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Abstract

This thesis provides a novel architecture for the creation and management of virtual

multimedia adaptation services offered by a multimedia-enabled cloud.

The aim of the proposed scheme is to provide an optimal yet a transparent user access
to adapted media contents while isolating them from the heterogeneity of the utilized
devices, diversity of media formats, as well as the details of the adaptation services and
performance variations of the underlying network. This goal is achieved through the
development of service virtualization models that provide various levels of abstraction
of the actual physical services and their performance parameters. Such virtual models
offer adaptation functions by comprising adaptation services with accordance to their pa-
rameters. Additionally, parameters describing the functional specifics of the adaptation
functions, as well as multimedia content features, are organized into a hierarchical struc-
ture that facilitates extraction of the virtual models capable of satisfying the conditions
expressed by the user requests. At the same time the paramter/feature organization
structure itself is flexible enough to allow users to specify media delivery requests at
various levels of request details (e.g., summarize video vs. drop specific frames).

As a result, in response to a user request for a multimedia content, an optimal virtual
service adaptation path is calculated, describing the needed media adaptation opera-
tions as well as the appropriate mapping to the physical resources capable of executing
such functions. The selection of the adaptation path is done with the use of a novel
performance-history based selection mechanism that takes into account the performance
variations and relations of the services in a dynamically changing environment of multi-
media clouds. A number of experiments are conducted to demonstrate the potential of

the proposed work in terms of the enhanced processing time and service quality.
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Chapter 1

Introduction

1.1 Motivation

In recent years we have witnessed the introduction and fast expansion of powerful and
complex multimedia enabled mobile devices such as smart-phones and tablet PCs. At
the same time, technology innovations reached new domains that were never before asso-
ciated with interactive media content and/or network connectivity; thus, creating smart
home systems, interactive toys and electronic books capable of multimedia content cre-
ation, retrieval and delivery. As the availability of media-capable devices increases, so
does the amount and variations of available content. This results in an abundance of
content formats to deal with, some of which are unique and potentially proprietary. This
content is usually personalized and adapted to user preferences, and device capabilities.
This interest in personalized content has created a demand for methods that will quickly
adapt media content while enhancing the user experience. Content adaptation provides
a way to create a customized content that satisfies the robust device and network re-
quirements, while accounting for the user preferences that sometimes can take a form
of abstract specifications such as ”the best visual quality”. Among the multiple ways
that allow for the production of such contents, dynamic adaptation methods stand out
as they allow the generation of the needed content version from the same original file on
a per-needed basis. At the same time, content adaptation and personalization marks the
shift from the broadcasting of the same content to a group of users to the narrowcasting
that still allows to distribute the same content but in formats that are tuned to user’s

personal needs and context.



Besides the wide variety of multimedia enabled devices available to the user, there also
exists a diversity in the content delivery mechanisms that vary from satellite, radio
broadcasting, cable, mobile, and copper using xDSL [56]. While the traditional con-
tent delivery model involves a user and a set of content servers controlled by a network
administrator, in the popular, but less reliable peer-to-peer delivery model users are in-
terconnected and act as the source of the media content for each other. At the same
time intermediate network nodes that are used to route traffic from the source to the
destination are extended with processing capabilities, transforming them into active and
programmable network services united under the cloud computing paradigm. Cloud com-
puting concepts comprise existing technologies such as wide spread service virtualization,
utility computing and distributed computing to ”outsource the provision of the comput-
ing infrastructure required to host services” [74]. By offering a variety of accessible and
dynamically reconfigurable virtualized services on a pay-per-use basis, clouds present an
attractive solution for resource-demanding content adaptation and customization. How-
ever, it becomes challenging to utilize the existing content adaptation and customization
methods and models with the emerging cloud computing paradigm. As cloud customers
pay for services on a per needed basis, it requires a dynamic and cost efficient solutions
for locating effective sequences of adaptation services in a timely fashion, so that systems
that lack processing capabilities can use them as assembly points for content adaptation

and personalization purposes.

1.2 Thesis Objectives

In order to provide the needed level of customization, the systems need cloud resource
management to expose the requested content through one or more adaptation/processing
services, thus requiring a flexible architectural solution for selection and navigation
through available virtualized services offered by the cloud. This includes the selection of
the most appropriate adaptation functions among the wide variety of available services,

as well as the fast discovery of their most efficient execution order.

In the context of the increasing complexity of content processing, delivery and multi-
media consumption schemes, this thesis investigates the possibility of viewing all these
actions in terms of the core low-level multimedia features. Such universal features are
then used to create an appealing, to an average user, yet effective mechanisms to describe

service requirements. They are also used for the extraction and ordering of appropriate



adaptation services in order to create customized content at need in response to the re-
quested preferences and device capabilities. With the review of the current adaptation
methods comes a solid basis for the second objective of the thesis, namely, the design of
virtual service models. Due to virtualization, such models allow to separate details of
physical service operation and performance from the actual goals of the virtual service.
This allows the creation of reusable elements with seamless portability to a wide range of
platforms and devices, while increasing service distribution and availability. With the use
of the core low-level multimedia features, such service models are organized in a struc-
ture that allows the effective identification of the needed manipulations on the content
for a particular user and his needs. The set of identified elements is then transformed
into execution sequences with accordance to performance-history based selection scheme.
The performance-based selection scheme takes into account the service performance, so
that the ordering process is performed with accordance to the current state of the service

behavioral specifics.

1.3 Thesis Contribution

Given the diversity of the available content, devices, content delivery mechanisms and
user requirements, a content customization system faces the challenge of providing an
effective mechanism to adapt the requested content to the desired form in a reason-
able amount of time. In case of a multimedia clouds, the dynamic change of network
components status and performance fluctuations may negate the effectiveness of service

composition methods that rely only on the semantic compatibilities of it’s elements.

The main contributions of this thesis are as follows [43];

- A novel service virtualization architecture (SVA) that hides the details of the service
configurations offered over service clouds as well as the details of the service selection
process. At the same time SVA provides a consolidated view to end-users through the
utilization of virtual adaptation services.

- In order to utilize unified modeling techniques, different types of multimedia content
are reviewed in terms of their core low-level multimedia features. Such core features are
then used as base elements to effectively model adaptation requests, services and their
functional dependencies.

- A novel performance-history based service selection scheme that takes into account

the past performance of media processing services in order to service current and future



requests.

1.4 Thesis Outline

The remainder of this thesis is structured as follows:

Chapter 2, presents the background information on the multimedia content and content
adaptation, allowing for an understanding of the existing research trends and approaches,
their effectiveness and challenges. At the same time, relevant context, surrounding con-
tent adaptation is also discussed, such as the establishment of multimedia services and
multimedia service clouds.

Chapter 3 presents an architecture for the creation and management of virtual multi-
media adaptation services. The discussion of Service Virtualization Architecture starts
with virtualization techniques for media services offered over service clouds. It then pro-
ceeds to gradual multimedia parameter abstraction in a hierarchical form, that acts as
an interpreter between user defined terms and the low-level multimedia features, while
providing a foundation to construct and sort the list of offered virtual service models.
The chapter then focuses on specifics of each of the components and how they fit into
the concept.

Chapter 4, will discuss the method of forming a chain of processing services by ordering
them with accordance to their performance characteristics. The chapter will elaborate
on the performance metrics themselves, as well as their collection methods and statis-
tical models/methods allowing for the expression and use of such characteristics in the
compact form of performance graphs.

Chapter 5 is dedicated to the implementation of the proposed architecture in order to
evaluate it’s performance. A set of experiments were performed on several video file
formats (i.e. MJPG and MPEG2), that were processed through a selected set of services
using random, first available queue and performance graphs service ordering methods.
Evaluation was conducted with the use of single services as well as complex models, when
the adaptation function is offered by several services.

Chapter 6 concludes the thesis. It summarizes the contributions, experimental results
and appoints the future research plans and potential enhancements that can be made to

the outlined content adaptation techniques.



Chapter 2

Related Work

2.1 Chapter Objectives

This chapter represents an overview of the background information used during the de-
sign of the Service Virtualization Architecture (SVA). It starts by introducing the notion
of multimedia content and providing a brief overview of different types of multimedia
contents, their parameters and service models. Next, the chapter discusses content adap-
tation and provides an overview of its types and approaches. The chapter then focuses
on modeling techniques and solutions for content adaptation in a proxy-based system.
The chapter is concluded with the review of the evolution of the multimedia functionality

abstractions towards services and multimedia-aware cloud computing.

2.2 Multimedia. An Overview

Over the last decade, a family of small portable personal devices have been introduced.
Among their features there is an ever increasing dependence on media content delivered
through the Internet. Such devices have specifications that vary widely with regards to
their display resolutions, processing capabilities, storage capacity and content support.
Additionally, the delivered multimedia content itself keeps evolving towards richer con-
tent and interactive experiences. Multimedia itself can be described as a channel or a
medium that allows humans to experience the real-world or it’s artificial model through a
combination of human senses. Defined by space and time, multimedia can be experienced
through creation, manipulation, delivery and consumption [71]. If setting aside unique

parameters defining format specifications and compression schemes (such auto-regressive



based texture synthesis or video compression based on kinetic Delaunay triangulation),
the core of a multimedia content comprises one or a combination of following compo-
nents [68]:

Tezxt - represents a discrete sequence of meaningful characters. Textural information can
be described by parameters such as a language used and the adapted font characteristics.
It can be also combined into complex web objects encapsulating additional parameters
such as color, shades and emboss.

Images and Graphics - represent a spatial presentation of real or virtual entities. In gen-
eral, a digital image is formed by a plane of pixels, where each pixel is assigned a range
of bits to store it’s color values. Distinct parameters, identifying such images include
spatial resolution and color encoding that is measured in bits per pixel. Graphics can
utilize higher-level schemes for representations of primitives (such as lines and geometric
shapes) and spatial regions that can be used to improve compression and manipulation
methods.

Audio - is content the medium of which is formed by pressure waves and takes the form of
music, speech or sequence of digitized sounds. Its peculiar parameters include frequency,
volume, sampling rate ( determines the intervals used to convert a continuous signal into
a digital format) and number of bytes used to quantize the sample. The audio content
can also originate in a digital form from electronics instruments or a computer.

Video - represents a continuous sequence of frames which semantics depend on the level
of the relative change in the discrete values between video frames or of the whole contin-
uum. Important measures include the frame aspect ratio, frame rate and color encoding
details such as luminance and chrominance.

Complexr Objects - This category combines specialized structures that utilize complex
timings, spacial and semantical synchronization relations or use supplementary dimen-
sions to define 2D and 3D shapes like holography, stereophony and element of virtual
reality. The addition of a dynamic layer of human interaction in a form of feedback
allows to add more value to such multimedia content, while utilizing existing delivery

mechanisms to compose and generate it’s required form [71].

Certain features and parameters describing multimedia content are consistent through-
out the entire multimedia object (e.g., frame rate, font color and sound volume) allowing
their retrieval to be a relatively simple process. Other sets of parameters vary and pro-
vide a significant value when summarized over a specific region (e.g., dominating color,

motion intensity). As an example, color features are widely used in the image domain



and, depending on the system and user requirements, can be described by either color
histograms (that characterize both the global and local distribution of colors but does not
consider the spatial information of the pixel) or color coherence vector (that characterizes

the color distribution of pixels and the spatial correlation of color pairs) [11].

2.2.1 Multimedia description

Multimedia contents can be modeled by a set of low-level features (e.g., color values,
dimension values and frequency). An average user, on the other hand, in it’s interac-
tions and requests tends to recognize and use a finite set of high-level semantic concepts
that are represented by keywords and text descriptors. For example, psychophysical
experiments show that when exploring images for similarities, human perception can
recognize about 40 low-level features including parameters such as number of regions,
color composition, number of edges and presence of a central object . When modeling
system requests and content descriptions a sematic gap between low-level features and
high-level semantic should be addressed in order to allow the creation of the concepts
that are accessible by a wider user-base. For instance, an average color calculated for
all pixels in a given graphic at the system level is represented by a hexadecimal color
space, while at the user-level it is assigned a semantic color name used in natural lan-
guage. Such mapping between sets of low-level features and high-level semantics can be

established by using supervised and unsupervised machine learning techniques [78].

In supervised machine learning techniques, a large number of labeled training samples
are fed into a model, allowing to locate hyper-planes to differentiate between labeled cat-
egories. At the testing stage, the unlabeled low-level data features are processed by the
same model and are associated to the high-level semantic concept, that gives the highest
positive match. On the downside, such feature mapping is fixed and might have to be re-
learned with the introduction of the new concepts or domain variations. A bootstrapping
approach allows the model to train from a smaller set of labeled data. In this case, at the
testing-stage information is processed by two independent classifiers, that join their ef-
forts in further co-training and annotation. With the use of relevant feedback (RF) from
the user, a decision tree can be also built while processing the requested information.
Such decision trees can be later used as a separate model to process similar queries or be
translated into a set of policies allowing for an automatic feature mapping. The described

above methods are most consistent with mapping nominal low-level features unlike sets



of multimedia properties with continuous values. With no labeled outcome values to
guide the learning process, unsupervised learning techniques focus on attempts to clus-
ter and categorize given input features [78]. The main idea is to group properties into
separate clusters in a way that maximizes the similarity between the cluster elements,
while at the same time minimizing the similarity between the clusters themselves. In this
case, statistical variations of elements within each cluster are used as a criteria to guide

the mapping process between low-level multimedia features and high-level semantics [78].

File format represents the most widespread and standardized form of describing a multi-
media content and thus can be used to supply the basic low-level features and attributes
for higher-level models. As an alternative, with it’s 377 complex types, 417 attributes
and 1182 elements, MPEG-7 standard provides description tools to annotate multimedia
content at different levels of abstraction [31]. Web Ontology Language (OWL) [62] is
often used to describe high-level semantics as it provides a large vocabulary for class
and property descriptions, however it does not provide means to model complex tem-
poral and spatial relationships between video and audio content [46]. As a result, the
combination of low-level features with mapping to high-level semantics allows to create
an extensive content description, that can be used for content retrieval and formulation
of precise system requests. However, when it comes to the creation of complex multi-
media structures and utilization of existing elements in service composition chains, such
descriptions come short in providing the right level of details. In such cases, preference
is given to multimedia models that, among other things, can recognize and record the
internal structural and temporal relationships and capture the nature of inter-element

relations.

2.2.2 Multimedia Models

Multimedia models and metamodels are designed to synthesize knowledge and common
concepts from different domains into a uniform view [55]. Such models allow for an
exploration of semantic, temporal/spatial relationships and composition of particular

multimedia elements without the burden of the implementation details.

Earlier multimedia models in order to create a uniform abstraction for stored multi-
media content were using conventional object-oriented data modeling approaches, repre-

senting multimedia as an active object, while extending them with methods to address,



compression/decompresion and other functionalities specific to multimedia. Dataflow
models concentrated on modeling dataflow and transformations through directed graphs

of operators [65]. In [52] all multimedia types are joined under an entity Multimedia Type.

any entity
mamny & present in related schema/high-level data
contains representations of \ multimedia entities and attributes
\ 1 many
Multimedia g Long Text

Type \

Image Image Sound

Stack

{ speaker J\ Speech | language |

Video

multimedia entities and attributes

raw data
raw data

Figure 2.1: Different levels of a multimedia type model (from [52])

The low-level layer is described by a raw data attribute, corresponding to the raw
sequence of bytes free of any interpretations or translation. Intermediate layers de-
scribe subclasses of the Multimedia Type, allowing to attach raw data to meaningful
sub-components. Features and attributes of these sub-components are used to model
service requests at different levels of abstractions. As shown in Figure 2.1, Image is an
example of a basic multimedia type, that structurally corresponds to a two-dimensional
array of pixels, each of which requires a particular number of bits to define a depth at-
tribute. At the same time, Image can be described by the dimension parameter, that

in it’s turn is bound to attributes width and hight. Such abstractions can be further
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extended with temporal models, that describe temporal dependencies between entities
(such as event-based dependency) and/or spatial models, that allow to determine ele-
ment positioning (such as absolute positioning or topological relations). To account for
the element of time, multimedia content can be also modeled in the form of a general
stream, where parameters specific to particular multimedia types (e.g., individual words

for text, samples at given frequency for sound) are sequenced over time [16].

In the end, multimedia models keep shifting towards abstraction and increased support
for high-level interactions and manipulation. This allows multimedia delivery systems to
explore and perform needed manipulations using just the content attributes and features
in an implementation-independent manner. Evolving from pre-composed streams into
structured sets of objects composed and rendered at runtime, multimedia keep spreading

into new domains (Figure 2.2) [33].

Domains Example applications

Information management Hypermedia, multimedia-capable databases, content-based retrieval
Entertainment Computer games, digital video, and audio (MP3)
Telecommunication Videoconferencing, shared workspaces, virtual communities

Information publishing/delivery  Online training, electronic books, and streaming media

Figure 2.2: Domains and example applications utilizing multimedia (from [33])

With the evolution of multimedia content, a challenging requirement emerges: how
to offer a pleasant experience to end-users while providing an efficient delivery mecha-
nism, in a way that suits their preferences, device capabilities and running application
constraints, while considering performance variations of the underlying network [8, 26].
Along with context awareness and personalization of the user interfaces, multimedia
content adaptation is identified as an essential feature for the realization of such require-
ment [49].

2.3 Introduction to Content Adaptation

The content adaptation research discipline studies the means to scale and transform a
given media content in order to satisfy network and device constraints, evolving over the
years to take into consideration user preferences in attempts to maximize user’s quality

of experience (QoE). An example of the situation when adaptation can be useful is when
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a video material needs to be displayed on a smartphone. It needs to be resized to fit
the display, tinted green to accommodate the user’s vision challenges and converted to a
different format in order to provide the correct encoding, while satisfying the bandwidth

requirement.

2.3.1 Reasons and Approaches to Multimedia Content Adap-

tation

This section will provide an overview of the background information on the topic of
the multimedia content adaptation, as well as an overview of the existing adaptation
solutions and their challenges. In recent years, individual users have become a growing
category in the multimedia consumption chain, driving an era where the content delivery
is enhanced with varying levels of customization to target a more individualistic audi-
ence. In such a trend, several human factors become a driving point of the multimedia
consumption. It all starts with the manual or automatic selection of the desired content
(e.g., selecting the video title from the on-line digital theater service) while capturing
and interpreting user’s preferences in a standardized representation form. In the next
step, the selected content is analyzed in terms of suitability to the relevant usage en-
vironment characteristics and/or context. Context can be seen as the information that
describes/provides additional information about features and conditions of any given
component of the multimedia delivery and consumption chains. Low-level contextual
information includes and is not limited to: network conditions, user and device char-
acteristics, as well as observations that can provide insight to the user’s emotional and
physical state. More advanced context-aware content adaptation systems try to explore
the inter-relations among different types of the low-level contextual information, while at
the same time using ontologies to infer high-level context [9]. In the end, the combina-
tion of user preferences and usage environment characteristics derive reasons for content
adaptation [57]:

- Technical limitations, such as available bandwidth or device capabilities (such as pro-

cessing power or resolution).

- User semantic preferences, that assign a value to a part or type of the content (e.g.,
during an on-line broadcast the user is interested in a news report, while requesting

the weather report segment in the form of a screenshot).
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- Content provider multimedia consumption policies with accordance to the user pro-
file and/or network conditions. As an example, filtering the video content before

delivering it to an underage user or changing the bitrate during peak-usage-hours.

- Perception preferences and limitations that are derived from the user’s unique percep-

tion of the content in terms of senses such as vision or hearing.

At a higher scale, the adaptation approaches can be viewed as either device-centric or
end-user-centric. A Device-centric approach produces the content tailored to the device
capabilities. Nevertheless, in this case, the highest quality of the content in terms of
the device requirements may not be viewed as such by the end-user of the content. On
the other hand, user-centric approaches guide the adaptation process with accordance
to the user preferences that are expressed in a form of user satisfaction metrics [44] or
an acceptable range of one or more adaptation parameters. However, such an approach
provides a challenge; negotiating an acceptable trade-off between the content quality
requested by the user, and the version of the content that satisfies the device constraints.
In order to provide adequate content, a combination of possible actions can be considered
[57]:

-Variation selection, that provides access to a set of multiple variations of the same
content (e.g., versions of the same video adapted for different screen sizes or coded at
different bitrates).

- Content Scalability, that is achieved by a scalable coded bitstream that allows for
the extraction of content representations in one or more scalability dimensions (such as
temporal or spacial) from a single stream.

- Content Transformation, that is also commonly referred to as content adaptation,
and represents a group of actions or operations that can be performed on the delivered
content.

This work will focus on the last methodology of content transformation, since the former
two do not scale well with the current volume of media demands.

2.3.2 Types of Content Transformations

A multimedia file can be viewed as a container with a specific amount of information
represented by modality (e.g., datatype such as video, image, text and speech) and fidelity
(e.g., quality or rendering requirement) [48]. Depending on the way transformations

manipulate these parameters, they can be separated into the following categories [57]:
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- Transcoding modifies fidelity of the content, while keeping the modality and the amount
of information unchanged. This can be accomplished by the use of operations that

manipulate such aspects of the multimedia content as color, resolution, quality etc.

- Transmoding is the process that changes the modality, while at the same time trying
to preserve as much information as possible. Some of the transformations are
quite direct (such as video to picture), other involve an amount or reasoning and

interpretation (such as image to audio file).

- Semantic Filtering can be performed on such aspects of a multimedia file as duration,
scene composition or spatial (as in region of interest) by reducing and thus rear-
ranging the amount of information that they convey. Most common operation in

this category being summarization.

Creation and delivery of customized content requires the consideration of multiple
constraints; such as device capabilities, network parameters and user preferences. In-
corporation of possibly contradicting requirements, such as the user’s request for high
quality content versus network aspiration for traffic reduction, may result in the need
to perform a combination of complex content transformations. The first logical step to

investigate the possible timeline of the adaptation process.

2.3.3 Adaptation Timeline: Static and Dynamic Adaptation

In terms of time, customized content can be created statically [61] beforehand or on
the fly [45]. A static approach calls for the creation of multiple versions of the same
content at different quality levels to fit a variety of devices. The original content is
pre-adapted along the device dimensions (such as modality and fidelity), resulting in
device-independent content versions generated with accordance to a set of adaptation
planes bounded by values that model device dimensions [48]. Static methods allow great
delivery performance in situations where the content provider is dealing with an estab-
lished and consistent audience as in these cases, available content versions can be closely
matched to the range of the adaptation requests or provide a set of acceptable equiva-
lents. Static content versions can also be hand-tailored by guided transcoding process
to the desired adaptation results. The major downside of this method includes storage
costs, as well as the challenge to adapt the existing content to the changes in the con-
sumption chain parameters, such as a more dynamic consumer base or introduction of

new devices and formats. Other challenges present situations when the desired content
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version falls in between two pre-adapted versions.

In dynamic adaptation, only the original version of the multimedia content has to be
stored, as the content is transformed on the fly with accordance to the request charac-
teristics that may include device capabilities, network parameters and user preferences.
Sets of pre-adapted files can be used as an input for the dynamic content adaptation
framework, marking the collaboration of two adaptation methods in order to reduce the
computational overhead [48]. To be sufficient on it’s own, the dynamic approach needs to
provide solutions that transform multimedia content at a reasonable computational cost,
while taking into account the nature of the adaptation system, location of the adaptation

being one of them.

2.3.4 Location of the Dynamic Adaptation

Dynamic content adaptation can be performed on the client side, on a content server or
at a proxy-server located on the network. In case of a client-side adaptation, the content
is transformed by the client’s actual device, providing the most direct way for the user
to control and specify their preferences. However, depending on the adaptation request,
it can be challenging or even impossible to execute a content adaptation routine due to

device resource constraints [80].

When transcoding is performed on the content-server-side, content providers have com-
plete control over content transformation methods, as well as the authorization of the
user’s requests, thus allowing for the creation of a more secure adaptation process. This
provides an optimal environment for creation and storage of the adapted content versions
produced with static methods. Other benefits may include reduction of the network traf-
fic, in cases when the modified files are of a more efficient format or lower quality before
they are sent into the network [7]. It is also possible to reduce service load by separating
tasks. As an example, by assigning the creation of an adaptation plan to the client side
proxy, while the actual adaptation process is left to the content server [69]. However,
in cases of multiple requests or as new adaptation functions are being added, additional
computational load is introduced to the servers, as well as functional and maintenance

complexity.

Prozxy-servers provide an alternative, when needed transcoding operations are performed
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on an intermediate platform located between the client and the content source. Since
content transformation can be executed without involving client device or content server
resources, it allows for a reduction of their design complexity. That said, such advantage
over other methods can be lost in case of high latency connections between proxy servers
and content server components. In general, physical proxy servers host a set of fixed log-
ical transcoding functions which are capable of exchanging requests on the user’s behalf.
In cases when the needed operations can’t be performed on the server, its functionality
can be extended with the use of adaptation tools developed externally by an automatic
download of the needed plug-in components [38]. A good example of such design is
Gamma : a content-adaptation server for wireless multimedia applications [81]. In addi-
tion to providing transcoding operation for videos, images, audio and documents, it can
expend its capabilities by installing executables into the existing system and adding the

corresponding entries to it’s configuration table.

Such flexibility allows to consider the proxy-based framework platform for the creation
of an elaborate adaptation system, that can provide a dynamic adaptation solution ac-
cessible by multiple organizations and users. Due to its dynamic nature, such systems
require a flexible adaptation architecture, that, among other things, can address unex-
pected system changes, such as the failing, leaving or introduction of new transcoding
services. This can become especially important in cases when complex adaptation op-
erations are performed through combined functionalities of several adaptation proxies.
Given the number of possible configurations, it present a challenge to find the chain
among available services offered by transcoding servers, that will create the needed con-

tent with accordance to the adaptation request.

2.3.5 Models for Proxy-based Content Adaptation

In current proxy-based content adaptation techniques two notable research streams can
be characterized - modeling content adaptation as an optimization problem or viewing

it as process of creation of an adaptation path from available services.

In the optimization problem model, the optimal delivery media parameters (e.g., frame
rate, frame size) are calculated while minimizing resource utilization and satisfying the
users and applications requirements. The value of the adapted content version is mea-

sured by a utility function that represents a user’s ease of access to the content and
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content perceived quality [12]. The adaptation operations to achieve the desired out-
put parameters are then performed on a dedicated server (e.g., [26], [21]). Authors
in [27] investigated simple scenarios in order to evaluate the cost of implementing ma-
chine learning (ML) techniques (such as Multilayer perception and Bayesian Inference)
to analyze user contextual information in order to define the set of most adequate media
stream re-encoding parameters. Overall it is an attractive approach, allowing in a single
transcoding step to produce the desired result, however, the main limitation is it’s com-

plexity and the high dimensionality of the optimization problem.

The second stream of the research efforts targets distributed adaptation through find-
ing an optimal path of adaptation services. A service path is an ordered sequence of
adaptation services between the content source and destination device that, as a result,
creates a more complex function to produce a desired content version (e.g., scaling then
transcoding followed by the color change). This approach is effective in cases, when a
single adaptation service is not able to generate the required content version. Differences
between the descriptions of the available multimedia object and required multimedia
object provide a way to monitor the proximity of reaching the required content version
at each step of the adaptation path. This approach implies a unified description model
(such as XML schemas in MPEG-21 Digital Item Adaptation specification [70]) for mul-
timedia content, for both adaptation services and content providers [37], thus allowing
an easier construction of support mechanisms (such as service composition) to search for

an adaptation path.

2.3.6 Service Composition

The problem of composing complex functional elements with the use of smaller indepen-
dent entities is well studied in fields such as web services and can be generalized into a
sequence of four stages (Figure 2.3) [39]:

With the use of semantic matching rules or ontologies, translation provides mapping
between service requests and internal system specifications/logical models. When utiliz-
ing common services and functional models, this stage can be omitted. Once produced,
a service request is used as a guideline to generate needed functionality by composing
available services using semantic or syntactical matching techniques. Composition of
available services can produce several composition plans in a form of graphs or formal

descriptions. Composition plans are then subjected to evaluation in terms of given con-
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Figure 2.3: Service Composition stages (based on [39])

text, network conditions, non functional quality parameters (such as accuracy, reliability
and scalability) and other properties define by the architectural logic of the processing
system. Evaluation can be conducted in accordance with a rule-based plan or a more
dynamic formal approach such as Petri nets that identifies basic aspects of the system,
both mathematically and conceptually. During the ezecution of the selected composition
plan, an appropriate implementation entity capable of realizing the identified composite
service is selected. It ranges from a simple successive invocation of a list of entities to a

complex contextual discovery and configuration of suitable network elements.

Restrictions driven by the nature of the multimedia content have to be considered when
trying to use composition techniques for an adaptation path construction. Multimedia is
usually presented in a form of a continuous data flow such as video or audio, so when ser-
vices are composed together to form an advanced processing function, they have to satisfy
not only the functional dependency by matching outputs with corresponding inputs, but
also maintain consistent QoS to maintain a certain level of spatial and temporal quality
of the delivered content. This means that in order to maintain the expected time for
service instantiation (besides typical network performance measures such as bandwidth,
jitter and packet loss), system have to contemplate parameters such as number of proxy
hops and transmission delays, that at the same time greatly depend on selection of the
composition mechanism. As an example, concurrent composition manipulates several
continuous flows in parallel (Figure 2.4), thus requiring additional service monitoring in
order to provide a strong functional and time synchronization.

In successive service composition functionally dependent services are invoked in a
sequence (Figure 2.5). In order to process service requests within the established time
frame, each successive service has to be available to service the corresponding processing

stage at a relevant time.
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Figure 2.4: Concurrent Service composition [54]

Search for a replacement service element during service failures introduces additional
delays that can stress tight execution time constraints in a successive service chain, while
in a concurrent it might not have an effect on the successful task execution (i.e., when

failure of close caption extraction happens in parallel with video transcoding) [54].

In order to provide system flexibility or when the quality of the end result is an essence,
a set of policies can be considered to guide the ordering for certain groups of composition
elements based on requested content type and/or properties specified by it’s meta-data
descriptions. As an example, a category of non-functional services (e.g., compression
and sampling) that manipulate quality of the media content affects data volume, thus
becoming a desirable option when attempting to administer transmission delays [58].
Ordering of some service functions might also be based on the effectiveness of their mu-
tual interactions. For instance, it is less expensive to translate a summarized version
rather than the whole text, making it beneficial to perform language translation and
format/modality conversion as a last operation in the adaptation chain. ”Object extrac-
tion” from an uncompressed image tends to provide better quality results, compared to

when it is performed after a lossy compression [14]. A combination of ”caching” and
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Figure 2.5: Successive Service composition [54]

"re-encoding into a streaming format” services might be given a priority or inserted
into a predefined adaptation sequence in order to better interrelate service requests with
network conditions when network load exceeds a set threshold. Directed acyclic graphs
(DAG) are often used as solid support structures to express and explore such service
dependencies in multiple chains of adaptation services. There exist many well-known
algorithms that can be then applied to such graphs in order to optimize generation and

evaluation of the service composition stage.

2.3.7 Adaptation Graphs

In essence, service graphs contain all available network adaptation services in a form of
nodes, while directed edges represent feasible physical and/or logical ordering of such
services [28], [14]. The start node represents a service which outputs a file format corre-
sponding to the requested media file. Edges connect it to the invocation of the needed
adaptation functions and the end/sink nodes represent services that, as a result, accept
the desired media format. As an example, authors in [50] when considering an adaptation
of an oral video presentation into a PDF document, construct such a graph by consult-
ing a service registry. In this case the adaptation path to produce the desired format
contains a total of three adaptation services: sound extraction, transmoding sound to
text followed by transmoding text to image in a PDF format (Figure 2.6).

One of the methods to create adaptation graphs is to connect all output links of the



20

Sound.mp3 -> Sound.wav
Sound.wav -> Image.bmp

age. bmp > Image pdf

» PDF document

Oral video
presentation

Figure 2.6: Example of an adaptation graph (redrawn from [50])

start node to all input links of all other nodes that accept that format as the input.
The same procedure is repeated for all other nodes, while keeping the resulting graph
acyclic by verifying the uniqueness of the structural file format along the way [28]. It is
also possible to use backward chaining techniques, when services outputting the desired
file format are identified first. In this case the selection process is repeated until the
input of the last selected node can be matched to the configuration corresponding to the
requested file. If the last candidate in the adaptation chain can not be matched to any
other nodes, the selection is revoked and the search process backtracks to the previously
selected element [40]. During concurrent creation of an adaptation path from start and
end nodes, ”"forward” path selections rely on the profile obtained from the requested file,
while the ”backward” path creation depends on the combination of request, client and
device profiles. In this case, the system is constantly checking for the existence of a com-
mon node linking two paths together, while maintaining the acyclicity of the adaptation
trees [69]. In order to reduce computational time and complexity, the set of candidate
services can be adjusted to consider only services that are available at the time of the
adaptation request. This can be done by maintaining a queue for each of the services
with elastic limits based on service capacity and traffic flow. When the limit is reached,

service can no longer be considered in the adaptation candidate set [69].

Another solution that can help to reduce computational complexity is to create graphs
by using the ”guidance structures”. Such structures focus just on the qualified services
and can be stored for the later use for cases of multiple resemblant requests. One exam-
ple of such structures is an ordered string of adaptation operators (i.e., a transformation

prescript), that is formed before the actual file processing to meet request constraints. It
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abstracts from execution details and provides input/output comparability only at a me-
dia level [13]. The adaptation graph itself is then constructed from the set of candidate
adaptation services, that can perform operations specified by the prescript, at which
point each connection is evaluated in terms of quality, consistency and input/output
value compliance. In cases when the needed path can not be completed, unconnected
candidate services are removed from the graph and/or supplementary, semantically neu-
tral operators are inserted. Service ordering for such adaptation paths is based on the
prescript, that in it’s turn is based on the context profile without consideration of the
adaptation service specifics and correlations. This can potentially result in omission of
efficient (in terms of desired QoS) service sequences, as well as potentially lead to viola-
tions of certain operation requirements (example: compression has to occur before and

not after encryption in order to comply with the system privacy standards) [41].

2.3.8 Path Selection in Adaptation Graphs

Selection of an adaptation path in a graph among multiple alternatives is based on the
score vector of quality parameters associated with each node in the adaptation graph.
Quality vectors can include parameters such as time, cost and service availability. The
overall path value is calculated as a sum of the scores of it’s meaningful vector compo-
nents and can be additionally weighted to account for preferences and quality criteria
defined by the user request and system objectives [13]. Opposed aspirations of the user
for the best quality content and the system to persevere it’s resources calls for a tradeoff,
that can be viewed as a multi-constraint path problem (MCP), which is known to be NP-
complete. Such situation arise in [58], where delay (sum of transmission between services
+ total processing time) is a quality factor for the user, while service path components
are defined by the data input/output ratio change, resulting in a dynamic processing
time, dependant on the data volume. In this case, authors use a heuristic method to
resolve the problem by applying a hop-by-hop path construction technique, where each

successive service link selection in based on a low delay and small input/output ratio.

Other techniques to identify adaptation paths include brute force methods. They are
used in [41] where an ”automatic path creator” utilize breadth-first search and in [14],
an adaptation path is located through an exhaustive search according to the maximum
quality score value of each of the available paths. More sophisticated methods include

Dijkstra’s shortest path algorithm [24] or as in [37], where services are selected from



22

a set ordered with accordance to the number of mismatched descriptions found by the
comparison function with the results and then sorted according to the distance of the
adaptation services from the requesting device. Due to high computational costs, such
search methods are used with the assumption, that the diameter of the adaptation graph

will not exceed a certain threshold.

The scalability and computational overhead challenges in the search for an acceptable
chain of adaptation services increases as the number of functions offered by the proxy-
servers and the variations in their performance expand. It becomes a time-consuming
process in the face of the shortest path algorithm, thus calling for a further search for

new design solutions.

2.3.9 Stages of an Adaptation Path Search
Logical Adaptation Path

The adaptation path search can be viewed as a two stage process; during the first stage, a
logical adaptation path is composed from compatible logical adaptation operators, com-
bined by the correspondence of their input and output parameters. The main challenge
of this stage is the discovery of the needed compatible operators that, in the worst case
scenario, requires an exhaustive search among all service descriptions. Time needed for
the discovery of compatible service components can be reduced with the introduction of
Decentralized Dynamic Hash Table (DHT) structures [34]. DHT stores and maps service
components meta-data with accordance to the adaptation functions that they provide.
However, constant updates with the combination of direct lookup in the DHT table can
cause system message overhead, that, in it’s turn, can be improved with the use of a
semantic approach. In a semantic approach, service functions are grouped based on a
criteria predefined during the development phase. Similarly video files before processing
can be separated into categories based on the features reflecting a spatiotemporal com-
plexity of the files, as there exist a strong correlation between video adaptation behavior
and the low-level content features [79]. In order to guide the adaptation process for
future requests, a representative operation preference (based on the statistical charac-
teristic of the entire group) for a given set of parameters is summarized for each of such
categories. As an example, authors in [8] group media ports within geographical sub-
areas into hierarchies based on types of services that they offer. Services in such groups

(like adaptation services or routing services) can be further classified according to their
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properties. The challenge arise as dynamic service properties (such as cost, location and
availability) might change over time, forcing the system to reassess the correctness of
the service logical positioning in the classification group. In addition, the introduction
of a supplementary classification criteria refines hierarchical structure at a high message
overhead and maintenance cost and, in certain cases, decrease the effectiveness of the
hole structure. Such effects are explored in [76], where authors select a limited number
of useful parameters from media feature set of an MC EZBC coded video for a further

classification-based prediction.

Physical Adaptation Path

In the second stage of the adaptation path search, the logical path is transformed into
a physical one. This is done by mapping each logical operator to a specific proxy-server

providing a corresponding functionality (Figure 2.7).

Adaptation Graph

Adaptation Path
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Requested # | Adapted Multimedia
Multimedia Content Content
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Figure 2.7: Mapping logical to a physical adaptation path

In this case, the selection of an optimal path among a set of available paths is based
on a performance criteria and current system runtime parameters. As an example, in

[34] authors propose a structure, where multimedia application units providing service
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functions are mapped to service components in a Service Overlay Network (SON). One
of the challenges is, that once an adaptation service is assigned to a network proxy
and is allocated for a media stream, both network and server resources are dedicated
to that stream for its duration. Such resource reservation might result in service and
network overload or under-utilization. Moreover, even single service degradation may
result in degradation in the quality of the delivered media content. There have been
several efforts to overcome these limitations; for example, Al-Oqily et al. [8] build service
overlay networks as efficient chordal rings structures that, due to it’s properties, allow for

an easier adaptation path identification, while simplifying service replacement process.

2.3.10 Summary and Open Issues

In order to provide the best experience in a dynamically changing environment, along
with the pressure of heterogeneous nature of user requests and constantly growing num-
bers of available devices and services, systems using service composition for a multimedia
adaptation path construction have to provide flexible solutions at each stage of the com-

position process.

In order to take advantage of all available service functionalities, user request for a
specific multimedia content (in a form of references, QoS and device requirements) have
to be mapped to a common description model (semantics and/or ontologies) used to de-
scribe services and available content. Attempts to develop a universal multimedia access
methodology [72] target only the semantic content representation and fail to address the
gap between content semantics and low-level parameters. On the outside, systems can
explore the advantages of an execution environments such as cloud computing, that acts
as a single container for applications, services and other components allowing seamless
access to resources without the knowledge of their location and implementation details.
On the inside, services have to allow for a contextual discovery of the most appropriate
candidates without heavy costs of semantic matching by hierarchically grouping them
with accordance to the types of offered services [8]. However, due to the status changes
of network components and performance fluctuations reflected by dynamic service prop-
erties (such as cost, location and availability), the system might need to reassess the

correctness of the service logical positioning in such classification groups.

In the next step, logical adaptation paths are assembled from a set of discovered candidate
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adaptation services in a form of adaptation graphs by evaluating connections in terms of
their quality, consistency and input/output value compliance. If the construction of an
adaptation graph is based only on the context profile without the consideration of the
implementation details and adaptation service correlations, it can lead to semantically
correct, but inefficient service combinations, potentially violating operation prerequisite
requirements [41], [13]. At the same time, if services involved in a successive composi-
tion are functionally dependent, then in order to process the service request within the
established time frame, each successive service has to be available for the corresponding
processing stage at the relevant time. This requires the development of mechanism to
estimate workflow timelines to guide and optimize the usage of the system resources.
An advanced user can refine a composite service plan himself by enhancing an existing
service graph with descriptions of service functions needed to complete adaptation tasks
and /or with specifications of the inter-service dependencies, that can be later used by
the system to extract different composition patterns [34], [58]. However, an average user,
when submitting requests at the application level, is more interested in the final outcome
(without the need or want to understand the underlying process). This calls for a need
to include the possibility of expressing preferences with the use of high-level semantics
in order to create an approachable for an average user, yet precise enough method to

allow adaptation system to refine and navigate the adaptation graph on the user’s behalf.

It’s been noted, that multimedia content demonstrates similar behavior and operation
preferences based on the similarity of statistical characteristics of the content spatial
and/or temporal parameters [79]. However, till now there is no clear investigations on
how this information about multimedia content low-level parameters can be used to

create service ordering rules and guiding structures.

2.4 Future of the Multimedia Services

2.4.1 Services

Over the years, the level of multimedia functionality abstraction progressed from mod-
ules, to objects, then components and finally to services. In essence, services comprise
identifiable functions, whose principle of operation does not depend on the context or
state of the other services. While combining functional descriptions and behaviors, a

service hides the implementation details at the same time providing a simple interface
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that allows for the creation of external connections with other services and system com-
ponents. Service oriented Architectures (SoA) employ the flexibility of services and with
the combination of sets of policies and frameworks, create a concept specialized in a
specific domain or business task [15]. Applied to multimedia processing, SoA concepts
are extended to support large real-time feeds and are capable of analyzing, searching