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Abstract

The rapid growth of mobile computing and ambient intelligence has transformed users’
interactions with devices and access digital content, fostering the emergence of context-aware
pervasive systems. These systems aim to deliver personalized experiences, particularly by
adapting multimedia content to dynamic user contexts, such as location, device features, and
environment. Several context-aware multimedia adaptation approaches already exist; they
belong to four main categories: client side adaptation, server side adaptation, proxy-based
adaptation and peer-to-peer adaptation. However, most of these approaches primarily rely on
real-time context data, often neglecting the potential of incorporating historical user data into
the adaptation process. Indeed, historical data can significantly enhance multimedia adaptation
by enabling informed decision-making and supporting personalization. This thesis addresses
this gap by proposing a framework that incorporates historical user data into multimedia
documents adaptation processes in context-aware systems. The main contributions of this
work are threefold. The first contribution proposes an efficient adaptation framework that
employs historical user data to enhance multimedia content accessibility, usability, and
personalization in context-aware systems. The framework incorporates SQL and NoSQL
databases for efficient data storage, develops processing functions for retrieving and analyzing
historical data, and uses these insights to optimize content delivery. These functions support
client-side, proxy-based, and server-side management options. This aim is to help enhance
adaptation processes through machine learning and recommendation tasks. The second
contribution of this work is a rule-learning mechanism that leverages machine learning
algorithms — such as ECLAT, sequential covering, FP-Growth, and decision trees — to
personalize adaptation rules, based on historical users data. Using unsupervised machine
learning techniques, the system predicts adaptation actions based on past user behaviors with
respect to context changes, without needing pre-trained datasets. The third contribution
involves the application of latent semantic analysis to classify context situations and user
behaviors. By treating historical user data as textual documents with context elements and
adaptation actions serving as words, the system uncovers hidden semantic structures,
improving content delivery and enhancing user experience personalization through deeper
context understanding. These contributions are validated through real prototypes and
applications, with a particular focus on the adaptation of learning materials in context-aware
pervasive environments. The results demonstrate the effectiveness and potential of the
proposed system to enhance multimedia document accessibility and personalization, offering
promising improvements in user experience and adaptation efficiency.

Keywords:

Ambient intelligence, Context-aware pervasive systems, multimedia document adaptation,
ubiquitous learning, historical users data, personalization, rule-learning mechanism, latent
semantic analysis.
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Résumé

La croissance rapide de l'informatique mobile et de I'intelligence ambiante a transformé les
interactions des utilisateurs avec les dispositifs et I'acces aux contenus numériques, favorisant
I'émergence de systemes pervasifs sensibles au contexte. Ces systemes visent a offrir des
expériences personnalisées, notamment en adaptant les contenus multimédias aux contextes
dynamiques des utilisateurs, tels que la localisation, les caractéristiques des dispositifs et
l'environnement. Plusieurs approches d'adaptation de contenus multimédias sensibles au
contexte existent déja; elles se répartissent en quatre grandes catégories : I'adaptation coté
client, l'adaptation coté serveur, l'adaptation basée sur un proxy et l'adaptation de pair a pait.
Cependant, la plupart de ces approches s'appuient principalement sur des données
contextuelles en temps réel, négligeant souvent le potentiel d'intégration des données
historiques des utilisateurs dans le processus d'adaptation. En effet, les données historiques
peuvent considérablement améliorer I'adaptation multimédia en permettant une prise de
décision éclairée et en soutenant la personnalisation. Cette these répond a ce besoin en
proposant un cadre d'adaptation des documents multimédias dans les systémes sensibles au
contexte, intégrant les données historiques des utilisateurs. Les principales contributions de ce
travail sont triples. La premiere contribution propose un modéle d'adaptation efficace qui
utilise les données historiques des utilisateurs pour améliorer l'accessibilité, l'utilisabilité et la
personnalisation des contenus multimédias dans les systemes sensibles au contexte. Le mod¢le
incorpore des bases de données SQL et NoSQL pour un stockage efficace des données,
développe des fonctions de traitement pour la récupération et l'analyse des données
historiques, et utilise ces informations pour optimiser la diffusion de contenus. Ces fonctions
prennent en charge les options de gestion coté client, basé-proxy et coté serveur. L'objectif est
d'améliorer les processus d'adaptation grace a des taches d'apprentissage automatique et de
recommandation. La deuxiéme contribution de ce travail est un mécanisme d'apprentissage
des regles qui exploite des algorithmes d'apprentissage automatique — tels que ECLAT, le
recouvrement séquentiel, FP-Growth et les arbres de décision — pour personnaliser les regles
d'adaptation a partir des données historiques des utilisateurs. En utilisant des techniques
d'apprentissage non supervisé, le systeme prédit les actions d'adaptation en fonction des
comportements passés des utilisateurs face aux changements de contexte, sans nécessiter de
jeux de données pré-entrainés. La troisieme contribution concerne l'application de l'analyse
sémantique latente pour classifier les situations contextuelles et les comportements des
utilisateurs. En traitant les données historiques des utilisateurs comme des documents textuels,
avec les éléments contextuels et les actions d'adaptation servant de mots, le systeme découvre
des structures sémantiques cachées, améliorant la diffusion des contenus et la personnalisation
de l'expérience utilisateur grace a une compréhension approfondie du contexte. Ces
contributions sont validées par des prototypes réels et des applications, en mettant
particuliecrement l'accent sur l'adaptation des supports d'apprentissage dans des
environnements pervasifs sensibles au contexte. Les résultats démontrent l'efficacité et le
potentiel du systeme proposé pour améliorer l'accessibilité et la personnalisation des
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documents multimédias, offrant des améliorations prometteuses de l'expérience utilisateur et

de l'efficacité des processus d'adaptation.

Mots-clés :

Intelligence ambiante, systémes pervasifs sensibles au contexte, adaptation de documents
multimédias, apprentissage ubiquitaire, données historiques des utilisateurs, personnalisation,

mécanisme d'apprentissage des régles, analyse sémantique latente.
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CHAPTER 1

Introduction

In this chapter, we outline the overall framework that shapes this research. We begin by
introducing the context of this thesis, focusing on the adaptation of multimedia documents
within context-aware pervasive systems, with particular emphasis on the adaptation of
learning materials. Next, we define the problem to be addressed and explore the motivations
driving this choice. Additionally, we provide an overview of the methodology that will guide
the research work throughout this thesis, ensuring a clear path to its completion. Finally, we
conclude this chapter by presenting the structure of this document, which represents the
culmination of years of hard work.

1. Research Context

Recent advances in mobile computing and related technologies have significantly transformed
the use of devices and their integration into daily life. This collection of devices includes
laptops, tablets, smartphones, smartwatches, and other portable gadgets such as foldable
devices, smart glasses, wearable fitness trackers, and portable gaming systems. These
advancements have not only changed information communication and accessibility, but also
paved the way for the emergence of a new computing paradigm: ambient intelligence. This
paradigm focuses on seamlessly embedding communication, computation, and decision-
making capabilities into everyday environments. By leveraging real-time or near-instantaneous
information and historical data, ambient intelligence enhances user interactions with their
surroundings, delivering personalized and context-aware experiences, and expanding the
potential of mobile technology and its role in modern life.

Ambient intelligence builds upon pervasive systems by introducing a critical element: the
explicit requirement of intelligence. This enables mobile applications to sense their
environment, interpret the context of collected data, and adapt their behavior accordingly.
This capability, known as context-awareness, allows applications to perceive contextual
information and respond appropriately. Unlike traditional computing paradigms, pervasive
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systems paradigms, pervasive systems make information accessible anytime, in any way and
from anywhere. This capability allows access to information in various contextual situations,
including the user's environment (e.g., ambient noise levels, climate conditions), user
preferences (e.g., preferred language), and the features of the device's capabilities (e.g., battery
level, screen size). Pervasive systems thus contribute to making smart devices effective tools
for understanding the user’s context through their ability to collect, send, store, process, and
communicate data. In such cases, context is often associated with three key dimensions: where
you are (e.g., location and environment), Who you are with (e.g., social context and
relationships), and what resources are nearby (e.g., smart objects, networks, auxiliary
devices).

In this PhD thesis, we focus on efficient access to multimedia documents in context-aware
pervasive systems. These documents include a wide range of multimedia objects, such as text,
images, audio, and video; HTML pages are a good example. In practice, multimedia documents
play an important role in many fields including, among others, news, e-learning, healthcare,
and tourism. The increasing diversity of devices (e.g., laptops, smart TVs, smartphones,
tablets, and smartwatches) has largely contributed to making these documents omnipresent
and accessible anytime, any way and from anywhere. Moreover, pervasive computing can
improve their presentation as it ensures multi-device compatibility.

However, as users' contexts continually evolve and change over time (e.g., variations in noise
level, location, and battery level), constraints may arise, influencing the proper execution or
visualization of multimedia documents. One possible solution is to adapt their content to align
as closely as possible to the current context. For instance, if the user is in a public place (e.g.,
bus or laboratory), the auditory content should not be played. In this case, it would be useful
to convert this content into text. Similarly, if a user accesses multimedia documents on a tablet
at home, the system may suggest displaying video and audio contents on the smart TV, as its
screen is larger. The adaptation of multimedia documents is therefore an effective and
interesting solution to this type of problem. It involves transforming their content so that it
becomes compatible with the constraints of the current context. This is the focus of our

research work.

2. Problem Statement

The primary goal of this doctoral thesis is to improve access to multimedia documents in
context-aware pervasive systems by considering historical user data. Specifically, we focus on
two aspects:

1) Managing historical user data with respect to content, format, and storage location.

2) Ultilizing these data to perform useful tasks that enhance adaptation processes.
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Before outlining our research plan, we briefly review the different categories of approaches
for adapting multimedia documents in context-aware pervasive systems. This helps identify
research gaps related to the stated objectives and address them accordingly.

2.1 Multimedia Document Adaptation in Context-aware Pervasive Systems

In the literature, several approaches for adapting multimedia document content in context-
aware systems have been proposed. These proposals primarily differ in how they perform the
adaptation process and the types of documents they address. Generally, adaptation processes
begin by sensing users’ contextual information. Next, this information is analyzed to identify
constraints that prevent the context from aligning with the document features. Finally,
adaptation actions are inferred and executed using dedicated services to deliver adapted
documents. Depending on where decisions are made and adaptation actions are performed,
multimedia adaptation approaches can be classified into four main categories, each with its
own advantages and limitations:

(1) Server-side adaptation: The server handles the entire adaptation process.
e Advantage: Reduces the load on client devices.

e Drawback: Can cause server overload, affecting request processing times.

(2) Client-side adaptation: The device playing the multimedia documents executes the
adaptation process.

e Advantage: Enables greater reactivity for the devices.

e Drawback: May not be feasible due to limited resources on the devices.

(3) Proxy-based adaptation: A proxy mediates between a client and the server to execute
the adaptation process.

e Advantage: Reduces the load on both the client and the server.

e Drawback: Involves significant communication overhead.

(4) Peer to peer (P2P) adaptation: Adaptation tasks are distributed across multiple peers
in a decentralized manner.

e Advantage: Enhances scalability and reduces dependency on central servers.

e Drawback: Complex network handling and the need for many connected
nodes.

2.2 Research Gaps in Existing Multimedia Document Adaptation Approaches

By synthesizing the results already obtained, we observed that the approaches cited above
primarily process real-time or near-instantaneous data collected to adapt multimedia
documents based on context changes. In other words, they focus mainly on context collection,
representation, and interpretation rather than considering its storage and analysis to integrate
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historical user data into the adaptation process. Logging historical data is supported by many
context-aware pervasive applications, as it can help in making future decisions and provide
prior knowledge. We cite as examples the application of machine-learning approaches to
context-aware IoT cultural data [1], smartphone data analytics [2], activity recognition [3], and
healthcare support [4].

Likewise, historical user data can play a crucial role in enhancing multimedia document
adaptation processes by offering several key advantages:

(1) Informed decision-making: By offering insights into past user behaviors and
preferences, historical data helps guide more effective and relevant adaptations for
future use.

(2) Enabling the use of advanced technologies: Historical data serve as a foundational
resource for implementing machine learning and data analysis models, which can
identify patterns, predict user needs, and optimize content delivery.

(3) Supporting personalization: Historical data aids in developing recommendation
systems and tailoring content to individual user preferences, creating personalized and
engaging user experiences.

Two primary types of historical user data are relevant for multimedia adaptation processes,
which can be used either jointly or separately:

1) General information about multimedia documents accessed, including user and
resource characteristics.

2) Data derived from the specific features of context-aware pervasive systems, such as
sensor readings and human-computer interactions.

While there is substantial research on the first type of historical user data (e.g., web log mining
[5]), adaptation strategies leveraging the second type still remain underexplored. This gap
highlights the potential to improve adaptation processes by integrating sensor-based
contextual information and advanced analytics. Generally speaking, log data are extremely
diverse and processing them is quite complex. This is due to the lack of standards and
agreements defining the granularity, structure, content, format, and level of details provided
by log events [6]. This introduces several management challenges.

2.3 Challenges in Managing Historical Data for Multimedia Adaptation

Processes

Managing historical data for multimedia adaptation in context-aware pervasive systems
involves several key challenges:
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(1) Data selection: Determining which data to store is critical and depends on the
intended purposes of the storage, such as adaptation, analysis, or optimization.

(2) Data format: The format in which data is stored directly impacts the efficiency of
storage, retrieval, and further processing. Choosing the appropriate format is essential
for facilitating seamless data handling.

(3) Datalocation: Deciding where the data will be stored is another challenge, particularly
given the complexities of managing large volumes of data in big data contexts.
Effective strategies are needed to address scalability and accessibility concerns.

(4) Data utilization: Leveraging stored data for useful tasks, such as user behavior
analysis, predictive modeling, or optimizing adaptation rules, requires robust
processing methods to extract meaningful insights and ensure practical applications.

By addressing these challenges, this research aims to bridge the gap between adaptation
techniques and the underutilized potential of historical user data to enhance multimedia
document accessibility and usability in context-aware pervasive systems.

3. Research Methodology

In light of the concerns and challenges stated above, we have drawn up a research
methodology to achieve the determined objectives through the following steps:

(1) Storing historical data with SQL and NoSQL databases: The historical user data
generated from multimedia document adaptation are stored in a database. The stored
data are restricted to context element values and their corresponding adaptation
actions resulting from context changes over time. The storage solution integrates both
SQL (relational) and NoSQL (non-relational) databases as they operate
independently of any specific data analysis framework, enabling a comparative analysis
of these two models. On the one hand, relational databases handle large volumes of
structured data, offering efficient storage and retrieval functionalities. On the other
hand, NoSQL databases handle large data volumes at high speeds with scalable
architectures, accommodating varying levels of data structuredness. Additionally,
significant efforts have been made to bridge existing context modeling approaches,
such as object-oriented, ontology-based, and key-value, with relational and NoSQL
databases (e.g., [7], [8]).

(2) Processing historical user data: A set of functions is designed to process the
historical user data, focusing mainly on data logging, data retrieving and data analyzing.
These functions are intended to provide various options for designing efficient
adaptation processes, addressing two key aspects: issues related to the category of the
adaptation process and those related to user requirements. The issues related to the
category of the adaptation process — namely client-side, sever-side, proxy-based and

peer-to-peer — concern the system's ability to handle elements such as data volume,
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analysis, processing performance, and scalability. The issues related to user
requirements involve considering factors like data sharing (privacy) and data
protection (security). Depending on where the historical user data are stored and
processed, three methods, along with their hybridization, are proposed: client-side
management, server-side management, proxy-based management and hybrid
management. These methods help address these issues by efficiently placing functions
for processing historical user data in accordance with application and user needs.

(3) Leveraging historical user data for beneficial tasks: To demonstrate the usefulness
of historical user data in building intelligent context-aware applications, we explore
case studies that use the proposed historical data management approaches: client-side
and server-side management. These approaches incorporate a bag of data analysis
algorithms designed for various purposes, primarily leveraging machine learning, data
mining, and natural language processing techniques. In the case of client-side data
management, we focus on how historical user data contribute to the personalization
of adaptation rules through rule-learning mechanisms. This task involves predicting
adaptation actions using data-driven approaches (i.e., based on data analysis and
interpretation) rather than explicitly defining them. For server-side data management,
our focus is on extracting meaningful and hidden patterns from historical user data, to
provide a comprehensive classification of similar clusters for both contextual
situations and user behaviors.

(4) Validation via a real prototype and a specific application domain: To
demonstrate the feasibility of our proposal, we developed a real prototype that adapts
multimedia documents based on contextual situations while storing the corresponding
historical user data. From a functional perspective, most adaptation processes perform
effectively. However, when validating adaptation approaches, prototypes are often
based on simulation to collect context elements, particularly those related to connected
objects (see for example [9], [10], [11]). While simulations are useful for many
scenarios, the implementation of a real prototype offers the most practical, realistic,
and viable solution for addressing technical and implementation challenges.

Furthermore, the validation of the outcomes should be as clear as possible and directly
applicable to a widespread real-world application domain. To this end, we focus on
the delivery of adapted multimedia contents for distance learning in context-aware
pervasive systems, without loss of generality. This type of learning refers to an
environment supported by computers, mobile devices, connected objects and wireless
networks. It provides learners with content and interaction anytime, anyhow and
anywhere. The starting point is the global shift driven by the COVID-19 pandemic,
which significantly encouraged remote learning (online and distance learning) due to
restrictions on physical interactions. It is important to note that the adaptation process
is this research focuses exclusively on non-instructional purposes, as the primary
emphasis is on multimedia content adaptation. Adaptation based on instructional
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context typically produces multimedia documents tailored to users’ learning styles
rather than addressing environmental requirements, which lies outside the scope of
this study.

4. Contributions

This section provides an overview of the primary contributions of this thesis.

(1) Designing a software component for managing historical user data: The first
contribution is the design of a software component for managing historical user data
generated from the execution of multimedia document adaptation processes, enabling
further processing. The stored data includes the context values and the corresponding
adaptation actions. The proposed component can be integrated into multimedia
document adaptation processes as it allows for the storage, retrieval and analysis of
historical data. It is built around a well-devised, flexible and agile architecture, offering
the ability to manage historical user data through three variants of data management,
as well as their hybridization: client-side management, proxy-based management,
and server-side management. To achieve this, the context and adaptation actions are
first modeled using an object-oriented approach. The resulting model is then
converted into relational and NoSQL schemas through conversion procedures.
Finally, algorithms for storing, retrieving and analyzing data are designed. Our
proposal is validated through a set of experiments in which the historical user data are
processed in different ways. The proposed software serves as a complementary
clement to existing adaptation approaches, aiming to enhance their overall
performance by leveraging historical data to perform several beneficial tasks such as
machine-learning tasks, and recommender systems.

(2) A rule-learning approach for personalizing adaptation actions: Our second
contribution is a rule-learning approach that leverages historical user data generated
from the execution of multimedia document adaptation processes to personalize
context-aware adaptation rules. This intelligent system operates as an integrated
component of the historical user data manager proposed in our first contribution,
ensuring client-side management of historical data. The analysis of historical user data
provides prior knowledge of past decisions, which can help predict future actions users
may take. To achieve this, we employ rule-based classifiers — a well-known technique
in machine learning and data mining — using Eclat, sequential covering, FP-Growth,
and decision tree algorithms. This task involves predicting adaptation actions using
data-driven approaches rather than explicitly defining them. Specifically, historical data
are analyzed to uncover user behaviors, leading to the personalization of context-aware
adaptation rules. This approach for building personalized adaptation rules is an
unsupervised machine learning mechanism that does not require any pre-trained data
or datasets.
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(3) Latent semantic analysis for classifying similar context situations and user
behaviors: Our final contribution involves extracting user behaviors using /atent
Semantic analysis to provide a comprehensive classification of similar contextual
situations and user clusters. This technique enhances the understanding of context,
improves content delivery, and helps personalize user experiences. The rationale
behind this is that latent semantic analysis is a well-established technique in text mining
and natural language processing, particularly for applications that uncover
relationships between terms and documents. Similatly, our approach treats each uset's
historical data as a textual document, with context elements and corresponding actions
serving as words. Thus, our proposal offers a robust method for uncovering hidden
semantic structures and extracting meaningful patterns from historical user data.

5. Thesis outline

This dissertation, besides the general introduction and conclusion, consists of five chapters,
organized into two main parts: theoretical background and contributions. The first part
focuses on basic concepts related to context-aware pervasive systems, with an emphasis on
multimedia document adaptation in ubiquitous learning systems. It also provides a state-of-
the-art review on the adaptation of multimedia documents in pervasive systems. The second
part, which constitutes the core of the thesis, is dedicated to the proposed contributions.
Together, these two parts offer a comprehensive exploration of key concepts, research gaps,
contributions, and experimental results, ensuring a logical structure throughout the
dissertation.

Part I: Theoretical Background
This part consists of two chapters, as follows:

— Chapter 2, entitled “Context-aware Pervasive Systems in Ambient Intelligence”,
explores the core principles of context-aware pervasive computing, including its
fundamental elements, characteristics, operating principles, and applications. It also
emphasizes the architectural components essential for designing context-aware
pervasive systems.

— Chapter 3, entitled “Multimedia Document Adaptation in Context-Aware Pervasive
Systems”, explores the fundamental concepts of multimedia documents. It also
reviews current multimedia adaptation approaches and includes a case study on
adapting multimedia content for ubiquitous learning scenarios.
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Part II: Contributions

The second part contains three chapters, each detailing one of the thesis's prima
p pters, g p ry

contributions.

Chapter 4, entitled “Management of historical data in context-aware MDA
processes”, presents our first contribution: the integration of historical user data
into multimedia adaptation processes. It details the modeling, storage, retrieval,
and analysis strategies. The chapter also includes validation through prototyping

and experimentation across diverse scenarios.

Chapter 5, entitled “Rule-learning for the personalization of adaptation actions”,
presents our second contribution, which explores the application of rule-learning
techniques to historical user data using client-side algorithms. It leverages
algorithms such as Eclat, sequential covering, FP-Growth, and decision trees. The
chapter also includes wvalidation through experimentation, performance
measurements, and comparisons across various test cases.

Chapter 6, entitled “Latent Semantic Analysis for the Classification of Similar
Contextual Situations and User Behaviors”, presents our final contribution, which
employs latent semantic to analyze historical user data. It focuses on server-side
algorithms for classifying context situations and user behaviors clusters. This
chapter also provides validation through tests and performance evaluations.

Conclusion and Future Work: This dissertation concludes with Chapter 7, which provides

a summary of the work completed and the results achieved. Additionally, it reflects on ongoing

ideas and unfinished tasks, highlighting the potential for further exploration in the future.
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CHAPTER II

Context-aware Pervasive Systems
in Ambient Intelligence

1. Introduction

Recent advances in mobile computing have revolutionized device usage and integration into
daily life. From laptops and smartphones to smartwatches and wearable trackers, these
innovations have broadened the scope of computing and connectivity. These developments
have also paved the way for the emergence of the ambient intelligence paradigm, which
integrates communication, computation, and decision-making capabilities into everyday
environments. Ambient intelligence enhances user experiences by delivering personalized and
context-aware interactions, adapting dynamically to the user's needs and surroundings.

Building on the foundation of pervasive systems, ambient intelligence introduces a critical layer
of intelligence, enabling devices to sense, interpret, and adapt to their environment. At the
heart of this capability lies context-awareness — the ability to perceive and respond to
contextual information, such as a uset’s location, preferences, activities, and device features.
Pervasive systems ensure ubiquitous access to information, transforming smart devices into
powerful tools that dynamically respond to various contextual dimensions, including spatial
environments, social interactions, and nearby resources. By integrating these context-aware
capabilities, devices evolve into adaptive systems that enhance both usability and functionality
in a wide range of scenarios.

In this chapter, we explore the principles and core elements of ambient intelligence, with a
particular focus on context-aware pervasive systems. We begin by defining key concepts of
context and context-awareness, emphasizing their significance and various modeling
approaches. Furthermore, we examine the design elements that underpin context-aware
systems and highlight their applications across different fields, demonstrating their
transformative potential in modern computing environments.

12
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2. Ambient Intelligence

In the rapidly advancing technological era, ambient intelligence (Aml) stands out as a
groundbreaking concept focused on embedding intelligence into everyday environments. The
following sections provide a comprehensive overview of the principles that underpin Aml,
the key elements that make these systems functional, and a comparison of Aml with other
closely related paradigms, mainly pervasive and ubiquitous systems.

2.1 Principle of Ambient Intelligence

Aml is a computing paradigm designed to create smart and responsive environments that
adapt to human needs and preferences. The core idea behind Aml is to enrich the environment
with technology, enabling systems to make decisions that benefit users based on real-time or
near-instantaneous information and accumulated historical data. This is achieved by
incorporating various technologies such as sensors, actuators, connected objects, high-
bandwidth networks, advanced devices, and artificial intelligence (Al) algorithms. Therefore,
Aml is based on the vision of seamlessly embedding computing power and intelligence into
everyday objects and infrastructures, ensuring that computing devices and systems become
unobtrusive, context-aware, and capable of proactively adapting to human needs and
preferences. Aml-based systems are characterized by several key features, the most important
of which are as follows [12]:

— Proactivity: Aml systems are proactive, anticipating and fulfilling user needs without
explicit input. They can autonomously provide relevant information and initiate
actions based on users' expetiences, preferences, and other factors.

— Context-awareness: Aml systems are designed to be aware of the context in which
they operate, including several aspects such as user location, time, environmental
conditions, and preferences. This enables them to adjust their behavior according to

changes in circumstances.

— Adaptability: Aml systems can adapt their behavior and functionality to meet users'
preferences and requirements, offering personalized responses and services based on
past experiences.

— Seamlessness: Aml systems aim for seamless and unobtrusive integration of
technology into daily life. The technology should be invisible, blending naturally into
the environment and activities without disrupting or confusing users.

2.2 Fundamental Elements of Ambient Intelligence

Aml is a multidisciplinary approach that has a strong relationship with several areas of
computer science, the most relevant of which are presented in Figure 2.1 [13].

13
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— Ubiquitous and pervasive computing: Ubiquitous and pervasive computing form
the foundation of Aml. They involve the integration of computing devices into
everyday objects and environments, making technology pervasive and seamlessly
accessible. This omnipresent computing power enables Aml systems to observe,
understand, and respond to human activities, needs, preferences, etc.

— Sensor and actuators: Aml relies on sensors and actuators that capture, collect and
act on data from the surrounding environment, such as motion sensors, temperature
sensors, and light sensors. The goal is to gather various types of information that help
determine the system's behavior.

— Networks: The integration of networks within Aml is essential for ensuring
functionality and responsiveness in smart spaces. When various objects (e.g., sensors,
actuators) are interconnected through multiple communication technologies (e.g., Wi-
Fi, ZigBee, Bluetooth), they must be capable of sharing, processing, and transmitting
data both among themselves and with users. This connectivity enhances the efficiency
and accessibility of Aml applications, enabling a more personalized user experience.

— Artificial intelligence: AmI systems use Al to process and analyze collected data.
This enables these systems to perform several beneficial tasks, such as context
understanding and interpretation, and predicting user actions.

— Human-computer interaction: Aml aims to provide seamless and natural
interactions between humans and technology. Human-computer interaction (HCI)
plays a key role in creating intuitive and user-friendly interfaces through various
methods such as voice recognition, gesture control, augmented reality, and tangible
interfaces.

Perv/Ubiq

|
N @ ’ Comp.
4 ™

Sensors

actuators

Figure 2.1. Relationship between Aml and other research areas [12].
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It is important to note that although Aml incorporates all of the above research areas, it should
not be confused with any one of them individually. Networks, sensors and actuators, HCI,
ubiquitous and pervasive computing, and Al are all relevant, but none of them independently
define the concept of Aml. Rather, it is the concept of Aml itself that brings together these
disciplines to deliver flexible and intelligent services to users within their environments.

2.3 Nuances Differentiating Pervasive Systems, Ubiquitous Systems and

AmI-based Systems

This section explains the concepts of pervasive systems, ubiquitous systems, and AmI-based
systems, highlighting the subtle differences between them [14].

— Pervasive systems are computing systems designed to seamlessly integrate into the
environment, becoming effectively invisible to users while ensuring widespread,
unobtrusive, and constant availability of resources. They focus on embedding
technology into everyday environments, enabling connectivity and interaction with
minimal user intervention through robust infrastructure and middleware. These
systems are infrastructure-driven, often associated with mobile computing, IoT, and
smart devices, aiming to make computing accessible anytime and anywhere without
disrupting daily life. Examples include smart homes, healthcare monitoring systems,

and pervasive learning environments [14].

— Ubiquitous systems, a concept introduced by Mark Weiser, focus on integrating
computing seamlessly into daily life, making it a natural and omnipresent part of the
environment. The vision emphasizes user-centric, context-aware applications that
enable intuitive, unconscious interactions with technology, akin to using electricity.
These systems prioritize user experience and aim to "disappear"” into the background,
leveraging smart devices, wearable technology, and context-awareness to enhance daily
life. Examples include smart assistants like Alexa, location-based services, and
augmented reality applications [14].

— Ambient Intelligence (Aml) is a subfield of ubiquitous and pervasive computing
that focuses on creating environments sensitive, adaptive, and responsive to human
presence and actions. It emphasizes intelligent spaces that proactively support user
needs by learning and adapting over time, leveraging artificial intelligence (Al) to
analyze context and predict behaviors. With a strong human-centric approach, Aml
incorporates social interaction, emotional intelligence, and personalization, seamlessly
integrating sensors, devices, and context-aware technologies. Examples include
adaptive smart homes, personalized healthcare systems, and intelligent public spaces
that enhance quality of life by anticipating user needs [14].
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In summary:

e Pervasive systems emphasize infrastructure and technology's omnipresence.

e Ubiquitous systems focus on making computing invisible and intuitive.

e Ambient intelligence builds on both, adding Al-driven adaptability and proactivity.

Table 2.1 summarizes the subtle differences between pervasive systems, ubiquitous systems

and AmlI-based systems.

Feature
Primary Goal
Focus
Key
Technologies

Application
Examples

Pervasive systems

Seamless integration

into the environment.

Infrastructure and
connectivity.

ToT, middlewate,
networking,

Smart environments,
healthcare systems.

Ubiquitous systems

Invisible and natural
computing presence.
User experience and
natural interaction.
10T, context-
awareness, wearables.
Location-aware apps,
smart assistants.

Ambient
intelligence

Intelligent, adaptive
environments.
Al-based adaptation
and intelligence.
Al machine learning,
sensors.
Personalized homes,
predictive healthcare.

Table 2.1. Subtle differences between pervasive, ubiquitous, and AmI-based systems.

3. Context-aware Pervasive Systems: Overview

Context-aware pervasive systems refer to a class of systems that dynamically adapt their
behavior based on the contextual information obtained from the environment in which they
operate [14]. In what fellows, we present the fundamental elements of these systems.

3.1 Whatis Context?

According to the Oxford Dictionary, context defined as:

“The circumstances that establish the setting for an event, statement, or idea, and in relation
to which it can be comprebensively understood."

Similarly, the Cambridge Dictionary defines context as :
"The situation within which something exists or occurs, and that can aid in its explanation."

As reported in [14], a review of the scientific literature across several disciplines shows that
there are many different interpretations of the word "context". Researchers from various fields
attempted to define it based on their own needs and areas of interest. Table 2.2 presents a
historical compilation of the various interpretations of context.
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Reference

Context essence

Dey etal. [15]

any information that can be used to characterize the situation of entities (i.e. whether
a person, place or object) that are considered relevant to the interaction between a user
and an application, including the user and the application themselves. Context is
typically the location, identity and state of people, groups and computational and
physical objects.

Schilit and
Theimer [16]

Pplaces, identities of proximate individuals, objects, and changes to those objects over
tinse.

Schilit et al. [17]

the constantly evolying excecution environment.

Brown et al. [18§]

the location, the identities of individuals surrounding the user, the time of day, season,

temperature, erc.

Pascoe [19]

the subset of physical and conceptual conditions relevant to a particular entity.

Brézillon and
Pomerol [20]

the entirety of knowledge that constrains problem-solving at a particular step without
explicit intervention.

Schmidt [21]

the knowledge regarding the user's and device's state, encompassing surroundings,
sitnation, and tasks, underscoring that context extends beyond mere location.

Winograd [22]

operating term referring to something is context based on its usage in interpretation,
rather than its inherent properties.

Mostéfaoui et
al. [23]

denotes the elements around the focal point, providing further information on where,
who, what, so enhancing comprebension.

Chaari et al. [24]

the set of parameters external to the application that can influence its behavionr by
establishing new perspectives on its data and services.

Strassner et al.
[25]

a collection of measured (perceived facts) and inferred knowledge (derived from learning
and computational reasoning applied to past and present contexts) that defines the
State and environment in which an entity exists or has existed.

Table 2.2. Compilation of context definitions.

An examination of the above definitions of the term 'contex/ reveals a significant evolution in
its meaning, particularly in light of advances in pervasive systems development. Initially, the
term was associated with the location and identity of users and objects. Over time, its scope
has expanded to include additional environmental information, covering both computational
and physical environments. More generally, we conclude that all these definitions agree that
context encompasses any information useful for describing a situation related to
communication between users, services, and the surrounding environment. The key difference
between these definitions lies in the specificity of what constitutes a particular environment.
Some focus on the user environment, while others emphasize the application environment.

In summary, context refers to any information that helps characterize the situation in which
different system entities interact. This includes various aspects, such as the location of the
interaction, the identity of individuals or groups involved, and the state or condition of both
humans and the computational or physical objects in the environment.
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3.2 Context-awareness

This section presents the key definitions of to the term context-awareness from various

perspectives, as summarized in Table 2.3.

Theimer [16]

Reference Context-awareness essence

Dey [15] a system qualifies as context-aware if it utiliges context to deliver pertinent information
and) or services to the user, with relevance based on the user's task.

Schilit and | the capability of mobile user’s applications to identify and react to changes in their

surrounding environment.

Schilit et al
[17]

context-awareness allows systems to adjust based on the user's location, the presence of
nearby individuals, available devices, and temporal changes to these factors. A system
possessing these capabilities can analyze the computing environment and respond to

changes in it.

Brown et al

characterized context-aware applications as systems that adapt their bebavior based on

[18] the user's context.

Chaari et al. | context-aware systems are those capable of sensing the user's situational context within
5. &4

[24] their environment and subsequently adapting the system's behavior — including services,

data, and interfaces — without requiring explicit user intervention.

Ryan et al. [26]

a computer's capability of sensing and reacting to information regarding its environment,

including factors such as location, time, temperature, and user identity.

Salber et al

the capacity to offer optimal flexibility of a computational service through real-time

[27] context sensing.

Lieberman in contrast to traditional applications that obtain explicit input data from wusers to

and Selker (28] | generate explicit output, a contexct-aware application additionally considers implicit data,
typically gathered antonomonsly.

Burrell  and | #he use of environmental features, such as user's location, time, identity, and activity, to

Gay [29] mafke the computing device able to deliver information pertinent to the current context.

Rohn [30] a system qualifies as context-aware if it is able to extract, interpret, and utilizes context

information, thereby adapting its functionality to the current context of use.

Barkhuus [31]

context-awareness is the application’s ability to detect and react to environment variables

antonomonsly.
Abbas et al. | context-aware systems can provide users with information that is relevant and tatlored
[32] to their needs, as well as the context that affects their bebavior during interactions with
information systems.
Christopoulou | a mobile application is considered as context-aware when it utiliges context to deliver
[33] pertinent information or facilitate services for users, with relevance based upon the user's

current task and profile.

Sindico [34]

Ability of a system to modify its bebaviors based on the characteristics of the environment.

Table 2.3. Some definitions related to context-awareness.
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The definitions presented in Table 2.3 highlight two fundamental aspects of context-
awareness: the ability to perceive context and the ability to act accordingly. A context-aware
system not only senses environmental conditions but also adapts to changes in those
conditions. More broadly, context-awareness has become increasingly important in the field
of distributed systems since the 1990s, offering a potential solution to many challenges posed
by the use of mobile terminals in dynamic environments (see Table 2.4).

Mobile computing Pervasive computing Context-aware pervasive computing
Mobile Ubiquitous Integrated

Wireless Interactive Context-aware

Networked Interoperable Personalized

Location-aware Distributed Adaptive

Security Scalable Anticipatory

Table 2.4. Ambient intelligence positioning [12].
3.3 The Importance and Benefits of Context-aware Pervasive Systems

By leveraging sensors, data analysis techniques, and machine learning algorithms, context-
aware pervasive systems deliver seamless and personalized services. Their importance and
benefits include the following:

— Enhanced user experience: Context-aware pervasive systems significantly improve
user experiences by tailoring services and to individual preferences and situations. For
instance, in a smart home, the system can automatically adjust lighting, temperature,
and music based on the user’s presence and preferences, creating a comfortable and
personalized environment [35].

— Improved efficiency: Context-aware pervasive systems optimize resource allocation,
automate routine tasks, and provide timely assistance. For example, smart home
systems can regulate temperature and lighting based on occupancy, reducing energy
consumption and enhancing comfort [35].

— Proactive assistance and decision support: Context-aware pervasive systems
anticipate user needs and provide proactive support. For example, a healthcare
monitoring system can detect abnormal vital signs and alert caregivers, enabling timely
interventions. Similarly, navigation systems can provide real-time traffic updates and
suggest alternative routes to avoid congestion [36].

— Seamless and ubiquitous connectivity: These systems enable smooth interaction
between devices, services, and environments. They also facilitate seamless switching
between different devices and platforms, allowing users to continue their tasks easily.
For instance, a multimedia streaming system can adjust content and quality based on
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device capabilities and network conditions, ensuring an uninterrupted viewing
experience [16].

— Adaptive service delivery: By considering user preferences, location, and other
contextual factors, context-aware systems provide personalized and relevant services.
This enhances the effectiveness of advertising, recommendations, and information
sharing, improving user engagement and satisfaction [35].

— Intelligent decision-making: These systems analyze and interpret complex
contextual data to support intelligent decision-making. They provide valuable insights
and recommendations across domains such as healthcare, logistics, and emergency

management.

— Context-aware social interactions: These systems facilitate meaningful context-
aware social interactions by providing relevant information about individuals,
locations, or events. They enhance social networking, collaboration, and community
engagement, such as during conferences or on online platforms [37].

4. Context Management

The shift toward context-aware pervasive computing paradigm introduces two major
challenges [14]:

1. Diverse user devices and applications: The increasing variety of devices — such as
smartphones, tablets, smartwatches, and emerging technologies — requires a flexible
and adaptable interaction model. This model should ensure a seamless and consistent
user experience across devices, maintaining user-friendliness regardless of the device

in use.

2. Understanding and adapting to environmental contexts: Applications must
recognize and adapt to the diverse environments in which they are used. Contextual
factors such as location, network connectivity, user preferences, and available
resources can significantly impact user experience. By understanding these factors,
applications can dynamically adjust their behavior and interface to provide
personalized, relevant experiences.

Addressing these challenges requires a balance between accommodating device diversity and
optimizing application performance across various environments. This can be achieved
through efficient context management techniques. By integrating these techniques,
applications can seamlessly adapt to a wide range of devices and environmental conditions,
enhancing user experience. This holistic approach ensures smooth interactions across devices
while optimizing performance in response to the specific contextual nuances of each

environment.
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4.1 Context Classification

Context information is typically classified into four categories, as illustrated in Figure 2.2 [14].

Physical
Context

& o 2R

Figure 2.2. Context classification [14].

1. Physical context: Encompasses information about physical environment in which
interactions occur. It includes factors such as temperature, lighting, noise levels, and other
environmental conditions. such as temperature, lighting, noise level, etc.

2. User context: Pertains to users and their associated information, such as profiles, locations,
preferences, and activities. It includes details about the characteristics and attributes of
individuals involved in the interaction.

3. Computing context: Involves the computing resources available within the environment,
such as network connectivity, device capabilities, printers, and communication bandwidth. It
captures the technical aspects of the computing environment that influence interactions.

4. Temporal context: Relates to time and includes aspects such as season, year, month, week,
day, and time of day. It also encompasses events and schedules, helping to account for the
dynamic and time-sensitive nature of interactions.

It should be noted that context may also be categorized from various viewpoints. Below, we
outline alternative context classifications found in the literature:

— Bill Schilit [17] categorized context into three types:
e Computing context: The networked and computing environment.

e User context: The user's location and related conditions.
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e Physical context: The physical environmental factors.
— Chen and Kotz [38] defined two categories:
e Active context: Elements that directly affect application behavior.

e Passive context: Elements that are essential but not immediately critical to
the program; it provides information for later retrieval.

—  Petrelli et al. [39] identified two types:
e Material context: Includes location, devices, and existing platforms.
e Social context: Includes relationships among individuals.

— Dey [15] categorized context into two different categories:

e Primary context: includes information about location, identity, time, and
behavior.

e Secondary context: Includes information inferred from primary context.
— Hofer et al. [40] defined two types:

e DPhysical context: Accessible via physical sensors (e.g., temperature,
humidity).

e Logical context: Involves interaction information, such as the user's
emotional state and intentions.

— Henricksen [41] classified context into four categories:

e Sensed context: Information directly perceived by sensors, such as
temperature or humidity.

e Static context: Information that remains constant over time, such as sensor

identifiers or personal identity.

e DProfile context: Information that changes infrequently, such as sensor

location or user status.

e Derived context: Information computed from primary context, such as the

distance between two sensors.
— Razzaque et al. [42] proposed a taxonomy with six categories:
e User context: Includes user profiles, identity, and interactions with others.

e Physical context: Integrates physical environmental information, such as
location, temperature, and noise level.
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e Network context: Provides network details such as connection, bandwidth,
and protocols.

e Activity context: Involves events in the environment, such as user

movements or environmental changes.

e Device context: Identifies usable devices and their details (e.g., ID, location,
battery level).

e Service context: Encompasses the features and functionalities provided by
the system.

— In [43], authors presented a comprehensive classification based on various parameters

influencing a uset's situation:
e Surroundings: Includes time, location, etc.
e Application: Encompasses software, hardware, etc.
e Individual: Covers identity, preferences, etc.
— Geihs and Wagner [44] assert that contextual information includes:
e The state of execution environment.
e The state of computing device.

e User preferences.

None of these classification schemes can be deemed universally superior, as each serves
specific purposes and is suited to different situations. Context can be addressed from the
preferred viewpoint by selecting the most appropriate classification scheme for the given
application. In the following chapters, we adopt the definition provided in [14] as it is broad
enough to encompass any kind of information, without being limited to specific purposes.

4.2 Context Modeling Approaches

Context modeling refers to the process of structuring and organizing context information in
a meaningful way that can be understood and utilized by context-aware systems. Once
detected, context information should be stored for future processing, necessitating a structure
or model that stores this information in a machine-readable form. This structured
representation is known as context modeling. As mentioned in [45], various approaches to context
modeling exist, differing in how they represent and exchange context information.

e Key-value model: The key-value model offers a simple and straightforward
representation of context elements by capturing them using key-value pairs. For
instance, the uset's location can be represented by the following key-value pairs: "/atitude:
37.8849" and "longitude: -122.1564". This model is particulatly useful for expressing
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context elements with discrete values and requires minimal structural complexity.
Furthermore, it is easy to implement and is considered the simplest data structure for
modeling context information. However, it is unsuitable for representing complex
structures [45].

e Object-oriented model: The object-oriented model, inspired by object-oriented
programming principles, represents context types as classes and their values as objects.
This model considers both relevant attributes and behaviors, utilizing concepts such as
encapsulation, inheritance, and polymorphism. For example, a weather context object
might include attributes like temperature, humidity, and wind speed, alongside methods
for accessing and manipulating these attributes. The primary advantages of this model
are encapsulation and reusability. Despite these benefits, it is less suited for knowledge
sharing in open and dynamic environments [45].

e Markup schema-based model: The markup schema-based model follows a
hierarchical approach to representing context information. Context and its attributes are
structured using a hierarchy of tags, facilitating efficient organization, categorization,
retrieval, and manipulation. This model is well-suited for distributed systems and
provides a better representation of context information. However, it struggles with
describing complex relationships between context elements [45].

e Graphic model: The graphical model uses visual representations, often employing the
Unified Modeling Language (UML), to depict context information. This approach
models the relationships and dependencies between different context elements in a clear
and intuitive manner. For instance, a graphical model could illustrate connections
between sensors, devices, and users in a smart environment, simplifying system design
and comprehension [46].

e Logical model: The logical model represents context information formally through
expressions, facts, and rule-based inference systems. This approach enables rigorous
reasoning and inference capabilities. By relying on logical expressions and rules, new
facts can be deduced from existing context information. For example, a logical model
might infer whether a user is awake or asleep, based on sensor inputs and historical data.
The primary advantage of this approach is its high degree of formality. However, it is
less effective in describing relationships between continuous data [46].

¢ Ontology-based model: The ontology-based model uses ontologies to describe
context information and the relationships between them. An ontology is a formal
representation of knowledge that defines concepts, relationships, and properties within
a specific domain. This approach provides a shared vocabulary and conceptual
framework for describing and reasoning about context values. Ontology-based models
enable efficient reasoning and knowledge representation, offering the most
comprehensive degree of semantic expressiveness. However, designing ontologies can
be complex and time-consuming [46].
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As discussed in [46], each context modeling has its own strengths and weaknesses, as

summarized in Table 2.5.

Comparison ) ) Markup- Ontology-
criterion Key-value | Logic Graphical scheme based
Formalism None High Low Medium High
Simplicity High Medium | Medium Medium Low
Expressiveness Low Medium High Medium High
Reasoning Low Medium | Low High Medium
Design tools None Low High High High

Table 2.5. Comparison of context-modeling approaches [46].

5. Elements of Context-aware Pervasive Systems

The design of context-aware pervasive systems typically follows a three-layered architecture
consisting of three key elements: sensing, thinking, and acting, as illustrated in Figure 2.3. These
layers are functionally divided into five primary components [47]. While other architectural
designs exist, the three-layered architecture is the most widely adopted.

Application [ Acting ]

>[ Thinking ]

Pre-Processing

Row data retrieval

>[ Sensing }

Sensors

4
Figure 2.3. Basic elements of context-aware pervasive applications [47].
5.1 Sensing

Sensingis the initial layer of a context-aware pervasive system. It involves gathering information
or data, specifically about the physical world, for use by the system. These data are collected
from various sources, including sensors and sensing devices. Sensing is crucial for context
identification and consists of two main components: sexsors and raw data retrieval components.
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5.1.1 Sensors Component

Context-aware pervasive systems utilize a variety of sensing technologies to capture contextual
information from the surrounding environment and user interactions. It is important to note
that "sensors" include not only hardware devices but also any source that may offer relevant
contextual information. Sensors are categorized into three groups based on their data-
gathering methods: physical, logical, and virtual [48].

— Physical sensors: These are hardware devices that capture physical data, such as
location, acceleration, and temperature. They are the most common type of sensors
used in context-aware systems.

— Virtual sensors: These derive contextual information through software applications
or services. For example, user activity can be recognized by monitoring mouse
movements and keyboard inputs.

— Logical sensors: These combine information from physical and virtual sensors with
additional data from other resources to deliver integrated contextual information.

5.1.2 Raw Data Retrieval Component

This component focuses on extracting unprocessed contextual data from various sources,
such as physical sensors and APIs for virtual and logical sensors. It organizes the data
extraction to ensure that it is ready for use in further processing [48].

5.2 Thinking

The thinking layer represents the core intelligence of context-aware pervasive systems. It
involves analyzing collected context information through algorithms and decision-making
mechanisms to infer the uset's current situation and needs. This layer aims to provide suitable
responses to users and the environment. It comprises two components: sforage and
preprocessing components [48].

5.2.1 Storage Component

This component organizes collected data into a specified format (i.e., a context model) to
enable efficient data retrieval and processing. Raw sensor data, often technical and unsuitable
for direct application use, undergoes transformation to increase its abstraction level. Clients
can access contextual information in two modes: synchronous and asynchronous [49).

e Synchronous mode: The client requests context changes via remote method calls by
sending a message and waiting for a response.

e Asynchronous mode: Clients subscribe to particular events of interest and are
notified immediately when those events occut.

26



Chapter 2 Contexct-aware Pervasive Systems in Ambient Intelligence

5.2.2 Preprocessing Component

The preprocessing component interprets contextual data collected by sensors. This is achieved
through operations such as aggregation or composition, which combine individual sensed data
into high-level contextual information. The aim is to derive meaningful insights of the
collected data. For example, temperature data collected over time by sensors in a building can
reveal temperature trends or ranges in a specific area.

Additionally, this component analyzes stored data to gain further knowledge or predict future
values, which aids in decision-making. This capability is critical for determining appropriate
responses or actions for users and the environment.

5.3 Acting

The acting layer represents the application interface where actions are executed in response to
different events and context changes. Based on the information from the #binking layer, the
system adapts its behavior to provide personalized services. Adaptations can range from
simple adjustments, such as changing device settings, to complex actions, such as
recommending relevant content or dynamically reconfiguring application functionality. For
instance, if a mobile device's light sensor detects poor illumination, text may be displayed in a

more suitable color contrast.

6. Context-aware Pervasive Applications

Context-aware pervasive applications are utilized across various domains. Below, we explore
examples of such systems in the areas of location-based services, smart homes and buildings,
and healthcare and wellness. It is essential to address critical aspects such as privacy, security,
and ethical concerns during the development and deployment of these applications to
maximize their benefits while safeguarding user rights and welfare.

6.1 Location-based Services

Location-based services are among the most prevalent and widely adopted applications of
context-aware pervasive systems. They employ user location data to provide personalized,
location-specific content, recommendations, and assistance. Important examples include:

e Navigation: Context-aware systems employ GPS, Wi-Fi, or cellular network signals
to accurately determine user location. This enables them to provide turn-by-turn
directions, real-time traffic updates, and personalized route suggestions.

e Social networking: Location-based social networking applications enhance social
interactions by allowing users to connect with nearby friends, discover local events,
and share location-tagged content [47].
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e Adpvertising: In this domain, context-aware systems deliver targeted advertisements
based on users' current location, preferences, and past behaviors. For example, mobile
applications can display relevant promotions from nearby stores to users in close
proximity [47].

e Emergency services: Context-aware systems improve emergency response by
incorporating location information. Authorities can quickly locate individuals in
distress and dispatch assistance. For instance, emergency call centers can use GPS to
pinpoint the caller’s location, enabling faster responses and potentially saving lives [41].

6.2 Smart Homes and Buildings

Context-aware pervasive systems play a vital role in creating intelligent and adaptive
environments in smart homes and buildings. These systems use contextual data to enhance
comfort, convenience, energy efficiency, and security.

e Smart homes: Context-aware systems can automatically monitor factors such as
occupancy, lighting conditions, temperature, and user preferences to create
personalized living environments. For example, the system can adjust lights and
thermostats based on user presence or learn preferences over time to optimize
comfort. Additionally, these systems improve energy efficiency by managing devices
and appliances intelligently. For instance, they can turn off lights in unoccupied rooms
or adjust heating and cooling based on occupancy patterns [50].

e Smart buildings: In smart buildings, context-aware systems enhance space utilization
and energy efficiency by adjusting lighting, heating, and ventilation based on
occupancy patterns. They also bolster security by detecting abnormal activities or

unauthorized access, such as unusual movement or the absence of authorized

individuals [50].
6.3 Healthcare and Wellness Systems

Context-aware pervasive systems hold significant potential in healthcare and wellness,
enabling personalized and proactive care. These systems leverage contextual data to monitor
health, provide timely interventions, and support wellness management [51].

e Health monitoring: Context-aware systems collect and analyze health-related data such
as vital signs, activity levels, and environmental conditions. This information is used to
detect and predict events like falls [24], abnormal heart rates, or changes in activity
patterns, enabling swift interventions [51].

¢ Remote patient monitoring: These systems facilitate remote health monitoring by
collecting data from wearable devices, sensors, and mobile applications. Context-awate
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algorithms identify deviations from normal patterns and trigger appropriate responses,
reducing hospital readmissions and improving patient outcomes [51].

e Wellness management: Wellness applications use contextual data to provide
personalized recommendations for healthy living. For instance, they can suggest
exercise routines based on activity levels and preferences or provide medication
reminders tailored to individual needs [51].

e Healthcare decision support: By analyzing patient contexts and historical data,
context-aware systems can assist healthcare providers in diagnosis, treatment selection,

and care planning. This enhances the effectiveness and efficiency of healthcare delivery
[51].

7. Conclusion

By combining the ubiquity of pervasive systems with the adaptive intelligence of ambient
intelligence, context-aware pervasive systems represent a major breakthrough in the evolution
of computing technologies. These systems leverage context awareness to deliver personalized,
efficient, and dynamic interactions, improving user experiences across diverse environments
and applications. Through the principles, modeling approaches, and design elements discussed
in this chapter, context-awareness is more than a technical capability but rather a framework
for building systems that respond intuitively to user needs and environmental conditions.
Whether applied in healthcare, education, smart cities, or other domains, these systems unlock
new possibilities for seamless integration between users, devices, and their surroundings.

As mobile computing and related technologies continue to advance, the future of context-
aware pervasive systems will likely feature even greater sophistication in sensing,
interpretation, and adaptability. This progress will empower devices to not only understand
and respond to their current contexts but also anticipate and proactively address users'
evolving needs to realize environments that are truly intelligent, intuitive, and user-centered.
This is the subject of the next chapter in which we address how context-aware pervasive
systems enhance the delivery and usability of multimedia documents.
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Multimedia Document Adaptation in

Context-Aware Pervasive Systems

1. Introduction

Context-aware pervasive systems mark a significant advancement in computing technologies,
creating environments enriched with communication, computation, and decision-making
capabilities. These systems enable users to access information anytime, anywhere, and in
anyway, seamlessly integrating the ubiquity of pervasive systems with the adaptive intelligence
of ambient intelligence. By leveraging context-awareness, these systems collect and interpret
information about the user’s environment, preferences, and device capabilities, delivering
personalized, efficient, and dynamic interactions that enhance user experiences.

In this chapter, we focus on efficient access to multimedia documents within context-aware
pervasive systems. Multimedia documents contain diverse objects such as text, images, audio,
and video, and they play a crucial role in various domains, including e-learning, healthcare,
news, and tourism. The proliferation of devices such as laptops, smartphones, tablets, and
smart TVs has made these documents widely accessible across platforms, with pervasive
computing enhancing their compatibility and presentation. However, evolving user contexts
— such as changes in noise levels, location, or device constraints — can pose challenges to the
effective execution or visualization of multimedia content. For instance, auditory content may
need to be converted to text in public settings, or video content from a tablet could be
displayed on a larger smart TV at home to enhance usability.

This chapter highlights multimedia content adaptation as a practical and effective solution to
address these challenges, ensuring compatibility and optimizing user experiences within
context-aware pervasive systems. We begin by introducing foundational concepts related to
multimedia document adaptation. A comprehensive literature review follows, detailing existing
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approaches in the field. Finally, we present a case study that illustrates the adaptation of
multimedia content in context-aware pervasive learning environments.

2. Multimedia Document Adaptation: Basic Concepts

This section introduces the fundamentals concepts of multimedia document adaptation as

well as languages and tools for creating multimedia presentations.
2.1 Media Contents

The term “media conten? refers to diverse forms of data used to transmit, process, or store
information through computing technologies for various purposes, such as sharing or
consuming by users or systems. Media content is typically categorized by its type and format,
which determine the methods required for its processing and presentation. Media content type
refers to the way media data is identified and categorized based on its form and purpose. Media
content format specifies the technical design of media files, including their structure, encoding,
and file extensions. The goal is to ensure seamless access and usability across different systems,
applications, devices, and digital environments. Below are the primary types of media content
with examples of common formats [52]:

e Text: Comprises written information, such as articles, books, and newspapers,
presented as characters, symbols, and sentences. It is used to display and communicate
textual information through various visual representations. Examples of formats for
this media type includes Plain text files, PDFs, or HTML pages.

e Audio: Encompasses sound-based contents such as speech or music. Examples of
formats for this media type includes MP3, OGG, or WMA files.

e Images: Visual representations in static form of many entities and objects, such as
pictures, graphics, photos, and illustrations to enrich the viewer's experience. They can
be created according to various formats such as JPEG, PNG, GIF, and SVG files [53].

e Videos: Visual representations in moving form, such as films and live streams, which
may include synchronized audio. They can be created according to various formats
including MP4, AVI, MOV, WMV, and FLV files [53].

e Animations: Sequences of images that create the illusion of motion through
sequential frames or computer-generated graphics. Animations are often used to
represent animated sequences or to illustrate processes or concepts visually. They can
be generated according to different formats such as animated GIFs, Flash, or 3D
animations files.

e Interactive media: Refers to media content that allows users interaction or
engagement, often through input devices like touchscreens, keyboards, or voice
commands. Interactive web pages and virtual reality environments are good examples
of such media type.
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2.2 Multimedia Documents

It is difficult to find a precise and complete definition of the term “multimedia’. In general, this
word designates the integration of multiple forms of media contents to enable and improve
interactions with the user [54], [55]. More specifically, a multimedia document integrates
multiple types of media objects — such as text, image, audio and video, animations, and
interactive elements — to create a rich, engaging, and dynamic presentation. Each media object
has a set of properties that specify its technical features and behavior, categorized as:

— Generic properties: Applicable to various media types (e.g., size).

— Specific properties: Unique to each media type (e.g., resolution for images, frame
rate for videos).

Beyond merely aggregating media objects, multimedia documents organize them through
synchronization and linking relationships across four dimensions: femporal, spatial, logical, and
hypermedia. These relationships are defined during document creation to specify the temporal
synchronization, spatial presentation, logical organization and interconnection of media
objects [56]. Figure 3.1 represents the general description of a multimedia document.

[ Audio ” Video l [ Hypermedia } [ Temporal W

Figure 3.1. The general description of a multimedia document [57].

2.2.1. Temporal Dimension

The temporal dimension concerns the synchronization of media objects in time. Regardless
of their granularity, media objects are temporally linked to define an overall presentation order.
This order is often modeled using a temporal scenario, ensuring the different media objects
are presented in a coordinated manner by aligning their timing and duration. Temporal
synchronization is crucial to maintain the intended narration, rhythm, and timing of
multimedia content.
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Figure 3.2 presents a timeline as an example of the temporal dimension in a multimedia
document. The timeline includes four media objects — Title, Speech, Author, and Demo —
with the following temporal organization:

— The Title object plays from 0 to 4 seconds.

—  The Speech object plays from 4 to 18 seconds.

—  The Author object plays from 4 to 10 seconds.

— The Demo object plays from 10 to 20 seconds.

Tide Discourse
Author
Demo
0 4 10 18 20 1(s)

Figure 3.2. Temporal dimension of a typical multimedia document [50].

2.2.2. Spatial Dimension

The spatial dimension concerns the layout and positioning of media objects within the display
space. It determines how the objects are visually arranged, considering factors such as size,
aspect ratio, and visual hierarchy. The spatial layout plays a significant role in organizing and
presenting multimedia content in an aesthetic and intuitive manner.

On the left side, Figure 3.3 presents the spatial structure of a typical multimedia presentation
comprising three media objects: two images and a text. On the right side of this example, the
spatial dimension of the main environment is described to show how these three media objects
are arranged within the display space [56].

Oran city
persentation

Photo ! Text

Photoz2

Figure 3.3. Spatial dimension of a typical multimedia document [55].
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2.2.3. Logical Dimension

The logical dimension involves grouping media objects under a shared entity, category, or
purpose. For example, multiple images can be grouped to form a photo album, or a video can
be segmented into different scenes. This grouping facilitates the organization and structuring
of related content, creating logical connections and associations between different media
objects. This leads to a hierarchical structure for the entire document.

Figure 3.4 presents a typical logical structure where the root represents the entire multimedia
document. This document can be divided into several parts (e.g., Introduction, Chapter) and
sub-parts (e.g., Sections). Each part or sub-part can, in turn, contain a finite number of media
objects [55].

[ Presentation }
[Intrnducﬁun] [ State of the art ] [ Chapter ] [ Conclusion ]

[ Section n ] [ Section 1 ]

Figure 3.4. Logical dimension of a typical multimedia document [55].

2.2.4. Hypermedia Relationship

The hypermedia dimension introduces interactive elements into a multimedia document by
providing links, buttons, or menus that enable users to navigate through its content. These
hypermedia links encode details about the temporal and spatial presentation of media objects,
facilitating non-linear exploration and enhancing engagement through options for user-
directed browsing and interaction [56].

For example, Figure 3.5 depicts three hypermedia links 4, 4~ and 4. The anchors of these
hypermedia links are respectively the media objects Poster, Summary and Date. Their targets
correspond to Another presentation and the trailer.
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Sub-specification 1
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1‘}
12
-“
-*'

Sub-specification 2

Trailer I3 _ Trailer

R— 12

characters | Date |3|" Synopsis | characters | Date

Figure 3.5. Hypermedia dimension of a typical multimedia document [50].
2.3 Languages And Tools for Creating Multimedia Presentations

Several languages are available for creating multimedia presentations, particularly those based
on XML (Extensible Markup Language), each with its own strengths and features [58]. The
choice of a multimedia presentation language depends on specific application requirements,
such as the type of media objects, the level of interactivity, and the need for dynamic content
generation [58]. Below are some of the most well-known XML-based and declarative

languages for multimedia presentations:

1. SMIL (Synchronized Multimedia Integration Language): SMIL is an XML
markup language recommended by W3C for describing multimedia presentations. It
supports features such as timing, layout, animations, and visual transitions [59]. It is
media-agnostic as it can handle and synchronize diverse media types without prior
knowledge of their specifics [60]. SMIL is widely used for creating multimedia
presentations and has been extended for dynamic content adaptation based on user
profiles or display configurations [61].

2. NCL (Nested Context Language): NCL is a declarative XML-based language
designed for creating interactive and synchronized multimedia presentations. It
emphasizes the strict separation of content and structure, allowing non-invasive
control over presentation, linking, and layout. Its nested architecture enables the
hierarchical organization of multimedia content, making it well-suited for many
systems such as interactive television (iTV), multimedia content delivery, and e-
learning platforms [62].

3. SVG (Scalable Vector Graphics): SVG is an XML-based format for creating scalable
2D vector graphics. Unlike raster formats (e.g., JPEG or PNG), SVG uses
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mathematical definitions for shapes and colors, ensuring scalability without quality
loss. It is widely used in multimedia presentations to create interactive graphics,
animations, and diagrams, particularly for web-based content. Recent advancements
aim to enhance SVG's efficiency and utility [59], [63], [64], [65].

4. X3D (Extensible 3D Graphics): X3D is an XMI.-based standard for 3D graphics
and interactive content. It supports real-time interactivity, making it suitable for virtual
reality, 3D web content, and interactive simulations. X3D has been applied in fields,
including medical simulation [66], interactive training and simulation [67] [68], and the
development of conventional GUI libraries [69].

5. DITA (Darwin Information Typing Architecture): DITA is an open-standard
XML-based architecture for designing, authoring, managing, and delivering technical
content. It is mainly used for structured documentation, such as user manuals, help
systems, and other forms. DITA separates content from presentation, allowing
content treuse across documents and formats. This makes it ideal for technical
documentation and e-learning presentations. DITA has been applied in various
domains, such as document automation [70], scientific grammar [71], and multilingual
parallel texts [70], [72].

6. XHTML & SMIL: XHTML is an XML-based version of HTML designed for
creating web pages with stricter syntax rules, ensuring well-formed and compatible
multimedia presentations across different browsers and devices. Combined with
SMIL, it creates complex and interactive multimedia presentations, blending the
structure and layout of web elements with synchronized media playback [73] [74], [75].

7. IT languages and dedicated tools: With the advancement of programming
languages, it is now possible to handle multimedia tasks through dedicated libraries or
frameworks, such as PyGame and Tkinter for Python, and JavaF'X, Java3D, and
AWT/ Swing for Java. Combined with CSS and JavaScript, HTMLS5 is highly versatile
for multimedia presentations, with native support for audio, video, and animations,
ensuring cross-platform compatibility and extensive browser support. It is also worth
mentioning JavaScript libraries like Threejs and Pixz]S, which can handle multimedia
presentations, particularly for interactive 3D graphics and animations. Lastly,
multimedia presentations can also be created using dedicated tools like MS PowerPoint
and Beamer (a LaTeX-based presentation library).

These languages enhance multimedia presentations by managing synchronization, layout,
timing, and transitions for various media types. Table 3.1 outlines their descriptions, strengths,
and best use cases.
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Language | Description Strengths Best use cases

SMIL A W3C-recommended o Time-based e Web-based multimedia
XML-based language synchronization. presentations.
designed for multimedia o Accessibility features like | ® Interactive tutorials and
presentations, allowing subtitles and captions. slideshows.
synchronization of e Lightweight and cross-
different media types platform.

(audio, video, images, and
text).

NCL An XML-based language | o Advanced interactivity and | ® Interactive TV
specialized for interactive event-driven multimedia. applications.
multimedia applications, e Support nested e Complex multimedia
particularly in Digital TV multimedia elements and projects requiring high
systems (ISDB-T). hierarchical structures. interactivity.

¢ Integration of distributed
content.

SVG An XMlL-based language | o High-quality vector e Graphics-intensive
for describing 2D vector graphics. multimedia
graphics, animations, and | ¢ Animation and presentations.
text. interactivity using SMIL e Interactive diagrams and

animations or charts.
JavaScript.

e Integrates well with web
technologies.

X3D An XML-based language | e Rich support for 3D e Multimedia presentations
for defining interactive modeling. with 3D components.
3D graphics and e Can integrate 2D media Virtual reality or augmented
multimedia scenes. with 3D environments. reality experiences.

e Interactive capabilities

DITA An XML-based o Content reuse and e Multimedia-embedded
framework for authoring modularity. technical documents.
and publishing structured | o Integration with e Content-driven
content, including multimedia for technical presentations.
multimedia elements. documentation.

XHTML+ | Combines XHTML for o Unified framework for e  Web-based

SMIL text and layout with web and multimedia multimedia
SMIL for multimedia content. content
synchronization. e Enhanced compatibility blending  text

with browsers. and
synchronized
media.

Other Programming languages ® Dedicated libraries e Various

tools and dedicated tools e Generating tools multimedia

processing

Table 3.1. Comparison of multimedia presentations languages and tools.
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3. Multimedia Documents Adaptation in Context-Aware Pervasive
Systems

Multimedia document adaptation (MDA) refers to dynamically modifying multimedia content
based on context changes in pervasive systems. The goal is to deliver suitable content that
conforms to the current contextual situations and constraints, such as device features,
surrounding environment, and user preferences (see Figure 3.6). Playing multimedia
documents in pervasive systems, where the context continuously changes, may lead to
conflicts when document requirements contradict contextual constraints. For instance, let
consider playing video contents in public places (e.g., buses, or libraries). In this case, auditory
contents should not be played there. Consequently, it is possible to adapt the content by
muting audio and subtitling videos. This ensures that the content remains accessible while
respecting the constraints of the surrounding environment [14].

e

Context }—

- e ™,
— Adaptation Adapted
Initial Document
Document Initiate Produce

O
: —
-—
-
é \ Adaptation services | @
A A \ J

'~ _/.

Figure 3.6. Multimedia documents adaptation in context-aware pervasive systems.
3.1 Levels of Multimedia Documents Adaptation
Adaptation operations can be categorized into two levels: /ocal adaptation and global adaptation.

* Local adaptation: Local adaptation applies to individual media objects separately by
performing physical transformations. It includes three main operations: fransmoding,
transcoding, and transformation (see Figure 3.7) [76], [77].

Techniques for local
adaption of multimedia
documents

Figure 3.7. Techniques for local adaption of multimedia documents.
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— Transmoding: Transmoding alters the type of a media object by changing its
modality. An example of such an operation is the conversion of a video into

an audio format as this may be useful in scenarios where visual content cannot
be displayed (see Figure 3.8) [78].

Transmodlng

&

Figure 3.8. Transmoding operation of a video into an audio.

— Transcoding: Transcoding changes the format of a media object while
preserving its modality. It also attempts to ensure the compatibility across
various devices and platforms. An example is converting a video from AVI to
MPEG format (see Figure 3.9) [78].

e &
&
Transcoding

©

Figure 3.9. Transcoding operation of a video from AVI to MPEG format.

— Transformation: Transformation modifies the content of a media object
while maintaining its type and format. An example is resizing an image while
retaining its original format, as shown in Figure 3.10 [78].

Image 40 x 40 Image 20 x 20

.:/i\:.
[ |
Transformation .,_\‘_r /

@/

Figure 3.10. Transformation of an image from 40x40 pixels to 20X20 pixels.
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* Global adaptation: Global adaptation affects the organization of media objects
within the documents. It modifies the temporal, spatial, or hypermedia dimensions of
the media objects. The aim is to maintain the semantic integrity of the adapted
document while accommodating the new context (see Figure 3.11) [7, 8]. Examples of
such an operation include:

o Temporal adaptation that adjusts the timing and synchronization of media
objects.

o Spatial adaptation that rearranges the layout of media objects to fit different
display sizes or orientations.

o Hpypermedia adaptation that modifies navigation links or relationships
between objects.

M?k{(gun
=N
AW

Figure 3.11. Example of a global adaptation in a multimedia document.

3.2 Adaptation Services

Performing adaptation actions often requires the composition of multiple adaptation services.
Each adaptation service is defined by the following attributes [77]:
— Service ID: A unique identifier for the service.

— Input parameters: Characteristics of the media object content to be processed by
the service.

— Output parameters: Characteristics of the adapted media object generated by the
service.

— Action property: Defines specific properties of the document being processed by
the service (e.g., file size, format).

— Action type: Specifies the type of action performed namely transformation,
transmoding, and transcoding.

— Quality parameters: Represent non-functional properties of the service, such as
price, reliability, and availability.
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Adaptation services can be implemented using various technologies, including web services,
cloud platforms, and APIs [79]. The organization of these services is often structured as a
class hierarchy, enabling efficient management and reuse [78] (see Figure 3.12).

Multimedia adaptation service

Transmoding service [ Transcoding service

Transformation service ]
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Video ) Image Text Video Video \( Image
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Figure 3. 12. A comprehensive hierarchical description of adaptation services [79].
3.3 Quality of Service in Multimedia Documents Adaptation

In MDA processes, adaptation services are first described as abstract tasks within a workflow
model. Adaptation plans (or paths) are then generated, where each abstract service is bound

to a concrete service selected from a repository of candidates (see Figure 3.13).
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Figure 3.13. Adaptation services discovery and selection.

As discussed in [80], the quality of service in any given MDA process is defined by evaluating
the adaptation services based on two types of quality parameters: cosz and benefit.

e Cost parameters: Characteristics of the adaptation services, such as price, response
time, reliability, etc.

e Benefit parameters: Characteristics of media objects, such as image resolution, video
speed, etc.

These two types of parameters are used to select the best adaptation path based on specific
contextual parameters, such as user preferences (e.g. resolution, compression rate, response
time, budget, etc.) and available hardware resources (e.g. battery level, available memory space,
bandwidth, etc.) [80]. For example, a user may prioritize high-resolution video playback, while
the system considers available bandwidth and battery constraints to select a compatible service.

4. Context-Aware Multimedia Documents Adaptation Processes: State
of the Art

Several adaptation approaches have been proposed to provide documents adapted to
contextual situations and constraints in pervasive systems [81], [82], [83], [84], [85], [86].
These approaches differ in how the adaptation process is conducted and the document

models they target.

4.1 The General Scheme of Context-Aware Multimedia Document

Adaptation Processes

As discussed in Section 5 of Chapter 2, context-aware pervasive systems are built around three
primary layers: sezsing, reasoning, and acting. These layers are detailed below in the case of MDA

processes, as shown in Figure 3.14.
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Figure 3.14. The general architecture of a standard MDA process

— Sensing layer: this layer includes a single step: context collection. This step updates the
context elements by acquiring data from the physical world using physical, logical, or
virtual sensors. The context includes different types of information such physical
context (e.g., lighting, noise level, etc.), user-related context (e.g., profiles, locations,
etc.), computational context (e.g., network connectivity, communication bandwidth,
etc.) and temporal context (e.g., day, time of day, etc.)[87].

—  Thinking layer: this layer comprises three steps: context modeling, context reasoning, and

decision-making.

e Context modeling: Raw context data, collected from various sources
(low-level context data), is organized using abstract context models (e.g.,
key-value models, ontology-based models). This allows processing context
information at a higher level, enabling reasoning and decision-making [88].
Generally, these data are obtained either by events triggered by context
changes or by time driven methods according to which the context values
are calculated during periodic checks.

e Context reasoning: High-level context data is analyzed to identify
constraints or conflicts that may hinder playing the documents propetly.

Reasoning can occur in two forms:

o Real-time reasoning: Continuously executed, responding to context
changes as they occur either as an event driven or a time driven

context.

o On-demand reasoning: Triggered by specific user or application
requests, such as resource discovery or environmental
recommendations.

In the end of this step, a set of adaptation actions are inferred to provide
adapted documents, often expressed as "7f ... then" rules (e.g., If (the user
is in a public place), #hen mute the audio and enable subtitles).

44



Chapter 3

Multimedia Document Adaptation in Context-Aware Pervasive Systems

Decision-making: The objective of this step is twofold: the
determination of the adaptation actions to execute and the generation of
the adaptation plan. Three modes are possible:

a) Automatic mode: Adaptation actions are determined without
user input.

b) Semi-automatic mode: The system suggests adaptation actions
while the user selects the most suitable ones.

¢) Manual mode: The user defines all adaptation actions based on
specific needs.

The adaptation plan is generated by binding each action to possible
execution paths, considering available services and QoS parameters (e.g.,
response time, availability) to select the best path.

— Acting layer: This layer executes the adaptation plan using selected adaptation

services. These services are applied to individual media objects to produce adapted

media content (local adaptation). The adapted content is then organized into a

document suitable for the current context (global adaptation).

e Explanatory example

Consider a mobile user consulting online courses. For the sake of simplicity, we assume that

the context elements include the location, current activity and preferred language of the user.

Table 2.2 summarizes typical context values, conflicts, and adaptation actions:

Context element Value Conflict Adaptation action

Location

Language

User activity

Auditory contents should not be

Bus Exclude audio
played
L
Spanish The content cannot be understood anguage
translation
Driving Hands and eyes cannot be used Voice-commands

properly

Table 3.2. Some typical context elements, conflicts and adaptation actions.

4.2 Classification of Multimedia Documents Adaptation Processes

Depending on where decision-making and adaptation actions take place, MDA processes can

be divided into four broad categories [45]. The selection of a specific approach depends on

factors such as device capabilities, communication bandwidth, and available resources.
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— Client-side adaptation: In this approach, client devices running the documents
handle the entire adaptation process themselves (e.g., [57]). This implies that the
devices should have the resources and capabilities to adapt the documents
according to their contextual situations and constraints.

o Advantages: Provides responsiveness, allowing real-time adaptation
decisions without relying on remote systems.

o Disadvantages: Limited by the device’s hardware and energy resources
(e.g., battery, CPU, and RAM), making it unsuitable for resource-
constrained devices.

—  Server-side adaptation: In this approach, client devices send adaptation requests
to a dedicated server, which performs the entire adaptation process (e.g., [9], [10]).

o Advantages: Offloads computational tasks from clients, improving their
performance and efficiency.

o Disadvantages: May overload the server, leading to delays, especially when
handling large volumes of adaptation requests. Thus, real-time and
instantaneous responsiveness can be affected.

—  Proxy-based adaptation: Here, a proxy acts as an intermediary between the client
and server (e.g., [89]). The proxy analyzes client requests, negotiates with the server
to determine appropriate adaptation actions, and performs some adaptations itself
before delivering the results to the client.

o Advantages: Reduces the workload on both clients and the server by
leveraging the proxy’s computational resources.

o Disadvantages: Increases communication overhead due to additional
coordination between the client, proxy, and server, which may impact
latency.

— Peer-to-peer adaptation: In this approach, devices playing the multimedia
documents form a peer-to-peer network, enabling direct communication and
collaboration (e.g., [90]). Thus, devices can share and execute adaptation services
dynamically.

o Advantages: Offers scalability and flexibility by distributing the workload
among devices. Each device can utilize its own or others' adaptation services,
expanding the pool of available resources.

o Disadvantages: Managing the peer-to-peer network and ensuring service
availability can be challenging, as they depend on the reliability and number of
connected nodes.

Table 3.3 provides a summary of the approaches described above.
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Approach

Category

Overview

89]

Proxy-based

A proxy-based adaptation approach, using a multi-agent
system to optimize multimedia content delivery to
handheld devices.

[91]

Server-side

An innovative, knowledge-driven paradigm for
developing next-generation multimedia adaptation
servers, capable of generating intricate adaptation chains

from semantically annotated transformation operations.

[92]

Proxy-based

This approach utilizes adaptation agents that implement
sequential decision-making policies in uncertain
environments. Based on the degree of observability of
the context, whether fully or partially observable.

Peer-to-peer

A service-oriented architecture for the adaptation of
multimedia documents that introduces a negotiation
protocol to assist the adaptation manager in selecting the
optimal adaptor.

Server-side

A probable architecture entails server-side processing for
the rendering of VR content and the adaptation of
multimedia materials to cater to the distinct requirements

of students or learners.

9]

Server-side

A framework named MMSA (Metamodel Multimedia
Software Architecture) which employs a hierarchical
media structure to model the adaptation process,
considering the organization of media and flows.

Server-side

A server-side approach which present a service-oriented
framework for media streaming and digital item

adaptation.

Peer-to-peer

A service-based approach for MDA in which adaptation
services are available locally and remotely on multiple
platforms.

[97]

Proxy-based

A proxy-based approach for automatic generation of
multimedia presentations based on SMIL (Synchronized
Multimedia Integration Language) standard.

98]

Client-side

A client-side approach presents a localization architecture
for an m-tourism services delivery platform. It allows
clients to reach wvarious multimedia descriptions
according to their profiles. The aim of this approach is to
deliver services for nomads (e-tourists) according to their
localization and according to the results given by the
search engine. This engine is based on a quantitative

similarity measure.
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[99] Proxy-based A service-based context modeling approach for MDA
that links the context information using semantic generic
profiles.

[100] Server-side This approach focuses on the integration of media with

virtual 3D environments in real-time. This suggests that
media content is likely processed and rendered on the
server before being delivered to clients.

[101] Server-side This study presents a method for the dynamic adaptation
of multimedia documents, structured as an ovet-
constrained constraint satisfaction problem (OCSP), to
guarantee a particular level of service for the presentation
of the adapted document.

[102] Server-side This approach focuses on adapting class-level and
decision-level multimodal fusion under the assumption
that inputs to the fusion models (called cues) are
provided by the same algorithms in all contexts.

[103] Server-side An approach based on the use of recommendations and
social networks for real-time adaptation of multimedia
content using semantic representation approaches to
define contextual constraints and community interests.

[9] Server-side An MDA approach based on formal concepts related to
technical adaptations to select relevant policies by
detecting the conflicts between documents properties

and users preferences.

[104] Server-side An MDA approach that involves social impact inferred
from communities on Twitter and Facebook, to make an
effective composition of adaptation services using
semantic relationships.

[10] Server-side A handicap-based MDA that exploits an ontology to
provide context-aware assistance by binding each
context constraint to a physical handicap and thus to an
adaptation action.

[105] Server-side A context-aware MDA approach based on cooperative
multi-agents systems that uses semantic web services to
predict users context and provide adapted contents
accordingly.

[100] Server-side An XML-based personalization of course content in
ubiquitous learning, considering learning styles and
context-awareness

[57] Client-side An XML-based multimedia specification that describes
the structure of web contents according to users context
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and profile. The content is adapted by modifying their

spatial structures.

[107] Server-side MDA approach that focuses on content classification,
which based on classification metrics to define its
temporal and spatial complexity, those metrics helps to
decide the type of adaptation that should be performed
on the content to cope with existent restrictions imposed
by the distribution chain and the consumption context.

[108] Sever-side A framework that allows the build of learning systems for
various learning contexts. It offers superior application
management and a personalized learning strategy suited

to the learner's context.

[109] Server-side A multimedia adaptation approach that integrates multi-
agent systems with semantic web services to determine

the uset's current context.

[110] Server-side A server-side approach that represent an E-Learning
framework based on a mathematical model for learner
categorization using machine learning techniques (a
hybrid of case based reasoning and neural networks).

[11] Server-side A graph-based MDA that allows the inference of
multiple adaptation actions using semantic reasoning

upon users context.

[111] Server-side This approach proposes a dynamic clustering and
filtering mechanism for situation rules that considers the
uset's domain, role, current location, and time during
situation processing and reasoning. It also involves
mechanisms for simultaneous event detection and

parallel situation identification.

[112] Server-side This approach focuses on summarization, which is a
process of extracting the most representative words from

a bucket of multimedia documents.

[113] Server-side A server-side approach that proposes a five-module
architecture to generate both textual and visual
summaries from multimedia sources. The modules
include  video  temporal  segmentation,  visual
summarization, textual segmentation, textual
summarization, and multimodal summarization by cross-
domain alignment.

[114] Server-side This approach is a segment-level cross-domain semantics
alignment model for the task of multimodal multimedia

summarization with multimodal output. It consists of
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five modules: video temporal segmentation, visual
summarization, textual segmentation, textual
summarization, and cross-domain alignment.

[115] Server-side Server-side approach that combines the integration of
multimedia documents in a 3D urban scene with user
guidance modes to allow the user to effectively consume
and understand the multimedia content.

[110] Server-side A novel multi-viewpoint ontological approach for
adapting multimedia documents; each viewpoint of the
multimedia document may correspond to a physical
disability, thereby starting an adaptation action through
multi-viewpoint ontological reasoning.

Table 3.3. A summary of some MDA approaches

5. Case Study: MDA for Learning in Context-Aware Pervasive Systems

This section introduces the concept of ubiguitous learning, its fundamental components, and the
design principles for multimedia adaptation systems adapted to learners' contexts in a

pervasive environment.
5.1 Overview of Ubiquitous Learning

Ubiquitous learning (u-learning) refers to an adaptive learning environment supported by
computers, mobile devices, and connected objects, combined with wireless communication to
provide learning materials anytime, anywhere, and anyway. As a context-aware system, u-
learning can detect learners' situations and provide personalized guidance and support. For
example, if a learner watches an educational video on a noisy bus, the system may reduce
sound and enable subtitles.

A typical u-learning environment comprises the following elements:

— Sensors: Collect contextual data about learners (e.g., location) and their environment
(e.g., temperature, noise levels).

— Servers: Store and provide active and passive support, including adaptation
decisions.

— Mobile devices: Enable learners to access learning materials through the internet.

— Wireless networks: Facilitate communication between devices, sensors, and servers.
Key criteria for an effective context-aware u-learning environment include ability to:

— Sense learners' situations and enabling real-world learning activities.
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— Adapt to learners' behaviors and contexts in both virtual and real-world environments.
— Provide personalized guidance based on learners' contexts, profiles, and histories.
— Ensure seamless learning experiences across locations within a predefined area.

— Adapt content for various mobile device functionalities.
5.2 Adapting Multimedia Content for Ubiquitous Learning

Technological advancements have revolutionized distance learning, including u-learning,
which revolves around two core elements: /fearning objects and learning context. Figure 3.15

illustrates the general architecture of a u-learning system.

Ubiquitous
learning server

~L 1N
)

Internet

Y VYV Y
1-) i dh

B_=

Figure 3.15. General architecture of ubiquitous learning systems.

5.2.1 Learning Objects
Learning objects are entities used for learning, education or training purposes, often reusable
to achieve specific instructional objectives. These include various multimedia content such as
video, text, audio, images, slides, animations, and simulations. According to [106], effective
learning objects should be:

— Modular: Presented in small and self-contained units.

— Reusable: Suitable for multiple learning media and contexts.

— Aggregated: Grouped into larger content collections.

— Searchable: Tagged with metadata for easy retrieval.

Popular models for representing learning objects employ XML and HTML, which ensure
flexible data storage and interoperability.
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5.3 Learning Context

In ubiquitous learning systems, learners are different from those using traditional e-learning
systems. This is because contextual information is incorporated throughout the learning
process to enhance accessibility to relevant learning objects. The learning context describes
the learner’s situation during an activity [106]. It includes two types of information:

— Instructional information: Includes learning style models used to personalize
learning paths.

— Non-instructional information: Covers environmental and personal attributes such

as location, device type, and surrounding conditions.

By combining instructional and non-instructional information, u-learning systems support
learning activities through the adaption of learning materials presentation to both learners’
preferences and environmental requirements, ensuring a personalized experience.

Learning style models are employed to personalize learning paths by identifying how learners
process information during their activities, based on their preferences and behaviors. These
features vary from learner to another and may also evolve over, experience, or learning
objectives. One widely recognized model is the Felder-Silverman model, which classifies learners

into four dimensions of learning preferences, as shown in Table 3.4 [100].

Continuum | Preference Learner style
Sensing- How the learner takes in | - Sensing: the learner likes better concrete and practical
intuitive information thinking, and is interested in facts and procedures

- Intuitive: the learner likes better conceptual thinking,

and is interested in theories, definitions, and

meanings
Visual- How information is | - [7sual- the learner likes better visual representations,
verbal presented to the learner figures, diagrams, and flowcharts
- Verbal: the learner likes better written and oral
explanations
Active- How the learner | - _Active: the learner likes better to try things and to
reflective processes information experiment with new concepts

- Reflective: the learner likes better to learn individually
and to think before trying.

Sequential- | How the learner | - Seguential: the learner likes better linear thinking and
global organizes himself and ordetly learns in small incremental steps
progresses to understand | - Global: the learner likes better holistic thinking and
the information learns in big leaps

Table 3.4. Classification of learners according to the Felder-Silverman learning model [106].
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5.3.1. Adaptation of learning materials

In ubiquitous learning systems, learning objects need to be adapted at any time and in
anywhere, depending on the learning context (see Figure 3.16). A context-aware content
adaptation system revolves around several parameters that help define a learner’s context, in
order to provide personalized learning materials accordingly. Two types of context-aware
adaptation in u-learning systems are distinguished: #he adaptation based on instructional context
information and the adaptation based on non-instructional context information [100)].

MNon-instructional context

Ubiquitous
System

Instructional context

Figure 3.16. Learning adaptation based instructional and non-instructional context.

¢ Instructional context-based adaptation

Adaptation based on instructional context information focuses on generating learning material
parts with a well-defined sequencing (path) adapted to the learner’s style specified in the
profile. Thus, this adaptation aims to provide learning objects with contents that meet the
instructional goals set without worrying about the environment requirements. For instance,
consider two learners A and B. Learner A has a verbal cognitive style while learner B has a
visual cognitive style. Figure 3.17 shows how the content is adapted for these two learners.

Course Content

\

Learner B
PN

Figure 3.17. Adapted contents for learners A and B.
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¢ Non-instructional context-based adaptation

Adaptation based on non-instructional context information seeks to present personalized
learning material paths that accommodate the learner’s current contextual situation, including
environmental factors. As a learner's context can dynamically change over time, certain
constraints may arise, hindering the proper delivery of learning materials. These constraints
occur when the features of the learning objects conflict with the current learning context. In
such cases, the adaptation operates in two phases as described in subsection 6.1:

— Local adaptation: Applied to the media objects within the learning materials.

— Global adaptation: Generates personalized learning material paths.

For example, consider Learner A, who adopts a verbal cognitive style. If this learner is in a
laboratory where auditory content is unsuitable, the system suggests replacing audio content
with text, muting video content, and providing subtitles to ensure compatibility with the

environment.

6. Conclusion

In this chapter, we examined the adaptation of multimedia documents in context-aware
pervasive systems, emphasizing its role in enhancing user experiences and ensuring seamless
content delivery across diverse devices and contexts. By addressing the challenges posed by
dynamic context, multimedia document adaptation emerges as an effective solution for
maintaining usability and accessibility.

We began by outlining the foundational concepts of multimedia document adaptation,
establishing a solid theoretical framework. This was followed by a comprehensive literature
review that highlighted existing approaches, helping to identify gaps that still exist in the field.
Finally, through a case study on multimedia content adaptation in context-aware pervasive
learning environments, we demonstrated the potential of these systems to dynamically adapt
content to users’ needs, thereby improving engagement and usability.

Despite the notable results already achieved, context-aware multimedia adaptation still offers
opportunities for growth, particularly in expanding the adaptability of systems to handle more
complex and domain-specific contexts. This will ensure the delivery of highly personalized,
efficient, and responsive interactions. To this end, exploring the use of historical user data and
integrating advanced techniques such as machine learning could further refine adaptation
processes. These enhancements aim to make context-aware multimedia adaptation systems
more robust, scalable, and impactful in real-world applications, a topic that will be explored in
the next chapter.

54



Chapter IV

Management of historical data in context-aware MDA processes

Summary

1. TOEOAUCHION vttt es 56
2. Involving Historical Users Data in Context-Aware MDA Processes..........ccc.c...... 57
3. The General Architecture of the Proposed HUD Manager ........cccocceuvvvicuenrennee 58
4. Implementation of the Proposed Approach ..., 61
4.1 CONLEXE SENSING couvviiiiiiiiiiiccs bbbttt 601
4.2 Reasoning on the CONtEXt. ... 62
4.3 Execution of the Adaptation ACHONS .....cccceuiiiiiiiiiiiiiiiniicicee e 63
4.4  Hardware and Software Configuration ..........coceeverieieuninieerninieeienieeensieenenennes 64
5. Results and DISCUSSION ...euiririiieiiiiiririeiciceseec ettt es 66
5.1  Formatting and Storing the HUD .......ccooioiiiiiiiiiiiiiiicccecceceeaes 06
52 Performance ANALYSIS ... s 068
5.2.1  Running Time and Data Size Measurements ..........cccoveevrvviircrnininncnnisinnensiennnens 68
5.2.2  Comparison of the Proposed HUD Management Methods .........cccceveveurunnnneee 70
5.2.3  Comparison of Our Proposal Over Other Approaches Exploiting HUD........ 71
5.3  Case Study 2 HUD Analysis for Context-aware Adaptation Rules Learning........ 73
6. CONCIUSION ..ttt ettt ettt nenen 76

55



Chapter IV

Management of historical data in context-
aware MDA processes

1. Introduction

In multimedia adaptation processes (MDA) processes, systems detect the user’s context,
reasons on it, and executes actions to deliver an adapted document. While existing adaptation
approaches have achieved notable results, they primarily rely on real-time data collected from
various sensing sources to adapt documents in response to context changes. Thus, these
approaches often overlook the value of historical user data accumulated over time, which
could significantly enhance the adaptation process. Historical data provides opportunities to
refine system behavior through advanced tasks, such as applying machine learning techniques
for classification or prediction and learning adaptation rules.

This chapter addresses this gap by proposing a software component designed to manage
historical user data generated during MDA processes for further processing. This stored data
includes both context values and their corresponding adaptation actions, enabling more
personalized adaptation rules. Depending on the adaptation process category, we introduce
three data management variants — client-side management, proxy management, and server-
side management — as well as their hybridization to ensure compatibility with a wide range of

adaptation approaches.

To achieve this, we first model the context and the required adaptation actions using an object-
oriented approach. We then translate this modeling into relational and NoSQL schemas.
Additionally, algorithms for data storage, retrieval, and analysis are developed to support the
proposed framework. The effectiveness of our approach is validated through a series of test
scenarios, building upon the prototype implementation from the previous chapter. Finally, we
demonstrate the practical benefits of our proposal by exploring use cases involving the
generation of context-aware adaptation rules.
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2. Involving Historical Users Data in Context-Aware MDA Processes

A review of several MDA approaches [2-21] reveals that most of them focus primarily on
context collection, representation, and interpretation. The reasoning mechanisms generally
rely on user profiles and current context values, performing adaptation tasks at a single
location (e.g., client, proxy, or server). Therefore, these approaches typically lack mechanisms
to store and analyze historical context values and corresponding adaptation actions, which
limits their ability to incorporate prior knowledge into the adaptation process. Many context-
aware pervasive applications log historical data to provide insights into user decisions, enabling
future improvements. We cite as examples machine-learning techniques for IoT cultural data
[119], context-aware intrusion detection [120], smartphone data analytics [24-27], activity
recognition [3], and healthcare support [4].

Similarly, HUD can contribute in improving the overall behaviour of MDA processes by
performing several advantageous tasks such as machine-learning techniques, statistical
methods for building recommendation systems, adaptation rules personalization, etc. In this
case, two types of HUD can be considered either jointly or separately:

e The first type of HUD concerns the multimedia documents consulted by emphasizing
on general information about users and resources accessed.

e The second type of HUD is related to specific features of ubiquitous systems (e.g.,
sensors, human-computer interactions, etc.) insofar as the adaptation process should
deal with context values and adaptation actions.

Regarding the first type of HUD, several researches in other fields have already been
conducted in this respect; web log mining is a good example [5]. In contrast, there is still a
general dearth of MDA approaches treating the second type of HUD. Indeed, even though
there are some MDA-based applications that involves certain HUD (e.g. [124], [125]), they
however do not provide effective mechanisms to manage such data since they only focus on
analyzing them either through datasets or by certain collected data. Generally speaking, log
data are extremely diverse and processing them is unfortunately quite complex. This is due to
the lack of standards and agreements outlining the granularity, structure, content, format, and
level of details provided by log events [6]. This raises certain issues related to their
management:

— The first concern is about the determination of which data will be stored; this is a
crucial question that depends on the intended purposes of their storage.

— The second concern is about the format in which the data will be stored. This aspect
has a direct link with efficient data storage and retrieval for further processing.

— The third concern is about the place where the data will be stored. This is a very
important aspect since it may lead to dealing with large volumes of data.
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— The last concern is about the way in which the data stored will be leveraged in tasks
integrating users' experiences into MDA processes, to improve their effectiveness.

Based on this perspective, we propose to design a software component that handles HUD
resulting from the execution of MDA processes for further processing. Compared to other
MDA-based approaches, our proposal should be generic insofar as it can be integrated into
different MDA processes categories in such a way that 27 allows the storage, retrieval and analysis of
historical data as log data resulting from the accumulation of the decisions made by users. This way, the
proposed component will provide MDA processes with more options to efficiently process
HUD in different locations namely clients, proxy and servers sides. To do so, we rely on a
well-devised, flexible and agile architecture that can easily change form (polymorphism) and
adapt to context changes (e.g. computation resources) and users preferences / requirements
(e.g. personalized processes, data privacy and sharing).

3. The General Architecture of the Proposed HUD Manager

Our proposal consists of a software component for managing HUD generated by MDA
processes. The goal is to facilitate the storage, retrieval and analysis of HUD to involve them
in users' decision-making. This HUD manager complements existing adaptation approaches
by addressing some of their limitations as:

— Most MDA approaches tely solely on on-demand and/or real-time reasoning, without
incorporating HUD. Our proposal enables MDA processes to leverage HUD for
various tasks, such as machine learning, thereby enhancing their quality.

— Adaptation tasks are often executed in a single location (client, proxy, or server), in
particular the client-server paradigm which is the most common due to simplicity and
computational resource availability. However, other paradigms can be effective for
challenges like workload balancing. Even so, the use of the other paradigms can also be
effective for difficulties like workload balancing. Indeed, by relying on an effective
hybrid approach, MDA processes can be executed in a decentralized scheme by
dynamically switching between adaptation categories as needed.

In this regard, the proposed architecture is designed to be flexible, agile, and adaptable,
offering the following benefits:
a) Compatibility with all MDA categories.

b) Customization based on computational resources and user preferences (e.g., data
privacy and sharing).

¢) Versatility to manage HUD across various devices (e.g., laptops, servers).

Figure 4.1 shows the architecture of of the proposed HUD manager and its potential
interactions with MDA processes. The architecture consists of four main components.
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1) Database: Serves as the storage medium for HUD.

2) Data logger: Records HUD systematically in the database whenever new data is
acquired by the system.

3) Data retriever: Retrieves HUD from the database for use by the data analyzer.

4) Data analyzer: Comprises a set of data analysis algorithms for various tasks such as

machine learning, data mining, and statistical analysis.

The proposed HUD manager Standard MDA process
Database Data logger Multimedia document o Adapted multimedia
. request (input =% | document [out
query | Step 1 |Data logging 9 (input) I@I (output)
2 Environnement Devices features
] %)) sensors
oo
@ 3 data| |query 1 B @D. @ User profile %
: : = 2
data| |query 4 3 {prefferences ) &
Data retriever Data analyzer ‘ Context collection ‘ '

Step 3 Data retrieve Step 2 | Data analysis T

=G Y Decision making‘ ‘Context modelling‘
|2 dh L
. 0 Params Context Reasoning
Trigger-based Query language| «—— On—dem?nd Real—tlr!ﬁe 6 On-dermand Real-time
data retrieve | data retrieve _’da ta analysis analysis ) )
reasoning reasoning
5 2 ) Params 5
data - - Adaptation plan ___. @a Adaptation
Query language data retrieve operation execution TINE= services

Trigger-based data retrieve operation

Figure 4.1. Detailed architecture of the proposed component.

The proposed HUD manager interacts with MDA processes via the Thinking layer, as llustrated
in Figure 4.1. This layer includes context-reasoning and decision-making modules, which

forms the core intelligence of the adaptation system.
e On the one hand, the decision-making module invokes the data logger to store HUD,
mainly context values and users decisions (Step 1 in Figure 4.1).
e On the other hand, the context-reasoning module utilizes the data analyser's
functionalities to support future decision-making (Step 2 in Figure 3.1).

Next, we summarize the three steps executed by the proposed HUD manager.

— Step 1: HUD Logging

After generating an adaptation plan, the decision-making module calls the data logger to store
information about the context values and adaptation actions. The data logger uses a query
language that depends on the implementation (e.g., SQL, XPath), to insert this data into the

database as new enttries.
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—  Step 2: Data Analysis

The data analyzer enhances the context-reasoning module's effectiveness through a bag of
data analysis algorithms. Hence, it calls the data retriever to acquire data for analysis according
to two methods: real-time analysis and on-demand analysis. Real-time analysis refers to event driven
methods triggered whenever new entries are inserted into the DB; they are continuously
executed to update the context-reasoning module, as needed, depending on application
purposes. These algorithms should be lightweight to maintain the responsiveness of the
system. A typical example is statistical methods as they can track pattern frequencies using
dynamic data structures. On-demand reasoning is initiated by user or application request, for
many purposes such as machine-learning algorithms and recommendation systems. These
algorithms can be heavyweight and executed online or offline as they do not influence the
responsiveness of the system.

—  Step 3: Data Retrieve

The data retriever is designed according to the Data Access Object (DAO) pattern to abstract
database operations, allowing seamless interaction with different database types. It consists of
a set of callable methods that retrieve HUD according to different input parameters using
query languages (e.g. SQL, XPath, etc.), depending on the DB adopted. Two types of data
retrieval methods are proposed: frigger-based retrieval and query-based retrieval. Trigger-based
retrieval automatically executes predefined methods when specific DB update conditions are
met. Query-based retrieval accesses data using parameterized methods, enabling flexible and

efficient queries.

Depending on where HUD is stored and processed, the HUD manager supports three
methods in addition to their hybridization, providing various options to meet users’
requirements and application specifications

— Client-side management: HUD are stored, retrieved and analysed directly on the
client devices.

—  Server-side management: The HUD manager resides on a server, which handles
storage, retrieval, and analysis. Clients interact with the server by invoking the data
logger and data analyser.

—  Proxy-based management: The HUD manager operates on a proxy positioned
between the client and server, facilitating intermediate processing,.

— Hybrid management: Components of the HUD manager namely database, data
logger, data retriever, and data analyser are distributed across clients, proxies, and
servers. This flexible approach adapts to computational resources, user preferences,
and context changes.
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4. Implementation of the Proposed Approach

To demonstrate the feasibility of our proposal, we developed a real prototype to adapt
multimedia documents (pedagogical materials) for ubiquitous learning purposes based on
contextual situations while storing the HUD. From a functional standpoint, most MDA
processes perform well. However, prototypes developed to validate adaptation approaches
often rely on simulations to collect context elements, particularly for data from connected
objects [9], [10], [11]. While simulations are useful in many scenarios, developing a real
prototype provides a more practical and viable solution, especially for addressing technical
challenges. We note that this implementation only focuses on non-instructional context. This
is because the adaptation based on instructional context primarily generates multimedia
documents tailored to users' learning styles without addressing environmental requirements.

4.1 Context Sensing

Context values are obtained from various hardware and software sources. Initially, these values
are collected as raw data, representing only measured inputs. These raw values are then used
as input for the reasoning phase, where adaptation rules are constructed. The context elements
utilized in our prototype are detailed in Table 4.1.

Context class Attribute Domain of values Source
Noi e > 0
Physical o1s.e _ e Sensors
Luminosity valne 2 0
Battery level level € [0, 100%]
CPU load load € [0, 100%]
§ Memory usage usage € [0, 100%]
& | Computational  Screen size (width, beight) (inch) Device
é’ Smart TV availability € {available, unavailable}
2. Bandwidth (value > 0)
N Network i
5 Type € {WI-F1, mobile data, ...}
Temporal Time (date, time) Device
Preferred language  /ist of languages
) ) Profile
Agenda list of timed tasks | places
Location Lis of places { home, lab, public place, ...} Profile
= | User Sffnsing—intuitive {Je‘mz'ng, intuitive}
é Visual-verbal {visual, verbal}
Q. Active-reflective {active, reflective} Profile
é Sequential-global  {sequential, global}

Cognitive-state { beginner, intermediate, expert}

Table 4.1. Different context classes features.
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4.2 Reasoning on the Context

Reasoning on context values occurs in two phases: #he gualification of context values and the inference
of adaptation actions. The first phase aims to qualify the quantitative values of the context to
ensure they can be effectively used during the inference of adaptation actions and HUD
analysis. Table 4.2 provides a typical quantification of context values, which are usually defined
empirically based on observations and practical experience. Context elements whose value
domains are already qualitative remain unchanged (e.g., location, network, preferred language,

or sensing-intuitive traits).

Attribute Quantitative value v Qualitative value

U< Vyin Quiet
Noise U € [Vminy Vimax] Less noisy

V> Upas Noisy

V< Vpin Penumbra
Luminosity U € [Vminy Vimax] Luminous

V> Upax Very luminous

V< Vyin Low
Battery level 0 € [Vniny Vpiar] Medium

V> Uy Full

V< Upin Loaded
CPU load 0 € [Vniny Vpias] Medium

V> Uy Over loaded

V< Vpin Loaded
Memory usage V€ [Dniny Unax] Medium

V> Upax Ovetloaded

. V< Upin Narrow

Screen size

V€ [Dniny Unax] Wide
Network Bandwidth L= Vi Week

V= Ui Strong
Time v € [Thiny, Tha] Day

0 & [Tuiny T Night

Table 4.2. Qualification of quantitative values of typical context elements.

Once the context values are qualified, the next phase is to infer the adaptation actions. Each
adaptation action is represented as a rule in the form "7f (conflicts), then (actions)". Table 4.3
provides details of a subset of typical adaptation actions, illustrating how conflicts are resolved
through specific rules. These rules are inspired by those proposed in [10], [11].
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Rule ID Conflicts Adaptation actions

R1 #f (public place or noisy environment) #hen Speech to text

R2 #f (very luminous environment) zhen Contrast adjustment

R3 #f (low battery or overloaded memory) zhen Speech to Text
Video to images

R4 if (inappropriate language) zhen Language translation

R5 if (overloaded CPU) #hen Format change
Video to images

R6 #f (smart TV available and small screen) then Video in smart TV

R7 7f (busy agenda) then Summarize text

R8 7f (communication bandwidth is bad) #hen Format change

Table 4.3. Some typical rules for carrying out adaptation actions.
4.3 Execution of the Adaptation Actions

Our prototype supports the adaptation of web content based on user context, without being
tied to a specific domain of application. The goal is to ensure the generality and adaptability
of the prototype so it can be used across a wide range of applications, whether they involve
multimedia documents with simple objects (e.g., text, images, videos) or complex
compositions combining various types of content.

In general, several types of document sharing exist depending on application scope. We cite
as examples File Transfer Protocol (FTP), peer-to-peer sharing, and cloud-based sharing (e.g.,
[1206], [127]). For our prototype, we adopted the HTTP protocol for sharing multimedia
documents hosted on a server, due to its simplicity of implementation.

The adaptation of multimedia documents involves executing a series of adaptation actions.
Each action is carried out through one or more adaptation services, depending on the nature
of the media objects in the documents. The description of the adaptation actions given in
Table 4.3 is as follows:

— Speech to text: Mutes auditory objects by replacing them with textual content (e.g.,
muting video sounds and adding subtitles, or converting audio files to text).

— Contrast adjustment: Enhances the contrast of visual objects based on the brightness
ratio.

— Video to images: Converts videos into sequences of images.

— Language translation: Translates media objects written in a source language into the
target language specified in the uset's profile.

— Format change: Changes the format of a media object to another format (e.g., mp3 to
mp4).
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— Video in smart TV: Plays video objects on a smart TV to take advantage of the larger

screen size.

— Text summarizing: Summarizes the content of text objects.
4.4 Hardware and Software Configuration

The hardware configuration includes an Arduino UNO board connected to three sensors: sound,
GPS, and photoresistor light. Our prototype supports Wili and Bluetooth Low Energy (BLE)
connectivity. WiFi, one of the most popular wireless communication protocols, is highly
compatible with a wide range of devices. BLE-based devices are widely adopted in IoT
implementations due to their low power consumption and consistent connectivity. These
protocols are used within the sensing layer shown in Figure 4.1 to collect context elements
from various sources. They also facilitate intercommunication between wired and wireless
devices. The prototype can be easily expanded to support additional communication
protocols, such as Zigbee, to meet potential compatibility demands with installations based on
other ubiquitous IoT protocols.

The hardware configuration also includes two HP Z640 stations (Xeon CPU with 20 cores and
64 GB of RAM) used as a proxy and a server. A Samsung Galaxy A10s smartphone (Helio P22
CPU and 2 GB of RAM) serves as the client device, where documents are executed.
Adaptation services are invoked using the following Java APIs:

—  Guoogle cloud speech API (details at: [https://cloud.google.com/speech-to-text/])

—  Yandex translate (available at: [https://tech.vandex.com/translate/])

—  Fast Forward Moving Pictures Expert Group (FFMPEG) (downloadable from:
[https://www.ffmpeg.org/])

—  Jave (downloadable from: [http://www.sauronsoftware.it/projects/jave/]).

The DB component is implemented using both relational and NoSQIL databases, which operate
independently of specific data analysis frameworks to allow for a comparative evaluation.

e On the one hand, relational databases efficiently handle structured data, offering
robust storage and retrieval functionalities

e On the other hand, NoSQL DBs can handle large volumes of data at high speed, with
scalable architectures suitable for varying degrees of data structuredness.

Besides, there have been significant efforts made to bridge oriented-object, ontology-based
and key-value paradigms with relational and NoSQL databases (e.g., [7], [8]). The stored data
include qualitative values of the context elements and the corresponding adaptation actions
resulting from context changes over time. The structural design of the HUD is represented by
the class diagram shown in Figure 4.2.
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Figure 4.2. The structural design of the HUD.

Depending on where the HUD are stored, multiple database configurations have been
implemented (see Table 4.4). For relational databases:

e SQLite is used for client-side methods

e MySQL is used for both proxy-based and server-side methods.

For NoSQL databases, JSON files are used across all methods.

Management method Relational model NoSQL model
Client-side SQLite database JSON file
Proxy-based MySQL database JSON file
Server-side MySQL database JSON file

Table 4.4. Technical choices to implement the database component in the HUD manager.

The implementation of the remaining components — namely the data logger, data retriever,
and data analyzer — relies on the features of the object-oriented paradigm. Specifically, Java
interfaces are used to define process specifications, allowing for flexible and modular
implementations that can adapt to various requirements. Table 4.5 provides an overview of
the implementation details, categorized by the different data management methods.

Management method Technical choice for implementation
Client-side Java language for Android systems
Proxy-based Java language for standard systems
Server-side Java language for standard systems

Table 4.5. Technical choices for implementing the components of the HUD manager.
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5. Results and Discussion

To validate our proposal, three tests were conducted:

1) Case study 1: This test demonstrates how data are organized in the DB and provides
a typical example of the adaptation result of a multimedia document containing
learning materials.

2) Petformance evaluation: This test measures and evaluates the proposal's
performance in terms of time and data size required for processing HUD.

3) Case study 2: This test illustrates the usefulness of storing HUD by considering a
specific example of how HUD contributes to personalizing adaptation rules related to

context-aware learning tasks.
5.1 Formatting and Storing the HUD

This section describes how HUD are formatted and stored in the DB. Intuitively, two methods
can be used to transform the HUD modeled in Figure 4.2 into relational models or JSON
objects:

1) Tabular format: In this approach, log data are structured in a columnar format by
grouping together all attributes of HUD classes in a single table. This results in a set
of structured entries (rows), making the data well-suited for applying data analysis
techniques.

2) Structred objects: Here, log data are represented as structured entities (e.g., linked
tables, nested objects) using mapping procedures while maintaining the relationships
among the data. This format is more suitable for data readability and high-level
specification (e.g., [7], [8]).

In our work, we adopt the tabular format since our primary goal is to perform data analysis.
Below, we present an illustrative scenario in which HUD are stored by executing an adaptation
process triggered under specific conditions. For this purpose, we rely on the prototype
developed by running a client-side adaptation system that deals with web pages contents
according to the context situations of users while handling their HUD.

e Case Study 1: Validation Scenario

Mr. Abmed is a medical-researcher at University and frequently connects to medical forums for discussion.
Given the nature of bis activities, Abmed often travels to forums, conferences, and similar events. While
traveling, he wants to consult a multimedia document related to radiology. The document is written in French;
1t consists of text, audio, image and video contents, as illustrated in Fignre 4.3.
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Définition lllustration Vidéo-fracture

La radiologie et I'imagerie médicale
est un auxiliaire des autres
spécialités médicales. Cet outil
majeur d'investigation intervient
dans le dépistage (grace a une
mammographie par ex.) le
traitement et le suivi de nombreuses
maladies pathologies

Avis du chirurgien

L

Figure 4.3. Structure of the original multimedia document.

Let assume that Mr. Ahmed is in a conference room and is using his tablet to access the
document. The battery level of his tablet indicates it has reached 25%. The adaptation system
infers the following contextual constraints: public place, low battery and inappropriate langnage. As a
result, Rules R;= 1 34 (refer to Table 4.3) are executed to generate an adapted document, as
shown in Figure 4.4. Simultaneously, the system invokes the data logger to store the log data
in the DB, according to the methods shown in Section 3. A typical HUD input content is
encoded as in the following JSON code.

{"ContextSituation": {"situation_id": "1", "context_id": "5", "user_id": "1", "preferred_languge':

"inappropriate language', "location': "public place", "agenda": "busy", "battery_level":

n

"low'", "CPU_load": "low", "memory_usage": "low", "screen_size": "small", "network_type":

"mobile data", "network_ bandwidth": "good", "smartTV": "unavailable", "noise": "quiet",
"9:33:54", "video_in_TV": "false", ''language_translate'':

LA n

"luminosity": "luminous", "time":

"true", "txt_summarize": "false", "speech2txt": "true', "contrast adjust": "false",

"format_change": "false", "video2image'": "true'}

Definition llustration Video-fracture

Radiology and medical imaging is a
valuable auxiliary to other medical
specialties. This major investigation
tool intervenes in the screening
(thanks to a mammogram for
example) the treatment and follow-
up of very many pathologies or
even in emergency

SR "

Surgeon’s opinion

Severe trauma usually leads to injuries rib cage wall. For example of reaps a fracture you
can make the pain associated with this injury is breathing very difficult.

Figure 4.4. Structure of the resulting adapted document.
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5.2 Performance Analysis

5.2.1 Running Time and Data Size Measurements

The performance of the DB models listed in Table 4.4 is evaluated by measuring the running
time and data size required for processing HUD entries as the number of entries in DBs
increases. Specifically, the evaluation focuses on:

— Average time for inserting one HUD entry into the DB.
— Required time for loading the DB content into memory for data analysis

— Storage space needed for storing the HUD entries into the DB.

The tests are conducted using the hardware configuration outlined in Subsection 4.4. Figure
4.5 presents the results, assuming each user stores a maximum of 10,000 entries. For the
evaluations, the users' number is set to 1 for client-side HUD management and to 50 for proxy-
based / server-side HUD management. Figure 4.5 includes six subfigures as follows:

e Subfigures (a) and (b) plot the average time required to insert a new entry into DBs.
e Subfigures (c) and (d) plot the average time required to retrieve entries from DBs.

e Subfigures (e) and (f) plot the size of the data stored in DBs.

From the curves illustrated in Figure 3.5, the following observations can be made considering
both cases (i.e., client-side and proxy-based / server-side HUD management):

1) Insertion time: The time required to store one entry remains nearly constant
regardless of DB size (see Figure 4.5 (a) and (b)). In particular, NoSQL databases
outperform relational DBs for data storage due to their simpler data storage
mechanisms. This is because relational database management systems use advanced
techniques to optimize the data storage, which slightly affects the processing time.

2) Retrieval time: The time required to retrieve and load data increases lineatly with DB
sizes (see Figure 4.5 (c) and (d)). This is expected as the volume of processed data
becomes larger. Nevertheless, relational DBs outperform NoSQL DBs for data
retrieval as the latter often parse data into objects when loading them into memory,
which adds overhead.

3) Storage space: The storage space required increases lineatly with DB size (see Figure
4.5 (e) and (f)). Besides, relational DBs require less storage space given that NoSQL
DBs store entries as pairs of keys (i.e., objects with attributes and values). To reduce
storage requirements in NoSQL DBs, we need to minimize the descriptors length.
Despite this, NoSQL DBs may excel, as they do not require dedicated configurations

for exporting or accessing data in addition to their simplicity of implementation.
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Figure 4.5. Performance analysis results for processing HUD.
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Opverall, the general performances of the proposed HUD management methods depend
mainly on the available computational resources. For instance, during the experiments, we
could observe:

1) Client-side limitations:

e The client-side method was unable to store more than 55,000 entries in SQLite
DBs.

e Italso could notload more than 150,000 entries into memory when using NoSQL
DBs.

2) Proxy-based limitations:

e The proxy-based method faced a limitation in loading, being unable to process
more than 800,000 entries in memory.

These limitations highlight the importance for addressing efficiency-related challenges,
including:

e Data storage and retrieval: Optimizing the capacity and speed of storage systems.
e Data analysis: Ensuring algorithms can handle large datasets effectively.

e Scalability: Designing solutions that adapt to growing data volumes and resource

constraints.

5.2.2 Comparison of the Proposed HUD Management Methods

In this section, we compare the HUD management methods detailed in Section 3 based on
their ability to meet the following criteria: data volume, data performance, data retrieval, data analyss,
scalability, data sharing, and data security. These criteria depend on certain factors that affect the
general performance of the HUD management system such as data storage location, data size,
computation resources and number of users. Table 4.6 provides details about each criterion
used for the comparison.

Table 4.7 summarizes the comparison between the HUD management methods according to
the criteria presented in Table 4.6. These statistics help determine the most effective
approaches for managing and processing HUD. Overall, server-side methods excel due to
their computational resources, capacity to handle a large number of clients, and ability to store
vast data volumes. Conversely, client-side methods offer superior data security, as data are
stored locally on users' devices, ensuring access only with user permission.
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. Qualitative evaluation values
L. . Influencing - -
Criterion Overview High Medioctre Low value
factors
value value
Data volume Data volume the Big data Large Small
system can process
(storage and retrieval).
Data Performance for Excellent Good Average
petformance  storing / retrieving )
Computation
large volumes of data.
resources
Data retrieval ~ Ability to load large e Excellent  Average Limited
Number of
volumes of data for
. users
rocessing.
- P g — Data size - .
Data analysis Computational ability Fasy Feasible Difficult
to perform analysis
tasks upon HUD.
Scalability Number of usets the Scalable Less scalable ~ Not scalable
system can handle.
Data sharing Ability to share HUD Number of Suitable Less suitable Unsuitable
among users to users
enhance expetiences.
Data security Ability to deal with HUD storage  Strong Weak Very weak

privacy and security of

users' data.

location

Table 4.6. Criteria for comparing the proposed HUD management methods.

Method Security Volume  Performance Retrieval  Analysis Sharing Scalability
Client Strong Small Average Limited Difficult Unsuitable Not scalable
Proxy Weak Large Good Average Feasible Less suitable  Less scalable
Server Weak Bigdata  Excellent Excellent Easy Suitable Scalable
P-2-P Weak Small Average Limited Difficult Less suitable  ILess scalable

Table 4.7. Comparison between the proposed HUD management methods.

However, the performance of these methods can be influenced by factors such as computation
resources, workload, load balancing, fault tolerance, and service availability. To address these
challenges, hybrid management methods — combining client-side, server-side, proxy-based,
and peer-to-peer paradigms — can provide an efficient solution. Indeed, the hybrid methods
allow for optimal placement of HUD manager components in different locations, depending

on the requirements of applications and users.

5.2.3 Comparison of Our Proposal Over Other Approaches Exploiting HUD

Finally, we compare our proposal with three research-works [35], [124], [125] that exploits
HUD in pervasive systems. The goal is to show the strengths of our proposed approach as
well as the value added to improve MDA processes. Table 4.8 outlines the features of the
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considered approaches in comparison to our own. The comparison focuses on the following

criteria:
— Approach scope: Describes the scope of each research work.
— Approach category: Indicates whether the HUD management method is server-
side, proxy-based, or client-side.
— Efficient historical data management: Identifies whether the approach provides
mechanisms for effective HUD handling.
— Technical details: Specifies whether the research work includes technical
implementation details about HUD handling.
— Historical data use: Explains how HUD is leveraged for specific tasks.
— Historical data involved: Refers to the elements included in the HUD.
— Approach flexibility: Assesses the adaptability and generality of the approach
across various application categories.
Approach scope Category HUD & =% HuUD HUD use e
g3 . 2
management £ g involved B
& %
B <
adaptation of Client-side  Yes No Context multimedia No
multimedia content values content
(movies) to users' needs Multimedia recommendation
in smart homes [124] contents
personalized Server- No No Learner learning materials ~ No
recommendation system  side profile recommendation
for learning materials in Learner
an ubiquitous learning model
environment [125]
context-aware Server- Yes Yes Context user interaction No
middlewate supporting side values enhancement
reasoning mechanisms Users actions
for user interaction in
cultural spaces [35]
Our proposal is a Adaptable  Yes Yes  Context Efficient Yes
context-aware MDA to all values multimedia
architecture categories Adaptation content
supporting reasoning actions adaptation

mechanisms on
context and HUD

Table 4.8. Characteristics of our proposal and some pervasive systems involving HUD.
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By leveraging hybrid management methods (combining client-side, server-side, proxy-based,
and peer-to-peer paradigms), our proposal overcomes limitations of standalone methods (e.g.,
workload balancing and service availability). The integration of cloud computing techniques
further enhances data handling capabilities. Based on the criteria in Table 4.6, the key
advantages of our approach over those discussed in [35], [124], [125] are summarized in Table
4.9. It should be noted that these values are assigned according to the details provided in the
corresponding references. Moreover, the lack of technical details and difficulty in

reconstructing these context-aware systems precluded direct numerical comparisons.

Approach Security Volume  Performance Retrieval Analysis Sharing Scalability

[124] Strong Small Average Average Feasible = Unsuitable Not scalable
[125] Weak Small Average Average Feasible  Suitable Not scalable
[35] Weak Bigdata  Good Average Feasible  Suitable Scalable

Our proposal Strong  Big data Excellent Excellent Easy Suitable Scalable

Table 4.9. Comparison of our proposal against some approaches involving HUD.

In view of the foregoing, we assess our proposal over related-works. The goal is to show the
added values so as to improve MDA processes. The main advantages of our approach are
summarized as follows:

1) Complementary to existing approaches: Our proposal enhances MDA processes
by efficiently handling HUD, as most existing approaches do not address adequately.

2) High adaptability: The proposal manages HUD at a high level of abstraction, making
it compatible with various MDA approaches.

3) Flexibility: It provides diverse options for storing, retrieving, and analyzing HUD.
These features help overcome the issues outlined in Table 3.7 through an efficient
placement of the HUD manager components based on applications and users needs.

5.3 Case Study 2 HUD Analysis for Context-aware Adaptation Rules

Learning

This section presents a case study to demonstrate the usefulness of storing and processing
HUD. The following scenarios illustrate how HUD contributes to the personalization of
adaptation rules through rule-learning mechanisms. This task refers to the prediction of
adaptation actions using data-driven approaches (i.e. based on data analysis and interpretation)
rather than explicitly predefining them.

— Scenario 1: Mr. Amine is a mobile user. While moving, he accesses multimedia documents containing
various learning materials using mobile data from bis smartphone — a paid and limited service. To minimize
mobile data consumption, he ahyays asks the system to adapt the documents by converting media objects o
low-quality format.
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—  Scenario 2: Mrs. Sarah is a university student. Back home, she always revises her online conrses using
ber laptop. After a busy daily schedule, she typically feels tired. Consequently, she asks the system to adapt

the target documents by summarizing their contents for easier comprebension.

These scenarios are implemented by storing HUD in a NoSQL database, denoted by DB,
hosted on a proxy. For each scenario, we store two types of HUD:

1) Scenario-specific entries: A sufficient number of entries are created based on the
assumptions described in the scenarios.
2) Random entries: Random entries are added to the database to simulate dynamicity

(i.e., noise) during data analysis.

To infer new personalized adaptation rules, the process depicted in Figure 4.6 is proposed.

HUD Manager
MDA process
LOG
Sensing )
Thinking Step 1 I l (Object array O} Step 2
N Analysis result set
S Data load -—*D:‘j:'—' Data split
= Request
Adaptation
rules E
- data of the ith l
Acting user
New adaptation rules Data
analyser
Step 3

Figure 4.6. Process phases for adaptation rules learning from HUD.

The steps are as follows:

1) Data retrieval: The data analyzer invokes the data retriever to load database DB into
memory as an array of objects, denoted by O.

2) Data segmentation: Array O is divided into subparts Oi- 1., according to user #4; here
n represents the total number of users.

3) Conflicts and adaptation action analysis: the elements of each subpart O, ,,
denoted by I={0;}, ate analyzed. The analysis extracts associated conflicts and
adaptation actions in each subpart O;=;., through the following backtracking algorithm.
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Backtracking algorithm

Input variables:

o Let X = (x1, X2 ..., X») be a vector where each element x; € X corresponds to a
context element;  is the number of context elements. The possible values for x;
include all qualitative values for the corresponding context element in addition to
the null value. For example, if x; represents battery level, then Domain (x) = {null, low,

meedium, full}.

o let A= {a,a, ..., a} represent the set of adaptation actions, where £ is the total
number of actions. Each a=.« € A can be 0 or 1, indicating whether adaptation

action g is considered for execution.
Rule generation:

The backtracking algorithm goes through paths built by combining the possible values for
context elements x € X and adaptation actions « € 4. When the confidence degree of any
given combination (x, @) exceeds a threshold T, it will be considered as a personalized rule

for the 7 user.
Confidence degree:
The confidence degree is defined as the ratio of:

e the number of objects in I={g;} that include non-null values from vector x and

executed actions from set @
e the total number of objects in I={0;} containing all non-null values from vector x.
Rule format:

The resulting rules are expressed as:
e IF (/\Jil1 ¢ € x/ ¢# null) THEN 2=+ € a where 3 = 1.

Redundancy check:

Each time a potential rule is identified, a redundancy check is performed to decide whether

the rule should be retained or discarded.

Table 4.10 provides examples of typical rules retained during the analysis phase. The above
scenarios highlight the importance of processing HUD to develop intelligent context-aware
applications through the learning of adaptation rules, which can predict user behaviors.

Rule ID Conflicts Adaptation actions  Scenario  Confidence
R1 #f (internet data is limited) #hen Format change Scenario 1 95%
R2 #f (night time and busy agenda) #hen  Summarize text Scenario 2 92%

Table 4.10. Typical rules retained during the analysis phase.
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The main advantages of this approach are summarized as follows:

e Unsupervised machine learning: Using unsupervised machine learning helps infer
context-aware adaptation rules directly from HUD rather than predefining them. This
eliminates the need for pre-trained datasets to perform the learning task.

e Efficient data processing: It is possible to limit log data processing to specific
subparts by employing a sliding window approach (e.g., focusing only on recent data).

e Reusability: The system is adaptable to other rule-based context-aware pervasive
environments, enhancing its versatility and utility.

Despite these advantages, there are also notable limitations:

e Inefficient association rule algorithms: The system does not employ advanced
algorithms such as the frequent pattern growth algorithm. Instead, it relies on
backtracking, which is unsuitable for processing large volumes of data. More effective
algorithms are necessary to extract personalized adaptation rules on a large scale.

e Blind correlation limitations: The system is based on unweighted correlations,
which can lead to inefficiencies. For example, it may take significant time to replace
outdated frequent rules with more recent ones, affecting system responsiveness.

e Lack of experience sharing: The system does not support experience sharing
between users, a feature that helps designing rule-based recommendation systems.

6. Conclusion

In this chapter, we investigated the management of HUD in MDA processes within context-
aware pervasive systems. By leveraging both relational and NoSQL DBs, we demonstrated
how HUD can be efficiently stored and utilized to enhance adaptation processes. Starting with
an object-oriented modeling approach for context and adaptation actions, we translated these
models into robust DB schemas, laying the foundation for a flexible and efficient management
framework. To ensure adaptability across various strategies, we proposed four management
methods: client-side, proxy-based, server-side, and hybrid. These methods were validated
through real-world scenarios implemented in a prototype system, showcasing their
effectiveness in supporting adaptation rules learning and dynamic system responsiveness.

While the feasibility of the proposed approach has been demonstrated, the developed
prototype relies only on a limited subset of general adaptation rules that are not always adapted
to specific application domains. To address real-world needs, the adaptation rules base can be
expanded by incorporating additional contextual elements specific to domain requirements.
Furthermore, to overcome the limitations discussed in subsection 5.3 and enhance the system's
adaptability, the next chapters will explore the application of machine learning techniques and
data analysis algorithms. These enhancements will enable learning from HUD, paving the way
for more robust and domain-specific solutions.
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1. Introduction

In the previous chapters, we explored the importance of managing historical user data in the
context of multimedia adaptation. This chapter focuses on the use of rule-based data mining
algorithms, by means of the Eclat, FP-Growth, ID3 decision tree and sequential covering
algorithms, to effectively manage historical user data in the context of context-aware
multimedia adaptation. These algorithms play a crucial role in extracting meaningful
relationships and insights from the data, enabling personalized experiences for users.

We present four methods that leverage HUD, collected through multimedia adaptation
processes, to personalize context-aware adaptation rules via rule-learning mechanisms. This
involves employing rule-based data mining classifiers, a widely used approach in machine
learning and data mining. By using Eclat, sequential covering, FP-Growth, and decision tree
algorithms, this work adopts a data-driven methodology that relies on analysis and
interpretation rather than predefined rules. Our proposal has been validated through a client-
side application that implements the proposed algorithms. This application systematically
records context values and corresponding actions, providing the necessary HUD for the rule-
learning system to generate adaptation rules.

The remainder of this chapter is structured as follows. Section 2 provides the main basics of
association rule mining techniques and reviews some related works and domains applications.
Section 3 introduces association rule mining algorithms specially: Eclat, sequential covering,
FP-Growth, and decision tree algorithms. Section 4 gives the details of the proposed approach
for the personalization of adaptation rules of multimedia documents. Section 5 focuses on
validation aspects of the proposal by discussing its implementation as well as the obtained
results. The chapter ends with some concluding remarks.
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2. Association Rule Mining

Association rule mining is a data mining technique used to discover relationships between
items in large datasets. For example, in a supermarket, it can identify the likelihood that a
customer will purchase bread along with milk. This knowledge can help store owners optimize
product placement or design targeted marketing campaigns, such as offering discount coupons
for specific item combinations. Association rule mining gained prominence through its
application in analyzing shopping cart contents and serves as a foundational technique in data
mining, underpinning many other approaches [128].

Association rules are conditional statements that describe the likelihood of relationships
between items. The process of association rule mining employs machine learning models to
identify co-occurrences within a database, generating "if-then" rules that reveal these
relationships [129].

2.1 Key concepts: support, confidence, lift:

Key concepts such as support, confidence, and lift are crucial metrics for evaluating the
strength and relevance of the association rules generated by mining algorithms. These metrics
help in identifying the most significant relationships within the data [128], [130], [131], [132],
[133], [134].

e Support: Support measures how often an itemset appears in a dataset. It is calculated
as the ratio of transactions containing the itemset to the total number of transactions.
A minimum support threshold is set to filter out infrequent itemsets. For example, Lee
et al. [135] used a minimum support threshold of 0.01% to generate association rules.

e Confidence: Confidence, often viewed as conditional probability, quantifies the
likelihood that an itemset occurs given the presence of another. It is calculated as the
ratio of transactions containing both itemsets to the number of transactions
containing the antecedent itemset. A minimum confidence threshold ensures that only
reliable associations are considered. Lee et al. [135] applied a 1% confidence threshold
to evaluate the strength of generated rules.

e Lift: Lift quantifies the degree of dependence or correlation between two itemsets. It
compares the actual confidence of a rule to the expected confidence (assuming no

association).
- Lift = 1: No correlation.

— Lift > 1: Positive correlation; the occurrence of one item increases the
likelihood of the othet.

- Lift < 1: Negative correlation; the presence of one item decreases the
likelihood of the other.
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For example, a lift value greater than 1 indicates a meaningful association, while a lift
value less than 1 suggests that the items are less likely to co-occur [135].

2.2 How do association rules work?

Association rule mining (ARM) involves two essential phases: #he identification of frequent itemsets
and the generation of association rules [128].

1. Identification of Frequent Itemsets: This phase identifies items that frequently
appear together in the dataset. These itemsets are selected based on a minimum
support threshold, which filters out infrequent itemsets, ensuring that only relevant
patterns are retained (i.e., those that co-occur in transactions at or above a defined
support threshold) [129].

2. Generation of Association Rules: Association rules are derived from the frequent
itemsets based on a specified confidence threshold. In this phase, each itemset that
meets the support threshold is evaluated to identify associations that satisfy the
confidence threshold [129]. For example, if two items co-occur in more than 50% of

transactions where one of them is present, this could serve as a confidence threshold.
An association rule consists of two main components:

e Antecedent (If): This is the item or set of items present in the dataset.

¢ Consequent (Then): is the item or set of items that co-occur with the antecedent.

Example: consider the rule: If a customer buys bread, then he will likely buy butter. In this
case, the antecedent is ‘Bread’ while the consequent is ‘Butter’. Data analysts evaluate these
rules by analyzing their frequency (support) and reliability (confidence).

Application Domains

ARM is employed in various domains to uncover patterns and relationships in datasets. Key
applications include:

e Market Basket Analysis: Market basket analysis employs ARM to discover which
items are commonly bought together in a shopping transaction database, which helps
to optimize product placement and allow effective promotions [1306].

e Customer Segmentation: ARM aids in grouping customers with similar purchasing
behaviors, enabling businesses to adapt marketing strategies and enhance customer
engagement [137].

¢ Recommender Systems: in recommender systems, ARM is used to suggest products
or services to customers by analyzing their past purchases or browsing behavior,
making recommendations more personalized and relevant [137].
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e Medical Diagnostics: ARM helps to identify relationships between symptoms,
diseases, and treatments to improve diagnostic accuracy and decision-making.

e Sports Analytics: by analyzing player or team performance patterns ARM is a useful
method to produce strategies and training programs.

These applications highlight ARM's versatility in identifying meaningful patterns and
generating actionable insights, making it a valuable tool for predictions and recommendations.

3. Association Rule Mining Algorithms

The objective of ARM is to discover rules that meet or exceed user-defined thresholds for
support (MinSup) and confidence (MinConf). ARM identifies relationships between items that
frequently occur together with a specified level of reliability [136]. It is an unsupervised
technique, meaning it does not require pre-labeled data, can handle data of varying lengths,
and generates interpretable rules. The primary goal is to uncover patterns and associations
among items in a transactional database, offering valuable insights into undetlying
relationships [129]. In the following sections, we present four widely used ARM algorithms:
ECLAT, FP-Growth, Decision Trees, and Sequential Covering.

3.1 ECLAT algorithm

The ECLAT (Equivalence Class Transformation) algorithm is widely used for association rule
mining due to its efficiency and effectiveness. It employs a vertical data format, where
transactions are represented by the list of transaction IDs (TIDs) in which each item appears
[138]. This structure minimizes the need for multiple database scans and facilitates efficient
support calculation for itemsets [137], [139]. The ECLAT algorithm has several advantages
over other algorithms such as Apriori. Firstly, it only scans the database once, reducing the
time complexity from O(t%) to O(t) compared to Apriori, where the database is scanned
repeatedly [135], [138]. Secondly, ECLAT uses a vertical data structure, enabling faster
generation of association rules by traversing the data structure. Finally, ECLAT is more
memory-efficient than Apriori, as it reduces the number of frequent pattern candidates and
uses an early pruning strategy to optimize memory usage [138], [135], [131], [140].

e How ECLAT algorithm works?

The Eclat algorithm consists of several steps, which can be summarized as follows:

1. Preprocessing: Convert the transaction database into a vertical format, where each
item is linked to its corresponding transaction IDs (TID-lists) [132].

2. Frequent Itemset Generation: Identify all frequent k-itemsets by intersecting TID-
lists of k — 1 itemsets to calculate support, where sup(x) = |tid(x)| [133].
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3. Candidate Generation: Generate k + 1 — itemsets from frequent k itemsets
[133].

4. Pruning: Eliminates itemsets that do not meet the minimum support threshold,

retaining only frequent k + 1 itemsets [133].

5. TIteration: Repeat steps 2-4 until no more frequent itemsets are generated [133].

By following these sequential steps ECLAT algorithm transforms the data, identifies frequent
itemsets, and iterates through the candidate generation process until no new frequent itemsets
are produced.

ECLAT Algorithm Pseudo-code

Input: Database D, Minimum support threshold MinSup
Output: Frequentitemsets F
Procedure ECLAT:

1. Inidalize F = {} (set of all frequent itemsets).
2. For each item i in D:

a. Compute T(i) = {transaction IDs containing i}.
b. If |[T(i)| = MinSup:
Add {i}to F.
Add {i, T (i)} to initial equivalence class.

3. Perform depth-first search (DFS) traversal:

Call DFS({ }, equivalence ;)
Procedure DFS(current;iomsetr, €quivalence qss):
For each item i in equivalence_class:
a. New_itemset = current_itemset U {i}.
b. New_tids = intersection of T (current_itemset) and T (i).
c. If |New_tids| >= minsup:
Add New_itemset to F.
Add New_itemset to a new equivalence class.

Call DFS(New_itemset,new equivalence_class).
End Procedure

3.2 FP-Growth Algorithm

The FP-growth algorithm is a widely recognized technique in association rule mining, with
applications across various domains such as data mining, information retrieval, and urban
smart community systems [134], [140], [141]. Unlike traditional methods this algorithm is built
on the principle of frequent pattern growth, utilizing a specialized tree structure known as the
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FP-tree. The FP-tree efficiently compresses the dataset and facilitates the extraction of
frequent itemsets, enabling the algorithm to mine large-scale data more effectively [134], [141],
[142]. The FP-tree has two main components: a header table and the tree structure itself:

— Header Table: lists the frequent items ordered by their support counts.

— Tree Structure: represents the relationships between items, with each node
corresponding to an item and branches indicating associations between items.

e How FP-Growth algorithm works:
The FP-growth algorithm involves two main phases: FP-tree construction and FP-tree
mining, these phases can be summarized as follow [134], [141]:
Phase 1: FP-Tree Construction: this phase encompasses two steps detailed as follow:
1. Cleaning and Sorting:
o Remove infrequent items based on a minimum support threshold.
o Sort remaining items in descending order of frequency.
2. Building FP-Tree and Header Table:

o To build the FP-tree, the algorithm first scans the database to count the
frequency of each item and filter out those that aren't frequent enough. Then
it performs a second scan to construct the tree, ensuring that only relevant
data is included.

o Map cleaned transactions to the FP-tree. If an item already exists in the branch,
it shares the same node or element, and the count is increased. Otherwise, the
item will be located on the new constructed branch.

o Build a header table with linked lists which facilitates the rapid identification
of an item’s occurrence inside the tree without requiring a complete traversal

of it [128].
Phase 2: FP-Tree Mining: this phase also has two main steps, as follow [134], [141], [142]:
1. Conditional FP-Trees:

o FP-Growth algorithm traverses the FP-tree, collecting items along the path
from each node to the root. The collection of items from these paths forms
the "conditional pattern base," which is then used to recursively find more
frequent itemsets.

o Split the FP-tree into smaller conditional FP-trees for each frequent item.

o Generate conditional pattern bases (prefix paths) for these trees.
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2. Recursive Extraction:
o Use depth-first search to derive frequent patterns from conditional trees.

FP-Growth algorithm pseudo-code

Input:
- D: Transaction database
- minsup: Minimum support threshold
Output:
- F: Set of all frequent itemset
Procedure FP — Growth(D, minsup):
1. Scan D and calculate the frequency of each item.
2. Remove items with support < minsup.
3. Sort remaining items in each transaction in descending order of frequency.
4. Construct the FP-tree:
Create the root of the tree (null).
For each transaction in D:
Add items to the tree in order (from step 3).
Update node counts and maintain pointers to the same items (header table).
5. Extract frequent itemsets from the FP-tree:
Call RecursiveFP(Tree, HeaderTable, D).
Procedure RecursiveFP(Tree, HeaderTable, Prefix):
For each item i in HeaderTable (processed in reverse order):
New_prefix = Prefix U {i}.
Add New_prefix to F.
Construct the conditional pattern base for i:
Traverse paths ending in i to extract prefix paths and their counts.
Construct the conditional FP-tree for i using the conditional pattern base.
If the conditional FP-tree is not empty:
Call
RecursiveFP(Conditional_Tree, Conditional_HeaderTable, New_prefix).
End Procedure

The FP-growth offers several advantages across multiple domains applications, such as:
e FEliminates candidate generation, this process enhances efficiency and scalability,
particularly for extensive datasets.

e Requires only two database scans and avoids the need for generating candidate itemsets,
making it suitable for large datasets.

e Handles high-dimensional data effectively.
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o Capability to manage high-dimensional data and is applicable for both frequent itemset
mining and association rule mining [5].

e Applicable in diverse fields including information retrieval [143], urban smart
systems and geographical queries reformulation [141], cancer patient data analysis
[144], online education [145], and TCM constitution analysis [146].

3.3 Decision Tree Algorithm

The decision tree algorithm is a powerful tool for decision-making and rule discovery, with
applications spanning machine learning, image processing, and pattern recognition [147], [148],
[149], [150], [151], [152], [153], [154]. At its core, a decision tree is a hierarchical structure that
organizes data into decisions based on specific features, making it suitable for both
classification and regression tasks [150]. Decision trees are particularly effective for
classification problems and are widely used in data mining. A decision tree consists of two

types of nodes:

e Decision Nodes: Represent decision points and have multiple branches.

e Leaf Nodes: Represent outcomes and do not have further branches.

Figure 5.1 illustrates an example of a decision tree. As shown, a decision tree is a graphical
representation of all potential solutions to a problem or decision based on specified conditions.
The tree starts with a root node, which splits into branches, forming a tree-like structure. Each
decision node poses a question, and depending on the response (e.g., Yes/No), it subsequently
divides the tree branches into subtrees.
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Figure 5.1. Example of a typical decision tree.

e Decision Tree Terminologies

A decision tree integrates a series of fundamental tests, where each test compares a feature's
value to a threshold value [147]. The following statement are the main terminology involved
in the decision tree algorithm:
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— Root Node: The starting point of the tree that represents the entire dataset, which
is divided into subsets.

— Leaf Node: The terminal node representing the final output. Once a leaf node is
reached, no further splitting occurs.

— Splitting: The process of dividing the decision root/node into sub-nodes based
on specific conditions.

— Branch/Subtree: A smaller tree formed from a split node.
— Pruning: is the process of removing the unwanted branches from the tree.

— Parent/Child Node: The root node of the tree is called the parent node, and its
split nodes are the child nodes.

e Types of Decision Tree Algorithms

Several types of decision tree algorithms are commonly used, including:

e ID3 (Iterative Dichotomizer 3): Focuses on information gain for selecting attributes.
e C4.5: An improvement over ID3 with support for continuous variables and pruning.

e CART (Classification and Regression Tree): Uses the Gini index for splits and is
applicable to both regression and classification tasks.

e CHAID (Chi-squared Automatic Interaction Detector): Employs the Chi-square test
for categorical variables.

e QUEST (Quick Unbiased Efficient Statistical Tree): Specializes in linear
combinations for binary splits.

e MARS (Multivariate Adaptive Regression Splines): Extends decision trees for
regression tasks.

Algorithm Meas1‘1re for variable Inp.ut Split at each Pruning DePendent
selection variables node variable
. . . Greedy, highest .

ID q fo- 1 1
3 Entropy and info-gain Categorica Information Gain No Categorica
CART Gini Index Categorical / Binar}‘7 (lir?ear Pre - Categorical/

Continuous combinations) pruning | Continuous
Cat ical Pre - Cat ical
C4.5 Entropy and info-gain 2 egorlca / Multiple re . a egorlca /
Continuous pruning | Continuous
Chi-
CHAID Chi-Squared Categorical Multiple Categorical
square
QUEST Chi-square (catfegorical) ; Jway Categorical/ Binar}i Oigear Post—. Categorical
ANOVA (continuous). Continuous combinations) pruning

Table 5.1. Comparison of common decision tree algorithms based on the specified criteria.
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e Entropy and Information Gain

Entropy measures the randomness or impurity in a dataset [147]. It is quantified within a range
of (0 to 1), and is optimized when close to zero, it is calculated using equation (1):

Entropy (S) = — Z P;log,(P;) €9)
i1

h

In this context, P; represents the proportion of the dataset belonging to i** attribute value.

Information gain, often referred to as mutual information, evaluates how much entropy is
reduced by a split. It represents a state of order; a higher value indicates a more favorable
condition. is defined based on the concept of entropy [148], as illustrated in equation (2):

S
Gain (S,A) = Entropy (S) — Z ||;|| Entropy (S,) (2)
veV(A)

Here, S, is the subset of § corresponding to the value v of attribute A, and V(A4) is the range
of A [148].

e How do Decision Tree Algorithm work?

The tree is constructed through successive splits, where data is divided based on specific
features. Internal nodes represent decision points, while leaf nodes indicate outcomes or
classifications [147], [148]. In practical terms, the path from the root node to any given leaf
outlines a set of conditions that must be met for an item to be classified into a particular class.
These conditions can be written as a series of (z/-#hen) rules, where each rule explains the logic
behind the classification decision [147]. For instance, in a loan classification problem, the
algorithm might classify applicants using rules such as: IF zncome > §50,000 AND credit score >
700, THEN approve loan. These rules form a "rule base," making decision trees interpretable
and actionable [147].

The process is as follows:

1. Begin with the root node containing the complete dataset.

2. Use an attribute selection measure (e.g., information gain) to determine the best
attribute for splitting;

3. Split the dataset into subsets based on the chosen attribute.

4. Recursively repeat the process until leaf nodes are reached, where no further splitting
is possible.
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e Advantages of decision trees

— Interpretability: Decision trees are easy to understand and explain. They allow
tracing how a decision was made, making them valuable in fields like healthcare,
finance, and law [147].

— Versatility: Suitable for both classification and regression tasks, decision trees are
widely applied in fields like image processing, text classification, and natural
language processing,

— Rule Extraction: Decision trees can be converted into simple "IF-THEN" rules.

— Scalability: Effective for large datasets, particularly when combined with
ensemble methods like bagging, boosting, and random forests [152].

— Application Diversity: Decision trees are employed in numerous domains,
including: identifying patterns and extracting knowledge from large and complex
datasets [23][24], text classification [148], recruitment process [151], natural
language processing, and time series forecasting [29].

3.4 Sequential Covering Algorithm:

The Sequential Covering Algorithm is a rule induction technique based on the divide and
conquerheuristic. It works by incrementally learning a single rule that covers a portion of the
dataset. The rule is developed using a standard rule induction process, which is guided by a
quality metric that helps determine the best possible rule [155]. It facilitates rule discovery and
decision-making by producing rules that classify instances using interpretable conditions.

e How do Sequential Covering Algorithm work?

The algorithm begins with an empty rule set and a complete dataset. It then uses a rule
induction method, applying an evaluation metric to expand each rule to a predefined length.
Once a rule is created, the algorithm removes the data points it covers from the dataset. This
process continues until all relevant patterns have been addressed [1506]. The algorithm operates
in two main stages: growing and pruning.

1. Growing: In this stage, the algorithm starts with an empty rule and progressively adds
conditions, which are simple "if-then" statements based on data features. The goal is
to identify the conditions that lead to the most accurate classification of the data.

2. Pruning: After the rule has been grown, the pruning stage begins. Here, the algorithm
refines the rule by removing unnecessary and redundant conditions. The objective is
to reduce complexity while maintaining or improving accuracy.

This process of growing and pruning allows the Sequential Covering Algorithm to refine
its rules over time, ensuring they are both accurate and easy to understand, making it a
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useful tool for decision-making and rule discovery in various applications. The steps

involved in SCA algorithm can be summarized as follows:

Initialization: start with an empty rule and a complete dataset.

Rule Creation: use a standard rule induction process, guided by a quality metric (e.g.,
accuracy or coverage), to add conditions iteratively.

Dataset Reduction: remove all examples covered by the newly created rule from the
dataset.

Iteration: repeat the process until the entire dataset is covered or no further rules can
be generated.

Advantages of Sequential Covering Algorithm

1. Human-Readable Rules: SCA generates interpretable "if-then" rules that are easy
to understand and apply, making it ideal for use cases requiring transparency, such
as healthcare or finance.

2. Clarity: Rules focus on attributes most relevant to decision-making, offering
actionable insights.

3. Efficiency in Decision-Making: The algorithm creates a structured rule set,
which simplifies the process of classifying or predicting new instances.

4. Flexibility: The algorithm is widely used in fields such as machine learning, data
mining, and artificial intelligence [155], [156], [157], [158], [158], [159], [160].
Applications include fraud detection, credit risk evaluation, and medical
diagnostics. For instance, SCA has been employed to predict case numbers and
categorize COVID-19 patients using real-world X-ray datasets [161].

4. The proposed rule-learning approaches

The proposed mechanism for personalizing context-aware adaptation rules for multimedia

documents integrates rule-based learning to identify relationships between various elements in

the log data. This approach leverages our proposed HUD manager as a client-side application,

utilizing the data retriever and data analyzer components. As a result, each user can store and

analyze historical data on its own devices. The key idea of our proposed approach is to adapt
the use of ECLAT, FP-Growth, decision trees (ID3), and sequential covering algorithms to
uncover relationships between context elements values and adaptation actions over the HUD
database. These relationships are expressed as "IF (Antecedeni) THEN (Consequent)"
rules, where:

Antecedent: conjunctive conditions on context values.

Consequent: the corresponding adaptation actions.
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These algorithm can be adapted to incorporate an adaptive learning approach, enabling the
generation of personalized adaptation rules for multimedia documents. Their simplicity,
effectiveness, and interpretability of the resulting rules make them highly suitable for this
purpose. Interpretable rules provide valuable insights into the decision-making process, which
is crucial for transparency and effective rule induction. These algorithms are particularly
suitable for our study for two key reasons:

1. Efficiency: The rule-learning algorithm must run continuously as the HUD is
generated each time the context changes. This requires a faster algorithm that can
operate periodically.

2. Resource Adaptability: These algorithms must function on devices with varying
computational capabilities, ranging from resource-constrained devices to those with
high computational power. This necessitates an algorithm that minimizes
computational resource consumption.

4.1 Logical Structure of log data

The logical structure of log data is presented as shown in Table 5.2, where each entry contains
the values of context elements and the corresponding user-performed adaptations actions.

Context elements Actions
CE, CE: ... CE. Action 1 Action2 ... Action m
Vi Vo o Vai {yes/no} {yes/no}  {yes/no}  {yes/no}
Vi Voo Vak {yes/no} {yes/no}  {yes/no}  {yes/no}

Table 5.2. The logical structure of the raw log data.

Table 5.3 provides a typical example of a subset of context element values and the
corresponding adaptation actions performed.

Context elements Actions
Battery Network Location Language  Speech2Text Language translation
Full WI-FI Home Inappropriate 0 1
Medium Mobile data  Bus Appropriate 0 0
Low Mobile data  Public place  Inappropriate 1 1

Table 5.3. Typical example of context elements values and adaptation actions.
4.2 Rule-learning process based on the ECLAT Algorithm

The rule learning process proposed in this Section is based on the ECLAT algorithm, as
outlined in the following steps:
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ECLAT algorithm for the personalization of adaptation rules
Input:
- logfile: Contains context values and adaptation actions.
- minsup: Minimum support threshold.
Output:
- Rules: A set of adaptation rules in the form "IF (Antecedent) THEN (Consequent)”.
Procedure Extract Rules:
1. Parse logfile into a dataset DB:
Each row represents a transaction containing context elements values and adaptation actions.
Separate context values as potential antecedents and adaptation actions as potential consequents.
2. Initialize F_items = {} (set of all frequent itemsets).
3. Identify single-item frequent sets:
For each item i (context value or action) in DB:
a. Compute T(i) = {transaction IDs containing i}.
b. If |T(i)| = minsup:
Add {i} to F_items.
Add {i, T (i)} to initial equivalence class.
4. Perform depth-first search (DFS) traversal:
Call DFS({}, equivalence_class)
5. Generate adaptation rules from frequent itemsets:
For each frequent itemset FI in F_items:
Split FI into antecedent (A) and consequent (C):
-A = {context valuesin FI }
- C = {adaptation actions in FI }
If both A and C ate non-empty:
Add rule "IF (A) THEN (C)" to Rules.
Procedure DFS(current_itemset, equivalence_class):
For each item [ in equivalence_class:
New_itemset = current_itemset U {i}.
New_tids = intersection of T(current_itemset) and T (i).
If |[New_tids| = minsup:
Add New_itemset to F_items.
Add New_itemset to a new equivalence class.
Call DFS(New_itemset, new equivalence_class).

End Procedure
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4.3 Rule-learning process based on the FP Growth Algorithm

The rule learning process proposed in this Section is based on the FP-Growth algorithm, as
outlined in the following steps:

FP-Growth algorithm for the personalization of adaptation rules
Input:

- logfile: Contains context values and adaptation actions.

- minsup: Minimum support threshold.
Output:

- Rules: A set of adaptation rules
Procedure FP — Growth(logfile, minsup)

1. Parse logfile into a dataset DB:

Each row represents a transaction containing context values (antecedents) and adaptation
actions (consequents).

Separate context values as potential antecedents and adaptation actions as potential
consequents.

2. Scan D and calculate the frequency of each item (context values and actions).
3. Remove items with support < minsup.

4. Sort remaining items in each transaction in descending order of frequency.
5. Construct the FP-tree:

Create the root of the tree (null).
For each transaction in DB:
Add items to the tree in order (from step 4).

Update node counts and maintain pointers to the same items (header table).
6. Extract adaptation rules from the FP-tree:

Call RecursiveFP(Tree, HeaderTable, §).
Procedure RecursiveFP(Tree, HeaderTable, Prefix):
For each item i in HeaderTable (processed in reverse order):
New_prefix = Prefix U {i}.
Construct the conditional pattern base for i:
Traverse paths ending in i to extract prefix paths and their counts.
Construct the conditional FP-tree for i using the conditional pattern base.
If the conditional FP-tree is not empty:

Call RecursiveFP(Conditional_Tree, Conditional_HeaderTable, New_prefix).
Generate rules:

Split New_prefix into antecedent (A) and consequent (C):
A = {context values in New_prefix}.
C = {adaptation actions in New_prefix}.

If both A and C are non-empty:

Add rule "IF (A) THEN (C)" to Rules.
End Procedure
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4.4 Rule-learning process based on sequential covering algorithm

The rule learning process proposed in this Section is based on the sequential covering
algorithm, as outlined in the following steps:

Sequential Covering Algorithm
Input:
Log_data: Logfile containing context values and corresponding adaptation actions
A: Set of all attributes.
minSupport : Minimum acceptable accuracy for a rule.
Output: R: A set of rules that classify the instances in Log_data.
Procedure:
Function SequentialCovering(Log_data, A, minSupport)
Initialize an empty rule set R = {}.
While Log_data is not empty:
Learn a new rule 7 using the function LearnOneRule(Log_data, A).
If Accuracy(r) < minSupport, stop.
R=Ru{r}
Remove instances from Log_data that are covered by 7.
Return R.
Function LearnOneRule(Log_data, A):
Initialize an empty rule 7.
While 7 does not classify a single adaptation action of instances in Log_data:
Evaluate all possible attributes (context elements) and their values.
Select the attribute that provides the highest Information Gain or Support
Add the best attribute-value condition to the rule 7.
For each instance in Log_data, check whether it satisfies the condition rule 7.
Return 7.
End Procedure

The sequential learning algorithm shown in the pseudo-code above is used to learn rules by
considering one adaptation action at a time. For each adaptation action Az we search for rules
that exclusively cover tuples from this action and not any other adaptation actions. The
learning process includes the following operations:

e Initialization: This step has the same role as in the basic version of the sequential
covering algorithm, starting with an empty rule set.

e Rule Generation: The algorithm selects an uncovered adaptation action from the
HUD and generates a rule to cover it.

e Rule Refinement: The algorithm iteratively refines a generated rule by adding
conditions to it.
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e Rule Evaluation: The algorithm evaluates the quality of a given rule using a
predefined evaluation metric. If the rule meets the quality threshold, it is added to the
adaptation rule set. Otherwise, the process continues to refine the rule.

e Stopping Criterion: The process continues to iteratively generate, refine, and evaluate
each rule until a certain stopping criterion is met. Once the stopping criterion is
satisfied, the rule set is considered complete.

The sequential covering algorithm allows the rule set to evolve and improve over time based
on the content of the HUD. This iterative process of learning and updating the rules can lead
to better classification, especially in dynamic environments where contextual data change
frequently over time.

4.5 Rule-learning process based on decision tree algorithm (ID3)

The ID3 decision tree algorithm is well-suited for generating adaptation rules in multimedia
documents contexts as it uses information gain to iteratively select the most relevant attributes,
creating a tree that represents clear and interpretable decision rules. These rules can classify
context elements and predict corresponding adaptation actions, providing transparency and
insights into the decision-making process. This makes ID3 an effective tool for scenarios
requiring both accuracy and explainability in rule generation. The following algorithm
represent the pseudo code for our proposed ID3 decision tree algorithm:

Information Gain Pseudocode

InformationGain(Log File, TargetAdaptationAction, Context_attribute)
Gain = null
for value in ContextAttributeValues(Log File, Context_attribute):
Gain(Target_adaptation_action, Context_attribute ) =
Entropy(Target_adaptation_action) —

|AttExX 44|
ZAvE(AttributeValues) |

ITotalALtN| Entropy(Context_attributey,,)

return Gain
Where: TotalAttN = Total Attribute number

AttEx = Number of times the attribute value equal to “yes” or “true”

Entropy Pseudocode

Entropy (Target_adaptation_action)
Entropy = 0
Entropy(Target_adaptation_action) = Entropy(yes, no) =
PositiveValue PositiveValue  NegativeValue NegativeValue
Total 082 Total - Total 082 Total
Return Entropy
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ID3 Pseudo code:
Input:
- LogFile: A dataset containing context values and corresponding adaptation actions.
- TargetAdaptationAction: The adaptation action to be predicted.
- Context_attributes: A list of context attributes that can be used for splitting,
Output:
- Decision_Tree: A tree.
Procedure ID3(Log File, TargetAdaptationAction, Context_attributes)
Create a root node for the tree.
If all rows in LogFile have the same adaptation action 4;:
Return (Root node = 4;);
If Context_attributes is empty:
Root = the most frequent adaptation action in LogFile
Return the root.
Else: Calculate the Information Gain for each attribute in Context_attributes.
Select the attribute C; with the highest Information Gain.
Set C; as the decision attribute for the root node.
For each value v of attribute C;:
Create a branch below the root node for value v.
Let SubsetDv be the subset of LogFile where C; = v.
If SubsetDv is empty:
Attach a leaf node to this branch with the most common class in LogFile.
Else:
Call ID3(SubsetDv, TargetAdaptationAction, Context_attributes — C;).
Attach the resulting subtree to the branch.
Return the root node as the Decision_Tree

5. Experiments, results and discussion

To validate our proposal, we implemented a prototype that adapts multimedia documents
(web pages containing pedagogical content) according to users' contextual changes, while
storing their historical data in a log file. The following scenario illustrate typical cases of how
HUDs are used to personalize adaptation rules through the rule learning mechanisms.

"Sarah is a graduate student pursuing a degree in environmental science. In the
morning, while commuting to the university, she listens to podcasts related to her field
of study and asks the system to transcribe the audio content into text so she can review
it on her phone. During her lunch break at the campus café, Sarah quickly reviews
lecture notes on her tablet and requests the system to highlight important points for
easier reading. In the afternoon, while waiting for her next class in a quiet corner of the
library, she watches a recorded lecture on her laptop and asks the system to slow down
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the pace of the video to match her preferred learning speed. In the evening, back at her
apartment, Sarah reviews the day's lessons while cooking dinner and requests the
system to summarize complex concepts and display relevant diagrams on her smart TV."

Table 5.4 presents a typical example of Sarah's log file, which includes the most frequent
context element values and the corresponding adaptation actions that occur when Sarah
interacts with others in her daily life. The log file captures various context parameters such as
location, and activity, along with the adaptation actions, such as changing the display settings,
adjusting the audio output, or altering content presentation based on Sarah's current context.
For illustration purposes, we have selected only a small portion of the log file, focusing on a
few key interactions, to highlight how the system adapts in real-time based on Sarah's HUD.
This small subset demonstrates how the system tailors its responses to Sarah’s needs
throughout different moments of her day.

Noise Battery Sc%'een Smart TV Network Location Speech |Video-in-
level size to_text [smart-TV|
Quiet Low Narrow Available WiFIL Home 0 1
Quiet Full Wide Not Available WiFI Laboratoire 1 0
Quiet Medium | Narrow Available WiFIL Meeting room 1 1
L Noisy | Medium | Narrow | Not Available | Mobile data | Public Place 0 0
Quiet Medium Wide Not Available WiFIL Laboratoire 1 0
Noisy | Medium | Narrow | Not Available | Mobile data | Public Place 1 0
Noisy Low Narrow | Not Available | Mobile data | Public Place 1 0
Quiet Full Wide Available WiFIL Meeting room 1 1
Quiet | Medium | Natrow Available Mobile data | Meeting room 0 1
Noisy | Medium | Narrow | Not Available | Mobile data | Public Place 1 0
Noisy | Medium | Narrow | Not Available | Mobile data | Public Place 1 0
Quiet Medium Wide Available WiFIL Home 1 0
Quiet Medium Wide Not Available | Mobile data | Meeting room 1 0
Noisy Low Narrow | Not Available | Mobile data | Public Place 1 0
L Noisy Full Wide Available WiFI Home 0 1
Table 5.4. Typical example of small portion of the log file.
5.1 Results of the Attribute-Based Split Algorithms

Table 5.5 shows the results of the attribute-based split algorithms (ID3 and Sequential

Covering)

96




Chapter 5

Rule-learning for the personalization of adaptation actions

. Rule ..
Algorithm Level Generated Rules Description
- if (Battery level = Full) then Single-attribute
One- (Speech_to_text = 1) combinations
Level |~ if (Screen size = Narrow) then (Video-in- that directly map
smart-TV = 1) .
Rules | _ if (Location = Home) then (Video-in- ;(;t?;iralftann
— smart-TV = 1) '
@) — 1 = =
S if (Bgttery level = Low and Networli Combinations of
-~ Mobile data) then (Speech_to_text = 1) .
o Two- . N _ two attributes
o — if (Battery level = Full and Network =
Q. Level i for more refined
@ R WikFi) then (Speech_to_text = 1) .
5 ules , _o . adaptation
= — if (Location = Home and Screen size = decisions
o Wide) then (Video-in-smart-TV = 1) '
\_8; - if (Battery level = Full and Screen size = Complex rules
Narrow and Network = WiFi) then (Video- i olp o t]flree
Three- in-smart-TV = 1) rVrnVr &
Level |- if (Noise = Quiet and Battery level = :ttrib?ltees "
Rules Medium and Location = Meeting room and maximize
Smart_TV = Available) then (Video-in- ersonalization
smart-TV = 1) P ]
One. |- if Battery level = Full) then tsﬁ‘;tglgr'ztveﬁgmes
Level .(Sp eech_.to_t_ext =1 : . initial coverage
- if (Location = Home) then (Video-in- .
Rules _ for adaptation
smart-TV = 1) actions
- if (Battery level = Full and Location = .
g Meeting room) then (Speech_to_text = 1) Two-attribute
2 Two- . e rules refined
2 - if (Network = WiFi and Battery level = . .
5 Level _ iteratively to
S Rules Full) then (Speech_to_text = 1) improve
5 - if (Battery level = Medium and Network = coverase
a WiFi) then (Speech_to_text = 1) verage.
% - if (Battery level = Full and Screen size =
o ) L e
= Wlde and Loc_atlon Home) then (Video Multilevel rules
0Q in-smart-TV = 1) that capture
Three- | — if (Noise = Quiet and Network = WiFi and deener
Level Screen size = Wide) then (Speech_to_text elepe hi
Rules = 1) ie ationships
- if (Battery level = Full and Smart TV = elz ZZ:; context
Available and Screen size = Narrow) then '
(Video-in-smart-TV = 1)

Table 5.5. Results of the attribute-based split algorithms (ID3 and Sequential Covering)

5.2 Results of the Frequent Itemset-Based Split Algorithms

Table 5. shows the results of the frequent itemset-based algorithms (Eclat and FP-Growth).
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. Frequent Rule
Algorithm Itel’?lsets /Patterns | Level Generated Rules
{Noise _ Qule.t’ One- - if (Location = Home) then (Video-in-
Battery = Medium, | Level
Video-in-smart- Rules smart-TV)
TV} (Support = 3) T - if (Battery level = Full and Screen size =
{Noise = Noisy, L::::l Wide) then (Video-in-smart-TV)
Eclat Battery = Medium, Rules |~ it (Battery level = Medium and Network
Speech_to_text} = WiFi) then (Speech_to_text)
(Support = 2)
?attery . I\/Eedlum, Three- | - if (Battery level = Full and Screen size =
mart_TV = ) .
Available. Video- Level Wide and Location = Home) then
i ) Rules (Video-in-smart-TV)
in-smart-TV}
(Support = 2)
o - if (Battery level = Full) then
. . ne-
{Noise = Quiet, Level (Speech_to_text)
Battery = Medium, Rul - if (Location = Home) then (Video-in-
. ules
Location = smart-TV)
Meeting room, - if (Battery level = Medium and Network
Video-in-smart- Two- = WiFi) then (Speech_to_text)
TV} (Support = 2) Level |~ if (Location = Home and Network =
{Noise = Noisy, Rules WiFi) then (Video-in-smart-TV)
FP- Battery = Medium, - if (Battery = Full and Smart_ TV =
Growth | Location = Public Available) then (Video-in-smart-TV)
Place, - if (Battery level = Full and Screen size =
Speech_to_text} Wide and Location = Home) then
(Support = 2) (Video-in-smart-TV)
{Battery = Full, Three- |- if (Noise = Quiet and Battery level =
Smart TV = Level Medium and Location = Meeting room)
Available, Video- Rules then (Video-in-smart-TV)

in-smart-TV}
(Support = 1)

- if (Noise = Noisy and Battery level =

Medium and Location = Public Place)
then (Speech_to_text)

Table 5.6. Results of the frequent itemset-based algorithms (Eclat and FP-Growth)

Summary of adaptation rules results

These adaptation rules are one-level and multi-level rules generated using the different

algorithms: ID3and Sequential Covering algorithms focus on attribute-based splits, while

Eclat and FP-Growth algorithms focus on frequent itemsets. By analyzing the frequency

and relevance of these rules in the log data, this can make the system's behavior more

effectively, personalizing it to user needs in dynamic environments.

— ID3: Focuses on creating decision trees, often it generates rules based on single

attributes or combinations of attributes with clear decision boundaries.
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— Sequential Covering: Generates rules sequentially, focusing on covering the
instances of a specific adaptation action and refining them iteratively.

— Eclat: Focuses on finding frequent patterns in the data, generating rules based on
these patterns. Its primary strength is in finding co-occurrence of context attributes.

— FP-Growth: Like Eclat, it finds frequent patterns and generates rules based on these
patterns. However, it is optimized for large datasets.

5.3 Discussion

Table 5.7 present the comparison between the attribute-based split algorithms (ID3 and
Sequential Covering) while Table 5.8 present the comparison between the frequent itemset-
based algorithms (Eclat and FP-Growth). Those tables provide some advantages and
limitations of each algorithm and their suitability for extracting adaptation rules in the context
of personalized multimedia documents adaptation:

Algorithm ID3 (Decision Tree) Sequential Covering
Advantages - Focuses on maximizing
information gain —  Flexible and adaptable
- Faster to generate initial rules - Produces high-quality rule
- Easy to interpret and sets
understand - Iterative rule refinement
- Maximizes information gain for | — Adapts better to dynamic
clear decision paths contexts
- Works well with categorical data
Limitations - Slower convergence due to
- Prone to overfitting with noisy iterative learning
or large datasets - Computationally expensive
for large datasets
Best for medium-sized Suitable for dynarpic, evolving
Best Use Case | categorical datasets where clear systems that require
decision-making paths are needed continuous learning and rule
&P
refinement

Table 5.7. Comparison between the attribute-based split algorithms.
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Algorithm Eclat FP-Growth
Advantages _  Efficient in finding frequent - Scalable and efficient for large
. datasets due to FP-tree
rtemsets structure
- Focuses on high-frequency - Generates frequent itemsets
rules .
efficiently

— Generates rules based on
common context
combinations

- Simpler data structure

- Handles both sparse and
dense datasets

— Generates more
comprehensive rules

Limitations - . - Focuses mainly on frequent
- Limited rule complexity o
. 2. patterns, missing rare or
- Not optimized for decision-
complex rules

making clari
& v - May generate too many
— May miss rare patterns
redundant rules

Suitable for large-scale systems
with abundant context data,
focusing on efficiency and pattern
discovery

Ideal for large datasets where
Best Use Case | identifying high-frequency
patterns is crucial

Table 5.8. Comparison between the frequent itemset-based algorithms.

Table 5.9. shows the overall comparison between association rules algorithms involves in our
case study. We could say that each algorithm has strengths and weaknesses, but the choice of
the best algorithm depends on the specific requirements of the multimedia adaptation system.

Algorithm | Strengths Weaknesses Best Use Case

) . Small to medium-sized
Simple, interpretable

ID3 | Prone to overfitting datasets with clear
rules . .
attribute splits
. Produces high- . .
Sequential _ & Adaptive  systems with
) quality rules | Slower convergence _ . _
Covering , , evolving user interactions
iteratively
Efficient for | . . Systems ~ focused  on
_ Limited rule | .y
Eclat frequent itemset lexi identifying frequent
, complexi L
generation. plexity context combinations

M et Large-scale systems with
a enerate 00
FP-Growth | Scalable and efficient v 8 frequent and complex

many rules

context patterns

Table 5.9. Summary of the overall comparison.

100



Chapter 5 Rule-learning for the personalization of adaptation actions

6. Conclusion

Data mining algorithms, such as FP-Growth, Eclat algorithm, decision tree, and
sequential covering algorithm, play a vital role in managing historical user data for context-
aware multimedia adaptation. These algorithms enable the extraction of patterns, preferences,
and behavior insights from the log data, facilitating personalized experiences for users.
Through this chapter we proposed four association rules mining algorithms typically FP-
Growth, Eclat algorithm, decision tree, and sequential covering algorithm to extract useful
relationship from the log file. The experimental results shows that the ID3 is best for simple
systems where interpretability is the priority and the data is mostly categorical. Sequential
Covering is ideal when you need to adapt and refine rules iteratively, especially for dynamic
systems that evolve over time. FP-Growth is highly suitable for large-scale systems where you
need to find frequent patterns quickly and efficiently. Eclat is great when identifying frequent
patterns is your primary goal, especially in large datasets. Thus, the choice of the best
algorithm depends on the specific system requirements: 1D3 for simplicity, Sequential
Covering for adaptability, FP-Growth for scalability, and Eclat for frequent pattern mining.
However, these algorithms are designed for client-side applications, which focus on processing
individual user log files. This approach limits the potential for users to benefit from shared
experiences, and collaborative learning derived from collective data. To overcome this
limitation, the next chapter introduces a server-side application powered by latent semantic
analysis (LSA). This approach enables the aggregation and analysis of data across multiple
users, fostering shared knowledge and uncovering broader patterns that can enhance
personalization. By leveraging LSA, the system can provide more intelligent, adaptive, and

community-driven multimedia adaptation experiences.
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Latent semantic analysis for the classification of

similar contextual situations and user behaviors

1. Introduction

Latent Semantic Analysis (LSA), a powerful technique in the field of Natural Language
Processing (NLP) and information retrieval, has gained significant attention for its ability to
uncover meaningful relationships between terms and documents. By reducing the complexity
of data while preserving core information, LSA provides insights into latent structures within
large datasets. Grounded in strong mathematical principles, LSA enables the discovery of
connections by analyzing the contextual factors surrounding the data. The idea of LSA is to
transform text items, such as words and documents, into a latent semantic space. In this space,
the proximity of vectors indicates that the original items share comparable semantic features.

LSA has been widely used in various text processing tasks, particularly in e-learning
environments for instructional purposes. In the context of learning within context-aware
pervasive systems, LSA offers an effective method for extracting valuable insights from
learners' log data, shedding light on their interaction patterns. While several analysis techniques
have been applied to instructional contexts, few have focused on non-instructional contexts.
Instructional context is undeniably important, but learners' behaviors and styles do not always
align with the environmental requirements. This chapter, therefore, focuses on leveraging LSA
to analyze learner behaviors in context-aware pervasive systems, particularly with regard to
non-instructional contexts. The objective is to present an efficient approach for uncovering
hidden semantic structures and extracting meaningful patterns from HUD, eventually
enhancing the learning experience.

The chapter begins by introducing the fundamentals of LSA and its typical applications. Next,
it details the steps of the proposed LSA-based analysis approach. Finally, it demonstrates the
effectiveness of our approach through numerical results and discussions.
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2. Latent Semantic Analysis (LSA)

Developed in the late 1980s, latent semantic analysis (LSA) is a well-established approach in
natural language processing and information retrieval. It gained prominence during the 1990s
and early 2000s as the availability of digital text corpora expanded, enabling its broader
adoption in addressing large-scale text analysis tasks. In LSA-based processes, latent structures
in extensive text corpora are uncovered by identifying patterns and correlations between terms
and documents, thereby improving the retrieval, organization, and understanding of textual
information [162]. Its main principle involves reducing the high-dimensional term-document
matrix into a lower-dimensional latent space. This is achieved by utilizing the implicit higher-
order structure in the associations between terms and documents, enabling the discovery of
approximate semantic relationships within the data [163]. LSA involves a three-step process:

1) Dimensional model creation: A singular value decomposition (SVD) is performed
on the data matrix to create a dimensional model. SVD outputs a diagonal matrix
containing singular values and two orthogonal rotation matrices. The number of
dimensions in the data corresponds to the number of non-zero singular values.

2) Dimensionality reduction: The number of dimensions is reduced by removing the
smallest singular values and the corresponding rows and columns of the rotation
matrices

3) Data reconstruction: The reduced matrices are combined to approximate the original
matrix. This reconstruction allows documents to gain frequencies for terms absent in
the original data, enabling broader semantic associations.

The LSA process is conceptually similar to principal components analysis and factor analysis,
widely used in social and behavioral sciences. These techniques share a focus on reducing data
complexity while retaining key patterns. Figure 6.1 provides a schematic overview of LSA,
illustrating how a query is compared with a corpus [163].

Comparison of vector models (e.g. by cosines)

00 \ s LsA
g —0——0—

Vector Vector
Query model model
l ]
|
Reduced data spaces

Figure 6.1. Overview of the LSA process.
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2.1 Singular Value Decomposition (SVD)

SVD is a key mathematical approach in LSA; it decomposes a term-document matrix into
linearly independent components, which can be interpreted as vectors derived from the raw
data. This transformation significantly reduces the dimensionality of the original matrix,
enabling a more compact and efficient representation [164|. Beyond dimensionality reduction,
SVD provides another critical benefit: it enhances semantic relationships between documents.
Even if identical terminology is absent, SVD captures underlying patterns, making documents
on similar topics more comparable in the reduced-dimensional space. This property is
especially useful for discovering latent associations in text corpora [164].

k
_ S Vv
— rxr rxn
A U
mxXn MXF

Figure 6.2. Singular values decomposition technique.

As shown in Figure 6.2 and equation (1), the original matrix 4 is divided into three matrices

U,Sand V7).
A = Upxr Srxr VrTxn (D
Where:

— Ais the initial matrix of dimension m X n, represented by m words and n documents.

— Matrix U is an orthogonal matrix consisting of vectors of terms, where the columns

are eigenvectors of A * AT,

— V is an orthogonal matrix of document vectors, with columns that are eigenvectors of

the vector space AT * A.

— An eigenvalue-containing diagonal matrix denoted as S.
2.2 Document-Term Matrix

LSA begins with a collection of text documents and the words they contain. The word
frequencies in the documents are stored in a matrix known as the term-document matrix. A
document is represented by a column vector of term frequencies (document vector), while a
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term is represented by a row vector of frequencies across documents (term vector). The order
of words in the document is irrelevant, LSA does not consider syntactic information.

The dimensions of the term-document matrix, referred to as A, are reduced in two phases.
The first phase involves applying SVD to the data matrix. In SVD, matrix 4 is decomposed
into three components: .4 = UXSX 1/, where U and 17 are orthonormal matrices while S is a
diagonal matrix containing singular values. The number of singular values greater than zero
defines the number of dimensions in the matrix. Consider the values in § as delineating
orthogonal axes in a high-dimensional space, with the values representing the lengths of these

axes.

To reduce dimensionality, only the longest axes are retained by eliminating the corresponding
rows and columns from matrices S, U, and . The original matrix is then reconstructed using
the reduced matrices. In the reconstructed matrix, a document vector may have a frequency
for a word w that was absent in the original document. A search for "all documents about
word »" may return documents that do not contain the keyword m, but instead phrases
commonly associated with word ». The reconstructed term-document matrix can be used to
compute several metrics, including the correlation between document vectors. A higher
correlation indicates greater similarity between the documents.

3. Applications of LSA

LSA has been widely used in text mining and natural language processing to extract
relationships between terms and documents. Its versatility spans disciplines such as
information retrieval, artificial intelligence, psychology, cognitive science, education, and
business systems. The following sections highlight key applications of LSA in e-learning and

text summarization.
3.1 LSA in E-learning

In e-learning, LSA enhances educational tools by improving information retrieval, contextual
understanding, and personalized learning, Studies have demonstrated its utility in analyzing
learner behavior, tracking conceptual development, and automating essay grading.

e Analyzing learner behavior: A study by [165] applied LSA to log files from online
learning platforms. By uncovering latent relationships between user actions, the
researchers identified behavioral patterns helping to better understand student
engagement, predict learning outcomes, and provide insights that can enhance
personalized learning experiences. This research inspired by the use of LSA in
analyzing log files for workflow discovery aiding in the optimization and management

of business processes [164].

e Tracking conceptual development: CONSPECT, a tool introduced and evaluated
in [165], integrates LSA with network analysis to monitor learners' conceptual growth.
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LSA examines the meaning within the textual data generated by learners during their
learning process, while network analysis offers a visual framework for exploring the
semantic structures uncovered by LSA. By visualizing semantic structures,
CONSPECT helps tutors and learners understand the progression of knowledge with
a minimal workload.

e Automated essay grading: A method proposed in [166] uses LSA to assess the
semantic content of student essays in open-mind text answer. By preprocessing text
and leveraging LSA's ability to analyze latent meaning, this approach offers a scalable
and fair alternative to manual grading.

3.2 LSA in Text Summarization

LSA has been extensively studied for automatic text summarization, where it identifies key
sentences that represent the core meaning of documents.

e Summarizing news articles: Research [167] applied LSA to automatic
summarization of news articles, extracting representative sentences by analyzing latent
semantic structures (i.e., identifying key concepts and relationships between words and
sentences). This approach prioritizes underlying meanings rather than surface-level
features [167].

e DPolitical articles summarization: Authors in [168] presented a method for automatic
text summarization that leverages machine learning and LSA. The idea consisted in
deriving the semantic matrix of a document or a corpus and uses semantic sentence
representation to construct a semantic text relationship map. The proposal was
validated on a corpus composed of 100 political articles.

e Legal document summarization: A tool designed for Philippine court cases [169]
leverages LSA to produce concise summaries of lengthy legal texts, saving time for
legal professionals researchers, and the general public and improving access to critical
information. The underlying meaning of texts was uncovered by analyzing
relationships between terms and documents, allowing the system to identify and
prioritize key sentences relevant to the case.

e Arabic text summarization: A system proposed in [170] addresses the challenges of
Arabic text processing, such as complex morphology and rich diacritics. By applying
LSA, the authors created summaries that matched human-generated ones in relevance
and informativeness.

Table 6.1 reviews some of application domain of LSA.
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[170], [175]

for wvarious

related tasks.

semantics language-

Domain Description Examples of Applications
Education 5 Analy?es and evaluates learning | - Automat'ic essay g?ading
1651 1661 171 materials, student progress, and | - Personalized learning systems
e {1ee] {17 conceptual understanding, - Paper evaluation
Information Enhances search engines and , L
, . , .y - Search engine optimization
retrieval ~ [172] | document retrieval by identifying )
. . . - Document ranking
[173] semantic relationships among terms.
o h derstandi £ oext | Text summarization
mproves the understanding of tex
NLP , [169], prov & - Machine translation

- Sentiment analysis
- Text categorization

Business
Intelligence
[164], [176]

Extracts insights from textual data to
support decision-making and strategy

development.

- Feedback analysis
- Market research

- Topic modeling in reviews

Table 6.1. Summary of LSA application domain.

4. Proposed Approach

This section presents our final contribution, where LSA is employed to analyze HUD

generated from multimedia document adaptation processes. The goal is to extract user

behaviors related to remote learning in context-aware pervasive systems.

4.1 Motivation and Objective of the Contribution

In context-aware pervasive environments, learning activities extend beyond traditional

boundaries. Therefore, the collection and analysis of learners' historical data — including

preferences and interactions within their environment — is crucial for enhancing learning

experiences. LSA provides an effective approach for extracting knowledge from these data and

obtaining relevant information regarding learners' interaction patterns for several reasons:

— Latent semantic relationships with instructional context: LSA can uncover

hidden semantic relationships between learner actions and instructional contexts. This

allows for the identification of behaviors related to frequently studied topics and

knowledge acquisition pathways.

— Latent semantic relationships with non-instructional context: LSA can also

uncover semantic relationships between learner actions and non-instructional contexts.

This helps identify how learners interact with learning materials considering

environmental conditions.

— Personalization of learning environments: By analyzing the semantic structures in

learners' interactions, LSA facilitates the adaptation of feedback and recommendations

to individual needs, ensuring timely and relevant support for learners.
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— Identification of collaborative learning patterns: LSA enables the discovery of
collaborative learning patterns by analyzing semantic similarities in log data from
various learners. This helps determine effective group dynamics and collaboration
styles, guiding the design of group activities to leverage these strengths.

In summary, LSA enables the efficient extraction and interpretation of learner log data in
ubiquitous learning environments. This capability enhances personalized learning, supports
data-driven decision-making, and fosters a more interactive and effective educational
experience within a flexible and interconnected learning environment.

Many studies have been conducted with respect to instructional context. However, few of
them have considered non-instructional contexts. While instructional context is important,
learners’ styles do not always fit the environmental requirements, including user and
application needs. For instance, consider a learner who adopts a visual cognitive style. If this
learner is driving, where the eyes and hands cannot be propetly used, the system could suggest
converting textual learning objects into audio content and using voice commands to ensure
compatibility with the environment. Starting from this standpoint, our contribution focuses
on using LSA to analyze learner behaviors in context-aware pervasive systems, specifically in
relation to non-instructional context. The aim is to provide a comprehensive classification
of both similar contextual situations and learner clusters, which helps enhance content
delivery, context understanding, and personalized user experiences. The rationale behind this
is that LSA is a well-suited technique for applications that uncover relationships between terms
and documents. Similatly, our approach treats each learner's historical data as a textual
document, with context elements and corresponding actions serving as words. Thus, our
proposal attempts to offer a robust method for uncovering hidden semantic structures and
extracting meaningful patterns from HUD. It involves server-side management of the HUD,
particularly for the analysis task. This fits with ubiquitous learning architectures, which mainly
rely on servers to store and deliver learning materials (refer to Section 7 of Chapter 2).

4.2 Details of the Proposed LSA-Based Analysis Approach

The proposed LSA-based approach consists of an analysis process comprising three steps:
Pre-1.8A analysis, LSA analysis and Post-1.SA analysis; its general scheme is given in Figure 6.3.

Pre-LSA analysis (data collection) LSA Analysis Post-LSA analysis

I
I I
Context Attributes I I | Adaptation action Queries

+ » File — P dimensionality | —— | Contextual situation clustering

Adaptation actions reduction :
| [ Learners clustering

Figure 6.3. General scheme of the proposed LSA-based approach.
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4.2.1 Pre-LSA Analysis (Data Collection) Step

Pre-LLSA analysis leverages the HUD manager discussed in Sections 4 and 5 of Chapter 4 to
construct a corpus (data collection) using the data stored in the log database. It is performed
in three phases: data retrieval, data preprocessing, and data segmentation.

e Data Retrieval

The data analyzer invokes the data retriever to load HUD from the database into memory as
a log file denoted by LLF. The HUD consist mainly of the values of the context elements and
the corresponding adaptation actions performed by each user according to changes in context
over time. Log file LLF stores the HUD as an aggregation of raw data about all users in a
tabular format, so its logical structure takes the form shown in Table 6.2. Fach entry (row) /
in the log data represents an interaction with the learning environment by the corresponding

user id (learner): contextual situations.

Context elements Actions
User ID C1 Cz Cg A1 Az ..... Ah
Ui Vi Va v Vg {yes/no}  {yes/no} {yes/no} {yes/no}
Us Vik Vo e Vg {yes/no}  {yes/no} {yes/no} {yes/no}

Table 6.2. The logical structure of the raw log data.

Table 6.3 shows a typical example for a subset of context elements values and adaptation
actions performed accordingly.

Context elements Actions
User ID Battery  Network Screen size  Location Speech2Text  Text-summary
U, Full Mobile data  Narrow Public place Yes No
Uy Low Mobile data  Narrow Bus Yes Yes
Uy Full WI-FI Wide Home No Yes

Table 6.3. Typical example of context elements values and adaptation actions.

Formally, contextual situations are defined according to the following formalisms:

e Let CXT = (¢, ¢, ..., ¢) be a vector where each element ¢; € CXT corresponds to a
context element from log file LLF; g is the number of context elements. The possible
values for ¢ include all qualitative values for the corresponding context element, as well
as to the null value (refer to Section 4 of Chapter 3). For example, if ¢ represents battery
level, then Domain (¢) = {null, low, medinm, full}.
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e Similarly, let ACT = (a1, az, ..., a)) represents a vector of adaptation actions, where /
is the total number of actions. Fach 4=/, € ACT can be 0 or 1, indicating whether
adaptation action g is considered for execution.

o Let CS = {51, e5,..., sy be the set of all context situations in log file LLF. Each
contextual situation s,=; € CXT X ACT. For instance, context situation cs from
Table 5.3 is represented as follows: a1 = (U, Full, Mobile data, Narrow, Public place,
Yes, No), indicating that learner whose 77 = Uy, uses a smartphone through mobile
data with a full battery and a narrow screen, and is in a public place, while Speech2Text

adaptation action was executed.

Where gis the number of context elements considered, 4 is the number of adaptation actions,
and £ is the number of contextual situations.

e Data Preprocessing

Each contextual situation ¢5; € CS contains textual data related to context elements values
including user id and the corresponding adaptation actions. To make log data more machine
readable and thus easier to process in subsequent steps, contextual situations as,=s.. € CS are
converted into numerical format, particularly for context elements values. This is achieved by
replacing the textual representation of each qualitative value of a context element (which is
human-readable) with different numerical values. For instance, if ¢; € CXT represents battery
level, then Domain (¢) = {null, low, medinm, full}, and the corresponding numerical representation
of this domain would be Numerical-domain (¢) = {0, 1, 2, 3}. Hence, context situation ¢s; from
Table 6.3 becomes: ¢s1 = (1,3, 1, 0,0, 1, 0).

e Data Segmentation

Log file LF is divided into sub-logs LFi= . n according to user i, here » represents the total
number of users (learners). Each sub-log file LFi is considered as a separate document in the
corpus. Figure 6.4 illustrates an example of a log file as well as its segmentation into sub-logs.

s, = {10,0,0,0,1,1,0,0,0,1,1,1,1,0,0,0,0,1,0, 1,0}

CS’ = {10,0,0,0,1,1.0,0,0,1,1,1,1.0,0,0.0,1, 0, 1, 0} User 1 {c.s;,: {1,0,0,0,1,0,1,0,0,0,0,1,1,0,0,0,0,0, 1,0,1,0}}
s, = {2.1,0,0,0,1,1,0,0,0,0,1,0,1,0,0,0,1,1,0,1,0}

cs; = {1,1,0,0,0,1,1,0,0,0,1,1,1,1,0,0, 0,0, 1, 0, 1, 0} €5, = {2.1,0,0,0,1,1,0,0,0,0,1,0,1,0,0,0,1, 1,0, 1,0}

c5={20,1,0.1,0,1,0,0,0,0,1,0,1,0,0, 1.0, 1,0, 1, 0} cs, = {21,0,0,0,1,1,0,0,0,1,1,1,1,0,0,0,0, 1,0, 1,0}

€5 = {3.0,0,0,0,1,0,0,0,0,1,0,1,1,0,0,0,0,1,0,1, 0} UserZ2 9 cs, = {20,1.0,1,0,1,0,0,0,0,1,0,1,0,0,1,0,1,0, 1,0}

s, = {2.0,0,0,0,1,1,0,0,0.1,1,0,0,0,0,1,0,1,0, 0,0}

€5 = {3.0,0,0,0,1,0,0,0,0,1,0,1,1,0,0,0,0,1,0,1,0}
User 3 §cs,, = {21.1,0,0,1,1,0,0,0,1,1,1,0,1,0,0,0,0,0, 1,0}

C8y={n—1,110,0,14,1,0.0.0.1,1,1,0,1,0,0,0.0.0, 1,0} i
€5, = {n.2,1,0,1,0,1,0,0,0,1,1,0,1,0,1, 0,0, 0, 0, 1,0} :

S5 = {n.0,0,0,0,1,1,0,0,1,0,1,1,1,0,0,0,0,1,0,1,0}

€5, = (n.0,0,1,0,1,1L0,0,0,1,1,1,1,0,0,0,1, 1,0, 1,0}
Usern 9¢s” = (2,2.0,0,0,1,1,0,0,0,1.0.1.0,0,0,0,0,1,0, 1,0}

€5, = {n21,0,1,0,1.0,0,0,1,1,0,1,0,1,0,0,0,0,1,0}

Figure 6.4. Partitioning LF into sub-logs.
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4.2.2 LSA Analysis Step

In LSA analysis step, we apply LSA to the corpus constructed in the previous step. It is
performed in four phases: definition of the dictionary of terms, construction of the occurrence matrix,
decomposition of the occurrence matrix, and extraction of the compressed matrix.

¢ Definition of the Dictionary of Terms

LSA uncovers latent structures in extensive text corpora by identifying patterns and
correlations between terms and documents. As the corpus is constructed in the previous step,
we need to define the dictionary of terms required for the analysis.

Let T= {a, #, ... t,} be the set of m terms. Each term 7 € T'is represented as pait (¢, @), where
¢ 1s an element of the context elements vector CXT, and 4 is an element of the actions vector
ACT. Semantically, each term # = (¢, ) is interpreted as the occurrence of the value of context
element ¢ with adaptation action 4 in the same contextual situation in sub-logs I.F;_,, such
that s = 1 (action 4 is executed). It is important to note that the number of terms » depends
on the number of actions 4, the number of context elements g and the cardinality of the
domains of definition of each context element in vector CXT.

e Construction of the Occurrence Matrix

In this phase, the occurrence matrix, denoted by A, is constructed by calculating the number
of occurrences of each term # € T in each sub-log LLFi=;., (i.e., number of times that term 7
occurs in each sub-log LLF=;. ), as shown in Table 5.4. Matrix A is of size (m X n).

LF (user1) LF, (user 2) ciieevssneeeennse. | LF, (user n)
4 Occurrence (4, LLFi) | Occurrence (4, L) veeeeesneeeeennees | Occurrence (4, LLF,)
b Occurrence (%, LF1) | Occurrence (&, LF2) | coeeviinniininnn Occurrence (%, LF,)
tn | Occurrence (4, LF1) | Occurrence (4, LF2) | coeevvinniiinnnns Occurrence (4, LF,)

Table 6.4. The structure of the occurrence matrix A.

¢ Decomposition of the Occurrence Matrix

The next phase is to decompose the occurrence matrix .4 using SVD, as discussed in Section
2, through factorization into three matrices U, §, and 1] such that A = U X § X ", Matrix
A (m X n) represents the original occurrence matrix, matrix U (7 X 7) is composed of vectors
representing latent features of rows (contextual situations), matrix U (r X 7) consists of
singular values indicating the importance of each latent feature, and matrix I (r X #) is the

transposed matrix of sub-log vectors indicating the latent features for columns (users).
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e Extraction of the Compressed Matrix

We then proceed to generate the compressed matrix 4’ by reducing the rank k of matrix 4
once the factorization step has been completed. A large amount of information is preserved
in the reduced matrix 4’ which also functions as the most accurate approximation of the
original occurrence matrix .4. Matrix .4’ involves eigenvalues according to equation 3:

A'=U (kX m) XS (kX k)X (kX 1) 3)

4.2.3 Post-LSA Analysis Step

The last step leverages compressed matrix .4’ to uncover hidden correlations leading to
clustering contextual situations and learners. To do, we calculate the correlation between users
and the correlation between the contextual situations. This is performed by determining the
angle between pairs of vectors either vertically, denoted by 1”1 (x1, x2), or horizontally, denoted
by 1”2 (31, y2) in order to assess their similarity. The first correlation shows the similarities
between users, which is very helpful for finding similar behavior of users and simplify the
process of recommending the best adaptation actions for users who has the same behaviors.
The second correlation simplifies the understanding of the contextual situations and classify
the similar ones, for better recommendation of the useful adaptation actions. Two techniques
are commonly used for calculating the similarities: Cosine and Pearson laws.

e C(Cosine Law

The cosine law is calculated by the formula given in equation 4. The measurement of the
cosine takes a value between -1 and 1. The interpretation of the correlation value is as follows:

— The two vectors are completely separated when this value is 0.
— The two vectors have a high degree of similarity when the cosine has a value of 1.

— The two vectors are not aligned when this value is -1.

vl v2 X1Y1 + X2¥>
Iviillivzll /G2 + 222 + y2)

(4)

cos(vl,v2) =

One of the most significant scenarios that might take place is the shift of two vectors that have
the same value. When it comes to this case, the similarities that exist between them ought to

remain unchanged. This is not something that the cosine law can supply. If vectors V1 and

V2 are shifted by a value 7, the degree of similarity between them will take on a different form.

e Pearson Law

Pearson law, whose formula is given by equation 5, is able to preserve the similarity between
vectors effectively. Unlike cosine similarity, which is highly affected by the magnitude and
position of vectors, Pearson correlation measures similarity based on the relative direction of
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the vectors rather than their absolute magnitudes. In other words, despite the fact that the
scale and location of the vectors that are being compared may change, the correlation measure
does not change and is not influenced by the cosine component. A more accurate reflection
of the similarities between vectors is provided. This feature make Pearson correlation more
suitable for measuring similarity between users or conditions in systems that involve
continuous changes or heterogeneous data. Another advantage is when vectors are not equal
in size or range, Pearson correlation provides a more reliable measure of their relationship. It
ensures that differences in magnitude do not affect the final similarity interpretation. This is

why we opt for the use of Pearson law in our work.

Yi(a;—a)(b;—b)
VX(a;—a)2\/%(b;=b)?

corr(a,b) =

®)

5. Experiment, Results and Discussion

This section shows the effectiveness of our proposal through scenarios, test and discussions.

5.1 Case Study for Experiment Settings

Due to the lack of datasets, on the one hand, and, the difficulty of providing the necessary
hardware resources to scale for a large number of users, on the other hand, our approach is
tested and validated through simulation. To this end, we rely on the following scenario to
generate reliable synthetic log data that mimic as much as possible real-world situations.

Consider a learning environment, where five (05) learners (Ahmed, Noah, Emma, Sophia, and
Sarah) interact with their devices and with each other. The system automatically adapts
multimedia content (learning materials) using features such as speech-to-text, contrast
adjustment, and video streaming on smart TVs. Each learner has a learning style that shapes
its interactions with learning materials.

Ahmed is an engineering student who follows a cognitive-state learning style. Ahmed
always reviews his lectures on his tablet during his morning commute. The system detects
glare on his tablet screen and asks him to adjust the contrast for better visibility. On his
way home, Ahmed always takes a short break to watch his favorite TV show before
reviewing his lectures. The system sometimes detects that his phone's battery is low and
the room's lighting is dim, so it asks him to adjust the screen contrast to protect his eyes
and reduce battery consumption. When he is revising the lectures, Ahmed always prefers
to collaborate with other students; thus, he highlights the sections he does not understand
and shares them with Emma, knowing that the material is related to her psychology project.

Emma, is a psychology student who follows a visual-verbal learning style. She always goes
to the university’s cafeteria studying during her lunch break. She opens the shared content
from Ahmed on her smartphone but struggles to hear the audio due to ambient noise. Thus,
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the system asks her to provide a speech-to-text transcription of the lecture, enabling Emma
to follow along. The system also creates visual diagrams summarizing the theoretical
concepts. Emma integrates these visuals with her verbal notes and shares them back with
Ahmed, combining her preference for visual-verbal learning with his practical focus.

Noah, a design student who follows an active-reflective learning style. He periodically
watches architecture tutorials on his smartphone. Due to the narrow screen size of his
smartphone, the system asks him to stream the tutorial on a smart TV in his study room.
The system also activates annotation tools, allowing him to highlight design elements while
pausing and reflecting on important sections. He shares the annotated video with Sophia
to get her perspective on how the designs might align with broader economic trends,
blending his active learning style with reflective pauses.

Sophia, an economics student with sequential-global learning style, prefers detailed
analysis through visual presentations. She accesses the annotated tutorials videos shared
by Noah and other learners in the library; thus, she should avoid playing the audio to
maintain the library’s silence. The system asks her to generate a detailed transcript of the
video and highlights economic implications discussed in the content. Sophia adds her
observations on market trends and financial data, sharing the enriched content back with
Noah to contribute to his understanding.

Sarah, a literature student whose learning state is currently sensing-intuitive. Unlike the
others, Sarah enjoys delving into texts and analyzing literary ideas and themes through
deep reading and focusing on textual details over documents. Regularly every morning,
while sitting in the library, Sarah begins reading novels on her tablet. Since she tends to
read for long periods, the system sometimes detects the extended reading time; thus, it asks
her to adjust the screen’s brightness and contrast to be more comfortable for her eyes,
reducing any harsh brightness or contrast that could negatively affect her comfort. When
she backs home after a long day, Sarah always continues analyzing novels on her tablet.
Based on the ambient lighting in her room, the system asks her to adjust the screen lighting
to match the surrounding environment. Additionally, if the room is dark, the system asks
her to increase the brightness slightly to avoid eyestrain.

To simulate these scenarios, we developed simple web pages according to the needs of Ahmed,
Noah, Emma, Sophia, and Sarah and asked five volunteer students to play their roles for
several times to collect, store and analyze the log data using our LSA-based approach.

5.2 Results

In the following, we present the obtained results in each step of the proposed approach.
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5.2.1 Results of the Pre-LSA Analysis Step

Pre-LLSA analysis includes three phases: data retrieval, data preprocessing, and data segmentation. First,
log file ILF is constructed using an invocation to the data retriever that loads the HUD from
the database. For the sake of simplicity and feasibility, we only consider the following
contextual situations settings:

e Context elements vector CXT = (location, battery level, screen size, network type).

e Adaptation actions vector ACT = (Speech-to-text, Contrast-adjustment, Video-in-
Smart-TV).

e Sect of context situations in log file LF' CS = {es1, a5, ..., e}

Where number of context elements considered g = 4, number of adaptation actions 4 = 3, and number
of contextual situations £ = 100. Then, the log data are preprocessed by replacing the textual
representation qualitative values of context elements with numerical values. Table 6.5

summarizes the resulting values.

Notation Context situation Domain of Numerical domain  Context situation
element definition of definition element type
Public place 0
o Location Library 1
Home 2
Low 0
o Battery level Medium 1
Context element
Full 2
) Narrow 0
o Screen size .
Wide 1
Mobile data 0
¢4 Network Type
WI-FI 1
a Speech-to-text
Yes 1
@ Contrast-adjustment Action
N 0
p Video-in-Smart-TV ©

Table 6.5. The resulting numerical representation of contextual situations.

e Data Segmentation

Finally, log file I.Fis divided into sub-logs ILFi- . s according to user /i, to construct the corpus.
Figure 6.4 illustrates subparts of the sub-logs resulting from its segmentation.
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€5 = {10,0,0.0,1,1,0,0,0,1,1,1,1,0,0,0,0, 1,0, 1, 0}
€5, = {1,0,0,0,0,1,1,0,0,0,1,1,1,1,0,0,0,0,1,0,1,0} User 1 {cgﬁ = {1,0.0.0,1,0,1,0,0.0,0,1,1,0,0,0,0,0,1,0, 1, :,}}
€5, = {2.1,0,0,0,1,1,0,0,0,0,1,0,1,0,0,0,1,1,0,1,0}
€5, = {21,0,0,0,1,1,0,0,0,1,1,1,1,0,0,0,0,1,0,1,0} €8s, = {2,1.0,0,0,1,1,0,0,0,0,1,0,1,0,0,0,1, 1,0, 1,0}
€5, = {2.0,1,0,1,0,1,0,0,0,0,1,0,1,0,0,1,0,1,0,1,0} €s, = {2,1,0,0,0,1,1,0,0,0,1,1,1,1,0,0,0,0, 1,0, 1,0}
s, = {3.0,0,0,0,1,0,0,0,0,1,0,1,1,0,0,0,0,1,0,1,0} User 2 ¢s, = {20,1,0,1,0,1,0,0,0,0,1,0,1,0,0,1,0,1,0,1, u}}
€5, = {10,0,0,1,0,1,0,0,0,0, 1, 1,0,0,0,0,0,1,0, 1, 0} s, = {20,0,0,0,1,1,0,0,0,1,1,0,0,0,0,1, 0, 1,0,0,0}
€5, = {4.0,0,0,1,1,1,1,0,1,1,0,1,1,0,0,0,0,0,0,0, 0}
€5 ={2000011,0,0011000,01,0,1,0,00} cs: = {3,0,0,0,0,1,0,0.0,0,1,0,1,1,0,0,0.0,1,0, 1,0}
¢ = {50,0,0,0,1,1,0,0,1,0,1,1,1,0,0,0,0, 1,0, 1, 0} User 3 \cs, = (21,1,0.0,1,1.0.0,0, 1.1, 1.0, L.a.u.n,u,u,-_,n}}
€5, = {42.1,0,0,1,1,0,0,1,1,2,1,0,0,1,1,0,1,0,1,0}
€5, = {50.0,1,0,1,1,0,0,0,1,1,1,1,0,0,0,1,1,0,1,0} = {40,0,0,1.1,1.1.0.1,1,0,1,1,0,0,0,0,0,0,0,0}
€s,; = {52.0.0,0,1,1,0,0,0,1,0,1,0,0,0,0,0,1, 0, 1,0} User 4 -:rs;..J = {42,1,0,0110,0,11210011,0,1,010}
€5, = {40,2,0,1,0,1,0,0,0,1,0,0,1,0,1,0,0,1, 0,1, 0} €5 = {40,2,0,1,0.1,0,0,0,1,0,0,1,0, 10,0, 1,0, 1,0}
€5, = {3.1.1.0,0,1,1,0,0,0,1,1,1,0,1,0,0,0,0,0,1,0}

s, = {52.1,0,1,0,1,0,0,0,1,1,0,1,0,1,0,0,0,0, 1,0} = {{5-0- 0.0.0,1,1.0.0, 1,0, 1, 1, 1. 0. 0. 0, 0, 1, 0, 1, ﬂ}}

s = {50,0,1,0,1,1,0,0,0,1,1,1,1,0,0,0,1,1,0,1,0

User 54 cs _ = {52,0,0,0,1,10,0,0,1,0,1,0,0,0,0,0,1,0,1,0}
cs. = {52,1,0,1,0,10,0,0,1,1,0,1,0,1,0,0,0,0,1,0}

Figure 6.5. Partitioning LF into five sub-logs.

5.2.2 Results of the LSA Analysis Step
LSA analysis step comprises four phases: definition of the dictionary of terms, construction of the
occurrence matrix, decomposition of the occurrence matrix, and extraction of the compressed matrix.

e Definition of the Dictionary of Terms

As the corpus constructed in the previous step, we need to define the dictionary of terms
requited for the analysis. The set of terms is defined as T'= {#= (¢, @) / ¢« € CXT and 4 €
ACT}. Thus, Set T contains 7 = 30 terms (see Table 5.06).

e Construction of the Occurrence Matrix

The resulting occurrence matrix 4 (m X ) is constructed by calculating the number of

occurrences of each term # € T'in each sub-log LLF;.,. Table 6.6 represents part from content
of Matrix 4 (due to space limitation).

Contextual Situation | LF (user1) | LF; (user2) | LF; (user 3) | LF; (user 4) | LF; (user 5)
1 = (e1(0), a1) 2 5 2 1 4
fop = ([1 (1), 511) 2 2 2 1 2
f3 = (a(2), 1) 2 4 3 1 1
19 = (e2(0), a3) 4 0 4 0
5Ho = (£4(1), a3) 5 3 6 5 3

Table 6.6. Part from the content of occurrence matrix A.
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¢ Decomposition of the Occurrence Matrix

The next phase is to decompose the occurrence matrix .4 using SVD, as discussed in Section
2, through factorization into three matrices U, 5, and 1 such that A = U X § X ", Matrix
A (m X n) represents the original occurrence matrix, matrix U (7 X 7) is composed of vectors
representing latent features of rows (contextual situations), matrix U (r X 7) consists of
singular values indicating the importance of each latent feature, and matrix " (r X 7) is the
transposed matrix of sub-log vectors indicating the latent features for columns (users). Tables
5.7, 5.8, and 5.9 represent parts of the values of Matrices U, .S, and /7.

Table 6.9. Content of matrix V™.

g 1 2 3 | m)2 m-1 "
-0.1825 -0.2628 | 0.0184 | .ooeuene. -0.2087 | oo -0.0722 | -0.0297
-0.1132 | -0.0455 | -0.0609 | .............. 0.2989 | oo 0.2391 | -0.3909
-0.1476 -0.1224 | 0.0844 | .............. 0.2041 | oo 0.3257 | -0.4247
-0.2692 0.2623 | -0.008 | .coenennee 0.1478 | oo 0.1865 0.657

Table 6.7. Part from the content of matrix U.
35.5184 0 0 0 0
0 9.2633 0 0 0
0 0 6.486 0 0
0 0 0 5.3673 0
0 0 0 0 4.8741
Table 6.8. Content of matrix S.
-0.4518 -0.5792 -0.4253 | -0.3858 | -0.3615
0.2124 -0.4756 -0.0542 0.7999 | -0.2933
-0.8335 0.2489 0.3287 0.349 -0.116
0.045 0.6078 -0.6549 0.1509 | -0.4206
-0.2323 -0.0835 -0.5285 0.2585 0.77

e Extraction of the Compressed Matrix

Compressed matrix 4’ is generated by reducing the rank k after factotization of matrix .
The value for rank £ is often fixed empirically (4= 2 in our case). Hence, matrix A’ = U,xe X
Sexe X Tax,. Table 6.10 represents part from the content of occurrence matrix 4",
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2411551 | 4.912235 | 2.888785 | 0.553525 | 3.05729
1.727022 | 2.529235 | 1.732841 | 1.214037 | 1.577097
2517694 | 1.939734 | 1.932376 | 3.215038 | 1.216754
4.835992 | 4.382456 | 3.934835 | 5.632415 | 2.743852
Table 6.10. Part from the content of occurrence matrix A’.

5.2.3 Results of Post-LSA Analysis Step

By using Pearson law, the correlation matrix of users COR, (7 X ) is calculated; its content is

given in Table 6.11. This is a symmetrical matrix which represents the similarity degree

between any two users 7 and 7 by value COR, (3, ).

Userl User2 User3 User4 User5
Userl 0.641475 | 0.909569 | 0.785065 0.645468
User2 1 0.902255 | 0.028419 0.999986
User3 1 0.456671 0.904492
User4 1 0.033633
User5 1

Table 6.11. The correlation matrix of users COR, (7 X 7).

The clustering of users is carried out by grouping them into subsets such that the correlation
between any two users in the same subset is greater than a threshold T%.,. Figure 6.6 illustrates

the graphical representation of the resulting clusters for users, performed according to two

value 0.9 for parameter T/,

Cluster 2

Clustfn 1

@

Cluster 3

wee

Figure 6.6. The graphical representation of users clustering,

Similarly, the correlation matrix of contextual situations COR. ( X m) is calculated using
Pearson law. Due to space limitation the content of matrix COR.: (» X ) can be found in

Appendix A. The clustering of contextual situations is also carried out by grouping them into
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subsets by considering value 0.9 for threshold Th,. Figure 6.7 illustrates the graphical
representation of the resulting clusters for contextual situations.

Cluster 3 ,

. * Cluster 4

Cluster 5 .

Cluster 2

Figure 6.7. The graphical representation of contextual situation clustering.

e Discussion

As illustrated in Figure 6.6, learners Uj=1.5s are grouped into three distinct clusters based on
their behaviors regarding the presentation of learning materials, considering the environment's
requirements. These clusters are as follows: Cluster 1 (User 4), Cluster 2 (User 1 and User
3), and Cluster 3 (User 2, User 3, and User 5). Below are some observations and insights
regarding the learners' behaviors based on their clustering:

— Cluster 1 (U4): Learner 4 (U4) is isolated from the other users, suggesting that U4 has
a unique learning style, preferences, or behaviors that do not align with those of the
other learners. This learner can be associated with Sarah, a sensing-intuitive learner,
who excels in independent learning environments. Sarah balances attention to detail
(sensing style) with a focus on broader concepts (intuitive).

— Cluster 2 (U1, U3): Learners 1 (U1) and 3 (U3) are grouped together, indicating that
they share similar learning behaviors or preferences. They may prefer similar learning
activities, such as collaborative or reflective learning tasks. This cluster can be
described as:

* Emma (U1l - Visual-Verbal): Emma shates a cluster with Ahmed, as she
focuses on visual-verbal methods, which complement Ahmed's need for clear
and structured content. Emma benefits from diagrams paired with textual
explanations, enhancing her learning experience.
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* Ahmed (U3 - Beginner): As a beginner, Ahmed requires foundational

material, simplified explanations, and guidance. He thrives in collaborative
work, which helps him achieve his learning objectives.

— Cluster 3 (U2, U3, U5): Learners 2 (U2), 3 (U3), and 5 (U5) form a separate group,
with slight overlap with Cluster 2. This overlap indicates shared traits or transitional

behaviors between the learners in these two clusters. This cluster can be described as:

Ahmed (U3), Noah (U2), and Sophia (U5): The overlap between these
users suggests shared learning traits or transitional behaviors, particularly for
Ahmed. This grouping indicates potential for collaboration between beginner
learners (Ahmed) and those with visual-verbal (U1) and sequential-global (U2
and U5) learning styles.

Noah (U2 - Active-Reflective): Noah thrives on hands-on learning and
reflective pauses, which allow him to process information. His position with
Sophia suggests that shared learning activities, where both action and
structure play important roles, are beneficial.

Sophia (U5 - Sequential-Global): Sophia’s sequential-global style involves
a preference for mastering step-by-step processes and ensuring visibility in
her learning path. Her collaboration with Noah could foster synergistic
learning, with Noah’s active approach complementing Sophia’s structured,
sequential style.

— General Observations:

The clustering reveals a diversity of learning behaviors among the users.

Learners U1, U3, U2, and U5 tend to exhibit social or collaborative learning
tendencies, as evidenced by their proximity within the clusters. In contrast,
U4 appears to prefer independent or solitary learning, as indicated by their
isolation in Cluster 1.

The overlap between Cluster 2 and Cluster 3 suggests the potential for shared
resources or adaptive strategies that can cater to the needs of multiple
clusters.

More broadly, this clustering approach offers valuable insights and key advantages, including:

recommending adaptive learning actions, grouping learners for collaborative tasks, facilitating

effective comparisons between learners based on their behaviors, and adapting resources

based on the specific needs of each cluster.

As illustrated in Figure 6.7, terms Z=1.30 are grouped into six distinct clusters based on the

execution of a given action according to a given value of a context element, considering the

environment's requirements. Below are some key observations and insights:
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— Cluster 1: Analysis of this cluster reveals that it is suitable for scenarios where
accessibility is a priority or where audio output is less feasible. This cluster involves
the use of the Speech-to-Text adaptation action, which is particularly useful in
environments like libraries where silence is required.

— Cluster 2: This cluster is similar to Cluster 1 but with additional conditions, ensuring
adaptability across diverse environmental and device contexts. It focuses on enhancing
visibility through the Contrast Adjustment adaptation action, accommodating various

screen sizes.

— Cluster 3: In this cluster, the system predominantly relies on the Contrast Adjustment
adaptation action to optimize visual accessibility across different environmental and
device conditions.

— Cluster 4: This cluster encompasses multiple contextual situations that involve both
the Contrast Adjustment and Video on Smart TV adaptation actions, highlighting how
the system interacts with learners based on their visual learning preferences.

— Cluster 5: This cluster recommends the use of Video on Smart TV adaptation,
catering to user preferences for high-quality, large-screen video experiences. It also
suggests adjusting screen contrast when large screens are not available.

— Cluster 6: This cluster is characterized by situations where the system exclusively
recommends using large screen sizes via the Video on Smart TV adaptation action.

6. Conclusion

In this chapter, we explored the application of LSA to analyze learner behaviors within
context-aware pervasive systems, with a particular focus on non-instructional contexts. The
goal was to provide an efficient method for uncovering latent semantic structures and
extracting meaningful patterns from HUD. Specifically, our approach aimed to offer a
comprehensive classification of both similar contextual situations and learner clusters, thereby
enhancing content delivery, context understanding, and personalized user experiences.

We treated each learnet's historical data as textual data, with context elements and
corresponding adaptation actions serving as terms. LSA was then applied to this corpus to
uncover hidden relationships and semantic structures. Correlations were calculated to identify
clusters of similar contextual situations and learners, providing valuable insights into learning
behaviors.

Overall, our proposed approach offers an effective method for revealing latent patterns in
HUD, which can significantly improve the personalization and adaptability of learning
activities in context-aware pervasive systems.
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CHAPITRE VII

Conclusions and Future Work

In this final chapter, we conclude the core debate introduced in this thesis regarding the
adaptation of multimedia documents within context-aware pervasive systems, with a particular
focus on the adaptation of learning materials. We provide a summary of the research
conducted, assessing how the established objectives have effectively been achieved.
Additionally, we evaluate our work with respect to multimedia adaptation and, more broadly,
within the domain of ambient intelligence. Finally, we outline a series of unfinished tasks,

leaving the door open for future exploration.

1. Research Summary

1.1 Objective and Methodology

The main objective of this doctoral thesis was to enhance access to multimedia documents in
context-aware pervasive systems by utilizing historical user data. The research focused on two
key aspects: efficiently managing historical user data (content, format, and storage location)
and leveraging these data to improve adaptation processes. To achieve this objective, we
followed a methodology that includes:

(1) Storing Historical Data: Using both SQL (relational) and NoSQL (non-relational)
databases to store historical user data generated through multimedia document
adaptation, were stored in. These databases were chosen for their ability to handle
large volumes of data efficiently. The approach integrated context modeling
techniques with both types of databases.

(2) Processing Historical Data: Developing a set of functions for logging, retrieving,
and analyzing historical data, according to three management methods were proposed:
client-side, server-side, and proxy-based, with hybrid solutions for specific needs.
These functions support various adaptation processes, addressing challenges related
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to system performance (e.g., data volume, processing) and user requirements (e.g.,

privacy, security).

(3) Leveraging Historical Data: Exploring how historical user data can enhance
intelligent context-aware applications through machine learning, data mining, and
natural language processing techniques. The aim is to focus on client-side data
management for personalizing adaptation rules, and on server-side management for
discovering hidden patterns and clustering similar contextual situations and user

behaviors.

(4) Validation with Prototype and Real-World Application: Demonstrating the
feasibility aspect of the proposals through a prototype that both adapts multimedia
documents based on context and stores corresponding historical data. While
simulations are commonly used, the real prototype addresses practical challenges.
Additionally, the prototype focuses on adapting multimedia contents related to
distance learning materials based on non-instructional context, as the study does not
address adaptations for learning styles, but rather for environmental needs.

1.2 Contributions

Our initial goal led us to propose three primary contributions.

(1) Design of a Software Component for Managing Historical User Data: The first
contribution was the development of a software component to manage historical user
data generated from multimedia document adaptation processes. The component
allowed for the storage, retrieval, and analysis of context values and adaptation actions.
It features flexible data management through three variants: client-side, proxy-based,
and server-side management. It also integrated relational and NoSQL schemas and
was validated through experiments, aiming to enhance adaptation approaches by
leveraging historical data for various beneficial tasks such as machine learning and

recommender systems.

(2) A Rule-Learning Approach for Personalizing Adaptation Actions: The second
contribution introduced a rule-learning method that personalized context-aware
adaptation rules using historical user data. By analyzing past decisions, this approach
predicted future user actions using data-driven techniques, such as Eclat, sequential
covering, FP-Growth, and decision trees. The system operated as an integrated
component of the historical data manager, providing unsupervised machine learning
without the need for pre-trained datasets.

(3) Latent Semantic Analysis for Classifying Context Situations and User
Behaviors: The final contribution employed LSA, commonly used in text mining, to
classify similar contextual situations and user behaviors. By treating historical data as
textual documents, this technique helped uncover hidden semantic structures and
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extract meaningful patterns, improving understanding of context, content delivery, and

user personalization.

2. Added Values and Achievements

The successful achievement of the objectives outlined in this thesis has significantly enriched

MDA processes and, more broadly, contributed valuable elements to the field of context-

aware pervasive systems. Below are the key added values and achievements of this work:

M

@)

3

)

®)

Generalized Proposal for MDA Processes: Compared to other MDA-based
approaches, our proposal stood out due to its general applicability across various MDA
process categories. It facilitated the storage, retrieval, and analysis of historical data
(log data) derived from accumulated user decisions, all while handling data at a high
level of abstraction, irrespective of specific MDA approaches. This allowed the
proposed component to offer MDA processes more options for efficiently processing
historical user data across different locations, including client-side, proxy-side, server-
side, and hybrid solutions.

Flexible and Agile Historical Data Manager: The proposed historical data
manager was built on a well-devised, flexible, and agile architecture that can adapt to
changing contexts, such as computational resources or user preferences (e.g.,
personalized processes, data privacy, and sharing). Most existing context-aware
pervasive systems involving HUD lack detailed design and technical specifications for
managing log data. In contrast, our work provided a comprehensive description of the
design requirements and technical implementation, ensuring a robust and adaptable
data management approach.

Context-Aware Focus on Users and Environment: While most existing multimedia
adaptation approaches emphasize general user information and resource access, our
approach shifted focus to user and environmental requirements, which are more
specific to context-aware pervasive systems. These included sensors, human-computer
interactions, and other context values that influence the adaptation process. Despite
some MDA-based applications involving HUD, many do not effectively manage such
data, often analyzing it through static datasets or specific collected data without a
comprehensive approach to contextual adaptation.

Incorporating Association Rule Mining (ARM): A significant contribution of our
work was the application of ARM techniques to analyze historical log data. ARM offers
multiple advantages, including the discovery of hidden patterns, improved decision-
making, personalized recommendations, simplicity, and interpretability. These features
made ARM particularly beneficial for enhancing the efficiency of multimedia
adaptation processes by uncovering meaningful patterns in user behavior and context.

Leveraging Latent Semantic Analysis (LLSA) for User Behavior Analysis: LSA
was another key technique employed in this work to analyze learner behaviors. LSA
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provides several advantages, especially in areas like natural language processing,
information retrieval, and knowledge discovery. These include dimensionality
reduction, capturing latent semantic relationships, contextual understanding,
improved clustering, and noise reduction. While many MDA-based approaches focus
on instructional context for learner behavior analysis, our work distinguished itself by
examining non-instructional behaviors. This is crucial in context-aware pervasive
systems, where learning often occurs in mobile environments that present unique

constraints and challenges.

3. Implications and Practical Application

Our research spans a variety of application domains; however, we focus on the following three
key implications and applications.

1. Distance Learning Platforms (e.g., MOOCs): In this domain, multimedia
document adaptation plays a crucial role in tailoring educational content to individual
learners’ contexts. By considering factors such as learners' device type, location, and
preferences, our framework ensures that the multimedia material (videos, readings,
quizzes) is presented in a way that enhances engagement, accessibility, and learning
outcomes. This personalized adaptation not only improves accessibility for learners
with diverse needs but also supports better retention and comprehension by offering

content suited to the learner's current context.

2. Tourism and Cultural Spaces: In the realm of tourism, particularly in museums or
historical sites, multimedia documents can be adapted to provide richer, more
immersive experiences through context-aware systems. Using virtual and augmented
reality, our framework dynamically adjusts multimedia content based on the visitot's
location, preferences, and interaction patterns. For instance, a visitor standing in front
of a particular artifact may receive an augmented reality (AR) experience that displays
additional multimedia content like videos, interactive maps, or 3D models, enhancing
their understanding of the exhibit. In virtual tourism, the content can adapt to the
virtual environment and the user’s preferences, allowing for a more engaging and
personalized exploration of cultural landmarks. This kind of adaptation allows for
deeper engagement and interaction, catering to the diverse interests and needs of each

visitot.

3. Private Smart Spaces: In private smart spaces, such as smart homes and smart
libraries, multimedia documents can be automatically adjusted based on a variety of
factors, including user behavior, device capabilities, and environmental conditions. For
example, in a smart home, multimedia content like video or audio can be adapted
depending on the uset's physical presence in a room, the time of day, or even the
current activity (e.g., reading, cooking, or exercising). In smart libraries, where users
may be accessing digital documents, content could be tailored to their reading habits,
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device usage, or even the ambient lighting conditions, ensuring optimal readability and
comfort. This adaptation of content in smart spaces not only provides greater
convenience but also fosters a more efficient and user-centric experience by
anticipating needs and adjusting multimedia delivery accordingly.

4. Limitations and Constraints of the Work

Despite the significance of the finding achieved in this research work, several limitations and

constraints still need to be addressed:

Data Availability: Although this study deals with real-world and daily life issues and
scenarios, the availability of reliable datasets is a serious concern. Indeed, in the
absence of real smart environment, the only way to validate the results is to rely on
simulations. Generally, prototyping may help in such cases but does not completely
solve the problem on its own.

Security and Privacy Concerns: While the primary focus of this research was the
management and use of historical users data, particularly for adapting learning
materials contents, ensuring the protection of sensitive learners information is critical.
Thus, accurate implementation requires compliance with privacy laws and robust
security measures to prevent unauthorized access.

Generalizability of Results: While the analysis performed well on small systems,
their effectiveness across other larger systems is uncertain. This due to the fact that it
is very challenging to provide the necessary hardware resources to scale for a large

number of users.

Computational Resources: As the historical users data grow over time, their analysis
becomes more difficult with respect to computation resources. Devices with limited
resources may find it challenging to analyze large datasets efficiently, which could
negatively influence scalability and slow down systems performance.

Real-World Application: Deploying these models in operational systems introduces
additional challenges as this will require significant investments in infrastructures.

5. Future Directions of the Research

While this work has addressed several key aspects and synthesized relevant analyses, there are

still ongoing challenges and opportunities for improvement. We outline the following future

directions for enhancing this research:

(1) Enhancing the Performance of Analysis Mechanisms: As the volume of historical

user data continues to grow, the performance of the algorithms proposed in this thesis
may require optimization from various perspectives, including:
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)

€)

e Effectiveness: As the data and time complexity increase, especially on client-
side devices with limited computational resources, performance issues may
arise. To address this, dynamic data structures (e.g., matrices, trees) could be
employed to be update automatically the elements involved in analysis tasks

whenever new data entries are inserted into the log database.

e Efficiency: As the system is based on unweighted (blind) correlations, it may
take a long time to overlook the most frequent old values for both context
elements and adaptation actions so to replace them with more recent values.
To improve efficiency, the system could adopt a sliding window approach to
focus on more recent data and discard irrelevant older records. Additionally,
weighting log entries based on their timestamps would prioritize more recent

user behavior and decisions.

Scalability Issues: As the practical implementation of the multimedia adaptation
system is still under test, scaling the adaptation process to accommodate larger systems
or increasing numbers of users remains a significant challenge. Potential solutions
include:

e Data Augmentation: Employing data augmentation techniques to generate
synthetic log data that closely resembles real-world patterns and user behavior,

ensuring that datasets remain reliable and realistic.

e Simulation Platforms: Using simulation environments designed for Internet
of Things (IoT) and Cloud computing could provide valuable insights and aid
in testing the system's scalability across varying contexts.

Involving machine learning and deep learning mechanisms: Deep learning can
be effectively used in multimedia document adaptation within context-aware pervasive
systems by harnessing its capacity to process vast amounts of diverse data and uncover
complex patterns without the need for explicit programming. This capability enables
deep learning to address adaptation from multiple perspectives, including contextual
and semantic understanding. By integrating deep learning into the adaptation process,
these systems can deliver highly personalized, context-sensitive experiences that evolve
in response to changing user needs and environmental conditions. As a result, the
adaptation process becomes more dynamic and efficient, significantly enhancing
content accessibility, usability, and overall user satisfaction while leveraging both

historical and real-time user data.

Finally, we acknowledge that this work is inherently partial and not exhaustive. However, we

hope that it will serve as a valuable contribution to the community focused on context-aware

pervasive systems and multimedia document adaptation. Even if it only serves as a foundation,

we trust that this research will inspire further exploration and development in these areas.
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Appendix A

Implementing Latent Semantic Analysis Steps

Results of the LSA Analysis Step

Table 1 represent the resulting occurrence matrix A (m X #n)/(m=30 X n=5).
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Table 1. Content of occurrence matrix 4.
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Table 2 represent the content of mattix U (m X )/ (m=30).
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-0.059

-0.044

0.0004

0.0129

-0.008

-0.015

-0.035

-0.044

-0.018

0.0017

-0.042

-0.008

0.0778

-0.064

-0.031

-0.063

-0.06

0.002

0.0126

-0.007

-0.041

0.9467

-0.033

-0.025

-0.051

0.0564

-0.195

-0.131

0.1408

0.0381

0.0738

-0.006

0.0124

-0.016

0.0461

-0.071

-0.019

-0.048

0.0449

-0.006

-0.091

-0.022

0.0047

0.0598

-0.124

-0.013

-0.033

-0.019

0.0366

0.0059

-0.113

-0.024

0.9222

0.0261

-0.024

0.0664

-0.239

01421

-0.176

0.0062

0.0534

-0.062

-0.006

-0.027

-0.073

-0.034

-0.023

0.0059

-0.101

-0.004

-0.003

0.0418

-0.003

-0.145

0.0178

-0.069

-0.057

-0.052

-0.097

-0.009

-0.017

-0.035

-0.011

0.903

-0.028

-0.078

-0.134

0.1859

0.1117

0.5822

0.0483

-0.098

-0.023

-0.1%

-0.018

0.0624

0.0518

-0.04

0.0454

0.0114

-0.138

0.0752

-0.214

-0.098

0.0571

0.0171

-0.138

0.0567

-0.087

-0.15

0.0972

-0.023

-0.023

-0.038

0.5976

0.1656

S|E|EN[EE|EEERES |54

-0.269

0.2623

-0.008

-0.445

-0.201

0.0263

-0.036

0.0431

-0.164

-0.033

-0.085

0.0439

-0.148

-0.099

0.1478

-0.102

-0.033

-0.022

-0.062

-0.032

-0.027

-0.072

-0.141

-0.015

<0082

0012

-0.008

-0.091

0.1865

0.657

Table 2. Part from the content of matrix
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Table 3 represent the content of Singular values matrix S.

35.5184 0 0 0 0
0 9.2633 0 0 0
0 0 6.486 0 0
0 0 0 5.3673 0
0 0 0 0 4.8741

Table 3. Content of matrix 5.

Table 4 represent the content of the transpose mattix of matrix V (I matrix).

Table 5 represent the content of the matrix 4",

-0.4518 -0.5792 -0.4253 | -0.3858 | -0.3615
0.2124 -0.4756 -0.0542 0.7999 | -0.2933
-0.8335 0.2489 0.3287 0.349 -0.116
0.045 0.6078 -0.6549 0.1509 | -0.4206
-0.2323 -0.0835 -0.5285 0.2585 0.77
Table 4. Content of matrix /7.
24116 49122 2.8888 0.5535 3.0573
1.727 2.5292 1.7328 1.214 1.5771
21277 3.5757 2.2911 1.1156 2.2277
2.4486 2.6763 2.1478 2.4737 1.6726
2.1972 3.4653 2.2887 1.34 2.1597
2.3003 2.8221 2.1223 2.0691 1.762
0.9354 0.8382 0.7578 1.0972 0.5248
2.2284 1.2765 1.5607 3.2098 0.8042
4.1897 4.2079 3.5487 4.5397 2.6318
2.7752 4.4653 2.9208 1.6192 2.7827
2.4781 4.0851 2.6414 1.3649 2.5454
1.013 2.4667 1.3505 -0.101 1.5341
3.6063 3.8812 3.1427 3.6931 2.4259
2.312 2.858 2.1404 2.0619 1.7843
1.0276 2.225 1.2758 0.1269 1.3844
1.2738 2.6625 1.549 0.2363 1.6569
2.5868 0.1633 1.3637 4.8165 0.1169
3.4931 3.4963 2.9546 3.7947 2.1868
3.619 6.695 4.1052 1.3904 4.1689
2.6489 4.3242 2.809 1.4942 2.6945
4.7729 6.2414 4.5346 3.9743 3.8949
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2.1732 2.7223 2.0241 1.9085 1.6994

4.9792 4.2425 3.9597 6.0223 2.6581

2.3745 2.0796 1.9075 2.8252 1.3025

3.9692 7.2049 4.4556 1.6389 4.4868

2.2986 3.8148 2.4587 1.2449 2.3768

2.8359 4.6796 3.0243 1.5582 2.9158

4.1101 4.2846 3.5345 4.3238 2.6788

2.5177 1.9397 1.9324 3.215 1.2168

4.836 4.3825 3.9348 5.6324 2.7439

24116 49122 2.8888 0.5535 3.0573

1.727 2.5292 1.7328 1.214 1.5771

21277 3.5757 2.2911 1.1156 2.2277

2.4486 2.6763 2.1478 2.4737 1.6726

2.1972 3.4653 2.2887 1.34 2.1597

2.3003 2.8221 2.1223 2.0691 1.762

0.9354 0.8382 0.7578 1.0972 0.5248

Table 5. Content of occurrence matrix .4,
Results of Post-LSA Analysis Step
Table 6 represent the correlation matrix of users COR, (# X n)./ (n =5).
Userl User2 User3 User4 Userb

Userl 1 0.641475 | 0.909569 | 0.785065 0.645468
User2 1 0.902255 | 0.028419 0.999986
User3 1 0.456671 0.904492
User4 1 0.033633
User5 1

Table 6. The correlation matrix of users COR, (7 X 7).
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Table 7 represent the correlation matrix of contextual situations COR. (7 X )/ (m =30).

c) | am [ [ cun | ey [ cuzy [ cuoy [ cqyy [ cazy | ey | ez | cz2@) [ czmy [ c2y [ c2@) | ey [ cay | c2i2) [ Cam) [ Caqly [ C3(0) | C3(1) | C3(0) | Ca(1) | C40) | CA1) [ C4(0) | CH(1) | C4q0y | C4()
al al al a? a2 a? a3 a3 a3 al al al a2 a? a2 a3 a3 a3 al al a2 a? a3 a3 al al a2 a? a3 a3

Clyal| 1

Clljal] 0938 1

ClL2)al| 0989 | 0979 | 1

CL0) a2| 0.069 | 0411 [ 0214 | 1

Cl1ja2| 0975 | 0092 [ 0997 | 0201 | 1

C1(2) a2| 0.396 | 0837 | 0.707 | 0.845 | 0761 | 1

C1{0) 3| -0.534 | -0.200 | -0.405 | 0.806 | -0.351 | 0.361 | 1

C1{1) a3 | -0.809 | -0.555 [ -0.714 | 0.351 | -0.636 | -0.009 | 0920 | 1

C1(2) a3| -0.269 | 0.081 | -0.126| 0,942 | -0.047 | 0.613 | 0958 | 0784 [ 1

C2(0) al| 0.980 | 0.988 | 0999 | 0.265 | L.000 | 0.742 | -0.357 | -0.677 [ -0.074| 1

C2(1) al| 0.986 | 0.983 | 1L.000 | 0.236 | 0.098 | 0.722 | -0.385 | -0.699 [ -0.104 | 1000 | 1

C2(2) al| 0997 | 0910 | 0.976 | -0.004| 0.956 | 0.535 | -0.505 | -0.850 [ -0.359 | 0963 | 0971 | 1

C2(0) 2| -0.001| 0345 | 0.145 | 0,997 | 0225 | 0.802 | 0.846 | 0,389 | 0.963 | 0.196 | 0.186 | -0074| 1

C2(1) a2| 0.625 | 0835 | 0.731 | 0.824 | 0.782 | 0.999 | 0.528 | -0.044 | 0586 | 0765 | 0.745 | 0564 | 0781 | 1

C2(2) 22| 1.000 | 0.928 | 0.985 | 0.040 | 0.968 | 0572 | -0.350| -0.826 | -0.297 | 0,974 | 0,981 | 0.999 | -0051| 000 | 1

C2(0) a3| 1.000 | 0933 | 0.987 | 0.056 | 0.972 | 0385 [ -0.545| 0816 | -0.282| 0,978 | 0984 | 0998 | -0.014| 0615 | 100 1

C2(1) 3| -0.809 | -0.602 | -0.825 | 0.575 | -0.778 | -0.184 | 0.851 | 0,985 | 0.664 | -0.795| -0.815 | 0920 | 0.450 | -0.217 | -0.011 | -0905] 1

C2(2) 23| -0.280| 0,070 | -0.157 | 0.938 | -0.038 | 0.604 [ 0.961 | 0791 | L.000 | -0.085| -0.115 | -0.349 | 0.960 | 0.576 | -0.308 | -0.205 | 0672 | 1

C3{0) al| 0.998 | 0.957 | 0.996 | 0.150 | 0.986 | 0.643 | -0.482 | -0.772 | -0.210| 0,990 | 0.994 | 0.991 | 0.059 | 0.669 | 0.996 | 0,997 | 0871|0221 1

C3(1) al| 0.984 | 0.985 | 0,999 | 0.247 | 0.999 | 0.750 | -0.374| -0.620 [ -0.092 | 1.000 | L.000 | 0.968 | 0.178 | 0.753 | 0.978 | 0,981 | -0.806 | -0.105| 0993 | 1

C3(0) 22| 0.785 | 0951 | 0.867 | 0.673 | 0.904 | 0.965 | 0.104 | 0270 0386 | 0.892 | 0878 | 0.738 | 0619 | 0974 | 0766 | 0777 | 0434 | 0375 | 021 | oBe3 | 1

C3(1) a2| 0.668 | 0.884 | 0.760 | 0789 | 0.818 | 0996 | 0.272 | -0.102 | 0557 | 0.802 | 0.783 | 0.612 | 0.745 | 0.098 | 0.646 | 0.658 | -0.274| 0527 | 0712 | 0700 | 0985 | 1

C3(0) a3| -0.604 | 0200 -0.481| 0733 | -0.410| 0.281 | 0.996 | 0,957 | 0.930 | -0.435| -0.462 | -0.660 | 0.798 | 0.247 | -0.627| -0.614| 0.802 | 0.034 | -0354| 0451 | o020 | Dm0 | 1

C3(1) a3| -0.568 | -0.248 [ -0.442| 0781 | -0.370 | 0.322 | 0,999 | 0.944 | 0.945 | -0.305 | -0.425 | -0.627 | 0.825 | 0.280 | -0.592| 0579 | 0.871 | 0.949 | 0518 | -0.412 | 0.064 | 0255 | 0999 | 1

C4{0) a1| 0.997 | 0.961 | 0997 | 0.144 | 0.989 | 0.654 | -0.470| -0.762 | -0.196 | 0,992 | 0.996 | 0.989 | 0.074 | 0.680 | 0.995 | 0,996 | -0.864 | -0.207| 1000 | 0.094 | 0m2o | 0722 | 0542 | 0505| 1

C4{1) a1| 0.987 | 0.981 | 1000 | 0.228 | 0.998 | 0.716 | -0.392 | -0.704 [ -0.112| 0,999 | L.000 | 0.973 | 0.159 | 0.740 | 0.982 | 0,985 | -0.817 | -0.125| 0,995 | 1000 | 0.874 | 0.778 | -0.468 | -0.450| 0996 | 1

C4(0) 22| 0.986 | 0,983 | 1.000 | 0.235 | 0.998 | 0.721 [ -0.386 | -0.700| -0.105 | 1.000 | 1000 | 0971 | 0.165 | 0.745 | 0.981 | 0.984 | -0.514| -0.116 | 0.994 | 1000 | 0877 | 0.782 | -0.463 | -0.424 | 0.996 | 100 1

C4{1) a2| -0.136 | 0.216 | 0.010 | 0979 | 0.000 | 0.715 | 0920 | 0.692 | 0.991 | 0.062 | 0.032 | -0.208 | 0991 | 0.690 | -0.165 | -0.140 | 0.556 | 0.989 | -0.076 | 0.044 | 0507 | 0.647 | 0.872 | 0.802 | -0.061| 0024 | 0051 | 1

C4(0) a3| -0.695 | 0403 | -0.582| 0.669 | -0.516 | 0.164 [ 0.979 | 0.985 | 0.880 | -0.339 | -0.564 | -0.745 | 0.720 | 0,150 [ -0.716 | -0.704 | 0.940 | 0.885 | -0.650| 0355 | -0.100| 0.071 | 0.993 | 0.087 | -0.650| 0571 -0565] 0BOT | 1

C4{1) a3| -0.516 | -0.187 [ -0.385 | 0.819 | -0.311 | 0.381 | 1000 | 0921 | 0.964 | -0.337 | -0.365 | -0.577| 0.857 | 0.340 | -0.541| -0.527| 0,839 | 0.967 | -0.463 | -0.354 | 0.126 | 0.295 | 0.994 | 0.998 | -0.450| 20372 | 0566/ 0019 [ 0975 | 1

Table 7. The correlation matrix of users COR, (7 X
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