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ABSTRACT
The Ambient Intelligence paradigm has evolved significantly during the
last few years and aims at developing context-aware and adaptive systems
that enable people to use personalized, semantics enriched services. A
context-aware infrastructure requires an appropriate context model to
perceive, represent, manipulate, share and access context information. The
deployment and implementation of a context-aware environment aims at
providing "the right information to the right participant in the right context".
Lately, context modeling is commonly employed to enhance usability as well
as to support personalization, adaptivity and other user-centric features. The
process of context modeling that defines the basic concepts and formalities,
on which the implementation of a system is based, constitutes a sufficiently
researched domain and has resulted in a number of different categories of
models, with semantic-based ones attracting most attention.
In this thesis, we describe an ontology-based user model that captures
and formally describes profile and context information, and enables rulebased reasoning on the available data to support personalized context-aware
navigation services. We also describe how the proposed model is used as a
basic building block for the development of a contextual guide for users in
indoor environments, C-NGINE [1] (Contextual Navigation Guide for INdoor
Environments). C-NGINE’s interface will enable the deployment and support
of services, such as personalized navigation, route visualization, user
tracking, dynamic path-replanning according to a user’s deviation, the creation
of dynamic user groups according to users’ dimensions, customization of
privacy preferences and automatic events and note publication to interested
parties.

Supervisor Professor: Grigoris Antoniou
Professor of Computer Science Department
University of Crete
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Σημασιολογικό Μοντέλο Χρήστη για την Υποστήριξη
Εξατομικευμένων Υπηρεσιών Πλοήγησης, Βασιζόμενων στην
Επίγνωση του Περιβάλλοντος
Μαρία Μίχου
Μεταπτυχιακή Εργασία
Τμήμα Επιστήμης Υπολογιστών, Πανεπιστήμιο Κρήτης
ΠΕΡΙΛΗΨΗ
Η Διάχυτη Νοημοσύνη (Ambient Intelligence) έχει εξελιχθεί σημαντικά τα
τελευταία χρόνια και στοχεύει στην ανάπτυξη προσαρμόσιμων στις ανάγκες
του χρήστη και στο περιβάλλον συστημάτων τα οποία επιτρέπουν στους
ανθρώπους τη χρήση εξατομικευμένων σημασιολογικών υπηρεσιών. Μία
υποδομή που έχει επίγνωση των παραμέτρων του περιβάλλοντος
προϋποθέτει ένα κατάλληλο μοντέλο που να μπορεί να αντιλαμβάνεται, να
αναπαριστά, να χειρίζεται, να διαμοιράζει και να έχει πρόσβαση σε αυτήν την
πληροφορία. Η ανάπτυξη και υλοποίηση ενός τέτοιου συστήματος έχει σκοπό
να παρέχει "τη σωστή πληροφορία στο σωστό άτομο στο σωστό πλαίσιο".
Τελευταία, η αναπαράσταση της γνώσης για το περιβάλλον εφαρμόζεται για
τη βελτίωση της χρησιμότητας, καθώς και την υποστήριξη της εξατομίκευσης,
της δυνατότητας προσαρμογής και άλλων προσωποκεντρικών γνωρισμάτων.
Η διαδικασία αναπαράστασης που καθορίζει τις βασικές έννοιες και τους
φορμαλισμούς στους οποίους βασίζεται η υλοποίηση ενός συστήματος,
αποτελεί έναν τομέα που έχει γίνει επαρκής έρευνα και έχει οδηγήσει σε έναν
αριθμό από διαφορετικές κατηγορίες μοντέλων, με τις σημασιολογικές να
παρουσιάζουν το μεγαλύτερο ενδιαφέρον.
Σε αυτήν την εργασία, παρουσιάζεται ένα σημασιολογικό μοντέλο χρήστη
βασισμένο σε οντολογίες, το οποίο αναπαριστά και περιγράφει πληροφορία
για τα προφίλ χρηστών και το περιβάλλον και επιτρέπει την εξαγωγή
συμπερασμάτων βασισμένα σε κανόνες για την υποστήριξη εξατομικευμένων
υπηρεσιών πλοήγησης. Επίσης, γίνεται περιγραφή του C-NGINE, ενός
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σημασιολογικού οδηγού πλοήγησης για εσωτερικούς χώρους, στον οποίο το
προτεινόμενο μοντέλο αποτελεί βασικό δομικό στοιχείο. Η πλατφόρμα του CNGINE επιτρέπει την ανάπτυξη και υποστήριξη σημασιολογικών υπηρεσιών
όπως εξατομικευμένη πλοήγηση σύμφωνα με τις προτιμήσεις και τις
ικανότητες των χρηστών, γραφική αναπαράσταση της διαδρομής,
παρακολούθηση της πορείας του χρήστη, δυναμική αναπροσαρμογή
μονοπατιού για μια συγκεκριμένη διαδρομή σύμφωνα με την απόκκλιση του
χρήστη, δημιουργία δυναμικών ομάδων χρηστών σύμφωνα με ποικίλα
χαρακτηριστικά του χρήστη, εισαγωγή προσωπικών προτιμήσεων του χρήστη
που αφορούν την ιδιωτικότητα και αυτόματη δημοσιεύση γεγονότων και
ειδοποιήσεων σε ενδιαφερόμενα μέλη.

Επόπτης Καθηγητής: Γρηγόρης Αντωνίου
Καθηγητής Επιστήμης Υπολογιστών
Πανεπιστήμιο Κρήτης
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1. Introduction
1.1 Motivation
Technological advances in mobile devices and applications during the
last few years have caused a boost in the emergence of personalized,
context-aware services. This new emerging Ambient Intelligence (AmI)
paradigm commands the interaction of user in a new personalized, contextaware and content-adaptive environment. AmI environments provide
technologies and applications that perfectly meet people’s needs. The real
challenge of Ambient Intelligence is not only the development and
implementation of its applications, but rather the understanding of how people
live their lives and how they use the spaces in which they live [2]. The study of
AmI has raised several research issues, such as sensing context, delivering
context information, user profiling, context modeling, adapting to the users'
needs, reasoning about context, interacting with context and enrichment of
privacy and trust policies.
A fundamental issue in the study of Ambient Intelligence is the selection
of the appropriate model to represent the users’ profiles and describe the
context properties. The development of a user model requires capturing not
only the direct but also the indirect characteristics that are related to a user.
Such characteristics include the user’s gender, age, occupation, interests,
preferences, user group he/she belongs, calendar, the device(s) she interacts
with, place of work, etc.
Context-awareness is one of the drivers of the Ambient Intelligence
paradigm, whereas a well designed model is a key factor to the context in any
context-aware system [3]. It is important to notice that context-aware systems
do not require the users to intervene explicitly. The selection of the right
model is indicated by the special characteristics of the ambient environments
and the needs of the specific applications. Early models were constrained on
one application domain and, as a result, adopted formalisms that were
difficult, if not impossible, to integrate in other.
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According to [4], a context-aware system has to fulfill the requirements
below (see [4]):
•

•

•

•

•

•

Gather context information of different types. The technique should be
flexible enough to handle different kinds of context information and should
not be limited to any specific type of context information, for e.g.
information about a user's location from various location sensors.
Gather context information without end user intervention: The technique
should be able to be used in self-supporting or self-learning environments
and should not require explicit end user input, for e.g. downloading the
users' interests from their personal web pages instead of inserting from
scratch all their profiles' parameters.
Aggregate context information from potentially multiple sources: The
technique should enable the aggregation of context information from
potentially multiple sources, for e.g. accessing various URIs to download
and aggregate all users' profile parameters.
Predict context behavior: The technique should be able to derive additional
information from the information in the context information representation,
such as prediction of context behavior. For e.g., if a user deviates too often
then the system has to adjust her routing preference accordingly, in order
to be conformed to her profile.
Adjusting behavior in a certain (pre-defined) situation: The technique
should be able to describe behavior (next to context) and define rules
when certain behavior (action) should be executed. For e.g., if a user
deviates, then an appropriate rule should be fired in order to force dynamic
path-replanning.
Handle different representations of context information: The technique
should be able to handle different representations of context information,
for e.g. dealing with different calendar formats.

There are four important aspects in deploying and implement a contextaware system:
(i)
Context modeling, i.e. capture all the context information,
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(ii)

(iii)
(iv)

User modeling and context adaptation, i.e. represent all users’
dimensions that are necessary for delivering the right information to the
right participant in the right context”,
Context reasoning, i.e. reason on the available context using already
existing knowledge and
Privacy policies.

Motivated by the aforementioned important aspects that characterize a
context-aware system, the subject of this thesis is to present an ontologybased user model for a contextual navigation guide, C-NGINE. Our current
objective is to enhance C-NGINE’s architecture by modeling context and
applying semantic profiles for purposes of personalized services, contextawareness and privacy. Still, the profile abstraction is aimed to be more than
just a repository for storing static knowledge. It will play the role of a semantic
directory of dynamic and context specific information, while also
encapsulating personal rule definitions about user preferences, device
specifications, service invocation and privacy policies. These rules will help
leverage automatic discovery and inference of knowledge that is required to
answer incoming queries about the user’s current activity, and specify how the
platform should adapt services to comply with available resources and privacy
restrictions.
In general, among the relevant generic information that C-NGINE is
expected to capture is included the roles of people interacting with the
environment, their profiles, application requirements and preferences, the
devices they use and the capabilities of them, their interest, relationships,
tasks, activities, intents, their current state, as well as the state of the
environment itself, its changes, the four-dimensionality of its nature and many
other. This unified and secure interface will enable the deployment and
support of services, such as the creation of user groups with common
characteristics, automatic events and note publication to interested parties
etc.
Personalization, adapting content to satisfy the needs, preferences and
goals of users, is a fundamental prerequisite for the success and adoption of
an Ambient Intelligence system. As a result, modeling content experienced
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by users is by itself not adequate. Care must be taken in modeling user
preferences and device characteristics and associating them with services, in
order to deliver content in an approved and intelligent manner.
Let’s consider the following example: An English tourist has just arrived in
Greece and wants a Greek translator in order to communicate with a local.
The tourist speaks with English idioms. If the guide translates literally his
phrases, then the Greek local will not understand anything. But, if the
translator gives an idiomatic translation, then the local will understand exactly
what the English tourist wants and he will process the information accordingly.
Relatively, the raw context data, as it derives from the various sensors, needs
to be transformed into meaningful information so that it can later be used in
the application layer. An application in this layer does not require the
knowledge of the exact location of a person, but only the number of the room
or section of a building that the person is located in, it is meaningful to
transform the coordinates of the location, as these are estimated by a location
sensing system, into the room number that these coordinates correspond to.
In the same case, a rule telling that if someone is located in a room, then she
is also located in the section of the building, that this room belongs to, could
also be useful for the needs of the application. Moreover, context reasoning
may play the role of a decision making mechanism for a context aware
application. Based on the collected context information, and on a set of
decision rules, provided by the user, the system can be configured to change
its behavior, whenever certain changes are detected in its context.
Another important challenge in context-aware applications is how to retain
the users' privacy. In context-aware environments, where there is an
interaction between the user (her device) and the service offered to her, and
information about the user's profile is made available to other devices, the
user should have the control over who has access to her personal information
under different conditions. Many studies about context-aware applications
focus on design and performance issues, leaving the question about how they
can provide the required privacy certificates to the users of the application
unanswered. This thesis is an effort to enrich the issues of privacy from the
perspective of modeling the user's privacy preferences and the application's
privacy policy by extending the context model to include privacy information,
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and by enabling the users to control the piece of personal information they are
willing to share and the people and applications they allow to share it with.
Finally, C-NGINE easily adapts to a wide range of applications, without
the need of structural or architectural modifications, based on ontology
modeling and rule-based proactive and reactive reasoning. General
contextual navigation requirements for a system such as C-NGINE are
encountered in research institutions, campus premises, hospitals, conference
centers, museums, tourist attractions, etc.

1.2 Description of the remaining chapters
The rest structure of this thesis is organized as follows: In Chapter 2 the
background theory is discussed that is needed to understand the main
aspects of this thesis. In Chapter 3 related work is reviewed in the field of
ontologies and ontology-based integrated systems. In Chapter 4, C-NGINE is
analyzed giving emphasis in the user modeling component which is the
contribution of this thesis. In Chapter 5 an application scenarios is presented
in order to highlight the functionalities of the user modeling component
Chapter 6 contains the concluding ideas of this thesis. Finally, in chapter 7,
future improvements and extensions of the user modeling component are
discussed.
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2. Background Theory
In this section, we introduce the basic concepts and terms in order to
provide a better understanding of this master’s thesis.

2.1 Ambient Intelligence (AmI)
The Ambient Intelligence term was coined from Philips Research’ vision
of “people living easily in digital environments in which the electronics are
sensitive to people's needs, personalized to their requirements, anticipatory of
their behavior and responsive to their presence” [5]. This concept was
adopted by Information Society Technologies Advisory Group (ISTAG) as one
of their research focus. In their report [6], ISTAG show the concrete vision that
“humans will, in an Ambient Intelligent Environment, be surrounded by
intelligent interfaces embedded in everyday objects. This environment should
be non-obtrusive, aware of the specific characteristics of human presence and
personalities; adapt to the needs of users; be capable of responding
intelligently to spoken or gestured indications of desire; and even result in
systems that are capable of engaging in intelligent dialogue”.
Aarts and Marzano review the five key technology features that portray an
AmI system [7]:
•
•
•
•
•

Embedded. Networked devices are integrated into the environment.
Context aware. System recognizes people and their situational context.
Personalized. System can tailor itself to meet people’s needs.
Adaptive. System can change in response to people.
Anticipatory. System anticipates people’s desires without conscious
mediation.
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2.2 Context in AmI
Context refers to the physical and social situation in which computational
devices are embedded. One goal of context-aware computing is to acquire
and utilize information about the context of a device to provide services that
are appropriate to the particular people, place, time, events, etc [8].
Specifically, context involves more than just the user’s location (i.e., where
you are, who you are with, and what resources are nearby [9]), because other
things of interest are also mobile and changing.
The following aspects are considered to be part of the context information
of a user:
•

•

•
•
•

The environment, i.e., the information that describes where the user is.
This includes the physical space the user is located (e.g. in a room, in a
building, indoors, outdoors, etc.), but also the people she is in contact with
(relationships to other people). These might be the people that are in the
neighborhood, but also the people that she is connected to by the
communication services she is using and the more statically defined
relationships, such as friends, buddies, colleagues, doctor, family, etc. The
environment also includes the position of the user, the direction and
speed, and all other information that describes the surroundings of the
user.
The circumstance or situation the user is in. This is orthogonal to the
environment. Examples are an emergency situation, someone’s birthday,
a car accident, etc. This information can often be derived from other
context attributes and provides a general categorization of the current
situation.
The activity of the user, which describes what the user is doing.
The role of the user, which describes whether he is working, with the
family, etc.
The service the user has access to and/or is using and the status of these
services. Examples of these services are the device that provides specific
functionality, network access, communication services, etc.
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•

The context information is used as input to a user preference to describe
the situation in which particular actions need to be taken.

In other words, context represents all possible data the users need, that
can be modeled and reasoned for.
Consequently, context-aware systems are those that can sense the
changes in the context and adapt their behavior accordingly. In context-aware
applications, the context of the application users is implicitly used to
determine how the system behaves. The services offered by these
applications are called context-aware services. Furthermore, these
applications have means to capture the users’ context without explicit user
intervention.
The study of Ambient Intelligence has raised several research issues.
These issues can be classified into the following categories:
•

•

•

•

Sensing context. It involves employing the appropriate sensors and
installing them in appropriate positions in order to collect the available
context information.
Delivering context information - communication issues. Delivering the
sensed context data at the right place and at the right time is a critical
issue for mobile ubiquitous computing systems. For such systems it is
assumed that the communication is achieved through a wireless network.
Modeling context. A fundamental issue in the study of Ambient Intelligence
is the selection of the appropriate model to describe the context properties.
The solutions that come from the field of knowledge representation need
to address challenges, such as interoperability, reusability and information
sharing. The context data, as it is derived from the various sensors, is
initially represented in various formats. In order to be able to combine and
process data coming from heterogeneous sources, the system must
translate it into a common format. The selection of the right model is
indicated by the special characteristics of the ambient environments and
the needs of the specific applications.
Adapting to the users' needs. The ultimate goal of the Ambient Intelligence
is to serve the humans that act in these environments in the best possible
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•

•

•

way. Each user is expected to have different characteristics, needs and
preferences, and may utilize different types of devices (laptops, PDAs,
etc.) in order to interact with the ambient environment. The applications
must be able to identify and adapt their services to the special
requirements of each different case; and to do this, they must combine the
information about the sensed context, with the profile information of each
different user and each different device that the user may carry.
Reasoning about context. The intelligence of a mechanic system is mainly
determined by its reasoning procedures. The aim of context reasoning is
to exploit the true meaning of the raw context data values; to turn the lowlevel data that is stored in the registers of the sensors into valuable
information, based on which the system can "decide" about the state of its
context. This task becomes even more challenging, if we consider the
uncertainty and imperfection of the context information, the constrained
computing capabilities of the devices, and the demand of instant
responses of the system to the changes of its context.
Interacting with context. In addition to collecting and processing context
information, the computational devices that are embedded in an ambient
environment have another role to play; to enable the communication
between humans and the environment. The user interfaces of these
devices (the 'smart' objects) must be designed in a natural way so that the
users may use their standard interaction techniques and channels that
they use in their normal life. They must not interrupt and distract the users
from their tasks, and adapt to the conditions of the environment and to the
user's special needs and characteristics.
Privacy and Trust Issues. A key requirement that ubiquitous applications
must meet in order to become acceptable by the general public is to
respect and retain the user's privacy. Unless people feel that they are in
full control of the pieces of their personal information gathered and
processed by ubiquitous applications, and aware of who has access to this
information, they cannot be convinced to live and act in ambient
environments. In order to meet these requirements, ambient applications
must provide a way for the users to express their privacy preferences, as
well as the security mechanisms to enforce them. This is an issue that has
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been studied thoroughly in the domain of web applications, but still
remains open in the area of Ambient Intelligence.

2.3 User Modeling
Users are different and have their own needs and capabilities. The
uniqueness of each user led to the effort of user profiling and user modeling.
However, user modeling does not concern only static information about a
user’s profile; it rather encompasses all these features the user needs in order
to exploit all the benefits from Ambient Intelligence. From another point of
view, the user model contains all information that the system has to know
about the user in order to provide personalized context-aware services. When
it comes to user modeling, the first thing that comes in mind is a personalized
web interface, but it is a lot more than that. For the past years, user modeling
is commonly employed to enhance usability as well as to support
personalization, adaptivity and other user-centric features. In the next section,
we describe some key factors in creating a user model.

2.4 Key Requirements in creating a user model
A discussion of required characteristics in creating user modeling
systems has been documented in [10] and [11]:
•

•

Generality, including domain independence. This requirement states that
user modeling systems should be usable in as many domains as possible,
and within these domains for as many user modeling tasks as possible.
Expressiveness and strong inferential capabilities. Expressiveness is a key
factor in user modeling systems; they are expected to express many
different types of assumptions about the users and their context. Such
systems are also expected to perform all sorts of reasoning, and to
perform conflict resolution when contradictory assumptions are detected.
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•

•

•

•
•

•

•

•

•
•

Support for quick adaptation. Time is always an important issue when it
comes to users; User modeling systems are required to be adaptable to
the users’ needs. Hence they need to be capable of adjusting to changes
quickly.
Precision of the user profile. The effectiveness of a user profile depends
on the information the system delivers to the user. If a large proportion of
information is irrelevant, then the system becomes more of an annoyance
than a help. This problem can be seen from another point of view; if the
system requires a large degree of customization, then the user will not be
willing to use it anymore.
Extensibility. A user modeling system’s success relies on the extensibility it
offers. Companies may want to integrate their own applications (or API)
into the available user models.
Scalability. User modeling systems are expected to support many users at
the same time.
Import of external user-related information. User models should support a
uniform way of describing users' dimensions in order to support integration
of already existing data models.
Management of distributed information. The ability of a generic user
modeling system to manage distributed user models is becoming more
and more important. Distributed information facilitates the interoperability
and integration of such systems with other user models.
Support for open standards. Adherence to open standards in the design of
generic user modeling systems is decisive since it fosters their
interoperability.
Load balancing. User modeling servers should be able to react to load
increases through load distribution and possibly by resorting to less
thorough (and thereby less time-consuming) user model analyses.
Failover strategies. Centralized architectures need to provide fallback
mechanisms in case of a breakdown or unexpected situation.
Fault tolerance. In case a user inserts wrong data in his/her profile by
mistake (i.e. a user denotes an opposite gender), the system must prompt
the user to adjust the corresponding parameters, rather than reset his/her
profile.
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•

•

Transactional Consistency. Parallel read/write procedures on the user
model should lead to the deployment of sufficient mechanisms that
preserve and restore possible inconsistencies.
Privacy support. Another requirement that user modeling systems must
meet in order to become acceptable by the general public is to respect and
retain the user's privacy. In order to meet these requirements, such
systems must provide a way for the users to express their privacy
preferences, as well as the security mechanisms to enforce them.

2.5 Classification of User Models
This section cites recent efforts on modeling context in Ambient
Intelligence environments. Different context models follow significantly
different directions in attempting to achieve their objectives. A classification of
such models has been documented in [3], based on the choice of data
structures used to represent and exchange contextual information:
•

•

•

•

Key-Value models: highly data-oriented, these models are the simplest
and easiest to manage, but lack richness, completeness and semantics
capabilities, to name a few. An implementation which adopted this
approach is described in [12].
Markup Scheme models: most of them are XML-based, structured around
a hierarchical data formation and consisting of markup tags with attributes
and content. They are appropriate for dealing with certain modeling tasks,
such as profiles, but fail at capturing all aspects of a context aware system
(i.e., see [13]).
Graphical models: ER and UML-like languages constitute members of this
category, with the Context Modeling Language (CML) approach ( [14])
being an interesting paradigm, which will be briefly described later in this
section.
Object Oriented models: the objective of these models is to employ objectoriented techniques, such as encapsulation and reusability, in capturing
contextual information. Access to and processing of this information is
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•

•

provided through specified interfaces. Representatives of this category are
the Active Object Model of the Guide project [15] and the Hydrogen project
[16].
Logic based models: logic-based approaches dictate the use of a set of
rules, facts and expressions for defining context. The high degree of
formality that these models introduce makes them suitable for certain
tasks, such as reasoning, but inflexible for fulfilling the requirements of the
entire modeling process.
Ontology based models: the way ontologies handle concepts and relations
offers solutions to a multitude of issues. In fact, [3] concludes that
ontology-based models manage to satisfy all demands placed concerning
context modeling, such as distributed composition, partial validation,
richness and quality of information, incompleteness and ambiguity, level of
formality and, also, applicability to existing environments.

In our case, we concluded that the most promising assets for context
modeling for ubiquitous computing environments can be found in the ontology
based models, because semantics-based technology is widely considered the
most enabling research direction. The formal semantics of ontology
languages also enable (simple) reasoning tasks on this information. These
reasoning capabilities distinguish them from most data representation
formats, which require additional specialized code to perform reasoning. The
reasoning capabilities of ontology-based languages can be exploited by
applications to perform a part or all of their service logic (i.e., see [4]).

2.6 Semantic Web
As discussed in [17], the Semantic Web is not a separate Web but an
extension of the current one, in which information is given well-defined
meaning, better enabling computers and people to work in cooperation. The
first steps in weaving the Semantic Web into the structure of the existing Web
are already under way. In the near future, these developments will usher in
significant new functionality as machines become much better able to process
and "understand" the data that they merely display at present.
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The essential property of the World Wide Web is its universality. The
power of a hypertext link is that "anything can link to anything." Web
technology, therefore, must not discriminate between the scribbled draft and
the polished performance, between commercial and academic information, or
among cultures, languages, media and so on. Information varies along many
axes. One of these is the difference between information produced primarily
for human consumption and that produced mainly for machines. At one end of
the scale we have everything from the five-second TV commercial to poetry.
At the other end we have databases, programs and sensor output. To date,
the Web has developed most rapidly as a medium of documents for people
rather than for data and information that can be processed automatically. The
Semantic Web aims to make up for this.
Like the Internet, the Semantic Web will be as decentralized as possible.
Such Web-like systems generate a lot of excitement at every level, from major
corporation to individual user, and provide benefits that are hard or impossible
to predict in advance. Decentralization requires compromises: the Web had to
throw away the ideal of total consistency of all of its interconnections,
ushering in the infamous message "Error 404: Not Found" but allowing
unchecked exponential growth.

2.7 Ontologies in the Semantic Web context
A frequently cited, and perhaps the most prevalent, definition of ontology
is attributed to Tom Gruber who defines it as “an explicit specification of a
conceptualisation” [18].
As pointed out in [19], ontologies define the concepts and relationships
used to describe and represent an area of knowledge. Ontologies are used to
classify the terms used in a particular application, characterize possible
relationships, and define possible constraints on using those relationships.
The relationships typically include hierarchies of classes. A hierarchy specifies
a class C to be a subclass of another class C’ if every object in C is also
included in C’. For example, all faculty are staff members.
Apart from subclass relationships, ontologies may include information
such as:
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•
•
•
•

properties (X teaches Y)
value restrictions (only faculty members can teach courses)
disjointness statements (faculty and general staff are disjoint)
specification of logical relationships between objects (every department
must include at least ten faculty members).

In practice, ontologies can be very complex (with several thousands of
terms) or very simple (describing one or two concepts only). An example for
the role of ontologies or rules on the Semantic Web is to help data integration
when, for example, ambiguities may exist on the terms used in the different
data sets, or when a bit of extra knowledge may lead to the discovery of new
relationships. Languages like RDF Schemas and various variants of OWL
provide languages to express ontologies in the Semantic Web context.

2.7.1 Ontology exemplars
XML
The Extensible Markup Language (XML) [20] is a subset of SGML that is
completely described in this document. Its goal is to enable generic SGML to
be served, received, and processed on the Web in the way that is now
possible with HTML. XML has been designed for ease of implementation and
for interoperability with both SGML and HTML. XML documents are made up
of storage units called entities, which contain either parsed or unparsed data.
Parsed data is made up of characters, some of which form character data,
and some of which form markup. Markup encodes a description of the
document's storage layout and logical structure. XML provides a mechanism
to impose constraints on the storage layout and logical structure.
The design goals for XML are:
1. XML shall be straightforwardly usable over the Internet.
2. XML shall support a wide variety of applications.
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3. XML shall be compatible with SGML.
4. It shall be easy to write programs which process XML documents.
5. The number of optional features in XML is to be kept to the absolute
minimum, ideally zero.
6. XML documents should be human-legible and reasonably clear.
7. The XML design should be prepared quickly.
8. The design of XML shall be formal and concise.
9. XML documents shall be easy to create.
10. Terseness in XML markup is of minimal importance.

An XML document consists of
• a prolog
• a number of elements
• an optional epilog
The prolog consists of
• an XML declaration and
• an optional reference to external structuring documents
An element is the entities the XML document talks about, for e.g. professors,
lessons, students. An element consists of:
• an opening tag
• the content (i.e. text, or other elements, or nothing)
• a closing tag

RDF
The Resource Description Framework (RDF) [21] is a general-purpose
language for representing information in the Web. This specification describes
how to use RDF to describe RDF vocabularies. This specification defines a
vocabulary for this purpose and defines other built-in RDF vocabulary initially
specified in the RDF Model and Syntax Specification. RDF's vocabulary
description language, RDF Schema, is a semantic extension of RDF. It
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provides mechanisms for describing groups of related resources and the
relationships between these resources. RDF Schema vocabulary descriptions
are written in RDF using the terms described in this document. These
resources are used to determine characteristics of other resources, such as
the domains and ranges of properties.
An RDF document is an object-attribute-value triple. Otherwise, it called a
statement.
The fundamental concepts of RDF are:
•
•
•

resources
properties
statements

We can think of a resource as an object, a “thing” we want to talk about,
for e.g. authors, books, publishers, places, people, hotels. Every resource has
a URI, a Universal Resource Identifier. A URI can be a URL (Web address) or
some other kind of unique identifier.
Properties are a special kind of resources; they describe relations
between resources, for e.g. “written by”, “age”, “title”, etc. Properties are also
identified by URIs.
Statements assert the properties of resources. A statement is an objectattribute-value triple; it consists of a resource, a property, and a value. Values
can be resources or literals (i.e. strings).
An RDF document can be viewed as:
•
•
•

A set of triples (object-attributes-values)  statement
A graph (semantic net)
An XML document
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OWL Sublanguages (Lite, DL, Full)
The OWL Web Ontology Language [22] is designed for use by
applications that need to process the content of information instead of just
presenting information to humans. OWL facilitates greater machine
interpretability of Web content than that supported by XML, RDF, and RDF
Schema (RDF-S) by providing additional vocabulary along with a formal
semantics. OWL has three increasingly-expressive sublanguages: OWL Lite,
OWL DL, and OWL Full:
•

•

•

OWL Lite supports those users primarily needing a classification hierarchy
and simple constraints. For example, while it supports cardinality
constraints, it only permits cardinality values of 0 or 1. It should be simpler
to provide tool support for OWL Lite than its more expressive relatives,
and OWL Lite provides a quick migration path for thesauri and other
taxonomies. Owl Lite also has a lower formal complexity than OWL DL.
OWL DL supports those users who want the maximum expressiveness
while retaining computational completeness (all conclusions are
guaranteed to be computable) and decidability (all computations will finish
in finite time). OWL DL includes all OWL language constructs, but they can
be used only under certain restrictions (for example, while a class may be
a subclass of many classes, a class cannot be an instance of another
class). OWL DL is so named due to its correspondence with description
logics, a field of research that has studied the logics that form the formal
foundation of OWL.
OWL Full is meant for users who want maximum expressiveness and the
syntactic freedom of RDF with no computational guarantees. For example,
in OWL Full a class can be treated simultaneously as a collection of
individuals and as an individual in its own right. OWL Full allows an
ontology to augment the meaning of the pre-defined (RDF or OWL)
vocabulary. It is unlikely that any reasoning software will be able to support
complete reasoning for every feature of OWL Full.
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Each of these sublanguages is an extension of its simpler predecessor,
both in what can be legally expressed and in what can be validly concluded.
The following set of relations hold. Their inverses do not.
•
•
•
•

Every legal OWL Lite ontology is a legal OWL DL ontology.
Every legal OWL DL ontology is a legal OWL Full ontology.
Every valid OWL Lite conclusion is a valid OWL DL conclusion.
Every valid OWL DL conclusion is a valid OWL Full conclusion.

OWL does not add any additional concepts to the concepts already
defined by RDFS, such as classes, instances and properties, but rather allows
one to express additional characteristics of these concepts, enhancing
expressiveness and the reasoning capabilities. For example, it can be
explicitly stated that classes or properties are equivalent or different from each
other. This is helpful when extending existing ontologies with similar concepts
by stating that different instances are the same, effectively aggregating the
information expressed by these instances.
Just like RDF, OWL distinguishes three main categories of entities:
•
•

•

Individuals represent entities or phenomena in a domain of interest (e.g.,
Netherlands, Room_G101).
Classes are groups of individuals with similar characteristics (e.g., Cars,
Humans, Animals). Classes can also be organized into a superclasssubclass hierarchy, also known as a taxonomy. If an individual is a
member of a class, it is a member of all its superclasses.
Properties represent binary relationships between two individuals or
between an individual and a data value. Properties can be defined
independently from any individual.

Classes
In OWL, classes can be defined in three different ways:
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•
•
•

axiomatically: stating that a class exists, e.g., Buildings, Rooms and
Printers;
intentionally: defining the membership criteria of a class, e.g., having a red
color;
extensionally: enumerating all individuals that belong to the class, e.g.,
{Greece, Cyprus, Germany}.

Properties
OWL distinguishes two categories of properties: object properties, which link
individuals to individuals, and datatype properties, which link individuals to
data values. We can state that an object property can only relate members of
class D (domain) to members of class R (range). Likewise for a datatype
property we can state that its range must be a primitive data type or a certain
XML schema type (xsd:int, xsd:string, etc). Like classes, properties can be
more or less specific. For instance, if P is a subproperty of Q then P(x,y) →
Q(x, y).
Reasoning
The formal semantics of OWL allows us to perform reasoning tasks, such as:
• Consistency checking, which ensures that an ontology does not contain
any contradictory facts.
• Concept satisfiability, which checks if it is possible for a class to have any
instances.
• Classification, which computes the subclass relations between every
named class to create the complete class hierarchy.
• Realization, which finds the most specific classes that an individual
belongs to; or in other words, computes the direct types for each of the
individuals.
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3. Literature Review
Ontologies vs. data models
Data models, such as database or XML schemas, typically specify the
structure and integrity of data sets. An enterprise usually requires the
developers to construct a domain specific data model to cover their
requirements. Furthermore, there is no mediation level of communication
between the user (customer) and the developers. Users discuss directly with
the developers in order the latter to implement their needs. As a result,
requirements are created “on-demand”, as the application is in the
implementation stage.
Unlike data models, the fundamental asset of ontologies is their relative
independence of particular applications, i.e. an ontology consists of relatively
generic knowledge that can be reused by different kinds of applications/tasks
[23]. The requirements of an ontology are being discussed a priori between all
stakeholders and usually different roles of users participate (i.e. managers,
researchers, R&D engineers, developers). Ontologies should be as much
generic and task-independent as possible. The more an ontology
approximates the ideal of being a formal, agreed and shared resource, the
more shareable and reusable it becomes. The way ontologies handle
concepts and relations offers solutions to a multitude of issues. In fact, [3]
concludes that ontology-based models manage to satisfy all demands placed
concerning context modeling, such as distributed composition, partial
validation, richness and quality of information, incompleteness and ambiguity,
level of formality and, also, applicability to existing environments. However,
the most important aspect is the reasoning capabilities that ontology
languages provide. For the purposes of this thesis, the ontology approach is
chosen as the most suitable solution for our needs.
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Benefits of Ontologies in Context-Aware Systems
There are several reasons for developing context-aware systems based
on ontologies [24]:
•

•

•

Knowledge Sharing. The use of context ontology enables computational
entities such as agents and services in pervasive computing environments
to have a common set of concepts about context while interacting with one
another.
Logic Inference. Based on ontology, context-aware computing can exploit
various existing logic reasoning mechanisms to deduce high-level,
conceptual context from low-level, raw context, and to check and solve
inconsistent context knowledge due to imperfect sensing.
Knowledge Reuse. By reusing well-defined Web ontologies of different
domains (e.g., temporal and spatial ontology), we can compose largescale context ontology without starting from scratch.

As denoted in [4], the following elements are typically found in ontologybased systems:
•

•

•

Ontologies, which describe the concepts (classes), entities (instances) and
the relationships (properties) between these concepts within a domain of
discourse;
Knowledge bases, which contain the actual information or knowledge. This
information is structured according to the ontology language that is used
and the ontologies that have been defined using this language. This
knowledge can be seen as a collection of instances of the classes defined
by the ontologies;
Reasoners, which are used to reason on the information contained in the
knowledge base using the definitions provided in the ontology. These
reasoning capabilities are normally based on assertions; examples of
these capabilities are the classification of information and the inference of
additional relationships between concepts; and
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•

Applications, which query the knowledge base for information (possibly
through reasoners), and use the reasoning capabilities of the reasoners to
implement its own service logic.

3.1 Ontologies for User Profiling and Context
Modeling
In this section, we introduce the most common ontologies used for
context modeling and user profiling in context-aware pervasive systems.

3.1.1 Composite Capabilites / Preferences Profile
A representative model is Composite Capabilities/Preferences Profile
(CC/PP) [25]. CC/PP is an extensible standardized framework for expressing
device capabilities and user preferences, which uses the Resource
Description Framework (RDF) to guide the adaptation of content to the device
that the content is presented. Based on the Semantic Web and RDF
technologies, CC/PP allows the creation of extensible, non-centralized
vocabularies, enhancing the management of device capability and user
preference profiles.
A CC/PP profile is broadly constructed as a 2-level hierarchy:
•
•

a profile having at least one or more components, and
each component having at least one or more attributes.

Profile Components
The initial branches of the CC/PP profile tree describe major components
of the client. Examples of major components are:
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•
•
•

the hardware platform upon which software is executing,
the software platform upon which all applications are hosted, or
an individual application, such as a browser.

Component Attributes
A CC/PP profile describes client capabilities and preferences in terms of a
number of "CC/PP attributes" for each component. The description of each
component is a sub-tree whose branches are the capabilities or preferences
associated with that component. Though RDF makes modeling a wide range
of data structures possible, including arbitrary graphs, complex data models
are usually best avoided for profile attribute values. A capability can often be
described using a small number of CC/PP attributes, each having a simple,
atomic value. Where more complex values are needed, these can be
constructed as RDF subgraphs.
However, CC/PP was not designed to describe contextual information,
leading it inadequate in context-aware devices’ and users’ representations
[13]. In addition, CC/PP cannot fully include trust and security mechanisms to
protect users’ privacy and is deficient in capturing complex relations and
constraints. It also lacks of an official protocol and on dealing with multiple
vocabularies in a profile (this is because CC/PP is based on RDF/XML
serialization and each different application uses a different XML vocabulary,
so different applications would need a common XML vocabulary to exchange
information).

3.1.2 The General User Model Ontology
GUMO [26] captures various users’ dimensions in order to support the
modeling and reasoning of context information. The advantage is the
simplification for exchanging user model data between different user-adaptive
systems. Since GUMO models a wide range of users’ characteristics, its main
contribution is a common vocabulary for context-aware systems. The
suggested solution is to identify basic user model dimensions on the one hand
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while leaving the more general world knowledge open for already existing
other ontologies on the other hand. GUMO is influenced by UserML [27],
SUMO [28] and UbisWorld [29]. The main conceptual idea in USERML’s
approach is the division of user model dimensions into the three parts:
auxiliary, predicate and range.
However, as the abstraction of the user model increases, the ontology
becomes less domain-specific, i.e. each integrated system would require a
specialized user model. As a result, GUMO does not offer OWL-based
inference capabilities, as this would restrict the user model. It rather offers
explicitly rule-based inference.

3.1.3 User Navigation Ontology (UNO)
UNO [30] is a specialized extension of GUMO and eliminates the
redundant information modeled in GUMO. The main contribution of UNO over
GUMO is that it does not only provide a core knowledge base (i.e., taxonomy
and assertions of individuals) for basic classification of users and their
characteristics. UNO is rather used in inference procedures. In UNO, various
transformations (i.e. instances to classes and instances to binary relations)
have been performed in order to enable more complex concept expressions
for describing user class.
Top-level UNO concepts include classes such as:
•

•

•

Ability: the super-class of the various abilities of a user with regard to the
navigation procedure. A user may have many abilities. Disabilities may be
defined through the use of the Quality class values.
Demographics: value classes for user demographics (age, gender).
Quality: another class representing a value set for describing the
degree/quality of the various abilities. Its values are {bad, medium, good,
perfect}. A bad quality value for an ability denotes a disability.
User: an abstract class that subsumes the more specific defined user
classes.
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Nevertheless, UNO does not capture users’ privacy preferences in the
form of user-defined rules, such as restriction of profile visibility, definition of
users’ status and users’ action upon an event, etc. UNO represents users’
dimensions only for navigational purposes, giving emphasis in their
(dis)abilities and not their preferences.

3.1.4 Context Broker Architecture (CoBrA) - Standard
Ontology for Ubiquitous and Pervasive Applications (SOUPA)
UMBC eBiquity Research Group uses ontologies not only for modeling
contextual information and for reasoning over it, but also for managing the
distribution of knowledge and establishing privacy policies. Chen et al. have
developed a broker-centric agent architecture, called CoBrA [31], for
supporting context-aware systems in smart spaces using a set of OWL [22]
ontologies for acquiring and maintaining context knowledge, for reasoning
about the information that cannot be directly acquired from sensors, for
detecting and resolving inconsistent knowledge that is stored in the shared
model of context, and for protecting user privacy by enforcing user-defined
policies. In this section the ontological component of this context model is
illustrated, called COBRA-ONT, while the reasoning and privacy aspects are
further described in the corresponding sections of the present survey.
COBRA-ONT, a collection of OWL expressed ontologies, models themes
varying from physical locations, devices and agents (both human and
software) to temporal concepts, privacy requirements and other. The first
versions of COBRA-ONT considered as key concepts only the person, the
place and the intention or activity. Later versions, though, abandoned the
initial schemata and instead imported upper ontologies developed in the
Standard Ontology for Ubiquitous and Pervasive Applications (SOUPA) [32].
SOUPA consists of two sets of ontologies, SOUPA Core, which defines
generic vocabularies that are universal for building pervasive computing
applications and SOUPA Extension ontologies, which define additional
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vocabularies for supporting specific types of applications and provide
examples for defining new ontology extensions.
The concepts around which the SOUPA Core is structured are as follows:
•
•

•
•
•

•

Person, describing contact information and their profiles (personal, social
or professional),
Agents, representing computing entities, along with the set of their
foundational mental attitudes of Belief, Desire and Intention (BDI) and their
Actions,
Policy, defining a set of rules over a set of actions (such as prohibition,
right, obligation and dispensation),
Time, expressing time and temporal relations (time instance and time
interval),
Space, which models both the symbolic representation of space and
spatial relation as well as typical geo-spatial vocabularies (longitude,
latitude, distance etc.). The ontology also supports mapping between the
two models, and
Event, an abstraction that maps activities or schedules that have both
spatial and temporal extensions.

From the SOUPA ontology, COBRA-ONT imports vocabularies for
expressing time, space, policy, social networks, actions, location context,
documents and events.
However, this model is specified for use cases including events, i.e.
meetings, and rather simple to be considered as a formal and general user
preference model.

3.1.5 A profile ontology for the OntoPIM (Ontology Personal
Information Management)
In [33], a user profile ontology has been developed in order to describe
various users’ dimensions. This research group has also developed the
prototype tool OntoPIM which relies on the use of a Personal Ontology that
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describes the user's domain of interest. This approach covers users’
characteristics such as personal information, general user characteristics,
users’ abilities, preferences (i.e. abstract likes/dislikes), interests, activities
and profession, which are rather static information.
Nonetheless, the latter characteristics describe only the users’ profile and
not the users’ context, such as a user’s current position. Furthermore, this
ontology does not incorporate dynamic or temporal information in order to be
used by a context-aware navigation system, such as navigational
characteristics (i.e. routing preferences, means of guidance, etc). Additionally,
there is a lack of privacy enhancement in order to capture the users’ privacy
preferences.

3.2 Ontology-based context-aware systems
In this section, we describe various personalized integrated systems in
order to highlight the importance of the context awareness and user modeling
in conjunction with the ontology approach.

3.2.1 OntoNav
OntoNav [34] is an integrated context-aware navigation system for indoor
environments that uses UNO [30] ontology, an extension of GUMO and
eliminates the redundant information modeled in GUMO. OntoNav is purely
user-centric in the sense that both the navigation paths and the guidelines
that describe them are provided to the users depending on their physical and
perceptual capabilities as well as their particular routing preferences. There
also has been developed an Indoor Navigation Ontology (INO) which supports
both the path searching and the presentation tasks of a navigation system.
OntoNav uses the aforementioned user profiles in conjunction with various
user-independent rules in order to infer which of the walkable paths are
suitable for a given user and how the navigation guidelines should be
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presented. These two selection processes are implemented with the aid of
three kinds of navigation rules, the physical navigation rules, the perceptual
navigation rules, and the navigation preferences, which correspond to the
attribute classes of the UP set. The physical navigation rules are used for the
selection of the paths that match the user’s physical capabilities. The user,
according to her UP profile, applies these rules to the set of all possible
walkable paths in order to exclude those paths that are not traversable. The
system determines that a path is traversable by a user if and only if it contains
passages that can be used by her, does not contain any obstacles and
matches her preferences.
While OntoNav is mostly dedicated on the user-centric navigation
services, it doesn’t fully exploit the semantics potential, such as the relation
representation between users and space elements. In addition, OntoNav
doesn’t support privacy-enhanced actions in the form of user-defined rules,
such as restriction of profile visibility, definition of users’ status and users’
action upon an event, etc.

3.2.2 myCampus
myCampus [35] is a Semantic Web environment for context-aware mobile
services aimed at enhancing everyday campus life. The environment revolves
around a growing collection of task-specific agents capable of automatically
accessing a variety of contextual information about their users. A central
element of the myCampus architecture is the Semantic eWallets that support
automated discovery and access of contextual resources subject to privacy
constraints specified by their users. In this architecture, each user has an
eWallet that acts as a semantic directory of personal resources (e.g. calendar,
location tracking functionality, preference repositories, service subscriptions,
etc.) enabling agents to automatically discover and access a user’s personal
resources, while controlling access to these resources according to profiles
set by the user. Access to a user’s personal resources is not necessarily
restricted to the user’s own agents but can include agents working for other
users (e.g. allowing colleagues and their agents to see where a specific user
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is). Access privileges are set by the user and specify who can access what,
under which conditions. In general, access to a user’s personal resource may
involve:
•
•
•
•

Requesting the value of a contextual attribute at a particular time (e.g.
where is the user right now )
Requesting regular updates about the value of one such attribute (e.g.
updates concerning a user’s location)
Requesting updates as the value of a particular attribute changes (e.g.
updates concerning each time a user exits a building)
Modifying the value of an attribute (e.g. scheduling a meeting in the user’s
calendar)

In the semantic eWallet architecture, context reasoning is based on a
combination of OWL ontologies and ROWL rules [36]. Besides expressing
privacy policies, rules are adopted for modeling relations that cannot be
expressed in OWL. Context data (facts) and rules are transformed into Jess
statements, and evaluated by the Jess inference engine.
Although myCampus aims in context-aware modelling introducing
diversity in user-defined rules, it doesn’t include user characteristics that are
subject to navigation dimensions such as possible user impairments and
means of guidance. As a result, myCampus doesn't emphasize on the proper
design of navigation techniques.
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4. C-NGINE Analysis
C-NGINE [1] is a framework for structuring advanced location-based and
context-aware services that integrates up-to-date technologies and develops
novel mechanisms and interactive interfaces by applying techniques and
formalisms from the Semantic Web and Ambient Intelligence domains. The
objective is to explore the intelligent pedestrian navigation by implementing a
contextual guide for users in indoor environments. C-NGINE focuses on
modeling and representing context using Semantic Web technologies for
efficient processing and dissemination of context-based knowledge in order to
develop services for mobile users.
C-NGINE enriches indoor navigation with many capabilities which realize
the Ambient Intelligence paradigm:
•
•

•
•
•
•

•

Modeling of users’ profiles (capturing various dimensions of user
characteristics) and their context.
Development of semantic services customized to users’ needs and
preferences, such as path-finding, navigation and visualization according
to users’ impairments and preferences and generation of semantic
calendars and events based on dynamically created user groups.
Adaptation of the spatial domain to dynamic changes (e.g. obstacles,
operational malfunctions etc.)
User’s movement tracking.
Dynamic path re-planning, in case of user deviation.
Generation of dynamic tours based on parameters such as personal user
interests and preferences, relative contextual information and available
time.
Preserving user’s privacy by applying user-defined preferences in terms of
rules.
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4.1 A use case scenario
Below, a typical scenario is presented, which takes place in the premises
of a research institute, and takes advantage of the capabilities of C-NGINE.
Professor Smith has just arrived in town for a business meeting. After the
meeting he realizes that he has a little time to spare and decides to visit the
nearby research center, where he has many professional connections. Upon
entering the main gate of the building he is provided with a PDA through
which he can have access to C-NGINE. After logging in, Prof. Smith fills in a
form that describes his profile. He chooses one of the default profiles, and in
particular one describing him as a male non impaired visitor, and then fills in
some more specific details. He chooses escalator or elevator as his routing
preferences. He selects from a list “machine learning” and “computer vision”
as his scientific fields of interest and goes on to using the navigation system.
The first screen Prof. Smith views provides him with a description of the
events taking place during that day, along with the time and maybe a list of
people participating in. He notices that there is a series of lectures on
machine learning algorithms all day long, and considers paying a visit if he
has time later on. But before proceeding, he decides that he would better go
to the restroom, to freshen up. He asks for a path to the closest restroom. The
navigation system highlights a path on the navigation map, from his current
location to the closest restroom for men, along with a simple textual
description of the path he must follow. While moving towards the desired
destination, the system visualizes his current location and the motion direction
using both textual description (e.g. located in Corridor X, moving northeast)
and landmark highlighting (e.g. showing an arrow depicting direction on the
spatial element he is currently located). While moving towards the restroom,
he realizes that the suggested path is blocked, as a crew of electricians
performs maintenance operations and has blocked the whole corridor. Prof.
Smith uses the navigation map, to denote that this particular corridor is
blocked, and moves out of the suggested path. The system senses that the
user has deviated from the selected path and tries to figure out another way to
the restroom. However, the path leading to the same restroom and avoiding
that corridor is now too long; therefore, the system suggests a new restroom
and Prof. Smith finally reaches his destination.
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Prof. Smith feels tired of wandering around and decides he should catch up
with some of his friends in the institute. Since he has not visited the Institute
for a long time, he is not sure where the office of his friend Dr Anderson is.
So, he asks the system for a list of people who have a public profile. Dr
Anderson is indeed, in the list, but through his public calendar, Prof. Smith
realizes that his friend must be in a meeting and probably will not be able to
meet him at that particular time. But one of the options in the list of public
profiles is Prof. Heinz, who is also a friend and seems to be in his office. So,
Prof. Smith asks for directions to his office, which is located on the second
floor. The system, being aware that Prof. Smith prefers only elevator or
escalator, suggests a path that leads him to the second floor, through an
elevator. Prof. Smith follows the path and meets with his friend.
After catching up with Prof. Heinz, Prof. Smith realizes that time has
passed and he really should go. He makes a phone call, and the taxi agency
informs him that the taxi in closest proximity will be there in at least 30
minutes, so Prof. Smith finds the perfect chance to wander around the
research center. He denotes to the system that he has 30 minutes to spend
and asks for a route that starts from the building entrance, where he is
currently located, and returns him back there in time. The system, using
information about Prof. Smith’s interests, suggests a route that walks through
a corridor with posters showing the latest achievements of the computer
vision laboratory. Another point of interest is also the conference room where
the talking session on machine learning algorithms is now taking place. Prof.
Smith follows the suggested route, and after about 30 minutes is located in
the main entrance, where the taxi waits for him.

4.2 C-NGINE Architecture
C-NGINE consists of five fundamental components; a User Interface, a
Knowledge Base (KB), a Services Layer, a Reasoner and a Rule Engine.
These components form the system’s architecture as depicted in Figure 1.
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Figure 1. C-NGINE Architecture

Besides User Interface, which is intuitive enough, KB contains the
schema and instances of our modeled classes and properties; it stores all
information in the form of semantic web rules and OWL-DL [22] ontologies.
Integrating web ontology languages, such as OWL, with context-aware
applications has manifold benefits. These languages offer enough
representational capabilities to develop a formal context model that can be
shared, reused, extended for the needs of specific domains, but also
combined with data originating from other sources, such as the Web or other
applications. Moreover, the development of the logic layer of the Semantic
Web is resulting in rule languages that enable reasoning about the user’s
needs and preferences and exploiting the available ontology knowledge. For
usability and clarification purposes, we split KB into three ontologies; the User
Profile Ontology (UPO), the Spatial Ontology for Path-Finding (SOP) and the
User Tracking Ontology (UTO). SOP supports both path search and the
presentation tasks of a navigation system. UTO captures useful information
about user location and motion state. For the purposes of this thesis, only
UPO is thoroughly analyzed, which is the essential building block for the
development of personalized context-based services. C-NGINE’s main
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functionality is represented by the Services Layer, which is decomposed into
three mutually dependant components; the User Modeling Component, the
Contextual Path-Finding Component, and the User Tracking Component. The
information flow between the three components in Services Layer is analyzed
as follows: The first important task that the system confronts, during
execution, is the creation of an appropriate user profile. During this procedure,
User Modeling component receives information from SOP ontology in order to
associate users with space elements (e.g. associating a user with his/her
office). Respectively, Contextual Path-Finding component communicates with
User Modeling component in order to provide the optimal navigation path and
the guideline information according to user’s profile and preferences. The
User Tracking component when triggers dynamic re-planning process, calls
Contextual Path-Finding to calculate a new optimal path from user’s current
position to the same desired destination.
Finally, Reasoner and Rule Engine are mechanisms that are responsible
for reasoning tasks such as checking inconsistencies, classifying instances
under various classes, computing inferred types and reasoning on the
available context using knowledge supplied in the form of rules.

4.3 Contextual Path-Finding Component
This component, designed by M. Kritsotakis, is responsible for providing
the “best traversable” path, according to the parameters analyzed in the
previous section. Moreover one of the tasks accomplished by this component
is the population of SOP and the creation of a spatial graph by using floor
maps. The user options concerning path-finding are:
•
•
•

Typical path-finding: We become aware of the desired user destination in
one of the following ways:
The user clicks on the desired destination directly on the map
The user chooses to go to a spatial element that is closest to him/her from
a selection list (e.g. printer, bathroom)
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•

Time-based tour: The user denotes that he/she has a particular amount of
time available and requests the system to provide him/her with a tour. This
tour must include elements that may be of interest to him/her. Also the
destination point is considered to be the same as the starting one and the
requirement is that the user is back there in time provided as input. The
time needed to traverse the requested route, is actually affected by the
user’s profile and in particular by his physical capabilities/ impairments.
(e.g. an impaired user with a wheelchair is considered to move with lower
speed when compared to a user with no impairments).

SOP, which is depicted in Figure 2, is based on Indoor Navigation
Ontology (INO) of OntoNav project [34].
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Figure 2. Taxonomy of Spatial Ontology for Path-finding (SOP)

The User Modeling Component, which is analyzed in the following
section, imports the SOP ontology in order to model the users’ context.
Specifically, the classes needed to be imported are: space:Space_Element,
which among all, it contains the taxonomy of ICS laboratories (i.e. ISL, TNL,
CVRL, HCI, etc), ino:Room and ino:Building which both are needed to relate a
user with her workplace or her current location.
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4.4 User Modeling Component Analysis
A context-aware system requires context information to be exchanged
and used between different entities such as users, devices and services in a
same semantic understanding. In other word, an appropriate context model
should support semantic interoperability which enables the common schemas
to be shared between different entities. In the use case scenario presented in
4.1 A use case scenario, the representation of Prof. Smith’s location should
be understood between the location sensors and his PDA.
As presented in [37], in an effort to fulfill the requirements of personalized,
context-aware services, we will analyze the building block of C-NGINE; the
User Modeling Component.
The User Modeling component includes the user model, which describes
the user’s profile and context information, and the classification of users into
various user groups. User Modeling uses two autonomous processing
segments; the Reasoner used for the classification of users into various user
groups, and the Rule Engine which applies additional user classification
(static) rules and user defined (dynamic) rules. Each of these segments
requires input from users (through a user interface) and the UPO ontology
which stores the users’ profiles.

4.4.1 User Profile Ontology (UPO)
The aim of User Modeling component is to capture all user-related
information. As a result, we model not only the users’ profiles, but also their
context. UPO is developed as an extension of OntoNav's User Navigation
Ontology (UNO) [30] to give emphasis on context-awareness and modeling of
users' dimensions and provide a flexible model by limiting context to the
conditions that are relevant for the purpose of C-NGINE framework. Such
characteristics are essential for the development of group-oriented services,
such as semantic notes, semantic alerts, and single-user/group calendars.
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The schema of UPO includes classes that describe different types of
user, and other information which is required for classifying users under
specific user groups. The taxonomy of users, their context and classes
describing context-aware services is depicted in the following figures.
Classes

Figure 3. Taxonomy of Users
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•

•

User: this superclass includes the user groups a user may belong to
according to parameters such as gender (MaleUser/FemaleUser),
occupation (AcademicStaff or ICSStaff and Visitor) and impairments
(NonImpairedUser, ImpairedUser). ImpairedUser class is further analyzed
into HearingImpairedUser, MotorImpairedUser or VisuallyImpairedUser.
The latter classes have leaf subclasses;
o For
HearingImpairedUser
we
have
DeafUser,
ModerateHearingImpairedUser (i.e. a user with a hearing-aid or a
user who is not able to hear from her left or right ear) and
MildHearingImpairedUser (i.e. A user who is not able to hear some
low frequencies) classes.
o For MotorImpairedUser we have AutonomousMobilityUser (e.g. a
user
on
crutches),
MobilitySupportedByEscortUser,
MobilityWithWheelchairUser
and
MobilityWithOtherAssistiveDevicesUser (i.e. a user with a motorized
scooter)
o For VisuallyImpairedUser we have BlindUser, ColorBlindedUser
(Color blindness may be partial, i.e. affecting only some colors or
complete, i.e. affecting all colors. A complete color-blinded user is
not able to see colors but rather white and different tones of black)
and LowVisionUser (e.g. a user with cataract).
NonImpairedUser class is further analyzed into LazyUser; users in this
user group do not have any disability but have expressed specific routing
preferences such as elevator and escalator.
UserGroup: this class contains user groups that are dynamically created
from individual users that have common characteristics such as interests,
work projects, means of guidance, etc.
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Figure 4. Taxonomy of context

•

•

•

UserCharacteristics: this class describes the information that is required to
classify the users into dynamic user groups, such as gender (male of
female), interests (research or general interests), means of guidance
(audio, text and graphical) and routing preferences (elevator, escalator,
stairs and ramp). Along with ProfileVisibility, StatusVisibility and
StatusAction, UserCharacteristics’s subclasses Status and Action also
capture necessary information for Privacy Preferences such as a user’s
status (i.e. online, offline, etc), profile visibility (private, public), a user’s
action (i.e. email, im, sms, voice mail, etc), an action upon a user’s status
(e.g. if a user is online then he wants to be notified by im) and a user’s
status with respect to a specific user group (i.e. a user wants to seem
online to her buddies while busy to her colleagues).
Space: Although location is part of the context, it is described in Space
class, which is not depicted in Figure 4. Space class is part of the Spatial
Ontology for Path-finding, a building block for Contextual Path-Finding
Component and User Tracking Component.
Device: in addition to main user groups and the user’s characteristics, we
model the devices the user interacts with. For device modeling, we use the
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CC/PP vocabulary in UPO, which is enough to cover our needs. For our
purposes, CC/PP is only used for device modeling.

Figure 5. Taxonomy of context-aware services

•

•

Event: this class describes all activities carried out in the premises of a
building. Each event contains at least one activity. For example, a
Professor teaches a lesson which takes place each Monday 9-11 in room
A and every other Wednesday 10-12 in room B. Since this lesson (event)
has different period and cannot be grouped, we need to divide it into two
activities. These activities have a common field in order to find which of
them belong to the same event. Events are published in personal
calendars or user group calendars and additionally in the form of alerts, if
an event is newly created. For e.g. if a user wants to be notified by email,
then she will be informed for an event that interests her by email.
Calendar: each user owns one personal calendar. Each calendar contains
at least one task, in the form of activities. Calendar activities have the
same characteristics as event activities. Additionally, a user owns user
group calendars, which are dynamically generated when an event is
created. A user can have as many user group calendars as the dynamic
user groups he/she belongs to (according to the projects he/she may be
involved in, the events that might be interested in, etc). For example, a
user group meeting takes place and we need to alert its members. Hence,
a user group calendar is created and is visible to its members only. The
user group calendars combine the characteristics of the groups’
participants (if allowed by their privacy preferences), and enable the
creation of a common electronic board of alerts about new events or
projects, group meetings, etc. The publication of alerts is always
conformed to the users’ privacy preferences.
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Properties
Table 1 shows the object and datatype properties that relate all classes in
UPO:
Table 1. Object and Datatype Properties of UPO
Name

Domain

Range

hasAction
hasAddress
hasBuddies
hasCalendar
hasColleagues
hasConsultant

Action
string
User
Calendar
User
AcademicStaff

hasLabAdministrator

User StatusAction
User
User
User
User
UnderGraduateStud
ent
space:Laboratory
Event Calendar
User
space:Laboratory
Event
CalendarActivity
User
Event
CalendarActivity
Event
CalendarActivity
User
space:Laboratory
Event
User
space:Laboratory
UserGroup
space:Laboratory

hasLabMember

space:Laboratory

hasLeader
hasLocation

UserGroup
Event
CalendarActivity

LabMember
AcademicStaff
LabMember
ino:Space

hasCoordinator
hasDescription
hasDevice
hasDuration
hasEmail
hasEndDate
hasFrequency
hasGender
hasHead
hasInfo
hasInterest

Researcher
string
Device

Inverse
Property

hasOwner
isConsultantOf
isCoordinator
belongsTo

float
string
date
int
Gender
Researcher
string
Interest

Administrator

isHeadOfLab

isLabAdministrat
or
isMemberOfLab
isLeaderOf
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hasMeansOfGuidanc
e
hasMembers

ImpairedUser

hasName
hasPassword
hasPeriod

User
User
Event
CalendarActivity
User
Project

hasPersonalInfo
hasProjectCoordinat
or
hasProjectManager
hasRDCoordinator
hasResearchInterest

hasRoutingPreferen
ces
hasStartDate
hasStartTime
hasStatus

hasStatusAction
hasStatusVisibility
hasSupervisor
hasSurname
hasTelephone
hasUsername
hasVisibleUsers
involves

isActivityOf
isVisibleTo

UserGroup

Project
Project
AcademicStaff
LabMember
Group
User
Event
CalendarActivity
Event
CalendarActivity
User
StatusVisibility
StatusAction
User
User
PostGraduateStude
nt PhDStudent
User
User
User
ProfileVisibility
Event

CalendarActivity
Calendar
UserCharacteristics
Interest
Device

MeansOfGuidanc
e
LabMember
Visitor
AcademicStaff
string
string
Period

isMemberOf

string
LabMember
LabMember
RDEngineer
ResearchInterest

isRDCoordinator

RoutingPreferenc
es
date
time
Status

StatusAction
StatusVisibility
AcademicStaff
string
string
string
User
UserGroup
User Interest
space:Laboratory
Calendar
User
UserGroup
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locatedIn
workOnProject

works

StatusVisibility
Device
AcademicStaff
LabMember
space:Laboratory
Visitor
User

ino:Room
Project

isPartOf

ino:Building

Below, all significant properties are analyzed:
•
•
•

•

•

•
•

•
•
•

hasDuration: This property relates an Event (or CalendarActivity) to a float
number, i.e. the duration of a meeting is 2.5 hours.
hasPeriod: This property relates an event to its period, e.g. an event
occurs every month.
hasFrequency: This property relates an event to its period. E.g. an event is
conducted on a weekly basis and its frequency is 2; then this means that
the event is conducted every other week.
hasMeansOfGuidance: This property relates an impaired user to the
guidance she actually needs, e.g. a blind user needs audio guidance
rather than visual (graphics enabled) or textual guidance.
hasRoutingPreferences: This property relates a user to her routing
preferences, e.g. a user has "elevator" and "escalator" as her routing
preferences. Notice that motor impaired users have these fields already
filled in their profile.
hasVisibleUsers: This property contains a list of the users who have
defined their profile to be visible.
isVisibleTo: This property defines the visibility of every segment of a user's
profile to a User, e.g. the calendar of user "michou" to be visible to all her
buddies.
hasStatusAction: This property relates a User to a StatusAction, e.g. User
"michou" relates to StatusAction "StatusAction_michou_online".
hasStatusVisibility: This property relates a User to a StatusVisibility, e.g.
User "michou" relates to StatusVisibility "StatusVisibility_michou_online".
hasAction: This property relates a User or a StatusAction to an Action, i.e.
StatusAction "StatusAction_michou_online" relates to Action "sms".
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•

hasStatus: This property relates a User or a StatusVisibility or a
StatusAction to Status., e.g. StatusAction "StatusAction_michou_online"
relates to Status "online".

The last four properties have been created to define N-ary relations
between classes; in Semantic Web languages, such as RDF and OWL, we
have only binary relations (properties) between individuals, such as a property
P between an individual A and individual B (more precisely, P is the property
of A with the value B):

Figure 6. Binary relation between A and B

We would like to have another individual or simple value C to be part of this
relation:

Figure 7. N-ary relation between A, B and C

In other words, P is now a relation among A, B, and C.
As stated in [38], a common solution to representing n-ary relations such
as these is to create an individual which stands for an instance of the relation
and relates the things that are involved in that instance of the relation. We can
think of the original relation then as a class of all these relation instances. In
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our case, we want to relate an action upon a user’s status (e.g. when
Michou’s status is online, then she wants to be notified by sms) or a user’s
status with respect to a specific user group (e.g. only Michou’s buddies see
her online, while she appears busy to all others). Figure 8 depicts the relation
between a user and her status upon an action:

Figure 8. When Michou’s status is “online”, then she wants to be notified by
“sms”

Figure 9 depicts the relation between a user and her visibility status
depending on the specified user group:

Figure 9. Michou appears “online” to her buddies
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4.4.2 Classification of instances into classes
A key feature of the OWL language is the Open World Assumption, i.e. if
there is a statement that we don’t have the knowledge for, we cannot infer
that is true or false. As a consequence, the Reasoner classifies instances into
classes that have a strict definition, named defined or complete classes, as
opposed to primitive or partial classes. A defined class in UPO is MaleUser.
An instance of this class would be read as: “if a user instance belongs to
MaleUser class then he is also a member of User class and his gender is
male” and vice versa: “if a user belongs to User class and his gender is male,
then he is also a member of MaleUser class”. On the other hand, a primitive
class in UPO is ImpairedUser. An instance of this class would be read as: “if a
user belongs to ImpairedUser class, then he/she must have a disability”. The
opposite (i.e. “If a user has a disability then he/she belongs to ImpairedUser
class”) doesn’t necessarily apply. In our case, some of our classes are
defined and some are not.
As we already stated, the Reasoner undertakes classification into defined
classes only. For the classification into primitive classes, we have to define
specific classification rules, which are executed by the Rule Engine
immediately after the Reasoner has completed its tasks. Some representative
examples of such rules, which we call static rules (rules are context-free; they
are depending neither on users nor on their context), are given below:
1. User(?x) ∧ works(?x, UniversityX) → AcademicStaff(?x)
Description: A user who works at “UniversityX”, she is also a member of
AcademicStaff class.
2. User(?x) ∧ works(?x, ICS-Forth) → ICSStaff(?x)
Description: A user who works at “ICS-Forth”, she is also a member of
ICSStaff class.
3. NonImpairedUser(?x)
LazyUser(?x)

∧

hasRoutingPreferences(?x,Elevator)

→
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Description: If a user doesn’t have any impairment and her routing
preferences include elevator, then she is a member of LazyUser class.
4. LabMember(?m) ∧ isMemberOfLab(?m, ?l) ∧ hasResearchInterest(?m,
?r) → Group(?l) ∧ hasResearchInterest(?l, ?r)
Description: A research group inherits all research interests of its
members.
5. User(?u)
∧
UserGroup(?ug)
∧
hasMembers(?ug, ?u)
∧
hasResearchInterest(?u, ?r) → hasResearchInterest(?ug, ?r)
Description: A (dynamically created) user group inherits all research
interests of its members.
6. HearingImpairedUser profiles:HearingImpairedUser(?x)
hasMeansOfGuidance(?x, VisualGuidance)
Description: A hearing impaired user is guided with visual assistance.

→

7. VisuallyImpairedUser(?x)
→
hasMeansOfGuidance(?x,
profiles:AudioGuidance)
Description: A visually impaired user is guided with audio assistance.

4.4.3 User Preferences and Privacy issues
User preferences are an important way for users to influence the behavior
of a service. They are rules or policies that define how a service should act in
a certain situation. The situation is defined by the values of a number of
context attributes. An example of preference is: ‘when I am in a meeting busy,
I want to be notified via email’. In addition to context information (to describe
the situation of a user), one also has to specify the actions to be taken when
context changes (to describe what should happen).
An important subset of the users’ preferences is the determination of
privacy preferences. Specifically, our system enables users to edit predefined
rules in order to determine which segments of their profile are visible and to
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whom. Initially, the users select if they want their profile to be visible. If this is
the case, they can choose which parameters will be visible and to which user
groups or individuals. We also have to note that they cannot use arbitrary
groups, but exclusively those they belong to. For example, a user may want
his/her personal data to be visible to all users, while his/her calendar to be
visible only to his/her colleagues. Another type of user-defined rules concerns
context-aware notifications. For example, if a user is busy, then he/she may
wish to be notified only via email. Below, we give four representative
examples of such rules, which we call user-defined or dynamic rules (rules
are context-dependent; they are depending both on users and their context):
1. User(john) ∧ hasCalendar(john, ?c) ∧ Calendar(?c) ∧ AcademicStaff(?u)
→ isVisibleTo(?c, ?u)
Description: User ‘john’ defines his calendar to be visible to all academic
members.
2. isMemberOfLab(?u, KRR) ∧ isMemberOfLab(michou, KRR) ∧
hasInterest(michou, ?i) ∧ Interest(?i) → isVisibleTo(?i,?u)
Description: Michou’s interests are visible to all members of “KRR”
research group.
3. User(michou) ∧ hasCalendar(michou, ?c) ∧ Calendar(?c)
hasBuddies(michou, ?u) ∧ User(?u) → isVisibleTo(?c, ?u)
Description: Michou’s calendar is visible to all her buddies.

∧

4. User(?u1) ∧ hasCalendar(?u1, ?c) ∧ Calendar(?c) ∧ workOnProject(?u1,
AmI) ∧ User(?u2) ∧ workOnProject(?u2, AmI) → isVisibleTo(?c, ?u2)
Description: A user’s calendar is visible to all her colleagues who work for
the same project “AmI”.
5. User(john) ∧ hasStatusAction(john, ?s) ∧ hasStatus(?s,away) →
hasAction(?s,sms)
Description: When user’s ‘john’ status is away, he wants to be notified via
sms.
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6. User(john) ∧ hasStatusVisibility(john, ?v) ∧ hasStatus(?v,online) ∧
User(?b) ∧ hasBuddies(john,?b) → isVisibleTo(?v,?b)
Description: Only john’s buddies see him online.
7. User(john) ∧ hasStatusVisibility(john, ?v) ∧ hasStatus(?v,busy) ∧ User(?u)
→ isVisibleTo(?v,?u)
Description: All users see john’s status as busy.
Notice that the sixth and seventh rules are conflicting, because john’s
buddies are also members of the User class. To resolve this type of conflicts,
we define priorities depending on a user’s status. For example, we define that
the ‘online’ status makes the rule stronger than ‘busy’ status. If the weaker
rule fires before the stronger rule does, i.e. the seventh rule fires before the
sixth does, then we have no conflicts. Using the priority definition, the
interpretation of rules becomes: “All users except john’s buddies see john
busy, while only john’s buddies see him online”. We have to keep in mind that
users are responsible to manually define rules’ priorities in the order of their
importance or else priorities are generated from default ranking.

4.4.4 Workflow
Below, the flow sequence of the User Modeling component is analyzed as
depicted in Figure 10.

Figure 10. Flow diagram of User Modeling Component
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In the first step, the user creates her profile using the vocabulary of UPO.
For that reason, we have implemented a web interface though which the user
inserts her profile data by filling appropriate forms. Some fields (i.e. personal
data) are mandatory and must be filled out during the user profile creation,
while other fields are optional and can be filled out whenever the user wants
to update her profile. User Modeling Component also provides generic user
profiles to minimize the user effort, in case a user doesn’t want to create a
profile from scratch, but rather selects one from a default list and adjusts it
according to her needs. When the user has completed the profile creation
(step 1), the Reasoner processes the inserted data to classify the user into
the appropriate user groups, using the existing classes’ definitions in UPO.
One of the main services offered by a Reasoner is to test whether or not one
class is a subclass of another class, known as Subsumption testing. By
performing such tests on all of the classes in an ontology it is possible for a
Reasoner to compute the inferred ontology class hierarchy. Another standard
service that is offered by Reasoners is consistency checking. Based on the
description (conditions) of a class the Reasoner can check whether or not it is
possible for the class to have any instances. A class is deemed to be
inconsistent if it cannot possibly have any instances. After the model is saved
back to the ontology (step 2), the Rule Engine executes a group of static
rules, i.e. user classification rules, in order to classify ontology instances into
primitive classes (step 3). In addition, the inferred results are saved back to
UPO in OWL format (step 4).
Finally, the user is enabled to edit her privacy preferences in the form of
semantic rules. The Rule Engine combines input data from the user and
knowledge from UPO and executes the dynamically generated rules (step 5).
Again, the updated knowledge is saved (step 6). Future responses to
semantic requests will always be conformed to the users’ privacy preferences.
A more detailed figure than Figure 10 is depicted in the following figure:
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Figure 11. Detailed Flow Diagram of User Modeling Component

4.5 User Tracking Component
This specific component, which is designed by E. Nikoloudakis, is
responsible for tracking user’s movement on the suggested path and
providing with useful information about user location and motion state. For
example, when a user enters an elevator in order to move from the ground
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floor to the first floor of a building, the information provided by the system will
be: “User is inside elevator and moves upwards”. Furthermore, the
component is responsible for checking whether a user is following the
proposed path and for detecting any deviations. In case of a path deviation,
the User Tracking component dynamically re-plans the user’s suggested path
from his/her current position. Another case, in which the tracking mechanism
executes the dynamic re-planning process, is upon receiving user feedback.
For example, in case a user finds an obstacle blocking the way, he/she sends
feedback to the application about the collision point and the system proposes
a new, collision-free, path to user’s desired destination.
In Figure 12 below, the diagrammatic representation of ontology’s classes
is depicted, expressing the hierarchy and inheritance that exist between
general classes and their subclasses.

Figure 12. Taxonomy of User Tracking Ontology (UTO)
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4.6 Integration
Context-aware navigation systems are user-oriented. Hence, such
systems are fully customized to users’ needs.
The User Modeling component is an essential processing segment in the
sense that it provides context-awareness to the Contextual Path-Finding and
the User-Tracking components of C-NGINE. A representative request to the
system could be: “Find the appropriate path for a specific user according to
his/her impairment and preferences”. Appropriate path can be interpreted as
the shortest-route path, the optimal path or the correct path according to a
user’s characteristic. The shortest-route path is obvious. The optimal path
involves finding the best path for one user. For example, a motor impaired
user does not have the ability to use the stairs; the system has to find paths
that include only elevators, escalators and ramps. Or the system has to
provide different types of messages according to a user’s disability, i.e. in the
case of a hearing impaired user, the system provides him/her with graphical
or text guidance, while in the case of a visually impaired user, the system
provides him/her with audio guidance. The correct path concerns the finding
of the correct destination according to a user’s profile. For example, in case a
user wants to go to the restroom, then the system has to guide him/her to the
correct restroom, according to his/her gender.
Another issue concerns the user’s deviation. If a user deviates too often,
then his/her profile may be not customized according to his/her needs. For
example, if an optimal path for a specific user requires him/her to use the
stairs and the user prefers the elevator (he/she often deviates), then we might
ask him/her if he/she wants to change his/her routing preferences.
Furthermore, the User Modeling Component is capable to support
semantic-based services that are based to the user model, such as user/usergroup calendars, semantic notifications /alerts, events, etc.
Finally, the User Modeling Component is not restricted to apply in few, but
rather in a wide variety of use cases. General contextual navigation
requirements for a system such as C-NGINE are met in hospitals, conference
centers, museums, campus premises etc. It is sufficient enough to have a
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location-based model of the building without knowing a priori its capabilities
(e.g. technical equipment, a static map, etc).
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5. An Application Scenario
The purpose of this scenario is to create a simple user profile.
Additionally, it is presented how this newly created user exploits semanticbased services such as path-finding and visualization tasks, dynamic pathreplanning, semantic calendar, events and alerts. Finally, it is shown how the
behavior of a context-aware navigation system like C-NGINE changes
according to the preferences and capabilities of users. For the sake of
completeness, all the functionalities (including navigation, path visualization,
deviation, dynamic path-replanning) are also mentioned.

5.1 Non-Impaired Academic/ICS Staff
Professor Smith has been accepted as an Associate Professor at
University of Crete and has been offered a job as a Researcher at the Institute
of Computer Science (ICS-Forth). He has just arrived and wants to visit his
friend Prof. Antoniou. Upon entering the main gate of ICS, he is provided with
a PDA through which he can have access to C-NGINE.
Prof. Smith as a first-time user is required to create an account where he
fills in a form that describes his profile. He customizes his profile, and in
particular, he is defined as a Male, Non-impaired, Academic and ICS Staff
user and then fills in some more specific details. Being Academic and ICS
staff, he defines his roles: that is, Associate Professor and Researcher
respectively.

60

Figure 13. Profile Creation (part 1)

Next, he selects from a list “Football”, “AmI” and “Knowledge
Representation” as his fields of interest and notices that “Painting” is not on
the list and decides to add it. Also, he defines his routing preferences to be
elevator and escalator.
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Figure 14. Profile Creation (part 2)

He then selects Prof. Antoniou as his buddy and Prof. Lewis as his
colleague from a list of online users, as they have set their status online and
visible to all users.
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Figure 15. Profile Creation (part 3)

Once his profile is created, he is able to view his profile; currently his
profile contains the newly created relationships that occurred after he inserted
his personal information.
As a Researcher, he might be:
•
•
•

Head, Coordinator, Leader or Member of some research group and/or
Member of some dynamic group (i.e. AmI user group) and/or
Working in a project (i.e. AmI project)

As an Associate Professor, he might be:
•
•

Consultant of an undergraduate student and/or
Supervisor of a graduate / PhD student

He chooses:
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•
•
•

‘KRR’ from a list of research groups,
‘AmI_UG’ (a member of ‘AmI’ dynamic user group) and
‘AmI’ as his current project

Figure 16. Profile Update

Due to his first time at University of Crete, he has not been a consultant
or a supervisor of a student yet. Next, he updates his profile.
The final step is to edit his privacy preferences:
Upon his status, i.e. if he is online, away, busy, etc he defines how he wants
to receive notifications, i.e. email, im, voice mail, etc. He sets his profile as
visible, but he wants to customize what is visible and to whom. For e.g. he
wants:
•

When he is:
o online, he wants to be notified via email and sms.
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o busy, he wants to be notified via email.
o away, he wants to be notified via sms.

Figure 17. Privacy Preferences customization (part 1)

•
•

His personal data to be visible to everyone.
All users to see him as busy.
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Figure 18. Privacy Preferences customization (part 2)

•
•

His interests to be visible only to his buddies.
His routing preferences to be not visible to anyone.

Figure 19. Privacy Preferences customization (part 3)
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He then wants to meet with Prof. Antoniou and searches for his calendar
as it is visible to all. Prof. Antoniou might be in a meeting, but Prof. Smith
decides to visit him either way.

Figure 20. Prof. Antoniou’s calendar (monthly view)
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Figure 21. Prof. Antoniou’s calendar (daily view)

Meanwhile, Prof. Antoniou receives a notification that Prof. Smith has
added him as a friend. He then sends him an email that informs him that he
will be at his office in 5 minutes.
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Figure 22. Prof. Smith has added Prof. Antoniou
as his buddy and colleague.

Prof. Smith receives Prof. Antoniou’s email and asks for directions to his
office. The system, being aware of his routing preferences, suggests a path
that leads him to the 2nd floor, through an elevator.
During navigation, the system visualizes his current location and the
motion direction using both textual description and landmark highlighting.
While moving towards Prof. Antoniou’s office, Prof. Smith realizes that the
suggested path is blocked, as a crew of electricians performs maintenance
operations and has blocked the whole corridor. Prof. Smith uses the
navigation map, to denote that this particular corridor is blocked, and moves
out of the suggested path. The system senses that the user has deviated from
the selected path and tries to figure out another way to the office and
suggests a new path. Prof. Smith follows the path and meets with his friend.
Finally, he receives another alert that informs him about a forthcoming
painting exhibition in the premises of the university and he decides to attend
it.
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6. Conclusion
In this master’s thesis, we presented a user modeling component that
captures all essential information of users and their context and enables them
to edit privacy preferences in the form of rules. This component serves as a
basic building block for C-NGINE, a framework which aims at providing a
navigation tool for indoor environments and directly depends on human
profiles, exploiting information about user’s physical and mental status and
preferences. Our objective was to enhance C-NGINE’s architecture by
applying semantic profiles for purposes of personalized services (i.e. the
creation of user groups with common interests, automatic note publication to
interested parties etc), context-awareness and privacy. The development of
semantic profiles is not just a repository for storing static knowledge, but
rather a semantic directory of dynamic and context specific information, which
encapsulates rules’ definitions about user preferences, device specifications,
service invocation and privacy policies.
In Chapter 2 the background theory was discussed that is needed to
understand the main aspects of this thesis. In Chapter 3 related work was
reviewed in the field of ontologies and ontology-based integrated systems. In
Chapter 4, C-NGINE was analyzed giving emphasis in the user modeling
component which is the motivation of this thesis. In Chapter 5 an application
scenarios was presented in order to highlight the functionalities of the user
modeling component. Finally, Chapter 6 contained the concluding ideas of
this thesis.
One of the most important challenges of this thesis was to implement a
usable interface for the different categories of users. To achieve that, we had
to answer questions such as: “How will be guided a hearing impaired user?”,
“In what way will a visually impaired user insert her profile information to the
system?”, “How will a user with motor disabilities inform the system that she
cannot use the stairs?”, “Is it possible a non impaired user to personalize the
system with respect to her personal preferences?” or “What is the difference
of C-NGINE and a GPS navigator from a non impaired user’s point of view?”
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At first, we needed to see each user as an individual with unique needs
and capabilities. Next, we had to add a level of abstraction between the user
and the interface; that is to see the users as units of a bigger group, which
embraces all common characteristics. As a result, each user group plays the
role of a small e-society where each user (e-citizen) is able to communicate
with another user of the same e-society and the e-society facilitates its
members to “live harmonically” (by executing rules). In addition, each user
has the ability to communicate with another user from a different e-society, if
the former allows it (in the form of privacy rules).
More specifically, an impaired user exploits specific features of C-NGINE
in order to navigate without problems in the premises of a building. E.g. for a
hearing impaired user, C-NGINE is aware of her means of guidance; either
graphical or textual guidance. It is up to the user to define explicitly what she
prefers between the two choices. A motor impaired user’s routing preferences
are escalator and/or elevator and/or ramp. Or, C-NGINE’s interface is
expected to be usable for a visually impaired user, for e.g. to interact with a
Braille keyboard in order to insert data.
On the other hand, while there is only one way for impaired users to
interact with C-NGINE, this becomes an extra feature for non impaired users.
That is the differentia between C-NGINE and a common GPS navigator. Let’s
consider the following scenario where the context temporarily changes; a user
has audio guidance as her means of guidance. While navigating in the
premises of ICS-Forth, she crosses a corridor where technical staff performs
a task using the drill. Automatically, she cannot hear the audio guidelines and
changes her means of guidance from audio to graphical. As a result, this non
impaired user, for a few moments, becomes a hearing impaired user.
Respectively, a short-sighted user who has forgotten her glasses
automatically becomes a visually impaired user.
Besides the capabilities that characterize users, there is also the
occupation parameter. For e.g. a visitor who has just arrived for one day and
wants to navigate through ICS-Forth, does not want to waste unnecessary
time to create a profile. That is why there is a pool of default profiles, where
she can choose whatever she suits her best and customize it accordingly, i.e.
a female non impaired visitor profile.
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Another important aspect of the user modeling component is the
automatic publication of events and notifications to interested parties. For e.g.
if Prof. Antoniou has invited a visitor professor for a speech concerning user
modeling techniques, then this event has to be published to ISL and HCI user
groups. We have to keep in mind that this procedure does not substitute the
email service, but rather extends it by adding an extra filter in order to “send
the right message to the right participants”. To achieve that, there has to be a
co operation between the interested participants; i.e. Prof. Antoniou has to
define the user groups that might be interested in this speech. Finally, the
administrator is responsible to publish the event and send alerts to the user
groups Prof. Antoniou has sent him.
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7. Evaluation
As presented in Section 4.4.4 Workflow, the User Modeling Component is
decomposed into four modules; the User Input, which is the interface the user
interacts with in order to create a profile or exploit semantics-based services,
the Knowledge Base, which in our case is UPO that imports SOP for location
modeling and CC/PP for device modeling, the Reasoner for instances’
classification and the Rule Engine that supplements the Reasoner for further
instances’ classification and the inference of new knowledge.
The evaluation stage concerns all the aforementioned modules except
the user interface that does not really affect the efficiency of the User
Modeling Component. Firstly, we have to evaluate each module separately
and secondly, how each module is affected by the others which act as input to
it.
Knowledge Base
UPO is divided in TBox, which is the schema of our modeled classes and
properties along with the schema of SOP and CC/PP and ABox, which
contains all the instances. The size of TBox is approximately 74KB and
contains 24 superclasses under the OWL:Thing, which is the root of the
taxonomy tree. From the 24 superclasses, 12 are from UPO, 9 from SOP and
3 from CC/PP. Overall, we have 137 classes along with their subclasses, 56
of which belong to UPO. 14 of 56 classes in UPO are defined (these classes
have a strict definition, i.e. at least one necessary and sufficient condition). In
this ontology, there are also 42 static instances, i.e. the instances we use for
the Enumerated Classes (classes defined by precisely listing the individuals
that are the members of the class), e.g. Status is an Enumerated Class that is
a closed set of individuals: online, offline, busy, away, on_a_call and invisible.
We don’t mention the size of the ABox, because it grows dynamically when a
new user is added. Nevertheless, its size affects the other modules as we will
see next.
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Figure 23. TBox size
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Figure 24. Primitive and Defined classes’ size

Reasoner
As described in Appendix A, we use the Pellet Reasoner. Pellet provides all
the standard inference services that are traditionally provided by DL
reasoners:
Consistency checking
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Ensures that an ontology does not contain any contradictory facts. The
OWL Semantics standard provides the formal definition of ontology
consistency used by Pellet.
Concept satisfiability
Determines whether it’s possible for a class to have any instances. If a
class is unsatisfiable, then defining an instance of that class will cause the
whole ontology to be inconsistent.
Classification
Computes the subclass relations between every named class to create
the complete class hierarchy. The class hierarchy can be used to answer
queries such as getting all or only the direct subclasses of a class.
Realization
Finds the most specific classes that an individual belongs to; i.e.,
realization computes the direct types for each of the individuals. Realization
can only be performed after classification since direct types are defined with
respect to a class hierarchy. Using the classification hierarchy, it is also
possible to get all the types for each individual.
These specific sub-modules of the Reasoner are affected by the size of the
Knowledge Base and the size of input data the user enters currently.
Rule Engine
Rule Engine executes SWRL Rules in two stages; the first stage
concerns static rules that are executed after the Reasoner and the second
stage concerns rules that are executed whenever the user wants to edit
his/her privacy.
Our model is loaded in ~1078ms. When the user wants to create an
account for the first time, he/she clicks the link Create profile. This procedure
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takes approximately 15 seconds, because the model needs to be processed
in order to fetch the values for specific properties. For e.g. we need to load the
online users in order to be added as colleagues or buddies or the list of
existing interests in our ontology. Each time we want to fetch property values,
we call a java bean with necessary functions for our purposes.
When the user inserts his/her data, then the Reasoner runs:
Consistency checking, Concept satisfiability (i.e. ABox consistency) and
Classification of instances are performed together and last approximately
39.342 seconds and depend on the ABox size (the instances’ size) and the
size of defined classes which is the 20% of our ontology.
The Computation of inferred types lasts approximately 11.054 seconds.
Then, whenever the user wants to update his/her profile, the previous
procedure is being followed.
The execution of static rules (~10 static rules) lasts approximately 2.067
seconds, while the execution of dynamic rules (the size depends on each
user, but it does not exceed 25 rules) lasts approximately 6.988 seconds. The
last task takes a little longer, because we have to process the patterns of
rules and then add them in the knowledge base in order to be further
analyzed by the Rule Engine.

Tasks Execution
15%
Reasoner
85%

Rule Engine

Figure 25. Tasks’ execution

The main drawback in our implementation is the time consuming
reasoning process. Currently, Reasoner runs each time a user creates a
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profile or updates an already existing one independently of the context
information we need to reason. The implementation of a Reasoner, which can
be seen as a ‘black box’, may affect the performance of a task. For example,
Pellet Reasoner uses a significant amount of time in consistency checking,
whereas other Reasoners may be faster in this task and slower in other tasks.
Nevertheless, the most important factor we need to take into account is the
size of the ABox; the instances’ size affects the performance (and the
efficiency) of the Reasoner. In certain cases, decreasing or dividing the
amount of information that is used to perform the reasoning would also
improve the performance of the reasoning process. For the administrators of
the system, it is more clear what information is taken into account and what
information is not. For example, one option is to maintain a separate ontology
for the classes’ schema and then include only the instance of the user we
want in order to perform reasoning. Unfortunately, this does not apply in our
system, because each user is interrelated with all the other users and we
need to load each time all the users’ instances for the reasoning process.
Another option, which can be applied in our case, is to perform some preprocessing on the ontology before doing the reasoning, actually only providing
the information to the Reasoner that we would like it to have. Specifically, if
we perform reasoning only in the defined classes (the Reasoner takes into
account only the classes with a strict definition, i.e. defined classes) which is
the 25% of our ontology size, this could lead to significant time decreament.
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8. Future Work
Next, we summarize future improvements and extra features for the user
modeling component and C-NGINE as an integrated system.
After the implementation of each of the three components, the most
important and challenging task is to unify them and create the integrated
contextual guide. The complete application will exploit all the provided
functionality of the three related components by establishing a proper
communication and information flow between them.
Exploiting the semantics-based context model of C-NGINE, we are able
to develop more semantic-based services for users, such as personal
information retrieval, i.e. the user will be able to form queries through dialogue
boxes that the system displays as a response to the user's request. Another
service is room reservation; the only room information that is initially available
to the client is the names of the rooms. By clicking on a conference room, a
new list of options will be displayed. These options enable the user to reserve
a conference room for a period of time, cancel a previous reservation, and
view recent reservations or query the system about the events scheduled to
take place in the room.
Moreover, C-NGINE is subject to groupware services’ enhancement; the
users of the system (visitors and people who work in the premises of the
Institute) are not only engaged to single-user activities, but also participate in
the activities of the workgroups they are members of. These services will not
necessarily belong to the scientific field in the narrow sense, i.e. users that
have football as common interest could form a user group where they
organize games, excursions, etc. The development of groupware services,
which may involve group-calendars, information sharing applications, group
notifications, bulletin boards, blogs etc.
Motivated by the Multi-Categorial User Ontology proposed in [39], a future
amplification would be to keep track of the ways in which user’s
characteristics change as a result of their experience in using the system. For
instance, if a non-impaired user has stairs as her routing preference and she
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actually uses the elevator, this would result to an update of this profile
parameter.
Furthermore, user profiles are subject to more context enrichment.
However, the more semantics we add in user profiles, the more control we
wish to have in privacy and security needs. As a result, as expressiveness of
knowledge representation increases, we have to enhance privacy and
security customizations.
Rules are also a key factor in a context-aware system; our system needs
to satisfy various criteria, e.g. location (“don’t return my location when I am not
in the premises of ICS-Forth”), time (“show my location between 9am-3pm”)
and context (“If I am on a meeting, hide my location”). A category of rules we
have to take into account is ECA (Event – Condition - Action) rules by
including the event parameter into the rules.
Finally, delivering context information and adapting to the users' needs is
one of our goals. For example, different types of impairment require different
representation of information, keeping in mind that the representation of
information also depends on the device currently engaged by the user.
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Appendix A
Implementation Tools
In this section we briefly describe the main tools used for the
implementation of the user modeling component.

Choosing OWL-DL as Ontology Language for our User
Model
We have chosen OWL to realize our context model and define our
context ontologies for various reasons. First, it is much expressive compared
to other ontology languages such as XML [20] and RDFS [21]. XML is purely
syntactic and structural in nature, while RDFS has been proposed as a data
model for representing meta data by [40]. Second, it has the capability of
supporting semantic interoperability to exchange and share context
knowledge between different systems, i.e., contexts can be exchanged and
understood between different systems in various domains; and enabling
automated reasoning to be used by automated processes.
For ontology modeling we use Protégé-OWL [41], an open-source
ontology editor. Protégé, besides the editor, provides a suite of tools that
support the creation, visualization, and manipulation of ontologies in various
representation formats. In order to establish communication between the
designed ontology and the application’s API, we use the Protégé-OWL API,
an open-source Java library for OWL and RDF(S). The API provides classes
and methods to load and save OWL files, to query and manipulate OWL data
models, and to perform reasoning based on Description Logic engines.
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The OWL sublanguage that we chose is OWL-DL, which supports
complicated context and also defines rules in owl format, without referring to
another language. This choice is motivated by the fact that the description
logic languages underlying the Lite and DL sublanguages of OWL guarantee
completeness and decidability, while promising high expressiveness. DL is
expressive enough to cover our needs (i.e. it doesn’t have cardinality
constraints such as Lite), without increasing the complexity of reasoning as in
OWL-Full [42]. Moreover, a number of tools already exist for processing OWL
ontologies and, being OWL a W3C Recommendation, the available utilities
should further increase.

Pellet Reasoner
One of the major advantages using an ontology described in OWL-DL is
that it can be processed by a Description Logic Reasoner. For our purpose we
use Pellet [43] Reasoner, an open source OWL DL Reasoner in Java which
communicates with Protégé through the DIG [44] interface.
Pellet is an OWL DL reasoner based on the tableaux algorithms
developed for expressive Description Logics. It supports the full expressivity
OWL DL including reasoning about nominals (enumerated classes).
Therefore, OWL constructs owl:oneOf and owl:hasValue can be used freely.
Currently, Pellet is the first and only sound and complete DL reasoner that
can handle this expressivity. Pellet ensures soundness and completeness by
incorporating the recently developed decision procedure for SHOIQ (the
expressivity of OWL-DL plus qualified cardinality restrictions in DL
terminology).
Pellet has a number of features either driven by OWL requirements or
Semantic Web issues:
•
•
•
•

Ontology analysis and repair
Species Validation
Entailment.
Conjunctive ABox query
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•
•
•
•

Datatype Reasoning
User-defined Simple Datatypes
Multi-Ontology Reasoning using E-Connections
Ontology Debugging

Device Modeling in CC/PP
As far as device modeling is concerned, as we already stated in section
3.1.1, we use the RDFS based CC/PP vocabulary. As described in [45], we
converted RDF to OWL compatible expressions, in order to import a valid
CC/PP ontology in UPO.

Calendar
For the calendar (and event) modeling, we use Internet Calendaring and
Scheduling Core Object Specification (iCalendar) [46]. The iCalendar has
been defined to provide the definition of a common format for openly
exchanging calendaring and scheduling information across the Internet. The
top-level object in iCalendar is the Calendaring and Scheduling Core Object
which is a collection of calendaring and scheduling information. The
components contained in the body of the Core Object include events, to-do
items, journal entries, free/busy time items, time zone information and alarms.
For the calendar interface, we use a calendar utility, the PHP iCalendar
[47]. PHP iCalendar is a PHP-based iCal file viewer/parser to display iCals in
a Web browser. PHP iCalendar is an open source php application to parse
and display shared iCalendar-compatible calendars on a website. It is based
on v2.0 of the IETF spec [46].
Each user’s calendar is stored both in UPO and in an iCalendar format
file. In this way, calendar model is independent of our ontology. Currently,
UPO supports a sufficient for the purposes of the supported services subset
of iCalendar structure. In the near future, we plan to import the entire
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iCalendar schema to exploit the full functionality of iCalendar and support the
events’ aggregation of multiple user groups.

Expressing user preferences in SWRL with Jess Rule
Engine
User preferences are very similar to ECA (event-condition-action) rules
that describe what action needs to be taken in a certain situation when
something happens. This kind of rules cannot be easily expressed in OWL.
However, an extension to OWL has been defined, the Semantic Web Rules
Language (SWRL) [48], which enables the expression of this kind of rules.
SWRL is based on a combination of the OWL DL and OWL Lite sublanguages
of the OWL Web Ontology Language with the Unary/Binary Datalog RuleML
sublanguages of the Rule Markup Language. As stated in [49], SWRL is
considered as a possibly useful extension to OWL, not only to reason on the
context information itself, but also to define and reason on the consequences
of changes in context information and how this affects the behavior of
services.
SWRL rules have the form of an implication between an antecedent
(body) and consequent (head). The intended meaning can be read as:
whenever the conditions specified in the antecedent hold, then the conditions
specified in the consequent must also hold. Both the antecedent (body) and
consequent (head) consist of zero or more atoms. An empty antecedent is
treated as trivially true (i.e. satisfied by every interpretation), so the
consequent must also be satisfied by every interpretation; an empty
consequent is treated as trivially false (i.e., not satisfied by any interpretation),
so the antecedent must also not be satisfied by any interpretation. Multiple
atoms are treated as a conjunction. Summarizing, SWRL rules can be
described as follows: antecedent → consequent, in which the antecedent and
consequent consist of one or multiple atoms. Typical SWRL reasoning occurs
on property and instance levels.
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Protégé integrates the SWRLTab plug-in in Protégé-OWL that supports
the editing and execution of SWRL proactive rules using the Jess rule engine
[50]. Specifically, we used the SWRL Rule Engine Bridge; a subcomponent of
the SWRLTab that provides a bridge between an OWL model with SWRL
rules and a rule engine. Its goal is to provide the infrastructure necessary to
incorporate rule engines into Protege-OWL to execute SWRL rules. The
execution of SWRL rules requires the availability of a rule engine. The rule
engine can perform reasoning using a set of rules and a set of facts as input.
Any new facts that are inferred are used as input to potentially fire more rules
(in forward chaining).
We chose the Jess rule engine, because SWRLTab translates SWRL
Rules in Jess axioms in order to be executed and saves back the inferred
knowledge in the ontology. Jess is a rule engine and scripting environment
written entirely in Sun's Java language by Ernest Friedman-Hill at Sandia
National Laboratories in Livermore, CA. Using Jess, Java software can be
built that has the capacity to "reason" using knowledge that is supplied in the
form of declarative rules. Jess is small, light, and one of the fastest rule
engines available. Its powerful scripting language gives access to all of Java's
APIs.
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