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Sommario
La codifica efficiente di immagini e video multi-view rappresenta un ambito di ricerca di ampio interesse sia per il mondo accademico che per quello
industriale. La notevole quantità di dati prodotta dai sistemi di acquisizione
multi-camera richiede una codifica molto efficiente, in grado di ridurre consistentemente la quantità di dati da trasmettere garantendo allo stesso tempo una
buona qualità visiva nella sequenza ricostruita. L’approccio classico alla codifica
di dati multi-view, basato su un’estensione dello standard per la codifica video
H.264/AVC, utilizza le classiche tecniche di compensazione del moto sia lungo la
dimensione temporale che attraverso le varie viste. In questa tesi viene proposto
un approccio di codifica alternativo, il quale mira a sfruttare più efficacemente
la ridondanza presente tra le viste sfruttando le informazioni di geometria. Lo
schema proposto si articola in due parti: nella prima viene operata una codifica
congiunta di tutte le viste riferite ad uno stesso istante di tempo; nella seconda
si introducono invece meccanismi di predizione temporale tra i vari frame. Nella
prima parte, la classica predizione del moto viene sostituita con la riproiezione
(warping) delle viste sorgenti sfruttando le informazioni di geometria. In seguito,
le viste riproiettate vengono disposte in una pila alla quale viene applicata una
trasformata 3D-DCT a blocchi. I coefficienti risultanti vengono quindi memorizzati dopo opportune operazioni di quantizzazione e codifica entropica. Le regioni
occluse, che compaiono in seguito ad ogni operazione di riproiezione, vengono gestite da particolari strategie di interpolazione. Nella seconda parte dello schema
viene adottata la tecnica di predizione del moto al fine di ridurre la ridondanza
temporale tra pile di viste relative ad istanti temporali consecutivi. I risultati
sperimentali relativi alla prima parte mostrano che lo schema proposto risulta
essere più efficiente dello standard di riferimento H.264 MVC ai bassi bitrate,
sia per sequenze sintetiche che reali. Ad alti bitrate i risultati dipendono invece
dall’accuratezza delle informazioni di geometria disponibili: maggiore è l’accuratezza e migliori sono le prestazioni raggiunte. I risultati relativi alla codifica
video, ancora in fase di sviluppo, evidenziano invece un’efficienza di codifica inferiore a quella raggiunta da H.264 MVC, lasciando comunque buone prospettive
per sviluppi futuri. Per quanto riguarda la complessità computazionale, l’algoritmo proposto non introduce operazioni particolarmente onerose garantendo
quindi tempi d’esecuzione confrontabili con quelli del codificatore H.264 MVC.

Abstract
Efficient compression of multi-view images and videos is an open and interesting research issue that has been attracting the attention of both academic
and industrial world during the last years. The considerable amount of information produced by multi-camera acquisition systems requires effective coding
algorithms in order to reduce the amount of transmitted data while granting
a good visual quality in the reconstructed sequence. The classical approach of
multi-view coding is an extension of the H.264/AVC standard, based on motion
estimation and compensation along temporal and view dimensions. In this thesis we present a novel approach that tries to fully exploit the redundancy of the
texture information between different views of the same scene using the available geometry information. The proposed scheme encompasses two main parts:
the first one deals with the joint coding of all the different views referring to
a specific time instant, while the second one deals with the efficient prediction
of single encoded multi-view images basing on the available previous ones. In
the first part, the proposed scheme replaces the motion prediction stage with a
3D warping procedure based on depth information. After the warping step, a
joint 3D-DCT encoding of all the warped views referring to the same time instant is provided. Then, the transformed coefficients are conveniently quantized
and entropy coded. Occlusion regions, which are related to the warping process,
are also taken into account with ad-hoc interpolation and coding strategies. In
the second part, the standard block-based motion estimation and compensation
scheme is applied in order to reduce temporal redundancy between consecutive multi-view images. Experimental results related to the first part show that
at low bitrates the proposed approach outperforms the state-of-the-art H.264
MVC coding scheme on both real and synthetic datasets. Performance at high
bitrates are also satisfactory provided that accurate depth information are available. On the other hand, experimental results about multi-view video coding,
obtained with a preliminary version of the encoder, show that H.264 MVC outperforms the proposed approach. However, promising possibilities for the future
are evidenced as well. Finally, since the proposed algorithm does not introduce
particularly demanding operations, its computational complexity is comparable
with H.264 MVC complexity, ensuring in this way a reasonable operating speed.
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Chapter 1

Introduction
Three-dimensional video has gained significant interest during the last years.
Due to the advances in acquisition processes and display technologies, 3D video
is wide spreading in entertainment and communication industries with different
application opportunities. A number of novel 3D video applications are getting
feasible [1] due to a certain improvement of capture and display technologies
supported by advanced multi-view video coding (MVC) techniques. 3D video
applications can be grouped under three main categories:
• Free-viewpoint video (FVV)
• Three-dimensional television (3DTV)
• Immersive teleconferencing.
The requirements of these applications are quite different and each category
has its own challenges to be addressed. Figure 1.1 illustrates these new trends
introducing the end-to-end architectures of different possible applications [2].
In this illustration, a multi-view video is first captured and then encoded by
a multi-view video encoder. Then, a server transmits the coded bitstreams to
different clients with different capabilities, eventually through different media
gateways. A media gateway is an “intelligent” device that is able to manipulate
the incoming video packets rather than simply forward them. At the final stage,
the coded video is decoded and rendered with different tools according to the
application scenario and the capabilities of the receiver.
A FVV system provides realistic impressions of a captured 3D scene through
an interactive browsing, i.e. the viewer can freely navigate in the scene analyzing
it from different viewpoints (see [3, 4] for a more detailed description). Whenever a desired viewpoint is not directly available, a virtual view is interpolated
from the available ones through specific rendering algorithms. In this scenario,
a limited number of candidate views need to be decoded, and therefore, the
decoder can focus its resources only on decoding the right ones. Scenario (a)
in Figure 1.1 illustrates this application. In order to render the FVV content
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Figure 1.1. Overall MVC system architecture

or to synthesize different virtual views, depth information about the considered
scene is needed. Even if a depth map associated to a single view of the scene
permits warping the view to a novel viewpoint, several views and depth maps
are needed in order to achieve satisfactory viewing freedom and avoid occlusions
[5]. The so-called “multi-view plus depth” representation permits browsing freely
a three-dimensional scene represented by multiple views and depth maps, within
a certain operating range (see Figure 1.2), as if a 3D model was available. In
this way, all the burden connected to the construction of the 3D representation
is avoided. At the moment, this approach appears to be one of the most effective
solutions to the challenges of real-time FVV applications. However, in order to
permit a sufficiently flexible browsing of the scene, a large number of views has to
be transmitted, and their compression is a fundamental step in the construction
of a practical multi-view system.
3DTV refers to extending the traditional TV broadcasts to the transmission of 3D video signals. In this application, more than one view is decoded
and displayed simultaneously [4]. A simple 3DTV application can be realized
by stereoscopic video. The stereoscopic visualization can be achieved by using
particular data glasses or other means. However, better 3D perception can be experienced by the end-user through 3D appliances able to render binocular depth
cues [6], like autostereoscopic displays. Furthermore, advanced autostereoscopic
displays can support head-motion parallax by decoding and displaying multiple
views simultaneously. In this case, a viewer can move to different geometry angle ranges, each of which typically contains two views rendered and showed by
the 3D display [7]. As a matter of fact, efficient parallel processing of different

3

N original
camera views

arbitrary
view area

Figure 1.2. Free-viewpoint video, interactive selection of virtual viewpoint and viewing
direction within practical limits

views could become indispensable within the real-time implementation of such
application. In addition, simultaneous processing of multiple views permits obtaining wide viewing angles, as shown in Figure 1.1(b). Scenario (b) also refers
to autostereoscopic 3DTV for multiple viewers [6]. Whenever the decoder capability is limited or the transmission bandwidth decreases, the receiver may
simply decode and render just a subset of the views still providing 3D display
with a narrow view angle, as shown in Figure 1.1(c).
While free-viewpoint video focuses on free navigation, 3DTV emphasizes on
3D live experience. In immersive teleconferences, since interactivity or virtual
reality may be preferred by the participants, both free-viewpoint and 3DTV
functionalities should be supported. As a matter of fact, 3DTV and FVV systems
do not exclude each others: they can be very well combined within a single system
since they are based on a suitable 3D scene representation (see [8]). Typically,
two mechanisms permit people to feel immersed in a 3D environment. A typical
technique, known as “head-mounted display” (HMD), needs a device worn on the
head, as a helmet, including a small optic display in front of each eye (Figure
1.1(d)). Alternative approaches introduce head tracking [9] or gaze tracking [10]
techniques, as discussed in [6].
Since the classical TV or HDTV applications are still dominating the market,
it is desirable for the MVC incoming technology to be backward compatible
with the current 2D decoders, allowing them to generate a display from MVC
bistreams, as shown in Figure 1.1(e).
Depending on the specific scenario, different requirements (e.g., single-view
decoding, efficient view-switching mechanisms and backward compatibility) have
to be satisfied in order to allow the implementation of all the described features
(see [5] for an exaustive requirements analysis). In this thesis we focus on the
multi-view data coding issue, without aiming at fulfilling all the introduced constraints at the same time. More specifically, novel coding techniques are intro-
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duced in order to reduce as much as possible the total amount of information
that needs to be stored or transmitted.
Although conceivable, compressing multi-view representations independently
by standard single-view image and video techniques (eventually with ad-hoc
optimizations [11]) is not very efficient since there is a quite relevant redundancy
between different views of the same scene. An effective coding scheme should be
able to exploit such a redundancy in order to further reduce the bitstream size.
To this purpose several solutions have been proposed in the literature. Some
of these schemes aim at reducing the inter-view redundancy by some low-pass
transformation across the pixels of the different views, like in [12]. This work is
based on a 3D-DCT, but the transform is directly applied to the source images
without any disparity compensation method. As a result, the encoding method
of [12] can not fully exploit the energy compaction property of the DCT.
Other solutions apply motion compensation techniques, typically adopted to
reduce temporal redundancy, in order to predict one view from another relative
to a different viewpoint. Following this trend, the video coding standard H.264
MVC [13], developed from the scalable video coder H.264 SVC [14], obtains high
compression gains by predicting each frame of a single view both from previous
data and from the other views. A disparity-based method for motion vectors’
prediction is introduced in [15] for stereoscopic video compression. In this work
3D warping of the temporal-motion vectors in one view is used to predict the
motion vectors in the other one.
Among the class of Multi-View Coding (MVC) schemes employing motion
compensation, one must also mention multi-view video coders based on Distributed Video Coding (DVC) techniques [16, 17]. In this case, each frame is
coded according to the correlation existing among the different views, and motion
compensation techniques are employed at the decoder. The proposed solutions
permit reducing the computational complexity at the encoder and mitigating
the effects of data losses on the reconstructed 3D sequences at the expense of a
reduced compression efficiency.
Despite the fact that these approaches make possible to reuse a huge amount
of previous work on video compression, they do not fully exploit the three dimensional nature of this kind of data. For example, the location of corresponding
samples in different views is given by the three dimensional structure of the scene
(gived by the depth maps), and it is possible to employ this knowledge instead
of the standard block-based motion prediction [18].
Moving further, it is possible to exploit different schemes than the classical
ones based on motion prediction and residual coding. Even if in the literature
it is possible to find some examples of video coders based on three dimensional
transforms involving the spatial and the temporal dimensions [19], the use of
this kind of representation is not very common because of the problems with
scene changes and the unreliability of the motion prediction. Another interesting possibility is given by the method of [20] which provides scalability and
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flexibility as well as good coding performances exploiting a multi-dimensional
wavelet transform combined with an ad-hoc disparity-compensated view filter
(DCVF).
This thesis presents a novel lossy compression scheme for multi-view data
that tries to fully exploit the inter-view redundancy in order to achieve better
compression performance. A video coder is essentially made of a redundancy
reduction mechanism followed by a coding part. The focus of this thesis is
on the first part, i.e., on the exploitation of inter-view redundancy. The novel
elements of the proposed scheme with respect to H.264 MVC or similar schemes
are several. First, the inter-view motion prediction stage is replaced by a 3D
warping procedure based on depth information. Then, the traditional 2D-DCT is
replaced by a multi-dimensional transform, namely a 3D-DCT. Differently from
[12], in the proposed method the 3D-DCT is applied on disparity compensated
data in order to better exploit view-redundancy in the transform stage. The
transform coefficients are then coded by standard entropy coding algorithms.
Moreover, a novel interpolation and compression scheme is introduced in order
to handle the regions that are occluded or out of the viewing field in some views
but not in others. Finally, an extension of the standard motion prediction scheme
is used in order to reduce temporal redundacy between consecutive multi-view
frames. Anyhow, differently from H.264 MVC, motion estimation is performed
only within frames of a single video sub-sequence (i.e., referring to the same
viewpoint) permitting in this way a significant reduction of the total amount of
prediction information to be encoded.
The rest of this thesis is organized as follows. Chapter 2 introduces the
preliminary concepts that one needs to know in order to understand the rest
of the thesis. Specifically, digital images, videos and multi-view extensions of
them are introduced, including the relative quality evaluation issues in case of
lossy coding . Moreover, basic geometry data representations and the adopted
projection model are addressed as well. Chapter 3 presents the basic ideas
that lie behind the state-of-the-art compression strategies for multi-view digital
data. First the H.264/AVC standard is introduced focusing on some specific
features. Then, the H.264 SVC extension is briefly presented specifying the
basic ideas adopted in order to provide time, space (resolution) and quality
(SNR) scalability. Finally, the H.264 MVC standard is presented. H.264 MVC
extends the H.264 SVC standard providing all its features in case of multi-view
data. Specifically, scalability is provided not only in quality, space and time
dimensions, but also in view dimension. Chapter 4 provides a description of the
proposed multi-view image coding scheme. As discussed, the main contributions
with respect to the state-of-the-art coding techniques are the replacement of the
motion prediction stage between views with view-warping operations and the use
of a multi-dimensional transform, namely a 3D-DCT, in order to fully exploit
the redundancy among views. Then, Chapter 5 describes a possible extension
of the proposed multi-view image coding scheme to multi-view video data. The
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main idea behing such extension is to perform the same view-warping operation
adopted in case of multi-view images for each time instant and then reduce
time-redundancy among consecutive frames with the standard motion prediction
techiques between warped images. Experimental results in Chapter 6 show that
the proposed approach for multi-view image coding can improve the average
PSNR value over the different views up to 2 dB with respect to H.264 MVC
encoding performed with comparable coding features. However, the effectiveness
of the coding scheme depends on the accuracy of the available depth information
of the scene. In case of multi-view video coding good results are obtained as
well, showing that a further development of the proposed scheme could become
an interesting alternative to the classical approach. Finally, conclusions and
guidelines for future work are drawn in Chapter 7.

Chapter 2

Background
This chapter provides a brief introduction to classical digital images, videos
and multi-view extension of them, focusing on the notions useful for understanding the rest of the thesis. Quality evaluation issues for lossy coding are
also introduced as well, specifying the adopted solutions. Finally, basic notions
about depth information and view warping mechanism are provided.

2.1

Digital Images and Videos

Depending on the specific aim, a digital image could be described in different
ways. For our purposes, it is a two dimensional sequence of samples values
𝑥[𝑛1 , 𝑛2 ], 0 ≤ 𝑛1 < 𝑁1 , 0 ≤ 𝑛2 < 𝑁2 , having finite extends 𝑁1 and 𝑁2 in the
vertical and horizontal directions, respectively. A single image sample is called
“pixel” or “pel” and its location within the image is univocally given by the row
index 𝑛1 and the column index 𝑛2 . In gray-scale images each sample value
𝑥[𝑛1 , 𝑛2 ] represents the intensity (brightness) of the image at location [𝑛1 , 𝑛2 ]
by a 𝐵-bit signed or unsigned integer number. In our case, unsigned integers
with 𝐵 = 8 are used, such that 𝑥[𝑛1 , 𝑛2 ] ∈ {0, 1, . . . , 28 − 1}, ∀(𝑛1 , 𝑛2 ). Color
images are typically represented by RGB triplets that specify three values per
sample location corresponding to red (R), green (G) and blue (B) primary color
components. Therefore, each color image is described by three separate sample
sequences 𝑥𝑐 [𝑛1 , 𝑛2 ], 𝑐 ∈ {𝑅, 𝐺, 𝐵}.
An important property of the Human Vision System (HVS) consists in the
different sensibilities to changes in hue, saturation and intensity of a color image
[21]. In fact, it is known that the HVS is less sensitive to rapid changes in
the hue and saturation properties than to intensity ones. For image coding
purposes, this property is usually modeled by mapping the original RGB image
samples into a luminance-chrominance space through a linear transform. A
widely adopted transform is the so-called YCbCr one (ITU-R BT.601) in which
the luminance component 𝑥𝑌 and the two chrominance components 𝑥𝐶𝑏 and 𝑥𝐶𝑟
are obtained from the three RGB components 𝑥𝑅 , 𝑥𝐺 and 𝑥𝐵 with the following
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linear transform:
⎡

⎤ ⎡ ⎤
⎤ ⎡
𝑥𝑅
0.299
0.587
0.114
𝑥𝑌
⎣𝑥𝐶𝑏 ⎦ ≜ ⎣−0.169 0.331
0.500 ⎦ ⋅ ⎣𝑥𝐺 ⎦ .
𝑥𝐵
0.500 −0.419 −0.081
𝑥 𝐶𝑟

(2.1)

Note that the two chrominance components 𝑥𝐶𝑏 and 𝑥𝐶𝑟 are scaled versions
of the the blue-luminance and red-luminance differences, respectively:
𝑥𝐶𝑏 = 0.564 (𝑥𝐵 − 𝑥𝑌 ) ,

𝑥𝐶𝑟 = 0.713 (𝑥𝑅 − 𝑥𝑌 ) .

(2.2)

Moreover, it is common to model the reduced visual sensitivity to rapid color
changes by reducing the resolution of the chrominance channels. Specifically,
it is common to work with YCbCr representations in which the chrominance
components are sub-sampled by 2 in both the horizontal and vertical directions
(YCbCr 4:2:0 format) allowing a significant reduction of the input data to encode. In this way, the eliminated samples are deemed irrelevant.
Another widely adopted color representation is the YUV one. YUV format
is very similar to the YCbCr: the luma component Y is defined in the same way
and the chroma components U and V are defined with linear combinations of R,
G and B components suchlike Cb and Cr but with slightly different values.
Lossless image and video coding aim at reducing as much as possible the
total amount of information that need to be stored or transmitted while granting
the full original quality, without any loss of information. For image and video
compression, however, some loss of information is usually acceptable because of
two main reasons: first, significant loss can often be tolerated by the HVS without
interfering with perception of the scene content, and, second, in most cases
digital input to the compression algorithm is itself an imperfect representation
of the real-world scene. Moreover, lossless compression is usually incapable of
achieving the high-compression requirements of many storage and distribution
applications. In this thesis, we focus on lossy image and video coding.
A digital video could be introduced as a digital image sequence, since it represents a time sequence of still-images. In a video, each still image is usually called
“frame” and it refers to a specific time instant. Typical framerates (number of
frames per second, or fps) are 25 and 30 fps, but different values are possible as
well. Depending on the specific application and on the relative coding technique,
color videos can be handled in different ways. In case of high-quality cinematographic applications, lossless coding is typically adopted and color videos are
simply described with the RGB representation for each frame. As result, the
color video is represented by three separate color image sequences referring to
the three primary color components. In case of video coding for mobile communications, streaming applications or broadcasting, lossy coding techniques are
adopted and color videos are typically represented in the YCbCr or YUV formats since the redundancy within the componments of the RGB representation
leads to inefficient lossy coding performances.

2.2 Multi-View Images and Videos
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Figure 2.1. Stereo image example showing some coins viewed from close viewpoints.

2.2

Multi-View Images and Videos

A multi-view image is a collection of two or more classical still images referring to the same subject or scene viewed from different viewpoints. In case
of two still images, the image is called stereo image. Figure 2.1 shows a stereo
image example in which the two viewpoints are very close one to the other, like
in the HVS.
Typically, all the images in the collection have the same resolution and refer
to the same time instant. Multi-View images are usually acquired by multicamera setups or by a single camera associated to a roto-traslational support.
In the second case the scene must be time-invariant, allowing for the capture of
the same scene for each time instant. Note that there are no a priori constraints
on the spatial distribution of the cameras. Typical camera distributions include
1D and 2D regular-spaced arrays, arc-shaped arrays and spherical-shaped 2Darrays, depending on the specific application. An example of a practical multiview setup with 125 cameras is shown in Figure 2.2.
A multi-view video is a natural time-extension of a multi-view image. It
could be introduced as a time sequence of multi-view images referring to the
same scene. Specifically, a multi-view video refers to a set of 𝑁 temporally synchronized video streams coming from cameras that capture the same real world
scenery from different viewpoints. Such multi-view videos allow the development
of a wide range of new systems and technologies, like 3D video (3DV) and free
viewpoint video (FVV) systems (see Chapter 1).

2.3

Quality evaluation for lossy coding algorithms

Evaluation of image and video coding algorithms can be done in general using
objective and subjective measures. The most widely used objective measure is
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Figure 2.2. Stanford Multi-View Camera Setup

the peak-signal-to-noise-ratio (PSNR) of the luminance signal 𝑥𝑌 which is given
as
(
)
2552
PSNR = 10 log10
,
(2.3)
MSE
with MSE being the mean-squared error between the original x and decoded x̂
image or video luminance samples, i.e.
𝑛

MSE ≜

1∑
(𝑥𝑖 − 𝑥
ˆ𝑖 )2 ,
𝑛

(2.4)

𝑖=1

where 𝑛 indicates the total number of considered samples.
PSNR values are usually plotted over bitrate values allowing in this way the
comparison of compression efficiency between different algorithms. The higher
the PSNR value is, the better the compressed data quality is. PSNR values are
expressed in decibel (dB) and typical values for compressed data range between
28 and 42 dB. PSNR analysis can be done in the same way in order to evaluate
the quality of compressed multi-view images and videos. However, it does not
always capture the quality as perceived by humans. In fact, it is widely known
that some types of distortion that result in low PSNR values do not affect the
human perception in the same way, and viceversa.
In order to solve this problem, new quality measures were proposed in the
literature. An interesting and effective one is represented by the “structural similarity index” (SSIM) introduced by Wang et al. in [22]. This measure, specifically targed to still-images, does not refer to intensity differences of distorted
and reference single image pixels, but it takes into account known features of
the HVS. The proposed measure exploit the fact that the HVS is highly adapted
for extracting structural information from the visual input data. More precisely,
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the SSIM index consists in a measure of the structural similarity that compares
local patterns of pixel intensities that have been normalized for luminance and
contrast. Experimental results show that this approach is on average more effective in quality evaluation than the distortion-based ones. In order to evaluate
compressed video and multi-view data quality with such a measure, it is possible
to consider the average SSIM index of all the available views and/or frames.
In this thesis the reference quality measure is the PSNR, as it is commonly
done in the literature. However, in order to ensure the correctness of experimental result interpretations, the SSIM index is sometimes considered as well.

2.4

Geometry information

Geometry information is very important in all 3D-data rendering and processing systems. Geometry data provides information about the shape of the
objects in the scene, and the relative positions of them. These information become fundamental as soon as projection (i.e., view warping) or view synthesis
operations have to be done. If texture data are supported by depth data in both
image or video sequences, a lot of new chances rise allowing for the development
of new interactive applications.
Geometry information could be provided in many ways. The two main data
structures adopted to describe the geometry of a scene are mesh and depth map.
The first one consists in a collection of vertices, edges and faces that defines
the shape of a polyhedral 3D-object. The faces usually consist of triangles,
quadrilaterals or other simple convex polygons, since this simplifies rendering,
but may also be composed of more general concave polygons, or polygons with
holes. Although a mesh usually provides a detailed and complete description of
the geometry of the scene, it is not easy to acquire and process, especially for
real-world datasets. The other data structure typically adopted to describe the
geometry is the depth map. A depth map is a 2D-matrix where each value is
proportional to the distance between the image plane and the relative point in
the scene. Distance values are not directly represented in the depth map, but
they are quantized and mapped into 8-bit or 16-bit values through appropriate
mapping functions. The depth range is restricted to a range in between two
extremes 𝑧near , called “near plane”, and 𝑧far , called “far plane”, indicating the
minimum and maximum distance of the corresponding 3D-point from the camera, respectively. According to the convention we adopted, the closest point is
associated with the value 2𝐵 − 1, being 𝐵 the number of bit per pixel of the
depth map, and the most distant point is associated with the value 0. Depth
values can be converted into actual distances through reverse mapping. Since
more than one convention about the mapping of actual distances into quantized
values is defined, the reverse mapping function is not unique. Two commonly
adopted reverse mapping functions are here reported:
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(a)

(b)

Figure 2.3. A color image (a) and the relative depth map (b) with the same spatial
resolution from the “breakdancers” dataset [23].

𝑑1 (𝑧) ≜

𝑧
2𝐵 −1

(

1
1
𝑧near

−

1
𝑧far

)

+

1

,

(2.5)

𝑧far

𝑧
(𝑧far − 𝑧near ) .
(2.6)
−1
Figure 2.3 shows an image with the associated 8-bit depth map. Typically, an
image and the associate depth map have the same spatial resolution and pixels
in the same positions refer to the same points of the scene. The so-called “multiview plus depth” representation refers to a multi-view image or video supported
by depth information frame by frame and view by view. In this case, a full
description of the geometry of the scene is provided for each time instant.
Depth images can be fed into the luminance channel of a video signal and
the chrominance can be set to a constant value. The resulting standard video
signal can then be processed by any state-of-the-art video codec. Depth data
can also be compressed very efficiently using ad-hoc compression schemes [24]
and the literature reports that 10% to 20% of the total bitrate is usually enough
for a good quality depth data [8].
𝑑2 (𝑧) ≜ 𝑧far −

2.5

2𝐵

The Pinhole camera model

In this Section we introduce some basic concepts about the geometric model
of the image creation process. Specifically, we aim at describing the connection
between a 3D-point in the scene and the relative 2D-point in the image. A
widely adopted geometric model is the “Pinhole camera model”. It is based on
the “Collinearity Principle”: each 3D-point of the scene is projected into the
image plane along the rect that meets the 3D-point itself and the optical center
of the camera. The basic elements of this model are a retinal plane or image
plane R and a 3D-point 𝐶, called optical center, outside the image plane (see

2.5 The Pinhole camera model

13

F

M

Z

R
C
m

X

u
v
Y

f

Figure 2.4. Camera geometric model

Figure 2.4). The distance between the image plane and the center 𝐶 is called
focal length and it is indicated with 𝑓 . The line orthogonal to the image plane
that passes through 𝐶 is called optical axes (the 𝑧-axes in Figure 2.4), and its
intersection with the image plane is called principal point. The plane F parallel
to R that contains 𝐶 is called focal plane.
The relation between a 3D-point M of the scene and the relative 2D-point m
in the image can be addressed in a number of different ways. The one we chose
uses homogeneous coordinates [25] allowing for simple and practical mathematical formulations. Thus, let us define m and M in the following way:
⎡

⎤

𝑢
⎣
m ≜ 𝑣 ⎦,
1

⎤
𝑥
⎢ 𝑦 ⎥
⎥
M≜⎢
⎣ 𝑧 ⎦.
1
⎡

(2.7)

With such a definition, it can be proved [25] that the 2D-point m is obtained
from the 3D-point M by a simple matrix moltiplication:
m = 𝒫M,

(2.8)

where 𝒫 represents the 3 × 4 prospective projection matrix. In the pinhole
camera model, the projection matrix in homogeneous coordinates 𝒫 can be represented in terms of all the camera intrinsic and extrinsic parameters by the
standard equation [25, 26]:
𝒫 = 𝒦 [ℛ∣t] ,

(2.9)

where 𝒦 is the 3×3 intrinsic parameters matrix and the extrinsic parameters
are given by the 3 × 3 rotation matrix ℛ and the 3 × 1 translation vector t. The
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elements of the matrix 𝒦 are determined on the basis of the intrinsic parameters
of the camera: the focal length 𝑓 , the coordinates of the principal point 𝑢0 and
𝑣0 and the inverse of the dimension of a pixel along the 𝑢 (𝑣) dimension 𝑘𝑢 (𝑘𝑣 ).
Specifically, 𝒦 could be written in the following form:
⎤
⎡
−𝑓 𝑘𝑢
0
𝑢0
−𝑓 𝑘𝑣 𝑣0 ⎦ .
(2.10)
𝒦=⎣ 0
0
0
1
The coordinates 𝑢0 and 𝑣0 are used in order to set the origin of the reference
system of the image on its up-left corner, as it is always done for digital images.
Since the world reference systema and the camera reference system may differ,
the matrix R and the vector t have to be considered in order to describe the
displacement of the first one with respect to the second one.
Differently from the 3D to 2D projection, in order to project a 2D-point q
on the image into a 3D-point Q on the scene, depth information is needed (as
well as all the camera parameters). Particularly, the distance 𝑑 between the
3D-point and the image plane has to be known. In this case, the 3D-point could
be computed with the following equation [25]:
(
)
Q = ℛ−1 𝒦−1 q𝑑 − t .

(2.11)

The distances between the image plane and the 3D-points on the scene are
usually provided by depth maps, introduced in the previous section. If texture
data are supported by depth data, it is possible to reproject (warp) all the pixel
of an image (called source image) into a new image (called destination image),
referring to a different viewpoint, simply using for each pixel equations 2.11 and
2.8 with the right camera parameters. Of course not all the pixels in the warped
image could be filled, since some region in the destination viewpoint could not
be viewed from the source viewpoint because of the 3D nature of the scene.
Moreover, it is possible that different pixels in the source image are mapped
into the same pixel in the warped image. In this case one of them have to be
chosen. The selection could be performed considering the 3D-points referring
to the colliding pixels. Once determinated the distances between each 3D-point
and the destination image plane, the closest 3D-point can be selected and used
in the warped image. This process, called “Z-buffer algorithm”, ensures that the
selected pixel refers to the closest object with respect to the destination camera
avoiding the selection of wrong pixels. More details about view warping will be
provided in Section 4.2.
The pinhole camera model describes the projection process without taking
into account any non-ideal feature that could affect the camera. However, in
case of synthetic environment or well-designed camera equipments, it allows to
accurately handle projections. In order to obtain a complete projection description, the “Extended pinhole camera model” should be assessed [27]. This
model considers effects like radial and tangent distortion allowing more accurate
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projections. In this thesis we base on the basic pinhole camera model, since
all the considered cameras do not have particolar distortion features nor other
significant non-ideal features.

Chapter 3

Multi-View Data Compression:
State of the Art
This chapter aims at providing a brief introduction to the state of the art
techniques adopted in the current multi-view image and video coding systems.
Particularly, the reference H.264 MVC standard is introduced and its main parts
are described. Since this standard extends both the H.264/AVC video coding
standard and the relative scalable extension H.264 SVC, these “predecessors” are
introduced as well.

3.1

A brief overview of the H.264/AVC standard

ITU-T H.264/MPEG-4 (Part 10) Advanced Video Coding (commonly referred as H.264/AVC) is the newest entry in the series of international video
coding standards. It is currently the most powerful and state-of-the-art standard and was developed by a Joint Video Team (JVT) consisting of experts from
ITU-T’s Video Coding Experts Group (VCEG) and ISO/IEC’s Moving Picture
Experts Group (MPEG). As for previous standards, its design provides the most
current balance between the coding efficiency, implementation complexity and
cost, basing on state of the VLSI design technology (DSP, ASIC, FPGA, etc.).
In the process, the standard improved coding efficiency by a factor of two (on average) over MPEG-2 while keeping the cost within an acceptable range. In July
2004 a new amendment called the Fidelity Range Extensions (FRExt, Amendment 1) was added to this standard permitting to achieve even further coding
efficiency against MPEG-2 (potentially by a factor of 3 for some key applications). The high-level encoding architecture of the H.264/AVC encoder is shown
in Figure 3.1.
At a basic overview level, the H.264/AVC encoding process can be summarized with the following four operative steps:
• The encoder processes each frame of the video sequence partitioning it into
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units of a Macroblock (MB), i.e. a block of 16×16 pixels. For each MB the
encoder estimates a prediction from the previously-coded data, either from
the current frame (intra prediction) or from other frames that have already
been coded (inter prediction). The encoder subtracts the prediction from
the current macroblock to create a residual signal. Intra prediction uses
16 × 16 and 4 × 4 block sizes to predict the macroblock from neighboring
previously-coded pixels within the same frame. Inter prediction uses a
range of block sizes (from 16 × 16 down to 4 × 4) to predict pixels in the
current frame from similar regions in previously-coded frames.
• A block of residual samples is transformed using a 4 × 4 or 8 × 8 integer transform, an approximate variant of the Discrete Cosine Transform
(DCT). The transform outputs a set of coefficients, which represent the
weighting values for the standard basis pattern associated to the DCT
transform [21]. When combined, the weighted basis patterns re-create the
block of residual samples.
• The output block of transform coefficients is then quantized, i.e. each coefficient is divided by an integer value. The quantization process reduces the
precision of the transform coefficients according to a quantization parameter (QP) that directly infers the reconstructed video quality. Typically,
the result is a block in which most or all of the coefficients are zero, with
a few non-zero coefficients.
• The syntax elements produced by the video coding process have to be
encoded in a binary bitstream and packetized. These values include the
quantized transform coefficients, prediction modes, partitioning structure
of MBs, coding types of slices and headers. These values and parameters are converted into binary strings using variable length coding and/or
arithmetic coding. Each of these encoding methods produces an efficient,
compact binary representation of the information. The encoded bitstream
can then be stored and/or transmitted.

The coding structure of this standard is similar to that of all prior major
digital video standards (H.261, MPEG-1, MPEG-2/H.262, H.263 or MPEG-4
part 2). The architecture and the core building blocks of the encoder indicate
that it is still based on motion compensated DCT-like transform coding. Each
picture is compressed by partitioning it as one or more slices; each slice consists
of macroblocks, which are blocks of 16 × 16 luma samples with corresponding
chroma samples. However, each macroblock is also divided into sub-macroblock
partitions for motion compensated prediction. The prediction partitions can
have seven different sizes: 16 × 16, 16 × 8, 8 × 16, 8 × 8, 8 × 4, 4 × 8 and 4 × 4. In
past standards, motion compensation used entire macroblocks or, in the case of
newer designs, 16×16 or 8×8 partitions, so the larger variety of partition shapes
provides enhanced prediction accuracy. The spatial transform for the residual
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Figure 3.1. High-level coding architecture of the H.264/AVC encoder

data is then either 8 × 8 (a size supported only in FRExt) or 4 × 4. In past
major standards, the transform block size has always been 8 × 8, so the 4 × 4
block size provides an enhanced feature in characterizing the residual difference
signals, especially for small-resolution formats like CIF (352 × 288) and QCIF
(176 × 144) [28].
In addition, there may be additional structures such as packetization schemes,
channel codes, etc., which relate to the delivery of the video data. As the video
compression tools primarily work at macroblock or slice level, bits associated
with the information included in a slice are identified as Video Coding Layer
(VCL) data and bits associated with frames and packets are identified as Network Abstraction Layer (NAL) data. VCL data and the highest levels of NAL
data can be sent together as part of one single bitstream or can be sent separately. The NAL is designed to fit a variety of delivery frameworks (e.g., broadcast, wireless, storage media). Herein, we only discuss some element of the VCL,
which is the heart of the compression capability. While an encoder block diagram is shown in Figure 3.1, the decoder conceptually works in reverse, including
primarily an entropy decoder and the processing elements of the region shaded
in Figure 3.1. For a full description of the H.264/AVC standard the reader is
referred to [28, 29, 30, 31, 32].
The rest of this section focuses on some elements of the standard. Specifically,
the coding techniques introduced to handle both intra and inter frame prediction
are provided, since they are useful for better understanding the rest of this thesis.
Moreover, in order to simplify the overall description only the luminance signal
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Figure 3.2. I, P and B-slices relationship

is considered. On the other hand, the chroma signals are strictly correlated with
the luminance one and part of the coding parameters and decisions for them are
directly obtained from the luminance ones.

3.1.1

I-slices processing

Depending upon the subset of coding tools used, the coding type of a slice can
be I (Intra), P (Predicted), B (Bi-predicted), SP (Switching P) or SI (Switching
I). A picture may contain different slice types, and pictures come in two basic
types: reference and non-reference. Reference pictures can be used as references
for interframe prediction during the decoding of later pictures (in bitstream
order) while non-reference pictures cannot. The main slice types are I, P and B.
SP and SI slices were designed in order to introduce additional functionalities
such as random access, fast forward, and stream splicing.
In I-slices (and in intra macroblocks of non-I slices) pixel values are first spatially predicted from their neighboring pixel values. After the spatial prediction,
the residual information is transformed using a 4 × 4 transform or an 8 × 8 transform (FRExt-only) and then quantized, scanned and entropy coded. In P-slices
temporal (rather than spatial) prediction is used by estimating motion between
previously encoded pictures. In B-slices two motion vectors, representing two
estimates of the motion per macroblock partition or sub-macroblock partition,
are allowed for temporal prediction. They can be from any reference picture in
future or past in display order, within a specified range. A weighted average of
the pixel values in the reference pictures is then used as the predictor for each
sample. The relationship among I, P and B-slices is shown in Figure 3.2, in
which each arrow indicates the prediction direction.
In order to exploit spatial correlation among pixels, three basic types of
intra spatial prediction were defined: full-macroblock prediction for 16 × 16
(Intra16x16), 8 × 8 prediction (Intra8x8), and 4 × 4 prediction (Intra4x4).
Spatial prediction can be performed in one of the eight “prediction directions”
illustrated in Figure 3.3 (or a subset of them in case of Intra16x16) or averaging
all the prediction samples as explained in the following.
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For full-macroblock prediction (related to Intra16x16 mode), the pixel values of an entire macroblock are predicted from the edge pixels of neighboring
previously-decoded macroblocks. Full-macroblock prediction can be performed
in one of four different ways that can be selected by the encoder for the prediction of each particular macroblock: vertical, horizontal, DC and planar. Figure
3.4 depicts the four prediction modes for 16 × 16 blocks. For the vertical and
horizontal prediction types, the pixel values of a macroblock are predicted from
the pixels just above or to the left of the macroblock, respectively (like directions
0 and 1 in Figure 3.3). In DC prediction (prediction type number 2, not shown
in Figure 3.3), the values of the neighboring pixels are averaged and that average
value is used as predictor. In planar prediction, a three-parameter curve-fitting
equation is used to form a prediction block having a brightness, slope in the horizontal direction, and slope in the vertical direction that approximately matches
the neighboring pixels.
Intra4x4 prediction for luma can be alternatively selected by the encoder on
a macroblock-by-macroblock basis. In 4×4 spatial prediction mode, the values of
each 4 × 4 block of luma samples are again predicted from the neighboring pixels
above or left of a 4×4 block, but nine different directional ways of performing the
prediction can be selected by the encoder (on a 4 × 4 block basis) as illustrated
in Figure 3.3 (including a DC prediction type numbered as mode 2, which is
not shown in the figure). Each prediction direction corresponds to a particular
set of spatially-dependent linear combinations of previously decoded samples to
use as the prediction of each input sample. A visual representation of these
linear combinations of decoded pixels for the nine prediction modes is provided
in Figure 3.5. In FRExt profiles, Intra8x8 prediction can also be selected. 8 × 8
intra prediction uses basically the same concepts as 4 × 4 prediction, but with a
prediction block size that is 8 × 8 rather than 4 × 4 and with a low-pass filtering
of the predictor pixels in order to improve the prediction performance. Figure
3.6 shows all the nine prediction modes of this case.

3.1.2

P-slices processing

Within the H.264/AVC standard, motion can be estimated through P-slices
at the 16 × 16 macroblock level or by partitioning the macroblock into smaller
regions of luma size 16 × 8, 8 × 16, 8 × 8, 8 × 4, 4 × 8, or 4 × 4 (see Figure 3.7).
A distinction is made between a macroblock partition, which corresponds to a
region of size 16×16, 16×8, 8×16, or 8×8, and submacroblock partition, which
is a region of size 8 × 8, 8 × 4, 4 × 8, or 4 × 4. Whenever the macroblock partition
size is 8 × 8, each macroblock partition can be divided into sub-macroblock
partitions.
The motion can be estimated from multiple pictures, as shown in Figure 3.8,
and the selection of which reference picture is used is done on the macroblock
partition level. In order to estimate the motion, pixel values are first interpolated to achieve quarter-pixel accuracy. After interpolation, block-based motion
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Figure 3.3. The 8 “prediction directions” used for spatial prediction.

0 (vertical)

1 (horizontal)

−1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

−1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

2 (DC)

3 (planar)

−1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

−1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Figure 3.4. All the four 16×16 “Intra” prediction modes specified within the H.264/AVC
standard. Upper and left samples are used to predict the blue ones.
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Figure 3.5. All the nine 4 × 4 “Intra” prediction modes. The samples A-M are used to
predict the blue ones.
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Figure 3.6. All the nine 8 × 8 “Intra” prediction modes. The samples A-Z are used to
predict the blue ones.
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Figure 3.7. Macroblock partitions for motion estimation and compensation
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Figure 3.8. Multi-frame motion compensation of the current picture with four prior
decoded pictures as reference. In addition to the motion vector, also picture reference
parameters (Δ) have to be encoded.

compensation [32] is applied. As a result, a motion vector indicating the displacement between the current block and the one selected as predictor is generated
for each block. A distinct motion vector can be sent for each sub-macroblock
partition. As noted, however, a variety of block sizes can be considered, and a
motion estimation scheme that optimizes the trade-off between the number of
bits necessary to represent the video and the fidelity of the result is desirable.
After the temporal prediction, the steps of transform, quantization, scanning,
and entropy coding are processed conceptually in the same way as for I-slices for
the coding of residual data. The motion vectors and reference picture indexes
representing the estimated motion are also compressed. In order to compress
each motion vector, a median of the motion vectors from the neighboring three
macroblock partitions or sub-macroblock partitions (left, above and above right
or left) is obtained and the difference between this median vector and the value of
the current motion vector is retained and entropy coded. Similarly, the selected
reference frame indexes are also entropy coded.

3.2

A brief overview of the H.264 SVC standard

The scalable extension of H.264/MPEG4-AVC has been carried on within
the same Joint Video Team (JVT) of the ITU-T Video Coding Experts Group
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(VCEG) and the ISO/IEC Moving Picture Experts Group (MPEG). The motto
of the scalable paradigm could be “Encode once, deliver anywhere”. In fact, the
main goal of such extension is to develop a coding scheme able to provide time
scalability as well as spatial and quality scalability (also called SNR scalability),
in order to permit a completely flexible solution meeting all the constraints of
each specific application. Moreover, in specific applications it is desirable for
these three different types of scalability to be available at the same time.
Most structure components of H.264/MPEG4-AVC are employed within the
SVC (Scalable Video Coding) design, including motion compensation, intra prediction, DCT-like transformation, entropy coding, deblocking, and NAL (Network Abstraction Layer) unit packetization. The base layer of an SVC bitstream
is generally coded in compliance with H.264/MPEG4-AVC, and each standard
conforming H.264/MPEG-4 AVC decoder is capable of decoding it when it is
included within an SVC bitstream. New tools are only added for supporting
spatial and SNR scalability. The basic concepts for providing temporal, spatial,
and SNR scalability are here introduced. For more detailed information, the
reader is referred to the SVC Working Draft [33] and the Joint Scalable Video
Model (JSVM) [34].
The basic SVC design can be classified as layered video codec. For illustration, Figure 3.9 shows a typical coder structure with two spatial layers. The
redundancy between different layers is exploited by additional inter-layer prediction concepts including prediction mechanisms for both motion parameters and
texture data. The reconstruction quality of these base representations can be
improved by an additional coding of the so-called progressive refinement (PR)
slices. An important feature of the SVC design is that scalability is provided at
a bitstream level. Bitstreams for a reduced spatial and/or temporal resolution
can be simply obtained by discarding NAL units (or network packets) from a
global SVC bitstream that are not required for decoding the target resolution.
NAL units of PR slices can additionally be truncated in order to further reduce
the bitrate and the associated reconstruction quality.

3.2.1

Temporal scalability

Temporal scalable bitstreams can be generated by using hierarchical prediction structures as illustrated in Figure 3.10, without any changes with respect
to H.264/MPEG4-AVC. The so-called key pictures are coded in regular intervals
by using only previous key pictures as references. The pictures between two key
pictures are hierarchically predicted as shown in Figure 3.10. It is obvious that
the sequence of key pictures represents the coarsest supported temporal resolution, which can be refined by adding pictures of following temporal prediction
levels.
Motion-compensated temporal filtering (MCTF) mechanisms were implemented within the standard by using a lifting framework based on wavelet decomposition, as described in [35], in order to achieve temporal scalability also in
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a different way. As a result, not only temporal scalability was achieved since the
open-loop structure of the temporal subband representation adopted offers the
possibility to efficiently incorporate SNR and spatial scalability as well (see [35]
for more details).

3.2.2

Spatial scalability

Spatial scalability is achieved by an oversampled pyramid approach. The
pictures of different spatial layers are independently coded with layer specific
motion parameters, as illustrated in Figure 3.9. However, in order to improve
the coding efficiency of the enhancement layers in comparison to simulcast, additional inter-layer prediction mechanisms have been introduced, i.e. inter-layer
motion prediction, inter-layer residual prediction and inter-layer intra prediction
[14, 36]. Since the incorporated inter-layer prediction concepts include techniques for motion parameter and residual prediction, the temporal prediction
structures of the spatial layers should be temporally aligned for an efficient use
of the inter-layer prediction.

3.2.3

SNR scalability

For SNR scalability, coarse-grain scalability (CGS) and fine-grain scalability
(FGS) are distinguished. Coarse-grain SNR scalable coding is achieved using the
concepts for spatial scalability. The only difference is that for CGS the upsampling operations of the inter-layer prediction mechanisms are omitted. In order
to support fine-granular SNR scalability, the PR slices have been introduced.
Each PR slice represents a refinement of the residual signal that corresponds to
a bisection of the quantization step size (QP increase of 6). These signals are
represented in a way that only a single inverse transform has to be performed for
each transform block at the decoder side. The motion compensated prediction
for key pictures is done by only using the base layer of the reference pictures.
Thus, the key pictures serve as resynchronization points, and the drift between
encoder and decoder reconstruction is efficiently limited.

3.3

A brief overview of the H.264 MVC standard

A straight-forward solution for the multi-view video coding issue would be to
encode all the video signals independently using a state-of-the-art video codec
such as H.264/AVC. However, multi-view video contains a large amount of interview statistical dependencies, since all cameras capture the same scene from
different viewpoints. This redundancy can be exploited for instance using combined temporal/inter-view prediction techniques, in which images are not only
predicted from temporally-neighboring images but also from corresponding images in adjacent views. Investigations in MPEG have shown that such specific
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multi-view video coding (MVC) algorithms give significantly better results compared to independent encoding [37]. Improvements of more than 2 dB were
reported for the same bitrate. Since a large interest from industry in multiview systems and applications was noticed, MPEG decided to issue a “Call for
Proposals” for MVC technology [38]. The responses have been evaluated in January 2006 and all of them were extensions of H.264/AVC. Therefore, in July
2006 it was decided by MPEG to make MVC an amendment (Amendment 4) to
H.264/AVC.

3.3.1

Temporal/Inter-view Correlation

The key for efficient MVC is inter-view prediction in addition to temporal
prediction. For the case of linear camera settings, the inter-view/temporal first
order neighbors are shown in Figure 3.11.
With the exception of the leftmost and rightmost cameras, each picture of the
multi-view sequence has 8 inter-view/temporal neighbors. In order to determine
by which percentage a rate-distortion optimized encoder such as H.264/AVC
would choose either one of the available modes, specific analyses has been computed. Some results are shown in the bar graphs of Figure 3.12 for the two
data sets “Ballroom” and “Race1” indicating the likelihood of prediction mode
selection. Here the prediction mode was chosen with the lowest Lagrangian cost
value for Lagrangian motion estimation as described in [39].
The first conclusion drawn from the analysis over a larger set of multiview
sequences was that temporal prediction is always the most efficient prediction
mode, as it is highlighted in Figure 3.12. However, there are significant differences between the test data sets, regarding the relationship between temporal
and inter-view prediction. Results show that there is a connection to the spatiotemporal density of the multi-view data. Specifically, inter-view prediction is
used more often for low frame rates and very close cameras, which is intuitively
understandable. Further, there is a connection to the scene complexity: inter-
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view prediction is used more often for scenes with rapidly moving objects and less
for scenes with large areas being covered by static background. As a conclusion,
the inter-view prediction could significantly improve the coding performance
whenever the specific sequence being encoded presents favourable features.

3.3.2

MVC Prediction Structures

In order to efficiently exploit all the statistical dependencies within the multiview video datasets, several dedicated inter-view/temporal prediction structures
have been developed. Figure 3.13 shows a structure developed by Fraunhofer
HHI for the case of a 1D camera arrangement (linear or arc), which was proposed
to MPEG as response to the “Call for Proposals” in [38].
This scheme uses the prediction structure of hierarchical B pictures for each
view in temporal direction. Hierarchical B pictures provide significantly improved compression performance when the quantization parameters for the various pictures are assigned appropriately. Additionally, inter-view prediction is
applied to every 2nd view, i.e. S1, S3 and S5. For an even number of views, the
last view (S7) is coded starting with a P picture and followed by hierarchical B
pictures, which are also inter-view predicted from the previous views. Thus, the
coding scheme can be applied to any multi-view setting with more than 2 views.
In order to allow random access, I pictures are inserted (S0/T0, S0/T8, etc.).
The inter-view/temporal prediction structure in Figure 3.13 applies hierarchical B pictures in temporal and inter-view direction. After that, the multi-view
video sequences are combined into one single uncompressed video stream using a
specific scan. This uncompressed video stream can be fed into standard encoder
software, and the inter-view/temporal prediction structure discussed can be realized by appropriate setting of the hierarchical B picture prediction scheme.
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Figure 3.13. Inter-view/temporal prediction structure based on H.264/MPEG4-AVC
hierarchical B pictures

This is a pure encoder optimization, thus the resulting bitstream is standardconforming and can be decoded by any standard H.264/AVC decoder.
The example above is for a Group of Pictures (GOP) length of 8, meaning
that every 8th picture of the base view S0 is an I picture to allow random access.
However, the syntax of hierarchical B pictures is very flexible and multi-view
GOPs of any length can be specified. Moreover, other types of camera arrangements can be handled efficiently as well (see [8] for further details).
Experimental results on exhaustive multi-view datasets show that the presented MVC scheme outperforms the simulcast results by about 2 dB at all
bitrates. However, a good portion of the gain already comes from the hierarchical B pictures in temporal direction (about half of it averaged over all results).
Nevertheless, the results prove that specific MVC algorithms, namely B pictures
in inter-view direction exploiting inter-view statistical dependencies, significantly
improve compression performance. Moreover, it came out that the gain strongly
depends on the original setting of the multi-camera arrangement, namely the
temporal and inter-view correlation [8].

Chapter 4

Multi-View Image Coding
Framework
In this chapter we focus on efficient encoding of multi-view images, i.e. multiple views of a three dimensional scene taken from different viewpoints, proposing
a new approach that take into account both texture and depth information. The
proposed method is carefully addressed and experimental results, accepted for a
journal publication [40], are provided and discussed in Chapter 6.

4.1

Overview of the proposed Framework

First, we assume that all the input images are taken by similar cameras and
have the same resolution, but the cameras can be placed in arbitrary positions.
As it is easy to expect, the cameras distribution plays an important role in
the achievement of a good coding efficiency, since the correlation among views
strongly depends on the reciprocal position of the viewpoints.
In addiction to texture images, the proposed scheme makes also use of geometry information. Geometry description could be provided by a complete three
dimensional representation of the scene or by depth maps associated to each
view, as discussed in Section 2.4. In the following description we will focus on
depth maps because they are commonly used in 3D video applications. Anyway,
a three dimensional model of the scene can be used in the proposed framework
in place of them. In conclusion, the input data of the algorithm we propose is
a multi-view image with depth maps relative to each view and all the camera
intrinsic and extrinsic parameters. Moreover, it is important to notice that all
the processing operations and coding techniques described in the following are
referred to luma-only images, since chroma components are strictly correlated
with the luma one, as discussed in Section 3.1. Details about chroma components
processing are provided at the end of the chapter.
An example of “multi-view plus depth” representation is provided by the
“breakdancers” sequence from Microsoft Research [23], commonly used to val-
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Figure 4.1. Sequence “breakdancers”: (a) camera arrangement and (b) first image (from
“Cam 0”) and relative depth map.

idate the performance of 3D video compression algorithms. This sequence is
composed of 8 video streams acquired by a set of cameras placed at regular
steps along a nearly linear path (Figure 4.1(a)). The dataset also includes depth
information for each frame of each camera computed by stereo vision algorithms.
The basic idea behind most video encoders is to take advantage of the strong
temporal correlation between consecutive frames in order to reduce as much as
possible the size of the final bistream. In the multi-view case, a similar principle
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Figure 4.2. Algorithm’s main steps
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is applied. The correlation lying among all the views can be exploited in order
to achieve good compression performances. To this purpose, a multi-view image
could be seen as a video sequence where adjacent views of the same scene can
be referred to temporally-adjacent frames. As a matter of fact, many multi-view
compression schemes reuse the temporal motion estimation and compensation
algorithm along the inter-view dimension.
However, differently from a classical video sequence, in a typical multi-view
image the difference between adjacent images (views) is not due to the motion
of objects or people, but rather to changes of viewpoint. In this situation,
experimental results show that the motion estimation approach of many up-todate video coding standard, like H.264/AVC, does not provide optimal results
both because the different views are less correlated with respect to temporallyadjacent frames of a standard video and because they do not take advantage of
the information about the scene geometry. This suggests trying different ad-hoc
coding techniques in order to better exploit this new kind of correlation among
images.
The coding scheme we propose is based on two main operations: 3D-warping
of the available views and 3D-DCT based encoding of the warped images (Figure
4.2). The key idea is to pile up all the different views into a unique “stack” of
views and to efficiently encode such a structure.
Let us denote with 𝑉𝑖 , 𝑖 = 0, . . . , 𝑘 − 1 the set of views to be encoded. The
coding algorithm has three main steps:
1. In the first step, the algorithm warps all the available views with respect to
a reference one 𝑉𝑟𝑒𝑓 chosen among the available views 𝑉𝑖 , 𝑖 = 0, . . . , 𝑘 − 1.
In this way, for each of the 𝑘 views to be encoded we obtain a new image
denoted with 𝑉𝑖→𝑟𝑒𝑓 that represents a prediction of the reference view
from the 𝑖-th view. Note that due to occlusions and out-of-bound regions
(i.e. regions in the field of view of 𝑉𝑟𝑒𝑓 but not of 𝑉𝑖 ), there will be
regions in the warped image that can not be determined. The problem of
occluded regions will be discussed later. With a reverse-warping analog to
the previous one, it is possible to reconstruct all the available views except
for the regions not visible from 𝑉𝑟𝑒𝑓 . As result, the warping process creates
a final set of prediction views 𝑉𝑖→𝑟𝑒𝑓 , 𝑖 = 0, . . . , 𝑘 − 1 (which includes
the reference view itself). All the prediction images are then arranged in
a “image-stack”, which represents most of the data we aim to efficiently
encode.
2. In the second step, after a hole-filling step, a 3D-DCT transform is applied
to the image-stack, in order to exploit the well-known “energy compaction”
property of the Discrete Cosine Transform. Transformed coefficients are
then conveniently quantized and entropy coded.
3. In the final step we deal with the occlusions encoding the regions of the
available views that are not visible in the reference view 𝑉𝑟𝑒𝑓 .
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Algorithm implementation and occlusion regions handling are discussed in
the next section.

4.2

Description of the coding architecture

The proposed coding algorithm encompasses four main steps:
• 3D-warping of all the views with respect to the reference view and creation
of the image stack.
• Pre-processing operations on the stack.
• Stack encoding.
• Encoding of occlusions.
Figure 4.3 shows a block-diagram of the proposed procedure. In the following
subsections each step will be described in detail.

4.2.1

Warping of the different views into the image stack

The first step consists in 3D-warping each view 𝑉𝑖 to the viewpoint of the
reference view 𝑉𝑟𝑒𝑓 using depth information (let us recall that for each view 𝑉𝑖 we
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assure to have available the associated depth map 𝐷𝑖 ). From calibration information and depth values it is possible to compute the 3D point P corresponding
to each pixel pi in each view. By the standard pinhole camera model the 3D
point P can then be reprojected to the various views. Given the availability
of depth information for each view, 3D-warping can be done either by forward
mapping the pixels from each target view 𝑉𝑖 to the reference view 𝑉𝑟𝑒𝑓 with the
aid of 𝐷𝑖 , or by backward mapping the pixels from the reference view 𝑉𝑟𝑒𝑓 with
the aid of 𝐷𝑟𝑒𝑓 to the various views 𝑉𝑖 . It is worth noting that both detection
and processing of occluded regions are quite different in the two approaches. In
this work, we chose backward mapping (that uses only the depth information
𝐷𝑟𝑒𝑓 of the reference view) unless differently specified. However for a better
performance in the steps concerning detections and management of occlusions
we also considered using the depth map of the source views. Thus, our approach
is a hybrid approach, essentially based on backward mapping for the image stack
formation. The following 3D-warping procedure, illustrated in Figure 4.4, is used
to build the image stack:
1. Let us denote with Π𝑟𝑒𝑓 the projection matrix corresponding to view 𝑉𝑟𝑒𝑓 .
For notation simplicity let us call 𝑑𝑟𝑒𝑓 = 𝐷𝑟𝑒𝑓 (pref ) the depth value associated to pixel pref . The coordinates P (see Figure 4.4) of the 3D-point
corresponding to sample pref of 𝑉𝑟𝑒𝑓 can be computed by Equation 2.11
(step ①).
2. In the subsequent step 3D point P is mapped to the corresponding location
pi on the target view 𝑉𝑖 using the pinhole camera model (step ②). If Π𝑖
represents the projection matrix corresponding to view 𝑉𝑖 , the location
of pi is simply pi = Π𝑖 P, as discussed in Section 2.5. Then, the value
of the sample in position pref on the warped image can be computed
using bilinear interpolation of the color of the four samples of the target
view closer to pi (remember that location pi is represented by real valued
coordinates while the image is sampled at integer values).
3. Using the Z-buffer algorithm to check for occlusions, it is so possible to
warp all the views with respect to the viewpoint of 𝑉𝑟𝑒𝑓 using only 𝐷𝑟𝑒𝑓 .
4. If depth data 𝐷𝑖 is also available for view 𝑉𝑖 , it is possible to perform an
additional check in order to better detect occlusions (e.g. due to objects
not visible in 𝑉𝑟𝑒𝑓 ). The 3D world point P′ corresponding to the pixel pi
can be found by depth map 𝐷𝑖 relative to 𝑉𝑖 (step ③), and the distance
between P and P′ can then be computed. If there is no occlusion, P and
P′ are the same point (Figure 4.4(a)), and their mutual distance is zero.
Otherwise, the two points will differ since the two cameras are pointing to
different parts of the scene (Figure 4.4(b)). Thus, occlusion detection can
be performed by a threshold-based classification on the distance between
couples of projected points.
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Figure 4.4. Examples of occlusion detection when depth data of both reference view
and target view are available. In the (a) case, P coincides with P′ so the scene’s point is
correctly viewed by both cameras. In the (b) case, P and P′ differs because the target
camera is not able to see P. In this case, an occlusion is detected and the target pixel
is not used in the warped image.
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(a) 𝑉0→𝑟𝑒𝑓
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(b) 𝑉𝑟𝑒𝑓

Figure 4.5. (a) Warped first image and (b) original central view. Red refers to occluded regions while green refers to out-of-bound regions. The red pixels on the floor,
background and other artifacts are due to depth maps low accuracy.

Figure 4.5 refers to the “breakdancers” sequence and shows the image obtained by warping the first frame of view 𝑉0 with respect to the reference view
𝑉4 .
Once all the warped images have been computed, the image-stack is created.
The image-stack simply consists in a 3D matrix obtained by putting all the
warped views one over the other, in the same order of the camera arrangement.
An example of all the views composing the stack for the “breakdancers” sequence,
before and after the filling process, is shown in Figure 4.6.
In order to reconstruct each original image, the corresponding image-stack
view is used. It is important to underline that the previously revealed occluded
regions are not used to fill the reconstructed images. For this reason occluded
regions in the image-stack do not need to be encoded. However, in order to
obtain better compression performances, it is really important to fill in the best
way all the pixels in the occluded and out-of-bounds regions as it will be shown
in Subsection 4.2.2.

4.2.2

Pre-encoding operations

After the warping operation, the image-stack is partitioned into 8 × 8 × 𝑘
three-dimensional pixel matrices b containing the warped pixels 𝑏(𝑥, 𝑦, 𝑖), 𝑥, 𝑦 =
0, . . . , 7 and 𝑖 = 0, . . . , 𝑘 − 1. In the following step, each matrix b has to be
transformed into the matrix B via a separable 8 × 8 × 𝑘 3D-DCT transform,
which is obtained applying a 1D-DCT along the rows, the columns, and the
views of block b. Applying the transform before the filling process would lead
to inefficient performances, since missing pixels are replaced by zero-valued pixels which add high-frequency components to the original signal and reduce the
compression gain. In order to mitigate this effect, an interpolation algorithm has
been developed. The solution we propose is based on linear pixel interpolation
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Figure 4.6. All the eight warped views in “breakdancers” dataset before (𝑉𝑖→4 ) and
𝑓
after (𝑉𝑖→4
) the filling process. The filled images are the ones used in the image-stack.
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Figure 4.7. Examples of view arrays filling process

along view dimension. For an 8-views input image, an array b(𝑥, 𝑦, .) of 8 pixels
is defined for each position (𝑥, 𝑦) along the dimension relative to the different
views. Whenever a zero-valued pixel is revealed, it is filled by linear interpolation
of the two closest nonzero coefficients around it. If only one nonzero neighbor
is available, its value is copied in the position of the missing pixels. Figure 4.7
depicts some filling examples. In these examples, circles refer to available pixels
while stars refer to the filled pixels. Note that the pixel related to the reference
view (𝑉4 in the examples) is always present, since the reference view does not
have missing pixels.

4.2.3

Encoding operations

Once the interpolation step is completed, the block b is converted into a lowpass block b𝑓 . Then, an H.264-like Intra prediction process based on 8 × 8 × 𝑘
pixel matrices is applied to blocks b𝑓 . This coding process can be divided into
two phases. During the first phase, the original block b𝑓 is processed in such a
way that it can be compressed with a limited number of bits at the expense of
a tunable amount of distortion. In the second phase, an entropy coder converts
each syntax element into a binary bitstream. Details of both procedures are
given next.
Processing of the original signal
After interpolating the block b into b𝑓 , the three-dimensional matrix b𝑓 is
spatially predicted from the already-coded neighboring blocks. Since blocks b𝑓
are coded in raster scan order, the pixels of the left, upper, and upper-right blocks
are considered as references for spatial prediction (depending on the position of
the current block within the image). For each view 𝑖, a 2-dimensional predictor
b𝑝 (., ., 𝑖) is created from the reconstructed pixels of the same view belonging
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Figure 4.8. First three planes of the 8×8×8 quantization matrix QΔ . The quantization
coefficient for the DC coefficient is in position (0, 0, 0). Colors refer to the coefficient
values.

to the neighboring blocks. The prediction process inherits the interpolating
equations of Intra8x8 coding mode defined within the H.264/AVC standard
[30]. This coding mode defines 9 possible prediction equations associated to 9
different spatial orientations, as discussed in Subsection 3.1.1 and illustrated in
Figures 3.3 and 3.6. In the proposed coder, the coding process employs the same
prediction mode 𝑚 for all the views and chooses the orientation that minimizes
a Lagrangian cost function analogous to the one proposed in [41]. The residual
error e = b𝑓 − b𝑝 is then transformed by 8 × 8 × 𝑘 separable 3D-DCT into the
matrix E.
The coefficients in E are then quantized by different uniform scalar quantizers, where the quantization steps depend on the positions (𝑥, 𝑦, 𝑖) and are
defined by a 3D quantization matrix called QΔ . The basic idea behind such a
3D quantization matrix was to extend the 2D quantization matrix used in the
JPEG compression standard [42] to a 3D matrix preserving the fact that the
higher the frequency associated to the coefficient is, the bigger the quantization
coefficient is. Several tests were performed in order to choose the quantization
coefficients. Best results, in terms of reconstruction accuracy, were obtained
defining the cube as a 3D extension of the array Δ, defined as follows:
Δ = [Δ𝑧 ]𝑧 ≜ (8, 16, 19, 22, 26, 27, 29, 34)/8.

(4.1)

The coefficient 𝐸(𝑥, 𝑦, 𝑖) is quantized into the coefficient 𝐸𝑞 (𝑥, 𝑦, 𝑖) using a quantization step 𝑄Δ (𝑥, 𝑦, 𝑖) proportional to Δ𝑧 , where 𝑧 = max{𝑥, 𝑦, 𝑖}. More precisely, the quantization step 𝑄Δ (𝑥, 𝑦, 𝑖) can be expressed as
[
]
𝑄𝑃
𝑄Δ (𝑥, 𝑦, 𝑖) = 0.69 ⋅ 2 6 ⋅ Δ𝑧 ,

(4.2)

4.2 Description of the coding architecture
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where [⋅] represents the rounding operator. The scaling factor 0.69 ⋅ 2 6 has been
derived from the equation that links the Quantization Parameter QP defined
within the H.264 MVC standard with the final quantization step (QP assumes
integer values between 0 and 51 inclusive). In this way, it was possible to equalize
the adopted quantizers with those employed by H.264 MVC. The higher the QP
is, the bigger the scaling factor is, the higher the quantization steps are and the
lower the quantized data quality is. The quantization steps 𝑄Δ (𝑥, 𝑦, 𝑖) can be
grouped into a 8 × 8 × 𝑘 quantization matrix QΔ , whose structure is depicted in
Figure 4.8.
Once the quantization process is completed, all of the quantized coefficients
E𝑞 have to be reordered into a 1D sequence. The reordering is supposed to
facilitate entropy coding by placing low-frequency coefficients, which are more
likely to be nonzero, before high-frequency coefficients. In this way it is possible
to obtain long zero sequences at the end of the scanning, which is suitable for an
efficient run-length coding. Like in most video coders, DC coefficients and AC
coefficients were treated separately. The first ones were coded using a DPCM
scheme, like in the classical JPEG approach [42]. For ACs, a scanning order has
to be defined. A widely-adopted 2D solution to this issue is the “zig-zag” order of
traditional DCT-based video coders [14]. In case of 3D data, different methods
have been proposed in order to appropriately handle the data along the third
dimension. In our case, the data we aim to compress do not refer to a video but
to a multi-view image, and therefore, an ad-hoc solution has to be developed.
Sgouros et al. [43] propose three different scanning orders for a quantized coefficient cube, choosing between them according to the standard deviation of the
coefficients in the cube. Based on experimental results, we decided to adopt a
solution similar to the one described in [44] and [45], where coefficients in the
matrix E𝑞 are scanned along planes perpendicular to the main diagonal. In each
plane, the coefficients are then zig-zag scanned. Starting from this approach,
Chan et al. introduce the “shifted complement hyperboloid ” [46], which seems
to provide better performances. In addition, DC coefficients are predicted via a
classical DPCM scheme that considers the DC coefficients of neighboring blocks
in order to reduce residual redundancy still present. The AC coefficients are
coded by a classical run-length method which transforms the sequence of levels 𝐸𝑞 (𝑥, 𝑦, 𝑖) into a sequence of couples (𝑟𝑢𝑛, 𝑙𝑒𝑣𝑒𝑙) as customary in most of
the currently-adopted video coders. The sequences of couples (𝑟𝑢𝑛, 𝑙𝑒𝑣𝑒𝑙) and
DPCM-coded DCs are then converted into a binary bitstream by a Huffman [47]
entropy coder.
Entropy coding of the syntax elements
The entropy coder converts spatial prediction modes and run-length couples
into a binary bitstream. In order to reduce the size of the coded bitstream,
we used an adaptive approach that chooses the variable length coding strategy
according to the characteristics of the coded image among a set of multiple
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coding tables.
With respect to the prediction mode, the proposed scheme selects for the
block b𝑓 a different Huffman code according to the prediction modes of the upper
and left neighboring blocks. In fact, the prediction modes of adjacent blocks
are strongly correlated, and the prediction modes probabilities are significantly
affected by their values. Therefore, different coding tables are available in order
to code the most probable modes with the lowest number of bits, as it is done
within the H.264/AVC standard [30]. More precisely, named 𝐴 and 𝐵 the upper
and left neighboring blocks respectively, their prediction modes 𝑚𝐴 and 𝑚𝐵 are
used to identify a probability distribution for the best prediction mode, similarly
to the approach of [48]. The identified probability distribution infers a Huffman
variable-length code that converts the prediction mode 𝑚 into a binary string.
As for the couples (𝑟𝑢𝑛, 𝑙𝑒𝑣𝑒𝑙), 𝑟𝑢𝑛𝑠 are coded using a dedicated Huffman
table, while 𝑙𝑒𝑣𝑒𝑙𝑠 are coded using 5 different coding tables. The first table is
dedicated to DC prediction residuals, while the following 3 tables are used to
code the following three coefficients in the scanning order. The fifth table is used
for all the other coefficients.
In order to improve the compression performance of the proposed scheme, we
have also adapted the structure of the CABAC arithmetic coder [49] to the 8 ×
8 × 8 blocks of quantized coefficients. Syntax elements are converted into binary
strings, and each bit is then coded using the binary arithmetic coding engine
defined within the standard H.264/AVC. More precisely, at first the coefficients
of each 8 × 8 × 8 block are scanned according to the previously-described zigzag order, and the number 𝑁𝑛𝑧 of non-zero coefficients is computed. Then,
this value is mapped into a variable-length binary string using the Exp-Golomb
binarization strategy adopted within the H.264/AVC standard (see [49] for a
detailed description). The same binarization strategy is adopted to map runs and
levels of run-length couples into binary arrays. These strings are then processed
by the binary arithmetic coder which receives a binary digit and its context
in input and maps them into an interval (see [49]). The preliminary results
reported in Section 6.1 show that this solution significantly improves the coding
performance despite the fact that in our implementation contexts have not been
optimized, and other enhanced binarization techniques could be more effective.
At the decoder side, the performed operations are the same ones but in
the inverse order: entropy decoding of quantized coefficients, de-quantization,
inverse 3D-DCT transformation and 3D-unwarping of the reconstructed views.
Before the unwarping process, a simple low-pass filter is applied to each image
of the reconstructed image-stack, in order to reduce blocking artifacts due to the
quantization process. However, in the unwarped images there are still areas to
be filled corresponding to occlusions that can not be obtained from the reference
view.

4.2 Description of the coding architecture
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(a)

(b)

Figure 4.9. Reconstructed first view: (a) Macroblocks corresponding to large holes and
(b) relative “Macroblock image”. Blue pixels refer to occluded regions. Note that small
holes are not filled using macroblocks.



























Figure 4.10. Architecture of the inter-view filling algorithm in the case of an 8-views
dataset. The numbers on the arrows indicate the order in which the filling process is
performed.

4.2.4

Hole-filling for occlusion areas

Holes in the unwarped images are filled with different techniques depending
on their size. Small holes are simply interpolated on the basis of the surrounding
available pixels and of local depth information, while larger ones are filled with
16×16 macroblocks from the original texture images. The filling mode is decided
in the following way: at first, the missing samples are grouped into connected
regions and the number of included samples is counted. Regions smaller or equal
to a threshold 𝑡ℎ are interpolated while regions bigger than 𝑡ℎ pixels are filled
by suitable macroblocks from the original images. Experiments have shown that
good results are obtained with a threshold 𝑡ℎ = 36 pixels. Figure 4.9a shows
the selected macroblocks of the first reconstructed image for the “breakdancers”
dataset. In the next step, for each view we build a still image (called “Macroblock
image”) with all the macroblocks needed to fill it aligned on a regular grid (see
Figure 4.9(b)). Finally, each “Macroblock image” is coded using H.264 Intra
coding mode at the same quality of the rest of the image.
In order to reduce as much as possible the number of macroblocks needed,
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an inter-view filling process is performed while coding macroblocks. Specifically,
all the macroblocks of the first reconstructed image (𝑉0 in the examples) corresponding to large holes are filled from the source view (the resulting image will
be denoted as 𝑉0𝑓 ). Then the missing macroblocks (large holes) of the second
view (𝑉1 ) are warped to the first one in order to check if the new macroblocks in
𝑉0𝑓 coming from its “Macroblock image” contribute to fill the holes of 𝑉1 . Moving to 𝑉2 , the same operation is performed orderly using the data from 𝑉1𝑓 and
𝑉0𝑓 . The process is then iterated for 𝑉3 and eventually for other views (if 𝑘 > 8)
until 𝑉𝑟𝑒𝑓 is reached. This procedure is symmetrically performed on the right
side of the reference view (in the examples views 𝑉6 , 𝑉7 and 𝑉8 ). Figure 4.10
shows the architecture of the proposed inter-view filling scheme. An example
of the effective reduction of holes using the previously filled images is provided
by progression (a), (b) and (c) of Figure 4.11. Figure 4.12 instead shows how
the proposed algorithm considerably reduces the number of macroblocks to be
coded (for the “breakdancers” dataset the reduction is more than 50%).

4.3

Chroma components processing

In the YCbCr 4:2:0 color representation format (introduced in Section 2.1),
the most informative component is the luminance Y. As a matter of fact, chroma
components Cb and Cr are processed in the same way as for the luminance component deriving many coding choices from the coding choices on the Y component. Specifically, each step of the luma encoding process represents an analogous step within the chroma encoding process, except for the down-sampling
and up-sampling operations:
1. First the two matrixes related to the chroma components are warped with
the same algorithm as for the luma component (described in Section 4.1)
and with respect to the same reference view. In this way, two more stacks
are obtained: one refers to the warped Cb-images and the other one refers
to the warped Cr-images.
2. As for the luma stack, the two chroma stacks present missing pixels because
of warping operations. Thus, they need to be filled before the transform
process in order to ensure good compression performances. The filling
process for chroma components is the same used for the luma component,
based on linear interpolation and described in Subsection 4.2.2.
3. At this point each image within the filled chroma stacks is down-sampled
by a factor of 2 on both horizontal and vertical dimensions.
4. 3D-block-based intra prediction is applied on the two chroma stacks inheriting the prediction modes from the luma component. In this way, no
additional bits need to be encoded in order to specify the prediction modes

4.3 Chroma components processing
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(c)

Figure 4.11. Example of inter-view filling process (a) 𝑉2 before the filling process, (b)
after hole-filling from second image and (c) after hole-filling from both the second and
the first image. It is possible to note the strong reduction of the number of macroblocks
that need to be encoded using the inter-view filling process.
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Figure 4.12. Number of macroblocks distribution with and without the inter-view
filling process for the “breakdancers” dataset. In this case, the filling process provides
a reduction of 53% on the total number of macroblocks to be encoded.
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for the chroma components. The same 9 prediction modes defined for the
luma component are used for the chroma components as well. Specifically,
each 8 × 8 × 8 chroma block (of both Cb and Cr components) is intra
predicted basing on the prediction modes used for the four 8 × 8 × 8 blocks
placed at the corresponding positions in the luma stack (four luma blocks
are unsed to infer a single chroma block because of the down-sampling
operations: a 8 × 8 chroma region refers to a 16 × 16 luma region). A
prediction mode for the chroma components is inferred from the relative
four prediction modes for the luma component in the following way:
• If a mode is predominant with respect to the others (i.e. it appears
the same or more number of times than the others do) and it is unique,
then it is chosen as prediction mode for the chroma components
• If two or more modes are predominant, than the one with the lower
index (referring to Figure 3.6) is chosen as prediction mode for the
chroma components. This choice is supported by the fact that the
predicion modes are sorted basing on a probability reasoning: the
more probable the prediction mode is, the more lower the relative
index is.
5. Residual coefficients are quantized in the same way as for the luma residual coefficients (see Subsection 4.2.3) and with the same QP. The only
difference is that in this case the array Δ is replaced by Δ′ , defined as
follows:
[ ]
Δ′ = Δ′𝑧 𝑧 ≜ (8, 48, 57, 77, 91, 108, 116, 153) /8.

(4.3)

The ratio between the elements of Δ′ and Δ can be expressed by the
following array:
]
[
w = [𝑤𝑧 ]𝑧 = Δ′𝑧 /Δ𝑧 𝑧 ≜ (1, 3, 3, 3.5, 3.5, 4, 4, 4.5) .

(4.4)

Coefficients 𝑤𝑧 were chosen basing on experimental tests. The idea behing such choice is that in natural images and video sequences chroma
components typically carry less information than luma one, allowing for
a stronger quantization process that does not significantly affect the reconstructed quality. The same effect could be obtained using the same Δ
array in both luma and chroma quantization processes but selecting an
higher QP for the chroma components.
6. Quantized chroma coefficients are then entropy coded in the same way
as for luma coefficients, of course with independent Huffman tables and
run-length codes.

4.3 Chroma components processing
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7. In order to obtain the reconstructed chroma stacks, quantized coefficients
are dequantized, inverse-transformed and then combined with the intraprediction information.
8. Each image within the reconstructed chroma stacks is up-sampled by a
factor of 2 on both horizontal and vertical dimensions.
9. All the images in the stack are unwarped as for the luma ones.
10. Occlusion regions in the unwarped chroma images are handled with the
“Macroblocks images” and the inter-view filling process, right as for the
occlusion luma regions (see Subsection 4.2.4). It is important to notice
that during the selection of the chroma macroblocks to be intra-coded,
each one of them is down-sampled in order to use the same 4:2:0 format
also for the “Macroblocks images”.
The portion of a H.264/AVC bitstream devoted to chroma information is
typically between 10% and 15%. Similar ratios are obtained with the proposed
chroma encoding method.

Chapter 5

Multi-View Video Coding
Framework
This chapter provides a brief description of the implemented multi-view video
coding scheme. The main contribution it introduces is the replacement of the
inter-view motion prediction stage adopted by the H.264 MVC standard with the
redundancy reduction technique based on 3D-warping introduced in the previous
Chapter. However, since the current version only represents a preliminary implementation, experimental results (shown and discussed in Section 6.2) are not
as satisfactory as for the multi-view image coding scheme proposed in Chapter
4.

5.1

Overview of the proposed Framework

The overall structure of the proposed MVC scheme is the classical one, illustrated in Figure 5.1. The encoder receives 𝑁 temporally synchronized video
streams and generates one compressed bitstream. The decoder receives the bitstream, decodes it and outputs the 𝑁 video signals. A lot of different coding
architectures are possible, depending on the adopted approach and on the specific
requirements. The classical approach is based on an extension of the H.264/AVC
standard, as discussed in Sections 3.2 and 3.3, still based on motion estimation
and compensation techniques. Differently from H.264 MVC, the approach we
propose, still in a preliminary implementation, adopts two different mechanisms
in order to reduce temporal and inter-view redundancy. Temporal redundancy
is exploited with a classical block-based motion compensation algorithm while
inter-view redundancy is exploited through a view-warping technique. Particularly, it is possible to describe the proposed multi-view video coding scheme as
an extension of the multi-view image coding scheme introduced in Chapter 4 in
which intra prediction is replaced by inter prediction when possible, as illustrated
in Figure 5.2.
Inter prediction is made through the Block-Matching Motion Estimation
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Figure 5.1. Basic MVC structure defining interfaces

(BMME) technique like in the H.264/AVC standard. It is important to notice that the motion estimation is performed between consecutive image stacks
but the motion vectors are processed only between the central views of the two
stacks, allowing for a faster execution. The current implementation of the BMME
algorithm does not include all the features developed within the H.264/AVC. In
particular, only one the previously decoded frame is used, block-size is 8 × 8
fixed, inter-only slices are used, the search range is ±32, motion accuracy is
quarter-pel and motion vectors are processed through a very simple R-D optimization algorithm. Note that without an effective deblocking filter the motion
estimation could not reach optimal performances since the presence of strong
blocking artifacts degrades its prediction accuracy.
The whole prediction process can be reassumed as follows:
• All the views in the current frame are warped with respect to the reference
one in order to create the current image stack.
• The image stack is filled as usually.
• BMME is performed between the current central view and the central one
from the previously decoded (filled) image stack.
• Residual coefficients are transformed, quantized and entropy coded as for
the intra prediction encoding process.
The rest of the encoding process is performed in the same way as for the intra
prediction case, including the occlusion regions handling. So, in this preliminary
version of the multi-view video encoder occlusion regions are handled with the
same mechanism used for multi-view images, based on inter-view filling process
and “Macroblock images” (see Subsection 4.2.4). Since in case of video one
or more reference frames are typically available, better performance should be
obtained considering inter-frame motion compensation also for occlusion areas,
with an ad-hoc motion vectors encoding algorithm.
Inter-frame slice prediction could be used whenever a previously encoded
(and decoded) image stack is available. Within the H.264/AVC standard, interframe slice prediction is only used whether it is convenient with respect to Intra
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Figure 5.2. Block-Matching Motion Estimation (BMME) between time-consecutive
image stacks
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prediction permitting a further optimization of the R-D performance. In our
case, the Group of Pictures (GOP) has the “IPPPPPPP” fixed structure and interonly slices are considered within each “P” frame.
Different inter prediction approaches are possible as well. As an example,
it is possible to warp the motion vectors referring to the central view video sequence into different viewpoints in order to predict the relative motion vectors,
as proposed in [15]. Moreover, depending on the effectiveness of the prediction, it could be decided to encode the residual information with respect to the
prediction, or not.
Experimental results are shown in the next Chapter.

Chapter 6

Experimental Results
Experimental results obtained with the proposed coding approaches are provided and discussed in this chapter. The chapter encompasses two parts: the first
one describes the results about the multi-view image coding scheme proposed
in Chapter 4 while the second one introduces some results from the multi-view
video coding scheme proposed in Chapter 5. In both cases, very promising results
over the standard approach of H.264 MVC were obtained.

6.1

Multi-View Image Coding Results

The proposed multi-view image coding approach was tested on two 8-views
video sequences taken from a set of cameras pointing to the scene from linear
and arc-shaped arrays. However, the proposed approach can be easily applied
to systems with different number of views and different spatial configurations
of the cameras. The comparisons were made on the luma component of each
image.
The first dataset we used has been created from a synthetic 3D-model of
the interior of a a modern kitchen (referenced as the “kitchen” dataset1 ). The
camera distribution within this model is reported in Figure 6.1. The use of a
synthetic model allows to test the coding scheme without taking care of noise,
camera distortions and other non-ideal features typical of real multi-view sequences. Moreover, ideal depth maps (i.e., nearly perfect geometry information)
are available, therefore, all the warping issues related to unreliable depth information can be avoided. For this model, 16-bit depth maps are available. Note
that, differently from H.264 MVC, our approach makes also use of depth information. However, in many free viewpoint schemes the depth maps should be
transmitted anyway in order to be used in novel view reconstruction.
In order to check the performance of the proposed coding scheme with real
world data, we used the “breakdancers” sequence [23], considering only its first
1

Dataset, camera parameters, usage information and further material are available online
at http://lttm.dei.unipd.it/downloads/kitchen.
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Figure 6.1. Camera distribution of the “kitchen” dataset (top view). The cameras are
numbered with integer indexes 0, 1, . . . , 7 from the bottom.

frames. Note that in this case, depth information was computed from the video
camera streams through computer vision algorithms and the accuracy is inevitably worse than that directly obtainable from synthetic models. Moreover,
only 8-bit depth maps are available for this model.
As discussed in Section 2.4, different conventions about the mapping of actual
distances into quantized depth values were defined. In our datasets two different
mapping functions are used: the “breakdancers” dataset adopts the function
defined by Equation (2.5) while the “kitchen” dataset adopts the one defined by
Equation (2.6).
Rate-Distortion performances of the H.264 MVC coder and of the proposed
method are compared in Figures 6.2 and 6.3 for both the “kitchen” and “breakdancers” datasets, respectively. Two different setups were considered for the
H.264 MVC coder. The first one, called “low complexity” setup (l.c.), includes
coding parameters and features similar to the one used by the proposed approach.
The second one, called “full complexity” setup (f.c.), enables all the features and
coding techniques defined within the standard H.264 MVC. The initial l.c. configuration has been introduced in order to evaluate the efficiency of the scheme
based on 3D warping and 3D-DCT with respect to standard motion compensation in exploiting inter-view redundancy. This configuration permits a “fair”
comparison of the two methods without being biased by other additional features (e.g., the rate-distortion optimization algorithm and the arithmetic coding
engine available in H.264 MVC). The adoption of such additional coding techniques allows the H.264 MVC coder, as well as our approach, to improve the R-D
performances. This fact is highlighted by the rate-distortion performance of our
solution with the adoption of the CABAC coding engine (reported in Figures

6.1 Multi-View Image Coding Results
Feature, tool or setting
R-D Optimization
Deblocking Filter
Entropy Coder
Block Size
Search Range
ME Accuracy
# Reference Pictures
Sequence Format String

H.264 MVC l.c.
No
No
CAVLC
8 × 8 fixed
±32
Quarter-pel
4
A0*n{P0}
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H.264 MVC f.c.
Yes
Yes
CABAC
Adaptive
±32
Quarter-pel
4
A0*n{P0}

Table 6.1. H.264 MVC coding parameters used to generate both the l.c. and f.c.
comparison results.

6.2 and 6.3).
Table 6.1 summarizes the coding parameters used to generate the experimental results for both the H.264 MVC l.c. and f.c.
The reported plots display the average PSNR value for all the reconstructed
views as a function of the coded bitrate. It is possible to notice that for the
“kitchen” sequence (Figure 6.2) the proposed approach proves to be extremely
competitive with respect to the H.264 MVC low-complexity coder, obtaining a
quality increment of 1.2 dB in terms of PSNR at 0.027 bpp. An example of
the resulting images is shown in Figure 6.5. For the “breakdancers” sequence
instead, the performance of the scheme varies according to the coded bitrate.
Figure 6.6 compares our approach with H.264 MVC low-complexity at 0.020
bpp: the proposed scheme improves the average PSNR value for the different
views of approximately 2 dB. The improvement can also be appreciated from
a subjective quality evaluation. The images related to our approach show a
lower amount of artifacts. This fact is mainly due to the effectiveness of the
warping operation in mapping corresponding pixels from different views with
respect to the block-based compensation of H.264 MVC, which is limited by the
block dimensions. At higher bitrates, the plots of the proposed approach and
of the H.264 MVC l.c. progressively move closer and intersect at 0.036 bpp.
This fact is mainly due to the inaccuracy of the depth maps, which introduces a
significant amount of error in matching the pixels from different views. While at
lower bitrates this error is compensated by a strong quantization, at high data
rates it significantly affects the performance of the scheme since corresponding
pixels could result displaced. These results on the “breakdancers” dataset are
confirmed by the graph in Figure 6.4 in which the PSNR quality measure is
replaced by the SSIM index, introduced in Section 2.3. The only difference with
respect to the PSNR measure is that the two plots intersect at 0.055 bpp instead
of 0.036 bpp, indicating that with this quality measure the proposed approach
outperforms the H.264 MVC l.c. not only at low bitrates, but also at medium
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ones.
The reported plots also display the performance of H.264 MVC f.c., where
the CABAC coding engine and the rate-distortion optimization algorithm significantly improve the coding performance. As a drawback, the computational
complexity sensibly increases. However, the adoption of the CABAC coder has
proved to be effective for the proposed scheme as well. The plot in Figure 6.3
labelled as “Proposed, with CABAC” shows that for the sequence “breakdancers”
the quality of the reconstructed views at low bitrates improves up to 2 dB with
respect to the approach labeled as “Proposed”. Moreover, it is possible to obtain
an improvement of 1 dB with respect to the H.264 MVC f.c. approach. This gain
is mainly due to the strategy of specifying the number of non-zero coefficients
in each block, which permits saving a significant amount of bits for high QP
values. At high bitrates, this solution is less effective since many coefficients are
different from zero, and extra bitrate is needed to specify 𝑁𝑛𝑧 in addition to the
bits that code their positions. As for the sequence “kitchen”, the gain is more
evident at all the bitrates despite the fact that for small QP values the approach
H.264 MVC f.c. provides the best compression performance (see Figure 6.2).
Analogous results are obtained considering the SSIM index (the relative graphs
are not reported for the sake of conciseness).
The proposed scheme does not have a rate-distortion optimization algorithm
like H.264 MVC, and therefore, its coding choices may result sub-optimal. Future
investigations will be devoted to adapt the Rate-Distortion optimization routine
of H.264 MVC to the proposed coder in order to further compress the coded signal at the expense of slightly lower perceptual quality. Moreover, the arithmetic
coder can be utterly optimized by changing the binarization strategies and redesigning the structure of the contexts. These changes prove to be crucial for low
QP values, which produce a significant amount of non-zero high-frequency coefficients. In these cases, the coefficients statistics require an accurate probability
estimation to avoid an excessive increment of the coded bitstream.
Finally, Figures 6.7 and 6.8 report the bitstream partition on a function of
the reconstructed images’ quality for both the datasets. The QP values reported
on their x-axes refer to Equation (4.2). It is possible to notice that most of the
bitrate is used to code coefficients obtained from the matrices E𝑞 . Because of a
different camera arrangement, it is noticeable that a significant part of the bitrate
for the sequence “kitchen” is used to code occlusions via the Intra8x8 mode of
H.264, which results less competitive than the 3D-DCT stack encoding. As a
consequence, at low bitrates the PSNR gain over H.264 MVC low-complexity for
the sequence “kitchen” is lower with respect to the gain for “breakdancers”. As
a matter of fact, at high data rates the PSNR gain is lower for “breakdancers”,
since depth maps are less reliable and the occluded areas are less extended with
a consequent lower number of Intra coded macroblocks. Nevertheless, at low
bitrates the proposed strategy proves to be advantageous in all the cases with
respect to the H.264 MVC low-complexity, which is less effective in exploiting
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PSNR vs bpp
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Figure 6.2. Coding performance comparison on “kitchen” dataset

the inter-view redundancy.
At high bitrates, H.264 MVC with all the coding features enabled outperforms the proposed approach for both sequences. This fact is due to the use of
effective R-D optimization techniques and to the adoption of an optimal context
structure, which significantly improves the overall coding performances as the
difference with respect to the H.264 MVC l.c. plots indicates. However, the
improvement brought by the introduction of CABAC on the proposed approach
allow us to infer that an effective R-D optimization strategy permits utterly
increasing the compression gain of the “Proposed” approach.
Future work will be devoted to applying such solutions to our approach in
order to improve the CABAC performance at high bitrates and to avoid coding
unnecessary coefficients.

6.2

Multi-View Video Coding Results

As previously stated, the multi-view video coding scheme we propose is still
in a preliminary implementation. Consequently, the coding performances it provides are not so effective. Figure 6.9 compares the R-D performances of both
the H.264 MVC scheme and the proposed one on the “breakdancers” dataset.
The coding settings of the proposed approach are the ones specified in Chapter
5 while the H.264 MVC settings are the same specified in Table 6.1, column
“H.264 MVC f.c.”, with CAVLC entropy coder instead of the CABAC. The experimental results show that H.264 MVC outperforms the proposed approach at
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Figure 6.3. Coding performance comparison on “breakdancers” dataset

SSIM vs bpp
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Figure 6.4. Coding performance comparison on “breakdancers” dataset using the SSIM
index
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(a)
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(b)

Figure 6.5. View 𝑉5 of “kitchen” dataset at 0.027 bpp: (a) Proposed scheme, (b) H.264
MVC l.c. coder

(a)

(b)

Figure 6.6. View 𝑉5 of “breakdancers” dataset at 0.020 bpp: (a) Proposed scheme, (b)
H.264 MVC l.c. coder
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Bitstream partition vs QP
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Figure 6.7. Bitstream partition of “kitchen” encoded dataset. Quality is expressed by
PSNR over each bar.

Bitstream partition vs QP
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Figure 6.8. Bitstream partition of “breakdancers” encoded dataset. Quality is expressed
by PSNR over each bar.
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PSNR vs bitrate
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Figure 6.9. Coding performance comparison on “breakdancers” dataset considering its
first 32 frames

all the considered bitrates. Moreover, as for the results on the “breakdancers”
dataset about multi-view image coding, better compression performances are
obtained at low bitrates.
Finally, Table 6.2 reports the output of an execution of the implemented
multi-view video coding algorithm. The first column indicates the frame number
and the relative coding type; the second and the third ones report the PSNR for
the luma component (and the SSIM index as well) and both chroma components
Cb and Cb singularly. Then, the next three columns report the number of bits
used to encode the DCT quantized coefficients for each component; the column
labeled as “MB bit” indicates the total number of bit used to encode the occlusion
regions for each frame. The following two columns report the number of bit used
to encode the intra prediction modes and the motion vectors, respectively, for
each frame. Finally, the last column provides the total amount of bit used for
the relative frame. At the end of the coloumn, average values are provided. The
showed results were used to generate the first R-D point in Figure 6.9.
For this simulation two different QPs were setted for intra-coded frames
(I-QP = 34) and inter-coded ones (P-QP = 40). This choice was made basing on
the fact that small increments in the P-QP with respect to I-QP usually result in
better R-D performance.
As it is possible to notice from the table, the number of bit used to encode the
DCT coefficients in case of I frames is higher than in case of P ones. However,
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despite the difference in QP values between I and P frames, the number of bit
used in P frames is still too high. The main reason for that is the non-reliability
of the current motion estimation and compensation procedure. In fact, effective
motion prediction structures typically provide very low-energy residual signals
permitting high compression gains over the relative transformed and quantized
coefficients.
Moreover, the number of bit used for the chroma components is very high if
compared to the amount of bit used for the luma component Y (in case of both I
and P frames). An improvement of the chroma components encoding mechamisn
would be very useful, especially at low bitrates where the size of the compressed
chroma components is at the moment even more relevant. A possible improvement in this direction could take into account a different derivation mechanism
for the Intra prediction modes of the chroma components.
Finally, more sofisticated motion encoding techniques have to be used in order
to reduce the amount of bit required to encode motion prediction information.

Frame

DCT bit Y
(kb/img)
015.04
006.20
006.43
006.54
006.49
006.31
006.67
006.56
014.97
005.74
006.49
006.88
007.38
006.81
006.54
007.08
015.56
006.96
007.42
007.01
006.77
006.88
006.68
007.04
015.48
006.17
006.58
006.42
007.16
007.33
007.26
007.26
007.82

DCT bit Cb/Cr
(kb/img)
02.50/02.05
00.84/00.90
00.97/00.96
00.90/00.90
00.89/00.85
00.82/00.78
00.88/00.86
00.96/00.92
02.47/02.02
00.72/00.69
00.92/00.93
00.99/01.00
01.07/01.12
00.98/01.00
00.99/00.97
00.98/00.99
02.45/02.01
01.02/01.01
01.03/01.02
01.08/01.09
00.95/00.93
00.93/00.97
01.03/01.06
01.05/01.05
02.49/02.00
00.87/00.88
00.97/00.96
00.94/00.91
01.06/01.07
01.06/01.06
01.01/01.07
01.09/01.16
01.15/01.10

MB bit
(kb/img)
03.31
01.79
02.10
01.92
01.89
01.88
01.92
01.85
02.99
02.51
03.13
02.55
02.65
03.06
03.41
02.65
04.00
03.31
03.33
03.10
02.63
02.55
02.35
02.57
03.33
01.93
01.99
02.03
02.46
02.58
03.00
02.85
02.61

Table 6.2. Multi-view video experimental results

Intra bit
(kb/img)
03.82
00.00
00.00
00.00
00.00
00.00
00.00
00.00
03.80
00.00
00.00
00.00
00.00
00.00
00.00
00.00
03.71
00.00
00.00
00.00
00.00
00.00
00.00
00.00
03.73
00.00
00.00
00.00
00.00
00.00
00.00
00.00
00.47

Inter bit
(kb/img)
00.00
02.82
03.02
02.83
02.70
02.47
02.73
02.81
00.00
02.50
02.90
02.98
03.46
03.01
02.90
02.90
00.00
03.13
03.29
03.24
02.75
02.97
03.00
03.33
00.00
03.06
02.97
02.93
03.03
03.04
03.16
03.28
02.60

Total
(kb/img)
026.71
012.54
013.48
013.09
012.82
012.27
013.07
013.11
026.25
012.16
014.36
014.39
015.67
014.86
014.82
014.59
027.73
015.43
016.08
015.51
014.04
014.30
014.12
015.04
027.03
012.92
013.47
013.23
014.78
015.08
015.49
015.63
015.75
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Cb/Cr-PSNR
(dB)
38.85/40.34
36.80/36.82
35.71/35.65
35.37/35.19
35.27/35.16
35.54/35.35
35.37/35.13
34.88/34.46
38.99/40.22
37.84/38.35
36.64/36.57
35.75/35.41
34.94/34.49
34.47/34.21
34.37/34.14
34.23/34.00
39.06/40.50
36.20/36.40
35.54/35.52
34.78/34.54
34.78/34.53
34.83/34.34
34.34/33.95
34.11/33.73
39.04/40.43
36.88/37.26
35.62/35.53
35.28/34.94
34.77/34.51
34.33/34.01
34.08/33.65
33.89/33.27
35.70/35.71
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001 (I)
002 (P)
003 (P)
004 (P)
005 (P)
006 (P)
007 (P)
008 (P)
009 (I)
010 (P)
011 (P)
012 (P)
013 (P)
014 (P)
015 (P)
016 (P)
017 (I)
018 (P)
019 (P)
020 (P)
021 (P)
022 (P)
023 (P)
024 (P)
025 (I)
026 (P)
027 (P)
028 (P)
029 (P)
030 (P)
031 (P)
032 (P)
Average

Y-PSNR/SSIM
(dB)
35.24/0.8943
34.22/0.8814
34.28/0.8785
34.23/0.8746
34.13/0.8725
33.99/0.8697
34.01/0.8671
33.85/0.8655
35.08/0.8948
34.24/0.8826
34.21/0.8776
33.82/0.8738
33.80/0.8726
33.88/0.8725
34.02/0.8719
33.21/0.8660
34.49/0.8926
33.53/0.8787
33.69/0.8755
33.83/0.8743
33.52/0.8717
33.66/0.8717
33.56/0.8706
33.22/0.8697
34.51/0.8930
33.30/0.8810
33.24/0.8766
33.56/0.8746
33.27/0.8713
33.44/0.8694
33.79/0.8689
33.66/0.8681
33.89/0.8757

Chapter 7

Conclusion and Future Work
This thesis introduces a novel coding scheme for both multi-view images and
videos. Differently from most currently available solutions, the proposed approach is not an extension of any standard image or video compression tool,
but it is instead based on an innovative algorithm explicitly targeted to multiview data. Firstly, 3D warping is used in place of the classical motion prediction stage in order to improve the motion compensation accuracy and to
avoid the limitations given by fixed block sizes. Another original contribution
is the use of a 3D-DCT transform in order to directly exploit inter-view redundancy in the transform stage instead of relying on the standard prediction and
residual approach. Temporal redundancy among consecutive frames is reduced
through an extension of the classical motion prediction technique defined within
the H.264/AVC standard.
Finally, the critical issue of occluded areas has also been taken into account
with an ad-hoc interpolation and coding strategy. Experimental results show
how the proposed multi-view image coding algorithm outperforms H.264 MVC
at low bitrates in most practical configurations. However, the performance of
the method at high bitrates depends on the accuracy of the available geometry
information. On the other hand, experimental results on multi-view video coding
are not correspondingly good because of the preliminary implementation of the
multi-view video coding scheme. Anyhow, there are no reasons for excluding
that an appropriate development of the scheme would permit obtain coding
performances comparable with the ones of H.264 MVC.
Further research will initially be focused on improving the performance of the
transform stage as well as the entropy coding stage with the inclusion of features
like adaptive block size, in-loop deblocking filtering, and R-D optimization that
are still missing in the current implementation. Moreover, at high bitrates the
coding gain can be utterly improved by optimizing the adopted context-adaptive
binary arithmetic coder (CABAC) for 3D-DCT data (i.e. improving the current
structure of contexts and the function that maps syntax elements into binary
strings). Another important research direction aims at making the system more
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robust with respect to unreliable depth information. Optimized solutions for
the compression of the depth data, possibly exploiting some of the techniques
proposed in this paper, will also be included in the proposed framework. Another
possible research topic involves the motion prediction introduced in Chapter 5
since, at the moment, it is not fully optimized for 3D data. Finally, scalability
issues will also be considered with a particular focus on view scalability. In order
to achieve this target, the very promising results of [20] suggest us to take into
account the possibility of replacing the 3D-DCT with more flexible transforms
like the 3D/4D wavelet transform.
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