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Em modernas aplicagoes de video, o papel do video decodificado é muito mais
que simplesmente preencher uma tela para visualizagao. Para oferecer aplicagoes
mais poderosas por meio de sinais de video, ¢ cada vez mais critico nao apenas
considerar a qualidade do contetido objetivando sua visualizagao, mas também pos-
sibilitar meios de realizar busca por contetudos semelhantes. Requisitos de visua-
lizacao e de busca sao considerados, por exemplo, em modernas aplicacoes de video
vigilancia e comunicagoes pessoais. No entanto, as atuais solucoes de codificacao
de video sao fortemente voltadas aos requisitos de visualizacao. Nesse contexto, o
objetivo deste trabalho é propor uma solucao de codificacao de video de propdsito
duplo, objetivando tanto requisitos de visualizagao quanto de busca. Para isso, é
proposto um arcabouco de codificacao em que a abordagem usual de codificacao de
pixeis é combinada com uma nova abordagem de codificacao baseada em features
visuais. Nessa solucao, alguns quadros sao codificados usando um conjunto de pares
de keypoints casados, possibilitando nao apenas visualizagao, mas também provendo
ao decodificador valiosas informagoes de features visuais, extraidas no codificador
a partir do conteudo original, que sao instrumentais em aplicacoes de busca. A
solugao proposta emprega um esquema flexivel de otimizacao Lagrangiana onde
o processamento baseado em pixel é combinado com o processamento baseado em
features visuais objetivando encontrar um compromisso adequado entre os desempe-
nhos de visualizacao e de busca. Os resultados experimentais mostram a flexibilidade
da solucao proposta em alcancar diferentes compromissos de otimizagao, nomeada-
mente desempenho competitivo em relacao ao padrao HEVC tanto em termos de

visualizacao quanto de busca.
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In modern video applications, the role of the decoded video is much more than
filling a screen for visualization. To offer powerful video-enabled applications, it
is increasingly critical not only to visualize the decoded video but also to provide
efficient searching capabilities for similar content. Video surveillance and personal
communication applications are critical examples of these dual visualization and
searching requirements. However, current video coding solutions are strongly biased
towards the visualization needs. In this context, the goal of this work is to propose a
dual-purpose video coding solution targeting both visualization and searching needs
by adopting a hybrid coding framework where the usual pixel-based coding approach
is combined with a novel feature-based coding approach. In this novel dual-purpose
video coding solution, some frames are coded using a set of keypoint matches, which
not only allow decoding for visualization, but also provide the decoder valuable
feature-related information, extracted at the encoder from the original frames, in-
strumental for efficient searching. The proposed solution is based on a flexible joint
Lagrangian optimization framework where pixel-based and feature-based process-
ing are combined to find the most appropriate trade-off between the visualization
and searching performances. Extensive experimental results for the assessment of
the proposed dual-purpose video coding solution under meaningful test conditions
are presented. The results show the flexibility of the proposed coding solution to
achieve different optimization trade-offs, notably competitive performance regard-
ing the state-of-the-art HEVC standard both in terms of visualization and searching

performance.
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Chapter 1
Introduction

This chapter presents the motivation and context within which this research work
has been developed, its objectives and main contributions. Also, it outlines the

topics addressed in the upcoming chapters.

1.1 Context and motivation

Since the prehistoric period, humans realized the importance of visual information,
in particular, its power and effectiveness to communicate. Take for instance the
cave paintings made by the early humans. Tens of thousands of years later that
rudimentary effort, a sophisticated set of technology has emerged to acquire, process,
store, manipulate, share and deliver visual information.

Nowadays visual information is popularly consumed in the form of digital im-
ages and videos. Its applications range from medicine to entertainment, education,
video surveillance, industrial inspection systems, scientific research, TV broadcast-
ing and Internet-based streaming services. Such pervasive use creates heterogeneous
requirements and constraints in the processing pipeline designed to handle visual
data. Since resources are scarce, the need for efficient representation at a desired
quality is commonly required for storage and transmission over bandwidth restricted
networks.

The problem of minimizing the amount of bits to meet a target reconstruction
quality is addressed in the image and video coding research. From a general point
of view, image and video signals can be coded in a lossless or lossy manner. In
lossless coding the compressed signal fully preserves the data of the original signal
at the penalty of achieving only modest compression factors [I, 2]. Higher com-
pression factors can be achieved by carefully allowing some loss of fidelity in the
reconstructed signal. For instance, in transform coding, the energy compaction
property facilitates discarding negligible information for the human visual system

by a suitable quantization strategy, usually allowing higher distortion in the higher



frequency range. This work focus on lossy video coding. Image and video coding
becomes even more challenging when considering other application requirements,
e.g., low computational cost, rate and quality scalability.

For decades the research community has been working on the design of efficient
coding algorithms to handle the increasing amount of data in the form of image and
video signals. Successive generations of video coding standards have been developed
with increasing compression efficiency. The state-of-the-art in video coding technol-
ogy is the High Efficiency Video Coding (HEVC) standard [3], [4], a product of the
joint effort between ITU-T Video Coding Experts Group (VCEG) and ISO/IEC
Moving Picture Expert Group (MPEG). It adopts the block-based prediction and
transform coding framework successfully employed in previous standards. HEVC
was designed aiming to provide 50% of bit rate savings compared with the previous
standard H.264/AVC [5] for the same perceptual quality. This is achieved with a
set of rather flexible coding tools which are able to adapt to the content character-
istics in order to obtain a very compact representation of the input signal. It offers
highly efficient video coding solutions for a wide variety of applications, from video
surveillance and personal communications to UHD television and streaming. HEVC
and all the previous video coding standards adopt a pure pixel-based video coding
approach, which essentially targets visualization capabilities and thus visual qual-
ity. However, with the increasing amount and omnipresence of digital video, users
are increasingly not just visualizing the decoded video but also using it for other
purposes, notably searching for similar visual content. This is happening in many
application domains where the decoded video is often used for searching in very
rich, available databases. Naturally, besides good visual quality, it is also critical to
provide good searching performance.

Developments in computer vision have led to the emergence of new forms of
visual information representation which are better suited for visual analysis tasks
than just pixels. Local visual features are a powerful type of such representations,
and have been playing a central role in modern digital image and video applications
such as mobile visual search [6], object recognition [7, ], and scene classification [9].
Such local features describe image characteristics that are distinctive, representative
and informative. They are usually obtained by first performing keypoint detection
to identify salient image regions and then extracting a descriptor to capture the local
characteristics. The Scale Invariant Feature Transform (SIFT) [7, 8] and Speeded-
Up Robust Features (SURF) [10] 11] are two major description tools in this context.
Following this recent trend, distributed visual analysis systems, for instance, may
aggregate a huge amount of data captured from multiple and distributed visual
sensors and perform complex visual analysis, targeting to provide services such as

augmented reality in sport events, behavior analysis in security systems and mobile



visual search [6 12, [13]. The latter is a rather mature and increasingly popular
application that uses local visual features to retrieve, from a remote server, relevant
information for a query image or video. In this context, three main approaches have
been considered to meet different constraints when performing feature-based anal-
ysis in scenarios involving remote searching. These are the Compress-then-Analyze
(CTA), the Analyze-then-Compress (ATC) and the Hybrid-Analyze-Then-Compress
(HATC) approaches [14-16]. In the CTA approach, the remote analysis is carried
out using visual features extracted from compressed, transmitted and decompressed
video content, thus enabling also visualization. However, the compression usually
has a detrimental effect in the decoder-extracted visual features which in turn im-
pairs the visual analysis performance. Some works have tried to modify existing
standard image and video coding solutions to better preserve the features of inter-
est [I7-H19]. On the other hand, in the ATC approach, the visual analysis performed
at the remote server has to solely rely on a set of compressed visual features ex-
tracted and transmitted by the sender. Naturally, such approach has the drawback
of not enabling visualization at the server side, which limits the range of applica-
tions [20]. For this approach, a significant amount of work has been done with
several authors proposing coding schemes to efficiently compress state-of-the-art lo-
cal visual features such as SIFT and SURF both for images and videos [14], 21, 22].
Also, new visual feature descriptors have been carefully designed, targeting lower
bit rate representations [23] such as the so-called binary descriptors [24]. Still in the
ATC domain, the recently issued MPEG-CDVS (Compact Descriptors for Visual
Search) standard [12, [13] provides description tools to enable interoperability in the
context of image searching.

Finally, the HATC approach aims at overcoming the limitations of the two pre-
vious paradigms by combining pixel-based and feature-based coding. Considering
that visualization and searching are becoming very popular together, the HATC
approach has recently attracted attention. In [25] 26], an image coding solution
based on SIFT descriptors is proposed already inspired by the technique reported
in [27, 28]. SIFT descriptors are extracted from the original image and differen-
tially coded with respect to SIFT descriptors extracted from a poor quality, down
sampled and low rate version of the image, that is first conveyed to the decoder.
This first image is used to guide the target quality reconstruction, since it should
carry enough information about the edges, colors and objects. The decoded de-
scriptors are used to retrieve highly correlated images available in the cloud which
shall provide image patches to enable a higher quality image reconstruction. In
the context of scene classification and pedestrian detection, a two-part predictive
coding architecture is proposed in [9], targeting both the signal (image) and feature

fidelities. Related systems are proposed in the contexts of Visual Sensor Networks



(VSN) [16] and augmented reality applications [29]. In [30], a video coding solution
is proposed where keypoint information detected on the uncompressed video frames
is coded in parallel with regularly coded video, thus not exploiting their synergies.
It was experimentally demonstrated that keypoints detected on uncompressed video
are effective in reducing the detrimental effects of compression on feature match-
ing performance even if the descriptors themselves are extracted from lossy decoded
video [30}, 31]; this highlights the importance of using keypoint information extracted
from uncompressed data for efficient searching.

In these previous HATC works, pixel and feature-based representations are essen-
tially designed and used independently from each other, meaning that the feature-
level data, targeting searching is not exploited to aid the pixel-level coding, targeting
visualization, and vice-versa. But this scenario is starting to change. In [20], a hybrid
framework for jointly coding the feature descriptors and visual content is proposed,
exploiting their interaction. While the feature descriptors are efficiently represented
by taking advantage of the structure and motion information in the compressed
video stream, the already compressed descriptors can be used to further improve
the video compression efficiency by applying feature matching based affine motion

compensation.

1.2 Objective and contributions

In modern video applications, the role of the decoded video is much more than filling
a screen for visualization. To offer more powerful video enabled applications, it is
increasingly more critical not only to visualize the decoded video but also to provide
efficient searching capabilities for similar content. Video surveillance and personal
communication applications are critical examples of these dual visualization and
searching requirements. However, current video coding solutions are strongly biased
towards the visualization needs.

In this context, the goal of this research work is to design a novel dual-purpose
video coding approach that is more adjusted to the current role of digital video in
modern applications targeting both visualization and searching needs by adopting a
hybrid coding framework where the usual pixel-based coding approach is combined
with a novel feature-based coding approach.

The main contributions resulting from the pursuit of this objective are:

o Study on the coding performance of video features

A comprehensive study has been conducted in order to set up a firm ground
for further research on coding visual features extracted from video sequences.

This study, published in the conference paper [C.1] presents a visual feature



coding framework with various coding modes, including intra-frame and inter-

frame, with and without decorrelating transforms.

o Hybrid coding approach based on pixels and visual features

This work proposes a video coding architecture that employs a hybrid ap-
proach where pixel-based and feature-based coding are jointly used. The peri-
odic k-frames are coded using a standard pixel-based notably HEVC approach
and used as reference frames to code the f-frames using a feature-based en-
coder. Once the k-frames are decoded, frame rate-up conversion is performed
to obtain a first coarse estimation of the f-frames. The basic idea to code
the f-frames is to refine this coarse estimation by migrating appropriate image
patches from the decoded reference frames. This is achieved by establish-
ing correspondences between features/patches in the original f-frames and the
already available decoded reference frames. In this way, the quality of the f-
frames may be gradually improved by reusing appropriate image patches from
the reference frames guided by keypoints extracted from the original data,
relying on the fact that video sequences usually exhibit significant tempo-
ral redundancy. In addition, since keypoint positions extracted from original
uncompressed video data are available for the f-frames at the encoder, the
visual searching performance may be boosted compared with the one of de-
coder extracted keypoints based on lossy decoded video. This is a conceptually
refreshing coding approach which tries to conciliate some degree of backward
compatibility with HEVC, the most recent video coding standard (through the
k-frames) with a new video coding approach targeted at boosting the search-
ing performance (through the f-frames). A preliminary version of this video
coding approach based on pixels and visual features resulted in a conference
paper and an extended version has been submitted as journal paper.

o Joint visualization-searching optimization framework

A flexible joint Lagrangian optimization framework is proposed where pixel-
based and feature-based processing are combined to find the most appropriate
trade-off between the visualization and searching performances. It allows to
adjust the balance between the visualization and searching performance up
to the extreme cases where one of them is totally dominating, depending on
the specific application scenario requirements. This framework offers a syn-
ergetic video coding approach between two key user capabilities. This joint

optimization strategy constitutes an important part of the submitted journal

paper [J.1]

o Iterative descriptor matching estimation



Measuring the visual quality distortion is straightforward because of the avail-
ability of the original at the encoder side. However, the situation is very
different for the searching capability, as the descriptor matching performance
cannot be precisely measured at the encoder as only the decoder has access to
the target content database. It is proposed to estimate the descriptor match-
ing performance at the encoder side by mimicking in the best possible way the
descriptor matching steps that are performed at the decoder. Such descriptor
matching performance estimation enables to formulate a joint Lagrangian op-
timization to trade-off the rate against the joint visual quality and descriptor
matching distortion. This descriptor matching estimation also constitutes an
important part of the submitted journal paper [J.1]

1.3 Outline of the thesis

After this introductory chapter in which the motivation and context within which
this work has been carried out as well as its objective and contributions are pre-
sented, the remaining content of this thesis is organized as outlined below.

Chapter [2] briefly reviews basic concepts related to digital video signals, their
representation and characterization. It also summarizes the main coding tools of
the block-based prediction and transform video coding paradigm as well the HEVC
coding standard. Furthermore, common full-reference evaluation metrics and some
performance results for HEVC are presented and discussed.

Chapter [3| presents a short review of local feature detection and description
tools. A coding framework for visual features extracted from video sequences is
briefly described, including intra- and inter-frame coding modes.

The objective of the first three chapters is to lay down the ground for the dual-
purpose video coding solution presented in the Chapter [ which starts by describing
the walkthrough of the proposed solution and presenting the designed architecture.
Afterwards, it describes more in-depth the most novel and technically original coding
modules.

Chapter || presents extensive experimental results for the assessment of the pro-
posed solution under meaningful test conditions, notably considering not only the
joint optimization objectives but also the special cases where the operational points
are selected to provide the best performance towards visualization or searching. Fi-
nally, Chapter [6] presents the conclusions of this research work and indicates possible
directions for further investigations on video coding solutions that aim at address

joint visualization and searching needs.



Chapter 2
Digital video coding: an overview

This chapter presents a brief review of digital video signals and their representa-
tion. It also includes an outline of the block-based prediction and transform coding
paradigm employed in the state-of-the-art video coding technology, its main building
blocks consisting of intra- and inter-frame prediction, transformation, quantization
and entropy coding. The High Efficiency Video Coding (HEVC) standard is pre-
sented as the prominent representative of the aforementioned coding framework.
Furthermore, common full-reference evaluation metrics used to drive coding deci-
sions, to assess the quality of the reconstructed signals and to compare different
coding solutions are briefly reviewed. Some results obtained by coding a few video

sequences using an HEVC encoder are presented and discussed.

2.1 Digital image and video signals

The vast application domains of digital still image and video signals have been
producing an ever growing diversity and quantity of data. Although digital image
and video signals are not limited to the outcomes of imaging systems that sense the
interaction of the visible light with objects of a given scene, this work focus on such
types of signals. For example, those produced by digital cameras.

A thorough description of the acquisition process of image and video signals is
beyond the scope of this work, but in brief an imaging system aims to sense a con-
tinuous 3-D scene, at a fixed instant of time, so that it can be displayed as a matrix
I(x,y) of discrete picture elements well-known as pixels [32], 33]. In turn, each pixel
is composed of three component samples. In this representation, (x,y) are discrete
spatial coordinates in the image plane. A Charge-Coupled Device (CCD) imaging
sensor, for example, is constituted as an array of collection sites [34] that collect
photoelectrons produced as a result of the incident light. In order to produce color
images, CCD imaging sensors use an array of red, blue and green filters with a
spatial distribution inspired in the Human Visual System (HVS) [33]. The output
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of these spatial filters is somehow combined to produce the Red, Green and Blue
(RGB) color components of each pixel in an image. These RGB color components
represent the amount of the primary colors at each pixel position. This color rep-
resentation scheme is based on the HVS tri-stimulus model, a linear combination of
RGB components is expected to be able to represent any visible color [35].

Although the RGB color space is often used in the acquisition and displaying
stages [B] of the processing pipeline for handling visual information, it is common
the use of the YCbCr (or YUV) color space during compression stage as it decou-
ples the most important information for HVS, notably the luminance or luma ()
component, from the chroma components Cb and Cr. This color representation
scheme in combination with an uneven spatial sub-sampling pattern of luma and
chroma components results in bandwidth savings with negligible perceptual loss for
the HV'S. Aspects of conversion between RGB and YCbCr color spaces, quantization
and sampling patterns can be found in [36]. Typical sub-sampling formats include
the 4:2:2 and 4:2:0 formats [5]. In the 4:2:2 case, for each 4 samples of luma com-
ponent, there are two samples for each chroma component Cb and Cr. The chroma
components having the same vertical resolution as the luma component, and in the
horizontal direction half the resolution. In the 4:2:0 format, for every four samples
of luma, there is one sample for each of the chroma components. The horizontal and
vertical resolutions of the chroma components are half the one of the luma compo-
nent. The average number of bits per pixel assuming 8 bits per component would
be 12 in the case of 4:2:0 format and 16 for 4:2:2.

Digital video signals are constituted by a sequence of images (or frames) sampled
at an adequate frequency along the temporal dimension to give the impression of
continuous transitions when reproduced. The sampling frequency strongly depends
on type of content captured. Television signals, for example, are typically acquired
at 25 and 30 frames per second (fps)[5]. Rapid changing scenes might require higher
sampling frequency. A large number of image and video signals are produced from
natural scenes as the result of an interest in retaining a particular kind of visual
information, or to provide more natural communication experiences with the aid
of visual information. Therefore, natural image and video signals usually exhibit
different textures and well defined structures of the real world. Another class of
image and video signals, for example, are those synthetically generated as the ones
from special effects in movies and electronic games. Despite the diversity of sources,
image and video signals usually exhibit a considerable amount of both spatial and
temporal redundancy. Notably, within a frame of a video sequence, the amplitude
of the signal often changes smoothly. This is also the case from frame to frame,
where the exhibited visual content changes smoothly. Most compression solutions

strive to take advantage precisely of these characteristics of image and video signals



in combination with the characteristics of HV'S to provide compression efficiency by

employing coding tools to reduce both redundancy and irrelevancy.

2.2 Block-based prediction and transform video

coding framework

From a broad perspective, video compression can be addressed in a lossy or loss-
less manner. Lossless compression is suited for applications that impose a perfect
reconstruction requirement for the input signal, examples include medical images
used to aid diagnose diseases and at production stage in the multimedia and enter-
tainment industry. Nevertheless, as the majority of applications have more relaxed
constraints in terms of quality and more strict constraints in terms of bit rate, those
applications call for lossy video coding.

Rate-Distortion (RD) theory provides the theoretical foundation for lossy video
coding as it describes the trade-off of minimizing the rate for a given acceptable
distortion [T}, 2, B7]. This problem was first comprehensively addressed by Shannon
in the context of representing a continuous random variable with a finite number of
bits [38,39]. The Rate-Distortion function R(D) describes the theoretical bound on
the compression efficiency according to an acceptable distortion [37), [40]. Unfortu-
nately, R(D) functions are known only for simple statistical sources [I], although it
is useful to keep them in mind when deriving lossy video compression techniques.

Among video coding paradigms, the block-based prediction followed by transform
coding is the most successful coding framework, and it is the base of largely deployed
video coding standards such as H.264/AVC [5, 41]. It resorts to a set of flexible
coding tools matured during decades of research to come up with a very efficient
(compressed) description of the input signals. The decision process involved in the
course of obtaining this compressed description is a fundamental aspect of image
and video encoders. To this end, the employed coding tools are used in the best
possible way to achieve the desired RD trade-off.

In the block-based prediction and transform video coding paradigm, the input
video frames are usually partitioned into non-overlapping blocks. For each block, a
prediction is computed, which can be derived from samples of neighboring decoded
blocks of the same frame (intra-frame prediction) or from a list of decoded reference
frames (inter-frame prediction). To enable this prediction scheme based on decoded
samples, the decoder is embedded in the encoder. It is worth to mention that while
the encoder plays an active role in deriving an RD-driven prediction by performing
intra-frame estimation as well as motion estimation, the decoder merely follows what

is decided in the encoder by carrying out intra- and inter-frame prediction. The



prediction block is subtracted from the current block to form a prediction residue
block. Then, the prediction residue block is subjected to a transform step aiming
to compact energy and making it more suited for quantization. The quantized
transform coefficients along with the prediction mode and motion vectors are entropy
coded and transmitted to the decoder so it may follow the decisions made at the
encoder side and reconstruct the signal. Figure depicts schematically the block-
based prediction and transform video coding framework.

The above description has omitted a number of important details, but highlights
the main coding tools employed in the mentioned paradigm: intra-frame and motion
estimation, intra- and inter-frame prediction, transform, quantization and entropy
coding. Below, some of the building block coding tools used in the state-of-the-art

video coding technology are briefly described.

Input
frame
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Figure 2.1: Block-based prediction and transform video coding framework. Gray
blocks represents the embedded decodelﬂ.

2.2.1 Prediction

Video sequences usually exhibit a large degree of both spatial and temporal redun-
dancy with fairly structured arrangements of sample values resulting from the well
defined structures and texture patterns of natural scenes. Therefore, coding directly
the original signal samples without exploiting its redundancy and structure would be
inefficient. In this context, using a predictive scheme to remove redundancy and take

advantage of the structured nature of image and video signals would be beneficial

'Based on the diagram block of standardized video codecs [42].
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as the prediction error signal may exhibit less energy and cost less bits to be coded.
The prediction error for each image block is derived by subtracting the predicted
sample value from each raw sample within the current block. This predicted sample
value is derived based on the already coded and decoded samples. The prediction
is carried out both at the encoder and decoder, with the encoder playing an active
role in deriving an RD-driven prediction and coding the side information required
for reproducing the same prediction at the decoder. After that, only the prediction
error, that is, the information not present at the receiver side, is conveyed by the

encoder to the decoder.

Intra-frame prediction

The signal amplitude within an image or a frame of a video sequence often changes
smoothly, that is, a particular sample value tends to be close to the values of its
near neighbor samples. Naturally, exceptions occur, for example, in object edges
and abrupt changes in high frequency regions. Despite that, smooth spatial transi-
tion is a good assumption used in intra-frame prediction techniques. The block-by-
block coding enables the encoder to use decoded samples from neighboring blocks
to predict the samples of the current block to be coded. In the popular JPEG stan-
dard [43], for instance, neighboring blocks in the DCT domain are likely to have
close DC coefficient values. In view of this, a predictive scheme is used to code
the DC coefficients so that only the difference with respect to the DC coefficient
of the previous block is coded for each DCT block. Modern intra-frame prediction
techniques are quite efficient at taking advantage of pixel correlation to produce a
residual signal with much less energy and distribution peaked around zero. Figures
and show, respectively, the intra-predicted frame and the frame difference
between the original frame and the intra-predicted frame. This exemplifies the effi-
ciency of current state-of-the-art intra-frame prediction schemes. A good review of
intra prediction schemes can be found in [44] 45]. Intra-frame prediction schemes are
quite useful in video coding as well, notably for coding the so-called I-frames, which
are frames coded without referencing any other frame in the sequence and intend to
provide random access and also to offer some resilience to transmission errors. To
increase the chance to succeed in obtaining a good prediction for each sample block
and to deal with different local sample structures, the intra-frame prediction scheme
in use in state-of-the-art video coding solutions such as HEVC [42] can select from
various prediction modes available and is able to perform prediction for blocks of
different sizes (to some extent). Naturally, as the selected prediction mode must
be coded in the bitstream so that the decoder may replicate the prediction, the
selected prediction mode must be coded in an efficient way. [46]. Figure shows

the histograms of the sample amplitude and the residue amplitude for the video
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frames shown in Figure Details of the used video sequences can be found in the

Appendix [B]

(a) Original frame. (b) Intra-predicted frame. (c¢) Frame difference between
the original and the intra-
predicted frame.

(d) Inter-predicted frame. (e) Frame difference between
the original and the inter-
predicted frame.

Figure 2.2: Results of the block-based prediction schemes used in the HEVC for the
second frame of the sequence Foreman.

Inter-frame prediction

A good assumption often valid in video signals is that the content changes smoothly
from frame to frame, resulting in a great amount of temporal redundancy. The goal
of inter-frame prediction is to remove as much as possible this temporal redundancy,
in order to more efficiently compress the input signal. To this end, a predictive cod-
ing scheme is usually employed and instead of coding the frame content directly, one
codes just the prediction residue, that is, the novelty of the current frame regard-
ing one or more reference frames. A simple approach would be coding the frame
difference without any prior processing. However, to more effectively decorrelate
the prediction residue at the cost of an affordable computational complexity, one
performs motion-compensated prediction. The current frame to be coded is usually
partitioned into sample blocks to better cope with different motions of the objects
within the video frames. The prediction residue is computed for each block after

performing motion estimation and motion compensation [45], 47H49]. In the motion
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Figure 2.3: The prediction process produces a residual signal with concentrated
distribution making it suited for entropy coding.

estimation, a motion vector is estimated by searching for a matching block in a set
of reference decoded frames. A rate-constrained motion estimation is often adopted
for obtaining RD profit. Translational motion models are commonly used in this
motion estimation process as it is found to be a good balance between the rate to
code the motion parameters and the accuracy of motion estimation [50]. In the mo-
tion compensation, the matching block in the reference frame is displaced according
to the motion vector to generate the motion-compensated prediction. The residue
block is obtained computing the difference regarding this motion-compensated pre-
diction. The residue block is supposed to have much less energy and to carry only
the novelty that will be added to the prediction block to reconstruct the signal at the
decoder side. As the motion vector must be coded in the bitstream so the decoder
may replicate the same motion compensation, a great deal of effort must be taken
to efficiently signal the motion vectors.

Modern inter-frame prediction algorithms in use in video coding solutions are
highly optimized, as they can estimate motion with sub-pixel accuracy and use
more than one decoded frame as reference. Also, they are quite flexible, being
able to generate motion-compensated prediction for blocks of various sizes in an
adaptive fashion. Figures [2.2d] and [2.2¢] show, respectively, the predicted frame
derived by motion compensation generated by the HEVC Test Model [51] and the

frame difference between the original and the predicted frame.

2.2.2 Transform and quantization

The prediction residue might contain spatial correlation not handled by the pre-

diction step. In view of that, the transform step aims to further decorrelate the
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prediction residue. In lossy video coding, the transform coefficients are quantized,
therefore the transform should also provide a better representation suited for quan-
tization.

Decorrelating transforms have been the matter of many research works. In the
context of block-based video coding, the Discrete Cosine Transform (DCT) plays
a fundamental role. It is used in various image and video coding standards such
as JPEG [43], H.264/AVC [5, 52] and HEVC [53} The DCT belongs to the class
of unitary and separable transforms derived as an approximation to the Karhunen-
Loeve (KL) transform and has near optimal properties in terms of decorrelation and
energy compaction. From a mathematical viewpoint, the transform step decomposes
the image block into a set of basis images and associated weights [54]. Due to
the energy compaction property of the transform, its coefficients associated to the
low frequency base images tend to carry the most significant information, while
the high frequency ones tend to be close to zero. It is worthwhile noting that
the transformation is reversible, no loss of information occurs. The original image
block can be entirely recovered. Next, the transform coefficients are quantized, and
depending on the quantization step size, most high frequency coefficients are set
to zero since they generally carry only a small amount of the energy of the block
content. It is important to notice that there may be some perceptual reasons to
quantize more heavily certain frequencies thus increasing the number of zeros and
reducing the number of quantization levels and consequently the rate. Most zero
valued coefficients are grouped together and only a subset of non-zero coefficients are
entropy coded. The decoder is able to reconstruct an approximation of the image
block by summing the basis images weighted by the quantized transform coefficients.
The quantization introduces irreversible losses as it maps values that have a wide
dynamic range to a narrower one, hence a many-to-one mapping. The quantization
aims to reduce the amount of bits to represent the DCT coefficients. However,
the higher the quantization step size used, the higher the information loss. The
quantization step size control allows the encoder to vary the bit rate expenditure
and the quality of the reconstructed signal to accommodate different trade-offs.

The use of the DCT in image compression was originally proposed in [55] 56].
In the predictive video coding paradigm, prediction residues (i.e image differences)
are actually coded. Despite that, the DCT is also widely used for coding prediction
residues [57]. An extensive characterization of both intra-frame and inter-frame
prediction is found in [45] as well as transforms for coding prediction residues.

Modern video coding standards actually use variable block size transforms that
are integer approximations of the DCT to reduce computational complexity [3], 58].
Other discrete transforms are also used in video coding standards. H.264/AVCI5], for

2Actually, H.264/AVC and HEVC use integer approximations of the DCT.
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example, uses the Hadamard or DCT transforms depending on the type of residual
data to be coded. In addition to variable size DCT, HEVC [3] also uses a Discrete
Sine Transform (DST).

Figure2.4)shows the absolute values of the DCT coefficients in logarithm scale for
an image block of size 64 x 64 from the video sequence Foreman. Figure shows
the image block over which it is applied the DCT. Details on the video sequences
used throughout this work can be found in the Appendix[B] Notice the concentration
of the largest coefficient values in the top-left corner of coefficient map as a result
of the energy compaction property. Figure shows different reconstructions for
the block, where the inverse transform is computed considering only a few DCT
coefficients, precisely those with the largest absolute values and setting the other

coeflicients to zero.
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Figure 2.4: Absolute values of the DCT coefficients in logarithm scale.

2.2.3 Entropy coding

The objective of entropy coding is to assign a code for each symbol or sequence of
symbols coming from a data source. A quite fundamental and reasonable strategy
for achieving compression is to assign shorter codes (codeword) for frequent sym-
bols and longer codes for less frequent symbols, so that the average code length is
minimized [59]. For this purpose, a good probabilistic characterization of the sym-
bols from a data source is critical. In addition to minimum average length, it is
required to have non-singular codes both for individual symbols and for a sequence
of symbols, that is, each symbol (or sequence of symbols) should have a distinctive
codeword. Finally, it is desirable that symbols are instantaneously decoded without
the need to wait for the end of message. These requirements drove the early devel-
opments in entropy coding algorithms. Nowadays, it is also often required efficient
context modeling for better prediction of symbol probabilities, adaptive probability
models, low memory consumption and parallelism [60, [61].

In video coding applications, the symbols to be coded are the syntax elements

describing the video signal. For the block-based prediction and transform video
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(a) Original frame. (b) Reconstruction with (c) Reconstruction with
the 50 largest absolute the 100 largest absolute
values of the DCT coef- values of the DCT coef-
ficients. ficients.

(d) Reconstruction with (e) Reconstruction with (f) Reconstruction with
the 500 largest absolute the 2.000 largest absolute the 4.000 largest absolute
values of the DCT coef- values of the DCT coeffi- values of the DCT coefhi-
ficients. cients. cients.

Figure 2.5: Different reconstruction qualities for a 64 x 64 samples (luminance) block
of the first frame of video sequence Foreman resulted by keeping the largest absolute
values of the DCT coefficients and setting the others to zero.

coding framework, the syntax elements include block partitioning flags, prediction
types, prediction modes, motion vectors and transform coefficients, just to name a
few; so that the decoder is able to reconstruct an approximation of the input signal
by decoding the bitstream of syntax elements generated by the encoder.

Huffman and Arithmetic Coding (AC) are widely used in image and video cod-
ing [59, 62} [63]. Modern video coding solutions such as HEVC [42] use the so-called
Context-Adaptive Binary Arithmetic Coding (CABAC) which comprises a binary
version of AC with a sophisticated and efficient context modeling in order to achieve

high compression ratios [64].

2.3 The HEVC standard

The High Efficiency Video Coding (HEVC) [3], 4, [42] standard jointly developed
by ISO/IEC MPEG and ITU-T SG16 VCEG is the state-of-the-art on video cod-
ing technology today. It adopts the block-based prediction and transform cod-
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Figure 2.6: Block diagram of a typical encoder for generating an HEVC compliant
bitstream. The gray blocks are the embedded decoder blockﬂ.

ing paradigm summarized above. HEVC consists of a set of mature coding tools
successfully adopted in previous video coding standards and continuously refined
during decades of research. Similarly to the previous video coding standard
H.264/AVC [B, 41], HEVC was designed to provide efficient video compression so-
lutions for application scenarios ranging from video broadcasting to video storage,
internet streaming and video-chat services [53], only to name a few. Moreover, the
need to address the increasing resolution in video content and to take advantage of
parallel processing architectures have urged the development of a more efficient video
compression solution. Following the same approach as previous standards, HEVC
standardizes only the bitstream structure, the syntax elements and the decoding
process, this way providing interoperability between non-normative encoder and
normative decoder implementations. In this context, interoperability is provided
solely if an encoder, although non-normative, generates a bitstream in conformance
with the standard. Figure [2.6] shows the block diagram of a typical HEVC encoder,
for a more in-depth presentation of all coding tools refer to [3]. The several optimiza-

tion and processing steps made in the course of generating a compliant bitstream

3Inspired in the typical HEVC video encoder presented in [3].
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are entirely up to the encoder design, this is notably to allow different compromises
between compression performance and implementation complexity. The HEVC stan-
dard defines a flexible framework by employing nested quadtree structures [65] for
better partitioning, prediction and transform coding of the basic processing units
defined in the standard. Such approach gives HEVC a high degree of flexibility for
adapting its coding tools according to local signal characteristics to obtain a very
compact video representation. The coding tools include an intra-frame prediction
scheme with 35 prediction modes, inter-frame prediction with sub-pixel accuracy,
flexible transform block sizes and efficient Context-Based Binary Arithmetic Cod-
ing (CABAC) for entropy coding.

The coding process in HEVC splits each input video frame into non-overlapping
square-shaped image blocks. Each one of these image blocks is processed using
the basic processing unit defined in the standard, the so-called Coding Tree Unit
(CTU). For handling the three color components within the image blocks, the HEVC
standard employs a coding structure called Coding Tree Block (CTB) for each color
component, thefore a CTU consists of one luma CTB, two chroma CTBs and related
syntax elements. The CTB size is configured by the encoder in luma samples and
can be of sizes 16 x 16, 32 x 32 or 64 x 64. The corresponding chroma CTBs size
obeys the chroma sub-sampling format, for instance, in the common 4:2:0 format,
the chroma CTBs size is half the luma CTB in each dimension [3]. By employing
a quadtree partitioning structure, the CTB can be coded using multiple Coding
blocks (CB) or directly as a single CB [3]. One luma CB and two chroma CBs
together form a Coding Unit (CU). Each CU can be classified regarding the employed
prediction mode as skipped CU, intra-coded CU and inter-coded CU [65]. Each CB
resulting from CTB partitioning can be further split for prediction purposes. In
this context, one, two or four Prediction Blocks (PBs) can be derived depending on
the prediction mode and CB size, with the allowed PB size ranging from 4 x 4 to
64 x 64. The resulting prediction residue associated to the CB is coded resorting
to a transform tree, also referred to as Residual Quadtree (RQT). The leafs of
this transform tree are the so-called Transform Blocks (TBs). Each CB residual
resulting from prediction may be further split for coding purposes into smaller TBs
or directly coded as a single TB. The permitted TB sizes are 4 x 4, 8 X 8, 16 x 16
and 32 x 32. All prediction-related syntax elements, including block partitioning and
applied prediction mode, are kept together for the three components in a Prediction
Unit (PU). Similarly, all transform-related syntax elements are kept together in a
Transform Unit (TU). In turn, the PU and TU form a CU. HEVC also defines
high-level syntax concepts, notably for allowing the configuration of parameters and
coding features. For example, a slice is a set of consecutive CTUs which can be

decoded independently from other slices of the same frame. Three different types of
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slices are defined according to the prediction type allowed, namely I-slices, P-slices
and B-slices. In I-slices, only intra-frame prediction is allowed to be used, whereas
P-slices and B-slices may also be coded resorting to inter-frame prediction. Both
uni- and bi-prediction are permitted for inter-frame prediction of B-slices, while for
P-slices only uni-prediction is allowed.

In the sequel, the main features of the coding tools adopted in HEVC are high-
lighted and briefly discussed. One should note that this does not intent to give a
thorough description of the HEVC standard. For this purpose the reader can find

comprehensive treatments in 3], 53] [65].

2.3.1 Prediction tools

As previously pointed out, predictive techniques play a central role in video coding
solutions as they are devised to generate decorrelated residual signals and to provide
compression efficiency. To this end, the HEVC standard employs fundamentally two
predictive scheme types, notably intra-frame and inter-frame prediction. The deci-
sion between intra and inter mode is made at CU level. As for the prediction modes
applied for the CBs constituting a CU and resulting from the CTB partitioning, a

brief explanation is given in the sequel for intra- and inter-predicted CU.

Intra-frame schemes

The intra-frame prediction in HEVC includes 35 prediction modes, which were de-
vised to propagate decoded reference samples from neighboring TBs into the area
covered by a prediction block. The available prediction modes are the DC mode,
the Planar mode and 33 Angular modes. Each prediction mode defines a particular
propagation rule, thereby enabling approximation of various spatial image structures
including near constant, gradient and directional structures [66].

In the sequel, the main aspects for generating the prediction for an intra-

predicted CU are summarized.

o Partitioning rules: each CB of size M x M resulting from the CTB partition-
ing may be predicted using one or four Prediction Blocks (PBs) as schemati-
cally depicted in Figure[2.7] The partition into four PBs of M /2 x M/2 is per-
mitted only when the CB size has reached its minimum allowed size. Therefore,
the PB can be of size N x N in units of luma samples, with N = {4,816, 32}.
Although the PB size is generally defined by the CB size, for intra-predicted
CB, the prediction is actually carried out obeying the TB size within the
CB [3, 42).
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Figure 2.7: Options for CB partitioning into PBs (intra-predicted CU).

Reference samples: the samples located in the neighboring TBs are used
for deriving the prediction block. The used TB reference samples may be from
the current CB and from neighboring available CBs. A total of 4N 41 samples
around the block to be predicted can be used as reference. Figure|2.8shows the
case when N = 32. The samples actually used for generating the prediction
block depend on the prediction mode. In order to avoid introducing artificial
edges [66], before being used for prediction, the luma reference samples may
go through a low pass filtering step. The decision whether or not to apply
the filtering depends on the block size and the prediction mode. For the DC,
horizontal and vertical modes, the filtering is not applied as well as for blocks
with N = 4.

Prediction modes: the prediction block for the DC mode is obtained as-
signing the average of the horizontal and vertical reference samples. A special
treatment is given to the predicted luma samples near the reference samples as
those predicted samples are smoothed. The prediction for the Planar mode is
generated for each sample within the prediction block by computing a weighted
average using four reference samples. The prediction using Angular modes is
more elaborated, the complicating factor is to determine the reference samples
to be used for computing the predicted sample. In view of this, HEVC maps
the reference samples into an 1-D array, each Angular mode defining a differ-
ent mapping. Once the 1-D array is available, the prediction for each sample
within the prediction block is computed interpolating two reference samples
of this 1-D array. The interpolation is carried out with 1/32 sample accuracy.
The Angular modes are schematically depicted in Figure for the case where
N = 32.

Prediction mode signaling: two alternative options are available in HEVC
for signaling the chosen prediction mode for each PB. The first option is to
code an index indicating one of the three prediction modes available in a list
of Most Probable Modes (MPM). Alternatively, a fixed 4-bit code is coded
to indicate one of the 33 modes not included in the MPM. The MPM list is
derived for each block to be predicted and it is conditioned to the availability

20



of neighboring blocks and its prediction modes. The two alternatives are coded
using CABAC in bypass mode.

18 19 20 21 22 23 24 252627 28 29 30 31 32 33 34
T TN N N T I T T L T T LI T T LI T T DI T T T T T I T T TR T T I T TR

NN N N TR TG T TG T T L TG L LT G I LG LT LT T T LT T T LT

Figure 2.8: Angular prediction using decoded reference samples from neighboring
TBs. The horizontal and vertical little grey blocks represent reference samples. The
highlighted area in red represents the sample block to be predicted.

Inter-frame schemes

The underpinning idea for inter-frame prediction in HEVC is to derive a residual
signal carrying only the novelty of the frame to be coded regarding sample blocks
of decoded reference frames. This is deemed to be a fundamental idea for efficient
representation of video signals. HEVC is equipped to generate a ‘mosaic’ of motion-
compensated PBs by exploiting for prediction two lists of reference frames, the
so-called list 0 and list 1, which are constructed from the Decoded Picture Buffer
(DPB). To better exploit the reference lists, in addition to variable size PBs, HEVC
may be given the choice between wuni- and bi-prediction modes (depending on the
slice type). To obtain a prediction for the sample block within the domain of a
PB, an encoder may perform motion estimation by searching for a block match in
the list of reference frames so that an RD criterion is minimized. The resulting
motion vectors (vertical and horizontal displacement values) as well as references to
frames in the reference lists are coded and sent to the decoder so it can replicate
the motion-compensated prediction.

In the sequel, the main aspects for generating the prediction for an inter-predicted

CU are summarized.

o Partitioning rules: in order to generate a prediction, each CB of size M x M

resulting from the CTB partitioning may be further partitioned into one, two
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or four PBs. The allowed shapes for partitioning a CB into PBs are shown
in Figure 2.9 The partition option M/2 x M/2 is only allowed when the
CB has reached its minimum size. The partition shapes in the second row of
Figure [2.9  are named Asymmetric Motion Partitions (AMP) and are included
in the design as they may provide an efficient representation when a foreground

object partially overlaps the background within the domain of a CB [42].

M x M Yx M M x A x4

Mo M (left) 2 x M (right) M x 2 (up) M x 2 (down)

Figure 2.9: Options for CB partitioning into PBs (inter-predicted CU).

Sample interpolation: for improved motion-compensated prediction, the
reference sample block used for prediction may be displaced with non-integer
sample accuracy. In this case, additional fractional samples must be interpo-
lated between samples in the integer sampling grid. The interpolated fractional
samples can be generated with accuracy of one quarter of sample for luma com-
ponent. As for the chroma components, the accuracy depends on the sampling
format. For the common 4:2:0 format, the interpolation is carried out with
accuracy of one eighth of a sample. Two filters are defined for interpolating
the luma samples at fractional sample positions, the fractional samples at half-
sample positions are obtained with an 8-tap filter, whereas fractional samples
at quarter-sample position are obtained with a 7-tap filter. For chroma frac-
tional sample interpolation, a set of 4-tap filters are defined for the usual 4:2:0
sub-sampling format. The prediction samples may go through scaling and
offsetting operations in case of weighted prediction as well as rounding, bit-
shifting and clipping operations in order to keep the prediction samples in the
original bit-depth. To this end, HEVC provides a simplified design resulting
in a greater flexibility and decreased rounding errors regarding the previous
standard H.264/AVC. Further details on this subject can be found in [3], 42].

Inter-frame prediction modes: the motion-compensated prediction can be

derived resorting to one or a combination of two reference blocks, these modes
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are named uni- and bi-prediction schemes, respectively. The allowed modes
depend on the slice type. For B-slices, both uni- and bi-prediction are allowed.
In this case, the two reference lists may be used for generating the prediction
block. On the other hand, only uni-prediction is allowed for P-slices, in which
case only reference list 0 is used. For improved prediction performance, a
weighting factor and a scale offset may be applied to the predicted samples.
This weighted prediction is defined for both uni- and bi-prediction schemes.
Notably, for the bi-prediction case, weighted prediction is used to combine two

reference blocks.

Motion vector information representation: two efficient representations
of motion information are defined in the HEVC standard, notably the merge
mode and a predictive motion vector coding scheme named Advanced Motion
Vector Prediction (AMVP). Rather than explicitly signaling the applicable
motion vectors and related information (notably, reference frames indices and
used reference lists), in the merge mode, the motion information used for
obtaining the motion-compensated prediction is indicated by an index which
identifies one out of several candidate motion vectors in a list. The list of
candidate motion vectors is built in an adaptive fashion from both spatially
and temporally neighboring blocks. The skip mode is regarded as a particular
case of the merge mode. A predictive scheme is employed when the merge mode
is not chosen for representing the motion information. A candidate list of two
predictors is built from spatially and temporally neighboring blocks, similarly
as for the merge mode, and only the motion vector difference regarding one
of the reference predictor needs to be indicated. The reason to maintain a
reduced list of candidates in the predictive motion vector coding scheme is
to keep an affordable computational complexity for motion estimation in the
encoder [42] [67].

2.3.2 Residual coding

Before entropy coding, the most common approach in HEVC for processing the resid-

ual blocks resulting from the prediction step is to apply a decorrelating transform

and a quantization process for reducing the number of bits required to represent the

selected transform coefficients. Alternatively, it is also possible to skip the trans-

form and quantization steps. Because of the energy compaction property of the

transform and the quantization applied, the non-zero coefficients tend to cluster to-

gether. To exploit this fact, HEVC defines scanning patterns for efficient coding of

the transform coefficients.
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Used transforms

The HEVC standard defines two transforms for decorrelating the residual blocks,
notably the DCT and the DST. To achieve compression efficiency, HEVC employs
a Residual Quadtree (RQT) structure for coding each CB resulting from the CTB
partitioning process. The leafs of this RQT structure are the so-called Transform
Blocks (TBs). As the roof of this transform tree is the CB, in the case of inter-
predicted CU, the transform blocks are allowed to encompass more then one PB if
it is found to be beneficial for compression efficiency. The actual transforms defined
in the HEVC standard are finite precision approximations for both the DCT and
DST. Because the defined transforms are separable, the 2-D transform is computed
by applying a 1-D transform along one direction and then repeating in the other

direction.

o DCT: in its design, the DCT integer approximation has taken into account
precision, closeness to orthogonality and control of the dynamic range in the
transform computation. The allowed TB sizes are {4x4,8x 8,16 x 16, 32x32}.
For simplicity, a single matrix of size 32 x 32 is defined and the matrices for

other TB sizes are obtained by sub-sampling the 32 x 32 defined matrix.

o DST: the 4 x 4 luma residual blocks obtained resorting to intra-frame pre-
diction are treated differently. For this case, an integer approximation of the
DST is applied instead of the DCT. This special treatment provides roughly

1% of bit rate savings in intra-frame prediction coding [3], 68].

Quantization

The HEVC standard allows 52 step sizes for uniform quantization of the transform
coefficients. These quantization step sizes are indexed by the Quantization Param-
eter (QP), which can assume values from 0 to 51. The quantization step size and
the QP are related by Qs.,(QP) = 295 Therefore, the quantization step size is
defined within the interval 0.630 <= Qg., <= 228.1. In this context, the higher

the QP, the higher the quantization step size and the information loss incurred in

the quantization. For the integer implementation of the procedure to obtain the
quantization level for a given coefficient value (quantization) and the coefficient
value for a given quantization level (de-quantization), several scaling, bit-shifting
and rounding operations are performed. For further details on these topics, refer
to [69]. In addition to an even quantization scheme, HEVC also allows for the use
of a weight matrix for adapting the quantization step size depending on the coef-

ficient frequency. Both predefined and custom matrices are allowed. The use of
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a weight matrix may be particularly useful for the design of quantization schemes

which consider HVS characteristics.

Scanning patterns

For exploiting the sparsity of the transform coefficients due to the adopted decor-
relating tools and quantization process, also targeting compression efficiency, the
HEVC standard defines an elaborated representation for the transform coefficients.
Three scanning patterns are first defined for 4 x 4 TBs, notably the diagonal, the
vertical and horizontal patterns, as schematically shown in Figure For larger
blocks sizes, the TBs are split into non-overlapping 4 x 4 TB sub-blocks and the
same pattern applied for scanning the coefficients within the 4 x 4 sub-blocks is
also applied for scanning the sub-blocks. For inter-predicted TBs, only the diagonal
scanning is allowed for all TB sizes. On the other hand, all three scanning patterns
are permitted for intra-predicted TBs of sizes 4 x 4 and 8 x 8. The applicable scan-
ning depends on the prediction direction used. For blocks 16 x 16 and 32 x 32, only

the diagonal is allowed.

A

Figure 2.10: Transform coefficients scanning patterns.

In order to generate all syntax elements for coding the quantized transform coeffi-
cients within the transform block, the chosen scanning pattern is repeatedly applied.
In each scanning, a particular piece of information is generated, namely significance
map, level greater than 1, level greater than 2, coefficient sign and remaining absolute
level. Before sending those pieces of information, the position of the last significant
coefficient relative to the DC coefficient position (top-left corner of the block) is
coded. Also, for each 4 x 4 TB sub-blocks, a flag is coded to indicate the presence

of non-zero coeflicients.

2.3.3 Context-adaptive binary arithmetic coding

The Context-Adaptive Binary Arithmetic Coding (CABAC) is the adopted en-
tropy coding technique in the HEVC standard [64]. It was first introduced in the
H.264/AVC standard [61]. Since then, it has received improvements mainly to re-

duce data dependencies due to the large number of contexts and to increase its
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throughput by means of parallel-processing [64]. The several syntax elements re-
sulting from describing the input video signal using the defined coding tools are all
coded with CABAC. From a schematic point of view, the processing steps for gen-
erating the coded bitstream from the syntax elements are depicted in Figure [2.11

and briefly discussed in the sequel.

context update

v

non-binary Context Regular
syntax element modeling coding bi
binary . itstream
syntax element / Bypass
coding
bin-by-bin
processing

Binary arithmetic
coding

Figure 2.11: Main processing steps for entropy coding the syntax elements using

CABAC.

o Binarization: all non-binary syntax elements are binarized using one of the
defined binarization methods, which includes unary, truncated unary, Exp-
Golomb and fixed length. The applied method mainly depends on the syntax
elements but may also depend on the value of previously processed elements
and slice parameters. Each element of the resulting binary string is called a
bin. The adopted binarization methods assure the binary string is prefix-free

for each syntax element.

o Regular and bypass coding modes: a fixed uniform probability model is
assumed for the bins in the bypass coding mode, thereby no context modeling
is applied. The more extensive usage of the bypass mode has contributed
for the higher throughput of HEVC regarding H.264/AVC [3]. In the regular
coding mode, the use of sophisticated context modeling provides improved
compression efficiency. For each bin, a probability model associated to the
selected context model is used for (binary) arithmetic coding. After each
coding and decoding run, the probability models may be updated to better fit
the probability of the occurring symbols. Several parameters are considered for
context modeling, including the syntax element type, bin position, partitioning

depth of the coding tree and neighboring information, only to name a few.
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2.3.4 In-loop filtering

The block-based processing adopted in HEVC has the drawback of introducing vis-
ible blocking artifacts. This unpleasant characteristic originates from discontinu-
ities introduced by operating prediction and transform on a block basis [70]. As
in H.264/AVC, HEVC defines the operation of a deblocking filter over the recon-
structed signal for reducing blocking structures. Another filtering operation first
introduced in HEVC is intended to reduce undesirable artifacts that could became
noticeable because of the use of large transform blocks and longer interpolation fil-
ters [71], the so-called Sample Adaptive Offset (SAO) filtering. The two filtering
steps are applied over the reconstructed signal, SAO after the deblocking filtering.
The filtered frame is stored in the decoded picture buffer for displaying and possibly

to be used for inter-frame prediction.

o Deblocking filter: the filtering operation is applied only to the samples at
the boundary of the prediction blocks and transform blocks, with the minimum
block size restricted to 8 x 8. The filtering operation is an adaptive process in
which several parameters are considered in order to decide whether or not the
filtering is to be applied as well as to decide the filtering strength. In summary,
two thresholds are derived from the QP values of neighboring blocks and the
filtering strength b, decided at encoder. The local decision to apply the filtering

is drawn by thresholding derivative measures over the boundary samples.

o Sample adaptive offset (SAO): the operation mode for applying the SAO
filtering is decided by the encoder on a CTB basis among edge offset mode,
band offset mode and not applying it. The SAO filtering operation condition-
ally modifies the decoded samples based on offset values sent by the encoder.
In the edge offset mode, the filtering operation depends on the relation of a
sample with its neighborhood, whereas the band offset mode solely considers
the sample intensity. An interesting aspect of SAO filtering is that in order to
determine offset values and applicable offset mode, an RD optimization may

be carried out at the encoder side.

2.4 Full-reference video quality objective metrics

Objective metrics to evaluate the quality of reconstructed image and video signals
are of prime importance in lossy image and video compression, mainly for driving
encoder decisions in the RD optimization, but also for ranking competing compres-
sion algorithms in comparative evaluations. Given the original image or video and

the decoded image or video, one may want to measure how ‘distant’ the decoded

27



signal is from the original reference signal. In particular, for the usual displaying

applications such quality metric should agree with human perception.

Peak signal-to-noise ratio

Among the visual evaluation metrics used in the context of image and video compres-
sion, the peak signal-to-noise ratio (PSNR) is widely adopted due to its appealing
simplicity [72]. It is based on the distortion measure Mean Squared Error (MSE),
which accounts the average difference between the samples of the decoded signal

and those of the original signal. More precisely, it is given by:

MSE = LZZ (i, y;) — (x4, 95))? (2.1)

i=1 j=1
W denotes the width and H the height in number of samples. I denotes the original
video frame and I the reconstructed video frame

The PSNR aims at measuring the resemblance between the samples of the de-
coded signal and those of the given reference original signal. Therefore, in principle,
the bigger the better. Putting aside the discussion about the suitability of PSNR for
assessing the visual quality in the context of image and video compression [72, [73],
the PSNR is adopted in this work. In precise terms, the PSNR is defined as follows:

20 1

where b is the bit depth, which for the video sequences used in this work is equal to
8. The PSNR is often averaged over all frames to provide a single PSNR value for
the whole video sequence.

Regarding the RD optimization process, in addition to the common MSE, an en-
coder may also use other difference measures such as the Sum of Squared Differences
(SSD) and the Sum of Absolute Differences (SAD).

Structural similarity measurement

The Structural Similarity Measurement (SSIM) index is an alternative complemen-
tary metric to the PSNR [74]. Relying on the assumption that human vision is
adapted to extract structural information from the viewed scene, the SSIM is pro-
posed as an objective metric to predict the perceived visual quality based on the
deformation of the structural information, luminance and contrast measures [74].
The SSIM index is computed locally on a block basis with the overall SSIM index
being obtained by averaging over all blocks within a frame. Let b be the vector-

ized samples of an image block for which one want to computed the SSIM index
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regarding the original vector a of original samples.

In the general case, the SSIM index is given by:

2,ua,ub + Cl “ 20—a0-b + C(2 )/B ( Oap + C13 )’Y
SSIM(a,b) = | ————— —_— _— 2.3
(ab) (u2+u§+01> (02+0§+Cz 04,0y + C3 (23)

where «, f and 7 are parameters for adjusting the contribution of the components
and C},Cy and C3 are constants included to avoid instability. p, and p, are the
mean intensity of a and b, respectively. Accordingly, o, and o, are the standard
deviations and oy, is the correlation coefficient. In the particular case for which
a=p0F=v=1and C3 = Cy/2, the SSIM is given by:

(QMaNb + Cl) (20-(117 + 02)
(12 + pi 4 Cy) (02 + 0f + Cy)

SSIM(a, b) = (2.4)

Bjontegaard Deltas

The Bjontegaard Deltas [75], namely the Bjontegaard Delta PSNR (BD-PSNR) and
the Bjontegaard Delta Rate (BD-Rate), are quite useful measures for comparing
different image and video coding solutions. Given two sets of (Rate, PSNR) points
corresponding to RD operational points of two competing video coding solutions,
the BD-PSNR accounts the average PSNR difference (in dB) at the same bit rate
between two coding solutions, whereas the BD-Rate accounts the average bit rate
difference for the same quality (in percentage). As an example, suppose the BD-
Rate between two RD curves resulted from the video coding solutions A and B
is —3%, with coding solution A playing the role of the benchmark. This means
that the solution B delivers the same reconstruction quality (PSNR) while saving
on average 3% of the bit rate. In the case of BD-PSNR, if the BD-PSNR between
coding solutions A and B is +0.5 dB, this means that on average the coding solution
B delivers 0.5 dB more quality than B at same bit rate. The Bjontegaard deltas
are used in this work for performing comparative evaluation of the proposed coding

solution regarding state-of-the-art benchmarks.

2.5 HEVC compression performance

Since HEVC will be the main reference for benchmarking the proposed video cod-
ing solution, this section presents a set of experimental results aiming to show the
compression performance of the HEVC, notably in comparison with its predeces-
sor H.264/AVC under various coding setups. For this purpose, the HEVC Test
Model (HM) [51] version 16.3 and the H.264/AVC reference software JM [76] ver-
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sion 19.0 are used. Although the HEVC tools were designed focusing on high spatial
resolution video signals such as 4K, the video signals and test conditions used in
this chapter and throughout this work reflect the video coding scenario addressed
in this research work. For instance, video-based surveillance systems often require
low-delay processing and deal with low spatial resolution video signals.

The test conditions and materials used for this experiment are as follows.

e Three video sequences were used, namely Hall, Container and Paris. All
sequences are in CIF spatial resolution at 30 Hz and 10 seconds long (300
frames). More information on the used video sequences can be found in the

Appendix [Bl Only the first half of the sequences is compressed.

e HEVC Main profile with four prediction structures were experimented: All
Intra, IBI, IBBBI and IBBBBBBBI, where (IB...I) means that in each Group
Of Pictures (GOP) the first and last frames are I-frames and the intermediate
frames are B-frames in a hierarchical coding structure. The prediction struc-
tures and parameter settings for the H.264/AVC were set accordingly as those
of HEVC whenever possible. The High Profile was used for H.264/AVC.

e For both HEVC and H.264/AVC, the experimented QP values for the I-frames
were 25, 30, 34, 37, 40 and 45. To implement some cascading, the QP values

used for B-frames were incremented by 1 regarding the QP values of I-frames.

Figures [2.12] |2.13| and [2.14] show the RD performance using the adopted setups.

The charts show the PSNR of the luminance component averaged over all frames
as a function of the bit rate. As could be expected, HEVC consistently outper-
forms H.264/AVC in all coding setups, this is mainly due to its flexible coding tools
discussed previously. Notably, the use of a larger basic processing unit than that
of H.264/AVC in combination with the nested quadtree structures for better parti-
tioning, prediction and transform coding. Table presents the Bjontegaard deltas
for HEVC with regard to H.264/AVC. One might notice that the bit rate savings
provided by HEVC regarding H.264/AVC are well below the 50% usually provided
by the HEVC standard. This is so because of the low spatial resolution video signals
used in those experiments, for which, unlike in the case of high spatial resolution
video sequences, the Coding Block (CB) size of H.264 (this means 16 x 16) seems
to be quite adequate.

Regarding the coding setups, both HEVC and H.264/AVC behave in the same
way. Naturally, All Intra coding setup requires much higher bit rate for achieving
the same quality level of those coding setups exploiting inter-frame redundancy.
This is because in the All Intra coding setup, all frames are coded independently,

only intra-frame redundancy is exploited. Although it is not a good approach for
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compression efficiency, it still might find application in scenarios requiring random
access. For instance, at editing stage in video production industry. In the case
of the coding setups exploiting inter-frame redundancy, the encoder is able to rep-
resent more efficiently the video content by resorting to decoded reference frames
for deriving motion-compensated prediction, this way only the novelty needs to be
coded. This approach provides significant bit rate savings, especially for the static
background areas present in the tested video sequences. One can notice that as the
number of frames coded exploiting inter-frame redundancy increases, the compres-
sion performance also increases, although with smaller incremental gains. The use
of larger GOP increases the relative distance between (some) frames to be coded and
the reference frames used for deriving their prediction, what in turn, may impair

the prediction efficiency, despite the use of a hierarchical prediction structure.

HEVC Complexity

According to available studies on complexity analysis of the HEVC [4] [77], an HEVC
encoder is expected to have a significantly higher complexity relative to its prede-
cessor H.264/AVC. This is due to the increased coding flexibility in HEVC adopting
large block sizes, nested quadtree structures for segmentation, prediction and trans-
form coding for the input video signal. This set of flexible coding tools implies
that an encoder has to assess various coding strategies and parameter settings in
the course of generating a compliant bitstream for leveraging the full compression
efficiency of the HEVC standard. Although not intended to be an optimized imple-
mentation, the HEVC Test Model is put under scrutiny in [4]. The executing time
of several coding tools is presented revealing that the most time consuming func-
tions are those related to RD optimization and predict