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 ملخص 

المستخدمين مع الأجهزة والوصول إلى المحتوى  أدى النمو السريع للحوسبة المتنقلة والذكاء المحيطي إلى تغيير تفاعلات  

تجارب مخصصة،   تقديم  إلى  الأنظمة  هذه  تهدف  للسياق.  محيطية حساسة  أنظمة  ظهور  في  مما ساهم  الرقمي، 

خاصة من خلال تكييف المحتوى المتعدد الوسائط مع السياقات الديناميكية للمستخدمين مثل الموقع وخصائص  

د من مقاربات تكييف المحتوى المتعدد الوسائط الحساس للسياق، وتنقسم إلى أربع فئات  الجهاز والبيئة. توجد العدي

رئيسية: التكييف من جانب العميل، التكييف من جانب الخادم، التكييف القائم على الوكيل، والتكييف من نظير  

 ما  إلى نظير. ومع ذلك، تعتمد معظم هذه المقاربات بشكل أساس ي على البيانات السياقية  
ً
في الوقت الفعلي، وغالبا

في الواقع، يمكن للبيانات التاريخية أن تعزز  . تهمل إمكانية دمج البيانات التاريخية للمستخدمين في عملية التكييف

بشكل كبير تكييف المحتوى المتعدد الوسائط من خلال تمكين اتخاذ قرارات مستنيرة ودعم التخصيص. تسعى هذه  

الفجوة من خلال اقتراح إطار عمل يدمج البيانات التاريخية للمستخدمين في عمليات تكييف  الأطروحة إلى سد هذه  

للسياق الحساسة  الأنظمة  في  الوسائط  المتعددة  نقاط  . الوثائق  ثلاث  في  العمل  لهذا  الرئيسية  المساهمات  تتمثل 

، يقترح إطار عمل فعال لتكييف المحتوى يستخدم البيانات التاريخية للمستخدمين لتحسين الوصول  
ً
رئيسية. أولا

إلى المحتوى المتعدد الوسائط، وسهولة استخدامه، وتخصيصه في الأنظمة الحساسة للسياق. يتضمن الإطار قواعد  

التاريخية،   NoSQL و SQL بيانات البيانات  وتحليل  لاسترجاع  معالجة  وظائف  ويطور  بكفاءة،  البيانات  لتخزين 

، يساهم هذا العمل في تطوير آلية تعلم القواعد التي تعتمد على  . المحتوى   ويستخدم هذه الرؤى لتحسين تقديم
ً
ثانيا

لتخصيص قواعد    decision trees، و  ECLAT,   ،sequential covering    ،FP-Growthخوارزميات التعلم الآلي مثل:  

، يتناول استخدام التحليل الدلالي الكامن لتصنيف الحالات  . التكييف بناءً على البيانات التاريخية للمستخدمين
ً
ثالثا

تمت المصادقة . السياقية وسلوكيات المستخدمين، من خلال معاملة البيانات التاريخية للمستخدمين كوثائق نصية

في   التعليمية  المواد  تكييف  التركيز بشكل خاص على  تطبيقات حقيقية مع  المساهمات من خلال نماذج  على هذه 

 .ياقالبيئات المحيطية الحساسة للس

 

 :الكلمات المفتاحية

الذكاء المحيطي، الأنظمة المحيطية الحساسة للسياق، تكييف الوثائق المتعددة الوسائط، التعلم اللامكاني، بيانات  

 .المستخدمين التاريخية، التخصيص، آلية تعلم القواعد، التحليل الدلالي الكامن
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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 l'intelligence ambiante a transformé les 

interactions des utilisateurs avec les dispositifs et l'accès aux contenus numériques, favorisant 

l'émergence de systèmes pervasifs sensibles au contexte. Ces systèmes visent à 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 déjà; elles se répartissent en quatre grandes catégories : l'adaptation côté 

client, l'adaptation côté serveur, l'adaptation basée sur un proxy et l'adaptation de pair à pair. 

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 l'adaptation multimédia en permettant une prise de 

décision éclairée et en soutenant la personnalisation. Cette thèse répond à ce besoin en 

proposant un cadre d'adaptation des documents multimédias dans les systèmes sensibles au 

contexte, intégrant les données historiques des utilisateurs. Les principales contributions de ce 

travail sont triples. La première contribution propose un modèle d'adaptation efficace qui 

utilise les données historiques des utilisateurs pour améliorer l'accessibilité, l'utilisabilité et la 

personnalisation des contenus multimédias dans les systèmes sensibles au contexte. Le modèle 

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 côté client, basé-proxy et côté serveur. L'objectif est 

d'améliorer les processus d'adaptation grâce à des tâches d'apprentissage automatique et de 

recommandation. La deuxième contribution de ce travail est un mécanisme d'apprentissage 

des règles qui exploite des algorithmes d'apprentissage automatique — tels que ECLAT, le 

recouvrement séquentiel, FP-Growth et les arbres de décision — pour personnaliser les règles 

d'adaptation à partir des données historiques des utilisateurs. En utilisant des techniques 

d'apprentissage non supervisé, le système prédit les actions d'adaptation en fonction des 

comportements passés des utilisateurs face aux changements de contexte, sans nécessiter de 

jeux de données pré-entraînés. La troisième 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 système découvre 

des structures sémantiques cachées, améliorant la diffusion des contenus et la personnalisation 

de l'expérience utilisateur grâce à une compréhension approfondie du contexte. Ces 

contributions sont validées par des prototypes réels et des applications, en mettant 

particulièrement 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 système 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, systèmes pervasifs sensibles au contexte, adaptation de documents 

multimédias, apprentissage ubiquitaire, données historiques des utilisateurs, personnalisation, 

mécanisme d'apprentissage des règles, analyse sémantique latente. 
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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) Utilizing 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. 

• Advantage: Reduces the load on client devices. 

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

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

adaptation process. 

• Advantage: Enables greater reactivity for the devices. 

• 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. 

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

• Drawback: Involves significant communication overhead. 

(4) Peer to peer (P2P) adaptation: Adaptation tasks are distributed across multiple peers 

in a decentralized manner. 

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

• 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) Data location: 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 

element 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 latent 

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. Similarly, our approach treats each user'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 primary 

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 validation 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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2.  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 user’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. 
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2. Ambient Intelligence 

In the rapidly advancing technological era, ambient intelligence (AmI) 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 AmI, 

the key elements that make these systems functional, and a comparison of AmI with other 

closely related paradigms, mainly pervasive and ubiquitous systems. 

2.1 Principle of Ambient Intelligence 

AmI is a computing paradigm designed to create smart and responsive environments that 

adapt to human needs and preferences. The core idea behind AmI 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 (AI) algorithms. Therefore, 

AmI 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. AmI-based systems are characterized by several key features, the most important 

of which are as follows [12]: 

– Proactivity: AmI systems are proactive, anticipating and fulfilling user needs without 

explicit input. They can autonomously provide relevant information and initiate 

actions based on users' experiences, preferences, and other factors. 

– Context-awareness: AmI 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: AmI systems can adapt their behavior and functionality to meet users' 

preferences and requirements, offering personalized responses and services based on 

past experiences. 

– Seamlessness: AmI 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 

AmI 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]. 
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– Ubiquitous and pervasive computing: Ubiquitous and pervasive computing form 

the foundation of AmI. They involve the integration of computing devices into 

everyday objects and environments, making technology pervasive and seamlessly 

accessible. This omnipresent computing power enables AmI systems to observe, 

understand, and respond to human activities, needs, preferences, etc. 

– Sensor and actuators: AmI 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 AmI 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 AmI applications, enabling a more personalized user experience. 

– Artificial intelligence: AmI systems use AI 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: AmI 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. 

 

Figure 2.1. Relationship between AmI and other research areas [12]. 
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It is important to note that although AmI 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 AI are all relevant, but none of them independently 

define the concept of AmI. Rather, it is the concept of AmI 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 (AmI) 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 (AI) to 

analyze context and predict behaviors. With a strong human-centric approach, AmI 

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: 

• Pervasive systems emphasize infrastructure and technology's omnipresence. 

• Ubiquitous systems focus on making computing invisible and intuitive. 

• Ambient intelligence builds on both, adding AI-driven adaptability and proactivity. 

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

and AmI-based systems. 

Feature Pervasive systems Ubiquitous systems Ambient 

intelligence 

Primary Goal Seamless integration 

into the environment. 

Invisible and natural 

computing presence. 

Intelligent, adaptive 

environments. 

Focus Infrastructure and 

connectivity. 

User experience and 

natural interaction. 

AI-based adaptation 

and intelligence. 

Key 

Technologies 

IoT, middleware, 

networking. 

IoT, context-

awareness, wearables. 

AI, machine learning, 

sensors. 

Application 

Examples 

Smart environments, 

healthcare systems. 

Location-aware apps, 

smart assistants. 

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 What is 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 comprehensively 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 et al. [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] 

places, identities of proximate individuals, objects, and changes to those objects over 

time. 

Schilit et al. [17] the constantly evolving execution environment. 

Brown et al. [18] the location, the identities of individuals surrounding the user, the time of day, season, 

temperature, etc. 

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, 

situation, 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 comprehension. 

Chaari et al. [24] the set of parameters external to the application that can influence its behaviour 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 'context' 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.  

Reference Context-awareness essence 

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

Schilit and 

Theimer [16] 

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. 

[18] 

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

the user's context. 

Chaari et al. 
[24] 

context-aware systems are those capable of sensing the user's situational context within 
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. 

[27] 

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

context sensing. 

Lieberman 

and Selker [28] 

in contrast to traditional applications that obtain explicit input data from users to 

generate explicit output, a context-aware application additionally considers implicit data, 

typically gathered autonomously. 

Burrell and 

Gay [29] 

the use of environmental features, such as user's location, time, identity, and activity, to 

make 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 

autonomously. 

Abbas et al. 

[32] 

context-aware systems can provide users with information that is relevant and tailored 

to their needs, as well as the context that affects their behavior during interactions with 

information systems. 

Christopoulou 

[33] 

a mobile application is considered as context-aware when it utilizes context to deliver 

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 behaviors 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 

Wireless 

Networked 

Location-aware 

Security 

Ubiquitous 

Interactive 

Interoperable 

Distributed 

Scalable 

Integrated 

Context-aware 

Personalized 

Adaptive 

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]. 

 

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: 

• Computing context: The networked and computing environment. 

• User context: The user's location and related conditions. 
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• Physical context: The physical environmental factors. 

– Chen and Kotz [38] defined two categories: 

• Active context: Elements that directly affect application behavior. 

• 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: 

• Material context: Includes location, devices, and existing platforms. 

• Social context: Includes relationships among individuals. 

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

• Primary context: includes information about location, identity, time, and 

behavior. 

• Secondary context: Includes information inferred from primary context. 

– Hofer et al. [40] defined two types: 

• Physical context: Accessible via physical sensors (e.g., temperature, 

humidity). 

• Logical context: Involves interaction information, such as the user's 

emotional state and intentions. 

– Henricksen [41] classified context into four categories: 

• Sensed context: Information directly perceived by sensors, such as 

temperature or humidity. 

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

identifiers or personal identity. 

• Profile context: Information that changes infrequently, such as sensor 

location or user status. 

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

distance between two sensors. 

– Razzaque et al. [42] proposed a taxonomy with six categories: 

• User context: Includes user profiles, identity, and interactions with others. 

• Physical context: Integrates physical environmental information, such as 

location, temperature, and noise level. 
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• Network context: Provides network details such as connection, bandwidth, 

and protocols. 

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

movements or environmental changes. 

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

battery level). 

• Service context: Encompasses the features and functionalities provided by 

the system. 

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

influencing a user's situation: 

• Surroundings: Includes time, location, etc. 

• Application: Encompasses software, hardware, etc. 

• Individual: Covers identity, preferences, etc. 

– Geihs and Wagner [44] assert that contextual information includes: 

• The state of execution environment. 

• The state of computing device. 

• 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. 

• 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 user's location can be represented by the following key-value pairs: "latitude: 

37.8849" and "longitude: -122.1564". This model is particularly 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]. 

• 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]. 

• 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]. 

• 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]. 

• 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 

criterion 
Key-value Logic Graphical 

Markup-

scheme 

Ontology-

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. 

 

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

5.1 Sensing 

Sensing is 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: sensors 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 user's current situation and needs. This layer aims to provide suitable 

responses to users and the environment. It comprises two components: storage 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]. 

• Synchronous mode: The client requests context changes via remote method calls by 

sending a message and waiting for a response. 

• Asynchronous mode: Clients subscribe to particular events of interest and are 

notified immediately when those events occur. 
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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 thinking 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: 

• 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. 

• 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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• Advertising: 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]. 

• 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. 

• 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]. 

• 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].  

• 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-aware 
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algorithms identify deviations from normal patterns and trigger appropriate responses, 

reducing hospital readmissions and improving patient outcomes [51]. 

• 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]. 

• 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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3.  CHAPTER III 

 

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 content’ 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]: 

• 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. 

• Audio: Encompasses sound-based contents such as speech or music. Examples of 

formats for this media type includes MP3, OGG, or WMA files. 

• 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]. 

• 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]. 

• 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. 

• 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: temporal, 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. 

 

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. 

 

Figure 3.2. Temporal dimension of  a typical multimedia document [56]. 

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]. 

 

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]. 

 

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 l1, l2 and l3. 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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Figure 3.5. Hypermedia dimension of  a typical multimedia document [56]. 

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 XML-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 reuse 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 JavaFX, Java3D, and 

AWT/Swing for Java. Combined with CSS and JavaScript, HTML5 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 Three.js and PixiJS, 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 

XML-based language 

designed for multimedia 

presentations, allowing 

synchronization of 

different media types 

(audio, video, images, and 

text). 

• Time-based 

synchronization. 

• Accessibility features like 

subtitles and captions. 

• Lightweight and cross-

platform. 

• Web-based multimedia 

presentations. 

• Interactive tutorials and 

slideshows. 

NCL  An XML-based language 

specialized for interactive 

multimedia applications, 

particularly in Digital TV 

systems (ISDB-T). 

• Advanced interactivity and 

event-driven multimedia. 

• Support nested 

multimedia elements and 

hierarchical structures. 

• Integration of distributed 

content. 

• Interactive TV 

applications. 

• Complex multimedia 

projects requiring high 

interactivity. 

 

SVG An XML-based language 

for describing 2D vector 

graphics, animations, and 

text. 

 

• High-quality vector 

graphics. 

• Animation and 

interactivity using SMIL 

animations or 

JavaScript. 

• Integrates well with web 

technologies. 

• Graphics-intensive 

multimedia 

presentations. 

• Interactive diagrams and 

charts. 

 

X3D An XML-based language 

for defining interactive 

3D graphics and 

multimedia scenes. 

 

• Rich support for 3D 

modeling. 

• Can integrate 2D media 

with 3D environments. 

• Interactive capabilities 

• Multimedia presentations 

with 3D components. 

Virtual reality or augmented 

reality experiences. 

DITA An XML-based 

framework for authoring 

and publishing structured 

content, including 

multimedia elements. 

• Content reuse and 

modularity. 

• Integration with 

multimedia for technical 

documentation. 

• Multimedia-embedded 

technical documents. 

• Content-driven 

presentations. 

XHTML+ 

SMIL 

Combines XHTML for 

text and layout with 

SMIL for multimedia 

synchronization. 

• Unified framework for 

web and multimedia 

content. 

• Enhanced compatibility 

with browsers. 

• Web-based 

multimedia 

content 

blending text 

and 

synchronized 

media. 

Other 

tools 

Programming languages 

and dedicated tools 

• Dedicated libraries 

• Generating tools 

• Various 

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]. 

 

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: local adaptation and global adaptation. 

▪ Local adaptation: Local adaptation applies to individual media objects separately by 

performing physical transformations. It includes three main operations: transmoding, 

transcoding, and transformation (see Figure 3.7) [76], [77]. 

 

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]. 

 

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]. 

 

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]. 

 

Figure 3.10. Transformation of  an image from 40×40 pixels to 20×20 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 Hypermedia adaptation that modifies navigation links or relationships 

between objects.  

 

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). 

 

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: cost and benefit. 

• Cost parameters: Characteristics of the adaptation services, such as price, response 

time, reliability, etc. 

• 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: sensing, 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. 

• 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. 

• Context reasoning: High-level context data is analyzed to identify 

constraints or conflicts that may hinder playing the documents properly. 

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 "if ... then" rules (e.g., If (the user 

is in a public place), then mute the audio and enable subtitles). 
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• 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. 

c) 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).  

• 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 Bus 
Auditory contents should not be 

played 
Exclude audio 

Language Spanish The content cannot be understood  
Language 

translation 

User activity Driving Hands and eyes cannot be used 

properly 

Voice-commands 

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. 

[93] 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. 

[94] 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. 

[95]  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. 

[96] Server-side A server-side approach which present a service-oriented 

framework for media streaming and digital item 

adaptation.  

[90] 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 various 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 over-

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. 

[106] 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 user'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 

user'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.  

[116] 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 ubiquitous 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: learning objects and learning context. Figure 3.15 

illustrates the general architecture of a u-learning system. 

 

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 [106]. 

Continuum Preference Learner style 

Sensing-

intuitive 

How the learner takes in 

information 

- Sensing: the learner likes better concrete and practical 

thinking, and is interested in facts and procedures 

- Intuitive: the learner likes better conceptual thinking, 

and is interested in theories, definitions, and 

meanings 

Visual-

verbal 

How information is 

presented to the learner 

- Visual: the learner likes better visual representations, 

figures, diagrams, and flowcharts 

- Verbal: the learner likes better written and oral 

explanations 

Active-

reflective 

How the learner 

processes information 

- Active: the learner likes better to try things and to 

experiment with new concepts 

- Reflective: the learner likes better to learn individually 

and to think before trying. 

Sequential-

global 

How the learner 

organizes himself and 

progresses to understand 

the information 

- Sequential: the learner likes better linear thinking and 

orderly learns in small incremental steps 

- Global: the learner likes better holistic thinking and 

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: the adaptation based on instructional context 

information and the adaptation based on non-instructional context information [106]. 

 

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. 

 

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. 



 

55 

 

Chapter IV 

Management of historical data in context-aware MDA processes 

Summary 

 

1. Introduction .................................................................................................................... 56 

2. Involving Historical Users Data in Context-Aware MDA Processes..................... 57 

3. The General Architecture of the Proposed HUD Manager .................................... 58 

4. Implementation of the Proposed Approach .............................................................. 61 

4.1 Context Sensing .............................................................................................................. 61 

4.2 Reasoning on the Context ............................................................................................. 62 

4.3 Execution of the Adaptation Actions ......................................................................... 63 

4.4 Hardware and Software Configuration ....................................................................... 64 

5. Results and Discussion .................................................................................................. 66 

5.1 Formatting and Storing the HUD................................................................................ 66 

5.2 Performance Analysis .................................................................................................... 68 

5.2.1 Running Time and Data Size Measurements ......................................................... 68 

5.2.2 Comparison of the Proposed HUD Management Methods ............................... 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. Conclusion ....................................................................................................................... 76 
 

 

 
 

 



 

56 

7.  

    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: 

• The first type of HUD concerns the multimedia documents consulted by emphasizing 

on general information about users and resources accessed.  

• 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 it 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 rely 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). 

c) 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. 

 

Figure 4.1. Detailed architecture of  the proposed component. 

The proposed HUD manager interacts with MDA processes via the Thinking layer, as illustrated 

in Figure 4.1. This layer includes context-reasoning and decision-making modules, which 

forms the core intelligence of the adaptation system. 

• 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). 

• 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 entries. 
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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: trigger-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 

N
o

n
-in

stru
ctio

n
al 

Physical 
Noise value ≥ 0 

Sensors 
Luminosity value ≥ 0 

Computational 

Battery level level ∈ [0, 100%] 

Device 

CPU load load ∈ [0, 100%] 

Memory usage usage ∈ [0, 100%] 

Screen size (width, height) (inch) 

Smart TV availability ∈ {available, unavailable} 

Network 
Bandwidth (value ≥ 0) 

Type ∈ {WI-FI, mobile data, …} 

Temporal Time (date, time) Device 

User 

Preferred language list of languages 
Profile 

Agenda list of timed tasks / places 

Location Lis of places {home, lab, public place, …} Profile  

In
stru

ctio
n

al 

Sensing-intuitive {sensing, intuitive} 

Profile 

Visual-verbal {visual, verbal} 

Active-reflective {active, reflective} 

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: the qualification 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 

Noise 

v < vmin Quiet 

v ∈ [vmin, vmax] Less noisy 

v > vmax Noisy 

Luminosity 

v < vmin Penumbra 

v ∈ [vmin, vmax] Luminous 

v > vmax Very luminous 

Battery level 

v < vmin Low 

v ∈ [vmin, vmax] Medium 

v > vmax Full 

CPU load 

v < vmin Loaded 

v ∈ [vmin, vmax] Medium 

v > vmax Over loaded 

Memory usage 

v < vmin Loaded 

v ∈ [vmin, vmax] Medium 

v > vmax Overloaded 

Screen size 
v < vmin Narrow 

v ∈ [vmin, vmax] Wide 

Network Bandwidth 
v < vmin Week 

v ≥ vmin Strong 

Time 
v ∈ [Tmin, Tmax] Day 

v ∉ [Tmin, Tmax] 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 "if (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 if (public place or noisy environment) then Speech to text 

R2 if (very luminous environment) then Contrast adjustment 

R3 if (low battery or overloaded memory) then Speech to Text 

Video to images 

R4 if (inappropriate language) then Language translation 

R5 if (overloaded CPU) then Format change 

Video to images 

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

R7 if (busy agenda) then Summarize text 

R8 if (communication bandwidth is bad) then 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., 

[126], [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 user'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 WiFi 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: 

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

– Yandex translate (available at: [https://tech.yandex.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 NoSQL databases, which operate 

independently of specific data analysis frameworks to allow for a comparative evaluation. 

• On the one hand, relational databases efficiently handle structured data, offering 

robust storage and retrieval functionalities 

• 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. 

https://cloud.google.com/speech-to-text/
https://tech.yandex.com/translate/
https://www.ffmpeg.org/
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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: 

• SQLite is used for client-side methods  

• 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) Performance 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. 

• Case Study 1: Validation Scenario 

Mr. Ahmed is a medical-researcher at University and frequently connects to medical forums for discussion. 

Given the nature of his activities, Ahmed 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; 

it consists of text, audio, image and video contents, as illustrated in Figure 4.3. 
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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 language. As a 

result, Rules Ri = 1, 3, 4 (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": 

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

"mobile data", "network_bandwidth": "good", "smartTV": "unavailable", "noise": "quiet", 

"luminosity": "luminous", "time": "9:33:54", "video_in_TV": "false", "language_translate": 

"true", "txt_summarize": "false", "speech2txt": "true", "contrast_adjust": "false", 

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

 

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: 

• Subfigures (a) and (b) plot the average time required to insert a new entry into DBs. 

• Subfigures (c) and (d) plot the average time required to retrieve entries from DBs. 

• 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 linearly 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 linearly 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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(a) Time to insert one entry (client-side methods). 

 
(b) Time to insert one entry (server/proxy). 

 
(c) Time to retrieve data (client-side methods). 

 
(d) Time to retrieve data (server/proxy methods). 

 
(e) Data size in client-side methods. 

 
(f) Data size in server/proxy methods. 

Figure 4.5. Performance analysis results for processing HUD. 
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Overall, 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: 

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

DBs. 

• It also could not load more than 150,000 entries into memory when using NoSQL 

DBs. 

2) Proxy-based limitations: 

• 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: 

• Data storage and retrieval: Optimizing the capacity and speed of storage systems. 

• Data analysis: Ensuring algorithms can handle large datasets effectively. 

• 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 analysis, 

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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Criterion Overview 
Influencing 

factors 

Qualitative evaluation values 

High 

value 

Mediocre 

value 

Low value 

Data volume Data volume the 

system can process 

(storage and retrieval). 

Computation 

resources 

Number of 

users 

Data size 

Big data Large Small 

Data 

performance 

Performance for 

storing / retrieving 

large volumes of data. 

Excellent Good Average 

Data retrieval Ability to load large 

volumes of data for 

processing. 

Excellent Average Limited 

Data analysis Computational ability 

to perform analysis 

tasks upon HUD. 

Easy Feasible Difficult 

Scalability Number of users the 

system can handle. 

Scalable Less scalable Not scalable 

Data sharing Ability to share HUD 

among users to 

enhance experiences. 

Number of 

users 

Suitable Less suitable Unsuitable 

Data security Ability to deal with 

privacy and security of 

users' data. 

HUD storage 

location 

Strong Weak Very weak 

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 Big data Excellent Excellent Easy Suitable Scalable 

P-2-P Weak Small Average Limited Difficult Less suitable Less 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 

management 

T
e
c
h

n
ic

a
l 

d
e
ta

ils 

HUD 

involved 

HUD use 

F
le

x
ib

ility 

adaptation of 

multimedia content 

(movies) to users' needs 

in smart homes [124] 

Client-side Yes No Context 

values 

Multimedia 

contents 

multimedia 

content 

recommendation 

No 

personalized 

recommendation system 

for learning materials in 

an ubiquitous learning 

environment [125] 

Server-

side 

No No Learner 

profile 

Learner 

model 

learning materials 

recommendation 

No 

context-aware 

middleware supporting 

reasoning mechanisms 

for user interaction in 

cultural spaces  [35] 

Server-

side 

Yes Yes Context 

values 

Users actions 

user interaction 

enhancement 

No 

Our proposal is a 

context-aware MDA 

architecture 

supporting reasoning 

mechanisms on 

context and HUD 

Adaptable 

to all 

categories 

Yes Yes Context 

values 

Adaptation 

actions 

Efficient 

multimedia 

content 

adaptation 

Yes 

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 Big data 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 his smartphone – a paid and limited service. To minimize 

mobile data consumption, he always asks the system to adapt the documents by converting media objects to 

low-quality format. 
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– Scenario 2: Mrs. Sarah is a university student. Back home, she always revises her online courses using 

her 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 comprehension. 

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. 

 

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.. n according to user id; here 

n represents the total number of users. 

3) Conflicts and adaptation action analysis: the elements of each subpart Oi=1.. n, 

denoted by Ii={oij}, are analyzed. The analysis extracts associated conflicts and 

adaptation actions in each subpart Oi=1..n through the following backtracking algorithm. 
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Backtracking algorithm 

Input variables: 

• Let X = (x1, x2, …, xm) be a vector where each element xi ∈ X corresponds to a 

context element; m is the number of context elements. The possible values for xi 

include all qualitative values for the corresponding context element in addition to 

the null value. For example, if xi represents battery level, then Domain (xi) = {null, low, 

medium, full}. 

• Let A = {a1, a2, …, ak} represent the set of adaptation actions, where k is the total 

number of actions. Each aj=1..k ∈ A can be 0 or 1, indicating whether adaptation 

action aj 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 a ∈ A. When the confidence degree of any 

given combination (x, a) exceeds a threshold T, it will be considered as a personalized rule 

for the ith user. 

Confidence degree: 

The confidence degree is defined as the ratio of: 

• the number of objects in Ii={oij} that include non-null values from vector x and 

executed actions from set a 

• the total number of objects in Ii={oij} containing all non-null values from vector x. 

Rule format: 

The resulting rules are expressed as: 

• IF (⋀ ci
 |x|
 i = 1   ∈ x / ci ≠ null) THEN vj=1..k ∈ a where vj = 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 if (internet data is limited) then Format change Scenario 1 95% 

R2 if (night time and busy agenda) then 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: 

• 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. 

• 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). 

• 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: 

• 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. 

• 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. 

• 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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8.  CHAPTER V 

 

Rule-learning for the personalization of 

adaptation actions 

 

 

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]. 

• 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.  

• 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. 

• 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 other. 

– 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: the 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: 

• 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: 

• 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 [136]. 

• 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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• Medical Diagnostics: ARM helps to identify relationships between symptoms, 

diseases, and treatments to improve diagnostic accuracy and decision-making. 

• 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 underlying 

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(t2) 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]. 

• 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. Iteration: 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:   Frequent itemsets 𝐹 

Procedure ECLAT: 

1. Initialize 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({ }, 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒𝑐𝑙𝑎𝑠𝑠) 

𝑷𝒓𝒐𝒄𝒆𝒅𝒖𝒓𝒆 𝐷𝐹𝑆(𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑖𝑡𝑒𝑚𝑠𝑒𝑡, 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒𝑐𝑙𝑎𝑠𝑠): 

    𝐹𝑜𝑟 𝑒𝑎𝑐ℎ 𝑖𝑡𝑒𝑚 𝑖 𝑖𝑛 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒_𝑐𝑙𝑎𝑠𝑠: 

      a. 𝑁𝑒𝑤_𝑖𝑡𝑒𝑚𝑠𝑒𝑡 =  𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑖𝑡𝑒𝑚𝑠𝑒𝑡 ∪ {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. 

• 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, ∅). 

Procedure 𝑅𝑒𝑐𝑢𝑟𝑠𝑖𝑣𝑒𝐹𝑃(𝑇𝑟𝑒𝑒, 𝐻𝑒𝑎𝑑𝑒𝑟𝑇𝑎𝑏𝑙𝑒, 𝑃𝑟𝑒𝑓𝑖𝑥): 

For each item 𝑖 in 𝐻𝑒𝑎𝑑𝑒𝑟𝑇𝑎𝑏𝑙𝑒 (processed in reverse order): 

     𝑁𝑒𝑤_𝑝𝑟𝑒𝑓𝑖𝑥 =  𝑃𝑟𝑒𝑓𝑖𝑥 ∪ {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: 

• Eliminates candidate generation, this process enhances efficiency and scalability, 

particularly for extensive datasets. 

• Requires only two database scans and avoids the need for generating candidate itemsets, 

making it suitable for large datasets. 

• Handles high-dimensional data effectively. 
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• Capability to manage high-dimensional data and is applicable for both frequent itemset 

mining and association rule mining [5]. 

• 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: 

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

• 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. 

 

Figure 5.1. Example of  a typical decision tree. 

• 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. 

• Types of Decision Tree Algorithms  

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

• ID3 (Iterative Dichotomizer 3): Focuses on information gain for selecting attributes. 

• C4.5: An improvement over ID3 with support for continuous variables and pruning. 

• CART (Classification and Regression Tree): Uses the Gini index for splits and is 

applicable to both regression and classification tasks. 

• CHAID (Chi-squared Automatic Interaction Detector): Employs the Chi-square test 

for categorical variables. 

• QUEST (Quick Unbiased Efficient Statistical Tree): Specializes in linear 

combinations for binary splits. 

• MARS (Multivariate Adaptive Regression Splines): Extends decision trees for 

regression tasks. 

Algorithm 
Measure for variable 

selection 

Input 

variables 

Split at each 

node 
Pruning 

Dependent 

variable 

ID3 Entropy and info-gain  Categorical 
Greedy, highest 

Information Gain 
No Categorical 

CART Gini Index 
Categorical/ 

Continuous 

Binary (linear 

combinations) 

Pre -

pruning 

Categorical/ 

Continuous 

C4.5 Entropy and info-gain  
Categorical/ 

Continuous 
Multiple 

Pre -

pruning 

Categorical/ 

Continuous  

CHAID Chi-Squared Categorical Multiple 
Chi-

square  
Categorical 

QUEST 
Chi-square (categorical); Jway 

ANOVA (continuous).  

Categorical/ 

Continuous 

Binary (linear 

combinations) 

Post-

pruning  
Categorical 

Table 5.1. Comparison of  common decision tree algorithms based on the specified criteria. 
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• 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) =  − ∑ 𝑷𝒊

𝒄

𝒊=𝟏

𝒍𝒐𝒈𝟐(𝑷𝒊)                   (𝟏)  

In this context, 𝑷𝒊 represents the proportion of the dataset belonging to 𝒊𝒕𝒉 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):  

𝑮𝒂𝒊𝒏 (𝑺, 𝑨) =  𝑬𝒏𝒕𝒓𝒐𝒑𝒚 (𝑺) − ∑
|𝑺𝒗|

|𝑺|
𝑬𝒏𝒕𝒓𝒐𝒑𝒚 (𝑺𝒗)

𝒗∈𝑽(𝑨)

      (𝟐)  

Here, 𝑺𝒗 is the subset of 𝑺 corresponding to the value 𝒗 of attribute 𝑨, and 𝑽(𝑨) is the range 

of 𝑨 [148]. 

• 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  (if-then) 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 income > $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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• 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 

conquer heuristic. 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. 

• 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 [156]. 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: 

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

o Rule Creation: use a standard rule induction process, guided by a quality metric (e.g., 

accuracy or coverage), to add conditions iteratively. 

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

dataset. 

o 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 (Antecedent) THEN (Consequent)" 

rules, where: 

– Antecedent: conjunctive conditions on context values. 

– Consequent: the corresponding adaptation actions. 



Chapter 5                                                Rule-learning for the personalization of adaptation actions 
 

90 

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 

CE1 CE2 ......... CEn Action 1 Action 2 ......... Action m 

V11 V21 ......... Vn1 {yes/no} {yes/no} {yes/no} {yes/no} 

. . . . . . . . 

. . . . . . . . 

V1k V2k ......... Vnk {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 𝑣𝑎𝑙𝑢𝑒𝑠 𝑖𝑛 𝐹𝐼 } 

        - 𝐶 =  {𝑎𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝐹𝐼 } 

    If both 𝐴 and 𝐶 are non-empty: 

        Add rule "IF (𝐴) THEN (𝐶)" to Rules. 

Procedure 𝐷𝐹𝑆(𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑖𝑡𝑒𝑚𝑠𝑒𝑡, 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒_𝑐𝑙𝑎𝑠𝑠): 

For each item 𝑖 in equivalence_class: 

   𝑁𝑒𝑤_𝑖𝑡𝑒𝑚𝑠𝑒𝑡 =  𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑖𝑡𝑒𝑚𝑠𝑒𝑡 ∪  {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 ∪  {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 𝑟 using the function 𝐿𝑒𝑎𝑟𝑛𝑂𝑛𝑒𝑅𝑢𝑙𝑒(𝑳𝒐𝒈_𝒅𝒂𝒕𝒂, 𝐴). 

If  𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦(𝑟) ≤   𝑚𝑖𝑛𝑆𝑢𝑝𝑝𝑜𝑟𝑡,  stop. 

𝑅 = 𝑅 ∪ {𝑟}.  

Remove instances from 𝑳𝒐𝒈_𝒅𝒂𝒕𝒂 that are covered by 𝑟. 

Return 𝑅. 

Function 𝐿𝑒𝑎𝑟𝑛𝑂𝑛𝑒𝑅𝑢𝑙𝑒(𝑳𝒐𝒈_𝒅𝒂𝒕𝒂, 𝐴): 

             Initialize an empty rule 𝑟. 

             While 𝑟 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 𝑟. 

         For each instance in 𝑳𝒐𝒈_𝒅𝒂𝒕𝒂, check whether it satisfies the condition rule 𝑟.  

    Return 𝑟. 

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 Ai, we search for rules 

that exclusively cover tuples from this action and not any other adaptation actions. The 

learning process includes the following operations: 

• Initialization: This step has the same role as in the basic version of the sequential 

covering algorithm, starting with an empty rule set. 

• Rule Generation: The algorithm selects an uncovered adaptation action from the 

HUD and generates a rule to cover it. 

• Rule Refinement: The algorithm iteratively refines a generated rule by adding 

conditions to it. 
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• 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. 

• 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) −

∑
|𝐴𝑡𝑡𝐸𝑥𝐴𝑣|

|𝑇𝑜𝑡𝑎𝑙𝐴𝑡𝑡𝑁|
𝐸𝑛𝑡𝑟𝑜𝑝𝑦(𝐶𝑜𝑛𝑡𝑒𝑥𝑡_𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝐴𝑣)𝐴𝑣∈(𝐴𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑉𝑎𝑙𝑢𝑒𝑠)  

   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

𝑇𝑜𝑡𝑎𝑙
log2

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑉𝑎𝑙𝑢𝑒

𝑇𝑜𝑡𝑎𝑙
−

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑉𝑎𝑙𝑢𝑒

𝑇𝑜𝑡𝑎𝑙
log2

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑉𝑎𝑙𝑢𝑒

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 𝐴𝑖 : 

Return (Root node = 𝐴𝑖); 

  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 𝐶𝑖 with the highest Information Gain. 

         Set 𝐶𝑖 as the decision attribute for the root node. 

For each value 𝑣 of  attribute 𝐶𝑖: 

        Create a branch below the root node for value 𝑣. 

         Let 𝑆𝑢𝑏𝑠𝑒𝑡𝐷𝑣 be the subset of  𝐿𝑜𝑔𝐹𝑖𝑙𝑒 where 𝐶𝑖 = 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 − 𝐶𝑖). 

               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 

level 

Screen 

size 
Smart_TV Network Location 

Speech 

to_text 

Video-in -

smart-TV 

Quiet Low Narrow Available WiFI Home 0 1 

Quiet Full Wide Not Available WiFI Laboratoire 1 0 

Quiet Medium Narrow Available WiFI Meeting room 1 1 

L Noisy Medium Narrow Not Available Mobile data Public Place 0 0 

Quiet Medium Wide Not Available WiFI 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 WiFI Meeting room 1 1 

Quiet Medium Narrow 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 WiFI 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)   
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Algorithm 
Rule 
Level 

Generated Rules Description 

ID
3
 (D

e
c
isio

n
 T

re
e
) 

One-
Level 
Rules 

– if (Battery level = Full) then 
(Speech_to_text = 1) 

– if (Screen size = Narrow) then (Video-in-
smart-TV = 1) 

– if (Location = Home) then (Video-in-
smart-TV = 1) 

Single-attribute 
combinations 
that directly map 
to adaptation 
actions. 

Two-
Level 
Rules 

– if (Battery level = Low and Network = 
Mobile data) then (Speech_to_text = 1) 

– if (Battery level = Full and Network = 
WiFi) then (Speech_to_text = 1) 

– if (Location = Home and Screen size = 
Wide) then (Video-in-smart-TV = 1) 

Combinations of 
two attributes 
for more refined 
adaptation 
decisions. 

Three-
Level 
Rules 

– if (Battery level = Full and Screen size = 
Narrow and Network = WiFi) then (Video-
in-smart-TV = 1) 

– if (Noise = Quiet and Battery level = 
Medium and Location = Meeting room and 
Smart_TV = Available) then (Video-in-
smart-TV = 1) 

Complex rules 
involving three 
or more 
attributes to 
maximize 
personalization. 

S
e
q

u
e
n

tia
l C

o
ve

rin
g

 

One-
Level 
Rules 

– if (Battery level = Full) then 
(Speech_to_text = 1) 

– if (Location = Home) then (Video-in-
smart-TV = 1) 

Single-step rules 
that provide 
initial coverage 
for adaptation 
actions. 

Two-
Level 
Rules 

– if (Battery level = Full and Location = 
Meeting room) then (Speech_to_text = 1) 

– if (Network = WiFi and Battery level = 
Full) then (Speech_to_text = 1) 

– if (Battery level = Medium and Network = 
WiFi) then (Speech_to_text = 1) 

Two-attribute 
rules refined 
iteratively to 
improve 
coverage. 

Three-
Level 
Rules 

– if (Battery level = Full and Screen size = 
Wide and Location = Home) then (Video-
in-smart-TV = 1) 

– if (Noise = Quiet and Network = WiFi and 
Screen size = Wide) then (Speech_to_text 
= 1) 

– if (Battery level = Full and Smart_TV = 
Available and Screen size = Narrow) then 
(Video-in-smart-TV = 1) 

Multi-level rules 
that capture 
deeper 
relationships 
between context 
elements. 

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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Algorithm 
Frequent 
Itemsets/Patterns 

Rule 
Level 

Generated Rules 

Eclat 
 

{Noise = Quiet, 
Battery = Medium, 
Video-in-smart-
TV} (Support = 3) 
{Noise = Noisy, 
Battery = Medium, 
Speech_to_text} 
(Support = 2) 
Battery = Medium, 
Smart_TV = 
Available, Video-
in-smart-TV} 
(Support = 2) 

One-
Level 
Rules 

– if (Location = Home) then (Video-in-
smart-TV) 

Two-
Level 
Rules 

– if (Battery level = Full and Screen size = 
Wide) then (Video-in-smart-TV) 

– if (Battery level = Medium and Network 
= WiFi) then (Speech_to_text) 

Three-
Level 
Rules 

– if (Battery level = Full and Screen size = 
Wide and Location = Home) then 
(Video-in-smart-TV) 

FP-
Growth 

 

{Noise = Quiet, 
Battery = Medium, 
Location = 
Meeting room, 
Video-in-smart-
TV} (Support = 2) 
{Noise = Noisy, 
Battery = Medium, 
Location = Public 
Place, 
Speech_to_text} 
(Support = 2) 
{Battery = Full, 
Smart_TV = 
Available, Video-
in-smart-TV} 
(Support = 1) 

One-
Level 
Rules 

– if (Battery level = Full) then 
(Speech_to_text) 

– if (Location = Home) then (Video-in-
smart-TV) 

Two-
Level 
Rules 

– if (Battery level = Medium and Network 
= WiFi) then (Speech_to_text) 

– if (Location = Home and Network = 
WiFi) then (Video-in-smart-TV) 

– if (Battery = Full and Smart_TV = 
Available) then (Video-in-smart-TV) 

Three-
Level 
Rules 

– if (Battery level = Full and Screen size = 
Wide and Location = Home) then 
(Video-in-smart-TV) 

– if (Noise = Quiet and Battery level = 
Medium and Location = Meeting room) 
then (Video-in-smart-TV) 

– 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: ID3 and 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 

– Faster to generate initial rules 
– Easy to interpret and 

understand 
– Maximizes information gain for 

clear decision paths 
– Works well with categorical data 

– Flexible and adaptable 
– Produces high-quality rule 

sets 
– Iterative rule refinement 
– Adapts better to dynamic 

contexts 

Limitations 
– Prone to overfitting with noisy 

or large datasets 

– Slower convergence due to 
iterative learning 

– Computationally expensive 
for large datasets 

Best Use Case 
Best for medium-sized 
categorical datasets where clear 
decision-making paths are needed 

Suitable for dynamic, evolving 
systems that require 
continuous learning and rule 
refinement 

Table 5.7. Comparison between the attribute-based split algorithms. 
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Algorithm Eclat FP-Growth 

Advantages 
– Efficient in finding frequent 

itemsets 
– Focuses on high-frequency 

rules 
– Generates rules based on 

common context 
combinations 

– Simpler data structure 

– Scalable and efficient for large 
datasets due to FP-tree 
structure 

– Generates frequent itemsets 
efficiently 

– Handles both sparse and 
dense datasets 

– Generates more 
comprehensive rules 

Limitations 
– Limited rule complexity 
– Not optimized for decision-

making clarity 
– May miss rare patterns 

– Focuses mainly on frequent 
patterns, missing rare or 
complex rules 

– May generate too many 
redundant rules 

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

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

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 

ID3 
Simple, interpretable 

rules 
Prone to overfitting 

Small to medium-sized 

datasets with clear 

attribute splits 

Sequential 

Covering 

Produces high-

quality rules 

iteratively 

Slower convergence 
Adaptive systems with 

evolving user interactions 

Eclat 

Efficient for 

frequent itemset 

generation. 

Limited rule 

complexity 

Systems focused on 

identifying frequent 

context combinations 

FP-Growth Scalable and efficient 
May generate too 

many rules 

Large-scale systems with 

frequent and complex 

context patterns 

Table 5.9. Summary of  the overall comparison. 
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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: ID3 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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9.  CHAPTER VI 

 

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].   

 

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]. 

 

Figure 6.2. Singular values decomposition technique. 

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

(𝑈, 𝑆 𝑎𝑛𝑑 𝑉𝑇). 

𝐴 =  𝑈𝑚×𝑟 𝑆𝑟×𝑟 𝑉𝑟×𝑛
𝑇          (1) 

Where: 

– A is the initial matrix of dimension 𝑚 × 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 A is decomposed 

into three components: A = U×S×V, where U and V 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 S 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 V. 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 w" may return documents that do not contain the keyword w, but instead phrases 

commonly associated with word w. 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. 

• 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]. 

• 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. 

• 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. 

• 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]. 

• Political 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. 

• 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. 

• 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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Domain Description Examples of  Applications 

Education [5] 

[165] [166] [171] 

Analyzes and evaluates learning 

materials, student progress, and 

conceptual understanding. 

- Automatic essay grading 

- Personalized learning systems 

- Paper evaluation 

Information 

retrieval [172] 

[173] 

Enhances search engines and 

document retrieval by identifying 

semantic relationships among terms. 

- Search engine optimization 

- Document ranking 

NLP , [169],  

[170], [175] 

Improves the understanding of  text 

semantics for various language-

related tasks. 

- Text summarization 

- 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 properly 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. Similarly, 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-LSA analysis, LSA analysis and Post-LSA analysis; its general scheme is given in Figure 6.3. 

 

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-LSA 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. 

• Data Retrieval 

The data analyzer invokes the data retriever to load HUD from the database into memory as 

a log file denoted by LF. 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 LF 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. Each entry (row) i 

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 C2 .... Cg A1 A2 ..... Ah 

Ui V11 V21 .... Vg1 {yes/no} {yes/no} {yes/no} {yes/no} 

. . . . . . . . . 

. . . . . . . . . 

Un V1k V2k .... Vgk {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 

U2 Full Mobile data Narrow Public place Yes No 

U1 Low Mobile data Narrow Bus Yes Yes 

U4 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: 

• Let CXT = (c1, c2, …, cg) be a vector where each element ci ∈ CXT corresponds to a 

context element from log file LF; g is the number of  context elements. The possible 

values for ci 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  ci represents battery 

level, then Domain (ci) = {null, low, medium, full}. 
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• Similarly, let ACT = (a1, a2, …, ah) represents a vector of  adaptation actions, where h 

is the total number of  actions. Each aj=1..h ∈ ACT can be 0 or 1, indicating whether 

adaptation action aj is considered for execution. 

• Let CS = {cs1, cs2,…, csk} be the set of all context situations in log file LF. Each 

contextual situation csv=1..k ∈ CXT × ACT. For instance, context situation cs1 from 

Table 5.3 is represented as follows: cs1 = (U1, Full, Mobile data, Narrow, Public place, 

Yes, No), indicating that learner whose id = U1, 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 g is the number of  context elements considered, h is the number of  adaptation actions, 

and k is the number of  contextual situations. 

• Data Preprocessing 

Each contextual situation csi ∈ 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 csv=1..k ∈ 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 ci ∈ CXT represents battery 

level, then Domain (ci) = {null, low, medium, full}, and the corresponding numerical representation 

of this domain would be Numerical-domain (ci) = {0, 1, 2, 3}. Hence, context situation cs1 from 

Table 6.3 becomes: cs1 = (1, 3, 1, 0, 0, 1, 0). 

• Data Segmentation 

Log file LF is divided into sub-logs LFi= 1.. n according to user id; here n 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. 

 

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 = {t1, t2, … tm} be the set of  m terms. Each term t ∈ T is represented as pair (ci, aj), where 

ci is an element of  the context elements vector CXT, and aj is an element of  the actions vector 

ACT. Semantically, each term t = (ci, aj) is interpreted as the occurrence of  the value of  context 

element ci with adaptation action aj in the same contextual situation in sub-logs LFi=1..n, such 

that aj = 1 (action aj is executed). It is important to note that the number of  terms m depends 

on the number of  actions h, the number of  context elements g, and the cardinality of  the 

domains of  definition of  each context element in vector CXT. 

• 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 ∈ T in each sub-log LFi=1.. n (i.e., number of times that term t 

occurs in each sub-log LFi=1.. n), as shown in Table 5.4. Matrix A is of size (m × n). 

 LF1 (user 1) LF2 (user 2) ……………… LFn (user n) 

t1 Occurrence (t1, LF1) Occurrence (t1, LF2) ……………… Occurrence (t1, LFn) 

t2 Occurrence (t2, LF1) Occurrence (t2, LF2) ……………… Occurrence (t2, LFn) 

. 

. 

. 

………….. 

………….. 

………….. 

………….. 

………….. 

………….. 

……………… 

……………… 

……………… 

………….. 

………….. 

………….. 

tm Occurrence (tm, LF1) Occurrence (tm, LF2) ……………… Occurrence (tm, LFn) 

Table 6.4. The structure of  the occurrence matrix A. 

• Decomposition of the Occurrence Matrix 

The next phase is to decompose the occurrence matrix A using SVD, as discussed in Section 

2, through factorization into three matrices U, S, and V, such that A = U × S × VT. Matrix 

A (m × n) represents the original occurrence matrix, matrix U (m × r) is composed of vectors 

representing latent features of rows (contextual situations), matrix U (r × r) consists of 

singular values indicating the importance of each latent feature, and matrix VT (r × n) is the 

transposed matrix of sub-log vectors indicating the latent features for columns (users). 
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• Extraction of the Compressed Matrix 

We then proceed to generate the compressed matrix A’ by reducing the rank 𝑘 of matrix A 

once the factorization step has been completed. A large amount of information is preserved 

in the reduced matrix A’, which also functions as the most accurate approximation of the 

original occurrence matrix A. Matrix A’ involves eigenvalues according to equation 3: 

A’ = U (k × m) × S (k × k) × V (k × n)   (3) 

4.2.3 Post-LSA Analysis Step 

The last step leverages compressed matrix A’ 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 V1 (x1, x2), or horizontally, denoted 

by V2 (y1, 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. 

• 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.  

𝑐𝑜𝑠(𝑣1, 𝑣2) =
𝑣1, 𝑣2

‖𝑣1‖‖𝑣2‖
=

𝑥1𝑦1 + 𝑥2𝑦2

√(𝑥1
2 + 𝑥2

2)√(𝑦1
2 + 𝑦2

2)
                                     (4) 

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 τ, the degree of similarity between them will take on a different form. 

• 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. 

𝑐𝑜𝑟𝑟(𝑎, 𝑏) =
∑ 𝑖(𝑎𝑖−𝑎)(𝑏𝑖−𝑏)

√∑(𝑎𝑖−𝑎)2√∑(𝑏𝑖−𝑏)2
                                     (5) 

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-LSA analysis includes three phases: data retrieval, data preprocessing, and data segmentation. First, 

log file LF 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: 

• Context elements vector CXT = (location, battery level, screen size, network type). 

• Adaptation actions vector ACT = (Speech-to-text, Contrast-adjustment, Video-in-

Smart-TV). 

• Set of context situations in log file LF CS = {cs1, cs2,…, csk}. 

Where number of context elements considered g = 4, number of adaptation actions h = 3, and number 

of contextual situations k = 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 

element 

Domain of 

definition 

Numerical domain 

of definition 

Context situation 

element type 

c1 Location 

Public place 0 

Context element 

Library 1 

Home  2 

c2 Battery level 

Low 0 

Medium 1 

Full 2 

c3 Screen size 
Narrow 0 

Wide 1 

c4 Network Type 
Mobile data 0 

WI-FI   1 

a1 Speech-to-text 
Yes 1 

Action a2 Contrast-adjustment 

No 0 
a3 Video-in-Smart-TV 

Table 6.5. The resulting numerical representation of  contextual situations. 

• Data Segmentation 

Finally, log file LF is divided into sub-logs LFi= 1.. 5 according to user id, to construct the corpus. 

Figure 6.4 illustrates subparts of the sub-logs resulting from its segmentation.  
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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. 

• Definition of the Dictionary of Terms 

As the corpus constructed in the previous step, we need to define the dictionary of terms 

required for the analysis. The set of terms is defined as T = {t = (ci, aj) / ci ∈ CXT and aj ∈ 

ACT}. Thus, Set T contains m = 30 terms (see Table 5.6).  

• Construction of the Occurrence Matrix 

The resulting occurrence matrix A (m × n) is constructed by calculating the number of 

occurrences of each term t ∈ T in each sub-log LFi=1.. n. Table 6.6 represents part from content 

of Matrix A (due to space limitation). 

Contextual Situation LF1 (user 1) LF2 (user 2) LF3 (user 3) LF4 (user 4) LF5 (user 5) 

t01 = (c1(0), a1) 2 5 2 1 4 

t02 = (c1(1), a1) 2 2 2 1 2 

t03 = (c1(2), a1) 2 4 3 1 1 

……. . . . . . 

……. . . . . . 

……. . . . . . 

t29 = (c4(0), a3) 2 4 0 4 0 

t30 = (c4(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 A using SVD, as discussed in Section 

2, through factorization into three matrices U, S, and V, such that A = U × S × VT. Matrix 

A (m × n) represents the original occurrence matrix, matrix U (m × r) is composed of vectors 

representing latent features of rows (contextual situations), matrix U (r × r) consists of 

singular values indicating the importance of each latent feature, and matrix VT (r × n) 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 VT. 

r 

m 
1 2 3 .............. m/2  m-1 m 

1 -0.1825 -0.2628 0.0184 .............. -0.2087 .............. -0.0722 -0.0297 

2 -0.1132 -0.0455 -0.0609 .............. 0.2989 .............. 0.2391 -0.3909 

3 -0.1476 -0.1224 0.0844 .............. 0.2041 .............. 0.3257 -0.4247 

. . . . .............. . .............. . . 

. . . . .............. . .............. . . 

. . . . .............. . .............. . . 

m -0.2692 0.2623 -0.008 .............. 0.1478 .............. 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 

Table 6.9. Content of  matrix VT. 

• Extraction of the Compressed Matrix 

Compressed matrix A’ is generated by reducing the rank 𝑘 after factorization of matrix A. 

The value for rank k is often fixed empirically (k= 2 in our case). Hence, matrix A’ = Um×k × 

Sk×k × Vk×n. Table 6.10 represents part from the content of occurrence matrix A’. 
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2.411551 4.912235 2.888785 0.553525 3.05729 

1.727022 2.529235 1.732841 1.214037 1.577097 

. . . . . 

. . . . . 

. . . . . 

2.517694 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 CORu (n × n) is calculated; its content is 

given in Table 6.11. This is a symmetrical matrix which represents the similarity degree 

between any two users i and j by value CORu (i, j). 

 User1 User2 User3 User4 User5 

User1 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 6.11. The correlation matrix of  users CORu (n × n). 

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 Thcor. Figure 6.6 illustrates 

the graphical representation of the resulting clusters for users, performed according to two 

value 0.9 for parameter Thcor. 

 

Figure 6.6. The graphical representation of  users clustering. 

Similarly, the correlation matrix of contextual situations CORcs (m × m) is calculated using 

Pearson law. Due to space limitation the content of matrix CORcs (m × m) 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 Thcor. Figure 6.7 illustrates the graphical 

representation of the resulting clusters for contextual situations. 

 

Figure 6.7. The graphical representation of  contextual situation clustering. 

• Discussion 

As illustrated in Figure 6.6, learners Ui=1..5 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 (U1 - Visual-Verbal): Emma shares 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 tj=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 learner'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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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 



Chapter 7                            Conclusions and Future Work 

 

125 

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 



Chapter 7                            Conclusions and Future Work 

 

126 

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: 

(1) 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. 

(2) 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. 

(3) 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. 

(4) 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. 

(5) Leveraging Latent Semantic Analysis (LSA) 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 visitor'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 

visitor. 

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 user'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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• 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. 

• 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. 

(2) 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:  

• 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. 

• 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. 

(3) 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 × n)/(m=30 × n=5). 

Contextual Situation LF1 (user 1) LF2 (user 2) LF3 (user 3) LF4 (user 4) LF5 (user 5) 

t01 = (c1(0), a1) 2 5 2 1 4 

t02 = (c1(1), a1) 2 2 2 1 2 

t03 = (c1(2), a1) 2 4 3 1 1 

t04 = (c1(0), a2) 1 2 3 3 3 

t05 = (c1(1), a2) 3 4 2 1 1 

t06 = (c1(2), a2) 3 3 1 2 2 

t07 = (c1(0), a3) 1 1 1 1 0 

t08 = (c1(1), a3) 1 2 1 4 1 

t09 = (c1(2), a3) 5 4 4 4 2 

t10 = (c2(0), a1) 2 4 3 2 4 

t11 = (c2(1), a1) 3 4 3 1 2 

t12 = (c2(2), a1) 1 3 1 0 1 

t13 = (c2(0), a2) 5 3 3 3 3 

t14 = (c2(1), a2) 2 3 3 2 1 

t15 = (c2(2), a2) 0 3 0 1 2 

t16 = (c2(0), a3) 1 3 3 0 0 

t17 = (c2(1), a3) 0 1 2 6 0 

t18 = (c2(2), a3) 6 3 1 3 3 

t19 = (c3(0), a1) 2 7 5 2 4 

t20 = (c3(1), a1) 4 4 2 1 3 

t21 = (c3(0), a2) 5 7 4 4 3 

t22 = (c3(1), a2) 2 2 2 2 3 

t23 = (c3(0), a3) 5 4 4 6 3 

t24 = (c3(1), a3) 2 3 2 3 0 

t25 = (c4(0), a1) 3 7 5 2 5 

t26 = (c4(1), a1) 3 4 2 1 2 

t27 = (c4(0), a2) 2 5 3 2 3 

t28 = (c4(1), a2) 5 4 3 4 3 

t29 = (c4(0), a3) 2 4 0 4 0 

t30 = (c4(1), a3) 5 3 6 5 3 

Table 1. Content of occurrence matrix A. 
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Table 2 represent the content of matrix U (m × m)/(m=30). 

 

Table 2. Part from the content of matrix U. 
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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 S. 

Table 4 represent the content of the transpose matrix of matrix V (VT matrix). 

-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 VT. 

Table 5 represent the content of the matrix A’. 

2.4116 4.9122 2.8888 0.5535 3.0573 

1.727 2.5292 1.7328 1.214 1.5771 

2.1277 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 

2.4116 4.9122 2.8888 0.5535 3.0573 

1.727 2.5292 1.7328 1.214 1.5771 

2.1277 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 A’. 

Results of Post-LSA Analysis Step 

Table 6 represent the correlation matrix of users CORu (n × n)./ (n =5). 

 User1 User2 User3 User4 User5 

User1 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 CORu (n × n). 
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Table 7 represent the correlation matrix of contextual situations CORcs (m × m)/(m =30). 

 

Table 7. The correlation matrix of users CORu (n × n). 

 

 

 


