC coding standard

4.1 Introduction

In multi-view video coding, using a large GOP size can efficiently improve MVV
compression and enable transmission of higher video content for a given bitrates.
However, when transmitting MVV data, particularly in the presence of errors such
as random bit error, burst error, or packet loss error, using a very long GOP can
have adverse effects that propagate error spatially, temporally, and in inter-view
directions [33]. As a result, even a single lost or corrupted bit in the MVV bit-
stream can propagate to adjacent views and subsequent frames, making the bit-
stream challenging, if not impossible, to decode. This situation can lead to a loss
of encoder-decoder synchronization, affecting all slices that follow. For instance, in
the MV-HEVC standard, the MVV codec takes multiple synchronized bitstreams
captured from different cameras as input and generates a single bitstream for stor-
age or transmission. However, when transmitting compressed MVV data over noisy
channels, the video decoder decoding the corrupted video bitstream can lose syn-
chronization and leading to errors propagating to the start of the next GOP. This
poses two main problems:

Firstly, there is weak error detection capability in enhancement layers or depen-

dent views, causing the decoder to include a lot of incorrect data in the decoded
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video before detecting an error.

Secondly, once the decoder detects an error, it would discard the rest of the
bitstream in that frame.

As there are limited studies on error-sensitive encoded data in MV-HEVC, this
research aims to analyze the sensitivity of the MV-HEVC bitstream under error-
prone conditions. The evaluation examined the effects of different components in
the MV-HEVC bitstream, including the Network Abstraction Layer (NAL) unit
types for both Video Coding Layer (VCL) and Non-Video Coding Layer (Non-VCL)
samples encoded, which were subjected to varying bit error and packet loss rates.
This study aims to identify the most sensitive compressed MVV data that should be
encoded in a higher protected channel, while encoding the less error-sensitive data
in dependent views.

This chapter is structured to provide a comprehensive understanding of MVV
errors transmission types and their impact on MV-HEVC decoding process. The
first subsections provide an introduction to MVV errors transmission types, along
with a discussion of MVV quality assessment methods. The following sections inves-
tigate the impact of Bit-Error Rates (BERs) and Packet Loss Rates (PLRs) on NAL
units in MV-HEVC Bitstream, analyzing the effects of these transmission errors on
MVV quality. These sections include an in-depth examination of the relationship
between transmission errors and MV-HEVC decoding efficiency. Finally, the chap-
ter concludes with a presentation and discussion of the results obtained from the
conducted research, along with an analysis of their significance and implications for

future research in this area.

4.2 MVYV Errors Transmission Types

The main purpose of using NAL units in the MV-HEVC standard is to support
various video transmission systems. However, in the event of transmission errors,
compressed MVV bitstreams become more susceptible to these errors, due to saptio-
temporal and inter-view dependencies in the MVV sequences.

In error-prone environments, such as video transmission or storage, error hap-
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pening in the previous frames in a GOP may propagate to all the following frames
and views within that GOP, resulting in a degradation of the overall video quality.

Figure 4.1 showes an example of MVV error propagation effect.

Time I
» Error propagation
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I | 197
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P —» Bi2 ¢ Biz # Bus Bis -» Bis ¢t Bi7 [P Bis |" L
A r Y A A A F 3 A A

2
View ( | viy |* viy I

B Ioi —»{ By 4 Bos ] Bos (¢ Bos > Bos [ Bor P Bos [ o2

View 2 \ J I A 4 VVV Y "‘l YyYy I v
P21 —»| B2: [ B23 ] B24 (¢ Bz2s » B2 (4] B27 | B2s 4 Pn

Figure 4.1: MVYV error propagation effect.

The effect of displaying one of these frames that has been reconstructed from cor-
rupted data can have a significant impact on visual perception in the decoded video.
This degradation can be observed in various ways, such as blockiness, blurring, and
artifacts. These visual impairments can not only affect the subjective quality of the
video, but they can also impact the performance of various computer vision appli-
cations, such as object detection and recognition, which rely on the accuracy of the
visual information.

MVYV errors transmission can occur due to various factors, including deficiencies
in physical channels. These errors can be classified into random bit errors and

erasure errors [34].

4.2.1 Random Bit Error

Random bit errors can occur during transmission when there are issues with the
physical channels, causing bit insertion, deletion, or reversal. These errors can also
arise when one or more bits in the transmitted data are corrupted, flipped or lost

during the transmission process, as shown in Figure 4.2.
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Figure 4.2: Random Error effect on MVV transmission.

The causes of these errors can be varied, including factors such as the signal-
to-noise ratio, the quality of the transmission channel, the distance between the
transmitter and receiver, electromagnetic interference, and the hardware used in
the transmission process.

MVYV transmission involves the transmission of large volumes of data at high
speeds over long distances. As such, the probability of random bit errors occurring
during transmission is high. The impact of random bit errors on the transmitted
data can be significant, potentially leading to distortion, loss of critical information,

or even complete failure of the transmission.

4.2.2 FErasure Error

Erasure errors occur when packets or group of packet that contain information about
a specific view are lost or corrupted during MVV transmission , as shown in Figure
4.3

As result, the receiver knows which packets are missing and where they should be,
but the missing packets cannot be recovered. Erasure errors are common in packet-
based networks where packets can be lost due to network congestion or errors in

the transmission medium. These errors can be more challenging to correct as they
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Figure 4.3: MVV Erasure Error propagation effect.

involve the loss of entire packets of data.

The main difference between erasure errors and random errors is that erasure
errors result in the loss of specific packets of information, while random errors result
in the corruption of some or all of the transmitted data. Understanding the different
types of errors that can occur during MVV bitstream transmission is crucial in

developing effective methods to correct and prevent such errors.

4.3 MYVYV Quality Assessment

The transmission of MVV signals involves a complex chain of processing compo-
nents related to video codec and transmission. However, this chain of processing
components can lead to a degradation of the video quality. This, in turn, can result
in a low quality of experience for the end-users. Therefore, it is vital to evaluate the
perceived visual quality to assess the coding efficiency of a particular video coding
system. In this experiment study, two primary methods are used for evaluating

video quality: objective and subjective evaluation methods.

4.3.1 Objective Assessment

Objective evaluation is a method used to measure the quality of video signals based

on mathematical algorithms and models. Objective evaluation can be used to com-
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pare different video codecs, compression techniques, or transmission systems, and it
can also be used to evaluate the performance of different video processing algorithms.

Peak Signal-to-Noise Ratio (PSNR) is a widely used metric in objective evalu-
ation for measuring the quality of video signals. PSNR is a mathematical formula
that measures the difference between the original video signal and the compressed
video signal. The PSNR value is expressed in decibels (dB) and it indicates the level
of degradation in the video signal due to compression.

In MVVs, PSNR is used to evaluate the quality of the reconstructed views from
multiple cameras. The PSNR is calculated by comparing each reconstructed view to
the original view from the corresponding camera. The average PSNR value across
all the views is used to determine the overall quality of the reconstructed multiview
video.

In this experiment, the video signal is first compressed using a MV-HEVC en-
coder, and then the compressed signal is transmitted or stored with a certain level
of error or loss. The resulting video signal is then compared to the original signal
using PSNR, and the difference in quality is measured.

By varying the level of error or loss, it is possible to determine the error sensitivity
of the system. If the video quality degrades significantly at low levels of error or
loss, the system is considered to be highly error-sensitive. On the other hand, if the
system can maintain video quality even at high levels of error or loss, it is considered
to be less error-sensitive.

It is important to note that while PSNR is a widely used metric in objective eval-
uation, it has its limitations. PSNR does not always correlate well with subjective
quality ratings, meaning that a high PSNR value does not necessarily indicate that
the video quality is perceived as good by humans. Therefore, it is often necessary to
complement objective evaluation with subjective evaluation, where human observers

provide ratings of the video quality based on their perception.

4.3.2 Subjective Assessment

Subjective assessments are a fundamental evaluation method that involves human

participants providing feedback on the quality of multimedia content such as MVV.
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These ratings are utilized to determine the Mean Opinion Score (MOS), representing
the average perceived quality of the video by the observers. Subjective evaluation
methods are considered more accurate in assessing the true quality of experience for
end-users since they incorporate human perception, which can identify factors that
objective metrics may miss.

In the context of MVV, which involves capturing a scene from different angles
and presenting the video with multiple viewpoints, subjective evaluation involves
having a group of participants view the MVV and rate the quality of the video
based on their subjective impressions. This can be done using various methods,
such as rating the video on a scale of 1 to 5 or providing qualitative feedback about
the video. Through analyzing this feedback, specific areas requiring improvement,
such as the smoothness and clarity of transitions between different viewpoints, can
be identified.

Subjective assessments are often used in conjunction with objective quality met-
rics, which are more quantitative measures of video quality. By combining both
subjective and objective assessments, researchers and developers can gain a com-
prehensive understanding of the overall quality of the MVV and identify areas for
improvement. Therefore, subjective evaluations are crucial in MVV research to pro-
vide an accurate and holistic evaluation of the end-users perception and satisfaction

with the MVV.

4.4 Exploring the Impact of Bit-Error Rates on NAL
Units in MV-HEVC Bitstream

The objective of this research study is to evaluate the effects of different Bit-Error
Rates (BERs) on the two NAL units parts encoded in the MV-HEVC bitstream. In
video coding, the NAL units contain compressed video data that are transmitted
across a communication channel. Due to the sensitivity of the NAL units, any bit
or burst errors can cause a significant impact on the overall video quality. There-
fore, identifying the most sensitive compressed data is crucial for improving video

transmission reliability:.
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The experimental work is conducted in error-prone environments with randomly
placed bit or burst errors to obtain the desired NAL unit error. The BERs are varied
to investigate their impact on the VCL NAL and non-VCL NAL units. The VCL
NAL unit contains the video coding views, which is responsible for compressing the
video frames. On the other hand, the non-VCL NAL unit includes the metadata
and control information necessary for decoding the compressed video frames .

To identify the most sensitive compressed data in MV-HEVC bitstream, the
study focuses on the NAL VCL and non-VCL NAL units. The overall block diagram

of the evaluation process is shown in Figure 4.4.
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Figure 4.4: MV-HEVC Random Error Sensitivity Evaluation Diagram.

In our experimental research, we began by encoding MVVs in YUV format using
the MV-HEVC HTM 16.6 benchmark software, which produced a binary format
MV-HEVC bitstream. We then utilized our own BER generation algorithm to inject
different levels of BERs into the encoded bitstream. We evaluated both the original
and erroneous bitstreams after the MV-HEVC decoding stage, which included two
views: the base view and the dependent view.

To ensure the highest possible quality results, we chose a random-access encoding
configuration instead of using a low pass encoding configuration. Random-access

encoding is a technique used in video compression that allows the decoder to access
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any frame in the video sequence independently, without having to decode previous
frames in the sequence. This results in higher quality video with less compression
artifacts.

For this study, two video sequences are selected which are Kendo and Sharek,
their details and encoding configuration settings are reported in Table 4.1 and Table
4.2, respectively. By using random-access encoding, we were able to achieve high
quality results for both the original and erroneous bitstreams, which enabled us to

accurately evaluate the impact of bit errors on the decoded video.

Sequences | Resolution | Frames | Frame Cameras

rates (fps) | spacing(cm)

Kendo 1024x768 300 30 3

Sharek 920x1088 300 30 Stereo

Table 4.1: HD-MVYV sequences

Setting Value

Prediction IP

Structure

GOP length 8

Intra period 24

Profile Main

Intra mode 1% frame in each GOP
BERs (0,2,4,6,8) x 10

Table 4.2: MV-HEVC Encoder configurations

4.4.1 Experiment Results: Objective Evaluation

In this experiments, the objective comparisons results between the original and

erroneous bitstreams of the MV-HEVC codec are obtained by using the objective
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PSNR calculations. The obtained results are shown in Figure 4.5, and Figure 4.6.
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Figure 4.5: Encoding error sensitivity for non-VCL NAL and VCL-NAL units at

various BERs.
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Figure 4.6: Encoding error sensitivity for Non-VCL NAL With different BERs.

Analysis results show that all parts of the NAL units suffer from a steady decrease
in PSNR as the BERs increase, whether for Kendo or Shark video sequences. What is
striking in Figure 4.5 is the Non-VCL NAL data that suffer from a high degradation
in video quality. For instance, the PSNR of Non-VCL NAL units at the highest
BERs is reduced by 18 dB for Kendo and 12 dB for Shark compared to evenly
distributed BER injection. At the same condition, the quality of VCL NAL units is
reduced by 5 dB for Kendo and 7 dB for Shark when injecting BERs into all MVV

encoded data.
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This means that the most sensitive part of the MV-HEVC bitstream in error-
prone conditions is the Non-VCL data. This is because Non-VCL NAL information
shared for multiple views and slices has an effect on the quality of the reconstruction.
On the other side, a VCL-NAL data contains a representation of video samples which
only affects the NAL payload depending on the slice level I, P and B, as shown in
Figure 4.6. In which, when various BERs are injected only in the I slice, the quality
of the P and B slices are also affected by this modification. Moreover, we can clearly
seen that the highest quality degradation observed is I-slice PSNR, which is much
smaller than the other slices P and B. This explains the relationship between the
MV-HEVC interview prediction and the sensitivity of VCL NAL data in error-prone
environment. In which, if the spatial pixels are affected and compensated in inter or
inter-view modes, the quality fluctuation between the intra frames and their adjacent
frames will appear, which lead to incorrect pixels reconstruction and causes error
propagation in all dependent views and slices (P or B).

In addition to VCL and non-VCL NAL units sensitivity in each sequence, the
results also show that the degradation of the PSNR is more noticeable in the Kendo
video compared to the Sharek video. This implies that the content of the video
plays an essential role in determining the degree of PSNR degradation. In partic-
ular, videos that have high resolutions, complex scenes, fast motion, or frequent
changes in camera viewpoints tend to have a more significant reduction in PSNR
than videos with simpler scenes and slower motion. Therefore, it is likely that the
Kendo sequence has more complicated scenes and faster motion than the Sharek
video. The PSNR is a widely used metric to evaluate video quality, and its reduc-
tion can be caused by various factors such as compression, noise, or artifacts. In this
case, the difference in content complexity between the two videos is a significant fac-
tor that affects the PSNR values. To find out which part is the most sensitive among
the MV-HEVC VCL data, more visual results are discussed in the next section.

4.4.2 Experiment Results: Subjective Evaluation

In this section, we will present the results of our study on subjective quality assess-

ments, which were conducted by comparing slices of video sequences. The Kendo
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sequence was used for this purpose, and the slices were extracted from the base
view and the enhancement view in the form of I-slices, P-slices, and B-slices. The
purpose of this study was to compare the quality of the original slices with that of
the decoded slices that contained errors. To achieve this, we used the HTM.16.6

reference software.

Figure 4.7 presents the comparison results that were achieved in our study. The
right column of the figure shows the original slices, while the left column displays the
slices that were decoded erroneously using the HTM.16.6 software. We compared
the erroneous decoded slices with the original ones to assess the level of quality

degradation that occurred during the decoding process.

Original frames Erroneous decoded frames

Figure 4.7: Perceived visual quality effect on Kendo video slices (I, P and B) at the
BER (8x10™%).



The results depicted in Fig.7 highlight that the reconstructed I-slice is the most
vulnerable to degradation, particularly in the active areas which contains very little
discernible information when compared to the original. This is due to the fact that
[-slices are independent frames that do not depend on other frames in the video
sequence for decoding. As a result, any loss or corruption of data in an I-slice leads

to a significant loss of visual quality.

On the other hand, the P-frame, which is a predictive frame, offers better re-
sistance to degradation than I-slices. Although P-frames use previously decoded
frames for decoding, they can still exhibit some visual artifacts or broken parts in
the video. This is because P-frames only store the differences between the current

frame and the reference frame, resulting in some loss of information.

Lastly, the B-frame, which is a bi-directional predictive frame, offers the best
quality among the three frame types analyzed in our research. B-frames use both
past and future frames for decoding, resulting in better visual quality than I and
P frames. However, B-frames are more computationally intensive to encode and

decode, which can lead to higher complexity and longer processing times.

Furthermore, our research found that error propagation in the corrupted I-slice
is persistent, leading to the same level of visual quality degradation in the subse-
quent views (P and B). This means that the inaccuracies in motion and disparity
estimations in an I-slice can lead to cascading effect on subsequent P and B frames,

resulting in a consistent degradation of visual quality across multiple views.

The reason behind this degradation lies in the fact that motion and disparity
compensations are the main contributors to error propagation in MVVs. Motion
compensation involves estimating the motion between frames, while disparity com-
pensation involves estimating the difference in perspective between the views. Any
errors in these estimations can lead to errors in subsequent frames, making the rela-

tionship between VCL NAL in the compressed MV-HEVC bitstream more complex.
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4.5 Exploring the Impact of Packet Loss Rates on
NAL Units in MV-HEVC Bitstream

After evaluating the effects of random errors on the MV-HEVC bitstream, we turned
our attention to investigating the potential impact of packet loss on MV-HEVC
NAL units (both VCL and non-VCL). To explore this, we introduced varying levels
of packet loss into the MV-HEVC bitstream, as illustrated in the overall diagram

depicted in Figure 4.8

MVV input (.yuv) MV-HEVC Original Packet
Encoder
I Bitstream (.bin) loss
: '
g4
8 g
v 4
calculator ‘ ......................................................... Decoder

Figure 4.8: MV-HEVC Packet Loss Sensitivity Evaluation Diagram.

This study aims to investigate the impact of Packet Loss Rates (PLR) on non-
VCL NAL units, such as VPS, SPS, and PPS slices. The study further examines
the effects of packet loss on VCL NAL units, specifically the different frame types,
including I, P, and B frames, to determine which frame type is the most sensitive

to packet loss.

To ensure consistency, the study maintains the same experimental conditions
and configurations as presented in Table 4.1 and Table 4.2, with the exception of
varying packet loss rates (1%, 2%, and 4%) . Objective and subjective evaluations

are conducted to further explore the effects of packet loss on the different NAL units.
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4.5.1 Experimental Results: Assessing Packet Loss Effects on
MV-HEVC non-VCL NAL Units

During the experiment, when varying packet loss rates of 1% ,2% , and 4% were
applied to non-VCL NAL units (VPS, SPS, or PPS) for both Kendo and Sharek
sequences, we observed that the MV-HEVC decoder stopped decoding.

This occurred because the non-VCL NAL units contain critical information nec-
essary for decoding, and any loss of this information can result in the decoder being
unable to continue. As a result, the decoder halts decoding, and the video playback
is interrupted. These findings highlight the importance of maintaining the integrity
of non-VCL NAL units in the MV-HEVC bitstream to ensure uninterrupted decod-

ing and playback of video content.

4.5.2 Experimental Results: Assessing Packet Loss Effects on
MV-HEVC VCL NAL Units

This section describes the experimental study conducted to examine the impact of
varying PLR on the quality of MV-HEVC VCL NAL units. The primary objective
of the study was to analyze the effect of packet loss on the quality of different types
of frames (I, P, and B) and to investigate how the rate of packet loss influenced the
overall video quality. We also analyzed the sensitivity of different frame types to the
packet loss rates and identified which frame type was the most sensitive to packet

loss.

4.5.2.1 Packet Loss Effect on I Frame

If a packet loss occurs in an I-frame, the entire frame will be lost and the MV-HEVC
decoder was unable to properly decode other frames or views.

More precisely, the I frame is crucial for proper decoding and synchronization,
losing even a single I-frame can negatively impact the quality of subsequent frames
and adjacent views. This is due to the fact that I-frames are independently en-
coded and do not depend on other frames for reconstruction. Consequently, the

decoder will not have access to the necessary information to reconstruct that frame,
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and subsequent frames may not be decoded correctly, resulting in visible artifacts,

distortion, or even complete video destruction.

4.5.2.2 Packet Loss Effect on P Frame

Table 4.3 shows the PSNR results of PLR occurrence in P frame after the MV-HEVC

decoding process.

Sequences | PLR(%) Frames
Base View (V1) Enhancement View (V2)
I B8 B4 P B8 B4
PSNR (dB)

Kendo 0 45.61 | 44.40 | 44.15 | 44.30 | 43.60 | 43.04
1 45.61 | 44.40 | 44.15 | 24.43 | 24.48 | 24.61
2 45.61 | 44.40 | 44.15 | 18.09 | 16.21 | 17.15
4 45.61 | 44.40 | 44.15 | 17 172 | 17.24
Sharek 0 44.77 | 42.19 | 42.35 | 44.13 | 41.63 | 41.84
1 4477 | 42.19 | 42.35 | 30.36 | 28.38 | 29.61
2 44.77 | 42.19 | 42.35 | 27.01 | 26.11 | 25.67
4 44.77 | 42.19 | 42.35 | 21.30 | 20.65 | 21.04

Table 4.3: Comparison of PSNR Results for P-Frames with Different Packet Loss
Rates (PLR).

The results indicated that the PSNR of the base view frames remained constant
for all PLRs. However, for the enhancement view, the PSNR decreased as the PLR
increased for both kendo and sharek sequences.

This highlights that packet loss in P frame can significantly impact the decoding
process of the enhancement view and of subsequent frames within the same view, in
which even missing packets in P frame at a low rate of 1% can reduce the accuracy
of the MV-HEVC decoding process, resulting in lower quality video output.

Furthermore, it has observed that a PLR =4 % can cause decoding errors that

negatively impact the overall accuracy of the entire view, as demonstrated by the
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subjective evaluation results presented in Figure 4.9 for the Kendo sequence.

V2 Original Frames Affected Frames

Bs

B,

Figure 4.9: Packet loss effect on P frame at the PLR (4%) for Kendo sequence.

In addition, the impact on video quality will depend on the type of prediction
used. In P-frames, only the differences between the current frame and the previously
decoded frame are coded. If the prediction used is inter-prediction or inter-view
prediction, then the loss of a P-frame will result in errors propagating to subsequent
frames. If the prediction used is intra-prediction , then the impact of packet loss

will be less severe, as the lost frame can be reconstructed from neighboring frames.

4.5.2.3 Packet Loss Effect on B Frames

When packet loss happens within a B-frame, the resulting impact on MVV quality
can vary depending on factors such as the type of prediction employed and the

position of the lost frame within the GOP hierarchy.
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Analysis of the PSNR results presented in Table 4.4 indicates that when a packet
loss occurs in the B8 frame of both views (V1 and V2), it has a discernible effect
on the quality of the B4 frame for both views. This is because the prediction of B4
relies on the information provided by B8. However, the loss of a packet does not
affect the quality of either the I-frame (V1) or P-frame (V2) since these frames have

independent predictions.

Sequences | PLR(%) Frames
Base View (V1) Enhancement View (V2)
I B8 B4 P B8 B4
PSNR (dB)
Kendo 0 45.61 | 44.40 | 44.15 | 44.30 | 43.60 | 42.1
1 45.61 | 44.40 | 44.15 | 44.30 | 35.20 | 33.17
2 45.61 | 44.40 | 44.15 | 44.30 | 32.03 | 30.8
4 45.61 | 44.40 | 44.15 | 44.30 | 29.6 | 29.76
Sharek 0 44.77 | 42.19 | 42.35 | 44.13 | 41.63 | 41.84
1 44.77 | 42.19 | 42.35 | 44.13 | 40.38 | 40.20
2 44777 | 42.19 | 42.35 | 44.13 | 38.9 | 39.17
4 44.77 | 42.19 | 42.35 | 44.13 | 34.8 | 35

Table 4.4: Comparison of PSNR Results for B-Frames with Different Packet Loss
Rates (PLR).

On overall, B-frames are predicted using both previous and future frames, so if a
B-frame is lost, it may affect subsequent frames that use it as a reference. However, if
the lost B-frame is not used as a reference for subsequent frames, then the impact of
the loss will be minimal, as shown in Figure 4.10 and Figure 4.11, which demonstrate
the comparative effects of lost B-frames on the overall video quality. By conducting a
subjective evaluation, it becomes possible to measure and understand the perceptual
implications of such losses. This assessment helps in determining the error sensitivity
of the MV-HEVC coding standard and assists in developing strategies to mitigate

the potential negative consequences of lost B-frames on subsequent frame references.
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Figure 4.10: Packet loss effect on B frame at the PLR (4%) for Kendo sequence
(The effect on Base View).
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Figure 4.11: Packet loss effect on B frame at the PLR (4%) for Kendo sequence

(The effect on Enhancement View ).

4.6 Conclusion

In this chapter, we have evaluated the sensitivity of the MV-HEVC bitstream in
an error-prone environment, an area that has received little attention in previous
studies. Our primary objective was to investigate the impact of two NAL units, VCL
NAL and Non-VCL NAL, on the decoded perceived visual quality of MV-HEVC.
We applied two types of errors, random bit errors, and erasure errors (packet loss),
to perform our analysis.

Our analysis indicate that the effects of both random bit errors and packet loss

on MV-HEVC are severe, with damaged video slices significantly affecting overall
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multi-view video quality. Nonetheless, we also discovered that packet loss on Non-
VCL and VCL NAL units of MV-HEVC bitstream has a more severe impact than
random bit errors. This is due to the predictive coding structure and inter-view
dependencies of MV-HEVC.

This study further shows that the non-VCL NAL and non-VCL active area are
the most sensitive encoded data in the MV-HEVC bitstream. Therefore, these areas
must be protected to minimize error propagation in multi-view videos.

Our research is a significant contribution to the literature as it highlights the
importance of error analysis in the MV-HEVC standard and the need for measures
to enhance the quality of multi-view videos in error-prone environments.

As future work, the analysis of the M-HEVC error sensitivity study can be used
to optimize the encoding and transmission of compressed video data. Specifically,
the study can help to identify the most error-sensitive parts of the data, which can
then be encoded using more robust error correction techniques and transmitted over
higher protected channels. On the other hand, less error-sensitive parts of the data
can be encoded using less robust techniques and transmitted over less protected
channels.

Moreover, the study suggests that encoding the less error-sensitive parts of the
video data in enhancement views can be an effective way to reduce the overall bit
rate while maintaining video quality. This approach can be further explored and
evaluated for its practical applications in various video coding scenarios. Overall,
the M-HEVC error sensitivity study provides valuable insights for improving the
efficiency and reliability of compressed video transmission and storage, and can be

further developed to enhance the performance of video coding systems.
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(General Conclusion

The development of Multi-View Videos (MVVs) has made it possible to create re-
alistic scenes from different angles, making them ideal for use in various 3D appli-
cations. However, the high-quality videos and virtual navigation around the scenes
have brought new challenges to video compression technologies. To address this, the
H.264/AVC standard has been extended to support multi-view video coding with
the introduction of MVC, which has significantly improved compression efficiency
expressed as a trade-off between bit rate and video quality

The introduction of Ultra High Definitions (UHD) technologies has slowed the
success of AVC solutions, but the High Efficiency Video Coding (HEVC) standard
has been developed with advanced coding structures and new parallel processing
features. HEVC has achieved twice the compression level of AVC while maintaining
the same quality, making it suitable for all existing applications and a wide range
of video resolutions. HEVC has been extended for 3D video coding with the Multi-
view extension (MV-HEVC) and 3D video extension (3D-HEVC), which enable new
coding tools to improve the coding of dependent video views and associated depth
data for each view of the MVV needed to generate 3D contents. However, the com-
putational complexity required for HEVC is high, making real-time implementation
challenging.

This thesis focuses on reducing the complexity of MV-HEVC while ensuring a
satisfactory trade-off between bit rate and video quality. We based this complexity
reduction on exploiting the similarity between different views of the MVV and the
shift resulting from camera spacing. Furthermore, we analyzed the sensitivity of the
MV-HEVC bitstream under error-prone conditions. In summary, our research work

resulted in the following:
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e We proposed the previous Earlier Disparity Estimation (EDE) algorithm to
reduce the computation time of the disparity estimation process. The EDE
uses similarity analysis between views to evaluate the rate of predicted units
(UP) only from shifted parts. Our research work aims to visually adjust de-
pendent views by eliminating shifts between views. These parts contain no

information in the base view reference frames during inter-view prediction.

e The encoding process takes more computation time for a large search window.
Therefore, we reduced the DE search window based on the similarities between
views and levels of coding unit partitioning. This approach reduces the number

of search points in a limited window.

e We improved motion estimation (ME) for dependent views by introducing

Early Decision for Coding Unit Splitting (EDCS).

e We also explored the sensitivity of the MV-HEVC bitstream under error-prone
conditions. This study aims to evaluate the effects of different coded compo-
nents in the MV-HEVC bitstream, such as types of network abstraction layer
(NAL) units, which include both the video coding layer (VCL) and the non-
video coding layer (non-VCL). We subjected coded samples to various error
rates to identify the most sensitive compressed data that needs to be encoded
in better-protected channels, and the less error-sensitive encoded data that

can be encoded in dependent views.

The evaluation of the approach aimed at reducing the complexity of MV-HEVC is
carried out through several scenarios and using three prediction structures: 1P, PIP
and IBP. We focused on this evaluation on the distance between the basic view and
the dependent views, especially for the IP prediction structure. We have used dis-
tance as the primary factor to evaluate our approach, due to its significant influence
on inter-view disparity. In our experiments, we eliminated disparity for each run to
analyze the trade-off between encoding time savings and video quality /bit rate. We
compared our results with those obtained from the HTM reference software. Our ex-

perimental results indicate that our proposed method provides promising encoding
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time savings by utilizing between-view visual adjustment, with negligible effect on
RD performance. Additionally, our experiments demonstrated that Atime increases

as the inter-camera distance, represented by inter-view disparity, increases.

The proposed method is also evaluated using three-view prediction structures
(one base view and two dependent views). We thus used in our experimentation
the type of prediction structures: PIP and IBP. As the IP prediction structure, we
eliminated while encoding the offset parts from the three views of the PIP struc-
ture. The parts removed depend on the position of each view in the PIP prediction
structure. The experimental results show that the gain in encoding time is greater
than for the IP prediction structure. This is justified by the increase in the number
of parts eliminated during encoding, which also affects RD performance. The best
gain in encoding time exceeded 46% for the “Panatomim” video using a QP equal

to 40.

The impact of the proposed approach for the bidirectional prediction of B views
is also analyzed using the IBP prediction structure. The mechanism for eliminating
the offset parts is a bit different than the PIP prediction structure, in particular for
view B. This is due to the use of two reference views by this type B view. This
constraint has increased the gain in encoding time along with the bit rate with

respect to the PIP structure.

Due to the scarcity of error analysis for the MV-HEVC standard, we evaluated in
this thesis the sensitivity of the MV-HEVC bitstream in an error-prone environment.
We focused in this study mainly on the two NAL units which are VCL NAL and
Non VCL NAL coded in MV-HEVC while analyzing the decoded perceived visual
quality of decoded MV-HEVC video. To achieve this, we introduced two types of

errors: random bit errors and erasure errors (packet loss), and analyzed their effects.

The results of our analysis indicate that both random bit errors and packet loss
have a considerable impact on the quality of multi-view video. However, we also
discovered that packet loss on Non-VCL NAL and VCL NAL units of the MV-
HEVC bitstream has a more severe effect compared to random bit errors. This
phenomenon can be attributed to the predictive coding structure and inter-view

dependencies inherent in MV-HEVC.
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Furthermore, our study demonstrates that the non-VCL NAL and non-VCL
active area are the most sensitive encoded data components in the MV-HEVC bit-
stream. Specifically, we have found that error propagation within the corrupted I
slice exhibits a persistent nature, resulting in consistent degradation of visual quality
across subsequent frames (P and B).

This behavior can be attributed to the prominent role played by motion and
disparity compensations in the propagation of errors within the MVVs. Motion
compensation entails the estimation of motion between frames, while disparity com-
pensation involves estimating the perspective differences among the views. In which,
any inaccuracies in these estimation processes can give rise to errors that propagate
through subsequent frames. Consequently, the relationship between the VCL NAL
within the compressed MV-HEVC bitstream becomes considerably intricate.

Moreover, this analysis study not only highlighted the sensitivity of both VCL
and non-VCL NAL units in each video sequence but also shed light on the re-
lationship between content characteristics and the degradation of PSNR in video
sequences. The analysis demonstrated that videos with high resolutions, complex
scenes, fast motion, or frequent changes in camera viewpoints exhibit a more sub-
stantial reduction in PSNR compared to videos with simpler scenes and slower mo-
tion. This implies that content complexity plays a crucial role in determining the

extent of PSNR degradation.

4.7 Perspective

The proposed techniques in this thesis have improved the performance of MV-HEVC,
making it more efficient and robust. However, there is still room for improvement.
Future research can focus on developing more sophisticated algorithms to further
reduce computation time, increase encoding speed, and improve motion estimation.
Additionally, analyzing error transmission under more diverse conditions, such as
different types of noise and transmission environments, can provide more insight
into the performance of MV-HEVC under real-world scenarios.

Overall, this thesis has contributed significantly to the field of video compression
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and error transmission analysis by proposing innovative techniques and evaluating
the sensitivity of MV-HEVC under error-prone conditions. We hope that our work
will inspire further research and development in this field, leading to more efficient

and robust video compression techniques.
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