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Abstract 

The existing interactive systems tend to still consider a predefined context of 
use for interaction. Stakeholders mainly consider able-bodied users, desktop platforms, 
and stable environments. Conversely, users compose a heterogeneous group. They in-
teract using different modalities and devices in distinct environments, which requires 
appropriate context-aware adaptations. Although adaptation has been largely investi-
gated since the early 90’s, its study has been often constrained. For instance by consid-
ering just one dimension of the context of use (i.e. user, platform or environment), by 
expressing and handling these dimensions in a restrictive approach by using only sim-
ple rules, by adapting just one aspect of an interactive system (i.e. content, presentation 
or navigation). Moreover, the end user benefit not always has the highest priority, 
making end users lost or without control over the adaptation. The existing frameworks 
about context-aware adaptation (CAA) are usually technologically driven, narrow in 
scope or obsolete. Due to these shortcomings, stakeholders have no unified support to 
rely on during the whole development lifecycle of context-aware adaptation. In order 
to address these main issues and aiming to bridge the gap between high-level adapta-
tion goals and implementation of adaptation techniques, this thesis presents a concep-
tual framework for user interface adaptation that integrates the several dimensions that 
simultaneously compose the diversity of contexts of use through users, platforms, and 
environments, and the diversity of aspects of an interactive system, including its con-
tents, presentation and navigation. This conceptual framework, named TriPlet, is 
structured in three core components: a meta-model (CAMM) covering an entire adap-
tation lifecycle, its concepts, properties, associations and constraints, a reference 
framework (CARF) that extensively defines adaptation concepts that support the de-
sign decisions for several application scenarios, and a design space (CADS) for con-
sistently analyzing, comparing and evaluating coverage levels of CAA of user interfaces 
with well-defined criteria. A set of concrete applications demonstrates the usefulness 
of the adaptation concepts expressed by TriPlet, instantiating adaptation concepts as 
stated in the meta-model, in the reference framework and also in the design space. 
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User Interfaces 
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Chapter 1 Introduction 
The progressive growth in the amount and diversity of technological devices avail-

able on the market, besides enabling the interaction with many interactive systems, also in-
creased the variety of user’s profiles. As a consequence, today, the interaction takes place in 
several environments that are both physically and psychologically distinct. This growth in 
the availability of technologies summed with the easier access to Internet connections, easi-
er mobility and portability of devices facilitated the interaction with many different interac-
tive systems. Conversely, these systems are not always able to appropriately handle the spe-
cific requirements posed by such heterogeneity. Thus, there is still a significant gap between 
the actual needs of end users and what technology effectively offers them.  

Aiming at reducing such a gap, the possible contexts of use from which the end us-
ers interact with needs to be carefully considered during the complete development lifecy-
cle of interactive applications, so that the resulting User Interface (UI) of these applications 
is not only suitable for end users, but also convenient to work with in different environ-
ments using different devices and platforms.  

Context-Aware Adaptation (CAA) aims at solving this issue by changing one or 
more aspects of an interactive system according to the context in which end users are lo-
cated. The context involves any information that is relevant to characterize users, plat-
forms, or environments. Such information is useful to define the necessary changes to be 
performed within an adaptation process. Multiple aspects of an interactive system can be 
subjected to these changes, including its navigational flow, its contents, and the UI presen-
tation. 

CAA, when efficiently implemented, provides users with interactive applications 
that are capable of adjusting their characteristics in order to ensure high usability levels. 

1.1 Motivations 

Most of the interactive applications often target at one specific platform and fre-
quently consider that the interaction still occurs in a conventional context of use, i.e., an 
able-bodied user interacting via a unique platform in a stable environment. However, this 
one-size-fits-all approach is not suitable for the current technological scenario. Mainly be-
cause, users, besides composing a heterogeneous group, interact via different devices, from 
distinct environments and using different interaction modes (e.g. touch-based, pen-based, 
auditory modality).  

Users rely on different platforms to consume media. They dynamically choose when 
and how they interact: a user can start to watch a movie on a TV at home, then switch to a 
smart phone on the way to work, and finish watching it on a tablet PC in the evening. Only 
by understanding the cross-platform user behavior and by providing a consistent experi-
ence for multiple platforms, users could have a more reliable interaction, effectively ac-
complishing their interaction goals. In 2012, nearly 33% of the page views in U.K. came 
from smart phones and tablet PC’s [Com13]. Smart phones, PC’s and tablets usage also 
varies according to time (Figure 1). The users tend to prefer to use their tablets between 
8p.m. and 9p.m., their PC’s during working hours (10a.m. to 5p.m.) and smart phones dur-
ing commuting hours (e.g. early morning between 7a.m. and 10a.m.) [Com13]. Although 
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these statistics reflect the current reality specifically in the U.K., the multitude of devices is 
a global trend1. 

Figure 1. Multi-platform usage through the day: smart phones, PC’s and tablets (U.K. February, 

2013). 

[Source: http://www.comscoredatamine.com/2013/02/an-average-monday-in-the-uk-pcs-for-lunch-tablets-

for-dinner/] 

Although 71% of the mobile users expect their applications to load as fast as on their 
desktop PC’s, 57% of them have problems while interacting (concerning for instance per-
formance and formatting issues)  [Equ12]. Most of the mobile users already expect to make 
sacrifices in terms of content depth and feature-richness in exchange for the anytime, any-
place interaction. Besides this, they also expect anytime and quick interaction that works 
flawlessly. Mainly because of the urgent nature of their tasks, such as: checking flight status, 
comparing prices, finding locations of interest, confirming bookings, and making appoint-
ments. 

The variety of scenarios in which the interaction takes place poses challenges for 
both end users and developers, and although researchers and practitioners have been inves-
tigating adaptation in a long term, there are still many open issues to be solved. Adaptation 
is a challenging and dynamic research field, motivating further research to progress in the 
domain and to aid to find effective solutions. 

1.2 Contextualization 

Given the current variety of contexts of use and the frequent absence of adaptation 
in various interactive systems, often the usability level of these systems is not high enough 
for end users, hindering or even preventing their interaction, and sometimes also requiring 

                                                
! "#$$%&'()*" +%" +,-" '.+." &-/%&+-'" 01" +,-" 2)+-&).+(%).3" 4%556)($.+(%)7" 8.&9-+" :-/%&+" ;.+<"

,++/<==7+.9-,%3'-&7>%?$%5>%&*>69=0().&(-7=&-7-.&$,=$5&=$5&!@=($5&=248:A@B!@>/'?C"

"



Chapter 1. Introduction 

19 

users to adapt themselves to the application. An ideal system should adapt to the current 
user decreasing her mental and physical workload [Nor89]. 

From the technological perspective, there is a continuously growing offer of new devic-
es, which on one hand, tends to provide better capabilities, but on the other hand also in-
creases the fragmentation. Device’s capabilities vary in terms of mobility (e.g. dimensions 
and battery life), network access (e.g. Bluetooth and Wi-Fi), quality (e.g. screen resolution 
and sound quality), storage capacity (e.g. memory cards and external hard drives), etc. For 
developers and companies it is difficult to quickly respond to the new requirements posed by 
this evolving landscape of new devices, mainly because there is no unified solution for this 
issue. 

From the end users perspective, an interface should be flexible, plastic [Cal05] and also 
responsive [Mar10] enough to perfectly adjusts itself according to the context of use in 
which the users are located, i.e. optimizing the resource consumption, responding prompt-
ly, providing a high usability level, and also a great user experience. 

From an exploitation perspective, mobile access has been continuously gaining mo-
mentum as a source of revenue. Therefore companies need to better understand how users 
actually access and interact in their different contexts. Delivering fast, reliable and respon-
sive user experiences independently of the device or context of use is critical to embrace. 
However it benefits from the opportunity provided by increased mobile access [Com13]. 

Concerning the context of use, several information dimensions are involved. Users, 
platforms and environments have intrinsic interests and motivations to benefit from CAA, 
and also have different roles, as: 

! Users expect an interface that perfectly suits to their profile, considering possi-
ble impairments, needs, wishes, preferences and constraints, and that also respects their 
confidentiality and privacy. 

! The devices must have an optimal use of their capabilities, which requires their 
characteristics to be known and properly considered in the CAA. 

! The environments provide valuable information for adapting the UI and en-
hancing the end user interaction. Sensors can retrieve relevant information, for instance 
concerning light, noise, and stability levels. 

In spite of the major progress in CAA domain and its significant motivations con-
cerning users, platforms and environments, still many open issues exist in this domain: 

! The published frameworks that cover CAA are usually technologically driven, 
narrow in scope, or currently obsolete. 

! The CAA studies are often constrained to one dimension of context at a time, 
i.e. only user, platforms, or environment is considered, and also to one aspect of an interac-
tive system at a time, i.e. only the content, the presentation, or the navigation is considered. 
Once all these dimensions and aspects are important, they must always be covered in com-
bination.  

! The context dimensions are poorly expressed and handled, because their mu-
tual influences are not always known, they cannot be properly prioritized. 

! Simple rules are often adopted to process CAA. However, this expression 
format does not permit reasoning and inferences that are complex, involving priorities or 
probabilities, thus resulting in a reduced expressiveness and handling capability. 
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! Often other qualities of services are prioritized instead of the end user benefits. 
Given that CAA may cause disruption, making users to feel lost and without control during 
their interaction, the end users’ benefit must be maximized and their disruption minimized. 

! The users often do not have control to intervene in a CAA. Not only should 
the users be able to accept, reject, assess, or change adaptation rules, but also must the sys-
tem be able to learn from their interventions adjusting its adaptation engine and improving 
its performance and accuracy. 

Since the early 90’s, works covering the different façades of adaptation have been re-
ported. Progress has been achieved concerning: models, languages, softwares, and method-
ological approaches. Although there is an extensive list of works in this domain, usually 
they are not integrated, causing, among other issues, inconsistencies in the terminology 
adopted, difficulties in re-use, and incompatibilities in the solutions. Due to the lack of a 
unified methodology for determining when and how CAA must be implemented, the pro-
gress in this domain is considerably delayed.  

Besides this, since the 90’s new devices, technologies, and applications arose, evolved 
and became more popular, such as: idTV’s (interactive and digital television), RIAs (Rich 
Internet Applications), and AJAX (Asynchronous JavaScript and XML). Therefore, not al-
ways the works that cover adaptation are sufficiently updated. 

1.3 Definition 

The word “adaptation” original from the Latin “ad aptare” (to fit to) stands for a 
change that makes something (e.g. a structure, a function or a behavior) suitable to a new 
situation. Adaptation is an adjustment necessary to suit new or special conditions, require-
ments, or needs. 

For interactive systems, adaptation is a process that changes one or more of their 
aspects, for instance concerning the user interfaces (UI’s), the adaptation occurs when cer-
tain contextual characteristics are identified and used to provide purposeful changes at the 
user interface [Bro86].  

For Thies (1994) the increasing complexity of interaction demands for the users’ 
assistance. Adaptive interfaces tailor the interaction of a system according to the individual 
user needs and to the environmental conditions [Thi94].  For Brusilovsky (1996), the adap-
tive systems reflect users’ features in a user model and apply it to adapt various aspects of 
the system to the user [Bru96], for Lorenz et al. (2000) an adaptive system automatically 
adapts its behavior also according to the end user [Lor00]. Although, the user is the most 
important contextual dimension, it should not be considered solely. Also the platform and 
the environment play an important role in the definition of an adaptation process, hinder-
ing, or even preventing the interaction when ignored. 

The context is the adaptation dimension [Bro86] used to define, guide and orient 
the CAA. In general, the context of use consists in any information that is relevant to de-
fine the behavior of an application [Dey00], including, mainly but not only, information 
about the user, the platform and the environment. According to Fischer (2012), the context 
awareness increases the resources on which systems rely to become more human-centered. 

In an adaptation process, the changes affect certain system aspects. Such aspects 
are generally classified in three main categories: navigation, presentation and content 
[Bru01]. The navigation corresponds to the interaction flow, the hierarchical structure of 
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the user tasks, and their properties, as their order and requirements. The presentation varies 
in terms of modality type, and graphical aspects like contrast level, ergonomics and aesthet-
ic metrics. The contents are represented by different UI components, such as: text, images, 
videos, audio and UI elements. 

Within this thesis, we define the context-aware adaptation (CAA) as any change in the 
system aspects due to a specific context. Such a change includes adding, removing, modify-
ing, or replacing one or more system aspects. The aspects here involve any component of 
an application, as contents, presentation, or navigation. And the context involves any char-
acteristic of the scenario in which the user is located interacting with an application, as the 
device properties or the user impairments. 

The main benefit of an efficient CAA is providing users more suitable applications, 
i.e., by sensing the context of use, and modifying the system accordingly, users should have 
a better usability2 level and a better experience while interacting. More specifically, CAA 
aims at easing and simplifying the end user interaction by improving his or her perfor-
mance, minimizing the need to request help, facilitating the system usage, simplifying the 
interaction with complex systems, and also avoiding cognitive overloads for the end users 
[Bro86], [Thi94], [Hoo97], [Lav10]. 

Although the main goal of CAA is to achieve better usability levels, there are many 
challenges and trade-offs involved in providing it. For instance: to perform adaptation fur-
ther processing capabilities are necessary, first to constantly get context information and 
then to dynamically modify the application. This need of additional processing capabilities 
can negatively affect the performance of a given device. For Lum and Lau (2002), the criti-
cal issue in designing an adaptation system is how to determine a trade-off that guarantees 
the desired QoS (quality of service), while continuously getting context information, calcu-
lating, and properly executing adaptations. Besides this, when an application is automatical-
ly adapted, users can feel without control or lost if there is a significant rupture between the 
original and the adapted interface. Another challenge comes because context information is 
extensive, needing thus to be prioritized, however setting the right priorities and finding 
appropriate relevance levels for each context information is not a simple task.  Prioritizing 
context is challenging because there is a large amount of context information that can po-
tentially affect adaptation requirements, and the information that is the most relevant can 
vary according to each specific case [Moh06]. 

1.4 Shortcomings 

There exists an extensive list of works that report about CAA, in both scientific and 
commercial domains. Some examples include adaptation concerning the type of platform 
(e.g., large screen devices [Neb11], mobile platforms [Des10], distributed interfaces 
[Gro05]), the interaction modality (e.g. vocal [Pat11]), application domains (e.g. entertain-
ment [Pat99], e-learning systems [Bru99]), development methods (e.g. lifecycle [Bru07], 
[Lóp08]), qualities involved (e.g. plasticity [Cal05], the user experience [Arh09]), and type of 
content (e.g. video [Dra11]). 
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Although adaptation has been extensively investigated since the early 90’s, most of 
the studies are focused in one specific aspect of the adaptation at a time. For example: the 
architectural approaches [Han04], the platform types [Neb11], the user contexts [Kak10], 
or the content types [Dra11]. Although it is important to deeply investigate all adaptation 
aspects, without an approach that fully covers this domain, in an integrated manner, and 
using a unified methodology, many issues can raise. 

From a conceptual perspective: (i) the terminology adopted by different authors is in-
consistent or ambiguous and (ii) there is no standard abstraction precisely characterizing 
CAA.  From a methodological perspective: (iii) the re-use of works is difficult, (iv) the extensi-
bility of applications is complex, (v) the approaches currently adopted are not flexible 
enough and (iv) the results obtained are often not compatible. From an empirical perspec-
tive: (v) the solutions for CAA are scattered. And from a programmatic perspective: (vi) there 
is no agreed approach and a standard framework that can be universally adopted for im-
plementing CAA. 

Given the heterogeneous scenario in which the interaction with technology current-
ly takes place, with multiple devices available on the market, a growing amount and variety 
of users, a facilitated access to technology, ubiquitous and pervasive applications, it be-
comes evident the need of applications that are prepared to efficiently adapt themselves ac-
cording to context information. For Hanumansetty (2004) adaptation of user interfaces has 
become a necessity rather than a facility, and for Jankowska (2007), the necessity of CAA is 
inevitable. 

Although adaptation has been largely investigated since the early 90’s, there is no 
solution of broad coverage, tackling its multiple aspects simultaneously; due to this fact and 
also to the other shortcomings mentioned above, it becomes evident the need to investi-
gate and to progress with CAA in a wider perspective, enabling the creation of methodolo-
gies that are capable of guiding, supporting and optimizing its implementation during its 
complete lifecycle.  

1.5 Thesis  

To address the aforementioned shortcomings, this thesis aims at: 

A conceptual framework consists of a reusable design, composed, in this case, by 
a model, a reference framework and a design space and a set of implementations that de-
fine how to systematically apply such a framework (in a structured methodological ap-
proach). The framework covers not only the multiple dimensions of the context infor-
mation, but also the multiple aspects of interactive system, i.e. any relevant information 
of the context of use, mainly concerning users, platforms, environments, and application 
domains, and also the aspects of a system that can be subject to the adaptation, as its con-
tents, presentation, and navigation.  

Context-aware Adaptation is composed of different phases, ranging from gath-
ering the context information, to prioritizing, selecting, treating, processing, and using it in 

proposing, defining, developing, and instantiating a multidimensional 
conceptual framework (named TriPlet). TriPlet includes a meta-model 
(CAMM), a reference framework (CARF), and a design space (CADS), 
that provides stakeholders with structured guidance for addressing con-
text-aware adaptation of user interfaces. 
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an efficient manner. The involved strategies to support such phases aim at changing one or 
more aspects of the interactive system. By strategies, we consider: adaptation rules, princi-
ples, techniques, frameworks and models, i.e. all organized in a structured methodologi-
cal approach that systematically supports and guides the definition and the execution of 
CAA. 

Such approach includes the usage of a meta-model and a reference framework 
for defining and implementing adaptation, and a design space for analyzing and evaluat-
ing its coverage levels. The target stakeholders that can benefit from the framework sup-
port is mainly UI designers. However, such a framework can also be employed by other 
stakeholders, as developers, software engineers, and project managers. 

The main goal of this thesis consists in identifying how to effectively support all 
development phases and design decisions of CAA, i.e. how to facilitate, with a structured 
guidance and support the specification, development, and analysis of CAA. 

The goal of this thesis is achieved by: (i) performing a systematic review of the sci-
entific literature related to CAA, (ii) identifying the main shortcomings in this domain, (iii) 
systematically analyzing and organizing its fundamental concepts, (iv) developing the sup-
port methods of the conceptual framework, namely a Meta-model, a Reference Framework 
and a Design Space for CAA, (v) proposing and implementing case studies to refine the 
methodological approach and to instantiate and validate the framework proposed, and fi-
nally (vi) analyzing, discussing and evaluating the outcomes produced. 

1.6 Aims and Scope 

CAA, by definition, involves different areas of computer science, such as: software 
engineering and architecture, distributed systems, human-computer interaction (HCI), and 
ubiquitous or pervasive computing. Although multiple areas contribute to CAA, this thesis 
will deliberately adopt the end user perspective first, therefore being mainly relevant to 
HCI. HCI concerns the design, the evaluation, and the implementation of interactive com-
puting systems for humans use and studies a major phenomenon that surrounds them 
(ACM definition). 

This thesis is inserted in a broad context of adaptation, i.e., the creation a concep-
tual framework (TriPlet) that is generic enough to be applied in multiple contexts of use, 
with platforms ranging from large screen devices, to desktop PC’s, laptops, tablets, and 
smart phones and multiple application domains. 

The main pillars of any development methodology for interactive systems include: 
models, methods, and software support. Interactive applications such as Information Sys-
tems (IS) do not escape from this structure.  

Information Systems (IS’s) concern an academic discipline that bridges the field of 
management sciences and the well-defined computer science field. IS as a new scientific ar-
ea of study aims at investigating how computer-based systems support processes and struc-
tures within organizations. 

For many years, IS’s have been studied from a development lifecycle process that is 
very limited in scope and restrictive in expressiveness. We envision IS’s as a field of study 
that is structured according to: one or several models that represent an information system at 
an abstraction level that is higher than at programming code; these models cover various 
aspects, such as: the end user, the computing platform, the organizational environment, the 
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tasks, the data, the processes. In order to support rigorousness, each model should be 
compliant with a meta-model, which regulates how models of the reality could be expressed. 
This meta-model is represented through a language thanks to which any model could be ex-
pressed, each language having its own notation. Our focus of IS study is the end user interface, 
with which users, groups, and organizations will interact in order to fulfill their business 
goals.  

This methodology is built on three pillars: models (with their associated meta-
models, language, and notation), a methodological approach, and a framework support to aid 
people to apply the methodology. We rely on the definition of the Cameleon Reference 
Framework (CRF) [Cal03] to structure the methodology according to four abstraction lev-
els, and considering: the end users who are carrying out their interactive task on a certain do-
main of human activity, the computing platforms that they are using for this purpose, and the 
socio-organizational environment in which the user is located. From these, an abstract user 
interface is derived and then transformed into a concrete user interface, generating a corre-
sponding final user interface.  

For Nigay (1993), modality refers to the type of communication channel used to 
convey or acquire information. In the scope of this thesis the framework definitions are 
modality independent, however for the sake of simplification, for instantiating and validat-
ing the framework, the most frequent interaction modality has been chosen for analysis: the 
Graphical User Interfaces (GUI’s) mainly because besides being the most commonly 
used, they are proved effective for different contexts of use and system aspects. 

The framework proposed for supporting CAA developed in this thesis targets at 
any modality of user interface (UI): native applications, mobile applications and web pages. 
However the case studies are exemplified by means of web applications for the following 
reasons: the variety and access to the contextual information, about the user, the platform, 
and the environment at run-time to support CAA is simpler for mobile and web applica-
tions than for desktop applications. Even when CAA is defined at design-time, its applica-
tion at run-time is more manageable (e.g. with a client - server - proxy architectural ap-
proach). 

We work with the assumption that user interfaces for web applications can benefit 
from CAA by providing users an interaction with higher usability levels and a greater user 
experience. 

Hypothesis. A conceptual framework facilitates the development of context-aware 
adaptation, by providing support and guidance through a structured methodological ap-
proach for stakeholders during: the design phases by means of a reference framework, the 
implementation phases by means of a meta-model and the analysis phases by means of a 
design space. 

Scope. Although considering a large scope of interactive systems (domain, plat-
form and technology independent) clearly represents a significant challenge, it is also no-
ticeable the lack of (and the respective urgent need to have available) support methods (as 
methodological approaches and tools) that are capable of supporting the implementation 
of CAA as a whole, in a way that is sufficiently generic and flexible to cover the complete 
SDLC (Software Development Lifecycle), and to be applied in different contexts of use 
(context-independent), in different application domains (domain-independent), and regard-
less of technology (technology-independent). 
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Audience. TriPlet, the conceptual framework presented in this thesis has as its tar-
get audience user interface designers interested in context-aware adaptation. Both the sci-
entific community and industrial practitioners can benefit from the framework.   

1.7 Methodology 

Figure 2 illustrates an overview of the methodology defined for this thesis. It is in-
spired in both the engineering method of Zelkowitz and Wallace [Zel98] and the iteration 
workflow of Koch [Koc01]. While the first proposes the development of a solution based 
on hypotheses and its sequential improvements according to tests results, the second pro-
poses an iterative evaluation ranging from requirements capture, through analysis, design, 
and implementation to validation, verification and testing. In this project the validation of 
the results combines three of the approaches proposed by Zelkowitz and Wallace [Zel98]: 
literature search (as described in Chapter 2), case studies (as described in Chapter 4) and 
lessons learned (as described in Chapter 5). 

Figure 2. Methodology overview. 

To generate TriPlet, the conceptual framework that supports the implementation of 
multidimensional CAA, three main phases have been accomplished. The first one consists 
of a Systematic Review of the literature (SLR) aiming at gathering relevant information. 
This information serves as a basis for the creation of the conceptual component of the 
framework (CAMM, CARF and CADS). This Systematic Review is followed by a second 
phase corresponding to the implementation of TriPlet. Then the third phase is executed. It 
consists in validating the approach and its feasibility with case studies that are also a proof 
of concept for the methods previously defined. Iterative evaluations have been conducted 
along this project to: critically analyze the results obtained, continuously detect potential 
flaws in the methods and results, and dynamically intervene to improve the outcomes. 

1.8 Organization 

This thesis is organized according to the diagram depicted by  Figure 3, as follows: 
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Chapter 1 introduces the context of this thesis, motivates and defines its central 
goal, specifies working hypothesis and announces the thesis structure. It provides thus an 
overview about this thesis project; 

Chapter 2 reports on a state-of-the-art of application domains, system aspects and 
contextual information that benefit from CAA of user interfaces, as well as models, frame-
works and design spaces that supports its definition. It provides a fundamental back-
ground, important shortcomings and respective requirements;  

Chapter 3 describes the methodology of this thesis, the conceptual framework cre-
ated according to a set of shortcomings identified, its main components and how to apply 
them; 

Chapter 4 reports the scenario of the case studies, their computational implemen-
tations and the respective instantiation and analysis of the application of the conceptual 
framework; 

Chapter 5 explains the evaluation plan and discusses its resulting analysis; 

Chapter 6 concludes this thesis by summarizing its contributions, discussing its 
shortcomings, and presenting future venues for it.  

 Figure 3. Reading map and thesis structure by chapter. 
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Chapter 2 State-of-the-Art 
As presented in the previous chapter, this thesis aims at creating a conceptual 

framework that covers CAA regardless of: development phase, computational approach 
(architecture, technology), contextual information, system aspect and application domain. 
In order to fundament this thesis, we rely on existing works that have already been devel-
oped and published covering the domain of interest (CAA). This chapter presents the state-
of-the-art in the domain of CAA, extensively summarizing and discussing related works.  

2.1 Systematic Literature Review 

The first phase of the methodology of this project consists in an extensive review 
of the literature regarding adaptation. By examining previously published studies [Zel98], 
we gathered the state-of-the-art of adaptation, gaining knowledge about: context infor-
mation, dimensions, methods, techniques, strategies and principles that are relevant for 
CAA. A Systematic Literature Review (SLR) supports and formalizes the execution of 
this phase. In such review, an initial question is defined, and then its answer is searched 
with a systematic analysis of scientific documents that report related works. The goal is to 
identify the state-of-the-art in a specific topic, as well as possible trends and scientific gaps 
[Kit04], [Bre07]. Although a SLR is a time-consuming activity that requires significant ef-
forts to be conducted, it is an appropriate technique in these circumstances, given that 
many documents need to be considered, analyzed and then consistently synthesized to ex-
tract and to organize the information of interest (adaption concepts). The main results of 
this SLR are presented in this chapter, they provided a conceptual basis for creating TriPlet, 
the conceptual framework proposed by this thesis and detailed in the next sections. 

The review of related works published in the scientific literature is inspired in a sys-
tematic methodology as Kitchenham (2004) proposed. In summary, it consists in defining a 
research question (“Which are the existing solutions for CAA, specially concerning: application do-
mains, contextual information, system aspect, as well as, related models, frameworks and design spaces?”), 
specifying the scientific bases for search (ACM DL, Journals as UMUAI, Publications in 
related conferences as CHI, EICS, AVI, or ICWE) and parameters for the research (search 
queries including: context-aware adaptation, meta-model, frameworks and design space), 
and defining a formal template to organize the information of interest (including keywords, 
contextual information and aspects involved, solution proposed, benefits, main contribu-
tion, reference information). 

The related works were initially searched and selected based on their relevancy to 
define fundamental concepts, to identify main shortcomings, to motivate and derive the 
requirements for this thesis. The works reported in this chapter were also essential for cre-
ating the proposed framework: TriPlet. They are the current result of an extensive biblio-
graphic review; still they represent a partial coverage of the related literature, once it is not 
possible to be exhaustive.  

Due to the extensive list of publications in the domain of CAA, the works in this 
chapter were firstly selected according to their relevancy in this domain (based specially on 
the shared interests and similarity with the domain of this research) and secondly organized 
in six main sub-sections: (i) Domains, (ii) Aspects, (iii) Contexts, (iv) Meta-Models, (v) 
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Frameworks, and (vi) Design Spaces. Concerning an applied perspective: the sub-section 
Domains briefly illustrates four possible domains in which adaptation can be and has already 
been applied, the sub-section Aspects focuses on system aspects that are subjected to adap-
tation, and the sub-section Context presents existing works according to their contextual 
dimensions. Concerning a support perspective: while the sub-section Models describes exist-
ing models and meta-models for CAA, the sub-section Frameworks describes systematic ap-
proaches implemented to support decisions and development of CAA, and the sub-section 
Design Spaces describes existing design spaces related with CAA. Such organization is illus-
trated in Figure 4. Given that the analyzed works often cover multiple aspects sim-
ultaneously, just their main focus and contributions are considered to classify them. 

Figure 4. Organization of the state-of-the-art: applied and support perspective. 

2.2 Applied CAA 

To organize the state-of-the-art concerning the applications of CAA, first, we de-
scribe in this section possible application domains, and then, we provide examples of what 
in an application can be subject to it (system aspects), and finally we detail examples of us-
age for contextual information (according to what an interactive system can be adapted). 

2.2.1 Application Domains 

Interactive systems, independently of their domain, can always benefit from CAA, 
mainly because the user interaction per se can always be enhanced if the context is correctly 
considered. Due to the extensive work dedicated to CAA many domains have already been 
explored. For the sake of illustration, this section presents a brief selection of four domains 
in which CAA is widely employed. 

For e-Learning, CAA has been applied to provide relevant and personalized con-
tents to students according to their goals, interests and history (Figure 5 - left) [Smi02], 
[Spa03]. With such a student-centered approach, CAA tends to increase the efficiency in 
learning and the user satisfaction. For instance, when students have difficulties in under-
standing a specific subject, they access more detailed and illustrated contents.  

Figure 5. User Interfaces illustrating adaptation examples for an e-learning system (MLTutor’s) 

[Smi02] and a safety critical domain [Bru02]. 
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In the e-health domain [Rev00], CAA can aid users in medical situations by adapt-
ing contents according to the users’ profiles. For instance, while providing guidance to a 
given treatment, an interactive system can adapt its technical vocabulary to the users’ expe-
rience level (e.g. for a junior or a senior practitioner) and expertise domain (e.g. nutrition-
ists or physiotherapists). As such, adaptive systems can provide many benefits for the clini-
cians’ work [Bar03]. 

For interactive and digital Televisions (idTV) relevant contexts for CAA in-
clude: the profile of target users (e.g. age, preferences), their collaboration, their situation 
(e.g. relaxed vs. tense), their attention level, their frequency of use, the light level, the dis-
tance and the dimensions of the device, the characteristics of the remote control, and the 
availability of: a pointing device, an internet connection, a DVD reader or player, and a 
game console [Yha12]. CAA affects: the hierarchy, size, density and distribution of the UI 
contents (e.g. the users’ choices). The electronic programming guide (EPG), for instance, 
can be easily adapted according to the users’ profile, suggesting programs that match their 
actual interests. 

For Safety Critical Systems, as air traffic control and nuclear power plants, an 
adaptive interface structure must be enough intuitive to clearly represent all necessary in-
formation. According to Acay, constrained environments require interfaces that are even 
more flexible and efficient. Complex application domains must have a small learning curve 
[Aca04]. Brusilovsky and Cooper (2002), for instance, investigated the potentials of apply-
ing adaptive and intelligent systems in the support of technical maintenance of aircrafts 
(Figure 5 - right) [Bru02]. 

Section 2.2.2 presents 3 main aspects of an interactive system that can be subject to 
CAA, regardless of application domain. 

2.2.2 System Aspects 

System aspects of different granularity levels can be affected by CAA, ranging from 
the complete application to a specific property of a UI element, as the font size. Figure 6 
shows the taxonomy of Brusilovsky (2001) to classify adaptation techniques for presenta-
tion and navigation. Generally they involve presentation, navigation and contents [Bru01]. 

Navigation. Techniques that support adaptive navigation aim at helping users to 
find their paths in hyperspace by adapting what and how they can access contents according 
to their goals, knowledge, and individual characteristics [Bru94]. By adapting the naviga-
tion, an existing structure is modified or a new structure is created based on the contents 
and the context. Because it is a difficult task, it can only be performed automatically in 
some situations, e.g. when the navigation paths are pre-defined either by a map containing 
all links or by a table of contents with all headings. Typical navigation structures include: 
tables (lists), menus (hierarchies), and links (previous/next) [Jan07]. A navigation structure 
may be generated based on existing links or by creating links from relevant parts of the 
content (as: titles, headings, keywords). For instance, according to the age of the user, cer-
tain navigation paths can have their access disabled or enabled.  

Presentation. Different devices and situations support different modalities and ar-
rangements for the UI contents. Thus if the user requests a UI that uses a presentational 
mode that the device cannot render, or the situation does not support, the information will 
be inaccessible. Much UI content and multimedia types that applications use to present in-
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formation, such as: maps to identify locations (e.g., the nearest restaurant) or description of 
products (for e-commerce) are unsuitable for certain devices. To tackle these problems, an 
adaptation system that changes the presentation (e.g. with a transcoding strategy) is needed 
[Lum02]. E.g. in a noisy environment the audio is inappropriate and a graphic modality is 
preferred, changing the approach in which the contents are presented. 

Figure 6. The taxonomy of Brusilovsky for adaptation of hypermedia technologies, including presen-

tation and navigation aspects [Bru01]. 

Content. The UI contents have specific properties that are subjected to adaptation, 
be they semantic, syntactical, or physical. The contents can also be represented in different 
formats, such as: animation, graphics, images, text, videos, audio or UI elements, as forms, 
buttons, tables and icons. For instance, in a super wide screen, a text can have its content 
enhanced with complementary details and its font size increased. 

The Appendix E lists 152 adaptation techniques targeted at modifying the naviga-
tion, the presentation, and the contents. Such aspects, targeted by CAA, are defined and 
briefly illustrated in this section. 

2.2.3 CAA by Context Information 

Although the classification of CAA techniques according to its three main system 
aspects is exhaustive, completely covering all techniques, it is hard to categorize each tech-
nique according to these classes and avoid ambiguity [Kap03]. Thus, in this Section the 
CAA examples are organized according to their target context information, covering differ-
ent system aspects.  

The fundamental unit that defines and orients the execution of CAA is context in-
formation. One must understand what context is, to determine its relevancy and how adap-
tation could exploit it [Abo99]. The context defines the selection of appropriate techniques 
and strategies for CAA, instantiating its several parameters. According to Schilit et al. (1994) 
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a context-aware application adapts itself according to the location of use, the collection of 
nearby people, hosts, accessible devices, and also according to the changes of such things 
over the time. Interactive systems with these capabilities examine the computing environ-
ment and react according to the situational changes. 

Table 1. CAA examples and rules according to dimensions of the context. 
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Relevant information about users, platforms, and environments can be acquired 
manually (explicitly provided by end users) or automatically (captured by sensors); via dif-
ferent sources, such as physical sensors (e.g., GPS, Bluetooth) or users’ actions (e.g., brows-
ing history, cookies, usage patterns) [Dey01], [Lor00]. Once the context is acquired, it must 
be firstly, assessed (e.g., regarding its confidence level, validity period, dependencies), and 
secondly, pre-processed (e.g., converted, treated or filtered). The context information can 
have different formats, such as: probabilistic, Boolean, discrete, or nominal, and it can be 
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modeled with different approaches, e.g., UML, OWL, Key-value, or markup languages 
[Str04]. 

Several works have been exclusively dedicated to investigate context information. 
This section summarizes CAA scenarios, illustrating different application domains, system 
aspects, and contexts. The Table 1 provides an overview of examples of 12 CAA rules, 
concerning context information belonging to: user, platform and environment and their 
given categories, properties, and classes. 

The scenarios selected are merely illustrative, i.e. more complex scenarios may re-
quire the prioritization of further context dimensions to verify whether the rules are still 
valid or other ones are more appropriate.  

More detailed categories are presented in the Appendixes (Appendix F, Appendix 
G, Appendix H, and Appendix I). The following sections detail the scenarios listed in Ta-
ble 1. 

2.2.3.a User 

Adaptation concerning the users is commonly classified in two categories: adapta-
bility and adaptivity. While the adaptability occurs when the adaptation is manual, i.e., when 
the user is responsible for it, the adaptivity occurs automatically, i.e., when the system is in 
charge of the process [Ste95]. Users represent the most extensive and complex dimension 
of context, mainly because they compose an information group that dynamically evolves 
and that includes innumerous characteristics, including for instance their: 

! Profile. Frank and Szekely (1998) proposed and implemented a method to create adap-
tive forms, i.e., according to the content that the user provides to the application (age, gen-
der, civil status), the original form fields can be expanded or collapsed. The approach is at-
tractive for developers once they can produce domain-specific form-based UI’s. 
AdapForms [Boh11] also enables the creation and validation of adaptive forms. It uses a 
specific language that designates structure and constraints to dynamically adapt the formular-
ies presentation according to the contents provided by end users. Thus, depending on the 
users’ input, the form can adapt itself, providing users more specific fields instead of an 
over-general form. 

" Age - Elderly. Due to the disabilities imposed by advanced ages, elderly users 
face many challenges in interacting with applications. In a mobile context, such chal-
lenges are even more significant [Kob11]. Mainly due to the small devices’ displays 
and buttons, and complex procedures. Despite of such constraints, touchscreen-
based interfaces seem to offer senior-friendly interfaces, being thus generally easier 
for the elderly, and requiring few experiences to improve proficiency. Kobayashi et al. 
(2011) observed the elderly interaction with a touchscreen and created guidelines to 
support the development of senior-friendly interfaces. The guidelines define the use 
of: (i) larger targets (i.e., with 8 mm or greater), (ii) drag and pinch gestures (instead 
of tap ones), and (iii) a current mode status (e.g., for virtual keyboards). 

" Attention Level. Distracted users, i.e. with reduced attention level, tend to prefer 
motion gestures as an input modality for smartphones [Neg12]. They compared the 
cognitive demands of motion gestures (tap, swipe or move) in two distraction scenar-
ios (walking and eyes-free seated). Although the reaction times are not significantly 
different, the motion gestures require less time for checking the smart phone screen. 
Besides the gestures, the video speed can also be adapted according to the users’ at-
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tention level. Dragicevic et al. (2011) proposes an equation that varies the speed of 
playing videos in which, the beginning and the end of the video is exhibited slower 
than its middle part; thus calling the users’ attention to perceive better the contents 
without overlooking them [Dra11]. 

" Interaction History. Ganneau et al. (2007) proposed an adaptive menu in which 
the items (i.e., contact names in a chat) change their orders according to the frequen-
cy of access; thus the most used contacts are firstly displayed. The same criterion was 
used to create an additional toolbar for a text editor [Gaj06] and can be used for 
adapting the navigation. To adapt the navigation, the most popular techniques are: di-
rect guidance (i.e. when the system decides the most appropriate next step for the us-
er interaction), sorting (i.e. ordering the links according to users’ access), hiding (i.e. 
restricting the navigation space), and annotation (i.e. augmenting the existing links) 
[Bru94]. 

Figure 7. Interfaces for impaired users. Dyslexie is a font type that aids dyslexic users to read text 

(left). BrailleType maps screen regions according to the braille alphabet enabling text-entry for blind 

users (right). 

! Disabilities. The design for all defends the universal access regardless of disabilities. 
Aiming to supports accessibility in all SDLC’s, Kaklanis et al. (2010) presented a holistic 
framework able to simulate different user profiles and to perform automatic evaluation ac-
cordingly [Kak10]. The user models include physical, cognitive, behavioral, and psychologi-
cal aspects. Such a framework aids in modeling the end user for creating adaptive interfac-
es. 

" Cognitive Impairment - Dyslexia. Users with this disorder have problems in 
reading, spelling, and learning. The use of an appropriate font type3 (Figure 7 - left) 
or of a different modality aids the text comprehension. Studies in an educational en-
vironment were performed and identified significant benefits of such adaptation 
[Dir09]. 

" Visual Impairments. Although a ‘stereotypical’ image of blind users is often 
considered, their individual differences impact their interaction and must be carefully 
considered. E.g.: their age, tactile sensitivity, spatial ability and short-term memory. 
In a mobile context, further constraints, as the limited input area, are imposed too. 
The mobile interaction requires a cognitive effort that, for someone lacking sight, is 
even more demanding. Although the spatial acuity impacts the time to explore the 
keypad, it seems to not affect much the interaction. The cognitive ability (measured 
with verbal IQ), on the other hand, has a significant effect on both users’ effective-
ness and efficiency. Mobile devices, specially concerning the keyboard characteristics, 
are challenging for all users, thus an inclusive design can promote benefits for all us-
ers. Once individual differences impact user performance, they must be considered in 
order to prevent exclusion [Gue11]. 
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" Visual Impairments - Blindness. GraVVITAS is a computer tool that provides 
an auditory and haptic interface of graphics for blind users. Graphics can be: a floor 
plan (map) and a line graph. The authors investigated the best reading strategies and 
representations for such information. The haptic feedback was provided according to 
the interaction in a touch screen [Gon11]. BrailleType proposes a text-entry method 
for blind users interacting with a touch screen mobile phone [Oli11]. The tactile 
feedback guides the interaction (Figure 7 - right). 

! Domain Expertise Level. The adaptation according to the expertise level of the users, 
as proposed by Kantorowitz and Sudarsky (1989), considers that beginners and advanced 
users must have different interfaces and guidance levels to successfully interact with appli-
cations. UI elements, as menu items, and the interaction modality (e.g., audio) are the re-
sources that can be adapted. The authors state that the freedom to adapt dialog models to 
actual users’ needs is useful at all experience levels. Foss and Cristea (2010) applied the 
same concept in the e-learning domain. They proposed, developed and evaluated a tool that 
considers context information, as the expertise level and user preferences, to create adap-
tive courses based on existing resources. 

" Poor Numeracy. Numerical information can be adapted, i.e., simplified, to im-
prove its accessibility level according to the level of education or comprehension of 
end users. Guidelines help developers to replace numbers by equivalent contents that 
may be clearer for users with poor numeracy. Examples of techniques include: remov-
ing percentages and decimals and replacing the numbers by an equivalent textual de-
scription [Bau11]. 

The users’ characteristics mentioned above are relevant for CAA. Besides those, for 
defining the CARF branches, other ones were also considered. They are described in the 
subsection 3.2.4 and illustrated in the Appendix H. 

2.2.3.b Platform 

The platform is characterized by the device (or set of devices) that the users interact 
with. Several characteristics of both hardware and software can be considered: screen di-
mensions and type, the battery level, processing capabilities, the network availability and 
configuration. In this section, we selected four characteristics that are enough representa-
tive to illustrate difference characteristics of a platform, and we briefly present CAA con-
cerning: mobile devices, large screens, vertically curved displays and wall displays. 

! Device Characteristics. Rousseau et al. (2000) defined design decisions that support 
the implementation of CAA for multimedia. Such decisions include using specific proper-
ties of SMIL for CAA for video. Audio applications for instance often need to handle sev-
eral types of devices and networks, varying from low quality mobile services to very high 
quality home entertainment services. Ideally, a scalable audio format is adopted enabling to 
reach all formats for different devices.  This requires a standardized solution that describes 
devices’ and adaptations’ capabilities, like content formats, network constraints, and user 
preferences, e.g.: the preferred volume, frequency equalizer settings, and audible frequency 
ranges [Fei05]. Varied scenarios can be considered: users with hearing impairments, learn-
ing a foreign language, noise level in the environment, device capability constraints. CAA 
techniques include: removing channels of the audio (e.g., from a multi-channel mode to a 
mono) or quality layers. The CAA of audio bit rates concerning device and network quality 
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of service, is handled by the DIA framework that optimizes operations according to a given 
set of constraints. 

! Mobile Devices. The mobile landscape is heavily fragmented and to effectively support 
the development of mobile applications, W3C defined and published a set of 32 best prac-
tices recommended to facilitate the development and delivery of mobile web applications. 
To improve the user experience, they suggest for instance: allowing users to control the 
application behavior (as network and device data access), and compress content for more 
efficient delivery [W3C10]. 

" Network Bandwidth. Lum and Lau (2002) proposed a context-aware decision 
engine that decides the optimal content version for presentation and the optimal 
strategy for deriving and generating such a version. The engine takes into account the 
context (user preferences, client device characteristics, and network bandwidth) and 
the presentation (color depth, scaling factor and format). With a QoS-sensitive ap-
proach, it reduces a serious quality loss. The decision engine tries to reach the best 
trade-off for adaptation while minimizing degradation [Lum02]. 

" Screen Types. Several characteristics of the screens can be taken into account to 
adapt the UI. We provide below 3 illustrative examples for different screen types: 

• Large Dimensions. Most of the current UI’s do not consider wide screen 
and high-resolution display (Figure 8 - left). By analyzing the spatial distribu-
tion of web pages UI’s, Nebeling et al. (2011) identified scalability issues for 
large viewing sizes. Such issues underuse the screen space and demand unnec-
essary scrolling. Experiments with new technologies show that even the latest 
versions of HTML and CSS are insufficient for the effective CAA of content 
and presentation. The key challenges for this layout type are to reduce scrolling 
and to not overload the UI’s with information. Although defining universal 
guidelines, ideal values and specific thresholds is a challenge, they created seven 
metrics to aid the analysis of the web layouts’ quality concerning the view con-
text, and to support the CAA of content and presentation for large screens. 
These metrics may also aid the evaluation of web layouts. 

• Vertically Curved Displays. The visualization paradigm of perspec-
tive+detail (Figure 8 - right) is an adaptation technique for vertically curved 
displays, defined by Schwarz et al. (2012). This technique extends the conven-
tional overview+detail by adding a perspective viewing area and a text-based 
area with partial details. While the overview enables quick navigation through 
large information spaces, the detail view enables the access to relevant details. 
Figure 8 (right) illustrates this concept for rail traffic monitoring: the overview 
presents a railway network (each 3D dome represent a station and each color 
one fault type), and the detail shows textual information about the entire net-
work and individual stations. A case study showed that: (i) the extended visual-
ization of the overview supports users in different tasks, (ii) users understand 
the visualization and believe it is helpful, and (iii) users judge easier to accom-
plish their tasks (e.g. keeping their orientation in the network plan, or identify-
ing the shortest route to the next target).  

• Wall Displays. The wall-sized displays provide a higher pixel density, sim-
pler setup, and easier calibration. However, the resulting UI is often discontin-
ued because of the frames of each monitor. To avoid the occlusion, distortion 
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and the non-legible parts of images, two interaction techniques were proposed, 
permitting users to access the contents behind the frames [Alm12]. While the 
CAA with ePan enables users to offset the entire image with gestures, with 
GridScape the head movements of the user are tracked to simulate motion 
parallax. Both techniques can be applied in multi-user scenarios. 

Figure 8. Lack of adaptation of the UI for a large screen (left) [Neb11]. Adaptation of the UI for a 

curved display (right). Perspective+detail: (a) Overview area on the horizontal segment; (b) Detail 

view in the vertical segment; (c) Head-up display on the curved segment [Sch12]. 

Besides the four platform aspects mentioned above, other ones can be equally con-
sidered. Further aspects are defined in CARF, as describes the subsection 3.2.4 and the 
Appendix G illustrates.  

Figure 9. Gmail natural interface with the snow background adapted according to the weather (top). 

The Google search interface requesting adaptation of the language based on the location of the user 

(bottom). 

2.2.3.c Environment 

The environment is probably the most neglected dimension of context for CAA. 
Besides being complex, it is also expensive, once it requires additional resources and capa-
bilities to continuously sense the context and also to dynamically perform adaptation. Even 
though, the environmental context provides rich information for adapting a system, as pre-
sented in the examples below: 

! Environmental Factors. The patent ‘Advertising based on environmental conditions’, 
awarded by Google, defines that remote devices can get signal outputs from sensors, and 
such information about environmental conditions can be used to define advertisement con-
tents [Hea12]. In other words, this patent concerns systems that allow advertisers to target 
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their on-line advertisements based on environmental factors of end users. The background 
of the UI for Gmail can be adapted according to the external weather (Figure 9 - top). En-
vironmental factors include: temperature, humidity, light, sound, location of the user 
(Figure 9 - bottom), and air composition.  

" Noise Level. Feiten et al. (2005) created a tool to adapt audio contents according 
to the context. Much context information is considered, including the level of noise 
in the environment. The noise frequency and level are used to dynamically adapt the 
audio signal provided. Besides this, an impulse response can be calculated, to directly 
adapt the rendering according to a complete description of the reverberation behav-
ior in a room. The authors also envisage an extreme scenario, in which given the high 
noise level in the environment, the audio signal must be replaced by equivalent textu-
al descriptions [Fei05]. 

" Commemorative Dates. Doodles is a Google project that adapts the logo of the 
search engine according to the day. Commemorative dates related to the user culture, 
such as anniversaries and seasons are marked with a dedicated version of the logo 
image [Doo12]. 

Other aspects that complement environmental dimensions of context are briefly 
described in the subsection 3.2.4 and illustrated in the Appendix F. 

This section presents a series of adaptation that illustrate the potential of CAA. 
They are a resulting selection of the SLR, and as such they are covered by the conceptual 
framework, helping to define essential requirements and processes that support CAA in a 
broad perspective. 

As previously mentioned, the context information is the fundamental unit to define 
a CAA process. Once it is known, it must be matched with a specific system aspect, and a 
respective adaptation technique, to perform the appropriate CAA. Normally, rules are em-
ployed to create such association. Such rules are defined in frameworks and models target-
ed at CAA as describes section 2.3. 

2.3 Support for CAA 

Due to the wide range of application domains, system aspects and contexts of use, 
it is not scalable for the human developers to create UI versions for each CAA scenario. 
Instead, an automated solution is necessary [Gaj04]. In this sense, different models, lan-
guages, methods and softwares have been continuously proposed to facilitate the design, 
implementation, execution and evaluation of CAA. This section presents a selection of 14 
models, 21 frameworks and 12 design spaces that support CAA, and that inspired the de-
sign decisions and requirements for the conceptual framework proposed in this thesis (Tri-
plet). 

2.3.1 Models and Meta-Models 

Models abstract system concepts and their relationships. In the domain of CAA, 
models have been mainly used to represent: context information, adaptation rules, and 
multimodal properties. This section briefly summarizes, in a chronological order, a selec-
tion of 14 models that cover specific concepts of adaptation. They are: 

! Munich. is a reference model to define techniques for designing adaptive hy-
permedia applications. The domain model requires a conceptual design of the problem 
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domain, which evolves into a navigation and presentation model. The user model defines 
attributes and relationships with the domain model. The adaptation model specifies domain 
and user elements, the set of acquiring and adaptation rules and their collaborations 
[Koc01]. 

! Customization Model. Kappel et al. (2003) model the customization accord-
ing to context regarding user profile, network and location [Kap02]. For them context pro-
vides relevant information about an interactive application and the environment. Context 
influences requirements elicitation and triggers customization according to context chang-
es. 

! ADAPTS. explicitly models task, domain and users, in an integrated manner 
aiming to support the adaptation according to the context. A diagnostic engine employs the 
user and expert models to update the navigation selecting the most appropriate tasks for 
the user based on pre-defined weights [Bru02].   

! Adaptation Model. Vrieze et al. (2004) base on dynamic behaviors of the user 
to handling events and use ECA rules to pull and push adaptations in a more flexible fash-
ion. It focuses on hypermedia systems [Vri04]. 

! Context Information. Fuchs et al. (2005) create a meta-model that defines 
context information and its associations. The main concepts considered include: devices 
and persons, their properties (as mobile phone, phone number, gender), and their relation-
ships (as is_located_nearby, has_phone_number, has_last_name or 
is_supervised_by) [Fuc05]. 

! Comets. Calvary et al. (2005) state that an adaptation model specifies evolution 
and transition rules to be applied if the context changes. They propose adaptation models 
for defining tasks, abstract, concrete and final UI’s and widgets extensions, always consid-
ering plasticity as the main principle. They remark the benefits of using model-based ap-
proaches to implement CAA, and they also emphasize the adoption of certain principles, 
namely: plasticity and continuity [Cal05]. 

! CAWAR. Fahrmair et al. (2005) propose a calibrateable context adaptation 
model for ubiquitous applications. It includes the context sensors, interpreters and also ac-
tuators [Fah05]. 

! Java Context Awareness Framework (JCAF). Bardram (2005) proposes a 
UML model for context including the abstract concepts of: an entity, the context, its items, 
and relations. It covers a person, a place, and a thing of an entity, as well as activities, status 
and locations of an item [Bar05]. 

! User Model. Kobsa (2007) identifies required characteristics for a user model 
for adaptation. They include domain independence, inference and reasoning capabilities, 
support for quick adaptation, extensibility, and privacy support. As future trends for this 
domain they remark ubiquitous and mobile computing, and smart appliances [Kob07]. 

! Mobile Applications. Farias et al. (2007) define a MOF-model for context-
aware mobile applications. The concepts considered are abstract and include: classifier, at-
tribute, entity, contents, associations, dependencies, groups and constraints [Far07]. 

! Adaptation Rules. Ganneau et al. (2007) and Sottet et al. (2007) create a meta-
model that defines adaptation rules, targeting at plasticity as a goal for ubiquitous applica-
tions. This meta-model helps designers to take decisions and to implement CAA consider-
ing three phases: the context perception, the reaction, and the learning. The rules respect 
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the ECA structure (i.e., on event if condition do action). After the adaptation is defined, 
the users are able to request, accept or reject it. 

! Adaptation Rules. López-Jaquero et al. (2009) and (2010) represent adaptation 
rules by means of a meta-model that includes concepts as: preconditions, events, sensors, 
data, transformation and transformation rules [Lóp09], [Lóp10]. 

! UsiXML. supports an MDE approach to cover all models required for user 
interface analysis and design, targeting the context of use, a dynamic entity, whose models 
are usually subject to continuous changes [Usi07], [Luy10]. Mainly the platform is taken in-
to account, information considered include: the type of hardware (e.g. colors, sound out-
put, text input, touch screen, keyboard), the network characteristics (e.g. capacity), browser 
type (e.g.name, version, html support), and the software type (e.g. handwriting recognition, 
and audio input encoder) [Lim04]. The meta-model of UsiXML [Usi07] for context infor-
mation is shown in Figure 10. 

! Context of Use. represents a generic model for context that was created for 
Morfeo project. This model integrates elements, properties, entities, aspects, components, 
characteristics, descriptions of environment and user [Mor12].  

Figure 10. UsiXML model for context information [Luy10]. 

The models briefly presented in this section were selected based on their similarity 
with the topic of interest for this work, i.e. modeling CAA and also relevance for defining 
TriPlet. Once models analyzed target at specific concepts of CAA, they complement or 
specialize each other in a certain way. For instance, the meta-model of Farias et al. (2007) 
can be seen as a specialization of the work of Fuchs et al. (2005), Calvary et al. (2005) and 
[MOR12]. Although the works of Ganneau et al. (2007), Sottet (2007) and López-Jaquero et 
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al. (2009) and (2010) all focuses on CAA rules, the formers are more specific, respectively 
targeting at the adoption of principles and at the user feedback. 

The meta-model diagrams proposed by [Koc01], [Cal05], [Fah05], [Gan07], [Far07], 
[Lóp10], and [Mor12] are presented in Appendix J. 

Table 2 highlights the focus of the 14 works presented above. They can be broadly 
organized in two groups: while [Vri04], [Gan07], and [Lóp09] focus on rules, [Kap03], 
[Cal05], [Fuc05], [Fah05], [Bar05], and [Mor12] focus on context. More specifically 
[Koc01], [Bru02] and [Kob07] focus on user models, [Lim04] at platform models and 
[Far07] targets specifically at mobile devices. Such works are relevant to define essential 
concepts for adaptation; however by being specialized they provide a narrowed view of the 
adaptation lifecycle, i.e. by focusing in one specific part of the process, a global definition is 
still missing. 

Table 2. Meta-models for CAA and their main focus. 
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To identify which are the relevant concepts to compose the common ground for 
generating the CAMM (context-aware meta-model) the works reported here were analyzed 
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in depth and a summary of the results obtained with such an analysis are presented in Table 
2 and Table 3. 

Table 3 lists which are the concepts concerning specially: (i) Adapters (system, 
third-party, user), (ii) Context (user, platform, environment, application domain), (iii) Rules 
(justification, event, condition, action), and (iv) Models (task and domain, abstract, con-
crete, final) that have already been explicitly covered by previous works while modeling 
context-aware adaptation. The works on ADAPTS [Bru02], Generic Adaptivity Model 
[Vri04], and Generic User Models [Kob07] have not been included in Table 3 since they do 
not provide a meta-model of the process itself [Kob07] but task, domain and user models 
[Bru02], or an overview of the architectural structure [Vri04]. 

The check signs (!) indicate when the concept has been explicitly presented as a 
class in the respective model, and the grey background indicates concepts that are ex-
pressed by a generic class, instead of representing all internal components. 

Table 3. Concepts covered by meta-models for adaptation, based on their specificity (marked with 

the sign ‘!’) or generalization (marked with the grey background). The headers stand for: Adapter 

(System, Third-Party, User), Context (User, Platform, Environment, Application Domain), Rules 

(Justification, Event, Condition, Action), and Models (Task&Domain, Abstract, Concrete, Final). 

Adapter Context Rules Models 

 S TP U U P E AD J E C A T D A C F 

Koch,  2000   ! !      ! ! ! !   

Kappel, 2002    ! ! !   !  !     

Fuchs, 2005    ! ! !          

Fahrair, 2005           !     

Calvary, 
2005    ! ! !      ! ! ! ! 

Bardram, 
2005    !  !          

Sottet, 2007         ! ! !     

Farias, 2007                

López, 2010    ! ! !   ! !      

MORFEU, 
2010    ! ! !          

UsiXML, 
2010    ! !           

By analyzing Table 3 we notice that most of the works targeted at modeling con-
text-aware adaptation covers mainly context and rules, however the adapters, i.e. who is re-
sponsible for the adaptation is often omitted and the resulting models of the adaptation are 
also often not covered. 

2.3.2 Frameworks 

A framework is formally defined as a reusable, semi-complete structure that can be 
specialized to produce custom applications. It consists of a set of components extensible 
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for specific application domains. Frameworks are a proposition, which, if properly de-
signed, reduce the investment and development costs [Jan07]. According to Bardram 
(2005) the frameworks’ goal (mainly for context-aware computing) is to facilitate the devel-
opment and deployment of context-aware applications. Stakeholders can focus on activities 
that are more specific for their application, while relying on a basic infrastructure to handle 
the actual management and distribution of this information [Bar05]. 

A framework helps to create explicit structures, which can be made complete and 
comprehensive by repeated investigations over time. It also contributes with a consistent 
terminology to facilitate sharing, to describe results, and to establish design guidelines and 
techniques [Sch04]. 

Once a framework can have different shapes, the works reported in the literature 
and analyzed in this project come in different formats, including: application toolkits 
[Dey00], [Gaj06], architectural approaches [Nic02], [W3C03], [Han04], [Jan07], [Pre09], 
[Mal10] conceptual definitions [Fis12], logics [Ard07], [But07], etc. Thus often they com-
plement or specialize each other. And as such, it is a challenge to compare them. The 
frameworks presented and discussed below are dedicated to support CAA or closely related 
concepts. They are reported by chronological order. 

! A Framework for Adaptable Hypermedia Documents (FAHD). [Llo97] 
works on interchange formats and languages to provide adaptation techniques (for layout, 
style, links, and synchronization). The context considered includes platforms, user charac-
teristics and preferences. A generic model and a standard aid the transformations to multi-
ple formats and target presentations based on one source document. This framework sup-
ports automatic processing of hypermedia documents to form presentations, building upon 
text-based standards, to transform structured documents. Specifications of presentation 
can be recorded in style sheets, and are broad enough to cover many hypermedia document 
sets.  

! A Conceptual Framework for Adaptive Web Sites (CFAWS). [Per00] fo-
cuses on the user model, navigation, and user views to adapt pages. While the user model 
aids to customize pages, the navigation is adapted based on the visit sequences. This work 
aims at improving the end user navigation by making it more efficient.  

! Context-aware Frameworks and Toolkits (CaFT). Dey and Abowd (2000) 
define context information as relevant concepts that characterize the situation of the user. 
They defined requirements for implementing context-aware systems, and created a frame-
work that eases their implementations by separating acquisition and delivery [Dey01]. It in-
cludes: widgets (that treat the context), interpreters (that extract meaningful information 
out of raw data), and context servers (proxy for communication). 

! Personal Universal Controller (PUC). is an architectural framework com-
posed of four parts: appliance adaptors, communication protocol, a specification language 
and interface generators. It controls real appliances and uses decision trees to render user 
interfaces in different modalities. It is a personal universal controller that enables users to 
control any appliance within their environment. The UI is automatically generated [Nic02]. 
As an input, the description of the appliance’s functions is used. With user studies they no-
ticed that end users preferred the automatically generated UI (instead of the manufacturer’s 
UI’s of the actual appliances). 



Chapter 2. State-of-the-Art 

43 

! W3C Multimodal Interaction Framework (W3C MIF). is a generic archi-
tecture that identifies major components and respective functions for multimodal systems. 
The modalities considered include: speech, handwriting, keyboard and mouse. As lan-
guages, it is considered: XHTML, SVG, SMIL and HTML. Input and output modes are al-
so taken into account. While input mode considers its recognition, interpretation and inte-
gration, the output mode considers its rendering, styling and generation. Use cases illustrate 
possible instantiations of this framework [W3C], [W3C03]. 

! A Framework for Adaptive Educational Hypermedia Systems (AEHS). 
Oliveira and Fernandes (2003) define a framework with 8 components. It gathers the con-
text (information on learners’ behavior), creates a domain model (learning theory), its sub-
models (with main topics and sub-topics), a learning model (to define the instructional de-
sign theory), a hyperbase sub-model (with a meta-data library of learning objects, as exer-
cises and presentation), the learner model (with the learners’ characteristics and how to 
adapt to them), a decision model (specifying changes of presentation and navigation), and a 
presentation generator (to generate the results of the adaptation). 

! FAÇADE. [Kur04] bridges the gap between Internet contents and heteroge-
neous computing environments by delivering web contents to mobile users. Context in-
formation captures the device’s constraints and connection, and the user preferences. A 
distributed architecture separates context processing from content adaptation for ensuring 
flexibility and extensibility. 

! A Framework for Context-aware Adaptive User Interface Generation 
(CAAUIG). proposes models for context, an architecture to support the adaptation lifecy-
cle and a languages.  It covers static and dynamic aspects of the context, user, platform, and 
environment information, a model-based approach starting from a task model, it uses rule 
specification language and user interface description languages [Han04]. 

! SUPPLE. is a framework-toolkit that treats the UI generation as an optimiza-
tion problem. It takes into account the device’s constraints and users’ efforts. Its approach 
uses declarative descriptions of a UI, device characteristics, widgets, and a user and device 
specific cost function. According to Gajós et al. (2004) an adaptive UI requires 3 inputs: the 
UI specification, a device model and a user model. SUPPLE framework includes as input, a 
trace of typical user behavior, enabling user-specific renderings. 

! ResOurce-aware Application Migration (ROAM). is an application frame-
work that assists developers in implementing applications able to run in multiple devices, 
and that enables users to migrate their applications across devices without much efforts. 
This framework follows as adaptation strategies: transformations, dynamic instantiation 
and offloading computation. Agents are used to support the migration across devices. This 
framework considers as context information only the device properties, including: display 
size, input method and user interface library [Chu04].  

! Java Context Awareness Framework (JCAF). aids domain specific context-
aware applications with a Java API and a set of interfaces. It is distributed, service oriented, 
event based. It includes context services, access control, context client and monitor 
[Bar05]. 

! Framework for Multimodal Adaptive Environments (FAME). [Dua06] 
presents a conceptual framework that considers user, platform and environment infor-
mation in order to adapt the presentation and the behavior of an interactive system. They 
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also propose behavioral matrix as the logic to define adaptation rules, an architecture and a 
set of guidelines. 

! XUL-based Interface Framework (XIF). [But07] separates the UI adapta-
tion from the logic to ease the development of mobile apps, assuring more portability for 
Java ME settings. XUL is cross-platform, widget based markup language based on existing 
standards. 

! PersonisAD. is an architectural framework to model and to use context. Its 
key concern is scrutability, i.e. the users can access and understand their models by using 
simple operations like access, tell, and ask. Their main contribution is a generalized frame-
work to simplify the creation of ubiquitous computing applications; they focused on mod-
eling the environment and on the distributed and active nature of the models [Ass07]. 

! Architectural Frameworks for Automated Content Adaptation to Mobile 
Devices (ACAMD). Jankowska (2007) identifies as fundamental requirements for adapta-
tion frameworks: the transformation of images and the identification of the delivery con-
text. According to her, these are two common features that should be supported by each 
adaptation framework. The main goal of this framework is to enable cost-efficient devel-
opment of mobile applications, by providing a markup language and an integrated devel-
opment environment (IDE). The framework requirements include supporting: navigation, 
organization, image conversion, data integration, fragmentation, layout and style. 

! Context-Aware Workflow Execution Conceptual Framework (CAWE). 
for Ardissono et al. (2007) and (2008) to enhance the flexibility of the workflow in web ser-
vice composition systems, the context information and the adaptation rules must be explic-
itly represented in the adaptation logic. CAWE is a framework that manages context-aware 
applications with a hierarchical representation of the workflow, thus supporting the execu-
tion of alternative courses of actions and the context-aware invocation of web services. It 
considers the adaptation of the UI and the workflow execution. And as such, they believe it 
can be extended to handle complex adaptation rules. 

! Layered Context-aware Adaptation Framework (LCAAF). [Pre09] pro-
poses an integrated approach for context-aware adaptation associating the contents, the 
application, and a self-adaptive framework to the network. They focus on a large-scale net-
work, distributed settings and context-aware adaptation in running applications. 

! A Fusion Framework for Multimodal Interactive Applications (FMIA). 
[Men09] proposes a multimodal fusion framework for multimodal data fusion. Different 
devices provide data to be analyzed, interpreted and combined, aiming at enhancing the 
end user interactions.  

! MIMOSA. [Mal10] focuses in mobile users and web-based services. This 
framework includes an architecture and a middleware to aggregate context from distributed 
sources. By coupling services the user preferences are detected and considered to choose 
appropriate adaptation policies.   

! Less Framework (LF). is an adaptive CSS grid system for designing adaptive 
websites. Four layouts with 3 sets of typographic presets are available, all based on a single 
grid (Figure 11). The layouts take into account the platform type, namely: a default layout 
(of 992 pixels, for desktops, laptops, and tablets in landscape orientation), a tablet layout, 
mobile devices, and wide mobile layouts (for large mobile devices or smartphones in land-
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scape orientation). The layouts vary in terms of amount of columns and margin widths 
[Kor12]. 

! Conceptual Framework (CF). [Fis12] defines a multidimensional framework 
for context-aware systems. Context awareness is a multidimensional goal whose further 
features, as adaptation, are needed to exploit contexts’ full potentials. This work discusses 
the CAA pitfalls, challenges and trade-offs, in a conceptual approach (Figure 12). 

Figure 11. Less Framework 4: layouts for desktop, tablet, mobile devices, and large mobile devices. 

[Source: http://lessframework.com/] 

The frameworks presented in this Section contributed with specific CAA concepts. 
Although they provide valuable contributions, they are constrained, either in terms of ap-
plication aspects and domains or in terms of context. For instance [Dey01] and [Bar05] tar-
get at context information, but do not consider CAA. [Bar05] and [But07] are technology 
driven (to Java settings). [Llo97], [Per00], [W3C03], [Oli03], [Han04], [Dua06], [Ard07], 
[Ard08], [Mal10], and [Kor12] target at web-based applications.  [Mal10] and [Kor12] focus 
on mobile applications. [W3C03], [Dua06] and [Fis12] by providing more conceptual solu-
tions, cover also a more generic purpose, i.e. being domain-independent and targeting at 
multi-contexts. 

Figure 12. A multidimensional framework for context-aware systems [Fis12]. 

Our framework aims at extending this work by complementing the use of context 
information with appropriate techniques of adaptation. ROAM and Less Framework are 
limited in considering just the devices as context dimension. Oliveira and Fernandes (2003) 
work and PersonisAD are limited in terms of application domains, while the former focus-
es only in the educational domain, the later targets at ubiquitous computing. [Bar05] focus-
es mainly on medical applications. 

PersonisAD and SUPPLE are limited in terms of the covered dimensions of the 
context, once the former considers just users and the later considers just users and devices, 
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but both exclude environmental characteristics. Moreover, often when only one dimension 
of context or aspects is considered, it is partially considered: e.g. Jankowska [2007] consid-
ers the platform as a context, but it is limited to mobile devices, besides just content adap-
tation is considered as applications aspect. The works of [W3C03] and PUC are also limited 
in terms of aspects, taking only the adaptation of the modality, i.e. presentation, into ac-
count. Less Framework takes just the screen dimension into account to adjust the only lay-
out of graphical UI’s [Kor12]. 

Table 4. Current frameworks according to the context dimensions (user, platform and environment), 

support provided and system aspects (presentation, navigation and content). From – non-existing, + 

low, ++ middle, to +++ high. 

Related 
Works 

Context Support Aspect 
User Plat Env Type Pres Nav Con 

FAHD 
[Llo97] + + - Framework, Architectural Forms +

+ 
-

- 
+

+ 
CFAWS 
[Per00] +++ - - Algorithm, Methods -

- 
+

++ 
-

- 
CaFT 
[Dey00] +++ +++ +++ Conceptual Framework, Toolkit +

+ 
-

- 
+

+ 
PUC  
[Nic02] - ++ - Architecture, Specification, Language, 

UI Generator 
+

++ 
-

- 
-

- 
W3C MIF 
[W3C03] + ++ + Generic Meta-Architecture +

++ 
+

+ 
+

+ 
AEHS 
[Oli03] +++ - - Decision Models, Analysis, Strategies +

++ 
+

+++ 
+

+ 
FAÇADE 
[Kur04] + +++ - Architecture, Decision Engine, 

Context Repository 
+

++ 
+

++ 
+

++ 
CAAUIG 
[Han04] ++ ++ ++ Framework, Language +

+ 
+

+ 
+

+ 
SUPPLE 
[Gaj06] + ++ - Framework-Toolkit +

++ 
+

+ 
-

- 
ROAM 
[Chu04] - +++ - System, Architecture, Application Frame-

work 
+

++ 
+

+ 
-

- 
JCAF 
[Bar05] ++ - ++ Service Structure, Program Framework -

- 
-

- 
-

+ 
FAME 
[Dua06] ++ ++ ++ Conceptual Framework, Logic +

++ 
+

++ 
-

- 

XIF [But07] - +++ + Logical Approach, XUL UI Framework +
+++ 

-
- 

-
- 

Personis 
AD [Ass07] + + + Rule Language, 

Generic Architectural Framework 
+

++ 
-

- 
+

++ 
ACAMD 
[Jan07] + +++ + IDE, Architecture +

++ 
+

++ 
+

+++ 
CAWE 
[Ard08] +++ ++ + Framework, Architecture, Logic +

++ 
+

++ 
+

+ 
LCAAF 
[Pre09] ++ ++ + Design methodology +

+ 
+

+ 
+

++ 
FMIA 
[Men09] ++ ++ + Fusion Framework +

+ 
-

- 
+

++ 
MIMOSA 
[Mal10] ++ +++ + Architecture, Distributed Framework +

++ 
+

++ 
+

+++ 

LF [Kor12] - +++ - Layout Options +
+++ 

-
- 

+
- 

CF [Fis12] +++ + ++ Conceptual Framework +
+++ 

+
+++ 

+
+++ 

Table 4 presents the 21 frameworks analyzed based on the context of use that they 
target (user, platform or environment), their main contributions (architectures, algorithms, 
languages, models, toolkits, etc.) and the main aspect subject to adaptation (presentation, 
navigation, and content). The dimensions were classified based on their impact, e.g. when 
several contextual information are considered, they were classified as ‘+++’, and when few 
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information were (partially) taken into account, it was classified as ‘+’. When no infor-
mation belonging to the dimension was considered (or reported), it is classified as ‘-’.  

As also pointed by [Mal10], context information must be broadly considered, how-
ever as we can see in this table, most of the frameworks on CAA partially consider the con-
text, i.e. rarely user, platform and environment are simultaneously taken into account 
[Dey00], [Ard07], [Ard08], [Men09], [Mal10]. For [Han04] common requirements for con-
text-aware frameworks include: context gathering, model support, and data interpretations.  

Still when the context is considered, the contextual information concerning the 
platform is prioritized instead of the user [Nic02], [W3C03]. Moreover, as points [Jan07] 
the complexity of the frameworks for adaptation (to access, understand, install, use, and 
apply them) leads to rejections of adaptation methods offered. 

2.3.3 Design Spaces 

Design Spaces define possible alternatives for developing applications regarding 
multiple dimensions. With an explicit representation of these options, a Design Space can 
be used before the implementation of a project, to present design’s options, after the im-
plementation to analyze and explore the alternatives and also to compare different projects.  

Nigay and Coutaz (1993) define a design space for multimodal systems. When dif-
ferent modalities, as voice, gesture and textual are integrated, the user I/O in different 
times may vary [Nig93]. The design space deals with tasks at the granularity of commands, 
aims at identifying software implications and constraints during its development phases, 
and also enables classification. It considers concurrency and data fusion, and it includes as 
dimensions: modalities (sequential, and parallel), fusion (combined, independent), and ab-
straction level (meaning and no meaning). This classification space defines 4 classes of sys-
tem for reference, characterization and reasoning concerning I/O properties of interactive 
systems. It enables to locate systems and to consistently compare them, being comple-
mented by a software architecture. 

Karagiannidis et al. (1996) define an adaptivity design space, as a set of pairs with 
temporal aspects and priorities assigned. This space characterizes adaptation based on de-
terminants, constituents, goals and rules, it customizes requirements for different domains 
and user profiles, and attends to a generic-purpose. They organize adaptation’s strategies in 
4 main decisions: what to adapt (constituents), when to adapt (determinants, or UI states), 
why to adapt (goals) and how to adapt (rules) [Kar96]. 

Vanderdonckt et al. (2005) propose a design space for context-sensitive UI’s (Figure 
13). Containing adaptivity, adaptability, and context-awareness, axis including the target 
(‘with respect to what’), agents (‘who’), temporality (‘when’), amount (‘how many’), aspects 
(‘what’), approach adopted (‘with what’), and qualities (‘for what’). This design space en-
compasses seven relevant dimensions for context-awareness [Van05] and also proposes a 
new method for developing context-aware UI’s. It aids designers to locate, identify and 
separate events that change context and thus reconfigure the UI’s. 
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Figure 13. A Design Space for Context sensitivity [Van05]. 

Gajós et al. (2006) propose a design space for adaptive graphical user interfaces, an-
alyzing aspects that affect the success of an adaptive UI. The associations among perfor-
mance, accuracy, user satisfaction, cognitive complexity, adaptation’s frequency and pre-
dictability were explored. As a result they noted that mechanical properties of an adaptive 
UI does not strongly affect the user’s satisfaction or performance. Moreover users tend to 
prefer the UI’s spatial stability. They also believe that frequent adaptations may reduce the 
utility of adaptive UI’s [Gaj06]. 

Coutaz (2006) presents a dimension space that enables classification, comparison 
and contrasting different works on meta-UI’s. Dimensions encompassed include: interac-
tion techniques (integration, extensibility, representation, function) qualities (initiative and 
control) and functional coverage (services and object types). For each dimension, granulari-
ty levels have been defined, e.g. either the human or the system can take the initiative. The 
dimensions’ levels are not necessarily exclusive or scalar. For Coutaz (2006), although vari-
ous models and mechanisms are currently being developed for plastic and context-aware 
adaptive UI’s, care must be taken to ensure that the end users still have enough UI control 
[Cou06].  

For Calvary (2007), the problem space for adaptation can be structured in two 
hemispheres (left and right), integrating its lifecycle and its directives (rules). The lifecycle 
(Figure 14) is composed by 4 phases: definition, execution, evaluation, and capitalization. 
Each of these phases can be defined in terms of: who, what, where, when, and how. The 
rules associate conditions, reactions and events [Cal07]. 

Vanderdonckt et al. (2008) synthesizes the problem space for multimodal user inter-
faces (Figure 15). The following dimensions characterize this space: adaptation means (re-
molding and re-distributing), UI component granularity (from the interactor to the whole 
UI), the state recovery granularity (from action to session level), the UI deployment (static 
or dynamic), the context (user, platform or environment), the technological spaces (intra, 
inter or multi), and the existence of a meta-UI (none, without or with negotiation and plas-
tic). These dimensions are scalar [Van08]. 
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Figure 14. A partial representation of the hemispheres proposed by [Cal07]: a lifecycle of adaptation 

covering aspects as: who, what, where, when, and how. 

Rouillard (2008) represented the main aspects of adaptation by means of a mind 
map. It includes: why, what, who, when, where, to what, and how. These aspects respec-
tively cover: the goals of the adaptation, the system (navigation, presentation and features), 
the agent responsible for controlling the adaptation, the moment when it occurs (e.g. run 
time), the location where it occurs (e.g. internal to the system), the target context (user, 
platform, environment), and the approach (strategies, methods, etc.) [Rou08]. 

For Arhippainen (2009), the design space for adaptation includes as dimensions: 
target, means, and time. The target for adaptation refers to entities for which adaptation is 
intended: adaptation to users, adaptation to the environment and adaptation to the plat-
form (i.e. physical devices and their characteristic). The means for adaptation denotes the 
software components of the system involved in adaptation. For instance, the system task 
model, the rendering techniques and the help subsystems can be modified to adapt to the 
targeted entities. Finally, the temporal dimension of adaptation refers to static adaptation 
(effective between sessions) or dynamic (at run time) [Arh09]. 

Cardoso and José (2009) focus on the gap between interactive features of displays 
and adaptation rules for contents. For them the fluidity and heterogeneity of social con-
texts must be considered, adapting the UI’s design decisions. The user activity must be 
traced and used for the adaptation. The key problem is the diversity of interaction modali-
ties and adaptation rules. So a design space informs designers of situated displays the rela-
tion among interaction modes, types of digital footprints they can generate and the adapta-
tion they may support. Interaction options were analyzed and digital footprints categorized 
in: presence, presence self-exposure, content suggestion, and actionables. They define the 
mapping between interaction options and generation of local digital footprints. Adaptation 
types were analyzed and linked with each digital footprint [Car09]. 

Böhmer et al. (2010) define a design space for context-aware recommender systems 
to suggest mobile applications. Dimensions and techniques to capture information about 
the users, items and context were defined, as well as their relevance levels. Information 
captured both implicitly and explicitly has been considered [Böh10]. 

Calvary et al. (2011) define the problem space for multitarget user interfaces based 
on different constraints of the context and plasticity. This space (Figure 16) aids to under-
stand and to reason about plasticity aspects. This space, called pStars, considers the UI as 
multivariate data including: domain-dependent UI’s (interaction style and UI distribution), 
context (user, platform, environment), adaptation behavior (task, interaction style, occur-
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rence, state recovery), and Adaptation control user interface (level of control, UI of adapta-
tion). 

Figure 15. The problem space for plastic multimodal user interfaces [Van08]. 

Figure 16. pStars a plasticity problem space [Cal11]. 

Table 5 presents a selection of 12 works that define design (and problem) spaces 
for adaptation of user interfaces or closely related concepts (as multimodal or context sen-
sitive UI’s). This table presents the dimensions and respective granularity levels covered in 
these works. Dimensions include discrete and continuous values, and their levels not al-
ways represent a scalar (ordered) relationship, although they are often represented by 
means of continuous axes.  
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Table 5. Existing design spaces, their dimensions and respective levels. 

Design Spaces Dimensions (levels’ sample) 

Nigay and Coutaz 
[Nig93] 

Modalities (sequential, parallel) 
Fusion (combined, independent) 
Abstraction (meaning, no meaning) 

Karagiannidis 
[Kar96] 

What/constituents (semantics, syntatics, lexic) 
When/determinants (UI’s states) 
Why/goals 
How/rules 

SIMILAR DS 
[Van05] 

To what (task, domain, user, platform, environment) 
Who (system, mixed, user) 
When (run-time, design-time) 
How many  (one, some, many) 
What (application, presentation) 
With what (passive models, active models) 
For what (initiative, proposal) 

Gajós et al. 
[Gaj06] 

Costs x Benefits (low, moderate, high) 
Frequency x Predictability (less, most) 
Performance x Satisfaction 

Coutaz 
[Cou07] 

Technique (extensibility, design, representation, integration) 
Quality (initiative, control) 
Function (object types, generic services) 

Calvary 
[Cal07] 

Rules (condition, event, action, values) 
Lifecycle (definition, execution, evaluation, capitalization) 

Arhippainen 
[Arh09] 

Target (user, environment, platform) 
Means (navigation, content, presentation) 
Time (static, dynamic/run-time) 

Vanderdonckt et al. 
[Van08] 

Adaptation means (re-molding, re-distribution) 
UI component granularity (total, dialog, interactor) 
State recovery granularity (session, task, action) 
UI deployment (static, dynamic) 
Context of use (user, platform, environment) 
Technological space coverage (intra, inter, multi) 
Meta-UI (none, with or without negotiation, plastic) 

Rouillard  
[Rou08] 

Why (speed, simplification) 
What (feature, presentation, dialogue, help) 
Who (controller, agent) 
When (static, dynamic) 
Where (internal, external) 
To What (user, platform, environment) 
How (strategies, methods) 

Cardoso and José 
[Car09] 

Presence (detection, characterization, identification, exposure) 
Content Suggestion 
Actionables 

Böhmer et al.  
[Boh10] 

Users (implicit, explicit) 
Items (implicit, explicit) 
Context (implicit, explicit) 

pStars [Cal11] 

Domain-dependent UI (interaction style, UI distribution) 
Context of use (user, platform, environment) 
Adaptation behavior (task, interaction style, occurrence, state recovery) 
Adaptation control UI (level of control, UI of adaptation) 

Analogously to the frameworks reported, the design spaces are dedicated to specific 
CAA aspects. While [Car09] tackles interactive displays, [Nig93] focus on multimodal ap-
plications, [Cou07], [Gaj06] and [Arh09] focus on quality and user experiences, [Rou08] fo-
cuses on multimodal applications and [Boh10] focuses on mobile applications. [Cal07] ex-
tensively covered aspects of the adaptation rules and its lifecycle. Although [Arh09] pro-
vides a precise definition, it is limited, i.e. it does not consider important aspects like what 
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is being adapted, or how, like [Kar96], [Van05] and [Rou08] do. [Van08] covers multiple 
aspects of a UI adaptation, however although the diagram represents scalar notation, it is 
not always possible to understand the dimensions as a set of ordered values, e.g. the con-
text of use (user, platform and environments) per se cannot be analyzed with a scale (unless 
associated with quality levels). [Cal11] analyze plasticity and adaptation in an attempt to 
support decision making when designing advanced UI’s.  

Instantiating design spaces is challenging. When orthogonal axes are employed and 
a continuous line connects levels across dimensions, we tend to think that their scales are 
proportional. However such interpretation may lead to misunderstandings and incorrect 
conclusions, since the dimensions usually cannot be compared with numeric scales (e.g. 
context vs. adaptation means).  

All dimensions identified with these related works are relevant to analyze coverage 
aspects and UI design. They are also complementary and establish a set of consistent crite-
ria for analyzing UI’s and interactive systems. However some shortcomings become evi-
dent (e.g. scalar representations for non scalar values, proportional associations for dimen-
sions whose meanings are disconnected, narrowed focus). 

2.4 Discussion 

As presented in this chapter, the works dedicated to CAA are extensive. From an 
applied perspective, several domains can benefit from adaptation, as well as several infor-
mation of the context can be considered to define it, and as several aspects of interactive 
systems can be subject to adaptation. From a support perspective, the contributions cover 
languages, models, approaches, methods and frameworks. The works analyzed particularly 
focus on: meta-models, frameworks and design spaces, due to these thesis goals. However 
such concepts often overlap, contributing in complementary dimensions of adaptation. 
From a temporal perspective for CAA, the ISATINE framework of [Lóp08] defines stages 
and gulfs for adaptation. It [Lóp08] includes 7 adaptation stages: goal, initiative, specifica-
tion, application, transition, interpretation, and evaluation, linking 2 gulfs the execution and 
the evaluation (as  Figure 17 illustrates). 

The analysis of the state-of-the-art, although targeted at specific applied and sup-
portive contributions, provided a large range of related concepts, including requirements 
for adaptation, implementations, techniques and lifecycle phases. The works that have been 
analyzed are often narrow in scope, excluding certain concepts, such as: context, system 
aspects, domains or the seven stages of Norman’s theory of action [Nor86].  

This theory has also been covered by ISATINE, and it describes how a user inter-
acts with an application from the very beginning, when the user is forming his intention to 
reach a goal, until the end, when the results from the actions taken to achieve the goal are 
evaluated.  The adaptation process should cover all seven stages of Norman’s theory of ac-
tion, including adaptation steps so important such as evaluation or the transition from the 
original system to the adapted one. Finally, the actors involved at each stage must be 
properly described to characterize any system with user adaptation facilities. In addition, 
how these actors collaborate to achieve on adaptation stage should be also considered. 

Figure 18 illustrates the 7 phases of an adaptation lifecycle (according to Norman’s 
theory of action [Nor86]) relating it to its 4 core components (adapter, context, models and 
rules) and respective reference information (who, to what, why, what, when, where, and 
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how) [Mot13]. At the top of the cycle, the adapter (who), i.e. the agent responsible for trig-
gering or deciding the adaptation, has a goal and an intention in mind. Based on this in-
formation (why) and in what (to what) context information that surrounds the interaction 
moment, the system, by means of rules, can specify the actions that will change (how) one 
or more elements (what) of the interactive system, at design or run time (when), at the cli-
ent, server or proxy (where). A transition can be then used to present the results of the ad-
aptation in the models to the end user. Such results will finally be interpreted and evaluated 
by the agent (i.e. the end user, the system, or a third party). Depending on the evaluation 
given, the adaptation cycle can be concluded (if satisfactory results have been obtained), or 
continue (until satisfactory results are reached). 

 Figure 17. The ISATINE Framework: 2 adaptation gulfs (execution and evaluation) connect 7 stag-

es of an adaptation process (goal, initiative, specification, application, transition, interpretation and 

evaluation) [Lóp08]. 

In this chapter we have explored a selection of works that cover both practical and 
theoretical perspectives of CAA. As practical perspective, application domains and aspects that 
can benefit of CAA (or that are subjected to it) have been presented. Finally we show how 
context information has been effectively considered for executing CAA. The application 
domains must be known to assure that our framework is sufficiently generic to accommo-
date different scenarios. The aspects define what specifically in an application can be sub-
jected to the CAA, varying in different granularity levels, since a simple property until the 
complete application. The context information, as the most important unit for CAA, must 
be deeply investigated. It is relevant to know the variety of information that can be consid-
ered, and also its processes, e.g. how to gather it, treat, convert and prioritize. From a theo-
retical perspective, examples of CAA methods have been presented, including models, frame-
works, and design spaces. Such works provided ground information to generate the TriPlet 
framework. The models are fundamental to define necessary concepts required for CAA, 
the frameworks support CAA different phases, e.g. its design, implementation, and evalua-
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tion, and the design spaces define consistent criteria for assessing adaptation (analysis, 
evaluation and comparison). 

The contributions of this thesis inherited a lot from works reported in this chapter, 
and this thesis attempts to: integrate, refine and extend them. 

Figure 18. Adaptation lifecycle structured according to: its four core components (Adapter, Context, 

Models and Rules), seven reference information (who, to what, why, what, when, where, and how) 

[Mot13] and 7 phases (goal, intention, specification, action, transition, interpretation and evaluation) 

according to Norman’s theory of action [Nor86] and also to ISATINE [Lóp08]. 

2.5 Shortcomings and Requirements  

As presented in this chapter, several works have been dedicated to investigate CAA. 
However, normally they are constrained, focusing on deeply investigating: the context, spe-
cific system aspects, or one application domain. In this sense, the main shortcoming is the 
fact that the works are usually not integrated and often they do not consider a broad view 
of CAA. The analysis of the literature, as this chapter describes, revealed a set of shortcom-
ings in the domain of CAA. Some of them receive special attention in the context of this 
project; they consist in limitations in current approaches, as for example: 

S1. Limited coverage of CAA dimensions. Just one or two dimensions of the 
context information are usually considered at a time  [Nic02], [W3C03], 
[Kor12]. Besides this, for each dimension only specific properties are taken into 
account (e.g., only the user profile or the device constraints), resulting in a lim-
ited context-awareness. The environment is rarely considered [Dey01], [Ard08]; 

S2. Focused impact on CAA. The system aspects targeted by the CAA are con-
strained, focusing mainly in the presentation, instead of navigation or contents 
[Gaj04], [Chu04]; 

S3. Specific application domain. Existing works are dedicated to specific applica-
tion domains (e.g. educational [Oli03], medical [Bar05] and ubiquitous compu-
ting [Ass07]). Resulting in CAA approaches that are often unable to accommo-
date other domains.  
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S4. Partial support for guiding CAA. The current approaches do not support the 
complete development lifecycle, limiting the CAA process to context gathering 
[Dey01], [Bar05] or adaptation execution.  

S5. Moderate usability for CAA UI’s. The end user feedback is rarely considered 
to properly adjust the CAA process in a cyclic manner [Gan07]. Other qualities 
of service are prioritized instead [Lum02]. 

S6. Technology-dependency of the solutions. The technological space consid-
ered is limited, i.e. concerning specific languages (e.g. SMIL [Rou00], CSS 
[Kor12], [W3C03]), Java settings [Bar05], [But07] and platforms [Far07], 
[Kor12];  

S7. Obsolescence of the support provided. The methodologies not always are 
extensible [Kor12] being often not synchronized with the latest technological 
achievements;  

S8. Simple logic to address CAA. CAA is often tackled with simple rules 
[Gan07], while complex applications and contexts require more reasoning and 
inferences than these rules support; 

S9. Lack of unification of the vocabulary and approaches. The current ap-
proaches are not unified and consistent, different names were associated to the 
same technique (e.g. action vs. transformation [Gan07], [Lóp09]), leading to 
ambiguous interpretations and misunderstandings;  

The concerns and shortcomings observed for CAA delineate the problem space for 
this thesis. They also lead to conclude requirements and improvements in this domain con-
sidering different dimensions. The requirements identified so far state that: 

R1. Multidimensional context of use. The context information cannot be limited 
to one, two or three dimensions, it must be not only broadly considered but 
complete and also enable extensions;  

R2. Multidimensional system aspects. CAA cannot target to specific sub-
properties of applications, the integral application, concerning navigation, 
presentation and contents, as well as their specific granularity levels must be 
carefully considered; 

R3. Application domain independency. Once all application domains can benefit 
of CAA, theoretical methods that support CAA must be able to accommodate 
several scenarios; 

R4. Complete SDLC Coverage. Methods must support adaptation in the entire 
lifecycle of development (considering, for instance, the feedback from the user 
to progressively adapt the application); 

R5. High Usability Levels. End users must have highest priorities, being able to 
reject, accept, modify and evaluate CAA process. The adaptation engine must 
be able to evolve by learning with the end users; 

R6. Technology Independency. The technological spaces cannot be constrained 
in terms of languages or platforms. The quick evolution of technology must be 
considered by enabling extensible and flexible approaches;  

R7. Extensible Approach. The methods must be extensible allowing continuous 
update of concepts;  

R8. Advanced Logic. Simple rules can be used as a basis for CAA, however more 
complex reasoning and inferences must be supported, e.g. with machine learn-
ing, ontologies, etc.; 
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R9. Unified Vocabulary. A standard terminology must be defined and largely 
adopted, resulting in more consistent approaches, enabling and facilitating the 
re-use and extensions. 

Table 6 shows the requirements mentioned above related to the shortcomings iden-
tified in this domain. Although each requirement mainly addresses each shortcoming, they 
also impact in other aspects, contributing in multi-fold solutions. For instance, regarding 
the first and the second shortcomings (S1 and S2), the more context information covered 
(R1), the more system aspects are adapted (R2), as a benefit of the extensible approach 
employed (R7). 

Table 6. Relationships between the shortcomings and the requirements of this thesis (‘! ’ mainly 

address and ‘# ’ contributes to address). 

S / R R1 R2 R3 R4 R5 R6 R7 R8 R9 
S1 ! #     #   
S2 # !     #   
S3 # # !   # # #  
S4 # # # ! # # # #  
S5 # #  # !  #   
S6 # # #   ! #   
S7 # # #   # !   
S8 # # # # #  # !  
S9         ! 

The shortcomings identified lead to the definitions of the requirements that guided 
the problem space and the methodology of this thesis; the coverage of these requirements 
is discussed in the Chapter 5. 
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Chapter 3 TriPlet 
The analysis of the literature review, as presented in Chapter 2, enabled us to identi-

fy fundamental concepts and main shortcomings in the domain of interest and lead to the 
consequent definition of corresponding requirements for this thesis. The methodology of 
this thesis as presented in the section 1.7 aims at tackling the shortcomings previously iden-
tified and consequently fulfilling the requirements mentioned in section 2.5. 

This chapter presents TriPlet and its development steps. The literature review ena-
bled the systematic extraction of fundamental concepts about adaptation. Then, TriPlet’s 
components were created based on the analysis of the results of the systematic review. 
Fundamental concepts commonly found in adaptive and adaptable applications served as a 
ground for creating the CAMM meta-model, the techniques identified for adaptation were 
systematically organized in cards, and lead to CARF definition, i.e. not only adaptation 
techniques are needed to execute adaptation, so its principles, strategies and approaches 
were also considered. Finally, the CADS design space with essential dimensions for analyz-
ing and comparing multiple adaptability levels of CAA was defined. 

The second phase of the methodology of this thesis consists in elaborating a multi-
dimensional CAA framework. This framework is based on the knowledge gathered during 
the systematic review. For [Han04] the many-fold requirements for systems with adaptive 
user interfaces include: handling both input and output using multiple mechanisms, sup-
porting alternative metaphors, several platforms, and the automatically adapting interfaces 
to several different contexts of use. 

The conceptual framework proposed in this thesis is named TriPlet, due to its 
three-fold contributions: a Context-aware Meta-Model (CAMM), a Context-aware Refer-
ence Framework (CARF), and a Context-aware Design Space (CADS). 

3.1 Context-aware Meta-model (CAMM) 

To formalize the essential concepts that are necessary to implement and execute 
CAA, a meta-model, named CAMM was created. CAMM is described in this section, but 
complementary details are reported in Appendix A and Appendix B. CAMM complies with 
the OMG (Object Management Group) notation for UML (Unified Modeling Language) 
Class diagrams: MetaObject Facility (MOF). “The UML is a language for specifying, visualizing, 
constructing, and documenting the artifacts of software systems. The UML represents a collection of best en-
gineering practices that have been proven successful in the modeling of large and complex systems” 
[OMG00]. In this notation the associations are represented by named lines (e.g., triggers), 
aggregations represented by open diamonds (e.g., resource property), and compositions 
represented by closed diamonds (e.g., User). This meta-model besides covering the com-
plete adaptation process, also abstracts fundamental concepts, establishes their relation-
ships and defines their properties and methods. Moreover, additional information, as con-
straints and cardinality of the relationships, are also specified.  

The CAMM was created based on the analysis of the systematic review results. 
CAMM inherits from several works reported in literature, mainly: [Koc00], [Kap02], 
[Fuc05], [Cal05], [Fah05], [Gan07], [Far07], [Lóp08] and [Mor12]. This section details the 
design decisions of CAMM.  
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Four colors were applied in the meta-model separating concepts that belong to dif-
ferent domains (Figure 19). Therefore, the classes represented by red blocks refer to the 
adaptation agents, the ones represented by green blocks refer to the context of use, the yel-
low blocks refer to the core of the adaptation process, and purple blocks refer to model 
generation. The enumerations that list potential instantiations of the concepts of CAMM 
are represented by blue classes. 

This MOF-based4 meta-model diagram, as Figure 20 illustrates, shows with the red 
blocks three possible agents to trigger an adaptation process: the system, the end user or a 
third party [Lóp08]. These agents are abstracted as ‘Adapter’. Considering that an adapta-
tion process may be composed by several phases, different agents can be responsible for 
each of them [Hor99] collaborating to defined the adaptations. For instance, the end user 
may start an adaptation process, and the system decides which is the most appropriate 
method among the available ones [Lóp08]. Besides, the agent roles can be further refined 
according to their specific characteristics and interrelationships, which permits collabora-
tion and hierarchies. When a group of users is responsible for defining the adaptation, it is 
named crowd-sourced adaptation [Neb11b]. The advantage of such a collaboration is that 
different agents have access to different information, with priorities that may be more or 
less relevant depending on each scenario. 

A CAA process can also be triggered by a change in the state of the context of use. 
The green blocks in the meta-model diagram represent concepts related to the context in-
formation. The context defines the adaptation rules since it provides information to instan-
tiate them. For instance, when the user changes the orientation of the device, a technique 
like ‘change the UI orientation’ must be applied, rotating the content of the UI according 
to the new device position (information gathered for instance by a sensor). Changes con-
cerning the user profile, the environmental characteristics and the application itself can all 
contribute to trigger an adaptation process. 

As the context is a composition of information gathered from different dimen-
sions, there are sets of rules that can be simultaneously applied. An adaptation process is 
then governed by one or more rule. Rules, represented in the meta-model diagram by the 
yellow blocks, can be syntactically structured in the form of ECA rules (event, condition 
and actions) [Dit95], [Sot07], [Gan07], [Lóp09], instantiated and triggered by context in-
formation. Due to the fact that more than one rule is often simultaneously applicable, con-
flicts may appear. In order to solve them, priorities must be assigned for certain contexts: 
adaptation techniques may be abstracted in policies (meta-rules) that can also be further ab-
stracted as strategies (meta meta-rules). An extension of ECA rules that includes also Justi-
fication can be applied as well. Justification (J) provides a reasoning context for evaluations 
of ECA rules in order to support context dependent reasoning processes in dealing with 
uncertainties [Nge07]. 

CAA results can be presented to the end user with different methods aiming at 
preventing a potential end user disruption, such an issue is commonly caused by significant 
differences existing between the original UI and the adapted one, which can make users 
lost or confused. Animation is one potential solution that can be applied in this sense. By 
presenting the adaptation results by using animation, the intermediary steps of the adapta-
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tion process are explicitly presented to the end user, a smooth transition from the original 
to the final UI may aid users to intuitively comprehend the changes in a sequential ap-
proach [Des11].  

In a model-based approach. models for UI’s are generated as consequences of the 
actions performed by the adaptation rules. In the CAMM meta-model diagram, the models 
are represented by purple blocks. In the model driven approach, following the principles of 
the CAMELEON reference framework, the models range from task and concept level, to 
abstract and concrete levels and then final level [Cal03], according to their abstraction level. 
While a task model specifies the tasks and subtasks involved to accomplish a specific user 
goal, the final UI level specifies the characteristics of the layout which in a GUI case corre-
spond for instance to the style, the alignment, and the colors of the UI. 

Figure 19. CAMM overview: 4 main packages. 

3.1.1 CAMM: Descriptions of its 4 main concepts  

The Adapter is the agent or the set of agents that is responsible for triggering or 
supporting the decisions for each of the adaptation phases [Koc01], [Sot07], for example: 
the end user that customizes the interactive system [Rou08], [Lóp08]. It has as attributes: id 
(the identifier of the adapter, a unique value), name (the name associated to the adapter), 
and priority (in a qualitative approach, it could be for example a value like low, medium, or 
high according to the priority associated to the adapter). It has as methods: get() and set() 
(generic functions used to retrieve the information about the adapters available in a given 
moment and to associate it to the attribute values, instantiating the adapter). It has as rela-
tionships: inheritances of User, System, and Third-Party, and triggers an Adapta-
tionProcess. 
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Figure 20. Context-Aware Meta-Model (CAMM). The corresponding descriptions are presented in Appendix A and its XML Schema is presented in Appendix B. 



Chapter 3. TriPlet 

 

 61 

The Context is all the information that characterizes the context of use, the interac-
tion scenario and that can be relevant and useful for defining the adaptation lifecycle 
[Dey00], [Kap02], [Fuc05], [Cal05], [Mor12] for example: the user John Doe interacting 
with a tablet PC in a train. It has as attributes: id (a unique identifier value for that context), 
and a priority value (if in a qualitative approach could be high, medium, low levels, this in-
formation is useful to solve potential conflicts between adaptation techniques). It has as 
methods: get() (to retrieve information about the context, coming for instance from sen-
sors in the environment), set() (function to instantiate the values for the context, such 
values can be treated and processed beforehand if necessary, e.g. to convert units), isA-
vailable() (to check whether there is information to be retrieved), isDynamic() (to 
check whether the information varies along the time), isValid() (to check whether the 
information still holds). It has as relationships: aggregations of User, Platform, Environ-
ment and Application, and also Quality, Element, and Property. It instantiates a Justifica-
tion, an Event and a ContextInformation.  

The Adaptation Process is the set of all necessary steps to perform the adaptation, 
i.e. an adaptation lifecycle, for example: given a change in the orientation of the device 
screen (rotation), the layout of the UI elements change, and this change is smoothly pre-
sented to the end user. It has as attributes: id (a unique identifier associated to an adaptation 
process). It has as methods: start() (to begin the adaptation process), pause() (to tempo-
rarily terminate the process), and stop() (to terminate the process). It has as relationships: 
is_triggered_by an Adapter, is_composed_by one or more AdaptationRules [Fuc05], 
[Sot07], [Gan07], [Lóp09], [Lóp10].  

The Model is a formal definition of an interactive system, that can be decomposed 
into different abstraction levels [Koc00], [Cal05], and complemented by different views, 
commonly expressed by means of a given notation (e.g. UML, XML, CTT), for example: a 
UsiXML model specifying an interactive system [Luy10]. It has as attributes: id (a unique 
identifier of the model) and a description (the model definition). It has as methods: reify() 
(a specialization of a model to make it more concrete) and abstract() (transformation to 
a higher abstraction level). It has as relationships: is_composed_by one or several models of 
Tasks, AUI, CUI and FUI and is_modified_by an Action. 

3.1.2 Applying CAMM  

During the SDLC a meta-model can be used before the development of an applica-
tion, to guide stakeholders (developers, designers and project managers) to define the nec-
essary requirements for the development phase. CAMM defines 4 conceptual modules 
(adapters, context, rules, and models) that must be considered by the development team 
before implementing an application. CAMM can also be used as a ground model to instan-
tiate further documentation for a given project. 

An adaptation process can be composed by one or several rules. Such rules can also 
be combined and abstracted, by means of policies and strategies; i.e. to leverage the reason-
ing when many adaptation rules apply or when the context of use is not deterministic, ab-
stractions come into play. Policies and strategies represent higher levels of rules, in which 
the conditions of several rules are combined, for instance by means of priorities, and a set 
of actions, that are the most relevant ones for a given context, is defined as applicable. The 
relevance of the rules can be associated with costs (processing requirements, time) and im-
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pact (significance and severity). Such approach aims at ensure that the rules are enough 
complete and correct to cover different compositions. 

CAMM is composed by 34 classes, 72 attributes, 37 methods, 39 relationships, 
among which 10 associations, 4 aggregations, 21 compositions and 4 inheritances. There 
are also 3 enumerations (classifier, operator and presentation type) that complement the 
definitions. 

The detailed description about such components is presented in Appendix A and 
the XML Schema is presented in Appendix B. 

3.2 Context-aware Reference Framework (CARF) 

For Hanumansetty (2004), the goal of a framework is to assist user interface de-
signers and developers of interactive and ubiquitous software applications and to provide a 
basis for adaptive user interface for creating context sensitive user interfaces [Han04].  

The Context-aware Reference Framework (CARF) is a reference framework 
created to list the most relevant concepts for implementing and executing CAA. The 
CARF, whose center is illustrated by Figure 21, is graphically represented by a mind map 
and composed by seven central branches. The mind-map, a type of spider map5 [How05], 
has been chosen to represent CARF due to several reasons, including:  

! it provides a unified view of an extensive list of concepts; 

! it organizes and relates the concepts in a structured manner; 

! it enables to navigate through the branches accessing contents in depth; 

! the radial structure, rather than a hierarchical one, is close to the human approach 
to associate concepts, facilitating the comprehension and the understanding of the 
concepts and their relationships.  

Figure 21. The central branches of the Context-aware Reference Framework (CARF). 

While the central branches of CARF (i.e., the ones directly connected to the root) 
present abstract concepts (based on Quintilian’s definitions [Qui12], as Figure 22 illus-
trates), the external branches (added under the central ones) list the possible instances for 
these abstract concepts, and thus aid the implementation, execution and analysis of CAA.  

Figure 22. Quintilian defined 8 aspects (in Latin) that aid to investigate a topic, guiding the study 

and the understanding of it from different perspectives (who, what, why, when, how and by what 

means). [Source: http://www.phillwebb.net/history/ancient/Quintilian/Quintilian.htm]   
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The definition of CARF inherits from several works reported in the literature, as: 
[Kar96], [Van05], [Cal07], however its core structure is closely related to the framework 
proposed by [Rou08], extending its definition. The evolution in the definition of the CARF 
is also documented in the D2.1.16 [Mot11] and in the D2.1.27 [Mot12]. 

To instantiate the CARF the following sentence must be appropriately respected 
and filled: At <when>, concerning <to_what>, the <who> <where> must <how> the 
<what> to improve the <why>. For example, in natural language, it could be: At run time 
concerning the user visual impairments the system at the client must enhance the color contrast to 
improve (or assure) its accessibility. 

The seven central branches of the CARF represent, in clockwise sense, what, why, 
how, to what, who, when, and where dimensions, defined as follows: 

! What: represents the resource type that is adapted [Ste95], [Van05], [Cal07], 
generally belonging to three main categories [Bru01], [Rou08]: navigational flow, presenta-
tion or content. For example: images; 

! Why: defines the main goals for the adaptation process, which are expressed in 
terms of software qualities [Ste95], [Cal05], [Gaj06], [Rou08], [Lav10]. For example: adapta-
tion can be performed targeting the improvements of the usability level; 

! How: defines how the adaptation process is performed, by listing possible 
methods, techniques and strategies for the adaptation [Ste95], [Van05], [Cal07], [Rou08]. 
For example, with the adaptation technique of changing the font size; 

! To what: lists context information that justifies and defines the adaptation 
process, i.e., usually the application resources are subject to adaptation according to the us-
er, the platform, or the environment. For example: adapting according to color-blind users 
[Abo99], [Dey00], [Dey01], [Van05], [Zim07], [Rou08]; 

! Who: refers to the actor who triggers and is responsible for each phase of the 
adaptation process, e.g.: the end user, the system, or a third party. In a mixed approach 
both end users and system collaborate with the adaptation process [Van05], [Rou08], 
[Lóp09];  

! When: represents the state in which the adaptation process is performed, i.e., it 
can occur at design time, run time, compilation time. For example: adaptations performed 
at run time [Van05], [Gan07], [Cal07], [Lóp09]; 

! Where: this branch refers to the ‘location’ in which the adaptation takes place, 
i.e., according to the architectural approach adopted it can be at the client, at the proxy, or 
at the server [Rou08], [Lóp09]. For example: adaptation performed at the server side. 

These seven branches compose the core of the CARF, and by adding new instances 
they can be refined, however, according to our validation results (presented in Chapter 2, 
Chapter 4 and Chapter 5), they are enough complete to cover the most relevant concepts in 
this domain, being sufficient to comprise and to express all the necessary phases of an en-
tirely CAA process. 

The CARF defines the most relevant concepts for CAA and extensively lists and 
presents the possibilities regarding its implementation and execution. The CARF can be 
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used before the implementation phase of an application, as an extensive catalogue to guide 
developers in taking design decisions, or after the implementation phase of an application, 
to analyze and to evaluate the concepts that were considered, aiding also to identify under-
explored areas for future extensions. 

Given that the updated version of the CARF includes hundreds of concepts, to as-
sure its readability, we list all its main concepts in the following sections, and keep the 
complete CARF diagram for the digital version, which is interactive, and permits to zoom 
in, out, to collapse and to expand the branches. More detailed descriptions are presented 
below and illustrated in the Appendixes: Appendix C, Appendix D, Appendix E, Appendix 
F, Appendix G, Appendix H, and Appendix I. 

3.2.1 What 

Many different resource types can be subject to adaptation. Generally three main 
groups of resources are defined [Bru01]: 

! Content (each specific element that compose the interface of the application) 

! Audio 

! Image 

! Text 

! UI Elements 

! Video 

! Navigation (the hierarchical structure of an application) 

! Presentation (the interface with the end user, i.e. how the contents are ar-
ranged, structured and presented to the user in a given layout) 

These concepts can be also refined with additional sub-concepts. The UI elements 
for instance include: textbox, combobox, radio buttons, forms, buttons, labels, etc. Fur-
thermore the sub-concepts have specific properties that can also be targeted by the adapta-
tion process. 

3.2.2 Why 

The branch Why of the CARF refers to the software quality that is aimed for the 
adaptation process. This concept is aligned with the definitions of non-functional require-
ments of Software Engineering methods, with the definitions of evaluation criteria for 
CAA as [Gaj08] and [Lav10] define, and it is also based on the [ISO9126]. In a high level 
overview, the main qualities considered include: 

! Functionality 

! Maintainability 

! Portability 

! Reliability 

! Usability 

! Consistency 

! Extensibility 

! Security 
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Each of the concepts mentioned above can be refined by related sub-concepts. For 
instance regarding the usability as a quality, the following sub-concepts are closely associat-
ed: accessibility, attractiveness, controllability, comprehensibility, error tolerance, feedback, 
flexibility, preview, learnability, memorability, satisfaction, control, effectiveness, efficiency, 
and collaboration. For Breiner et al. (2009) the two most important usability qualities for 
adaptive interfaces are: memorability, once the interaction is faster if users are able to re-
member and find items easily, and familiarity, once it is vital to match the interface to the re-
al world. The why branch guides the adaptation definition, for instance the adaptation pro-
cess can be oriented to improve the accessibility level of an application. It can be used be-
fore implementation (e.g., to orient the definition of the requirements), and after the im-
plementation (e.g., in the evaluation phase). 

3.2.3 How: Adaptation Techniques, Methods and Strategies  

Adaptation techniques consist of atomic actions that are performed in application 
resources to modify them or their specific properties. Methods are a composition of adap-
tation techniques that are compatible and thus can be jointly applied to modify one or 
more resources of a given application.  

In order to organize, list and describe several adaptation techniques and methods, 
in a systematic way, a card structure to detail them was created. This card (Figure 23) is 
composed of 11 information fields, which specifies for each technique: its name, descrip-
tion, references, rationale, example, context, advantages, disadvantages, a code sample (e.g., 
an algorithm), a picture (e.g., snapshot) and additional comments.  

Figure 23 illustrates an example of such a template describing and illustrating the 
adaptation of the font size. Similar templates are being constantly filled and updated to 
achieve an expressive number of techniques gathered during the SLR phase. The contents 
are iteratively refined in order to keep its consistency (alternative names for the same tech-
nique must be identified and related, for instance) and to keep the references updated. A 
webpage (http://sites.uclouvain.be/mbui/caa/) is being continuously updated to organize, 
store, collaboratively maintain and extend the cards with adaptation techniques.  

The adoption of a well-defined methodology permits constant updates once new 
adaptation techniques may rise, envisaging extensibility.  

All the techniques and methods gathered so far by the CARF are listed in the Ap-
pendix E. They are organized according to their resource type. 

While the adaptation techniques and methods compose the atomic units for an ad-
aptation process, the adaptation strategies concern possible approaches applied to imple-
ment the adaptation process.  

From a technical perspective, CAA strategies belong to two main categories: 

! Graceful Degradation: occurs when the application is able to adapt itself ac-
cording to the constraints imposed by the context of use, and thus reduce or degrade its 
functionalities or resources properties. For instance when scripts are disabled according to 
the browser type or version, and when videos are replaced by equivalent textual descrip-
tions if the connection speed is lower than a given threshold. 

! Progressive Enhancement: consists in providing additional options for the 
end user, in terms of functionality, contents or resources properties, according to her con-
text of use. For instance, users with large screens are able to access more resources at a giv-
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en moment. This characteristic of the context can be then appropriately explored by the 
adaptation (i.e. by optimizing the use of all end user resources and consequently providing 
them with a better experience). 

Figure 23. Example of one CARF card. 

From the end user perspective, the results of the CAA can be presented using different 
approaches. Once users may feel confused with disruptive changes between the original UI 
and the adapted one, animation can be applied to aid them to follow and to understand 
better such changes [Des11]. Although animations aim at aiding users to comprehend 
changes in a UI, they must be carefully designed, avoiding possible trade-offs, such as users 
overlooking the animation or even a significant performance decay [Dra11]. 

Some examples of animation approaches include: brighten, collapsing, cross fading, 
dim, expanding, fading in, fading out, morphing, progressive rendering, self healing, sliding, 
spotlighting, and plugging in and plugging out components. In CAMM, the enumeration 
presentation type lists 29 examples of existing animation approaches. 

3.2.4 To What: Environment, Platform and User 

This branch of CARF refers to the context information that is taken into account 
to orient and to define the CAA process. Context information involves all relevant infor-
mation that is useful to implement an application, and it is usually classified concerning 
three main categories, namely: the environment, the platform, and the user. 

The environment comprises the situation and the environment in which the inter-
action takes place [Bac10]. According to Zimmermann (2007) environmental differences 
result from the mobility of computing devices, applications and people, which leads to 
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highly dynamic computing environments [Zim07]. Unlike desktop applications, which rely 
on a carefully configured and largely static set of resources, ubiquitous computing, perva-
sive and nomadic applications are subject to changes in available resources such as network 
connectivity and input and output devices. Moreover, they are frequently required to coop-
erate spontaneously and opportunistically with previously unknown software services in 
order to accomplish tasks on behalf of users. Thus, the environment surrounding an appli-
cation and its user is a major source to justify adaptation operations. 

According to Coutaz and Rey (2002), the environment denotes the set of objects, 
persons and events that are peripheral to the current activity but that may have an impact 
on the system and/or users behavior [Cou02]. As such, the environment may encompass 
the entire world. In practice, the boundary can be defined by domain analysts who elicit the 
relevant entities for each case. Specific examples are: user's location, ambient sound, light-
ing or weather conditions, present networks, nearby objects, user's social networks, stress 
level. 

Although commonly neglected, the context information concerning the characteris-
tics of the environment in which the user is located is equally important. Relevant concepts 
include: 

! Location 

! External Events 

! Presence and Arrangements 

! Time 

Each of the concepts mentioned above can also be refined. Concerning the pres-
ence and arrangements branch, the following sub-concepts are involved: entities, artifacts, 
natural objects, and people. Complementary concepts are illustrated at Appendix F. More 
knowledge about this context information, can be found in the works of [Zim07] and 
[Cou02]. 

The platform is modeled in terms of resources, which determine the way infor-
mation is computed, transmitted, rendered, and manipulated by users. Examples of re-
sources include memory size, network bandwidth, and input and output interaction devic-
es. Resource characteristics motivate the choice for a set of input and output modalities 
and, for each modality, the amount of information made available [Cal02].  

The platform branch certainly changes dynamically over time, and as such the 
CARF coverage considers also just the most relevant concepts regarding CAA. The items 
below illustrate these concepts: 

! Interaction Modalities 

! Operating Systems 

! Input Devices 

! Output Devices 

! Browser 

! Device Type 

! Device Properties 

These concepts can be also refined with related sub-concepts. The device type for 
instance include: desktop PC’s, e-readers, netbooks, idTV’s, laptops, mobile phones, note-
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books, smartphones, tablet PC’s, and PDA’s. Additional aspects are illustrated in Appendix 
G.  

Many works have been dedicated to define a concrete model for context infor-
mation regarding the platform characteristics. Examples include: [W3C09] and [Ope12]. 

Concerning the user dimension, it is known that individual users differ on various 
dimensions, however, for most systems they still need to adjust their behavior and problem 
solving strategies to interact efficiently. The systems are, in general, designed for the aver-
age user, but not for all users. On the other hand, an ideal system should adapt itself ac-
cording to the current users, thus compensating their weaknesses, providing appropriate 
help, and decreasing their mental and physical workload. Furthermore, an adaptive system 
should be able to characterize and distinguish individuals. User models support this task, by 
defining their knowledge, capabilities, preferences, cognitive strengths, and limitations 
[Nor89]. 

Context information regarding the user characteristics involves an extensive list of 
concepts. General examples include: 

! Identification 

! Interests and Preferences 

! Educational Level 

! Disabilities 

! Profession 

! Living 

! Psychosocial State 

! Socio-economic Class 

! User State 

! Interaction History / Usage Habits 

! Health State 

! Abilities 

! Skills 

! Demographics 

For each of the concepts mentioned above, many sub-concepts can be associated. 
For instance the disabilities include: motor, cognitive, behavioral, visual, hearing, and 
speech. More detailed concepts are illustrated in Appendix H.  

Since the CARF scope does not include retrieving all possible context information 
regarding the user, existing works already reported in the literature are considered to recov-
er further context information that can be also relevant within the context of this thesis. 
Related works providing additional information include [Bac10], [UMO03], [Ver12]. 

3.2.5 Who 

The branch who of the CARF defines the possible agents that trigger a CAA pro-
cess, and who are responsible for its subsequent phases too. The main actors include: 

! Developer 

! End user 
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! System 

! Third-party 

It is worth to note that given the multiple phases that compose an adaptation pro-
cess it is likely that multiple agents are involved collaborating in the decisions of adaptation. 
Besides, the actors involved permit the application to be classified as: Adaptable (when the 
user is responsible), Adaptive (when the system is responsible) or Mixed-Approach (when 
multiple entities are involved) [Lóp08], [Rou08]. 

3.2.6 When 

The CAA can be performed in different phases of the development lifecycle pro-
cess of an application, for instance during its design phase, during its compilation or on the 
fly, when the application is running or being executed [Rou08]. These phases are respec-
tively defined as: 

! Design time 

! Compilation time 

! Run time 

3.2.7 Where 

Different architectural approaches can be adopted to implement CAA depending 
on the complexity of the system [Sen13]. In the case of a client-server architecture a sepa-
rate software client is developed for each device, which then communicates and interprets 
information from a dedicated, remote, server software application, in order to show a GUI 
[Mit07], [Mit09]. In this context, the location in which the adaptation is executed can be de-
fined as: 

! Client 

! Proxy 

! Server 

Other examples of the proxy architectural approach can be found in [Bic99] and in 
[Buy00]. 

3.2.8 Applying CARF 

The CARF can be used before implementing an application, as an extensive cata-
logue of possibilities to perform CAA. Besides, during the development lifecycle it can also 
be used to verify alternative options for implementation. And after the application was im-
plemented, it can be applied to analyze the concepts that were previously considered, to 
which extent, and also to evaluate its coverage level and to compare multiple applications. 
By detecting the possibilities that were not initially considered, stakeholders are able to 
identify further opportunities for extending and updating their applications. 

Although the CARF achieved a stable version concerning its branches, it is possible 
to extend and refine it with more instances, updating them according to the progress and 
evolution of new technologies, in an extensible manner. To do so the mind map file (avail-
able online at: http://sites.uclouvain.be/mbui/caa/) needs to be synchronized to accom-
modate additional instances.  
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The Context-Aware Reference Framework (CARF) provides an extensive list of 
concepts that can be used by stakeholders to propose, implement and analyze adaptive and 
adaptable applications. As such, the application of the CARF supports stakeholders during 
the complete development lifecycle of applications.  

The coverage of the concepts considered in CARF is extensive (more than 150 ad-
aptation techniques considered), however CARF is not exhaustive, so it also supports fu-
ture refinements and extensions to be continuously updated according to the evolutions in 
the CAA domain in a scalable approach. 

3.3 Context-aware Design Space (CADS) 

The Context-aware Design Space supports stakeholders in the phases of imple-
mentation, analysis, and evaluation of adaptive and adaptable applications. The CADS aids 
developers before and after the implementation phases. Before it, they can identify possible 
dimensions and granularity levels for performing adaptation, and after it they are able to 
analyze, evaluate and compare these dimensions regarding their respective coverage levels. 
As such the CADS supports the analysis and the comparison of different applications that 
execute adaptation and during their complete development lifecycle. The CADS has been 
built in an iterative manner. First, relevant dimensions of CAA were identified based on the 
SLR. Then the specific granularity levels for each dimension were defined. In a first version 
of the diagram, due to the fact that not all dimensions represented ordered values, the in-
terpretation of the diagram lead to wrong conclusions. As a result, the diagram was split. 
Dimensions that are not ordered belong to the CARF (for instance context information). 
Solely dimensions that have an ordered meaning were kept, for instance regarding the level 
of applicability of CAA (ranging from the entire application, to specific properties of the 
UI elements). The evolution of CADS is documented in the D2.1.18 [Mot11] and in the 
D2.1.29 [Mot12]. 

The definition of this design space inherited a lot from several work analyzed dur-
ing the literature review. However the closest definition concerns the work reported in 
[Van08]. CADS can be considered as an evolved definition of the problem space defined in 
[Van08]. 

The CADS, as Figure 24 illustrates, is built as a radar chart, a useful approach to 
represent multi variable observations with an arbitrary number of variables. Although, in 
principle this representation is used for ordinal measurements, in the CADS case, qualita-
tive values are represented with their respective empirical scale associated.  

The CADS considers the benefits towards the virtues proposed by Lafon (2000) 
for design spaces, therefore it is comparative because multiple applications can be analyzed 
according to the same criteria; exploratory, because each dimensions can be analyzed in 
terms of exploration, i.e., identifying additional opportunities for extensions; and descriptive, 
because the dimensions are precisely pre-defined, in a consistent and unique way. Moreo-
ver, the CADS represents also an approach that is extensible, once dimensions can be added 
or better refined and flexible, once dimensions can be removed or added enabling focused 
analyses. 
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Figure 24. Context-Aware Design Space (CADS). 

3.3.1 Reading and Interpreting CADS 

Clearly, the interpretation of scales for the dimensions chosen can vary according 
to the context. However, it is a general interpretation that is provided by the CADS. Once 
the concepts cannot (in principle) be numerically evaluated and compared, it is their seman-
tic meanings and interpretations that must be taken into account. The proportions are also 
empirically associated with the dimensions, because no formal experiments were conducted 
so far to identify real metrics that could be then associated with each dimension and its re-
spective granularity levels. For each case of application of the CADS, its use must be de-
fined and discussed. It is worth to note that all CADS dimensions, although comprised in 
the same representation, are still independent, and as such the concentric circles while aid 
the comparison of different granularity levels, do not necessarily represent the same cover-
age level between two different dimensions.  

The central circle of the CADS, colored in red, represents the absence of adapta-
tion concerns, for example when no adaptation process is performed an application can be 
classified as designed regarding its autonomy level. For each subsequent circle an additional 
coverage level of adaptation can be considered, and more external levels represent a higher 
coverage regarding one specific dimension for adaptation. So, for instance, an application 
able to adapt regarding many modalities (multi) can be classified as having a higher coverage 
level of adaptation regarding the modality dimension if compared with another application 
that performs adaptation within the same modality type (intra). 

It is worth to note though, that a higher coverage level of adaptation regarding one 
specific dimension does not immediately imply a higher level of usability or a better appli-
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cation for the end users. Implementing adaptation imposes many trade-offs (e.g., adapting 
an application may negatively affect its performance or accessibility level), and thus only by 
carefully planning and performing evaluation sessions, the actual benefits of adaptation for 
end users can be known. 

The current version of the CADS results from the iteration between continuous 
evaluation and improvements, and thus it maintains the advantages of its previous version 
and discards potential issues that could lead to misunderstandings. This section explains the 
characteristics of the CADS, highlights its advantages and discusses its weaknesses. 

As mentioned above the CADS diagram is extensible and flexible, therefore dimen-
sions can be removed, inserted, or refined. Below there is a list of the dimensions included 
in the CADS as Figure 24 illustrates. Clearly, for analyses that require more focus, a specific 
set among these dimensions can be selected. On the other hand, for broader analysis it is 
also possible to include and consider further dimensions and granularity levels. 

The eight dimensions described below in a clockwise manner represent the basic 
structure for the CADS. The sizes of the scales for each dimension level are arbitrarily de-
fined (given that no numerical values or metrics have been associated): 

! User Interface Component Granularity: defines the levels of abstraction for 
the UI elements that can be subject to adaptation [Van08]. Three levels are defined for the-
se dimensions, interactor level, dialog level and total level. Interactors correspond to UI el-
ements (e.g., a combobox), dialog refers to containers (i.e., a composition of UI elements), 
and total level refers to CAA that impact the complete window. It is worth to note that 
these examples are mainly applied in the context of GUI’s and that the higher the level, the 
higher the impact that the end user will perceive, e.g. changing the combobox height has a 
lower impact than replacing it (concerning the end user perception). 

! Modality: refers to the adaptations that change the modality type, i.e. the in-
teraction techniques associated to a human sense [Van08], [Rou08]. During the user inter-
action, when the same modality is maintained after the adaptation is applied, the modality 
level is classified as intra-modality (e.g. when the volume of an audio content is lowered), 
when it changes from one type to another it is inter-modality (e.g. from audio to graphic), 
and when multiple modality types are involved and available, the adaptation is classified as 
multi-modality (e.g. users can access the contents in both audio and text simultaneously, in-
stead of a video). 

! State Recovery Granularity: refers to the application of the adaptation to-
wards the impact in the continuity of the end user interaction, i.e., if the user is forced to 
quit the session and re-start a new one, the state recovery occurs at the session level, if the 
task is impacted the recovery occurs at the task level, and if just the action itself is impact-
ed, the recovery is classified as at the action level [Van08]. For example, if the user is writ-
ing an email, each word typed represents an action, the task is the composition of the 
email, and the session corresponds to accessing his or her email box, logging in, and so on 
(thus including both task and action). 

! User Interface Deployment: represents how much adaptation has been pre-
defined at design-time vs. computed at runtime [Van08], [Rou08], thus respectively permit-
ting a static or a dynamic deployment. CAA at design-time requires a new version of the 
application to be installed, while CAA at run-time corresponds to adaptations within the 
same application. 
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! User Feedback: refers to how the opinion of the user is taken into account, 
i.e., if the system is adapted, and the user can just accept or reject the adaptation after it has 
been performed, it can be classified as Post; if she is able to accept it (or reject) before it is 
applied, it is said to be Pre; evaluations refer to the possibility of the users to provide their 
feedback to the system, in a numeric (e.g., with a Likert scale) or literally (with qualitative 
values), providing additional details about their feedback. To gather the user feedback im-
plicit, explicit or mixed approaches can be adopted, as discussed in [Voo13]. 

! Technological Space Coverage: is a working context with a set of associated 
concepts, body of knowledge, tools, required skills, and possibilities [Kur02], [Van08]. It re-
fers to the technologies adopted and used by the application, when the same technology is 
maintained it is classified as intra-technological space (e.g. from a HTML document to an-
other), when the technology changes between two different technological spaces, it is called 
inter (e.g. from a textual document in a pdf file to a video in avi format), and among multi-
ple technologies, it is classified as a multi-technological space adaptation (e.g. from a text 
file in pdf to an animation with an audio file too). 

! Existence of a Meta-UI: consists in abstract models that formally represent 
and handle the adaptation process and also allow users to control, evaluate and evolve it 
[Cou06], [Van08]. It comprises: no-meta UI, meta-UI without negotiation, meta-UI with 
negotiation, and plastic meta-UI.  

! Autonomy Levels: refer to the extent in which adaptation is implemented, i.e., 
designed applications do not perform adaptation at all, adaptable applications rely on users 
to trigger and perform the adaptation, adaptive systems rely on the adaptation to be auto-
matically performed, and self-modifying means evolutionary systems able to adapt their 
own adaptation engines [Cal07]. 

3.3.2 Instantiating CADS 

To instantiate the CADS, the main axes are used to mark the coverage level for 
each of its dimensions. The extension of the marks is defined according to what the appli-
cation provides in terms of adaptation. This permits a graphical visualization of the cover-
age level that is currently available. So, for instance if the adaptation regarding the UI com-
ponent granularity occurs at the interactor level, the axis must be marked (highlighted) until 
this specific level. This procedure must be repeated for all dimensions. As a result the de-
veloper generates an applied CADS with easy identification of dimensions that were better 
explored and the ones that could be also taken into account to extend or improve the ap-
plication adaptation in the future. 

Another possibility to mark the dimensions consists in coloring (with darker tones) 
the region of the circle under the level of interest, however this approach works well only if 
all the levels correspond to the circles, and besides comparing multiple applications would 
not be possible with such an approach. 

In order to compare two or more applications, developers have two possibilities: (i) 
parallel lines can be drawn in different colors, allowing a straightforward comparison; or (ii) 
an additional model can be used, comparing thus different application of the CADS in par-
allel. Both approaches permit multiple applications to be compared simultaneously, howev-
er for a large number of samples the second approach is recommended since it does not af-
fect the readability of the dimensions’ labels. 
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Once the comparison of multiple applications rely on color to differentiate them, it 
is necessary to choose different tones or styles, avoiding accessibility issues that may rise in 
case color blind users for example. 

The Figure 24 illustrates the application of CADS to analyze a CAA case. In this 
example, the UI component granularity is classified as Total, the Modality is classified as in-
tra, the State recovery granularity as Session, the UI deployment as Static, the User feed-
back as a numeric evaluation, the Technological Space Coverage as intra, the Existence of a 
meta-UI as meta-UI without negotiation, and the Autonomy level as Adaptable. 

The CADS is versatile because it enables designers to analyze dimensions according 
to their own needs and interests, for instance by selecting the dimensions and levels they 
would like to consider. The use of the CADS diagram considering 6 given dimensions for 
instance permits developers to perform more focused analysis. 

Besides this, the CADS is a flexible and extensible model, accommodating further 
dimensions and levels. The main criteria to perform this consists in assuring that it is pos-
sible to analyze the dimensions in a ordered way, for instance by defining different granu-
larity levels, or a scale. 

One example of refinement for the Autonomy Level dimension consists in adding 
a Mixed-Approach level on top of Adaptive. Mixed-Approaches occur when both the end 
user and the system are capable of taking decisions during the adaptation process. 

The current version of the CADS is a result of the evolution of its previous ver-
sions; its weaknesses and strengths were analyzed and discussed during several project 
meetings of Serenoa, conference presentations (e.g. EICS and RCIS) and also with an in-
ternal survey consulting researchers and experts in this domain. Further details about the 
evolution process of CADS can be retrieved online at D2.1.210 [Mot11] and [Mot12]. The 
current version maintains the strong points of the preliminary versions and tries to over-
come the misunderstandings caused by dimensions that are not ordered. To solve this is-
sue, these dimensions were transferred to the CARF model, described in the Section 3.2. 

It is certainly debatable which dimensions are the most important to be explicitly 
considered in the design space and one could argue in favor of adding or removing dimen-
sions. In fact, we have tried to ensure that the selected dimensions consisted of a compre-
hensible and sensible set, by basing our choice on the following two principles. Firstly, 
there should be notable variability between applications with respect to dimensions. Sec-
ondly, a dimension should have a significant impact on the design and implementation of 
technical solutions [Rom04]. The following chapter provides examples to support such 
principles (Chapter 4). 

It is worth to note that although the CADS establishes an empirical relation of or-
der among the levels that compose each dimension, the concepts considered are still asso-
ciated with qualitative variables, i.e., they (in principle) can not be numerically evaluated 
and proportionally compared. Therefore, for each application of the model it is necessary 
to justify the selection process and its respective application. 

The main advantage of the CADS consists in the possibility to analyze adaptation 
in a unified graphical view, i.e., considering simultaneously a set of dimensions and levels 
that are relevant in the context. 
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3.3.3 Applying CADS 

CADS can be applied after the development of an application. It provides a tool 
for analysing, comparing and evaluating applications according to consistent criteria. Once 
instantiated, i.e. when an application is located within the diagram, the coverage levels of 
adaptation can be identified, as well as dimensions that have been underexplored and that 
could be more carefully considered in the next phases of development. 

The CADS comprehends 8 dimensions and 4 ranges organizing 26 adaptability lev-
els. It supports up to 3 application compared simultaneously in the same diagram. 

3.4 TriPlet exemplified 

The target audience of TriPlet components covers mainly UI designers and devel-
opers. Although TriPlet can be applied in the complete SDLC, there are specific phases 
that better benefit from its functionalities (Figure 25). The CARF can aid the project man-
ager together with UI designers to translate the costumers’ requirements into functional 
and non-functional requirements for the application envisaged. By means of the infor-
mation provided by the CARF the stakeholders can identify adaptation techniques and fur-
ther design decisions that contribute to fulfil the requests of the customers.  

Figure 25. TriPlet, its target audience and the SDLC. 

To translate the requirements into design decisions, the development team can rely 
on CAMM. By generating instantiations of the meta-model, according to the decisions de-
fined by the UI designers, the application can be implemented. The definitions of CAMM 
provide ground concepts for developers, as well as the essential modules needed during the 
development phase. 
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Once the application is concluded, an analysis can be done by the project manager, 
together with the development team and UI designers. By instantiating the CADS, a given 
application is located and it can be presented to the customers as a tool to show how adap-
tation has been covered according to consistent criteria. CADS can also provide potential 
venues for extensions in the application analysed. In this activity, the project manager can 
use CADS to show to the costumers a comparison among different applications. 

3.5 Final Remarks 

This chapter presented the conceptual framework for CAA proposed in this pro-
ject: TriPlet. This framework covers the complete SDLC for CAA and intends to be as ge-
neric as possible to support multiple application domains, contextual information, technol-
ogies, and design decisions. Targeting at fulfilling all the requirements defined in Section 
2.5, TriPlet extensively considers CAA concepts.  

To do so, CAMM is composed by 34 classes, 72 attributes, 37 methods, 39 relation-
ships, among which there are 11 associations, 4 aggregations, 21 compositions and 4 inher-
itances (Figure 20). CAMM also includes 3 enumerations: classifier, operator and presenta-
tion type that complement the definitions with a list of 2, 8 and 29 examples, respectively. 

CARF and its 7-dimensions core (Figure 21) comprehends 10 aspects types (what), 
44 qualities (why), 152 adaptation techniques (how) detailed in templates as the one illustrat-
ed by Figure 23, 480 context information (to what), 4 agent roles (who), 3 stages (when), and 3 
locations (where).  

The CADS comprehends 8 dimensions and 4 ranges organizing 26 adaptability lev-
els. It supports up to 3 application compared simultaneously in the same diagram (Figure 
24). 

The creation of the models of the computational framework is followed by a vali-
dation phase, i.e. defining case studies that benefit of CAA (selecting specific context in-
formation, selecting appropriate adaptation rules and techniques, and generating UI’s that 
are adapted accordingly). To effectively validate the conceptual framework and its compo-
nents, two application domains have been selected and three implementation versions were 
defined to instantiate TriPlet. They are presented and discussed in the Chapter 4.  
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Chapter 4 TriPlet Instantiation 
In order to validate TriPlet, the conceptual framework proposed in this thesis, three 

different approaches have been combined in a more comprehensive approach. First, the 
literature was reviewed to search for and to identify relevant concepts in the domain of in-
terest. This review also enabled us to verify the coverage of TriPlet support regarding alter-
native approaches and solutions for CAA.  Then, two case study scenarios have been de-
fined, and several instantiations of the framework were implemented, aiming to verify 
whether TriPlet is suitable for supporting CAA. Finally, the analysis of the previous ap-
proaches aided us to identify the lessons learned, in which a static analysis (ad hoc) has 
been performed based on a set of specific criteria. These approaches are detailed in this 
chapter. They are complementary and can be classified as: 

! Historical validation [Zel98]: by collecting data from completed projects 
through literature search we identified the problem space for CAA, leading to a more com-
prehensive validation (i.e. focusing on context information, adaptation techniques and ap-
plication domains); 

! Observational method [Zel98]: through case studies valuable information 
could be obtained concerning the application of the TriPlet components, its feasibility and 
its potential benefits. Moreover it contributed to validate the protocol of usage (pipeline) of 
the framework and their limitations (lessons learned); 

In the context of this thesis, to better explore in practice the potential of the con-
ceptual contributions proposed by TriPlet (described in Chapter 3), and to illustrate its suit-
ability, we selected two case study scenarios belonging to different domains. They illustrate 
two potential application scenarios: a car rental application and a touristic application.  

To rent a car, end users, who are located in different contexts, specify: the period of 
interest (pick up and return dates), the car of interest (preferences), the locations of interest 
(pick up and return places) and their banking data to confirm the car rental. To plan a touris-
tic trip, the end users, interacting from different platforms, access variable amount and type 
of information according to their context and request parameters, including: the location to 
visit, the weather information (temperature, clouds, wind, snow, rain), touristic sights to 
visit, and routes to follow. 

The framework created, TriPlet, intends to be as generic, flexible and extensible as 
possible, therefore the design decision for implementing the case studies explore different 
alternatives of CAA, in terms of both: diversity of the context information considered and 
of the aspects that are subject to the CAA process. This chapter describes three scenarios 
of implementations of two distinct application domains. The development of the interac-
tive systems described below all followed the definitions of TriPlet relying on the solutions 
provided by its components (CAMM, CARF, CADS and also the CARF Cards). 
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4.1 Specification of the Car Rental Case Study 

The car rental example11 considers a scenario in which the interactive system sup-
ports users in the task of renting a car. In this scenario, different context information can 
be used to adapt various system aspects, and to properly display the list of cars to rent, en-
abling users to make choices and to accomplish their main tasks with higher usability levels.  

First, to formalize the definition and requirements of such scenario, a task tree, use 
cases, a domain model and a set of requirements have been defined. Then three versions of 
the application have been implemented considering specific contexts, aspects and based on 
TriPlet components. These implementations are described in the following sections. The 
choices of contexts aim at verifying a variety of combinations to explore TriPlet concerning 
its multidimensional focus (context information, system aspects, design decisions and tech-
nologies). 

Figure 26 illustrates the hierarchical task analysis (HTA) [Kir92] for the car rental 
example. Basically, users must provide information about the car (i.e. category, color, mod-
el, and engine), then their own information (i.e. name, surname, address, city, ZIP code, 
country, gender, birthday, and email), and finally other information (i.e. commentaries, and 
maximum budget). Once the preferences are set and the request is submitted, users access 
the service and the results. To conclude the rental, users select a car, and define the period 
of interest. This task model is illustrative. By providing an abstract definition of the tasks, it 
serves as a basis for the implementations, leaving room for various CAAs that affect the 
tasks’ sequence, so the tree still enables specializations and refinements. 

Figure 26. Hierarchical Task Analysis: Car Rental Example Task Model. 

4.1.1 Domain Model 

The domain model (Figure 27) specifies a basis for the data structure of the form 
fields, and defines which of the information is required. It defines the reservation of the 
customers in terms of date, place, payment and car. The class extra refers to the character-
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istics of the car of interest, such as air conditioning, gps or winter tires. This model aims at 
guiding the implementation by means of a consistent terminology for the applications. 

4.1.2 Functional Requirements 

A set of key functional requirements, based on the use cases provided in Figure 28, 
are considered for implementing the car rental example. They define that the users must be 
able to: 

• select the city of interest to pick up the car; 

• specify the period for the car rental; 

• access a set of possible cars and select one; 

• see details about the car of interest; 

• access and select additional car features (e.g. GPS); 

• provide personal information before renting the car; 

• access details about the car rental before submitting the request; 

• change the car rental parameters anytime before confirmation. 

Figure 27. Domain model for the car rental example. 

Figure 28. Use case diagram for the car rental example. 



Chapter 4. TriPlet Instantiation 

 

 

 

 

80 

Based on the specifications provided by the documentation described, and also in 
the TriPlet components, three versions of the car rental example considering specific con-
texts of use were defined and implemented as instantiations of the TriPlet framework, as 
the following Sections detail. 

4.2 First Implementation 

The first implementation of the car rental example12 takes into account the plat-
form of the user, i.e. an Android tablet was adopted as platform, the level of expertise of 
the users (concerning their interaction with this type of system and domain), and the char-
acteristics of the environment (level of stress). Two contexts of use were envisaged:  

A. Users with low or no experience in car rental systems, medium experience in mobile 
applications, using a tablet device as a platform, and located in a calm environment 
(i.e. no loud noises, high stability levels, and sufficient free time); 

B. Users with experience in car rental systems, and in mobile applications, using an 
Android tablet device as platform, located in a stressful environment and with a 
short time to conclude the task. 

The design decisions concerning the specification of the platform are the same for 
both contexts, as such they can be considered for implementing the more abstract rules for 
CAA, i.e. meta-rules, mainly an Android tablet has a limited screen dimension and touch-
based input controls. Android guidelines must be firstly respected, e.g. highlighting the se-
lections in a touch-screen interface (thus providing immediate feedback of the users’ ac-
tions). More specific CAA rules that consider the context of use A include: 

! If the user is a beginner, then  

! all interaction steps and interaction status must be clearly indicated in the 
UI; 

! the amount of information displayed in the UI must be low (but suffi-
cient), aiming to reduce the cognitive overload; 

! UI elements must be intuitive and simpler; 

! If the environment is calm, then 

! detailed information about each interaction step can be provided, as well 
as additional features for interaction; 

! the main task can be split into several sub-tasks, and respective UI’s ded-
icated to more specific actions; 
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Given that the task tree is affected by the adaptation, we illustrate two different 
versions of it, showing the adaptations performed in the 2 different contexts defined (A 
and B). Figure 29 and Figure 30, illustrate the two adapted trees that have been generated 
based on the original version presented in Figure 26. These trees have been adapted aiming 
to correspond to the constraints imposed by the contexts of use in scenarios A and B, i.e. 
users in a relaxed situation and with low level of expertize in the domain can have more de-
tailed information and the task split in several sub-tasks that are more specific, while more 
experienced users in a stressful environment must have higher performances, thus they 
have interaction tasks that can be quickly concluded. 

Figure 29. Task tree adapted for context of use A. 

According to the definitions of the adapted task trees (Figure 29 and Figure 30), the 
respective UI’s have been generated. They support users in performing the car rental tasks 
in the two scenarios envisaged. The Figure 31 and Figure 32 illustrate respectively such 
UI’s. While in the first 4 interaction steps were envisaged, in the second just 2 interaction 
steps are required to accomplish the main task (rent a car). The second UI also provides 
auto-completing features, e.g. the calendar for the period and the possible office locations.  

Figure 30. Task tree adapted for context of use B. 
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Although these features aim at improving the end users’ performance (in case of 
experienced users), they could also cause cognitive overload for beginners or make them 
confused or lost, thus in these examples just users with time constraints (in a hurry or 
stressful environments) and high experience levels interact with these features. 

The contexts covered by these examples combine different information coming 
from users, platforms and environments, and the systems aspects that are subject to the 
adaptation involve the contents, the presentation and the navigation. The classes of CAMM 
are instantiated in these examples in the following manner: 

! As context, the users with high and low level of experience in the application 
domain (mobile applications for car rental), the platforms cover tablet devices with An-
droid operating system, the environments with or without a stress level (users with time 
constraints, and high performance needed). 

! The adaptation rules cover the contexts of use described above and change the 
contents of the UI (e.g. UI elements: the calendar with or without auto-complete features), 
the presentation of the UI’s (layout, distribution and composition of the interfaces con-
cerning the amount of components available in the UI and the level of details for each 
task), and the navigation (the structure of the tasks and their organization change to better 
suit the different scenarios of use). 

! As models mainly the task tree and the final user interfaces have been affected, 
although also abstract and concrete UI’s have been defined. 

! As agent mainly the system is responsible for controlling the adaptation pro-
cess.  

In the scenarios proposed we assume that the abovementioned adaptation rules 
apply, significantly affecting the performance and the satisfaction of the end users. For a 
more accurate validation of such assumptions, further user studies may be necessary in or-
der to effectively proof whether the qualities are impacted in the expected manner. 

The Figure 33 and the Figure 34 respectively present how this first example is lo-
cated within the CARF and the CADS. 
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Figure 31. First implementation of the car rental example showing 3 UI’s for Android tablet. In the 

context A: 4 interaction steps are available (Location, Car Type, Set Options, Personal Info), the 

UI’s intend to be simpler and more intuitive. 
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Figure 32. First implementation of the car rental example. 3 UI’s for the Android tablet. In the con-

text B: 2 interaction steps are available (Reservation, Personal Info), users have auto-complete fea-

tures included to select the date and the car. 
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Figure 33. Instantiation of the CARF for the first implementation of the car rental example. 

Figure 34. Instantiation of the CADS for the first car rental example. 

 These instantiations illustrated cover the two scenarios of the car rental example. 

4.3 Second Implementation 

For the second implementation13 the specificities in the context for the car rental 
example take into account the screen dimensions and resolution. The layout of the web 
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page is adapted automatically and progressively to fit the contents in all space available and 
therefore minimize scrolling.  

jQuery Masonry14 is a plugin of jQuery that arrange the UI components according 
to the re-size of the browser. Each UI component is treated individually, and moves to an-
other column (or row) of the layout to fit accordingly in the new browser window size. 
Thresholds are used to assure the balance of the layout, avoiding unnecessary scrolling. The 
drawback of this solution is that developers must organize the components of the page in 
logical units. Once it is done, the re-organization is automatically and progressively per-
formed.  

Any screen dimension can be considered, because the fine-grained adjustment of 
the layout is done based on the progressive re-sizing of the browser. Three types of adapta-
tion techniques were adopted to compose the CAA rules: 

! Resizing elements: scaling font size, UI elements as videos and images; 

! Reorganizing elements: changing the position of the components horizon-
tally and vertically to assure a balanced layout; 

! Mixed approach: a combination of resizing and reorganizing. 

The car rental example comprehends three main interaction tasks: first users au-
thenticate themselves, then they provide personal information, and finally they select the 
car and period of the rental. To enable users to accomplish these three tasks, seven logical 
units were defined (Figure 35): personal information, address, car type, car specification, 
period of the rental, additional specifications, and comments. Figure 35 illustrates 3 adapta-
tion examples, in A a horizontally-oriented alignment is displayed, e.g. for a super-wide 
screen all UI components can be co-located, in B a balanced UI layout is presented, both 
horizontal and vertical alignments are considered, and in C a vertical alignment is consid-
ered, i.e. the UI components are displayed one above the other. Once only the screen 
properties and the UI components (size and position) are considered in this example, fur-
ther rules with more specific CAA can be adopted extending it. 

The instantiation of the conditions of the CAA rules vary proportionally according 
to the re-size of the browser window, i.e. the bigger the window, the bigger the UI ele-
ments, and amount of columns and rows of layout. 

The contexts covered by this second example combine information from users and 
platforms, and the systems aspects that are subject to the adaptation involve the contents, 
the presentation and the navigation. The classes of CAMM are instantiated in these exam-
ples in the following manner: 

! As context, the preferences of the users are considered, and also the space available 
in the screen size of the platforms used, more precisely users preferences regarding the di-
mensions of the browser windows and the screen size are used as context information. 
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! The adaptation rules cover the contexts of use described above and change the con-
tents of the UI (e.g. re-sizing the font of the text), the presentations of the UI (e.g. layout 
of the UI units and the elements included, and the composition of the interfaces concern-
ing the arrangements of the UI components), and the navigation (the structure of the tasks 
within a UI unit may change to better suit the different scenarios of use). 

! As models mainly the task tree (reflected in the definition of the UI units and their 
internal components) and the final user interfaces have been affected. 

! As agent just the developer is responsible for defining the thresholds for the adapta-
tion, and the UI units (i.e. the organization of the features available per chunk) and the end 
user is responsible for controlling the adaptation concerning the dimension of the browser 
window.  

Figure 35. Second implementation of the Car rental website adapted examples: (A) Horizontally-

aligned (e.g. for super wide screens); (B) Balanced Layout (e.g. for a tablet pc); (C) Vertically 

aligned (e.g. for vertically oriented screens). 

The instantiations illustrated in Figure 35 cover the three scenarios of example 
(horizontal orientation, balanced layout and vertical orientation). 
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The Figures below present how this second example is located within the CARF 
(Figure 36) and the CADS (Figure 37). 

Figure 36. Instantiation of the CARF for the second implementation of the car rental example. 

Figure 37. Instantiation of the CADS for the second car rental example. 
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4.4 Third Implementation 

The car rental example was also applied in a third scenario15 of CAA, performing 
adaptation techniques according to: the user visual impairments (color blindness), the plat-
form type (mobile phone, tablet device), the battery level of the device, and the user prefer-
ences (set in the system).  

Six adaptation techniques were chosen and implemented (e.g.: changing the modali-
ty and the image colors), aiming at assuring good usability and accessibility levels, by adapt-
ing the presentation (e.g. menu elements), and the content (images and text). The CAA was 
collaboratively decided by: the user, the system and the developer, and it was executed in 
the server during both: run time and design time.  

Figure 38 illustrates the 7 adapted UI’s for the car rental application, in 1 the adap-
tation is performed according to the user visual impairment (color-blindness), in 2 accord-
ing to the dynamic device capabilities (battery charge level) and in 3 static capabilities of the 
device (an iPad tablet or a smart phone iPhone).   

The contexts covered by this third example combine information from users and 
platforms, and the systems aspects that are subject to the adaptation involve the contents, 
the presentation and the navigation. The classes of CAMM are instantiated in these exam-
ples in the following manner: 

! As context, the visual impairments of the users are considered (colour-
blindness), and also the type of device and the level of battery charge of the platforms are 
covered. 

! The adaptation rules cover the contexts of use described above and change the 
contents of the UI (e.g. change the colour map of the images if the user is colour-blind and 
replacing the video by an image if the charge level of the battery is low), the presentations 
of the UI (e.g. layout of the UI according to the space available on the device screens), and 
the navigation (the structure of the tasks and the UI arrangements may also change to bet-
ter suit the different screen dimensions). 

! As models mainly the task tree (reflected in the definition of the UI layouts) 
and the final user interfaces have been affected. 

! As agent the developer is responsible for defining the internal adaptations (as 
the organization of the features available according to the device type) and the end user is 
responsible for controlling the adaptation concerning the settings of their profiles and 
preferences. 
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Figure 38. Adapted UI’s for car rental according to: (1) the visual impairment of the end user (color-

blindness); (2) the battery level (no video is loaded and played); and (3) the static device capabilities, 

i.e. the device type (an iPad tablet or an iPhone smart phone). 

The Figure 39 and Figure 40 present how this third example can be located within 
the diagrams of the CARF and the CADS. The instantiations illustrated by CADS and 
CARF cover the three scenarios of example (user-oriented adaptation, dynamic and static 
information of the contexts). The adapted UI’s consider respectively: the color-blindness of 
the user, the battery level and the static capabilities of the device (tablet PC or smart 
phone). 
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Figure 39. CARF Instantiation of the third implementation of the car rental.  

Figure 40. Instantiation of the CADS for the third car rental example. 

4.5 Specification of the Touristic Application Case Study 

The touristic application16 consists in a scenario in which the interactive system 
supports users in the task of retrieving information about a trip. In this sense, three imple-
mentations were defined: Walkware, Weather, and Weathaware. Although these applica-
tions belong to the specific application domain of tourism, they cover multidimensional as-
pects of CAA: they comprise different content types (like images, texts and maps), they are 
generated based on varied context information (like device type and user preferences), and 

                                                
!"#$%&'#()'*#'+,-.#'(*/)0&1#)/-#213314&/5# &673*6*/+)+&1/'#%)8*#9**/#-1/*#+%)/:'#+1#+%*#',7710+#12#+%*#

'+,-*/+';#<,*/+&/#=1/(*3*+#)/-#>0)/?1&'#@*9)/-*#4&+%&/#+%*#'(17*#12#+%*&0#6)'+*0#+%*'&'#A@*9!!BC#



Chapter 4. TriPlet Instantiation 

 

 

 

 

92 

they also cover both static and dynamic contents (thanks to real-time information retrieved 
from web services).  

The CAA process is executed as follows: first, the user logs in, then, the context in-
formation document is created according to the actual context of use, and finally, the user 
selects one module to access. As a response, the system provides to the user a form to de-
fine the request parameters. Once the parameters are submitted, the system generates the 
request and contacts the web service to obtain the necessary information. The data is then, 
received, treated, processed and the final user interface is generated, according to: the con-
text of use, the chosen parameters, and the response of the web service. The interaction is 
concluded when the user logs out. The sequence diagram depicted in Figure 41 illustrates 
such steps.  

Concerning the design decisions: the system was implemented with PHP, the users 
data, as account information, are stored and managed with a MySQL database, the graphic 
layouts are defined in CSS style sheets, and the dynamic context information, which is re-
trieved as soon as the user logs in, are stored in an XML-based document (an excerpt is 
presented in Figure 42. 

Figure 41. Sequence diagram of the touristic application with the sequence of messages exchanged 

between: users, system, modules, and web services. 

The parameters to get the Weather Forecast, for instance, include the country and 
the amount of days of interest. The request is firstly dynamically generated by the module 
(according to all the parameters previously specified), and secondly submitted to the Web 
Service, that replies with the appropriate response. With the resulting contents provided by 
the Web Service, the Module dynamically generates the final UI contents that are formatted 
according to the pre-defined style sheets and finally presented to the end user. The interac-
tion finishes when the user logs out. 
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Figure 42. An illustrative example of the XML-based document to describe context information, 

concerning the platform type, orientation of the device, level of battery, etc. 

Figure 41 illustrates an overview of the main entities and the sequence and type of 
messages that they exchange.  

4.6 Walkware 

The Walkware provides users with a list of cities, surroundings distance, interest 
points (e.g. culture, markets, hiking), housing (hotel, camp, B&B), and restaurants. As a re-
sponse, users obtain a map with icons indicating the location of the parameters of interest. 
Users can also customize and refine their request afterwards by selecting for instance the 
start point, the end point and the specific means of transport (driving or walking). 

In Walkaware, by default the surroundings distance for the map is of 20km for 
smart phones, 50km for tablet PC’s, and 100km for desktop PC’s. This module uses 
Google Maps as a web service. By default maps are rendered: in small dimension for smart 
phones, medium dimensions for tablet PC’s and large dimensions for desktop PC’s.  

Figure 43 presents six adaptation rules that have been implemented for the Walka-
ware module. The rules were structured in conditions and actions. The conditions, present-
ed in the top part of the table, concern the device type (smart phone, tablet PC or desktop 
PC) and also the end user location (USA, Liberia and Birmania). The actions, presented in 
the bottom part of the table, concern the size of the text, icons and maps (small, medium 
and large), the search distance (20km, 50km or 100km) and also the unit system (imperial 
or metric) according respectively to the screen size and the user location. 
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The result of the application of such rules can be visualized in the Figure 44, Figure 
45, Figure 46, Figure 47, Figure 48, and Figure 49. They illustrate the interfaces for selec-
tion of parameters of interest (for the request) and also the resulting interfaces. They cover 
the 3 different platforms: smart phones, tablet PC’s and desktop PC’s. 

Figure 43. Decision table with a sample of 6 adaptation rules for Walkware that has been imple-

mented. Each of the 6 columns on the right part is a rule, with the conditions on top (4 parameters) 

and actions on the bottom part (13 actions). 

The background color is also adapted according to the level of charge of the bat-
tery, so for instance if the tablet is running out of battery a dark color (black) is selected for 
the UI, saving the charge. 

Although the users have a limited region of the map rendered according to their 
space available in the screen, they are able to change the zoom of the image, according to 
their needs. 

The adaptation rules have been extracted from the Cards provided in CARF. The 
implementation of the applications has been supported by the definitions of CAMM, and 
then analyzed with CADS. 

Although not all the dimensions of the context and all the system aspects have 
been covered, TriPlet proved to be a useful source of information to both define and im-
plement CAA in this scenario. 
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Figure 44. Walkaware for smart phone: request form in a normal battery level. 

 

Figure 45. Walkaware for smart phone: results of the request in a normal battery level. 

This example covers a graphical modality of interaction, and its UI elements are al-
so suitable for touch-based interaction. 
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Figure 46. Walkaware for tablet PC: request form in a low battery level. 

Figure 47. Walkaware for tablet PC: results of the request in a low battery level. 
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Figure 48. Walkaware for desktop PC: request form. 

Figure 49. Walkaware Forecast UI adapted for a desktop PC. 

The instantiation of the conditions of the CAA rules vary according to the size of 
the device of the end user, i.e. the smart phone, the tablet PC and the desktop PC. 

The contexts covered by this second example combine information from users, en-
vironments and platforms, and the systems aspects that are subject to the adaptation in-
volve the contents, the presentation and the navigation. The classes of CAMM are instanti-
ated in these examples in the following manner: 

! As context, the preferences of the users are considered, and also the device type con-
cerning the platforms, and the location of the environment are covered, more precisely us-
ers preferences regarding the parameters selected in the request form, the type of the de-
vice and its level of charge of the battery, and the environment location are used as context 
information. 
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Figure 50. Instantiation of the CARF of the touristic application Walkware. 

Figure 51. Instantiation of the CADS of the touristic application Walkaware. 

! The adaptation rules cover the contexts of use described above and change the con-
tents of the UI (e.g. the information available in the UI, and the metric units), the presenta-
tions of the UI (e.g. layout of the UI units and colour of the background), and the naviga-
tion (the structure of the tasks and the amount of features per UI may change to better suit 
the different scenarios of use). 

! As models mainly the task tree (reflected in the definition of the UI and their ar-
rangements) and the final user interfaces have been affected. 
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! As agent the developer is responsible for defining the internal adaptation (e.g. the or-
ganization of the features available per UI) and the end user is responsible for controlling 
the adaptation concerning the different information presented in the UI.  

The Figure 50 and Figure 51 present how this first example of the touristic applica-
tion is located within the CARF and the CADS. These instantiations cover the three sce-
narios of example for different platforms. 

4.7 Weather 

The Weather enables users to verify the weather forecast based on a set of request 
parameters, such as: the amount of days the users want to access in the weather forecast re-
sults (1 to 6), the location of interest (Atlanta, Boston or Miami), the display modality 
(graphic or text), specific information (temperature, weather icons, precipitation, wind), and 
the chart type (cloud, precipitation and temperature). 

According to the screen size of the platform (device) in use, the amount of parame-
ters to set the request changes, as well as the amount of results that are presented to the 
end user and the modality type. Table 7 presents for the Weather Module, the adaptation 
rules (platform conditions vs. actions) defined concerning the amount of information pre-
sented by default in the UI (parameters and results) and the modality type.  

Table 7. The adaptation rules defined are for the Weather Module, concerning the amount of infor-

mation presented by default in the UI. 

Actions Smart phone Tablet PC Desktop PC 

# of Parameters 3 5 9 

# of Results 2 4 6 

Modality Type text graphic graphic 

Figure 52 illustrates the example for the desktop PC. Note that users are able to 
manually select any of the parameters available for their request. Furthermore, the user 
preferences always have higher priorities than the system decisions.  

The adaptation for the Weather module also considers the level of battery charge, 
in this sense, if there is less than 20% of charge the state is considered as low, otherwise it 
is considered as good. For low levels of battery, the colors of the UI background are dark 
(black) and for good levels of charge, they are bright (blue).  

The same rule applies according to the period of the day, in this sense: during the 
day (higher brightness levels in the environment) the background is bright (blue) and the 
content is dark, and during the night (lower light levels), the background is dark (black) and 
the content is bright.  
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The level of light in an environment is strongly influenced by other factors as well. 
Light sensors, as available in smart phones, are able to achieve more precise results to get 
this specific context information. Besides this, to perform a more efficient adaptation of 
the colors and contrast levels in the GUI’s, other factors such as the task of the user, his or 
her preferences, visual impairments, and geographic location must be equally taken into ac-
count and prioritized accordingly. In our approach, it is enough to extend the list of condi-
tions in the decision table to cover also further scenarios; this can be done either manually 
by the user or automated by the system.  

Figure 52. Weather for desktop PC: User form for defining the request parameters. 

Figure 53. This decision table represents a sample of 18 adaptation rules for weather that has been 

implemented. Each of the 18 columns on the right part is a rule, with the conditions on top (7 pa-

rameters) and actions on the bottom part (17 actions). 
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Logically larger tables will imply in more processing efforts, and consequently in 
lower responsiveness rates of the system (depending on processing capabilities available). 
However such trade-off can be also resolved based on the user preferences. 

Figure 53 represents the decision table used to define the adaptation rules for the 
Weather module. In the top part of the table the 18 possible combinations of the 7 condi-
tions have been defined. Three platform types are envisaged: a smart phone, a tablet PC 
and a desktop PC. Three types of location of interest have been selected: sea, plain or 
mountain, as well as three specific locations (USA, Liberia and Burma). These combina-
tions lead to 17 actions (adaptation techniques) that modify the resulting UI. 

The UI illustrated in the Figure 54, Figure 55, Figure 56,, Figure 57, Figure 58, Fig-
ure 59, and Figure 60 show the examples of adaptation for the smart phone, tablet PC and 
desktop PC. Not only the amount of information changes according to the space available 
in the device screen (2, 4, or 6 days for the weather forecast), but also: the amount of pa-
rameters for selection (3, 5, and 9), the text and icons size (small or large), the additional in-
formation provided (wind, waves, precipitation, and snow), and the unit system (imperial or 
metric). 

Figure 54. Weather for smart phone: request form in a normal battery level. 

Figure 55. Weather for smart phone: request form in a low battery level. 
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Figure 56. Weather for smart phone: results of the request in a low battery level. 

Figure 57. Weather for tablet PC: request form. 

Figure 58. Weather for tablet PC: results of the user request. 
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Figure 59. Weather for desktop PC: request form. 

 

Figure 60. Weather Forecast UI adapted for a desktop PC: the forecast covers 6 days, and several pa-

rameters (amount of clouds, snow, liquid, temperature, precipitation, etc.). 

The instantiation of the conditions of the CAA rules vary according to the size of 
the device of the end user, i.e. the smart phone, the tablet PC and the desktop PC, and also 
to the location of the end user. 

The contexts covered by this second example (Weather) combine information from 
users, environments and platforms, and the systems aspects that are subject to the adapta-
tion involve the contents, the presentation and the navigation. The classes of CAMM are 
instantiated in these examples in the following manner: 
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Figure 61. Instantiation of the CARF of the touristic application Weather. 

Figure 62. Instantiation of the CADS of the touristic application Weather. 

! As context, the preferences of the users are considered, the platforms, and the loca-
tion of the environment are covered, more precisely users preferences regarding the pa-
rameters selected in the request form, the type of the device and its level of charge of the 
battery, and the environment location and light levels are used as context information. 

! The adaptation rules cover the contexts of use described above and use them to ap-
propriately change the contents of the UI (e.g. the amount, and the type of the information 
available in the UI, as well as the metric units for the temperature), the presentations of the 
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UI (e.g. layout of the UI units and colour of the background), and the navigation (the struc-
ture of the tasks and the amount of features per UI may change to better suit the different 
scenarios of use). 

! As models mainly the task tree (reflected in the definition of the UI and their ar-
rangements) and the final user interfaces have been affected. 

! As agent the developer is responsible for defining the internal adaptation (e.g. the or-
ganization of the features available per UI) and the end user is responsible for controlling 
the adaptation concerning the different information presented in the UI.  

The Figure 61 and the Figure 62 present how this second example of the touristic 
application (Weather) can be located within the CARF and the CADS. 

The instantiations illustrated by the figures cover the three scenarios of example for 
different platforms. 

4.8 Weathaware 

The Weathaware combines Weather and Walkware, permitting users to select: the 
days for the trip, the location, points of interest (attractions, accommodation and restau-
rants), the presentation modality (graphic or text) and also parameters of interest (tempera-
ture, weather, wind and clouds). In return, users obtain the map with icons locating the in-
formation of interest on it (according to their previous selection), the information of inter-
est, and the option to customize the request, i.e. to refine the results by selecting the start-
ing point, the intermediary points, the end point, and the transport means. 

The composition module (Weathaware) respects the same default settings as their 
source modules. Figure 63, Figure 64, Figure 65, Figure 66, Figure 67, and Figure 68 illus-
trates the adapted interfaces of the Weathware the figures respectively refer to the request 
form and the resulting UI for the three platforms considered: smart phone, tablet PC and 
desktop PC.  

The request forms enables users to select their preferences and information of in-
terest, as the amount of days, locations, points of interest, etc. The resulting adapted UI, 
includes the maps (with points of interest), the location information (route) and the weath-
er information. The results can be refined, by selecting also the destination, stops and travel 
modes. 

Figure 63, Figure 64, Figure 65, Figure 66, Figure 67, and Figure 68 illustrates the 
variation in the amount, type of contents and options available for end users to select and 
access. As such, for a desktop PC users have a larger map image displayed, covering a larg-
er region, several textual descriptions are exhibited providing the directions of interest, and 
also additional fields are presented to refine the results obtained. For the smart phone con-
text, fewer fields are available for the search, and the results are more limited too (e.g., with 
a smaller map image).  
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Figure 63. Weathaware for smart phone: request form. 

Figure 64. Weathaware for smart phone: results of the request. 
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Figure 65. Weathaware for tablet PC: request form. 

Figure 66. Weathaware for tablet PC: results of the request. 

The instantiation of the conditions of the CAA rules vary according to the size of 
the device of the end user, i.e. the smart phone, the tablet PC and the desktop PC, and also 
to the preferences of the end user (according to their choice of parameters of interest). 
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Figure 67. Weathaware for desktop PC: request form. 

Figure 68. Weathaware for desktop PC: results of the request. 

The contexts covered by this second example (Weathaware) combine information 
from users, environments and platforms, and the systems aspects that are subject to the 
adaptation involve the contents, the presentation and the navigation. The classes of CAMM 
are instantiated in these examples in the following manner: 

! As context, the preferences of the users are considered, the platforms, and the loca-
tion of the environment are covered, more precisely users preferences regarding the pa-
rameters selected in the request form, the type of the device and its level of charge of the 
battery, and the environment location are used as context information. 
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! The adaptation rules cover the contexts of use described above and use them to ap-
propriately change the contents of the UI (e.g. the amount, and the type of the information 
available in the UI, as well as the metric units for the temperature), the presentations of the 
UI (e.g. layout of the UI units and colour of the background), and the navigation (the struc-
ture of the tasks and the amount of features per UI may change to better suit the different 
scenarios of use). 

Figure 69. Instantiation of the CARF of the touristic application Weathaware. 

Figure 70. Instantiation of the CADS of the touristic application Weathaware. 

! As models mainly the task tree (reflected in the definition of the UI and their ar-
rangements) and the final user interfaces have been affected. 
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! As agent the developer is responsible for defining the internal adaptation (e.g. the or-
ganization of the features available per UI) and the end user is responsible for controlling 
the adaptation concerning the different information presented in the UI.  

The Figures below present how this second example of the touristic application 
(Weathaware) can be located within the CARF (Figure 69) and the CADS (Figure 70). 

The instantiations previously illustrated cover the three scenarios of example for 
different platforms. 

4.9 Discussion 

This section presented 2 case study scenarios exemplifying the application of Tri-
Plet in several implementations. For the implementations, the system specifications con-
cerning CAA were defined based on the theoretical components of TriPlet. The implemen-
tations of both the car rental and the touristic application, have been defined by means of 
TriPlet independently of: (i) the contextual information selected (user profile, environment 
type, and platform used), (ii) the technology chosen for the implementation (programming, 
scripting and markup languages, architectural approaches) and (iii) the application domain 
(car rental, tourism). Such support was possible due to the fact that TriPlet covers a con-
ceptual definition in a high level of abstraction.   

The selection of the case studies presented in this chapter envisaged covering mul-
tiple dimensions of adaptation, for instance by benefiting from different contexts of use, as 
for example: different users’ profile (experienced, color-blind users), different devices and 
platforms (a mobile phone, a tablet PC, large screens, different battery levels), and also dif-
ferent environments (relaxed vs. stressful, light vs. bright, multiple locations). It is not pos-
sible to be exhaustive and to cover all the definitions as TriPlet proposes, however the in-
stantiations are an attempt to cover a significant variety of aspects. 

First, CAMM has been used to support the definitions, the design decisions and to 
structure the CAA’s. In the descriptions of the case studies, we highlight the main concepts 
covered regarding the 4 core definitions of the CAMM: agents, rules, contexts and models 
employed during the development phases. The case studies covered a variety of contexts 
(information from user, platform, and environments), multiple agents (user, system, devel-
opers), and also a variety of system aspects (content, presentation and navigation). The 
models employed concern mainly, task and domain, and final user interface. 

Then, CARF has been applied to support design decisions to meet the require-
ments defined for the applications. The target context information has been selected, and 
the adaptation techniques described by the Cards of the CARF have been employed. For 
each application implemented, there is a set of corresponding Cards that support the im-
plementation phase. Moreover, there is also an instantiation of the CARF that has been 
used to define the CAA aspects within the application development phases. These instanti-
ations of CARF are integrated in the descriptions of the case studies. 

After the implementations have been concluded, the CADS was applied to locate 
the instantiations and to analyze the coverage level of CAA of all criteria of CADS. This 
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enabled us to identify how the CADS dimensions had been explored for the applications. 
Besides locating the applications within CADS, a comparative analysis was also possible. 
Figure 71 illustrates the applied CADS. The red, black, and blue axes represent respectively 
the analyses of the first, the second and the third implementations of the car rental exam-
ples.  

In this instantiation of the CADS we can clearly notice that regarding modality, user 
feedback, technological space, and meta-UI all the implementations have the same coverage level. 
On the other hand, for component granularity, state recovery, and UI deployment, the second and 
third implementations have maximum levels (i.e. total, action, and dynamic), while regard-
ing the autonomy level the first implementation is adaptive, the second adaptable, and the 
third adopts a mixed-approach. 

For the implementations of the touristic application the same activities have been 
performed. Figure 72 illustrates a comparison of the different instantiations for the same 
criteria of CADS. We notice that the 3 applications: Walkware, Weather and Wethaware 
cover almost all the same levels of adaptation. 

CADS also enabled a comparison between the two case studies. By analyzing the 2 
different graphics generated, presented by Figure 71 and Figure 72. The design space 
proved to be a suitable approach to locate the applications, verify how the dimensions of 
adaptation have been covered and which areas could deserve further attention in future de-
velopment efforts in case of extensions, updates or new releases. Moreover CADS has also 
been proved useful as a means of comparing different instantiations with multiple dia-
grams. 

The case studies aim at exploring the potential of CAA, by benefiting from the 
guidance, support and solutions provided by TriPlet. To provide an overview of the cover-
age of TriPlet 3 tables have been created.  

The Table 8, Table 9, and Table 10 summarize how the instantiations of the case 
studies employed the concepts defined by TriPlet. By analyzing such tables it is possible to 
notice that in general there was a significant variability in the implementations. Specially 
concerning the contexts and system aspects. For instance, regarding Table 8, the agents, the 
contexts and the rules have explored different dimensions of CAA, covering the various 
concepts defined by CAMM. However, concerning the models, we can notice just a partial 
exploration, i.e. mainly task and final user interface have been employed in the definitions. 
Given that the implementations do not have a high complexity level, the development 
phases covered just task and FUI, the model-based approaches could be relevant for ex-
tended versions of the Car rental and the Touristic applications. 

 



Chapter 4. TriPlet Instantiation 

 

 

 

 

112 

Figure 71. CADS instantiated for the car rental examples: the red axis (first) represents the first im-

plementation version, the black axis (middle) represents the second implementation version and 

blue axis (last) the third one. 

Figure 72. CADS instantiated for the touristic applications the red axis corresponds to Walkware, the 

black axis corresponds to Weather and blue axis corresponds to Weathaware. 
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Table 8. CAMM Instantiations for the case studies. 

 CAR RENTAL TOURISTIC APPLICATIONS 

Example 
1 

Example 
2 

Example 
3 

Walka-
ware  

Weather Weatha-
ware 

C
A

M
M

 

Agent User  ! ! ! ! ! 

System   ! ! ! ! 

Developer ! ! ! ! ! ! 

Context User ! ! ! ! ! ! 

Platform ! ! ! ! ! ! 

Environment !  ! ! ! ! 

Rules Conditions User  ex-
perience, 
environ-

ment 

Screen 
size, 

browser 
dimension 

Device, 
color-

blindness, 
battery 
level 

Device 
type, User 

location 

Device 
type 

Device 
type, user 
location 

Actions Simplify, 
detail in-
teraction, 
split tasks 

Re-size 
font, ele-
ments, 
media, 
change 
layout 

Change 
colors, 

modality, 
font, me-

dia 

Re-size 
text, icon, 

map, 
change 

distance, 
units 

Parame-
ters, Re-
sults, Mo-

dality 

Parame-
ters, Re-
sults, mo-

dality 

Models Task !      

Final ! ! ! ! ! ! 

Table 9. CARF Instantiations for the case studies. 

 CAR RENTAL TOURISTIC APPLICATIONS 

Example 
1 

Example 
2 

Example 
3 

Walka-
ware  

Weather Weatha-
ware 

C
A

R
F 

Why Usability ! ! ! ! ! ! 

Performance !      

Accessibility  ! ! ! ! ! 

What Content ! ! ! ! ! ! 

Presentation ! ! ! ! ! ! 

Navigation ! !  ! ! ! 

Who User  ! ! ! ! ! 

System   ! ! ! ! 

Developer ! ! ! ! ! ! 

When Design time !  ! ! ! ! 

Run time  ! ! ! ! ! 

Where Server !  ! ! ! ! 

Client  !  ! ! ! 

To what User ! ! ! ! ! ! 

Platform ! ! ! ! ! ! 

Environment !  ! ! ! ! 

How  Simplify 
UI ele-
ments, 

clarify in-
teraction 

steps, 
split 

tasks, de-
tail inter-

action 

Re-size 
UI ele-
ments, 
Change 
layout 

Change 
font, mo-

dality, 
colors, 
replace 
media 

Re-size 
text, 

icons, 
maps, 

Change 
distance, 
unit, pa-
rameters 

Re-size 
text, 

icons, 
maps, 

Change 
distance, 
unit, pa-
rameters 

Re-size 
text, 

icons, 
maps, 

Change 
distance, 
unit, pa-
rameters 
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By analyzing Table 9, we verify that regarding the why branch, just 3 qualities have 
been targeted, namely: usability, performance and accessibility, even if several qualities are 
enumerated by CARF. On the other hand, for all the other branches of CARF, it is possi-
ble to observe that the concepts have been further explored, varying more significantly be-
tween implementations, i.e. concerning what (system aspects), who (agents in control), when 
(development phases), where (location), to what (contexts of use), and how (rules) there was 
more variation between the instantiations.  

Analogously to the Figure 71 and Figure 72, the graphical representations of the 
CADS, Table 10 shows the instantiations of the CADS for comparison of the two case 
studies and their respective implementations. We clearly observe a trend in such instantia-
tions, i.e. while for User Interface Component Granularity (UICG), Modality, System Re-
covery Granularity (SRG), User Interface Deployment (UID), Existence of a Meta-UI and 
Autonomy a variation can be noted, for the dimensions of User Feedback and Technologi-
cal Space Coverage (TSC), no variety is observed. The user feedback has not been consid-
ered for any of the implementations, even if for some of them (Car Rental 2 and 3) the user 
had control of the adaptation process to some extent. Concerning the TSC, there is no var-
iation given that all implementations have been defined in the same language, and with set-
tings that do not vary depending on platform.  

Table 10. CADS Instantiations for the case studies. 

 CAR RENTAL TOURISTIC APPLICATIONS 

Example 
1 

Example 
2 

Example 
3 

Walka-
ware  

Weather Weatha-
ware 

C
A

D
S 

UICG Interactor !      
Total  ! ! ! ! ! 

Modality Intra ! ! ! !   
Inter     ! ! 

SRG Action  ! !    
Task     ! ! 

Session !   !   

UID Static !      
Dynamic  ! ! ! ! ! 

Feed-
back 

None 
! ! ! ! ! ! 

TSC Intra ! ! ! ! ! ! 

EMUI None ! ! ! ! !  
Meta-UI      ! 

Auton-
omy 

Adaptable  !     
Adaptive !      
Mixed   ! ! ! ! 

The definitions of these case studies provide an overview about how TriPlet can 
support CAA, still it is not possible to be exhaustive, in order to cover all contextual in-
formation, system aspects, application domains, and technological spaces. In the validation 
of this thesis, a variety of scenarios for CAA has been chosen, aiming to prove the suitabil-
ity of the TriPlet by adopting a sample of use cases. Such use case scenarios vary regarding 
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their design decisions, we can assume that the same support is also feasible regardless of 
context, system aspects, adaptation rules or technological spaces. 

By instantiating TriPlet components, their applicability could be analyzed. CAMM, 
CARF and CADS proved useful to support stakeholders in the CAA definition and to ana-
lyze the adaptation levels. 

The validation phase is followed by the analysis phases, i.e. the evaluation of the 
feasibility and the applicability of TriPlet. 

Although the models have not been deeply covered by the instantiations, there has 
been substantial work on defining CAA for the car rental example across abstraction levels. 
These efforts have been documented by Schramme [Sch13] and are publicly available 
online at http://sites.uclouvain.be/mbui/. This web page provides a model voyager, a plat-
form that stores several instantiations of the car rental example and also their respective 
models. A dynamic tree enables end users to navigate through the models and to visualize 
their different representations. 

Figure 73. Model Voyager: interactive tree of adapted models for the car rental example. 

Figure 74. The Abstract User Interface (AUI) for the car rental example. 

The Figure 73 and Figure 74 respectively present the task tree for the models and 
the Abstract User Interface of the car rental example. The Model Voyager can be used to 
retrieve several examples of Task models, AUI, CUI and FUI that complement the exam-
ples presented in this chapter. 
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Chapter 5 Evaluation 
A central research question is how to evaluate a framework. One possible approach 

has been to apply the framework in different situations, i.e. considering different types of 
projects, industrial and scientific domains, different application domains and different 
complexity levels [Bar05] by means of case studies, as Chapter 4 reports. A complementary 
approach to assess a framework’s utility consists in fitting several published works by prac-
ticing researchers to frameworks in the studies, as propose Scholtz and Consolvo (2004). In 
our context the literature search, Chapter 2 reports, enabled to identify and to select con-
cepts that are relevant for CAA and as such essential to be considered in the definition of 
TriPlet components. 

TriPlet has also been defined within the context of the Serenoa Project, therefore, 
all its development steps have been deeply discussed and analyzed by the project partners 
and reviewers, who are experts in the domain of CAA, with perspectives from the industry, 
academia and standardization bodies (W3C), and different profiles, as developers, project 
manager, researchers, UI designers. This iterative evaluation of TriPlet, although empirical, 
has been relevant for critically analyzing the decisions about the framework and to achieve 
better results, i.e. synchronizing it with actual users’ needs, perspectives and requirements. 

To validate TriPlet, four methods have been combined: first a literature search (as 
described in Chapter 2) identified essential requirements, then two case studies lead to sev-
eral instantiations of the framework, testing TriPlet’s suitability and applicability for differ-
ent scenarios (as Chapter 4 describes).  

Table 11 locates TriPlet according to the concepts that are commonly found in 
works about adaptation. 

Table 11. TriPlet frameworks classified according to the context (user, platform and environment), 

support provided and system aspects (presentation, navigation and content). From – non-existing, + 

low, ++ middle, to +++ high. 

 
Context Support Aspect 

User Plat Env Type Pres Nav Con 

TriPlet +++ +++ +++ Meta Model, Reference Framework, Adap-
tation Techniques, Design Space 

+
+++ 

-
+++ 

+
+++ 

 

By analyzing Table 11 we notice that due to the extensive literature review, TriPlet 
successfully covers multidimensional aspects of adaptation, i.e. the 3 main dimensions of 
context: user, platform, and environment, the 3 main system aspects: presentation, naviga-
tion, and content, and also provides 4 different solutions for stakeholders: a meta model, a 
reference framework, adaptation techniques, and a design space.  

To complement the analysis of TriPlet, in the following sections, we present a static 
analysis that assess the TriPlet components according to a set of criteria; such analysis is al-
so followed by a set of respective lessons learned.  

According to Zelkowitz and Wallace (1998), a static analysis can be performed to 
characterize the project results and derive also lessons learned, i.e. qualitative data from 
completed projects that can aid to determine trends, successful approaches and improve-
ment points. Aiming to formally define an evaluation process for the static analysis, we 
firstly selected specific criteria to analyze the framework, then we conducted a static analy-
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sis to evaluate relevant aspects of the framework. Finally we discuss the results obtained 
and the lessons learned. 

5.1 Criteria 

Several criteria can be applied to evaluate different quality aspects of a framework. 
For this project, we selected 8 criteria that according to the literature review have been 
judged as important in the research domain of CAA: 

! Understandability: concerning the notation employed to present the dia-
grams of the framework, if they are also comprehensible, and readable in different formats, 
notations, modalities for constrained scenarios; 

! Extensibility: the ability to extend it to include novel technologies and con-
textual concepts that will be continuously launched in the future; 

! Flexibility: the ability to be flexible, versatile, supporting different applica-
tions, complexity levels, technologies, etc.; 

! General-purpose: how generic the framework is, i.e. it can be applied regard-
less of the application domain of the system to be, the contextual information in use, the 
system aspects affected by the adaptation, and the development approaches and design de-
cisions chosen; 

! Modifiability: support for adding, deleting, modifying or varying concepts; 

! Scalability: the ability to scale the framework, i.e. to apply it to more complex 
applications that involve not only several contextual information but also several adapta-
tion techniques; 

! Usability: the ability to easily, efficiently and effectively apply the framework 
(e.g. how intuitive, how difficult it is to quickly find resources, information of interest, to 
benefit from TriPlet solutions);  

! Utility: the usefulness of such a framework, how it suits to different projects, 
scenarios and stakeholders. 

5.2 Static Analysis 

Given the set of 8 criteria defined in Section 5.1, a static analysis was performed 
concerning each component of TriPlet. The results of such analysis are reported in Table 
12. 

Table 12. Static analysis of TriPlet components. 
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5.2.1 TriPlet Scalability 

While we assume that the 3 components of TriPlet could scale well for complex 
applications that involve both several contextual information and several adaptation tech-
niques, further studies and experiments would be necessary to actually measure the cover-
age of the CAMM, CARF and the CADS. 

In principle the definition of CAMM, by relying in a set of previous works on the 
domain of interest, already cover all essential concepts for adaptation processes, as well as 
their relationships, attributes and methods. However, in a complementary approach for 
evaluation, by external tests in the industry and with stakeholders could help to identify 
concepts that are missing. 

The CARF has also been built on top of works previously published in the domain 
of interest. Although it covers an extensive list of concepts, e.g. involving more than 150 
techniques, it must be subject to continuous updates to follow the novel trends of technol-
ogy and adaptation. The mind map diagram scales well, supporting new branches and 
leaves. 
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Concerning the scalability of the CADS the main trade off found is potential read-
ability issues, i.e. when several applications must be analysed simultaneously, the diagrams 
must be be co-located, avoiding legibility problems. Actually we assume that the threshold 
is given by 3 applications at a time. More than this could lead to confusing interpretations 
of the graphical representation. In spite of CADS covering 8 dimensions within the same 
graphical view, we believe that finer grained analysis are suitable as well, i.e. by selecting a 
set of criteria of interest for evaluation. However, if more than 8 dimensions are consid-
ered, this could lead to readability issues, specially concerning printed versions of the dia-
gram. 

5.2.2 Discussion 

So far, to access TriPlet components users rely in a centralized source, i.e. with an 
online application, users retrieve the source documents online in the webpage 
(sites.uclouvain.be/mbui/caa/). 

All components can be extended, in a scalable approach, however their main prin-
ciples and purposes must be respected. While for CADS the dimensions must follow a cer-
tain order, and be able to be compared in a consistent manner, for CARF the central 
branches can be instantiated with additional concepts only if the original definitions are re-
spected. 

For UI designers, i.e. the target audience of TriPlet, to benefit of the framework 
components, a tutorial may be necessary, since the stakeholders can be not familiar with 
terminology employed. In principle, we could assume that it is enough to read the specifi-
cation of the framework, to understand, to use and to apply it, however it is unknown how 
much efforts are indeed necessary in this activity, i.e. how is the learnability of the TriPlet 
framework. 

For the complete versions of the CAMM, CARF and the CADS some legibility is-
sues can occur, i.e. a digital (online) version of the diagrams is more accessible, and scale 
better, however for printed versions, care must be taken to avoid readability issues. 

5.3 Lessons Learned 

For implementing and using CAMM the main lesson learned is that several differ-
ent approaches are possible to implement and to model CAA processes, so only by having 
a set of quality criteria well-defined since the beginning of the project, a trade-off analysis 
has been possible. It facilitates the decision making process among several potential solu-
tions.  

For CAMM’s definitions, MOF, XSD Schema, and Visual Paradigm have been 
adopted. Specific criteria guided the choice of these formats, like: adoption, popularity, 
standards, interoperability, robustness, expressiveness, flexibility, and tool support. Visual 
paradigm supported all features needed to implement the model, including the automatic 
generation of the XSD Schema. 
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For creating the CARF, it has been a good decision to define the methodological 
approach since the beginning: a systematic review to structure the Cards template. The 
fields selected to compose the Cards also proved to be enough comprehensive for its origi-
nal purpose. However it could have been better to define also since its start a more flexible 
notation to be adopted to express it, and continuously publishing it online in a public 
space, since several authors requested it during the project (while it was not yet publicly 
available). This approach would also enable the outcomes to be continuously subject to 
evaluation, and the costs of transferring it after the end of the project could have been re-
duced. Moreover it is not feasible to be exhaustive, so the progress of CARF needs to be 
continuously ensured in a collaborative approach. For instance, by means of an online tool 
with authentication methods to provide access to it, and also to enable collaborative valida-
tion of the new contents added. An online wiki page open for the public for search and re-
trieval seems to be the best solution for the CARF, being open for collaboration and sub-
ject to peer-to-peer (voluntary) validation. 

For CADS, the radar chart has the right features to express the information of in-
terest (coverage levels and consistent dimensions), however an interactive tool would lever-
age its usage and make it more flexible and easier to use. Additional features as export, 
print or customize could facilitate its adoption, meet stakeholders’ requirements, and pro-
vide more interaction. This same CADS diagram can be used in several domains and also 
for other purposes (e.g. assessing UX quality criteria). 

Table 13 summarizes the lessons that have been learned with TriPlet components: 
CAMM, CARF and CADS, summarizing its main success factors and decisions that could 
lead to an improved result. 

Table 13. Lessons Learned. 
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5.4 Project Requirements 

The Section 2.5 describes the main shortcomings in the domain of CAA, followed 
by the respective requirements that could successfully address them. This section discusses 
the current status of the project concerning each of these requirements. 

The terminology adopted must be consistent: the templates specified in the context 
of CARF defines a consistent terminology, this is also valid for the terms employed in the 
CADS and the CAMM. 

R1. Multidimensional context of use. The context information cannot be limited 
to one, two or three dimensions, it must be not only broadly considered but 
complete and also enable extensions;  

R2. Multidimensional system aspects. CAA cannot target to specific sub-
properties of applications, the integral application, concerning navigation, 
presentation and contents, as well as their specific granularity levels must be 
carefully considered; 

R3. Application domain independency. Once all application domains can benefit 
of CAA, theoretical methods that support CAA must be able to accommodate 
several scenarios; 

R4. Complete SDLC Coverage. Methods must support adaptation in the entire 
lifecycle of development (considering, for instance, the feedback from the user 
to progressively adapt the application); 

R5. High Usability Levels. End users must have highest priorities, being able to 
reject, accept, modify and evaluate CAA process. The adaptation engine must 
be able to evolve by learning with the end users; 

R6. Technology Independency. The technological spaces cannot be constrained 
in terms of languages or platforms. The quick evolution of technology must be 
considered by enabling extensible and flexible approaches;  

R7. Extensible Approach. The methods must be extensible allowing continuous 
update of concepts;  

R8. Advanced Logic. Simple rules can be used as a basis for CAA, however more 
complex reasoning and inferences must be supported, e.g. with machine learn-
ing, ontologies, etc.; 

R9. Unified Vocabulary. A standard terminology must be defined and largely 
adopted, resulting in more consistent approaches, enabling and facilitating the 
re-use and extensions. 

Concerning the current status of TriPlet, the requirements mentioned above, have 
been addressed to some extent as follows: 

R1. Multidimensional context of use. TriPlet components consider in an abstract 
level all dimensions of context (user, platform, environments and application do-
mains). However it was not possible to model all these concepts exhaustively, so we 
try to ensure enough extensible and a general-purpose to cover a broad range of 
contextual information;  
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R2. Multidimensional system aspects. The same applies for system aspects, i.e. while 
classifying them in: content, presentation and navigation enables to cover them 
broadly, it was not possible to be exhaustive due to time constraints. Moreover new 
UI elements may appear, so in TriPlet development we try to cover a broad range 
of system aspects, however just by leaving room for extensions, new elements can 
be progressively included; 

R3. Application domain independency. In principle, due to the fact that the TriPlet 
components cover conceptual and abstract concepts of CAA, they are domain-
independent. Although we assume that TriPlet has a generic-purpose in this sense, 
the validation phase has specifically covered a car rental and a touristic application 
example; 

R4. Complete SDLC Coverage. TriPlet support stakeholders in all SDLC, however it 
specially contributes during design and analysis phases, the implementation is not 
support and neither the evaluation per se; 

R5. High Usability Levels. Although TriPlet assumes that CAA provides benefits for 
the end user, no validation has been carried in this sense, so further efforts are 
needed to state to which extent TriPlet can actually help stakeholders to achieve 
higher usability levels in their applications; 

R6. Technology Independency. The TriPlet components are not constrained in 
terms of languages or platforms. Given its abstract, conceptual extensible and flexi-
ble definitions, it can be applied regardless of the technology employed;  

R7. Extensible Approach. TriPlet components are in principle extensible and enable 
continuous updates. However it is not known how much training may be needed 
for stakeholders to understand, to use and to extend it. Moreover currently the web 
page is under development, and no features are available for registering new admin 
and user, there is no authentication features, neither the validation of new entries.  

R8. Advanced Logic. Although CARF provides a set of adaptation techniques that 
can be combined to support more complex reasoning and inferences for CAA, 
there is no algorithm or solution proposed in this sense. CAMM structures the def-
initions of rules, strategies and policies that abstract and prioritize the CAA pro-
cessing, however no concrete solution is proposed for implementations; 

R9. Unified Vocabulary. TriPlet components may aid to reach a standard vocabulary 
for CAA. However for it to be largely adopted, further efforts are needed, one pos-
sible initiative could be publishing its definitions as a W3C document. Still, it is 
quite impossible to ensure consistency in a global perspective of SDLC. 
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Figure 75 illustrates an empirical analysis about the current coverage of the re-
quirements defined for this thesis and presented in Section 2.5. On one hand, the multidi-
mensionality of context (R1), system aspects (R2), domain-independency (R3), and tech-
nology independency (R6) clearly benefits from the following qualities of the TriPlet com-
ponents: the conceptual approach, the abstract definitions and the general-purpose, flexible 
and extensible perspectives. On the other hand, it does not cover the complete SDLC of 
CAA implementation (R4), mainly because the implementation per se is left for the devel-
opers, as well as the decisions regarding the reasoning engine for adaptation that could 
provide advanced logic (R8) and the usability evaluation of the system (R5). 

Figure 75. Requirements coverage. 

Actually, concerning R4 we can assume that TriPlet aids the initial phases of devel-
opment (definitions, requirement gathering, design decisions), but the implementation, 
tests and evaluation are left for the stakeholders to decide. Some initial work17 has been 
done to support additional design decisions for the implementation phase. As the Figure 88 
in the Appendix K shows, a decision table has been constructed to guide stakeholders in 
finding appropriate technologies (such as programming, scripting and markup languages) 
and also methodological approaches that support CAA to implement their applications. 
The decisions are taken according to the contextual information targeted by the application 
requirements. 

Due to the fact that the TriPlet components are not (yet) popularly employed, it 
does not reach a broad community that could significantly contribute to advance its defini-
tions (R7), even though the solutions are enough flexible to accommodate extensions, no 
validation has been done in this sense, to ensure that all concepts are clearly understanda-
ble, the users can be registered, provide their own contributions, and validate the existing 
ones. 
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Concerning the unified vocabulary (R9), TriPlet advance in establishing a common 
terminology for CAA, however only by disseminating it largely, we could expect to have a 
broad adoption and more consistent results for CAA processes. 

5.5 Final Remarks 

As mentioned at the beginning of this chapter, currently, frameworks have been 
evaluated by means of generating several instances of it, for multiple application scenarios. 
This scenario is useful to illustrate the application of TriPlet. By instantiating its compo-
nents in varied samples, we could have a clearer idea about its use, mainly concerning some 
specific criteria, such as its feasibility and usability. So far, the TriPlet components were val-
idated in terms of applicability and evaluated according to a set of selected criteria. 

Regarding the requirements initially defined for this thesis, we note that overall 
most of them have been met. However because of an evident trade-off between the quality 
of general-purpose and technological support, four requirements (R1, R2, R3 and R6) have 
been prioritized. So, while TriPlet provides solutions that are multidimensional in terms of: 
context, system aspects, domain independency and technology independency, the stake-
holders must decide regarding the advanced logic (R8) and uncovered phases of the SDLC 
(R4), as tests and usability evaluation (R5). Besides this, only by reaching a broad, or global 
community the extensibility (R7) and the consistency (R9) of the concepts could be en-
sured. 
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Chapter 6 Conclusion 
It is a challenge to identify all context information relevant for adaptation consider-

ing multiple dimensions. But it is even more challenging to consider this information and 
to provide users adaptation with high usability levels and transparency. An excessive use of 
adaptive techniques can confuse end users, get them lost during the navigation and cause 
cognitive overload [Pat99].  

Given the relevancy of providing CAA nowadays, in a scenario of device fragmen-
tation, heterogeneous user profiles, and an exponentially growing amount of interactive 
applications, stakeholders can find several benefits in having a unified framework on which 
they can rely to develop their applications. 

In this sense, the main goal of this thesis has been to define the foundations for de-
veloping applications that perform CAA, i.e. by understanding CAA and providing a con-
ceptual framework, stakeholders of such applications can find support for the development 
phases of CAA. TriPlet provides advantages from different perspectives: conceptually it en-
sures a consistent terminology and approach for CAA for different authors; methodologically 
it facilitates the re-use of previous works in the domain of interest, allowing further exten-
sibility of applications, by means of more flexible and compatible approaches; empirically it 
unifies CAA solutions; and pragmatically it offers a standard framework that can be univer-
sally adopted for implementing CAA. 

6.1 Main Contributions  

As this thesis statement defines, this PhD project proposes, defines, develops, and 
instantiates a multidimensional conceptual framework (named TriPlet). TriPlet provides a 
meta-model (CAMM), a reference framework (CARF), and a design space (CADS), that 
support stakeholders with structured guidance for addressing context-aware adaptation of 
user interfaces. 

The contributions of this thesis are the result of an extensive and systematic review 
and analysis of the scientific literature regarding CAA. Such review resulted in the following 
specific contributions: 

! A collection of works have been analyzed covering different application do-
mains, systems aspects and contextual information for CAA, their adaptation rules have 
been extracted and Cards have been generated based on the adaptation techniques identi-
fied: 

! A set of models (14) for adaptation have been selected, retrieved and an-
alyzed, their fundamental concepts have been compared, discussed and identified; 

! A set of frameworks (21) for CAA have been identified, analyzed and 
discussed; 

! A set of design spaces (12) for CAA have been selected, analyzed and 
discussed. 

The SLR enabled us to extract fundamental concepts for CAA. They provided the 
ground information to define a conceptual framework for CAA. This conceptual frame-
work, named TriPlet, supports stakeholders during the SDLC of CAA, from design until 
analysis. TriPlet provides 3 main contributions:  
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! The CAMM implemented in MOF that formalizes and abstract the main con-
cepts of CAA (adapters, context, adaptation, and models), as well as their main attributes, 
methods and associations. CAMM provides a unified approach and a consistent terminolo-
gy for CAA, and it has an associated XML Schema that expresses its definitions enabling 
validation, documentation and code generation.  

! The CARF provides a catalog for stakeholders containing different examples 
of potential design decisions for implementing CAA. It includes their definitions and main 
specifications. The how branch in the CARF specially includes: 

! 154 descriptive cards composed by 11 fields that precisely defines adap-
tation techniques and that can be used as design patterns for CAA; 

! The CADS supports stakeholders in analyzing, comparing and evaluating 8 
coverage levels of adaptation for context-aware applications.  

These three main components of TriPlet provide contributions that are: domain-
independent, modality-independent and technology-independent. TriPlet is also extensible, 
flexible and covers a general-purpose. 

6.2 Validation of Results  

TriPlet suitability has been continuously evaluated by means of 4 validation ap-
proaches. First, during its definition phases, a literature search has been conducted, to identify 
main gaps in the domain and progress the current state-of-the-art. Then, TriPlet has been 
created. Its contributions have been iteratively discussed with experts in the domain (within 
the scope of the Serenoa project during periodic meetings with reviewers and experts from 
academia, industry and standardization bodies). Therefore all the intermediary proposals 
and design decisions have been critically analyzed and largely discussed with the project 
partners and scientific reviewers. Then, the case studies have been defined and several im-
plementations have been built using TriPlet. Such implementations have been decided to 
explore the general-purpose of the solution, i.e. by considering vastly both the context in-
formation (user, platform and environment), and the respective adaptation techniques (im-
pacting content, presentation and navigation). Finally, the results of the case study enabled 
a static analysis (based on a set of quality criteria) and to identify the lessons learned. 

6.3 Scope 

Context-aware adaptation involves several disciplines of computer science, as dis-
tributed systems, ubiquitous computing, software engineering and architecture. Aiming to 
achieve high usability levels and to bridge the gap between users’ actual needs and what 
CAA provides, the main focus of this project is targeted in its Human-Computer Interac-
tion aspects. Although CAA covers a broad range of concepts, the validation cannot be ex-
haustive, therefore the implementations selected for the case studies cover a variety of as-
pects of CAA, assuming in principle that alternative implementations could also be sup-
ported by TriPlet (by generalization). For the sake of simplification, though, the implemen-
tations mainly cover: web applications and graphical user interfaces. 



Chapter 6. Conclusion 

 

 

 

 

129 

6.4 Limitations 

Most of the related works consider a web-based context, although this fact can be 
considered as a limitation of the project, we assume that the contributions of this thesis are 
generic enough and flexible to also accommodate applications that are not web-based i.e. 
still the contextual information is a requirement to define appropriate adaptation and its re-
trieval is usually facilitated with mobile devices, however given the different granularity lev-
els of the adaptation techniques, they can be extrapolated to be applied in a scenario of na-
tive applications too.  

Even considering an extensive list of related works and possible concepts, we are 
aware that not all possible approaches are considered; as such we try to be as extensible to 
accommodate future developments and also flexible enough to permit alternative solutions 
to be incorporated. 

The conceptual framework aimed in this thesis is not meant to provide an adaptive 
application for stakeholders or a COTS (commercial-off-the-shelf) solution, but to provide 
guidance for the implementation of adaptive and adaptable applications in all the different 
phases of their software development lifecycle. 

TriPlet also does not provide a technological environment for implementing appli-
cations, as an authoring tool or an IDE, however such environments could be defined 
based on the contributions of TriPlet since several aspects of CAA have been covered and 
specified. 

6.5 Exploitation 

As reported also in [Mag12] and [Mot13b], we do agree that in spite of current 
work practices are based on a stable environment for interaction (good lighting conditions, 
silence, static), currently the interaction with mobile devices takes place in varied environ-
ments with dynamic conditions of light and noise. In this sense, the industrial practitioners 
could certainly benefit of tools that facilitate the design and the development of adaptive 
and adaptable applications, and the adoption of responsive designs. 

TriPlet could be incorporated into industrial practice as: 

! context cards: to illustrate which and how adaptation techniques are suitable 
for user interfaces, as Figure 76 illustrates; these cards could bring information about actual 
contexts of use into daily work practices, improving responsiveness and quality in the re-
sulting designs, as also suggested in the work of [Mag12]; 

! an authoring tool: as proposed in [Mot13c], the adaptation concepts, once in-
corporated in a design assistant environment could guide designers and developers by 
matching information from the target context of use and the UI components,; this tool by 
suggesting adaptation guidelines could lead to applications of higher quality, e.g. concerning 
accessibility and responsiveness. Such a tool could benefit from a mashup approach, by 
dragging and dropping modules that combine web services providing adaptation function-
alities; 
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! a design pattern language: the taxonomy as CAMM defines by means of a 
meta-model for adaptation, could lead to a language definition. In the industrial context, a 
design pattern language could guide the design and development of applications that con-
sider CAA; 

! an analysis tool: the visual representation of CADS could aid stakeholders to 
analyse the level of coverage of adaptation in their projects, aiding the location of underex-
plored regions and suggesting thus future venues for extensions. 

Tools as the context cards and an authoring environment could help to achieve ap-
plications that properly provide adaptation, matching target contexts with existing tech-
niques. These tools would not only reduce the development time, once the techniques are 
no longer in scattered sources, but also ensure higher quality levels, by respecting well-
known principles and guidelines. 

6.6 Final Remarks 

It is clear that working with CAA in a broad perspective risks several trade-offs 
(e.g. performance, privacy, etc.) and also represents a great challenge. According to Koch 
[Koc01] “Very formal methods have the advantage to allow correctness proofs, but they add many formal-
isms that tend to abort creativity. Formless development is chaotic and seldom conducts to a successful pro-
ject.”. Because a unified view on CAA is the most considerable gap in this domain, we high-
light the importance of working in a broad perspective to tackle the main issues in this do-
main. Besides this, in order to conduct the research in a reasonable manner and aware of 
the possible issues, the methodology of the project has been defined since its beginning, 
systematic methods have being adopted (e.g. SLR), in order to organize and document rel-
evant concepts in a more structured approach. The case studies selected focus on hetero-
geneous application scenarios to effectively validate the outcomes benefits. Although gen-
eralization is assumed, further investigation and experiments are needed to effectively 
prove it. 

6.7 Future Works 

Given the current contributions of this project, some future venues are possible.  

! An environment for authoring CAA applications could be built based on the 
specifications provided by TriPlet components: 

! the meta-model defined by CAMM can be translated into other formats 
as eCore models to generate graphical editors that are compatible with the CAA def-
initions; 

! the schema defined by CAMM can be used for generation of further ap-
plications by instantiations, for validation of existing ones, and also for support and 
document applications that consider CAA; 

! the CAMM vocabulary can be used to generate a specific language that 
enable the implementation of applications that support CAA;  
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! the techniques for adaptation can be implemented in a web based lan-
guage, enabling composition of services, generation of mashup applications that ac-
cess them (such services can be also provided as browser extensions, as plugins or 
add ons); 

The techniques described in the cards (Figure 76) can also lead to the definition of 
a pattern language, since their goals converge, i.e. both aim at detailing good design 
practices within a field of expertize. Each technique reported in a card can lead to an 
‘adaptation pattern’ aiding stakeholders to solve design problems according to their 
target context of use. 

! An online repository that extensively covers CAA is envisaged, containing: 

! the CARF as a publicly available, online, and interactive tool; 

! the CARF Cards presenting adaptation techniques to be used as design 
patterns for CAA; 

! the CARF Cards available for printing, based on different stylesheets, to 
be used as support material for guiding design sessions (Figure 76); 

! the CADS available in a more flexible version of interactive tool (in 
which stakeholders set their coverage criteria, dimensions and levels, and the tool au-
tomatically generates the diagram, e.g. as an image or a printed file), with additional 
features (e.g. customization, export); 

! Experimental analysis can be planned and conducted to evaluate the qualities 
of TriPlet, e.g. its acceptance, learnability, and understandability, among its target audience 
(UI designers). 

With a broad dissemination and adoption of the TriPlet components, by means of 
portal, researchers or practitioners interested in retrieving information in the domain of 
CAA, can search for, access and retrieve related information, contents, as technologies, 
tools and current solutions that can be made publicly available online. 
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Figure 76. A Card example for video adaptation that can be used to support UI designers during de-

sign sessions. 
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Glossary 
This section provides the main definitions that are frequently used in this thesis: 

• Context-awareness: consists in gathering and using any relevant information from 
the user, platform or environment in order to provide users an application that 
suits better to their needs. 

• Model-based Approach: consists in iteratively generating the application, follow-
ing different granularity levels for development, mainly four abstraction levels: Task 
and Domain, Abstract, Concrete and Final, according to Cameleon Reference Frame-
work [Cal03]. 

• Adaptation Process: corresponds to the complete cycle of transforming one or 
more aspects of an application, it usually involves three cyclic phases: (i) context 
gathering, (ii) adaptation reasoning, and (iii) model generation. 

• Adaptation Technique:  consists of the main unit of the adaptation process, i.e., 
one transformation of a resource of an application based in one (or more) specific 
condition(s) of the context of use. 

• Adaptation Method:  is a composition of different adaptation techniques aiming 
to perform an adaptation process. 

• Adaptation Strategy: refers to the way in which the results of the adaptation are 
presented to the end user, e.g., by animating the transition between the original and 
the adapted UI. 

• Adaptation Principle: is a quality of an application that must be taken into ac-
count while performing adaptation, such as continuity. 

• Adaptation Approach: refers to the way in which the adaptation process is im-
plemented, concerning for instance the methodology adopted or the architectural 
structure. 

• Adaptation Rule: associates the context information (condition) with the adapta-
tion technique (action), being used to define an adaptation process. 

• Adaptation Models: are abstractions that formalize adaptation concepts in order 
to support developers and designers in defining and implementing adaptation. 

• Adaptability: occurs when the systems are adapted in a manual manner, i.e., the 
users themselves are in charge of triggering, initializing or deciding about the adap-
tation process. 

• Adaptivity: is the property of adapting systems in an automatic manner. 

• Adaptive User Interface: user interfaces that automatically change. 

• Adaptable User Interface: user interfaces that enable users to perform adaptation. 

• Intelligent User Interface: apply available knowledge about the task to control 
the interaction, aiming to increase the efficiency and usability [Eis00].  

• Model-View Controller: consists in an architectural approach that separates the 
representation of the information from the user’s interaction. The model represents 
data and business rules, controller mediates the input, converting it to commands 
for the model or the view. The view represents the data (independently of format). 



Glossary 

 

156 

• Plasticity: consists in accommodating the characteristics of the context in the sys-
tem in a flexible way, by optimizing the use of all resources available. 

• Nomadic UI’s: are interfaces that ‘follow’ the users’ activities across multiple de-
vices and platforms, in a pervasive and ubiquitous manner. 
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Appendix A. CAMM Description 
The Adapters, represented by red classes in Figure 19 and Figure 20, refers to the 

agent or the set of agents that is responsible for triggering or supporting the decisions for 
the adaptation phases, they are defined as follows: 

Adapter is the agent or the set of agents that is responsible for triggering or sup-
porting the decisions for each of the adaptation phases; 

• Examples: the end user that customizes the interactive system;  

• Attributes: id (the identifier of the adapter, a unique value), name (the name associ-
ated to the adapter), and priority (could be in a qualitative approach a value like low, 
medium, or high according to the priority associated to the adapter); 

• Methods: get() and set() (generic functions used to retrieve the information about 
the adapters available in a given moment and to associate it to the attribute values, 
instantiating the adapter); 

• Relationships: is_generalization_of one or a set of User, System, and Third-Party, 
and triggers an AdaptationProcess 

System is the computational application (e.g. a function, a program or an API) that 
interacts directly with the system; 

• Examples: a web service; 

• Attributes: id (the identifier of the system, a unique value), name (the name associat-
ed to the system) and its description (a summary of its definition and goals); 

• Methods: 

• Relationships: specializes an Adapter 

Third-Party is an external agent able to intervene in the adaptation process; 

• Examples: an agent; 

• Attributes: id (the identifier of the third-party, a unique value), name (the name as-
sociated to the third-party) and its description (a summary of its definition and 
goals); 

• Methods:  

• Relationships: specializes an Adapter 

User is the end user that is interacting with a system in a given moment, a human 
user; 

• Examples: John Doe is the end user interacting with the system, his description in-
cludes his personal information, impairments (cognitive, motor, visual, etc.), and 
preferences; 

• Attributes: id (the identifier of the user, a unique value) and its description (a sum-
mary of its definition and goals); 

• Methods:  

• Relationships: specializes an Adapter and also can compose one or a set of Context 

When several users are considered in the decision, the adaptation is classified as 
crowd sourced [Neb11], and a mixed approach occurs when a combination of agents col-
laborate to take the adaptation decisions [Hor99]. The user is part of both Adapter and 
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Context, first as the agent responsible for taking adaptation decision and then its descrip-
tion is also relevant to composed contextual information. 

Context 
The context, represented by green classes in CAMM, refers to all the information 

that characterizes the context of use, the interaction scenario and that can be relevant for 
defining and executing the adaptation. It is defined mainly in terms of: 

Context is all the information that characterizes the context of use, the interaction 
scenario and that can be relevant for defining the adaptation lifecycle; 

• Examples: the user John Doe interacting with a tablet PC in a train; 

• Attributes: id (a unique identifier value for that context), and a priority value (if in a 
qualitative approach could be high, medium, low levels, this information is useful to 
solve potential conflicts between adaptation techniques) 

• Methods: get() (to retrieve information about the context, coming for instance from 
sensors in the environment), set() (function to instantiate the values for the context, 
such values can be treated and processed beforehand if necessary, e.g. to convert 
units), isAvailable() (to check whether there is information to be retrieved), isDy-
namic() (to check whether the information varies along the time), isValid() (to check 
whether the information is still holding); 

• Relationships: is_composed_by at least one but not necessarily all User, Platform, 
Environment, Application, Quality, Element, Property, and instantiates a Justifica-
tion, an Event and a ContextInformation 

User (see previous definition for further information) 

Platform is the device or set of devices used to interact, and all their relevant char-
acteristics as accessories available, connections, technologies supported; 

• Examples: a tablet PC with Android, specification about the connections, ports, 
compatibility, drivers, etc.; 

• Attributes: id (unique identifier associated to the platform) and its description (a 
brief summary of the devices available and their characteristics); 

• Methods:  

• Relationships: a set of Platforms can compose a set of Contexts; 

Environment is the scenario in which the interaction takes place, defined for in-
stance in terms of light level, noise level, stability level, location, etc.; 

• Examples: a train, with medium noise, light and stability level; 

• Attributes: id (unique identifier associated to a given environment) and a description 
(a brief summary of the devices available and their characteristics); 

• Methods:  

• Relationships: can compose one or several Contexts; 

Application is the description of the interactive system and its domain, described 
by (domain and data) models, (functional and non-functional) requirements, task tree, etc.; 
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• Examples: a safety-critical system, a medical system; 

• Attributes: id (unique identifier associated to the environment) and its description (a 
brief summary of the characteristics of the environment); 

• Methods: can compose a Context and is_associated_with Resources (the compo-
nents of the UI’s of the interactive system); 

• Relationships: composes Context and has Resources; 

Quality is a qualitative value used to evaluate certain characteristics of the context 
information (e.g. its validity, availability, precision); 

• Examples: the information has a high level of precision (adopting a qualitative ap-
proach for implementation); 

• Attributes: name (associated name with the quality, e.g. precision) and level ( associ-
ated to the degree in which the quality is provided); 

• Methods: 

• Relationships: can compose one or several Contexts; 

Element is one specific object of the context (i.e. the name of a context infor-
mation); 

• Examples: user; 

• Attributes: name (the name given to the properties of the contextual information) 
and description (a brief summary explaining the name of the element);  

• Methods: 

• Relationships: can compose one or several Contexts; 

Property is one specific attribute that characterizes one element of the context; 

• Examples: the birthdate of the user; 

• Attributes: name (the name given to the properties of the contextual information) 
and description (a short explanation about the property of the element); 

• Methods:  

• Relationships: can compose one or several Contexts; 

Adaptation Core 

The adaptation core involves the design decisions taken based on the processing of 
the contextual information available. This core includes inference and reasoning on top of 
the context in order to select and prioritize adaptation rules and their respective actions, 
completing a set of activities and functions performed to adapt some element of the inter-
active system; 

Adaptation Process is the set of steps necessary to perform the adaptation, i.e. an 
adaptation lifecycle; 

• Examples: given a specific context, the UI elements change, and are presented in a 
certain approach to the end user; 

• Attributes: id (a unique identifier associated to an adaptation process); 
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• Methods: start() (to begin the adaptation process), pause() (to temporarily terminate 
the process), and stop() (to terminate the process); 

• Relationships: is_triggered_by an Adapter, is_composed_by one or more Adapta-
tionRules; 

Adaptation Rule is a formal association connecting the context with the adapta-
tion techniques, specifying how the system dynamically adapts according to the context 
[Koc00]. It can be structure according to the JECA approach [Nge07], defined as follows; 

• Examples: if the user is dyslexic, then change the font type of the text; 

• Attributes: id (a unique identifier associated to an adaptation rule), name (a unique 
name that characterizes the rule) 

• Methods: calculatePriority() (to calculate the weight of the rule, based on context in-
formation provided) and apply() (to execute the rule in a given application); 

• Relationships: composes AdaptationProcess, is_composed_by Justification, Event, 
Condition, and Action, can be part_of one or several Policies, and is_composed_by 
one or more AdaptationRules; 

Justification is a reason associated to the context, that provides a rationale, and 
aids to prioritize the adaptation and to justify with qualitative or quantitative information 
the selection of one specific action, it forms the reasoning context in which evaluation of 
the specific JECA rule to be performed [Nge07]; 

• Examples: there is no information available about the environment (then a default 
scenario must be considered);  

• Attributes: id (a unique identifier for the justification), weight, priority, argument 
(associated values to support reasoning); 

• Methods: check() (verifies whether there is a justification available for a given in-
stance of the context); 

• Relationships: composes an AdaptationRule and is_instantiated_by the Context; 

Event is a specific status or change of status regarding the system, the user interac-
tion or the context that supports specific actions; 

• Examples: when the device is rotated; 

• Attributes: id (a unique identifier to the event), name (a word or statement to quali-
tatively identify the event) and description (a brief description that characterizes the 
event); 

• Methods: detect() (the event is listened and detected by the application); 

• Relationships: composes an AdaptationRule and is_instantiated_by an instance of the 
Context; 

Condition is an association between a given element and a given instance by 
means of an operator (e.g. equal, greater than) that enables comparison and evaluation (an 
enumeration named OperatorType provides possible instances for the operators); 

Examples: the user visual impairment is color blindness; 
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Attributes: id (a unique identifier for the given condition); 

Methods: evaluate() (function to check whether the condition is valid or not) 

Relationships: composes one or several AdaptationRules and it aggregates Value, 
Operator (specified by the enumeration OperatorType) and ContextInformation; 

Value is the actual value that comes from the context of use, can be processed if 
needed (e.g. treated, converted), and verified according to the rule specification; 

• Examples: 50; 

• Attributes: name (a name associated to the value); 

• Methods: process() (function to refine the value if needed, e.g. convert to a given 
unit or treat the information as necessary); 

• Relationships: is_aggregated_with a Condition and instantiates a Technique;  

Operator is the operator that permits a comparison between values; 

• Examples: equal, greater than, different; 

• Attributes: Type (an enumeration of possible instances is provided including equal, 
notequal, and, or, lessthan, greaterthan, lessthanorequal, greaterthanorequal); 

• Methods:  

• Relationships: is_aggregated_with a Condition and is_related_to a Technique;  

ContextInformation is an element of the context that can be retrieved and evalu-
ated; 

• Examples: the list of visual impairments associated to the given user; 

• Attributes: id (a unique identifier associated to the contextual information of inter-
est); 

• Methods: retrieves() (function to associate a value with the element) 

• Relationships: is_aggregated_with a Condition, is_related_to a Technique and 
is_instantiated_by the Context; 

Action is a function that defines and activates the execution of the adaptation; 

• Examples: change the font size to 12; 

• Attributes: name (the name of the action); 

• Methods: execute() (function that performs a given action) and cancel() (to interrupt 
the execution of the action); 

• Relationships: composes one AdaptationRule, specializes a Technique, 
is_presented_by a specific PresentationMethod, modifies a given Model, and 
is_composed_by a Method, a Classifier, a Resource, and a Parameter; 

Technique is an operation that specifies a change in the system or in one or more 
properties of the system in order to adapt it; 

• Examples: increase the font size; 

• Attributes: id (a unique identifier associated with the technique), name (a name that 
characterizes the technique), reference (sources that define the technique, authors), 
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description (a brief summary explaining it), rationale (steps needed to accomplish it), 
example (illustrative uses for the technique), context (context associated with it), ad-
vantages (qualities that are enhanced when applying it), disadvantages (qualities that 
are hindered while applying it), sample (a piece of code that implements it, e.g. an 
URL linking to web service that implements the technique), images (illustrative pic-
tures of its application), observation (commentaries and notes about it), categories 
(tags to classify it);   

• Methods: 

• Relationships: is_associated_with Value, Operator, and ContextInformation and is 
generalized_by an Action; 

Policy is an abstraction of a technique that governs it; 

Examples: if the user has low vision, but also a screen augmenter (as assistive de-
vice), there is no sense in augmenting the font size; 

Attributes: id (a unique identifier associated to the policy); 

Methods:  

Relationships: is_associated_with AdaptationRules and is_part_of Strategy; 

Strategy is an abstraction of a policy that governs it based on inferences performed 
with several contextual information; 

Examples: a combination of two or more given policies; 

Attributes: id (a unique identifier associated to the strategy); 

Methods: apply() (a function to activate a given strategy); 

Relationships: is_associated_with one or more given Policy 

Method is one specific function applied to change an element of the interactive 
system;  

• Examples: re-size; 

• Attributes: name (a given name associated with the method); 

• Methods: execute() (function to apply a given method); 

• Relationships: is_aggregated_with an Action 

Classifier is a definition of amount (subset, union, intersection or complement); 

• Examples: all, any; 

• Attributes: type (a given name that characterizes the classifier); 

• Methods: set() (a function to associate a classifier with a given action); 

• Relationships: composes an Action; 

Resource is a component of the UI or the system that can be subject to adapta-
tion, different granularity levels are considered, e.g. navigation, UI images, tables, their 
rows, columns or cells; 

• Examples: image; 

• Attributes: type (the name of the given resource defining the UI element); 
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• Methods: set() (a function to associate a given resource with an action) 

• Relationships: composes an Action; 

Resource Property is a specific characteristic or attribute of a resource; 

• Examples: width of a table; 

• Attributes: name (a characterization of the resource property); 

• Methods:  

• Relationships: belongs_to Resource 

Parameter is a value related to a given unit that specifies a parameter for the adap-
tation technique; 

• Examples: +50%; 

• Attributes: specification (a given value that characterizes the action);  

• Methods: set() (a function to associate a given parameter to the action); 

• Relationships: composes an Action; 

Presentation Method is an explicit manner of presenting the adaptation to the 
end user aiming at avoiding disruption, possible types are listed as enumeration; 

• Examples: an animation to present the re-sizing of an edit box; 

• Attributes: id (a unique identifier associated with the presentation method), name (a 
short descriptive name associated with the presentation), and type (a characteriza-
tion of the presentation); 

• Methods: play() (a function to activate the execution of an presentation method), 
stop() (a function to stop the presentation method), pause() (a function to pause the 
presentation method), checkCompatibility() (a function to check whether the action 
is compatible with a given presentation method); 

• Relationships: presents an Action; 

• Enumeration: possible presentation types include animation, brighten, blind, 
bounce, clip, cross fade, collapse, dim, drop, expand, explode, fade, fade in, fade 
out, fold, highlight, morph, plug in, plug out, progressive rendering, puf, pulsate, 
scale, self healing, shake, size, slide, spotlight, transfer. 

 Model-based Approach  

An abstract representation of the reality (of the system, its different perspectives 
and the UI) that by means of reification or specialization is transformed from one abstrac-
tion level to another: 

Model is a formal definition of an interactive system, that can be decomposed in 
different abstraction levels, and complemented by different views, commonly expressed by 
means of a given notation (e.g. UML, XML, CTT); 

• Examples: a UsiXML model specifying an interactive system; 

• Attributes: id (a unique identifier of the model) and a description (the model defini-
tion); 
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• Methods: reify() (an specialization of a model to make it more concrete) and ab-
stract() (transformation to a higher abstraction level); 

• Relationships: is_composed_by one or several models of a Task, AUI, CUI and FUI 
and is_modified_by an Action; 

Task is a set of actions and activities to be executed according to given constraints, 
as ordering, to achieve a specific goal while interacting with the system; 

• Examples: an CTT or an HTA task tree; 

• Attributes: id (a unique identifier associated to the task tree) and description (a defi-
nition of the task tree: nodes, relationships, properties, etc.); 

• Methods: reify() (function to transform a task tree into an AUI model); 

• Relationships: composes one or several Models; 

AUI (Abstract User Interface) is the abstract definition of the system and its UI 
that is domain and platform-independent; 

• Examples: a UsiXML model expressing an AUI model; 

• Attributes: id (a unique identifier associated to the AUI model) and description (a 
definition of the AUI components); 

• Methods: reify() (function to transform an AUI model into a more concrete defini-
tion, i.e. a CUI model) and abstract() (function to transform an AUI model into a 
more abstract definition, i.e. a Task Tree); 

• Relationships: composes one or several Models; 

CUI (Concrete User Interface) is a more concrete definition of the system, its UI 
and its components; 

• Examples: a UsiXML model expressing a CUI model; 

• Attributes: id (a unique identifier associated to the CUI model) and description (a 
definition of the CUI components); 

• Methods: reify() (function to transform an CUI model into a more concrete defini-
tion, i.e. a FUI model) and abstract() (function to transform an CUI model into a 
more abstract definition, i.e. an AUI model); 

• Relationships: composes one or several Models; 

FUI (Final User Interface) is the (graphical) user interface to be presented 
and/or rendered to the end user; 

• Examples: a running application; 

• Attributes: id (a unique identifier associated to the FUI model) and description (a 
definition of the FUI components); 

• Methods: abstract() (function to transform an FUI model into a more abstract defi-
nition, i.e. an CUI model); 

• Relationships: composes one or several Models;   
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Appendix D. Software Qualities [ISO9126] 
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Appendix E. Adaptation Techniques (154) 
A detailed description and also further references about each of the adaptation techniques listed below is available at 

http://sites.uclouvain.be/mbui/caa/adaptation_techniques.pdf. 
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Appendix F. Environment 
 

Figure 77. Context Information for CARF: Environment 
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Appendix G. Platform 
 

 

Figure 78. Context Information for CARF: Platform 
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Appendix H.  User (I) 

Figure 79. Context Information for the CARF: User (I)
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Appendix I.  User (II) 

Figure 80. Context Information for the CARF: User (II)
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Appendix J.  Adaptation Meta-
models 
 

This appendix section presents a selection of images of related meta-models for adaptation: 

Figure 81. The Munich model (partial view) [Koc01] 

The Munich Reference Model (Figure 81) covers adaptive hypermedia applications, includ-
ing also a domain model and a user model. It covers mainly context (user) and rules (condi-
tion, actions) [Koc01]. 
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Figure 82. Comets [Cal05] 

The Comets Model [Cal05] (Figure 82) targets at plasticity and adaptation according to the 
context of users, platform and environments. Comets refer to a new generation of widgets, 
which changes its format and shapes depending on their instantiations. Different abstrac-
tion levels are covered: tasks, abstract, concrete and final. This model covers mainly the 
widget definition (comet), the abstraction levels and the quality of the context. 

 

 

 

 

 



Appendix J.  Adaptation Meta-models  

180 

 

Figure 83. Meta-model of the K-Model [Fah05] 

This meta-model (Figure 83) includes components for gathering the context (Sensors) to 
process it (Interpreter) and to react accordingly (Actuator) [Fah05]. 

 

Figure 84. Meta-model for Adaptation Rules [Gan07] 

This meta-model (Figure 84) covers the adaptation rules aiming also the plasticity of the 
UI. It covers the context information, and rules associating: events, condition and actions 
[Gan07]. 
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Figure 85. A MOF model for context-aware mobile applications [Far07] 

The MOF-meta-model of [Far07] covers mainly the context information and the 
adaptation rules for the adaptation (Figure 85).  
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Figure 86. An adaptation rules meta-model (partial view) [Lóp09], [Lóp10] 

The meta-model of [Lóp10] mainly covers the adaptation rules. The components of the 
model include: pre conditions, events, transformations, data and sensors (Figure 86). 



Appendix J.  Adaptation Meta-models  

183 

 

 

 

 

Figure 87. The MORFEU meta-model for context of use [Mor12] 

The meta-model diagram (Figure 87) implemented for the MORFEU project co-
vers mainly the context of use. It includes concepts as: the user, the elements, the proper-
ties, the entities, the aspects and the descriptions [Mor12]. 
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Appendix K. Feature Table 

Figure 88. Adaptation decision table [Car13] 
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Appendix L. Design, Test and 
Evaluation 

For decades, different adaptations of user interface have been presented and dis-
cussed regarding their pros and cons on the task performance and the user satisfaction. Lit-
tle attention, however, has been directed to isolate and understand which aspects of adapta-
tion them more successful [Gaj06]. 

• Policies and Evaluation Metrics. Mohomed et al. (2006) defined prediction policies 
based on statistical measures to execute always the most frequently requested adapta-
tions. In this scenario, they defined metrics of evaluation based in the percentage of er-
rors in predicting the desired layout for the users. In their case studies the user profiles 
and platform types were used to adapt image properties (as size and resolution). They 
state that specific context information has a different impact on adaptation and that 
grouping users into communities seems to significantly improve the prediction’s accu-
racy.  

• Usability Challenges. Jameson (2003) classified as the five most significant usability 
challenges for adaptive interfaces: predictability and transparency, controllability, unob-
trusiveness, privacy, and breadth of experience. His work focuses on usability and 
adaptive interfaces, or systems that learn from the user’s behavior and react accordingly 
[Sch04]. 

• Costs and Benefits. Gajós et al. (2006) observed that it is important to analyze the 
costs in current from adaptations. They identified properties that are likely to impact 
the adaptation benefits, such as: the ease of use, discoverability and predictability, men-
tal and physical demand, performance, satisfaction, frustration, control, efficiency and 
confusion (due to the adaptation). 

• Evaluation Criteria. Gajós et al. (2008) also analyzed the impact of predictability and 
accuracy for adaptive users interfaces. They state that adaptation may optimize the in-
teraction according to the users’ style and task, however the inherent unpredictability of 
adaptive UI’s may disorient users causing more harm than good. To analyze the satis-
faction of adaptation for end users, they defined as relevant criteria: usefulness, predict-
ability, and the levels of knowledge (understanding), frustration, confusion, satisfaction, 
control and efficiency. In this work they concluded that, although both predictability 
and accuracy affect users satisfaction, accuracy has a higher impact on performance of 
adaptive UI’s.  

• E-frame. Arhippainen (2009) proposed a framework to evaluate the user experience, it 
is method-independent and it can be used for planning and conducting tests. She states 
that the best practice to study user experience is to use several methods together; she 
also proposed ten heuristics to aid the design and evaluation of user experience. The 
criteria are presented in Figure 89. 

• Adaptability vs. Adaptivity. Frias-Martinez et al. (2009) states that giving the control 
to the users can reduce the effect of incorrect adaptation. However, the cost of the in-
creased controllability is the additional effort required from the users. They investigated 
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the differences between adaptability and adaptivity for end users. They noticed that for 
a digital library scenario, users not only performed better in the adaptive version, but 
also they perceived more positively to the adaptive version. Moreover, they noticed that 
users cognitive styles have a great impact on how users perceive adaptation. 

• Design Patterns and Usability Principles. Motivated by the fact that mobile inter-
faces can improve the users’ experience with the surrounding environment, Ginige et al. 
(2012) investigated common usability issues in the representation of spatial data in mo-
bile application. This investigation led to the definition of two design patterns, to be 
adopted as usability principles that a well-designed user interface should adopt. The de-
sign pattern named infinitive area+ context proposes the definition of colored areas with 
visual metaphors that provide information about the contents hidden in the off-screen 
space. The colors and dimensions of the metaphors can correspond to qualitative or 
quantitative information. The pattern of infinitive area + context was extended with mul-
timodality by associating the visual metaphors with auditory and tactile feedback.  

• Evaluation Framework for Customization. categorizes customization into different 
dimensions. The benefit of this evaluation framework is threefold. First, it allows a 
structured, uniform view to better understand the various aspects of customization. Se-
cond, it can be used as a conceptual framework for evaluating existing approaches on 
customization. Third, it may be employed for developing next generation customiza-
tion approaches. Basically, this evaluation framework comprises two orthogonal di-
mensions context and adaptation and the mapping in between represented by the no-
tion of customization (Figure 90) [Kap03]. 

• Evaluation Framework for Ubiquitous Applications. Scholtz and Consolvo (2004) 
believe that the lack of a widely accepted framework for user evaluations of ubiquitous 
applications hampers their efforts. A framework can help researchers to compare re-
sults, to create design guidelines, to develop evaluation techniques, to understand the 
appropriateness of different evaluation techniques, and to develop a more complete 
structure so they avoid overlooking key areas of evaluation. They defined 9 areas and 
34 metrics for evaluating ubiquitous applications (Table 14). Although targeted at ubiq-
uitous computing, we believe these criteria are also relevant for CAA. 

Given that many influencing factors are involved, evaluating applications is a com-
plex and challenging task. Moreover, biased conclusions can easily rise. The evaluation 
tasks become even more difficult if the system is adaptive [Hoo97]. The evaluation of 
adaptive systems is particularly complex as the results of the adaptation are personal to a 
specific user’s set of circumstances and, thus, an empirical study is the most appropriate 
strategy for evaluation [Smi02]. Although adaptive research has produced promising results 
(in terms of providing personalized information) [Bru96], a weakness of this research field 
is the lack of comprehensive empirical studies to measure the usefulness of adaptation 
within and between the systems. One reason for this is that there is no standard or agreed 
evaluation framework to measure the effectiveness of adaptation.  

One typical approach to determine the effectiveness of adaptation has been to 
compare the performance of an adaptive system against a version of the system with adap-
tation disabled. Adaptivity should preferably be an inherent part of a system [Hoo97], and 
so if it is removed from the system, the system may not be fully functional [Smi02].  

Another approach consists in enabling users to manually modify the adaptation and 
then provide a feedback to the system (evaluation based on users’ perspective). 
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Figure 89. Framework for evaluation of the user experience [Arh09] 

 

Figure 90. Evaluation framework for customization [Kap03] 

Jameson (2003) defined usability criteria and principles that are closely involved in 
the evaluation of adaptation. He also identified potential threats and their respective coun-
termeasures. 

One approach to evaluate adaptive systems includes measuring the usage errors and 
slips of the user. While the former consists in users having the wrong intentions while exe-
cuting a task (i.e., a misunderstanding of the UI), the later occurs when users had the cor-
rect intentions but executed the task in a wrong way (e.g., inadequate UI’s) [Bre09]. The au-
thors believe that slips can be prevented by adapting the UI according to the user, and er-
rors are prevented by adhering to design heuristics. 

Adaptivity is not equally beneficial under all conditions [Lav10], and given that 
AUI’s are used in complex and dynamic environments, the context variables must be taken 
into account. The user preferences vary, e.g., according to the frequency of the tasks, users’ 
age, task complexity level, and the user involvement. As such, variable levels of adaptivity 
are more beneficial than just one level. Even though, the following aspects must be careful-
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ly considered too: (i) the frequency of the tasks, (ii) the type of task, and (iii) the user pro-
file. 

Table 14. Framework for Evaluating Ubiquitous Applications [Sch04] 

Lum and Lau (2002) believe that when user-specific and device-specific require-
ments are considered for content adaptation, the user satisfaction is improved (e.g. by cre-
ating different views of the same content for different users according to their preferences, 
in a user-centric approach). 

 


