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Abstract

Context is an important information that can be used to enrich the existing
computer applications generating several benefits. For instance, it provides new
computing power in terms of an extended interaction with the user. Moreover,
by automating the acquisition of the relevant information it can reduce the
need to interrupt the user. In the field of information environments, context
information can be used to enrich the existing content. Consequently, it will
enable the smart delivery of information to the right person at the right time.

Although context-awareness has been investigated initially for ubiquitous
computing applications, there are numerous other areas of computer science
that can take several advantages from context-awareness. In this work we focus
in particular on the field of information environments.

The goal of this work is to present a comprehensive data model for context
that can be used to describe context in database applications. The proposed
model is very general and flexible, so that it is possible to add new contextual
characteristics at any time. Moreover, our solution provides a mechanism for
defining how to control the context information from its acquisition by means
of appropriate sensors, to the delivery of the relevant contextual information to
the interested entities by means of events.

Our model describes context in a general way and provides mechanisms that
allow to control it. The whole system is driven by the database application,
thus it is not necessary to hard-code the functionality on the application side.
Moreover, it is possible to reuse several components. We demonstrate the gene-
rality and flexibility of our solution by means of a prototype implementation.
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There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.

—William Shakespeare, Hamlet

1
Introduction

Context-aware computing is a relatively new field of research, however many
books and papers on this subject have already been published. Context is a
very important concept that is relevant not only to computer applications but
also to a number of other disciplines in the field of humanistic sciences such as
linguistics, philosophy and sociology.

Our senses continuously capture a huge quantity of information, which is
then processed and elaborated by our brain. All this information, together with
the history of precedent information, our memory, and our social relations, build
the context we are related to.

We implicitly change our behaviour depending on the situation, in relation
to the environment, or more generally, with respect to the actual context we
are in. The context is the driving force behind our ability to decide what is
important and what is not. It allows us to enrich our knowledge about a certain
situation by drawing from related memories and experiences. Hence, only th-
rough the context are we able to manage the enormous amount of information
that surrounds us at any instant. One typical example is the use of the context
to resolve the meaning of polysemous words [Wid03] when reading or partici-
pating at a conversation. Actually, most of the words have multiple meanings
that can be determined only when they are placed in a sentence, or even in
a larger context. You can easily check this by searching for the meaning of a
word of your choice in the dictionary.

Our context-awareness is constantly active, every second of our life, even
if we do not think about it. And it is so powerful because we are somehow
unaware of this awareness. When we are well trained in doing something such
as driving a car or using a mobile phone, we are allowed to perform these ac-
tions without thinking. Consequently, things that we learned sufficiently well
disappear and we can focus beyond them on new goals [Wei91]. Thus, why not
try to use the context information that surrounds us to build better computer
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2 CHAPTER 1. INTRODUCTION

applications, and therefore provide new computing power to the user in terms
of smart software, that helps us when dealing with an enormous quantity of
information. Moreover, context-aware applications can adapt their output ac-
cording to the current situation, limit the need for input, therefore reduce the
need to interrupt the user. If the interruption of the user is really needed, then
the application has to find a good time to interrupt him, and already reduce
the selection space [Sch00] facilitating the user’s choice.

The notable importance of context is also demonstrated by the great amount
of research and publications available in the humanistic fields of linguistics and
philosophy [Wid03]. More recently many interesting research works have also
been published in the field of computer science. These works are mainly in the
areas of ubiquitous and pervasive computing [PRM99, DA00, Dey01, BPR01,
Pas01, HIR02, KM03, CFJ03], human-computer interaction (HCI) [SBG99,
Sch00, TGF03], and artificial intelligence (AI) [MPN01, BBG01, GM03].

On one hand context seems to be implicitly well understood and recognised;
on the other hand, context-awareness is a very challenging and difficult task
to achieve for computers up to now. Some good results are available in the
field of the graphical user interfaces (GUI), but these are not fully satisfactory,
particularly because it is not possible to apply them directly for other purposes.

We suppose that many of us dream of better computing applications that
have at least an inkling of what we are doing or where we are working and that
adapt themselves accordingly. This adaptation can be realised in various forms.
For instance, the user interface could adapt to the situation by presenting the
toolbars which offer the instruments that are needed to perform the next task we
have in mind. A more complex example would include the delivery of useful and
relevant information via mobile devices such as mobile phones or personal digital
assistants to support expedient collaborative work. For instance, a PDA could
be used to display background information about the knowledge and know-how
of a co-worker whenever a new person enters the room. On the other hand,
mobile phones, which represent the most used and successful mobile-computing
application up to now, could simply adapt their ringing profile automatically
depending on the situation. In this example context would allow to filter out all
calls that are irrelevant to the current setting, such as an important meeting.

One possible approach to the aforementioned examples is to design a cor-
responding application that suits the specific requirements in each single case,
but this is not convenient since the same problems are encountered many times.
Moreover, this solution results in less flexible applications and code reusability
is compromised.

The purpose of this work is not to develop just another context-aware ap-
plication, but to investigate the research on context and context-aware appli-
cations in various disciplines, determine the common characteristics and conso-
lidate them aiming at a higher abstraction model to describe context as infor-
mation in a very generic way. Hence to provide a model for context that could
be easily reused in many applications.

Chapter 2 presents various definitions of context that can be found in li-
terature and discusses them briefly in order to better understand the meaning
of this central concept. Furthermore it contains an overview of benefits that
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can be obtained by context-awareness. In chapter 3 we illustrate a structured
architecture for dealing with context information that is based on four main
principles, i.e. context acquisition, context augmentation, contextual adapta-
tion, and contextual resource discovery. The context data model developed
within this project is presented in chapter 4. We motivate the need of a ge-
neral data model with an application specific approach, and then we present
and discuss the main components of the developed model separately. Chapter 5
considers the prototype implementation details. It demonstrates how the deve-
loped model can be employed and how the context information can be defined
and controlled within the model. Furthermore it describes how it is possible to
integrate external sensors into the system. We outline how this work can be
extended further by indicating directions for improvements and future work in
chapter 6. Final remarks and conclusions are given in chapter 7.
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There is more to context than location.

—Albrecht Schmidt, Michael Beigl, and Hans-W. Gellersen [SBG99]

Delivering the right information, to the right person at the right time.

—Global Information Systems Group, ETH Zurich

2
Context

Considering the numerous publications that have already addressed the mea-
ning of context, we think that it is worth examining them briefly. Therefore,
in this chapter we consider several definitions of context that can be found in
literature in order to better understand what context means, how it can be
classified and what are the benefits for the computing applications implemen-
ting context-awareness. In section 2.4, at the end of the chapter, we discuss
the needs and the goals for the Social Philanthropic Information Environment
project.

2.1 Definitions

As starting point, we propose to consider the definitions of context that can
be found in the English dictionary. Although these definitions are especially
related to the language semantics, they are useful to get a general overview of
the meaning of this relevant concept.

1. Etymology: Middle English, weaving together of words, from Latin con-
textus connection of words, coherence, from contexere to weave together,
from com- + texere to weave 1: the parts of a discourse that surround a
word or passage and can throw light on its meaning 2: the interrelated
conditions in which something exists or occurs: environment, setting.1

2. (Text/Speech) The text or speech that comes immediately before and
after a particular phrase or piece of text and helps to explain its meaning:
In this exercise, a word is blanked out and you have to guess what it is
by looking at the context. (Cause of event) The situation within which
something exists or happens, and that can help explain it: It is important

1from Merriam-Webster’s Online Dictionary, http://www.m-w.com, November 27, 2003

5
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6 CHAPTER 2. CONTEXT

to see all the fighting and bloodshed in his plays in historical context. This
small battle is very important in the context of Scottish history.2

3. 1. In archeology, the context (physical location) of a discovery can be of
major significance. 2. In linguistics, context refers to the meaning of a
word or phrase with regard to its place in the sentence and the topic being
discussed. 3. In computer science, context refers to the circumstances
under which a device is being used, e.g. the current occupation of the
user.3

From the aforementioned definitions, we can recognise that context is a term
with a set of meanings that can be very general or more specific, depending on
the application field, i.e. according to the context in which it is used. We can
also find similar definitions in previous research works in the field of context-
aware computing. For instance, [SBG99, BPR01] define context as in The Free
Online Dictionary of Computing4 as that which surrounds, and gives meaning
to something else. This definition is very general and similar to the one quoted
in the Cambridge Dictionary (item 2).

Another definition can be found in [HL01a], where context is considered as
the “W”, who, what, where, when. Although it is expressed in another form,
it is not so different from the previous one and from the one in [HIR02] that
defines context as the circumstances or situation in which a computing task
takes place. Moreover, they consider that the context information is sensed by
hardware or software sensors, or derived from other sources, e.g. from the user’s
agenda. The context-aware application can obtain several information, such as
important meetings and projects schedules, hence it can adapt accordingly by
providing the relevant resources to the user.

Many works have tried to give a definition of context; however most of them
were unsuccessful because they simply used synonyms such as environment or
situation. On the contrary, Dey and Abowd [DA00] have given a new general
and useful definition of context, which is applicable to the realm of computer
applications:

Context is any information that can be used to characterize the si-
tuation of an entity. An entity could be a person, a place or an
object that is considered relevant to the interaction between a user
and an application, including the user and the application themsel-
ves.

A similar definition is also stated by Chalmer [Cha02]. Besides, the authors
of both publications define a context-aware system as a system that uses context
to provide relevant information and/or services to the user, where relevancy
depends on the user’s task. In [PRM99], context-awareness is also explained
with a separate definition as the ability of a device or a program to sense, react
or adapt to its environment of use.

2from the Cambridge International Dictionary of English, http://dictionary.cambridge.
org, November 27, 2003

3from Wikipedia, the free Encyclopedia, http://www.wikipedia.org, November 27, 2003
4http://www.foldoc.org, February 2, 2004

http://dictionary.cambridge.org
http://dictionary.cambridge.org
http://www.wikipedia.org
http://www.foldoc.org


2.2. TAXONOMIES AND FORMATS 7

All these definitions are similar, but at the same time they differ slightly in
their generality. One of the most important commonly acknowledged points is
that context is information that describes other information, therefore it can
be modelled as such.

2.2 Taxonomies and Formats

The first work exploring the area of the context-aware computing is the Oli-
vetti’s Active Badge system in 1992 [WHFG92]. The Active Badge system
exploits the person location to forward your phone calls to the nearest tele-
phone, i.e. a telephone situated in the room you are currently in. Afterwards,
many works followed in the field of ubiquitous computing, which have conside-
red context only as the location of the user. A survey of the research in field
of context-aware computing is offered by [CK00]. Of course, the survey is not
complete due to the amount of work in this area, but it gives an idea of the
different approaches taken by several applications.

Nowadays, the notion of context has evolved also for computer scientists to a
wider and more complete concept that takes into account more characteristics,
in particular thanks to [SBG99, PRM99, Sch00].

Previous investigations have also individuated several groups that permit to
categorise context. According to Dey and Abowd [DA00], the most important
categories are location, identity, activity and time. The authors of [TGF03]
choose a slightly different terminology by describing beyond location the phy-
sical context , addressing properties like the temperature, the lighting, and the
noise of a given environment. A second category is represented by the user con-
text , which describes, among other information, the user’s identity, his profile,
his social situation, and his activity. A third class is called computing con-
text , representing the system’s connectivity, the communication costs, and also
bandwidth and information about other resources. Figure 2.1 summarises the
aforementioned dimensions of context and their properties.

According to [HIR02], context can be represented in various forms. For in-
stance, we consider time and location. Time can have multiple representations:
the absolute format in terms of a timestamp, or many other representations
that provide smaller resolution units such as AM/PM, week, month or season.
The same mechanism can be adopted in the case of location, which can be de-
scribed in terms of GPS coordinates, or by means of room names, floor numbers
or building information.

The different context representations depend on the abstraction level in
which the information is used. However, it is important to collect the contextual
information with the finest possible resolution, in order to enrich the content.
This is relevant for instance if we consider the user location context, because
we can derive the building information (e.g. IFW) from the room name (e.g.
IFW D35), but it is impossible to infer the room name from solely the building
information.

The various context categories present different characteristics. Among
these, it is important to notice that the meaning of context information may
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• Computing context

– Connectivity

– Communication 
costs

– Bandwidth

– Resources

• User context

– Identity

– Profile

– Social situation

– Activity

• Time

– Absolute time

– AM/PM

– Week

– Month

– Season 

• Physical context

– Temperature

– Lighting

– Noise

Figure 2.1: Several dimensions of context

depend on several cultural and subjective parameters [KM03], e.g. the tempe-
rature representation in degrees is objective, but whether it is cold or warm,
it depends also on the humidity of the environment and several individual pa-
rameters. Thus, the context information should be processed in an objective
way until the last step, when it is delivered to the final recipient. Only then
the objective information can be interpreted and personalised according to the
final consumer’s profile.

The authors of [GBSV03] investigate context-awareness, by classifying it in
two classes called hard context-awareness and soft context-awareness in order to
indicate the physical parameters measured by hardware sensors and the infor-
mation gathered by software sensors monitoring the information base, services
and applications respectively. Furthermore, they illustrate the advantages of
soft context-awareness; this approach in particular, does not need any integra-
tion of specific hardware sensors. They demonstrated that such a system can be
successful in highly interconnected environments, achieving context-awareness
only by using the information provided in an enterprise application.

2.3 Perspectives for Computer Applications

Mark Weiser [Wei91] already affirmed that computers can significantly adapt
their behaviour only by knowing which room they are in, even without any use
of artificial intelligence. Context-awareness is the key enabler of smart environ-
ments, because it allows to render the computing process invisible, opening the
field for pervasive computing [BPR01] and new technologies that are aiming at
applying computers in social and more dynamic environments other than the
desktop [PRM99].
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For our purposes, context represents the enabling technology that allows to
select and present the relevant information to the interested recipients at the
right time, on various output channels [NP03b]. For instance, the relevant infor-
mation about a given project can be automatically displayed on wall-mounted
screens when the members of the project team enter the laboratory at working
hours, whereas when lunch time is approaching the current menu proposal of
the local cafeteria is displayed according to the user context. The use of context
can be extended further, by showing only meat-free dishes for vegetarians.

Examining this relatively simple example, we recognise how rich the infor-
mation that surrounds us is, which is not considered by the existing computer
applications up to now. However, today many techniques are offered allowing
us to collect such information automatically. Thus, we need a technology that
allows to integrate these systems in order to exploit the context information to
improve the services offered to the user.

A good solution enabling the integration of several kinds of sensors is provi-
ded by the existing context frameworks, which have been developed to provide
a general technology facilitating the development of context-aware applications.
A well known representative is the Context Toolkit [SDA99, Dey00], which has
been used for many projects such as the simple applications In/Out Board,
DUMMBO and the more complex project called Aware Home [KOA+99].

If on one side these frameworks provide a good solution for the integration
and abstraction of different sensors; on the contrary, the context information
they provide still lacks a semantic interpretation. For this reason, a data model
that describes the context information is suitable in order to define its semantics.
Moreover it represents the enabling technology for enhanced context-awareness
in information environments.

2.4 SOPHIE Needs Context-Awareness

SOPHIE is the Social Philanthropic Information Environment. It is an inte-
grated and reactive information environment for the GlobIS laboratory. The
strength of this system resides in the fact that it is aware of the surrounding
environment, in particular of the presence of humans and physical objects wi-
thin the laboratory. SOPHIE can keep track of the continuous changes taking
place in the environment and adapt to them accordingly, for instance by delive-
ring the right information to the various output channels depending on several
contextual information. In order to enable the context-dependent delivery of
information, the data model and the context model must not be separated,
allowing any content information to change and adapt to context. This means
that not only is the presented information adapted, but also the corresponding
representation and the appropriate output channel are chosen accordingly.

The system has to fulfill several requirements to work appropriately. In
order to know the properties of the surrounding environment, the first task
that the system has to achieve is to acquire the relevant information. Typically
this is performed by an explicit interaction with the user. Unfortunately this
is not satisfactory for our purposes because we think that a great part of the
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relevant information is already available, stored within some database, or can be
collected automatically by the employment of appropriate hardware or software
devices. Thus, the system has to be able to collect relevant pieces of information
automatically and without the explicit intervention of the user, reducing the
need for interruption. Furthermore, the automatic acquisition of the relevant
information decreases the need for a direct user intervention, facilitating his
tasks. Moreover, it is often very difficult for the user to know which information
is really relevant to the application [DA00] in order to guarantee its proper
functioning. This particular task is achieved by the sensory part of the system,
which should be as flexible as possible and therefore allow to easily integrate
new sensors [HL01b].

After the relevant contextual information has been collected, it has to be
processed and augmented [Pas98] by setting the correct associations between
the relevant information. This is a very central point, because the context
always refers to some entity [DA00, GS01], which is the subject of the gathe-
red information. Consequently, this mechanism allows to retrieve the relevant
application objects by taking advantage of their contextual information. It is
important to notice that context is a very general concept and only the ap-
plication developer can decide what kind of contextual information is needed.
Therefore, our model has to be as general as possible, and has to provide the
means to describe any type of context and the mechanisms that facilitate its
processing and management.

In order to enable the information to adapt itself according to the current
context, the model has also to supply components, which allow to control and
notify incoming changes or events to the interested entities, making them aware
of the current context. Furthermore, this feature allows to bind the augmen-
ted context with the contextual adaptation part and the application objects
that are responsible for controlling the different output channels such as public
information displays, lighting, music and so on.



If you want to build a ship, don’t herd people together to collect wood
and don’t assign them tasks and work, but rather teach them to long
for the endless immensity of the sea.

—Antoine de Saint–Exupéry

3
The Context Architecture

In this chapter we will present how the different tasks and properties of a
general context-aware system can be organised into an architecture that allows
to distribute the responsibilities to different components in order to build a
structured system.

The proposed architecture is illustrated in figure 3.1 and is based on the
terminology introduced by Pascoe [Pas98]. It consists of four main abstractions,
i.e. context sensing, context augmentation, contextual adaptation and contextual
resource discovery that are placed between the environment and the application
layers.

The ability of the system to sense and acquire new contextual knowledge
is embodied by the context sensing layer, which is placed just on top of the
environment, and can encompass several kinds of either hardware or software
sensors. In this level of abstraction, it is important to generalise the context
acquisition process, offering a socket that allows to plug-in any kind of sensors
that provide relevant information. The environment is considered in a very
abstract way, in fact we can imagine the environment as the physical properties
of the current location, but it would be too restrictive. Therefore, the environ-
ment also encompasses the currently available information base, which is very
important and can be gathered by appropriate sensors and used as context. The
Context Toolkit ’s widgets that are presented in [DSFA99, DMAC02] provide a
useful abstraction mechanism to work with several kinds of sensors. The ability
to model the context producers allows us to automate the information collection
process and consequently to abridge the need for explicit input by the user, so
that he will be seldom interrupted, and consequently he can concentrate on his
work.

When a sensor measures a new value, the sensed data are passed to a hi-
gher abstraction level, where the context is augmented by considering its se-
mantic properties, and it is associated to its subject according to Gray and

11
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Environment
the real world

Application
existing information and services

Contextual Resource Discovery
discover relevant information resources

Context Sensing
detect changes in the environment

Context Augmentation
bind the context to its subject(s)

Contextual Adaptation
adapt the behaviour to the current context

S
O

P
H

IE

Figure 3.1: Context architecture

Salber [GS01]. Therefore, the context augmentation layer is very important,
because it is responsible to semantically interpret the context information and
also to add contextual value to the existing content by associating them. The
context augmentation mechanism is very important because the context infor-
mation does not exist independently, in fact it is always associated to some
entity, i.e. its subject.

The next step after the correct interpretation of the context value, is to
adapt the system according to the new situation. The contextual adaptation
abstraction layer allows for instance to choose between alternative output chan-
nels or select the appropriate language for the current user or group of users.
Besides, within the adaptation layer it is possible to control also the underlying
sensing layer. For instance, it should be feasible to adapt the sensors’ parame-
ters to the current context increasing the measurement quality, or switch faulty
sensors off in order to enhance the system’s reliability.

A further abstraction is called contextual resource discovery. This layer
is responsible to select additional resources and information, such as finding
the nearest local printer for your mobile application or fetch additional detail
information related to the same context from other sources that may be either
external databases or information services.

A concrete example of the behaviour of a context-aware information system
is depicted in figure 3.2. The system collects the relevant context both from
the sensors installed in the environment and from existing databases storing
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the user preferences and resource profiles. Thus, it is possible to detect the
presence of users within a given environment such as the GlobIS laboratory,
the current time, the temperature and other arbitrary properties. Furthermore,
it is possible to fetch more information about the current users by querying
the user preferences and profiles database. A common language spoken by all
users and a common project they are working at may represent the current
context. The information environment exploits the current context to retrieve
the relevant information about the projects that relate all the users currently
in the laboratory and chooses a language that is comprehensible for all users,
finally it delivers the right information correctly formatted to the appropriate
communication channels as described by their profiles.

Context
Multi Channel 

Interface

Sensors

DB
User profiles, 

resources profiles, ...
Information

Figure 3.2: Context-aware information system

The delivery of information in the case of SOPHIE will include multiple
communication channels such as visual displays and acoustic communication.
Therefore, the database that controls the whole environment has to select the
relevant content to display and accordingly choose an appropriate representa-
tion, e.g. HTML1 or VoiceXML2. Furthermore, a smart environment could also
detect the presence of personal devices such as PDAs and use them to deliver
information, which is relevant only to the owner of this private device.

The automated information delivery gives rise to important information
security issues. In particular, the system should not violate the user’s privacy.

1http://www.w3.org/MarkUp/, February 18, 2004
2http://www.w3.org/Voice/, February 18, 2004

http://www.w3.org/MarkUp/
http://www.w3.org/Voice/
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For instance it is important to define policies in order to provide the information
only to authorised users on both public and personal devices. A simple solution
that could be investigated, is to present the private information only on personal
devices and never disclose it on public information displays.



A model is a representation in a certain medium of something in the
same or another medium. The model captures the important aspects
of the thing being modeled from a certain point of view and simplifies
or omits the rest.

—James Rumbaugh, Ivar Jacobson, Grady Booch, The Unified
Modeling Language Reference Manual

4
The Context Model

This chapter describes the context model developed within the SOPHIE pro-
ject. As stated in chapter 1, the main aim of this work is to present a com-
prehensive and general model for context, which is not limited to some context
characteristics only. The proposed model deals with the acquisition, categorisa-
tion, augmentation and notification of context. Moreover it contains important
meta-data describing several properties such as the source and the quality of a
given context [WS01]. In the first section, we motivate the need of a general and
comprehensive model for context by presenting an application specific model as
a counterexample for the purpose to demonstrate the restrictions encompassed
by similar solutions. In the following sections, we describe each component
of our model in detail. The complete overview of the model is illustrated in
figure 4.7 at the end of the chapter and the attribute definitions of the model
types as well as the provided interface are shown in figure 4.6.

4.1 The Need of a General Model

Up to now, most of the attempts to realise context-aware computing applica-
tions adopted a similar approach: first they defined the characteristics that are
needed to the specific application, and then they implemented all the processing
of this information in the application code, encompassing aspects ranging from
the data acquisition to the utilisation of this knowledge in order to enrich the
application with context information.

Since a great part of the research in the field of context-aware computing
has been supported by ubiquitous computing specialists, the context that is
most considered in the technical literature is the user location, which has been
used to develop interesting applications such as interactive museum tour gui-
des [PNZ+01]. However, according to Schmidt et al. [SBG99, Sch00], there
is more context than location. In response to this issue, some solutions such

15
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as [CDM03] propose very specific adapted models that consider only a few
more characteristics such as the user identity, his current activity, the device
he is using and time.

The schema proposed in the figure 4.1 is an example of an application spe-
cific context data model that has been designed on the basis of an example
scenario from [GBSV03]. The model describes the relationships between Users,
Applications, Locations and ServiceProfiles. In particular, it models the
use of a specific application that varies depending on the current user and lo-
cation context, i.e. the application chooses its service profile according to the
current user and the present location. Moreover, it provides the possibility to
adapt itself according to the time by remembering the lastUsedProfile.

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)person

users

application

applications

history

applicationHistory

profile

serviceProfile

location

locations

livesAt

worksAt

lastUsedProfile

hasProfile

uses

hasHistory

atLocation

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)(0,*)

(0,*)

(0,*)

person

Users

application

Applications

history

ApplicationHistory

profile

ServiceProfile

location
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livesAt

worksAt

lastUsedProfile

hasProfile

uses

hasHistory

atLocation

Figure 4.1: An application specific context data model

Although the aforementioned model already seems to be very powerful, it
describes only a specific situation. For instance it would be impossible to model
another kind of adaptation such as changing the application behaviour to suit
the current lighting setting or depending on the agenda information of the
current user. In order to achieve these goals, we would need to extend the
model further including the appropriate information by means of other data
collections and then rewrite the application code accordingly. However, this
solution results in changes in both the application and the data model, which
is tedious, not flexible and therefore undesirable.

One of the first steps towards the generalisation of the concept of context
has been done by Dey et al. with the Context Toolkit [SDA99, Dey00], which
is a framework that allows to integrate various sensory systems responsible to
collect the context information and provide some basic facility to process the
acquired data. However, the proposed solution lacks of a general data model
for context, which can enrich the collected data by increasing its semantic value
and transforming it into information. A very general approach is investigated
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by the authors of [KM03]. Presenting an ontology for mobile context aware
applications, they introduce new perspectives that allow to represent the con-
text information in a very general way. Moreover, they also consider several
meta-data, which play an important role for the effective description of context
information.

In the next sections we present in detail all the components of the data
model that we have developed to describe and control the context information.

4.2 Context Information Model

The context information is represented by means of three main components, i.e.
the element , the type and the instance as depicted in figure 4.2. The context
element describes the specific context abstraction such as the temperature in
the room or the people in the laboratory. The values of these characteristics
are subject to change depending on time and are modelled in terms of context
instances, which describe the value of the associated context element. Each
instance includes a timestamp attribute, in order to describe its temporal cha-
racteristics according to [HIR02] as shown in figure 4.6. Besides, they define
a confidence attribute, so that it is possible to describe the accuracy of the
values. The collection of context instances also defines the history of the values
of a given context, which is similar to our memory. The cardinality constraint
(1,1) on the target of the association instances ensures that each context
instance is associated to exactly one element.

(0,*)

(0,*)

(0,*)

(0,*)

(0,*)

ctx_element ctx_instancectx_type

app_dictionary

Dictionary

hasType

(1,*)

(1,1)

(0,*)

(1,1)

ctx_element

Context
Elements

ctx_instance

Context
Instances

ctx_type

Context
Types

app_dictionary

Dictionary

hasType

subject

instances

registers

Figure 4.2: Core model of context

This approach is similar to the key-value pairs already presented in other
solutions [NP03a, SG02] that is very powerful because in its simplicity it allows
to represent potentially any kind of information.

Every context element is associated to one context type as defined by the
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(1,1) constraint on the source of the association hasType. Hence it is possible
to define types of context that allow to categorise several context elements with
similar properties and operations. The context type defines a more general ab-
straction of the context elements, e.g. it is possible to define a common type for
temperature elements, and subtypes to represent the measurement units such
as temperature in Kelvin, or temperature in Celsius. For the sake of simplicity,
in figure 4.2 the type model is reduced to the collection Context Types. The
complete model for context types, supporting complex types and subtyping, is
shown in figure 4.7.

The cardinality constraint (1,*) on the target of the registers association
ensures that the context information is always bound to some entities, which are
represented by the Dictionary collection. These entities may be application
objects, or other information stored in external databases. In the proposed
solution we modelled them in term of a uniform resource identifier (URI)1

attribute, whose referential integrity has to be guaranteed.
When a new instance is created, the entities that are registered to the cor-

respondent context element are registered to the incoming instance as subject.
Thus, many entities can dynamically subscribe the same context. Consequently,
they will be associated to the relevant instances.

4.3 Acquisition of Context

The Context Producers collection in figure 4.3 represents the socket where it is
possible to plug-in all kind of context providers such as a face recognition system
that detects the users in a given environment or a thermometer. Each producer
is associated with a Quality profile describing characteristics such as coverage,
resolution, accuracy and frequency as proposed by Gray and Salber [GS01].
The producer’s quality is a useful information to compute the confidence value
for each sensed instance.

Although the simplest solution would be to consider the static accuracy
attribute of the sensor as the instance’s confidence, this is often not the best
solution because the final measurement confidence depends also on other pa-
rameters such as the light intensity or temperature depending on the physical
properties of the sensing device. Therefore, a policy to compute the instance’s
confidence should be defined appropriately for each type of provider or in par-
ticular cases for single provider instances.

The Context Elements, which are acquired by a context producer, are clas-
sified in the subcollection of context elements called Sensed Context [GS01],
and the correspondent instances are related to their producer by means of the
association providedValues. Hence, every instance of sensed context encom-
passes the meta-information about its source, which allows to detect potential
problems, recalibrate imprecise producers or shut down malfunctioning ones.

Besides, it is possible to associate a Mapper to a producer for a specific
context element. The goal of the mapper is to adapt the value that is provided
by the producer in order to agree with the defined type of the context element,

1http://www.w3.org/Addressing/, February 6, 2004

http://www.w3.org/Addressing/
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Figure 4.3: Context acquisition model

i.e. the mapper performs an important step towards the transformation of data
into information. Its generality allows to define any kind of transformation that
maps an atomic value into another one. Furthermore, a context mapper can be
reused for many producers and elements.

It is important to notice that the context information can be both implicit
and explicit. The implicit information is automatically collected by appropriate
sensors as described before. The explicit context information is the result of a
direct interaction between the user and the computer. In this case, the com-
ponent that is responsible to collect the corresponding context information is
modelled as context producer. Moreover, it may encompass several interaction
channels such as the classical desktop environment or an audio communication
based on speech recognition.

4.4 Context Aggregation

The Context Elements’ collection is partitioned into two subcollections, the
Sensed Context described in section 4.3 and the Aggregate Context. The
aggregate context depends on other context elements as shown in figure 4.4
and allows their instances to be aggregated in order to create a new instance
representing new information. For instance it is possible to combine the va-
lues coming from different sources concerning the same context, such as the
temperature and compute an average value over the measurements of the last
minute, or decide the correct identity of a person from uncertain data delivered
by different person recogniser systems.

The appropriate operations are described in terms of Aggregators that are
classified in a subcollection of Context Operators, which are reusable compo-
nents, which perform operations over some Context Type(s). The associations
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Figure 4.4: Context aggregation model

in and out describe their input and output parameters respectively. The aggre-
gator operator takes a list of instances as input and produces a new instance,
which is derived from the input.

The aggregate elements are notified and updated when a new value of a
context they depend on is added to the collection of Context Instances. Since
their instances are derived from other instances and not directly provided by a
producer, they are not referenced in the association providedValues.

4.5 Event Notification

Context is used to enable the application to adapt and react to incoming changes
in the environment. Hence, we need a mechanism to communicate with the
interested entities, in order to inform them if some relevant change in context
has occurred. It is important to define a mechanism that detects changes in
context, because the sensors delivers their measurements periodically to the
system. However, the application it is interested only in relevant changes in
context and not in the whole set of values. Therefore, we need a mechanism
that allows to filter out the irrelevant values and notifies only the relevant ones.

The Events are triggered only when the new context instances mean a
significant change in the current context. These conditions are embodied by
the Filter collection that is modelled as a partition of Context Operators.
The filter can control several contexts and describe different situations. When
an event is triggered, all the entities that are interested in the current context
are notified.

There are two approaches to notify the changes in context to the appli-
cation [SB00, BD03]. The first approach consist in implementing a passive
context-aware system. In such case the context information is made persistent
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for the applications, which regularly issue polling requests to retrieve the cur-
rent context information and adapt accordingly. The second approach consists
in allowing the context-aware system to interrupt the running application in
order to dispatch the current notification, resulting in an active context-aware
system.

(0,*) (0,1) (0,*) (0,*)

(0,*)

(0,*)

ctx_element

app_dictionary

Dictionary

ctx_event

Events

filter_operator

Filters triggers
(0,*) (0,1) (0,*) (0,*)

(0,*)

(0,*)

ctx_element

Context
Elements

app_dictionary

Dictionary

ctx_event

Events

filter_operator

Filters triggers interestedInfilterOp

Figure 4.5: Event notification model

The proposed model enables both solutions by defining the incoming chan-
ges in context as events that hang on certain conditions associated to specific
context elements as described in figure 4.5. Depending on the implementation
requirements, the triggered event can be handled in both ways. Passive context-
awareness can be easily achieved by generating a new instance of the event and
adding it to an event queue, which should be regularly checked by the interested
application. In this case, the events are made persistent for later retrieval. On
the other hand, events can be implemented providing the ability to interrupt
the application, realising an active context-aware system, which interrupts the
application only on the incoming changes. Consequently, the application can
promptly adapt and react.

The events are transformed into actions by the concerned application. Ac-
tions can be classified into three categories that indicate when they are exe-
cuted [Sch00]. The first category encompasses the actions that are performed
when a certain entity enters a given context. Similarly, actions can also be
carried out when an entity leaves the current context. Additionally, there are
actions that are performed while an entity is within a certain context, for in-
stance at regular intervals.
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4.6 Model Types and Interface

The model described in the previous sections defines its types and functions as
shown in figure 4.6. The types are described by means of a UML [RJB99] static
diagram that illustrates also the provided interface. We chose to represent this
schema by means of UML because it provide a good overview of the type’s
attributes and methods, whereas the graphical OM model [NW97] does not
allow to show these details. The basic types of the attributes are represented
by means of the interface definition language (IDL)2 notation.

+push_value(in value : any(idl))

-name : string(idl)
-desc : string(idl)

ctx_provider

+map_value(in value : any(idl)) : any(idl)

-name : string(idl)
-desc : string(idl)
-proc : string(idl)

ctx_mapper

+add_instance(in instance : object(idl))
+notify()
+get_events() : object(idl)
+get_subjects() : object(idl)
+get_dependent_context() : object(idl)

-name : string(idl)
-desc : string(idl)

ctx_element

+fire(in source : object(idl), in recipents : sequence(idl))

-name : string(idl)
-desc : string(idl)

ctx_event

+execute_op() : boolean(idl)

filter_operator

-name : string(idl)
-proc : string(idl)

ctx_operator

+new_instance()
+aggregate() : object(idl)

-proc : string(idl)
aggr_element

+execute_op(in instances : sequence(idl)) : object(idl)

list_operator

-name : string(idl)
-desc : string(idl)
-uri : string(idl)

app_dictionary

-value : any(idl)
-timestamp : long(idl)
-confidence : float(idl)

ctx_instance

Figure 4.6: UML static diagram of the the model types

2http://www.omg.org/gettingstarted/omg idl.htm, February 25, 2004

http://www.omg.org/gettingstarted/omg_idl.htm
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4.7 Overview of the Full Model

The components described in the previous sections cooperate as shown in fi-
gure 4.7, which represents the full OM model. Moreover, the full model illu-
strates the collection of context types in more details. The context type model
is similar to the type model of the OMS Pro system. Therefore, if the context
model has to integrated into the database management system, we can bind
the context model to the type model of the system to avoid duplicates.
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Figure 4.7: Overview of the full model
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Give me a lever long enough and a fulcrum on which to place it, and I
shall move the world.

—Archimedes

5
Prototype Implementation

In this chapter we illustrate the details of the prototype implementation of the
model discussed in chapter 4 in order to demonstrate its ability to describe and
control the relevant context information. The prototype implementation is ba-
sed on the object-oriented database management system OMS Pro [NWP+03,
OMS04], which offers a rapid prototyping interface, and the Prolog1 program-
ming language. The description of the methods and macros implemented within
the prototype is given in appendix B. An overview of the prototype architecture
is presented in the figure 5.5 by means of a UML sequence diagram [RJB99]
at the end of the chapter. The sequence diagram illustrates the interaction
between the various components and demonstrates the prototype interface.

5.1 Binding Executable Code to Database Objects

The OMS Pro system allows to define a set of database operations in terms
of macros, which are small applications on top of the database, methods and
triggers that are bound to an object type and are called upon an object in-
stance or a given event respectively. Methods and triggers are a kind of class
methods, because they are bound to a specific object class. In the developed
prototype, the four types filter_operator, list_operator, aggr_element
and ctx_mapper define an attribute called proc, which allows to implement an
instance method defined by means of the Prolog language. The instance method
is bound to a specific object instance of the corresponding type. By using this
feature, it is possible to create a set of objects instances of the same type that
implements different methods. These objects represent reusable functionality
elements, such as operations that can be performed on a set of instances as in
the case of the list_operator, e.g. compute an average over a list of values.
Another example is described by the transformations allowing to convert the

1http://www.sics.se/sicstus, February 4, 2004
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incoming sensor values to the correct internal representation, e.g. transforma-
tion of the temperature measurements from Celsius to Kelvin units as in the
case of an instance of the type ctx_mapper.

In order to provide the ability to store and execute specific pieces of code
for particular database objects, three main steps are required. First, we de-
fine the external procedure ir_check_hook, which is employed by OMS Pro
to check the intermediate representation2 of the binary code on the basis of
its signature information. The lines 4-5 of the listing 5.1 describe the input
and output parameters of the procedure defined in the proc field of the type
list_operator, i.e. the procedure takes a set of ctx_instances as input and
returns a new ctx_instance. This is done by means of an expression having
the format [(string,type,bulk)].

This technique is applied in a similar way also to the other three aforemen-
tioned types. For each type implementing this feature, you need to define a
new hook predicate adapting the lines 4-5 according to the input and output
parameters of the corresponding procedure. The definitions3 are placed in the
external source file context_logic.pl located in the database directory.

Listing 5.1: Intermediate Representation Check Hook
1 user : i r che ck hook ( proc , Obj−l i s t o p e r a t o r , i r ( prolog , IR) , Cir )

:−
2 Cir = c i r ( prolog , pro log ( InT ,OutT , IR1 ) ) ,
3 user : exp ( IR , IR1 ) ,
4 InP = [ ( in s tance s , c tx in s t ance , s e t ) ] ,
5 OutP = [ ( c ins tance , c tx in s t ance , uni ) ] ,
6 a t t r p r op s 2d e f s ( InP , InT) ,
7 a t t r p r op s 2d e f s (OutP ,OutT)
8 .

The second step consists in implementing a trigger on update [NWP+03]
for the corresponding type as shown in listing 5.2. The trigger is responsible to
invalidate the previously compiled code, which is in the system’s cache memory,
ensuring that the executed object code is always up to date. Hence, exploiting
the flexibility provided by OMS Pro, it is possible to modify the code at any
time, without the need of tedious manual recompilations. The second parameter
of the predicate invalidate_cached_bin is an arbitrary unique identifier for
the specific piece of code.

Listing 5.2: Trigger on update of the type list operator
1 i n v a l i d a t e l i s t o p e r a t o r p r o c :−
2 s e l f ( S e l f ) ,
3 i n v a l i d a t e c a ch ed b i n ( proc , S e l f− l i s t o p e r a t o r )
4 .

Finally, we need a method associated to the according type that is respon-
sible to fetch, compile and execute the code that is stored within the current

2OMS Pro API specification, http://www.oms.ethz.ch/omspro, February 10, 2004
3Every time we change the hook implementation, it is required to restart the OMS Pro

system.

http://www.oms.ethz.ch/omspro
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database object. The method execute_op defined by the type list_operator
in listing 5.3 is responsible to get the code from the proc field of the appropriate
object, compile and execute it. The execute_op method is used to compute
a new instance from a list of existing instances as shown in figure 5.1. The
method’s signature defines inputs and outputs according to the specific object
code signature; in this case it takes a list of instances as input and returns a new
single instance, as defined in listing 5.1. The second parameter of the compile
rule on line 4 is the same unique identifier as in listing 5.2.

Figure 5.1: Instance of list operator

Listing 5.3: execute op code of the list operator type
1 method ( [ L i s t ] , [ Outputs ] ) :−
2 s e l f ( S e l f ) ,
3 ge t a t t rva l by name ( Se l f , proc , Proc ) ,
4 compi le ( proc , Se l f−l i s t o p e r a t o r , Proc , Bin ) ,
5 execute proc (Bin , [ L i s t ] , [ Outputs ] )
6 .

As an example of list_operator’s functionality consider the listing 5.4.
The proposed code is responsible to calculate the average value from a list of
instances. The computed average is then stored as value in the new created
instance (lines 5-6). The confidence attribute is estimated as the average over
the input instances’ confidence values (lines 8-10). Finally the current time is
set as timestamp (lines 11-12).

The figure 5.1 illustrates an example of a list_operator. Exploiting the
strenghts of the OMS Pro’s rapid prototyping interface, the depicted compo-
nent can be used also to test the implemented operation by choosing a list of
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appropriate instances and executing the method execute_op, which returns a
new instance.

Listing 5.4: list operator implementation example
1 proc ( [ L i s t ] , [ CtxInstance ] ) :−
2 f indal l (V, ( member( I , L i s t ) , g e t a t t rva l by name ( I , value ,

V) ) , Vals ) ,
3 l i s t t o s e t ( Vals , Values ) ,
4 length ( Vals , Nof ) ,
5 c r e a t e ( CtxInstance , c t x i n s t an c e ) ,
6 s e t a t t rva l by name ( CtxInstance , value , Values ) ,
7 f indal l (C , ( member( I , L i s t ) , g e t a t t rva l by name ( I ,

con f idence ,C) , number (C) ) , Conf idences ) ,
8 s um l i s t ( Conf idences , CSum) ,
9 CAvg i s CSum / Nof ,

10 s e t a t t rva l by name ( CtxInstance , con f idence , CAvg) ,
11 nowOMS(Now) ,
12 s e t a t t rva l by name ( CtxInstance , timestamp , Now)
13 .

5.2 Aggregate Context

The aggregate elements, defined by the type aggr_element, call the method
execute_op of the associated operator to get a new context instance as depicted
in figure 5.5. Furthermore they use the add_instance method defined by their
supertype ctx_element, which is responsible to associate the new instance with
the appropriate subject entities, represented by the Dictionary collection. The
aggregate elements define a proc code field as described in the previous section.
This code is responsible to select the convenient context instances, which are
passed to the method execute_op. Its signature defines that this method does
not take any input and returns a list of instances.

Listing 5.5: Implementation of an aggregate element
1 proc ( , [ Out ] ) :−
2 aq l (’
3 range(
4 map I in
5 (range (instances dr (all E in c"

ContextElements" having (E=o754))))
6 by (I.timestamp x I)
7 )
8 ’ , , Set ) ,

10 g e t ex t ( Set , Ext ) ,
11 % order c h r o n o l o g i c a l l y
12 r e v e r s e (Ext , In s tance s ) ,
13 % take 10 in s t ance s
14 getX ( Ins tances , 1 0 , Out)
15 .
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An example selection is given in the listing 5.5; in this case we select the
last ten instances of the temperature context identified by the object with
oid=o754, by means of the AQL query language [NWP+03] and the OMS Pro
API [OMS04]. The Prolog rule getX(+List,+X,-First) in line 14 is defined
in the external definition file context_logic.pl and it is responsible to get the
first X elements in a List.

Another example of context aggregation implemented within the prototype
is the generation of a list of people present in a given room or environment from
the single person identity instances provided by a pattern recognition system
located within the GlobIS laboratory. This example is presented in listing 5.6.

Listing 5.6: aggregate element selecting the instances of the last minute
1 proc ( , [ Out ] ) :−
2 % ge t the users in l a b in the l a s t minute
3 nowOMS(Now) , Time i s Now−60,
4 t okens to token (
5 [ ’
6 all C in range(
7 map I in
8 (range (instances dr (all E in c"ContextElements"

having (E=o1447))))
9 by (I.timestamp x I)) having (C.timestamp > ’ , Time , ’

)
10 ’ ] , Query ) ,
11 aq l (Query , , Set ) ,
12 g e t ex t ( Set , Out)
13 .

In this case, the aggregate element is responsible to select all the instances
that identify the users within the GlobIS laboratory provided by the corre-
sponding sensors in the last minute as described by the query in the lines 6-9
in listing 5.6. Finally, the selected instances, which are indicated by the Out
variable, are passed to the associated operator, which is given as example in
listing 5.7.

First, the list_operator fetches the value of each instance setting them
in a list and eliminates the duplicates by means of the list_to_set predicate
in line 4. Second, the confidence attribute is derived as the average over the
confidence values of the aggregated instances. Finally, the operator sets the
timestamp, providing the temporal information for the current context.

Listing 5.7: list operator responsible to produce a list of users
1 proc ( [ L i s t ] , [ CtxInstance ] ) :−
2 % compute the aggrega t e va lue
3 f indal l (V, ( member( I , L i s t ) , g e t a t t rva l by name ( I , value ,

V) ) , Vals ) ,
4 l i s t t o s e t ( Vals , Values ) ,
5 length ( Vals , Nof ) ,
6 % crea t e a new ins tance
7 c r e a t e ( CtxInstance , c t x i n s t an c e ) ,
8 s e t a t t rva l by name ( CtxInstance , value , Values ) ,
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9 % se t the con f idence va lue
10 f indal l (C , ( member( I , L i s t ) , g e t a t t rva l by name ( I ,

con f idence ,C) , number (C) ) , Conf idences ) ,
11 s um l i s t ( Conf idences , CSum) ,
12 CAvg i s CSum / Nof ,
13 s e t a t t rva l by name ( CtxInstance , con f idence , CAvg) ,
14 % se t the timestamp informat ion
15 nowOMS(Now) ,
16 s e t a t t rva l by name ( CtxInstance , timestamp , Now)
17 .

In the aforementioned example we demonstrate how it is possible to derive
new context information from other context. For instance we considered the
location information of single users, to produce a more specific context such
as the group of users that are present within a given environment. The ag-
gregation of context is achieved by means of two components. The first one is
responsible to select the relevant instance to aggregate, while the second one
defines the operation responsible to create the new instance, which is structu-
red in three sections: compute the new value based on the input instances, set
the appropriate confidence information and provide the corresponding temporal
characteristic in terms of a timestamp.

Since the aggregate elements are not directly measured by a context produ-
cer, their instances are not referenced in the providedValues association, thus
they are not bound to any specific producer.

5.3 Definition of Events

The context elements (ctx_element) implement the notify method, which is
called whenever a producer provides a new context instance in order to start
the context adaptation mechanism as shown in figure 5.5.

When the notify method is called, the aggregate elements first update
themselves by creating a new instance by means of the method new_instance
implemented by the type aggr_element, then the current context values are
checked using the optional filter_operator, which defines the conditions un-
der which the corresponding event has to be triggered. Moreover each context
element notifies the directly dependent elements, as described by the basedOn
association in figure 4.7. Consequently, all related contexts are updated by
calling their notify method.

An example of definition of such a filter is provided in listing 5.8. In this
case the filter checks if the users identified by the names Moira, Michael and
Corsin are present in the GlobIS laboratory by controlling the last instance
of the appropriate context element. The filter simply returns a boolean value
indicating whether the conditions are satisfied or not.

Listing 5.8: Implementation of a filter operator
1 proc ( [ ] , [ Out ] ) :−
2 aq l (’
3 range(
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4 last(
5 map I in
6 (range (instances dr (all E in c"ContextElements"

having (E=o1452))))
7 by (I.timestamp x I)))’ , , Last ) ,
8 ge t a t t rva l by name ( Last , value , Users ) ,
9 (member(’Moira’ , Users ) , member(’Michael’ , Users ) , member(

’Corsin’ , Users ) −>
10 Out=true
11 ;
12 Out=f a l s e
13 )
14 .

The filter operator takes several contexts as input and returns a boolean
flag indicating whether or not a certain event has to be triggered. Actually, a
filter may control many contexts of different context types, such as temperature,
humidity and location. At the moment, the prototype does not provide any type
checking mechanism to ensure the correctness of the implemented operations.

The events are triggered by the associated context element by calling the
fire method, which is implemented by the objects of type ctx_event. The ele-
ment that causes the event indicates itself as the source responsible for the event,
and the corresponding recipients, which are described by the interestedIn col-
lection in figure 4.7.

In the implemented prototype, the events are simulated by means of screen
information messages as illustrated by figure 5.2. The message includes the
name of the event, the name of the source context, the last context instance
value and the entities that should be notified. The implementation of the event
handler should be adapted in order to integrate the model within an application.

Figure 5.2: Event notification example

5.4 Sensor Abstraction and Simulation

Context producers are defined as shown in figure 5.3 by their name and a
description. Furthermore, they implement the method push_value, which is



32 CHAPTER 5. PROTOTYPE IMPLEMENTATION

responsible to create the corresponding context instance and associate it with
the producer by referencing them in the providedValues association.

The method push_value calls add_instance and notify, which are provi-
ded by the context element’s interface in order to associate the new instance
with the appropriate objects and notify to the system the incoming changes.
This mechanism allows to transform the measured data coming from the sensing
devices into veritable information by enhancing its semantic value and setting
the appropriate associations. The figure 5.5 illustrates the calling sequence of
the interface methods.

Figure 5.3: Context producer’s graphical user interface

The producer may measure the context properties in a different format
from the one defined by the context type in our system. For this purpose, it is
possible to associate a producer and a given context with an optional context
mapper (ctx_mapper), which converts the measured value into a format that
complies the internal context representation. For instance, it is possible to
convert the temperature provided by the producer shown in fugure 5.3 from
Celsius to Kelvin by means of a mapper defining the functionality described
in listing 5.9. The lines 3-11 ensure that the input value is of correct numeric
format, and finally the arithmetic operation is performed in line 12.

Especially for testing purposes, a single producer may provide many con-
texts, i.e. the same sensed data is transformed into different formats, by creating
an instance for each provided context.

Listing 5.9: Converting sensor values from Celsius to Kelvin
1 proc ( [ In ] , [ Out ] ) :−
2 % check the input va lue and conver t i t i n t o ’ r e a l ’
3 ( atom codes ( In , InS ) −>
4 ( catch ( number codes ( Ce l s ius , InS ) , , f a i l ) −>
5 true
6 ;
7 sthrow ( t yp e e r r o r ( c e l s i u s 2 k e l v i n ( In , Out) ,1 , r ea l , In ) )
8 )
9 ;
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10 sthrow ( t yp e e r r o r ( c e l s i u s 2 k e l v i n ( In , Out) ,1 , r ea l , In ) )
11 ) ,
12 Out i s Ce l s i u s + 273
13 .

5.5 Connecting a Real Sensor

In order to connect an external sensor to the prototype, it is required to start
the OMS Pro server as explained in [NWP+03] selecting the OPL option. This
option allows to feed in data in the database from an external application
driving the sensor by calling an appropriate defined macro.

The macro newSensorValue represents the socket for the external sensors.
It takes a sensor value and the corresponding sensor oid as input parameters,
thus it calls the method push_value of the indicated sensor in order to add
the new value into the system. An example of this technique is illustrated by
means of a simple Java4 program in the listing 5.10.

By using the JARToolkit [JAR04], a Java binding to the ARToolKit [ART04],
i.e. the Augmented Reality Toolkit, and a simple web cam as sensing hardware,
it is possible to implement a pattern recognition system that simulates a person
recogniser installed within the GlobIS laboratory. This application provides the
user identity according to the recognised pattern. A pattern example is illu-
strated in figure 5.4.

It is important to notice that the sensory system can only deliver an iden-
tifier associated with the recognised pattern. The OMS Pro server connection
enables the person recogniser application to feed in the person identity infor-
mation. Consequently, the gathered information is augmented. The identifier
is transformed into an application object that represents the corresponding
person, the appropriate associations are set, and the depending contexts are
updated. Finally the correspondent events are triggered.

Listing 5.10: Java code to bind an external sensor
1 import ch . ethz . g l o b i s . omspro . s e r v e r . OMSConfig ;
2 import ch . ethz . g l o b i s . omspro . s e r v e r . OMSConnection ;
3 import ch . ethz . g l o b i s . omspro . s e r v e r . OMSRequest ;

5 public class Test {

7 public stat ic void main ( St r ing [ ] a rgs ) {
8 // se r v e r p r o p e r t i e s
9 St r ing host = "localhost" ;

10 int port = 1071 ;
11 int t imeout = 5000 ;

13 // sensor in format ion
14 St r ing sensorID = "o1445" ;
15 int sensorData = 20 ;

4http://java.sun.com, February 4, 2004

http://java.sun.com
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17 try {
18 OMSConfig c on f i g =
19 new OMSConfig ( false , host , port , t imeout ) ;
20 OMSConnection connect ion =
21 new OMSConnection ( c on f i g ) ;
22 St r ing message =
23 "newSensorValue("
24 + sensorData
25 + ","
26 + sensorID
27 + ")." ;
28 OMSRequest r eque s t =
29 new OMSRequest ( con f i g , "" , "opl" , message ) ;
30 connect ion . send ( r eque s t ) ;
31 } catch ( Exception e ) {
32 e . pr intStackTrace ( ) ;
33 }
34 }
35 }

Figure 5.4: ARToolKit pattern example

5.6 Quality Information

An important meta-information that is modelled within our solution is the
quality of the context producers, which is relevant to the computation of the
confidence attribute of each context instance.
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The quality of the sensors is described by a set of characteristics embodied
by the type pro_quality. However, the behavioural profile of a sensor may
vary depending on several contextual parameters; consequently computing the
confidence value for specific contexts provided by sensors can be very complex.
For instance, the quality of a pattern recognition process performed using a vi-
deo camera may vary depending on the lighting, whereas other physical sensors
such as accelerometers and gyroscopes behave in different ways depending on
parameters like temperature and humidity.

For the sake of simplicity, the implemented prototype simply assumes the
provider’s accuracy as the instances’ confidence value. Aggregate context ele-
ments on the other hand, should define a mechanism to compute the confidence
information in the proc field as in listing 5.4.

5.7 Prototype Overview

The UML sequence diagram proposed in figure 5.5 illustrates how the different
components of the implemented prototype collaborate with each other. The
diagram is based on the interface explained in section 4.6. It illustrates the
operations that are required in order to insert a new value into the prototype
system. It explains how to compute an aggregate context and finally it shows
how the appropriate events are triggered.
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Figure 5.5: UML sequence diagram of the prototype



There is nothing like a dream to create the future.

—Victor Hugo

6
Future Work

Our data model for context information may be considered as a starting point
in order to integrate context-awareness into more complex systems. In this
work, we concentrate in particular on some basic aspects of context information.
The implemented prototype has shown its strength and has demonstrated that
it is possible to build a comprehensive and general model, which describes
the context that characterises the content and allows to define specific control
mechanisms without the need to hard-code them in the application.

For instance, the flexibility of the proposed model should allow to deploy it
for user-computer interaction by means of dialogues, which can be described for
instance using the VoiceXML1 technology. The computer dialogues can be con-
trolled by means of special events responsible to control the computer messages,
whereas the user’s answers can be processed by means of appropriate drivers,
which are connected to the system through the context producer abstraction.

Each model represents a simplification of reality, hence some characteristics
are inevitably not considered within the proposed model. The implemented pro-
totype also shows several perspectives that may be considered and investigated
in future works.

At the moment, the proposed prototype system allows to define the control
mechanisms by means of objects implementing their functionality in Prolog. A
possible extension of the prototype consists in the integration of support also
for other programming languages such as OIL [NWP+03].

The system could be improved further by designing a specific language that
facilitates the definition of control mechanisms such as the context aggregation
and the triggering of events. For this purpose, the model could be extended in
order to allow to parametrise the control procedures and thus allow to minimise
the need for writing application code, extending its modularity and reusability.

An important issue, which is worth investigating in future works concerns

1http://www.w3.org/Voice/, February 16, 2004
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the information security [BPR01], and privacy in particular. Considering the
information delivery on public communication channels and private informa-
tion, the ability to choose between different security policies is very important.
For the SOPHIE project, it will be relevant to decide whether a certain infor-
mation can be published on a public display or not. The system should know
under which condition it is allowed to deliver a piece of information on a specific
communication channel. PDAs play an important role for ubiquitous compu-
ting, but also our environment could exploit them in order to deliver private
information that can’t be publicly disclosed. Thus we may also consider to
extend our smart information environment in the direction of personal devices,
enabling the information delivery also on personal information channels.

Our model provides a technique to describe the quality of the information
producers, which is then used to define the confidence attribute of each instance.
The quality profile of the context producers depends also on context. This is
true in particular for physical sensors, which may produce better measurements
under certain conditions, whereas in other situations they provide less reliable
data. This behaviour is caused by their physical properties depends on exter-
nal characteristics such as temperature, humidity and lighting. Therefore, if
physical sensor has to be intensively used within the system, it would be worth
investigating these relationships, in order to improve the system’s reliability.

Our model already allows the subjects to be distributed in several appli-
cations and systems. The context information is also suited to be distributed
throughout several applications within a system and not managed in a cen-
tralised way. Moreover, context is already distributed in nature, in fact each
application has its own context. Therefore, an interesting development direction
is to investigate how to distribute the context information and how to define the
communication between the different applications and systems. One accredited
possibility would be to achieve the communication by means of the web ser-
vices2 technology and the SOAP3 protocol. Peer-to-peer systems are another
interesting solution, which may be applicable in this field. A distributed solu-
tion has the benefit of dividing up the information management between several
applications. Consequently, it abridges the complexity of the whole system and
increases its performance.

The presented model has shown that it is possible to design a general me-
chanism to describe and control the context information. Since there are se-
veral benefits for a system, which is able to exploit context-awareness, it is
worth thinking about how to integrate a similar model into the core system, for
instance within the OMS Pro database management system. In order to pro-
vide such mechanisms at system level it is important to design a meta-model,
which is placed even at a higher abstraction level. We propose in figure 6.1 a
meta-model, which can be considered as a starting point in this direction. The
meta-model allows to define with high flexibility but also strong formalism the
various operations in terms of sensors and notifiers. The model in figure 6.1
defines the physical sensors as sensors that do not have any input parameters,

2http://www.w3.org/2002/ws/, February 16, 2004
3http://www.w3.org/2000/xp/Group/, February 16, 2004

http://www.w3.org/2002/ws/
http://www.w3.org/2000/xp/Group/
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while a sensor taking some input parameter is used to define operations on
context. The notifiers are modelled in a similar way and can define both
communication functions and actuation patterns. It is out of the scope of this
work to describe the meta-model in further details, we leave this discussion
open for future works.
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Figure 6.1: Meta-model overview
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Computers are useless. They can only give you answers.

—Pablo Picasso

7
Conclusion

By considering the existing research work in the field of context-aware com-
puting, we have realised that several approaches lack a general infrastructure
definition, especially in terms of a general data model describing context. The
existing abstractions are offered in terms of frameworks facilitating the integra-
tion of different sensor systems for the collection of context data. However, they
do not define good semantic interpretation of the collected data. Therefore, the
data are passed to the application, which is responsible to interpret and process
the incoming data.

We believe that a good general data model, which describes context as
information about other information, i.e. as meta-information, can be a great
improvement on the developing of context-aware applications. The extended
use of context in computer applications can provide new interaction mechanisms
and facilitate the user’s tasks. Moreover, it can produce several benefits, for
instance increasing the quality of collaborative work, by providing to the user
the relevant information concerning a project team already in the appropriate
context.

Furthermore, the computer applications may use the context information in
order to gain important knowledge without the direct intervention of the user,
enabling new human-computer interaction paradigms and especially opening
new interaction dimensions that render the computing process invisible.

In the field of information systems, context can be employed as the driving
technology that allows to manage a huge quantity of information and it empo-
wers the system to deliver the right information to the right people at the right
moment. The information may be delivered on various communication chan-
nels, which are also chosen according to the current situation appropriately.

In this thesis, we have demonstrated the use of a context model, which can
be further integrated within existing systems and can provide several control
mechanisms for context information. Consequently, the context information
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is used to enrich the content, enabling the the whole system to adapt itself
to several situations. Moreover, the proposed model allows to select specific
information or resources depending on the context information by means of
appropriate queries.



A
Glossary

Context Element It describes the abstract context information such as the
temperature or the person identity. The corresponding values are repre-
sented by the context instances. A context element may be associated to
several values, that represent the same context information at different
time, or different subjects.

Context Instance The collection of context instances represents the set of
context values of a given context element. Each instance belongs to exac-
tly one context element, and is provided by a single source.

Context Producer The context producer is an abstraction over the devices
that can generate context values. They represent the SOPHIE driver for
the various context sensors. They can be both hardware and software
devices.

Context Type The type information allows to define similar classes of context
elements and associate them to similar properties and operations.
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B
Method Description

In this chapter we describe briefly the functionality provided by the methods
of each type in the model and their relationships. The operations for the con-
text model are implemented by means of the Operation Specification Language
(OPL) [NWP+03].

B.1 Context Producers

ctx producer::push value(+value)

Creates a new context instance from the measured sensor data for each
associated context element. The sensor data is transformed by means
of the optional associated mapper into an appropriate format conform
to the context type.
Furthermore, it sets the instance’s timestamp and confidence at-
tributes. This method is responsible to relate each created in-
stance to their producer, referencing them in the producedValues
association. The instances are added by calling the methods
ctx_element::add_instance and ctx_element::notify.

B.2 Mappers

ctx mapper::map value(+value, -new value)

This method fetches the code defined in the proc field, compiles and
executes it. The code is defined in the proc field and must take
one parameter as input and return one as output. It is called by
ctx_producer::push_value(value), in order to transform the sen-
sor values into the adequate representation.
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B.3 Context Elements

ctx element::add instance(+ctx instance)

Adds the new instance and references it in the subject associa-
tion, according to the registered entities expressed by the association
registers.

ctx element::get dependent ctx(-set of ctx element)

Gets the closure of dependent contexts, i.e. both the directly and
indirectly dependent contexts.

ctx element::get events(-set of ctx events)

Gets all events triggered by the current context element.

ctx element::get instances(-set of ctx instance)

Gets all instances of a given context element.

ctx element::get last instance(-ctx instance)

Gets the last instance according to its timestamp.

ctx element::get providers(-set of ctx producer)

Gets all providers of a given context element.

ctx element::get subjects(-set of app dictionary)

Gets the subjects of the context element.

ctx element::get type(-ctx type)

Gets the type of the context element.

ctx element::notify()

Checks if some event has to be triggered by means of the associated
filter. Besides, it notifies the availability of new instances to the context
elements that directly depend on it.

Aggregate Context

The aggr_element is a subtype of ctx_element, hence it provides all the afo-
rementioned functionality. Moreover, it implements the following methods that
allow other context instances to be aggregated.

aggr context::aggregate(-ctx instance)

Executes the code stored in the proc field, which selects a list of instan-
ces to pass to the list_operator that performs the specific operation
and returns a new instance. This method does not associate the in-
stance with its subjects.
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aggr context::get operator(-list operator)

Gets the associated operator of type list_operator.

aggr context::new instance()

First, a new instance is created by calling the aggregate method.
Finally, it announces the newly created instance by means of the
add_instance method, which sets all the corresponding associations.
This method is called whenever an aggregate element is notified of
relevant changes, in order to update the current context.

B.4 Context Operators

Both the list_operator and filter_operator types implement the method
execute_op, which is responsible to fetch, compile and execute the code defined
in the proc attribute. Their signature and behaviour are different, as explained
in the following sections.

List Operators

list operator::execute op(+set of ctx instances, -ctx instance)

Computes a new instance from a list of instances passed as input. It is
responsible also to define the timestamp and confidence fields. It is
called by the method aggr_context::aggregate.

Filter Operators

filter operator::execute op(-boolean)

It returns a boolean indicating whether a given context is satisfied. It
is called by the method ctx_element::notify in order to decide what
events have to be triggered.

B.5 Context Events

ctx event::fire(+ctx element, +set of app dictionary)

This method is called by a context element by means of the
ctx_element::notify method if the conditions expressed by the as-
sociated filter operator are fulfilled. The first parameter describes the
context element that calls the method. The second one represents the
set of recipients (app_dictionary), which are interested in the event
that will be triggered as defined by the association interestedIn.
At the moment, it shows a pop-up message indicating the event’s name,
the context responsible for the event, its last instance value and the
recipients of the message. The implementation of this method has to
be changed accordingly, if the events has to be handled in different
ways.
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B.6 Macros

deleteInstances()

Deletes all instances from the system. This affects the collection
ContextInstances and the associations instances, subject and
providedValues

newSensorValue(+value, +ctx producer oid)

Inserts a new sensed value into the system by calling the method
push_value of the appropriate context producer. This macro repre-
sents the socket where external sensors can be plugged in. It can be
called from external applications when the OMS Pro OPL server is
running.

registerAsSubject(+ctx element, +app dictionary)

Registers the input app_dictionary entity as subject of the input
ctx_element. Consequently, from now on each context instance that
is created for the mentioned context element is associated with its re-
gistered subject entity.

registerForEvents(+ctx element, +ctx event, +filter operator,
+app dictionary)

Registers the input app_dictionary entity in the interestedIn asso-
ciation for a given event. The conditions under which the event has
to be triggered are expressed by the filter_operator. It also sets the
appropriate references in the associations triggers and filterOp.
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