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Resumen
Esta tesis presenta un novedoso marco de referencia para el análisis y optimización
del retardo de codificación y descodificación para vídeo multivista. El objetivo de este
marco de referencia es proporcionar una metodología sistemática para el análisis del
retardo en codificadores y descodificadores multivista y herramientas útiles en el diseño
de codificadores/descodificadores para aplicaciones con requisitos de bajo retardo.
El marco de referencia propuesto caracteriza primero los elementos que tienen influencia en el comportamiento del retardo: i) la estructura de predicción multivista, ii)
el modelo hardware del codificador/descodificador y iii) los tiempos de proceso de
cuadro. En segundo lugar, proporciona algoritmos para el cálculo del retardo de codificación/descodificación de cualquier estructura arbitraria de predicción multivista.
El núcleo de este marco de referencia consiste en una metodología para el análisis
del retardo de codificación/descodificación multivista que es independiente de la arquitectura hardware del codificador/descodificador, completada con un conjunto de
modelos que particularizan este análisis del retardo con las características de la arquitectura hardware del codificador/descodificador. Entre estos modelos, aquellos basados
en teoría de grafos adquieren especial relevancia debido a su capacidad de desacoplar
la influencia de los diferentes elementos en el comportamiento del retardo en el codificador/descodificador, mediante una abstracción de su capacidad de proceso.
Para revelar las posibles aplicaciones de este marco de referencia, esta tesis presenta algunos ejemplos de su utilización en problemas de diseño que afectan a codificadores y descodificadores multivista. Este escenario de aplicación cubre los siguientes
casos: estrategias para el diseño de estructuras de predicción que tengan en consideración requisitos de retardo además del comportamiento tasa-distorsión; diseño del
número de procesadores y análisis de los requisitos de velocidad de proceso en codificadores/descodificadores multivista dado un retardo objetivo; y el análisis comparativo
del comportamiento del retardo en codificadores multivista con diferentes capacidades
de proceso e implementaciones hardware.
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Abstract
This thesis presents a novel framework for the analysis and optimization of the encoding
and decoding delay for multiview video. The objective of this framework is to provide
a systematic methodology for the analysis of the delay in multiview encoders and
decoders and useful tools in the design of multiview encoders/decoders for applications
with low delay requirements.
The proposed framework characterizes firstly the elements that have an influence in
the delay performance: i) the multiview prediction structure ii) the hardware model
of the encoder/decoder and iii) frame processing times. Secondly, it provides algorithms for the computation of the encoding/decoding delay of any arbitrary multiview
prediction structure. The core of this framework consists in a methodology for the
analysis of the multiview encoding/decoding delay that is independent of the hardware
architecture of the encoder/decoder, which is completed with a set of models that particularize this delay analysis with the characteristics of the hardware architecture of
the encoder/decoder. Among these models, the ones based in graph theory acquire
special relevance due to their capacity to detach the influence of the different elements
in the delay performance of the encoder/decoder, by means of an abstraction of its
processing capacity.
To reveal possible applications of this framework, this thesis presents some examples of its utilization in design problems that affect multiview encoders and decoders.
This application scenario covers the following cases: strategies for the design of prediction structures that take into consideration delay requirements in addition to the
rate-distortion performance; design of number of processors and analysis of processor
speed requirements in multiview encoders/decoders given a target delay; and comparative analysis of the encoding delay performance of multiview encoders with different
processing capabilities and hardware implementations.
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1. Introduction
1.1. Motivation
In the last years, the advances in fields like multiview camera technologies, scene geometry acquisition or 3D display technologies have driven the development of multimedia
systems like Free Viewpoint Video or 3D Video that extend the user’s experience with
the addition of the third spatial dimension. This advances in such type of systems bring
along the conception of new coding schemes adapted to new video data formats that
are not limited anymore to 2D video, but contain additional data like multiview video
or information about the scene geometry. Although different types of data formats and
coding schemes have been developed and used for different applications, one common
feature of applications that pursue a navigation through a wide range of high quality
viewpoints at the display side, is the inclusion of multiview video in the data format.
The inclusion of a higher number of views results in greater amounts of data that
require efficient coding schemes to limit the amount of transmitted data. Therefore,
there is a necessity of developing different coding schemes to reduce the redundancy in
the information that is present among the views. Likewise, the number of transmitted
views may be reduced by adding additional data so that these omitted views can be
reconstructed at the decoder side. In this field, video coding technologies have been
adapted to handle efficiently the joint compression of multiple video signals. In these
last years, the standardization process of a scheme for the compression of multiview
video named Multiview Video Coding has been completed.
Generally, in this type of coding schemes for multiview data, a compromise exists between the coding efficiency and the scheme complexity. High coding efficiency schemes
require big processing resources and introduce considerable delays in the systems, while
low complexity solutions do not bring much coding gain. However, videoconferencing
and other type of applications require low complexity, and more specifically low delay coding schemes. The immersive videoconference systems maintain, as traditional
videoconferencing systems, strict requirements regarding the delay in the end-to-end
communication, while the limitations of transmission bandwidth still require elevated
compression rates. Thus, these type of applications require the design or configuration
of low delay multiview encoders and decoders without the penalty of loss of coding
efficiency. We consider that the development of this coding schemes has not consider
this trade-off thoroughly, developing schemes with considerable complexity and leaving
the low delay cases to rather simple configurations that do not come close to the levels
of coding efficiency of the complex ones. To take into account the delay axis in the
problem of designing multiview devices that are valid for their utilization in low-delay
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applications such as immersive videoconferencing, we consider that a rigorous analysis
of the delay introduced by multiview encoders and decoders is necessary.
Due to the inclusion of additional elements to 2D video such as multiple views, coding
dependency relationships among views or parallel processing of multiple views, the
analysis of the delay introduced by multiview encoders and decoders is considerably
more complex than the single-view case. We consider that establishing a systematic
way to analyze the delay introduced by this type of multiview codecs is a necessity that
had not been solved in the existing literature. Thus, we propose this framework for
the analysis introduced by multiview codecs, that can be used in a design of multiview
encoders and decoders that goes beyond trivial low delay configurations and limits the
penalty in coding efficiency of the more complex and efficient configurations.

1.2. Objectives and thesis structure
The main objective of this thesis is to provide a framework for the analysis of the delay
in multiview video coding schemes. Specifically, the framework covers the analysis
of the delay added by the multiview video encoder and decoder. In the work of this
thesis, the framework is applied specifically to the Multiview Video Coding scheme, but
it should be applicable to other multiview coding schemes such as the 3D extensions of
the Advanced Video Coding or the High-Efficiency Video Coding standards with the
necessary adaptations.
The first objective of the framework described in this thesis is to identify the elements
that play a significant role in the analysis of the delay in multiview codecs, and the
relationships between them. With this effort we pretend to establish a starting point
for the rigorous analysis that was mentioned in the motivations for this thesis. For
that, we focus on the prediction relationships established between frames from the
same or different views, and the characteristics of the hardware architecture of the
encoder/decoder. Besides the identification of the analysis elements, another important
objective in this part of the thesis is to define which part of this analysis is general, i.e.
valid for any architecture of encoder/decoder, and which part depends on the specific
characteristics of the encoder/decoder implementation.
The second objective, once the elements of the framework are identified and defined,
is to provide models for an automatic analysis of the delay in a variety of hardware
encoder/decoder models. Our main goal for this second part of the thesis is to develop
models that are as independent as possible of specific features of the encoder/decoder
architecture. We will see that we achieve this goal by assuming certain conditions
in the processing capabilities of the encoder/decoder. Then, using the set of models
developed during this work, we show how they can be applied to the design of multiview encoders/decoders in a more sophisticated way than the use of trivial low-delay
configurations.
Some parts of the work in this thesis have been published in [11] [12] [36] [13] [9] [14]
[10]. Furthermore, our paper in the Journal of Selected Topics in Signal Processing [14]
has been in the distinguished category for one of the latest editions (August 2013) of
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the IEEE Communications Society Multimedia Communications Technical Committee
R-Letters [127]. Due to the structure that we have selected for the argumentation in
this thesis, it is not possible to individually associate each publication to one of the
chapters. Instead, in each chapter we will indicate the publications that are associated
with its content.
The rest of this thesis is organized as follows:
• Chapter 2 presents a general vision of three-dimensional video systems, focusing
specifically in coding tools and schemes for the 3D video formats. With special
emphasis on multiview video coding schemes, it describes the most relevant aspects of the Multiview Video Coding standard. The chapter finishes with a
discussion on the relevance of latency in audiovisual systems, and the approaches
to model it, with special focus on multiview coding schemes and immersive videoconferencing applications.
• Chapter 3 presents the core of the analysis framework through the description
of the elements that we have identified to be relevant in the analysis of the
delay in multiview encoders and decoders and their relationships. This covers
the description of relevant time instants and intervals in the encoding/decoding
delay analysis, description of the characteristics of the hardware architecture
model and the frame processing time model.
• Chapter 4 presents the delay analysis models that have been developed during the work of this thesis. These set of model covers models based on graph
theory and functional models that simulate the delay performance of multiview
encoder/decoders.
• In Chapter 5, we give some examples of applications of this framework to the
design of multiview encoders/decoders for low delay applications.
• Chapter 6 indicates the most important conclusions of this thesis and gives
some proposals for future work that can extend the one presented here.
• Appendix A reflects the characteristics of the multiview sequences that were
used in the experiments of this work, in terms of individual characteristics of each
video sequence and the arrangements of the multiview camera configurations.
It is also useful to remark that the last pages of this thesis contain a notation list
describing the terms used throughout this thesis.

1.3. Main contributions of the thesis
First, up to our knowledge, this work is the first to provide an approximation to a
systematic and complete description of delay in multiview video systems. The description of the methodology provided here for the analysis of the delay in multiview video
schemes can be a basis for future follow up works. We have introduced and illustrated
theoretical concepts and conditions in the analysis on delay that are useful, not only
in multiview video schemes, but in any hybrid video coding scheme.
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The main contribution of this thesis is the application of graph theory to the analysis of
delay in multiview coding schemes. Using graph models for the analysis of encoding and
decoding delay constitutes a useful approach for the analysis and design of multiview
schemes that are efficient in terms of delay performance. The framework makes use of
these graph models to covers general ideal cases, and includes more functional models
that include hardware architectures with a level of generality that make them applicable
to a good range of implementations. All the set of models constitute a framework that
provides a manner of resolving the complex problem of delay analysis in multiview
schemes in a programmable and computable manner.
Finally, this work provides not only an analysis tool, but it can be applied to the
efficient design of multiview encoders and decoders. The examples of applications that
are collected in this work show that characteristics of the implementation of coding
devices, such as the prediction structures or the processing capabilities of the devices,
can be designed taking into account the delay performance of the whole system.

2. Immersive video systems and
multiview video coding schemes
2.1. Three-dimensional audiovisual systems
The extension of 2D video to the third spatial dimension has gained a significant interest
in the recent years, expanding the user’s experience beyond what is offered by 2D video
[116]. Thanks to the advances in the field of acquisition and display technologies of
the 3D visual content, with the recent research and convergence of technologies from
areas like 3D graphics, computer vision or multimedia, 3D video is becoming a reality
with different application scenarios. These application scenarios can be divided into
two visual media categories: Free Viewpoint Video and 3D Video [115].
Free Viewpoint Video (FVV) o Free Viewpoint TV (FTV) systems offer the same
functionality as 3D graphics but for real scenes. For a given scene in the real world,
captured by real cameras, the user can interactively choose an arbitrary viewpoint and
viewing direction within a certain operating viewing range. Since the scene is captured
by a limited number of cameras, the chosen viewpoint do not necessarily corresponds to
a real camera, but can be generated in a synthesized manner from the data captured by
a limited number of real cameras. These type of systems are interesting, for example,
for user applications such as the viewing of a sport event.
3D Video (3DV) systems aim at providing the user with an impression of 3D depth of
the observed scene. This is achieved by making each eye of the user observe a different
image of the scene (stereo pair), one slightly to the left and one slightly to the right of
the original viewpoint. If these views are displayed simultaneously in the stereoscopic
or auto-stereoscopic display, the user perceives a 3D impression of the scene.
In principle, there is no clear separation between FVV and 3DV systems, as the generation of the stereo video signal for the depth perception can be achieved with FVV
view synthesis techniques. Therefore, the processing chain of a 3DV system is equivalent to that of FVV systems, as well as the signal data formats that are used. The
reasons of this separation are mostly due to historic reasons and the different objectives of the researches in both technologies (more interested in free navigation in the
scene or the perception of depth). Furthermore, the evolution of all these technologies
points towards systems that combine both functionalities. A clear example is the extension of a 3DV system to N views, in which, for each viewpoint of the navigation
range, it projects a pair of views, one for each of the eyes of the viewer, combining
the effect of depth perception with the free navigation through different viewpoints.
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Figure 2.2.1.: Scheme of functional blocks in a 3DV system.
Therefore, from now on, we will refer to the denomination of both types of systems as
3DV systems.
The complete processing chain of this type of systems can be divided in the following
blocks (Figure 2.2.1): capture, processing, scene representation, encoding, transmission, decoding, interactive rendering and display. The diversity in the design and
implementation of such type of systems includes differences in hardware and processing algorithms. For example, many systems use information of the geometric model of
the scene that can be obtained either through the use of special cameras that estimate
the distance of the objects or by means of multicamera computer vision algorithms.
However, despite this diversity, a common element of this set of systems is that all make
use of multiple views of the same scene. These multiple signals are processed and transformed into a single specific format for the representation of the scene, that can allow
the synthesis of intermediate views in virtual viewpoints. The density of the camera
set that captures the scene imposes limitations to the navigation and the quality of the
synthesized views, and therefore a compromise exists between the costs (equipment,
processors, ...) and benefits (navigation range, quality of the virtual views).
One of the most relevant applications in these scenarios is the immersive videoconference [31], that provides a perception of presence to the users. The objective of the
immersive videoconference systems is to allow the participants, that are geographically
apart, to experience the complete spectrum of stimuli that users are accustomed to
obtain in real world meetings, e.g. visual contact, parallax vision, ... . This can be
accomplished by means of the set of technologies that allow the development of 3DV
systems. Additionally, this type of immersive systems have additional requirements
such as the need of virtually integrate the participants of the videoconference in a
single virtual common scenario, or to maintain communication latency levels as low as
necessary to maintain a fluent communication.

2.2. Representation formats for the signals in 3DV
systems
To achieve the functionalities of 3DV, a data format richer than a single 2D video signal is needed. For the processing chain in Figure 2.2.1, we need a data representation
format, that allows, beyond the visualization of the video signals of the viewpoints
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(a) Linear multicamera array.

(b) Planar multicamera array.

(c) Arch multicamera array.

Figure 2.2.2.: Multicamera arrays in Nagoya University, Japan [123].
obtained in the capture block, the generation of views corresponding to virtual viewpoints. The spectrum of data formats that can enable those functionalities is wide [69]:
it goes from schemes more related to 3D graphics and the use of geometry, meshes and
their corresponding textures, to purely image-based data formats such as multiview
video (multiple views of the same scene) that are the base to Image Based Rendering
(IBR) [114]. A widely adopted approach is the one that includes multiview video and
information about the depth of scene objects with respect to one or several cameras.
This format enables the generation of additional views in virtual camera positions
[125][90][60]. These type of formats are known as view plus depth (view+depth). The
activity in several research projects [107][1][106], as well as in standardization groups
like the ISO/IEC JTC1 SC29/WG11 (Moving Pictures Experts Group, MPEG) [60]
points towards this data representation. In this section, the nature of the signals that
compose this view plus depth format are described, and the technologies that are used
to acquire them.

2.2.1. Multiview color (texture)
The immense majority of the 3DV systems start from a multiview representation of
the scene. These multiple view signals are captured by a set of cameras that can
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(a) Color image.
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(b) Depth image.

Figure 2.2.3.: Color (texture) frame and corresponding depth frame. Sequence:
Breakdancer, provided by Microsoft [147].
be arranged in different configurations depending on the requirements of the system,
and are commonly named color or texture signals. Given that in systems with a high
number of cameras the amount of data captured per time unit is huge, the efficient
handling of that great amount of data is not a trivial matter.
The spatial configuration of the multicamera systems varies with the characteristics of
the system. Some of the most used multicamera systems are the following:
• Linear arrays (Figure 2.2.2a) and bidimensional arrays of cameras (Figure 2.2.2b)
[123] limit the viewpoint navigation to a single plane, but the parallel camera configuration facilitates the estimation of scene depth. Due to the physic limitations
in camera arrangement, a strictly parallel configuration is difficult to achieve.
Therefore, capture devices usually include rectification algorithms [48].
• Multicamera capture systems that are arranged surrounding the scene [123], normally arranged in an arch configuration (Figure 2.2.2c) or dom configuration.
They are intended for systems in which viewpoint navigation is preferred, as
they provide free navigation surround the scene not restricted to one single plane
as the linear or bidimensional arrays.

2.2.2. Geometric information. Depth signals
The information about the geometry of a real scene can be described in several manners.
There are more complex and detailed representations that are related to 3D graphics.
In those, the geometry of the scene is described by means of 3D meshes [93][34] or a
voxelization of the space [82][20]. Other representations are simpler and are directly
related to Depth Image-Based Rendering (DIBR), such as depth maps and Layered
Depth Images (LDI) [112].
A depth map is a data format that represents the distance of the scene objects to a
given camera. Generally, this information is represented by a depth value for each
one of the pixels of the video signal. This depth information is generally scaled and
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quantized to form a monochrome image of 8 bits per pixel [90]. However, in some cases
the depth image can have lower spatial resolution than the color image or a contrast
resolution different that 8 bits per pixel. Figure 2.2.3 shows an example of a color
image and its associated depth map. The depth range represented in the depth map is
generally bounded with a minimum and maximum depth value. The lowest pixel value
usually represents the furthest object in the scene, while the highest one represents
the closest object. Generally, a uniform quantization is used to represent the values
between the clipping planes [29]. Future approximations could use even higher contrast
resolutions in depth images to represent depth with a greater detail, such as the level
of detail used in 3D graphic applications.
A common problem of the formats that combine texture and depth information is the
generation of depth signals. In fact, the problem of obtaining high quality depth maps
is still a problem without a unique and clear solution [58]. The depth signal can be
obtained in the capture block, by means of the use of cameras that obtain a depth
value per pixel such as ZcamT M [46]. This type of devices includes systems that emit
high velocity pulses in the infra-red spectrum and relate the time-of-flight measures of
these pulses with the depth of the scene objects. In the recent years, the Microsoft
Kinect [41] appeared as a low cost RGB plus depth sensor, which has been widely
used by the scientific community for computer-vision applications, depth capturing
for studio [131], or teleconference applications [85]. In scenarios in which this type of
cameras is not available, the depth information of the scene is obtained from depth
estimation algorithms in the signal processing block. Depth estimation algorithms
have been widely studied in computer vision literature, principally those that start
from stereo camera pairs or trifocals sets (three cameras) to perform this estimation.
In [109], a wide categorization and evaluation of different depth estimation algorithms
is presented.

2.3. Compression of the multiview video plus depth
formats
Given that the size of this multiview video grows linearly with the number of views,
while the available bandwidth is generally limited, an efficient compression scheme for
the data formats composed by multiview video and depth signals is needed. Nowadays,
there are a number of standardized solutions for the representation and coding of the
signals that are transmitted in 3DV systems. However, they are generally limited to
representation formats and coding schemes for stereo or multiview color signal and
they do not describe explicitly a coding scheme for the geometric information of the
scene. The first approximation towards a standard that describes explicitly a joint
representation format for the multiview color signal and the scene geometry are the
extensions of the Advanced Video Coding (AVC) [65] and High Efficiency Video Coding
(HEVC) [66] standards under the 3D Video Coding project [60] in MPEG. This set of
formats proposes several solutions, that differ either in coding efficiency and capacity
to provide support for the generation of additional views.
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2.3.1. Simulcast
A simple way to represent stereo or multiview video is the use of a coding scheme
commonly known as Simulcast [55], in which each video sequence, corresponding to
each of the views, is coded independently using a video coding scheme such as AVC.
This is a low complexity solution, compared to later solutions, as it does not exploit
view redundancy, maintaining the computational cost and the coding delay in levels
achieved by state-of-the-art schemes in video coding. This is also a solution that is
compatible with the existing technology as each of the views can be decoded using
existing decoders. A disadvantage of this solution is that coding efficiency is not maximized as view redundancy is not considered. Another disadvantage is that this data
format does not carry explicitly additional information, such as the camera calibration,
for the generation of additional views.

2.3.2. Stereo interleaving
There is a set of formats for the stereo video that is known as stereo interleaving.
This category includes multiplexed formats in the temporal and spatial domains. In
the temporal multiplexed format, the left view and right view are interleaved in time
alternating frames, for progressive video, or fields, for interlaced video. In the spatial
multiplex scheme, two images corresponding to the same instant from the left and right
views are merged adjacently, or interleaving lines from both views composing a unique
image [145]. In spatial multiplexing, it is common to sub-sample both views to fit in
the original spatial resolution of one single view. A disadvantage of this format is the
lose of spatial or temporal resolution. Besides, it is necessary a specific signalization.
AVC standardizes the transmission of a type of SEI (Supplemental Enhancement Information) messages that identify both views and different multiplexing formats. The
main disadvantage of this approximation is that legacy decoders are not capable of
extracting and decoding one view from the interlaced format, as they are not designed
to extract and obtain the multiplexing information from signaling messages.

2.3.3. Multiview video coding
The Multiview Video Coding (MVC) standard [133] is an extension of the AVC standard provides a more efficient way to encode stereo and multiview video exploiting
interview redundancy. A key aspect of the design of MVC is its compatibility with
AVC (it allows independent decoding of the base view). In contrast with the interlaced
video stereo, with MVC it is possible to maintain the whole view resolution.
The MVC standard was designed to provide a coding scheme for auto-stereoscopic
displays that require to display a number of views higher than the two views required
by stereoscopic displays. The goal was to provide a coding scheme with a higher coding
efficiency than the Simulcast solution. Besides, as depth signals can be represented as
monochromatic video signals, MVC has been also commonly used to compress depth
signals [90]. In this thesis we have used the MVC standard as the basis to develop
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our framework for the analysis of the delay introduced by multiview coding schemes.
Therefore, this standard is described thoroughly in Section 2.4.

2.3.4. 3D Video Coding
Nowadays, the Video subgroup of MPEG in collaboration with the ITU-T SG16 (Video
Coding Experts Group, VCEG) is involved in the standardization process of the extensions of the AVC and HEVC standards for 3D video coding (together they form the
Joint Collaborative Team on 3D Video Coding Extension Development, JCT-3V).
The vision of these new standards is to provide new data formats for 3DV systems
that go beyond the capacities of the existing standards and propose adequate formats
for both stereoscopic and auto-stereoscopic displays. This new format focuses on two
specific application scenarios; the first is to allow the interoperability of stereo devices
with different types of displays and viewing preferences, such as the capacity of adjusting the range of the depth perception. The second is to provide a format for high
quality auto-stereoscopic displays, in a way that enables the generation of synthesized
views from a limited amount of input data. While the use of alternative data formats
such as layered depth images [112] had been considered during the development of the
standard, at this moment the selected input data format is the Multiview Video plus
Depth (MVD), format containing a limited number of video sequences corresponding
to different views (typically 2 or 3 views) and depth information corresponding to each
one of them.
These extensions support the coding of multiple views and associated depth data. It
adds new coding tools to the AVC and HEVC design, which improve the compression
capabilities for dependent video views and depth data. In April 2013, the first phase
of this work was finished with the publication of the Multiview and depth video coding
(MVCD) extension of the AVC standard. This extension enables the compression of
multiple textures and multiple depth signals by the AVC standard but does not add
new specific coding tools to the AVC standard to deal with this data format. At
the moment, the JCT-3V is developing the 3D-AVC [61] and 3D-HEVC [62] that will
include coding tools that are new and specified for these schemes, including additional
coding tools and inter-component prediction techniques.

2.4. Multiview Video Coding
This section describes in detail the characteristics of the MVC standard. Before the
description of the adopted solution, it presents some of the technologies that have been
proposed to develop coding schemes for multiview video. Then, the section describes
the MVC standard through the description of the most important milestones of the
standardization process and the characteristics of the adopted solution. Finally, we
give special relevance to the description of the multiview prediction structures used
in the MVC coding scheme and give some ideas of the coding gain, complexity and
implementation of the MVC scheme.
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Figure 2.4.1.: Example of the GoGOP prediction structure. Blue frames indicate
intra-frames, green frames indicate inter-frames with temporal prediction, and red
frames indicate inter-frames with temporal and interview prediction. Figure taken
from [56].

2.4.1. Technologies and tools for the coding of multiview video
Besides the technologies included in the MVC standard, other type of technologies have
been proposed in the literature to solve the problem of efficient coding of multiple video
signals. Here, we summarize different technologies that have been developed with the
purpose of developing a coding scheme for the efficient coding of multiple views.
2.4.1.1. Coding tools based on hybrid video coding
Multiview video consists of multiple views of the same scene. Therefore, most likely
there is a high degree of correlation between the multiple views (spatial redundancy).
In addition to exploiting the temporal redundancy to achieve coding gains in hybrid
video coding schemes, spatial redundancy can also be exploited by performing spatial
prediction across the views. In a hybrid video encoder, such as AVC, several tools
are used jointly to enhance the coding efficiency, e.g. motion estimation, transform or
quantization. The tools that form this core technology can be modified to adapt it to
the coding of multiview video. Specifically, the tools presented here are divided into
three groups: predictions structures, prediction tools and preprocessing tools.
Prediction structures The key requirements that a multiview prediction structure
should meet are that it provides high coding efficiency, operates with reasonable computational cost and memory requirements, and facilitates random access [57]. In multiview video coding, the prediction structures can take benefit not only from the temporal
redundancy but also spatial or combined temporal-spatial dependencies. In [88], an
analysis of the video correlation over different prediction directions is presented. The
results expose that the higher correlations are present in pure temporal and spatial
directions, i.e. reference to neighboring frames in the same view and reference to simultaneous frames of neighboring views. The same type of result is appointed in [99].
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(a) Sequential view prediction structure with only(b) Sequential view prediction structure with mulone interview reference per inter-coded frame.
tiple interview references per inter-coded frame.

Figure 2.4.2.: Sequential prediction structures. Figures taken from [56].
Accordingly, most of the proposed multiview prediction structures are restricted to
these two directions. Here are some of the relevant prediction structures that have
been proposed for the coding of multiview video [56]:
Group-of-GOPs These type of prediction structures are presented in [76]. A Groupof-GOPs (GoGOP) is formed by a number of GOPs of two types: base-GOPs and
inter-GOPs. While pictures within a base-GOP are predicted only from pictures in the
current GOP, a picture in an Inter GOP can be predicted also from pictures in other
GOPs. Figure 2.4.1 illustrates an example of the GoGOP prediction structure.
Sequential view prediction In sequential prediction structures [73][97], each view
plays a different role in terms of view dependency. A first view is encoded normally
using temporal prediction. Then, each frame of the rest of the views is predicted using
the corresponding frame in the previous sequence, as well as with temporal prediction.
There may be several variations of this sequential approach, such as the use of biprediction to increase coding efficiency. Figure2.4.2 illustrates two types of sequential
prediction structures.
Checkerboard Decomposition. In this type of prediction structures [97], frames
for the even/odd cameras are marked as low-pass/high-pass frames. Low-pass frames
are generated by means of a lifting structure, e.g., by temporal averaging or temporal
low-pass filtering, while high-pass frames are generated based on the complementary operation. For each camera, the sequence of low-pass frames is encoded, and the sequence
of high-pass frames is predicted using motion compensation and disparity compensation from adjacent low-pass frames. An example of a checkerboard spatial/temporal
decomposition shown in Figure 2.4.3.
Spatial/temporal hierarchical frame coding. A similar approach to sequential
view prediction is the utilization of hierarchical prediction structures [110] in both the
spatial and temporal directions [88]. This combination has resulted in high coding
gains, and have been used as common prediction structures in the MVC standard, as
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(b) Prediction of high-pass frames.

Figure 2.4.3.: Example of checkerboard-decomposition prediction structure. Figures
taken from [56].
described further in Section 2.4.4. A similar approach was proposed in [96], including
different search ranges for temporal and spatial predictions.
Prediction Tools In addition of proposals to extend the prediction structures with
new dependency relationships between frames from different views, other proposals
describe prediction tools have been developed to enhance the coding efficiency due to
the inner characteristics of the temporal/spatial redundancy of multiview video. Here,
the most relevant ones are described:
Illumination compensation. The differences between cameras or the camera arrangement settings, can cause illumination changes among different views and within
the same view.
Some proposals, [45], handle the interview and temporal illumination changes at the
block level to enhance the motion estimation algorithms in the spatial/temporal prediction, proposing a MB-based illumination change-adaptive motion estimation/compensation.
For that, the DC component of the luminance signal of the block is removed when measuring the matching between a block of the current frame and a block from the reference
frame.
Color compensation Related to illumination compensation, another related coding
tool is the color compensation. In [139], the authors propose a joint illumination
and color compensation algorithm, adding offsets predicted from neighboring blocks
to the YUV channels of the compensated block. Other approach [28] uses histograms
from two cameras to modify neighbor views by using look-up tables. In [18], YUV
channels are modified by a linear transformation in which the coefficients are searched
iteratively. Color-correction methods for general purposes have also been developed

15

2.4 Multiview Video Coding

Figure 2.4.4.: Scheme for view interpolation prediction. Figure taken from [122].
[47]. In [140], the authors propose the correction of luminance and chrominance for
interview prediction, using look-up tables to send to the decoder the compensation
of color variations in individual cameras in the encoder. Those look-up tables are
created by the detection of corresponding colors in block correspondences matched
among views.
2D direct mode. Works like [40] redefined the temporal direct mode of AVC to
support interview reference pictures. It proposes an interview direct mode to signal
the decoder that the motion of a MB is be extracted from an adjacent coded view.
With this tool, the number of transmitted bits can be significantly reduced, especially
at low bit rates. Afterwards, [44] extends this approach with a flexible reference picture
selection.
Disparity vector prediction. [2] Disparity vectors, that describe interview block
matching, that have been already encoded, are used as predictive vectors for blocks in
neighboring frames, to reduce the overhead of encoding the disparity vectors, as it had
been done in the literature for motion vectors [83].
View interpolation prediction. Several approaches for view interpolation/synthesis
prediction have been proposed [119] [113] [140] [94]. Generally, the multiview sequences
are divided into two categories and different coding methods are applied. Some of the
views are encoded using conventional hybrid temporal-based coding, and the others are
encoded using view-interpolation-based coding. Figure 2.4.4 illustrates this concept.
In Figure 2.4.4 (a), odd cameras are coded by the conventional coder. Then, in Figure
2.4.4 (b), predictive images for even cameras are generated by using view interpolation.
Finally, in Figure 2.4.4 (c), even cameras are coded using the view interpolated images
as reference pictures in addition to the normal reference images.
To perform the interpolation, various methods including adaptive filtering, look-up
tables, and belief propagation have been proposed [120][84]. In [113], the authors
analyze the trade-off between the number of bits dedicated to the depth map and
its quality. The work in [118] proposes layered depth images for the transmission of
disparity and generation of interpolated references.
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One possible extension of this implementation is the combination with the 2D direct
mode, where no motion/disparity vector is coded. The extreme case is pure interpolation with no disparity vectors. Theoretically, at this end, it requires no bits for
transmitting in-between camera images. It means the total bits only depend on the
complexity of the scene, not on the number of cameras [121].
For this type of view interpolation, camera parameters, i.e. intrinsic and extrinsic
parameters, are essential. Also, for intermediate virtual view synthesis at the decoder
to provide view navigation [25].

Preprocessing Tools Preprocessing tools such as rectification [70] and color normalization [22] have also been used in the context of multiview video. With such preprocessing at the encoder side, the correlation of the multiview sequences is increased
which leading to a higher coding efficiency.

2.4.1.2. Wavelet-based multiview video coding
Besides hybrid coding based schemes, other types of schemes based on different core
technologies have been employed to encode multiview video. Some of these schemes
use wavelets as the core of the coding process [72]. Following the approximation of the
extension of hybrid-coding schemes to manage multiview video, coding schemes based
on wavelets and temporal prediction have been extended in such a way that interview
prediction is added to the prediction scheme [15]. Other type of proposals [142] use
a multiview structure based in 4D wavelets, that is primarily based in a coefficient
decomposition in both temporal and spatial domain. One of the advantages of this
type of schemes is their simple implementation and the inherent scalability.

2.4.1.3. Multiview distributed video coding
Other approach to develop multiview video coding schemes is the one based in distributed video coding [38]. In other type of coding scenarios such as systems including
wireless cameras, with low processing capacity encoders, the complexity of the multiview coding schemes based on hybrid video coding, regarding the access to different
views simultaneously and the high processing capacity that is needed to encode all views
simultaneously, is too high for the encoder processing capabilities. Therefore, some authors have suggested an approach to multiview video coding based on distributed video
coding [39]. This approximation extends the distributed video coding shifting the task
of reducing the temporal and spatial redundancies to the decoder [5][101][6]. The problem of this type of approximations is the difference in coding efficiency, between these
type of distributed coding schemes and those based on hybrid coding, as the last ones
are highly superior in terms of rate-distortion (RD) performance [38].
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Figure 2.4.5.: Temporal and interview prediction scheme in MVC. The direction of
the prediction links joins the reference frame with the frame predicted from it. Figure
taken from [115].

2.4.2. History of the Multiview Video Coding standard
The MVC standard has been developed by the groups ITU-T SG16 (Video Coding
Experts Group, VCEG) and ISO/IEC JTC1 SC29/WG11 (Moving Pictures Experts
Group), by means of their collaborative organism Joint Video Team (JVT). The standardization process of MVC started in the 3DAV group of MPEG in 2005, following
evidential results on some potential technology for multiview video coding [53]. A Call
of Proposals document [54] was followed by the responses of the participants [98] that
proposed different schemes and technologies that comply with the requirements of the
project [57]. In 2006, the results of four proposals based on the AVC scheme were evaluated. These proposals included tools such as hierarchical B frames in the temporal
and spatial domain, [92] view synthesis prediction [86] illumination compensation [98],
asymmetric block partitioning and disparity vector estimation. After an experimentation process with the different proposed technologies, the MVC scheme based on AVC
with temporal and interview prediction, was chosen as the primary MVC scheme. The
standardization process of MVC was extended until March 2009, with the publication
of the first version of the standard, which includes the Multiview High Profile. On
March 2010 finished the standardization process of Stereo High Profile [59] as an extension of the first publication of the standard. This new profile based on the MVC
tools, is oriented to stereoscopic video coding, and has been adopted as the coding
scheme for the Blu-Ray Disc (BRD) standard.

2.4.3. Characteristics of the adopted solution
The solution adopted in the MVC standard [133], is heavily based in the coding tools
provided by AVC. In fact, this relationship between standards is so strong that the
MVC standard was published as an annex to the AVC standard. MVC modifies the
AVC standard in high-level syntax, allowing to encode multiple views in a single coded
video stream. With the objective of improving the coding efficiency, with respect to
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the independent coding of each of the views, MVC adds a new prediction relationship
among frames of different views that exploits the interview redundancy among cameras.
This prediction relationship is known as interview prediction. That is, besides the
temporal prediction in AVC for one single view, in which a frame can use frames from
other instants that have been coded previously as reference, MVC allows that frames
from different views than the one of the coded frame are also used as reference. This
way, interview prediction, eliminates the redundancy in adjacent views. Figure 2.4.5
shows an scheme of the extension of temporal prediction relationships to the spatial
domain used by AVC.
With the exception of interview prediction relationships, the frames from each of the
views are coded with the tools supported by the AVC standard. In the process of
MVC decoding (that one described in the standard) it is allowed to include frames
from different views in the reference frame lists handled by the decoder. After these
reference lists are built, the decoding processes of a MVC decoder are the same as those
ones in an AVC decoder.
Despite that the modifications in the MVC standard to the AVC standard are limited
to high-syntax level modifications, other type of tools specific for multiview video coding were analyzed during the development of the standard. This set of tools includes
focus and illumination compensation [75], MVC motion skip (uses the movement information of a view to encode adjacent views) [141], view interpolation prediction [77],
reference frame adaptive filtering [80] and asymmetric coding [30]. Due to the limited
gain in coding efficiency provided by these tools, or their usability limited set of applications, compared with the incompatibility problems with the AVC standard that
are introduced by them, they are not included in the final version of the standard.
However, the illumination compensation techniques and MVC motion skip were analyzed until the last phase of the development of the standard and are included in the
Joint Multiview Video Model (JMVM) [134]. The JMVM describes efficient multiview
prediction structures and specific tools for multiview video coding not included in the
definitive specification.
The MVC standard includes two different profiles: the Multiview High Profile, that
supports the coding of two or more views, by means of temporal and interview prediction, but it does not support interlaced video or adaptive frame/field coding. The
Stereo High Profile, which contains the same tools as the High Profile and it is oriented
to stereoscopic video coding, supporting additionally interlaced video and MB-adaptive
frame/field coding.

2.4.4. Efficient multiview prediction structures. Joint Multiview
Video Model
During the development of the MVC standard, part of the effort of the JVT experts
group was dedicated to develop prediction structures using both temporal and interview
prediction relationships with an efficient RD behavior. After the evaluation of different
proposals, the prediction structures presented in [88] were adopted as non-normative
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Figure 2.4.6.: GOP structure in a single-view encoder. Hierarchical scheme for temporal prediction.

Figure 2.4.7.: Simulcast multiview prediction scheme.
multiview prediction structures in JMVM [134]. The objective of the study presented
in [88] is to find efficient multiview prediction structures through the solution to two
differentiated problems: the first is to find an efficient temporal prediction scheme in a
single-view. The second is the analysis of possible solutions to add interview prediction
to a multiview configuration of cameras to enhance the coding efficiency with respect
to the independent coding of each of them.
2.4.4.1. Temporal prediction
In single-view video coding, it is frequent to use of a fixed prediction structure for a
set of frames, with a fixed prediction relationships, that is repeated through the video
sequence. This frame set and its prediction relationships form what is known as a Group
of Pictures (GOP), (see Figure 2.4.6). A given frame of the GOP can be predicted from
previous frames in time (forward prediction) or later frames (backward prediction). An
efficient temporal prediction structure is the dyadic hierarchical prediction structure,
see Figure 2.4.6, in which each of the B frames of the GOP is coded using the prediction
of two frames of the closest higher hierarchical level to the coded frame. This temporal
prediction scheme is directly inherited from the temporal scalability scheme in Scalable
Video Coding (SVC)[110], and provides a RD gain compared with other commonly used
structures such as IBBPBBP... in non-scalable encoders.
This type of temporal prediction structure and the concept of GOP can be extended
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Figure 2.4.8.: IPP, PIP and IBP schemes for interview prediction.
to a multiview encoder using this temporal prediction structure in each of the views
of the multicamera set (Figure 2.4.7). This prediction scheme, in which hierarchical
temporal prediction and no interview prediction are used, results in the Simulcast
scheme (Section 2.3.1), and serves as reference for the evaluation of the additional
coding gain provided by the use of interview prediction. In this section, the multiview
prediction structure with no interview prediction and a IBBPBBP prediction scheme
in the temporal domain is referred as Anchor [54]. Note that it is different than the
Simulcast scheme, which uses a hierarchical structure for temporal prediction.
2.4.4.2. Spatial/interview prediction
In [88], three types of interview prediction schemes are added to the temporal hierarchical prediction scheme, increasing the coding efficiency of the multiview prediction
structure in Figure 2.4.7. These interview prediction structures are shown in Figure
2.4.8. The interview prediction schemes are the following: (for the sake of the description, the main view is that one that does not use any kind of interview prediction to
be encoded, I in Figure 2.4.8).
• IPP structure: Prediction is propagated from one of the outer views (in the
physical sense of a linear array disposition of cameras) towards the rest of views.
The reference is propagated successively from the frame of the main view, (S0)
towards the frame that corresponds to the same instant in the closest camera.
• PIP structure: A similar scheme similar to IPP, but in this case the main view
is located in the middle of the camera axis (S3) and the prediction is propagated
in both directions.
• IBP structure: In this prediction structure B frames are present also in the spatial

21

2.4 Multiview Video Coding

Figure 2.4.9.: Multiview prediction scheme with interview prediction in anchor frames
(KS_IPP).
axis. Those B frames are encoded using frames of the two closest views of the
same time instant.
The spatial position of the cameras plays a very important role in the coding efficiency
that can be achieved using interview prediction. In the analysis presented in [88], the
evaluated multicamera arrangements are disposed in a single axis, arc or cross and
the distance between cameras is not higher than 20 cm. This work also analyzes the
influence of the camera distance in the additional gain that is achieved with the use of
interview prediction. The results indicate that the coding gain achieved by interview
prediction saturates for the densest practical camera settings and decreases rapidly
with the increase of the distance between cameras.
These spatial prediction schemes can be added to the multiple view scheme with temporal prediction hierarchy in two possible manners, depending if it applied only to the
frames that would be intra-coded in Figure 2.4.7 (anchor frames) or if it is applied to
all the frames of the GOP (the rest of frames are non-anchor frames).
Interview prediction in anchor frames In this type of structures the interview
prediction is added only to those frames that would be I-frames in a Simulcast configuration, converting them in frames with prediction to frames of the same temporal
instant and different views. In this way, the bitrate peaks corresponding to those frames
are reduced. The use of different interview prediction schemes, generates the following
schemes: KS_IPP, KS_PIP and KS_IBP following the naming in [88], depending on
which type of scheme from the ones in Figure 2.4.8 is used. Figure 2.4.9 shows the
KS_IPP structure.
Interview prediction in non-anchor frames A more complex design is that scheme
that uses interview prediction structures in anchor and non-anchor frames. That is,
reference frames that belong to adjacent views are added for all the hierarchical B
frames of the GOP. The prediction schemes that use this type of interview prediction
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Figure 2.4.10.: Multiview prediction scheme with interview prediction in anchor and
non-anchor frames (AS_IPP).

Figure 2.4.11.: Multiview prediction scheme with interview prediction in anchor and
non-anchor frames (AS_IBP).
are named in [88] AS_IPP, AS_PIP and AS_IBP. In Figure 2.4.10 and Figure 2.4.11
the AS_IPP and AS_IBP are shown respectively.
2.4.4.3. Coding gain, computational cost and delay in JMVM prediction
structures
The use of efficient temporal prediction structures and the increase in the number of
references due to interview prediction brings along coding gain, which is necessary to
compress effectively the large amount of data that represents multiview video. Figure
2.4.12 shows the RD performance of different multiview prediction structures tested
using two different test sequences [88]. Despite this coding gain, the rate of MVC coded
video is still proportional to the number of views. Therefore, there is still a need of
developing new coding schemes to provide content for auto-stereoscopic displays with a
high number of views limiting the number of transmitted views [60]. Nevertheless, the
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(a) RD results for Ballroom.

(b) RD results for Race1.

Figure 2.4.12.: RD performance for the different multiview prediction structures in
Section 2.4.4.2. More details of the multiview sequences in Appendix A. Figures
taken from [88].
development of these new compression schemes indicates that the coding scheme for
the transmitted views would be strongly founded on hybrid multiview coding schemes
[61].
This increase in coding efficiency with respect to the Simulcast solution is obtained
at the expense of increasing the computational cost of the encoding process of each
frame by increasing the number of reference frames and therefore the motion/disparity
estimation operations. Thus, the computational capabilities of the encoder have to
grow accordingly. Furthermore, the use of long hierarchical structures for the temporal
prediction increases, while it brings relevant coding gain (RD gap between Simulcast
and Anchor in Figure 2.4.12), it also increases considerably the encoding delay.
Thus, as a conclusion, we argue that the design of multiview prediction structures has
been mostly focused on improving RD performance, ignoring important differences in
the latency behavior of multiview encoders, which may be critical for delay constrained
applications.

2.4.5. Implementation of MVC: parallelization
The presence of multiple synchronized views in the multiview data formats, and the
simultaneous coding of them in multiview encoders, presents an adequate scenario for
the parallel implementation of multiview coding algorithms. To the best of our knowledge, most research in this area has been focused exclusively on the encoder/decoder
implementation, reducing frame processing times through the use of parallelization on
multicore processors. This thesis will show that there are elements that are relevant
to the delay performance of the encoder/decoder, which should be considered in the
delay analysis and encoder/decoder design to achieve low delay multiview codecs with
a limited penalty on RD performance.
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Several approaches have covered the parallelization of single-view coding algorithms. In
[108], the authors propose and evaluate several parallel implementations of the MPEG4 codec [52] on clusters of workstations using parallel programming techniques based
on message passing [102]. The work in [81] describes an approach for the parallelization
of a video encoder algorithm using a bus network and the divisible load theory (DLT).
In the same line, [78] presents a parallel implementation of a H.263 [64] video encoder
using DSPs in a linearly expandable multiprocessors system.
Other approaches had considered the inherent parallel nature inherent to multiview
coding schemes. In [143], the authors propose multiview coding schemes that are able
to be carried out in parallel processing, with effective partial decoding and viewpoint
switching. The approach in [144] is similar to the one [108], and multiview coding
schemes are implemented and tested using local area multi-computers and message
passing interfaces (LAM-MPI), showing speed up with high RD results. In [104], the
authors propose an implementation of a MVC encoder on multiprocessor chips. In
this implementation, priority measures based on the dependency relationships of the
JMVM structures are used to define the task scheduling in the processors.

2.5. Latency in immersive video systems
This section presents the relevance of the delay in video systems, and more specifically
in immersive video systems. It starts with a systemic description of the end-to-end
delay in audiovisual systems, and the relevance of this delay specifically in videoconferencing applications. Then it describes some of the approaches to the analysis of the
delay in audiovisual systems, and specifically the analysis of the delay in video codecs
and the design of low delay coding schemes. Finally it points out the advantages that
the analysis presented in this thesis can bring to the design of multiview codecs for
immersive videoconferencing applications.

2.5.1. Latency in audiovisual systems
In audiovisual systems, end-to-end latency, end-to end delay or lag, refers to the delay
observed in the displayed video at the receiver side with respect to the moment when

Figure 2.5.1.: Systemic view of end-to-end delay in an audiovisual communication
system. Figure taken from [105].
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the event is being recorded. In videoconferencing scenarios, this end-to-end latency
between both ends of the conversation is also commonly known as communication
latency. This end-to-end latency must be constant, to avoid losing video continuity.
As such, it is established at the beginning of the multimedia session and remains
constant from then. In fact, except for the delay introduced by the network, that is
variable depending on the network congestion, the delay introduced by the rest of the
devices is deterministic and decided at the design phase.
The relevance of the end-to-end delay depends in a great way in the application of the
audiovisual system. Furthermore, we can even state that, under the point of view of
the Quality of Experience (QoE), end-to-end latency is only relevant for live content
streams: those which are being watched while they are being captured. Furthermore,
even for the transmission of live television events, there are very few cases where a large
end-to-end latency is really an issue, and that receiving the video with some additional
seconds of delay makes any difference. However, these few cases, such as sport matches,
are important for service providers and users. For those reasons, keeping the end-toend latency under control is very relevant for IPTV service providers [89]. On the other
hand, a strict control of the end-to-end latency is vital for bi-directional applications
such as videoconference to maintain a fluent communication between both ends of the
conversation. Typical recommendations on maximum communication latency generally
state that there is none or little impact below 150 ms, while a serious impact may be
observed above 400 ms [71].
Figure 2.5.1 shows a high-level scheme of an audiovisual system from the point of view
of the end-to-end latency. The delay between points A and Z, δAZ is the end-to-end
delay that must be constant. A first component of this delay is introduced by the
encoding process in the head-end device, and it is due to three main causes: 1) the
use of bi-directional prediction in the encoding scheme, 2) the encoding time of the
frames and 3) hybrid video encoders makes that the size, in bytes, of the coded frames
differs strongly among them. This generates local bitrate peaks that normally need to
be softened before the transmission using a network ingestion buffer, introducing an
additional delay. The real delay in the transmission network δCX , cannot be guaranteed
to be constant in the general case. Therefore network elements are introduced to control
the network ingestion and the reception in the user terminal to flatten network jitter.
The network buffer delay δxy depends on the implementation of the user terminal,
and it is normally set individually for each video session. Some transport protocols,
such as MPEG-2 Transport Stream [50] indicate the rate at which the coded stream is
produced at the encoder and presentation time stamps. Thus, if the network is able to
keep constant delay δBY , the end-to-end delay δAZ will be constant as expected. Other
protocols such as ISO File Format [51] do not include transport timing information. As
a result, buffer sizes are normally over-dimensioned, to avoid buffer emptying events,
at the cost of suffering a higher lag. This over-dimensioning is also generally applied
to the network buffer δXY , especially in the case of Over The Top services (where
network capacity variations can be very strong).
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2.5.2. Latency in immersive videoconference
Applications such as immersive videoconferences present two main characteristics under
the point of view of the end-to-end latency: 1) the end-to-end delay must be constant
and under certain limits to guarantee a fluent communication between both ends of the
conversation, and 2) the increase in the encoder and decoder complexity due to the need
of encoding several views of the same scene, can increase greatly the encoding delay.
Furthermore, there is a clear trade-off between the coding efficiency and the encoding
delay due to the use of complex multiview prediction structures with backward and
interview prediction.
In this thesis we will focus on the analysis of the encoding/decoding delays of multiview encoders/decoders for immersive videoconferencing applications. Thus, with the
notation of Figure 2.5.1 we focus on δAB and δY Z , and consider δBY as network delay,
out of the scope of our analysis.

2.5.3. Analysis of the delay in audiovisual systems and its
application to immersive video systems
The work in [71] is one of the first approaches to the description of the issues and problems that are involved in the transmission of coded video over IP networks, including
the delay and delay control. In [138], the authors present a survey of the contributions
to video streaming over the internet. They identify needs, requirements, and tradeoffs
of the actors of the system chain, including the delay control in network elements. In
[7], the authors focus on videoconferencing applications. In that work, the components
that affect the end-to-end delay of the systems are identified and analyzed, including
an analysis of the encoding delay in variable bit rate (VBR) MPEG video encoding
algorithms. However, this analysis considers a quite simple encoding algorithm with
only I and P frames. Furthermore, one of the problems and one of the motivations,
at the same time, during the work of this thesis is the lack of a complete and rigorous
analysis of the delay introduced by video codecs. While some efforts have been made to
describe the complexity of the video encoders [100], the design of video codecs for low
delay applications has traditionally taken the approach of limiting the coding tools and
commonly disabling backward predictions. Traditionally, the video coding standards
include profiles oriented to videoconferencing applications with restrictions on the use
of coding tools [137] [128].
To complete this approach to the design of low-video codecs, other works have focused
on minimizing the encoding delay by the optimization of coding tools included in low
delay profiles, such as intra-coding [136] [74]. Other interesting approach was the
proposal of Delay Cognizant Video Coding (DCVC), [16] [17] which consists in a sort
of scalable coding scheme in which two different coded video flows are established.
One of them is a basic flow with low delay constraints that carries essential video data
and the other one is an improvement flow with looser delay constraints. Video blocks
are distinguished into these categories based on temporal-spatial frequency variations.
This type of scheme has to be seen as a joint source/channel approach as delay needs
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to be managed through the whole chain. Other approaches, mentioned previously in
Section 2.4.5, seek the improvement of the coding throughput, and hence coding delay
reduction, by means of parallelization of the coding operations in multiple processors
[108] [81] [78].
While these approaches are still valid for multiview codecs, we consider that in the
case of multiview video the design of low delay multiview video codecs would benefit
from a rigorous analysis of the delay in multiview codecs. This rigorous analysis has
been focused in the literature in the network delay, by means of development of models
for network calculus, that include efforts to describe delay and delay bounds through
the models of the network elements. These models consider both deterministic or
stochastic behaviors of the network [23] [24] [32].
The approaches above decouple the design of codecs for low latency and their implementation as differentiated problems. That is, in the design of low delay encoders coding
tools are disabled not taking into account the implementation of the encoder. In another research direction, the implementation of the remaining coding tools is optimized
using mechanisms such as parallelization techniques. We consider that the definition
of a framework for a rigorous analysis of the delay in multiview codecs, which takes
into account the delay induced by coding tools such as prediction structures and considers at the same time the implementation of the multiview encoder/decoder, would
be beneficial in an intelligent design of multiview devices for low delay applications.
Thus, the framework that we present in this thesis has a direct application in the design
of multiview encoders/decoders for systems with restrictions on the end-to-end latency.
Given a restriction on the encoding/decoding delay values, we will show that such a
framework is a useful tool for the design of characteristics such as multiview prediction
structures that fit the delay requirement and have a limited penalty in RD performance, design of number of processors and analysis of processor speed requirements in
multiview encoders/decoders given a target delay.

3. Framework for the analysis of the
delay in multiview video coding
schemes
3.1. Introduction
Whereas in single view videoconferencing systems, the computation of the contribution
of the encoder and the decoder to the communication latency can be easily computed,
in the case of multiview video, the complexity of multiview prediction structures, and
the presence of several views that can be encoded and decoded simultaneously, increase
the complexity of the delay analysis: on the one hand, it requires to handle the richer
nature of the multiview prediction structure that includes interview predictions; on
the other hand, the fact that the encoder has to manage the encoding or decoding
of several frames at the same time (frames from several views) makes the hardware
platform characteristics play a significant role in the final latency value.
This section presents the elements that are relevant to the analysis of the contribution
of the multiview codec delay. Beginning from a high level view of a multiview video
system and its inherent communication latency, it introduces the elements of the system
that add to this communication latency, focusing on those in which we are specially
interested in this thesis: the multiview encoder and decoder. For those, we propose
a framework of delay analysis, presenting the time variables and the relationships
between them. Although this framework is valid for single or multiview decoders,
we focus on the multiview case, presenting a general analysis that is common to all
implementation of multiview encoders/decoders. Then, through relevant examples, we
discuss the limitations of the generality of this analysis and the conditions that compel
that any delay analysis needs to necessarily take into account the characteristics of
the hardware architecture of the multiview device. Next chapter deepens into this
issue through the description of delay analysis models that are specified for different
hardware architectures. Then, to complete the chapter, we describe the processing time
model that we have developed to compute the processing time that needs to be devoted
to processing a given frame in a multiview encoder/decoder, given the characteristics
of the frame and the encoder/decoder.
Prior to the description of the elements in the delay analysis framework, we found
necessary to disambiguate the definition of a couple of well-known concepts in video
coding that, being clear in single-view video, may result confusing in multiview video
as they can be seen from different perspectives.
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frame rate: Frequency at which the video cameras produces consecutive images called
frames expressed in frames per second (fps). Frame rate for multiview video can
be expressed in two different ways: i) the number of frames per second that are
captured by each of the cameras, or ii) the number of frames per second that are
captured by the whole multiview camera set. To avoid confusion, we will always
refer to the first definition throughout this thesis when we refer to frame rate.
capture period: Inverse of the frame rate value as described before, i.e. the time
elapsed between the capture of two consecutive frames by each video camera.

3.2. Overview of the communication latency in
multiview video systems
Section 2.5.1 defines the communication latency as the one-way delay between both
ends of a video communication system. Considering a single video frame transmitted
through this system, the communication latency indicates the time elapsed between
the instant when a frame is captured at one end of the system, and the instant when
that frame is displayed at the other end. That section also identifies three elements of
the system that add delay and contribute to the communication latency: the encoder,
the transmission network and the decoder. Each of those elements adds a certain
delay to the communication latency of that frame. Our purpose in this work is to
develop a framework for a systematic analysis of the encoding/decoding delay in order
to provide a complete analysis of the contribution of the multiview codec processes to
the communication latency.
Depending on the application of the communication system, the functions of the different blocks (encoding, transmission and decoding) can be performed offline or in
real-time, e.g. in a videoconferencing application the encoding function is performed
online while in video-on-demand (VoD) application, the video can be encoded offline
and stored for a later transmission. While the delay of offline functions does not add
to the communication latency, online functions impose certain constraints on the delay
that they add to the communication latency of the system. It can be argued that any
of these online functions must have a bounded delay, i.e., at a given functional block
(encoder, transmission, decoder) the delay between the block receives a frame instant
Encoding delay
Network delay
Contribution
Unbounded
Unbounded
P2P
Unbounded
Unbounded
VoD
Unbounded
Bounded/Medium
Live Streaming Bounded/Medium Bounded/Medium
Videoconference
Bounded/Low
Bounded/Low
Table 3.1.: Qualitative constraints for the encoding, network
different applications of video communication systems.

Decoding delay
Unbounded
Bounded/Medium
Bounded/Medium
Bounded/Medium
Bounded/Low
and decoding delays for
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as input and provides the processed frame as output cannot grow monotonically with
the number of processed frames. Therefore, it is important in our analysis to define
the conditions in the multiview encoders and decoders to produce bounded delays, in
order to design systems with bounded communication latency.
Also, depending on the application of the system, these delays may have different limits,
e.g., while in the broadcasting of a live-event several seconds of communication latency
may be acceptable, in the case of a videoconferencing application, the communication
latency must be much lower to permit a fluent communication. Table 3.1 shows the
different conditions for the bound of the elements in the system delay for different types
of applications. While for applications such as peer-to-peer (P2P) or VoD, the encoding
and/or transmission can be performed offline, in applications such as live streaming or
videoconferencing, all the delays introduced by the elements of the system need to be
bounded. Furthermore, the duplex nature of a videoconferencing application imposes
stricter constraints on the range of these delay values. In the following, we describe the
elements that have an influence on the delays introduced by each of the three blocks
of the multiview system: encoder, transmission network and decoder.

3.2.1. Encoding delay
The first of the elements in the functional block scheme in Section 2.5.1 is the encoder. We define the delay that the encoder adds to the system as encoding delay.
This encoding delay is the time elapsed between the instant a frame is captured and
the instant the coded version of that frame is available as the output of the encoder.
That delay includes time devoted to encoding operations (motion estimation, quantization, entropy coding, ...) and waiting time due to the lack of available processing
resources in the encoding device or due to the prediction relationships of the hybrid
video coding scheme. Generally, due to the difference in number and complexity of the
operations of the encoding/decoding processes, assuming encoding/decoding devices
with comparable processing resources, the encoder delay is higher than the decoding
delay [100].
Considering specifically the multiview encoder, the work in this thesis considers that
the encoding delay depends mainly on two different but interrelated factors:
1. The multiview prediction structure: temporal and interview prediction relationships among frames establish coding order dependencies that play a major role
in the encoding delay for a given frame.
2. The hardware architecture and implementation of the encoder: specific architectural features of multiview encoders (e.g. number of processors, use of threads,
...) influence the time that is needed for the encoding operations of a given frame
(frame processing time), and the availability of processing resources during the
encoding process. Thus, they have an effect on the encoding delay performance
of the system.
We say that both factors are interrelated as the frame processing times in the encoder
also depend on the characteristics of the multiview prediction structure, i.e. the frame
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processing time of a frame depends directly on the number of reference frames that are
used in the motion estimation algorithm.

3.2.2. Network delay
For the scope of this thesis, we define the network delay as the time elapsed between
the instant a coded frame is given as the output of the multiview encoder, and the
instant when is received at the decoder. This network delay considers the sum of all
delays that may occur to one frame during its transmission over the network: the
transmission delay, i.e., time it takes to push the bits onto the link; processing delay,
i.e., time routers take to process the packet header; queuing delay, i.e., time the packet
spends in routing queues; and propagation delay, i.e., time for a signal to reach its
destination. For the purpose of this thesis, this analysis assumes that the network
delay also includes the delay introduced by network buffers in the transmitter or the
receiver (see Figure 2.5.1).
The network delay values may be very different depending on the nature of the physical characteristics of the transmission network (satellite, terrestrial broadcast, WAN,
LAN, ...). For example, while for a LAN network, the network delay may be a few
milliseconds, a satellite link may introduce several seconds into the communication system [95]. Also, the variability range of the network delay values may be very different
for different transmission network architectures. In a terrestrial broadcast system this
network delay is nearly constant while for an IP network, the network delay values
may be quite different for different frames due to variability in the level of network
congestion [35].
In the case of communication systems that include multiview video, the nature of the
transmission of coded multiview video does not differ essentially from the transmission
of coded single-view video. Both coded single-view and multiview streams can be seen
as sequences of packets (for example NAL units in AVC), whose content is transparent
to the transport layer [137]. Furthermore, in packet-based networks, the management
of the transmission of the coded stream can be considered agnostic form the packet
content.
The analysis of the delay in the transmission network between the multiview encoder
and the multiview decoder is out of the scope of this thesis. In order to include this
network delay in a complete analysis of the communication latency in multiview communication systems, future works may utilize one of the several transmission channel
models that have been proposed in the literature [63].

3.2.3. Decoding delay
The last of the elements in the functional block scheme in Section 2.5.1 is the decoder.
We define the delay that the decoder adds to the system as decoding delay. Similarly
to the case of the encoding delay, the decoding delay of a multiview decoder depends
on the same two factors:
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1. The multiview prediction structure: temporal and interview prediction relationships among frames establish decoding order dependencies for every frame, i.e.
any frame needs to wait for its reference frames to be decoded before being decoded.
2. The hardware architecture and implementation of the decoder: specific architectural features of multiview decoders (e.g. number of processors, use of threads
...) influence the time needed to decode a given frame.

In the case of the decoder, the level of independence of both factors in the influence on
the decoding delay is higher than in the case of the encoder. Although the decoding
time for a frame depends on the type of frame (I,P,B), the relationship of the decoding
time with the number of reference frames used in the encoding process is not direct, i.e.
the decoding time does not depend on the number of references that have been used
in the encoding process, but only on the number of transmitted motion vectors. Also,
with the aim of comparing the range of values of encoding/decoding delays, (i) usually
the computational load of the decoding process is lower than the encoding process and
(ii) the decoder receives the coded frames in coding order, hence, the majority of the
delay introduced by the prediction structure is absorbed by the encoder. Thus, in
general the decoding delay is usually lower than the encoding delay.

3.3. Dissection of the communication latency in
multiview video systems
This section describes, at a system level, the relevant time instants and time intervals
for the analysis of the communication latency in a multiview video communication system, that will be used throughout this thesis. After the presentation of these elements,
it provides a discussion on the relationship between the communication latency of the
system and the delays introduced by each element of the system scheme.
Video codec standards describe complex coding schemes that permit enabling different
configurations and coding tools to prioritize different objectives such as coding efficiency, real-time processing, etc. One of these tools in the AVC and MVC standards is
the division of video frames into slices [137], that can be encoded independently using
different coding modes or quantization values, for example. This coding tool permits
some grade of parallelization in the encoding/decoding processes, even allowing that
the encoding/decoding process of a frame starts even when the complete frame had not
been loaded from the camera or received completely yet. Furthermore, for certain applications of a multiview communication system, it is reasonable to implement encoders
that do not transmit all views continuously, but vary the transmitted views depending
on the necessities of the receiver. The use of these type of tools can increase the complexity in the analysis of the delay introduced by the multiview encoder/decoder, by
incrementing the number of specific cases. To limit the complexity in the description
of our delay analysis, we make the following general assumptions that will be valid
throughout the entire thesis:
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Figure 3.3.1.: Block scheme of a multiview system with the time instants and intervals
that are relevant in the analysis of the communication latency.
1. All views have to be encoded and decoded, as all of them will be displayed or the
receiver can choose any view at any time for display among those received.
2. A frame is the basic encoding/decoding unit and is encoded and decoded sequentially, i.e., the tasks of the frame encoding/decoding process cannot be computed
simultaneously on different processors.
3. The encoding/decoding processes of a frame are continuous, i.e. once the encoding/decoding process of a frame starts, the set of processors of the encoder/decoder
do not interrupt the process until the encoding/decoding process is completed.
4. The encoding/decoding process of a new frame does not start until its reference
frames have been completely encoded/decoded.
5. The processing time of a frame does not depend on the frame content (i.e. type
of scene captured), but only on the encoding/decoding configuration and characteristics.
Despite these assumptions, it would be feasible to extend this analysis to more general
cases in which slices and a variable number of transmitted views are used by assuming
the slice as the coding unit and dynamic prediction structures with variable number of
views.

3.3.1. Elements in the analysis of the communication latency
To begin this analysis, it is important to define the time instants and time intervals
that are relevant in the communication latency analysis in a multiview communication
system. For that purpose, let us consider the general block scheme of the multiview
system in Figure 3.3.1, which consists in the blocks that add to the communication
delay between both ends of the system. Considering that xij is the j-th frame (in capture
order) of view i, we define the relevant time instants at the system level as follows:
tcapt ij is the instant when xij is captured, tcod ij is the instant when xij is completely
coded, tRX ij is the instant when the coded version of xij is received at the decoder,
tdec ij is the instant when xij is completely decoded, and tdisp ij is the instant when xij is
displayed. Given these definitions, we define a set of relevant time intervals.
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The encoding delay δ cod ij :
δ cod ij = tcod ij − tcapt ij ,

(3.3.1)

δ NW ij = tRX ij − tcod ij ,

(3.3.2)

δ dec ij = tdec ij − tRX ij .

(3.3.3)

δ disp ij = tdisp ij − tdec ij .

(3.3.4)

the network delay δ NW ij :

the decoding delay δ dec ij :

and the display delay δ disp ij :

3.3.2. Discussion on the system delay and the display delay
Let us define the system delay δ sys ij (see Figure 3.3.1) as the time elapsed between the
capture time of xij (tcapt ij ) and the instant when xij is completely decoded in the receiver
(tdec ij ). It captures the contribution of the encoder, network and decoder, leaving out
the display delay. Formally, it can be expressed as:
δ sys ij = δ cod ij + δ NW ij + δ dec ij .

(3.3.5)

Then, tdec ij can be expressed as:
tdec ij = tcapt ij + δ sys ij .

(3.3.6)

Let us now analyze the characteristics of tdec ij : given that there are no synchronization
errors on the camera set, frames within a view are captured at a constant frame rate.
Thus:
tcapt ij+1 = tcapt ij + Tcapt , ∀j,

(3.3.7)

where Tcapt is the capture period. If we consider the characteristics of δ sys ij by looking
at the terms in the right side of (3.3.5), δ cod ij and δ dec ij are variable for each frame due
to the variability of encoding/decoding parameters such as type of frame or number of
references, and the variability of the processing resources available at the encoder or
the decoder. Besides, δ NW ij is also variable among frames due to the variable nature of
the network delay on transmission channels. Therefore, it can be concluded that the
value of δ sys ij is variable among frames. Given that, the time interval elapsed between
tdec ij and tdec ij+1 can be expressed as:
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tdec ij+1 − tdec ij = Tcapt + δ sys ij+1 − δ sys ij , ∀j.
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(3.3.8)

Due to the variability of δ sys ij , the time interval elapsed between the instant one frame
is decoded and the following frame is also decoded is variable for each couple of consecutive frames. However, decoded frames must be displayed at a constant frame rate
at the decoder, i.e, the communication latency must have a constant value for all the
frames. Therefore, to absorb the variability of the delay added by previous blocks,
the receiver uses a buffer for decoded frames, that adds a display delay, δ disp ij 1 , which
is also variable for each frame. Thus, in practice, the communication latency can be
expressed as:
(3.3.9)
Lat = δ sys ij + δ disp ij = δ cod ij + δ NW ij + δ dec ij + δ disp ij .

3.3.3. Display delay and minimum communication latency
In real-time applications, the optimal communication latency should be the minimum
delay that allows the receiver to maintain a constant display rate with the same value
of the capture rate. Given that the values of the display delay cannot be negative,
this condition implies that the communication latency value cannot be lower than the
system delay of any frame. Formally:
Lat ≥

max

δ sys ij ,

(3.3.10)

i = 0, . . . , N − 1
j = 0, . . . , M − 1

where N is the number of views and M is the number of frames per view. Given the
value of Lat, the display delay for each frame is:
δ disp ij = Lat − δ sys ij ≥ 0, ∀i, j.

(3.3.11)

Therefore, to achieve the minimum valid communication latency value (Latmin ), the
following condition must hold:
Latmin −

max

δ sys ij = 0.

(3.3.12)

i = 0, . . . , N − 1
j = 0, . . . , M − 1

If the condition in (3.3.12) holds, the decoder does not add any display delay to the
frame with the highest system delay. Formally:
1

In our framework, we assume that δ NW includes the delay added by any possible buffer located
before the decoder to control jitter [138]. In ideal conditions, with the use of this buffer and constant
decoding times, the addition of δ disp is not necessary. However, to cover unideal situations and
implementations that may not use a receiver buffer we include this delay to guarantee a constant
communication latency.
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Latmin =

max

δ sys ij =

max

i = 0, . . . , N − 1

i = 0, . . . , N − 1

j = 0, . . . , M − 1

j = 0, . . . , M − 1





δ cod ij + δ NW ij + δ dec ij .

(3.3.13)

Therefore, identifying the frame with the highest value of δ sys ij and its accurate value
is an essential factor to obtain the minimum communication latency for well-designed
real-time applications. If we look at (3.3.13), it is clear that it is necessary to model
accurately the behavior of δ cod ij , δ NW ij and δ dec ij to define the minimum communication
latency of the system. This thesis focus on the modeling of δ cod ij and δ dec ij , the two
elements of (3.3.13) that are the contribution of the multiview codec to the communication latency.

3.4. Encoding delay analysis in multiview video
coding schemes
To set the basis of the analysis of the encoding delay in multiview video encoders,
this section starts from the encoding analysis of the encoding delay in the single-view
case and then it extends it to the multiview case. This way, the elements that are
relevant to this analysis and the relationships between those elements are identified in
the simpler single-view case. Then, the analysis is extended to the multiview case that
is more complex due to the presence of multiple views and more complex prediction
structures.

3.4.1. Encoding delay in single-view video coding
As defined in (3.3.1), the encoding delay of a frame has been defined as the time elapsed
between the capture instant and the instant when that frame is completely encoded.
Let xj be the j-th frame of the single-view sequence in capture order. The encoding
delay of xj , δ codj , is the following:
δ codj = tcodj − tcapt j .

(3.4.1)

In the time interval elapsed between tcapt j and tcodj , two different time periods can
be distinguished attending to the type of operations that the encoder performs with
respect to xj : i) a period in which the encoder is idle or dedicated to the encoding
process of other frames (this period can be zero), and ii) the period dedicated to the
encoding process of xj . Let us define tstartj as the instant when the encoding process of
xj starts. Then, taking into consideration the third of the assumptions at the beginning
of Section 3.3, tcodj is computed as:
tcodj = tstartj + ∆tproc j ,

(3.4.2)
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Figure 3.4.1.: Encoding chronogram example with representation of encoding instants
tready j , tstartj and tcodj .
where ∆tproc j is the processing time for frame xj .
To complete the list of relevant instants in the encoding process of a frame we also
need to define tready j as the instant when xj is ready to be encoded, i.e., it has been
captured and all its reference frames have been completely coded. It is computed as
follows:
!

tready j = max tcapt j ,

max

xp ∈{P(xj )}

tcodp ,

(3.4.3)

where {P(xj )} is the set of reference frames for xj , i.e. the set of frames that xj uses
as reference in the encoding process. Intuitively, (3.4.3) indicates that the encoding
process of xj cannot start before its capture time and before all of its references have
been encoded.
Prior to the description of the example in Figure 3.4.1, it is useful to describe the
notation used in the figure for prediction structures and chronograms that will be
used in several examples throughout the thesis. The left side of the figure shows a
simple prediction structure of one view and three frames. Labels v i and tj indicate
view number and capture time of a frame respectively. The directed links between two
frames indicate a prediction relationship. As an example of the prediction direction,
frame x1 uses frame x0 as reference in the encoding/decoding process. The right side
of the figure shows the encoding chronogram of the prediction structure on the left
side. Time is displayed horizontally and the capture times of the frames are labeled
at time bar located at the top of the chronogram. Below that time bar, the successive
horizontal lines of time bars (only one in the example) indicate the processing activity
of each of the processors, labeled with pk . Each time bar indicates the processing time
of a frame and are labeled with v i /tj . The time intervals between time bars indicate
idle time for that processor. Figure 3.4.1 shows an example of the definition of the
three time instants defined above: tready j , tstartj and tcodj . The chronogram of the
figure shows the position of these instants for frame x2 . It can be seen that, in this
case, tready 2 = tcapt 2 because tcod0 (the instant the reference frame x0 is coded is prior to
tcapt 2 ). Besides, tstart2 > tready 2 as processor p0 is busy after tready 2 with the encoding
process of x1 .
A very important parameter to quantify the delay introduced by a single-view encoder
in the system is the encoding latency, Latcod , that we define as the maximum encoding
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(b) Encoding chronogram for the prediction structure in 3.4.2a. The red bar at the bottom indicates
the value of Latcod .

Figure 3.4.2.: Example of encoding delay analysis in a single-view video encoder.
delay over all frames in the sequence. Formally:
Latcod =

max



j=0,...,M −1



tcodj − tcapt j .

(3.4.4)

The same concept can be applied to a single GOP of the sequence, i.e. the maximum
encoding delay considering only frames within a single GOP of the video sequence. We
name this value the GOP encoding delay. We use the term delay in this case, reserving
the term latency to describe a maximum delay of a whole sequence (in this case singleview sequence, but also for multiview sequences). While latency is a unique value per
sequence, different GOPs of the sequence have different values of GOP encoding delay.
The GOP encoding delay of the k-th GOP of the sequence in capture order, δ GOP
cod k , is
computed as:
δ GOP
cod k = max

xj ∈GOPk





tcodj − tcapt j ,

(3.4.5)

where GOPk is the k-th GOP in coding order. Section 3.4.4.1 shows how this parameter
is useful to discuss the need of a systematic analysis of the encoding delay in a multiview
encoder.
Given the definitions of the relevant instants and time intervals in a single-view encoder,
it can be proven that a coding order can be established depending only on two factors:
i) capture order and ii) prediction relationships. Given a prediction structure that
specifies capture order and prediction relationships among frames, a univocal encoding
sequence can be constructed. This means that in the single-view case, the coding order
is independent of the hardware architecture. As we will show, this is not true in general
for the multiview case.
−1
Let us consider that the ordered set (ek )M
k=0 is a set containing the M frames in coding
−1
order. Each element of the set (ek )M
k=0 is one of the frames of the sequence, i.e.:
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(3.4.6)

∀k, ek ∈ {xj } .

The first element of sequence, e0 , is the frame with lowest capture time among the set
of frames with no reference frames (intra-frames). Formally:
e0 = arg min

xj |{P(xj )}=Ø





(3.4.7)

tcapt j .

The rest of the frames in coding order are established as follows: the k th element in
−1
(ek )M
k=0 is the frame with the lowest tcapt j among those frames with all parent frames
already encoded at that point. Formally:
ek =

arg min

xj |{P(xj )}∈(ev )k−1
v=0





tcapt j .

(3.4.8)

Intuitively, it can be seen as ordering the frames in capturing order, with the focus
of low encoding delay, and taking into account also the restrictions in this ordering
that are imposed by the prediction relationships. Take as an example Figure 3.4.1,
e0 = x0 as it is the first frame in capture order with no references. Then given that,
x0 is coded, x1 and x2 can be encoded, but x1 is encoded first as tcapt 1 < tcapt 2 . Note
that this coding order is independent of the encoder architecture, e.g. single/multiple
processors. We will see that this is something that does not occur in a multiview
encoder, as it is shown later in Section 3.4.2.
Figure 3.4.2 depicts an example of the encoding delay analysis in a single-view encoder.
The analysis example assumes an encoder with one only processor (p0 ). The scheme
of the prediction structure is shown in Figure 3.4.2a, which is a hierarchical prediction
structure. Figure 3.4.2b shows the encoding chronogram for two consecutive GOPs
of that prediction structure. The vertical dotted lines mark the capture times of the
frames, tcapt j . The beginning of each blue bar corresponds to tstartj whereas its end
corresponds to tcodj . The red bar at the bottom shows the encoding latency Latcod for
two encoded GOPs (due to the low value of the frame processing times in comparison
with the capture period, this encoding latency value would be equal for a larger number
of encoded GOPs). It can be seen that the encoding latency is the time elapsed between
tcapt 1 and tcod1 , and therefore Latcod = tcod1 − tcapt 1 in (3.4.4).

3.4.2. Encoding delay in multiview video coding

The concepts and definitions that were presented for the encoding delay analysis in
the single-view case can be extended to a multiview encoder considering all the frames
of the whole set of views. The analysis of the encoding delay in a multiview video
encoder is more complex than the encoding delay analysis in a single view encoder
due to two factors: i) multiple views can be encoded simultaneously. This parallel
encoding of multiple views in multiple processors can be accomplished by using different
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Figure 3.4.3.: Multiview prediction structure with no interview prediction.
hardware architectures with different characteristics, which have a direct influence
on the encoding delay performance. And, ii) the use of interview prediction. This
complexity increase highlights the need for a systematic model for the encoding delay
analysis.
Analogously to the single-view case, the encoding delay for the multiview case, δ cod ij ,
is already defined in (3.3.1), where tcod ij is computed as:
tcod ij = tstart ij + ∆tproc ij ,

(3.4.9)

and tready ij is:
!

tready ij

= max

tcapt ij ,

max

xp ∈{P(xij )}

tcodp .

(3.4.10)

The encoding latency concept is extended to the multiview case by considering all
views in the multiview set. This means that the worst-case encoding delay among all
views is considered, i.e., the maximum time elapsed between a frame (from any view)
being available at the encoder and its encoded version being ready for transmission.
Formally:
Latcod =



max



tcod ij − tcapt ij .

(3.4.11)

i = 0, . . . , N − 1
j = 0, . . . , M − 1

The GOP encoding delay (δ GOP
cod k ) can also be defined with the same criterion of the
single-view case:
δ GOP
cod k = i max

xj ∈GOPk





tcod ij − tcapt ij .

(3.4.12)

In the multiview case, the coding order cannot be directly inferred from the prediction
structure as it happened in the single-view case (see (3.4.7) and (3.4.8)). In the singleview case, all frames have different values of tcapt ij . Thus, given a prediction structure,
the coding order is an injective function. The presence of multiple frames with the
same value of tcapt ij in the multiview prediction structure implies that this statement
is not necessarily true in the multiview case. Consider, as a trivial example the prediction structure in Figure 3.4.3 and a multiview encoder with only one processor.
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(a) Multiview prediction structure.
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(b) Encoding chronogram for the prediction structure in Figure 3.4.4a.

Figure 3.4.4.: Example of encoding delay analysis in a multiview video encoder.
As reflected in (3.4.7) the encoding sequence starts with a frame with no references,
i.e. it necessarily must be x00 or x10 . However, we cannot use the capture time as a
criterion for establishing a coding order, as the capture time is equal for both frames
(t0 ). Therefore, the coding order shall be imposed by other type of criteria, e.g. the
view that is displayed at the receiver at a given time or encoding latency minimization
criteria.
Figure 3.4.4 depicts an example of the encoding delay analysis in a multiview encoder.
Figure 3.4.4a shows a multiview prediction structure for two views, formed by adding
interview prediction to the temporal prediction structure in Figure 3.4.2a for the second
view v1 . Figure 3.4.4b shows the encoding chronogram for that multiview prediction
structure in a multiview encoder with two independent processors (p0 and p1 ). In
this example we are assuming a multiview encoder in which each of these processors
encodes frames corresponding to only one of the views. Section 4.3.2 will show that,
despite the general multiview case, in this type of encoder architecture the coding
order is implicitly given by the prediction structure. In this case, the encoding latency,
marked by the red bar is the time elapsed between tcapt 11 and tcod 11 , and therefore
Latcod = tcod 11 − tcapt 11 in (3.4.11). The encoding latency of the multiview case is higher
than that of the single view case, as the encoding delay of the frames of v1 increases
due to interview prediction. As an example of tready ij in this multiview case, let us we
consider frame x13 in the prediction structure in Figure 3.4.4a. Its reference frame set,
{P(x13 )}, is composed by frames x12 , x14 and x03 . Therefore, tready 13 is the instant when
all the frames in {P(x13 )} have been already encoded. In the chronogram in Figure
3.4.4b, tready 13 = tcod 03 , as x03 is the latest of the frames of {P(x13 )} to be encoded.
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Figure 3.4.5.: Example of unbounded encoding delay in a single-view encoder

3.4.3. Discussion on the bounds of the encoding delay
Section 3.2 states the need of a bound value in the delay introduced by the different
elements of the video communication system for certain type of video applications.
This section deals with the requirements that the encoder must fulfill to ensure the
existence of a bound value for the encoding delay. Consider the example in Figure
3.4.5. The figure shows a simple single-view IPP GOP structure and the associated
encoding chronogram for two consecutive GOPs of that structure in a single-processor
encoder. Note that, due to the high processing times of the P frames (higher than the
capture period in this case) the GOP encoding delay grows with every encoded GOP,
GOP
i.e. G δ GOP
cod 1 = δ cod5 > δ cod 0 = δ cod2 . In the encoder of the example:
GOP
δ GOP
cod k+1 > δ cod k , ∀k,

(3.4.13)

M → ∞ =⇒ Latcod → ∞.

(3.4.14)

and therefore:

In other words, the encoding delay grows monotonically with every encoded frame.
Hence, the encoding delay is not bounded. As shown in Table 3.1, while for certain
offline applications, an unbounded encoding delay may not be a problem as the video
content is encoded beforehand, and transmitted at an appropriate rate to be displayed
at the receiver at a constant frame rate, in live streaming and videoconferencing applications the encoding delay must be bounded.
The condition for a bounded encoding delay in the multiview case is the following:

M → ∞, ∃δ cod,max ≥ δ cod ij , ∀i, j.

(3.4.15)

In practice, this condition requires that the frame processing times do not exceed certain limits that are specific for each encoder architecture. This thesis shows that the
conditions for a bounded encoding delay in multiview encoders depend on processing
capabilities, frame processing times, hardware architecture characteristics and prediction structures.
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Figure 3.4.6.: Example of bounded encoding delay in a single-view encoder.

3.4.4. Influence of the hardware architecture of multiview
encoder in the encoding delay analysis
The expressions in (3.4.9), (3.4.10) and (3.4.11) only depend on the coding order relationships imposed by the prediction structure. Therefore, they are valid for all hardware
encoder architectures. Instead, the specific hardware architecture of the encoder (e.g.,
number of processors, sequential or parallel processing, etc.) has a direct influence in:
(i) the values of ∆tproc ij and (ii) the relationship between tstart ij and tready ij . This section
discusses the influence of such hardware architecture in the encoding delay analysis and
presents: (i) the need of introducing the hardware characteristics in the delay analysis
and (ii) the complexity that this influence introduces in the encoding delay analysis in
the multiview case.
On the one hand, the values of the frame processing times ∆tproc ij are directly related
to hardware architecture. The higher processing resources of the encoder, the lower
the values of the processing times. Also, the management of parallel processing in the
encoder has an influence in the frame processing times: frame processing time may
differ if the multiview encoder utilizes single-thread or multithread processors.
On the other hand, focusing on the relation between tstart ij and tready ij , for any hardware
encoder architecture, if we assume that a given frame cannot be encoded before its
reference frames have been coded, then:

tstart ij ≥ tready ij .

(3.4.16)

Thus, the encoding process of xij cannot start until all frames in {P(xij )} have been
encoded, but the start of the encoding of xij may be delayed if there are not processing resources available at tready ij . Apart from the restriction in (3.4.16), the concrete
relationship between tstart ij and tready ij for a given frame depends on the specific hardware encoder architecture. In the following, the section presents a discussion on the
necessity of a systematic encoding delay analysis in the multiview case that includes
the characteristics of the hardware architecture. To illustrate the need of a systematic
analysis of the decoding delay in the case of multiview video, we present examples that
show the evolution of the GOP encoding delay for a few chosen prediction structures
and its relationship with the encoding latency and the characteristics of the hardware
architecture.
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3.4.4.1. Complexity of the encoding delay analysis in multiview video coding
Consider again the prediction structure in the example in Figure 3.4.5, and let us
assume this time an encoder with higher processing capabilities, i.e. the processor
throughput (number of frames encoded per second) is higher. Thus, the values of
∆tproc ij are lower and, as shown in Figure 3.4.6, the encoding delay is bounded and
Latcod = δ GOP
cod 0 . In this case, given that the frame encoding time is lower than the
capture period, the encoding latency is the processing time of one P frame. The
repetitive component of the prediction structure as a succession of GOPs may give the
intuitive idea that Latcod on multiview encoders is equal to δ GOP
cod 0 . However, as shown
in Section 3.4.3, the trivial example of the the case of unbounded encoding delay, where
δ GOP
cod k grows with each encoded GOP proofs that this is not the general case. Here we
give some examples that show that in the multiview case this simplification cannot be
assumed in the general case, even when the multiview encoder follows the condition of
bounded encoding delay in (3.4.15). Hence, the needs of developing a framework for
the systematic analysis of encoding delay for multiview video.
Now, let us extend this single-view example to the multiview case, by adding interview
prediction relationships in different configurations. For illustrative purposes in this
example and the following ones, let us set out arbitrary multiview prediction structures
that might not be conformant with the MVC standard (there is no base-view that can
be decoded independently from the other views). As a result, the multiview prediction
structures in Figures 3.4.7a, 3.4.7c and 3.4.7e are obtained. All these three multiview
prediction structures have the same number of I, P or B frames and the same number of
prediction links, i.e., the processing load to encode each of these prediction structures
is the same. Furthermore, it can be seen that, as in the prediction structure in Figure
3.4.6, backward prediction relationships, that highly increase the encoding latency, are
avoided in all of these three multiview prediction structures. However, this example will
show that in the multiview case, the analysis of the encoding latency is more complex
than in the single view case due to interview predictions. Although processing times
fulfill in the three cases the conditions for a bounded encoding latency, in some of those
cases Latcod 6= δ GOP
cod 0 . It will also show that these prediction structures that are rather
similar in the configuration of prediction relationships and computational load have
rather different performances in terms of encoding latency.
Figures 3.4.7b, 3.4.7d and 3.4.7f present Figures 3.4.7a, 3.4.7c and 3.4.7e in a graph
manner. Each node of the graph represent a frame while the edges represent the dependency relationships between frames in the prediction structure. The nodes are labeled
with vi /tj (frame j of view i). We will develop this idea of representing prediction structures as graphs further in Section 4.2 to generate models for the systematic analysis
of encoding/decoding delay. The graphs are displayed over two dimensions i) capture
order, and ii) dependency depth, i.e., nodes in further positions in this axis represent
frames that depend on a higher number of frames to be encoded before they can be
encoded themselves. Observing the prediction structures in such a graph manner reveals that, despite the fact that all the prediction structures have the same number of
prediction dependencies, the dependency structures are rather different.
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Figure 3.4.7.: Representation of arbitrary multiview prediction structures in a graph
manner and encoding delay analysis for those prediction structures.
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The next step is the evaluation of δ GOP
cod k with the number of coded GOPs. As stated
before in this section, the hardware architecture of the encoder has an influence on
the computation of the encoding delay. Therefore, for this example we use a simple
architecture (described further in Section 4.3.2) with the same number of views and
processors in which each processor encodes frames from one only view. From each
graph and the characteristics of the encoder architecture we are able to implement an
algorithm that traverses the graph, computing δ cod ij for all of the frames, δ GOP
cod k for all
GOPs and Latcod .
Figure 3.4.7g shows the evolution of δ GOP
cod k and Latcod (upper-bound of the charts) with
the number of encoded GOPs for the three prediction structures. Note that for the three
examples the encoding delay is bounded, i.e., there is a maximum value of δ GOP
cod k for all
the GOPs in the multiview sequence. In Figure 3.4.7g we identify two different states
in the evolution of δ GOP
cod k : a transient state that corresponds to the region where the
overall encoding latency is increasing and a steady state in which the overall encoding
latency reaches a final value while δ GOP
cod k can oscillate with the number of coded GOPs.
The existence of these two states evidences that, in practical multiview encoder design,
and for certain type of multiview prediction structures, an analysis of the GOP delay
evolution is needed, since an analysis of only the first GOPs of the sequence could
lead to erroneous results as illustrated by Figure 3.4.7g. The figure also reveals that
multiview prediction structures with slight differences on the interview prediction links
can perform significantly different in terms of encoding latency. This evolution of GOP
latency seems to be directly related to the depth of the graphs. Prediction structure
3 has a “shallower” graph, resulting in a lower overall latency. For “deeper” graphs,
as the ones associated to structures 1 and 2, the overall encoding latency is higher.
The difference between overall latency value in structure 1 and structure 2 comes from
differences in their graph structures.
3.4.4.2. Encoding delay analysis in different encoder hardware architectures
In the previous example, we showed that a systematic analysis of the encoding delay
is necessary in the case of multiview video. Here we demonstrate the effect of different
encoder architectures on the encoding latency performance of a given prediction structure and that the encoding delay analysis needs to be individualized for each specific
hardware encoder architecture.
The encoding delay in a given prediction structure in one specific encoder architecture
is not necessarily the same in a different one and that is the reason a systematic analysis
of the encoding delay for multiview video that addresses different encoder architectures
is necessary. To illustrate this, we show an example of the evolution of δ GOP
cod k for two
multiview prediction structures (Figures 3.4.8a and 3.4.8b) which require the same
computational load in the encoder (same number of prediction links) in two different
hardware encoder models with the same number of processors (Fixed MPE and Flexible
MPE models). These two models are further described in Sections 4.3.2 and 4.3.3. For
the time being, we can state that the main difference between those models is that in
the Fixed MPE model the encoding of the frames of one view is assigned to only one
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(b) Prediction structure 2.
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Figure 3.4.8.: Encoding delay analysis for two multiview prediction structures in two
different encoder hardware architectures.
processor and in the Flexible MPE frames of any views can be assigned to any of the
processors.
Figure 3.4.8c shows the evolution of δ GOP
cod k and the overall encoding latency (upperbound of the charts) with the number of coded GOPs. The result shows how a given
prediction structure can lead to a completely different latency behavior depending on
the encoding hardware architecture. Finally, it can be seen that in the case of the second
prediction structure and the Fixed MPE model, the encoding latency is not bounded
and grows with each additional encoded GOP. On the contrary, the same prediction
structure and the Flexible MPE model produce a bounded latency value. Intuitively,
the Flexible model is more efficient in the assignment of frames to processors than the
Fixed MPE model. While in the Fixed MPE case frames of one view are encoded only
by one processor, in the Flexible MPE model idle processor time intervals are filled
with frames of different views. This increases the encoding throughput, and reduces
the delays in starting to encode as compared to the Fixed MPE case. In the Fixed MPE
case, these delays, and the overall encoding latency, are increased with each encoded
GOP, resulting in an unbounded encoding delay.
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3.4.4.3. Hardware characteristics of multiview encoders/decoders
The discussion above stresses the necessity of the inclusion of the hardware encoder
architecture in the encoding delay analysis as remarked by the examples in Sections
3.4.4.1 and 3.4.4.2. In other words, for a given encoder hardware platform, an accurate
characterization of its encoding latency requires the modeling of the behavior of its
specific hardware characteristics. This section presents the characterization that is
used in this thesis for the hardware configuration of a multiview encoder or decoder.
For the purpose of this thesis, this characterization does not pretend to get deep in the
details of the hardware implementation [27][21] and focuses on the characteristics of
the devices at a functional level. This characterization consists of a series of features
on the processing and parallelization capabilities of the hardware system, taking into
account specially a motivation on the parallelization of the encoding of multiple views,
as parallelization is an essential factor for an efficient implementation of multiview
encoders and decoders due to the inherent parallel characteristics of multiview video
coding.
We characterize the architecture of a multiview encoder/decoder by the following features:
• Number of processors: Number of independent processors that form the core of
the multiview encoder/decoder.
• Reference exchange among processors: The capability of the processors to exchange data corresponding to encoded or decoded frames is an indispensable
feature in any multiview encoder/decoder, to enable interview prediction on the
encoder and interview motion compensation in the decoder
• Single/multi task encoding within each processor: Capability of the processors
to encode one or several frames at a given time instant.
• Sequential/parallel frame encoding: The encoding operations for a frame can be
done sequentially or in a parallel way in one or multiple processors.
• Policies to control the frame-to-processor assignment: These assignments can
be static; i.e., frames of a camera are always encoded on the same processor,
or flexible; i.e., the frames of a given camera are assigned to any of the idle
processors at a given time.
The framework that we present in this thesis includes multiview encoder/decoder hardware architecture models that will be presented in Chapter 4, that are based in this
set of hardware characteristics.

3.5. Decoding delay analysis in multiview video
coding schemes
Analogously to Section 3.4, this section presents the elements and time relationships
that intervene in the analysis of the decoding delay in multiview decoders. The decoding delay of frame xij , δ dec ij , as defined in (3.3.3), is the difference between the instant
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when xij arrives at the receiver, tRX ij , and the instant when xij is already decoded, tdec ij .
From (3.3.1), (3.3.2) and (3.3.3), tRX ij can be computed as:
(3.5.1)

tRX ij = tcapt ij + δ cod ij + δ NW ij ,

where the capture time tcapt ij is known, δ cod ij can be estimated by means of the encoding
delay analysis in Section 3.4, and δ NW ij can be estimated with a transmission channel
model.
Analogously to the analysis in Section 3.4.2, tdec ij is defined as follows:
tdec ij = tstart ij + ∆tproc ij ,

(3.5.2)

where tstart ij is the instant when the decoding process of frame xij starts and ∆tproc ij
is the processing time devoted to decoding the coded version of xij . Also, analogously
to the encoding delay analysis, we define another relevant time instant, tready ij , as
the instant when xij is ready for being decoded, i.e., all its reference frames have been
completely decoded. Note that we are using the same notation (tstart ij and tready ij ) that
we have used in the encoder, as they refer to analogous time instant in both devices.
tready ij is computed as follows:
!

tready ij

= max

tRX ij ,

max

xp ∈{P(xij )}

tdecp .

(3.5.3)

As for the decoding order, again the single-view and multiview cases present relevant
differences. In the single-view case, the decoding order is the same as the coding order
−1
(ek )M
k=0 described in (3.4.7) and (3.4.8). In the multiview case, as in the analysis of the
encoding delay, the establishment of the decoding order is more complex and depends
on the decoder architecture. Let us consider again the simple example of the multiview
prediction structure in Figure 3.4.3 and a decoder with only one processor. Consider
then that frames x02 and x12 are received at the same instant. Given that the references of
both frames were already decoded, there is no criterion within the prediction structure
that indicates which frame should be decoded first. Therefore, the decoding order
may be decided by policies derived from the specific decoder architecture that must be
included in the decoding delay analysis.
While (3.3.3), (3.5.2) and (3.5.3) only depend on the coding order relationships imposed by the prediction structure, and therefore they are valid for all hardware decoder
architectures, the relationship between tstart ij and tready ij depends on the specific hardware decoder architecture being used (e.g., number of processors, sequential or parallel
processing, etc). Nevertheless, for any hardware decoder architecture, if we assume
that a given frame cannot be decoded before its reference frames have been decoded,
then:
tstart ij ≥ tready ij .

(3.5.4)

The decoding process of xij cannot start until all frames in {P(xij )} have been decoded,
but the start of the decoding of xij may be delayed if there are not processing resources
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available at tready ij . Thus, the analysis has to be individualized for a given decoder
hardware platform.
Analogously to the encoder, the decoding delay cannot grow monotonically with every
decoded frame/GOP, as that would not permit a constant frame display rate. The
condition for a bounded decoding delay in the multiview case is the following:
M → ∞, ∃δ cod,max ≥ δ dec ij , ∀i, j.

(3.5.5)

Similarly, the examples in Section 3.4.4 that present effects of the influence of the
hardware architecture in the delay performance of the multiview encoder could be also
be translated to the decoder with the exception that frames are received in coding
order instead of capture order.

3.6. Model for the frame processing time
As shown in (3.4.2) and (3.5.2),
the

 encoding/decoding delays are directly related
i
to frame processing times ∆tproc j . Hence the necessity of determining the frame
processing times for all frames in the analysis of the encoding/decoding delay. However,
the determination of the specific frame processing time of each frame is a huge task
(the frame processing time of each frame depends a high number of variables such as
the frame content and the high number of parameters of the coding configuration of
each frame). Thus, a reasonable way to cover this necessity is by means of developing
a frame processing time model as part of the multiview delay analysis framework that
covers the most relevant characteristics that determine the frame processing time of a
given frame. This section presents the frame processing model that we have developed
and used throughout the work in this thesis.
The processing time that needs to be devoted to the encoding/decoding process of a
frame (processing time from now on) is clearly dependent on the hardware architecture
of the multiview encoder/decoder, i.e. the processing capacity of the encoder/decoder.
Therefore, in principle, it would be necessary to develop different frame processing
time models for encoders/decoders with different hardware characteristics. To simplify
this issue, our model starts from the definition of the processing computational load
that implies the encoding/decoding process of a frame. The computational load of
a frame is the processing time that is needed in a single processor to encode/decode
that frame, and it depends on the characteristics of the encoding/decoding algorithm
used to encode/decode that frame. Then, this computational load is translated to a
processing time that can be fixed or variable depending on the characteristics of the
hardware architecture of the encoder/decoder. Specifically, we differentiate two models
according to the single/multi task nature of the processors:
• Single-task processor: In a single-task processor, during the processing time of a
given frame, the processor is exclusively dedicated to the processing operations
of that unique frame, not performing operations corresponding to other frames in
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parallel. Thus, the encoding time of a given frame is equal to the computational
load of that frame as defined before and do not vary with the number of frames
that are being processed by the processor set at a given instant.
• Multitask processor: Multitask processors allow processing of multiple frames on
a given processor, by means of parallelization strategies such as multithreading.
Therefore, the processing resources of a processor may be shared by multiple
frames. Thus, the frame processing time of a given frame does not only depend
on its computational load but also on the number of frames that are processed
simultaneously in a given processor.
To define in our model the relationship between the processing time in a single-task
or a multitask processor, we have evaluated experimentally the processing time that is
needed to execute the computational load of a frame depending on the occupancy
conditions of the processor, i.e., depending on the number of frames that are encoded/decoded simultaneously in one processor during that processing time interval.
We find necessary to note that, in a multitask processor, the processing time is alternative dedicated to the frames sharing the processor. Thus, during the processing time
of one of those frames, the processor is not continuously dedicated to that frame. However, to avoid confusion, we find convenient to define the processing time of a frame as
the time elapsed between the start of the process of that frame and its end.

3.6.1. Concept of frame computational load
The computational load of the encoding/decoding process of a frame xij , ∆tsim1 ij , was
defined as the processing time devoted to encoding/decoding that frame in an exclusively dedicated processor. Hence, the subscript “sim1” that indicates that this
corresponding time corresponds to a processor that process one frame simultaneously.
It will be seen, later on, in Section 3.6.2 that the subscript “simx” is used for processor
that process x frames simultaneously.
The encoding/decoding processes of a frame in a hybrid encoder/decoder are based on
complex algorithms, and the time that needs to be devoted to those algorithms depends
on a large number of characteristics of the video content and algorithm configuration,
e.g. spatial resolution, frame content, motion estimation algorithm, motion search
range, quantization range, entropy coding algorithm, etc. The purpose of the frame
processing time model in this thesis is not to develop a complete model that includes the
influence of all these variables, but to develop a simple model that is descriptive enough
and useful for the analysis of the delay in multiview encoding/decoding algorithms. To
establish a realistic frame processing time model in the encoder/decoder, we have
estimated experimentally the computational load for the encoding/decoding processes
of frames with different encoding/decoding characteristics (type of frame, number of
references, ...) that we consider main influences on the computational load of the
encoding/decoding process. Based on those results, we have developed simple models
that define the computational load of those processes based on those characteristics.
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Figure 3.6.1.: Frame encoding time results in a X264 platform for a variable number
of reference frames. Each chart shows the encoding time results for a sequence with
a different prediction structure (III and IP P P (x refs)). The characteristics of the
sequences used for the tests can be found in Appendix A.
Note that, due to practical implementation issues in the configuration of the experiments, we have used different platforms in the experiments to evaluate the computational load of the encoding/decoding process: while for the encoder we have used the
X264 platform [3], for the decoder we have used the JMVC reference software [68].
While the JMVC software was created during the development of the MVC standard
and is not an optimized code, x264 is an efficient implementation of the AVC encoder
for software applications. Hence the mismatch between the absolute processing times
obtained for both platforms. However, in order to define this frame time processing
model, we are not so interested in absolute processing times, as these can vary greatly
depending on the processing capacity of a processor, but on the relative processing
times introduced by the frame characteristics in the encoding/decoding processes.
3.6.1.1. Encoding computational load
The processing time needed for motion estimation usually accounts for a significant
part of the overall processing time of the video encoder [81]. To reflect this fact, we
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sim1 ) (%)
Ballroom Newspaper Balloons Avg. σ(∆t
∆tsim1
∆tsim1 (ms)
14.29
32.26
30.18
I (0 ref)
3.1
σ (∆tsim1 ) (ms)
0.53
1.02
0.69
∆tsim1 (ms)
27.95
56.50
63.64
1 ref
9.7
σ (∆tsim1 ) (ms)
3.35
4.45
5.89
∆tsim1 (ms)
32.21
65.95
75.49
2 ref
10.8
σ (∆tsim1 ) (ms)
4.10
5.93
8.17
∆tsim1 (ms)
39.90
82.99
98.99
4 ref
14.7
σ (∆tsim1 ) (ms)
6.00
10.91
15.79
∆tsim1 (ms)
47.38
100.27
121.25
6 ref
19.4
σ (∆tsim1 ) (ms)
9.08
18.18
25.47
Table 3.2.: Average values and standard deviation for ∆tsim1 for different number of
reference frames. Results extracted from the encoding time results in Figure 3.6.1.

have considered that the encoding computational load of a given frame depends on the
following characteristics: (i) frame spatial resolution (ii) number of reference frames
and (iii) the complexity of the motion estimation method. To define the behavior of
the encoding computational load with the variation of these characteristics, we have
performed a series of experiments in a general purpose PC: four-core processor working
at 2.40 GHz, with 3.25 GB of RAM memory, and using the for the X264 platform [3].
To adequate the conditions of the experiments to the conditions of the definition of the
computational load, all of these experiments were performed using only one processor
of the PC for the encoding operations.
First, we have evaluated the influence of the number of reference frames in the encoding computational load of a frame. For this purpose, we have encoded several frame
sequences using different numbers of reference frames, and measured the frame processing times of each frame. The same motion estimation method (uneven multi-hexagon
(umh) [91]) was used for each of the sequences. Figure 3.6.1 shows the encoding time
results for three different test sequences. Each chart of the figures corresponds to a
different GOP structure: III indicates that the sequence was encoded using only Iframes, i.e. the number of reference frames is zero. The charts labeled with IPPP (x
refs) correspond to sequences with an IPPP GOP structure with one I frame each 25
frames. Each of the P frames uses the x previous frames as reference in the motion
estimation algorithm. The details of the characteristics of the multiview sequences
used in the experiments can be found in Appendix A. In every case, the sequence in
the center of the multiview setup was selected for the encoding test.
It can be seen that the encoding time results for the III case are fairly constant for
all frames within a sequence, not showing dependency with the frame content within
the sequence. For the IPPP cases, the lowest encoding times correspond to I frames
and it can be seen that the encoding time of P frames increases with the number
of references. Also, the encoding time of P frames show a higher variability than I
frames. Table 3.2 shows the average encoding time results and standard deviation for
each number of reference frames and test sequence. From the average encoding time
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Figure 3.6.2.: Variation of the average value of ∆tsim1 with the number of reference
frames.

Sequence ∆tbasic (ms) ∆tME (ms) ∆tref (ms)
Ballroom
14.29
9.77
3.88
Newspaper
32.26
15.50
8.75
Balloons
30.18
21.94
11.52
Table 3.3.: Estimation of the value of parameters ∆tbasic , ∆tME and ∆tref in (3.6.1) for
the different test sequences. Parameters estimated from the results in Figure 3.6.2.
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Figure 3.6.3.: Graphic description of parameters ∆tbasic , ∆tME and ∆tref in (3.6.1).
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hex
umh
esa
∆tME (ms) ∆tref (ms) ∆tME (ms) ∆tref (ms) ∆tME (ms) ∆tref (ms)
Ballroom
6.05
2.29
9.77
3.88
26.35
8.84
Newspaper
10.23
6.21
15.50
8.75
44.81
23.98
Balloons
17.77
6.92
21.94
11.52
47.52
22.30
Table 3.4.: Values of parameters ∆tME and ∆tref for different motion estimation algorithms [91].
results we are able to extract the charts in Figure 3.6.2. It can be seen that, for all
test sequences and a number of references larger than zero, the charts in Figure 3.6.2,
show a linear relationship with the number of reference frames. The charts in Figure
3.6.2 show piecewise functions, each of them formed by two linear subfunctions with
different slopes. Each piecewise function can be parametrized by three parameters
(∆tbasic , ∆tME and ∆tref ). Thus, the computational load of the encoding process of
frame xij , ∆tsim1 ij , with the number of reference frames for xij , nref (i, j), that can be
approximated by the following expression:
∆tsim1 ij = ∆tbasic + sgn (nref (i, j)) ∆tME + nref (i, j)∆tref ,

(3.6.1)

where ∆tbasic is the computational load dedicated to all the operations not related to
motion estimation or compensation, ∆tME is an encoding time dedicated to additional
operations that are computed if the number of references nref (i, j) is greater than zero,
and ∆tref is the incremental processing delay required for each reference frame whose
value depends on the motion estimation method used during the encoding process.
Figure 3.6.3 depicts graphically the interpretation of the parameters in (3.6.1). Table
3.3 shows the values of the parameters ∆tbasic , ∆tME and ∆tref that are derived from
the results in Figure 3.6.2 for the three tests sequences. It can be seen that clearly, the
values of ∆tbasic , ∆tME and ∆tref depend on the spatial resolution of the test sequence,
(Newspaper and Balloons, 1024x768, show clearly higher encoding times than Ballroom,
640x480 ) but also on the scene content as the values of the parameters are slightly
different for test sequences with the same spatial resolution (Newspaper and Balloons).
Secondly, we have evaluated the range of variation of ∆tsim1 ij with the use of different
motion estimation algorithms. The computation of motion estimation is the most computationally intensive algorithm in hybrid-video encoders [100] and the use of motion
estimation algorithms can lead to significantly different encoding times. Specifically,
we have evaluated the variation of the values of ∆tME and ∆tref through several commonly used motion estimation strategies. The motion estimation methods estimation
that we have evaluated are implemented in the X264 platform and are the following
[91]:
• hex (hexagon): Based on a hexagonal search [146], starts at the best motion
vector predictor, checking the motion vectors of 6 surrounding points, picking
the best. The process is repeated until no better motion vector is found.
• umh (uneven multi-hex): Based on a multi-hexagonal search [19], is considerably slower than hex, but searches a complex multi-hexagon pattern in order
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I

∆tsim1 (ms)

I

σ ∆tIsim1 (ms)
P

∆tsim1 (ms)
P
σ ∆tPsim1 (ms)
B
∆tsim1 (ms)

B
σ ∆tB
sim1 (ms)
Table 3.5.: Average and
the tested sequences.

sim1 ) (%)
Ballroom Newspaper Balloons Avg. σ(∆t
∆tsim1
14.04
32.58
31.05
1.81
0.347
0.517
0.428
8.75
18.24
21.81
7.73
0.907
1.063
1.527
10.38
24.74
27.84
6.56
0.516
1.382
2.544
standard deviation values for ∆tIsim1 , ∆tPsim1 and ∆tB
sim1 for

Sequence Ballroom Newspaper Balloons
αP
0.62
0.56
0.70
αB
0.74
0.76
0.89
Table 3.6.: Average values of parameters αP and αB for the tested sequences.

to avoid missing harder-to-find motion vectors.
• esa (exhaustive): Highly optimized intelligent exhaustive search of the entire
motion search space within the motion estimation range.
Table 3.4 shows the variability of the values of parameters ∆tME and ∆tref with different
motion estimation algorithms. The results show that the motion estimation algorithm
has a great influence on the values of ∆tME and ∆tref . Both parameters are increased
and decreased concordantly with the use of faster and slower motion estimation algo∆t
rithms. For the tested sequences and motion estimation algorithms, the ratio ∆tME
∆t

ref

varies between 0.38 and 0.60. The ratio ∆t ref is in the range 0.32 to 1.84 depending
basic
on the motion estimation method. Finally, the variation of ∆tref between the use of
the faster algorithm (hex) and the slowest one (esa) lays between 322% and 386%,
depending on the test sequence.
As a conclusion to this analysis of the encoding computational load, it can be noticed
that the computational load of a frame varies greatly depending on the encoding parameters (spatial resolution, number of references and motion estimation algorithm).
However, once the values of these parameters are known, the value of the computational load of a given frame ∆tsim1 ij can be approximated using (3.6.1) with a precision
that is accurate enough for the goal of the work in this thesis. This last statement
stems from the relatively low results of σ (∆tsim1 ) among frames of the same sequence
and among sequences with the same spatial resolution.
3.6.1.2. Decoding computational load
In the case of the decoder, we assume a simpler model for the decoding computational
load, assuming that it depends on (i) the frame type, i.e., I, P or B and (ii) the spatial
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Figure 3.6.4.: Frame decoding time results, measured using the JMVC software, for
different test sequences and GOP structures. Each chart shows the decoding time
results for different GOP structures: III, IPPP and IBBB. The characteristics of the
sequences used for the tests can be found in Appendix A.
resolution. While in the encoder the number of reference frames depends directly on
the encoding time, in the decoder the decoding time is not directly related to the
number of references used in the encoding process, but only on the number of motion
vectors transmitted per MB: one (P prediction) or two (B prediction).
To define the decoding computational load model we have performed a series of experiments using a JMVC 8.5 decoder [68] running in a general purpose PC: four-core
processor working at 2.40 GHz, with 3.25 GB of RAM memory. To adequate the
conditions of the experiments to the conditions of the definition of the computational
load, all of these experiments were performed using only one processor of the PC for
the encoding operations. Figure 3.6.4 shows the decoding time results for different test
sequences and GOP structures: III, sequence of intra-frames, IPPP, GOP formed by
one I frame followed by 14 P frames frames and IBBB, GOP formed by one I frame
followed by 14 B frames. More details of the characteristics of the sequences used for
the tests can be found in Appendix A. From these results, we have estimated the average decoding time for each type of frame when each frame is decoded in an exclusively
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nref (i, j)

∆tsim1 (ms)

∆tsim2 (ms)

∆tsim3 (ms)

∆tsim4 (ms)

∆tsim2
∆tsim1

∆tsim3
∆tsim1

∆tsim4
∆tsim1

0
401.47
804.04
1193.36
1587.54
2.002 2.972 3.954
1
2317.95
4634.51
6984.37
92580.25 1.999 3.001 3.994
2
81620.16 16331.02 24493.84 32628.61 2.001 3.001 3.998
4
14493.67 28988.88 43435.43 57820.89 2.000 2.997 3.989
Table 3.7.: Average frame processing times in cases of multiple frames encoded simultaneously in a processor (∆tsim1 to ∆tsim4 ) and ratios of processing time increase for
simultaneous encoding.
Frame type

(·)

∆tsim1 (ms)

(·)

∆tsim2 (ms)

(·)

∆tsim3 (ms)

(·)

∆tsim4 (ms)

∆tsim2

(·)

∆tsim3

(·)

∆tsim4

(·)

∆tsim1

(·)

∆tsim1

∆tsim1

(·)
(·)

I
32.13
63.16
91.65
123.82
1.97
2.85
3.85
P
20.81
40.59
58.93
77.75
1.95
2.83
3.74
B
26.45
52.69
77.40
99.76
1.99
2.93
3.77
Table 3.8.: Average frame processing times in cases of multiple frames decoded simultaneously in a processor (∆tsim1 to ∆tsim4 ) and ratios of processing time increase for
simultaneous decoding.

dedicated core. Table 3.5 shows the average values and standard deviation for each
(·)
type of frame (∆tsim1 , where (·) can be I, P or B). Again, as in the case of the encoding
(·)
computational load, it can be seen that the variability ∆tsim1 is low, being higher for
P and B frames than for I frames. Given this results, and the relatively low variability
(·)
of ∆tsim1 within a sequence, we consider that the computational load of the decoding
process of a P-frame, ∆tPsim1 , and a B-frame, ∆tB
sim1 , can be expressed proportionally
I
to ∆tsim1 as follows:
I
∆tPsim1 = αP ∆tIsim1 , ∆tB
sim1 = αB ∆tsim1 ,

(3.6.2)

where αP and αB are scalar values. We take as a reference the computational load of the
decoding process of an I-frame (∆tIsim1 ) as non extra motion compensation operations
are involved in the decoding process. The values of αP and αB , derived for the tested
sequences, are shown in Table 3.6. It can be seen that their value depends marginally
on the content of the video sequence. In our experiments, αP varies from 0.56 to 0.70
and αB varies from 0.74 to 0.89.

3.6.2. Translation of computational load to processing time
Given the models for the encoding/decoding computational loads in Section 3.6.1, the
translation of such computational load to actual time devoted to encoding/decoding
a frame depends on the hardware characteristics of the multiview encoder/decoder.
Specifically, it depends on the parallelization characteristics of the set of processors of
the encoder/decoder. Given the computational load of frame xij , ∆tsim1 ij , the time de-
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voted to the encoding/decoding process of that frame, ∆tproc ij , differs if xij is processed
in a single-task or a multitask processor.
• If xij is processed in a single task processor p, then, at any given time, unconditionally of the number of frames that are being processed by the set of processors
of the encoder/decoder, nsim (t), the number of frames that are processed in that
processor p, npsim (t) is one. Therefore, the time devoted is always equal to the
computational load, i.e. ∆tproc ij = ∆tsim1 ij .
• For multitask processors, ∆tproc ij depends on the computational load conditions
of the set of processors, i.e. the number of frames that are processed simultaneously by the set of processors nsim (t) and, therefore, the number of frames that
are processed in processor p, npsim (t). If npsim (t) = 1, then: ∆tproc ij = ∆tsim1 . Otherwise, if the processor has to deal with several frames in parallel, the processing
time of each of those frames will increase, i.e., ∆tproc ij > ∆tsim1 .
Regarding the frame time processing model for a given encoder/decoder with K multitask processors, parallel processing will occur when the number of frames that have
to be processed simultaneously at a given time, nsim (t), is higher than K. ∆tproc ij will
also depend on how the decoder manages the assignment of frames to the available
processors. For example, in an encoder/decoder with K = 2 and a time instant for
which nsim = 3, ∆tproc ij would differ if: (a) the three frames are processed in different
threads of only one processor or (b) two frames are processed in two threads of one of
the processors and the other frame is decoded in the other processor. To sum up, the
estimation of ∆tproc ij , requires: (i) the computation of the number of frames that are
simultaneously processed at any time, (ii) the determination of the time intervals when
parallel processing of several frames occurs, and (iii) the policy on the assignment of
simultaneously processed frames to the available processors.
In our model we assume the following: if npsim frames with a computational load of
∆tsim1 are processed simultaneously in a multitask processor, the required processing
time ∆tproc ij to process each frames is:
∆tproc ij = npsim × ∆tsim1 .

(3.6.3)

To assess this assumption, we have performed the following experiment in the encoder
and the decoder: we have measured the frame processing times for different number
of frames when processed simultaneously in a single processor and evaluated if the
condition in (3.6.3) holds for any value of the number of simultaneous frames npsim .
For that purpose, we run in parallel different number of equivalent encoder/decoders
in a single processor and measure the frame processing times in each case. In order to
align this experiment with our computational load model, in the case of the encoder we
have measured the frame processing time for frames using different number of references
and in the case of decoder, different type of frames. For the tests, we have used the
reference encoders/decoders in JMVC 8.5 [68] running in one of the cores of the PC.
The frame processing time results for different number of frames processed in parallel
for the encoding/decoding algorithms are shown in Tables 3.7 and 3.8 respectively.
Both tables show the estimated frame processing times from npsim = 1 to npsim = 4,
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i.e., ∆tsim1 to ∆tsim4 . The results show that our assumption is sufficiently accurate
as the time devoted to process nsim frames simultaneously is close to nsim × ∆tsim1 .
In any case, we have assessed that the computational overhead that may occur when
processing nsim frames in nsim threads of one processor does not incur in a processing
time higher than nsim × ∆tsim1 .

3.7. Conclusions
In this chapter we have identified the elements that play a relevant role in the analysis of the encoding/decoding delay in multiview encoders/decoders. Those elements
are: i) the multiview prediction structure, ii) the hardware architecture model of the
encoder/decoder and iii) the frame processing times. Despite that the hardware architecture model and the frame processing times are evidently related we try to separate
their influence in the analysis to keep separated variables as far as possible.
Having identified these elements, we have provided a methodology for the analysis of
the encoding/decoding delay up to the point where this analysis is independent of
the hardware model architecture. Next chapter will complete this analysis with the
influence of the specific characteristics of different hardware encoder/decoder models.
Then, this chapter discussed the level of complexity of the delay analysis in the multiview case and the necessity of a systematic analysis through relevant delay analysis
examples. As a conclusion from these examples, we can say that a naive analysis of
the delay of a low number of GOPs could lead to erroneous results, and that the management of the handling assignment of frames to processors plays a major role in the
delay analysis for a given multiview encoder/decoder.
To complete the chapter, we have proposed a frame processing time model that without
covering all the possible variables that define the processing time of a frame is functional
and valid for the purposes and objectives in the work of this thesis.
The work presented in this chapter has resulted in parts of the content of the several
publications: the elements (instants and relationships) that intervene in the encoding
delay analysis where first described in [11] and completed in [14]. Also, the discussion
about the complexity of the delay analysis in the multiview case, including the examples
about the influence of the hardware architecture, forms part of the content of [11] and
[14]. Besides, the description of the global delay analysis and the elements that are
related to the decoder are included in [10]. With respect to the frame time processing
model, prior versions of it where presented in [11] and [10].

4. Models for the analysis of the
encoding/decoding delay
4.1. Introduction
Chapter 3 described the elements that set the basis of the framework for the analysis
of the encoding/decoding delay in a multiview codec, and the relationships between
those elements. Once stated the necessity of a framework for the systematic analysis
in multiview video codecs, this chapter focuses on the development of models for that
systematic analysis. Ideally, it would be desirable to be able to develop a unique model
with the capability to determine the encoding/decoding delay of any given prediction
structure in an encoder/decoder with any arbitrary hardware configuration. However,
given the many factors that affect the multiview encoding/decoding delay as discussed
in Chapter 3, a systematic delay analysis for any arbitrary multiview encoder/decoder
architecture is a challenging goal. Sections 3.4 and 3.5 state that, in the context of this
framework, any model for the analysis of the encoding/decoding delay must include
characteristics of the architecture of the encoder/decoder in order to determine the
relationship between tstart ij and tready ij for every frame. This makes it necessary to
perform the analysis of encoding/decoding delays subject to specific architectures of
the encoder/decoder.
This chapter describes several models that have been developed through the work in
this thesis for the analysis of the encoding/decoding delays in encoders/decoders with
different hardware architectures. Given that many of the characteristics of the models
described in this section are common to encoders/decoders, to avoid unnecessary repetitions, we will refer to the encoder or decoder generally as device. All of these models
stem from the contemplation of frames and prediction relationships as nodes and edges
of a graph as first appointed in Section 3.4.4.1. Following the timeline of this thesis, we
first started by developing models that relied in devices with hardware architectures
which essentially consisted in a set of a limited number of processors that implement
different characteristics among those described in Section 3.4.4.3. All of these models
include a component of simulation of the encoding/decoding process to determine individual relevant time instants and delays. During the development of these models
arose the observation that, at a functional level, the differences in the delay performance of different hardware models came from the limited processing capabilities of
those models. Thus, our goal was to develop models that decouple as much as possible
the influence of the prediction structure and the hardware architecture on the device
delay. This effort resulted in models that are independent of the hardware architecture if the device is compliant with certain requirements in its processing capabilities.
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These models consider the effects of both the multiview prediction structure and the
individual processing time of each frame for a hardware architecture model with an
unlimited processing capacity. These second set of models are strongly founded on
graph theory. However, this chapter shows that the graph approach is useful even to
develop models of the first category, as one of them makes use of an iterative joint computation of a graph model and frame processing times to simulate a hardware model
with multitasking processors.
Given the discussion above, we divide the models into the following two categories:
• Graph models: These type of models assume unlimited (or sufficient) processing
resources so that whenever a frame is ready to be encoded or decoded, there is a
free processor to handle the encoding/decoding process. The core of these models
are graph theoretic algorithms and the two models that we have developed for the
encoder/decoder respectively are the Directed Acyclic Graph Encoding Latency
(DAGEL) model and the Directed Acyclic Graph Decoding Latency (DAGDL)
model.
• Functional models: The other type of models that are described in this chapter
are those that assume device architectures with limited processing capabilities,
including a limited number of processors, that may not be sufficient to process
all the frames that are ready to be encoded or decoded at a given instant. The
differences among the models in this category lie on the characteristics of the processors (single/multi task processors) or the policies of the assignment of frames to
processors. The architecture models are the following: Fixed MultiProcessor Encoder (MPE) and MultiProcessor Decoder (MPD) models, Flexible MPE/MPD
models, and Parallel MPE/MPD models.

4.2. Graph models
Section 3.4.4 shows that multiview prediction structures can be considered as graphs
[126] in which each frame of the prediction structure is a graph node and each prediction
relationship is an edge of the graph. In a direct relation with this type of representation
of the prediction structures, in this thesis we have developed two graph-based models
to analyze the encoding/decoding delays in a multiview encoder/decoder, the Directed
Acyclic Graph Encoding Latency (DAGEL) model, and the Directed Acyclic Graph
Decoding Latency (DAGDL) model. This section starts with the definition of graph
concepts that are used throughout the description of the models. Then it presents a
discussion on practical issues in the extraction of graphs from multiview prediction
structures with different GOP characteristics and finally it presents the description of
the DAGEL and DAGDL models.

4.2.1. Useful graph concepts
The core of the DAGEL and DADGL models is a graph extracted from the multiview
prediction structure, and the analysis of the encoding delay in the DAGEL model and
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the decoding delay in the DAGDL model is highly based on the properties of the graph
theory. Therefore, prior to the description of the DAGEL and DAGDL models it is
necessary describe some concepts about graphs and graph theory that will be useful
during the reading of the description of the DAGEL and DAGDL models.
• Graph: A graph is a representation of a set of objects where some pairs of the
objects are connected by links. The interconnected objects are represented by
mathematical abstractions called vertices or nodes, and the links that connect
some pairs of vertices are called edges [129]. In formal terms, a graph is a pair
G = (V, E) whose elements are a set V of vertices, and a set E of ordered pairs
of vertices (edges).
• Weighted graph: A weighted graph is a graph in which a number (weight or
cost) is assigned to each edge [33]. Such weights may represent, for example,
costs, lengths, capacities, etc.
• Directed graph: A directed graph or digraph is a graph, in which the edges
have a direction associated with them [26]. Therefore the elements of E are
ordered pairs of vertices, called arcs, directed edges, or arrows.
• Path: A path in a graph is a sequence of edges which connect a sequence of
vertices. A path may be infinite, but a finite path always has start vertex and an
end vertex. Both of them are called terminal vertices. The other vertices in the
path are internal vertices. The length of a path may either be measured by its
number of edges, or by the sum of the weights of its edges in weighted graphs.
• Critical path: The longest path in a graph is also frequently called critical path.
• Cycle: A cycle is a path such that the start vertex and end vertex are the same.
A path is called simple if it does not have any repeated vertices.
• Directed Acyclic Graph: A directed acyclic graph (DAG) is a directed graph
with no directed cycles. That is, the directed edges are such that there is no way
to start at some vertex v and follow a sequence of edges that eventually loops
back to v again. [126]
• Critical path method: In graph theory, the longest path problem is that of
finding a simple path of maximum length in a given graph. The longest path
problem is NP-hard [37]. However, it has a linear time solution for directed
acyclic graphs, which has important applications in finding the critical path in
scheduling problems.
• Critical paths in acyclic graphs [67]: A longest path between two given
vertices s and t in a weighted graph G is the same thing as a shortest path in
a graph −G derived from G by negating every weight. Therefore, if shortest
paths can be found in −G, then longest paths can also be found in G [111].
For most graphs, this transformation is not useful because it creates cycles of
negative length in −G. But if G is a DAG, then no negative cycles can be
created, and longest paths in G can be found in linear time by applying a linear
time algorithm for shortest paths in −G, which is also a directed acyclic graph
[111]. For instance, for each vertex v in a given DAG, the length of the longest
path ending at v can be obtained by the following steps:
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(a) Multiview prediction structure.
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(b) DAG extracted from the prediction structure
in Figure 4.2.1a.

Figure 4.2.1.: Example of multiview prediction structure and associated DAG.
1. Find a topological ordering of the given DAG.
2. For each vertex v of the DAG, in the topological ordering, compute the
length of the longest path ending at v by looking at its incoming neighbors
and adding one to the maximum length recorded for those neighbors. If v
has no incoming neighbors, set the length of the longest path ending at v to
zero. In either case, record this number so that later steps of the algorithm
can access it.
3. Then, the longest path in the whole DAG can be obtained by starting at the
vertex v with the largest recorded value, then repeatedly stepping backwards
to its incoming neighbor with the largest recorded value, and reversing the
sequence of vertices found in this way.

4.2.2. Characteristics of graphs extracted from multiview
prediction structures
Section 3.4.4.1 gave a first idea on how multiview prediction structures can be seen
as graphs, and how this could be useful in the analysis of the encoding/decoding
delay. This section matches the characteristics of the graphs extracted from multiview
prediction structures with some of the general graph concepts explained in Section 4.2.1.
It also discusses some practical specifications in the extraction of graphs that serve as
the basis of the DAGEL and DAGDL models from multiview prediction structures with
different characteristics. The example in Figure 4.2.1 presents a graph extracted from a
multiview prediction structure that is formed by a low number of frames. Each frame in
Figure 4.2.1a is one node of the graph in Figure 4.2.1b. The prediction dependencies
in Figure 4.2.1a are translated to edges in the graph in Figure 4.2.1b. In realistic
multiview sequences, the number of frames is higher and the prediction structure is
formed by a sequence of GOPs. In the following we give the practical details on the
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Figure 4.2.2.: Graphs derived from multiview sequences using closed or open GOPs.
construction of the graph from different prediction structures.
First of all, we are assuming that the multiview sequences under analysis are configured as repetitive GOP 1 structures, i.e. the same GOP structure is repeated for the
multiview set over time. If adaptive GOP structures were used [4], the analysis would
require treating them as separated multiview sequences. The practical details on the
construction of the graph diverge depending on the nature of the GOP: open GOP and
closed GOP. The definitions of open and closed GOP are the following:
• Open GOP: An open GOP will contain some references from the previous GOP.
• Closed GOP: A GOP is called a closed GOP when none of the frames in the
GOP have any references coming from the previous GOP.
To illustrate the differences in the construction of graphs from different types of GOPS,
Figure 4.2.2 shows examples of two multiview GOPs (open and closed) and the graphs
extracted from them. Figure 4.2.2a shows two consecutive closed GOPs. In the case of
closed GOPs all frames of only one GOP and its prediction relationships are utilized
to build the DAG. Instead, Figure 4.2.2b shows a sequence of GOPs, in which GOP
0 is closed while GOP 1, GOP 2 are open (such as following GOPs in the sequence).
1

The GOP concept was defined for the MPEG-1 standard [87]. In AVC and MVC, the GOP concept
disappears formally in the standard but it is still useful to define the repetitive prediction structures
commonly used in video codecs.
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The nature of open GOPs implies that usually the first GOP is different to the rest of
the GOPs of the sequence. In this case, GOP 0 and GOP 1 are used to build the DAG
as depicted in the figure. From now on, when we refer to a GOP or graph in the case
of a sequence of open GOPS, we assume that it contains all the necessary extra frames
to form the graph (frames from GOP 0 in the example).
All graphs extracted from feasible prediction structures have the following characteristics (see as an example the graph in Figure 4.2.1b):
• Directivity: Due to the directed nature of the prediction dependencies (one
frame is predicted from the reference frame but not vice versa), the graph is
directed. In the graph representation each directed edge links the node that
represents the reference frame (parent) to the node that represents the frame
that is predicted from it (child).
• Cycles: Any dependency graph extracted from a feasible multiview prediction
structure is necessarily a directed acyclic graph (DAG), i.e., a directed graph
with no directed cycles. If a directed cycle existed in the prediction structure, it
would correspond to a situation in which a frame xa is predicted from xb , and xb
is predicted from xa indirectly in a series of prediction steps. As this prediction
structure is not feasible, the graph is necessarily a DAG.
Further in this section, we will see that in graph models presented here it is necessary
only to evaluate the delay of a single graph extracted from one single GOP and the
results can be applied to subsequent GOPs.

4.2.3. Directed acyclic graph encoding latency model
The first of the graph models, the Directed Acyclic Graph Encoding Latency (DAGEL)
model is used to compute the encoding delay and encoding latency in a multiview encoder that solves the ambiguity in (3.4.16) by assuming an unbounded processing capacity. Under this assumption, the encoding delay of the multiview prediction structure
can be computed by finding the critical path on a DAG extracted from the multiview
prediction structure as shown in Section 4.2.2. Due to the relation of graph theory with
task scheduling problems, this model can be seen as a task scheduling model [79] (the
encoding of a frame is the task unit) that we use, not to compute the schedule length,
but the encoding delay. Here, the characteristics of the DAGEL model are described.
4.2.3.1. Encoder architecture with unlimited processing capacity
The relationship in (3.4.16) can be simplified if an abstraction of the encoder architecture is chosen, by assuming that the multiview encoder has a sufficiently high number of
processors (ideally an infinite number). With this assumption, for any feasible prediction structure, it can be guaranteed that there will always be at least one idle processor
at any time in which a frame of the multiview sequence is ready for encoding. Thus,
the verification of this condition has two consequences in the encoding delay analysis:
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1. Frame processing times do not depend on the computational load conditions of
the encoder. Hence, ∆tproc ij = ∆tsim1 ij .
2. No policies on the assignment of frames to processors are needed. Formally:
tstart ij = tready ij ∀i, j,

(4.2.1)

therefore, using (3.4.10):
!

tstart ij

= max

tcapt ij ,

max

xp ∈{P(xij )}

tcodp ,

(4.2.2)

and (3.4.9) becomes:
!

tcod ij

= max

tcapt ij ,

max

xp ∈{P(xij )}

tcodp + ∆tproc ij .

(4.2.3)

Consequences of the unlimited processing capacity: one-GOP analysis If the
condition in (4.2.1) holds, it can proven that if the multiview sequence is composed by a
sequence of identical GOPs (or a sequence of identical GOPs with the exception of the
first GOP in the case of a sequence of open GOPs), it is not necessary to compute the
encoding delay for all the frames of the sequence, but only for those in the DAG (see
Section 4.2.2). Then, those delay results can be extrapolated to frames of subsequent
GOPs.
In the case of a sequence of closed GOPs, no frame in a GOP uses prediction from
frames in other GOPs prediction. Thus, a given GOP does not have to wait for other
GOPs to be encoded to start its encoding process, i.e. previous GOPs do not add any
delay to the delay of the frames of the current GOP. Thus, and considering (4.2.1), the
encoding delay of any frame in a given position in the GOP would be equal for any of
the GOPs of the sequence.
In the case of a sequence of open GOPs, the first GOP is different to subsequent
GOPs. As the first GOP, it cannot use references from previous GOPs. Thus, as
shown in Section 4.2.2 the first GOP (GOP 0 in the figure) is included in the graph
under analysis. This way, the delays added by frames that are referenced from previous
GOPs (frames in GOP 0 in the example) are included in the analysis of the delay of
frames in the actual GOP (GOP 1 in the example). Thus, the delay results for frames
in the actual GOP can be extrapolated to subsequent GOPs.
Given the discussion above and the assumption in Section 3.2 that declares that the
processing time of a frame is independent of the frame content, the processing time
per GOP is the same for every GOP and thus the GOP delay is the same for all the
GOPs of the sequence (except for the first GOP in a sequence of open GOPs) and
that value is also equal to the encoding latency of the whole sequence. This simplifies
the encoding latency states in Section 3.4.4, and therefore (3.4.11) (3.4.9) (3.4.10) only
have to be computed for the first GOP to obtain the encoding latency value.
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Figure 4.2.3.: Graphic significance of the cost value of the edges in the graph in the
i,k
DAGEL model. The cost value ωj,l
is the delay introduced by the encoding process
i
of frame xj to the encoding process of frame xkl .
4.2.3.2. Definition of the DAGEL model
The condition of unlimited number of processors allows us to build a graph model (the
DAGEL model) to systematically solve (3.4.10), (3.4.9) and (3.4.11) for any arbitrary
multiview prediction structure. The core of this model is the graph extracted from the
multiview prediction structure following the indications in Section 4.2.2. Take as an
example of a graph constructed from a multiview prediction structure the multiview
prediction structure and DAG in Figure 4.2.1.
Each edge of the DAG has an associated cost value that indicates the delay added by
a parent frame to the encoding process of its child frame, i.e. assuming that frame xkl
i,k
is the delay added by the processing time of xij to
only had one parent frame xij , ωj,l
i,k
of the edge that links node xij with node
delay tstart ij beyond tcapt ij . The cost value ωj,l
xkl is:








i,k
= max 0, tcapt ij + ∆tproc ij − tcapt kl ,
ωj,l

(4.2.4)

where tcapt ij and tcapt kl are the capture times of frames xij and xkl respectively, and
i,k
∆tproc ij is the processing time of xij . Figure 4.2.3 illustrates the computation of ωj,l
with a time chronogram in which the encoding process of parent frame xij delays the
encoding start of child frame xkl . As only positive delay values have a realistic meaning,
i,k
ωj,l
is restricted to positive values.
Given the definition of the costs of the edges in the graph, the cost of the paths of the
DAG are defined, as indicated in graph theory for weighted paths, as the sum of the
costs of the edges that link the nodes in the path [126]. To characterize the encoding
delay of a given frame, we are interested in defining the paths in the DAG by its last
or ending frame. We define pu (xij ) as the cost of the u-th path of the U paths ending
on frame xij . The cost pu (xij ) sums up the contributions
of all parents frames on that
n
o
i
i
path to the encoding delay of frame xj . Thus, pu (xj ) is the set of the costs of all
paths ending
in onode xij . The non existence of cycles in a DAG, implies that this set
n
of paths pu (xij ) is finite for every frame in the graph. Among the set of paths ending
on the same node xij , we define the delay path to xij , as the one with the highest cost.
Its associated cost, pdel ij is the following:
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n

o

pdel ij = max pu (xij ) .

(4.2.5)

u∈U

The cost of the delay path to xij indicates the elapsed time between the capture of that
frame and the instant when all its reference frames have been encoded. Formally:
pdel ij = tready ij − tstart ij .

(4.2.6)

If (4.2.1) holds, then (3.4.11), (3.4.9) and (3.4.10) can be systematically computed
using the cost of the delay paths. For any frame of the multiview sequence, tstart ij is
computed as:
tstart ij = tcapt ij + pdel ij ,

(4.2.7)

tcod ij = tcapt ij + pdel ij + ∆tproc ij ,

(4.2.8)

tcod ij is computed as:

and the encoding delay for any frame xij , δ cod ij , is:
δ cod ij = pdel ij + ∆tproc ij .

(4.2.9)

From (3.4.11), (3.4.9) and (4.2.7) it can be derived that the encoding latency value is:
Latcod =

max





pdel ij + ∆tproc ij .

(4.2.10)

i = 0, . . . , N − 1
j = 0, . . . , M − 1

From (4.2.10), it can be derived that solving Latcod is equivalent to solving the critical
path problem in the DAG with the modification of adding ∆tproc ij to the cost of a given
path ending on node xij .
4.2.3.3. Minimum number of processors in the DAGEL model
Section 4.2.3.1 assumed an unlimited processing capacity in the multiview encoder that
allows us to develop the DAGEL model. Thus, in principle, the encoding delay values
obtained in (4.2.9) are only valid for a hardware architecture model with an unlimited
processing capacity. Nevertheless, for each feasible prediction structure with a finite
number of views, frame rate and frame processing times, it can be proved that there
exists a minimum number of processors, Kmin , that guarantees the availability of an
idle processor for any frame ready to be encoded. Therefore, the encoding delay values
obtained with the DAGEL model are valid for encoders with at least Kmin processors.
For a multiview encoder with a number of processors K < Kmin , these values are a
lower bound to the real encoding delay values of the encoder.
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Figure 4.2.4.: Chronogram example showing the evolution with time of the number
of processors needed for the encoding process of the prediction structure in Figure
4.2.1a. Particular results for a given instantiation of the frame time processing model.
Trying to give an intuitive hint, fewer processors results in delays to the encoding
process for certain frames since it will be more likely that all the processors are busy
at certain times. Furthermore, if in this situation the processing times exceed certain
limits, the encoding latency will not be bounded and will increment GOP by GOP,
making the system not suitable for real-time encoding applications.
The minimum number of processors Kmin that ensures that the condition in (4.2.1)
holds can be computed by analyzing the number of frames that are encoded simultaneously in an analysis with the DAGEL model of a graph including multiple GOPs.
Given the DAGEL model and (3.4.9) and (4.2.7), the number of frames that are encoded simultaneously at any time interval can be easily computed. Let Nmax be the
maximum number of simultaneously encoded frames for a given prediction structure
and a given instantiation of the encoding computational load model. Thus, for any
hardware platform with a number of processors K ≥ Nmax , in which frames can be
assigned to any processor, the condition in (4.2.1) holds. Therefore, the minimum
number of processors that validates the DAGEL model, Kmin , is Nmax .
Figure 4.2.4 shows the chronogram of the number of frames that are encoded simultaneously for several GOPs of the prediction structure in Figure 4.2.1a and a set of
sample values of the parameters of the encoding computational load model (Section
3.6). Let us note that computing the chronogram for a given prediction structure with
the DAGEL model is equivalent to solving several graphs with consecutive capture
times, corresponding to consecutive GOPs. The maximum value of this chronogram
(Nmax ) is then Kmin in that encoder example. Figure 4.2.5 shows the evolution of
Kmin with the value of the parameters ∆tbasic and ∆tref , and the prediction structure
in Figure 4.2.1a. As shown in the figure, as expected, higher frame processing times
result in a higher value of Kmin .
This discussion shows that for a given prediction structure and a set of frame processing
times, we can obtain the minimum number of processors of the encoder so that the
condition in (4.2.1) holds, and thus an encoder with limited processing resources can
be analyzed using the DAGEL model resulting in a valid encoding delay analysis.
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Figure 4.2.5.: Variation of Kmin with the values of parameters ∆tbasic and ∆tref of
the encoding computational load model for the prediction structure in Figure 4.2.1a.
Alternatively, given a prediction structure and a number of processors, we can obtain
the maximum time that can be devoted to frame processing, so that (4.2.1) holds.
4.2.3.4. Example of encoding delay computation using the DAGEL model
To illustrate the aforementioned concepts, Figure 4.2.6 presents an example of the
computation of the encoding latency using the DAGEL model. For clarity reasons in
the description of the example, we present an example of a simple prediction structure
for two views (Figure 4.2.6a). From that prediction structure, the DAG that is shown
in Figure 4.2.6b is extracted.
i,k
First, (4.2.4) is used to compute the costs of the edges in that graph, ωj,l
. The results are the following and are expressed with respect to the parameters of the frames
processing model (Section 3.6) and the capture period T capt :
0,0
ω0,1
0,1
ω0,0
0,0
ω3,1
0,0
ω3,2
0,1
ω3,3
0,0
ω1,2
0,1
ω1,1
1,1
ω0,1
1,1
ω3,1
1,1
ω3,2
1,1
ω1,2
0,1
ω2,2

= ∆tbasic − T capt
= ∆tbasic
= ∆tbasic + 2T capt
= ∆tbasic + T capt
= ∆tbasic
= ∆tbasic + ∆tME + 2∆tref − T capt
.
= ∆tbasic + ∆tME + 2∆tref
= ∆tbasic + ∆tME + ∆tref − T capt
= ∆tbasic + ∆tME + ∆tref + 2T capt
= ∆tbasic + ∆tME + ∆tref + T capt
= ∆tbasic + ∆tME + 3∆tref − T capt
= ∆tbasic + ∆tME + 2∆tref

(4.2.11)
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Figure 4.2.6.: Example of encoding latency analysis using the DAGEL model.
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Consider now that the parameter values of the encoding computational load model are
the following: ∆tbasic = 30 ms, ∆tME = 20 ms and ∆tref = 15 ms and the elapsed time
between the capture of two consecutive frames is Tcapt = 40 ms. Using these parameter
values in (4.2.11), the numeric values of the costs of the edges in the graph that are
obtained are shown in Figure 4.2.6c. For those edge cost values and using (4.2.5) and
(4.2.10) the critical graph can be obtained in the graph, which is the path marked in
red in Figure 4.2.6d. For the parameter values, the encoding latency of the multiview
prediction structure in the example is the following:
Latcod = pdel 12 + ∆tproc 12 = 245 + 95 = 340 ms.

(4.2.12)

This procedure can be programmed to obtain a systematic way to analyze the encoding
latency of arbitrary multiview prediction structures.
4.2.3.5. Coding order and bounded encoding delay in the DAGEL model
Coding order Note that the unlimited (sufficient in practice) number of processors in
the DAGEL model ensure that any frame is encoded whenever is ready to be decoded.
Thus, the problems of ordering frames with the same capture time is solved by starting
their encoding processes concurrently whenever is necessary. As a conclusion, there is
no need for an explicit management the coding order of frames in the DAGEL model.
Bounded encoding delay As stated in Section 4.2.3.1, the condition on (4.2.1)
implies that there will always be at least one idle processor at any time in which a
frame of the sequence is ready for encoding. Under this assumption it is trivial to
conclude that GOP delay does not grow with each encoded GOP, and therefore such
a multiview encoder will always have a bounded encoding delay.

4.2.4. Directed acyclic graph decoding latency model
Given the description of the DAGEL model, the same concept of graph model can
be applied to the decoding delay analysis. This graph models constitutes the Direct
Acyclic Graph Decoding Latency (DAGDL) model. Again, the DAGDL model is based
on the DAG graph extracted from a given prediction structure following the criteria
in 4.2.2. The main difference in the construction of both graphs is that capture times
tcapt ij are substituted by reception times tRX ij in the decoder . The results discussed in
the DAGEL model dealing with the necessity of analysis of only one GOP, minimum
number of processors, coding order or bounded delay are also valid for the DAGDL
model. In the following we describe the expressions of the graph model analysis applied
to the decoder.
The DAGDL holds the same assumption in terms of processing capabilities that was
made in the DAGEL model, i.e. the multiview decoder has a sufficiently high number
of processors. Thus, decoding of xij starts at tready ij . Formally:
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Figure 4.2.7.: Graphic significance of the cost value of the edges in the graph in the
i,k
DAGDL model. The cost value ωj,l
is the delay introduced by the decoding process
i
of frame xj to the decoding process of frame xkl .

tstart ij = tready ij .

(4.2.13)

With this condition and (4.2.13):
!

tstart ij

= max

tRX ij ,

max

xp ∈{P(xij )}

(4.2.14)

tdecp ,

and using (3.5.2):
!

tdec ij

= max

tRX ij ,

max

xp ∈{P(xij )}

tdecp + ∆tproc ij .

(4.2.15)

i,k
The associated cost ωj,l
of the edge that links frame xij with frame xkl indicates the
delay added by a parent frame to the decoding process of its child frame, and it is
computed as:









i,k
= max 0, tRX ij + ∆tproc ij − tRX kl .
ωj,l

(4.2.16)

i,k
Again, as only positive delay values have a realistic meaning, ωj,l
is restricted to positive
i,k
values. Figure 4.2.7 illustrates the computation of ωj,l with a time chronogram in which
the decoding process of parent frame xij delays the decoding start of child frame xkl .
pu (xij ) is the cost of the u-th path of the U paths ending on frame xij . The cost pu (xij )
sums up the contributions of all parents frames on that path to the decoding delay of
frame xij . Among the set of paths ending on the same node xij , we name delay path to
xij , to the one with the highest cost. Its associated cost, pdel ij is the following:

n

o

pdel ij = max pu (xij ) .
u∈U

(4.2.17)

pdel ij indicates the elapsed time between tRX ij and tready ij . Formally:
tready ij = tRX ij + pdel ij .
Given that, and the condition in (4.2.13), (3.5.2) becomes:

(4.2.18)

77

4.3 Functional models
tdec ij = tRX ij + pdel ij + ∆tproc ij ,

(4.2.19)

and therefore the decoding delay δdec ij is:
δdec ij = pdel ij + ∆tproc ij .

(4.2.20)

Therefore, provided that the values of ∆tproc ij are known (frame processing time model
in Section 3.6), δdec ij and the decoding chronogram can be computed systematically for
all the frames using the DAG.

4.3. Functional models
4.3.1. Introduction
The DAGEL and DAGDL models presented above assume sufficient processing resources in the device to consider that at any time there is a processor available to
process a new frame. The rest of models proposed in this thesis are focused to cover
the implementation of multiview devices with processing resources below that requirement. Thus, these models deal explicitly with the assignment of frames to processors,
introducing another step in the approximation to the implementation of multiview
devices with limited resources. Nevertheless, these models do not intend to capture
every detail of hardware implementations, but to collect the high-level characteristics
of different implementations of multiview devices. The high-level characteristics that
are treated in this thesis were already presented in Section 3.4.4.3. The three models
that are proposed here are the Fixed MultiProcessor (Fixed MP) model, Flexible MultiProcessor (Flexible MP) model, and Parallel MultiProcessor (Parallel MP). Figure
4.3.1 shows graphically the functional schemes of these three models:
Processor

Processor
MVC bitstream
Processor

MVC bitstream

Shared
Memory

Processor

Shared
Memory

Processor

(a) Fixed MP model.

(b) Flexible MP model.
Processor
MVC bitstream
Processor

Shared
Memory

(c) Parallel MP model.

Figure 4.3.1.: Application schemes for the Fixed MP, Flexible MP and Parallel MP
models in a multiview encoder.
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Parallel MP model

Reference exchange
Yes
Yes
Yes
among processors
Number of processors
Same as views
Unconstrained
Unconstrained
Single/multi task
Single
Single
Multi
processors
Assignment policies
Static
Flexible
Flexible
Sequential/parallel
Sequential
Sequential
Sequential
frame encoding
Table 4.1.: Hardware characteristics of the functional models.

• The Fixed MP model (Figure 4.3.1a) assumes a hardware configuration with the
same number of cameras and single-task processors, in which each of the cameras
is assigned to one single processor, i.e. frames from a given view are processed
in a single processor. All processors have access to a shared memory to retrieve
encoded frames from other views in order to enable interview prediction.
In principle, this type of model would be oriented to a hardware-based encoder
scenario with a fixed number of cameras in which each processor is exclusively
dedicated to each camera. While in the encoder side, each camera can be integrated with a processor, the decoder receives the coded stream with interleaved
frames from all views. Thus, it is less expectable to contemplate an scenario with
a decoder following the Fixed MP model. However, applications in which the
receiver device outputs all views simultaneously may need a processor dedicated
to the decoding process of each of the views.
• The Flexible MP model (Figure 4.3.1b) assumes a set of single-task processors,
in which the number of processors can be different to the number of cameras.
Frames from all cameras can be processed in any of the processors. This kind of
architecture model can be applied to the multiview encoder/decoder.
This model is more general as it encloses device architectures with different number of cameras and processors as software-based devices. Furthermore, it permits
more flexibility in the design of the multiview system allowing increasing the number of cameras for a given device or processing a given multiview data set with
different number of processors in order to fulfill delay requirements driven by the
application.
• In the Parallel MP model (Figure 4.3.1c), any frame can be assigned to any
of the processor as in the case of the Flexible MP model, but in this model,
additionally, several frames can be processed in parallel in a given processor at a
given time, through parallelization techniques such as multithreading. This kind
of architecture model is valid for both the encoder and the decoder.
This kind of model covers an scenario of software multiview devices implemented
in general purpose multicore processors.
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Table 4.1 compiles the differences between these three models with respect to the
characteristics of Section 3.4.4.3. In the case of the Fixed MP model, the management
of the assignment of frames to processors is trivial as frames of each camera are assigned
to only one processor in the coding order within the view established by the prediction
structure. However, in the cases of the Flexible MP and Parallel MP models, the
assignment of frames of N views to K processors is not trivial and assignment policies
are necessary. In systems with delay restrictions, these assignment policies need to be
oriented to minimize the encoding/decoding delay. In the following, these three models
are described in detail.
The Fixed MP and Flexible MP models are presented here focusing on the implementation of a multiview encoder. The reason behind it is that we have used these
models mainly for modeling multiview encoders whereas for the implementation of
multiview decoders we have relied basically on the Parallel MP model. However, there
is no theoretical restriction that prevents these hardware models from being applied
to the decoder implementation. The clues to adapt the description of these models to
the decoder is to substitute encoding instants (tcod ) for decoding instants (tdec ), and
capture times (tcapt ) for reception times (tRX ). Besides, while the Fixed MPD model
defines explicitly the assignment of frames to characteristics by its inner characteristics, we would need to design assignment policies for the Flexible MPD model that
do not necessarily have to be the same that those for the Flexible MPE model. On
the other hand, the description of the Parallel MP model already considers its use as
encoder/decoder.

4.3.2. Fixed multiprocessor model
The Fixed Multi-Processor (Fixed MP) model was the first of the models developed
during the work in this thesis. Furthermore, the delay analysis in this type of model
appeared before the notion of separation of the general delay analysis and the characteristics of the hardware model of the device. While later on more complex models
were developed including different number of cameras or multitask processing, the first
steps of this work were performed relying on a hardware model with N cameras and
N independent processors which can communicate to exchange interview references.
Thus, it is suitable as a simple hardware model of a multiview device in which each
camera is assigned to one single processor. In our framework, it provides a reference, in
terms of delay performance, to more complex hardware models. Despite the fact that
frames corresponding to each camera are processed separately in different processors,
the multiview operation implies the availability of access of each processor to frames
processed by other processors to enable interview prediction. This can be enabled by
permitting shared access of the set of processor to a storage device in which the encoded frames are saved, i.e. reference lists. In the following, we describe the main
characteristics of the Fixed MP model, attending to the characteristics of the encoder.

Models for the analysis of the encoding/decoding delay
0

100

200

300

400

500

600

80
700

800

900

Time

0/0

0/4
0/2 0/1 0/3

0/8
0/6 0/5 0/7

0/12
0/100/90/11

0/16
0/140/130/15

0/20
0/180/170/19

p0

1/0

1/4 1/2

1/1

1/3 1/8 1/6

1/5

1/7 1/12 1/10 1/9 1/11 1/16 1/14 1/13 1/15 1/20 1/18 1/17 1/19

p1

2/0

2/42/2 2/1 2/3

2/82/6 2/5 2/7

2/12
2/102/92/11

2/16
2/142/132/15

2/20
2/182/172/19

p2

Figure 4.3.2.: Encoding chronogram of a JMVM [135] prediction structure of three
views and a GOP size of 4 frames in the Fixed MPE model.
4.3.2.1. Characteristics of the Fixed MPE model
In the Fixed MPE model, the following restrictions are imposed:
• Each processor is assigned to a single view: processor i only encodes frames from
view i and all frames from view i are encoded by processor i.
• The processors encode their assigned frames sequentially.
• If, at a given time, several frames in a view are ready to be encoded (all their
references have been coded) these frames are encoded in display order (i.e., the
frame to be displayed first will be coded first)
Considering these restrictions above, the ambiguity in (3.4.16) can be solved for all
frames in the multiview prediction structure. If we consider the M frames in a single
view of the multiview set, those frames can be set in a unambiguous coding order
−1
(ek )M
k=0 , (see (3.4.7) and (3.4.8) ). Then, tstartk can be defined recursively for all the
−1
elements in (ek )M
k=0 , given the previously encoded frames of the view, as:
tstartk = max(tcodk−1 , tready k ).

(4.3.1)

For the first frame to be encoded in a view, the time at which processing starts is:
tstart0 = tready 0 .

(4.3.2)

Note that tready is defined in (3.4.10) using all reference frames of a given frame. Thus,
while (4.3.1) may seem to include the influence of the delay added by frames of the
same view, the delay added by frames belonging to other views are also included by the
presence of the term tstartk . Figure 4.3.2 shows an example of the encoding chronogram
of several GOPs of a JMVM [135] prediction structure of three views and a GOP size
of 4 frames in the Fixed MPE model. It can be noticed that all frames corresponding
to view vi are processed in processor pi .
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4.3.2.2. Bounded encoding delay in the Fixed MPE model
On the contrary to the case of the DAGEL model, the condition for a bounded encoding
delay is not guaranteed for any processing times in the Fixed MPE model. This section
gives the conditions that frame processing times must satisfy in order to ensure the
existence of this bound value for the encoding delay value.
Consider first a single view encoder. The bounded encoding delay condition is satisfied
when the sum of the frame processing time for each of the frames of the GOP is equal or
lower than the total capture period of the whole GOP. Although the encoding latency
may exceed the GOP capture period, due to backward predictions, if this condition
holds the encoding delay does not increase for following GOPs. Formally:
MGOP −1

X

∆tsim1 ij ≤ MGOP Tcapt ,

(4.3.3)

j=0

where MGOP is the number of frames per GOP. Note that the condition is defined
with respect to ∆tsim1 ij , as in the framework of this thesis, in single-task processors
∆tproc ij = ∆tsim1 ij . In the Fixed MPE model, the encoding delay is bounded if the
condition in (4.3.3) holds for each of the views of the multiview set. That is, for each
view, the sum of the frame processing time of every frame of the GOP belonging to
that view, is equal or lower than the capture time of the whole GOP. This is expressed
formally by:
−1
GOP
Xv

M

maxi 



∆tsim1 ij  ≤ MGOPv Tcapt ,

(4.3.4)

j=0

where MGOPv is the number of frames per GOP in a view, the index i indicates that
frames belong to view i and i = 1...N .
4.3.2.3. Limits on processing efficiency for the Fixed MPE model
Most multiview prediction structures have an unbalanced computational load, i.e.,
a few views may be more complex to encode than others due, for example, to the
use of interview prediction in some views but not on the base view, i.e., the view
that does not use interview references. Frames on those views use extra interview
reference frames, needing a higher processing times than frames in the base view. In
the Fixed MPE model, these views define a bottleneck for the bounded encoding delay
condition. Considering that ∆tproc ij follows the encoding computational load model in
Section 3.6.1.1, a set of parameters (∆tbasic , ∆tME , ∆tref ) can be found so that (4.3.4)
is satisfied with equality. In that case, the processor corresponding to one of the
views is working at full capacity while, for the other views, some of the processors are
used below their maximum capacity, i.e., during certain time periods of the encoding
process, some of these processors are idle. Let us illustrate this with the example
chronogram in Figure 4.3.2: while the processor p1 assigned to view v1 is fully used
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after the encoding of several frames, the processors p0 and p2 assigned to v0 and v2
respectively are being used below their maximum capabilities, i.e., idle time periods
exist for processors assigned to v0 and v2 .
This gives the intuition that using a different encoder architecture, in which frames can
be encoded in any of the processors, a better distribution of the computational load
can be achieved, and therefore processing time for each frame could be increased (implementing coding algorithms with higher RD efficiency) while maintaining a bounded
encoding latency value.

4.3.3. Flexible multiprocessor model
In order to develop a more flexible hardware model than the Fixed MP model to
characterize other multiview device architectures in which the number of views and
processors may be different, we also provide the Flexible MP model as a hardware
model for a multiview device. The Flexible MP model lifts the restriction of an equal
number of cameras and views and it permits that a frame from any of the cameras
can be processed in any of the processors. Hence, it solves the limitation in computational efficiency suggested in Section 4.3.2.3. In the following we describe the main
characteristics of the Flexible MPE model.
4.3.3.1. Characteristics of the Flexible MPE model
The Flexible MPE model considers a multiview encoder with N views and K processors, with the following characteristics:
• Each processor is not assigned to a single view: any frame from any of the N
views can be encoded in any of the K processors.
• The processors encode their assigned frames sequentially.
• If, at a given time, Kf out of K processors are free, and a number of frames
higher than Kf are ready to be encoded:
– First, these frames are ordered by a frame priority value λij .
– Then, the first Kf frames in the frame order list are encoded by assigning
each one of them to one of the Kf free processors.
– The rest of the frames wait to be encoded until any processor is free, moment
in which this process is repeated.
4.3.3.2. Coding order policy in the Flexible MPE model
As stated in Section 3.4.2, in the general multiview case the coding order is not always
specified by the prediction structure. In the case of the Fixed MP model, the specific
hardware architecture of the device defines a explicit coding order by means of the
restriction that imposes that frames from a view are processed in the same processor
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Figure 4.3.3.: Multiview prediction structure.
(see Section 4.3.2.1). In the case of the Flexible MPE model, the coding order decisions
are not completely defined by the prediction structure and the hardware characteristics.
Although some restrictions in the coding order are imposed by the prediction structure
(a frame cannot be encoded before its reference frames), there are still some choices
to be made about the coding order, and these can lead to different encoding latency
values.
Consider, as an example, the prediction structure in Figure 4.3.3, and assume that at
the time instant immediately after frame x02 has been coded only one of the processors
is free. Then, frames x01 and x03 are ready to be coded. Frame x01 should be coded
first in order to minimize the maximum latency for both frames and therefore for the
whole sequence. But capture order should not be the only criterion due to interview
prediction. Consider now the time instant immediately after x04 has been coded. If
the capture time is the only criterion, frames x02 , x01 and x03 would be coded before
frame x14 , increasing the encoding delay for frames of v1 , and the maximum of the
encoding delays for the whole GOP. This example shows that, in the multiview case,
the prediction relationships have to be taken into account when establishing the coding
order for frames with equal capture times.
In the Flexible model, we incorporate the requirement described above by proposing a
coding order policy that takes into account two concepts to assign the coding order to
frame xij :
• the capture order tcapt ij , and
• the
setoof frames that have a direct or indirect dependency relationship with xij ,
n
C(xij ) .
The implementation of the coding order policy on the Flexible MPE model is the
following: consider that at time t, a given a set of frames are ready to be encoded, the
frames are ordered in a coding order list following these ordering rules:
• Frames from earlier GOPs are coded first.
• Frames within the same GOP are ordered by a frame priority value λij . Frames
with higher priority are coded first.
The priority value λij for frame xij is computed using the following expression:




λij = t − tcapt ij + βλ{C(xi )} ,
j

(4.3.5)

where λ{C(xi )} directly depends on the number of frames in the GOP that require frame
j

xij to be encoded before they can be coded themselves. The value λ{C(xi )} is given by:
j
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λ{C(xi )} =
j

n



X
xk ∈ {
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αk t − tcaptk ,

(4.3.6)

}

C(xij )

o

where C(xij ) is the set of frames that use frame xij as reference directly and indirectly,
i.e., every frame xk such that there exists a path from xij to xk . αk is 1 if frame xk
has been captured already and 0 otherwise. In order to trade-off the two terms in λij
we use the weight factor β. For the JMVM prediction structures, we have empirically
obtained that the value of β that minimize the encoding latency is:
β=

1
dmax,b

,

(4.3.7)

where dmax,b is the maximum distance (in number of frames) between a frame and the
furthest frame with which it has a direct or indirect backward dependency relationship.
As an example, in Figure 4.3.3, dmax,b is the distance between x01 and x04 measured in
frames (4 frames).
4.3.3.3. Bounded encoding delay in the Flexible MPE model
In the Flexible MPE model, the encoding delay is bounded if the processing time of
all the frames of the multiview GOP is lower or equal to the available processing time
of the K processors during a GOP. That is, all frames can be processed by the set of
processors in a GOP period, defined as the time elapsed between the capture of the
first frame of a GOP and the first frame of the following GOP. Formally, the encoding
delay is bounded if the following condition holds:
−1
N
−1 MGOP
X
Xv
i=0

∆tsim1 ij ≤ (MGOPv Tcapt ) K.

(4.3.8)

j=0

4.3.4. Parallel multiprocessor model
The third of the functional models is the Parallel MultiProcessor (Parallel MP) model.
The main difference between the hardware characteristics of the Flexible MP model
and the Parallel MP model is the multitask operation of the processors in the Parallel
MP model in contrast with the single-task operation in the Flexible model. While
in the Flexible MP model frames have to be processed sequentially, the Parallel MP
model allows parallel processing of multiple frames in a single processor by means of
multithreading techniques. This type of model covers the approach of software-based
multiview devices implemented in general purpose multicore processors.
Nowadays, the implementation of video encoders and specially decoders in generalpurpose processors has grown. Actual decoders support several parallel streams and
different codecs. The general tendency is to incorporate general purpose processors, in
which the decoders are software-implemented, instead of traditional dedicated hardware processors. Therefore, we consider multithreading a relevant technique to adapt
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software-implemented multiview devices to handle different number of views. Therefore, we propose this hardware model to simulate the characteristics of these type of
devices.
In this thesis we propose two variants of the Parallel MP model. The difference between this two variants attends to the policies on the assignment of the frames to the
processors of the device. The first variant that we have developed (Simple Parallel MP
model) takes a simplified approach on the assignment policy, basically assuming that
the process of a new frame is assigned to the whole set of processors. If at a given
time more frames than processors are processed by the set of processors, the computational load of the new frame is considered to be uniformly distributed over the set of
processors. The second variant (Regular Parallel MP model) tries to be more in line
with a realistic implementation on the assignment of processes to threads in multitask
processors and assigns the process of a new frame to a specific processor of the set.
Thus, the computational load of some of the processors can be higher than others and
the device must handle the assignment of each of the frames to one of the processors
to keep a balanced computational load among the set of processors. In the following
we describe the characteristics of the Parallel MP model, giving the common characteristics of both model variants and specifying the differences between them whenever
necessary.
The reason behind the development of the Simple Parallel MP model is to provide
a model that can serve as a reference for the policies in the assignment of frames to
processors of the Regular MP model. That is done by assuming the ideal notion that
the computational load of the frames that are processed at a given time is uniformly
distributed among all processors, as opposed to a assignment policy that unbalance
this load distribution favoring the early processing of some frames against others. In
next chapter, Section 5.4 compares the delay performance of both models.
4.3.4.1. Characteristics of the Parallel MP model
The Parallel MP model considers a set of K processors with multitask processing (one
processor can process several frames at a time, by means of parallelization techniques).
The characteristics of the Parallel MP model are the following:
• The operations for any frame from any of the N views can be performed in any
of the K processors.
• The processors can process their assigned frames in a parallel way, i.e. if at a
given time all the processors are busy and a new frame is ready to be processed,
its process starts immediately in parallel with the current ongoing processes.
• The sequential operations to process a frame can be computed in different processors. We assume that at any time, the remaining operations of a process can
be assigned to any of the processors. For example, consider a device with two
processors (p0 and p1 ) that are processing three frames (x0 in p0 and x1 and x2 in
p1 ). If at a given time the process of x0 ends, we can assign x1 to p0 and maintain
x2 in p1 .
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• The processing of a frame is formed by a series of sequential operations, that are
completed sequentially, but can be assigned to different processors, e.g., sequential decoding of several macroblocks on different processors.
The specific characteristics of the Simple Parallel MP model are the following:
• The assignment of each of the processes to each of the available processors is ideal.
The computational load of the frames processed at a given instant is distributed
uniformly among the set of processors.
The specific characteristics of the Regular Parallel MP model are the following:
• The device manages explicitly the assignment of each of the frame processes to
each of the available processors.
• One frame is assigned to only one processor, for a given period of time.
4.3.4.2. Bounded delay in the Parallel MP model
For the Parallel MPE model, the encoding delay value is bounded when the sum
of the processing requirements of the frames of the GOP is lower or equal to the
computation capacities of the encoder/decoder model. This is expressed formally,
using an expression in the time domain, by:
−1
N
−1 MGOP
X
Xv
i=0

∆tsim1 ij ≤ (MGOPv Tcapt ) K.

(4.3.9)

j=0

4.3.4.3. Iterative algorithm for delay computation in the Parallel MP model
After outlining the characteristics of the Parallel MP model, this section presents the
algorithm to compute the encoding/decoding delay in the Parallel MP model. Here,
the characteristics that are common to both variants of the model are described. Both
algorithms are based in an iterative computation of a graph model in which the frame
processing times are updated in each iteration. Then, in the next two sections the
specific algorithms corresponding to each of the variants of the Parallel MP model are
described in detail.
Given that the multitask processors in the Parallel MP model can process multiple
frames in a parallel way, the process of a new frame xij does not have to wait for other
processes to be finished, and can start at tready ij . Therefore:
tstart ij = tready ij .

(4.3.10)

We have seen in Sections 4.2.3 and 4.2.4 that if this condition holds, the DAGEL and
DAGDL models can be used to compute the encoding/decoding delays. Therefore,
we use the DAGEL and DAGDL models are the core of the Parallel MP model when
used to analyze the encoding/decoding delay respectively (we will refer to it as DAG
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model from now on). However, the DAG models in Sections 4.2.3 and 4.2.4 assumed
an unlimited processing capacity (it can be seen as an unlimited number of single-task
processors). With the condition of single-task processors and the frame time processing
model:
∆tproc ij = ∆tsim1 ij , ∀xij .

(4.3.11)

However, in the Parallel MP model, the values of ∆tproc ij are not a priori known. The
possibility of multiple frames sharing a processor, and a limited number of multitask
processors, make the processing time ∆tproc ij depend on the computational load conditions of the set of processors of the device that vary with time. To solve this issue,
we propose an iterative approach to the computation of the DAG model. At each iteration, δ cod ij or δ dec ij and thus, the encoding/decoding chronogram are computed using
the DAG model with the values of ∆tproc ij obtained from the previous iteration.
Then, the values of ∆tproc ij are updated depending on the computational load conditions of the set of processors that are observed in the encoding/decoding chronogram
of the current iteration. The concurrence of the frame processes are checked in the
chronogram periods and the values of ∆tproc ij are updated according to the discrepancy
between the concurrence conditions observed in the actual iteration and the predicted
concurrence.
The iterative algorithms corresponding to the two variants of the Parallel MP model
share a large number of steps, but there are some relevant differences between them.
The algorithm corresponding to the Regular Parallel MP model includes steps related
to the management of the assignment of frames to processors that are not necessary
in the Simple Parallel MP model. For the sake of clarity, we present both algorithms
separately in Sections 4.3.4.4 and 4.3.4.5.
4.3.4.4. Iterative algorithm in the Simple Parallel MP model
Algorithm description The iterative algorithm in the Simple Parallel MP model
makes the following approximation: given that the sequential operations that are necessary to process a frame can be assigned to different processors, this model assumes:
(i) that these operations are uniformly distributed among all processors and
(ii) that the computational load of each of these operations is low enough so that,
when uniformly distributed among the pool of K processors, all processors receive an
equal computational load to process. For example, if a device with two processors
processes three frames at a given time, the computational load of the three frames is
uniformly distributed between the two processors, instead of assigning two frames to
one processor and the remaining frame to the other one. With this assumption, we
aim at a simple modeling of an efficient management of the load of the processors that
guarantees the balance in their usage. The flow diagram of this iterative algorithm is
shown in Figure 4.3.4. The details of the algorithm are given next:
• Iteration 0 (Initialization of variables assuming that each frame is processed in
an exclusively dedicated processor)
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Figure 4.3.4.: Flow diagram of the iterative algorithm for the computation of encoding/decoding delay in the Simple Parallel MP model.
1. The initial value of the frame processing time of each frame is set to ∆tproc ij
∆tsim1 ij , ∀i, j.

0

=

2. The initial value of the number of frames that are decoded simultaneously over
time is nsim (t)|0 = 1.
• Iteration k
1. Computation of δ cod ij or δ dec ij , ∀i, j using the DAG model with ∆tproc ij
computation of nsim (t)|k from the chronogram results.

k−1

and

2. Comparison of nsim (t)|k with nsim (t)|k−1 . Define ta as the first instant in which
nsim (ta )|k 6= nsim (ta )|k−1 and tb as the first instant after ta for which nsim (tb )|k 6=
nsim (ta )|k . If these values do not exist finish the algorithm. Otherwise, continue
with 3.
3. The processing time that is devoted to the process of each frame during ∆t =
[ta , tb ] according to the data from iteration k − 1, Ĉ (∆t), is:
!

K∆t
,
Ĉ (∆t) = min ∆t,
nsim (ta )|k−1

(4.3.12)

while the processing time that is effectively devoted to the process of each frame
C (∆t) is:
!
K∆t
C (∆t) = min ∆t,
.
(4.3.13)
nsim (ta )|k
The updated frame processing times of each of those frames are:
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∆tproc ij

k

= ∆tproc ij

k−1

+ ∆t0proc ,

(4.3.14)

where ∆t0proc is:
∆t0proc = Ĉ (∆t) − C (∆t) .

(4.3.15)

4. For t > tb , nsim (t)|k is reset to the initialization value for next iteration as follows:
(variables are reset to 1 for non-evaluated time periods.)
nsim (t)|k = 1, ∀t > tb .

(4.3.16)

5. Go back to 1.
Algorithm example In order to illustrate the iterative algorithm of the Simple Parallel MP model, we present an example of the computation of the encoding delay in a
multiview encoder with one processor following the Simple Parallel MPE model. Figure
4.3.5 shows several iterations of the encoding chronogram for the prediction structure
in Figure 4.3.5a. For simplicity reasons in this example, Figure 4.3.5a shows a very
simple GOP structure for one view with no prediction relationships. Figures 4.3.5b,
4.3.5c, 4.3.5d, 4.3.5e, 4.3.5f and 4.3.5g show the encoding chronograms on several iterations of the algorithm for an encoder with one processor. Note that, to present this
example, the way to display the chronograms is different to the form used previously
in this thesis. In this case, the vertical positions do not represent processors but each
of the frames in the prediction structure.
Figure 4.3.5b shows the encoding chronogram as obtained in the first iteration with
nsim (t)|0 = 1. By evaluation of the encoding chronogram, the interval [ta , tb ] = ∆t1 is
found, in which nsim (∆t1 )|1 = 2. This means that during that time interval two frames
are encoded simultaneously, so their frame processing times have to be extended accordingly, since there is only one processor available. Thus, for frames x00 and x01 , ∆tproc 00
and ∆tproc 01 are updated adding ∆t0proc = ∆t1 /2, as shown in Figure 4.3.5c. Another
iteration is performed resulting in the encoding chronogram of Figure 4.3.5d adding
∆t0proc = ∆t1 /4 to both frames. In the encoding chronogram of Figure 4.3.5d three
frames are encoded simultaneously in the interval [t2 , t2 + ∆t1 /4], i.e. nsim (t2 )|3 = 3,
whilensim (t2 )|2 = 1 . Therefore, in the next step of the algorithm the processing times
of the three frames are updated with ∆t0proc = ∆t1 /6 (Figure 4.3.5e). In several iterations the encoding chronogram of Figure 4.3.5f is reached, and in some iterations
more the final encoding chronogram of Figure 4.3.5g is obtained. Note that the computational load ∆t3 processed for two frames in Figure 4.3.5f requires 2∆t3 in Figure
4.3.5g. Given this final chronogram, the encoding latency can be easily computed with
(3.4.11).
4.3.4.5. Iterative algorithm in the Regular Parallel MP model
As stated in the introduction to Section 4.3.4 the Regular Parallel MP model needs an
explicit policy in the assignment of frames to processors. This section presents, first,
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(a) Example prediction structure.
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(b) Encoding chronogram. Iteration 1.
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(c) Encoding chronogram. Iteration 2.
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(d) Encoding chronogram Iteration 3.
t₀
Time

t₁

t₂

t₃

t₄

t₅

t₆

∆t1/6

x0
∆t1/6

x1

∆t1/6

x2

(e) Encoding chronogram Iteration 4.
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(f) Encoding chronogram. Iteration k.
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(g) Encoding chronogram. Last iteration.

Figure 4.3.5.: Encoding chronograms in the Simple Parallel MP model. X-axis represents time and the different positions on the y-axis correspond to each of the frames
of the prediction structure. The horizontal bars represent the decoding time of each
of the three frames. The different colors indicate the different values of nsim (t).
Black: nsim (t) = 1, blue: nsim (t) = 2, green: nsim (t) = 3.
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Figure 4.3.6.: Example on the assignment of frames to processors in the Regular
Parallel MP model (nsim = 6 and K = 4).
the assignment policy that we have used in the Regular Parallel MP model. Then, it
gives the details of the iterative algorithm and finally we illustrate the function of the
algorithm with a simple decoding example.
Policy on the assignment of frames to processors With the aim of developing a
hardware model that has a fairly balanced processor usage, we propose an assignment
policy for the Regular Parallel MP model that assigns frames with higher processing
times to less loaded processors. This assignment policy is the following: consider that at
given time and algorithm iteration, nsim frames are being processed simultaneously. If
nsim ≤ K, each frame is assigned to one of the K processors and there is no simultaneous
processing within any processor. If nsim > K, frames are assigned to the available
processors by the following rules:
• The nsim frames are distributed in K groups (the same number as processors), in
nsim
such a way that there will be groups with n−
f = b K c frames and groups with
nsim
+
nf = d K e frames, i.e., the maximum difference in number of frames among
groups is one frame.
∗
• The number of groups with n+
f frames, n , is:

n∗ = nsim mod K,

(4.3.17)

0
while the number of groups with n−
f frames, n , is:

n0 = K − n∗ .

(4.3.18)

• Frames are distributed into the groups so that frames with higher values of ∆tproc ij
i
are assigned to groups with n−
f frames. Thus, frames with higher values of ∆tproc j
will be decoded in processors with lower computational load, limiting the extra
decoding delay caused by parallel processing.
• Then, each of the K groups of frames is assigned to each one of the K processors.
An example of this assignment policy for nsim = 6 and K = 4 is shown in Figure 4.3.6.
Figure 4.3.6a shows, for a given time instant, a group of frames (frames 0 to 5) ready to
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Figure 4.3.7.: Flow diagram of the iterative algorithm for the computation of encoding/decoding delay with the Regular Parallel MP model.
be decoded with different values of ∆tproc ij . The size of the frame bars represent ∆tproc ij
for each frame. Figure 4.3.6b shows those frames sorted by increasing processing time.
∗
It can be seen in Figure 4.3.6c that the first n+
f × n frames are assigned in an alternate
0
0
order to the first n∗ processors and the last n−
f × n frames to the last n processors.
As a result of the assignment policy, frames 0 and 2 (frames with highest ∆tproc ij ) are
assigned to processors with lower computational load.
Algorithm description This algorithm computes frame processing times and the
encoding/decoding chronogram iteratively. On the initialization we assume that each
frame is decoded in an exclusively dedicated processor. Then, in each iteration, the decoding chronogram is computed and we identify the time intervals in which the number
of frames decoded simultaneously is higher than the number of processors. For those
frames, we modify the frame processing times accordingly with the processor occupancy conditions. To update the frame processing times in the cases of simultaneous
processing in one processor we follow the frame processing time model in Section 3.6.
The flow diagram of this iterative algorithm is shown in Figure 4.3.7.
• Iteration 0 (Initialization of variables assuming that each frame is decoded in an
exclusively dedicated processor.)
1. The initial value of the frame processing time of each frame is set to ∆tproc ij
∆tsim1 ij , ∀i, j.

0

=
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2. The initial value of the number of frames that are decoded simultaneously over
time is nsim (t)|0 = 1.
3. The initial value of the number of frames that are decoded simultaneously over
time in processor p is npsim (t)|0 = 1, ∀p.
• Iteration k
1. Computation of δ dec ij , ∀i, j using the DAG model with ∆tproc ij
tion of nsim (t)|k from the decoding chronogram results.

k−1

and computa-

2. Comparison of nsim (t)|k with nsim (t)|k−1 . Define ta as the first instant for which
nsim (ta )|k 6= nsim (ta )|k−1 and tb as the first instant after ta for which nsim (tb )|k 6=
nsim (ta )|k . If these values do not exist finish the algorithm. If nsim (ta )|k = 0,
continue with 5. Otherwise, continue with 3.
3. Each frame which is being decoded during ∆t = [ta , tb ], is assigned to one of
the K processors by the assignment policy in Section 4.3.4.5, and npsim (t)|k is
updated ∀t ∈ ∆t.
4. The processing time that is devoted to the decoding process of each frame in
processor p during ∆t according to the data from iteration k − 1, Ĉp (∆t), is:
Ĉp (∆t) =

npsim

∆t
,
(ta )|k−1

(4.3.19)

while the processing time that is effectively devoted to the decoding process of each
frame Cp (∆t) is:
Cp (∆t) =

∆t
.
(ta )|k

npsim

(4.3.20)

The updated frame processing times of those frames are:
∆tproc ij

k

= ∆tproc ij

k−1

+ ∆t0proc ,

(4.3.21)

where ∆t0proc is:
∆t0proc = Ĉp (∆t) − Cp (∆t) .

(4.3.22)

5. For t > tb , nsim (t)|k and npsim (t)|k are reset to the initialization value for next
iteration as follows: (variables are reset to 1 for non-evaluated time periods.)
nsim (t)|k = npsim (t)|k = 1.
6. Go back to 1.

(4.3.23)
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(a) Example prediction structure.
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(b) Decoding chronogram. Iteration 1 (after initialization).
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(c) Decoding chronogram. Iteration 2, after step 2.
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(d) Decoding chronogram. Iteration 2, after step 4.
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(f) Decoding chronogram. Iteration 4 (Final iteration).

Figure 4.3.8.: Decoding chronograms in Parallel MPD model. X-axis represents time
and the different positions on the y-axis correspond to each of the frames of the
prediction structure. tRXi are the reception times of the frames in the decoder. The
horizontal bars represent the decoding time of each of the three frames. Different
colors indicate the assignment of the frames to different processors, gradient: frame
assigned to P0 , dots: frame assigned to P1 .
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Algorithm example In order to illustrate the iterative algorithm of the Regular
Parallel MP model, Figure 4.3.8 shows several iterations of the decoding chronogram for
the prediction structure in Figure 4.3.8a. For simplicity reasons in this example, Figure
4.3.8a shows a very simple GOP structure for one view with no prediction relationships.
Figures 4.3.8b, 4.3.8c, 4.3.8d, 4.3.8e and 4.3.8f show the decoding chronograms on
several iterations of the algorithm for a decoder with K = 2 (processors P0 and P1 ).
Note that the chronograms in this example use the same notation that was used in the
example in Section 4.3.4.4.
Figure 4.3.8b shows the decoding chronogram as obtained in iteration 1 (after iteration
0) with nsim (t)|0 = 1 (initially, all the frames are assigned to P0 ). By evaluation of
the decoding chronogram, we find the interval ∆t1 , in which nsim (∆t1 )|1 = 2. This
means that during ∆t1 two frames are decoded simultaneously. As K = 2, the second
frame is assigned to P1 and processing times are not modified. After the second step
of iteration 2 (Figure 4.3.8c), the interval ∆t2 is found, for which nsim (∆t2 )|2 = 3.
Thus, for frames x00 , x01 and x02 , the frame processing times need to be updated. x00
is assigned to P0 and x01 , x02 are assigned to P1 and ∆tproc 01 and ∆tproc 02 are updated
adding ∆tproc 0 = ∆t2 /2, as shown in Figure 4.3.8d and for t > t1 , nsim (t)|2 = 1. On
iteration 3 (Figure 4.3.8e), the interval ∆t3 is found, for which nsim (∆t3 )|3 = 2. Thus,
the remaining decoding operations for x02 are assigned to P1 and frame processing times
are not further modified. On iteration 4 (Figure 4.3.8f) there are no differences between
nsim (t)|3 and nsim (t)|4 and the algorithm ends.

4.4. Conclusions
In this chapter, we have completed the presentation of the elements of the framework
with the description of the models for the automatic analysis of the encoding/decoding
delay. These models implement the methodology presented in the previous chapter
considering the specific characteristics of different hardware architecture models in the
device. The models presented here cover a range of application scenarios.
The main contribution of this chapter is the development of the graph models, the
DAGEL and DAGDL models, which collect the contribution of the multiview prediction
structure and frame processing times to the encoding/decoding delay, separating it as
much as possible from the influence of the hardware architecture. This was done by
assuming an unlimited processing capacity in the device. Despite this assumption,
we demonstrate that the graph models are applicable if the device is equipped with a
minimum number of processors, that we are able to identify. With these conditions we
have shown that graph theory algorithms can be applied to solve the encoding/decoding
delay of any arbitrary multiview prediction structure. And, in the case of a number
of processors under that minimum, the obtained delay values constitute a lower bound
for the real delay values.
The chapter is completed with the description of models that assume devices with
limited processing capacity. In hardware architectures with these type of limitations the
policies on the assignment of frames to processors play a major role in the comparative
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delay performance in devices with equal processing capacity. In particular, with the
Parallel MP model we have shown that the graph approach is also useful to describe
models for devices with limited processing capacity.
The work presented in this chapter has resulted in parts of the content of the several
publications: the DAGEL model was first drafted in [13] and described fully in [14],
while the DAGDL model was presented in [10]. As for the functional models, the Fixed
MP model was presented in [11], the Flexible MP model in [12], and the Parallel MP
model in [10].

5. Applications of the multiview
delay analysis framework
5.1. Introduction
The framework composed by the elements and models presented in Chapters 3 and 4
provide tools for the analysis of the delay performance of multiview devices within hardware architectures that cover a range of applications. Amid the development of these
framework, we have developed software tools that implement the models described in
Chapter 4. Thus, we are able to provide an automatized analysis of a multiview device
that is compliant with one of the models in Chapter 4, given a multiview prediction
structure and the values of the parameters of the frame time processing model. Therefore, this framework constitutes a useful tool for the delay analysis of existing multiview
devices. Moreover, beyond providing this a posteriori analysis, our framework provides
also useful tools for the design of multiview encoder/decoders with the goal of a low delay performance, necessary in applications such as immersive videoconferencing. This
chapter presents some applications of these tools in this direction.
First, it shows a comparison between the Fixed MP and the Flexible MP models
applied to the multiview encoder, focusing on the encoding latency performance of
both models. This comparison shows that, for two encoders with equal number of
processors with same characteristics, the Flexible MPE model makes better use of the
processors, achieving a higher value for the maximum frame processing time that is
permitted. The degree of freedom that multiview video provides in the coding ordering,
opposed to single-view video, guided the development of different encoder architectures
models, that cover hardware devices that make use of this freedom to be efficient in
therms of delay performance and frame throughput efficiency. The development of the
Flexible MPE model and this comparative analysis correspond to the first stages of
the development of the framework [11] [12].
Secondly, the chapter shows an application for the design of multiview encoders demonstrating how the DAGEL model can be used to reduce the encoding latency of an initial
prediction structure down to a target encoding latency value. Using the DAGEL model,
we are able to identify the prediction links that add a higher encoding delay in order to
prune them, obtaining new prediction structures with reduced encoding latency and a
limited penalty in the RD performance. This application intended to demonstrate the
capabilities of the DAGEL model, that was developed as the core of this framework
[13][14]. With it, we provide means to design multiview prediction structures that are
efficient in terms of rate-distortion and delay.
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Finally, the section ends demonstrating how the tools of the framework can be applied
in the identification of the processing requirements of a multiview device given a delay
constraint. Here, it is applied to the decoder, showing that the decoding delay analysis
can be used to determine the minimum number of processors and processor throughput
in a decoder that is included in an immersive communication system with the requirement of a communication latency under a certain target value. This application forms
part of the work developed towards the completion of the framework with the analysis
of the delay that was applied to the decoder, that was described in [9] [10]. In this
context, the architecture of the decoder was modeled by the Parallel MP model, as
consumer decoders need be capable of handle coded streams with different number of
views with an architecture composed by a fixed set of general-purpose processors.

5.2. Comparative analysis of encoder hardware
architectures
The objective of this section is to present an application of the multiview analysis
framework as a useful tool in a comparative analysis of different multiview devices
with respect to the delay that they add to the communication latency of a multiview
video system. In this case, we focus on the multiview encoder and the encoding latency
as the value under analysis. For that purpose, we have first evaluated the influence of
the number of processors in the encoding latency performance of a multiview encoder
within the Flexible MPE model. Secondly, we show that different hardware encoder
models with the same processing capacities have differences in their delay performance
due to different characteristics in the management of the assignation of frames to
processors. For that, we show the advantages of the flexible assignment of the Flexible
MPE model in opposition to the fixed assignment between a camera and its assigned
processor in the Fixed MPE model.
Focusing on a design perspective, in both tests we have paid attention to the maximum
processing time that can be devoted to frame encoding within the boundaries of a
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Figure 5.2.1.: JMVM multiview prediction structures with three and seven views.
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Figure 5.2.2.: Encoding latency for encoders within the Flexible MPE model with
different number of processors. Encoding latency evaluated for different values of
the parameters ∆tbasic and ∆tref .
bounded encoding delay. For the experiments in this section, we have used two different
multiview prediction structures, a JMVM GOP structure of three views and a size of
16 frames and a JMVM GOP structure of 7 views and a size 16 frames. Both prediction
structures are shown in Figure 5.2.1. In both tests we have focused on evaluating the
frame processing time limits that ensure a bounded value of the encoding latency and
the evolution of the latency value with the value of the frame processing time.
Note: In the encoding computational load model in Section 3.6.1.1, the encoding computational load of a frame depends on three parameters (∆tbasic , ∆tME and ∆tref ).
∆t
The value of the ratio ∆tME varies between 0.4 and 0.6 depending on the content of
ref
the multiview sequences. In the experiments of this section and the following ones we
have decided to discard this variation, and set the value of the parameter ∆tME to
∆tME = 0.5 × ∆tref to simplify the tests that analyze the evolution of a given variable
with the value of the parameters of the encoding computational load. Despite this
simplification, it would be easy to reproduce the analyses for different values of the
∆t
ratio ∆tME .
ref

5.2.1. Comparative evaluation the encoding latency
performance in the Flexible MPE model
In this first test, we have performed a comparative evaluation of the encoding latency
for a set of multiview encoders within the Flexible MPE model with different number
of processors. We have evaluated the six encoders using one to six processors when
encoding a multiview sequence with the same JMVM prediction structure of three

Applications of the multiview delay analysis framework

100

30

1 processor
2 processors
3 processors
4 processors
5 processors
6 processors

1200

1000

25

800

20

∆ tref (ms)

Latcod (ms)

1 processo r
2 processors
3 processors
4 processors
5 processors
6 processors

600

15

400
10

200

5

0

−200

0

5

10

15

20

25

0

30

∆ tbasic , ∆ tref (ms)

0

5

10

15

20

∆t

basic

25

30

35

(ms)

(a) Encoding latency for encoders within the Flexible MPE(b) Processing time limits for the encoding
model and different number of processors. Encoding latency results in Figure 5.2.2.
latency evaluated for equal values of the parameters of
the encoding computational load model, i.e. ∆tbasic =
∆tref .

Figure 5.2.3.: Alternative representations of the results in Figure 5.2.2.
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Figure 5.2.5.: Alternative representations of the results in Figure 5.2.4.
views and GOP size of 16 frames. Figure 5.2.2 shows the encoding latency values for
different number of processors and different values of the encoding computational load
parameters, ∆tbasic and ∆tref . When, for a given pair of parameter values, the encoding
latency does not have a bounded value (encoding latency depends on the number of
coded GOPs), this is represented with a null latency value in the figure. Figure 5.2.3b
shows the processing time limits for all the encoder implementations. Valid values for
those parameters for each number of processors are those in the area below each graph.
Finally, to show the results in Figure 5.2.2 in a clearer way, Figure 5.2.3a shows the
latency performance for all the encoders when equal values for both processing time
parameters are used. In the same way, for this figure, if for a given frame processing
time value the encoding latency is unbounded, this is represented with a null latency
value.
The results in Figure 5.2.3b show that increasing the number of processors leads to a
increase in the processing time that can be devoted to the encoding process of each
frame. Results in Figures 5.2.2 and 5.2.3a show that, for a given pair of values of the
encoding computational load parameters, a higher number of processors results in a
lower latency value until the number of processors is equal or higher than the number
of views. Using a number of processors above this limit increases the capacity of the
system to dedicate more time to frame encoding but does not decrease the encoding
latency value for this type of prediction structures.

5.2.2. Comparative analysis of the encoding latency
performance in the Fixed and Flexible MPE models
In this second test, we evaluate the encoding latency performance of two encoders
with the same processing resource capabilities and different hardware architectures. In
this comparison we show that, for two multiview encoders with the same number of
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Figure 5.2.6.: Latency performance for both Fixed and Flexible MPE models. Data
for 7 views and 7 processors.
processors, and the same prediction structure, one within the Fixed MPE model and
the other within the Flexible MPE model, the assignment of frames to processors is
more efficient in the Flexible MPE model, permitting higher processing time limits.
We have evaluated the encoding latency performance of both models for a JMVM
prediction structure of three views and a GOP size of 16 frames, as the one depicted
in Figure 5.2.1. The results are shown in Figure 5.2.4.
Figure 5.2.5b shows the processing time limits for both encoder models and Figure
5.2.5a shows the latency performance using equal values for both encoding computational load parameters ∆tbasic and ∆tref . The results show that using a Flexible MPE
model higher frame processing times can be devoted to the encoding of the frames
while maintaining a bounded latency value. The charts in Figure 5.2.4 and Figure
5.2.5a show that the encoding latency performance of both models is equal for the
values of ∆tbasic and ∆tref that lie under the processing time limits of the Fixed MPE
model. In summary, the Flexible MPE model does not reduce the encoding latency
of the Fixed MPE model in the cases where the encoding delay is bounded for both
models, but it increases the maximum values of frame processing times for which the
encoding delay is bounded with respect to the Fixed MPE model.
We have also compared the latency performance of the Fixed and Flexible MPE models
using a higher number of views and processors. Figures 5.2.6 and 5.2.7b show the results
for a multiview prediction structure with 7 views such as the one shown in Figure 5.2.1.
The results show that there is a very small latency increase (less than 1% for certain
values of the encoding computational load parameters) for the Flexible MPE model
with respect to the Fixed MPE model.
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Figure 5.2.7.: Alternative representations of the results in Figure 5.2.6.
On the other side, results in Figure 5.2.7b show that, in the Flexible Model, the frame
processing time limits for a bounded encoding delay are higher. As an example of the
consequences of these higher limits, we can note that for B frames using four references
(Figure 5.2.1), and a ∆tref /∆tbasic ratio from 0.5 to 2 (it depends on the configuration
of the encoder implementation, as mentioned in Section 3.6, a 16% to 35% of additional
time could be devoted to the processing of those frames in the Flexible MPE model,
without incurring in unbounded encoding delay. This extra processing time can be
employed in the implementation of more complex coding algorithms with higher RD
performance, following the approach of complexity scalable encoders [130] [42].

5.3. Reduction of the encoding latency in multiview
prediction structures
5.3.1. Introduction
As introduced in Section 3.2.1, the encoding delay is usually higher than decoding delay.
Thus, the contribution of the multiview codec to the communication latency is mostly
driven by the value of the encoding latency. So much so that video coding standards
provide low delay profiles focused on low delay applications in which coding tools
that introduce high encoding delay are not permitted [137]. For both single view and
multiview encoders a main design variable, that controls the encoding latency, is the
prediction structure. In the single view case, encoding latency estimation is relatively
simple and it can be reduced by removing long backward temporal dependencies. In
the case of multiview video we have proven with the examples in Section 3.4.4 that the
analogous analysis in the multiview case is not trivial.
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Regarding the design of multiview prediction structures, several options have been
investigated to obtain efficient prediction structures in terms of RD performance. As
appointed in Section 2.4.4, [88] proposes different efficient prediction structures. Based
on that work, the JVT adopted the prediction structures presented in [135] as the nonnormative structure for the JMVM. We argue that the design of multiview prediction
structures has been mostly focused on improving RD performance, ignoring important
differences in the latency behavior of multiview encoders, which may be critical for
delay constrained applications.
To demonstrate the capabilities of our framework in the design of low delay multiview
encoders, we show how it can can be used to reduce the encoding latency of a given
multiview prediction structure to meet a target value, while preserving as much as
possible its RD performance. As stated in Section 3.4 the encoding analysis cannot
be general but are particular to that hardware choice. To avoid this limitation we use
the DAGEL model that decouples as far as possible the influence of the prediction
structure and the hardware architecture on the encoding latency. Thus, the analysis
and optimization can be focused on the multiview prediction structure, and later on
extended to specific hardware encoder implementations. Using the DAGEL model, we
are able to identify the prediction links that add a higher encoding delay in order to
prune them. Assuming that the number of dependency relationships in a prediction
structure is directly proportional to its RD performance (the more references a frame
has the more efficiently it can be encoded) it is desirable to reduce the encoding latency
by pruning the prediction structure links, with the minimum number of cuts. As
a result of limiting the degradation of the RD performance for a target latency, we
obtain new prediction structures that have a considerably better RD performance than
commonly used multiview prediction structures with the same encoding latency.
The selection of those dependency links to be pruned is based on a comparison of
encoding latency values of several prediction structures computed using the DAGEL
model. Thus, this approach will be valid for multiview encoders that match the processing capacity requirements of the DAGEL model. However, there is no guarantee
that those comparative encoding latency results will be achieved when fewer processors
are used. Thus, we analyze the deviation of the comparative encoding results obtained
with the DAGEL model when applied to multiview encoders with limited processing
capacity. To sum up, we show that efficient prediction structures in terms of ratedistortion-latency can be designed using the DAGEL model, and that those are valid
for real multiview encoders with limited processing capacity.
This section first lays out the considerations that have to be taken into account in the
selection of edges to prune, especially in the case of pruning of multiple edges. Then,
it shows an evaluation of the the RD and encoding latency performances of prediction
structures obtained by pruning. After that, we provide a pruning algorithm to avoid
the intensive computational load of the optimal pruning method. This algorithm is
based on a tree-decision search that evaluates the pruning of the links in the critical
path on each stage of the search. The section finishes with a validation of the encoding
latency reduction results in encoder models with limited processing capacity.
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Figure 5.3.1.: Example of a JMVM prediction structure with three views and a GOP
size of four frames and the DAG extracted from it. V i/T j represents frame j of view
i as signaled on GOP structure.

5.3.2. Encoding latency reduction using the DAGEL model
This section shows how the DAGEL model can be used to identify, in a systematic
manner, the dependency links that introduce a higher encoding delay, and therefore
the best ones to be cut in order to reduce the encoding latency.

One edge pruning Consider a DAG extracted from a given prediction structure.
It can be demonstrated that the best cut in terms of encoding latency reduction is
necessarily on its critical path. Given the DAG and its critical path, which is formed
by the set of edges le , let us assume that one cut in the edges is performed, and that
it does not belong to the set le . It is trivial to note that the path le is still present in
the resulting graph, so the encoding latency of the new prediction structure is equal to
the parent structure. Therefore, the best cut in terms of latency performance must be
on the critical path le .

Multiple edge pruning In the case of multiple edge pruning, a greedy solution that
iteratively cuts an edge in the critical paths may normally be sub-optimum. Instead,
to obtain the optimum solution for a given number of cuts, an exhaustive search of
all the possible cut combinations is needed. Figure 5.3.2 depicts an example of this
phenomenon by showing optimum edge selection for an increasing number of cuts in
the initial JMVM prediction structure depicted in Figure 5.3.1. Figure 5.3.2 depicts
the prediction structures and corresponding DAGs for the cases of one, two, and three
cuts respectively. The results show that the selected edge in the case of one cut is
maintained for the case of two cuts, while in the case three cuts three different edges
of the DAG are selected. Note that, in all of the cases, one of the edges to cut belongs
to the critical path of the initial prediction structure.
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Figure 5.3.2.: Optimal reduction of the encoding latency for several number of cuts
of edges in the DAG. The edges in red are the ones selected to cut. The edges that
form the critical path of the initial prediction structure are marked in green. The
initial prediction structure is the one depicted in Figure 5.3.1.
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Time parameter ∆tbasic ∆tME ∆tref
Tcapt
Value (ms)
20
5
10
40 (25 fps)
Table 5.1.: Values of parameters of the encoding computational load model and capture period.
GOP16 GOP8 GOP4 GOPx4 GOPx10
Encoding latency (ms)
960
575
350
575
350
Table 5.2.: Latcod for JMVM prediction structures and the prediction structures obtained by edge pruning.

5.3.3. Rate-Distortion analysis of low encoding latency
multiview prediction structures
In order to assess the RD performance of the DAGEL-based pruning approach, we have
considered an initial prediction structure with three views, a GOP size of 16 frames
and IBP prediction for the interview prediction scheme [135] (GOP16, Figure 5.3.3a).
Then, we have iteratively pruned its associated DAG to reduce its encoding latency to
the value of analogous JMVM structures with GOP sizes of 8 (GOP8) and 4 (GOP4)
frames. This has been done by an increasing number of cuts in the DAG, using an
exhaustive search of the possible cut combinations. In the set of experiments, the
frame processing times of the frames in the prediction structures have been set using
the encoding computational load model (see Section 3.6). The time parameter values
are shown in Table 5.1. The encoding latencies of these prediction structures are shown
in Table 5.2.
The structures obtained for four cuts (GOPx4) and ten cuts (GOPx10) are shown
in Figures 5.3.3b and 5.3.3c respectively. These number of cuts where selected to
evaluate a encoding latency reduction to approximately a half and a third of the original
encoding latency values (encoding latency values obtained with JMVM GOP sizes of
8 and 4 frames respectively). As shown in Table 5.2, these structures have the same
encoding latency value that JMVM structures GOP8 (Figure 5.3.3d) and GOP4 (Figure
5.3.3e) respectively. We have evaluated the RD performance of the different prediction
structures using the JMVM software version 2.1 [103] and the MVC common conditions
[117] for several multiview sequences with different characteristics (see Appendix A).
The RD results are shown in Figure 5.3.4, and Table 5.3 shows the average RD differences [8] of GOPx4 and GOPx10 structures compared to GOP8 and GOP 4 respectively. GOPx4 shows an average PSNR gain of 0.25 dB and bitrate saving of 6.69%
compared to GOP8, and GOPx10 shows an average PSNR gain of 0.90 dB and bitrate
saving of 20% compared to GOP4. These results show that, for the tested sequences,
the prediction structures obtained using the DAGEL model outperform the JMVM
prediction structures with the same encoding latency value in terms of RD performance. This makes these structures more efficient to be used in applications with
strict requirements in end-to-end delay than the commonly used JMVM structures.
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(a) JMVM GOP16.
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(b) GOPx4.
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(c) GOPx10.
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(d) JMVM GOP8.
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(e) JMVM GOP4.

Figure 5.3.3.: Initial prediction structure (JMVM GOP16), prediction structures
obtained by edge pruning (GOPx4 and GOPx10), and JMVM prediction structures
with similar equal encoding latency to the pruned ones (JMVM GOP8 and JMVM
GOP4).
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(a) Ballroom

(b) Race1

(c) Flamenco2

(d) Newspaper

(e) Kendo

(f) Ballet

Figure 5.3.4.: RD comparison of JMVM prediction structures with a GOP size of 16,
8 and 4 frames and the pruned multiview prediction structures GOPx4 and GOPx10
(see Figure 5.3.3). The PSNR values of the luminance signal averaged for all decoded
views are plotted against bitrate values of the MVC coded streams. Results for the
following multiview sequences: Ballroom, Race1, Flamenco2, Newspaper, Kendo,
and Ballet. The characteristics of the sequences can be found in Appendix A.
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GOPx4/GOP8
GOPx10/GOP4
∆PSNR(dB) ∆bitrate(%) ∆PSNR(dB) ∆bitrate(%)
Ballroom
0.20
-5.33
0.71
-17.11
Race1
-0.04
1.05
0.29
-6.77
Flamenco2
0.01
-0.22
0.27
-5.44
Newspaper
0.70
-15.46
2.49
-44.48
Kendo
0.07
-1.83
0.47
-11.75
Ballet
0.54
-18.36
1.16
-34.36
Average
0.25
-6.69
0.90
-20.00
Table 5.3.: RD-Bjontegaard results [8] comparing prediction structures obtained by
edge pruning and JMVM prediction structures.

5.3.4. Algorithms for edge pruning
Section 5.3.2 shows that, to reduce the encoding latency of a given prediction structure
by pruning of multiple edges an exhaustive search of all the possible cut combinations
is needed to find the prediction structure with the lowest encoding latency. For a high
number of cuts and prediction links on the initial prediction structure, the exhaustive
search of all combinations is computationally intensive. Therefore, it is desirable to
obtain a pruning algorithm that is less computationally intensive than a exhaustive
search and obtains comparable results in terms of encoding latency. In the following,
we present a discussion on the computational complexity of the exhaustive search and
an alternative pruning algorithm with less computational cost than the exhaustive
search. We show that for the JMVM structures which we are working with as initial
prediction structures, we can obtain the same results as the exhaustive search.

5.3.4.1. Exhaustive search
Let us consider a target encoding latency LatTcod and an initial multiview prediction
structure with nL prediction links. To obtain a new prediction structure with encoding
latency LatTcod , a number of links nC have to be pruned from the original structure.
The exhaustive search of all cut combinations is a computationally intensive algorithm:
in the case of nC cuts over the nL links, it implies the evaluation of CnnLC prediction
structures, where CnnLC is:
CnnLC =

nL !
.
nC ! (nL − nC )!

(5.3.1)

Since in multiview prediction structures, nL is usually high, if the number of cuts is
high, the optimum latency reduction algorithm would require a high computational
load for all the possible combinations. For example, for a JMVM structure of 3 views
and a GOP size of 8 frames, nL = 36 . For nC = 3, the number of prediction structures
that have to be evaluated is 37820.
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Figure 5.3.5.: Example of the Tree Search algorithm for nC = 2 and nB = 2. Each
nodes of the tree corresponds to a prediction structure obtained by cutting one of
the edges of the parental prediction structure.
5.3.4.2. Tree-search algorithm
We propose a sub-optimal algorithm for the encoding latency reduction of multiview
prediction structures. We name this algorithm the Tree-Search. The tree-search algorithm reduces the number of prediction structures to analyze by selecting a series
of prediction structure candidates in a tree decision manner with nB branches and nC
cuts. For a target encoding latency LatTcod , we increase the number of link cuts in a
decision-tree manner, where nB is the number of branches for each node of the tree,
creating sets of candidate prediction structures in each lower level of the tree until a
prediction structure with a latency equal or lower to LatTcod is obtained. The resulting number of cuts of that selected prediction structure is nC . Figure 5.3.5 shows an
example of the decision-tree generated with the tree-search algorithm for nC = 2 and
nB = 2. In the following, we explain the Tree-Search algorithm with the help of this
example.
Let SJM V M (level 0 in the example) be the multiview initial prediction structure. The
states on the lower levels of the tree are generated by the following operations:
• For each parent prediction structure, its critical path is found by using the
DAGEL model.
• The encoding latency of the prediction structures that are obtained by cutting
each of the links of that critical path is evaluated.
• As many as nB prediction structures with the lowest encoding latency among
the evaluated ones are selected to generate the children of the parent state in
the immediately lower level. In the example, as nB = 2, each parent structure
generates two children structures
• If any of the structures of the lowest level have a encoding latency equal or lower
to LatTcod , the algorithm finishes. If not, another level of the tree is created.
As a result of traveling the tree, nnBC prediction structures are obtained on the lowest
level. Among the prediction structures on the lowest level, the one with the lowest
encoding latency is selected.
The number of prediction structures evaluated with the DAGEL model is reduced when
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3 views
3 views
3 views
5 views
GOP4
GOP8
GOP16
GOP4
2
435
1.89 × 103 7.88 × 103 1.43 × 103
3
4060
3.78 × 104 3.26 × 105 2.48 × 104
4
nC 4 2.74 × 10 5.58 × 105 1.00 × 107 3.16 × 105
5 1.43 × 105 6.47 × 106 2.44 × 108 3.16 × 106
6 5.94 × 105 6.15 × 107 4.93 × 109 2.58 × 107
Table 5.4.: Computational complexity of the Exhaustive
number computations of the DAGEL model.

5 views
5 views
GOP8
GOP16
5.99 × 103 2.45 × 104
2.16 × 105 1.80 × 106
5.77 × 106 9.85 × 107
1.22 × 108 4.29 × 109
2.14 × 109 1.55 × 1011
Search measured by the

compared with the exhaustive search. The number of evaluated prediction structures
is:
i
nX
C −1 n
B
X





size critical_pathij ,

(5.3.2)

i=0 j=1





where size critical_pathij is the size of the critical path of the prediction structures
in each of the states of the tree.
A particular case of the Tree-Search algorithm, that occurs when nB = 1, is a low
complexity solution to the problem of encoding latency reduction by a greedy approximation. In this case, for each level of the tree, the cut in the critical path that results
in the prediction structure with the lowest encoding latency is always selected. The
number of evaluated prediction structures with this greedy approximation is:
nX
C −1





size critical_pathi .

(5.3.3)

i=0

From the previous description, it becomes clear that the parameter that controls the
number of evaluated prediction structures in the Tree-Search algorithm is nB . The value
of nB can be adjusted to increase the number of evaluated prediction structures and
obtain the same encoding latency results as the exhaustive search. In our experiments
in Section 5.3.5.2, we use the Tree-Search algorithm for the reduction of the encoding
latency. For those experiments, we adjust the value of the parameter nB to obtain
optimal results in the reduction of the encoding latency for the evaluated test scenarios.
5.3.4.3. Analysis of the computational complexity of the pruning algorithms
To illustrate the reduction of computational complexity that is achieved using the TreeSearch algorithm in comparison with the exhaustive search, we have compared both
algorithms in terms of the number of prediction structures that have to be computed
with the DAGEL model. For a given initial prediction structure, a number of cuts
nC , and a number of branches in the Tree-Search algorithm nB , the computational
complexity difference is measured by:
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Figure 5.3.6.: Computational complexity difference between the Exhaustive Search
and the Tree-Search algorithms. Difference in number of computations of the
DAGEL model measured in orders of magnitude.
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!

Comp(Ex)
log10
,
(5.3.4)
Comp(T ree)
where Comp(Ex) and Comp(T ree) are the number of prediction structures computed
using the DAGEL model in the exhaustive search and Tree-Search algorithms respectively. With this measure, we obtain a clear insight of the difference in order of magnitude of operations that have to be computed for both algorithms.
Table 5.4 shows the complexity of the exhaustive search for different original prediction
structures, and different values of nC , measured by the number of prediction structures
computed with the DAGEL model. Figure 5.3.6 shows the difference in computational
complexity of both algorithms, measured as previously described, for different original
prediction structures, and different values of nC and nB . The results evidence a relevant
reduction of the computational complexity for all evaluated cases, which is even more
evident for larger prediction structures and number of cuts. For example, in a prediction
structure of 5 views and a GOP size of 16 frames, and nC = 6, the number of times
that the DAGEL model needs to be computed in the exhaustive method is 1.55 × 1011 .
Instead, this number of computations can be reduced between 7 and 10 orders of
magnitude using the Tree-Search algorithm, depending on the value of nB .
While the high computational complexity of the exhaustive search may not be critical
in offline applications oriented to design of multiview encoders, this tool could be used
to dynamically adapt the prediction structure of a multiview encoder to the delay
requirements and conditions of a system. Thus, it is necessary to select the links to
prune by means of a light computational complexity algorithm such as the Tree-Search.

5.3.5. Assessment of the latency reduction results in multiview
encoders with limited processing capacity
The objective in this section is to assess that the results in the reduction of the encoding
latency that are based on the DAGEL model are valid for other encoder hardware
models under certain conditions and to find the limits for which this results are valid.
For that purpose, we use a validation methodology in which we find the prediction
structure with the minimum encoding latency among other pruning options using the
DAGEL model, and evaluate if it still produces a minimum encoding latency in other
encoder hardware that does not meet the minimum requirements on the number of
processors. Specifically, in this evaluation, we have used instantiations of the Flexible
MPE model with different number of processors and evaluated the deviation of the
comparative encoding results obtained with the DAGEL model when applied to each
of these instantiations.
5.3.5.1. Comparison methodology
Let
n us consider oa set of different prediction structures {Si } with i = 0, . . . , M − 1 . Let
LatDAGEL
(Si ) be their respective encoding latencies, computed with the DAGEL.
cod
Then, let us consider that:
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∃j | LatDAGEL
(Sj ) ≤ LatDAGEL
(Si ) , ∀i.
cod
cod

(5.3.5)

If we assume, without loss of generality, that {Si } have a comparable RD performance,
the structure Sj would be the most amenable to be used in a video conferencing system,
as its encoding latency is the lowest among the set.
n

o

Then, let LatHW
be the encoding latency of the set of structures {Si } in a
cod (Si )
given hardware encoder model. Consider now that from the encoding latency results,
computed with the DAGEL model, we had obtained that Sj is the prediction structure
with the lowest encoding latency. Then, for that hardware encoder model, we have the
following relative prediction error:
LatHW
cod (Sj ) − Latmin
,
err (%) = 100
Latmin
!

(5.3.6)

where Latmin is the minimum encoding latency of the set of prediction structures on
the given hardware encoder:




Latmin = min LatHW
cod (Si ) , ∀i.

(5.3.7)

To analyze the mismatching between the DAGEL model and computationally limited
hardware encoder models, we have considered the following approach: we start from an
initial prediction structure with a given encoding latency and a lower target encoding
latency value. Then, we use the Tree-Search algorithm (Section 5.3.4.2) to remove
the prediction links that introduce the highest encoding delays and to obtain a set
of candidate prediction structures that have an encoding latency value lower than
our target. Then, we evaluate the prediction error, by means of (5.3.6), of using the
prediction structure with lowest latency in the DAGEL model in an encoder within the
Flexible MPE model (see Section 4.3.3).
5.3.5.2. Comparison with the Flexible MPE model
Starting from an initial JMVM prediction structure, a pair of values of parameters of
the encoding computational load model (∆tbasic , ∆tref ) and a target encoding latency
LatTcod , we apply the Tree-Search algorithm with a given number of branches nB . As
a result, we obtain a prediction structure Sref and the minimum number of processors
Kref implied by the DAGEL model for that prediction structure and encoding time
parameters.
Then, the prediction structures on the lowest level of the tree are compared in terms of
encoding latency using the Flexible MPE model with a number of processors K < Kref .
Among those prediction structures in the lowest level of the tree, Latmin
cod is the lowest
encoding latency value, and Latref
is
the
encoding
latency
of
S
.
Both encoding
ref
cod
ref
min
latency values Latcod and Latcod are computed employing the Flexible MPE model with
K processors. The relative prediction error of using Sref as the prediction structure
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Figure 5.3.7.: Processing capacity results for the application of the mechanism of
encoding latency reduction to the Flexible model. For a given maximum relative
prediction error on the encoding latency, the graphs show the minimum number
of processors relative to Kref that are required in a multiview encoder within the
Flexible MPE model.
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with the lowest encoding latency value on that multiview encoder is computed using
(5.3.6). This process is repeated for all the possible values of K = 1, . . . , Kref − 1.
For simplicity, in our experiments, we have used a fixed value of nC = 2 in the TreeSearch algorithm. The experiment was repeated for different initial JMVM prediction
structures with IBP prediction for the interview prediction scheme [135], and different
values of (∆tbasic , ∆tref ). The initial prediction structures vary from one to seven views
and a GOP size of 4, 8 and 16 frames. While the time period between frame capturing
is Tcapt = 40 ms, both encoding computational load parameters ∆tbasic and ∆tref vary
between 1 and 20 ms. We have empirically assessed that nB = 5 guarantees that
the results of the Tree-Search are the same as those of the exhaustive search for the
prediction structures and time parameter values of the tests. We have used this value
for the Tree-Search algorithm.
Figure 5.3.7 presents the experimental results. The charts present, for a given prediction error, an indication of the minimum processing capacity that a multiview encoder
must comply with, so that the conclusions of the encoding latency reduction results are
valid up to that prediction error. That processing capacity is measured as a percentage
of the minimum processing capacity of the DAGEL model. The process to obtain these
results is the following: for a given initial JMVM prediction structure and a instantiation of (∆tbasic , ∆tref ), we have analyzed the relative prediction error for different
number of processors. With that, we are able to compute the minimum number of
processors of a multiview encoder within the Flexible MPE model, that guarantees a
given maximum relative prediction error for the encoding latency. To allow a better
comparison, results are presented relative to Kref . This way, for an initial Kref = 4, a
value of 50% corresponds to a multiview encoder with two processors. For example, in
Figure 5.3.7d, for a relative encoding error of 5% the minimum number of processors
is 68%. That means that for that initial prediction structure, we can use the DAGEL
model to design a new prediction structure with low encoding latency, and the number
of processors can be reduced to a 68% of Kref with a maximum relative prediction error
on encoding latency of 5%. The results are specified for each initial JMVM prediction
structure and averaged for all the evaluated values of (∆tbasic , ∆tref ).
Table 5.5 shows, for each of the initial prediction structures, the number of processors
relative to Kref that can be used in a multiview encoder while guaranteeing that there
is no prediction error on the comparative encoding latency results. That is, the limits
on computational capacity for multiview encoders for which the conclusions derived
from the DAGEL model are still valid. The results show the comparative results
obtained by the DAGEL model are valid for encoder implementations with a number
of processors between 42% and 73% of Kref . That shows that, given a prediction
structure with the lowest latency against other pruning options in the DAGEL model,
we can use encoder configurations with a fewer number of processors than Kref while
that prediction structure still has the minimum encoding latency.
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Figure 5.4.1.: Communication latency results. JMVM 3 views GOP2. Saturation on
the value of ∆tIsim1 . The value of ∆tIsim1 cannot be increased beyond certain limit
despite the number of decoder processors.

5.4. Design of multiview decoders for low delay
applications
In this section, we show another application of the delay analysis framework, that
focuses on the identification of the processing capability requirements of the multiview devices given the delay constraints of the multiview system. Specifically, given a
multiview system with a certain restriction in the communication latency and a given
multiview device, we show how the delay analysis framework is useful in the determination of the number of processors and the processing throughput of the processors
in that device (encoder or decoder). In the example described here, the analysis is
applied to a multiview decoder. Given the tendency previously appointed in Section
4.3.4, of the implementation of software-implemented decoders, we assume here the
Parallel MPD model for the multiview decoder. However, this analysis and design
procedures could also be applied analogously to the multiview encoder.

5.4.1. Analysis description
For the purpose of this analysis, we have evaluated the communication latency of a
multiview system, such as the one depicted in Figure 3.3.1, and focused the analysis in
the decoding delay. The decoder device assumes the Regular Parallel MPD hardware
model. This analysis focuses on the parameters of the multiview decoder within the
Parallel MPD model that have an influence on the decoding delay: the number of processors and processor throughput. The analysis covers different multiview prediction
structures and decoders with different processing capacities.
The approach to the tests is the following: given a prediction structure and a target
value of the communication latency, we find possible combinations of those parameters
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Figure
5.4.2.:
Combinations of number of processors and processor throughput


I
∆tsim1 for a decoder within the Regular MPD model for a target communication latency in a complete multiview system. Results for different JMVM prediction structures with hierarchical temporal prediction structure and IBP interview
prediction[135] .

Applications of the multiview delay analysis framework

120

JMVM GOP 3views 2frames

JMVM GOP 5views 2frames

140

100
Lat = 300ms Reg
Lat = 400ms Reg
Lat = 500ms Reg
Lat = 600ms Reg
Lat = 300ms Sim
Lat = 400ms Sim
Lat = 500ms Sim
Lat = 600ms Sim

120

90
80
70
∆tIsim1 (ms)

∆tIsim1 (ms)

100

Lat = 300ms Reg
Lat = 400ms Reg
Lat = 500ms Reg
Lat = 600ms Reg
Lat = 300ms Sim
Lat = 400ms Sim
Lat = 500ms Sim
Lat = 600ms Sim

80

60

60
50
40

40
30
20

0

20

1

2

3
Number of decoder processors (K )

4

10

5

(a) GOP 3 views 2 frames.

6

Lat = 500ms Reg
Lat = 600ms Reg
Lat = 700ms Reg
Lat = 800ms Reg
Lat = 500ms Sim
Lat = 600ms Sim
Lat = 700ms Sim
Lat = 800ms Sim

70

60
∆tIsim1 (ms)

I (ms)
∆tsim1

5

80

Lat = 400ms Reg
Lat = 500ms Reg
Lat = 600ms Reg
Lat = 700ms Reg
Lat = 400ms Sim
Lat = 500ms Sim
Lat = 600ms Sim
Lat = 700ms Sim

60

4
Number of decoder processors (K )

JMVM GOP 5views 4frames

JMVM GOP 3views 4frames

70

3

(b) GOP 5 views 2 frames.

90
80

2

50

50

40

40
30

30
20
10

1

2

3

4

20

5

3

4

Number of decoder processors (K)

(c) GOP 3 views 4 frames.

6

7

(d) GOP 5 views 4 frames.

JMVM GOP 5views 8frames

JMVM GOP 3views 8frames

55

60
Lat = 700ms Reg
Lat = 800ms Reg
Lat = 900ms Reg
Lat =1000ms Reg
Lat = 700ms Sim
Lat = 800ms Sim
Lat = 900ms Sim
Lat =1000ms Sim

50
45

Lat = 600ms Reg
Lat = 700ms Reg
Lat = 800ms Reg
Lat = 900ms Reg
Lat = 600ms Sim
Lat = 700ms Sim
Lat = 800ms Sim
Lat = 900ms Sim

50

40
∆tIsim1 (ms)

40
∆tIsim1 (ms)

5
Number of decoder processors (K )

35

30

30
20
25
10
20
15

3

4

5
Number of decoder processors (K )

6

(e) GOP 5 views 8 frames.

7

0

1

2

3
Number of decoder processors (K )

4

5

(f) GOP 3 views 8 frames

Figure 5.4.3.: Comparison
of the results in number of processors and processor

I
throughput ∆tsim1 between the Simple and Regular MPD models for a target
communication latency in a complete multiview system. Results for different JMVM
prediction structures with hierarchical temporal prediction structure and IBP interview prediction [135] .
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that achieve the target latency value. To characterize the processor throughput, we
(·)
use the decoding computational load model (see Section 3.6.1.2), and ∆tsim1 as the
(·)
parameter under analysis. Note that ∆tsim1 and the processor throughput (number
of frames decoded per time unit) are inversely proportional. This analysis have been
performed for different multiview GOP structures of the Joint Multiview Video Model
(JMVM) with IBP prediction for the interview prediction scheme [135]. We have used
prediction structures with three and five views, and GOP sizes of two, four and eight
frames. For all experiments, and as this analysis does not focus on the encoding delay,
the test scenario assumes a multiview encoder with an unlimited processing capacity,
such as the DAGEL model (see Section 4.2.3). The values of the parameters of the
encoding computational load model used in the multiview encoder are the same than
those used in Section 5.3.3 and shown in Table 5.1. For the decoding computational
load model, we have used the following parameters: αP = 0.6 and αB = 0.8. Also, for
simplicity in our simulations the values of the network delay δ NW ij are not considered.

5.4.2. Results
Regular MPD model results Figure 5.4.1 shows, for a GOP of three views and size
of two frames, the evolution of the maximum value of ∆tIsim1 that guarantees a communication latency below a given target value, with different numbers of processors.
Results are shown for several target communication latency values. For example, considering the graph of Lat = 500 ms and a decoder with two processors, ∆tIsim1 must
be under 60 ms to obtain a communication latency below 500 ms. Alternatively, if
∆tIsim1 = 100 ms, the decoder needs at least four processors to obtain a communication
latency below 500 ms. It can be seen that each of the graphs reaches a saturation
value of ∆tIsim1 , ∆tIsim1,max . This result indicates that there exists a limit to the frame
processing time to guarantee the target latency value despite the number of processors.
This value is obtained when the number of processors is equal to the maximum number
of frames that have to be decoded in parallel at any time.
Figure 5.4.2 shows the same type of results for different JMVM prediction structures.
With these results, we prove that the proposed framework allows us to solve design
problems on multiview decoders such as: given a target communication latency, a
prediction structure and a certain processor throughput, we can find the minimum
number of processors to achieve a communication latency under that target value.
Alternatively, given a number of processors we are able compute the maximum value
of frame processing time that guarantees the target communication latency.
Comparison of Simple and Regular MPD model results Section 4.3.4 described
the Parallel MP model with two different instantiations of the model. Accompanying
the Regular MP model we also described the Simple Parallel MP model as an ideal
reference in the efficiency of the assignment of frames to processors in the Parallel MP
model. In order to validate that the assignment policies of the Regular Parallel MP
model are efficient, we have compared the results presented in Figure 5.4.2 with those
that would have been obtained using a decoder under the Simple Parallel MPD model.
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Figure 5.4.3 shows the comparative results for both hardware models. This comparative
analysis exposes that the results for both models are virtually equal with very slight
deviations. The fact that both models present such similar behavior indicates that
the policies in the assignment of frames to processors of the Regular MP model are
efficient in terms of delay performance at least for commonly used JMVM prediction
structures.

5.5. Conclusions
In this chapter we have described three different applications of our delay analysis
framework. All these examples try to show the potential of the framework in problems
of analysis of encoding/decoding delay in multiview devices and how it can be used in
the design of multiview encoders/decoders for low-delay applications that, besides the
RD performance, takes into account latency requirements.
The first application is a comparative analysis of the delay performance of multiview
encoders with different number of processors and different hardware architecture models. Our experimental results show the evolution of the latency performance of the
Flexible MPE model with the number of processors and the frame processing time.
Through a latency performance comparison with the Fixed MPE model, for commonly
used multiview prediction structures, we show that the Flexible MPE model makes
a better use of the pool of available processors, achieving higher values for the maximum frame processing time that is permitted. In the results we present an example
in which, for the frames with highest coding complexity in the prediction structure,
a 16 − 35% extra available processing time could be achieved. Thus, this comparison
gives a proof of the differences that exist in terms of delay performance for different
encoder architectures. Those are derived from the added degree of freedom in coding
ordering provided by multiview video, as opposed to single-view video.
The second application described how the DAGEL model can be used to reduce the
encoding latency of a given multiview prediction structure to meet a target value,
while preserving the RD performance as much as possible. The objective of this approach has been to prune the minimum number of frame dependencies (those that
add a higher encoding delay in the original structure) until the latency target value
is achieved. RD analyses show that the resulting structures achieve bitrate savings
of up to 44%, or PSNR gains of up to 2.49 dB, compared to other commonly used
prediction structures of the same encoding latency value. Finally, we demonstrate that
those selected prediction structures, which have a minimum encoding latency (computed with the DAGEL model) as compared to other pruning options, still produce a
minimum encoding latency in other models of hardware platforms that do not meet
the minimum requirements on the number of processors. In our experiments, for some
specific prediction structures, we are able to reduce the number of processors down to
a 61% (average value) of the minimum number of processors mentioned before, while
the prediction structures designed with the DAGEL model still have a minimum encoding latency value. For cases with an even lower number of processors, we analyze
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the deviation of the designed prediction structures with respect to the optimal ones in
terms of encoding latency.
In the third and last of the application examples, we have shown that this framework
can be applied to design decoders with the aim of minimizing the communication
latency. It provides a tool for an efficient design of characteristics of the decoder that
have an influence on the decoding delay performance, such as the number of processors
or the processor throughput. We have shown that given a prediction structure and
a given processor throughput we are able to find the minimum number of decoder
processors to achieve a target communication latency value. Alternatively, given the
number of processors, we find the minimum processor throughput to achieve that target
value. Furthermore, we have proved that the policies in the assignment of frames to
processors of the Regular MP model are efficient with comparative analysis using the
Simple MP model as reference.
The applications presented in this chapter form part of the following publications: the
comparative delay analysis between different hardware architectures was presented in
[12], the reduction of the encoding latency using the DAGEL model in [14], ad the
design of processing resources of a hardware device in [10].

6. Conclusions and Future Work
This chapter summarizes the ideas and strategies proposed for the development of the
framework for the analysis of the encoding and decoding delay in multiview codecs and
its applications, presented throughout this thesis. The main contributions, results and
limitations of the framework are discussed. In addition, future research directions are
suggested to extend the work enclosed in this thesis.

6.1. Conclusions
This thesis has presented a framework that allows a systematic analysis of the delay
introduced by the multiview codecs in a given communication system. This framework
focuses on the analysis of the delay in the two elements of the system processing
chain defined by the multiview coding scheme: the multiview encoder and decoder. In
the plan that we have selected for the presentation of the work in this thesis, we have
divided this framework into two parts: i) a general delay analysis that is as independent
as possible from the device hardware architecture and ii) a set of models for the delay
analysis in several types of device hardware architectures.
As for the general analysis, we have identified the elements that are relevant to the
analysis of the encoding and decoding delay, i.e., prediction structure, hardware architecture and frame processing times. Having identified these elements, the thesis
provides a rigorous description of relevant time instants and intervals in the encoding
and decoding analysis, that to the best of our knowledge has not been presented before
in such a systematic way, for single-view or multiview video coding. Making use of
this set of time elements and the relationships between them, we have proposed an
analysis methodology for the component of the encoding/decoding delay analysis that
is independent of the hardware architecture of the device. Then, we have discussed the
influence of the hardware architecture of the device in the delay analysis and exposed
the specific characteristics of the multiview case that enforce a systematic delay analysis. By means of a series of examples, we have shown that in the multiview case we
need to take into account the evolution of GOP delay or the influence of the hardware
implementation to avoid erroneous conclusions from a simple analysis.
As an element of this first part of the thesis, we have proposed a frame processing
time model that was used throughout the thesis in the instantiations of the analysis
models. In relation to the characteristics of the hardware models, this model describes
the frame processing times by means of: i) the definition of the encoding or decoding
computational load of a frame depending on the most relevant variables, and ii) the
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translation of this computational load to frame processing times depending on the
number of frames processed simultaneously. This model was validated using the X264
platform and AVC reference software, resulting functional and valid for the purposes
and objectives of this work.
Regarding the models for the systematic delay analysis, with the aim of decoupling the
two main factors involved in the characterization of the delay, the multiview prediction
structure and the hardware device model, we have proposed an approach founded in
graph theory (DAGEL and DAGDL models) that decouples the influence of these
two factors as far as possible. These models assume that the processing capacity
of the device is essentially unbounded, so that the delay performance only depends
on the multiview prediction structure and the frame processing times, removing the
limitations imposed by the hardware architecture. We have shown that graph theory
allows us to formalize any prediction structure as a direct acyclic graph. Therefore, by
means of graph theoretic algorithms, the delay performance can be computed as well
as the contribution of the prediction dependencies to it. Another advantage of this
approach is that the assumption of an unlimited processing capacity permits the delay
analysis over only one GOP of a repetitive GOP structure, applying the delay results
to following GOPs. Moreover, we have proved that the delay values obtained with the
graph models are accurate for multiview devices with a finite number of processors
greater than a required minimum, which we are able to identify. Otherwise, results
provided by the graph models represent a lower bound to the actual delay performance
of the device.
To complete this set of models, taking into account hardware device models with a limited processing capacity, the thesis presents a set of functional models to cover different
hardware architecture models with diverse characteristics. Without going down to an
implementation detail, we have identified a scenario for the classification of the hardware architecture of multiview devices in which we define a given hardware model as set
of processors with certain characteristics at a functional level. The differences of this
set of models with the graphs models lays in the limitation of processing capabilities
of this first set, that requires a simulation of the chronogram of the encoding/decoding
process that cannot be limited to only one GOP as in the case of the graph models. This set covers a range of models, oriented to different type of applications. As
remarked in the description of the functional models, their delay performance has a
direct relationship with the policies on the assignment of frames to processors, that
need to be designed with the focus of a low-delay performance. In the description of
the graph and functional models, we have intended to be as instructive as possible by
means of examples of the operation of the models.
Given the description of the framework, we have used Chapter 5 to detail some examples
of the applications of the framework. Beyond the analysis of the delay introduced by
the multiview codec in the communication system, we have focused on the utility of
the framework in the design multiview encoders/decoders for low delay applications.
As the first example of application, we have shown a comparative analysis of the delay
performance of different hardware encoder models, including different number of processors and different hardware architecture models. Through a latency performance
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comparison with the Fixed MPE model, for commonly used multiview prediction structures, we show that the Flexible MPE model makes a better use of the pool of available
processors, achieving higher values for the maximum frame processing time that is permitted in multiview encoders that must maintain a bounded encoding delay. Therefore,
higher RD performance coding algorithms could be implemented, especially in computation scalable encoders in which different encoding parameters and configurations can
be selected to scale complexity, and rate-distortion-complexity optimization algorithms
are used [130] [42].
In the second application, we describe how the DAGEL model can be used to reduce the
encoding latency of a given multiview prediction structure to meet a target value, while
preserving the RD performance as much as possible. The objective of this approach is
to prune the minimum number of frame dependencies (those that add a higher encoding
delay in the original structure) until the latency target value is achieved. Therefore, the
degradation of the RD performance due to the removal of the prediction dependencies
has been limited. In the evaluation of the prediction structures obtained with this
method, we have assessed relevant bitrate savings (or PSNR gains) compared with
prediction structures of the same encoding latency.
Stemming from the conclusions extracted from the analysis of the pruning of prediction dependencies, which state that to obtain optimal results a exhaustive search of all
combinations is needed, we have proposed sub-optimal methods that are less computationally complex.
For this application, we have also found that the multiview prediction structures obtained using the DAGEL model produce a minimum encoding latency in other models
of hardware platforms that do not meet the minimum requirements on the number of
processors of the DAGEL model. For those limited hardware models we have found the
requirements in number of processors for which the obtained prediction structures have
a minimum encoding latency. Furthermore, we analyzed the deviation of the designed
prediction structures with respect to the optimal ones in terms of encoding latency, for
cases with an even lower number of processors.
As the third application, we demonstrate that this framework can be applied in the
identification of the processing requirements of a multiview device given a constraint
in the communication latency. Focusing the application example on the design of a
multiview decoder, it provides a tool for an efficient determination of the characteristics
of the decoder that have an influence on the decoding delay performance, such as the
number of processors or the processor speed. We have shown that given a prediction
structure and a given processor throughput we are able to find the minimum number
of decoder processors to achieve a target communication latency value. Alternatively,
given the number of processors we find the minimum processor throughput to achieve
that target value.
Additionally, we have validated that the assignment policies of the Regular Parallel
MP model applied to a multiview decode are sufficient with the scope of low delay
performance, using the Simple Parallel MP model as a reference of ideal assignment
policies.
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In summary, we consider that the work in this thesis constitutes a relevant tool for
multiview video technology, defining the framework for the analysis of the delay introduced by multiview video codecs, providing tools for the automatic analysis of the
delay in multiview encoders and decoders, and giving relevant information that can be
used in the design of multiview devices oriented to low-delay applications. Moreover,
we consider that the basics of this framework, besides the analysis in the case of multiview video, can be applied to new coding schemes such as the 3DVC extensions of
the actual video coding standards with the adequate modifications.
Also, we would like to remark that this work is novel in a field that, to the best of our
knowledge, has not been intensely analyzed. This novelty has been at the same time
one of the main obstacles in the elaboration of the work presented here due, to the
limited existence of literature in encoding/decoding decoding delay analysis. This was
relevant not only in the elaboration of the framework but in the development of test
scenarios and evaluation procedures. We believe that this work can be used as a useful
reference in other works that deepen in this research direction.
The work in this thesis has resulted in several publications in international journals and
conferences [11] [36] [12] [13] [9] [14] [10]. Furthermore, besides these publications, the
signal processing community has considered the work relevant and selected one of our
papers [14] in the distinguished paper category for one of the latest editions (August
2013) of the IEEE Communications Society Multimedia Communications Technical
Committee R-Letters [127].

6.2. Future work
In this section some future directions that arise as a natural extension to the work
presented here are identified:
• All the elements of the framework presented here, as well as the applications
described in Chapter 5 are oriented to an application in the scenario of the MVC
Coding standard. However, the application of this framework does not pretend
to be limited to a specific coding scheme or standard, and the basics of the
framework presented here may be useful in defining a delay analysis in the 3D
extension of AVC or the multiview and 3D extensions of HEVC. This work may
include considering not only the dependency relationships between texture frames
but include dependency relationships with additional signals such as depth data.
• As appointed in Section 2.5.1, the implementation of video encoders/decoders in
physical devices is generally complemented with the use of buffers that manage
the ingestion and reception of coded data into and from the network. These
buffers introduce a certain delay that in this thesis we have considered as a part of
the network delay. However, the delay introduced by these buffers is to a certain
extent related to coding characteristics such as the gap between bitrate peaks
produced by intra-frames and the average bitrate. Thus, it would be interesting
to integrate the analysis of the delay and delay jitter introduced by these buffers
in the general analysis framework.
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• In this framework, we have presented the analysis models in Chapter 4 separated
into two different categories: graph models and functional models. However, all of
these models stem from the contemplation of multiview prediction structures as
graphs. An interesting work line for the future would be to aspire to connect both
sets of models by means of a common formulation. This goal may be achieved by
introducing, in the graph model, certain elements that reflect the characteristics
and limitations of the functional models and permit the analysis of the encoding
and decoding delay by means of graph theoretic algorithms.
• In the same line, the policies in the assignment of frames to processors described
in the Flexible MPE model and the Regular Parallel MPE model have been
designed following heuristic approaches. It would be of interest to conduct a
more rigorous analysis on the optimization of these assignment policies to obtain
low delay devices. Possibly, a set of general rules could be defined that guide
the implementation of the assignment policies in devices with diverse hardware
characteristics.
• In this thesis, the Flexible MP model was described attending to the specific characteristics of the implementation of an encoder (Flexible MPE model). Despite
this fact, we claim that this type of hardware architecture model can be applied
to describe the decoding delay behavior of a multiview decoder with those hardware characteristics. Due to the necessity of establishing explicit policies in the
assignment of frames to processors, there is still the need of defining this type
of policies with the objective of low decoding delay as defined for the encoder
model.
• In the DAGEL/DAGDL models we are able to identify the minimum number
of processors that are necessary to analyze a given hardware model with the
DAGEL/DAGDL model with accurate delay results (Section 4.2.3.3). This value
is obtained by the computation of the encoding/decoding chronogram of several
GOPs. However, it seems plausible that this value can be given by the inner
properties of the graph, and graph theory can provide a solution to the minimum
number of processors without the necessity of solving the graph for several GOPs.
• Some interesting approaches have integrated the concept of delay and complexity
in the design of video coding schemes or the optimization of their configuration
[16][130]. The integration of this framework as part of type of coding schemes is
a research line that might be worth considering.
• Finally, the frame processing time model, although valid for the purposes of this
thesis could be adjusted including variability with a larger set parameters, or
including stochastic models in the computational load models, that could benefit
the accuracy of the delay analysis in real implementations of multiview encoders
and decoders.

A. Multiview test sequences

(a) Linear array

(b) Cross array

(c) Arc array

Figure A.0.1.: Different camera configurations of the multiview sequences. (a) Ballroom, Race1, Newspaper, Kendo, Balloons, (b) Flamenco2 (c) Ballet

In this appendix we describe the multiview sequences used through the thesis. All
of the sequences that were used in the experiment through the work for this thesis
have been used in the MPEG group during the development of the MVC and 3DVC
standards. All multivew camera sequences were captured by synchronized cameras in
camera arrays in different configurations. The multiview sequences that were used in
this work are the following: Ballroom [132], Race1 [49], Flamenco2 [49], Newspaper
[43], Kendo [124], Ballons [124] and Ballet [147]. The multiview sequences cover a
wide range of different situations in terms of camera array configuration, spatial and
temporal resolution, camera distance and camera movement. Figure A.0.1 shows the
different camera array configurations that are used in the multiview sequence set. In
the following we show samples of some of the cameras and give details about the
characteristics of each of the multiview sequences.
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A.1. Ballroom

(a) View 1

(b) View 4

(c) View 7

Figure A.1.1.: Ballroom. Views.

Number of cameras
8
Camera movement
Spatial resolution 640x480 Camera arrangement
Frame rate
25 fps
Rectification
Camera distance
19.5 cm
Color correction
Table A.1.: Ballroom characteristics

No
Parallel
Yes
Yes

The multiview sequence Ballroom was recorded by Reference Mitsubishi Electric Research Laboratories in 2005. Figure A.1.1 shows samples of three out of the eight
cameras of the multicamera set. Table A.1 presents the characteristics of the multiview sequence that are most relevant for this work. More details of the multiview
sequence and the capturing procedure can be found in [132].

A.2. Race1

(a) View 1

(b) View 4

Figure A.2.1.: Race1. Views.

(c) View 7
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Number of cameras
Spatial resolution
Frame rate
Camera distance

8
Camera movement
Angle movement
640x480 Camera arrangement Parallel convergent
30 fps
Rectification
No
20 cm
Color correction
No
Table A.2.: Race1 characteristics

The multiview sequence Race1 was recorded by KDDI Corporation in 2005. Figure
A.2.1 shows samples of three out of the eight cameras of the multicamera set. Table
A.2 presents the characteristics of the multiview sequence that are most relevant for
this work. More details of the multiview sequence and the capturing procedure can be
found in [49].

A.3. Flamenco2

(a) View 0

(b) View 3

(c) View 2

(e) View 4

Figure A.3.1.: Flamenco2. Views.

(d) View 1
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Number of cameras
5
Camera movement
Spatial resolution 640x480 Camera arrangement
Frame rate
30 fps
Rectification
Camera distance
20 cm
Color compensation
Table A.3.: Race1 characteristics

No
Cross
No
No

The multiview sequence Race1 was recorded by KDDI Corporation in 2005. Figure
A.3.1 shows samples of the five cameras of the multicamera set. Table A.3 presents the
characteristics of the multiview sequence that are most relevant for this work. More
details of the multiview sequence and the capturing procedure can be found in [49].

A.4. Newspaper

(a) View 2

(b) View 5

(c) View 8

Figure A.4.1.: Newspaper. Views

Number of cameras
9
Camera movement
Spatial resolution 1024x768 Camera arrangement
Frame rate
30 fps
Rectification
Camera distance
5 cm
Color correction
Table A.4.: Newspaper characteristics

No
Parallel
Yes
No

The multiview sequence Newspaper was recorded by Gwangju Institute of Science and
Technology in 2008. Figure A.4.1 shows samples of three out of the eight cameras of
the multicamera set. Table A.4 presents the characteristics of the multiview sequence
that are most relevant for this work. More details of the multiview sequence and the
capturing procedure can be found in [43]
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A.5. Kendo

(a) View 0

(b) View 3

(c) View 6

Figure A.5.1.: Kendo. Views.

Number of cameras
7
Camera movement
Spatial resolution 1024x768 Camera arrangement
Frame rate
30 fps
Rectification
Camera distance
5 cm
Color correction
Table A.5.: Kendo characteristics

Horizontal
Parallel
Yes
No

The multiview sequence Kendo was recorded by Nagoya University in 2009. Figure
A.5.1 shows samples of three out of the eight cameras of the multicamera set. Table
A.5 presents the characteristics of the multiview sequence that are most relevant for
this work. More details of the multiview sequence and the capturing procedure can be
found in [124]

A.6. Balloons

(a) View 0

(b) View 3

Figure A.6.1.: Balloons. Views.

(c) View 6

Appendix A

136

Number of cameras
7
Camera movement
Spatial resolution 1024x768 Camera arrangement
Frame rate
30 fps
Rectification
Camera distance
5 cm
Color correction
Table A.6.: Balloons characteristics

Horizontal
Parallel
Yes
No

The multiview sequence Balloons was recorded by Nagoya University in 2009. Figure
A.6.1 shows samples of three out of the eight cameras of the multicamera set. Table
A.6 presents the characteristics of the multiview sequence that are most relevant for
this work. More details of the multiview sequence and the capturing procedure can be
found in [124].

A.7. Ballet

(a) View 1

(b) View 4

(c) View 7

Figure A.7.1.: Ballet. Views.
Number of cameras
8
Camera movement
Spatial resolution 1024x768 Camera arrangement
Frame rate
15 fps
Rectification
Camera distance
20 cm
Color correction
Table A.7.: Ballet characteristics

No
Arc
No
No

The multiview sequence Ballet was recorded by Microsoft in 2009. Figure A.7.1 shows
samples of three out of the eight cameras of the multicamera set. Table A.7 presents
the characteristics of the multiview sequence that are most relevant for this work. More
details of the multiview sequence and the capturing procedure can be found in [147].
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Notation
Encoding/decoding delay analysis
xij

Frame j of view i

N

Number of views

M

Number of frames per view

K

Number of processors

Tcapt

Capture period

MGOP

Number of frames per GOP

MGOPv

Number of frames per GOP in a view

tcapt ij

Time instant when xij is captured

tcod ij

Time instant when xij is completely coded

tRX ij

Time instant when the coded version of xij is received at the decoder

tdec ij

Time instant when xij is completely decoded

δ cod ij

Encoding delay for frame xij

δ NW ij

Network delay for frame xij

δ dec ij

Decoding delay for frame xij

δ disp ij

Display delay for frame xij

δ sys ij

System delay for frame xij

tready ij

Time instant when xij is ready to be encoded/decoded

tstart ij

Time instant when the encoding/decoding process of frame xij starts

δ GOP
cod k

GOP encoding delay of the k-th GOP

Lat

Communication latency
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Notation
Latcod

Encoding latency

{P(xij )}

Set of reference frames for xij

−1
(ek )M
k=0

Ordered set containing M frames in coding order

Frame processing time model
∆tproc ij

Processing time of the encoding/decoding process of frame xij

nref (i, j)

Number of reference frames for frame xij

∆tsim1 ij

Computational load of the encoding/decoding process of frame xij

∆tbasic

Encoding computational load dedicated to all the operations not related
to motion estimation or compensation

∆tME

Encoding computational load dedicated to additional operations that are
computed if nref (i, j) > 0

∆tref

Incremental encoding computational load required for each reference frame

∆tIsim1

Computational load of the decoding process of an I-frame

∆tPsim1

Computational load of the decoding process of a P-frame

∆tB
sim1

Computational load of the decoding process of a B-frame

αP

Factor that relates the decoding computational load of a P-frame, ∆tPsim1
with the decoding computational load of an I-frame, ∆tIsim1 .

αB

Factor that relates the decoding computational load of a B-frame, ∆tB
sim1
with the decoding computational load of an I-frame, ∆tIsim1 .

DAGEL/DAGDL models
i,k
ωj,l

Cost of the edge that links node xij with node xkl

pu (xij )

Cost of the u-th path of the U paths ending on frame xij

pdel ij

Cost of the delay path to xij

Kmin

Minimum number of processors in the DAGEL model

Nmax

Maximum number of simultaneously processed in a given instantiation of
the DAGEL/DAGDL model.

Flexible MP model
Kf

Number of free processors at a given time in the Flexible MPE model

Notation
n

o

C(xij )

Set of frames that have a reference direct or indirect dependency relationship with xij

λij

Priority value for frame xij

λ{C(xi )}

Priority given by the frames in C(xij ) .

β

Trade-off factor between the two terms in λij .

αk

1 if frame xk has been captured already and 0 otherwise.

dmax,b

Maximum distance (in number of frames) between a frame and the furthest frame with which it has a direct or indirect backward dependency
relationship

j

n

o

Parallel MP model
nsim (t)

Number of frames processed simultaneously at a given instant t

ta , tb

Instants that delimit the time interval under analyisis at interation k

Ĉ (∆t)

Estimated processing load computed during ∆t for a given frame

C (∆t)

Computational load effectively computed during ∆t for a given frame

npsim (t)

Number of frames that are decoded simultaneously in processor p at a
given time t

Ĉp (∆t)

Processing time that is devoted to the process of each frame in processor
p during ∆t, according to the data from iteration k − 1

Cp (∆t)

Processing time effectively devoted to the decoding process of each frame
in processor p during ∆t

