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Abstract

With the constantly increasing number of new electronic devices capable of capturing, editing,
storing and sharing video content all over the world, the volume of video data being transmitted in
today’s communication networks is significantly growing. In typical video transmission systems, video
signals are compressed and sent to the decoder through an error-prone communication channel that
may corrupt the compressed video signal, causing the degradation of the final decoded video quality.
This degradation is aggravated by the typical predictive nature of traditional video codecs, where the
temporal correlation in the video signals is highly exploited. To preserve the final decoded quality in
error-prone transmissions, it is possible to enhance the error resilience of typical predictive video
coding using some principles and tools from an alternative video coding approach, the so-called
Distributed Video Coding (DVC). Further improvements in the decoded video quality may also be
obtained by considering in the error resilience allocation process the perceptual relevance of the video
content, as distortions occurring in different areas of a picture have a different impact on the user’s
final experience.
In this context, the objective of this Thesis is to design, implement and assess a perceptually
driven error protection video coding solution that enhances the error resilience of a state-of-the-art
H.264/AVC predictive video codec using DVC principles.
The performance assessment shows that the proposed Perceptually Driven Error Protection
(PDEP) video codec provides a good alternative to traditional error protection video coding schemes,
notably FEC-based schemes, even when the perceptual aspects of the video content are not
considered. By considering the perceptual relevance of the video content, further improvements in the
error protection performance may be achieved with the proposed solution.
The main technical novelties brought by the proposed video coding solution are the addition of an
alternative transcoding technique to a DVC-based error protection scheme already available in the
literature and the combination of the resulting DVC-based error protection solution with a compressed
domain perceptual classification technique, both combined to increase the error resilience
performance of an H.264/AVC standard codec.

Keywords: H.264/AVC; Error protection; Distributed Video Coding; Perceptual Classification.
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Resumo

Com o constante aumento do número e variedade de dispositivos electrónicos capazes de
capturar, editar, armazenar e partilhar conteúdos de vídeo por todo o mundo, o volume de dados de
vídeo transmitido nas redes de comunicação actuais tem vindo a aumentar significativamente. Na
maioria dos sistemas de transmissão de vídeo, os sinais de vídeo são comprimidos e enviados para o
descodificador através de um canal de comunicação susceptível a erros que pode corromper o sinal
de vídeo comprimido, provocando a degradação da qualidade final do vídeo descodificado. Esta
degradação é agravada pela natureza preditiva dos codecs de vídeo tradicionais, onde a correlação
temporal dos sinais de vídeo é exaustivamente explorada. De modo a preservar a qualidade final do
vídeo descodificado em transmissões susceptíveis a erros, é possível melhorar a resiliência a erros
da codificação de vídeo preditiva tradicional usando alguns princípios e ferramentas subjacentes a um
paradigma de codificação de vídeo alternativo, denominado codificação distribuída de vídeo. É ainda
possível obter melhorias adicionais na qualidade do vídeo descodificado considerando a relevância
perceptual das várias áreas do vídeo, uma vez que a distorção em diferentes zonas da imagem tem
um impacto diferente na experiência final do utilizador. Neste contexto, o objectivo desta Tese
consiste em projectar, implementar e avaliar o desempenho de uma solução de codificação de vídeo
considerando o impacto perceptual na protecção contra erros usando princípios associados à
codificação distribuída de vídeo, com vista a melhorar o desempenho de um codec H.264/AVC, que
corresponde ao estado da arte em termos de codificação de vídeo preditiva.
Os resultados da avaliação de desempenho realizada mostram que o codec de vídeo proposto
considerando o impacto perceptual na protecção contra erros constitui uma alternativa competitiva
aos tradicionais esquemas de codificação de vídeo com protecção contra erros, nomeadamente
baseados em Forward Error Correction (FEC), mesmo quando os aspectos perceptuais dos
conteúdos de vídeo não são tidos em conta. Considerando a relevância perceptual do conteúdo, é
possível obter melhorias adicionais no desempenho em termos de protecção contra erros usando a
solução proposta.
As principais novidades técnicas propostas pela solução de codificação de vídeo proposta nesta
Tese são a introdução de uma técnica de transcodificação num esquema de protecção baseado em
codificação distribuída de vídeo disponível na literatura e a combinação da solução resultante com
uma técnica de classificação perceptual no domínio comprimido, de modo a melhorar o desempenho
em termos de resiliência a erros de um codec H.264/AVC.

Palavras-chave: H.264/AVC; Protecção de Erros; Codificação Distribuída de Vídeo; Classificação
Perceptual;
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Chapter 1

Introduction

The purpose of this first chapter is to present the context and motivation of this Thesis, as well as
the proposed objectives and the Thesis report structure.

1.1 Context and Motivation
With the constantly increasing number of new electronic devices capable of capturing, editing,
storing and sharing video content all over the world (see Figure 1.1), the volume of video data being
transmitted in today’s communication networks is significantly growing. Users are not only starting to
take for granted the availability of a wide variety of video content everywhere but they are also raising
their expectations regarding the quality of the video contents they consume. As transmission channels
are error-prone, robust transmission of video data is always an important requirement in many video
communication schemes, in order to accommodate the growing diversity of transmission channels
while preserving a satisfying video quality for the final user.

Figure 1.1 – Examples of video consumption electronic devices.
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Currently, the H.264/AVC standard, developed by the Joint Video Team (JVT), is considered to be
the state-of-the-art in terms of video coding. This standard defines several tools that allow an efficient
compression of video data, notably 50% higher than with previous video coding standards, already
adopted in many services and systems based on digital compressed video. In typical video
transmission systems, video signals are compressed and sent to the decoder through an error-prone
communication channel. During transmission, the compressed video can be corrupted due to the
congestion, jitter and delay issues characteristic of packet-based networks, such as the Internet,
causing the degradation of the final decoded video quality. This degradation is aggravated by the
typical predictive nature of traditional video codecs, where the temporal correlation in the video signals
is highly exploited. To preserve the final decoded quality in error-prone transmissions, predictive video
coding schemes typically adopt some error protection mechanisms, e.g. some parity information is
added to the encoded bitstream and/or some post-processing in the form of error concealment is
applied at the decoder. However, it is possible to enhance the error resilience of typical predictive
video coding using some principles and tools from an alternative video coding approach, the so-called
Distributed Video Coding (DVC). The DVC approach aims at lowering the complexity associated to
video encoders by exploiting the correlation of video signals mainly at the decoder side, in opposition
to the typical predictive video coding schemes which exploit the correlation at the encoder. With DVC,
an improved robustness to channel errors may be achieved as no prediction loop is used and thus no
error propagation exists.
Further improvements in the decoded video quality achieved in error-prone transmissions may
also be obtained by taking into account the perceptual aspects of the video content. As human beings
are typically the final users of visual communication systems, knowing the characteristics and
limitations of the Human Visual System (HVS) may be useful to achieve higher decoded video
qualities in error-prone transmissions, as distortions occurring in different areas of a picture have a
different impact on the user’s final experience. This way, having a perceptual-based classification of
the video content to be transmitted allows focusing the available error protection resources on the
most perceptually relevant parts of the video pictures, providing a perceptually higher quality to the
final user for the same or less resources.

1.2 Objectives
In the context described above, the main objectives of this Thesis are to design, implement and
assess a perceptually driven error protection video coding solution that enhances the error resilience
of a state-of-the-art H.264/AVC predictive video codec using DVC principles. With this purpose in
mind, the following tasks should be accomplished:
1. Perceptual-Based Saliency Maps Creation Design and Implementation – The first task is
to design and implement a method to define perceptual-based visual saliency maps which
identify the most perceptually relevant parts of the video content to be transmitted.
2. Error Protection Video Coding Design and Implementation – After, an error protection
video coding solution using DVC principles to improve the error resilience in video data
transmissions must be designed and implemented.
3. Saliency Maps and Video Coding Solution Integration – The next task is to integrate the
perceptual-based saliency maps creation solution in the designed error protection video
coding solution in order to perceptually drive the error protection mechanism.
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4. Performance Evaluation – Finally, the last task is to evaluate the performance improvements
obtained with the proposed video coding solution using perceptual objective quality metrics.
Accomplishing the aforementioned tasks should result in the development and evaluation of a
Perceptually Driven Error Protection (PDEP) video codec, which is expected to provide higher error
protection performance than the typical channel protection and error concealment solutions already
available.

1.3 Report Structure
This Thesis is organized in six chapters and one appendix, including the current chapter
introducing the Thesis.
Chapter 2 provides a detailed review on the basic aspects behind the developed perceptual error
protection scheme using DVC principles. With this purpose in mind, a review on the predictive and
distributed video coding approaches is first provided, followed by a review of the most relevant
perceptual-based and error protection video coding solutions already available in the literature,
supporting the target perceptual error protection approach.
Chapter 3 gives a first perspective on the proposed PDEP video codec by presenting its high level
architecture and a brief functional description of its constituent modules.
Chapter 4 provides a detailed description of the tools used in the proposed PDEP video codec,
thus allowing the reader to have a complete understanding of its operation.
Chapter 5 is dedicated to the performance evaluation of the proposed PDEP video codec,
presenting first the adopted test conditions and after the performance results for the conducted tests,
with and without considering perceptual weighting on the error protection.
Chapter 6 presents the conclusions and possible ideas for future work. Finally, Appendix A
presents a brief description of a perceptual-based video coding solution for a DVC codec which is
interesting to analyze in the context of this Thesis but it is not as relevant as the perceptual-based and
error protection solutions described in Chapter 2.
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Chapter 2

Perceptual Error Protection Using Distributed
Video Coding Principles: a Review

The main objective of Chapter 2 is to review some of the basic theoretical and practical aspects
behind perceptual error protection using DVC. While Sections 2.1 and 2.2 provide a review on
predictive and distributed video coding, respectively, Section 2.3 gives a brief overview of the main
characteristics of the HVS. Finally, Section 2.4 reviews some of the most relevant perceptual-based
and error protection video coding solutions already available in the literature.

2.1 Predictive Video Coding
The purpose of this section is to briefly review predictive video coding by addressing first its basic
concepts and tools and after a concise description of its most recent and powerful example, the
H.264/AVC (Advanced Video Coding) standard [1].

2.1.1 Basics
During the past three decades, the most well-known and worldwide used video coding standards
have been developed based on predictive video coding schemes. This type of coding approach has
been adopted by both the ITU-T H.26x and the ISO/IEC MPEG-x families of video coding standards
since the early ITU-T H.261 until the most recent (joint ITU-T and ISO/IEC) H.264/AVC standard.
Although there is a large difference between all these standards regarding the coding efficiency and
also associated complexity, the basic principles and tools behind them are essentially the same.
Video content typically shows a large amount of temporal redundancy. Successive frames are
most of the times highly correlated, as the visual content is often repeated frame after frame without
significant changes. Predictive video coding uses temporal prediction to exploit this temporal
redundancy and consequently improve video coding efficiency. Basically, instead of coding each
frame as an isolated picture, a new input frame can be represented using the difference between its
samples and the samples of a chosen preceding picture, typically the previous one, as it is very likely
the most similar. This difference is called the prediction error and the residual amount of information it
carries is determined by the quality of the temporal predictions, meaning that better predictions imply
less prediction errors and vice-versa.
5

However, motion is an essential video feature… Motion estimation and compensation target to
improve the temporal prediction for each image zone by detecting, estimating and compensating the
associated motion. Thus, motion compensated predictions can be used to reduce the prediction error
and therefore, improve the video coding efficiency by allowing: i) a better quality of the decoded
content for a certain available bitrate, or ii) a lower bitrate to transmit the bitstream associated to a
certain video quality. For most relevant coding solutions, motion is represented using Motion Vectors
(MVs) and the usage of motion estimation is decided at the Macroblock (MB) level where a MB
corresponds to 16×16 luminance samples.
Using temporal predictions to exploit temporal redundancy requires some coding synchronism
between the encoder and the decoder. In order to create the predictions, the encoder needs to
replicate part of the decoding process to obtain the same decoded image reconstructed by the
decoder. In other words, there is a temporal prediction loop where the encoder reproduces the
decoding process and performs motion-compensated temporal prediction based on the resulting
decoded pictures, instead of using the original ones which are never available at the decoder. This
loop works perfectly if there are no transmission errors between the two sides of the communication.
However, when there are channel errors, the encoder-decoder prediction synchronization is corrupted
as the decoder starts to receive and decode something different from what the encoder expected it to
receive and thus the decoded images at the encoder and decoder are different. This situation causes
a prediction mismatch, leading to errors in the decoded video which propagate in time due to the
prediction loop. This error propagation will only stop when the encoder ‘refreshes the loop’ by sending
Intra coded information (without using temporal prediction). To minimize the impact of this problem
when transmitting over error-prone channels, error robustness can be improved using source coding
and/or channel coding tools.
Spatial redundancy is also exploited in predictive video coding using a transform coding technique
like the Discrete Co-sine Transform (DCT); Figure 2.1 shows the DCT basis functions which are used
to decompose any 8×8 block. This transform produces a set of coefficients able to describe a picture
in the frequency domain, typically concentrating the information present in the video samples of a
block into a smaller number of values.

Figure 2.1 – DCT basis functions.
If a MB is coded without exploiting any temporal prediction (so-called Intra coding), the samples in
its 8×8 blocks are directly transformed, similarly to what does the JPEG standard when coding single
images. If temporal prediction is exploited (so-called Inter coding) with or without motion
compensation, the information transformed is the prediction error and the resulting coefficients may be
associated to a MV indicating which part of the reference frame was used as prediction.
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In both cases (Intra and Inter coding), the transform coefficients are after quantized to limit their
precision and control the bitrate. Quantization is performed while taking into account the
characteristics of the HVS, which is more sensitive to errors introduced in the lower frequencies, thus
reducing the perceptual redundancy or irrelevancy. After, the resulting quantized coefficients are
encoded with an entropy encoder to exploit their statistical redundancy, as they are typically not
equally probable. Because of this combination of temporal (in time) and spatial (in frequency)
redundancy exploitation, predictive video coding is also referred to as hybrid coding.
One last important characteristic of hybrid video coding is the complexity allocation. Both temporal
and spatial redundancy exploitation are performed at the encoder. For this, the encoder needs to
analyze the video content and take the necessary decisions to appropriately choose the best way to
code each MB. The decoder is much simpler, as it only needs to interpret the encoded bitstream,
following the choices previously made by the encoder. Thus, the overall encoding/decoding complexity
is distributed in a very unbalanced way in predictive video coding, as all decisions, control and
intelligence are located at the encoder, making it the ‘master’ commanding the decoder ‘slaves’. The
next section will focus on the most efficient video coding standard available, the H.264/AVC video
standard, which provides several standardized tools based on the predictive video coding principles
described above.

2.1.2 Concise Description of the H.264/AVC Standard
Standardization has a major importance in video communication, as it allows the interoperability
between devices developed for similar purposes by different manufacturers. In predictive video coding
standards, encoders are not normative as this is not essential to guarantee interoperability. In fact,
standards only define the syntax and semantics of the encoded bitstream and the decoder behavior.
This approach allows encoder manufacturers to choose the best way to ‘speak the coding language’
this means to use the tools provided by the standard in order to achieve the target coding
performance. On the other hand, decoders which just process the bitstream and apply the choices
made by the encoder in the encoding process are normative, in order that all of them provide the
same decoded video as expected by the encoder, following the coding decisions taken at the encoder.
H.264/AVC is the latest video coding standard, jointly specified by the ITU-T VCEG (Video Coding
Experts Group) and ISO/IEC MPEG (Moving Picture Experts Group) standardization groups. With the
increasing number of services and systems based on digital compressed video, the main goals of this
standard were: i) to increase the coding efficiency by, at least, 50% regarding the previous standards
(this means the same quality for half the rate); and ii) to allow the interoperability of a broad variety of
devices that communicate over a wide range of networks, with different characteristics. The growing
popularity of High Definition Television (HDTV) broadcast and the generalized use of video
communication over the Internet and wireless environments by mobile phones and other devices are
just a few examples of scenarios where network adaptation and improved video compression are
essential.
The H.264/AVC standard adopted a predictive coding architecture as its predecessors and thus it
mainly represents an evolution of the same coding paradigm where more sophisticated and complex
coding tools are adopted; Figure 2.2 shows a basic block diagram that roughly illustrates the
H.264/AVC encoding process.
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Figure 2.2 – Basic block diagram of an H.264/AVC encoder [1].
To fulfill the improved compression and customizability needs, the H.264/AVC standard defined
two different layers in its design: the Network Abstraction Layer (NAL) and the Video Coding Layer
(VCL). The NAL provides a customization of the content produced by the VCL by organizing the
compressed content into packets with a general syntax structure, thus allowing an easier adaptation of
the coded stream to different kinds of transport layers. The VCL is where the video content itself is
coded, using a very sophisticated block-based hybrid video coding approach. The most relevant tools
applied in this coding layer will be briefly described in the next paragraphs.
a) Compression Related Tools
The compression performance gains obtained with the H.264/AVC standard cannot be exclusively
attributed to any specific tool making alone the difference relatively to prior standards. It rather comes
from a set of small gains associated to improvements in several coding tools. These improvements all
together allow representing a given video sequence requiring, in the worst case, half the bitrate
required by any prior video coding standard, with the same perceptual quality. Some of the most
relevant tools providing these small gains are described in the following.
 Intra Prediction – In H.264/AVC, I slices allow performing Intra prediction in the spatial domain
(and no predictions in the temporal domain); a slice is a set of MBs within a frame in raster
scan order, starting from the top-left MB. MBs can be spatially predicted based on previously
coded neighboring areas in the same frame and transform coding is then applied to the
residual information after the prediction; this spatial prediction tool substantially contributes to
reduce the bitrate used to code Intra MBs by better exploiting the spatial redundancy. Although
rate expensive, Intra MBs are essential to provide random access and thus are a must for
many very important applications. Two types of Intra prediction are allowed: Intra_4x4 and
Intra_16x16. In the first one, predictions are made using 4x4 luma blocks and can be
performed in eight different directions and using the so-called DC mode (see Figure 2.3). In the
second one, 16x16 luma blocks are used but in this case only four prediction modes are
allowed: vertical, horizontal, DC and plane (for more information, please refer to [1]).
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Figure 2.3 – H.264/AVC 4×4 Intra Prediction [2].
 Inter Prediction in P Slices – In P slices, MBs can be coded like in I slices or using Inter
prediction. In H.264/AVC, Inter prediction allows the flexible partition of MBs for motion
compensated temporal prediction. Block sizes of 16x16, 16x8, 8x16 and 8x8 luma samples are
supported. If an 8x8 partition is used, it can be further partitioned into smaller blocks with the
sizes of 8x4, 4x8 or 4x4 luma samples to improve the prediction precision. Multi-frame motion
compensated prediction is also supported at the cost of memory and additional computational
complexity [1].
 Inter Prediction in B Slices – B slices basically support the same features as P slices. The
substantial difference is that B slices possess two different lists/sets with reference pictures
coming from the past and the future; these lists are called list 0 and list 1. Inter prediction can
be done using linear combinations of prediction signals in four different modes: list 0, list 1, bipredictive and direct prediction [3].
 Quarter-Pixel Precision – Prediction values in all kinds of slices are obtained using quartersample accurate MVs with reduced complexity of the interpolation process [1].
 Integer Transform – A 4x4 integer DCT transform is used instead of the usual DCT. Although
their properties are similar, the Inverse DCT (IDCT) is defined by exact integer operations,
avoiding roundings that can originate different decoded content by different decoders for the
same stream due to different IDCT implementations (the so-called inverse transform
mismatch); this allows reaching lossless coding with this integer DCT [1].
 Enhanced Entropy Coding – Quantized coefficients are entropy coded using one of the
following entropy coding techniques: Context Adaptive Variable Length Coding (CAVLC) and
Context Adaptive Binary Arithmetic Coding (CABAC) [4]. CABAC allows higher coding
efficiency but also demands more computational complexity from the encoder and decoder.
 In-loop Deblocking Filter – An in-loop deblocking filter is used to reduce the block artifacts in
the video sequence. By introducing this filter, the subjective quality is improved and, since it is
part of the prediction loop, predictions also become more accurate, leading to improvements in
the coding efficiency as well [5].
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b) Error Resilience and Network Customizability Tools
Besides the compression tools described above, the H.264/AVC standard also defines some tools
and design aspects targeting to improve the bitstream error robustness and to provide flexibility for a
better operation over a broad variety of applications and networks. Some of the most relevant tools
created with this purpose are:
 Parameter Sets – A parameter set is a group of parameters providing the decoder with
information about how the content was encoded, such as the picture size and optional coding
modes employed. There are two types of parameter sets:
o

Sequence parameter sets, which apply to a coded video sequence.

o

Picture parameter sets, which refer only to a single picture in the sequence.

The usage of parameter sets decouples the header information from the coded content. This
way, if several slices use the same parameter sets, there is no need to repeatedly send the
same information together with them, thus avoiding header redundancy. If increased error/loss
robustness is desired, sequence parameter sets can be sent more often, as the loss of such
information can be catastrophic in the decoding process. Also, there is the possibility to send
the parameter sets through a reliable separate channel to assure their correct reception, using
a so-called out-of-band parameter set transmission [1].
 Flexible Macroblock Ordering (FMO) – Typically, in prior standards, MBs could only be
grouped into slices in a raster scan order (from left to right, from top to bottom). Using FMO,
any MB can be freely associated to a specific slice group and thus transmitted in any desirable
order; for example, this tool may be used to minimize the impact caused by slice losses in
error-prone channels [6].
 Redundant Slices – This is another error resilience mechanism to allow the encoder to send
redundant information for specific regions of a picture in order to overcome possible identified
losses [1].
 Data Partitioning – This tool offers the possibility to separate different types of data in the
transmission. This feature is useful because MVs and other prediction information are more
valuable data for the decoding process than, for example, a given quantized coefficient. With
this feature, different kinds of syntax elements can be more or less protected, according to their
importance in the bitstream [1].
c) Profiles and levels
To conclude this brief description of H.264/AVC, it is important to refer the several profiles and
levels defined by this standard. Profiles and levels were already used in prior standards to facilitate the
interoperability between applications requiring similar functionalities, with a limited complexity. Profiles
define the set of tools that can be used in a specific bitstream (and thus indirectly in the encoding
process) so that normative decoders conforming to a specific profile can interpret the coded bitstream
and properly decode the content with a limited complexity. Levels define constraints on several
parameters of the encoded video, such as upper limits for the picture size and the size of the
multipicture buffers. In the first version of the H.264/AVC standard, created in 2003, only three profiles
were defined:
 Baseline Profile – This profile should provide good coding efficiency and error/loss robustness
with low computational complexity. It is targeted towards real-time applications for consumer
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electronics devices. Among other tools, this profile supports I and P slices, CAVLC and data
partitioning (but no B slices).
 Main Profile – This profile has the primary target of providing good coding efficiency (clearly
with more complexity). It mainly targets the broadcast market and the main coding tools it
supports are I, P and B slices, CAVLC and CABAC.
 Extended Profile – This profile has robustness and flexibility as the main target while reaching
the best coding efficiency. It is targeted towards applications running over error-prone
channels, such as mobile communications, and supports FMO, data partitioning and redundant
slices, as well as all Main profile tools with the exception of CABAC.
It is important to notice that the initial H.264/AVC standard was mainly directed to medium quality
entertainment video, considering an accuracy of 8 bits per sample and a 4:2:0 chroma sub-sampling
format. Further extensions were naturally developed to cover more demanding professional
applications, introducing in this process several new profiles, notably the High profiles included in the
so-called Fidelity Range Extensions (FRExt) [7]); Figure 2.4 shows a complete picture of the
H.264/AVC profiles.
Currently, the most efficient coding solution is provided by the High profile which extends the
functionality of the Main profile for more effective coding of high definition content, notably adding an
8×8 transform to be adaptively combined with the previous 4×4 transform and enabling encoder
defined perceptual quantization matrices.

Figure 2.4 – H.264/AVC profiles.
Two latter important extensions were also added to the H.264/AVC standard: in 2007, the Scalable
Video Coding (SVC) extension [8] which standardizes efficient scalable video coding and, in 2009, the
Multiview Video Coding (MVC) extension [9] which standardizes efficient coding for multiview video
applications.
The SVC standard’s objective is to enable the encoding of a high-quality video bitstream that
contains one or more subset bit streams that can themselves be decoded with a complexity and
reconstruction quality similar to that achieved using the existing H.264/AVC design, with the same
quantity of data as in the subset bitstream. SVC should provide functionalities such as graceful
degradation in lossy transmission environments as well as bitrate, format, and power adaptation; this
should provide enhancements to transmission and storage applications. When applying an optimized
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SVC encoder control, the bitrate increase relative to non-scalable H.264/AVC coding can be as low as
10%.
The MVC standard’s objective is to provide efficient coding of multiple views, stereo to multiview,
by exploiting the redundancy between views using inter-camera prediction to reduce the required
bitrate. MVC is a H.264/AVC extension without any changes of the slice layer syntax and below and of
the decoding process. To provide backward compatibility, it is mandatory for the multiview stream to
include a base view, which is independently coded from other non-base views in a H.264/AVC
compliant way. The typical MVC coding gains are: i) for stereo video, the rate of the dependent view is
reduced around 30%; and ii) for multi-view, rate savings overall all views are about 25%.
With all these extensions, the H.264/AVC standard became much more efficient, flexible and
functional than it was initially and it will probably continue to grow in the range of applications where it
is adopted. However, the basic predictive video coding principles are still the solid support of this
extremely popular and widely used video coding standard.

2.2 Reviewing Distributed Video Coding
As mentioned in Section 2.1, predictive video coding schemes exploit the temporal and spatial
redundancy at the encoder side. Therefore, the complexity of the encoding/decoding process is
unbalanced, as encoders are typically much more complex than decoders. This asymmetrical
complexity allocation approach is well-suited for applications following the so-called down-link model,
such as digital television broadcast and digital video storage, where video source signals are encoded
by a few encoders and decoded by millions of decoders. However, some emerging video applications
are better suited to an up-link model in which many encoders deliver video information to a central
decoder (see Figure 2.5). This type of applications, such as low-power video sensor networks and
surveillance systems, would be better served if some (or even most) of the encoder's complexity is
shifted to the decoder side [10].

Figure 2.5 – TV broadcast as an example of a Down-link application (left) and a surveillance system
as an example of an Up-link application (right).
Distribute Video Coding is an alternative video coding paradigm to predictive video coding which
better addresses the needs of the up-link applications while trying to maintain coding efficiency and
error robustness performance close to predictive video coding solutions (especially with equivalent
encoder complexity). This section reviews the basics on distributed video coding, followed by a
concise description of the DISCOVER DVC codec [11] [12], which represents currently the state-ofthe-art on this video coding approach.
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2.2.1 Basics
Although the first practical developments of distributed video codecs only appeared around 2002,
the foundations behind DVC are two Information Theory results from the 1970's: the Slepian-Wolf [13]
and the Wyner-Ziv [14] theorems.
The Slepian-Wolf theorem refers to the case of separate and independent encoding of two
statistically dependent, finite-alphabet, random sequences, X and Y, independently and identically
distributed (i.i.d). The theorem states that the minimum rate to encode these two correlated sources is
the same as the minimum rate for joint encoding (like in predictive video coding), with an arbitrarily
small error probability. Considering that

and

are the entropies associated to X and Y, the

theorem establishes the following rate boundaries to code the two sources with a vanishing error
probability (tending to lossless):

(2.1)

This means that, provided that the separate rates,

and

, are higher than their corresponding

conditional entropies, it is theoretically possible to achieve the same total rate with separate encoding
of X and Y (

) as if joint encoding was performed (where the rate is also

), like in

conventional predictive video coding schemes. Separate encoding and joint decoding schemes
employ Slepian-Wolf coding, which has a close relationship with channel coding. As Y and X are two
statistically correlated sequences, Y can be considered as an erroneous version of X after the
transmission of the latter over a virtual erroneous channel. Thus, if X is protected by channel coding
tools, it can be obtained from Y taken as the systematic information (with errors) in the joint decoding
process, by correcting the “errors” introduced by the virtual noisy channel; this only requires the
transmission for X of the error correcting (parity) bits and not of the systematic information.
Nevertheless, the Slepian-Wolf theorem considers only lossless coding, as it assumes that the source
information is precisely (with an arbitrarily small error probability) reconstructed at the joint decoder.
However, as lossless coding is less relevant in practice due to the very high associated rates,
further studies were carried out to address the more important case of lossy coding. Coding with
decoder side information is a special case of the distributed source coding considering the lossy
coding of a sequence X conditionally reconstructed using a correlated sequence Y, known in this
scenario as side information, and available at the decoder but not at the encoder. Studies in this field
carried by A. Wyner and J. Ziv led to the so-called Wyner-Ziv theorem, which states that for two
sequences, X and Y, that are jointly Gaussian and memoryless, independent coding with side
information does not bring any coding efficiency loss with respect to the joint encoding case, even if
the coding process is lossy when a mean-squared error distortion measure is considered [14].
Basically, this theorem extends the Slepian-Wolf theorem to the case of lossy coding with side
information at the decoder which may be more relevant from the practical point of view.
Together, the Slepian-Wolf and the Wyner-Ziv theorems are the basis of DVC. They suggest that
two statically dependent video sources can be coded in a distributed way, with separate encoding and
joint decoding, and still achieve the coding efficiency of conventional predictive video coding,
characterized by joint encoding and joint decoding. Moreover, as distributed video coding does not
rely on joint encoding, the encoder’s complexity may be lower than in predictive video coding, better
serving the emerging video applications referred in the beginning of this section, such as low-power
surveillance cameras, visual sensor networks, video conferencing with mobile devices, distributed
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video streaming and multiview video systems. Error resilience can also be improved with this new
coding approach since the whole separate encoding and joint decoding process is typically not based
on a temporal prediction loop, which is the main responsible for error propagation in predictive video
coding schemes.
In practice, the first DVC codecs appeared around 2002, due to the substantial advances in
channel coding at that time, which allowed the development of powerful channel error correction tools,
such as turbo and Low-Density Parity Check (LDPC) codes.
The first practical DVC solutions were developed based on Wyner-Ziv (WZ) coding with two
distinct architectures proposed by two different US universities: the Stanford University [15] and the
University of California, Berkeley [16]. In short, the first one was initially characterized by frame-based
Slepian-Wolf coding using turbo codes and a feedback channel while the second one, known as
PRISM (Power-efficient, Robust, hIgh compression Syndrome-based Multimedia coding), performed
block-based coding with decoder motion estimation; for further details on these DVC solutions, please
see [15] and [16].
Some practical solutions have been developed since then, most of them based on the Stanford
DVC solution, but the coding efficiency limits suggested by the theory have not yet been achieved,
meaning that there is still room for further research around this topic. The next subsection provides a
concise description of the Stanford based DISCOVER DVC codec [11] [12], which is one of the best
examples of DVC solutions, with close to state-of-the-art performance.

2.2.2 Concise Description of the DISCOVER DVC Solution
The DISCOVER DVC video codec was developed within the DISCOVER (DIStributed COding for
Video sERvices) project [11] and, although it follows the early Stanford DVC coding architecture, its
advanced tools and design improvements make it much different and more efficient than previous
Stanford DVC video coding solutions. For a better understanding of the DISCOVER codec, a global
overview of its architecture and coding process is firstly given, followed by a better description of some
of the specific coding tools used.
a) DISCOVER Architecture and Coding Process
A basic block diagram illustrating the DISCOVER DVC architecture is depicted in Figure 2.6.

Figure 2.6 – Block diagram of the DISCOVER DVC architecture [17].
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The encoding process starts by dividing the input video frames of a given video sequence into two
groups, the so-called key frames and WZ frames, which will be separately encoded. Key frames are
conventionally Intra coded, e.g. using an efficient H.264/AVC Intra encoder, and sent to the decoder.
The selection of key frames determines the GOP (Group Of Pictures) size, which is the number of
pictures between two key frames plus one (e.g. if all odd frames are chosen as key frames, the
corresponding GOP size is 2). In the DISCOVER codec, the GOP size can be fixed or it can vary
according to the content of the input video sequence [18]. The remaining frames that were not
selected as key frames, are all considered as WZ frames, implying that all of them are to be coded
using a WZ coding approach.
Each WZ frame is transformed using a 4x4 block-based DCT. The coefficients resulting for the
whole frame are grouped according to their DCT frequency band (in the case of a 4x4 DCT/IDCT
there are 16 different coefficient bands from the DC to the last AC) and each band is uniformly
quantized using

quantization levels. The number of bits used in the quantization process,

, may

vary according to the DCT band that is being quantized, as the quantization error in the various bands
has a different subjective impact. The quantized values of a given band for the full image are then
grouped into bit planes, each of them containing bits with the same significance from all the quantized
bit words. These planes of bits are then fed to a Low-Density Parity Check Accumulate (LDPCA)
channel encoder, from the most significant to the least significant bit plane. The LDPCA computes the
corresponding parity bits for each plane, which are subsequently stored in a buffer, in order to be after
progressively transmitted upon decoder requests through the available feedback channel. The
encoder may also estimate an initial number of parity bits to send for each bit plane, reducing the
number of requests needed by the decoder, and consequently reducing the transmission delay and
the decoding complexity. Finally, a Cyclic Redundancy Check (CRC) checksum is also sent to the
decoder for each bit plane in order to help detecting residual errors that may remain after the last
parity bits request.
On the decoder side, key frames are decoded by an H.264/AVC Intra decoder and stored in a
frame buffer. These stored frames are used to create the so-called Side Information (SI) for each WZ
frame. A motion compensated interpolation process [18] [19] is performed between the previous and
the next closer reference frames (adjacent key frames, if the GOP size is 2) in order to create an
estimation of the original WZ frame to be coded. A good estimation reduces the differences between
the original frame to be coded and the SI and consequently reduces the number of “errors” the
channel decoder needs to correct based on the parity bits requested from the encoder. After its
creation, a given SI frame is transformed using the same 4x4 DCT applied at the encoding process to
the original WZ frames. For an efficient decoding, the statistical correlation between the original WZ
frame to be coded and the SI has to be known; the correlation noise modeling module has the task to
estimate (at the decoder) the residual statistics between the WZ and SI frames (WZ – SI), assuming it
is modeled by a Laplacian distribution. With the residual information statistics, the LDPCA decoder
can correct the “errors” introduced by the virtual channel and obtain all the bit planes from all
coefficient bands of a given WZ frame, using the parity bits requested to the encoder through the
feedback channel. After the CRC checksum is verified for each bit plane, the decoded information is
properly organized in order to reconstruct the matrix with the decoded DCT coefficients for each block.
Finally, the 4x4 IDCT is performed to obtain the decoded WZ frames, which are conveniently
multiplexed with the key frames to produce the final decoded video sequence.
From the above description of the DISCOVER codec operation, it is clear that the major
associated complexity is shifted to the decoder and the prediction loop disappears. Temporal
redundancy exploitation is no longer performed at the encoder, which only performs Intra encoding for
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both key frames and WZ frames. The decoder is the one who now exploits the temporal correlation
between frames by creating the SI and reconstructing the video signal based on channel coding tools,
used to protect the virtual erroneous channel.
b) Specific DISCOVER Coding Tools
The next paragraphs provide more information about the most important DISCOVER coding tools
that were not enough detailed in the coding process description provided above, but have a critical
impact on the final codec performance.
 Adaptive GOP Size Selection – Using a variable GOP size instead of a fixed one enhances
coding efficiency, since the temporal correlation between the frames in the video sequences is
also time-varying. To achieve coding efficiency gains, the GOP size should be longer when the
amount of motion in a video sequence is low, which indicates more temporal redundancy
between frames. In these situations, using distant key frames to create SI may still produce
good SI estimations for the WZ frames in between, meaning that the decoded quality is not
compromised. On the other hand, when the amount of motion is high and video sequences
show less temporal redundancy between frames, the GOP size should decrease to maintain
the quality of the SI estimates. The amount of motion in video sequences can be measured in
the DISCOVER codec using simple histogram based activity metrics; the GOP length decision
is made with an algorithm that groups frames with similar amount of motion in order to create
more temporally correlated GOPs [18].
 Refined Quantization – After the 4x4 DCT/IDCT transform, DC and AC coefficients are
quantized in a different way. As DC coefficients typically have high positive values, these
coefficients are quantized using a uniform scalar quantizer without a symmetric quantization
interval around zero. This does not happen with AC coefficients, which are quantized using a
uniform scalar quantizer with symmetric intervals around zero. AC coefficients may also be
quantized using a varying quantization step that can be adapted to the dynamic range of each
frequency band, increasing the encoding efficiency by better exploiting the irrelevance present
in the video content using the HVS characteristics [20].
 Slepian-Wolf Coding – The Slepian-Wolf encoder uses LDPCA codes, which show better
performance than turbo codes (used in the early DVC solutions) for the virtual noisy channels
considered in DVC. LDPCA encoders consist of a LDPC syndrome encoder with a
concatenated accumulator allowing it to achieve better channel coding results in these
scenarios [21].
 Side Information Creation – This process strongly influences the final RD performance of a
DVC codec. In the DISCOVER codec, SI is created using motion compensated interpolation at
the block level. This process is rather complex and, therefore, it will only be briefly described
here (see [18] [19] for the details). The process starts by choosing the reference frames for
interpolation, which are the previous and the next adjacent frames when the GOP size is 2; for
longer GOPs, the reference frames selection process is explained in [18]. These reference
frames are both low-pass filtered and then forward motion estimation is performed using a
block matching algorithm. Bidirectional motion estimation is after performed, to find symmetrical
motion vectors from the original frame to the reference ones. A final spatial motion smoothing
process is applied to the resulting motion field, which is used to interpolate the final SI
estimation from both reference frames [18] [19].
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 Correlation Noise Modeling – The residual error statistics between the DCT coefficient bands
of the WZ and SI frames is modeled by a Laplacian distribution in the DISCOVER codec (and
in most DVC literature). The Laplacian distribution parameter is estimated on-line, at the DCT
band and coefficient level. The detailed estimation process is described in [22].
The experimental results in [11] obtained for meaningful test conditions show a promising RD
performance for the DISCOVER codec. Figure 2.7 shows these results for the sequences “Coast
Guard” and “Foreman”, coded at QCIF resolution, 15 Hz. The DISCOVER codec is compared with
three standard-based coding solutions, all with a low encoder complexity, so that the comparison is
fair: H.263+ Intra, H.264/AVC Intra and H.264/AVC Inter no motion (this means without motion
compensation). The DISCOVER codec is using a GOP size of 2 and the quantization parameters for
each RD point are chosen so that key frames and WZ frames have a similar average quality.

Figure 2.7 – RD performance for “Coast Guard” (top) and “Foreman” (bottom) sequences [11].
For both sequences, the DISCOVER codec always ‘wins’ against the H.263+ Intra codec.
Furthermore, for the “Coast Guard” sequence, the DISCOVER DVC based codec shows the best RD
performance for all the bitrates tested. The same does not happen for the “Foreman” sequence, where
the H.264/AVC no motion codec shows the best RD performance. However, in this case, the
DISCOVER DVC codec still ‘wins’ for the lower bitrates against H.264/AVC Intra, which is the most
efficient Intra coding solution currently available. The differences in performance are closely related to
the content of the two sequences with “Coast Guard” showing a more consistent motion variation
which is easier to estimate at the decoder side.
These are just two performance examples taken from [11], where the detailed test conditions and
other related results are available. In general, the DISCOVER DVC codec can be already considered
a competitive alternative to low encoder complexity conventional codecs, especially for well-behaved
content such as from video surveillance with static camera. This suggests a promising future for the
DVC approach, as there is still room for further research in order to improve the performance of the
existing DVC solutions.
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2.3 Overview of the Human Visual System
The main objective of video communication systems is to present perceptually satisfying video
information to human viewers. Therefore, video coding solutions must be designed taking into account
the characteristics of the Human Visual System (HVS), as a better understanding of these
characteristics should allow a more efficient representation of the video content, notably by discarding
the visual information that is not perceived by human viewers.
In this section, a brief overview of the HVS and its operation is given, notably addressing the visual
thresholding and masking mechanisms.

2.3.1 HVS Basic Operation
The HVS acquires, processes and interprets the information carried by visible light and allows
human beings to have a perception of the world around them. A perfectly matching model to the HVS
operation has not been developed yet, as much information about the complex processing tasks
performed is still unknown. Figure 2.8 describes the anatomy of the HVS and the human eye.

Figure 2.8 – Anatomy of the Human Visual System (left) and the human eye (right).
Light is first refracted in the surface of the eye by the cornea and enters the eyeball through the
pupil. It is after refracted in the lens and projected onto the retina, situated in the back of the eyeball.
The retina is considered to be an extension of the central nervous system, as it is there where the
electromagnetic energy of light is transduced by photoreceptor cells into electro-chemical signals that
can be interpreted by the nervous system. There are two major types of photoreceptors: cones and
rods. Rods operate at low illumination levels and do not contribute for the chromatic vision. On the
other hand, cones operate at higher light levels and are responsible for the detection of colors. There
are three different types of cones, according to their sensitivity to different wavelengths of visible light:
S-cones (short wavelengths), M-cones (medium wavelengths) and L-cones (large wavelengths).
The proteins in photoreceptor cells absorb photons and produce a change in the cells membrane
voltage, initiating a neural response to light. All these responses are combined by the neural networks
in the retina and exit the eye through the optic nerve thus sending the visual information to the lateral
geniculate nucleus, situated in the midbrain. Neurons of this part of the brain send the visual
information through optic radiations to the primary visual cortex, where the visual processing starts.
The primary visual cortex is located on the occipital lobe of the cerebral cortex and takes part in the
global visual processing mechanism carried by the whole visual cortex. There are other areas in the
visual cortex, each of them playing a different role by processing different vision modes, such as color,
shape and motion. It is the aggregation of all these complex processing mechanisms that provides a
continuous representation of the surrounding world for human beings (see [23] for a more detailed
explanation of the HVS operation).
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2.3.2 Visual Thresholding and Masking
When designing video and image coding schemes, it is important to know the characteristics and
limitations of human vision as they can be exploited with benefit. Transmitting visual information that
the HVS cannot perceive is a waste of memory, channel and computational resources, as human
beings are typically the final users of visual communication systems.
The perceptual limitations of the HVS are closely related to the concept of Just Noticeable
Distortion (JND). JND is the visibility threshold below which the HVS cannot detect any change in the
visual information [24]. JND is the reciprocal of the Contrast Sensitivity Function (CSF) which
expresses the ability to discern between luminance of different levels in a static image. JND-based
perceptual models are generally rather complex, as calculating the JND involves considering, for
example, the HVS processing characteristics and the variability of the threshold values with the visual
content. These models compute the thresholds at different levels of granularity, depending on whether
the quantization is performed in the pixel or the transform domain. The granularity levels range from
the frame level down to the frequency band level in a transformed block, if transform domain coding is
adopted. The main advantage of having a JND profile in image or video coding is that proper
quantization steps can be assigned adaptively according to the threshold values, choosing coarser
quantization steps when JND values are higher and finer ones when they are lower.
The interaction of the several elements of a picture or video can interfere in the perception of
visual information. The level of distortion introduced by quantization errors, for example, may be more
or less perceived by the HVS depending on possible masking effects caused by the spatial and
temporal characteristics of the content in the background areas. This is also a very important
phenomenon for audio coding. Distortions may be hidden by these masking effects that are a
consequence of the varying HVS distortion sensitivity. A better understanding of the HVS masking
effects allows an improved generation of JND threshold profiles that better model the HVS behavior.
This leads to improvements in the video and image compression efficiency due to a better
management of the quantization steps. Masking effects can occur due to spatial and temporal
interactions as described next.
a) Spatial Masking
Spatial masking occurs when a visual distortion, noticeable by itself, becomes less visible or even
undetectable due to the presence of other image content elements in the same spatial region. The
most well-known spatial masking mechanisms are:
 Frequency Band Masking – This type of spatial masking occurs due to the different sensitivity
of the human eye to visual distortions introduced at different spatial frequency bands. Visual
distortions in higher spatial frequencies are less perceptible than those occurring in lower
bands [25].
 Luminance Masking – Luminance variations in the background interfere with the perceptual
detection of image distortions. This masking mechanism is supported by the Weber-Fechner
law [24] which suggests that the minimum detectable luminance variation increases with the
background brightness. This means that visual distortions are less noticeable in areas with
brighter backgrounds [26].
 Texture Masking – Texture also influences the perception of visual distortions. Quantization
errors become less visible when they occur in areas with high texture characteristics [25].
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b) Temporal Masking
Temporal masking occurs when visual distortions become less perceptible or imperceptible due to
the temporal changes in video sequences. There are two main types of temporal masking to consider:
 Motion Masking – This temporal masking effect takes into account the motion activity between
successive frames. Visual distortions in areas with higher motion activity are less perceptible by
the HVS than those in static or low-motion regions. Motion direction also influences temporal
masking, as different masking effects can occur for different motion directions, even for the
same motion intensity [25].
 Sudden Changes Masking – When there are sudden changes in a video sequence, generally
associated to scene cuts, visual distortions in subsequent frames become less noticeable. This
type of temporal masking is almost irrelevant, as it only occurs in a few frames after the scene
cuts [27].
There are several models that attempt to model these visual masking effects. By adapting these
algorithms to video coding systems, it is possible to create better video coding solutions, thus offering
improved video coding efficiency. As perceptual-based coding tools typically act at the encoder, and
encoders are not normative in standard codecs, the perceptual coding tools mostly stay outside the
standard specification with the bitstream only providing some basic enablers; for example, while the
bitstream may allow to define the adopted quantization scaling matrices, the methods used for their
choice, e.g. HVS models, CSFs and JNDs, do not have to be standardized. In [25], Naccari and
Pereira propose a perceptual-based video coding solution taking advantage of spatial and temporal
masking effects to increase the H.264/AVC compression efficiency.

2.4 Reviewing the Most Relevant Perceptual-based and
Error Protection Video Coding Solutions
In addition to the video coding approaches described in the previous sections, it can be useful to
code a given video sequence considering the perceptual relevance of its content, especially when
dealing with low bitrate and/or error-prone channels where the resources are scarce or important
information deserves more protection. Thus, determining the perceptually most relevant regions of a
video sequence and coding them considering their importance may allow reaching a more subjectively
satisfying video quality in noisy environments or even achieving this quality using less bitrate
resources.
This section intends to briefly describe one of the most relevant perceptual-based video coding
solutions available in the literature and an alternative error protection video coding solution designed
to achieve an improved error resilience performance. The perceptual-based solution, described in
Subsection 2.4.1, is called Perceptually Unequal Packet Loss Protection by Weighting Saliency and
Error Propagation [28] and attempts to minimize the visual degradation caused by packet losses in
video transmissions. The alternative error protection solution, described in Subsection 2.4.2, is called
Systematic Lossy Error Protection (SLEP) and uses DVC principles to improve the error robustness of
conventional predictive video coding schemes. Another video coding solution called Perceptual-based
Coding for DVC [29] is briefly described in Appendix A, as it encloses an interesting perceptual-based
mechanism targeting to improve the coding efficiency of a DVC solution. This solution was not
included in this section as it is not as relevant for this Thesis as the other two mentioned above.
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2.4.1 Perceptually Unequal Loss Protection
The Perceptually Unequal Loss Protection (PULP) solution has been proposed by Ha et al. in [28].
The main objectives, architecture and performance of this perceptual-based video coding solution are
described in the following.
a) Objectives and Basic Approach
When transmitting video content over packet-based networks, packet losses can occur due to the
typical congestion, jitter and delay issues characteristic of this type of networks. The main PULP
objective is to minimize the effects of these packet losses by unequally protecting the video content
according to its perceptual relevance for human viewers.
With this purpose in mind, the PULP solution evaluates two main aspects of a video sequence in
order to assign different levels of importance to its video coding data:
 Error Propagation Weighting – The first aspect to analyze is the position of each frame within
the used GOP, as this position has a direct impact on the error propagation caused by packet
losses in the corresponding frame. As explained in Section 2.1, predictive video coding
schemes use previously decoded pictures (temporally in the past and/or in the future) as
references to perform motion-compensated temporal prediction, implying that the quality of a
decoded frame (that was not Intra coded) is strongly dependent on the correct reconstruction of
some previously decoded ones. In the PULP solution, it is simply assumed that the importance
of protecting each frame decreases from the first to the last frame in the GOP, as earlier packet
losses result in longer error propagation chains in the output video signal.
 Saliency and Foveation Weighting – The second aspect to analyze is the perceptual impact
that each part of a picture has on the HVS. The PULP solution uses saliency weighting tools
and a spatial filtering function known as foveation to attribute appropriate levels of importance
to the different regions within a frame, notably depending on the contrast, velocity magnitude,
motion partition and distance related to the fixation points. With this mechanism, regions
around presumed visual fixation points are assigned with more perceptual importance and
more protection resources can be allocated to the corresponding parts of the bitstream.
It is important to notice that this coding solution is only relevant for situations where channel
protection resources are limited and thus have to be used in a parsimonious way. This is typically the
case of video transmission over low bitrate channels, where the limited number of additional channel
coding bits for Forward Error Correction (FEC) needs to be conveniently distributed along the coded
bitstream to maximize the decoded quality. PULP targets to optimize the distribution of the FEC bits
using the saliency and error propagation weighting mechanisms presented above. Assuming this
information is available, this optimization takes also into account the dynamic packet-loss rate of the
transmission channel. At higher packet loss rates, the identified salient regions within the frames are
smaller, as the FEC data is invested on the perceptually most important parts of the picture. On the
other hand, at lower packet loss rates, the salient regions become larger and FEC bits are distributed
over a wider area around the identified saliency points as fewer bits are needed to protect each
region.
b) Architecture and Main Tools
The block diagram in Figure 2.9 shows the architecture of the PULP coding solution.
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Figure 2.9 – Basic PULP architecture [28].
As depicted in the block diagram in Figure 2.9, a few tools are added to a regular video encoder
like the predictive H.264/AVC standard encoder, in order to achieve a more efficient and perceptually
driven FEC packet transmission. The overall encoding process works as follows:
1. Video Encoding and Blocks of Packets Assembly – The input video frames are first fed to
a regular video encoder using conventional encoding techniques, e.g. H.264/AVC. After the
encoding process is complete, all the resulting encoded video packets for each GOP are
assembled into Blocks Of Packets (BOP) in a sequential order.
2. Perceptual Weighting of Error Propagation (PWEP) – During the encoding process, the
video encoder provides motion and GOP information to the PWEP mechanism in order to
estimate the potential degree of degradation in the perceptual video quality caused by packetlosses.
3. Foveation-Based Saliency Perceptual Weighting – The first part of the PWEP is a
foveation-based saliency perceptual weighting mechanism, used to calculate a measure of the
spatial distribution of the perceptually most relevant parts within each frame. This mechanism
is divided in two steps:
a.

Salient Point Selection – First, salient points are selected at the MB level using both
motion partition and velocity magnitude information provided by the video encoder during
the encoding process. Generally, small partition sizes are used in the prediction of a MB
when it contains detailed regions or object edges, whereas the absence of partition is
usually associated to stationary image regions. Moreover, the HVS also directs more
attention to moving objects, which can be detected at the MB level by measuring the
magnitude of the associated MV. If a MB is coded using small partition sizes and the
associated motion intensity is large, this MB is considered a salient MB (see Figure 2.10).

a)

b)
th

Figure 2.10 – Salient MBs selection for the 13 frame of the “Soccer” sequence: a) MB
partitions and b) Selected salient MBs [28].
22

b.

Foveation Weighting Model – The selected salient MBs are considered regions with
presumed visual interest. In short, the foveation-based weighting model considers that
the visual sensitivity of the HVS decreases exponentially with the distance from the center
of the visual fixation regions, known as foveation points; these regions are associated to
the MBs selected as salient points. When the human gaze is fixed in these specific parts
of the picture, light rays containing the visual information of these areas are directed by
the optics of the human eye to the fovea, which is the part of the retina with the highest
density of cones. The density of this type of photoreceptors decreases with the distance
from the fovea, meaning that the information from peripheral areas around the fixation
points is sampled with lower spatial resolution and consequently, local spatial variations
in these areas become less perceptible. The model targets to calculate the spatial
distribution of the Local Spatial Bandwidth (LSB) for each frame, which in practice is
⃗ , representing the highest

determined by a local spatial cut-off frequency,

perceptible spatial frequency at a given point ⃗. This frequency is given by
⃗
where

⃗

(2.2)

denotes the distance from the eye to an image of size

widths. In the expression above,

, measured in image

is the highest displayed frequency limited by the

display’s resolution, given by
(2.3)
⃗

and

is the spatial cut-off frequency calculated using foveation principles with

the following relation
(

⃗
where
and

)

(2.4)

⃗

is a half-resolution eccentricity constant,

is the minimum contrast threshold

is a spatial frequency decay constant (the recommended values for these

constants can be obtained from [28]). The metric
eccentricity and only depends on

⃗

is known as the retinal

and the distance from the foveation point associated

to ⃗. The cut-off frequency of the th MB in the th frame,

, is given by the average of

⃗ for the pixels in the corresponding MB
(
The values of

⃗ ).

(2.5)

are after quantized and the quantized version is denoted as ̂

.

Figure 2.11 shows an example of the LSB distribution for a video frame before the
quantization process.
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Figure 2.11 – Example of the LSB distribution created by the foveation-based perceptual
weighting model [28].
4. GOP Level Hierarchical Weighting – After the foveation-based saliency perceptual
weighting, the PWEP mechanism proceeds with a hierarchical weighting performed at the
GOP level. Each frame is assigned with a level of importance according to its position in the
GOP. As explained in the beginning of this section, the perceptual weight of each frame
decreases with the elapsed time within a GOP, meaning that it is more important to protect the
first frames in the GOP to prevent longer periods of error propagation. The error propagation
length caused by the loss of the th video packet of the th BOP,

, is measured by
(2.6)

where

is the used GOP size and

is the frame index in the GOP of the th video packet of

the th BOP. This measure of the error propagation length,

, represents the importance

level of each video packet according to the frame position within the GOP.
5. Fairness Level Consideration – The quantized values ̂

obtained from the PWEP are after

processed to take into account a so-called Fairness Level (FL), which depends on the channel
status. In practice, the FL determines the size of the salient region, indicating if channel
protection resources should be focused only on the most perceptually relevant areas of the
picture or if they should be distributed in a fairer way. If the packet loss rate is high, the
fairness level is low and thus the salient regions are reduced, meaning that more perceptual
weight is given to the regions already showing higher PWEP levels. If the packet-loss rate in
the channel is low, the FL is high and thus the salient regions become larger, providing a more
homogeneous distribution of the FEC data with the perceptual weighting of packets also
containing peripheral regions. To consider the FL in the spatial perceptual weighting, the ̂
values are mapped onto integer values,
taking into account the fairness level

, in the range [0,9]. These values are modified

using the following expression, where

denotes the

number of possible fairness levels.
̂

{

With this mapping, regions with higher
single region with the highest
a
with

ranging from 9 to 7 (

(2.7)
are grouped together according to

possible, . For example, when
) are grouped and assigned with ̂

are assigned to decreasing values of

assigned with ̂

̂

, regions with
, while the regions

(e.g. regions with

and so on). The resulting integer values ̂
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and

to become a

are

are mapped back to

the quantized spatial cut-off frequency values ̂

, and the FL foveation-based perceptual
, is calculated based on the new ̂

weight of the th video packet of the th BOP, ̂
values of all its MBs, according to
̂
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∑

̂
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is the th video packet of the th BOP and (

PWEP-FL( ) value, ̂

, is calculated using both

) is the set of MBs in

. The final

and the error propagation length,

,

with the following expression:
̂

̂

.
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6. Optimal FEC Assignment – Finally, the average PWEP-FL( ) is calculated for each BOP
according to
∑ ̂
where

(2.10)

denotes the number of video packets in the th BOP. FEC packets are after assigned

to each BOP according to this average value, using the optimal FEC assignment algorithm
proposed in [28].
c) Performance
The PULP solution performance was evaluated under several test conditions. Figure 2.12 shows
some of the experimental results obtained using 81 frames of the “City” and “Stefan” video sequences
coded at Common Intermediate Format (CIF) resolution, 30 Hz. For these experiments, the
H.264/AVC reference software available in [30] has been used with the following encoding
configuration: CABAC and in-loop deblocking filter enabled, motion estimation with variable block
sizes and a search range of 32, GOP size of 15 frames and a packet size of 1280 bits. The packet
losses were modeled using a two-state Markov channel model [31] with an average packet loss rate
ranging from 5% to 20% and an average burst length of 2. The PULP solution performance was
evaluated comparing the following four FEC allocation schemes:
 FEC-FL(0) – Typical PULP scheme using only the lowest fairness level, FL(0).
 FEC-FL(8) – Typical PULP scheme using only the second highest fairness level, FL(8).
 GOP and Resynchronization Integrated Protection (GRIP) – Solution proposed in [32]
considering only the error propagation length within GOPs as the perceptual weight.
 Equal FEC – No perceptual-based allocation is used.
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Figure 2.12 – PSNR for “City” (left) and “Stefan” (right) using a FEC ratio of 5% [28].
For both sequences, the equal FEC assignment scheme achieved lower PSNR values than the
perceptual-based FEC allocation solutions for all average packet loss rates. The GRIP and the PULP
schemes show similar PSNR values; however, this is an objective quality evaluation that generally
does not fully reflect the subjective visual quality. A more relevant comparison is made in Figure 2.13,
where the subjective quality of the 15
average packet loss rate of 5%.

a)

th

b)

frame of the “Stefan” sequence can be evaluated for an

c)

d)

e)

th

Figure 2.13 – Subjective quality comparison for the 15 frame of the “Stefan” sequence with an
average packet loss rate of 5%: a) Original, b) FEC-FL(0), c) FEC-FL(8), d) GRIP and e) Equal FEC
[28].
By analyzing the example in Figure 2.13, it is noticeable that both PULP schemes provide a more
visually appealing video quality than the GRIP and Equal FEC solutions, due to the perceptual
protection of the most relevant parts of the picture. As more FEC bits are assigned to the visually
salient regions, visual distortions are avoided in these areas, providing a better subjective quality for
the decoded video sequences.

2.4.2 Systematic Lossy Error Protection
The Systematic Lossy Error Protection (SLEP) solution has been proposed by Rane et al. in [33].
This video coding solution targets to improve the error robustness of predictive video coding solutions
using an alternative mechanism based on Wyner-Ziv (WZ) coding principles.
a) Objectives and Basic Approach
The main objective of the SLEP solution is to provide improved error robustness for video signals
transmitted over unreliable packet-based networks. With this purpose in mind, the SLEP solution
proposes an alternative error resilience mechanism that shows better performance than the
conventional FEC-based systems for the same amount of error protection resources.
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When video content is transmitted over unreliable or erroneous channels, losses and errors can
severely damage the decoded video quality. In these cases, channel coding tools such as FEC can be
used to protect the coded bitstream at the cost of a higher global transmission bitrate. However, when
channels experience high packet loss rates and FEC correcting codes start to fail, the decoded video
sequences suffer an abrupt visual quality degradation, commonly known as the ‘cliff effect’. The SLEP
solution attempts to minimize this sudden visual degradation in the output video signals, allowing the
quality to slowly degrade over a wider range of packet loss rates.
The SLEP solution combines the conventional predictive video coding approach adopted in video
coding standards with WZ coding to achieve a better error resilience performance. In short, the SLEP
solution uses first a regular H.264/AVC standard encoder to encode a given video sequence and
generate the primary, also called systematic, bitstream, which is directly fed to the transmission
channel without any type of channel coding protection. Using both Reed Solomon (RS) codes and the
Redundant Slices tool provided by the H.264/AVC standard to improve the error resilience (see
Section 2.1.2), the SLEP coding solution includes also a WZ encoder that produces an additional
bitstream (called the WZ bitstream) containing the parity information of a coarsely quantized
redundant representation of the systematic bitstream. This redundant information may be after
replicated at the decoder using the received WZ bitstream and used to fill the gaps created by channel
errors or losses in the received primary (H.264/AVC) video information.
b) Architecture and Main Tools
The block diagram of the SLEP solution architecture is depicted in Figure 2.14.

Figure 2.14 – SLEP encoder and decoder architecture [33].
The SLEP solution uses a mechanism based on WZ coding principles to improve the error
resilience of a regular H.264/AVC standard codec. The overall encoding/decoding process works as
follows:
1. Video Encoding and Redundant Slices Generation – At the encoder side, the input video
signal is fed to a regular predictive H.264/AVC standard encoder to generate the primary
coded bitstream. During the encoding process, each encoded MB is redundantly encoded
using a coarser quantization step to generate the so-called redundant slices. These redundant
slices have the same length, coding modes, motion vectors and reference frames as the
primary coded ones; they only differ on the quantization step used to code their MBs. The set
of all the redundant slices created for a given frame is called a redundant picture.
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2. Reed-Solomon (RS) Encoding – After the creation of a redundant picture, a RS code is
applied across the several redundant slices bitstreams to generate the respective parity slices
containing the resulting channel protection parity bits. The number of protection bits allocated
to each parity slice depends on the amount of bitrate resources allocated for error resilience
purposes.
3. Final Encoded Bitstream Generation – After the generation of the parity slices, the
redundant slices are discarded, as they are not transmitted to the decoder. The WZ encoder
only transmits the parity slices bitstreams and some additional helper information for each
slice, containing the index of the first MB, the number of MBs in the slice and the difference
between the quantization parameters used in the encoding process of the primary and
redundant slices. This information is sent to the decoder through the transmission channel
together with the primary coded bitstream generated by the encoder.
4. Primary Bitstream Decoding – At the decoder side, the H.264/AVC standard decoder
receives the primary bitstream. If all the slices of a primary coded picture are correctly
received, the WZ bitstream becomes irrelevant and can be discarded. In this case, the
decoder proceeds with the inverse transform of the quantized coefficients and produces a
decoded representation of the original frame, following the typical predictive video coding
operations. On the other hand, if at least one slice of a primary coded picture was lost or
corrupted, the WZ decoding process is activated.
5. Primary Decoded Information Requantization – The WZ decoding process starts by using
the helper information in the WZ bitstream to perform the requantization of the correctly
received primary slices, in order to replicate the redundant slices generated before at the WZ
encoder. This process is rather simple as the coding modes, motion vectors, reference frames
and slice lengths are the same for both primary and redundant slices. It is important to
emphasize that only the correctly received slices are requantized; the remaining ones are all
treated as erasures, i.e., as areas for which no information is available.
6. RS Decoding – After the requantization process is complete, the WZ decoder combines the
parity slices received in the WZ bitstream with the replicated redundant slices and performs
RS erasure decoding in order to recover the correct redundant picture, generated before at the
encoder. This mechanism is similar to the typical decoding process of a DVC solution, where
side information frames are created at the decoder and corrected using the parity bits received
from the encoder.
7. Lost Primary Slices Replacement – If the RS decoding process succeeds, the lost slices of
the primary bitstream are replaced by the recovered redundant slices. The H.264/AVC
decoder then proceeds with the conventional decoding process using the recovered motion
vectors and the coarsely quantized prediction errors of the MBs in the redundant slices,
instead of the erroneously received ones. It is important to notice that the lost portions of the
systematic bitstream are replaced by a slightly different representation of the correspondent
areas of the original picture, as the quantization steps used in primary and redundant slices
generation are not the same. For a fixed parity bitrate, the coarser the quantization steps used
for the redundant slices (and thus less bits to protect produced), the greater the error
robustness of the transmission. On the other hand, using considerably different quantization
steps increases the quantization mismatch in the decoded video signal and consequently
degrades the output video quality.
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8. Decoder-based Error Concealment - Finally, when the RS decoding process does not
succeed, a decoder-based error concealment scheme may be used as an attempt to minimize
the visual distortions in the output video signal.
c) Performance
Several experimental tests were carried under specific conditions in order to evaluate the
performance of the SLEP solution. The experimental results of these tests and their detailed
conditions may be consulted in [33]. Figure 2.15 shows two examples of these results obtained using
the “Football” and “Bus” video sequences, coded at 30 Hz, at SIF and CIF resolutions, respectively.
The sequences were mirrored and concatenated to a length of 4000 frames in order to minimize the
influence that the instantaneous variations in the channel behavior have on the average picture
quality. The codec used was the H.264/AVC reference software, version JM 11, available in [30]. The
video sequences were coded using an I frame in the beginning, followed by only P frames. To
minimize the error propagation effects, one row of MBs in each frame was Intra coded. In both
sequences, the primary bitrate used was 1024 kbit/s and the redundant slices were encoded with 25%
of the primary bitrate (both quantization parameters were controlled by the rate control method
provided by the H.264/AVC standard). The WZ bitrate allowed was 10% of the primary coded bitrate
and the size of the primary slices bitstreams was 800 bytes (fixed size). It was assumed that each
video slice is transmitted inside an IP packet, meaning that a packet loss results in the full erasure of a
video slice. The packet loss rates tested range from 0 to 20% and the RS code parameters used vary
according to the number of redundant slices per frame, which is the same as the number of primary
slices. This number depends on the video content of each frame, as the length of primary slices is
fixed. Finally, the non-normative decoder-based error concealment scheme in [34] was used for the
cases when RS erasure decoding was unable to recover the redundant slices at the decoder.

Figure 2.15 – PSNR for “Football” (left) and “Bus” (right) using a FEC rate of 10% of the primary
bitstream rate [33].
In the experimental results in Figure 2.15, the SLEP solution (SLEP-25) is compared with two
alternative coding solutions: 1) the conventional FEC solution (FEC), in which RS codes are applied
directly to the primary bitstream, producing an extra parity bitrate of 10% of the primary bitrate, and 2)
a simple decoder-based error concealment solution (EC), in which the non-normative H.264/AVC error
concealment scheme [34] is used at the decoder and all the available bitrate is allocated to the
primary bitstream, as no channel protection tools are applied. The data points in the charts correspond
to the experimental simulation results and the curves correspond to the theoretical values predicted
using an analytical model of the received video quality derived in [33].
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For both sequences, the conclusions are similar. At lower packet loss rates, the FEC solution
shows better error robustness due to the quantization mismatch introduced by the SLEP solution.
Although the PSNR values of the SLEP solution are lower in these cases, the differences in the
subjective quality of the output video signal are small. For higher packet loss rates (above 5%), the
SLEP solution clearly shows an average PSNR higher than the FEC solution. As the packet loss rate
increases, both FEC and SLEP solutions start to fail in protecting the content against channel errors.
The difference between the two solutions is that FEC applies error protection directly to the primary
bitstream, while the SLEP solution applies error protection to the redundant slices, coded using 25%
of the primary bitrate. As both solutions use the same rate resources for protection (10% of the
primary bitstream), the SLEP solution provides greater error protection than the conventional FEC for
a wider range of packet loss rates. It is important to notice that the redundant slices generated by the
SLEP solution are discarded, meaning that the global bitrate used by both FEC and SLEP solutions is
the same in this comparison.

30

Chapter 3

Perceptually Driven Error Protection: Video
Codec Architecture

After reviewing the most relevant video coding aspects and solutions related to perceptual error
protection in the previous chapter, this chapter will present the high-level architecture of the proposed
Perceptually Driven Error Protection (PDEP) video coding solution. The purpose of this description is
to familiarize the reader with the codec’s basic operation, identify the main functional modules involved
in the encoding/decoding process and explain how these modules interact with each other. The
processing details of the various tools used by the codec will be further addressed in Chapter 4.
The PDEP video codec architecture is based on a combination of tools used by the perceptualbased and error protection video coding solutions reviewed in Section 2.4 [28] [33]. The main objective
of this video coding solution is to maximize the overall RD performance under error-prone channel
conditions, notably by minimizing the degradation of the decoded output video quality caused by
packet losses during video transmission, based on the efficient use of the available rate-limited
channel protection resources. The high-level architecture of the proposed PDEP codec is depicted in
Figure 3.1. The main novel aspects of this codec regarding the literature are:
1. Insertion on the error protection process of an improved perceptual weighting mechanism
based on [28] using an architecture as proposed in [33].
2. Improvement of the requantization approach used in [33] by adding an alternative transcoding
technique from those proposed in [35].
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Figure 3.1 – High-level architecture of the PDEP video codec.
For a better understanding of the PDEP codec’s basic operation, the following walkthrough
provides a step-by-step description of the encoding and decoding processes.
The PDEP encoder proceeds as follows:
1. H.264/AVC Encoding – The input video sequence is firstly fed to a regular H.264/AVC
encoder, in this case a High profile encoder, where the predictive video coding tools provided
by the standard are applied to generate the primary compressed bitstream. The quality
associated to this stream corresponds to the target quality for the application at hand and is
controlled by setting the primary bitrate or the primary quantization parameter (QP). During the
encoding process, the H.264/AVC encoder creates the following encoding information, which
is relevant for the primary coded stream, but may also be provided to other encoder modules:
a.

Macroblock Modes and Motion Vectors – The encoder stores the partition modes and
motion vectors (MVs), as well the Intra prediction modes for the Intra MBs selected for
each encoded MB. This information is sent to both the Region Of Interest (ROI) Maps
Generator and the Open-Loop/Mode-Reuse Transcoder modules; however, as explained
later in this walkthrough, this information will be used for different purposes in each of
them.

b.

Quantized Inter Coefficients – The encoder also stores the coefficients resulting from
the quantization process of the Inter coded MBs and sends this information to the OpenLoop/Mode-Reuse Transcoder module.

c.

Primary Decoded Output – Being a typical predictive video encoder, the H.264/AVC
encoder needs to internally replicate the output of the decoding process, in order to
predict the next frames to code, based on the decoded information also available at the
decoder. This decoded output information for Intra coded MBs is also sent to the OpenLoop/Mode-Reuse Transcoder.

The resulting primary stream is directly transmitted over an error-prone communication
channel, where video packets are vulnerable to erasures due to the characteristic limitations of
packet-based networks. Each encoded slice is transmitted on a single packet, meaning that
the loss of one packet corresponds to the loss of an entire slice. In the adopted slice structure,
each slice contains a fixed number of MBs corresponding to the width of a picture in MBs,
meaning that each encoded slice represents one full row of MBs in the picture.
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2. ROI Maps Generation – Based on the coding modes and MVs information provided by the
H.264/AVC Encoder, the ROI Maps Generator decides whether a MB belongs to a
perceptually relevant area of the picture (foreground area) or to a perceptually less important
region (background area). To reduce the associated complexity, this perceptual analysis
process is performed in the compressed domain which, naturally, limits the quality of the
classification results. When all the MBs of a picture are perceptually evaluated, the ROI Maps
Generator creates a simple binary map at the MB level where the MBs belonging to the
foreground area are labeled with 1’s and the MBs belonging to the background area are
labeled with 0’s. These maps are called ROI Maps and are sent to the Open-Loop/ModeReuse Transcoder to control the QP used in the redundant stream generation, this means to
adjust the quality and rate of the redundant coding process to be error protected. The ROI
Maps are also sent to the ROI Maps Encoder, to be compressed and sent to the decoder
through the communication channel, so that the decoder may know which MBs belong to the
foreground and background areas. The decision process used to generate the ROI Maps will
be described in detail in Section 4.1.2.
3. ROI Maps Encoding – Before sending the ROI Maps to the decoder, these maps are
compressed to reduce the bitrate associated to its transmission. Considering these are very
simple binary maps, the generic WinZip compression tool available in [36] is used to compress
them. Two additional parameters described in the next step of this walkthrough, called the
foreground and background QP increments, are compressed together with the ROI Maps and
the resulting compressed stream is sent to the decoder (see ROI Maps stream in Figure 3.1).
4. Open-Loop/Mode-Reuse Transcoding – After receiving the ROI Maps from the ROI Maps
Generator and the coding modes and MVs from the H.264/AVC Encoder, the Openloop/Mode-Reuse Transcoder module creates a lower quality/rate version of the primary
stream using two distinct transcoding methods (the differences will be detailed in Chapter 4):
a.

Mode-Reuse Intra Transcoding – Based on the primary decoded output received from
the H.264/AVC encoder, this technique is used to create a coarsely quantized
representation of the primary stream for the Intra coded MBs (this technique will be
described in detail in Section 4.1.4).

b.

Open-Loop Inter Transcoding – This transcoding method uses the quantized Inter
coefficients provided by the H.264/AVC encoder to create a coarsely quantized
representation of the primary stream but only for Inter coded MBs, as the Intra coded
MBs are addressed by the other transcoding solution (this technique will be described in
detail in Section 4.1.4).

Both transcoding techniques can be seen as requantization processes that together generate
a redundant representation of the primary stream (the redundant stream) with lower quality
and thus with lower rate. The redundant stream follows the same slice structure of the primary
stream, meaning that each slice of the redundant stream (redundant slice) contains the same
number of MBs of its corresponding primary slice. Each MB in a redundant slice uses exactly
the same coding modes and MVs as its corresponding primary MB, but its DCT coefficients
are quantized with a higher QP. Using the same coding modes and MVs in the redundant
stream reduces the complexity of the transcoding processes, as the computationally heavy
motion estimation and Intra prediction processes are avoided. The redundant stream QP
increment is a very important parameter, as it defines the quality and bitrate of the redundant
stream and, consequently, the level of error protection for a fixed Wyner-Ziv (WZ) stream rate.
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The QP increment may be the same for all the MBs, meaning that no ROI Maps are exploited,
or be different for the foreground and background regions, with a higher QP increment for the
background MBs than for the perceptually most important MBs, as the first are perceptually
less relevant. The QP increments for both background and foreground areas used in the
transcoding process are appended to the ROI Map information and compressed together by
the ROI Maps Encoder before they are sent to the decoder (see QP Inc. in Figure 3.1).
5. Reed-Solomon Encoding – After the transcoding process is applied to each entire picture,
the Reed-Solomon (RS) Encoder applies a RS error correcting code across the redundant
slices generated in the previous step. The parity information resulting from the RS encoding
process is grouped into a special type of slices called parity slices. Together, these parity
slices form the WZ Stream represented in Figure 3.1, which is sent to the decoder along with
the primary and ROI Maps streams. It is important to emphasize that only the parity slices
generated by the RS encoder are sent to the decoder in the WZ stream; the redundant stream
used to generate this parity information is discarded after the RS encoding process, as it will
be regenerated at the decoder based on the primary stream. Again, the WZ stream rate is a
very important system parameter, as it controls the amount of error protection adopted for the
redundant stream. This technique will be described in detail in Section 4.1.5.
At the other side of the communication, the PDEP decoder receives the bitstreams sent by the
encoder and proceeds as follows:
1. H.264/AVC Decoding – The received primary stream is fed to a regular H.264/AVC decoder,
High profile decoder in this case, in order to decode the primary slices that were not lost during
the transmission. Similarly to the H.264/AVC Encoder, this decoder stores the coding modes,
MVs and quantized Inter coefficients for each MB of the received primary slices, which are
also provided to the Open-Loop/Mode-Reuse Transcoder. When losses occur, the missing
parts of the affected picture are temporarily left empty.
2. ROI Maps Decoding – The received ROI Maps stream from the ROI Maps Encoder module at
the encoder is decoded by the ROI Maps Decoder using the WinZip decoder tool to recover
the original ROI Maps and QP increments. The decoded ROI Maps and QP increments are
after sent to the Open-Loop/Mode-Reuse Transcoder module at the decoder.
3. Open-Loop/Mode-Reuse Transcoding – Using the correctly received decoded primary slices
and the Inter quantized coefficients provided by the H.264/AVC decoder, the OpenLoop/Mode-Reuse Transcoder replicates the encoder generation of the redundant stream by
repeating the transcoding process previously performed at the encoder. The ROI Maps and
QP increments received from the ROI Maps Decoder are used to control the quality/rate of the
redundant stream, forcing the redundant stream generated at the decoder to be exactly the
same as the one generated by the transcoding module at the encoder. However, the
transcoding process at the decoder can only be performed for the correctly received primary
slices and not for the non-correctly received ones, which have to be recovered by other
means. The resulting redundant stream for the received slices is used as systematic
information by the RS decoder.
4. Reed-Solomon Decoding – At this point, the decoder has the redundant stream generated
from the correctly received primary slices and the parity slices received through the WZ stream
for each frame. With this information, the RS decoder performs erasure decoding across the
correctly received redundant slices in an attempt to recover the erased redundant stream
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slices, using the received RS parity data. This technique will be described in detail in Section
4.2.4.
5. Redundant Slices Decoding – If the RS decoder succeeds, the recovered redundant slices
are decoded by a standard H.264/AVC decoder using the previously decoded pictures as
prediction references (see Figure 3.1).
6. Error Concealment – In case the number of lost primary slices exceeds the correcting
capacity of the applied RS code, the RS erasure decoding process fails. In this scenario, an
error concealment mechanism based on the previously decoded pictures is used, in an
attempt to fill in the missing visual information of the current picture. This technique will be
described in detail in Section 4.2.6.
7. Slice

Multiplexing

–

Finally,

the

correctly

received

primary

slices

and

the

concealed/recovered ones are combined to generate the final decoded picture. This picture is
internally stored and used as reference by the primary and redundant decoders for decoding
the next frames and also by the error concealment mechanism.
From the above, it may be concluded that the main encoding parameters determining the final
performance of the PDEP coding solution are:
 Primary stream bitrate, which defines the target quality and primary rate for the application at
hand, notably for error free conditions.
 QP increments for both the background and foreground areas, which define the lower quality
(and rate) for the redundant stream and thus the backup quality that should be recovered when
some primary stream slices are lost. The higher this rate is, the lower will be the error
protection for a fixed WZ stream bitrate.
 WZ stream bitrate, which defines the amount of resources invested in error protection; the total
rate is the sum of the primary stream rate with the WZ stream bitrate and the ROI Maps stream
bitrate.
To sum up, the idea behind the PDEP codec is to apply the available channel protection bitrate
resources to a lower-quality version of the primary stream, the redundant stream, instead of applying it
directly to the primary stream. This way, the channel protection provided by the applied RS code
increases, as the available protection bitrate is allocated to less binary information, providing a higher
level of protection. Lowering the quality of the redundant stream increases the successful RS erasure
decoding ratio, but also decreases the quality of the recovered slices used to replace the missing
primary ones. Controlling this trade-off between the redundant stream quality, rate and the associated
error protection is the main challenge of this codec. Moreover, controlling the quality of the redundant
slices with the ROI Maps allows an intelligent reduction of the redundant stream bitrate by increasing
the quality degradation of the background areas, this means where it ‘hurts’ less. This way, the
successful RS decoding ratio is increased without severely damaging the quality of the perceptually
most relevant parts of the decoded output.
The next chapter will provide a detailed description of all the encoding/decoding modules in the
proposed PDEP codec.
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Chapter 4

Perceptually Driven Error Protection: Video
Codec Tools

The purpose of this chapter is to describe in detail the tools used in the proposed Perceptually
Driven Error Protection (PDEP) video codec. For a better organization of this description, the chapter
is divided in two sections: Section 4.1 describing the tools used by the PDEP encoder and Section 4.2
describing the tools used by the PDEP decoder.

4.1 Encoder Tools
The main goal of this section is to provide the detailed description of the tools used in the PDEP
encoder. This section is split into five sub-sections, each of them presenting the operational details
associated to each module involved in the overall encoding process. The modules are described
according to their order of appearance in Chapter 3.

4.1.1 H.264/AVC Encoder
The first tool used by the PDEP encoding process is a regular H.264/AVC High profile encoder,
which is the most efficient (and also complex) non-professional H.264/AVC profile, typically used for
HD content. As explained in Chapter 3, the H.264/AVC Encoder is responsible for the generation of
the primary H.264/AVC compliant bitstream, in this case using the coding tools provided by the
H.264/AVC High profile.
Among the many coding parameters and constraints defining the operation of the H.264/AVC
Encoder used in the PDEP codec, there are two particular cases deserving particular attention, as
they influence the operation of the subsequent PDEP encoder and decoder modules:
1. Slice Structure – The first relevant constraint is the adopted slice structure; in this case, each
encoded slice corresponds to a fixed number of MBs, given by the number of MBs in a MB
row of the encoded picture. While using this slice structure is not essential for the correct
behavior of the PDEP encoder, this specific structure simplifies the transcoding process at the
encoder, as it will be explained in Section 4.1.4.
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2.

Constrained Intra Prediction – The second constraint regards the usage of constrained Intra
predictions for the Intra coded MBs. This feature consists on forcing the spatial prediction of
Intra coded MBs to be based only on previously Intra coded neighbor blocks (and not Inter
coded to avoid drift propagation). This decision slightly compromises the Rate-Distortion (RD)
performance of the primary bitstream but increases the error resilience in error-prone
scenarios. In terms of the overall operation of the PDEP codec, enabling this constraint is
essential to the correct operation of the Open-Loop/Mode-Reuse Transcoder module, as it will
be explained later in Section 4.1.4.

The H.264/AVC Encoder generates the primary bitstream encapsulated in Real-time Transport
Protocol (RTP) packets and sends it to the PDEP decoder. As mentioned in the previous chapter, the
H.264/AVC Encoder also provides the following encoding information to the other PDEP encoder
modules:
 Coding Modes and Motion Vectors (MVs) – The MVs and coding modes assigned to each
MB during the encoding process of the primary bitstream are provided to the ROI Maps
Generator module. This encoding information is also provided to the Open-Loop/Mode-Reuse
Transcoder, together with the selected DCT size, this means 4x4 or 8x8, and the reference
frame index associated to each MV.
 Quantized Inter DCT Coefficients – The H.264/AVC Encoder provides the set of quantized
DCT coefficients resulting from the encoding process of each Inter coded MB to the OpenLoop/Mode-Reuse Transcoder for the luma and chroma components. These coefficients are a
copy of the quantized coefficients sent in the primary bitstream for the Inter coded MBs.
 Decoded Intra MBs – For the Intra coded MBs, the H.264/AVC Encoder provides the internally
generated decoded version of this type of MBs to the Open-Loop/Mode-Reuse Transcoder for
the luma and chroma components. This means that, for each Intra coded MB, the type of
information provided to the Open-Loop/Mode-Reuse Transcoder is a set of decoded sample
values instead of a set of quantized DCT coefficients.
The PDEP encoder modules described later in this section rely on the encoding information above
to generate the two other outputs of the overall PDEP encoder: the ROI Maps bitstream and the
Wyner-Ziv (WZ) bitstream.

4.1.2 ROI Maps Generator
The ROI Maps Generator uses the motion information and coding modes provided by the
H.264/AVC Encoder for each MB to determine the perceptual relevance of the visual content using
only these encoded video sequence syntactic elements. The ROI Maps Generator architecture is
based on the foveation-based saliency perceptual weighting architecture presented in [28] and
described in Section 2.4.1.
As explained in Chapter 3, the goal of the ROI Maps Generator is to create a binary map for each
frame, called the ROI Map, where to each MB is associated one bit indicating if the MB is perceptually
important (bit value set to ‘1’) or non-perceptually relevant (bit value set to ‘0’). To achieve this goal,
the ROI Maps Generator process is divided into the four main processing stages illustrated in Figure
4.1.
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Figure 4.1 – ROI Maps Generator architecture.
The next paragraphs give a detailed description of the operations performed at each of the stages
of the whole ROI Maps Generation process represented in Figure 4.1.
Stage A: MB Average Motion Intensity Computation
The first step of the ROI Maps Generation process is to compute the average MV intensity of each
MB. The goal of this stage is to obtain a single value for each MB to represent the amount of motion
associated to it, taking into account all the MVs associated to its partitions. This stage is not explicitly
defined in the perceptual evaluation method proposed in [28] and, therefore, the author decided to
define a solution as proposed in the next paragraphs.
The coding modes received from the H.264/AVC Encoder for each MB provide the information
about the type (Intra or Inter) and partitions used to build the MB’s prediction values (16x16, 8x8,
etc…). For Intra coded MBs, computing the average motion intensity is straightforward, as these MBs
are not associated to MVs and, therefore, their average motion intensity is considered to be null. On
the other hand, Inter coded MBs may be associated to more than one MV, depending on the number
of partitions used in the encoding process to predict the MB’s content. To compute a reasonable
average motion intensity for these cases, each partition, whatever its size, is divided into its 4x4 subblocks, as this is the smallest partition size allowed for H.264/AVC prediction. After, to each of the 4x4
sub-blocks is associated the same MV of the corresponding partition block, whatever its size, as
depicted in the example in Figure 4.2.

a)
b)
Figure 4.2 – MB division to compute the MB average motion intensity: a) Original partitioning structure
and b) 4x4 resolution partitioning structure used only to compute the MB’s average motion intensity.
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For each 4x4 sub-block, , the motion intensity value,

, is obtained by measuring the amplitude

of the corresponding MV given by
√
where

and

(4.1)

are the horizontal and vertical components of the corresponding MV,

respectively. If there are two MVs associated to a single partition (bi-predictive inter-prediction in BMBs), the motion intensity of that partition,

, is given by the average of the amplitudes of both MVs.

As the original partitions of each MB are split into 4x4 sub-blocks, the total number of
components contributing for the final average motion intensity of a MB is always 16. Thus, for the th
MB of the th frame, the average motion intensity

is given by
∑

where

(4.2)

denotes the motion intensity of the 4x4 sub-block partition, .

After computing the average motion intensity for all the MBs of a given frame, the resulting set of
values is provided to the next stage, along with the respective coding modes, to be used in the
salient MBs selection process.
Stage B: Motion Parameters Determination and Salient MBs Selection
The goal of Stage B is to use the information received from Stage A to select the salient MBs,
which should correspond to the areas of the picture where the human visual attention is presumed to
be focused. It is important to emphasize that the salient MBs resulting from this stage only represent
the presumed visual fixation points and not the final perceptually relevant areas of the picture
represented in the ROI Maps.
Before the MB selection process takes place, two motion parameters need to be computed to be
further used in the salient MBs selection process. These parameters are:
 Motion Average – The motion average of the th frame of the video sequence,
the average of the non-zero

, is given by

values computed in the previous stage and can be obtained

using the following expression
∑
where

denotes the set of non-zero

of non-zero values in

(4.3)

values in the th frame and

denotes the number

.

 Motion Standard Deviation – The motion standard deviation of the
standard deviation of the non-zero

th frame,

, is the

values computed in the previous stage. This value is

given by
∑ (

√
where

and

)

(4.4)

have the same meaning as in (4.3).

The decision to compute the parameters above only for the non-zero
one proposed in [28], which considers all the

values differs from the

values of the frame instead. This decision was taken

based on several experiments performed to enhance the salient MBs selection process under the
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conditions in which the PDEP codec aims to operate, this means spatial resolution, temporal
resolution, GOP structure, etc.
After computing the necessary motion parameters, each MB goes through a selection process
that intends to identify which MBs are considered to be visual fixation points (salient MBs) and which
are not (non-salient MBs). This selection process is based on the one proposed in [28] and described
in Section 2.4.1, where motion activity and texture detail are taken as the key selection criteria.
However, two novel selection stages were added to the selection process in [28] to improve the
selection performance of the PDEP codec. The resulting decision algorithm applied to each MB is
illustrated in Figure 4.3, where the selection stages proposed by the author are represented in blue.
Modes & Average
Motion Intensity In,k

Mode ≠ 16x16?

No

Yes

μn, δn

0 < In,k < Δn?

No

Yes

Inside Central
Area?

No

Yes
Choose the N
Largest Blobs in
the Frame

Yes

Motion
Consistent?

Salient MB

No

Non-salient MB

Figure 4.3 – Salient MBs selection algorithm for the th MB of the th frame.
As depicted in the salient MBs selection algorithm flowchart in Figure 4.3, this process performs a
few simple tests to each MB to classify it as salient or non-salient. The following walkthrough
describes the proposed selection stages:
1. Coding Mode Assessment – The first classification step regards the coding mode
assessment targeting to determine if a MB is used to represent a textured area of the video
content or not. A MB using small blocks in the prediction partitioning generally contains object
edges or detailed parts of a picture, which generally attract the human visual attention. Thus,
the MBs using only one 16x16 partition for prediction are immediately classified as non-salient,
as they are likely to contain stationary parts of the picture, usually associated to the
background areas.
2. Average Motion Intensity Assessment – The remaining MBs are after assessed according
to their average motion intensity, as moving objects often capture the human visual attention.
For this reason, the MBs with a null average motion intensity value,

, are excluded from the

possible salient MBs class. An upper bound to the average motion intensity value associated
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to a given MB needs also to be established as the parts of the picture associated to very rapid
temporal transitions tend to be less perceived by the HVS [37]. Hence, for the th MB of the
th frame to be considered salient, its average motion intensity,

, must fall inside the

following interval
(4.5)
where

is the motion intensity threshold, given by
.

(4.6)

This way, not only the MBs with no motion are excluded from the salient MB candidates, but
also the MBs that can have their perceptibility affected by their excessive motion intensity are
considered to be non-salient.
3. Central Area Assessment – The HVS tends to select visual fixation points near the center of
the pictures [38] and, therefore, the MBs near the picture boundaries should not belong to the
salient MBs class. With this purpose in mind, all the previously selected possible salient MBs
falling outside a central rectangular area are considered to be non-salient. The dimensions of
the central rectangular area used for saliency definition purposes were chosen according to a
fixed percentage of the dimensions of the original video frame. Assuming that

and

are,

respectively, the width and height of a given frame in MBs, the central rectangular area is
chosen so that the first and the last

MBs of each MB row, and the first and the last

in each MB column are considered to be non-salient. The chosen values of
correspond to the largest integer number not larger than 10% of

and

MBs
and

, respectively. For a

better understanding of how the dimensions of the central rectangular area are obtained,
Figure 4.4 shows an example for a picture with
spatial resolution of 1280×720 pixels. In this case,

and

which corresponds to a
and

, as shown in the

zoomed area of the picture in Figure 4.4.

Figure 4.4 – Example dimensions for the central rectangular area.
Every MB belonging to the excluding area represented in blue in Figure 4.4 is considered to be
non-salient.
4. Motion Consistency Assessment – The next selection step assesses the motion
consistency through time. Assuming that the visual fixation points in a video sequence are
typically propagated across consecutive frames, a MB can only be accepted as salient if the
MB at the same position in the previous or in the next frames was also considered to be a
salient candidate, after the three previous steps of this walkthrough. If both MBs in the same
position of the previous and next frames were already considered to be non-salient after the
three previous steps of this walkthrough, the current MB is classified as non-salient. This
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motion consistency assessment has an impact on the delay of the overall encoding process,
as it can only be performed for the th frame of the video sequence after performing the three
previous evaluation steps of this walkthrough for frames

and

. This means that, for

a given frame, the overall salient MBs selection process is suspended at the motion
consistency assessment step, until the three previous steps of this walkthrough are complete
for the previous and next frames, which can only be performed after the respective encoding
process. Therefore, the delay resulting from the motion consistency assessment depends on
the GOP structure used in the encoding process. In case an IBBP GOP structure is used, the
maximum delay occurs for I and P frames, as they are placed before a B frame, which will only
be encoded after coding the next anchor frame (I or P), assuming that classical B frames are
used.
5.

Largest Blobs Selection – From the previously selected MBs, only those belonging to the
largest 4-neighborhood connected salient areas, the salient blobs, are considered to be the
final salient MBs. The blobs are defined as groups of 4-connected adjacent candidates to
salient MBs in the horizontal and vertical directions. The value of

may be adapted according

to the spatial resolution of the video sequence. In the experiments described in Chapter 5 to
evaluate the performance of the proposed video codec,

was used, as it was assumed

that typically there are no more than two separate main visual fixation areas in a picture with
the tested spatial resolution (1280x720). In case there are two or more blobs with the same
size in a picture, the tie-breaking criterion is the distance from each blob to the center of the
picture. The distance from the

th blob in the tie-breaking process to the center of the picture,

, is given by the average of the distances from the center of the MBs inside the

th blob to

the center of the picture, according to the following expression
∑
where

√

(

)

(4.7)

is the set of coordinates of the central points of all the MBs belonging to the

blob in the tie-breaking process,

denotes the number of MBs in the

th blob and

th
and

denote the coordinates of the central point of the picture. The closest blobs to the center,
meaning those with the lower

value, are considered to have higher perceptual relevance.

The MBs belonging to the
largest blobs are considered to be the presumed visual fixation
points of the respective picture and only these MBs are classified as the final salient MBs.
Figure 4.5 and Figure 4.6 show the result of some of the assessment steps performed by the
Salient MBs Selection process for two different video sequences; the salient MBs mask is overlaid on
the corresponding original video frame.
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a)

b)

c)

d)
th

Figure 4.5 – Salient MBs Selection process performed on the 126 frame of the “Raven” sequence
after the following steps: a) Average motion intensity assessment , b) Central area assessment, c)
Motion consistency assessment and d) largest blobs selection (final salient MBs).

a)

b)

c)

d)
th

Figure 4.6 – Salient MBs Selection process performed on the 56 frame of the “Sheriff” sequence after
the following steps: a) Average motion intensity assessment, b) Central area assessment, c) Motion
consistency assessment and d) largest blobs selection (final salient MBs).
In case the Salient MBs Selection process described above does not select any MB in a frame as
salient MB (e.g. in Intra coded frames), the salient MBs selected for that frame are the same as the
salient MBs selected for the previous frame in time. In the special case of the first frame, which is
always of type Intra, all MBs are classified as salient MBs.
Stage C: Foveation-Based Perceptual Weighting
After selecting the salient MBs in the previous stage, Stage C aims at generating the foveation
maps associated to the selected salient MBs. Although the selected salient MBs are considered to be
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the presumed visual fixation points in a picture, these are not the only MBs that should be considered
perceptually relevant to the HVS. The foveation maps generated at this stage intend to quantify the
perceptual importance associated to all the remaining MBs surrounding the salient ones, taking into
account the characteristics of the HVS and the salient MBs selected in the previous stage.
The foveation maps are obtained using the foveation weighting model described in [28] and [39],
which attempts to model the decay of visual perceptibility around the points where the human gaze is
fixed, known as foveation points. This visual perceptibility decay is due to the non-uniform distribution
of the photoreceptors around the fovea, which is the part of the retina where the light rays associated
to the visual fixation points are directed by the human eye. As the density of photoreceptors decreases
with the distance from the fovea, the parts of the picture surrounding the visual fixation points are
sampled with lower spatial resolution, leading to a lower perceptibility of the spatial variations
occurring in the surroundings of the fixation points.
From a practical point of view, the foveation model assigns to each MB a value of the Local Spatial
Bandwidth (LSB), given by the local spatial cut-off frequency,

, representing the highest

perceptible spatial frequency for the th MB of the th frame. A practical description of the main steps
involved in the determination of the local spatial cut-off frequency value for a given MB is provided in
the following:
1. Distance to the Closest Foveation Point Computation – The first step is to compute the
distance from the samples of a given MB

to the closest foveation point, which is assumed to

be the center of the closest salient MB. This distance is measured in pixels and, for a given
pixel ⃗ with coordinates (

), is given by
√(

⃗
where

and

)

(

)

(4.8)

are the coordinates of the central point of the closest salient MB. In practice,
⃗ from the point ⃗ to the center of all

the foveation-based model computes the distance

selected salient MBs and selects the lowest computed value, here denoted as
2. Retinal Eccentricity Computation – After calculating

⃗

⃗

.

for every pixel ⃗ in the th MB,

the foveation-based model computes the retinal eccentricity measured in degrees,

⃗ ,

associated to a given pixel ⃗. The retinal eccentricity expresses the visual resolution response
as a function of the placement of the visual stimulus on the retina relative to the fovea [28] and
can be obtained using the following expression
⃗
where

is the image width in pixels and

(

⃗

)

(4.9)

is the viewing distance from the observer to the

display plane measured in image widths.
3. Local Spatial Cut-off Frequency Computation – For a given pixel ⃗, the local spatial cut-off
frequency

⃗ is given by
⃗

where

⃗

(4.10)

is the highest displayed spatial frequency allowed by the display’s resolution,

given by
(4.11)
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⃗

and

is the theoretical local spatial frequency associated to the pixel ⃗ by the

foveation model, calculated using the following expression
(

⃗
In the expression above,
contrast threshold and

)

(4.12)

⃗

is a half-resolution eccentricity constant,

is the minimum

is a spatial frequency decay constant. The values assumed for these
⁄ and
,
, taken from [28].

constants were

4. Final Local Spatial Cut-off Frequency Computation – The final local spatial cut-off
frequency for a given MB

in the

th frame,

, is given by the average

⃗ value

computed for the pixels inside the corresponding MB
(
The computed

⃗ ).

(4.13)

values represent the highest spatial frequency perceived by the HVS at

the location of the th MB of the th frame. This value defines the LSB associated to a given
MB and, apart from the viewing distance from the observer to the screen, , it only depends
on the distance to the nearest foveation point.
The resulting

values for all the MBs in a frame are after quantized to the values in Table 1,

corresponding to the normalized local spatial frequency values in the 4x4 DCT domain [28]. In
practice, the values in Table 4.1 represent the spatial variations associated to each coefficient of
indexes

of the 4x4 DCT and are used only as reference for the quantization process of the local

spatial cut-off frequency.
Table 4.1 – Normalized local spatial frequency values in the 4x4 DCT domain [28].
0

1

2

3

0

0.01

0.13

0.25

0.38

1

0.13

0.18

0.28

0.40

2

0.25

0.28

0.35

0.45

3

0.38

0.40

0.45

0.50

Item

The quantization process consists in rounding the

values, computed by the foveation-based

model for each MB, to the nearest reference value from those shown in Table 4.1. By analyzing the
values in Table 4.1, there are 10 different possible values for the quantized version of
, denoted
̂
̂
here as
. The final foveation map corresponds to the spatial distribution of the
values obtained
from the quantization process for all the MBs in a frame.
Two examples of the generated foveation maps for two frames in different video sequences are
shown in Figure 4.7 b) and Figure 4.8 b). From the example in Figure 4.7 b), it can be noticed that not
only the salient MBs selected in the previous stage (represented in Figure 4.7 a)) are assigned with
the highest quantized cut-off frequency value as the cut-off frequencies of the MBs belonging to the
close surroundings of the salient MBs are also close enough to the maximum spatial frequency
reference value in Table 4.1 (0.50).
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a)

b)
th

Figure 4.7 – a) Salient MBs selected for the 126 frame of the “Raven” sequence and b) Resulting
foveation map overlaid on the original picture. The LSB values assigned to each MB are represented
using a colored heat map.

a)

b)
th

Figure 4.8 – a) Salient MBs selected for the 56 frame of the “Sheriff” sequence and b) Resulting
foveation map overlaid on the original picture. The LSB values assigned to each MB are represented
using a colored heat map.
In terms of perceptual importance, the areas of the foveation map with the highest LSB value (red
areas in Figure 4.7 b) and Figure 4.8 b)) are the most perceptually relevant ones, as these areas
correspond to those where the HVS can perceive the widest range of spatial variations. Assigning, for
example, the highest local spatial frequency reference value to a given MB means that the highest
reference spatial variations occurring at that location can be perceived by the final user and therefore
this MB should be assigned with the highest perceptual importance. The perceptual relevance of the
remaining layers of the foveation map decreases according to their LSB values as they move away
from the most perceptually relevant layer/area.
Stage D: ROI Binary Classification
The final stage of the overall ROI Maps Generation process is to create a ROI Map for each frame,
which is the binary map used by the Open-Loop/Mode-Reuse Transcoder to control the QPs in the
transcoding process. This stage is not defined in [28], as it was especially created to adapt the
foveation maps generated in the previous stage to the overall operation of the proposed PDEP codec.
As explained in the previous stage, the foveation map divides each frame into a maximum of ten
layers of perceptual importance, corresponding to the ten different values in Table 4.1. The ROI Maps
are created based on the so-called ROI threshold,

, which determines how many layers of the

foveation map should be included in the foreground area of the ROI Map, containing the MBs
classified as perceptually relevant. The ROI threshold used in the experiments described in Chapter 5
to evaluate the performance of the proposed PDEP codec was

, meaning that the foreground

area of the ROI Map is composed only by the MBs of the foveation map’s perceptually most important
area (the inner red area in the example of Figure 4.7 b) and Figure 4.8 b)), so that the OpenLoop/Mode-Reuse Transcoder and the Reed-Solomon (RS) Encoder modules can concentrate the
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protection resources only on the parts of the picture corresponding to the maximum perceptual
importance. The MBs of the remaining layers are assigned to the background area of the ROI Map.
The MBs in the ROI Maps belonging to the foreground area are labeled with 1’s and the MBs
belonging to the background area are labeled with 0’s.
The ROI Map created for a given frame is sent to the Open-Loop/Mode-Reuse Transcoder. A copy
of this ROI Map is also compressed by the ROI Maps Encoder module and sent through the
communication channel to the Open-Loop/Mode-Reuse Transcoder located at the decoder.

4.1.3 ROI Maps Encoder
As mentioned in Section 4.1.2, a copy of the ROI Map generated by the ROI Maps Generator is
sent to the decoder through the communication channel after compression to reduce the bitrate
associated to its transmission.
Considering these are very simple binary maps, the ROI Maps Coding module uses the WinZip
compression tool available in [36] to independently compress each binary ROI Map and encapsulates
the resulting WinZip compressed data in an RTP packet, which is transmitted over the communication
channel, along with the RTP packets containing the primary stream. As this data corresponds to a
small number of packets, it is assumed there is no error corruption during transmission.

4.1.4 Open-Loop/Mode-Reuse Transcoder
As explained in Chapter 3, the Open-Loop/Mode-Reuse Transcoder module aims at creating a
coarsely quantized redundant description of the primary bitstream generated by the H.264/AVC
Encoder. The strategy adopted to achieve this goal differs from the one proposed in [33], and
described in Section 2.4.2, which uses a single requantization technique (the Open-Loop
requantization described later in this section), without distinguishing the requantization process for the
Intra and Inter coded MBs. The proposed Open-Loop/Mode-Reuse Transcoder makes this distinction
by using two different requantization techniques to address the Inter and Intra cases and both these
requantization techniques are controlled by the ROI Maps, which perceptually command the overall
transcoding process. The main reason for the use of this alternative requantization technique is
related to the Intra spatial predictions allowed by the H.264/AVC standard (explained in Chapter 2),
which severely reduce the quality of the transcoded bitstream when using only the Open-Loop
requantization scheme. The detailed explanation for this severe quality degradation is further
addressed in Section 4.2.5, as the description provided in that section allows a better understanding of
this problem. The architecture of the Open-Loop/Mode-Reuse Transcoder module is depicted in
Figure 4.9.
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Figure 4.9 – Open-Loop/Mode-Reuse Transcoder architecture.
As shown in Figure 4.9, the overall transcoding process combines two distinct requantization
techniques, both of them controlled by the ROI Maps provided by the ROI Maps Generator. While the
Open-Loop Inter Requantizer operates with the quantized Inter DCT coefficients received from the
H.264/AVC Encoder, the Mode-Reuse Intra Requantizer takes as input the parts of the decoded
primary output encoded with Intra coded MBs. Both requantizers output a set of coarsely quantized
DCT coefficients which are conveniently processed by the Entropy Encoder to produce a High profile
H.264/AVC compliant bitstream. The detailed operation of the three main modules of the OpenLoop/Mode-Reuse Transcoder is presented in the next paragraphs.
a) Inter Coded MBs: Open-Loop Inter Requantizer
For the received coefficients corresponding to a given Inter coded MB, the Open-Loop Inter
Requantizer performs a very simple requantization process that can be separated into the following
two steps:
1. Inverse Quantization – The quantized DCT coefficients provided by the H.264/AVC Encoder
for each Inter coded MB are inversely quantized with the QP used by the H.264/AVC Encoder
in the quantization process of the primary bitstream. The inverse quantization process is
defined by the following expression
⁄
where

(4.14)

is the resulting DCT coefficient with indexes and (defining the DCT band),

the quantized coefficient (using step

) with indexes

is the inverse quantization scaling factor and

and

is

sent by the primary encoder,

is the quantization parameter used

in the quantization process of the primary bitstream. The output of this process must provide
the same set of quantized DCT coefficients that will be generated at the decoder, which
performs exactly the same process with the quantized coefficients it receives from the
primary stream.
2. Coarser Quantization – The quantized DCT coefficients resulting from the previous step are
after quantized using a higher QP value,
{

} [(|

. The quantization process is defined by

|

)]
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(4.15)

where

is the generated coarsely quantized DCT coefficient with indexes and ,

DCT coefficient resulting from the previous inverse quantization process and
|

| stand for the sign and magnitude of the DCT coefficient

quantization scaling factor,

; in (4.15),

is the
{

} and
is the

is the dead-zone control parameter and mod stands for the

modulus operator which returns the remainder resulting from an integer division. The QP
increment defining the

value may vary from MB to MB, depending on the received ROI

Map. Typically, the MBs belonging to the foreground area are requantized using a lower QP
increment than the MBs belonging to the background area; this allows obtaining a better
quality with the redundant bitstream for the perceptually more relevant areas. The output of
this process is a set of quantized DCT coefficients representing the prediction residue
received from the primary H.264/AVC Encoder but quantized with a higher QP.
The Open-Loop requantization technique does not interfere at all with the modes and MVs
assigned to a MB by the primary encoder, which are simply reused for the redundant stream. The term
Open-Loop is used in reference to this technique due to the absence of a prediction loop to calculate
the new prediction residue for each MB. The input quantized DCT coefficients are directly requantized
without using any type of information about the previously requantized MBs. After this requantization
process, the quality of the prediction residue is lowered due to the higher QP applied and fewer bits
are used to represent the same prediction residue received from the primary encoder.
The described requantization process is performed for both luma and chroma quantized
coefficients of each Inter coded MB. The computational complexity associated to this technique is very
low, as no Intra prediction and motion estimation processes are involved.
b) Intra Coded MBs: Mode-Reuse Intra Requantizer
For the Intra coded MBs, the requantization method applied is different. As depicted in Figure 4.9,
the areas of the primary decoded output corresponding to Intra coded MBs are fed by the H.264/AVC
Encoder to the Mode-Reuse Intra Requantizer to go through the Mode-Reuse requantization process.
This process can be seen as a lower quality re-encoding process as, in practice, the primary Intra
decoded MBs are re-encoded using a higher QP. This process is divided into the six steps described
next:
1. New Intra Prediction Residue – A new Intra prediction is computed for the incoming decoded
Intra MBs using the same Intra prediction mode used by the primary H.264/AVC Encoder. This
mode-reusing technique significantly decreases the complexity associated to this
requantization process, as the computationally complex search for the optimal Intra prediction
mode is avoided. The new generated prediction is used to compute a new residue for the MB
being re-encoded.
2. Integer Discrete Co-sine Transform (DCT) – The new residue is transformed using the
appropriate DCT transform (4x4 or 8x8) to produce the new DCT coefficients for the MB being
re-encoded. The transform size is chosen according to the transform information provided by
the H.264/AVC Encoder for each coding mode sent to the Open-Loop/Mode Reuse
Transcoder.
3. Coarser Quantization – The obtained DCT coefficients are after quantized using a higher QP
to produce a lower quality representation of the re-encoded MB. This process is similar to the
second step of the Open-Loop Inter Requantizer, as the QP increment applied regarding the
primary stream quantization step is also commanded by the ROI Map. The resulting quantized
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DCT coefficients are sent to the Entropy Encoder as they represent the coarsely quantized
version of the re-encoded Intra MB.
4. Inverse Coarser Quantization – Following the typical predictive video coding approach, the
coarser quantized coefficients are internally inversely quantized to produce the decoded DCT
coefficients (see Figure 4.9). The decoded DCT coefficients are needed due to the prediction
loop associated to the re-encoding process performed by this requantization technique.
5. Inverse Integer Discrete Co-sine Transform (IDCT) – The IDCT is after applied to the DCT
coefficients generated in the previous step to produce the decoded version of the newly reencoded Intra MB.
6. Decoded MBs Buffer – The decoded samples of the re-encoded Intra MB are finally stored in
a buffer, to be used (if necessary) as reference in the calculation of the subsequent Intra
prediction values for the next Intra coded MBs fed to the Mode-Reuse Requantizer.
As the primary bitstream was encoded using constrained Intra prediction, the reference block used
to calculate the Intra prediction values is always available in the decoded Intra MBs buffer, as all the
Intra coded MBs are re-encoded using this requantization technique. In other words, the re-encoding
process of the primary Intra MBs depends only on the previously re-encoded Intra MBs, making this
process completely independent of the Open-Loop Inter Requantizer used for the Inter coded MBs.
This is the reason why the constrained Intra prediction is a must in the primary encoding process.
In short, this requantization technique also sends a set of coarsely quantized coefficients to the
entropy encoder but, in this case, the prediction residue represented by these coefficients was recalculated during the requantization process, thus involving higher computational complexity.
However, the Intra prediction mode is forced to be the same used by the H.264/AVC Encoder,
meaning that there is a mode reuse in the redundant re-encoding process. This way, the search for
the optimal Intra prediction mode is avoided and the additional computational complexity is drastically
reduced, at the cost of a small RD performance penalty for the redundant representation.
c) Entropy Encoder
To finalize the overall transcoding process, the Entropy Encoder generates the final redundant
bitstream based on the coarsely quantized coefficients generated by the two requantization
processes, previously described in this section. If a MB was Inter coded by the H.264/AVC Encoder,
the coarsely quantized coefficients are received from the Open-Loop Inter Requantizer; otherwise, if
the MB was Intra coded in the H.264/AVC Encoder, the Entropy Encoder receives the coarsely
quantized coefficients from the Mode-Reuse Intra Requantizer. The Entropy Encoder controlling
operation is performed according to the coding modes received from the H.264/AVC Encoder, as
illustrated in Figure 4.9.
The coarsely quantized coefficients and the respective coding modes and MVs information are
entropy encoded using the Context Adaptive Binary Arithmetic Coding (CABAC) method defined in the
H.264/AVC standard for its High profile. The output of this process is the final redundant stream, which
is a High profile H.264/AVC compliant bitstream, using the same coding modes and MVs selected for
each MB in the primary stream. The redundant stream also inherits the slice structure used in the
primary stream, meaning that the slice boundaries are the same in both the primary and redundant
streams. As the adopted slice structure uses a fixed number of MBs (one slice per MB row), the OpenLoop/Mode-Reuse Transcoder does not need to receive any information about the slice boundaries
from the H.264/AVC Encoder.
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The QP increments used in the requantization processes control the quality, and consequently, the
bitrate of the redundant bitstream. The QP increments are sent together with the compressed ROI
Maps through the communication channel to allow a correct operation of the Open-Loop/Mode Reuse
Transcoder Module at the decoder.

4.1.5 Reed-Solomon Encoder
The Reed-Solomon (RS) Encoder is responsible for the generation of the WZ bitstream using the
encoded slices of the redundant stream, generated by the Open-Loop /Mode-Reuse Transcoder. The
WZ stream should provide error resilience to the overall system; the higher its rate, the higher this
resilience. However, this resilience also depends on the redundant stream rate for a fixed WZ rate, as
the more bits have to be protected, the less protection each of them will get.
The overall RS encoding process can be split into the following three steps:
1. Redundant Slices Alignment and Byte Stuffing – To apply the RS codes to a given frame,
the redundant slices are first aligned at the byte level. As the redundant stream follows the
same slice structure of the primary stream, one redundant slice also represents one MB row in
the video frame. Therefore, the size of the encoded redundant slices varies according to the
content of the picture, as the amount of information needed to represent a given row of MBs
strongly depends on the visual information contained in that MB row. Figure 4.10 shows how
the redundant slices are aligned for the RS encoding process.
RS code applied across
the redundant slices

...

...

...

k
n
Stuffing Byte
Redundant Byte
Parity Byte

Figure 4.10 – Redundant slices alignment and stuffing at the byte level.
Due to the different size of the several redundant slices contained in a frame, some stuffing
bytes need to be appended to the end of some redundant slices, as depicted in Figure 4.10, to
make sure that the RS codes are applied to the same number of redundant bytes.
2. Reed-Solomon Encoding – The Reed-Solomon codes used to calculate the parity
information operate on 8-bit symbols and are applied across the redundant slices of a given
frame aligned at the byte level, as depicted in Figure 4.10. Generically, a RS error correcting
code of

symbols is composed by a set of

protected, followed by a set of

systematic symbols, representing the data to be

parity symbols, computed based on the systematic

information. These codes, commonly denoted as RS( , ), can correct up to
symbols, when their locations are unknown, or up to

⁄ wrong

erased symbols, i.e. wrong

symbols whose location is known. In order to apply a RS code to the redundant representation
of a frame, the values
a. Selecting

and

must first be appropriately dimensioned according to:

– As each slice represents one encoded MB row of the picture, the number

of redundant slices per frame is fixed, according to the spatial resolution of the original
video sequence. Therefore, the number of redundant symbols ( ) to which the RS codes
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are applied is a fixed value, given by the number of MB rows in the picture (see Figure
4.10).
– The number of parity symbols

b. Selecting

that can be allocated to the RS

coding blocks of a given frame depends on the allowed bitrate for channel protection. In
other words, the value of

depends on the number of parity slices that can be transmitted

for each frame with the available channel protection bitrate. This bitrate is assumed to be
a fixed percentage,

, of the primary bitrate. Therefore, the number of bytes available

for parity information at a given frame is

% of the bytes used in the primary

representation of the same frame. As the size of the parity slices is given by the maximum
size of the redundant slices of a frame,

, the number of parity slices allocated to the

th frame of the video sequence is given by
⌈
where

denotes the size in bytes of the

⌉

(4.16)

th primary frame and

denotes the

percentage of the primary bitrate available for protection, i.e. for the WZ bitrate. The
ceiling operator in the expression above means that the necessary parity bytes needed to
fulfill the size of a parity slice are added to complete the parity slice, with the
consequence of slightly increasing the WZ bitrate. The value of

is then given by the

number of redundant slices in a frame, , plus the number of parity slices allocated to that
frame.
According to the selected

and

values, the corresponding RS

code is applied across

the redundant slices for each frame.
3. Wyner-Ziv Bitstream Creation – The parity symbols resulting from the application of the RS
codes form the parity slices, which compose the WZ bitstream sent to the decoder. The
redundant slices used to compute the parity slices are discarded and only the parity slices are
transmitted in the WZ bitstream. The generated WZ bitstream is sent to the decoder through
the communication channel, along with the primary and the ROI Maps bitstreams. It is
important to notice that, in opposition to the architecture proposed in [33] and described in
Section 2.4.2, the generated WZ bitstream is not sent to the decoder using the primary
encoder’s H.264/AVC Redundant Slices tool, as this tool is only available for the Baseline and
Extended profiles. In the PDEP codec, the parity slices composing the WZ bitstream are
directly encapsulated in RTP packets which are totally independent from the packets
generated by the H.264/AVC Encoder for the primary bitstream. This way, the PDEP codec
can achieve higher compression efficiency in the primary bitstream by using a primary High
profile H.264/AVC Encoder, this means the most efficient H.264/AVC profile.
From a practical point of view, the correcting capability of the WZ bitstream for each frame
depends on the number of parity slices allocated, corresponding to the

value used in the RS

code. This capability depends on the bitrate allowed for the WZ bitstream and the QP increments used
by the Open-Loop/Mode-Reuse Transcoder, which control the maximum redundant slice size (
value) for a given frame.
The RS encoding process is the final stage of the overall PDEP encoding process. The tools used
in the PDEP decoding process are described in the next section of this chapter.
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4.2 Decoder Tools
This section intends to describe in detail the tools used by the proposed PDEP decoder. Similarly
to the previous section, each of the following sections describes the operation details of a single
decoder module from those presented in the high-level architecture in Chapter 3, according to their
order of appearance.

4.2.1 H.264/AVC Primary Decoder
The first module of the PDEP decoder is a normative H.264/AVC (High profile) Decoder. This
module receives as input the primary bitstream sent by the H.264/AVC (High profile) Encoder through
the communication channel and generates the primary decoded video output.
At the decoder side, the arriving primary bitstream may be corrupted by possible bit errors or
packet erasures occurring during its transmission through the error-prone channel. The primary slices
containing detected bit errors are treated as erasures, meaning that the H.264/AVC Decoder only
performs the decoding process on the correctly received primary slices, leaving the missing parts of
the decoded picture temporarily empty. As each packet of the primary bitstream contains one encoded
slice, a packet erasure during transmission causes the loss of an entire slice. Considering the slice
structure adopted by the H.264/AVC Encoder, where one slice is used to encode one MB row, a
packet erasure during transmission results in the loss of the visual information associated to one MB
row in the respective decoded picture, as depicted in the example in Figure 4.11.

a)

b)
th

Figure 4.11 – Output of the H.264/AVC Decoder for the 50 frame of the “Sheriff” sequence: a) All
packets correctly received and b) Frame affected by three packet erasures and thus three lost MB
rows.
When all the primary slices of a given frame are correctly received, the H.264/AVC Decoder output
picture corresponds to the final output picture of the overall PDEP decoding process. If, however, a
given frame is corrupted by at least one packet erasure, the PDEP decoder uses the tools described
in the next sections of this chapter to fill the missing parts of the affected frame.
For a given frame affected by packet erasures, the H.264/AVC Decoder provides the coding
modes and MVs of each correctly received primary MB to the Open-Loop/Mode-Reuse Transcoder
module at the decoder. The quantized Inter coefficients for each correctly received Inter coded MB are
also provided to the Open-Loop/Mode-Reuse Transcoder, along with the decoded version of the
correctly received Intra coded MBs.

4.2.2 ROI Maps Decoder
Before the Open-Loop/Mode-Reuse Transcoder starts its operation, the ROI Maps Decoder
receives the ROI Maps bitstream containing the compressed ROI Maps and QP increments and
decodes it by using a WinZip decoder to extract the original information, as this was the off-the-shelf
tool used for this module.
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It is important to notice that the WinZip compression tool is lossless, meaning that the ROI Maps
obtained at the decoder are exactly the same as the ROI Maps created at the encoder by the ROI
Maps Generator module. Both the ROI Maps and QP increments received from the encoder are
essential to control the operation of the Open-Loop/Mode-Reuse Transcoder module described next.

4.2.3 Open-Loop/Mode Reuse Transcoder
As explained in Section 4.2.1, the H.264/AVC Decoder only performs the standard decoding
process for the correctly received primary slices. For the decoded pictures containing visual
information gaps corresponding to packet erasures, the Open-Loop/Mode-Reuse Transcoder receives
the quantized Inter coefficients and Intra-decoded MBs corresponding to the areas that were not
affected by transmission losses. Based on this information, the Open-Loop/Mode-Reuse Transcoder
reproduces the redundant stream generated at the encoder for the correctly received parts of the
affected pictures, as the corrupted parts are naturally not available at the decoder.
The Open-Loop/Mode-Reuse Transcoder at the decoder operates in the same precise way as the
Open-Loop/Mode-Reuse Transcoder at the encoder, described in Section 4.1.4. The open-loop and
Mode-Reuse requantization techniques are applied to the quantized Inter coefficients and to the
decoded Intra MBs, respectively, to produce a set of coarsely quantized coefficients representing a
lower quality version of the correctly received parts of the primary bitstream. These coefficients are
after entropy encoded together with their corresponding coding modes and MVs provided by the
H.264/AVC Decoder. Both these requantization processes are controlled by the ROI Maps and QP
increments received from the ROI Maps Decoder module, which are exactly the same ROI Maps and
QP increments used by the Open-Loop/Mode-Reuse Transcoder at the encoder.
The output of the Open-Loop/Mode-Reuse Transcoder is the same redundant bitstream as the
one generated at the encoder, but without the redundant slices corresponding to the lost primary
slices. It is important to emphasize that the redundant slices generated by the Open-Loop/ModeReuse Transcoder at the decoder are exactly the same as the ones generated by the same module at
the encoder, as the input information corresponding to the correctly received primary slices (coding
modes, MVs, quantized Inter coefficients, decoded Intra MBs and ROI Maps) is exactly the same as
the information available at the encoder. Having exactly the same correctly received redundant slices
in both the encoder and decoder is essential for the correct operation of the RS Decoder, as described
in the next section.

4.2.4 Reed-Solomon Decoder
The Reed-Solomon (RS) Decoder aims at combining the redundant slices generated by the OpenLoop/Mode-Reuse Transcoder corresponding to the correctly received primary slices with the parity
slices received in the WZ bitstream, in order to recover the missing redundant slices at the decoder.
The RS decoding process is divided into the two following operation steps:
1. Redundant Slices Alignment and Byte Stuffing – The RS decoding process starts by
aligning the redundant slices received from the Open-Loop/Mode-Reuse Transcoder with the
parity slices received in the WZ bitstream, using the same alignment and stuffing byte-oriented
strategy used by the RS Encoder, described in Section 4.1.5. This process generates the
same aligned structure obtained at the encoder for a given frame but with no information for
the bytes corresponding to the missing redundant slices at the decoder, as shown in Figure
4.12. The size of the parity slices received in the WZ bitstream serves as reference for the
byte stuffing process.
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Figure 4.12 – Redundant slices alignment and byte stuffing at the decoder.
2. Reed-Solomon Erasure Decoding – After the redundant slices alignment, each RS coding
block, represented by a column of bytes in Figure 4.12, is composed by:
a. The systematic bytes coming from the generated redundant slices at the decoder;
b. The parity bytes coming from the received parity slices;
c. The gaps representing the missing redundant slices.
For each RS coding block, the RS Decoder performs erasure decoding, in an attempt to
recover the symbols corresponding to the missing redundant slices. The recovering process
is performed byte by byte but, as each RS coding block corresponds to one column of the
aligned bytes represented in Figure 4.12, one missing slice causes one missing byte in every
RS block. Thus, the number of gaps for all the RS coding blocks (byte columns in Figure
4.12) in a frame is the same and it is given by the number of missing slices in that same
frame. As mentioned in Section 4.1.5, the RS erasure decoding process can correct up to
symbol erasures in the entire coding block, including the possible erasures of the
encoder computed RS parity symbols, which are also transmitted through the error-prone
channel. Therefore, considering the structure of the RS coding blocks, the RS code applied to
a given frame succeeds in recovering the missing symbols if the total number of lost slices in
a frame (lost primary slices plus lost parity slices) does not exceed the number of parity slices
allocated to that frame, given by

. If, however, a frame is severely corrupted by packet

erasures and the total number of lost slices is greater than the number of parity slices
allocated to that frame, all the RS codes applied to that frame fail and none of the missing
redundant slices can be recovered.
In case of a successful erasure decoding, the RS decoder outputs the recovered redundant slices
for the lost primary slices, which are exactly the same redundant slices generated by the OpenLoop/Mode-Reuse Transcoder module at the encoder. When decoded, these recovered redundant
slices provide a lower quality version of the missing visual information in the primary decoded output.

4.2.5 H.264/AVC Redundant Slices Decoder
In case the RS Decoder succeeds in the erasure decoding process, the recovered redundant
stream is H.264/AVC decoded based on the previously decoded pictures. The decoded output
corresponds to the decoded version of the redundant bitstream for the parts of the picture
corresponding to the lost primary slices, which will fill the missing visual information in the primary
decoded output, as described later in Section 4.2.7.
The details associated to the decoding process performed by the H.264/AVC Redundant Slices
Decoder for Inter and Intra coded MBs are described separately in the following paragraphs.
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a) Inter Coded MBs Decoding
Due to the Open-Loop requantization technique applied by the Open-Loop/Mode-Reuse
Transcoder on the Inter coded MBs, the recovered redundant slices carry, for these MBs, the
prediction residue calculated based on the primary bitstream, but requantized with a higher QP. The
H.264/AVC Redundant Slices Decoder decodes this coarsely quantized residue and adds it to the
prediction values pointed by the decoded MVs in the corresponding reference frames. The reference
frames used for prediction are the previously decoded frames, which may have two different levels of
visual quality:
1. Primary Quality – Quality for the parts of the frame that were not affected by packet
erasures and could be decoded by the H.264/AVC Primary Decoder. These are the frame
portions showing the highest visual quality and, for a realistic packet loss rate, these are
typically the largest portions in the decoded output pictures.
2. Concealed/Redundant Quality – Quality for the parts of the previously decoded pictures that
were generated by the H.264/AVC Redundant Slices Decoder or by the Error Concealment
module described in Section 4.2.6. These portions show lower visual quality than the primary
decoded output and correspond only to the parts of the pictures affected by the primary slices
erasures. Typically, for the used quantization steps, the redundant decoded slices show a
significantly higher visual quality than the concealed ones as the default error concealment
method available in the H.264/AVC reference software is not very powerful.
When the decoded prediction residue for an Inter coded MB in a recovered redundant slice is
added to a primary quality portion of the corresponding reference frame, this prediction residue is
added precisely to the sample values which were used at the encoder for the computation of that
precise residue. For these cases, the lower quality in the redundant slices is only due to the higher QP
used to requantize the primary prediction residue. On the other hand, when the MVs of the recovered
redundant slices point to a part of the previously decoded reference picture with concealed/redundant
quality, the decoded redundant residue will not be added to the same samples used to compute it at
the encoder. This results in extra quality degradation of the decoded output, as there is a mismatch
between the residue and the prediction it is added to. Fortunately, this mismatch only happens when
the concealed/redundant quality portions of the previously decoded pictures are used as decoding
reference.
b) Intra Coded MBs Decoding
The Intra coded MBs in the redundant stream are transcoded using the Mode-Reuse
requantization technique. If the Open-Loop requantization method was used also for the Intra coded
MBs, the output quality of the decoded Intra redundant slices would drastically decrease, as the
mismatch between the decoded residue and the prediction it is added to would compromise the Intra
spatial prediction process. Considering the hypothetical case of an Intra redundant slice in which the
Intra prediction residue of all MBs is calculated based on the primary quality MBs (using the OpenLoop requantization method), the decoded prediction residue would always be added to a spatial
prediction composed by the lower quality previously decoded Intra-MBs, which were re-encoded with
a higher QP. In other words, the prediction residue would never be added to the same spatial
prediction for which it was computed, as the Intra spatial prediction is always based on previously Intra
coded MBs and, therefore, there would never be a primary quality area to apply the decoded residue.
This means that the mismatch between the residue and the prediction would be unavoidable and
would propagate along an entire Intra coded redundant slice, leading to a growing degradation of the
decoded visual quality along the respective MB row.
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This is the reason why the Mode-Reuse requantization process was specifically chosen in the
transcoding process of the Intra coded MBs. By re-calculating the prediction residue using the lower
quality version of the previously requantized MBs (re-encoding and not just requantizing), the resulting
prediction residue is added to the prediction that was used for its computation, thus avoiding the
mismatch problem described above. The overall decoded quality of a decoded redundant slice is still
lower than the primary quality due to the higher QP involved in the requantization process, but the
severe quality degradation caused by the residue-prediction mismatch is avoided.
Although the Mode-Reuse transcoding technique perfectly fits the Intra requantization process,
this technique shows poor results when applied to the Inter coded MBs in an error-prone scenario.
The re-encoding process applied in the Mode-Reuse method calculates a new residue for the
requantized MBs based on the previously decoded pictures. As errors may occur during transmission,
the previously decoded pictures used for this process at the encoder may be different from the
previously decoded pictures available at the decoder. This difference would lead to a different residue
and thus to a different version of the redundant slices generated at the decoder, which would severely
compromise the RS decoding process, as the parity slices received would not be in conformance with
the redundant slices generated at the decoder, causing the failure of the erasure decoding process for
these situations. As the prediction residue is directly requantized with no re-encoding process on Inter
coded MBs (Open-Loop requantization), there is no dependence on the previously decoded frames
and the negative effect described above does not happen.
The dependence on the previously decoded pictures does not affect the Intra coded MBs, as the
correctly received Intra coded primary slices arriving to the decoder do not use any previously
decoded picture in their decoding process. Moreover, the constrained Intra prediction performed by
the H.264/AVC Encoder guarantees the independence of the isolated Intra MBs in Inter frames from
the Inter coded ones, meaning that the Intra decoded primary MBs are exactly the same as those
used by the encoder to generate the redundant slices.
One final important detail about the decoding process of the recovered redundant slices is the fact
that the recovered redundant slices coded streams are H.264/AVC compliant and therefore carry the
information about the QP used in the quantization process of each MB. This way, the H.264/AVC
Redundant Slices Decoder automatically follows the different QP increments used in the transcoding
process controlled by the ROI Maps; thus, the decoding quality of the redundant slices will be higher
for the MBs belonging to the foreground area and lower for the MBs belonging to the background
area, if different quantization steps are used. The resulting decoded redundant slices are sent to the
Slice Multiplexer module to fill the missing parts of the primary decoded output, as described in
Section 4.2.7.

4.2.6 Error Concealment
When the RS Decoder fails in recovering the missing slices, the non-normative decoder-based
error concealment tool provided by the H.264/AVC reference software [30] is used to fill the missing
parts of the damaged pictures available at the primary decoded output, in an attempt to reduce the
loss of visual quality caused by packet erasures.
The applied error concealment scheme uses two different approaches to conceal the visual
information gaps in a picture, depending on the type of frame being concealed, Intra or Inter coded.
These two error concealment approaches are described in the following paragraphs.
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a) Intra Coding Error Concealment
For Intra coded frames, the non-normative H.264/AVC error concealment tool uses a spatial
domain error concealment algorithm to estimate the visual information of a given missing MB, based
on the content of its spatially adjacent neighbors. The algorithm scans the missing MBs column by
column and conceals them one by one. The missing MBs identified in a given corrupted column are
corrected in a bi-directional order, meaning that the first MB to be corrected is the top missing MB of
the column, the second is the bottom one, the third is the new non-corrected top MB, the fourth is the
new non-corrected bottom MB, and so on. In case the first MB of the column is missing, the scanning
process is performed in a unidirectional order, from the bottom to the top, and from the top to the
bottom if the last MB in the column is missing [40].
The concealment process of each identified missing MB consists on performing a weighted pixel
interpolation which estimates the missing pixel values, based on the pixel values at the borders of the
four adjacent MBs, as depicted in Figure 4.13.

Top MB

Left MB

Missing
MB

Right MB

Bottom MB
Figure 4.13 – Neighbor pixels used in the weighted pixel interpolation process.
This spatial interpolation process relies on the spatial smoothness property of video signals,
assuming that the pixel values in the missing MB are similar to the pixel values of its neighbors. The
weighted interpolation function used to estimate each luminance sample ̃
of the MB to be
concealed is given by
̃
where

and

∑

[

]

(4.17)

∑

are the coordinates of the sample to be concealed, and represent the coordinates of

a given neighbor sample used as reference,

is the set of coordinates of the four reference samples

used in the concealment process (green samples in Figure 4.13) and
samples, from the sample to be concealed in position

is the distance, in

to the reference sample in position

[40]. From a practical point of view, the luminance value for each sample in the missing MB is given by
a weighted average of the corresponding reference samples in the adjacent MBs (green samples in
Figure 4.13). The closer the reference neighbor sample is, the higher its weight on the average. The
same spatial interpolation process is used to conceal the Intra coded chroma samples, but at the 8x8
block level (for 4:2:0 color subsampling format), due to the lower spatial resolution used for the two
chroma components.
Ideally, the interpolation process is only based on the correctly received MBs. However, if there
are less than two correctly received MBs in the 4-neighborhood of the missing MB, all the available
previously concealed MBs in the 4-neighborhood are used in the interpolation process as well.

59

b) Inter Coding Error Concealment
For Inter coded frames, the non-normative H.264/AVC error concealment tool uses a temporal
error concealment approach, taking advantage of the temporal correlation between consecutive
frames in video signals. For a given Inter coded frame
MV amplitude per MB,

with missing visual information, the average

, is first computed based on the amplitudes of the MVs associated to the

correctly received MBs in frame . This average is given by
∑
where

is the amplitude of a MV belonging to

(4.18)

, which is the set of amplitudes of the MVs

assigned to the correctly received MBs in frame . The value
the set

denotes the number of elements in

.

The scanning process for missing MBs is similar to the one used for the Intra coding error
concealment. The average MV amplitude per MB,

, is used to decide which of the following

temporal error concealment techniques should be used to conceal the corrupted Inter coded frame :
 Concealment by Copy – If the average MV amplitude per MB is lower than a predefined
threshold value, e.g.

, the overall amount of motion in the frame is considered to be

negligible. For these cases, the error concealment technique applied consists in directly coping
the sample values of the co-located MB in the previously decoded frame [41].
 Concealment by Trial – In case the average MV amplitude per MB is higher than the
threshold value, e.g.

, the overall motion activity of the respective frame is considered

to be relevant. In these cases, a MV from the MBs belonging to the 4-neighborhood of each
missing MB is assigned to the missing MB and the missing area is replaced by the area
specified by the selected neighbor MV in the respective reference frame. In other words, the
missing visual information is replaced by the content of the spatial position indicated by one MV
selected from the adjacent neighbors. The MV assigned to the MB to be concealed is selected
by trial, according to a spatial smoothness criteria. Each of the MVs belonging to the MBs in the
4-neighborhood are assigned to the missing MB and the spatial smoothness associated to
each resulting concealed MB is measured according to a simple metric called the side match
distortion [41]. The side match distortion value,

, is given by

∑| ̃
where ̃

is the

|

(4.19)

th replaced sample in the missing area resulting from the

assignment of a given neighbor MV represented by
of the th adjacent reference sample used and

denotes the luminance value

denotes the total number of pixels involved

in the side match distortion, depicted in Figure 4.14.
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Top MB

Left MB

Missing MB

Right MB

Bottom MB
Figure 4.14 – Pixels involved in the side match distortion computation.
In practice, the

represents the mean absolute difference between the border pixels inside

the concealed area and the corresponding border pixels inside the 4-neighborhood MBs. The
neighbor MV that produces the lowest

value is assigned to the missing MB, as this

guarantees the smoothest transitions, and the final concealed sample values are the ones
pointed by this MV in the corresponding reference frame [41].
Both the Intra and Inter coding concealment techniques described in this section can be applied to
a frame containing at least one correctly received slice. If this is not the case, the H.264/AVC
reference software provides the option to choose between the following two frame-level error
concealment tools, used when all the slices of a given frame are lost:
 Frame Copy – This frame-level error concealment technique simply copies all the sample
values of the previously decoded frame to the corresponding positions in the missing frame
[42].
 Motion Vector Copy – In this error concealment technique, the MBs in the missing frame are
attributed the same motion vectors of the co-located ones in the previously decoded frame. The
concealed frame is then filled with the prediction information pointed by the copied motion field
[42].
Considering the slice structure adopted by the H.264/AVC Encoder in which one MB row is
encoded using one slice, losing all the slices of a given frame is very unlikely for a realistic packet loss
rate, especially for the spatial resolution used in the performance evaluation experiments described in
Chapter 5 (1280x720 pixels). In the unlikely event of losing all the slices of a given frame during
transmission, the Error Concealment module used in the PDEP codec is set to perform the motion
vector copy concealment technique to recover the entirely lost frame.
The final output of the Error Concealment module is the concealed version of the missing visual
information in the primary decoded output, which is sent to the Slice Multiplexer module. In general,
the visual quality of this output is significantly lower than the output of the H.264/AVC Redundant
Slices Decoder.

4.2.7 Slice Multiplexer
The Slice Multiplexer is the last module in the PDEP decoder. This module receives as input three
types of visual information:
 H.264/AVC Primary Decoder Output – The first input to the Slice Multiplexer is always the
primary decoded output generated by the H.264/AVC Decoder, which can have visual
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information gaps corresponding to the eventual losses of some primary slices (see Figure 4.15
a)).
 H.264/AVC Redundant Slices Decoder Output – In case the RS Decoder succeeds in the
erasure decoding process, the second input of the Slice Multiplexer is the output of the
H.264/AVC Redundant Slices Decoder, which provides the visual information corresponding to
the missing primary slices (see Figure 4.15 b)), but with a lower visual quality due to the higher
QP used in the transcoding process.
 Error Concealment Output – In case the RS Decoder fails, the third input type of the Slice
Multiplexer is the output of the Error Concealment module, which provides the visual
information corresponding to the remaining missing redundant slices. Generally, the visual
quality of the content provided by the Error Concealment module is much lower than the
decoded redundant slices, as the generated missing information is estimated based on the
temporally/spatially adjacent correctly received content (and not coded even if with a lower
quantization step), as explained in Section 4.2.6.

a)

b)
th

Figure 4.15 – Inputs to the Slice Multiplexer for the 50 frame of the “Sheriff” sequence: a)
H.264/AVC Primary Decoder output and b) H.264/AVC Redundant Slices Decoder output (if
all missing slices are recovered).
It is important to emphasize that, for each frame, the Slice Multiplexer receives the primary
decoded output and only one type of visual information for the missing parts of the picture (decoded
redundant slices or concealed areas), as the RS erasure decoding process succeeds or fails at the
frame level.
The Slice Multiplexer generates the final output of the PDEP decoder by selecting the decoded
slices of the primary decoded bitstream for the correctly received primary slices and the
concealed/recovered slices for the parts corresponding to the missing primary slices. This decoded
output is stored in a decoded picture buffer shared by the primary H.264/AVC Decoder, Error
Concealment module and H.264/AVC Redundant Slices Decoder to be used in the decoding process
of the subsequent video frames.
The Slice Multiplexer is the last module in the overall PDEP decoding process. The next chapter
presents the experiments carried out to evaluate the performance of the proposed PDEP video codec.
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Chapter 5

Perceptually Driven Error Protection: Video
Codec Performance Evaluation

After the detailed description of the proposed Perceptually Driven Error Protection (PDEP) video
codec tools provided in the previous chapter, Chapter 5 aims now at evaluating the performance of
this novel video coding solution.
With this purpose in mind, Section 5.1 defines first the test conditions used in the performance
assessment experiments as these conditions strongly influence the obtained results and conclusions.
After, Section 5.2 presents the performance results for the PDEP video coding solution with a nonperceptually driven error protection scheme, i.e. when the QP increments used in the redundant
stream generation are not perceptually controlled by ROI Maps. The performance of this video coding
solution is important to better understand the strengths and weaknesses of the proposed perceptually
driven error protection approach and, thus, for which conditions will be beneficial to use such
approach. Finally, Section 5.3 presents the performance results of the full PDEP video coding solution
with a perceptually driven error protection approach, as described in Chapter 3; in this second case,
the ROI Maps are used to control the QP increments used in the redundant bitstream generation
according to the perceptual importance assigned to each MB.

5.1 Test Conditions
In order to achieve reliable and valuable conclusions regarding the performance of the PDEP
video coding solution proposed in this Thesis, it is essential to first deﬁne precise and meaningful test
conditions. The following sections describe in detail the test conditions used to obtain the experimental
results presented and analyzed in Sections 5.2 and 5.3, notably the test material, coding conditions,
coding benchmarks and performance evaluation metrics.

5.1.1 Test Material
To evaluate the performance of the proposed video coding solution, the Crew, Raven, and Sheriff
video sequences have been used as test sequences since they represent different types of content
and, thus, different coding difficulties, which is important to obtain meaningful and representative
performance results. Following the test conditions suggested by ITU-T VCEG in [43], only the first 150
frames of each sequence were used in the performance evaluation of the PDEP video codec. The first
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frame of each test sequence is shown in Figure 5.1. and a brief description of their visual
characteristics is given in the following.

a)

b)

c)

Figure 5.1 – First frame of each test sequence: a) Crew b) Raven and c) Sheriff.
 Crew – This video sequence shows a group of astronauts leaving a building and waving to the
camera. In the video sequence excerpt used in the test experiments, the astronauts move
towards the camera, which remains nearly still, implying that the background remains almost
static while in the center of the picture there is considerable motion activity due to the walking
and waving movements of the astronauts. In terms of spatial complexity, the background area
is smooth as it is mainly composed by the walls of the building. The picture areas representing
the astronauts are more textured, as it can be observed from Figure 5.1 a). In addition, from
time to time, some flashes coming from journalist cameras are visible along the sequence.
 Raven – This video sequence shows a close plan of a raven walking in the grass. In the video
sequence excerpt used in the test experiments, the camera continuously follows the raven in
an almost constant horizontal panning to the right. The edges of the grass make the areas
surrounding the raven very textured. As the grass in the background is not focused by the
camera, these areas are blurry and therefore do not show the same texture detail as the areas
surrounding the bird.
 Sheriff – This video sequence shows a patrol boat moving slowly on the water along the dock.
The camera follows the boat in a very slow panning to the left. The background is composed by
some other docked boats and by the surrounding water, which is not totally still due to the
passing patrol boat and to the wind. The background areas are, in general, quite textured due
to the details of the docked boats and due to the non-static water that is difficult to predict.
All the test sequences have a spatial resolution of 1280x720 luminance samples and a temporal
resolution of 60 Hz. The chroma subsampling format is 4:2:0, meaning that half of the luminance
resolution is used for the two chroma components in both picture directions.

5.1.2 Coding Conditions
This section presents the coding conditions associated to the overall operation of the PDEP video
encoder and decoder. In general, the adopted coding parameters follow the recommendations from
ITU-T VCEG presented in [43] with the necessary changes to accommodate an error-prone scenario.
The main coding parameters adopted to evaluate the PDEP video codec are presented in the
following:
 Primary Bitstream Parameters – The primary bitstream is generated by the H.264/AVC High
profile Primary Encoder characterized by the following coding parameters and constraints:
o

Group Of Pictures (GOP) Prediction Structure – The temporal correlation is exploited
using an IBBPBBP GOP prediction structure, meaning that one I picture is followed by P
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pictures with two B pictures in between. The GOP size used here is 30, instead of an open
GOP structure as recommended in [43]. This decision was taken to improve, through
periodic Intra refreshments, the overall codec error resilience (in an error-prone scenario).
o

Slice Structure – The recommended slice structure in [43] is one slice per frame, which
makes sense for a pure compression efficiency evaluation. As mentioned in Section 4.1.1,
each slice of the primary bitstream corresponds to one MB row of the picture, meaning
that each slice contains a fixed number of MBs. For the spatial resolution of the test
sequences, each encoded slice carries the encoded information corresponding to 80 MBs
and each frame is encoded using 45 slices.

o

Rate-Distortion Optimization (RDO) – The RDO algorithm of the H.264/AVC reference
software is enabled, operating in the high performance mode.

o

Transform Size – Both 8x8 and 4x4 transform sizes are allowed (as possible in the
adopted High profile).

o

Motion Estimation/Compensation – The motion estimation/compensation mechanism
operates at ¼ pixel accuracy and the prediction search range is 64 pixels. The biprediction motion estimation and weighted prediction mechanisms are enabled in B
pictures.

o

Constrained Intra Prediction – As mentioned in Section 4.1.1, the spatial prediction of Intra
coded MBs is based only on previously Intra coded neighbor blocks. This constraint is not
specified in [43] but it was adopted in the proposed video codec to avoid the prediction
drift and to allow the correct behavior of the Open-Loop/Mode-Reuse Transcoder module,
as explained in Section 4.2.5.

o

Entropy Coding - The CABAC entropy coding method is used.

o

Quantization Parameters (QPs) – The primary bitstream quality and associated bitrate are
determined by the QPs used for the I, P and B slices. The QPs used in the performance
evaluation presented in this chapter are those recommended in [43] and presented in
Table 5.1. As shown in Table 5.1, four groups of QP values (G1 to G4) are used to
evaluate the performance of the PDEP video codec. Each group, Gi, defines the QP value
to be applied to each type of the slice being encoded. These four groups of QP values
define four Rate-Distortion (RD) points in the RD charts presented in Section 5.2; the
higher the group of QP index i, the lower the quantization step sizes and, thus, the lower
the bitrate (and the decoded video quality).
Table 5.1 – Primary QP values.

o

I Slices

P Slices

B Slices

G1
G2

22
27

23
28

24
29

G3

32

33

34

G4

37

38

39

Output Primary Bitstream – The output of the primary encoding process is encapsulated in
Real-time Transport Protocol (RTP) packets with each encoded slice originating a single
RTP packet.

 Redundant Bitstream Parameters – As explained in Section 4.1.4, the redundant bitstream
uses the same coding modes, transform sizes, MVs, reference frame indexes and slice
65

structure as the primary bitstream. The entropy encoding process of the redundant stream is
also performed using the CABAC method. The QP increments used to produce the redundant
bitstream have a direct impact on the final performance of the PDEP video codec (with and
without using the ROI Maps) and therefore the choice of these parameters’ values will be
presented in Sections 5.2 and 5.3.
 Wyner-Ziv (WZ) Bitstream Parameters – Given the adopted slice structure of one slice per
MB row, the number of redundant slices in a frame is fixed. For the spatial resolution of the
adopted test sequences, each frame is encoded using 45 slices, meaning that the
in the RS encoding process is always 45. The

value used

value depends on the allowed bitrate for the

WZ bitstream, considered to be a given percentage of the primary bitrate. This percentage is a
parameter under evaluation in the performance tests conducted in this chapter.
 Transmission Channel Parameters – After the overall PDEP video encoding process is
complete, some RTP packets of the primary and Wyner-Ziv (WZ) bitstreams are erased before
the decoding process, to simulate their transmission over an error-prone channel. The erasure
mechanism follows the loss patterns proposed by JCT-VC in [44], which model the behavior of
a real world Internet connection experiencing packet loss rates (PLRs) of 1%, 3%, 5% and
10%. Each PLR is run 100 times, each time with a different error pattern, to obtain reliable
performance results.
 ROI Maps Parameters – The parameters used by the ROI Maps Generator in the ROI Maps
generation process are the following:
o

Maximum Number of Blobs – The maximum number of salient blobs considered in the
salient MBs selection process is

o

Viewing Distance – The viewing distance measured in image widths from the user to the
display plane is

o

.

, according to the range of values recommended in [45].

ROI Threshold – The ROI Maps threshold used to create the final ROI Maps from the
foveation maps is

, meaning that only the first layer of the foveation maps is

considered as perceptually relevant in the ROI Maps.

5.1.3 Error Protection Video Coding Benchmarks
The proposed PDEP video coding approach is compared with the following two error protection
video coding benchmarks.
 H.264/AVC + Error Concealment (H.264/AVC+EC) – This error protection video coding
benchmark corresponds to the simple case where a High profile H.264/AVC encoder generates
an encoded bitstream identical to the PDEP codec’s primary bitstream which is sent to the
decoder through the transmission channel. At the decoder, the non-normative error
concealment mechanism available in the H.264/AVC reference software is used to conceal the
missing parts of the pictures affected by packet erasures. This solution does not require any
additional bitrate beyond the primary rate and, therefore, the bitrate associated to the overall
video codec RD performance is only the bitrate associated to the primary bitstream. The
techniques involved in the non-normative H.264/AVC error concealment mechanism were
described in Section 4.2.6.
 H.264/AVC + Forward Error Correction (H.264/AVC+FEC) – This error protection video
coding benchmark consists in applying traditional FEC codes to protect an encoded bitstream
generated by a High profile H.264/AVC encoder, identical to the PDEP codec’s primary
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bitstream. The H.264/AVC+FEC solution adopted here consists on aligning the slices of each
frame in the primary bitstream generated by the H.264/AVC encoder and applying a RS code
across them to produce the parity information. This technique is similar to the RS encoding of
the PDEP video codec but with a key difference. The RS code used in this H.264/AVC+FEC
solution is applied across the primary slices and the resulting parity information is sent through
the transmission channel with its corresponding systematic information, this means with the
primary bitstream. In the PDEP video codec, the RS parity information is calculated based on a
redundant version of the primary bitstream, which is after discarded (as the primary stream is
sent). Therefore, for the same error protection bitrate, given by the Wyner-Ziv bitrate allowed,
the total bitrate used by both H.264/AVC+FEC and PDEP solutions is the same. It is important
to note that, since in the PDEP solution the error protection bitrate is applied to the redundant
bitstream, the amount of bits to be protected is lower than in the corresponding
H.264/AVC+FEC approach; this way, each of these bits will get higher error protection than in
the H.264/AVC+FEC solution. However, when the RS erasure decoding process happens at
the decoder side, the H.264/AVC+FEC solution replaces the missing areas with primary
decoded quality while the PDEP solution replaces the missing areas with the quality provided
by the redundant stream.
The performance of both error protection video coding benchmarks will be compared to the
performance of the PDEP solution in Section 5.2.

5.1.4 Performance Evaluation Metrics
To conclude the description of the test conditions, the performance metrics used to assess the
proposed PDEP video codec are presented in the following:
 Peak Signal to Noise Ratio (PSNR) – The PSNR is the most common objective metric used
to evaluate the performance of video coding solutions. For a given decoded frame, the PSNR is
given by
(
where

)

(5.1)

is the maximum luminance sample value, corresponding to 255 in 8-bit sample

depth. In (5.1),

represents the mean squared error, given by
∑ ∑[

where

and

]

(5.2)

are the dimensions of the picture being evaluated in pixels and

and

are the samples of the original and decoded version of the frame, respectively, at
position

. The PSNR value for a given video sequence is given by the average of the

PSNR values of all frames.
 Structural SIMilarity (SSIM) Index – The SSIM is an objective quality ‘metric’ based on the
1

degradation of structural information [46]; due to its high correlation with the subjective mean
opinion score (MOS), SSIM has become an increasingly popular metric to measure the
perceived image quality. For each pixel in the original and decoded frames, an 8x8 window is

1

Mathematically speaking, SSIM does not fulfill all conditions to be called a metric, notably it does not satisfy
the triangle inequality [47]. However, for the sake of simplicity, the term ‘metric’ will be associated to the SSIM
index along this chapter.
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centered on it, resulting in two 8x8 luminance sample blocks
pair of 8x8 blocks,

and , the

(

)(

(
where

and

and , respectively. For a given

value is given by
)

)(

are the average of the sample values in blocks

are the variance of the sample values in blocks
variance of the sample values in blocks

(5.3)

)
and , respectively,

and , respectively, and

and . The values

and

and

is the co-

are given by
(5.4)
(5.5)

where

is the dynamic range of the pixel values (for 8-bit sample depth,

are two constants with the values

and
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. The SSIM value for a given

frame is then given by the average SSIM values of all the 8x8 luminance blocks evaluated
within a frame. The SSIM value for a given video sequence is given by the average of the SSIM
values of all frames.
 Foveated PSNR (FPSNR) – The FPSNR is a foveation-based objective quality metric [39]
given by
(
where

(5.6)

is given by
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are the original and decoded versions of the th pixel of the th MB,

is the total number of pixels in a MB and

is the total number of MBs in a frame. The

difference between this metric and the traditional PSNR is that the distortion

is

weighted by the quantized local spatial cut-off frequency of the corresponding MB, according to
the generated ROI Maps. As there are only two regions in the adopted ROI Maps, the ̂
value used in this metric is either the maximum or the minimum quantized local spatial cut-off
frequency value represented in Table 4.1. The FPSNR value for a given video sequence is
given by the average of the FPSNR values of all the frames.
 Foveated SSIM (FSSIM) – Similarly to the previous performance metric regarding the PSNR,
the FSSIM derives from the previously described SSIM metric. For a given frame , the FSSIM
value [28] is given by
̂

∑
∑
where
th frame and ̂

is the

value of the blocks

(5.8)

̂
and ,

is the total number of MBs in the

is the quantized spatial cut-off frequency calculated using the foveation-

based weighting model described in Section 4.1.2 for the MB containing the center of the
blocks. The FSSIM value for a given video sequence is given by
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and

∑
∑
where

∑

∑
̂

̂
(5.9)

is the total number of frames in the test sequence.

Based on the test conditions described in this section, the performance of the PDEP video codec
is presented in the following sections.

5.2 Performance Evaluation for Non-Perceptually Driven
Error Protected Video Coding
The purpose of this section is to present and analyze the performance results of the PDEP video
coding solution when the perceptual relevance of the video content is not used to control the applied
error protection mechanism; this codec will be labeled in the following as N-PDEP. In this scenario, the
whole picture is assigned with the same perceptual importance and, thus, the requantization
processes (of Inter and Intra coded MBs) performed by the Open-Loop/Mode-Reuse Transcoder
module use the same QP increment for all MBs. As mentioned at the beginning of this chapter, this
performance evaluation is important to better understand the strengths and weaknesses of the full
PDEP video codec which includes a perceptually driven error protection mechanism.
To accomplish the performance evaluation of the PDEP video codec with a non-perceptually
driven error protection mechanism, the following three studies were performed:
 QP Increment Impact – The first study aims at finding the optimal QP increment for the
requantization processes performed by the Open-Loop/Mode-Reuse Transcoder, which leads
to the best decoded video quality for each PLR presented in Section 5.1. Note that the QP
increment only determines the redundant stream bitrate as the total PDEP video codec bitrate,
which is defined by the sum of the primary bitrate and WZ bitrate, remains the same
independently of the QP increment value.
 Rate-Distortion Performance – This study aims at evaluating the Rate-Distortion (RD)
performance of the proposed PDEP video codec with a non-perceptually driven error protection
mechanism. In this study, both the PSNR and SSIM metrics are used to measure the quality of
the decoded video sequences. Naturally, the optimal QP increments for each PLR, found in the
previous study, were used to conduct the RD performance study.
 PSNR versus PLR Performance – This study aims at evaluating the RD performance taking
into account the channel status by presenting the evolution of the PSNR as a function of the
channel PLR.
The experimental results corresponding to the performance studies aforementioned are presented
in the following sections for the test sequences presented in Section 5.1. For each study, the
experimental results obtained are followed by the corresponding relevant conclusions.

5.2.1 QP Increment Impact
The purpose of this study is to determine the QP increments (used to create the redundant
bitstream) that produce the best decoded video quality results, e.g. measured in terms of PSNR, for
the packet loss rates mentioned in Section 5.1 (i.e. 1%, 3%, 5%, and 10%). This study is important
because it allows understanding which QP increment values should be selected for different channel
status and target error protection bitrates. In this context, this study also allows determining the QP
increments which lead to the best N-PDEP codec RD performance.
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In the proposed PDEP video codec architecture, and in case there are packet losses during
transmission, the decoded video quality is mainly determined by the primary stream decoded quality
but it is also determined by the quality of the redundant stream recovered at the decoder. As
mentioned in Section 5.1.2, the primary stream quality is determined by the QPs used during the
encoding process (of the I, P and B slices). On the other hand, apart from the QP increment used, the
recovered redundant bitstream quality achieved depends on the amount of error protection allowed, as
determined by the allowed WZ bitrate. In this context, this study was performed for the QPs
associated to the highest decoded visual quality (and bitrate), i.e. Group 1 (G1) QPs in Table 5.1,
where possible differences in the decoded quality are easier to notice and, thus, artifacts are more
annoying to the user. Considering the QP values in G1 (see Table 5.1), the maximum QP increment
admissible to generate the redundant stream is 27, as with this QP increment the maximum QP
allowed by the H.264/AVC standard is reached for the B slices. As far as the amount of error
protection allowed is concerned, two values were considered in this study, notably 5% and 10% of the
primary bitrate defined by the G1 QP values (see Table 5.1), corresponding to reasonable amounts of
error protection. It is important to notice that, for a given WZ bitrate, the total bitrate in this QP
increment optimization process is the same for all the QP increments tested, as this bitrate only
depends on the primary and WZ bitrates.
Figure 5.2, Figure 5.3 and Figure 5.4 show the average decoded PSNR value as a function of the
QP increment, considering a WZ stream bitrate equivalent to 5% of the primary stream bitrate. In
these figures, each of the four curves corresponds to the results obtained for a given PLR with the red

PSNR [dB]

dot identifying the optimal QP increment obtained for each PLR.
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Figure 5.2 – PSNR versus QP increment for the “Crew” sequence using a WZ bitrate equivalent to 5%
of the primary bitrate.
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Figure 5.3 – PSNR versus QP increment for the “Raven” sequence using a WZ bitrate equivalent to
5% of the primary bitrate.
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Figure 5.4 – PSNR versus QP increment for the “Sheriff” sequence using a WZ bitrate equivalent to
5% of the primary bitrate.

From the results in Figure 5.2, Figure 5.3 and Figure 5.4, the following conclusions may be taken:
 For a WZ bitrate corresponding to 5% of the primary bitrate, the optimal QP increments
(represented by the red dots in the charts) for all the PLRs and all test sequences are located
between 21 and 26. It can be observed that, for a given PLR, the curves show in general a flat
shape near the maximum PSNR value. As the optimal QP increment was selected based on
the maximum PSNR achieved for each PLR, this optimal value may be slightly different from
PLR to PLR.
 In general, the highest decoded PSNR values are achieved for very high QP increments. This
effect may be explained by the low protection bitrate used in this experiment and also by the
fact that the packet loss patterns used to simulate the transmission over the error-prone
channel occur in bursts. This fact forces the QP increments to be higher than in the case of a
uniform packet loss distribution, as the number of parity slices allocated must be higher to keep
an overall satisfying error protection performance.
 As expected, the decoded video PSNR significantly decreases with the channel PLR. From the
results above, it can be noticed that the curves corresponding to the 3% PLR are closer to the
5% PLR curves than to the 1% PLR curves. This may be explained with the longer packet loss
bursts characteristic of the 3% error pattern file used (feature detected by inspection). This
trend is consistent for all the test sequences and for all tests further presented in this chapter.
 In general, the curves associated to lower PLRs are flatter, meaning that the difference
between the decoded PSNR achieved with the optimal QP increment and the remaining QP
increments tested is less pronounced. When the number of packet losses introduced by the
transmission channel is lower, the decoded video quality is mainly determined by the primary
decoded quality, and thus the impact of the success or failure of the RS erasure decoding
process at the decoder is lower. The impact of the RS erasure decoding success/failure is
much stronger for higher PLRs, where choosing the right QP increment can increase the PSNR
of the decoded video sequences more than 1.5 dB, in some cases.
In order to assess the effect of increasing the available error protection bitrate, Figure 5.5, Figure
5.6 and Figure 5.7 show the average decoded PSNR as a function of the QP increment, considering
now a WZ bitrate equivalent to 10% of the primary stream bitrate.
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Figure 5.5 – PSNR versus QP increment for the “Crew” sequence using a WZ bitrate equivalent to
10% of the primary bitrate.
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Figure 5.6 – PSNR versus QP increment for the “Raven” sequence using a WZ bitrate equivalent to
10% of the primary bitrate.
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Figure 5.7 – PSNR versus QP increment for the “Sheriff” sequence using a WZ bitrate equivalent to
10% of the primary bitrate.
From the results shown in Figure 5.5 to Figure 5.7, the following conclusions may be taken:
 The optimal QP increment is strongly influenced by the WZ bitrate allowed for protection. For
the WZ bitrate considered in this case, the optimal QP increments are now located between 13
and 20 for all PLRs and test sequences while the most common optimal QP increments are 17
and 18. The reason for this optimal QPs shift is that when the protection resources are scarce,
as in the 5% WZ bitrate case, the QP increments must be higher to achieve a satisfying error
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protection performance. For the 10% WZ bitrate case, a satisfying error protection performance
can be achieved using lower QP increments, as more protection resources are available and
consequently more parity slices may be allocated.
 As expected, the average decoded video PSNR associated to the optimal QP increments for
the 10% WZ bitrate case is higher than for the 5% WZ bitrate case. This PSNR increase is
explained not only with the higher error correcting capacity associated to the higher protection
resources allocated in the 10% WZ bitrate case but also with the higher quality of the recovered
redundant slices at the decoder, resulting from the lower QP increment applied in the
generation of the redundant bitstream.
 As for the 5% WZ bitrate case, the 3% PLR curves are closer to the 5% PLR curves than to the
1% PLR curves for the same reason mentioned above.
 As for the 5% WZ bitrate case, the curves associated to lower PLRs are flatter than the curves
associated to the higher PLRs for the same reason mentioned above.

5.2.2 Rate-Distortion Performance
After selecting the optimal QP increments for each PLR, the RD performance of the N-PDEP video
codec is now evaluated using the optimal QP increments selected in Section 5.2.1. To have a more
complete RD performance evaluation, both PSNR versus bitrate and SSIM versus bitrate
performances are analyzed.
a) PSNR versus Bitrate Performance
To evaluate the PSNR versus bitrate performance of the N-PDEP video codec, the four QP
groups presented in Section 5.1 were used to generate the primary bitstream together with the optimal
QP increments identified for each PLR in the QP increment impact study to generate the redundant
bitstream. In the redundant bitstream generation, whenever the QP used in the requantization process
exceeded the maximum QP allowed by the H.264/AVC standard, the QP increment used was the
maximum QP allowed by the H.264/AVC standard.
Figure 5.8 to Figure 5.13 show, for the three adopted test sequences, the PSNR versus bitrate
performance for the case of a WZ bitrate corresponding to 10% of the primary bitrate, as this value
provides a good tradeoff between total bitrate and error correcting capacity. Besides the N-PDEP
video codec performance, Figure 5.8 to Figure 5.13 also show the PSNR versus bitrate performance
for alternative error correction solutions, notably the traditional H.264/AVC+FEC and the
H.264/AVC+EC solutions. For each test sequence, the PSNR versus bitrate curves corresponding to
the lower PLRs (1% and 3%) are separated from the PSNR versus bitrate curves corresponding to the
higher PLRs (5% and 10%), so that the figures are more ‘readable’. For both the lower and higher
PLRs, the PSNR versus bitrate curves for the N-PDEP and H.264/AVC+EC error protection solutions
without channel losses (denoted as N-PDEP_0% and H.264/AVC+EC_0%, respectively) are included
in the charts to serve as references for better performance comparisons. As the curve representing
the H.264/AVC+FEC solution performance with no channel losses is practically coincident with the
corresponding N-PDEP curve, this curve is not represented in the PSNR versus bitrate charts.
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Figure 5.8 – PSNR versus bitrate performance for the “Crew” sequence at lower PLRs.
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Figure 5.9 – PSNR versus bitrate performance for the “Crew” sequence at higher PLRs.
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Figure 5.10 – PSNR versus bitrate performance for the “Raven” sequence at lower PLRs.
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Figure 5.11 – PSNR versus bitrate performance for the “Raven” sequence at higher PLRs.
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Figure 5.12 – PSNR versus bitrate performance for the “Sheriff” sequence at lower PLRs.
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Figure 5.13 – PSNR versus bitrate performance for the “Sheriff” sequence at higher PLRs.
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The results above lead to the following conclusions:
 For an error-free scenario, represented for the H.264/AVC+EC and N-PDEP solutions with the
red curves, the PSNR values obtained for both solutions are exactly the same, as it was
expected. In this scenario, the H.264/AVC+EC solution always shows a better RD performance
than the N-PDEP video codec, as the error protection bitrate allocated for the latter increases
the total bitrate but it is useless from the decoded quality point of view (as there are no errors to
correct).
 For an error-prone scenario and considering the higher bitrates, the N-PDEP solution always
outperforms both the H.264/AVC+FEC and H.264/AVC+EC solutions for all PLRs. In fact, it is
for the higher bitrates that the maximum N-PDEP coding gains are achieved. This is due to the
fact that the higher bitrates are associated to higher decoded video qualities and, therefore, the
bitrate associated to the redundant bitstream, generated internally by the N-PDEP video codec,
can be significantly decreased without severely affecting the corresponding visual quality. This
way, the correcting capacity of the applied error protection bitrate increases and a higher
decoded video quality is preserved.
 For an error-prone scenario and considering the lower bitrates, the coding gains associated to
the N-PDEP solution with respect to the H.264/AVC+FEC and H.264/AVC+EC solutions are
lower than those observed for the higher bitrates. In this bitrate range, the output quality of the
primary bitstream is lower and the requantization process with a higher QP does not produce a
significant decrease in the redundant bitrate. This way, the error correcting capacity of the
applied WZ bitrate becomes closer to the error correcting capacity of the FEC solution.
 The bitrates associated to the H.264/AVC+FEC and N-PDEP solutions are always higher than
the bitrates associated to the H.264/AVC+EC solution. This is due to the additional bitrate used
for protection, which corresponds here to 10 % of the primary bitrate for both the
H.264/AVC+FEC and N-PDEP cases; recall that, for the H.264/AVC+EC solution, the frame
information conveyed in the lost packets is recovered at the decoder without requiring
additional bitrate. As higher primary QP groups lead to lower primary bitrates, the additional
10% WZ bitrate used for error protection is less noticeable in these cases than for the higher
primary bitrate cases.
 For higher PLRs, the PSNR versus bitrate performance curves of the H.264/AVC+EC solution
show a saturation tendency in the decoded video PSNR when the bitrate increases. This
implies that increasing the total bitrate does not bring substantial visual quality benefits, as the
higher distortion introduced by the channel losses and propagated along time is the main
contributing factor for the poor decoded video quality. This saturation effect is less accentuated
for both the H.264/AVC+FEC and N-PDEP solutions due to the better quality of the recovered
information.
 Considering the RD performance obtained for all test sequences, it can be observed that the
“Sheriff” sequence is the one showing the highest bitrates for the same primary QP groups, due
to the more detailed background areas which are more difficult to predict, and therefore require
more bits to represent the prediction residues. Due to the higher prediction residues of the
primary stream, the requantization process with a higher QP increment allows to generate a
redundant stream with a significantly lower bitrate, with respect to the primary stream bitrate,
thus increasing the error correcting capacity of the WZ bitrate applied for protection. For this
reason, this sequence is the one where the N-PDEP video codec shows the highest coding
gains, up to 5 dB with respect to the H.264/AVC+FEC solution.
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 For the “Raven” sequence, the computed prediction residues carry, in general, less information
due to the easier task of motion estimation and compensation allowed by the raven’s regular
movements. Also the “skip” mode is regularly used, thus contributing for the lower primary
bitrate values achieved, when compared to the remaining test sequences. For this sequence,
the proposed N-PDEP video codec outperforms the two alternative error protection
benchmarks, with coding gains up to 4 dB.
 Finally, the “Crew” sequence represents a case in between the two sequences already
analyzed in terms of motion content. The background is very easy to predict as it is static, but
the parts corresponding to the astronauts require, sometimes, a considerable number of Intra
coded MBs, which explains the higher associated bitrates. For this test sequence, the coding
gains of the proposed N-PDEP video codec with respect to the H.264/AVC+FEC solution are
up to 3.5 dB.
b) SSIM versus Bitrate
Here the SSIM versus bitrate RD performance of the N-PDEP video codec is evaluated under the
same conditions specified for the previous PSNR versus bitrate performance assessment.
Figure 5.14 to Figure 5.19 show the SSIM versus bitrate performance results. Besides the NPDEP video codec performance, Figure 5.14 to Figure 5.19 also show the SSIM versus bitrate
performance for the alternative error correction solutions, H.264/AVC+FEC and H.264/AVC+EC. As
above, the SSIM versus bitrate curves corresponding to the lower PLRs (1% and 3%) are separated
from the SSIM versus bitrate curves corresponding to the higher PLRs (5% and 10%), to alleviate the
figures’ content. For both the lower and higher PLRs, the SSIM versus bitrate curves for the N-PDEP
and H.264/AVC+EC error protection solutions without channel losses (denoted as PDEP_0% and
EC_0%, respectively) are included in the charts to serve as references for performance comparisons.
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Figure 5.14 – SSIM versus bitrate performance for the “Crew” sequence at lower PLRs.
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Figure 5.15 – SSIM versus bitrate performance for the “Crew” sequence at higher PLRs.
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Figure 5.16 – SSIM versus bitrate performance for the “Raven” sequence at lower PLRs.
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Figure 5.17 – SSIM versus bitrate performance for the “Raven” sequence at higher PLRs.
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Figure 5.18 – SSIM versus bitrate performance for the “Sheriff” sequence at lower PLRs.

Sheriff - Higher PLRs
0,99

SSIM

0,94

0,89
PDEP_0%
PDEP_10%
H.264/AVC+EC_5%
H.264/AVC+FEC_5%

0,84

PDEP_5%
H.264/AVC+EC_0%
H.264/AVC+EC_10%
H.264/AVC+FEC_10%

0,79
0

2000

4000

6000

8000

10000

12000

14000

16000

Bitrate [kbit/s]

Figure 5.19 – SSIM versus bitrate performance for the “Sheriff” sequence at higher PLRs.

From the results presented above, the following conclusions may be taken:
 As expected, the red curves representing the error-free scenario for both the H.264/AVC+EC
and N-PDEP solutions show exactly the same SSIM values. Similarly to the PSNR case, the
better performance of the H.264/AVC+EC solution is explained by the additional bitrate
allocated for error protection purposes in the N-PDEP case, which increases the total bitrate
without bringing any quality benefits in an error-free scenario, as there are no errors to correct.
 In general, the SSIM versus bitrate curves show a steeper quality growth for the lower bitrates
than the PSNR versus bitrate curves. The reason for this effect is related to the SSIM
characteristics, which is typically more correlated to the perceived visual quality than the PSNR
metric. Increasing the bitrate at lower qualities has a strong perceptual impact on the decoded
quality and, therefore, the SSIM also increases rapidly with the bitrate in these cases. It is also
possible to observe that, at higher qualities/rates, the SSIM curves are close to saturation, as
increasing the bitrate in these cases has less (or almost no) perceptual impact.
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 For the lower PLRs, the SSIM versus bitrate performance of the three video coding solutions is
similar, as there are less packet losses corrupting the primary bitstream and, naturally, the
benefits of using the proposed error protection solution are less noticed. For the higher PLRs,
the better performance of the N-PDEP video codec becomes more evident for all the test
sequences, as it was also observed for the PSNR versus bitrate performance evaluation.
 Similarly to the PSNR versus bitrate case, the results above allow to conclude that the “Sheriff”
sequence is the one showing the highest SSIM gains, up to 0.023 with respect to the
H.264/AVC+FEC solution. Also with respect to the H.264/AVC+FEC solution, the “Raven” and
“Crew” sequences show SSIM gains up to 0.021 and 0.018, respectively.

5.2.3 PSNR versus PLR Performance
To conclude the performance evaluation of the N-PDEP video codec, it is now assessed the
PSNR decoded video quality as a function of the channel PLR. These results are based on the PSNR
versus bitrate performance evaluation presented in Section 5.2.2 a) and target to show a different
perspective of the performance of the considered video coding solutions, depending on the status of
the transmission channel.
For this evaluation, four different bitrate points (and corresponding PSNR values) were chosen for
each sequence, using the bitrates corresponding to the four primary QP groups presented in Section
5.1. The obtained results are shown in Figure 5.20, Figure 5.21 and Figure 5.22.
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Figure 5.20 – PSNR versus PLR for the “Crew” sequence.
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Figure 5.21 – PSNR versus PLR for the “Raven” sequence.
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Figure 5.22 – PSNR versus PLR for the “Sheriff” sequence.
The results above lead to the following conclusions:
 For all the test sequences, the N-PDEP video coding solution provides a more graceful
degradation of the decoded PSNR as the PLR increases. In other words, the decoded PSNR
decreases more smoothly than with the alternative error protection benchmarks, which
demonstrates the better error protection performance of the proposed N-PDEP solution.
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 For all the test sequences, the gains attained with the N-PDEP video codec in comparison to
the alternative error protection benchmarks increase with increasing total bitrates. This
tendency was already observed in the RD performance evaluation and, as explained before, it
relates to the fact that higher bitrates are associated to higher decoded video qualities and,
therefore, the bitrate of the redundant bitstream can be significantly decreased without severely
affecting the corresponding visual quality.
 The best N-PDEP performance is once more observed for the “Sheriff” video sequence where
a maximum PSNR gain of almost 5 dB is achieved regarding the H.264/AVC+FEC solution for
a 10% PLR.
 For the lower bitrate and PLR, the H.264/AVC+EC solution outperforms both the N-PDEP and
H.264/AVC+FEC solutions. This means that the error correcting capacity provided by the two
latter solutions is insufficient to compensate the additional bitrate necessary to convey the error
protection information.
This study concludes the performance evaluation of the N-PDEP video codec corresponding to the
PDEP video codec without considering the perceptual importance of the video content to control its
error protection mechanism. The performance evaluation considering the perceptual relevance
associated to the different areas of the test sequences is addressed in the next section.

5.3 Performance Evaluation for Perceptually Driven Error
Protected Video Coding
This section targets to evaluate the performance of the PDEP video codec when the perceptual
relevance of the video content, expressed by the ROI Maps, is used to control the allocation of the
available error protection rate.
The consideration of the ROI Maps, which basically define to which perceptual relevance level a
given MB belongs to, allows selecting different QP increments for different image areas when creating
the redundant bitstream. In this Thesis, only two perceptual relevance levels were considered
(corresponding to the foreground and background areas), in order to reduce the amount of information
needed to transmit the ROI Maps. According to this image areas classification, the MBs belonging to
the foreground area are requantized using a lower QP increment, as these MBs are considered to
represent perceptually important image zones and the final decoded quality should be preserved in
these areas. The MBs belonging to the background area are presumed to represent less perceptually
relevant image zones and thus the QP increment for these regions may be higher since the decoded
video quality degradation incurred will have a lower impact on the user’s experience. This image
classification (into foreground and background areas) allows decreasing the bitrate associated to the
redundant bitstream, thus increasing the correction capability of the overall error protection
mechanism, while preserving a satisfying decoded video quality for the perceptually most relevant
areas.
As seen in the previous section, the N-PDEP video coding solution already shows a significantly
higher error protection performance when compared to the two selected error protection video coding
benchmarks. For this reason, the performance evaluation conducted in this section will only present a
comparison between the N-PDEP and the PDEP video codecs. This comparison mainly aims at
understanding in which conditions it may be beneficial to perceptually control the overall error
protection mechanism and what are the gains involved.
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The performance comparison of the N-PDEP and PDEP solutions presented in this section will be
conducted only for the primary QP group associated to the highest bitrate and decoded quality, i.e.
group G1 in Table 5.1, as this is the QP group where the proposed N-PDEP solution shows a higher
RD performance with respect to the selected error protection video coding benchmarks. Moreover, it is
very likely for this QP group that possible degradation in the decoded visual information (resulting from
channel errors) has a higher impact on the user’s experience, as this degradation is perceptually
easier to identify in the context of higher decoded video qualities. As far as the amount of error
protection allowed is concerned, two WZ bitrate values are considered in this section, i.e. 5% and 10%
of the primary bitrate defined by the QP values in G1, as these values correspond to reasonable
amounts of error protection.
It is important to notice that, for a given QP group and WZ bitrate, the difference between the
PDEP and N-PDEP solutions in terms of total bitrate is only given by the bitrate used to transmit the
compressed ROI Maps which is typically rather small. For the temporal and spatial resolutions
considered in this Thesis, the bitrate associated to the transmission of the ROI Maps for the selected
test sequences is typically below 100 kbit/s when the generic WinZip compression tool is used to
encode them. Thus, for the primary QP group G1, the ROI Maps bitrate represents around 1% of the
total bitrate. Considering this small bitrate difference between the N-PDEP and PDEP solutions, only
the decoded quality values will be compared in the performance comparison to be performed in this
section.
Table 5.2, Table 5.3 and Table 5.4 show the decoded visual quality results obtained for the NPDEP (on the left) and PDEP (on the right) video coding solutions when the WZ bitrate allowed for
protection is 5% of the primary bitrate. The experimental results are presented in tables as the results
obtained are close to each other, which makes it difficult to distinguish them if a graphical
representation of the results is adopted. As the difference between the N-PDEP and PDEP solutions
involves perceptual relevance, it is essential to consider in their comparison quality metrics which are
perceptually aware. Thus, apart from the traditional PSNR results, results for the FSSIM and FPSNR
metrics are also presented in Table 5.2 to Table 5.4, in order to compare the PDEP and N-PDEP
solutions when different weights are assigned to different picture areas, according to the ROI Maps. In
Table 5.2 to Table 5.4, the maximum values obtained for each video quality metric for each PLR are
highlighted in bold and the values obtained with the PDEP solution that are higher than the
corresponding maximum values obtained with the N-PDEP solution are underlined to ease the
comparative analysis of the obtained results.
Considering the PDEP solution, various foreground and background QP increments combinations
were tested; the ones showing the highest values for the adopted quality metrics are included in Table
5.2, Table 5.3 and Table 5.4 for each PLR tested. Each QP increment pair is indexed in the form
“∆QF_∆QB”, where ∆QF and ∆QB are the foreground and background QP increments used in the
requantization processes. For the N-PDEP solution, the same QP increment was assigned to both
foreground and background areas, as this video coding solution, which is a particular case of the
PDEP solution, does not use the perceptual relevance of the video content to control the error
protection mechanism. For the N-PDEP solution, the ROI Maps do not interfere in the requantization
processes but are used to compute the FSSIM and FPSNR values. Naturally, the PSNR values
obtained for the N-PDEP solution are the same as the ones obtained in the QP increment impact
study presented in Section 5.2.
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Table 5.2 – Decoded quality comparison for the “Crew” sequence using a WZ bitrate equivalent to 5%
of the primary bitrate.

N-PDEP
∆QF_∆QB

PSNR [dB]

FSSIM

PDEP
FPSNR [dB]

∆QF_∆QB

PSNR [dB]

FSSIM

FPSNR [dB]

PLR 1%
19_19

40,074

0,9501

37,906

19_21

40,109

0,9502

37,937

20_20

40,112

0,9502

37,936

20_21

40,107

0,9502

37,932

21_21

40,121

0,9503

37,935

20_22

40,148

0,9502

37,934

22_22

40,145

0,9502

37,923

21_22

40,145

0,9502

37,925

23_23

40,160

0,9502

37,917

21_23

40,144

0,9502

37,930

24_24

40,145

0,9501

37,904

22_23

40,141

0,9502

37,923

25_25

40,131

0,9500

37,893

23_24

40,149

0,9501

37,910

26_26

40,115

0,9499

37,881

23_25

40,142

0,9501

37,911

PLR 3%
19_19

38,928

0,9416

36,682

19_21

39,002

0,9419

36,740

20_20

39,010

0,9419

36,743

20_22

39,015

0,9420

36,762

21_21

39,043

0,9421

36,772

21_22

39,010

0,9419

36,752

22_22

39,006

0,9419

36,744

21_23

39,022

0,9420

36,762

23_23

39,040

0,9419

36,746

22_23

39,020

0,9419

36,755

24_24

39,048

0,9418

36,735

22_24

39,049

0,9419

36,754

25_25

39,016

0,9415

36,702

23_24

39,048

0,9418

36,734

26_26

39,010

0,9415

36,697

23_25

39,038

0,9418

36,735

PLR 5%
19_19

38,514

0,9367

36,070

19_21

38,524

0,9368

36,109

20_20

38,529

0,9368

36,094

20_21

38,518

0,9367

36,094

21_21

38,573

0,9368

36,100

20_22

38,508

0,9367

36,086

22_22

38,570

0,9367

36,080

21_22

38,532

0,9366

36,080

23_23

38,494

0,9361

36,010

21_23

38,552

0,9367

36,084

24_24

38,474

0,9360

35,996

22_23

38,539

0,9365

36,062

25_25

38,434

0,9357

35,972

22_24

38,497

0,9362

36,029

26_26

38,378

0,9353

35,932

23_24

38,486

0,9361

36,018

PLR 10%
19_19

36,330

0,9168

33,934

19_21

36,407

0,9171

33,978

20_20

36,374

0,9169

33,959

20_22

36,540

0,9178

34,080

21_21

36,537

0,9176

34,049

21_22

36,593

0,9180

34,109

22_22

36,599

0,9180

34,099

21_23

36,496

0,9174

34,043

23_23

36,520

0,9172

34,027

22_23

36,506

0,9173

34,032

24_24

36,464

0,9168

33,986

22_24

36,498

0,9171

34,029

25_25

36,479

0,9162

33,948

23_24

36,489

0,9171

34,015

26_26

36,436

0,9159

33,933

23_25

36,459

0,9168

34,011
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Table 5.3 – Decoded quality comparison for the “Raven” sequence using a WZ bitrate equivalent to
5% of the primary bitrate.

N-PDEP
∆QF_∆QB

PSNR [dB]

FSSIM

PDEP
FPSNR [dB]

∆QF_∆QB

PSNR [dB]

FSSIM

FPSNR [dB]

PLR 1%
19_19

41,076

0,9693

37,590

19_23

41,100

0,9694

37,647

20_20

41,079

0,9693

37,604

20_23

41,100

0,9694

37,647

21_21

41,084

0,9693

37,614

21_23

41,096

0,9694

37,638

22_22

41,088

0,9693

37,619

21_25

41,092

0,9694

37,646

23_23

41,106

0,9694

37,648

22_23

41,108

0,9694

37,653

24_24

41,093

0,9693

37,633

22_24

41,095

0,9694

37,640

25_25

41,090

0,9694

37,636

23_24

41,093

0,9694

37,635

26_26

41,077

0,9693

37,626

23_26

41,083

0,9694

37,640

PLR 3%
19_19

39,262

0,9556

35,096

19_23

39,313

0,9561

35,195

20_20

39,284

0,9558

35,131

20_23

39,326

0,9562

35,213

21_21

39,320

0,9560

35,179

21_23

39,307

0,9561

35,184

22_22

39,312

0,9560

35,165

21_25

39,303

0,9561

35,211

23_23

39,337

0,9562

35,215

22_23

39,343

0,9563

35,226

24_24

39,306

0,9560

35,186

22_24

39,316

0,9561

35,201

25_25

39,296

0,9559

35,176

23_24

39,310

0,9560

35,190

26_26

39,327

0,9560

35,209

23_25

39,317

0,9561

35,213

PLR 5%
19_19

38,269

0,9474

33,793

19_23

38,317

0,9478

33,910

20_20

38,268

0,9475

33,793

20_23

38,337

0,9479

33,935

21_21

38,324

0,9479

33,889

21_23

38,316

0,9477

33,900

22_22

38,348

0,9480

33,912

21_25

38,298

0,9477

33,906

23_23

38,375

0,9481

33,950

22_23

38,384

0,9482

33,970

24_24

38,320

0,9477

33,902

22_24

38,351

0,9480

33,944

25_25

38,298

0,9476

33,873

23_24

38,340

0,9478

33,923

26_26

38,277

0,9475

33,876

23_25

38,320

0,9478

33,919

PLR 10%
19_19

35,804

0,9217

30,621

19_23

35,887

0,9225

30,753

20_20

35,782

0,9213

30,602

20_23

35,874

0,9222

30,735

21_21

35,875

0,9224

30,718

21_23

35,863

0,9220

30,712

22_22

35,878

0,9220

30,708

21_25

35,848

0,9220

30,741

23_23

35,886

0,9221

30,710

22_23

35,899

0,9223

30,732

24_24

35,861

0,9218

30,694

22_24

35,866

0,9219

30,707

25_25

35,851

0,9217

30,694

23_24

35,853

0,9217

30,685

26_26

35,827

0,9215

30,696

23_25

35,846

0,9217

30,708
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Table 5.4 – Decoded quality comparison for the “Sheriff” sequence using a WZ bitrate equivalent to
5% of the primary bitrate.

N-PDEP
∆QF_∆QB

PSNR [dB]

FSSIM

PDEP
FPSNR [dB]

∆QF_∆QB

PSNR [dB]

FSSIM

FPSNR [dB]

PLR 1%
20_20

39,561

0,9697

38,602

20_22

39,643

0,9700

38,742

21_21

39,549

0,9696

38,589

21_22

39,639

0,9700

38,733

22_22

39,636

0,9699

38,725

22_23

39,625

0,9699

38,714

23_23

39,621

0,9699

38,705

22_24

39,638

0,9700

38,737

24_24

39,631

0,9699

38,718

22_25

39,625

0,9700

38,735

25_25

39,601

0,9698

38,679

23_25

39,622

0,9699

38,727

26_26

39,614

0,9699

38,696

24_26

39,627

0,9700

38,723

27_27

39,605

0,9698

38,693

25_27

39,617

0,9699

38,718

PLR 3%
20_20

37,623

0,9586

35,939

22_24

37,728

0,9591

36,130

21_21

37,604

0,9584

35,924

22_25

37,731

0,9591

36,146

22_22

37,683

0,9588

36,038

23_25

37,747

0,9592

36,161

23_23

37,655

0,9586

36,002

24_25

37,894

0,9599

36,329

24_24

37,869

0,9598

36,284

24_26

37,883

0,9599

36,334

25_25

37,885

0,9598

36,305

25_26

37,859

0,9597

36,292

26_26

37,881

0,9597

36,321

25_27

37,867

0,9597

36,321

27_27

37,829

0,9594

36,257

26_27

37,848

0,9596

36,286

PLR 5%
20_20

37,157

0,9563

35,439

20_22

37,190

0,9565

35,526

21_21

37,131

0,9561

35,409

21_22

37,168

0,9563

35,485

22_22

37,143

0,9560

35,414

22_24

37,196

0,9564

35,518

23_23

37,091

0,9557

35,367

22_25

37,185

0,9562

35,536

24_24

37,201

0,9562

35,498

24_25

37,199

0,9562

35,520

25_25

37,185

0,9560

35,489

24_26

37,244

0,9565

35,598

26_26

37,215

0,9561

35,534

25_26

37,189

0,9560

35,524

27_27

37,148

0,9557

35,461

26_27

37,178

0,9559

35,506

PLR 10%
20_20

34,627

0,9373

32,159

20_22

34,887

0,9391

32,555

21_21

34,623

0,9371

32,155

21_22

34,862

0,9388

32,504

22_22

34,884

0,9384

32,476

22_24

34,961

0,9390

32,625

23_23

34,851

0,9381

32,446

22_25

34,935

0,9388

32,628

24_24

34,981

0,9387

32,580

23_25

34,970

0,9389

32,655

25_25

34,949

0,9383

32,532

24_25

35,000

0,9388

32,639

26_26

35,020

0,9385

32,637

24_26

34,983

0,9386

32,628

27_27

34,968

0,9380

32,581

26_27

35,007

0,9384

32,640
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The results presented above lead to the following conclusions:
 For the PDEP solution, there is always at least one quality metric with a quality score higher
than the maximum values achieved with the N-PDEP solution, for all the sequences and PLRs
tested (although sometimes the gains may be rather small). This demonstrates the principle
that it is possible to achieve higher global decoded video qualities when a perceptually driven
approach is used to control the overall error protection mechanism.
 In general, the gains achieved by the PDEP solution with respect to the N-PDEP solution are
higher when comparing the values of the foveated metrics, i.e. FSSIM and FPSNR. This is due
to the fact that both foveated metrics use different weights when evaluating the quality of the
foreground and background areas of a picture. As the PDEP solution aims at providing a higher
decoded quality on the foreground areas, the gains achieved with the foveated metrics are
naturally higher. This demonstrates that the areas identified as perceptually important show
higher decoded video qualities when the PDEP solution is used.
 The PDEP solution shows the highest decoded video quality gains with respect to the N-PDEP
solution for the “Sheriff” test sequence. This test sequence is also the one for which the PDEP
solution shows a higher number of QP increment pairs (thus a higher number of underlined
values in Table 5.2 to Table 5.4) that achieve a higher decoded visual quality than the optimal
cases of the N-PDEP solution. These results may be explained considering the highly detailed
and difficult to predict background areas characteristic of this test sequence. Requantizing the
background areas with higher QP increments significantly reduces the redundant stream bitrate
regarding the primary bitrate, thus providing higher error resilience. Also the quality of the
recovered redundant stream in the foreground areas is higher than in the background areas,
preserving a satisfying decoded video quality where the human visual attention is more likely to
be directed.
 In a general way, it is difficult to determine the optimal QP increments to use, as these values
depend on the channel status (PLR), WZ bitrate and video content to be transmitted. When
comparing the non-optimal QP increments of both solutions, the PDEP solution provides, in
most cases, higher decoded video qualities.
 In general, higher PDEP gains are associated to higher PLRs. As explained in the QP
increment study presented in Section 5.2, the decoded video quality achieved for the lower
PLRs is mainly determined by the primary bitstream quality. For the higher PLRs, the error
protection mechanism is activated more often and therefore the difference between both
solutions becomes more evident.
 The obtained FPSNR scores are always lower than the corresponding PSNR scores. The
reason for this difference is that the background areas are generally smooth and the mean
squared error in these areas is generally lower than in the foreground areas. As the FPSNR
evaluation metric attributes less weight to the background areas, the final values are obviously
lower than when the same weight is attributed to all areas of the picture.
 In general, the obtained gains for the PDEP solution with respect to the N-PDEP solution are
not very high. However, it is important to notice that the decoded quality values presented in
the tables above are an average of the values obtained for all the frames of the test sequences.
It is possible that higher gains are obtained at the frame level, although they are “diluted” when
computing the average score over the whole sequence.
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Similarly to the QP increment impact study performed in Section 5.2.1, both PDEP and N-PDEP
solutions are now compared when a WZ bitrate corresponding to 10% of the primary bitrate is used, in
order to assess the effect of increasing the available bitrate for protection. Table 5.5, Table 5.6 and
Table 5.7 show the decoded video quality results for both the PDEP and N-PDEP video coding
solutions.

88

Table 5.5 – Decoded quality comparison for the “Crew” sequence using a WZ bitrate equivalent to
10% of the primary bitrate.

N-PDEP
∆QF_∆QB

PSNR [dB]

FSSIM

PDEP
FPSNR [dB]

∆QF_∆QB

PSNR [dB]

FSSIM

FPSNR [dB]

PLR 1%
12_12

40,417

0,9520

38,237

11_13

40,417

0,9520

38,250

13_13

40,438

0,9520

38,235

12_13

40,411

0,9519

38,232

14_14

40,427

0,9519

38,220

12_14

40,403

0,9519

38,224

15_15

40,429

0,9520

38,234

13_14

40,429

0,9519

38,225

16_16

40,423

0,9519

38,224

13_15

40,433

0,9520

38,246

17_17

40,417

0,9519

38,217

14_15

40,430

0,9520

38,238

18_18

40,420

0,9518

38,209

14_16

40,428

0,9520

38,238

19_19

40,422

0,9519

38,212

15_17

40,422

0,9519

38,229

PLR 3%
12_12

39,734

0,9473

37,548

13_14

39,830

0,9476

37,600

13_13

39,760

0,9474

37,570

13_15

39,855

0,9477

37,618

14_14

39,819

0,9475

37,586

14_15

39,869

0,9477

37,616

15_15

39,861

0,9476

37,601

14_16

39,841

0,9476

37,596

16_16

39,856

0,9476

37,590

15_17

39,853

0,9476

37,601

17_17

39,862

0,9475

37,579

16_17

39,865

0,9475

37,584

18_18

39,861

0,9474

37,560

17_18

39,837

0,9474

37,563

19_19

39,837

0,9472

37,532

17_19

39,835

0,9474

37,566

PLR 5%
12_12

39,533

0,9446

37,156

12_13

39,532

0,9446

37,167

13_13

39,551

0,9447

37,191

12_14

39,519

0,9444

37,146

14_14

39,590

0,9448

37,191

13_14

39,522

0,9445

37,156

15_15

39,572

0,9447

37,192

13_15

39,555

0,9448

37,214

16_16

39,533

0,9442

37,121

14_15

39,565

0,9447

37,184

17_17

39,535

0,9442

37,123

14_16

39,531

0,9445

37,157

18_18

39,514

0,9440

37,091

15_17

39,525

0,9444

37,147

19_19

39,448

0,9436

37,031

16_17

39,539

0,9443

37,133

PLR 10%
12_12

38,223

0,9338

35,822

13_14

38,426

0,9351

36,025

13_13

38,227

0,9339

35,856

13_15

38,393

0,9349

36,008

14_14

38,412

0,9348

35,968

14_15

38,443

0,9348

35,973

15_15

38,472

0,9349

35,991

14_16

38,473

0,9350

36,002

16_16

38,487

0,9346

35,955

15_17

38,481

0,9349

36,003

17_17

38,536

0,9350

36,007

16_17

38,543

0,9352

36,026

18_18

38,502

0,9343

35,932

17_18

38,456

0,9344

35,942

19_19

38,437

0,9337

35,853

17_19

38,492

0,9346

35,975
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Table 5.6 – Decoded quality comparison for the “Raven” sequence using a WZ bitrate equivalent to
10% of the primary bitrate.

N-PDEP
∆QF_∆QB

PSNR [dB]

FSSIM

PDEP
FPSNR [dB]

∆QF_∆QB

PSNR [dB]

FSSIM

FPSNR [dB]

PLR 1%
15_15

41,576

0,9722

38,371

14_18

41,592

0,9725

38,411

16_16

41,577

0,9723

38,372

15_18

41,596

0,9726

38,415

17_17

41,587

0,9723

38,391

16_18

41,587

0,9725

38,400

18_18

41,587

0,9725

38,390

17_18

41,582

0,9725

38,389

19_19

41,583

0,9725

38,389

17_19

41,582

0,9725

38,395

20_20

41,565

0,9723

38,357

18_19

41,587

0,9725

38,401

21_21

41,570

0,9724

38,370

18_20

41,577

0,9725

38,389

22_22

41,545

0,9722

38,333

18_21

41,567

0,9724

38,378

PLR 3%
15_15

40,161

0,9626

36,403

14_18

40,204

0,9630

36,491

16_16

40,247

0,9632

36,475

15_18

40,194

0,9630

36,489

17_17

40,269

0,9633

36,524

16_17

40,276

0,9634

36,528

18_18

40,278

0,9634

36,540

16_18

40,252

0,9633

36,513

19_19

40,256

0,9633

36,513

17_18

40,238

0,9632

36,490

20_20

40,253

0,9632

36,507

18_19

40,255

0,9633

36,518

21_21

40,238

0,9631

36,513

18_20

40,244

0,9632

36,515

22_22

40,233

0,9630

36,507

18_21

40,230

0,9632

36,507

PLR 5%
15_15

39,723

0,9591

35,818

14_18

39,749

0,9596

35,866

16_16

39,742

0,9594

35,817

15_18

39,747

0,9596

35,859

17_17

39,779

0,9597

35,874

16_18

39,773

0,9597

35,882

18_18

39,803

0,9600

35,921

17_18

39,789

0,9598

35,902

19_19

39,756

0,9597

35,858

17_19

39,784

0,9600

35,936

20_20

39,696

0,9593

35,791

18_19

39,758

0,9598

35,887

21_21

39,647

0,9589

35,722

18_20

39,739

0,9597

35,859

22_22

39,604

0,9584

35,671

18_21

39,688

0,9593

35,824

PLR 10%
15_15

37,633

0,9417

33,087

14_18

37,812

0,9435

33,310

16_16

37,780

0,9431

33,226

15_18

37,823

0,9437

33,322

17_17

37,844

0,9438

33,295

16_18

37,845

0,9436

33,327

18_18

37,971

0,9449

33,421

17_18

37,926

0,9445

33,417

19_19

37,927

0,9443

33,363

17_19

37,937

0,9448

33,429

20_20

37,906

0,9443

33,379

18_19

37,913

0,9442

33,355

21_21

37,932

0,9445

33,436

18_20

37,933

0,9446

33,433

22_22

37,934

0,9445

33,457

18_21

37,886

0,9443

33,414
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Table 5.7 – Decoded quality comparison for the “Sheriff” sequence using a WZ bitrate equivalent to
10% of the primary bitrate.

N-PDEP
∆QF_∆QB

PSNR [dB]

FSSIM

PDEP
FPSNR [dB]

∆QF_∆QB

PSNR [dB]

FSSIM

FPSNR [dB]

PLR 1%
15_15

39,905

0,9711

39,131

14_16

39,932

0,9713

39,179

16_16

39,927

0,9712

39,160

15_16

39,931

0,9713

39,174

17_17

39,930

0,9712

39,162

15_17

39,939

0,9713

39,186

18_18

39,914

0,9711

39,143

16_17

39,931

0,9712

39,166

19_19

39,896

0,9711

39,116

16_18

39,919

0,9712

39,159

20_20

39,881

0,9710

39,096

17_18

39,918

0,9712

39,156

21_21

39,864

0,9709

39,073

17_19

39,904

0,9711

39,141

22_22

39,842

0,9708

39,042

18_20

39,888

0,9711

39,117

PLR 3%
15_15

38,857

0,9648

37,812

14_16

38,936

0,9653

37,971

16_16

38,898

0,9651

37,881

15_16

38,929

0,9653

37,953

17_17

38,900

0,9650

37,890

15_17

38,915

0,9652

37,931

18_18

38,852

0,9648

37,827

16_17

38,901

0,9651

37,897

19_19

38,882

0,9649

37,869

16_18

38,879

0,9650

37,888

20_20

38,846

0,9647

37,824

17_18

38,874

0,9649

37,877

21_21

38,797

0,9645

37,757

17_19

38,849

0,9649

37,871

22_22

38,734

0,9641

37,673

19_20

38,851

0,9648

37,841

PLR 5%
15_15

38,365

0,9629

37,194

14_16

38,590

0,9641

37,506

16_16

38,586

0,9639

37,466

15_16

38,585

0,9640

37,490

17_17

38,550

0,9637

37,406

15_17

38,586

0,9640

37,525

18_18

38,522

0,9635

37,370

16_17

38,556

0,9638

37,420

19_19

38,402

0,9627

37,211

16_18

38,556

0,9638

37,457

20_20

38,350

0,9625

37,138

17_18

38,546

0,9637

37,437

21_21

38,345

0,9624

37,141

17_19

38,483

0,9634

37,379

22_22

38,259

0,9619

37,012

18_20

38,423

0,9630

37,287

PLR 10%
15_15

36,889

0,9534

35,331

16_17

37,170

0,9551

35,751

16_16

37,071

0,9545

35,568

16_18

37,139

0,9551

35,749

17_17

37,162

0,9549

35,731

17_18

37,180

0,9552

35,793

18_18

37,092

0,9545

35,630

17_19

37,131

0,9550

35,770

19_19

37,104

0,9542

35,612

18_20

37,073

0,9543

35,645

20_20

37,207

0,9549

35,721

19_20

37,152

0,9546

35,698

21_21

37,201

0,9548

35,731

20_21

37,245

0,9553

35,822

22_22

37,135

0,9541

35,633

20_22

37,180

0,9549

35,772

91

From the results in Table 5.5, Table 5.6 and Table 5.7, the following conclusions may be taken:
 In general, when considering a 10% WZ bitrate for protection, the decoded quality gains are
higher than the ones obtained when considering a 5% WZ bitrate. This is due to the fact that, in
the 10% WZ bitrate case, a higher number of parity slices can be allocated and the redundant
stream can be more often recovered at the decoder.
 Compared to the 5% WZ bitrate case, the 10% WZ bitrate case shows a higher number of QP
increment pairs where a higher decoded video quality value can be achieved with the PDEP
solution (underlined values) with respect to the N-PDEP, for the same reason mentioned in the
previous conclusion.
 As for the 5% WZ bitrate case, higher gains are associated to the higher PLRs for the same
reason mentioned above.
 As for the 5% WZ bitrate case, the PDEP solution shows the highest performance gains for the
“Sheriff” test sequence for the same reason mentioned above.
To sum up, the results presented in this chapter demonstrate that the proposed PDEP video codec
provides a good alternative to traditional error protection video coding solutions, e.g. FEC based.
Although the N-PDEP solution already showed a superior RD performance than both the
H.264/AVC+FEC and H.264/AVC+EC video coding benchmarks, this performance could still be
enhanced by adopting a perceptually driven approach to control the overall error protection
mechanism (corresponding to the PDEP solution).
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Chapter 6

Conclusions and Future Work

The purpose of this last chapter is to present a brief summary of the contents addressed in this
Thesis and some final conclusions regarding the objectives initially proposed, as well as some
prospects for future work.

6.1 Conclusions
The first chapter introduced the context and motivation of this Thesis, highlighting the importance
of developing robust error transmission video communication systems and the benefits of using a
perceptual-based approach to control them. Next, Chapter 2 provided a review on the concepts of
predictive and distributed video coding, as these concepts are essential to understand the video
coding solution proposed in this Thesis. Chapter 2 also presented a brief overview of the
characteristics of the HVS and a review of the most relevant perceptual-based and error protection
video coding solutions already available in the literature, notably those inspiring the design of the
video coding solution proposed in this Thesis.
After the review presented in Chapter 2, Chapter 3 presented a first perspective of the proposed
PDEP video coding solution to familiarize the reader with its basic operation. With this purpose in
mind, the high-level architecture of the proposed video codec was presented along with a walkthrough
explaining the functional operation of the various modules taking part in the overall encoding/decoding
processes. The detailed description of each of these modules was addressed in Chapter 4, which
provided a thorough description of both encoder and decoder tools used in the proposed PDEP video
codec.
Finally, the performance evaluation of the proposed PDEP solution was presented in Chapter 5.
The adopted test conditions were first described, followed by the performance results obtained with
and without considering the perceptual weighting on the error protection mechanism.
In short, the objectives proposed in Chapter 1 for this work were all accomplished. A method for
the perceptual classification of the video content in the compressed domain was first developed,
based on the adaptation of the perceptual weighting mechanism proposed in [28] to the target spatial
and temporal resolutions of the proposed codec. An error protection scheme using DVC principles
based on the solution proposed in [33] was after developed, also with a structural modification to
improve its performance on the Intra coded parts of the video sequences. The perceptual classification
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mechanism was then integrated with the developed error protection solution to control the error
protection mechanism, resulting in the final PDEP video codec.
Based on the performance evaluation results presented in Chapter 5, it may be concluded that the
proposed solution provides a very attractive alternative to the already available error protection
solutions, given the high performance gains achieved with respect to the H.264/AVC+FEC and
H.264/AVC+EC video coding solutions without considering the perceptual relevance of the video
content. Also, an improved performance of the proposed solution was achieved when considering the
perceptual weighting of the video content to control the error protection mechanism, although
sometimes the obtained gains are rather small when compared to the non-perceptually driven version.
In any case, the principle behind this perceptual approach was demonstrated to work and the obtained
results encourage further studies on better exploiting the HVS characteristics to achieve higher error
protection performances. In fact, the research material provided in this Thesis will be submitted for
publication to:
1. N-PDEP codec and assessment – Fifth International Workshop on Quality of Multimedia
Experience (QOMEX).
2. PDEP codec and assessment – Signal Processing: Image Communication Journal.

6.2 Future Work
Despite the positive error protection performance results presented in Chapter 5, the following
technical improvements are still possible to consider in order enhance the error protection
performance of the proposed solution, even though sometimes extra computational complexity is
required:
 Uncompressed Domain Perceptual Weighting – As mentioned in the description of the ROI
Maps Generator module in Section 4.1.2, the adopted perceptual weighting mechanism works
on the compressed domain to reduce the associated computational complexity. Although this
perceptual mechanism shows satisfying results for the considered coding conditions, it is not
guaranteed that similar results are obtained when significantly changing the coding conditions
of the primary bitstream. Therefore, using an uncompressed domain perceptual weighting
mechanism would eliminate the dependency on the coding options performed by the encoder,
with the disadvantage of increasing the associated computational complexity.
 Adaptive QP Increments – As explained in Chapter 5, there is not a single optimal pair of QP
increments for every video content, channel PLR or bitrate allowed for protection. Therefore, in
case the application allows a feedback signaling channel, an adaptive QP increment selection
for both foreground and background areas could be developed based on the decoded quality of
the output video signal at the decoder side.
 ROI Threshold Variation – As mentioned in the adopted test conditions presented in Chapter
5, the ROI Threshold,

, used in the conducted tests was always 1, meaning that only the

perceptually most important area identified in the foveation map of each frame was considered
to be the foreground area, to focus the available protection bitrate in the most perceptually
important part of the picture. However, it might be beneficial to study the proposed solution
using different

values as this might improve the performance achieved by the proposed

video coding solution.
 Error Concealment Performance Prediction at the Encoder – In the proposed PDEP video
codec, the available protection bitrate is always assigned to all parts of the picture, even though
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it is focused on the most perceptually relevant ones (foreground areas). For some types of
video content, the decoder-based error concealment may provide satisfying visual quality
results and, therefore, by predicting these situations at the encoder side, it would be possible to
avoid allocating protection bitrate resources for some background areas, as these can be
concealed at the decoder with a satisfying video quality.
In conclusion, the video coding solution proposed in this Thesis has demonstrated to be a
promising error protection solution. However, there is still room for further research in order to
enhance its performance, notably by optimizing and improving the characteristics of the perceptual
classification used to control the error protection mechanism or even by adding more advanced tools
to assure a good overall error protection performance under different coding conditions.
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Appendix A

Perceptual-based Coding for Distributed Video
Coding

This appendix presents another perceptual-based video coding solution called Perceptual-based
Coding for DVC [29] which is also relevant for the topics addressed in this Thesis. This coding solution
has been proposed by Sun and Tsai in [29] and targets to improve a DVC codec using perceptualbased tools. The description of this video coding solution in this appendix follows the same structure
used to describe the perceptual-based and error protection video coding solutions in Sections 2.4.1
and 2.4.2.
a) Objectives and Basic Approach
As explained in Section 2.2, DVC coding solutions are typically characterized by low complexity
encoders and high complexity decoders. As this characteristic is useful for many types of emerging
applications, many efforts have been made to improve the coding efficiency of DVC solutions. The
Perceptual-Based coding for Distributed Video Coding (PB-DVC) solution presented in this section
attempts to enhance the RD performance of a DVC solution by using a perceptual-based skip mode
strategy performed at the decoder.
The PB-DVC solution is based on the fact that although Side Information (SI) frames generated at
the decoder may often contain a large amount of errors, they are perceptually similar to the original
frames. This occurs, for example, in sequences captured with slight camera motions that generate
visually appealing SI frames, but, as not all pixels are located in the same precise position as the
original ones, the frame PSNR is low and a large amount of parity bits are needed to correct the
errors. To overcome this problem, the PB-DVC solution selects the SI regions where visual distortions
are perceptually salient and uses the parity bits generated by the channel codes to correct only these
parts of the SI frames, as the correction of the remaining zones is not perceptually relevant.
The perceptually salient regions are called Regions Of Interest (ROI) and their selection is
performed at the decoder, taking into account the textures and motion characteristics of the MBs in the
SI frames. Parity bits are only generated to correct the ROIs, meaning that lower bit rates are
achieved when coding WZ frames for the same final perceptual quality. Since the visual quality of the
decoded video sequence is not compromised with this bitrate reduction, an improved RD performance
is achieved with this mechanism.
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b) Architecture and Main Tools
A block diagram illustrating the PB-DVC codec architecture is depicted in Figure A.1.

Figure A.1 – PB-DVC encoder and decoder architecture [29].
The PB-DVC solution follows the basic DISCOVER DVC architecture described in Section 2.2, but
also includes some perceptual-based tools to focus the coding process on the most perceptually
relevant parts of video sequences. The overall coding/decoding process works as follows:
1. Frame Selection and SI Creation – Key frames are selected at the encoder and coded using
an H.264/AVC Intra codec. At the decoder, these frames are used as references to create the
SI frames.
2. Texture Distribution Generator – A texture distribution generator creates a texture
distribution bit map for both the SI frames (at the decoder) and original WZ frames (at the
encoder). Each MB is represented in this map by one bit, indicating whether the corresponding
MB is texture-rich or not (‘1’ or ‘0’, respectively). This decision is made using the Sobel edge
operator and appropriate edge and texture thresholds varying according to the content of each
frame. The edge threshold

for a WZ frame is given by
∑

where

(A.1)

is the sum of the magnitudes of the horizontal and vertical Sobel edge strengths

of a given pixel

and

is the number of pixels in a WZ frame. This threshold is computed for

each frame and used to determine if a given pixel is an edge pixel or not, after applying the
Sobel edge operator. A MB is considered to be texture rich if its percentage of edge pixels is
larger than the texture threshold

, given by
∑

where

is 1 when a pixel

(A.2)

is an edge pixel and 0 otherwise.

3. Perceptual-based Error Analysis – The encoder sends the texture map of each WZ frame to
the decoder, so that it can carry a perceptual-based error analysis. This analysis targets to
select the specific parts of a picture, called ROI, that need to be correctly decoded in order to
achieve a good decoded video quality. This means that errors in the SI frame outside the ROIs
do not need to be corrected as they practically do not affect the perceptual quality of the output
video signal. The perceptual error analysis takes into account the following four aspects:
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a.

Texture Distribution Similarity (TDS) – The decoder compares the texture distribution
map of both the SI and WZ frames. If a given SI MB is texture-rich and the correspondent
WZ one is not (or vice-versa), it means that this SI MB should be corrected. The set of the
remaining SI MBs (this means those matching the original MBs in terms of texturerichness) is denoted by

b.

.

Motion Consistency (MC) – The motion behavior of the SI MBs is evaluated to estimate
the SI frame prediction quality. A motion smoothness parameter
each 4x4 block in the SI frames at block position

using

∑ ‖
where

is calculated for

‖

(A.3)

is the set of the eight direct neighbours of block

and

is the estimated

forward motion vector of a given block. The motion consistency measure for a MB ,
, is given by the maximum value of the smoothness parameter found among the
sixteen 4x4 block of MB . The motion consistency threshold is given by
(A.4)
where

and

are the mean and standard deviation of the

values of all MBs in

SI frame . Based on these metrics, the MBs that are not motion consistent (MBs with a
motion consistency measure higher than the threshold) are identified and should be
corrected. The set of the remaining MBs (the motion consistent ones) is denoted as
c.

.

Texture Structure Consistency (TSC) – The texture structure consistency observed
between the key frames used as references may be an indication of the visual quality of
the SI MBs, as higher structural consistency often indicates better visual quality. Thus, a
correlation coefficient

is calculated for each MB of the SI frame, based on the

texture values of the reference key frames, to evaluate the texture structural consistency
level using:
∑

[(

)

(

)]
(A.5)

√
where

is the set of pixels in MB ,

and

are the sum of the magnitudes

of the horizontal and vertical Sobel strengths of each pixel in the forward and backward
reference key frames, respectively, and

,

respective means and variances. Using the threshold

,

and

are their

given by
(A.6)

with

and

denoting the mean and standard deviation of

correlation coefficient

determines if a given MB should be corrected by parity bits

(texture structural consistency higher than
lower than
d.

in SI frame , the

) or not (texture structural consistency

). The set of low texture structural consistent MBs is denoted as

.

Valid Motion Projection (VMP) – In some motion projection algorithms, it may happen
that boundary MBs in the SI frames are created using extrapolated values from outside
the frame boundaries, usually causing visual distortions in the SI frames. An error
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measurement,

, is calculated for each pixel in a given SI frame

using the matching

degree of the forward and backward MVs associated to the reference key frames as
|
In the expression above,

(

)

(

)|.

(A.7)

is the image luminance intensity at time

and

and

are the matching MVs of the forward and backward key frames, respectively. The
threshold level

is given by
(A.8)

where

and

are the mean and standard deviation of the

every pixel in SI frame . If, for a given pixel, the error

values calculated for

is higher than

is considered to have an invalid motion projection. If a MB contains more than

, this pixel
=

10% (value based on empirical analysis) invalid motion projection pixels, this MB should
be corrected by parity bits. The set of MBs with a lower percentage of invalid motion
projection pixels is denoted as

.

4. ROI Selection Process – If a MB simultaneously belongs to all the
it belongs to

sets referred above (i.e.

), it is considered to have insignificant perceptual

distortion and, therefore, does not require parity bits for its correction. The remaining MBs are
presumed to be part of the ROI, as they are considered important to be protected in, at least,
one of the four adopted aspects. To obtain the final ROIs, a refinement process is after
performed to remove isolated MBs and fill eventual ROI holes (see [29] for details). It is
possible that there is more than one ROI in a single frame. Figure A.2 shows some examples
of ROI detection results.

Figure A.2 – Examples of decoder identified ROIs [29].
5. ROI Information Transmission – As the ROI selection process is carried at the decoder, the
detection results need to be transmitted to the encoder using the feedback channel. This
information is coded using the same mechanism as the texture structure bit-map sent from the
encoder to the decoder. Each MB is represented in the bit-map by one bit assuming the logical
value ’1’ if the corresponding MB belongs to the ROI and ’0’ otherwise. As the ROI contains all
the MBs showing noticeable visual distortions, the LDPCA encoder only generates parity bits
for the MBs inside the ROI.
6. LDPCA Encoder – The encoder groups the ROI MBs into the same channel coding block, as
if the WZ frame was only composed by the MBs in the ROIs. This block is fed to the LDPCA
encoder, which needs to handle variable block-length (VBL) coding as the number of MBs
within the ROIs varies from frame to frame.
7. WZ Frames Reconstruction – Finally, the decoder requests the needed parity bits to correct
the MBs inside the ROI and reconstructs the WZ frames using the same methods used by the
DISCOVER DVC codec.

100

c) Performance
Several tests were carried out to evaluate the RD performance of the PB-DVC solution. Figure A.3
shows these results for the sequences “Carphone” and “Hall Monitor” coded at QCIF resolution, 15
Hz. In these RD performance charts, the PB-DVC solution is compared with the DISCOVER DVC
codec and with two low encoder complexity standard-based coding solutions: H.264/AVC Intra and
H.264/AVC no motion (inter coding without motion compensation). The DVC codecs use a GOP size
of 2 and the key frames are coded using an H.264/AVC Main profile Intra coder. The GOP size for the
H.264/AVC no motion solution is also 2.

Figure A.3 – RD performance comparison for the sequences “Carphone” (left) and “Hall Monitor”
(right) [29].
For both video sequences, the PB-DVC codec shows a better RD performance than both the
H.264/AVC Intra and DISCOVER DVC codecs. The better performance regarding the DISCOVER
DVC codec is essentially due to the lower number of parity bits used by the PB-DVC solution for the
WZ frames, thus allowing the key frames to be coded with higher rates, achieving better PSNR
results.
Although the objective quality evaluation in Figure A.3 shows a surprisingly good performance for
the PB-DVC solution, better results are expected in terms of subjective quality evaluation, as they are
more relevant when evaluating perceptual-based solutions. Figure A.4 shows three successive frames
of the “Carphone” video sequence coded with the PB-DVC codec and with the DISCOVER DVC
codec. The bitrate used by both codecs is nearly the same (134.1 and 134.4 kbps for the PB-DVC
codec and the DISCOVER DVC codec, respectively) so that the comparison is fair. The frames in the
center are WZ frames and the two side frames are the previous and the next key frames.
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Figure A.4 – Three consecutive frames (two key frames and a central WZ frame) of the “Carphone”
sequence coded with the PB-DVC codec (top row) and the same frames coded with the DISCOVER
codec (bottom row) [29].
Despite the lower PSNR and the lower number of bits used, the WZ frame of the PB-DVC codec
shows a better subjective quality than the one coded using the DISCOVER DVC codec, due to the
perceptual aspects taken into account in the coding process. Also, as fewer bits are used for the WZ
frames, key frames are coded with more bits than in the DISCOVER DVC codec, increasing their
subjective quality as well.
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