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Summary

In the last ten years, and thanks to the dizzying progress in the field of video coding, a wide
variety of applications have been developed that have substantially modified the way in
which audiovisual content is consumed. The use of platforms such as Youtube, Netflix or
HBO are examples of this, as well as the growing demand for multimedia content, which
accounted for more than 75% of all Internet traffic during 2020. For this reason, it is neces-
sary to improve the performance of encoders to further compress the video stream while
maintaining the image quality.

The High Efficiency Video Coding (HEVC) standard was released in 2013 to replace
its predecessor, H.264/Advanced Video Coding (AVC), by doubling its compression per-
formance while maintaining the same subjective video quality. However, the increase in
coding efficiency was achieved at the expense of the high computational cost of the HEVC
codec, especially the encoder. For this reason, companies and researchers focused on re-
ducing the computational complexity of the encoder in order to make the implementation
of this standard in real-world scenarios feasible, by using techniques based on machine
learning and fast encoding, as well as the design of hardware-based algorithms.

Given the exponential growth in demand for higher quality and higher resolution con-
tent such as 4K or even 8K, it was expected that HEVC would need to be replaced by a
new standard within a few years. For this reason, the international organisations in charge
of regulating the standardisation of video codecs began the development of a new video
coding standard, initially known as H.266, and later also known as Versatile Video Cod-
ing (VVC). All coding tools developed with the aim of improving the coding efficiency of
this new standard were implemented and tested on the so-called Joint Exploration Model
(JEM), which achieved a 30% bit-rate reduction for the same objective quality. However,
these tools entailed an enormous increase in computational complexity. In particular, JEM
resulted in 12-times longer encoding times compared with HEVC in random access sce-
narios. For this reason, the scientific community and the industry focused their efforts on
developing an encoder with an acceptable computational cost. After migrating the most
promising algorithms to a new and faster reference software called the VVC Test Model
(VTM), and after integrating novel coding algorithms and improving the existing ones, the
VVC standard was finally released in 2020.
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Traditionally, when a new video format is published, a task that always emerges is the
conversion of content to this new format, in this case from HEVC to the new VVC stan-
dard. This process is called transcoding, in which a video signal is converted into another
by modifying its characteristics, such as bit-rate or resolution. The video platforms men-
tioned above make massive use of video transcoders to offer their users the same content
in different formats, thus adapting to the characteristics of the network and devices, thus
generating a huge demand for computation and storage. However, the high computational
complexity introduced in VVCmakes a traditional cascading transcoder fromHEVC to VVC
unfeasible.

In order to reduce this computational cost, machine learning-based solutions have proven
to achieve good results in both fast encoding and transcoding environments with previous
standards. These solutions involve a process of data collection and analysis to build accu-
rate prediction models that achieve significant time savings. In the case of transcoding, the
source of this data is obtained from the initial bitstream, and the correlation between this
information and the decisions made by the transcoder are the key to designing a prediction
model that identifies the appropriate patterns to make the optimal decision, which would
have been obtained by brute force in the traditional transcoder.

In view of the above, the aim of this Thesis is to propose different techniques in the
development of a heterogeneous transcoder from HEVC to VVC, that are efficient in terms
of compression and considerably reduce the computational cost of a traditional transcoder.
The proposed transcoder is composed of two stages: the HEVC decoder, which extracts
different information from the initial bitstream, and the VVC encoder, in which the use of
machine learning techniques allows the decision-making process to be speeded up thanks to
the information from the previous stage. In this sense, the proposed algorithms are focused
on assisting the transcoder’s decision-making in the partitioning structure, since finding
the optimal partitioning through a brute-force scheme is the most costly part in terms of
complexity. Thus, the proposed algorithm consists of a Naïve-Bayes classifier for the first
level of the quadtree partitioning, followed by the HEVC decisions for the remaining levels,
significantly reducing the computational cost of the transcoding process.

The evaluation of the transcoder in random access scenarios shows a reduction in the
total encoding time of 57.08% with respect to the traditional cascaded transcoder, with a
penalty in terms of BD-rate of only 2.40%. This Thesis presents one of the fastest transcod-
ing algorithms in the literature, and the first transcoding algorithm involving HEVC to the
new VVC video coding standard.
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Resumen

Durante esta última década, y gracias al desarrollo vertiginoso que ha experimentado el
campo de la codificación de vídeo, se han desarrollado una amplia variedad de aplicaciones
que han modificado sustancialmente la forma en la que los contenidos audiovisuales son
consumidos. El uso de plataformas como Youtube, Netflix o HBO son claros ejemplos de
ello, así cómo la creciente demanda de contenido multimedia, que ha significado más del
75 % del total de tráfico de Internet en 2020. Por esta razón, se hace necesario mejorar las
prestaciones de los codificadores para comprimir más la señal de vídeo, evitando degradar
la calidad de imagen.

En 2013, se produjo el lanzamiento del estándar de codificación H.265/High Efficiency
Video Coding (HEVC), pretendiendo sustituir a su predecesor, H.264/Advanced Video Co-
ding (AVC), al lograr duplicar su tasa de compresión manteniendo la misma calidad subje-
tiva. Sin embargo, esta mayor eficiencia de codificación fue penalizada en el elevado coste
computacional que requiere el códec de HEVC, especialmente el codificador. Por este mo-
tivo, en la industria y el campo científico se centraron en reducir la complejidad compu-
tacional del codificador para que la aplicabilidad práctica de este estándar en escenarios
reales fuera factible, mediante el uso de técnicas basadas en aprendizaje automático y de
aceleración de la codificación, así como del diseño de algoritmos basados en hardware.

No obstante, el crecimiento exponencial de la demanda de contenido multimedia de
mayor calidad y resolución como 4K, o incluso 8K, hizo prever que HEVC necesitaría ser
reemplazado por un nuevo estándar pocos años después. Por esta razón, las organizaciones
internacionales encargadas de regular la estandarización de los códecs de vídeo comenzaron
el desarrollo del nuevo estándar, inicialmente conocido como H.266, y más tarde como Ver-
satile Video Coding (VVC). Con el objetivo de mejorar la eficiencia de compresión respecto
a HEVC, las nuevas herramientas de codificación se implementaron y evaluaron sobre el
códec denominado Joint Exploration Model (JEM), incrementando un 30% la compresión
para una misma calidad objetiva. Sin embargo, estas herramientas introdujeron enormes
costes computacionales, elevando el tiempo de codificación hasta 12 veces comparado con
HEVC en el escenario random access. Por esta razón, la comunidad científica y la industria
del sector volcaron sus esfuerzos en conseguir un codificador con un coste computacional
aceptable, que redujese el tráfico de vídeo generado en la red y que fuera capaz de dar so-
porte a la nueva generación de contenidos de vídeo. Así, tras migrar los algoritmos más
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prometedores a un nuevo y más rápido códec llamado VVC Test Model (VTM) e integrar
nuevas herramientas, se produciría la publicación oficial del estándar VVC en 2020.

Tradicionalmente, a la vez que se han ido especificando los diferentes códecs de vídeo,
siempre ha surgido la necesidad de transformar contenido de vídeo al nuevo formato. Este
proceso, denominado transcodificación, convierte una señal de vídeo en otra modificando
sus características, como su bit-rate o resolución. De hecho, las plataformas de vídeo ante-
riormente mencionadas hacen un uso masivo de los transcodificadores de vídeo para poner
a disposición de sus usuarios un mismo contenido en diferentes formatos, adaptándose así
a las características de la red y de los terminales de los usuarios, lo que provoca una alta de-
manda computacional y de almacenamiento. Sin embargo, el coste computacional de VVC
es tan elevado que un transcodificador tradicional de HEVC a VVC sería inviable.

Con el objetivo de reducir el coste computacional, las soluciones basadas en aprendizaje
automático han demostrado alcanzar buenos resultados tanto en entornos de aceleración
como de transcodificación en estándares anteriores. Estas soluciones involucran un proceso
de recopilación de datos y su posterior análisis para la construcción de modelos de predic-
ción precisos que logran ahorros de tiempo significativos. En el caso de la transcodificación,
el origen de estos datos se obtiene del flujo de vídeo de origen, y la correlación existente
entre esta información y las decisiones tomadas por el codificador del formato de destino,
es la clave para diseñar un modelo de predicción que identifique los patrones adecuados
para tomar una decisión similar a la óptima que se habría obtenido mediante un esquema
de fuerza bruta en un transcodificador tradicional.

Por todo lo expuesto anteriormente, la finalidad de esta Tesis Doctoral es proponer dife-
rentes técnicas de transcodificación para un transcodificador heterogéneo de HEVC a VVC,
que sea eficiente en términos de compresión y reduzca considerablemente el coste compu-
tacional de un transcodificador tradicional. Así, el transcodificador propuesto se compone
de dos etapas: el decodificador de HEVC, que permite extraer información del flujo de ví-
deo original codificado usando HEVC, y el codificador de VVC, donde el uso de técnicas de
aprendizaje automático permite acelerar la toma de decisiones gracias a la información de
la etapa anterior. En este sentido, los algoritmos propuestos se centran en asistir la toma de
decisiones en el particionamiento, dado que encontrar el particionamiento óptimo median-
te esquemas de fuerza bruta es la parte computacional más costosa de un transcodificador.
En definitiva, el algoritmo consta de un clasificador Naïve-Bayes para el primer nivel de
particionamiento en quadtree, seguido de un mapeo de las decisiones tomadas en HEVC
para el resto de niveles, reduciendo significativamente el tiempo de transcodificación.

La evaluación del transcodificador desarrollado en escenarios random access muestra
una reducción del tiempo total de codificación del 57.08 % con respecto al transcodificador
tradicional en cascada, con una penalización en términos de BD-rate de tan sólo un 2.40 %.
De este modo, esta Tesis Doctoral presenta uno de los algoritmos de transcodificación he-
terogénea más rápido de la literatura, siendo el primero que involucra la transcodificación
de vídeo de HEVC al nuevo estándar de codificación de vídeo, VVC.
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CHAPTER 1

Introduction

This chapter introduces the field of video coding and transcoding, on which this Thesis is
based, and it presents the current situation in this field together with the problem to be
solved, which motivates and justifies the realization of this work. In addition, the proposed
objectives are defined, as well as the methodology applied in order to achieve each one.
Finally, a brief description of the proposed solution, and the results obtained throughout
the research process, is given.

1.1 Motivation and Justification

In recent years, our society has experienced an increasing demand for digital content, which
has led to the need for the optimization of the transmission, reception and storage of data
by seeking high compression rates without loss of quality of service. Services such as the
distribution of multimedia content on on-demand platforms, live viewing of high-definition
(HD) content via streaming, news broadcasting via mobile technology, videoconferencing
and video surveillance systems are just a few examples of applications that make use of
video compression and would otherwise be unfeasible. In this regard, Cisco’s latest Visual
Networking Index report for the period 2017-2022 [1] highlights that currently more than
75% of the total Internet traffic corresponds to multimedia video content, which is predicted
to reach 82% the following year due to the situation caused by the COVID-19 pandemic,
which has led to a 20% increase in the volume of internet traffic, which has been caused
by the increase in online applications, such as those for work, education, conferencing
and entertainment [2]. In addition, it is estimated that 66% of displays will be ultra-high
definition (UHD) by 2023, which doubles the figure of 33% for 2018 [3].

With this growing trend in the consumption of multimedia content, it is necessary to
improve the performance of video encoders to adapt them to the needs of users and ser-
vices, which means that the period to develop a new video coding standard is becoming
shorter and shorter compared with the previous standard. This trend can be seen in Fig-
ure 1.1, which shows the date of the first published version of each standard over time,
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1.1. Motivation and Justification

Figure 1.1: Video coding standards development timeline.

classified by the international organization that develops it. These organizations are the
International Organization for Standardization (ISO) and the International Electrotechni-
cal Commission (IEC), through the Moving Picture Experts Group (MPEG), and the Inter-
national Telecommunication Union — Telecommunication Standardization Sector (ITU-T),
through the Video Coding Experts Group (VCEG). It can be seen how these organizations
jointly published a standard about every ten years from 1994 to 2013, until the current com-
pression needs have reduced the development time of the latest standard to just 7 years.

In the history of video coding standards, it is important to highlight the revolution
brought about by the arrival of the H.264/Advanced Video Coding (AVC) standard [4],
which led to a compression performance that was significantly higher than its predeces-
sors, as well as support for HD content. Due to its improved coding efficiency, it was the
dominant standard in the market for more than ten years after 2003, receiving extensions
for scalable and multiview video. However, H.264/AVC was not ready for the new genera-
tion of UHD video, and members of the MPEG and VCEG groups, through the analysis of
new coding tools under the group known as the Joint Collaborative Team on Video Coding
(JCT-VC) framework, developed the High Efficiency Video Coding (HEVC) standard, which
was released in 2013 [5]. In recent years, HEVC has gradually replaced H.264/AVC, since
it is able to double the compression performance while maintaining the same subjective
video quality [6], but at the expense of a big increase in computational cost. However, the
demand for multimedia content continued to grow exponentially over the years, including
new formats such as 4K and 8K (3840×2160 and 7680×4320 pixels, respectively). In 2015
this caused the MPEG and VCEG groups to jointly create a new collaboration framework,
namely the Joint Video Experts Team (JVET), in order to develop a new video standard
that would be able to improve upon the coding efficiency of HEVC and support new video
formats efficiently.

In the beginning, the reference software for the development and testing of coding tools
was known as the Joint Exploration Model (JEM), with the JVET starting to implement the
new features for the new standard, until a few years later when the name of the standard
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Chapter 1. Introduction

Table 1.1: Evolution of JEM development over HM v16.6 [8].

JEM Version BD-rate (%) Encoding cost (Δ)

v1 -20.8 5.4

v2 -22.9 5.3

v3 -26.6 11.3

v4 -27.9 14.0

v5 -28.6 12.2

v6 -29.1 11.6

v7 -28.5 9.9

was made official as Versatile Video Coding (VVC) [7]. Table 1.1 shows the evolution of
JEM throughout all its versions [8] with respect to the HEVC reference encoder, namely the
HEVC Test Model (HM) (v16.6) [9], on which the JEM code was based, on average for a set
of sequences encoded under the Random Access (RA) configuration. For this purpose, the
Bjøntegaard delta (BD)-rate metric [10] has been used. This metric measures the increase
in bit-rate between two sequences while maintaining the same objective video quality, and
the computational cost, which measures the number of times that the encoding time has
been exceeded with respect to the reference. It can be seen how, from the first version of
JEM (February 2016) to the latest (August 2017), the evolution of JEM led to an improve-
ment in the coding efficiency that did not compensate for the very high computational cost,
especially in the fourth version. Therefore, the following releases focused on reducing this
computational cost, but the BD-rate did not exceed the barrier of a 30% bit-rate reduction
with respect to HEVC at any time. For this reason, the scientific community, together with
the industry, focused their efforts on improving the performance of the new standard. In
this context, one of the first proposals of this Thesis was to reduce the long encoding time
in JEM.

Despite the aforementioned efforts, the development of JEM was discontinued at the
end of 2017, and the best compression tools, together with new ones, were integrated into
the new reference model, namely the VVC Test Model (VTM) [11], whose development
continues to this day, including further improvements. With this newmodel, a compression
improvement of more than 35% with respect to HEVC for UHD content was achieved for
the same objective video quality [12], leading to the release of VVC in 2020 [7].

When a new video standard is released, it stands to reason that content creators and dis-
tributorswill be interested in converting already existingHEVC-encoded content to VVC, in
order to take advantage of its lower bit-rate. This conversion process is defined as transcod-
ing. In particular, transcoding can be classified as either homogeneous or heterogeneous.
The former refers to the conversion of video within the same format to obtain a new version
with different characteristics, such as different bit-rates, frame rates or resolutions, while
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1.1. Motivation and Justification

Figure 1.2: Video transcoding diagram.

the latter also involves changing the standard of the content. Figure 1.2 shows a transcod-
ing diagram, in which a video source with specific characteristics is transcoded under a
new format, resolution and bit-rate to make it accessible to more devices and applications.
For example, users with a fast Internet connection will be able to enjoy high-quality video,
while the same video will be available to those with slower connections or less powerful
hardware resources, albeit in lower quality.

Therefore, a transcoder that converts HEVC bitstreams to the new VVC standard is
of great value in many applications, providing interoperability between these standards.
Thus, users with a VVC decoder can take advantage of the superior compression it offers,
reducing the bandwidth needed to receive the video. However, due to the high computa-
tional cost introduced in VVC, a simple cascaded transcoding system composed of an HEVC
decoder and a VVC encoder is not feasible in real-world applications due to its enormous
computational complexity. For this reason, accelerating the HEVC to VVC transcoding
process becomes a necessity, and this is the main objective of this Thesis, namely to pro-
pose a solution that provides a considerable reduction in the computational complexity of
HEVC-to-VVC transcoding, while maintaining the coding efficiency of the VVC standard.

In the recent literature, the field of video transcoding has attracted a lot of attention
from the scientific community, with their proposals being based on the idea of exploiting the
information available in the already encoded bitstream to speed up the transcoding process.
Most of these contributions are focused on the H.264/AVC and HEVC standards, including
video codecs that have not been designed by international organizations, such as VP9 [13]
and AOMedia Video 1 (AV1) [14], which have been developed by Google and the AOMedia
Team, respectively, with the literature on VVC being scarcer due to its novelty. In the case of
homogeneous video transcoding, it is possible to find different works for AV1 [15], H.264/
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Chapter 1. Introduction

AVC [16] and HEVC [17, 18]. In these works different techniques are proposed to speed
up the transcoding process at multiple bit-rates and resolutions, such as the use of neural
networks or video distributed transcoding, while maintaining the original standard of the
input video.

The literature on heterogeneous video transcoding is more extensive. In addition to
proposals such as this Thesis that aim to accelerate the transcoding process into a new
format, there are also cases where it is necessary to offer backward compatibility, so that
content is available on devices that do not support the new formats. The latter situation
can be found in contributions concerning transcoding from HEVC to H.264/AVC [19, 20].
Finally, the transcoding of video content into a newer format is the field most commonly
studied by the research community. It is possible to find proposals for transcoding from
VP9 to AV1 [21], from H.264/AVC to HEVC [22, 23, 24] and from HEVC to AV1 [25, 26].
The three transcoders cited whose final standard is AV1 [21, 25, 26] introduce significant
penalties, from 4% to 16.80% in terms of BD-rate, by directly inheriting the decisions of
the source standard in the AV1 encoder. However, in other works in which the extracted
information is analysed and processed using machine learning techniques to elaborate pre-
dictionmodels, the degradation in compression is negligible, as in [23], which demonstrates
the importance and good results of machine learning-based algorithms in the field of video
coding. In this work, three binary prediction models based on support vector machines
(SVM) classifiers have been developed to determine the partitioning decision of a coding
unit (CU) of size 64×64, 32×32 and 16×16 pixels, achieving a transcoding time saving of
41.30%, with a compression penalty of 0.8%, in terms of BD-rate. In the case of [22], the
H.264/AVC data is integrated into the HEVC parallel tools to speed up the transcoding pro-
cess on an 8-thread server, while in [24], by pre-computing the prediction error of each
candidate at the prediction unit (PU) level, the best candidate is selected, eliminating com-
putational redundancies.

Techniques for improving the performance of a codec, such as reducing its computa-
tional complexity or increasing its compression rate, can also be found in previous works.
Such proposals for improving VVC performance, which can be integrated in a transcod-
ing environment, can be found in both JEM and VTM codecs. Most of the approaches in
the intra-prediction module are based on speeding up the candidate selection of prediction
modes [27, 28, 29, 30], extended to 65 in VVC, compared to the 33 directional modes used in
HEVC. To this end, the main strategies of these proposals are to sort the candidate modes
according to their probability of being the optimal mode, using spatial information from
neighbouring blocks and the modes selected in the reference blocks, prioritising them ac-
cording to their distance from the current block. In more detail, in [27, 29] the number of
modes to be evaluated is reduced by pre-computing information to refine the candidate se-
lection algorithm, while in [30] a decision tree classifier has been implemented to eliminate
non-promising modes, achieving 51% time savings with an increment of 0.93% in BD-rate.

In the inter-prediction module, there are different proposals to improve motion esti-
mation, from the optimisation of the affine motion compensation [31] to machine learning
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1.2. Objectives

technniques, such as neural networks, for the improvement of in-loop filters [32]. Finally,
to speed up the VVC partitioning decisions, it can be observed that the main tool used in
the literature is the use of machine learning algorithms [33, 34, 35], where a classifier de-
termines, for each block, the most probable partition modes, setting risk intervals to reduce
the penalty in compression in the case of a wrong prediction. In these works, random for-
est is the most widely used classifier [33, 34], as it achieves better results compared with
convolutional neural networks [35].

After an extensive review of the state of the art, it can be concluded that machine
learning-based solutions achieve significant speed-ups by introducing lower losses in cod-
ing efficiency compared to other methods analysed. Moreover, the review has also shown
that, to the best of the author’s knowledge, there are no publications on transcoding to the
VVC standard at the time of writing, so some publications resulting from the work carried
out in this Thesis represent the first approaches towards VVC video transcoding. These
proposals have focused on assisting the transcoder’s decision-making, since finding the
optimal partitioning through the new partitioning structure introduced in the VVC stan-
dard, called multi-type tree (MTT), is the most costly stage of the VVC encoder in terms of
computational complexity. In this structure, partitioning starts in blocks of 128×128 pixels,
which are split by square sub-blocks, and then these blocks can be divided by horizontal
and vertical partitions. Details of the proposed solution are discussed in Section 1.4.

In conclusion, VVC is a major step forward in video encoding thanks to the bit-rate
reduction it is able to achieve compared with HEVC. In order to take advantage of this, it
is necessary to find efficient transcoding strategies to convert content currently encoded
in HEVC to the new format. To achieve this, the use of machine learning techniques, to-
gether with the information available in the HEVC bitstream, has been decisive in adopting
the solution to the problem, obtaining a transcoding algorithm with a reduction in the
transcoding process of nearly 60%.

1.2 Objectives

In accordance with the problem raised in the previous section, the main objective of this
Thesis is to develop an algorithm that accelerates the HEVC to VVC transcoding process,
while maintaining the coding efficiency of the standard. To this end, the following goals
were proposed as partial objectives:

• Goal 1: To review the state of the art, highlighting the study of HEVC and VVC
standards and emerging technologies. This objective can be considered one of the
most important for a researcher, both in terms of knowing the current technology
and the latest proposals, as well as updating and incorporating new technologies in
the research process.

• Goal 2: To design a framework for the comparison of standards and coding tools. In
order to explore the existing needs in this field, a first step in the research after the
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analysis of HEVC is to carry out an in-depth performance comparison of open-source
HEVC encoders, determining a set of scenarios and tests to evaluate them. Then, this
comparison environment can be extended to new coding formats.

• Goal 3: To design, implement and evaluate a proposal to improve the performance of
the new standard. As discussed in the section above, the early development of VVC,
known as JEM, involved huge computational complexities compared to the compres-
sion achieved. Therefore, this goal aims to improve the performance of the JEM en-
coder, speeding up the motion estimation module.

• Goal 4: To design, implement and evaluate a transcoding algorithm for the first depth
level of the partitioning structure introduced by JEM and VVC. Since this new struc-
ture starts with a block of 128×128 pixels, and thus introduces an additional depth
level on top of the quadtree (QT) structure defined by HEVC, it is necessary to study
different classifiers that help determine the partitioning decision taken by the HEVC-
to-VVC transcoding scheme, using the information of the HEVC bitstream.

• Goal 5: To extend the transcoding algorithm to all depth levels in the QT structure.
Taking advantage of the similarity of the partitioning between HEVC and VVC in QT,
an algorithm can be designed to exploit this similarity at the remaining partitioning
levels to further accelerate the transcoding process of the previous goal.

1.3 Methodology and Work Plan

This section defines the methodology used in the achievement of each goal, in order to fulfil
the main objective of the Thesis. For this purpose, the tasks carried out for each goal are
defined:

• Goal 1 — To review the state of the art.

This goal consists of a single task that is maintained throughout the Thesis, which is
both the study of current technology and new developments. A periodic review of
the state of the art has had a great influence on the research process, as some results
have been derived from the study of emerging technologies.

• Goal 2 — To design a framework for the comparison of standards and coding tools.

This goal refers to the comparative study of the different codecs and standards of the
moment. The first task is the study of open-source HEVC encoders, and the second
task is a comparison including the HEVC, VVC and AV1 standards. In both cases it is
necessary to design a fair comparison environment, by following the steps below.

For the study of open-source HEVC encoders, it is essential:

1. To understand the principles of HEVC video coding in order to understand and
justify the behaviour of the encoders analysed.
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2. To study the possibilities of the analysis tools to evaluate the coding results in
a quantitative way.

3. To analyze the features and configurable parameters of each encoder.

4. To select a set of tests and comparison scenarios, determining the parameters
necessary to obtain a fair comparison between encoders in the different tests,
such as the comparison of coding efficiency and encoding time, the efficiency of
parallelism tools, an analysis in the target bit-rate scenario and the performance
of the presets.

5. To set up and run the simulations on a test platform, obtaining reproducible
results.

6. To analyse and justify the results obtained in each comparison scenario.

For the study of the HEVC, VVC and AV1 standards, a similar procedure should be
carried out to evaluate them in different scenarios:

1. To study the new features introduced in AV1 and VVC compared with the en-
coding tools in HEVC.

2. To analyze the features and configurable parameters of AV1, HEVC and VVC.

3. To determine the comparison scenarios in which to conduct the study.

4. To set up and run the simulations.

5. To analyse the results obtained to determine the impact of AV1 with respect to
the encoders developed by the international organisations in charge of video
coding standards.

• Goal 3 — To design, implement and evaluate a proposal to improve the performance
of the new standard.

With the huge computational cost introduced in JEM, it is essential to find more ef-
ficient coding techniques to speed up the encoding process. An algorithm based on
pre-analysis techniques for the estimation module can be designed by performing the
following tasks:

1. To understand the features and innovations introduced in the JEM encoder, and
how they differ from HEVC.

2. To study existing proposals on pre-analysis algorithms and fast encoding for
HEVC [36].

3. To implement a profiler in the JEM encoder, which allows us to evaluate the
time taken by the different stages of the encoding process.

4. To design the pre-analysis algorithm, which aims to obtain the motion estima-
tion information of a block. In the motion estimation stage, the information

8



Chapter 1. Introduction

obtained in the pre-analysis can reduce the search area and the number of ref-
erence frames that need to be checked.

5. To implement the algorithm in the JEM encoder.

6. To evaluate the algorithm, comparing the results in terms of coding efficiency
and computational cost with respect to the original software.

• Goal 4 — To design, implement and evaluate a transcoding algorithm for the first
depth level of the partitioning structure introduced by JEM and VVC.

One of the innovations introduced in JEM, and later adapted in VVC, is the modi-
fication of the partitioning structure, starting with an initial block size of 128×128
pixels. To speed up the transcoding process, an initial approach focused on the use
of machine learning techniques for the new depth level of the QT is to be proposed.
For this, the following tasks should be performed:

1. To study the behaviour of the JEM partitioning structure, focusing on the first
level of depth.

2. To analyse and implement a set of statistical information that can describe the
details of the 128×128 blocks from the information available in the HEVC bit-
stream.

3. To obtain the partitioning decision for these blocks in JEM.

4. To select an appropriate model to study the correlation between the information
obtained in the previous task and the partitioning decision.

5. To generate the decision model from the training datasets.

6. To integrate the model into the partitioning stage of the transcoder, modifying
the coding flow according to the decisions taken by the classifier.

7. To evaluate the algorithm on a set of test sequences, and compare its perfor-
mance with the anchor transcoder.

When JEM was discontinued, the tasks performed in this Goal were reproduced on
the new VTM reference software.

• Goal 5— To extend the transcoding algorithm to all depth levels in the QT structure.

In this last goal of the Thesis, the aim is to achieve a significant acceleration of the
transcoder by extending the algorithm of Goal 4 to all levels of the QT partitioning.
The tasks performed in this goal are:

1. To analyse the QT partitioning structure in HEVC and VVC from the 64×64
pixel blocks to the lower levels.
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2. To study the impact of the early skip techniques implemented in VTM. These
techniques can prematurely stop the QT partitioning by performing fast evalu-
ations of the block.

3. To analyse and extract the decisions made for each block in QT from the HEVC
bitstream.

4. To implement the decisions made by HEVC in the transcoder in two ways:

– By combining the decisions of the early termination techniques implemented
in VTM with the partitioning decisions of HEVC, so that the former result
in an earlier pruning of the QT.

– By ignoring the early techniques implemented in QT, only taking into con-
sideration the splitting decisions of the HEVC stream.

5. To evaluate both algorithms, comparing the results with respect to the anchor
transcoder.

At the end of Goal 5, the objective of the Thesis will have been achieved. The pro-
posed transcoding algorithm will achieve a considerable reduction in the HEVC to VVC
transcoding process, at the expense of a low compression penalty.

1.4 General Discussion and Brief Description of the
Main Proposal

As mentioned above, the main objective of this Thesis is to design an algorithm for the
acceleration of the transcoding process from HEVC to VVC. After analyzing the VVC en-
coder, it was possible to observe that more than 80% of the encoding process was devoted
to finding the optimal partitioning using a traditional brute force scheme [37]. Therefore,
efforts were focused on designing an algorithm to assist the transcoder’s decision-making
in the partitioning.

It is logical to think that, thanks to the nature of a transcoder, in which the starting
point is the bitstream already encoded in HEVC, it is possible to take advantage of the in-
formation contained in the bitstream and, therefore, of the decisions already taken by the
HEVC encoder. In HEVC, the maximum block size consisted of a coding tree unit (CTU)
of 64×64 pixels, which could be divided into CUs by using the QT structure, and each CU
could contain one or more PUs or transform units (TUs). However, this partitioning struc-
ture was modified during the development of VVC. First, CTUs could have a maximum size
of 256×256 pixels, although it was later limited to 128×128 pixels. Moreover, CTUs were
divided into sub-blocks following a QT structure, whose leaf nodes could be divided by
vertical and horizontal partitions. In JEM, only the use of a binary tree (BT) was allowed,
while in VTM it was extended to the use of a ternary tree (TT). The combination of these
structures is what is known as the MTT structure. In summary, there is no direct relation-
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ship between a block of 128×128 pixels in VVC and any of the possible block partitions in
HEVC. Thus, the first approach regarding a conversion from HEVC to VVC was focused on
the first level of depth of the QT partitioning.

To address the difference in maximum CTU size between VVC and HEVC, a predic-
tion model based on Naïve-Bayes classifiers was designed to assist QT partitioning in the
128×128 pixel blocks, as mentioned in Goal 4. The function of this model is to decide
whether the block is split into 4 sub-blocks of 64×64 pixels, or if the QT ends at this level,
leaving the 128×128 block unsplit. To generate the model, a knowledge discovery from
data (KDD) approach was followed [38]. Figure 1.3 depicts the complete process, which is
briefly described in the following paragraphs.

First, it is necessary to extract data for analysis and to learn the models. To gather
this information, a set of sequences of different content and characteristics specified by the
JVET group in the common test conditions document [39] was used, these sequences being
encoded under quantization parameter (QP) values of 22, 27, 32 and 37, which covers a wide
range of rate-distortion scenarios. These sequences were divided into classes of different
resolution, taking the criterion of using one sequence per class according to the spatial and
temporal information they contain [40]. In order to homogenise the instances and avoid
overfitting, in the training phase 1,000 instances per temporal layer, which refers to each
layer of a hierarchical group of pictures (GOP) pattern, the QP and sequence were selected,
representing 1.40% of the total number of possible instances, leaving the remaining 98.60%
of the instances and sequences for validation.

For each instance, i.e., each 128×128 pixel block, 16 features were extracted from the
HEVC bitstream of both the residual and reconstructed image. These features are described
in Table 1.2. This set of information can potentially describe the characteristics of the block
and the statistical information contained in it to make the appropriate decision. Finally,
a class attribute was added to each instance, representing the actual partitioning decision
made by the VVC encoder for that block.

Once the datasets were created, the training set was used to generate the model. Among
all possible machine learning algorithms that could be used to tackle this problem, the
Naïve-Bayes classifier was selected, which is based on the idea that an event occurs after
other events that may have an influence on the former, but that are independent of each
other once the class is known. Mathematically this is expressed as the factorization by the
probability of the class multiplied by the probability of each variable given the class, i.e.
given a class 𝑌 and a set of variables {𝑋1, . . . , 𝑋𝑁 }, the following expression is satisfied:

𝑃 (𝑌 |𝑋1, . . . , 𝑋𝑁 ) ∝ 𝑃 (𝑌 ) · 𝑃 (𝑋1 |𝑌 ) . . . 𝑃 (𝑋𝑁 |𝑌 )

This set of frequencies is computed in only one reading, and thus the computational
complexity of building a Naïve-Bayes classifier is O(𝑁𝑛), where 𝑁 is the number of in-
stances and 𝑛 the number of features, while other classifiers used in the literature such as
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Figure 1.3: Model generation flowchart.

random forest or decision trees have a cost of O(𝑁 2𝑛𝑇 ) (where 𝑇 is the number of trees)
and O(𝑁𝑛 𝑙𝑜𝑔 𝑁 ) + O(𝑁 (𝑙𝑜𝑔 𝑁 )2), respectively [41]. In addition, Naïve-Bayes is linear in
its classification phase, i.e. O(𝑛), becoming one of the fastest classifiers available, which
introduces a minimum overhead in the transcoding algorithm, and the probability obtained
as a result allows a threshold to be used to adjust the error depending on the cost.

Regarding the input features, they are quantitative continuous variables, which forced
us to assume that they follow a specific distribution, and since Naïve-Bayes works better
with categorical variables, the attributes were discretised into intervals, whose range de-
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Table 1.2: Features extracted for 128×128 pixel blocks in HEVC.

Feature Description

𝑥 Average of the samples of the residual block
𝜎2
𝑅𝑒𝑠

Variance of the samples of the residual block
𝜎2
𝑅𝑒𝑐

Variance of the samples of the reconstructed block
𝑉𝑀 Variance of the means in sub-blocks of the residual block
𝑉𝑉 Variance of the variances in sub-blocks of the residual block
𝛾𝑅𝑒𝑠 Fisher coefficient of skewness of the residual block
𝛾𝑅𝑒𝑐 Fisher coefficient of skewness of the reconstructed block

𝑀𝐴𝐷𝑅𝑒𝑠 Mean absolute deviation of the residual block
𝑀𝐴𝐷𝑅𝑒𝑐 Mean absolute deviation of the reconstructed block

𝑍 Number of zero values in the residual block
𝛽𝑅𝑒𝑠 Kurtosis coefficient of the residual block
𝛽𝑅𝑒𝑐 Kurtosis coefficient of the reconstructed block
𝑆𝐼 Spatial index of the reconstructed block
𝐶 Cost in bits to encode the block in the HEVC stream
𝑃 Number of pixels contained in a frame
_ Lambda value used to encode the block

pends on their contribution to the class [42]. The next step was to eliminate irrelevant or
redundant features that did not provide information about the class. To do this, we used
the Wrapper algorithm with forward selection [43], which starts with an empty set of fea-
tures, and at each iteration adds a new feature to the set, until an addition of a new variable
does not improve upon the performance of the previous iteration. This performance was
measured in the training stage by using the accuracy metric:

Accuracy (%) =
True positives + True negatives

Total number of instances
· 100

In JEM, feature selection ended with a subset of four variables (𝜎2
𝑅𝑒𝑐

, 𝐶 , 𝑃 and _), ob-
taining an accuracy of 91.94% over the training set (82,952 instances). Then, the model was
evaluated on a total of 96 test sets, including the instances of each sequence (from classes
A1, A2, B, C, D, and E) and QP (22, 27, 32, and 37), excluding the instances used in the
training stage. In total, almost 6 million instances were tested, with an average accuracy
of 90.07%, which ensures the applicability of the model in sequences with a wide variety
of content. In fact, the implementation of the model in the JEM transcoder led to signif-
icant time savings with a negligible impact on compression, with respect to the anchor
transcoder.

To conclude this approach, it was necessary to repeat the whole process in VTM when
JEM was discontinued. As a result, the new model required only two features after variable
selection (𝛽𝑅𝑒𝑐 and 𝐶) to obtain an accuracy of 92.34% on the training set, and 89.42% on
the testing set. Despite the slightly lower accuracy over the testing set, the implementation
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of the new model in the VTM transcoder significantly improved upon the results obtained
in JEM, since a higher acceleration of the transcoding process and a lower compression
penalty were achieved.

The fact that the MTT structure remained stable across subsequent releases of VVC
drafts made it possible to continue extending the algorithm to new levels of depth in QT.
In this way, this algorithm would act when the model applied at the first level decides to
split the 128×128 pixel block in QT, otherwise the QT would end at the initial block and the
current block would be coded or split using the BT structure, since the TT is not applied at
this level, according to the VVC specification for the MTT structure.

When the model decision is to split, a typical VVC encoder would continue an exhaus-
tive search for the partitioning of square blocks from 64×64 to 8×8 pixels through a brute
force scheme, which is not very effective when these blocks have already been evaluated
by HEVC in an extensive rate-distortion optimization procedure. With this in mind, the
partitioning of the HEVC stream was integrated into the coding flow of the transcoder, as
depicted in Figure 1.4. It can be seen how the VVC encoding for 64×64 pixel blocks and
lower levels in QT is based on the QT of the HEVC stream.

However, VTM implements fast early termination techniques applied to any block type
and depth level that under certain conditions can avoid some rate-distortion evaluations and
partitioning modes to lower levels [44], which can cause conflict with the decision made in
HEVC for the same block. Therefore, two versions of the algorithm were developed:

• In the first version, named HEVC-based quadtree splitting (HEQUS), the QT parti-
tioning was accelerated by taking into account the HEVC decisions, but it may end
prematurely at a level of depth prior to that reached by HEVC if signalled by an early
check performed by VTM.

• In the second version, which received the name of Fast HEQUS, the VTM early ter-
mination techniques were ignored, so the QT partitioning would be identical to that
performed in HEVC. By reaching deeper levels of partitioning than the first version,
a higher acceleration was achieved, since the number of evaluations in the BT and
TT structures was reduced.

In this sense, the proposal covers all levels of the QT partitioning, and the transcoder
would only need to evaluate the horizontal and vertical divisions of the QT leaf node
reached by the algorithm. In addition, the Fast HEQUS algorithm is around 15% faster than
the first version, but at the expense of a slightly higher compression performance penalty.

In conclusion, the proposed algorithm satisfies the main objective of this Thesis. The
transcoding process of video content encoded in HEVC to VVC is speeded up considerably,
introducing only a small compression penalty, which is an excellent solution that outper-
forms the anchor transcoder.
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Figure 1.4: Encoding process of the HEQUS algorithm.

In the following section, the results obtained throughout the research process are pre-
sented. The details of the proposed methods, as well as the evaluation and analysis of the
results achieved, are discussed in Chapters 2 to 6.

1.5 Results

In this section, the results obtained for each goal described in Section 1.2 are presented.
They include a description of each approach, published in both conferences and journals,
together with the most relevant conclusions and numerical results.
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Regarding Goal 1, no specific results are included, since this objective corresponds to
the review of the state of the art, which has been maintained throughout the Thesis. Know-
ing the basics of video coding under the HEVC and VVC standards, understanding other
proposals in the literature and working with an updated technology has been fundamental
during the course of the project. In fact, this objective led to several publications in working
towards Goal 2, which concerns the comparative study of emerging technologies.

The first contact in the research world was with the comparative study of open-source
HEVC encoders, which aimed to understand the needs of video coding, finding possible
lines of research. In this comparison, the HEVC reference software, HM [9], was compared
with different encoders to measure their capabilities: HomerHEVC [45], DivX265 [46],
Kvazaar [47], x265 [48] and F265 [49]. The encoders were evaluated in the RA, All-Intra (AI)
and Low-Delay P (LP) configurations, where it could be observed that x265 was one step
ahead of the other encoders by being the best in all scenarios, and only Kvazaar achieved a
performance close to x265 in the AI scenario. These results were included in the conference
paper On the Capabilities of the Open-Source HEVC Codecs, published in the “Proceedings of
the 16th International Conference on Computational and Mathematical Methods in Science
and Engineering” [50]. Later, the results were extended to multiple comparison scenarios.
The behaviour of the encoders was analyzed in different configurations, such as in a high-
quality and high-speed encoding scenario, both in the sequential implementation and the
analysis of the parallel techniques they implement when working with 2, 4 and 8 cores. In
addition, an analysis of the frames per second encoded in these scenarios was also carried
out, studying the viability of the encoders in real-time encoding applications. These new re-
sults were included in the paper Parallelization and Performance Evaluation of Open-Source
HEVC Codecs, published in “The Journal of Supercomputing” [51].

With the advent of JEM, the huge impact on computational cost it introduced could be
seen. Thus, a profiler was implemented in its third version to measure the time required by
each encoding stage, as shown in Table 1.1. In this regard, the encoding flow was divided
into more than 10 stages to measure the time employed in each one. The results, detailed
in the conference paper Rate-Distortion/Complexity Analysis of Video Compression with Ca-
pability beyond HEVC, published in the “Proceedings of the 17th International Conference on
Computational and Mathematical Methods in Science and Engineering” [52], were the key to
finding a point for improvement in the JEM encoder, which would later be worked on in
Goal 3. In summary, more than 70% of the encoding timewas devoted to the inter-prediction
module, which proved to be the most computationally expensive part in the encoder, with
the new merge modes being the most costly in terms of complexity.

To conclude Goal 2, work was carried out to study the new VVC standard, comparing
it with HEVC and the AV1 codec [14]. Due to the high licensing fees demanded by the
owners of the HEVC patents, some of the largest companies such as Google, Amazon, Net-
flix and Microsoft, among others, created the Alliance for Open Media (AOMedia), a joint
framework for the development of the AV1 codec as a royalty-free video coding format, to
compete for the leadership of the future video generation. In order to evaluate the perfor-
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mance of AV1 and VTM in comparison with HEVC, an in-depth analysis of different presets
was performed in the paper Rate-distortion/complexity analysis of HEVC, VVC and AV1 video
codecs, published in the “Multimedia Tools and Applications” journal [53]. The results of this
work made it possible to affirm that VVC was still leading the future of video coding, given
that VTM achieves a 23.22% compression performance improvement in terms of BD-rate
over HM, while AV1 only stands out in that it is 3.5× faster than VTM, but it is not able to
outperform HM.

Regarding Goal 3, which corresponds to the design of an algorithm to improve the per-
formance of JEM, a proposal was developed by focusing on the motion estimation module,
which in fact can be applied in a transcoding scenario as well. This study starts from the
preliminary analysis of JEMmentioned above, in which the high cost of the inter-prediction
module was determined to be due to the fact that it needs to test every possible CU parti-
tion for every depth level of the partitioning tree. By using a pre-analysis algorithm, which
uses less complex structures such as fixed-size block partitions, a grid of motion vectors
and estimated costs for every reference picture of the current frame is obtained. This in-
formation is then used in the motion estimation stage to reduce the number of reference
frames that need to be tested, and to predict the starting point of the motion search. Exper-
imental results of the algorithm showed that 30% of the reference frames were discarded
in the motion estimation module, achieving time savings of 31.55% in this module. Thus,
the total time saved in the encoder is 3.61% on average, introducing a negligible impact on
compression of 0.11%, in terms of BD-rate. This work was published in “The Journal of Su-
percomputing”, and is entitled Acceleration of the integer motion estimation in JEM through
pre-analysis techniques [54].

The next proposed algorithm belongs toGoal 4, which focuses on accelerating theHEVC
to VVC transcoding process by implementing a Naïve-Bayes classifier for the first depth
level in the QT partitioning, as detailed in Section 1.4. Since it is not possible to derive
the 128×128 pixel block information from the HEVC stream, it was necessary to study and
implement a large set of features in the HEVC decoder that could potentially describe the
characteristics of the image. After preprocessing this information, through the data pro-
cessing and model generation described in Section 1.4, the classifier obtained an average
accuracy of 91.94% and 90.07% on the training and test sets, respectively. As a result, a time
reduction over the anchor transcoder of 12.50% was obtained, with a compression penalty
of 0.70% in terms of BD-rate for the RA configuration. For the Low-Delay B (LB) and LP
scenarios, the time saved was 12.71% and 10.61%, with BD-rate penalties of 0.74% and 1.35%,
respectively. These results were included in the paper Accelerating the CU partitioning de-
cision in an HEVC-JEM transcoder, published in the “Multimedia Tools and Applications”
journal [55].

When the JEM project was replaced by the VTM software, the KDD process had to be
repeated in the new encoder. This is because, although the HEVC bitstream information
is the same, the class attribute must now be adapted to the decisions taken in the VTM
encoder for each instance due to the inclusion of new coding tools, and therefore this can
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influence the features that provide the most information about it. In fact, feature selection
took half the features of the previous model, resulting in an accuracy of 92.34% over the
training set, which slightly decreased to 89.42% over the 96 test sets. However, the exper-
imental results were much more positive than in the previous work, increasing the time
savings to 13.38% in the RA scenario, with a minor BD-rate penalty of only 0.32%. The full
results were published in the conference paper entitled Efficient HEVC-to-VVC Transcoder
based on a Bayesian Classifier for the First Quadtree Depth Level, presented in the “2020 IEEE
International Conference on Image Processing (ICIP)” [56].

Finally, Goal 5 described the design of a complete algorithm for partitioning decisions
across all QT blocks. This approach was named HEQUS, and the details of the algorithm are
described in Section 1.4. This implementation, which works together with the VTM early
termination techniques, achieved a time saving of 45%, with a BD-rate penalty of 2.50% on
average for the RA, LB and LP scenarios. However, when ignoring these techniques and
replicating the QT structure identically from the HEVC stream from 64×64 pixel blocks
and below, i.e., using the Fast HEQUS algorithm, the transcoding process achieved a time
reduction of 58%, where high-resolution sequences could achieve time savings of around
70%. Furthermore, the overhead introduced by the proposal is only 0.10% of the transcoding
time, which reinforces the potential of the Naïve-Bayes classifier. These results have been
published in the “Signal Processing: Image Communication” journal, in the paper entitled
Cost-Efficient HEVC-Based Quadtree Splitting (HEQUS) for VVC Video Transcoding [57]. This
proposal became the first HEVC to VVC transcoding algorithm in the literature and one of
the fastest transcoders in the field of heterogeneous video transcoding.

Summary of Results

To sum up, all the goals proposed in Section 1.2 have been achieved by following the dif-
ferent tasks defined in Section 1.3. The list below includes all the works that have been
published as a result of the work carried out in the course of this Thesis:

• Goal 2 – To design a framework for the comparison of standards and coding tools.

– On the Capabilities of the Open-Source HEVC Codecs, published in the “Proceed-
ings of the 16th International Conference on Computational and Mathematical
Methods in Science and Engineering” [50]. Conference paper.

– Parallelization and Performance Evaluation of Open-Source HEVC Codecs, pub-
lished in the “The Journal of Supercomputing” [51]. Journal paper, JCR2017 Q2,
IF 1.326.

– Rate-Distortion/Complexity Analysis of Video Compression with Capability be-
yond HEVC, published in the “Proceedings of the 17th International Conference
on Computational and Mathematical Methods in Science and Engineering” [52].
Conference paper.
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– Rate-distortion/complexity analysis of HEVC, VVC and AV1 video codecs, pub-
lished in the “Multimedia Tools and Applications” journal [53]. Journal paper,
JCR2019 Q2, IF 2.313.

• Goal 3 – To design, implement and evaluate a proposal to improve the performance
of the new standard.
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CHAPTER 7

Conclusions and Future Work

This chapter summarises the conclusions drawn from the work presented in this Thesis.
Finally, some lines of research in the field covered by this Thesis that could be explored in
the future are discussed.

7.1 Conclusions

VVC is a major step forward in video compression as it offers higher compression rates
than HEVC. Thanks to its superior compression performance, VVC will be able to address
the high demand for multimedia video content that is growing year by year, taking advan-
tage of its lower bit-rate. However, this gain in compression is achieved through a high
increase in computational complexity. For this reason, converting current HEVC encoded
content to VVC is not effective with a traditional cascaded transcoder, which would require
long encoding times, making it necessary to find a solution that guarantees interoperabil-
ity between the two formats while maintaining the coding efficiency achieved by the VVC
standard.

In view of the above, themain conclusion of this Thesis is that there is a need for acceler-
ating the transcoding process fromHEVC to VVC, and accordingly this Thesis has designed
and implemented a transcoding algorithm that achieves this objective while maintaining
the coding efficiency of VVC. For this purpose, the information contained in the HEVC
stream has constituted the main tool for the development of the proposal, which leads to
the use of machine learning techniques to assist the decisions made by the transcoder.

In order to achieve this objective, different goals were defined, and a list of tasks were
followed to satisfy each goal. In the first one, the study of the HEVC and VVC video coding
standards was defined, together with the analysis of the state of the art. Thus, different
conclusions were drawn from this goal:

• Understanding current technology and the latest proposals in the literature is essen-
tial for a researcher, as well as keeping up to date in the research process.
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• Studying video compression under the HEVC and VVC standards, and analysing their
similarities and differences, was important in order to find a possible improvement in
the implementation (in the case of the proposal implemented in JEM) and to know the
information available in the HEVC bitstream (to be used in the transcoding proposal).

• It is clear that technologies must be compared in different scenarios under fair con-
ditions, in which the results must be reproducible. This leads to the next goal of the
Thesis.

Directly related to the first goal, the second goal was defined as establishing an environ-
ment for comparing different technologies. As a result, this goal allowed the development
of two comparative studies. The first one was an introduction to the field of video encoding
under HEVC by studying different open-source encoders. From this analysis it was possible
to determine the best encoder in each scenario evaluated according to their performance,
the presets used, the target bit-rate and the parallel tools. The second study, carried out
when AV1 was released, aimed to evaluate its performance compared with HEVC and VVC.
The results of this analysis made it possible to determine that VTM is 4.45× slower than
HM, but achieves a compression gain of 23.22% in terms of BD-rate. However, although AV1
is also 1.28× slower than HM, it was not able to outperform its coding efficiency, since it
introduced a BD-rate penalty of 41.15%. In view of these results, it has been concluded that
VVC continues to lead the next video coding generation, and therefore it was considered
that research efforts should focus on the VVC standard.

Regarding the third goal of the Thesis, a pre-analysis algorithm was designed to speed
up the motion estimation in JEM in order to reduce the high computational cost introduced
in the first versions of JEM. An initial profiling analysis allowed us to conclude that more
than 70% of the coding time was employed in the inter-prediction module, so this proposal
focused on precomputing information in a similar way to the motion estimation module,
but simplifying this process. Then, this information was used in the encoding of a frame
to reduce the number of reference frames tested and the size of the search area. The re-
sults demonstrated the effectiveness of the pre-analysis algorithms, where 27.03% of the
reference frames were skipped, producing a time saving of 31.55% in the motion estimation
module, which converts to 3.61% in the total encoding process, with a negligible impact on
the BD-rate of 0.11%.

The fourth goal of the Thesis was achieved by designing a classifier to assist decision
making in the first level of the QT in VVC, which starts with an initial block of 128×128
pixels. The main conclusions that were drawn from this goal are the following:

• A model should be trained with a representative number of varied samples. Thus, by
using a limited number of instances per resolution, temporal layer and QP, from the
encoding of video sequences with different content, accuracies of around 90% were
obtained without causing overfitting to any sequence or class.
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• Naïve-Bayes is one of the fastest classifiers, since it is linear in its classification phase:
O(𝑛), where 𝑛 is the number of features. For this reason, only an overhead of 0.10%
of the total transcoding process was introduced by the algorithm.

• In the VVC partitioning, the use of an initial block level of 128×128 pixels has been
essential in improving the coding efficiency with respect to HEVC. However, this
entailed a greater computational complexity of the encoding process. Since higher-
resolution sequences tend to be partitioned into greater block sizes, the results of the
proposed approach showed that the model had a larger impact on these sequences in
terms of time savings.

• The results support the use of machine learning techniques to assist decision-making
instead of a brute force scheme. In JEM, a transcoding time reduction of 12.50% was
achieved, with a BD-rate penalty of 0.70%, in the RA scenario. However, the time
saving was increased to 13.38% when this proposal was migrated to VTM, with a
BD-rate penalty of only 0.32%.

The extension of this proposal to all partitioning levels in QT made it possible to satisfy
the fifth goal defined in the Thesis. To this end, the proposed partitioning was derived
from the one performed in HEVC for the 64×64 pixel square blocks towards lower levels.
Thus, two implementations of the algorithmwere designed, calledHEQUS and Fast HEQUS.
HEQUS allowed the evaluation of the early termination techniques of VTM, so that the QT
partitioning could stop at an earlier level with respect to that achieved in HEVC, obtaining
about a 45% transcoding time reduction with a BD-rate penalty of 2.50% on average for
the RA, LB and LP scenarios. However, Fast HEQUS increased the average time savings to
58%, with a 2.70% BD-rate penalty, and it performed significantly better for high-resolution
sequences, for which it could achieve up to 70% time reductions. This was possible by
ignoring the fast VTM checks, and therefore it achieved a QT partitioning similar to that
extracted from the HEVC bitstream, leading to the conclusion that this partitioning was a
sub-optimal solution to that of VVC.

In conclusion, the proposed algorithm successfully achieves the main objective defined
in this Thesis, which consists in accelerating the process of transcoding video content from
HEVC to VVC while maintaining the coding efficiency of the VVC standard.

7.2 Future Work

This section discusses possible ways to extend the work presented in this Thesis. The pro-
posal has focused on the QT partitioning carried out in VVC, which is the first partitioning
tree of the MTT structure. However, the QT leaf nodes can be divided into horizontal and
vertical sub-blocks up to three levels in depth. In the short term, the idea is to explore
new classifiers to assist the BT and TT structures. Taking advantage of the fact that the
Fast HEQUS algorithm ends with a QT partitioning similar to the one generated by HEVC
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in its CUs, the study of the PUs in HEVC could describe the correlation between PUs and
directional partitions, which could achieve significantly bigger time savings.

With respect to the other modules, the use of pre-analysis techniques in the inter-
prediction module was also evaluated in order to reduce the number of reference frames to
be checked, as well as to reduce the search size. This solution was implemented in a fast
encoding scenario, but it can also be applied in a transcoding environment. In fact, it could
work in conjunction with the HEQUS and Fast HEQUS algorithms.

In a similar way, the intra-prediction module could be tackled by a fast selection of
directional predictors, which were extended to 65 in VVC. The use of machine learning
techniques could simplify this selection through the information contained in the HEVC
bitstream for the intra-coded blocks. Thus, this method could achieve big time savings in
the AI scenario, since the encoding complexity in VTM for this scenario is 34× the encoding
time taken by HM [58].

In the above paragraphs, different ideas for speeding up the transcoding process have
been put forward in which the use of machine learning techniques is the common element
required to implement them. However, as concluded in the previous section, the use of cer-
tain classifiers introduces such a small overhead that it may be useful to explore the use of
multiple models, leading to a joint decision with the objective of reducing the compression
penalty, since the accuracy would be increased.

In addition, another way to maintain the coding efficiency can be found by evaluating
and identifying homogeneous regions, which are usually associated with the image back-
ground in areas close to the frame boundaries. In the transcoding algorithm, some variables
extracted from the HEVC bitstream, such as the position of the block, the distribution of
the value of the samples with respect to the mean and the cost in bits used to encode the
block, can be useful in identifying the background of the image, where a higher QP value
could be used to encode these blocks, since they correspond to areas of the picture of less
interest for the consumer of the video sequence.
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