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Preface

Computing in context has become a necessity in modern and intelligent I'T ap-
plications. With the use of mobile devices and current research on ubiquitous
computing, context-awareness has become a major issue. However, context and
context-awareness are crucial not only for mobile and ubiquitous computing.
They are also vital for spanning various application areas, such as collaborative
software and Web engineering, personal digital assistants and peer-to-peer infor-
mation sharing, health care workflow and patient control, and adaptive games
and e-learning solutions. In these areas, context serves as a major source for
reasoning, decision making, and adaptation, as it covers not only application
knowledge but also environmental knowledge. Likewise, modeling and retrieving
context is an important part of modern knowledge management processes.

In addition, context can play a role in determining what information a sys-
tem should provide. This is important for supporting the users of automated or
intelligent systems, for tasks such as explaining how solutions are found, what
the system is doing, and why it operates in a certain way. The methods applied
and the advice given have to be explained, so that the user can understand the
process and agree on decisions. Context is equally important for deciding when
to provide uncertain or blurred information, e.g., when using a tracking system
in situations for which either revealing the current position, or denying access
to it, would have adverse effects.

In this wide range of applications, context is now more than just location.
It is seen as a multi-dimensional space of environmental aspects, even including
non-physical facets like emotions. Hence, models for representing context have
evolved from using simple key-value pairs to using current methods and tech-
niques derived from artificial intelligence and knowledge management, e.g., logic,
object relationship models, and ontologies.

Appropriate context management methods are an important prerequisite for
using this contextual information, e.g., to determine or assign a context to a sit-
uation, to cope with the fuzziness of context information and, especially because
of mobility, to deal with rapidly changing environments and unstable information
sources. Therefore, advanced models, methods, and tools are needed to provide
mechanisms and techniques for structured storage of contextual information, to
provide effective ways to retrieve it, and to enable integration of context and ap-
plication knowledge. This entails the need for artificial intelligence mechanisms
in context-aware applications.

Nine papers from the Second International Workshop on Modeling and Re-
trieval of Context, MRC 2005, held at the 19th International Joint Conference
on Artificial Intelligence, in Edinburgh, Scotland, July 31-August 1, 2005, were
selected and extended for this book. A major goal of the workshop was to study,
understand, and explore the handling of context in IT applications. The follow-
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ing papers illustrate the state of the art of context modeling and elicitation as
well as identification and application of context in different application scenarios.

Anders Kofod-Petersen and Jorg Cassens propose an interdisciplinary ap-
proach, using Activity Theory, to model context and then populate the model
for assessing situations in a pervasive computing environment. Thus, they pro-
vide a knowledge-intensive context model from a socio-technical perspective.

Sven Schwarz introduces a context model for personalized knowledge manage-
ment applications. The approach is based on an ontology that describes different
aspects of a knowledge worker’s information needs. Contextual information is
gathered by user observation. The paper describes several implemented example
applications.

Dominik Heckmann describes a service for modeling situations and retriev-
ing contextual information in mobile and ubiquitous computing environments
using Semantic Web technology. The paper introduces a General User Model
and Context Ontology, called GUMO.

The next three papers describe layered architectures for context management,
each with a different focus. The first paper describes a generic architecture, the
second paper focusses on contextualized decisions, and the third paper deals
with imperfection and aging of contextual information.

Kayu Wan, Vasu Alagar, and Joey Paquet describe and evaluate a generic,
component-based architecture for developing context-aware systems. They pro-
pose a three tier model in which the first tier deals with perception, the second
tier deals with context management, and the third tier deals with context adap-
tation.

The paper by Oana Bucur, Philippe Beaune, and Olivier Boissier discusses
steps towards contextualized decisions. It addresses the problem of how to dis-
tinguish relevant from non-relevant context for a given task. The basis of the
solution is a context definition and model for a context-aware agent that is able
to learn to select relevant contexts. The three tier architecture comprises a layer
of context sources, a context management layer, and a layer of agents that reason
with context.

Andreas Schmidt deals with imperfection handling and controlled aging of
contextual information. The paper presents a three layer model and its appli-
cation to a context-aware learning environment for corporate learning support.
The model distinguishes an internal layer with a context information base, a
logical layer containing context feature values, and an external layer where the
context information is applied.

The papers by Maria Chantzara and Miltiades Anagostou and by Aviv Segev
(as well as by Bucur, Beaune, and Boissier mentioned above), present approaches
to identifying appropriate contexts.

Maria Chantzara and Miltiades Anagnostou look into quality-aware discovery
of context information. They introduce the Context Matching Engine which
allows discovery of appropriate context sources for customized context-aware
services.
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The paper by Aviv Segev deals with identification of multiple contexts of
a situation. The context recognition algorithm presented uses the Internet as a
knowledge base. In the example described the real-time approach is successfully
applied to ongoing textual conversations such as chats.

The paper by Michael Fahrmair, Wassiou Sitou, and Bernd Spanfelner pro-
poses a generic mechanism for designing context awareness and adaptation be-
havior with formal methods. It introduces the concept of an adaptation context
as a characterization of the system after carrying out an adaptation.

We hope that this research snapshot will be a useful foundation for future
research on modeling and reasoning about context.

February 2006 Thomas R. Roth-Berghofer
Stefan Schulz
David B. Leake
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Using Activity Theory to Model
Context Awareness

Anders Kofod-Petersen and Jorg Cassens

Department of Computer and Information Science (IDI),
Norwegian University of Science and Technology (NTNU),
7491 Trondheim, Norway
{anderpe,cassens}@idi.ntnu.no
http://www.idi.ntnu.no/

Abstract. One of the cornerstones of any intelligent entity is the abil-
ity to understand how occurrences in the surrounding world influence its
own behaviour. Different states, or situations, in its environment should
be taken into account when reasoning or acting. When dealing with dif-
ferent situations, context is the key element used to infer possible actions
and information needs. The activities of the perceiving agent and other
entities are arguably one of the most important features of a situation;
this is equally true whether the agent is artificial or not.

This work proposes the use of Activity Theory to first model context
and further on populate the model for assessing situations in a pervasive
computing environment. Through the socio-technical perspective given
by Activity Theory, the knowledge intensive context model, utilised in
our ambient intelligent system, is designed.

1 Introduction

The original vision of ubiquitous computing proposed by Weiser [I] envisioned
a world of simple electronic artefacts, which could assist users in their day to
day activities. This vision has grown significantly. Today the world of ubiqui-
tous computing, pervasive computing or ambient intelligence uses visions and
scenarios that are far more complex. Many of the scenarios of today envision
pro-active and intelligent environments, which are capable of making assump-
tions and selections on their own accord.

Several examples exist in the contemporary literature, such as the help Fred
receives from the omnipresent system Aura in [2] p. 3], and the automagic way
that Maria gets help on her business trip in [3, p. 4]. More examples and com-
ments can be found in [4]. Common to many of these examples are the degree
of autonomy, common sense reasoning, and situation understanding the systems
involved exhibit.

To be truly pro-active and be able to display even a simple level of common
sense reasoning, an entity must be able to appreciate the environment which it
inhabits; or to understand the situations that occur around it. When humans
interpret situations, the concept of context becomes important. Humans use an

T.R. Roth-Berghofer, S. Schulz, and D.B. Leake (Eds.): MRC 2005, LNAI 3946, pp. 17 2006.
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abundance of more or less subtle cues as context and thereby understand, or
at least assess, situations. The ability to acquire context and thereby fashion
an understanding of situations, is equally important for artefacts that wish to
interact (intelligently) with the real world. Systems displaying this ability to
acquire and react to context are known as contexrt-aware systems.

A major shortfall of the research into context-aware systems is the lack of a
common understanding of what a context model is, and perhaps more impor-
tantly, what it is not. This shortfall is very natural, since this lack of an agreed
definition of context also plagues the real world. No common understanding of
what context is and how it is used exists. So, it is hardly surprising that it is
hard to agree on the artificial world that IT systems represent.

Most of the research today has been focused on the technical issues associated
with context, and the syntactic relationships between different concepts. Not so
much attention has been given to context from a knowledge level [5] perspective
or an analysis of context on the level of socio-technical systems [6].

This is the main reason for the approach chosen here. It should be feasible to
look at how we can use socio-technical theories to design context-aware systems
to supply better services to the user, in a flexible and manageable way. The
approach should facilitate modelling at the knowledge level as well and further-
more enable the integration of different knowledge sources and the presentation
of knowledge content to the user.

It can be stated that one of the most important context parameters avail-
able in many situations is the activity performed by an entity present in the
environment. We therefore believe that by focusing on activities we will gain a
better understanding of context and context awareness; thus bringing us closer
to realise truly ambient intelligent systems.

Several approaches to examine activity have been proposed, like e.g. Actor-
Network Theory [7], Situated Action [8] or the Locales Framework [9]. One of
the most intriguing theories, however, is Activity Theory based on the works
of Vygotsky and Leont’ev [I0,11L[12]. This work proposes the use of Activity
Theory to model context and to describe situations.

Although our approach is general, in the sense that it is applicable to different
domains, we are not trying to define a context model which will empower the
system to be universally context aware, meaning it will be able to build its
own context model on the fly. Although this would be a prerequisite for truly
intelligent systems, IT-systems are usually designed for specific purposes and
with specific tasks in mind where the system has to support human users. They
are used by people with specific needs and qualifications, and should preferably
adapt to changes in these needs over time [I3}[14]. The aim of the work presented
in this article is to assist the design of such systems which are tailored to support
such kind of human work.

This article is organised as follows: first some background work on the use of
context in cognition is covered. Secondly, some important concepts of Activity
Theory are introduced. This is followed by an explanation of how Activity The-
ory can be utilised to model contextual information, including an illustrative
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example. In Section Bl the knowledge model, including context employed in this
work, is described. Finally, some pointers for future work are presented.

2 Context in Cognition

The concept of context is closely related to reasoning and cognition in humans.
Even though context might be important for reasoning in other animals, it is
common knowledge that context is of huge importance in human reasoning.

Beside the more mechanistic view on reasoning advocated by neuroscience,
psychology and philosophy play important roles in understanding human cogni-
tion. It might not be obvious how computer science is related to knowledge about
human cognition. However, many sub-fields in computer science are influenced
by our knowledge about humans; and other animals.

The field of Artificial Intelligence has the most obvious relations to the study of
reasoning in the real world, most prominently psychology and philosophy. Since
AT and psychology are very closely related and context is an important aspect
of human reasoning, context also plays an important role in the understanding
and implementation of Artificial Intelligence.

AT has historically been closely connected to formal logic. Formal logic is
concerned with explicit representation of knowledge. This leads to the need to
codify all facts that could be of importance. This strict view on objective truth
is also known in certain directions within philosophy, where such a concept of
knowledge as an objective truth exists. This can be traced back to e.g. the logic
of Aristotle who believed that some subset of knowledge had that characteristic
(Episteme). This view stands in stark contrast to the views advocated by people
such as Polanyi, who argues that no such objective truth exists and all knowledge
is at some point personal and hidden (tacit) [I5].

Since context is an elusive type of knowledge, where it is hard to quantify
what type of knowledge is useful in a certain situation, and possibly why, it
is obvious that it does not fit very well with the strict logical view on how to
model the world. Ekbia and Maguitman [I6] argue that this has led to the fact
that context has largely been ignored by the AI community. This observation
still holds some truth, despite some earlier work on context and AI, like Doug
Lenat’s discussion of context dimensions [I7], and the other work we discuss
later in this section.

Ekbia and Maguitman’s paper is not a recipe on how to incorporate contex-
tual reasoning into logistic systems, but rather an attempt to point out the defi-
ciencies and suggest possible directions AI could take to include context. Their
work builds on the work by the American philosopher John Dewey. According
to Ekbia and Maguitman, Dewey distinguishes between two main categories of
context: spatial and temporal context, coherently know as background context;
and selective interest. The spatial context covers all contemporary parameters.
The temporal context consists of both intellectual and existential context. The
intellectual context is what we would normally label as background knowledge,
such as tradition, mental habits, and science. Existential context is combined
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with the selective interest related to the notion of situation. A situation is in
this work viewed as a confused, obscure, and conflicting thing, where a human
reasoner attempts to make sense of this through the use of context. This view,
by Dewey, on human context leads to the following suggestion by the pragmatic
approach [16] p. 5]:

1. Context, most often, is not explicitly identifiable.

2. There are no sharp boundaries among contexts.

3. The logical aspects of thinking cannot be isolated from material considera-
tions.

4. Behaviour and context are jointly recognisable.

Once these premises have been set, the authors show that the logical approach
to (artificial) reasoning has not dealt with context in any consistent way. The
underlying argument is that Al has been using an absolute separation between
mind and nature, thus leading to the problems associated with the use of context.
This view on the inseparability of mind and nature is also based on Dewey’s work.
This view is not unique for Dewey. In recent years this view has been proposed
in robotics as situatedness by Brooks [I8[19,20], and in ecological psychology
by J. J. Gibson [21].

Through the discussion of different logic-based AI methods and systems, the
authors argue that Al has not yet parted company with the limitations of logic
with regards to context. Furthermore, they stress the point of intelligence being
action-oriented; based on the notion of situations described above.

The notion of intelligence being action-oriented, thus making context a tool
for selecting the correct action, is shared by many people within the computer
science milieu. Most notably the work by Strat [22], where context is applied
to select the most suitable algorithm for recognition in computer vision, and
by Oztiirk and Aamodt [23] who utilised context to improve the quality and
efficiency of Case-Based Reasoning.

Strat [22] reports on the work done in computer vision to use contextual
information in guiding the selection of algorithms in image understanding. When
humans observe a scene they utilise a large amount of information (context) not
captured in the particular image. At the same time, all image understanding
algorithms use some assumptions in order to function, creating an epistemic
bias. Examples are algorithms that only work on binary images, or that are not
able to handle occlusions.

Strat defines three main categories of context: physical, being general informa-
tion about the visual world independent of the conditions under which the image
was taken; photogrammetric, which is the information related the acquisition of
the image; and computational, being information about the internal state of the
processing. The main idea in this work is to use context to guide the selection of
the image-processing algorithms to use on particular images. This is very much
in line with the ideas proposed by Ekbia and Maguitman, where intelligence is
action-oriented, and context can be used to bring order to diffuse and unclear
situations.
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This action-orientated view on reasoning and use of context is also advocated
by Oztiirk and Aamodt [23]. They argue that the essential aspects of context
are the notion of relevance and focus. To facilitate improvements to Case-Based
Reasoning a context model is constructed. This model builds on the work by
Hewitt, where the notion of intrinsic and extrinsic context types are central.
According to Hewitt, intrinsic context is information related to the target item
in a reasoning process, and extrinsic is the information not directly related to
the target item. This distinction is closely related to the concepts of selective
interest and background context as described by Dewey. The authors refine this
view by focusing on the intertwined relationship between the agent doing the
reasoning, and the characteristics of the problem to be solved. This is exactly
the approach recognised as being missing in Al by Ekbia and Maguitman.

Oztiirk and Aamodt build a taxonomy of context categories based on this
merger of the two different worlds of information (internal vs. external). Beside
this categorisation, the authors impose the action, or task, oriented view on
knowledge in general, and contextual knowledge in particular. The goal of an
agent focuses the attention, and thereby the knowledge needed to execute tasks
associated with the goal. The example domain in their paper is from medical
diagnostics, where a physician attempts to diagnose a patient by the hypothesise-
and-test strategy. The particular method of diagnostics in this Case-Based Rea-
soning system is related to the strategy used by Strat. They differ insofar that
Strat used contextual information to select the algorithms to be used, whereas
Oztiirk and Aamodt have, prior to run-time, defined the main structure of a
diagnostic situation, and only use context to guide the sub-tasks in this process.

Zibetti et al. [24] focus on the problem of how agents understand situations
based on the information they can perceive. To our knowledge, this work is
the only one that does not attempt to build an explicit ontology on contextual
information prior to run-time. The idea is to build a (subjective) taxonomy of
ever-complex situations solely based on what a particular agent gathers from the
environment in general, and the behaviour of other agents in particular.

The implementation used to exemplify this approach contains a number of
agents “living” in a two-dimensional world, where they try to make sense of
the world by assessing the spatial changes to the environment. Obviously the
acquisition of knowledge starting with a tabula rasa is a long and tedious task
for any entity. To speed up the process the authors predefined some categories
with which the system is instantiated.

All in all, this approach lies in between a complete bottom-up and the top-
down approaches described earlier.

3 Activity Theory

In this section, we concentrate on the use of Activity Theory (AT) to support
the modelling of context. Our aim is to use AT to analyse the use of technical
artefacts as instruments for achieving a predefined goal in the work process as
well as the role of social components, like the division of labour and community



6 A. Kofod-Petersen and J. Cassens

rules. This helps us to understand what pieces of knowledge are involved and
the social and technological context used when solving a given problem.

First in this section, we will give a short summary of aspects of AT that are
important for this work. See [25] for a short introduction to AT and [26,27] for
deeper coverage. The theoretical foundations of AT in general can be found in
the works of Vygotsky and Leont’ev [10,[1T112].

Activity Theory is a descriptive tool to help understand the unity of con-
sciousness and activity. Its focus lies on individual and collective work practise.
One of its strengths is the ability to identify the role of material artefacts in
the work process. An activity (Fig. []) is composed of a subject, an object, and
a mediating artefact or tool. A subject is a person or a group engaged in an
activity. An object is held by the subject, and the subject has a goal directed
towards the object he wants to achieve, motivating the activity and giving it a
specific direction.

Artefact

pd .

Subject Object

Fig. 1. Activity Theory: The basic triangle of Mediation

Some basic properties of Activity Theory are:

— Hierarchical structure of activity: Activities (the topmost category) are
composed of goal-directed actions. These actions are performed consciously.
Actions, in turn, consist of non-conscious operations.

— Object-orientedness: Objective and socially or culturally defined proper-
ties. Our way of doing work is grounded in a praxis which is shared by our
co-workers and determined by tradition. The way an artefact is used and the
division of labour influences the design. Hence, artefacts pass on the specific
praxis they are designed for.

— Mediation: Human activity is mediated by tools, language, etc. The arte-
facts as such are not the object of our activities, but appear already as
socio-cultural entities.

— Continuous Development: Both the tools used and the activity itself are
constantly reshaped. Tools reflects accumulated social knowledge, hence they
transport social history back into the activity and to the user.

— Distinction between internal and external activities: Traditional cog-
nitive psychology focuses on what is denoted internal activities in Activity
Theory, but it is emphasized that these mental processes cannot be properly
understood when separated from external activities, that is the interaction
with the outside world.



Taking a closer look on the hierarchical structure of activity, we can find the
following levels:

— Activity: An individual activity is for example to check into a hotel, or to
travel to another city to participate at a conference. Individual activities can
be part of collective activities, e.g. when someone organises a workshop with

Using Activity Theory to Model Context Awareness

some co-workers.

— Actions: Activities consist of a collections of actions. An action is performed
consciously, the hotel check-in, for example, consists of actions like presenting

the reservation, confirmation of room types, and handover of keys.

— Operations: Actions consist themselves of collections of non-conscious oper-
ations. To stay with our hotel example, writing your name on a sheet of paper
or taking the keys are operations. That operations happen non-consciously
does not mean that they are not accessible.

It is important to note that this hierarchical composition is not fixed over time.
If an action fails, the operations comprising the action can get conceptualised,
they become conscious operations and might become actions in the next attempt
to reach the overall goal. This is referred to as a breakdown situation. In the same
manner, actions can become automated when done many times and thus become

operations. In this way, we gain the ability to model a change over time.

An expanded model of Activity Theory, Cultural Historical Activity Theory
(CHAT), covers the fact that human work is done in a social and cultural con-
text (compare e.g. [28.29]). The expanded model (depicted in Fig. 2)) takes this
aspect into account by adding a community component and other mediators,
especially rules (an accumulation of knowledge about how to do something) and

the division of labour.

Artefact

7\

Subject

Object

/NN

Rules

Fig. 2. Cultural Historical Activity Theory: Expanded triangle, incorporating the com-

munity and other mediators

Community

Division of Labour
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In order to be able to model that several subjects can share the same object, we
add the community to represent that a subject is embedded in a social context.
Now we have relationships between subject and community and between object
and community, respectively. These relationships are themselves mediated, with
rules regarding to the subject and the division of labour regarding to the object.

This expanded model of AT is the starting point for our use of AT in the
modelling of context for intelligent systems.

4 Activity Theory and Context Awareness

The next step is to identify which aspects of an Activity Theory based analy-
sis can help us to capture a knowledge level view of contextual knowledge that
should be incorporated into an intelligent system. This contextual knowledge
should include knowledge about the acting subjects, the objects towards which
activities are directed and the community as well as knowledge about the medi-
ating components, like rules or tools.

4.1 Activity Theory for the Identification of Context Components

As an example, we want the contextual knowledge to contain both information
about the acting subject itself (like the weight or size) and the tools (like a
particular software used in a software development process). To this end, we
propose a mapping from the basic structure of an activity into a taxonomy of
contextual knowledge as depicted in Table[] (the taxonomy is described in more
detail in Section (). We can see that the personal context contains information
we would associate with the acting subject itself.

Table 1. Basic aspects of an activity and their relation to a taxonomy of contextual
knowledge

|CHAT aspect |Category |
Subject Personal Context

Object Task Context
Community Spatio-Temporal Context
Mediating Artefact Environmental Context
Mediating Rules Task Context

Mediating Division of Labour|Social Context

We would like to point out that we do not think that a strict one to one
mapping exists or is desirable at all. Our view on contextual knowledge is con-
textualised itself in the sense that different interpretations exist, and what is to
be considered contextual information in one setting is part of the general knowl-
edge model in another one. Likewise, the same piece of knowledge can be part
of different categories based on the task at hand.

The same holds for the AT based analysis itself: the same thing can be an
object and a mediating artefact from different perspectives and in different task
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settings. The mapping suggested here should lead the development process and
allow the designer to focus on knowledge-level aspects instead of being lost in the
modelling of details without being able to see the relationship between different
aspects on a socio-technical system level.

As an example, let us consider a software development setting where a team
is programming a piece of software for a client. The members of the team are
all subjects in the development process. They form a community together with
representatives of the client and other stake-holders. Each member of the team
and personnel from other divisions of the software company work together in a
division of labour. The object at hand is the unfinished prototype, which has to
be transformed into something that can be handed over to the client. The task
is governed by a set of rules, some explicit like coding standards some implicit
like what is often referred to as a working culture. The programmers use a set of
mediating artefacts (tools), like methods for analysis and design, programming
tools, and documentation.

When we design a context-aware system for the support of this task, we in-
clude information about the user of the system (subject) in the personal context
and about the other team members in the environmental context. Aspects re-
garding the special application a developer is working on (objects) are part of
the task context, it will change when the same user engages in a different task
(lets say he is looking for a restaurant). The rules are part of the task context
since they are closely related to the task at hand — coding standards will not
be helpful when trying to find a restaurant. We find the tool aspects (artefacts)
in the environmental context since access to the different tools is important for
the ability of the user to use them. Knowledge about his co-workers and other
stake-holders (community) are modelled in the spatio-temporal contezt. Finally,
his interaction with other team members (division of labour) is described as part
of the social context.

In the design process, we can also make use of the hierarchical structure of
activities. On the topmost level, we can identify the activities the context-aware
system should support. By this, we can restrict the world view of the system
and make the task of developing a context model manageable. Further on, we
can make use of the notion of actions to identify the different situations the sys-
tem can encounter. This helps us to asses the different knowledge sources and
artefacts involved in different contexts, thereby guiding the knowledge acquisi-
tion task. Finally, since operations are performed subconsciously, we get hints
on which processes should be supported by automatic and proactive behaviour
of the system.

Let us consider our example again. We know that the activity we want to
support is the development of an I'T system. Therefore, we can restrict ourselves
to facets of the world which are related to the design process, and we do not
(necessarily) have to take care of supporting e.g. meetings some of the team
members have as players at the company’s football team. On the other hand,
the system has to be concerned with meetings with the customer. Further on,
different actions which are also part of the activity should be supported, like
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e.g. team meetings or programming sessions, and the different actions involved
can lead to the definition of different situations or contexts.

A context-aware application should therefore at all times know in which action
the user is engaged. This is, in fact, the main aspect of our understanding of the
term context awareness. At last, to support the operations of the user, it might
be necessary to proactively query different knowledge sources or request other
resources the user might need without being explicitly told to do so by the user.
This is at the core of what we refer to as context sensitivity in order to distinguish
between these two different aspects of context.

It is important to keep in mind that the hierarchical structure of activities is in
a constant state of flux. Activity Theory is also capable of capturing changing con-
texts in break-down situations. Lets consider that a tool used in the development
process, such as a compiler, stops working. The operation of evoking the compiler
now becomes a conscious action for the debugging process. The focus of the devel-
oper shifts away from the client software to the compiler. He will now be involved
in a different task where he probably will have to work together with the system
administrators of his work-station. In this sense other aspects of the activity, such
as the community, change as well. It is clear that the contextual model should re-
flect these changes. The ability of Activity Theory to identify possible break-down
situations makes it possible for the system designer to identify these possible shifts
in situation and model the anticipated behaviour of the system.

4.2 Other Aspects of Activity Theory and Context

Other work on the use of AT in modelling context has been conducted e.g. by
Kaenampornpan and O’Neill [30]. This work is focusing on modelling features
of the world according to an activity theoretic model. However, the authors do
not carry out a knowledge level analysis of the activities. We argue that our
knowledge intensive approach has the advantage of giving the system the ability
to reason about context so that it does not have to rely on pattern matching
only. This is helpful especially in situations where not all the necessary features
are accessible by the system, for example because of limits of sensory input in
mobile applications. On the other hand, Kaenampornpan and O’Neill further
on develop a notion of history of context in order to elicit a users goals [31].
This work deals with the interesting problem of representing the user’s history
in context models which we have not addressed explicitly in this article.

Li and Landay [32] propose an activity based design tool for context aware
applications. The authors’ focus lies not on the use of Activity Theory in the
context model itself but on supporting the designer of context aware applications
with a rapid-prototyping tool. An interesting idea is the proposed integration of
temporal probabilistic models.

Wiberg and Olsson [33] make also use of Activity Theory, but their focus lies
on the design of context aware tangible artefacts. The usage situation is well
defined upfront and no reasoning about the context has to be done.

When we look at the design of IT-systems in general and not only the issue
of context-awareness, we find that Activity Theory has been applied to many
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different areas of system development. For example, AT was used in health care
settings as a tool to support development of information systems [34]. It has also
been used in the design of augmented reality systems, as reported in [35] and
for a posteriori analysis of computer systems in use [36]. A comparative survey
of five different AT based methods for information systems development with
pointers to additional examples was conducted by Queak and Shah [37].

In our own work, we are also using Activity Theory to support modelling
other, not context depending aspects of intelligent systems. For example are we
focusing on breakdown situations in order to enhance the explanatory capabili-
ties of knowledge-rich Case-Based Reasoning systems [38].

5 Context Model

The context model used in this work draws on a subjective view on situations.
That is, even though the model is general, any instance of the model belongs
to one user only. Thus, as in [24], any situation will be described form the
personal perspective, leading to the possibility of many instances describing the
“same” situation. This is in contrast to the leading perspective, where a system
will describe objective situations, and leans towards Polanyi’s perspective of all
knowledge being personal [15].

In the extreme consequence the model used by any subject could also be
personal and unique. However, to avoid the problem of a tabula rasa we have
chosen a pragmatical view on how to model context. The model is based on the
definition of context given by Dey [39], applying the following definition:

Context is the set of suitable environmental states and settings con-
cerning a user, which are relevant for a situation sensitive application in
the process of adapting the services and information offered to the user.

This definition from Dey does not explicitly state that context is viewed as
knowledge. However, we believe that the knowledge intensive approach is re-
quired if we wish a system to display many of the characteristics mentioned in
the introduction. At the same time we also adhere to the view advocated by
Brézillon and Pomerol [40] that context is not a special kind of knowledge. They
argue that context is in the eye of the beholder: “...knowledge that can be
qualified as ‘contextual” depends on the context!” [40} p.7]

Even though we argue for a context model where context is not a special
type of information, we also believe that only a pragmatical view on context will
enable us to construct actually working systems. Following this pragmatic view
we impose a taxonomy on the context model in the design phase (see Fig. [)).
This taxonomy is inherited from the context-aware tradition and adopted to
make use of the general concepts we find in Activity Theory.

The context is divided into five sub-categories (a more thorough discussion
can be found in [41] or [42)):

1. Environmental context: This part captures the users surroundings, such
as things, services, people, and information accessed by the user.
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2. Personal context: This part describes the mental and physical information
about the user, such as mood, expertise and disabilities.

3. Social context: This describes the social aspects of the user, such as infor-
mation about the different roles a user can assume.

4. Task context: the task context describe what the user is doing, it can
describe the user’s goals, tasks and activities.

5. Spatio-temporal context: This type of context is concerned with at-
tributes like: time, location and the community present.

The model depicted in Fig. [4] shows the top-level ontology. To enable the
reasoning in the system this top-level structure is integrated with a more gen-
eral domain ontology, which describes concepts of the domain (e.g., Operating
Theatre, Ward, Nurse, Journal) as well as more generic concepts (Task, Goal,
Action, Physical Object) in a multi-relational semantic network. The model en-
ables the system to infer relationships between concepts by constructing context-
dependent paths between them. We are approaching the situation assessment by
applying knowledge-intensive Case-Based Reasoning [43]. One of the important
aspects of knowledge-intensive Case-Based Reasoning is the ability to match two

Environmental Context

Artefact

\4

Personal Context Subject Object Task Context

NN

Rules Community Division of Labour

Outcome

Task Context Spatio-Temporal Context Social Context

Fig. 3. Mapping from Activity Theory to context model

User Context

‘ Personal Context ‘ ‘ Task Context ‘ ‘ Social Context ‘ ‘ Spatio-Temporal Context ‘ ‘ Environmental Context

‘ Physiological Context ‘ ‘ Mental Context ‘

Fig. 4. Context taxonomy
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case features that are syntactically different, by explaining why they are similar
[44,145).

The generic concepts are partly gathered through the use of activity theoretic
analysis. These concepts include the six aspects shown in Fig. [3l The top-level
taxonomy including the concepts acquired from AT is depicted in Fig. Bl The
context model is now primed to model situations and the activities occurring
within them.

If we look at the model we can see how each of the AT aspects are modelled.
The artefact exists within the environmental context, where it can offer services
that can perform actions, which assist the subject (described in the personal
contezt) in achieving the goals of the role (in the social context) played by the
subject. Other persons, being part of the situation through the environmental
context, can also affect the outcome (goal) of the situation. They are cast in
different roles that are part of the community existing in the spatio-temporal
context. The roles also implicitly define the division of labour in the community.
The rules governing the subject are found in the task context.

6 Ongoing and Future Work

We have outlined how the design of context-aware systems can benefit from
an analysis of the underlying socio-technical system. We have introduced a
knowledge-level perspective on the modelling task, which makes it possible to
identify aspects of knowledge that should be modelled into the system in order
to support the user with contextual information. We have furthermore proposed
a first mapping from an Activity Theory based analysis to different knowledge
components of a context model. The basic aspects of our socio-technical model
fit nicely to the taxonomy of context categories we have introduced before, thus
making AT a prime candidate for further research.

The use of Activity Theory allows for system designers to develop the general
models of activities and situations. General models are necessary to support the
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initial usage of the system. They are an important prerequisite for the Case-
Based Reasoning system to integrate new situations; thereby adapting to the
personal and subjective perspective of the individual user.

In Section Bl we have formulated the problem of identifying the tasks connected
to a particular situation, the goals of the user, and the artefacts and information
sources used. We argue that our Activity Theory based approach is capable of
integrating these cognitive aspects into the modelling process.

The integration of an a posteriori method of analysis with design methodolo-
gies is always challenging. One advantage AT has is that it is process oriented,
which corresponds to a view on systems design where the deployed system itself
is not static and where the system is able to incorporate new knowledge over
time [46]. Activity Theory has its blind spots, such as modelling the user inter-
action of the interface level. However, in this particular work we are not focusing
on user interfaces; thus, these deficiencies do not affect this work directly. Still,
one of our future goal is to combine AT with other theories into a framework of
different methods supporting the systems design process [47].

Nevertheless, one of the next steps is to formalise the relationship between
different elements of an AT based analysis and the knowledge contained in the
different contextual aspects of our model. This more formalised relationship is
being put to the test on a context modelling task, using an AT based analysis of
a socio-technical system to support the design of our context-aware intelligent
system (see for an example [48] for a description of the system).

We have recently initiated a project where everyday situations in a health
care setting are being observed and documented. These observations are being
used to test the situation assessment capabilities of our system. We have used
a modelling approach based on Cultural Historical Activity Theory. This allows
us to identify the different actions the medical staff is involved with and the
artefacts and information sources used.

We have already instantiated a context model for this scenario using the topol-
ogy described earlier in this paper. We are currently in the process of populating
the model based on our observations. At the same time, we are refining our
knowledge engineering methodologies for translating the findings into a knowl-
edge model.

Our system also includes an agency part, which is described in [49]. Based on
the context-aware situation assessment being carried out, this agency supplies
context-sensitive problem solving [50]. We are in the process of extending the
analysis of the situations to model the way our decompose agent decomposes
and solves problems.
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A Context Model for Personal Knowledge
Management Applications
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Abstract. In the research project EPOSEl we build a pro-active, context-
sensitive support system to aid the user with his knowledge work, which
is mostly about searching, reading, creating, and archiving of documents.
In order to avoid distracting the user, the context gathering is realized
by installable user observation plugins for standard applications such as
Mozilla Firefox and Thunderbird.

The main part of this paper is about the definition of a context model
for the personal knowledge management domain. The context model in-
corporates only contextual elements relevant to satisfy the knowledge
worker’s potential information need. It stores only information items
known to the user (such as links to his own documents, folders, etc.), as
well as, shared ontologies to assure an understanding of the context.

The context is modeled in RDF/S and can be retrieved by context-
aware applications from the context support system via an XML-RPC
call.

1 Introduction

Although the same term is used by linguists, psychologists, and computer scien-
tists, “context” is understood in a variety of ways. To talk about context does
not make sense without talking about its application and the scenario it is used
in. We will therefore start with a short introduction of the research scenario.

The overall goal of the research project EPOS [4] (Evolving Personal to Or-
ganizational knowledge Spaces) is to build up organizational/group-wide struc-
tured knowledge from the information items and structures (already) present at
the members of the organization/group. In order to encourage each worker to
archive and structure his own knowledge, the worker himself should be the first
person to utilize his own structuring effort. This is the knowledge management
bait. Instead of doing it because of an obligation, the worker does it to enhance
his own support, to make his own work faster and better.

Now, what does it mean to support a worker with his own structures and
information items? There are two alternatives for potential support: First, a
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sophisticated retrieval of structures (folders/categories) and information items
(documents) will support the user when he searches for material. Second, ac-
cording to the worker’s current context, potentially relevant structures and in-
formation items can be presented in a pro-active way, i.e., without the worker
even asking for them.

Without going into discussions about good, humane assistance interfaces, the
second alternative demands for capturing the worker’s context as unobtrusively
as possible. Hence, we envision to realize a context-sensitive support being both,
pro-active and unobtrusive, and this calls for an automatic supply of user actions
to automatically capture the user’s context. EPOS relies on user observation to
gather evidences for contextual information, which raises privacy issues of course.
However, the user can, of course, disable and enable the observation of his actions
at any time. Tackling the privacy issue further is out this paper’s scope.

The remainder of this paper is structured as follows: Section 2] describes our
scenario and the knowledge worker’s world. Section [ defines an appropriate
context model for that scenario. Section M then explains how the context model
is being filled. Section Bl shows how the context can be retrieved and how it can
used. Section [6] presents some concrete examples of applications already created
using our context methodology. After some related work in section [7 the paper
concludes with section

2 The EPOS Scenario

A knowledge worker searches for documents, reads, writes, archives, and struc-
tures (classifies) them. A lot of the work is already done with the standard
functionality of today’s PCs, that is, by using the functionality of standard appli-
cations (web browser, email client, text processor) and the operating system (file
system). Structuring/classification of documents is, for instance, typically done
using file folders. However, classification using file folders poses two problems:
First, a document can only be classified using one folder, and second, folder hier-
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Fig. 1. Container hierarchies resemble the user’s individual views, for example, relevant
Projects and Topics
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archies nearly never follow a consistent scheme. Therefore, EPOS initially starts
with folder hierarchies already present on the user’s PC. Beyond this, EPOS
allows to build up additional, more consistent container hierarchies, which can
then be used for a more consistent and multiple classification of documents.

A user will typically create several such container hierarchies, resembling his
individual and subjective views of the world. Consequently, these container hi-
erarchies are also called views. One view can be the topics view containing a
hierarchy of containers representing scientific topics. To be more precise, such a
view is a DAG (directed acyclic graph), so a topic can have more than just one
super topic. That way the user creates a simple topic ontology. Analogously, the
user can also build a projects view including containers for relevant projects. It
can also be useful to have a contacts view, and maybe an events view, too, and
so on. The point is, a document can be classified by putting it into all relevant
containers. Let’s take this paper as an example: It is about context and user
observation, and it has to do with project EPOS. Hence, we can put that paper
into the following three containers (see figure [)):

— Topics/KnowledgeManagement/Context
— Topics/Machinelearning/UserObservation
— Projects/EP0OS

2.1 The Personal Knowledge Space

EPOS makes use of and accesses the native structures present on the user’s
PC. These are the documents (files), folders, emails, and so on. We pointed out,
that EPOS also promotes building up multiple and more consistent container
hierarchies (views). Documents can be put into these containers as a form of
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Fig. 2. EPOS allows for creating and browsing the personal semantic web. Example:
The resource Sven Schwarz is an organizational person with some attributes and some
links. Some attributed link (dc:creator) shows, he is the creator of his homepage.
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classification. It is important to note, that for the personal knowledge space
these view-containers do not simply contain some documents. Moreover, the
semantics of the container is defined by the contained documents (instance-based
semantics). That way, EPOS can help to classify both old and new documents.

Moreover, EPOS allows for relating several resources with each other. A doc-
ument can be linked to some other document via a dc:relation link for ex-
ample. Even more interesting is the usage of links with richer semantics: Using
dc:creator some web page can be linked to some person (address book con-
tact), declaring this person is the creator of that web page (see figure 2)). To be
more precise, EPOS supports building up a personal semantic web on the user’s
PC. This approach has been described in [TT}12].

2.2 The Knowledge Worker’s World

Let’s sum up the facts about our scenario by defining the (closed) world of a
knowledge worker by giving a concrete list of the objects and tools he uses:

Document-like objects:

— Documents (HTML, plain text, wiki pages, PDF)
— Emails
— Notes (tiny text snippets created with EPOS Notes)

Objects useful for structuring/classification:

— File-Folders

Topics (knowledge management, machine learning, etc.)

— Contacts, addresses (persons)

— Organizational entities (projects, organizations, etc.)

— Workflows and Tasks (from a workflow management system)

Note: All these structuring objects are potentially available both as individual
ones (stored on the user’s PC), as well as, organizational ones (hosted on some
group-wide server) [5].

Applications:

— Text processor

— Web browser

Email client

Address book (of the email client)

EPOS Notes (tiny note-taking tool, which is part of EPOS, see section [G.2])
— File system, brainFiler (classification of documents)

— Organizational Repository (manages organizational entities, not handled in
detail in this paper)

FRODO TaskMan (Workflow Management System [6,[1])

Now, that we have explained the scenario and defined the (abstract) world of
the knowledge worker, we can go over to explicitly model his context.

2 http://www.brainbot.de
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3 Modeling Context

When modeling the user’s context we have to take into account his working (desk-
top) environment. In our scenario, a knowledge worker is mainly doing document
oriented work (searching, reading, creating, archiving, classifying), as well as, or-
ganizational work (communicating with colleagues, executing workflow tasks).
Hence, the user’s context contains information about currently or recently read
documents, relevant topics, relevant persons, relevant projects, etc., that is, ex-
actly the objects listed in section[Z.2l In EPOS, the user’s context comprises a va-
riety of aspects (see figure[3]) each containing aspect-specific contextual elements.
Examples in this paper focus on the informational and the organizational aspect.

Informational Aspect ~ Operational Aspect
- Touched Documents - Active Applications & Services

Causal Aspect - Relevant Domains (recently used)

- Task Concepts (Goals)
- Tasks / Workflows

Organisational Aspect

- Current Role of the User
- Projects, Departments, etc.

. Environmental Aspect

Behavioral Aspect p
X . - Location (Room)

- Native Operations i . . - Present Persons (Room)

- User Actions Attentional Aspect Historical Aspect - Used Hardware (PC vs. Laptop)

- Text Scope (Cursor) - Previous Tasks

Fig. 3. In EPOS, the user’s context comprises various aspects

We used Protégéﬁ to realize an explicit and formal context model in RDF/ 4.
The classes, especially the Context class, and properties therein define the pa-
rameters for the user’s context. An actual user context is represented by an
instance of this context model, respectively, of the Context class. This instance,
simply called context object, is permanently kept up-to-date. Hence, the current
context of the user is then just a snapshot of the (one and only) context object
and its contents. For every contextual information available, the context object
contains so-called contextual elements wrapping the respective contextual infor-
mation. For example: There could be some contextual elements wrapping the
links to web pages the user recently browsed to while other contextual elements
wrap some of the user’s topics currently relevant.

Besides the core contextual information, these contextual elements also con-
tain information about their confidence. Observed contextual information will
have a confidence of 1.0 whereas estimated contextual elements, like automati-
cally classified topics, will mostly have a lower confidence. Furthermore, contex-
tual elements contain information about their creation and the support they give

3 http://protege.stanford.edu/
4 http://www.w3.org/TR/rdf-schema/
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to or receive from other contextual elements. This allows for some explanation,
as well as, for some global probability calculation on all of the elements in the
user’s context.

More important than the structure of the contextual element is the contex-
tual information they convey. Before applications can use a context snapshot
they have to understand the contextual information. As our context model is
grounded in the user’s personal knowledge space (see section [2.1]), contextual el-
ements represent real-life entities of the user’s world. For example: touched doc-
uments, visited/classifying folders, recently touched or related persons, projects,
and so on. This makes it easy for applications to understand and use the con-
textual information provided by our context service. Figure [ shows a concrete
real-life snapshot of the user’s context. Only the informational and the organi-
zational aspect have been extracted, e. g., behavioral information (actions of the
user) has been elided to keep the RDF data as readable as possible.

It is important, that the context relies on the user’s own personal knowledge
space, i.e., his individual and subjective view of the world; therein for example
the previously described topic ontology. This holds especially for the similarity of
two user contexts. Their similarity is grounded on the similarity of the user’s own
view of the world. For example: For one user the topics workflow and business
process modeling are the same while for a different user both topics are only
similar. This means, the context model and contextual similarity adapt to the
user.

4 Gathering and Eliciting Context

Context can be gathered and modeled using user observation and/or user feed-
back. However, relying on user feedback is critical. The context-sensitive support
must be nearly perfect to keep even motivated users doing feedback all of the
time. But still, even with perfect support, the user will stop giving feedback as
soon as he is feeling stress and has no more time “to feed his context tamagotchi”.
Thus, unobtrusive and reliable gathering and modeling of context demands for
permanent user observation. Of course the user must be able to toggle the user
observation on and off whenever he likes.

Instead of integrating some low-level hooks into the operating system, EPOS
created plugins for a set of standard applications from the scenario. The advan-
tage is, that the plugins integrated in the applications can deliver more precise
information than raw mouse movements, clicks, or key strokes. The price we
pay is, that new applications can not be observed unless someone writes an
observation plugin for it.

Again our scenario tells us, which applications we need to observe to gather
the most interesting elements of the user context:

File Explorer (handling documents and folders)

— Email Client (communication with colleagues)

— Web Browser (searching and browsing for documents/information)
Text Processor (reading and writing documents)
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User Observation for Mozilla Thunderbird (email client) and Mozilla Firefox
(web browser) is realized in form of Mouzilla extensions. That way they can be
easily installed using an XPI-file. Besides, the user can configure and (de)activate
the observation from within the application. File explorer and text processor
plugins are still in development, but email communication and web browsing
already allows for gathering very interesting contextual information. Anyway,
all plugins send the observed user operations via simple XML-RPC calls to the
listening Context Service, where the context object is updated accordingly. For
example, when I opened an email in Mozilla Thunderbird, the following XML-
RPC / HTTP POST is sent to http://localhost:9998/RPC2:

<methodCall>
<methodName>epos_context_MozUserObsApi.eventViewEmail</methodName>
<params><param><value><struct>
<member><name>EmailURI</name>
<value><string>imap://schwarz@serv-4100/INBOX#18423</string></value>
</member><member><name>FolderURI</name>
<value><string>imap://schwarz@serv-4100/INBOX</string></value>
</member><member><name>Subject</name>
<value><string>Personal and [...] - New Issue Alert</string></value>
</member><member><name>Sender</name>
<value><string>"alerts@springerlink.de</string></value>
</member>

</struct></value></param></params>
</methodCall>

Note, that the parameters are enclosed by <! [CDATA[. . .]]1>, really. For sim-
plicity, these tags have been removed in the snippet above. After the XML-RPC
has been sent, a servlet in the Context Server catches this event and calls the
corresponding method:

public void eventViewEmail (Hashtable hashtable) {
String emailURI = (String)hashtable.get("EmailURI");
String subject = (String)hashtable.get("Subject");

ViewEmail nop = new ViewEmail(); // nop stands for "native operation"
nop.setURI (emailURI);
nop.setSubject (subject) ;

getContextServer.addNopToContext (nop) ;

We created an ontology of user operations using Protégé and RDF/S. The
Java class ViewEmail used in the code snippet above has been generated by
rdf2java [2] to wrap the corresponding RDF class in the Context Model’s RDF
Schema. All properties (outgoing edges) of some RDF object can be get and
set by the Java wrapper. This allows very comfortable creation, handling, and
passing of RDF data.

Besides parameterizing, the user operations are modeled hierarchically (is-a
relations) to allow fine, as well as, coarse handling of user operations. For
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Context Identification

Work Item Identification

Object Context Identification
Object Organizational Domain
Typeldent.  Entityldent. Ident. :

Worksp Interface / Event Collect
File system Mozilla/IE  Open Office  jEdit
wrapper plugins wrapper  plugin "
A A A
Personal Information Model (Overlap) Native Structures (wor

Fig. 4. The context elicitation is realized as a modular, pipelined architecture [13]

example: ViewEmail and SendEmail are EmailOperations; and AddBookmark
is both a BookmarkOperation and an ArchiveOperation. A context-aware ap-
plication can decide wether it is sufficient to know about the user doing some
EmailOperation or wether ViewEmail and SendEmail leads to different user
contexts and, thus, to different contextual support.

Adding the new native operation (nop) to the context means, first, creating a
ConteztualElement for the nop, and, second, raising a ConteztualElementAdded-
FEvent. This event will be catched by context elicitation modules. Taking the
received user operations as evidences, more higher-level contextual information
is estimated: Potentially relevant topics the user works on are inferred on the
basis of recently touched documents (see section ). Additionally, a case-based
reasoning approach [I13] estimates potential user goals and relevant workflow
tasks. Figure ] shows the context elicitation modules working in a pipelined
architecture.

5 Retrieval and Usage of Context

In EPOS, context gathering and elicitation is realized as an autonomous, optional
service. That service is used in two ways: Contezt-Polling and Context-Listening.

Context-Polling: Requesting a snapshot of the user’s current context or a
specific part of it. This is often triggered by some user function. The context can
then be used, for instance, to show him recent or relevant items at that specific
time. Another example: The user wants to save a downloaded document. The
current context can be used to propose a corresponding directory. Furthermore,
if the document is annotated with the context, the document can be retrieved
via a context-enabled query later. From inside the EPOS framework, the context
model can be retrieved simply by calling

Model model = ContextService.getContextApi().getSnapshot();
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From outside the EPOS framework, or from non-Java code, the same can be
achieved by a simple XML-RPC call. Here is an example of how to request a
context snapshot from some Java application — the result will an output similar
to that in figure [Tt

import org.apache.xmlrpc.XmlRpcClient;

XmlRpcClient ¢ = new XmlRpcClient("localhost", 9998);

String method = "epos_context_ContextApi.getSnapshotAsRdfXml";
java.util.Vector params = new java.util.Vector();

Object result = c.execute(method, params);
System.out.println("context as RDF/XML:\n" + result);

Context-Listening: If some application/service registers at the Context Ser-
vice as a listener, it will be informed about some specific change (event) in the
user’s context. On one hand, this is already heavily used internally by the context
elicitation modules. They are triggered as soon as new contextual elements enter
the context. On the other hand, this is needed to realize pro-active support. If
the user shifts his actions towards some context for which relevant support is
available, this support can be presented to the user without him having to asking
for it. The context listening can also be used to trigger some context-sensitive
help system, for instance, a personal (knowledge) work assistant. By now, the
context listening protocol is quite proprietary and can only be used by modules
inside the EPOS framework, but extending event listening to XML-RPC clients
is just a minor, technical issue.

6 Applications of Context

This section presents some concrete applications created in the EPOS scenario.
All these applications handle context in a different way, however, they all access
the user’s context via the interface described in section Bl

6.1 EPOS Assistant Bar

The so-called EPOS Assistant Bar is a graphical user interface (GUI) delivering
potentially relevant information items to the user in a pro-active way. Despite
the envisioned pro-active support, the user should be able to work on as undis-
turbed as possible. Therefore, the design of the GUI has to face three challenges:
First of all, it must not show irrelevant information to the user as this would
only lead to distraction and annoyance. Second, the user must be able to classify,
evaluate, and understand the presented information at first sight. And third, the
presentation itself should omit any form of distraction, e.g., the mere presenta-
tion of information should be sufficient. Usage of animation, blinking, or even
sound must not be used.

The assistant bar is always present above the Windows task bar. It never
changes its size or visibility. It never tries to attract the user’s intention besides
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Fig.5. The EPOS Assistant Bar is positioned directly above the Windows task bar.
Its four panes show currently relevant information items. From left to right these panes
show: documents, categories, organizational entities, and tasks.

the mere display of (new) information. The geometrical positioning of the pre-
sented information together with the usage of small icons enables a fast catego-
rization for the user. The assistant bar uses the following four panes to distinguish
context-relevant information graphically: The left-most pane shows documents
(or resources with document character); directly to the right there are cate-
gories (topics); the next pane shows organizational entities (projects, persons,
contacts); and the right-most pane proposes task-oriented items (workflow tasks
and events). See figure [l for a screenshot of the EPOS Assistant Bar.

6.2 EPOS Notes

A small application called EPOS Notes allows quick and easy note-taking.
The most important point here is, that entered notes are annotated with the
user’s context. The accessibility of a note’s creation context enables (a) context-
sensitive recherche and (b) context-triggered presentation of notes. For example,
a note entered in the context of browsing a concrete web page can be displayed
if the user browses the same web page again. The presentation of the note is
done using the EPOS Assistant Bar (see section [6.1]).

4 EPOS Notes - Enter a new note I [
Integrate Fenstermacher's user observation framework W 15 EPOS
Lsk Fenstermacher for his Win32 user ohservation 2| ) UserObservation
framework. ¥ ) EposConted
Then, integrate the new native user actions into I enowsis
the context elicitation process => recognize NOPs r ) Java
for opening docuwents in Word, or switching the T ) Contest
focus to another application. -
PE T ) TextworkRecognition
x| T & UserMadeling
Ckay | Cancel | show whale concept tree |

Fig.6. The EPOS Notes provides semi-automatic classification of small text notes.
Furthermore, the entered note is annotated with the user’s current context.

Furthermore EPOS Notes shares its data structures with a web log (we use
WordPressﬁ). This means first of all, that entering and searching for notes can
also be done using the web log’s frontend, i.e., the user enters and searches his
web log entries. But that’s not all. Melting notes and blog further means, that
notes entered with EPOS Notes are also web log entries. There is no conversion

® http://wordpress.com/
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needed. A new note is directly entered as a web log entry. The only difference is
(currently) that, only these notes entered with EPOS Notes receive the additional
creation context, but that is just a technical issue.

Actually, there is another difference to a standard web log: EPOS Notes ap-
plies a document classification approach to automatically and continually classify
an entered note while the user types it. The resulting categories for the note are
proposed to the user who can decide which of these are correct and which are
missing (see figure [6).

6.3 Context-Sensitive Bookmark Service/Portal

The EPOS user observation framework includes the detection and storage of the
user’s browsing behavior. The resource statistics component of EPOS uses this to
store document usage statistics like the amount of viewing operations (measured
in number of days), the frequency (average number of days between two accesses),
and neighborhood (documents used in the same context, i.e., shortly before or
after each other).

Additionally, another EPOS component, the so called bookmark-service, an-
notates each viewed web page with the user’s current context. For instance, if the
user is currently working for some project. The viewed web page will be related
to that project, too. Analogously to EPOS Notes this allows context-sensitive
retrieval and filtering of viewed web pages. One small conceptual difference to
EPOS Notes is, however, that the context annotation takes place automatically
for every wvisited web page and not only for some selected (“bookmarked”) pages.
That way, web pages viewed, for example, during a recherche process will not
be lost but can be retrieved using time- or context-specific queries. A graphical
user interface providing such a context-sensitive bookmark portal is currently
being developed.

6.4 Context-Sensitive Classification Service

Besides the classification and retrieval of notes or bookmarks. There are a lot
of use cases which benefit from an automatic elicitation of the user’s context.
In particular, the user context contains information about categories potentially
relevant for the user. These can be used to classify new, emerging information
items. For example, a downloaded PDF document can be classified using the
currently relevant categories in the user context.

EPOS realized a so called Drop Boz, which is a file folder together with a
service listening on changes of the folder’s contents. Whenever the user drops
a file there, e. g., by downloading something there, the Drop Box proposes the
categories currently in the user context[d Some of these proposed categories
may represent file folders the user created earlier. In that case, the drop box
offers the “Move and Classify” functionality. The user can choose one category

5 If the Drop Box manages to retrieve the text content of some dropped document,
it calculates relevant categories for the text content using a document classification
tool and proposes these together with the categories found in the user context.
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representing a file folder where the file is moved to. In parallel, he can choose
several other categories which will used to classify the file. Here, moving a
file means actually moving the file in the file system while classifying a file
is delegated to our document classification tool (BrainFiler). The classification
of the file re-trains the internal feature vector of the category due to the just
added file. So, each classify action boosts the classification itself.

6.5 Context-Aware Workflow Interface

The user context model includes enough compatible contextual elements to en-
able a context-aware workflow interface. One component of this interface will
identify workflows/tasks relevant for the user’s current context [I4] and propose
relevant tasks together with relevant information annotated to these tasks. That
way the valuable information stored in a workflow management system (W{MS)
will be (re)used to assist a worker without him having to trigger the WEMS ex-
plicitly. Besides the pro-active information assistance, a context-sensitive view
(filter) on the work list can reduce the number of tasks to an until the worker is
able to overview it. The context-relevant retrieval of tasks can also be extended
to tasks of colleagues to encourage more collaboration among follow workers.

The context-aware workflow interface is currently under construction. The
pro-active presentation of context-relevant material stored in the WfMS will be
integrated into the EPOS Assistant Bar as described in section

7 Related Work

The Lumiere project [9] realized pro-active assistance for computer software
users. A bayesian user model was employed to infer a user’s information needs.
While Lumiere mainly focussed on enhancing the usage of some software, EPOS
pursues assisting the users’ work in general. That means, first, not only one
application is observed and enhanced with some (closed) assistance, and second,
not only the user’s information need is elicited, but his context.

Watson [3] observes user interaction with everyday applications and attempts
to automatically fulfil a user’s information need by querying common Internet
information sources automatically. Analogously to Watson, EPOS uses a Con-
tent Analyzer to automatically classify some viewed document and estimate
contextually relevant topics that way. Furthermore, EPOS also realizes a real
task-specific information delivery using the information stored in a workflow
management system. It knows about which documents are relevant for which
task. As the context also contains relevant workflow tasks, the corresponding
documents can be presented to the user [g].

The remembering agent Margin Notes [10] proposes relevant documents
matching the user’s browsing behavior. The documents are presented in the web
browser, particularly, in an additional side bar right to the displayed web page.
The interesting thing here is, that Margin Notes puts information of relevant ma-
terial directly adjacent to the relevant paragraph of the web page. Besides the
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restriction of the user observation and context elicitation to the web scenario,
Margin Notes embodies a useful, pro-active and quite unobtrusive assistance
interface which is similar to the EPOS Assistant Bar (see section [6]). How-
ever, our assistant bar lacks the nice feature of graphically showing relevancy
correlations of text passages and relevant material.

Fenstermacher [7] envisions revealing and storing process-relevant informa-
tion by automatically classifying documents the user touches during his work.
For this purpose low-level observation hooks are installed directly into the oper-
ating system. EPOS relies on observed user actions with higher semantics, like
SendEmail, however, collaborating with Fenstermacher we may integrate these
low-level hooks to be able to observe applications without observation plugins
(see section HI).

Zacarias et al. [I5] introduce an operating systems metaphor, where the user’s
operating system acts as an engine managing the execution of pre-defined flows of
work. Besides that very interesting metaphor, the authors carry out a case study
where students observe and record the actual tasks, actions, and interactions of
persons at work. EPOS will keep up collaboration with Zacarias’ team to enhance
the context model according to their observations.

8 Conclusion

We have presented an explicit and formal model of a knowledge worker’s con-
text. The user’s context, being an instance of this context model, is fed by user
observation plugins installed in standard applications like Mozilla Thunderbird
and Morzilla Firefox.

The context relies on the user’s personal workspace, i.e., touched or elicited
resources in the context are mainly the user’s own files, folders, email contacts,
and so on. This means, that the contextual elements are known entities and,
hence, the context can be easily understood and used. It also means, that the
elicited context adapts to the specific user at a specific time. Even if the user
changes his working procedures and domain over time, the context will adapt
automatically, because according changes on the user’s PC will take place: new
folders and new documents emerge, re-classification of documents occurs, etc.

An application can act context-aware by either explicitly requesting a context
snapshot or by registering itself as a listener to context changes. Several context-
aware applications have been presented in section [Gl In particular, we envision
the realization of a pro-active but unobtrusive knowledge assistant. The goal
is, to support the individual worker by proposing material he knows and/or
understands, that is, documents, categories or structures he or his colleagues
created during work. This allows him to get his job done quicker and without
losing his flow that often.

On the other hand, such assistance is only meaningful if the available material
and structures are good and up-to-date. Some of the structures, especially file
folders, are already present at a user’s desktop while others have to be created
separately, be it manually or (semi-)automatically. Typical top-down knowledge
management (KM) approaches oblige the worker to enter the missing data in
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<rdf :RDF
xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#"
xmlns:rdfs="http://www.w3.0rg/2000/01/rdf-schema#"
xmlns:context="http://km.dfki.de/context#"
xmlns:domain="http://km.dfki.de/domain#"
xmlns:org="http://km.dfki.de/org#"
xmlns:object="http://km.dfki.de/nasti/objects#">
<context:Context>
<context:informationalAspect>
<context:InformationalAspect>
<context:contains>
<object:EMail rdf:about="imap://schwarz@serv-4100/INBOX/;UID=17050">
<object:subject>paper on data integration framework, ISWC 2005</object:subject>
<object:recipients>Sven Schwarz &lt;schwarz@dfki.uni-kl.de&gt;</object:recipients>
<object:sender>Leo Sauermann &lt;leo@gnowsis.com&gt;</object:sender>
<object:content>Hi Sven! [...] I would like to write a paper about [...]
semantic web and desktop applications [...]
</object:content>
<object:lastAccess>2005-04-13T14:45:22</object:lastAccess>
<context:confidence>1.0</context:confidence>
</object:EMail>
</context:contains>
<context:contains>
<object:HtmlFile rdf:about="http://jena.sourceforge.net/">
<object:location>http://jena.sourceforge.net/</object:location>
<object:title>Jena Semantic Web Framework</object:title>
<object:fileType>text/html</object:fileType>
<object:lastAccess>2005-04-13T14:45:42</object:lastAccess>
<context:confidence>1.0</context:confidence>
</object:HtmlFile>
</context:contains>
<context:contains>
<domain:DomainConcept rdf:about="urn:brainfiler:dfkiklkm:schwarz:Category:136">
<domain:name>Gnowsis</domain:name>
<context:confidence>0.717095</context:confidence>
<context:supportedBy rdf:resource="http://jena.sourceforge.net/"/>
<context:supportedBy rdf:resource="imap://schwarz@serv-4100/INBOX/;UID=17050"/>
</domain:DomainConcept>
</context:contains>
<context:contains>
<domain:DomainConcept rdf:about="urn:brainfiler:dfkiklkm:schwarz:Category:105">
<domain:name>RDF[S]</domain:name>
<context:confidence>0.350096</context:confidence>
<context:supportedBy rdf:resource="http://jena.sourceforge.net/"/>
</domain:DomainConcept>
</context:contains>
</context:InformationalAspect>
</context:informationalAspect>
<context:organizationalAspect>
<context:0rganizationalAspect>
<context:contains>
<org:Person rdf:about="mailto:leo@gnowsis.com">
<org:eMail>leo@gnowsis.com</org:eMail>
<org:firstName>Leo</org:firstName>
<org:lastName>Sauermann</org:lastName>
<context:confidence>1.0</context:confidence>
<context:supportedBy rdf:resource="imap://schwarz@serv-4100/INBOX/;UID=17050"/>
</org:Person>
</context:contains>
</context:0rganizationalAspect>
</context:organizationalAspect>
</context:Context>
</rdf :RDF>

Fig. 7. Snapshot of the user’s context. Only the informational and the organizational
aspect have been extracted.

order to get the KM tools running. However, we are aiming at eliciting as much
as possible automatically. For areas where this is not possible, our bait is to
compensate the worker for his additional work. For example, the user will model
a new project and its project members in the organizational repository freely if
the context elicitation is then able to proposes the new project together with
related information like the project homepage for example.
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The set of supported applications and, accordingly, the set of observable user
actions is limited by the set of available user observation plugins. Implementing
new plugins for yet unsupported applications is merely a question of how to
integrate plugins into that application and how to recognize the the user’s actions
therein. We plan to integrate native user observation modules into the context
elicitation framework in order to get a more complete and accurate picture of the
user’s context. For example, recognizing an application switch provides evidences
a context switch of the user.

The currently implemented context elicitation modules elicit projects, persons,
and topics potentially relevant due to the text content created or viewed by the
user. Ongoing research will cover the elicitation of higher-level contextual infor-
mation such as the user’s goals or relevant workflow tasks. The identification of
relevant workflow tasks enables a pro-active information delivery provided indi-
rectly by a workflow management system (WfMS). That way, information stored
in a WEMS will be (re)used more often than in a classical workflow management
environment.

The ongoing research concerning the context elicitation methodology, as well
as, the implementation of context-aware assistance applications will be followed
by an evaluation of the fitting and utility of the elicited context. Furthermore,
the evaluation will have to show whether and how much the users really like and
use the context-aware support.
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Abstract. We present a service to model situations and retrieve contextual
information in mobile and ubiquitous computing environments. We introduce the
general user model and context ontology GUMO for the uniform interpretation
of distributed situational information in intelligent semantic web enriched
environments. Furthermore, we present the relation to the user model and context
markup language USERML, that is used to exchange partial models between
different adaptive applications. Our modeling and retrieval approach bases on
semantic web technology and complex conflict resolution concepts.

Keywords: situation modeling, smart context retrieval, user model and con-
text ontology, semantic web, distributed situation service, user model markup
language.

1 Motivation and Introduction

Increasing mobility of interactive systems like portable and wearable computers and
ubiquitous computing with embedded intelligent devices in everyday objects make
context-aware, situation-aware and especially user-adaptive computing more important.
Systems that adapt to their users or contexts need to have access to information about
them. However, most currently implemented human computer interaction systems that
employ a user model or context model work with isolated models.

The main challenge in our opinion is to let different systems that are interconnected
or even organized in intelligent environments, communicate about their context models
and user models. This challenge has been motivated by the expected result that perma-
nent evaluation of user behavior with different systems and devices will lead to better
models and thus allow better functions of adaptation like adaptive web-sites, recom-
mended products, adaptive route planning or better speech interaction.

This motivation points towards the interrelation of the research areas user-adaptivity,
context-awareness, ubiquitous computing and semantic web, whith the goal to use se-
mantic web technology as mediator between the other three areas. The title “Situation
Modeling and Smart Context Retrieval” seems to be inconsistent. However, we divide
between situation modeling and context retrieval on purpose because at modeling time,
we can not know which of the situational information will be considered as being con-
text. Thus, context in this sense is retrieval dependent.

This paper consists of five parts. The first one presents our underlying model
of situated interaction with context-awareness and user-adaptivity. The second one

T.R. Roth-Berghofer, S. Schulz, and D.B. Leake (Eds.): MRC 2005, LNAI 3946, pp. 34-[71 2006.
(© Springer-Verlag Berlin Heidelberg 2006
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presents a conceptual overview of the overall service architecture that has been real-
ized as a web service like information broker. The third part briefly describes our ap-
proach to Situation Modeling with the markup language UserML and the user model
and context ontology GUMO. The fourth part introduces the Smart Context Retrieval
that bases on information retrieval with integrated semantic conflict resolution. Ap-
plications and interfaces that use and control the context information are presented
in the last part. The whole approach has been implemented and can be tested at
http://www.u2m.org/.

2 Integrated Model for Context-Awareness and User-Adaptivity

Situated interaction takes places between a user and a system in a surrounding envi-
ronment. In [[1] it is pointed out that throughout the different research communities
and disciplines, there are various definitions of what exactly is contained in the context
model [2]], the user model [3]], and the situation model [4]. Therefore, it is necessary to
clarify how those terms will be used in our approach. A situation model is defined in
our approach as the combination of a user model, a context model and a resource model.
Figure [Tl presents a diagrammatic answer to the question: What is situated interaction
and how can we conceptualize it?

In our approach, all information that is stored in this situation model is represented
in the datastructure of so called SITUATIONALSTATEMENTS, see section[d] and [3], that
collect apart from the main descriptive information also meta data like temporal and
spatial constraints, explanation components and privacy preferences. Distributed sets of
so called SITUATIONREPORTS form a coherent, integrated, but still hybrid accretion

Situation
Modeling

v 2 Lo~ A%

Partitioning 8 ) Rest
of the World [ User }[System / Dewce}{ Environment }[ of the World ]
User
Adaptation Adaptive Resource Context-Aware
Adaptive

U

Cl) Explicit user interaction with the system ‘

i

Situated - : - :
[Era———— CZ) Implicit user interaction with the system ]

C3> Indirect user interaction with the environment ‘

Fig. 1. Situated interaction and the system’s situation model for mobile computing
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concept of ubiquitous situation models. Before we look at this modeling point, we first
present the overall service architecture.

3 Architecture of a Highly Distributed SITUATIONSERVICE

Our so called u2m. org SITUATIONSERVICE manages information about users, about
their contexts and the situation in genera. It contributes additional benefit compared to
a pure situation server or context broker that only manage information. The presented
service is an independent application with a distributed approach for accessing and
storing information, the possibility to exchange and understand data between different
applications as well as adding privacy and transparency to statements. A key feature is
that the semantics for all user model and context dimensions are mapped to the general
user model & context ontology GUMO, see section [ or [6]. Thus, the inter-operability
between distributed user-adaptive and context-aware systems is granted. Figure2lshows
the main actors and modules of the u2m. org SITUATIONSERVICE.

Applications Distributed Ontologies

yo— ' : Ontolo
= rol:;iun‘!’ i ] UserModel Ubisworld Other | ] B 9y
= quiia | ] ) { : itor
‘Wl Velkiingenlron | | ] Ontology Ontology Ontologies i |
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\ T ] 2
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Fig. 2. Modularized architecture of the u2m. org SITUATIONSERVICE

The Distributed Services box is presented in the middle. It is literally surrounded
by its connected environment. Even though the items are shown conceptually close to

" Our SITUATIONSERVICE can be tested at http://www.u2m.org
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each other, they are spatially spread throughout the whole scenery. The box contains a
set of modules that represent tasks and roles that are offered by the service:

Situation Server, a web-server that manages the storage of the statements
Situation Adder, a parser that analyzes incoming statements and distributes the
repositories.

Retrieval Filter, a procedure that controls the retrieval of situation statements
Conflict Resolution, a complex process that detects and resolves possible conflicts
Inference Engine, a proactive engine that applies meta rules and triggers events
Interface Manager, a control mechanism that integrates the user interfaces

— Ontology Reasoning, a reasoner that applies knowledge from the various ontologies

The Applications box on the left, sorts the applications that already cooperate
with the SITUATIONSERVICE according their application domain: museum, navigation,
shopping, biosensors, speech and e-learning.

The Distributed Statements box on the bottom points to the clear separation be-
tween data and software. The repositories are completely independent from the services
which allows various services to operate independently on the same knowledge bases.
This is only possible because the privacy and administration attributes are at-
tached to each SITUATIONALSTATEMENT and not (as in most other systems) handled
by the broker system.

The Distributed Ontologies box on the top points to the clear separation between
the syntax and the semantics as discussed in the following section. These ontologies
are used for the interpretation of statements, for the detection of conflicts and for the
definition of expiry defaults and privacy defaults.

The Interfaces & Exchange box on the right points to the clear separation between
the service and the user interfaces and development tools which results in the advantage
that each interface and tool can operate with different repositories, different ontologies
and even different services. This is for example important for the spatially spread com-
putational setting within ubiquitous computing. If the network connection is lost, the
user interfaces can smoothly swap to device-local systems or integrate spatially re-
stricted repositories. The communication between the boxes and items is indicated by
the bipolar arrows. UserQL is used to ask the queries, UserML is used to report the
answers and to add new statements.

Figure [3] shows the input and output information flows add, request and report of
the SITUATIONSERVICE. They are denoted as (yellow) arrows. The numbers in the (or-
ange) ovals present the procedural order. Number (1) visualizes the sensors, users and
systems that add statements via UserML. The statements are sent to the so called Sit-
uation Adder, a parser that preprocess the incoming data and distributes them to the
different repositories, as indicated by number (2). If now a request is sent to the Situa-
tion Server via UserQL from a user or a system, see number (3), the repositories are
selected from which the statements are retrieved as shown at number (4.1). Then con-
flict resolution strategies are applied, see number (4.2), and the semantic interpretation
as indicated by number (4.3). Finally, see number (5), the adapted output is formatted
and sent via HTTP in form of an UserML report back to the requesting user or system.

Even though, the description of the distributed SITUATIONSERVICE so far is very
brief it should be understood as basic framework for the exchange and storage of sit-
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uational information, the knowledge representation techniques that are defined in the
following section.

4 Situation Modeling with UserML and GUMO

Ontologies provide a shared and common understanding of a domain that can be
communicated between people and heterogeneous and widely spread application
systems, as pointed out in [[7]. Since ontologies have been developed and investigated
in artificial intelligence to facilitate knowledge sharing and reuse, they should form
the central point of interest for the task of exchanging user models. The user model
& context markup language USERML is defined as an XML application, see [8].
However, XML is purely syntactic and structural in nature. The RDF standard has
been proposed as a data model for representing meta data by [9]. Nonetheless, the
web ontology language OWL has more facilities for expressing semantics, [[10]. OWL
can be used to explicitly represent the meaning of terms in vocabularies and the
relationships between those terms. Thus, OWL is our choice for the representation of
user model and context dimension terms and their interrelationships. This ontology
should be available for all user-adaptive and context-aware systems at the same time,
which is perfectly possible via internet and wireless technology. The major advantage
would be the simplification for exchanging information between different systems.
The current problem of syntactical and structural differences between existing adaptive
systems could be overcome with such a commonly accepted ontology. GuMd is
collecting the user’s dimensions that are modeled within user-adaptive systems like
the user’s heart beat, the user’s age, the user’s current position, the user’s birthplace
or the user’s ability to swim. Furthermore, the modeling of the user’s interests and

2 GUMO homepage: http: //www.gumo.org
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preferences like reading poems or playing adventure games is analyzed. Secondly, the
contextual dimensions like noise level in the environment, battery status of the mobile
device, or the outside weather conditions are modeled.

The main conceptual idea in SITUATIONALSTATEMENTS, is the division of the user
model and context dimensions into the three parts: auxiliary, predicate and
range as shown below.

subject { UserModel & ContextDimension } object
subject { auxiliary, predicate, range } object
Fig. 4. From the RDF triples to five tuples

Apart from these five so called mainpart attributes, there are predefined attributes
about the situation, the explanation, the privacy and the admini-

pu
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<mainpart Sub_]_ect = Flight LH225
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object = "a5" /> Situation
<situation Start = 2003-04-16T19:14
start = “ag" End =7
end =_“_a7“ _— Durability = few minutes
durak_:lllty = a8 Location = airport.gate23
location = “a9” Position =9
position = "a10" I> -
<explanation Explanation
source = "a11" Source = airport.repository
creator = "a12” Creator = airport.inference
method = "a13* Method = deduction13
evidence = "a14" Evidence = fight-system
confidence = "a15" /> Confidence = 0.6
<privacy 5
key = “a16" Privacy
owner = “al7" Key T
access = “a18" Owner = Airport
purpose = “a19" Access = public
retention = “a?0" /> Purpose = commercial
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Fig.5. (1) A SITUATIONALSTATEMENT defined as XML document with the five parts: mainpart,
situation, explanation, privacy and administration. (2) An example: contextual information for
travelers at an airport: the boarding for the flight is in 10 minutes.
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stration as shown in figure [3 which presents the concept of SITUATIONAL-
STATEMENTS in an XML instantiation and which gives a first example of such statements.

Our basic context models are more expressive than simple attribute-value pairs
or RDF triples. If one wants to say something about the user’s interest in football,
one could divide this into the auxiliary=haslnterest, the predicate=football
and the range=low-medium-high. If one wants to express something like knowledge
about symphonies, one could divide this into the auxiliary=hasKnowledge, the
predicate=symphonies and the range=poor-average-good-excellent.

GUMO is designed according to this USERML approach. Approximately one thou-
sand groups of auxiliaries, predicates and ranges have so far been identi-
fied and inserted into the ontology. However, it turned out that actually everything can
be a predicate for the auxiliary haslnterest or hasKnowledge, what leads to
a problem. The suggested solution is to identify basic user model dimensions on the
one hand while leaving the more general world knowledge open for already existing
other ontologies on the other hand. Candidates are the general suggested upper merged
ontology SUMO, see [11]], and the UBISONTOLOG, see [12], to model intelligent
environments. Which groups of user dimensions can be identified? In [13] and [14]
rough classifications for such categories can be found. Identified user model and con-
text auxiliaries are for example hasKnowledge, haslnterest, hasBelieve, hasPlan,
hasProperty, hasGoal, hasPlan, hasRegularity and hasLocation. We restrict ourself in
this paper to present user model predicates that fit to the auxiliary: hasProp-
erty, the so called BasicUserDimensions.

EI@ Basic User Dimensions =-{CIEmotional State L%I--@Characteristics
@ Contact Information EEI"@Five Basic Emotions | & talkative
@ Cermaographics 07 happiness i Zsse.rtwe
i ofa s o BB Bd F - t
@ ability And Proficiency anxiety mrninan
: . P S L fear ..... qL”Bt
@Persunallty A I orund
#-{C) Characteristics e I shy
i N B S hate 3
@ Emmotional State 0 oride 0 retiring
@ Physiological State ¢ 0 PV sympathetic
E-{CiMental State wger 10 kind
: P = Warm
"@Mntmn ..... disqust i i e
; elpful
"@R':'le ----- sadness i fault-finding
@ Mutrition 0 e satisfaction i L. cold
--@Facial Expression i b confusion i e unfriendly

Fig. 6. Some BasicUserDimensions: Emotional States, Characteristics and Personality. The com-
plete ontology can be inspected with a foldable tree browser at www . gumo . org

The listing in figure [/ presents the concept PhysiologicalState defined as
owl:Class. It is defined as a subclass of BasicUserDimensions. A class defines a

3 UbisWorld homepage: http: //www.ubisworld.org
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<owl:Class rdf:ID="PhysiologicalState.700016">
<rdfs:label> Physiological State </rdfs:label>
<rdfs:subClassOf rdf:resource="#BasicUserDimensions.700002" />
<gumo:identifier> 700016 </gumo:identifier>
<gumo:lexicon>state of body or bodily functions</gumo:lexicon>
<gumo:privacy> high.640033 </gumo:privacy>
<gumo:website rdf:resource="&GUMO; concept=700016" />
</owl:Class>

Fig.7. The OWL class definition of “Physiological State”

group of individuals that belong together because they share some properties. Classes
can be organized in a specialization hierarchy using rdfs: subClassOf.

Every concept has a unique rdf : ID, that can be resolved into a complete URI. Since
the handling of these URIs could become very unhandy, a short identification number
was introduced, the so called gumo : identifier. The identification number has the
advantage of freeing the textual part in the rd f : ID from the need of being syntactically
unique. Apart from solving the problem of conceptual ambiguity, this number facilitates
the work within relational databases, which is important for the implementation. The
lexical entry gumo : Llexicon is defined as the state of the body or bodily functions,
while it could also be realized through a link to an external lexicon like WORDNET.
The attribute gumo : privacy defines the default privacy status for this class of user
dimensions. It can be overridden in the concrete SITUATIONALSTATEMENT. The at-
tribute gumo : website points towards a web site, that has its purpose in presenting
this ontology concept, to a human reader. The abbreviation &GUMO; is a shortcut for
the complete URL to the GUMO ontology in the semantic web.

The listing in figure [§] defines the dimension Happiness as an rdf:Des-
cription. The attribute gumo:expiry provides a default value for the average
expiry which carries the qualitative time span of how long the statement is expected to
be valid. In most cases when user model and context dimensions are measured, one has
arough idea about the expected expiry. For instance, emotional states hold normally no
longer than 15 minutes, however personality traits won’t change within months. Since
this qualitative time span is dependent from every user model dimension, it should be
defined within GUMO.

Another important point that is shown here is the ability of multiple-inheritance in
OWL. In detail, happiness is defined as rdf : type of the class EmotionalState and
FiveBasicEmotions. Thus OWL allows to construct complex, graph-like hierarchies of

<rdf:Description rdf:ID="Happiness.800616">
<rdfs:label> Happiness </rdfs:label>
<rdf:type rdf:resource="#EmotionalState.700014" />
<rdf:type rdf:resource="#FiveBasicEmotions.700015" />
<gumo:expiry> 15 minutes </gumo:expiry>
<gumo:image rdf:resource="http://u2m.org/img/happiness.gif" />
</rdf:Description>

Fig. 8. The OWL definition of “Happiness”
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user model concepts, which is especially important for ontology integration. Some ex-
amples of rough expiry-classifications are:

physiologicalState.heartbeat - can change within seconds
mentalState.timePressure - can change within minutes
characteristics.inventive - can change within months
personality.introvert - can change within years
demographics.birthplace - can’t normally change at all

The idea behind gumo : expiry is that if no new value is available on the SITUATION-
SERVICE one can still work with old values, combined with reduced confidence values.
To support the distributed construction and refinement of GUMO, we developed a
specialized online editor to introduce new concepts, to add their definitions and to trans-
form the information automatically into the required semantic web language. The GUI
of this online editor can be be found at www . ubisworld. org. This editor is part of
a whole set of online tools that are collected under the name UbisWorld. An example
screenshot can be found in figure The left-hand side offers an hierarchical drop-
down list and the right-hand side offers a detailed page for one instance of this world.

5 Smart Context Retrieval with Semantic Conflict Resolution

The architectural diagram in figure [9] shows the SMARTSITUATIONRETRIEVAL or
smart context retrieval process. The focus is set on the semantic conflict resolution part.

The oval numbers indicate the reading direction. Item (1) shows the request in
UserQL that has to be parsed first. Item (2) points to the distributed retrieval of
SITUATIONALSTATEMENTS. Item (3) summarizes the three macro-steps select,
match and filter and presents the FILTERINGRESULT as input to the con-
flict resolution process. Item (4) stands for the three syntactical procedures VARI-
ATIONMAPPING, REMOVEEXPIRED and REMOVEREPLACED. Item (5) shows the
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Fig. 9. Smart Context Retrieval with Focus on Semantic Conflict Resolution
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three semantical procedures GROUPMEMBERMAPPING, SEMANTICPROPERTYMAP-
PING and SEMANTICRANGEMAPPING that base on knowledge in the ontologies
GuMoO, UbisWorldOntology, SUMO/MILO and the knowledge base WorldNet. Item
(6) shows the detection of syntactic and semantic conflicts and the construction of
(S*, A*, P*, R*)Zzzgfﬁ;fgd conflict sets. Item (7) points to the post-processing of
ranking, format, naming and function that control the output format. Item
(8) forms the resulting UserML report, that is sent via HTTP to the requestor.

The matching procedure as shown in the listing below compares all given match at-
tributes with the corresponding statement attributes. Furthermore it integrates semantic
functionality, here shown by ontological extension and spatial inclusion.

procedure matching (query, SELECTEDREPOSITORY)
forall statement € REPOSITORY
begin
if (statement.subject = qguery.subject
or statement.subject € extension( query.subject))
N statement.auxiliary = query.auxiliary
A ( statement.predicate = query.predicate
or statement.predicate € extension( query.predicate))
A statement.range = query.range
N statement.object = query.object
N statement.id = query.id
A statement.group = query.group
A ( statement.location = query.location
or statement.location € inclusion( query.location))
A ...
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then add statement to MATCHINGRESULT
end
return MATCHINGRESULT

The filtering procedure as shown in the listing below operates on the MATCH-
INGRESULT. Each statement is individually checked if it passes the privacy fil-
ter, the confidence filter and the temporal filter. The privacy filter checks if the
statement.access is either set to public, or if it is set to friends, that the friends
relation holds between the query . requestor and the statement . owner, or if
it is set to private that the query . requestor is the same as statement . owner.
Further filters can be added to this part of the algorithm.

procedure filtering (query, MATCHINGRESULT)
forall statement € MATCHINGRESULT
begin
if (statement.access =public
or ( statement.access =friends
A query.requestor € friends (statement .owner) )
or (statement.access =private
A query.requestor = statement.owner))
and statement.confidence > query.minConfidence
N statement.confidence < query.maxConfidence
and statement.start > query.fromTime
A statement.start < query.untilTime
then add statement to FILTERINGRESULT
end
return FILTERINGRESULT

As every user and every system is allowed to enter statements into repositories,
some of this information might be contradictious. Conflicts among SITUATIONAL-
STATEMENTS like for example a contradiction caused by different opinions of different
creators or changed values over time are loosely categorized in the following listing.

1. ON THE SYNTACTICAL LEVEL: statements can for instance differ in the use of the
statement attributes like subject, predicate, object, range, start etc.,
clear modeling guidelines are necessary.

2. ON THE SEMANTICAL LEVEL: the systems are not forced to use the same vocab-
ulary, to say the same ontology, to represent the meaning of the concepts, which
leads to the user model integration problem number one: ontology merging and
semantic web integration.

3. ON THE OBSERVATION AND INFERENCE LEVEL: several sensors can see same
things differently and claim to be right, measurement errors can occur, systems
may have preferred information sources

4. ON THE TEMPORAL AND SPATIAL LEVEL: information can be out of date or out of
spatial range, a degree of expiry can hold. Reasoning on temporal and spatial meta
data is necessary

5. ON THE PRIVACY AND TRUST LEVEL: information can be hidden, incomplete,
secret or falsified on purpose, a system of trustworthiness could be applied
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Conflict Resolvers are a special kind of filters that control the conflict resolution
process. An ordered list of these resolvers define the conflict resolution strategy. They
are modeled in the query.strategy attribute. These resolvers are needed if the
match process and filter process leave several conflicting statements as possible an-
swers. Three kinds of conflict resolvers can be identified: the most(n)-resolvers that use
meta data for their decision, the add-resolvers that add expired or replaced statements
to the conflict sets, and the refurn-resolvers that don’t use any data for their selection.

mostRecent(n). Especially where sensors send new statements on a frequent basis,
values tend to change quicker as they expire. This leads to conflicting non-expired
statements. The mostRecent(n) resolver returns the n newest non-expired state-
ments, where n is a natural number between 1 and the number of remaining
Statements.

mostNamed(n). If there are many statements that claim A and only a few claim B or
something else, than n of the “most named” statements are returned. Of course it is
not sure that the majority necessarily tells the truth but it could be a reasonable rule
of thumb for some cases.

mostConfident(n). If the confidence values of several conflicting statements can be
compared with each other, it seems to be an obvious decision to return the n state-
ments with the highest confidence value.

mostSpecific(n). If the range or the object of a statement is more specific than in
others, the n “most specific” statements are returned by this resolver. For exam-
ple if: auxiliary=hasKnowledge, predicate=chess and first range=yesNo
while the second range=Novice-Occasional-Professional-Expert-Grandmaster,
the statement with the second range contains a more specific information. Another
specificity range ordering is for example: yesNo < lowMediumHigh < 0%-100%

mostPersonal(n). If the creator of the statement is the same as the statement’s
subject (a self-reflecting statement), this statement is preferred by the mostPer-
sonal(n) resolver. Furthermore, if an is-friend-of relation is defined, statements by
friends could be preferred to statements by others. However, this resolver bears the
problem, that users might not be their best judge. However due to privacy argu-
ments, the user’s own statements that are given (on purpose) should be preferred.
(An alternative approach with the creator information could have been to define
a trusted-creator relation.)

addExpired. Per default the already expired statements are filtered out. However, if
one wants to take them into consideration, the addExpired-resolver adds these state-
ments to the conflict sets.

addReplaced. Statements that are marked with the replaced-flag by other statements,
are also per default filtered out and not considered in the situation retrieval process.
The addReplaced-resolver brings these statements back into the process.

addPrivate. Statements that do not pass the privacy settings are always filtered out.
However, for development, testing and administrational reasons experimental pri-
vate statements may also be recognized with the addPrivate-resolver.

returnAll. If the remaining conflict set should not be resolved any further by the in-
tegrated mechanism, the resolver refurnAll returns all remaining statements that
can then be resolved by an external conflict resolution method, resolved by intro-
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spection or left unresolved since our approach also allows conflicting extensions in
parallel.

returnNone. If there still occurs a conflict that could not be resolved until the refurn-
None resolver is applied, no statement is returned. This is a very safe way not to
say something wrong. This rule could be compared with sceptical inheritance in
non-monotonic reasoning: I don’t know!

returnRandom(n). If after applying several filters still no unique value is found but
a unique answer is expected, a random pick will be offered by this resolver. This
credulous behavior is selected by the requestor and therefore acceptable.

returnDialog. If no unique value is found, an alternative conflict resolution strategy
could be clarification by dialogﬂ. In some cases an appropriate human-computer
dialog will be initiated in this case.

These conflict resolver rules are based on common sense heuristics. An important issue
to keep in mind is the problem that resolvers and strategies imply uncertainty. To con-
tribute to this fact, the confidence value of the resulting statement is appropriately
changed, furthermore the conflict situation is added to the evidence attribute.

An example is given by the ALARMMANAGER, see [[15]. It is a notification service
for instrumented environments that adapts the presentation of announcements to the
user’s state of arousal and the user’s location. Both are retrieved from the GUMO en-
abled u2m. org user model service. The location is derived from a positioning service
application. This service runs on the user’s PDA and uses infrared beacons and RFID
tags that are installed in the environment to estimate the location of the user which is
then sent to the user model service. Further examples and discussions can be found
in [16].

6 Summary

We have introduced an integrated architecture for Situation Modeling and Smart
Context Retrieval. We have clarified a model for situated interaction and context-
awareness. The context exchange language UserML has been presented as well as
the general user model & context ontology GUMO. Our approach bases on semantic
web technology and a complex conflict resolution and query concept, in order to be
flexible enough to support adaptation in human-computer interaction in mobile and
ubiquitous computing. An important question for further research is if the analysis of
the correlation between conflict resolution strategies and the user model and context
ontology dimensions.
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Abstract. This paper proposes a component-based architecture and development
methodology for context-aware systems. A context is formally defined from rela-
tional point of view. The architecture of a context-aware system is conceived as a
composition of the two components context constructor and context adapter. To
process dynamically changing contextual information, we introduce context cal-
culus as the formal basis of context manipulation. The information and its sources
are abstracted within this formal definition. As an illustration of the principles in-
volved in developing a context-aware system, we discuss the Anti-lock Braking
System problem.

Keywords: context, context-awareness, co-design, components.

1 Introduction

In this paper we discuss a three-tiered formalism, a component-based architecture de-
rived from it and a development method for constructing context-aware systems. As an
illustration of the principles involved in developing a context-aware system, we discuss
the architecture of the Anti-lock Braking System (ABS) problem.

Context is arich concept and is hard to define. The meaning of “context” is tacitly un-
derstood and used by researchers in diverse disciplines, such as linguistics, Al, and HCI.
Informally, many types of information, such as information on location, time, identity
of nearby objects, and emotional state, are bundled together in modeling contexts. An
informal definition of context, according to Dey [3] is any information that can be used
to characterize an entity, where an entity is a person, place, or object that is considered
relevant to the interaction between user and application. Determining the entities, and
more importantly the properties to characterize them are clearly problem-dependent. In
database studies, entity-relationship models are used for such a characterization. How-
ever, in such models interaction between entities cannot be shown. In object-oriented
modeling of software systems, there are notations to characterize object behavior and
show object iterations. It is important to adopt such notations, besides taking intuitive
definitions, for developing context-aware applications. In this paper we use component
notation to describe an architecture for context-aware systems.

1.1 Examples of Contexts

In natural language processing [3l14]], contexts arise as situations for interpreting natural
language constructs. In Al, the notion of context was first introduced by McCarthy [8]

T.R. Roth-Berghofer, S. Schulz, and D.B. Leake (Eds.): MRC 2005, LNAI 3946, pp. 481611 2006.
(© Springer-Verlag Berlin Heidelberg 2006
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and later used by Guha [[6] as a means of expressing assumptions made by natural lan-
guage expressions. Intensional logic [S]] is a branch of mathematical logic which is used
to describe precisely context-dependent entities. In intensional programming paradigm,
which has its foundations in Intensional Logic, the real meaning of an expression, called
intension, is a function from contexts to values, and the value of the intension at any
particular context, called the extension, is obtained by applying context operators to the
intension. In programming languages, static context introduces constants, definitions,
and constraints, and dynamic context processes the executable information for evalu-
ating expressions. In modeling human-computer interaction, the context includes the
physical place of the user, the time constraints and services, and the system’s knowl-
edge of the user profile. In Ubiquitous computing [7[], context is understood as both
situated and environmental. The environment of an entity must be understood as a finite
and relevant, but dynamically changing world. In spite of the finiteness assumption,
for many applications the environment can neither be fully predetermined nor be fully
characterized. Sensory units should be well calibrated to measure the environmental
contextual information with minimum error.

1.2 Features of Context-Awareness

A system that interacts with the environment may not have sufficient knowledge of the
environment, and it is the responsibility of the environment observation units to com-
municate the environment context parameters to the system. Often the systems have
only limited resources, yet they are expected to function appropriately so that its ser-
vices are timely, and remain useful for the user in that environment. The term “context-
awareness” was first introduced by Schilit [[12] to refer to such systems. Pascoe [10]
gave a characterization of context-awareness as the ability of the system to sense, inter-
pret, and adapt to different contexts. Hence, a context-aware system will have to uses
contexts that have all the interpretations given in Section 1.1.

The distinguishing features of a context-aware system are perception and adapta-
tion. Both the computing system and the entities interacting with and controlling the
system share some knowledge of the context where the interactions and perceptions
will take place. This motivates us to model contexts as relations. The perception fea-
ture makes the system aware of the entities in the region of its governance, and triggers
context-driven interaction among the entities. The nature of interaction is in general
heterogeneous, with varying levels of synchrony, concurrency, and delay. However, the
system is to be fully controlled and guided by the time-varying contextual conditions
and system’s progress should remain both predictable and deterministic. In order to
achieve determinism and predictability, the system adapts to the stimuli from its envi-
ronment by learning the changing relationship among the entities and acting to fulfill
the intentions expressed by the entities. That is, it reconstructs contexts based on the
information it gathers from five distinguished dimensions, which we call W5:

— [perception]- who requires the service?

— [interaction]- what service is required?

— [locality]- where to provide the service?
— [timeliness]- when to provide the service?
— [reasoning]- why an action is required?
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1.3 Contributions

The paper is organized as follows: In Section [2] we discuss the rationale for an ar-
chitecture based on a three-tiered formalism and provide an overview of each tier. In
Section 3] we introduce the formal description notation for the architecture. Perception
and construction of primitive contexts, context management, and adaptation are done
at the three tiers. A formal treatment of context management done in Tier 2 is given in
Sectiondl This discussion includes context definition, and context calculus. The adap-
tive behavior of the system (Tier 3) is discussed in Section[3l Section [5.1] gives a co-
design for model perception and primitive context construction in Tier 1. The example
of a context-aware system taken up for illustration is the ABS available in most of the
modern day cars. We discuss ABS architecture in Section[6l We conclude the paper in
Section [l with a review of our ongoing work.

2 Three-Tiered Modeling

Context-aware systems are notoriously heterogeneous in terms of device types, context
interpretations, and adaptation requirements. We introduce a three-tiered model as a
solution to the complexity created by this heterogeneity problem. Perception involves
the objects perceived, the devices used for observing the objects, and the observational
measurements. The objects and the devices are low level abstractions belonging to one
tier. The observations of the device signals are converted to symbolic forms, and com-
posed into a mathematical representation. This description belongs to one tier, which
links the low level abstraction to the high-level adaptation abstraction. Thus we end
up with three tiers. The architecture that we propose encapsulates the three tiers into
two components, one of which deals with context construction and the other deals with
context adaptation.

Tier 1 is a description of “see, gather, control, and modify” features of perception
abstractions. In describing Tier 1, we consider the environment, sensing mechanism,
and functional transformation of the observed raw data. The entities in the environment
seen by Tier 1 include users, programmable parts, sensors, and actuators. We empha-
size that user related information is either conveyed directly by the user to one of the
devices or is perceived automatically by some devices. The context surrounding the user
may be users and devices. We filter away the heterogeneity in the set of entities by en-
capsulating the behavior of each entity separately as a Co-design Finite State Machine
(CFSM) [2]. It describes the assembled symbolic representations of the observations
and notifies Tier 2. Tier 2 receives the notification from Tier 1, and constructs contexts
that reflect the current awareness. The formal basis of Tier 2 functionality is the con-
text theory explained in SectionEl Tier 2 uses the context calculus toolkit provided by
the theory to construct general contexts, de-construct and modify them. Tier 2 notifies
current context information to Tier 3. Tier 3 receives current context from Tier 2 and de-
termines how the system has to adapt itself. The modified context information is given
to Tier 1 through Tier 2. The adaptive control mechanism in Tier 3 is modeled by an
Extended State Machine (ESM) model, which has been used to model real-time reactive
systems [9}[13]]. Figure [l shows the three tiers and the representations for each tier.
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Fig. 1. The Three-Tiered Formalism of Context-Aware System

3 Architecture of the System

In this section we give a component model of the three tiers, following the terminology
and notation in [11]. A component type T = (F, A) defines a black-box view, called
frame F, and a grey-box view, called architecture A. The type T may include more
than one grey-box view. The black-box defines the interface types, and the particular
grey-box view A as a structured implemented version of F. An interface of a compo-
nent is an instance of either notifies-interface type or receives-interface type. The archi-
tecture is primitive if its structuring is to be provided in an underlying implementation
(outside the scope of component specification language). A non-primitive architecture
includes several subcomponents nested to several levels. A specific implementation of
a non-primitive structure is obtained by (i) instantiating adjacent level subcomponents,
and (ii) specifying the interconnection between subcomponents by means of their inter-
face ties. The four kinds of ties between the interfaces of two component instances A
and B are as follows:

. . bind . . .
- binding(—=%) of a receives-interface to a notifies-interface between two compo-
nents at the same level of nesting (assume that all components are subcomponents
of the system),

. del . .
— delegating (=2%,) from a receives-interface of a component A to a receives-
interface of a subcomponent B of A on the adjacent level,

— subsuming (ﬂ) from a notifies-interface of a component B to a notifies-interface
of a component A, where B is a subcomponent of A on its adjacent level, and

— exempting (===™%5) an interface of a component from participating in the architec-
tural connection.

Following the above conventions we describe the architecture construction of a context-
aware system. We encapsulate Tier 1 as a component CC, which constructs contexts out
of the observations. Component CC is a composition of two components: component
E modeling the environment and the primitive component T modeling the transforma-
tion unit that constructs elementary contexts from the observations in the environment.
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Fig. 2. The Architecture of Context-Aware System

Component E is composed from component D modeling the collection of devices, the
primitive component U modeling the user, and the primitive component S modeling
the sensing mechanism, which is a central unit sensing all the information the system
needs. The component D is composed from subcomponents D;, ¢ = 1,...,k, where
each component modeling one device is primitive. We compose the primitive com-
ponent T, corresponding to Tier 2 and the primitive component T3 corresponding to
Tier 3. The resulting component CA is the context adapter. A context-aware system is a
composition of CC and CA, as shown in Figure

3.1 Interface Specification

In specifying the component interfaces we use lowercase letters to name the interfaces
of a primitive structure and uppercase letters to name the interfaces of a non-primitive
structure. Names in bold font denote types. The instances of an interface type a are
denoted as a;, ¢ = 1,...,. The naming convention is as follows: (1) A is a primitive
structure: the notifies and receives interface types for A are a x n and a x r, where the
place holder * is the structure name with which A might communicate; and (2) A isa
non-primitive structure: the notifies and receives interface types for A are Axn and Axr,
where the place holder « is the structure name with which A might communicate. As an
example of the naming convention, the name Abr is assigned to the receives-interface
type of the non-primitive structure A in a composition with the notifies-interface type
bAn of the primitive structure B.

In the architecture shown in Figure 2] the components for devices, user, sensing,
transformation, contextor 75 and adapter T3 are primitive components. A device may
notify another device or may notify the sensing mechanism. Likewise, a device may
receive a notification from another device or from sensing mechanism S. Detecting the
location, orientation, and intentions of a user are the functionalities of the devices. A
user may also provide the sensing unit certain QoS parameters. As an example, the user
may set the resolution factors for images delivered by a video camera device. In the
model, these are acts of notification from the user to the sensing unit, which in turn
iteratively interacts with the sensory devices until the received data satisfies the QoS
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parameters. As an example, of primitive component specification is given below: we
show below the interface specification for a device:

| Interface Specification | Description
interface ddn { The notification from a device to another device
void PutEvent(out string did, includes the identity of the notifying device, and
out string event); }; the content of notification.
interface dsn { The notification from a device to the sensing device
void PutObservation(out string did, includes the identity of the notifying device, the
out string data, out string metadata); |observation and the metadata on the observation. The
b metadata may include precision and metrics factors.
interface ddr { A device receives the identity and signal/event
void GetEvent(in string did, notified by another device.
in string event); };
interface dsr { The device identified by did receives QoS
void GetObservation(in string did, information or the correction to be applied on
in string event, in string metadata); }; the observation referred by event.
interface dur { Assuming that there is only one user,
void GetParameters(in string did, the device identified by did receives
in string data); }; the user-centric data.

After specifying all primitive components, non-primitive components are specified. As
an illustration we show below the specifications for C'C. The frame specification is a
black-box view of C'C, and the architecture specification is a grey-box view of C'C.
In the latter, an instance of E and an instance of 7' are composed, according to the
interface ties shown in bind, subsume, and delegate sections.

Frame ContextConstructor CC { |architecture ContextConstructor CC {

notifies: tCCn CCCAn; inst Environment E, TransformingUnit T';
receives: tCCr CCCAr; bindT :tErtoE : Etn, E: EtrtoT : tEn;
IS subsume 7" : tCCn to CCCAn;

delegate CCCArto T : tCCr;

4 Context Theory

In this section we give a theoretical basis for assembling and manipulating the symbolic
information from Tier 1 co-design into contexts. A contract between C'C and C'A is that
an elementary context constructed by 7" be in the form of a micro-context as explained
later in the section. The component 75 is equipped with the context toolkit, as developed
below. The component 75 can assemble or disassemble a context into micro-contexts.

4.1 Context Definitions

The context information is in general multidimensional, where in each dimension there
exists several choices to be considered. As an example, a physical context for a braking
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device includes certain values (rotation per minute for wheels), situation (wheels locked
or not), environmental conditions (friction on the road, gradient of road surface), and
user characteristics (applying brakes or not). Here we have enumerated four dimensions.
In each dimension, there are several possible ways to represent information. We say
information in each dimension is fagged, and given the set of dimensions (dimension
names), and a tag set for each dimension, then it is easy to see why the context should
be defined as a of a finite union of relations. Hence, we formally introduce DIM =
{di1,da,...,d,}, afinite set of dimension names, and associate with each d; € DIM
a unique enumerable tag set X;. Let TAG = {X1, ..., X, } denote the set of tag sets.
There exists functions faimiotag : DIM — TAG, such that the function faimeotag
associates with every d; € DIM exactly one tag X; in T AG.

Definition 1. Consider the relations
P; = {di} X faimtotag(di) 1<i<n

A context C, given (DIM, faimtotag), is a finite subset of UZL:1 P;. The degree of the
context Cis | A |, where A C DIM includes the dimensions that appear in C.

A finite context is written using enumeration syntax. The set enumeration syntax of a
context C'is C' = {(d,z) | d € A,z € faimtotag(d)}. The concrete syntax for a finite
contextis [dy : x1,...,dy : x,], where dy, . .., d, are dimension names, and z; is the
tag for dimension d;.

We say a context C'is simple (s_context), if (d;, x;), (dj,z;) € C = d; # d;. A
simple context C' of degree 1 is called a micro (m_context) context. Several functions on
contexts are predefined. Two of the basic functions are dim and tag. They respectively
extract the set of dimensions and the associated tag values from a set of contexts.

In general, a set of contexts may include contexts of different degrees. We use the
syntax Boz[A | p] to introduce a finite set of contexts in which all contexts are defined
over A C DIM, have the same degree |A|, and the tags in every context satisfy the
predicate p.

Definition 2. Let A = {d,,...,dy}, whered; € DIM,i = 1,...,k, andpisa
k-ary predicate defined on the tuples of the relation Ilq ¢ A fdaimtotag(d). The syntax

Boz[A|p] = {s|s = [di, : Tiy, ..., diy, 2 23,]},

where the tuple (z1,...,%k), i € faimtotag(di), © = 1,...k satisfy the predicate p,
introduces a set S of contexts of degree k. For each context s € S the values in tag(s)
satisfy the predicate p.

For example, the set of contexts defined by Box[X,U | § + % < 1A (2 <u < 3)],
where faimtotag(X) = faimtotag(U) = Nis the set of contexts {[X : 0,U : 2],[X :
0,U : 3,[X : 1,U : 2,[X : ,U : 3],[X : 2,U : 2|}. A non-simple context is a
short-hand notation for a set of simple contexts, that may not be expressible in Box
notation. The context Cy = [ X : 3, X : 4, Y : 3, Y : 2, U : blue ] can not
be expressed in Box notation. However, C;y should be understood as the set of simple
contexts {[ X : 3, Y : 3, U :blue],[ X :3, YV :2, U:blue],[ X:4,Y :3, U:
blue],[ X :4,Y :2, U : blue}.



An Architecture for Developing Context-Aware Systems 55

4.2 Context Calculus

In our previous papers [1,[13], we have formally defined the following context opera-
tors: the override @ is similar to function override; difference ©, comparison =, con-
Jjunction 1M , and disjunction U are similar to set operators; projection | and hiding |
are selection operators; constructor [ : _] is used to construct an atomic context; sub-
stitution / is used to substitute values for selected tags in a context. They have formal
definitions [[14]. The following table shows the formal syntax for well-formed context
expression C, and precedence rules for context operators [14]].

| syntax I precedence |
C:u=c |C=C
| ¢coc |ccce élu/
| clc |cjc .
| caC |[CocC iy
| ¢cnC |cucC s, ’_\
| c=cC|C—C =
| ¢ID |C1D 6.=C2

Many of the context operators can be lifted in a natural manner to Bozes. As an
example, for a box B = Boz[A | p] and context ¢, the expression B @ c is the set of
contexts {¢’ = {c¢; ® ¢ | ¢; € B}}. In addition to lifted operators, we have also de-
fined [[13]] the operators join X, union B, and intersection [-. These three Box operators
have equal precedence and have semantics analogous to relational algebra operators. A
Box expression is defined as: B ::= b| B X B|B B B| B I B.

Example 1. The evaluation steps of the well-formed context expression cs T D @ ¢ |
co, wherecy =[x :3,y:4,2:5],ca=[y:5],andcs =[x :5,y:6,w:5], D={w},
are as follows:

cs T D=[z:5,y:6] [Stepl]
2. ¢ | ca = ¢1 or ¢co chosen nondeterministically [Step2]
3. Suppose in Step2, c; is chosen,

s D@y =[x:3,y:4,2z:5 [Step3a]

else if ¢y is chosen,

31 DDeg=[x:5,y:5] [Step3b]

5 Context Construction and Adaptation

The context construction is done by component C'C', which is made up of device com-
ponents and user models. The context adaptation component CA is made up of two
subcomponents 75 and 73. In this section we explain the behavior of CC and C'A.

5.1 Behavior of CC

The behavior of each primitive component in C'C is modeled by a CFSM. The seman-
tics of a transition in a CFSM is that there exists an event occurrence that satisfies the
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transition specification: (For each state s;, let £(s;) denote the set of events that are
possible in s;.)

(si,vi) Ne €&(s;) A pl(vi)] A te(t)
(si,01) = (s5,v3) A al(vy)] A Init(t)

where, (1) e is the event triggering the transition, (2) g = p A tc, where p, a predicate on
the variables in pre-state and tc is the time constraint predicate, and (3) a = ¢ A Init,
where ¢ is a predicate on the variables in the post-state, and Init is timer initialization
predicate. Elementary contexts are constructed by the CFSM of the component 7', after
the CFSMs corresponding to the components in £ collaborate among themselves. Due
to the reactive property of the CFSMs, contexts are constructed during every cycle of
getting new information from the devices.

5.2 Behavior of CA

The component 7% is fully described by the context theory. The behavior model of T3 is
an ESM, which has a finite number of states with transitions between states labeled by
events triggering the transition. At each state, the ESM may receive context information
composed by T, query the context database and/or compute a mathematical function,
and output the results to CC. In systems involving continuous dynamics, adaptation is
based on the result of evaluation of a mathematical function available in the applica-
tion domain; in discrete systems involving a multitude of dimensions, a search engine
operates on a context database to generate context-dependent actions, which implicitly
change the context. The states may include auxiliary data variables for local computa-
tions. The state transition semantics is

si N e €&(s;) N warg(s;) N cong(s;) A te(t)

s; = 8; A vara(sj) A rte(t)

where (1) var, is a predicate in Conjunctive Normal Form, in which each atomic pred-
icate expresses a constraint on one variable in state s;; (2) cong is also a predicate in
Conjunctive Normal Form, in which each atomic predicate expresses a constraint on
context information in state s;; and (3) tc is a conjunction of linear time predicates of
the form Lower < t < Upper, where t is the valuation of a local clock. An execution
in the ESM is a sequence of transitions starting from an initial state. The behavior of
the ESM is the set of executions.

Context-Dependent Adaptation. Adaptation mechanism uses context-dependent
function definitions as well as a database of contexts constructed on the five dimen-
sions W5. A context-dependent expression F is a pair (A - E, u - E), where A - E =
{E1,..., Ey}, is the set of definitions for F and p - E = {w1,...,wy} is the set
of regions corresponding to the definitions. In our context theory a region has a Box
representation. For any arbitrary context ¢, E@c = {F1@cMwy,..., Ex@cMwy}. An
immediate consequence is that contexts can be used as parameters in a function defini-
tion. Let f : X xY x Z x C — W, where C'is a set of contexts, and f(x,y, z,¢),x €
X,y € Y,z € Z c € C, be defined such that for different context values, the func-
tion’s definitions are different. In Example 2] we define a context-dependent function
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f(z,y, z, ¢) corresponding to different context regions shared by the upper halves of a
sphere and a cone.

Example 2.

f(x)y,Z,C)z (>\ : f’/*L : f)) where

A f={2234+y—6,2+y% 23 +y},

p- f={B16 By, By & By, B M By},

By = Boz[X,Y,Z | 2 +22<16 ANz =
By = Box[X,Y,Z | 22+ 3>+ 22 <9 A
end

%z A z>0],

z > 0],

In addition, one or more Boxes having the five dimensions of W5, mentioned in Sec-
tion [Tl with a set of constraints on their tag values can be interpreted as a region of
lattice points or a multi-dimensional relation. These relations, stored in a database, may
also be used for context adaptation. With each relation in the database an adaptation
information is associated. Whenever a context in a relation is satisfied, the adaptation
rule associated with it is fired. Search queries can use context expressions to search the

database and determine the adaptive action.

6 Case Study - Anti-lock Braking System (ABS)

ABS is a typical example of a context-aware system [[7]], in which both situated and en-
vironmental information should become part of a context. In addition, time constraints
may also be included, either as efficiency requirements or time-dependent functional-
ity requirements. It senses the driver’s situation (braking or not), the status of the car’s
wheel (locked or rotating), the road conditions and other environmental contexts. Once
it detects the locking of a wheel it reduces the braking force repeatedly until the wheel
starts rotating again. Our design is more general and formal than the one suggested
in [7].

The functionalities of the ABS components and assumptions on them are as follows:

1. Functionalities

(a) Wheel sensors sense the speed of the wheels, and inform the controller when
the wheel is locked due to too much pressure.

(b) Braking units sense the amount of pressure exerted by the driver and inform the
pressure intensity to the controller. They also control the pressure in the brake
lines of the vehicle.

(c) The controller receives the environmental contexts, such as road friction, brake
torque and external disturbances, and calculates the amount of pressure that the
brake should actually release.

2. Assumptions

(a) The pumping of the brake pressure, the cycle of receiving current context and
calculating a new context for adaptation, happens 20 or more times per second.

(b) Every 20 time units, the sensors and brakes report their information when
wheels work properly. However, once wheels are lock up, the sensors and
brakes report their information every 1 time unit.

(c) Only when all the wheels resume rotating, the controller stops the pumping,
and all the components transfer to normal states.
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6.1 The ABS Model

ABS has two types of devices, wheels and braking units. There are four wheels and
braking units in a car, but they share the same functionalities. Hence, for simplicity,
we only draw one wheel (D1;) and one brake unit (D) in the architecture. Environ-
mental contexts such as the road friction, the brake torque, the tire pressure, and the
current wheel speed are sensed by the Sensing mechanism S. They are converted into
symbolic form by the transformer and passed as micro_contexts to T,. Applying the
@ operation to micro_contexts, a simple context c is constructed and passed as a pa-
rameter to T3. The architecture of ABS is shown in Figure 3l The frame specification,
architecture specification and the architecture protocol of ABS can be defined following
the specification shown in Section 3l We skip the details.

Device wheel and braking units, which communicate with and controlled by the
adaptation unit, are modeled as CFSMs, as shown in Figure d] with time constraints.
The formal behavior model of context adaptation is shown in Figure [3 In the state
normalW ork it receives context information every 20 times units and puts it into its
context queue. If the message Locked(id) is received, it enters into urgency state. In

1 sensing

normalReport

e(N.id)![/TCvard<=1]
Locked! [/TCvar2=0]

FinishReducing(id)!
emergency recovery reportPresure

(a) The Behavior Model of the Wheel (b) The Behavior Model of the Brake

CheckStatus [TCvar2=1]

Fig. 4. Formal Behavior Model of Context Constructor of ABS
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Locked(id)?[member(q,id)=false/q’=add(q.id)]

urgency

Presure(M,id)?
Locked(id)? /;
A5<=1

construct

aware(context)!
context=c/Tcvar550]

normal [/q’=add(q,icT| ?

)
Work [co) eXl=CﬂlCu]aleA(N}£V| informing
A Tevat5<=
analyze CurrentPresure(N,id[ )?
[id=id’]
GoSle Reduce(M,id")!
[empty(§)] DoRest — [ id’=first(q)] brakePressure
[empty(q)=fals

FinishReducing(idX gtked(id)?
[id=id"] lid=id’]

getRotation

Rotating(id")?
[/q’=remove(q)]

Fig. 5. Formal Behavior Model of Context Adapter of ABS

that state, the adaptation mechanism computes a new context within 1 time unit, and
analyzes the new context using the provided context operator: projection(]). This cal-
culation determines the amount of pressure to be reduced in the new context. The re-
duced pressure is notified to the brake unit. After the brake notifies the adapter that the
reduced pressure has been applied, the adapter notifies the wheel to test whether or not
the wheel is locked. If the wheel notifies the adapter that the wheel is rotating, from
urgency state the adapter changes to exit state. However, if the wheel is still locked,
the adapter waits for the brake to report the current pressure within 1 time unit, enters
into construct state, and the whole construct-reduce-apply-test procedure is repeated
until the wheel starts rotating. At the exit state, if no other wheel is locked, the adapter
changes to normalW ork state; otherwise, it repeats the cycle of actions to deal with
another locked wheel. The function calculate(p, ¢) is context dependent and its evalu-
ation results in a new context ¢’ is notified to the devices.

7 Conclusion

The main contribution of this paper is a component-based architecture for develop-
ing context-aware systems. The architecture is based on a three-tired model, where the
first tier deals with perception, the second tier deals with context management, and the
third tier deals with context adaptation. These tiers are wrapped into two interacting
components CC(context constructor) and CA (context adapter). A context-aware Sys-
tem is realized as a composition of CC and CA.

The significant aspects of the architecture are: (1) modularity: each component is
fully encapsulated, and their relative independence promotes easy refinements and max-
imal reuse; (2) co-design: the sensing components in C'C require hardware implemen-
tation, and the transformer 7" requires a software implementation, and the tight coupling
between them can be optimized through appropriate hardware/software partitioning; (3)
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context toolkit: component 75 implements context operators and provides precedence
rules, and their implementation is quite independent of the nature of contexts (supplied
by C'C) and adaptation (at 73); and (4) knowledge base: T3 may be given the knowl-
edge base that is specific to an application, and hence the adaptation/controller can be
reused for different applications by simply rebooting a new knowledge base for every
new application.

We are continuing our research in two directions. We have shown [1.[13] that the
intensional programming language Lucx has the expressive power to program agent
communication and real-time reactive systems. Lucx, in which contexts are first class
objects, can use them to program CFSMs and ESMs. Hence it is a natural choice for
programming context-aware system as described in this paper. We are currently work-
ing on the details of implementing context-aware systems in Lucx. The second aspect
of our ongoing research is concerned with reasoning and verification. Since context-
aware systems are reactive and adaptive to changing environmental situations, proving
the current functioning of the system depends on the accuracy of sensory devices. Sen-
sory devices produce signals that are converted to symbolic forms. Necessarily, this
process is error-prone, and consequently not all context information will be accurately
quantified. This raises an important distinction between correctness issues addressed for
synchronous languages and the CFSMs used in context-aware applications: that some
of the CFSMs are required to auto-evaluate the quality of service it provides. With ev-
ery data generated the device exports a meta-data to express the quality of the value,
including the metric used for its measurement. In order to guarantee that the design
satisfies a desired property, the design methodology should be verification-driven. The
verification tool uses the meta-data as an aid to refine the specification of the system.
This aspect of verification-driven design and implementation of context-aware systems
is an integral part of our ongoing research.
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Abstract. Applications need facilities for recognizing and adapting to context
in order to provide useful and user-centered results. There are several problems
to be addressed when building context-aware applications, two of which being
how to define and manage all available contextual information and how to
distinguish relevant from non-relevant context for a given task. In this paper,
we focus on the second problem and propose a context definition and model for
a context-aware agent. We exploit this model to build agents that learn to select
relevant context and to use it to make decisions.

1 Introduction

The rise of pervasive computing has stressed the importance of “context”. As defined
in [7], this concept can be seen as “any information that can be used to characterize
the situation of an entity”, where an entity can be “a person, place or object that is
considered relevant to the interaction between a user and an application, including the
user and the application themselves”. This definition underlines two of the major
problems in current context-aware applications: the amount of contextual information
that must be gathered, understood and used for a certain task ( “any information [...]
used to characterize the situation” gives an idea about how difficult is to define and
manage all that information); and the necessity to measure some sort of relevance
(“...information that can be used to...”, “...that is considered relevant...”): even
though the definition does not specify how to choose among all available context
information the one that is relevant, it underlines the importance of taking into
account only relevant issues.

Most of the existing works handle these problems at the design phase (some
examples are [30], [9], [24], [2], etc.): the system’s designer is the one that defines
what information will be part of the application’s context and makes the choice of
what will be considered as relevant in that precise application. As the amount of
available information is usually very large, the designer has to define at design time
what concepts will be used in that system, and then make an a-priori choice of which
ones are relevant.

This kind of choice about what is relevant cannot be used anymore, not in current
applications. Classical applications had clearly defined boundaries, a specific purpose

T.R. Roth-Berghofer, S. Schulz, and D.B. Leake (Eds.): MRC 2005, LNAI 3946, pp. 62 {83 2006.
© Springer-Verlag Berlin Heidelberg 2006
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and a specific context of use that didn’t change very much and was easily predictable.
The new generation of pervasive and ubiquitous computing applications are now
situated in a dynamic environment, where it is more difficult (if not impossible) to
predict all changes and configurations that might occur. Considering this, a static
approach to the environment (and to what might be seen as relevant information for a
given application, in general) is not appropriate for ‘new generation’ applications. The
designer cannot predict all possibilities, so the need for applications to deal with
dynamic and unpredictable environments must be considered. We understand by this
dynamical approach the fact that the application has no fixed a-priori about the
environment in which it might be running and about the situations and tasks with which
it might need to deal. Nonetheless, we expect the application to continue running with
as few errors as possible and adapt at runtime to new circumstances and tasks.

We underline the fact that all this “dynamicity” could be useful only in the case of
applications that need continuous adaptability and which have to deal with highly
dynamical (and even unknown) environments. Applications that have limited and
predictable functionalities, that do not need on-the-move adaptations to unknown
situations and tasks, might not benefit from this approach.

In this paper, our goal is to draw a common base for dynamic adaptation in
context-aware applications, by alleviating the system’s designer’s task (transferring it
to the user or the application itself), especially in what concerns the choice of relevant
information. We implement this in a context-aware multi-agent application. Context-
aware multi-agent applications are composed of several heterogeneous and situated
agents. Agents are able to share amongst themselves the way they use context
knowledge in solving similar problems.

We detail the architectural construction of such a system and illustrate it with a
case study of an open and interoperable context-aware agenda management using
Multi-Agent technologies. The resulting MAS is made of several meeting schedulers
agents called mySAM (my Smart Agenda Manager). mySAM assists its user in fixing
meetings by negotiating them with other mySAMSs and by using context knowledge to
decide whether to accept or reject a meeting proposal made by another agent.
Knowledge about how to select relevant context and how to use it to deal with a
meeting proposal is acquired through individual and multi-agent learning.

In what follows, we detail our motivation and approach (section 2), give some brief
definitions of what we call “context” (section 3), then present an architecture context-
aware applications, with details on representing context, managing it and reasoning
with context (sections 4 and 5). We describe the implementation and results obtained
in section 6. We will then situate our approach in related work (section 7), make a
short informal discussion on what are the benefits of this approach and what might be
the problems (section 8), conclude and give some perspectives on our future work
(section 9).

2 Motivation and Approach

As we mentioned before, the focus of our work is the question of relevance, in all its
interesting points: how to define what is relevant, how to choose between relevant and
non-relevant information and how to use relevant information when making
decisions.
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We think that there are at least two issues to be addressed: to have a context
management as independent from the application as possible, and therefore reusable
between applications; and to build applications that are not static, meaning that they
should be able to accomplish different tasks in unpredictable situations. We consider
that the first steps towards solving these issues are to make a distinction between
managing context and reasoning using context to make decisions; and to dynamically
adapt the selection of relevant information, according to the task at hand.

Motivations concerning these aspects were already explored in previous section
and some more arguments will follow all along this paper.

Therefore, what we focus on is: an explicit representation of context, a
management engine for everything that can be considered as context, and adding
reasoning capabilities to agents in order to dynamically adapt the selection of relevant
context and the decision making process.

Managing context vs. Context-based reasoning for making decisions

Taking into account these problems, we define a layered architecture. In this
architecture (the overview of which is presented in Figure I) we make a clear
distinction between managing context and reasoning using context.

In our architecture, the context management task is not done by the agents
themselves. Instead, they interact with a context-manager layer that is able to answer
context-related queries. We thus disconnect all that is related to context acquisition
and management (which will be done by the local context managers) from reasoning
with context knowledge (done by the agents). The system architecture is structured
along three layers: context sources (layer 0), context management (layer 1), a layer of
agents that reason with context (layer 2). Over the last layer are dedicated applications
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Fig. 1. Global architecture for Context-aware applications
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which use agents’ abilities to reason with context, or in which context can be directly
used by the application itself.

Mostly, when context is used to make behaviors context-adaptable, it is used in an
ad-hoc manner, without trying to propose an approach suitable for other kind of
applications. However, there is some recent research in proposing a general
architecture on context-aware applications, like CoBrA(Context Broker Architecture),
proposed by Chen et al.[2], Socam, by Gu et al [28] or the work of Coutaz et al. [5].
The architecture we present in Figure I is quite similar to all these, without focusing
on how to acquire certain information from heterogeneous sources and abstract it to
higher level information, but on how to represent it in a semantic and generic manner
and how to reason on context knowledge based on this representation. We discuss
these approaches in more details in Related Work (see Section 7).

Selecting relevant context

The main problem in context-aware applications is how to select (choose) relevant
from non-relevant information for a specific task. The aim is to have this task (of
selecting relevant information) done by the application itself, at runtime, and not in
advance, by the designer. Choosing in advance what might be relevant for an
application might not give expected results, as there are applications (especially
highly dynamic ones) in which such a prediction of future states of the environment
cannot be done. We consider that changes in environment are so unpredictable in
context-aware applications, that such an a-priori choice of what is and it is not
relevant is not adequate. The solution, as we see it, is to make this selection at
runtime, and, if at all possible, improve the selection mechanism at each occasion.

P. Maes [16] argues that applications must deal with two main issues: Competence
— how the application (in this case represented by a personal agent) is acquiring the
knowledge needed to decide and Trust — what is the user’s comfort in delegating tasks
to those kind of agents. She describes two classical approaches in dealing with these
issues: making the end-user program the interface agent, which solves the trust
problem; and a “knowledge-based approach” — endowing an interface agent with
extensive domain-specific background knowledge about the application and the user.
This one does not solve any of the two issues completely, as the designer will have to
make a significant effort to endow the agent with the extensive knowledge of the
domain and the user will still not know how the agents function, so it will (probably)
not trust her. The solution, as seen by Maes, is learning.

We follow this direction of using learning (therefore a dynamic adaptation to
changes in environment, in tasks and user’s preferences), but explicit this learning in a
specific application field: the one of context-aware applications. The focus in classical
applications was to have an agent that was better suited to user’s needs, so the focus
of learning was on agents’ reasoning abilities and behavior adaptation. Our agents
have a component that reason to accomplish a certain task, but we added a component
that chooses relevant information to be used in this reasoning process. We argue that
the step of choosing what is relevant from all available information is a very difficult
and critical process for a context-aware agent, therefore our agents will use learning
for two purposes. They will learn to acquire missing information about: (i) what is
relevant for the task at hand and (ii) how to accomplish that task using only relevant
information.
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3 Basic Definitions and OQur Model of ‘“Context”

Having drawn the overall picture of our system, let us now go into detail: first by
describing what we understand by “context”, and then by explaining how context is
represented and used to design and implement our agenda management case study.
Before concluding, we will compare our approach to related work.

3.1 Basic Definitions

Agents are situated entities, meaning that they sense their environment and act
accordingly. In this section we define the basic components of what we call
“context”: the rationale (or the finality) of its use, the elements that are part of it and
the relevance of those elements given that rationale.

Finality

Going back to Dey’s definition, we can define context as a cluster of information
relevant for a specific purpose. Before going further, let us explain what we consider
as purpose (or finality, how we will call it further on).

The finality, f, is the goal for which the context is used at a given moment, the
focus of the activity at hand. A finality is the information that is the most interesting
for the application at a given moment, for example: deciding what to do with an offer,
explaining an action, understanding a conversation, etc. All of these are finalities that
determine the way the application will consider context and act upon it, therefore
compel the activity of that application.

It is the designer of the system (or the user himself) who defines the finalities that
will need to be fulfilled with the use of context. For example, in an agenda-
management application, finalities can be: answer to a meeting proposal, cancel a
meeting, negotiate a meeting, etc. In a tourist guide application, finalities could be:
propose sightseeing tour, find a museum/church/restaurant/..., etc. The set of
finalities (goals to be fulfilled) is defined in association with the application at hand,
as this set is the one that will guide the selection of what is relevant and what is not
for that specific task.

Context attribute

As mentioned before, context is defined by a set of attributes that are relevant in a
given situation. In what follows we will define the general structure of a context
attribute. Usually, in literature, an element of context is either seen as a simple “label”
that will have an associated value (like in [29], [1], [24], [8]), or as a more complex
structure, that also includes the specification of the behavior or action to be followed
when a certain value is reached (like in [9], [30]).

What we intend is to develop a specific structure within which we will be able to
define a context attribute. This structure specifies the pattern of a context attribute,
and does not point out which conduct should be adopted for a specific value of the
context attribute. We consider a context attribute much more complex than just an
attribute-value structure. We extended the simple ‘attribute-value’ approach to cope
with the necessity of describing context information, no matter how complex it might
be. What we present here is just a beginning for the complex structure that an attribute
must have, because there is at least one very important aspect that we did not cope
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with so far, the one of possible dependencies, relationships between attributes. We
plan to explore this issue in future work. In what follows, we define the elements that
compose our context attribute structure for the time being.

A context attribute (a) designates the information defining one element of context,
e.g. “ActivityLocation”, “NamePerson”, “ActivityDuration”. Each context attribute
has at least one value at a given moment, the value depending on several entities to
which the attribute relates. An entity is an instance of a “person, object or place” (as
mentioned in [7]), but can also be an activity, an organizational concept (role, group,
another agent, etc).

For instance, the context attribute “DevicesAvailableInRoom” defines the devices
that are located in a room. When trying to instantiate this attribute, the needed
parameter will be the specific room that interests us. A “PersonlsMemberOf” context
attribute will take a person as input, and will return (possibly) several groups in which
that person takes part.

We can therefore associate to each context attribute an instantiation function called
valueOf. We define valueOf for a context attribute a as being the function that for the
set of parameters (p,), it calculates the value of @ at time £, taken that set of parameters.
There exist some context attributes (as “PersonlsMemberOf”, “Supervises”, “Devices-
AvailableInRoom”, etc.) that can take not just one, but a set of values.

Relevance

Not all attributes are relevant for a finality. We define isRelevant(a,f), a predicate
stating that the attribute a is relevant for the finality f. Let us call RAS(f) the subset of
A which defines the Relevant Attribute Set for the finality f:

RAS(f) = { ac A |isRelevant(a,f)=true }.

We call an instantiation of context attribute acA, the pair (a,v) where v is the
set of values of a at a given moment. For instance, (DayOfMonth, {14}),
(roleOfPersonIlnGroup, {Team Manager}), (PersonlsMemberOf, {MAS Group,
Center_X, University_Y}) are all instantiations of the respective context attributes:
DayOfMonth, roleOfPersonInGroup, PersonlsMemberOf. We call I the set of
instantiated context attributes as

I={(a,v)|acA AvalueOf(a,p,)=v}.

We call Instantiated Relevant Attribute Set of a finality f, IRAS(f), the set of
instantiated context attributes relevant to finality f:

IRAS(f) = {(a,v) | ac RAS(f) A (a,v) € I}.

Let us notice that in related work ([15], [25], [26]), the notion of “context” is often
understood as being what we called IRAS. To explain the difference between RAS
and IRAS and the reason to make this distinction, Let us consider the following
example. Given the finality f = “deciding whether to accept or not a meeting”,
RAS(f)={“RoleOfPersonlnGroup”, “ActivityScheduledInSlot”’} is considered, i.e.
role played by the person with whom I al negotiating the meeting and if I have
something already planned for that time slot. The resulting JRAS for a student
may be IRAS ;ygen(f)={ (RoleOfPersonlnGroup, {teacher}), (ActivityScheduledInSlot,
{ Activity001})} and for a teacher IRAS cscher(f)={ (RoleOfPersonIlnGroup, {student}),
(ActivityScheduledInSlot, {Activity255)}. As we can see, the difference between
IRAS of student and teacher may lead to different rational decisions. We think that, at
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least in some organizational settings (like universities, enterprises), RAS sets present
some similarities for different users when needed to make decisions (for the same
finality), but the decision itself is IRAS-dependent. This is just a hypothesis that needs
to be further analyzed.

Taking into account the definitions that we proposed so far we are now able to
describe the representation of a context attribute.

3.2 Representing Context

The problem with the context modeling is that, usually, the context-management task
is very much connected to the reasoning-with-context one. We see this as a problem
because, due to this type of management, the context needs to be re-defined and
managed in a different manner for each application. There are several works that also
argue the need to separate the managing of context from reasoning with context to
determine the behavior to adopt in each situation ([2], [28], etc.). In this way, the
management of context can be reused between applications, as there is just the
reasoning engine (the utilization of this contextual knowledge to make decisions,
plans, assist the user, etc.) that can vary from one application to another. Therefore,
the distinction between the context-management task and the reasoning-with-context
task imposes a clear separation between the definition of a context attribute and the
specification of the behavior to be adopted in certain situations.

Given previous definitions, our aim is to represent context attributes in a general
and suitable manner for any kind of applications that need to represent and reason
about them. What we focus on is to have a complex representation for a context
attribute, representation that will assure in this way the interoperability, but also the
possibility to represent no matter what context attribute, not just the simple ones.

Several representations of context exist: contextual graphs ([1]), XML (used to
define ConteXtML [24]), contextors ([4]) or object oriented models ([9]). All these
representations have strengths and weaknesses. As stated in [10], lack of generality is
the most frequent weakness: some representations are suited for a type of application
and express a particular vision on context. There is also a lack of formal bases
necessary to capture context in a consistent manner and to support reasoning on its
different properties. A tentative answer in [10] was the entity-association-attribute
model, which is an extension of the “attribute-value” representation, where contextual
information are structured around an entity, every entity representing a physical or
conceptual object. We based our proposal on this idea and on ontology as the explicit
way to represent it. To take into account the need for generality and also considering
the fact that we aim at having several MAS, each dealing with different contexts (that
we will need to correlate in some way), an ontology-based representation seems
reasonable. This is not a novel idea, the work done by Chen et al. ([2]) being just one
example of defining context ontologies using OWL([19]).

Usually, when context is represented using ontologies, what is said to be “context”
are the properties associated to each concept (or entity, how we will call it further on).
For example, when defining a meeting ontology, we can define the status of a meeting
as a property (“statusMeeting”) of the entity Meeting. This property can also be
considered a context attribute. This representation is simple and does not allow more
complex context attributes to be represented in the same manner. For example, if we
want to define an attribute that will have the value “true” if two meetings are taking
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place in the same time, we need to define this attribute not as a property (as it will be
connected to two meeting entities — in order to check when they take place), but as a
class in itself. This approach will confer a rather heterogeneous representation of
context attributes, as properties, classes, and instances. Our need for a generic
representation of all context attributes made us propose a slightly different approach.

We define two ontologies: domain ontology and context ontology. The domain
ontology is used to define all concepts that will be used in the current system. The
context ontology is the one that contains all context attributes that will be managed by
a context manager. Let us detail first the domain ontology and then, how we build the
context ontology using the concepts defined beforehand.

Domain ontology

In our domain ontology, we define a class “#Entity” as the super class of all concepts,
e.g. in our agenda-management case study, #Person, #Group, #Room, #Activity,
etc. are subclasses of #Entity.

For example, in Fig. 2, we show how concepts as: #Event, #Room, #Role,
#Person, #Group relate to one another and how all of them are sub-classes of the
root of the domain ontology: the class #Entity. Classes as #Role, #Person and
#Group are subclasses of the concept #Social. There are several other properties for
each concept than just name and id, as, for example, for a #Person, we defined
properties as: interests, currentActivity, isMemberOf, etc.

Below you can see the OWL definition of the class #Person and #Social.

<owl:Class rdf:ID="#Person">
<rdfs:subClassOf>
<owl:Class rdf:ID="#Social"/>
</rdfs:subClassOf>
</owl:Class>
<owl:Class rdf:about="#Social">
<rdfs:subClassOf rdf:resource="#Entity"/>
</owl:Class>

* 1—|1 [ 1

Event Room Role Person . Group
d d name o name type
#Social

~

#Entity

Fig. 2. A partial view on the concepts defined in a domain ontology
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Using the concepts defined in this “domain ontology”, we can further explain how
we represented context in a different ontology, called “context ontology”. We will
first explain the structure of a context attribute, as we constructed it in the definitions
and then clarify how we used that structure in building the context ontology.

Context ontology

What we propose is to define a concept called “context attribute”, which will
encapsulate all needed information for defining and instantiating a context attribute
(corresponding to our definition of a context attribute in section “Basic definitions”).
Instead of treating each attribute differently (based on its complexity), we define a
class (called #ContextAttribute) that will typify a common description for all context
attributes: the name of the attribute, the type of needed parameters(entities) for the
instantiation, the V, (values domain), if the attribute is allowed to take a number of
values (or just one) (see Table 1 for the detailed description of the class). Each
context attribute will be characterized by these properties, with different restrictions:
the attribute “RoleOfPersoninGroup” will need a #Person and a #Group as entities
(parameters) and will return a #Role when instantiated, while “NamePerson” will
need #Person as a parameter and will take as value a String, and so on.

Table 1. Description of properties of the #ContextAttribute class

Property Property Type Domain Range Multiple values
Name
name Datatype #ContextAttribute String No
noEntities Datatype #ContextAttribute Integer No
entitiesList Object #ContextAttribute #Entity Yes
valueType Object #ContextAttribute #Entity No
multipleValue | DataType #ContextAttribute Boolean No

In Table 1. we give the description of the #ContextAttribute class as defined in
MySAM ontology. As it can be seen, the class is a general description of the
characteristics of all context attributes. Each attribute is afterwards represented as an
instance of #ContextAttribute, with restrictions on each property, in order to have a
clear description of the specified attribute. There is some redundancy between
noEntities and entitiesList, as noEntities is the cardinal of the before mentioned list.
We preferred defining it explicitly as being an important property of a context
attribute, even if it could be deduced by counting the elements of entitiesList.

For instance, the context attribute RoleOfPersonlnGroup is described with the
following restrictions on the properties of the defined class #ContextAttribute:
Name = “RoleOfPersoninGroup”; NoEntities = 2 (we need to connect this attribute
to one #Person and one #Group); valueType = #Role (value for this attribute is an
instance of the class #Role); multipleValues = “false” (a person can only play one
role in a group); entitiesList = { #Person; #Group} (connected entities - of type
#Entity - are instances of class #Person and of class #Group). Here is the OWL
description of the context attribute characterizing the role played by a person in a

group.
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<ContextAttribute rdf:ID="roleOfPersonInGroup">
<nameAttribute>rolePlayed</nameAttribute>
<noEntities> 2 </noEntities>
<entitiesList rdf:resource="#Group"/>
<entitiesList rdf:resource="#Person"/>
<valueType rdf:resource="#Role"/>
<multiplevValues>false</multiplevalues>

</ContextAttribute>

Given this structure, we can see the valueOf of a context attribute (see section
“Basic definitions™) like a function that takes as parameters noEntities entities (where
each entity has the corresponding type defined in entitiesList) and returns one (or
several) values of type valueType. Therefore, we can express a context attribute in the
following manner:

nameAttribute (entitiesList) -> valueType(*)

meaning that the valueOf function of the context attribute “nameAttribute” needs as
parameters a list of entities corresponding to the types mentioned in entitiesList and
returns one (or several — this is what the star (*) stands for) values of type valueType.

In Table 2. we present a small part of the list of context attributes defined in the
OWL ontology used for MySAM application. We use as notation the formula
described above.

Table 2. Some of the context attributes defined in MySAM ontology

Person — related Time-related
InterestsPerson :(Person)-> String TimeZone : (Time) -> Integer
IsSupervisorOf :(Person, Person)-> Boolean DayOfWeek : (Date) -> String
StatusPerson :(Person) -> String TimeOfDay : (Time) -> String

Supervises : (Person) -> Person*
RoleOfPersoninGroup :(Person,Group)-> Role
Location - related Activity — related
PersonlsinRoom : (Person, Room) -> Boolean | ActivityStartsAt:(Activity)->Time
PersonlsAtFloor : (Person, Floor) -> Boolean | ActivityEndsAt :(Activity)-> Time

PersonlsinBuilding:(Person,Building)-> AcivityGoal : (Activity) ->String

Boolean ActivityDuration :(Activity) -> Integer

PersonlsInCity : (Person, City) -> Boolean ActivityParticipants: (Activity) -> Person*
Agenda - related Environment - related

BusyMorning : (Agenda) -> Boolean DevicesAvailablelnBuilding : (Building) ->

BusyAfternoon : (Agenda) -> Boolean Device*

BusyEvening : (Agenda) -> Boolean DevicesAvailablelnRoom:(Room)->Device*

DevicesAvailableAtFloor : (Floor) -> Device*

The attributes are grouped based on their specificity: attributes that are connected
to a person, attributes related to time management, etc. Each attribute is described by
its name and then the list of parameters needed for its instantiation (given by their
type) and the type of value it will have when instantiated. A star (*) near to the type of
the value means that the attribute is allowed to have multiple values for an
instantiation (for example, one person can belong to several groups at a time).

This way, our ontology is made of two components: one that defines the domain
(similar to all other “context” ontologies which are, in fact, domain ontologies) and
another one, which is the description of all context attribute that will be managed in
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the current system (by the available Context Manager) — which is the actual context
ontology in our case.

The representation extension that we propose allows a homogeneous representation
of all context attributes in a system, therefore facilitating a generic management of
those attributes, and not an ontology-dependent one. This representation has an
increased expressiveness as it allows for any type of context attribute (no matter how
complex) to be represented. So far, we do not perform any ontological reasoning on
the ontologies that we defined, but we used ontologies (and not just XML) to define
context attributes in the idea that this type of reasoning will be included in our
approach. The part where this kind of reasoning will be useful is when we need to
find associations between concepts defined in different context ontologies. A
translation between context ontologies would be very helpful taking into account that
it is highly plausible that two systems will not use exactly the same ontological
description for the same context or domain.

4 Context-Aware MAS Architecture

The proposed layered architecture is composed of mySAM agents (fig. 4), each of
them assisting one user able to interact with local CMs (fig. 3), each of the CMs
managing one domain ontology and a set of context attributes. Being connected to the
current state of the environment, each CM provides agents with context related
information available in the system where mySAM is located at that time. The CM
(and not agents) is the one that computes the values of all context attributes in the
environment. Agents learn how to recognize relevant context and how to act
accordingly. We underline the fact that this architecture is suitable for developing
context-aware agents that are light-weighted, therefore adapted to hand held devices.
This is due to the division of functionalities: context management done by an external
entity (not the agent itself) and all task-related reasoning and learning done at the
agent level.

We describe now the CM and the context-based agents that learn how to choose
and how to use context.

4.1 Context Manager (CM)

The main functionalities of a CM (fig. 3) are: to let the agents know which is the
context attributes set (defined in the ontology) that it manages, and to compute the
corresponding IRAS from the RAS given by the agents at some point of processing.
When entering a society, an agent asks the corresponding CM to provide it with the
context attributes that it manages. Acting as intermediary between agents and the
environment, CM is able to answer requests regarding its managed context attributes.
The Context Knowledge Base contains the ontology of the domain, defined as a
hierarchy with #Entity as root, on one hand, and all context attributes (defined as sub
classes of the class #ContextAttribute) that will be managed by the CM, on the other
hand. The instantiation module computes the IRAS(f) for a given RAS(f). The
dependencies module computes the values for derived attributes by considering
possible relations between context attributes. For example, it can instantiate the
“IsSupervisorOf” context attribute, by using the value of “Supervises”, as follows:
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Fig. 3. Context manager architecture

IsSupervisorOf (Personl, Person2) = true, iif Person2 € Supervises(Personl). This
means that a person Personl is considered to be the supervisor of another person
Person2, if and only if Person2 is included in the set of persons supervised by
Personl. In this case, we call “Supervises” a direct (or primary) context attribute, and
“IsSupervisorOf” a derived context attribute, as it needs the value of another direct (or
derived) context attribute to be instantiated.

4.2 Context-Aware Learning Agent (mySAM)

The context-based agent architecture that is the core of a MySAM agent is general
and it is not restrained to the kind of application considered to illustrate our approach.
Even though the agent has several other modules (negotiation, interaction, user
interface, etc.), in what follows we will focus on the selection and decision
modules(fig. 4), as these are the ones dealing with contextual information. The
selection module has as functionality the selection of relevant attributes for a certain
finality f (RAS(f)). It is the goal of this paper to show that making this module explicit
and adapt its behavior dynamically can improve the system’s performances.

For example, for a finality relative to deciding whether accepting or not a “2
participants” meeting, the selection module builds the RAS={“ActivityScheduled
InSlot”, “roleOfPersonlnGroup™}; or, for a finality relative to a “seminar”, the RAS
can be {“ActivityParticipants”, “Activity Description”, “Personlnterests”, etc}.

The decision module decides whether to accept or reject a meeting based on the
IRAS resulted from the respective RAS instantiation. For example, if we have nothing
planned for that time slot and if the person that proposes this meeting is our
hierarchical superior, the decision module will propose to accept the meeting.

Both the selection and the decision modules have associated learning methods
(individual as well as cooperative learning) that improve their behavior. We use the
term “individual” learning to designate the learning done by the agent only in relation
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with its user. “Cooperative” or “multi-agent” learning is realized through exchanging
knowledge (concerning either the selection task or the decision one) between agents.
Using individual learning and knowledge sharing techniques, agents are able to make
a better selection of RAS sets for a given finality and to take better decisions based on
obtained IRAS.

Several approaches have been proposed recently ([31], [33]) concerning multi-
agent learning. The use of individual learning methods in MAS is already known as
indispensable if we desire to have adaptable and efficient agents. Multi-agent learning
is being considered for quite a while already, and different methods were already
proposed. What we propose in this article are methods to collectively learn to choose
the “right” context and what to do with it. We argue that adding an explicit selection
step (improved by learning) to the classical decision-making methods adds to the
system’s adaptability and performance.

5 Learning to Make Context-Aware Decisions

In what follows, we present the learning modules for the selection of relevant
attributes (section 5.1) and for using context knowledge for decision-making (section
5.2). We want to underline that the presentation of these modules is made from a
general point of view, without going into details in what concerns the specific
learning method that is used for mono-agent learning (this choice is usually made
taking into account the application). Our objective is to argue the necessity to use
mono and/or multi-agent learning (as described in [26], [33]) when dealing with
context(for both selection of relevant context and decision-making task) and to
imagine multi-agent learning mechanisms suitable for context-aware applications. We
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are not proposing a new learning method, but show how using existing methods can
improve the decision making process in a context-aware system.

5.1 Learning to Select What Is Relevant for a Decision (RAS)

Learning how to choose among context attributes which are the relevant ones could
be very important in an application where the amount of available context information
is too large and the effort needed to compute the values for all those attributes is not
acceptable in term of efficiency. We improve the agent’s capacity to choose the
relevant information to assess this phase by an individual learning method (in
connection to user’s feedback) and also by a collective one.

For individual learning (mono-agent learning) on how to choose among context
attributes those who are relevant for a given situation, the agent uses the feedback
from the user. For mySAM, the user chooses attributes, which he considers as being
relevant for the situation, before making a decision. When the user chooses more
attributes as being relevant for a type of meeting, the agent memorizes them. Next
time the agent will have to deal with the same type of meeting, he will be able to
propose to its user all previously known relevant attributes, so that the user adds or
deletes attributes or uses them such as they are.

For example, the agent received a proposal for a “family meeting”. In the case of
MySAM, the type of the proposed meeting is also the finality the agent will consider
when choosing the RAS. Therefore, in this case, mySAM will know that to take a
contextualized decision, it needs to find the RAS(“family-meeting”), then ask for the
CM to instantiate it, in order to obtain the IRAS(“family-meeting”), and to make the
decision based on this IRAS. Let us suppose that, for now, the RAS(“family-
meeting”)={“ActivityStartsAt” }. MySAM will propose the user this RAS and ask if it
is enough to make the decision based only on this set of relevant ontext attributes. The
user can further add to the RAS the attribute “Activitylmportance”, so that not only
the start time of the meeting will be relevant. The new RAS(“family-meeting”) is now
{“ActivityStartsAt”, “ActivityImportance”}. Next time a family meeting proposal
will be received, MySAM will list this new RAS, so that the user can choose to
remove one of the attributes or to add new ones.

An improvement for the method used in individual learning (of selecting relevant
context attributes) consists in using the attributes that other agents in the system have
already learnt as relevant in that situation, therefore to make a knowledge sharing
between agents (multi-agent learning). If an agent does not know which attributes
could be relevant for the situation in which he is (probably for the first time), it can
ask other agents which are the attributes which they already know as being relevant.
In the same way, if an agent had not had a lot of feedback on attributes in a specific
situation, it can again try to improve its set of relevant attributes, by asking for others’
opinion. In the example given above, MySAM can choose to ask other agents for their
RAS(“family-meeting”), then make the union of all RAS received as a response to its
quest, and propose this enlarged set to its user for further modifications. This method
adds to the ability of mySAM to propose new possible relevant attributes. The user’s
task becomes easier, in the way that he just has to check for the relevance of the
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proposed attributes, without going through the whole list of available context
attributes to select possible interesting ones.

5.2 Learning to Use Instantiated Context (IRAS) to Make Decisions

Using the IRAS retrieved from the CM is similar to a simple decision making process.
To improve it, we used mono and multi agent learning to enhance the agent with the
ability to evolve and to become more and more user-personalized.

Mono agent learning of how to use relevant context can be, therefore, any machine
learning method developed in Artificial Intelligence (AI) which is suitable to the type
of application that we want to develop. For mySAM we chose the Classification
Based on Association (CBA) tool developed in the Data Mining II suite ([6]). In the
“Implementation and Results” section we explain our choice and we give further
details in what concerns this method.

The difficulty of multi-agent learning is due to the fact that agents have to have a
common apprehension of the manner in which to use context attributes and
knowledge. To be able to understand what other agents say, every agent must use the
same ‘language’, the same manner of encoding information. They will therefore need
to share at least some parts of the domain ontology, to make sure that agents
understand the contents of exchanged messages.

For multi-agent learning on how to use IRAS(f), we chose a very similar
knowledge sharing method to that presented before. The protocol proposed for this
distribution can be the same, the difference consists in the knowledge that we choose
to share with others: we can choose to share only the solution to the problem and not
reveal the way we reasoned to find that solution, or we can share directly our
problem-solving method, so others can use it for themselves. The choice depends on
the system. If agents should be cooperative and it is considered that no privacy
matters should be taken into account, then the second solution could be faster, in the
sense that next time the agent can simply use the rule, and not ask again for the
solution. But if, as considered in mySAM, the agents should not share all their criteria
for accepting or rejecting a meeting (for sure we don’t want the boss’ agent to know
that we refuse the meeting because we don’t feel like getting up that early...), then
sharing just the solution (in mySAM, an “accept/reject” decision) could be preferable.

Using both individual and multi-agent learning for choosing and using relevant
context in making decision improves our system’s openness. Agents can come in and
out of a society of agents with the context adjusting accordingly and without causing
problems to the general use of the system. The decision making process is as well an
individual process as a collective one. Agents try to solve the agenda managing
problems on their own first, and then ask for opinions and propose a solution
accepted by a majority of agents in the system, based on a voting procedure.

We underline the fact that, for choosing RAS(f), as well for making decisions
based on the IRAS(f), the user has the possibility to approve or reject the agent’s
proposal. What MySAM does is to propose solutions (actions), but it is always the
user who makes the final decision. Of course, the goal would be to have an auto-
customizing agent that will finally get the user’s trust and will act on its own. In
decision support system the idea of autonomy is not to be considered; the system is
supposed to support the decision making process, not to bypass the user’s approval.
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However, for multi-agent systems, one of the challenges is to develop autonomous
agents that are able to accomplish tasks as a replacement for human involvement. For
now, we propose a decision support agent (not an autonomous one), considering that
giving the user the possibility to reject the agent’s proposals helps increasing the
chances for the agent to be accepted without difficulty. In what follows, we detail
implementation issues and give some results we obtained when testing MySAM
application.

6 Implementation and Results

In order to validate our proposal, we developed a case study system (as detailed in
section 2), using a multi-agent system containing several mySAM agents and one CM.
To deploy our agents we used the JADE platform ([11]). JADE (Java Agent
DEvelopment Framework) is a software framework fully implemented in Java
language. The agent platform can be distributed across machines (which not even need
to share the same operating system) and the configuration can be controlled via a remote
GUIL. Besides being the most used platform in MAS community at this time, JADE also
proposes an add-on for deploying agents on hand-held devices, called LEAP.
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Fig. 5. MySAM interface — on PC (left-hand side image) and on HP Pocket PC (right-hand ide
image)

We used JADE to develop mySAM agents, capable of handling the negotiation
task for scheduling meetings. Each mySAM agent is a JADE agent with a graphical
interface (see Fig. 5) that allows a user to manage her agenda. This graphical interface
has been simplified for mySAM agents on a HP iPAQ 5550 Pocket PC. MySAM
agents deployed on PDAs execute only the negotiation task, without any learning
methods. Learning is done by a remote agent situated on a PC. This makes multi-
agent sharing process even more crucial, as an agent might find itself disconnected
from its remote agent that deals with all learning and reasoning modules. In this case,
the agent is forced to ask for help from other agents, in order to be able to respond to
its user’s needs.
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As soon as an agent receives a meeting proposal, it lists to the user the context of
that proposal (see Fig. 6), which contains: the proposal, the known relevant attributes
to that situation (RAS(f)), their instantiation (JRAS(f)) and the suggested decision
(accept/refuse). The suggestion is written in red in the interface — circled on the print
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Fig. 6. Interface for selecting relevant context attributes for a precise situation

screen image in Fig. 6 (in that case, for example, mySAM proposes to accept the
meeting). The user can add or remove context attributes to/from current RAS(f) and
restart the instantiation process (to obtain the new IRAS) and the search for the
appropriated decision in that case.

Each meeting proposal that is accepted or rejected by user is added to an example
database. This example base is further on used by the agent to improve its
performance (in predicting user’s decision) by learning. MySAM agents use CBA
(Classification Based on Association) algorithm to learn how to use relevant context
(for acceptance or refusal of meeting proposals).

CBA (v2.1) has many features, the one that interests us being the classification and
prediction using association rules. It builds accurate classifiers from relational data,
where each record is described with a fixed number of attributes. This type of data is
what traditional classification techniques use, e.g., decision tree, neural networks, and
many others. It is proved (see [6] for details) to provide better classification accuracy
(compared to CBA v1.0, C4.5, RIPPER, Naive Bayes). We used this method also
because it generates behavior rules that are easily understood both by agents and
humans. We have developed a module for the conversion of the rule from the CBA
format into a CLIPS format. CBA format is as follows:

Rule 6: busyAfternoon = false
durationEvent = 60
groupType = work

-> class = yes
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CLIPS (see [3] for details) is a productive development and delivery expert system
tool which provides a complete environment for the construction of rule and/or object
based expert systems. Although CLIPS also provides two other programming
paradigms: object-oriented and procedural, we used the simple rule based one. Rule-
based programming allows knowledge to be represented as heuristics, or "rules of
thumb," which specify a set of actions to be performed for a given situation. A rule in
CLIPS is specified in the following style:

(defrule Ruleb
(busyAfternoon false)
(durationEvent 60)
(groupType work)
=> (store CLASS yes))

“Class” specifies whether the agent should accept or refuse the proposed meeting.
After transforming rules obtained with CBA in CLIPS rules, we could use Jess ([13])
inference engine. Using Jess, one can build Java software that has the capacity to
"reason" using knowledge supplied in the form of declarative rules. Jess is small,
light, and one of the fastest rule engines available.

Each agent has a module that deals with the rules generated by CBA in order to
find out which rule can be applied in a specific context. The process is the following:
giving a finality f, mySAM chooses the RAS(f), then asks for the IRAS associated
with the RAS (the request is made to the CM).

The obtained IRAS constitutes the current relevant context to be taken into account
when making decisions. MySAM asserts as facts the current context in the form:

(defrule startup =>
(assert ( "attribute_1” “value_attribute_17))

(assert ( ”"attribute_n” “value_attribute_n”)) )

Then, mySAM starts Jess inference engine to find the value of “CLASS”. The
value can be ‘Yes’ (meaning that the meeting proposal should be accepted), ‘No’
(meaning that the meeting proposal should be refused) or ‘Unknown’ (no rule
matched the specific context).

When no rule matches the specific context (no rule is activated when using Jess),
mySAM uses a multi-agent knowledge-sharing process to find out how to use this
specific context (IRAS) to decide. The agent starts a voting system: it asks all known
agents in the system for their opinion on the situation (the situation being defined as
{f.IRAS(N) }=(f,{(attribute_1, value_attribute_1),...,(attribute_n, value_attribute_n)}))
and counts each opinion as a vote for “accept”, “reject” or “unknown”. The agent then
proposes to the user the decision that has the most votes. Agents consider an
“unknown” result as a “reject” (by default, an agent will propose the user to reject all
meeting proposals that neither it, nor other agents know how to handle). We chose to
use this “voting” procedure because it was easier than trying to share the rules for
themselves and because, in this kind of application, the privacy is important. Not all
agents will want to share their decision-making rules, but an “accept/reject/unknown”
answer is reasonable to be shared. In this way, agents do not explain how they
inferred that decision, but just what the decision is. However, if rule sharing is to be
taken into account, there are several important details that should be addressed: using
common vocabulary, understanding the encoding of the rule, managing privacy, etc.
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The context manager (CM) is also implemented as a JADE agent. CM is a special
agent in the system that has access to the domain ontology that defines the concepts
that characterize the domain and the context attributes that the CM will manage. CM
provides context knowledge to all agents that are active in the system. The ontology
was created using Protégé 2000 (Protégé is a free, open source ontology editor and
knowledge-base framework [22]) and the agent accesses the ontology using Jena
([12), a Java framework for building Semantic Web applications.

Agents interactions in the system are quite simple: mySAM agents can query the
CM using a REQUEST/INFORM protocol, the meeting negotiations between
mySAM agents are done in a PROPOSE/ACCEPT/REJECT manner.

When testing mySAM we were able to draw several conclusions, such as:

» using a selection step to choose the RAS for a situation helps in having
smaller and more significant rules. Using all attributes to describe a situation is not
only difficult to deal with, but also unnecessary. We tested our hypothesis on a set of
100 examples. For 15 context attributes used, we obtained an overall classification
error of 29.11% and more than 40 rules. When we split the example set on several
finalities (“family-meeting”, “friends-meeting”, “work-meeting”), the user choses for
each situation a limited number of context attributes (an average of 7 attributes for a
meeting with family, 11 for the two others); the error, tested on the same set of
examples, with the same classifier, but taking into account only those relevant
attributes selected by the user, becomes 7.59% and the number of obtained rules drops
to an average of 15;

= we consider that sharing with other agents just the solution (accept/reject) for
a situation is enough, because the agent that received the answer will then add this
situation to its examples base, from where it will then learn the appropriate rule. Even
if it will take longer to learn that rule than just having it immediately provided by
others, the privacy problem is this way solved, because we share just the answer to a
specific situation, and not the reasoning that produces such an answer. Also, the user
has the possibility to decide otherwise (if the decision is not suitable for him/her).
Whereas, if agents shared rules and they added those rules directly into their
reasoning modules (without user’s consent), this could introduce a significant amount
of errors in agent’s decision making.

7 Related Work

Our study is centered on multi-agent systems. However, our definition and vision on
context is based more on approaches in other domains, like Artificial Intelligence,
decision support systems, human-machine interaction, ubiquitous computing, etc.

Definitions. Persson [21] sees context as “[...] the surrounding of a device and the
history of its parameters”, Brezillon[l] considers it as being “the objective
characteristics describing a situation,[...] the mental image generated, [...] the risk
attitude” used to make decisions and Turner [30] defines it as “any identifiable
configuration of environmental, mission-related and agent-related features” used to
predict a behavior. We proposed in section 2.1. some definitions that are quite similar
to all these in the sense that are based on: (i) the elements that compose the context
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and (ii) its use, i.e. the finality (the rationale we pursue) when using this context. The
definition we proposed takes into account those two dimensions of context (its use
and its elements) and it explains what each dimension is and how to properly define it
when designing a context-based MAS.

Models and architectures. Concerning existing models and architectures of context-
aware applications, there are several models that were proposed recently. We detail
here some of them: Gaia ([Ranganathan and Campbell [23]]), CoBrA ([Chen et al.
[2]]) and Socam ([Gu et al. [28]]). Gaia proposes an infrastructure that allows
applications to obtain contextual information and to reason over context. The
infrastructure contains: context providers — which obtain context from sensors or data
sources; context consumers (context-sensitive applications) that query the providers
for information; context synthesizers get sensed contexts from providers and derive
higher level (abstract) contexts and provide them to applications. Some context
history is stored in a database.

CoBrA ([Chen et al. [2]]) is centered on a context broker that acquires contextual
information from heterogeneous sources. This information is afterwards assembled in
a coherent model and the context broker will share this model with all computational
entities located in that same environment.

The notion of “context provider” is again used in SOCAM ([Gu et al. [28]]), to
define entities, which will abstract contexts from external or internal sources and will
convert them into an OWL representation. In this way, context may be shared
between other architectural components. The central entity is this time a context
interpreter, composed of a context reasoning engine and a context knowledge base
(KB) which inspired our Context Manager architecture. The context reasoner has the
functionality of providing deduced contexts based on direct contexts, resolving
context conflicts and maintaining the consistency of the context KB. The Context KB
provides a set of API’s for other service components to query, add, delete or modify
context knowledge. The Context KB contains: context ontologies in a sub-domain and
their instances.

Meeting schedulers and context. In MAS, the notion of context is used to describe
the factors that influence a certain decision. In similar applications (meeting
schedulers), context means: type of event, number of attendees, etc. (Calendar
Apprentice [18]), activity, participants, location, required resources (Personal
Calendar Agent [15]), system load, organization size (Distributed Meeting Scheduler
[26]), time, user’s location, etc. (Electric elves [25]). None of these works mention the
idea of context but they all use “circumstances” or “environmental factors” that affect
the decision-making.

In the Calendar Agent ([14]), Lashkari et al. use the notion of context, but they
assume that relevant context is known in advance, so that all contextual element that
they have access to is considered relevant for the decision to be made. This is the
major problem with the way context is used: these approaches are not fitted for an
application independent way of handling context, because they do not provide a
general representation of context knowledge and methods to choose between relevant
and non-relevant context elements for a specific decision.
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8 Discussion

The main difference and contribution of our work is in the sense that we propose a
MAS architecture based on an ontological representation of context and that can
permit individual and multi-agent learning on how to choose and how to use context.
It is not the choice of an application that generated this architecture, but MySAM is
just a case study to test our approach. We can see that the architecture and model we
proposed could be very well used for similar applications: applications that need user-
centered, personalized, adaptable behaviors.

All that changes with the application scenario itself is the domain and context
ontology. As long as the application still needs some context management
mechanism, the designer only needs to modify the ontologies so they reflect the
current domain knowledge (that could be medicine, mechanics, environmental science
or whatever) and the context information that is available in the system (temperature,
blood pressure, tools, maps, etc.). Once this is done, the context manager is able to
manage the newly defined context without problems. Agents are still able to reason
on how to choose what is relevant for their task, no matter what the task actually is.
They are still using other agents’ experience to improve their own and learning
methods to better adapt to their user and their environment.

Nonetheless, some issues still need to be considered when using our approach.
Forcing the user to deal with a (large) list of possibly relevant attributes is not
realistic; we tried to ease user’s task by presenting attributes regrouped by categories,
but further improvements must be done.

Sharing private information with others imposes privacy problems: agents are
supposed to share information about their user’s criteria when accepting or rejecting a
meeting. This sharing session might not be welcomed by the user, even if it is highly
motivated by the increased speed of the agent’s learning. The privacy issues must be
dealt with, at least by letting the user know when and what information the agent is
about to share and with whom.

A big amount of communication overload might be generated, as all agents ask for
help from all other agents. If the system will consist of several dozens (or hundreds)
agents, then the communication overload would be considerable. A solution can be
for each agent to find ‘specialists’, a specialist being an agent that has the most
knowledge about how to solve a particular situation - and use only those agents in
case of need. (see P.Maes for a very similar idea in [16]).

Asking for user’s feedback for each step of the way could be a burden for the user.
This can be seen as a drawback, but also as a good thing, as in this way the user keeps
the control of the application. We can imagine that after a while, the user will be
much more comfortable delegating tasks to the agent if she had observed that the
agent really behaves according to her needs.

Another issue to be considered is the information that might be missing: the user
might want to consider some information as relevant, but not be able to find it in the
list of available attributes. We think that the agent should give the opportunity to the
user to add specific attributes that she might find relevant, and, furthermore, be able to
translate and compute this information when moving to another system. For this, an
ontology-based correspondence between different attributes of context must be done
by the CMs. All these issues will need to be considered in future work.
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9 Conclusions and Future Work

In this paper, we have presented a definition of the notion of context, notion that is
used in most of the systems, usually without precisely and explicitly taking it into
account. We have proposed an ontology-based representation for context elements
and a context-based architecture for a learning multi-agent system that uses this
representation. We then tested our approach by implementing a meeting scheduling
MAS that uses this architecture and manages and learns context based on the
definitions and representation we proposed. We obtained encouraging results by
embedding the selection of relevant information into the agent itself, showing that this
improves the agent’s performance. Furthermore, adding just a very simple learning
method to the selection module makes the agent behave more appropriately, by
revising its behavior dynamically.

As future work, we aim to extend this framework for context-based MAS to be
used for any kind of application that considers context when adapting its behavior.
The context manager has to be able to deal automatically with all context-related
tasks (including the computation of context attributes values) and to share all his
context-related knowledge. In order to make this possible, our future work will focus
on representing and managing: (i) how to compute the values for derived context
attributes (how to define the valueOf function), (ii) dependencies that can exist
between context attributes (how to compute higher level context information from
lower level one), (iii) the importance of different attributes in different situations
(making a more refined difference between relevant and non relevant attributes, using
a degree of relevance, not just relevant/non-relevant distinction).

In what concerns learning agents, the framework will provide agents with at least
one individual learning algorithm and all that is needed to communicate and share
contextual knowledge (how to choose, compute and use context to make decisions).

In order to prove the generality of our approach, we will implement it to solve
different other scenarios of context-aware applications that can use multi-agent
technology.
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Abstract. Current research in context-awareness is biased toward low-level
context information. High-level context information, however, poses several chal-
lenges to context management systems, which can be traced back to the asyn-
chronicity of context acquisition and use and the inherent dynamics and imper-
fection in that process. This paper presents a three layer model allowing for dealing
with the problems of imperfection and aging in a controlled way. It conceives the
problem of high-level user context management as an information management
problem with specific requirements. The approach has been applied to a context-
aware learning environment for corporate learning support.

1 Introduction

1.1 The Need for High-Level Context Information

With the ever-increasing volume of accessible information and the advent of ubiquitous
information access via mobile and wearable devices, the focus of information systems
research has shifted to increasing the efficiency of information access for the user. This
encompasses both simplifying the query formulation process and improving the rele-
vance of query results. In general, there is a trade-off between preciseness (and thus
selectivity) of queries and ease of query formulation. The most promising approach is
to incorporate information about the user and her current situation (i.e., her “context”
[L]), which is the fundamental approach in context-aware and situation-aware systems.

The upsurge of interest in context-awareness has mainly occurred in the area of low-
level context information as defined by [2], which represents information about the
user’s context that can be directly sensed (or obtained) or aggregated from this sensor
data in arelatively straight forward way (although the concrete implementation may still
pose severe problems). The most prominent examples here are location-aware systems.
But recently, it has been discovered that the consideration of context is a key enabler
for next-generation information services on a much broader scale. One example are
e-learning and knowledge management systems ([3l], [4]]), which require rather high-
level context information like tasks, business process steps, or the information whether
a person currently is under time pressure or has some time to learn.

Apart from determining how the context influences the information need of a user,
the key problem in these systems is how to keep the user context information up to
date, which includes both the acquisition and the management of such information over
time. In general, only indirect methods can be used for high-level context information,

T.R. Roth-Berghofer, S. Schulz, and D.B. Leake (Eds.): MRC 2005, LNAI 3946, pp. 86-{I001 2006.
(© Springer-Verlag Berlin Heidelberg 2006
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and several sources of context information have to be considered. Some information
can be derived from the user’s interaction with specific applications, other pieces can
be obtained from data stored in other systems, e.g., in a corporate environment from
Human Resources data, Workflow Management Systems [5]], or Personal Information
Managers (addresses, calendar etc.) [6], still others can be retrieved on demand with
specialized operations (e.g., localization in wireless networks [7]]). It has been realized
(see also [8]) that this complexity should be hidden from a context-aware application
by establishing a user context management” middleware (or “broker architecture” [9])
that provides applications with an up-to-date view of the user’s current context, partially
materializing it, partially retrieving it dynamically from other sources.

1.2 Challenges for High-Level User Context Information Management

However, the idea of a context middleware for high-level context information faces sev-
eral challenges, which cannot be adequately met by existing information management
solutions [[10]:

— Dynamics. The context of a user continuously changes. Different features of the
context change at different pace; e.g., name and occupation change less frequently
than location or current task. Additionally, we have to distinguish between context
evolution and context switching. In the latter case, part of the context changes, but it
is quite likely that it later changes back again so that we should store the information
for later use. Typical examples are private and professional information, project-
specific context and role-specific context.

— Imperfection. User context information is typically collected via indirect meth-
ods that observe a user’s behavior and infer facts from these observations. These
methods do not yield certain results, in some case they are more, in other cases less
probable (uncertainty). Additionally, some of the information cannot be determined
exactly (imprecision). The most typical example here is location information. De-
pending on the method (GSM, GPS, etc.), the precision of the information can vary
a lot, which is particularly important for the most prominent examples of context-
aware services: location-based services. Additional aspects of imperfection in the
area of user context information are incompleteness and (as we collect it from sev-
eral sources and/or with a variety of methods) inconsistency.

Similar observations — although from a different perspective — have also been made
by [LL1].

1.3 Overview

In the remaining part of this paper, a context information architecture is presented that
is able to deal with these two challenges. First, the specific requirements posed by high-
level context information to the respective management infrastructure are briefly dis-
cussed. Then a basic layered context information architecture is introduced that deals
with the problems of aging and imperfection. In the following section, an extension
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with the concept of subcontexts is introduced that improves the handling of the dy-
namic nature of user context information. In section 4, there will be an overview of the
prototypical implementation in the project "Learning in Process”.

The notion of user context as used within this paper encompasses both more stable
information, which is often called the user profile, and more volatile information about
the user’s or environmental state. The distinction between the two of them is conceptu-
ally hard, and due to flexibility of the approach, different dynamical behaviour can be
modelled so that there is also no need to distinguish.

1.4 Specific Requirements for a Suitable Context Model

The context information architecture proposed in this paper focuses on the so far ne-
glected issue of high-level context information as defined by [2]. This differs from
mainstream context-awareness research because it poses special requirements to a con-
text management infrastructure. The differences can be traced back to a main distinc-
tion: Asynchronicity. In contrast to low-level context information, high-level context
information typically cannot be continuously monitored (via sensors) or determined on
demand at any instant in time (e.g. GPS positioning). Rather — due to the required com-
plex abstraction process —, the system has to collect in advance information about the
user and make it persistent over time. This “materialized” approach introduces several
problems (which can be ignored in low-level context settings):

— Aging. As a direct consequence of the dynamics of real-world situations, it should
be obvious that collected context is not valid indefinitely. If the system gets to know
about the current “task™ of the user, this information will only be valid for a lim-
ited amount of time. As a consequence, the user context management system needs
to have some aging mechanism as a form of controlled forgetting. This controlled
forgetting also limits the impact of incorrect context data, which considerably in-
creases the robustness of the system.

— Variability in dynamic behavior. The closer inspection of the “aging” problem
reveals that aging is not uniform across the different aspects of user context in-
formation. While information like name, birthdate changes infrequently or never,
other aspects like personal skills, interests goals evolve over time, and tasks or lo-
cation are highly volatile. So the aging support has to be specific for the different
parts of the context. Additionally, there may also be context data which is known
to be valid only for a definite time interval.

— Reasoning over time. Although it could drastically simplify the design of the man-
agement infrastructure, it is usually not sufficient to just keep the current context.
Rather, many methods ranging from conflict resolution to context augmentation
(e.g. through inferencing techniques) do not solely rely on the current user’s con-
text, but also on the history in order to detect patterns or to use the history as a
reinforcement.

— Scalability. If we want to use context information for applications like corporate
learning support, the context management system needs to be scalable with respect
to large numbers of users and long time frames. This is especially critical as the
research on artificial intelligence in general and the Semantic Web in particular has
shown that there is trade-off between expressiveness and scalability of the methods.
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2 Layered Context Model

2.1 General Considerations

Current approaches to context modelling like [12]] or and to applying context
awareness to the e-learning and similar domains like [14]], [15]], [16] emphasize the po-
tential of applying Semantic Web technologies to user context management. It enables
the creation of more semantically aware processing methods, especially by introducing
a shared vocabulary, which can be used across different tools and systems, and by apply-
ing reasoning techniques based on domain knowledge. But Semantic Web technologies
have still quite a way to go for solutions that are comparable in terms of scalability with
traditional information management solutions. To take that into account, the context
model presented here was developed as a data model (in the tradition of relational or
object-oriented databases) whose core does not depend on those reasoning techniques,
but which can integrated smoothly with those techniques if a domain-specific schema
requires it.

The second issue is directly related to the architecture of user context information
management systems. For traditional database management systems, it has proven ef-
fective to divide the management functionality into different layers which are basically
independent of the internal logic of the lower layers. In that spirit, we want to present a
three layer model that allows for structuring the problem in a better way (see figure 1):

| | External Layer

Usage Context application-specific
|| || context schemas

View restricting to certain features and
quality criteria

Logical Layer
global context schema

Context Feature Values

1 View restricting to user and time instant

Internal Layer

Fig. 1. Layered Context Model
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— Internal Layer. The internal layer stores all collected information about users in a
time-dependent way. It may contain contradictions and redundancy.

— Logical Layer. This layer provides a complete view on the context of a user at
a specific instant in time together with the imperfection metadata that allows for
determining the reliability of the stored information. However, inconsistencies in
the collected data are removed with respect to the considered instant in time using
conflict resolutions strategies.

— External Layer. This layer represents the usage context of a particular application
at a certain instant of time. The context information is in a schema the applica-
tion understands, and also certain quality criteria (like minimum confidence) are
guaranteed.

This layering scheme assumes that most applications, but also the majority of context
data sources will access the system through the external layer, using their own schema.
They don’t have to deal with the complexity of the context data and the management
problems tied to it. In contrast to having each application resolve conflicts and calculate
the reliability of collected information, this task can be centralized in a generic mid-
dleware for user context management. This middleware can be enhanced on the lower
layers by adding appropriate heuristics and plugging in reasoning services for dealing
with ontological background information.

In analogy to database systems, we begin with describing the logical layer (which
corresponds, e.g., to the relational data model), then explain the internal layer and how
the internal layer maps to the logical layer, before explaining the external layer (which
corresponds to the concept of views) and how the mapping to this layer is realized.

2.2 Logical Layer

The primary construct of the data model to describe the context of a user is the context
feature (cp. [17]), which corresponds to attributes (in case of the relational or object-
oriented data model) or properties (in case of RDF(S) and other conceptual data models
like OWL). Context features are described by a unique identifier (URI), a value space,
and cardinality constraints (whether it is multi-valued or not). The value space can ei-
ther consist of atomic data types (like numbers, dates etc.) or of concept or instance
identifiers referencing elements from an ontology. That way, also inferencing on the
value level is possible by reusing description logics based reasoners and ontology man-
agement systems.

In order to allow for better reusing context information in different applications, the
model also offers the possibility to define a feature hierarchy via feature inheritance,
which directly corresponds to property hierarchies in RDF(S). This adds a basic infer-
encing capability to the model: if an applications requests the value(s) for a specific
feature, the values of sub-features can be also returned.

Feature values are tuples (U, f, v, «), where U is the user, f is the feature, v is the
value and « is the confidence level that the feature f currently has the value v for the
user U.

An example would be (Andreas, performs-task, literature-search, 0.8), which en-
codes that the user Andreas currently performs the tasks of literature-search with the
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probability of 0.8, which could have been determined from monitoring his usage of a
web browser and the visited sites. literature-search could reference to a concept in an
ontology that allows for generalizing this concept to search.

The operations supported at this layer are

— queries for specific context feature values of a user and for users having certain
feature values
— update operations that can set or delete feature values for a specific user

2.3 Internal Layer

In contrast to the logical layer, the internal layer does not only have to provide the
current view on the user context, but it also needs to store the history so that temporal
concepts need to be considered. The internal layer primarily consists of a fact base
(called context information base) with context facts as its entries:

A context fact is a tupel (U, f, v, t, valid, o) where

- Uis auser

— fis context feature

— vis avalue

— tis the point in time at which the factum was added to the fact base.

— walid is the validity interval for the value

— « is the minimum probability that at point of time ¢ the feature f has the value v
for user U.

As additional schema-level information, the internal layer has aging functions at-
tached to each context feature, which allow for describing how the confidence in a cer-
tain value decreases over time. An aging function basically is a functiona : TIME —
[0, 1], which is monotonically decreasing. The aging function is applied to the time dis-
tance, and the resulting value is multiplied with the initial confidence value in order
to obtain the current confidence value. These aging functions can be assigned heuris-
tically or — preferably — based on empirical results. For the practical implementation,
aging function types are defined (e.g. linear, polynomically decreasing, exponentially
decreasing) with parameters. This function type approach allows for easy configuration
and/or learning of aging functions, and for more efficient optimization techniques.

Taking the example from above, the context information base could contain (Andreas,
performs-task, literature-search, [2005-04-15 10:00, o), 2005-04-15 10:00, 0.8), and an
entry (Andreas, performs-task, examine-students, [2005-04-14 14:00, co), 2005-04-15
13:00, 0.9).

The operation on this layer are much more powerful as they can additionally exploit
the temporal perspective.

2.4 Mapping the Internal Layer to the Logical Layer

In order to map from the internal layer to the logical layer, the following issues need to
be taken care of:
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— Restrict to a specific point in time. The set of context facts is restricted to those
context facts for which the validity interval contains the requested instant of time.

— Apply aging functions. With the help of aging functions, the current confidence
value needs to be calculated.

— Infer additional information. As the context facts only represent those values that
were explicitly added to the fact base, we provide also a feature hierarchy on the
logical layer, for which additional feature values need to be inferred.

— Resolve inconsistencies. Inconsistency occurs in our model if there are multiple
values for a feature for which the cardinality constraints enforce a single value.
There can be different strategies to resolve these inconsistencies. The most obvious
is to take the value with the highest confidence, but usually the strategy also needs
to take into account that facts can be reinforced by other facts (e.g. two independent
methods determine the same feature value within a limited time window).

If we apply this procedure to the example, it is clear that the restriction to a specific
instant in time (e.g. 2005-04-14 11:00) still provides two possible tasks. After apply-
ing the aging function, let’s suppose that the literature-search has confidence 0.7 and
examine-students has confidence 0.1. This would lead to the resolution strategy to take
the literature-search as the current feature value, because we have specified that the
performs-task feature is only single-valued.

2.5 External Layer and Mapping from the Logical Layer

The external layer is intended to be the interface for the application, providing an
application-specific view. On the one side, this consists of an application-specific con-
text schema, on the other side the application can specify a certain quality-level, which
depends on the usage strategy. This quality level is expressed as a minimum confidence
level for supplied user context information. Where user context information is only used
as a rough indication about the user, the confidence does not matter that much, but for
applications that involve legally binding transactions, certainty about values is crucial.

In order to perform the mapping from the logical layer, the following two issues need
to be taken care of:

— Apply quality criteria. This involves the filtering of the available feature values
according to the supplied minimum confidence.

— Perform a mapping. In this step, the global context schema used on the logical
layer is translated into an application-specific schema. In case of simple projections
and renamings, this can be done within the user context management system, but
for more powerful mapping features, external mapping services are the method of
choice (in spirit of [L8]).

3 Subcontext Switching Support

3.1 The Concept of Subcontexts

The layered context model introduced so far supports the controlled forgetting of out-
dated context information and allows for representing different levels of certainty. How-
ever, it does not help with the problem of slow adaptation to a changed context. This
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is due to the phenomenon that there are often dependencies between different features,
i.e. groups of values often change together. A typical example are different roles (e.g.
private role or business role). If a user currently has the private role, a wide range of
context information can be different, e.g. his payment preferences, contact information
etc. In order to cope with these dependencies, the concept of subcontexts is introduced.
Subcontexts are basically groups of feature values that change together and have the
following characteristics:

— Subcontexts can be nested.

— Subcontexts conform to a schema that defines (1) available features and (2) nesting
relationships.

— For each subcontext schema, there is at most one sub context active at a certain
instant of time. The others are present as inactive, "parallel” sub contexts yielding
the same aspects about the user.

An example for a subcontext structure is given in figure 2. Here you have a user with
location-dependent, role and project-dependent information. Currently the user ”John
Smith” is at his office and thus has broadband network access, but no loud-speakers
(which could influence whether the system can deliver video or audio material). The
system also knows the characteristics of other locations, but those are represented as
currently inactive sub contexts. There is also role-specific information and within each
role project-specific information. In the case of corporate e-learning, this information
could in its majority be provided manually by a learning coordinator or human resources
department.

name: John Smith
birthdate: 1974-02-15

Location Office Location Home Location Travelling
bandwidth: 2MBit/s bandwidth: 768 kBit/s bandwidth: 14 kBit/s
loud-speakers: no loud-speakers: yes loud-speakers: no

Role A Role B

Project A Project B

|:| Inactive subcontext information

|:| Subcontext belonging to the current context

Fig. 2. Sample sub context structure
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Subcontexts schemas can be seen — in contrast to functional dependencies — as weak
dependencies, which can still be specified on the schema level. It does not specify the
semantic key that determines the other values. A subcontext schema just states that there
is some relationship. This weakness has the benefit that the schema can be learnt on the
basis of context histories even under the assumption of imperfection, which will be
shown in the next section. The subcontext structures can also be seen as a replacement
for explicitly modeled domain knowledge that reaches beyond the current context (e.g.
rules). The main benefit of the subcontext structure approach is the ability to deal with
the problem of imperfection in a uniform way.

In our three layer model, the concept of subcontexts is located at the internal layer
as it is an implementation technique to realize faster adaptation to changing feature
values. Typical applications will not access the subcontext structure, although there
could be applications exploiting the available subcontexts, e.g. providing the possibility
to directly switch between them, e.g. by using methods like [19]] without completely
relying on that method.

3.2 Heuristic Strategies for Subcontext Management

Although it is possible and in many cases also reasonable to have the user manually
indicate her current context, this limits the concept of subcontexts to a relatively coarse
granularity and less frequent context switching. Ongoing research therefore tries to
identify heuristic strategies how to automate the handling. The most crucial issues are:

— Detection of subcontext changes. The most crucial part of the research is how to
detect context changes, or to be more precise: how to distinguish context evolution
from context switching.

— Automatic construction of subcontexts. Although being quite practical for closed
environment like intranet e-learning solutions, the manual specification of schemas
for subcontexts limits the scope of a generic user context management service.
Therefore automatic methods for sub context detection are investigated. Promising
approaches here are Data Mining approaches, but they have to be adapted to (1) the
scarce amount of available data and (2) uncertainty aspects.

Currently, simple strategies have been implemented. For the detection of sub context
changes, the strategy works with pivot features, which serve as semantic keys for sub
contexts. If these features change, the rest of the feature value is also assumed to change.
For the construction of subcontext schemas, a method based on functional dependencies
is used (which is borrowed from schema normalization in relational database schemas.
A second strategy for subconstext schema creation is based on a Data Mining approach
for discovering association rules. Further strategies are under research.

It should be obvious that detecting context switching is at least as imperfect as other
methods for context acquisition. Therefore it is important that context switching leads
to context facts with a reduced probability, depending on the probabibility that a con-
text switch has actually occurred. Especially the association rule approach can provide
(through the confidence) an indicator on the reliability.



A Layered Model for User Context Management 95
4 Implementation

4.1 Overview

A context management system based on the model presented in this paper was im-
plemented in the project Learning in Process, which aimed at — among other things
— supporting a new type of learning process for workplace learning: context-steered
learning[20)]. Instead of having human resource development experts assigning courses
to employees or leaving it to the employees to actively search for learning resources
satisfying their knowledge need, the LIP system continuously monitors the employee’s
working activity (i.e. her context) and deduces from it (with the help of domain knowl-
edge) the possible knowledge gap. Based on this gap, the system can recommend rele-
vant learning resources, which can (but need not) initiate learning processes. The con-
text schema used for that purpose incorporates the following features:

— Personal characteristics: competencies, goals, learning preferences like interac-
tivity level and semantic density

Organizational aspects: role, organizational unit, business process (step), task
Technical aspects: user agent, available bandwidth, available multimedia equip-
ment

For more details on the context schema and how it was constructed see [4]].

As background knowledge, a competence catalogue was defined that specifies rel-
evant competencies. Learning resources were conceived to have learning objectives,
which were described as competencies to be acquired, and prerequisites, which were
described as competencies needed to comprehend the presented resource. Furthermore,
organizational aspects like roles, organizational units, process steps and tasks were an-
notated with competency requirements. This enables the context-aware recommenda-
tion, for which the context management service forms the basis.

4.2 Context Management Service

The basis for the service matching the current work situation and relevant learning re-
sources is a user context management service that provides a view on the current context
of the employee (see figure 2). In order to be able to easily implement feature inheri-
tance and to smoothly work with moderately expressive ontologies used for encoding
the domain knowledge, the implementation of the internal layer was based on the on-
tology management system KAON][21]]. KAON supports a variation of the RDFS data
model and is implemented ontop of relational databases that support (at least some vari-
ation of) SQL-99. The operations of the internal layer were exposed both via specialized
methods and via a descriptive query language (based on the KAON query language).
For the project prototype, however, only the specialized methods were used by external
applications.

Queries to the logical layer are also expressed in the KAON query language — mainly
because it allows for smoother interoperability with the rest of the system. The user
context features are mapped to virtual properties of the RDFS data model. The queries
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Fig. 3. Overview of the prototypical implementation in LIP

are rewritten to queries to the lower layer. Inconsistency resolution is done by postpro-
cessing the results, but currently there is only a simple strategy in place (as described
above). In the prototype, the external layer was very thin and did not require mapping
services so far. As a consequence, there was only a confidence cut-off.

As context sources, on the one side there was a event-triggered update of more sta-
ble elements like name, role or organizational units. On the other side (Administration
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in figure 2), there were desktop learning assistants monitoring the interactions of the
employee with her applications. For the two pilot installations, the following applica-
tions were observed: Internet Explorer, Microsoft Office (Excel, Word, Powerpoint),
and Microsoft Visual Studio. The user interface event were aggregated and translated
into context feature value changes.

In order to enable context-triggered actions, the service also supports notifications
about context changes. These notifications were used by the learner assistant to deter-
mine when to invoke the matching service that retrieves relevant learning resources and
compiles them into a personalized learning program based on the context of the user
and background domain knowledge (for more details see [20] and [4]).

The simple strategies for inconsistency handling and subcontext switching were suf-
ficient for the first prototypes. However, it is expected that with more context sources
connected more sophisticated strategies will be required. The prototype provides a good
basis for further experiments on this.

5 Related Work

There are plenty of models for dealing with user context information, both from the
traditional community of user modeling and the recently emerged communities for
context-awareness. A good overview of recent context modeling approaches gives [8].
In general, it can be stated that the data management problem is a neglected area of
research.

The consideration of the imperfection and dynamics of user context information is
also a relatively neglected area of research, especially for the case of high-level context
information. [22] investigate quality criteria for context information complementing
quality of service concepts. They define the following criteria: precision, confidence,
trust level (for context sources), granularity and up-to-dateness. [23]] introduce meta at-
tributes like precision, certainty, last update and update rate. Only [24] has investigated
the role of imperfection in a more systematic way and identified the following types
of imperfection: unknown values, contradictory values, imprecise values, and incorrect
values. Feature values are further classified according to their source and persistence
into sensed, static, profiled and derived. The causes of imperfection are analyzed along
this classification.

Data management research on handling imperfection (for an overview see [25] or
[26]]) has explored probabilistic and other extension to traditional data models (e.g. [27]]
or [28]). However, none of them actually considers the time dimension und thus the
aging problem in depth.

6 Conclusions and Outlook

6.1 Conclusions and Future Research

The proposed solution integrates the aspects of imperfection and dynamics into the
context model and structures provides a layered structure similar to traditional data
management applications. This allows for scalable solutions and appropriate decou-
pling of different management aspects. In addition to that it offers different interfaces to
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context-aware applications at different levels of complexity. Dedicated context sources
or sophisticated context-aware services will access the context management infrastruc-
ture primarily on the internal layer, whereas applications that extend their traditional
functionality with some context-aware features and provide the user only with limited
interaction possibilities with the context information will primarily access the external
layer. The logical layer is for added-value services that do not want to deal with the
temporal perspective or inconsistent data.

Future research will explore the heuristic strategies used for inconsistency resolution
and for subcontext switching via simulations. This will lead to insights which strategies
are most suitable for specific domains characteristics.

6.2 Outlook

The concept of aging as presented here in order to realize a gradual forgetting of col-
lected information is not limited to the area of user context data management, but can
also be applied to a broader range of applications that have to rely on imperfectly sensed
or inferred data whose validity is time-dependent. The awareness of the imperfection
of the collected data can lead to more robust applications, which is especially inter-
esting for knowledge-based systems like expert systems. The imperfection of machine
learning results can be compensated that way.

If we generalize the aging mechanism to other information items (i.e., from the user
context to the resource context), it would also be possible to enhance the relevance of
results of information retrieval systems. Documents could be classified into different
categories according to the maturity of their content (for the knowledge maturing pro-
cess concept see [29]]). It can be assumed that immature knowledge becomes outdated
much faster than mature knowledge, which is expressed in text books, or e-learning
courses. This way, the aging functions can be applied to decrease the probability of
relevance of immature information objects.

With the layered approach presented in this paper, it is also possible to enhance
Semantic Web application which are based on description logics formalisms with this
aging functionality. Basically, aging is applied to the A-Box facts. This is especially
beneficial if the A-Box is rather dynamic and learnt automatically based on heuristics.
The implementation can be done computationally efficient in Datalog-based approaches
for description logics reasoning like KAON?2 [30]: the user context management can be
plugged in as a provider for extensional predicates.
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Abstract. The easy creation of context-aware services requires the support of
management facilities that provide ways to more easily acquire, represent and
distribute context information. This paper claims that the quality level of a
context-aware service determines the context information to be obtained. On the
other hand, using context data produced by unsteady sources may affect the
users’ satisfaction. In this perspective, we introduce the Context Matching
Engine that trades off the cost, the user preferences and the quality of the
available context information in order to discover the best context sources for
each customized context-aware service. According to the proposed approach,
there is no need for the services to know beforehand the context providers to
retrieve information, but the evaluation and the quality-aware selection of the
context information on context request are envisioned. Finally, it allows
services to be ported easily to environments with different set of context
sources.

1 Introduction

The advances in wireless communications and user mobility have given quite a boost
to the research about new classes of applications, namely the Context-Aware Services
(CASs) that get aware of the execution environment such as location, time, user’s
activities, devices’ capabilities in order to tune their intended functionalities and adapt
to the changing environment and user requirements [1]. The development and
provisioning of CASs need to be supported by management facilities capable of
collecting, manipulating, reasoning and disseminating context information. In this
respect, researchers have been building tools and architectures to tackle these issues
and facilitate the easy creation of CASs.

As research on context-awareness evolves, new context sources are expected to
come and go rapidly, and context requests will increase. To make matters worse,
among the available context information sources, there are sets of sources that provide
information referring to the same entity, but are produced based on different sensing
technology or/and processing technique under the administration of different business
entities. As a result, even though the information may refer to the same entity, it
varies in its update frequency, its accuracy, its format of representation, and its price.
Moreover, the sensed context information can be inaccurate or unavailable due to
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sensor or connectivity failures, while user-supplied information is subject to human
error and staleness. The reliance of CASs to imperfect information can often cause
usability problems [2] threatening service viability. As a mean to judge the reliability
of context, the notion of Quality of Context has been proposed and the reasons it is
needed are analyzed [3]. The context models are designed to tag quality attributes to
the context data [4] and the CASs define quality attributes as properties of the
information to be collected [5].

On the other hand, CASs are characterized by a higher level of mobility since the
users tend to move among different heterogeneous environments where different
context providers operate and provide information. Even though many research
efforts [6] have been conducted to specify and materialize frameworks and toolkits
for context-awareness, these efforts lack to deal with the provisioning of the same
CASs in multiple environments that reveals the necessity to elaborate on issues that
have to do with the collection of data from multiple context sources maintained by
different administrative entities [7].

Furthermore, the provisioning of the same context information with different
characteristics calls for advanced personalization features that can lead to the
provisioning of sophisticated CASs. Specifically, during subscription the user enters
the parameters that personalize the service operation. These parameters form the
user’s service profile that encompasses his/her needs from the CAS. For example, a
user that subscribes to a context-aware restaurant finder service could specify that
he/she wishes the weather conditions to be taken into account in contrast to another
user that just wants to find what are the restaurants in the city that match his/her taste
preferences. In addition to the profile, the user identifies the price ceiling for the
personalized service provisioning and awaits best possible service delivery within
his/her price range [8]. From service management point of view this connotes a
complete inversion: not only the service defines the price but also the price causes the
type of service provisioning. Finally, both the price ceiling and the subscription
parameters determine the quality level of offered service and the information to be
obtained.

As a consequence of the aforementioned issues, a new challenge referring to the
alignment of the context information that is used by a CAS with the customized
service objectives is introduced. In the perspective of this challenge, we have
elaborated on a novel approach for the evaluation and selection of context providers
that balances quality of information, economic cost and user preferences. This
approach requires the enhancement of context management frameworks with the
Context Matching Engine (CME) that performs the proposed multicriteria decision
making. Thereafter, there is no need to know beforehand the providers to obtain the
required information, but the quality-aware and cost-driven discovery of the context
providers is envisioned. The proposed approach also enables flexibility to failures of
context providers or appearance of new ones.

The paper is organized as follows: In Section 2 the context and CAS provision
model are described. In Section 3, the Context Matching Engine is briefly presented,
while in section 4 the functionality of the Context Matching Engine is detailed. The
evaluation of the proposed approach in terms of a specific CAS and the comparison to
alternative approaches is reported in section 5. Finally, Section 6 provides some
conclusive remarks and future plans.
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2 Context and Context-Aware Service Provision Model

Context information goes through four lifecycle phases till a CAS can access it. The
first phase is context sensing that represents the acquisition of context from the
Context Information Sources e.g. sensors, devices, data bases, network. Until the
CASs can actually use the data, context processing and dissemination take place.
Context processing includes the generation of high-level context information from
primitive data by enforcing functions of interpretation, filtering, aggregation and
inference. Context dissemination refers to the efficient distribution of context to the
CASs. The context lifecycle ends with the context usage that describes the utilization
of context by CASs in order to trigger the appropriate actions. The aforementioned
phases introduce new opportunities in the market arising out of the exploitation of
context information trade. The different business roles participating in CAS provision
are depicted in Fig.1. A CAS Provider is responsible for providing CASs to the
customers/users and managing them. The Context Provider deploys and operates the
various Context Information Services that communicate with the sources and sense or
process information. Even though a Context Provider could operate more than one
context source, due to simplicity reasons, we assume that each Context Provider
operates only one source for the rest of the paper. Finally, the Context Broker is
responsible for handling the distribution of context data to the CAS Providers or
directly to the CASs. This role provides efficiency and reduces time-to-market for
CASs. CASs could interact with the Context Providers to acquire the necessary
information, but this would require more programming effort for the CAS developers.

The CONTEXT project [9] has successfully used this model by designing and
implementing the Context Broker to coordinate and facilitate communication between
context providers and CASs. According to the CONTEXT design, the Context Broker
offers the Context Information Provider Interface that enables context providers to
declare and supply the context information they produce and the Context Information
User Interface that enables CASs to request the information they want to consume.

| CAS Customer

Context
Usage

Context
Dissemination

Context
Processing Context

Context Provider

Fig. 1. Context phases and involved actors
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The distributed Context Brokers act as a federation that cooperates to answer context
requests. The CASs and the context sources are using a common model to describe
context information, which can be viewed as a kind of primordial ontology. In
specific, we have introduced the notion of Context Modules, which are Extensible
Markup Language (XML) descriptions consisting of three parts: the context name, the
input and the output parameters. Each input and output parameter consists of three
parts: the name, the type (e.g. integer, string, list) and the parameter value. A context
source, registering context information, provides the context module description in
terms of context name and the names of input and output parameters. It also provides
the values of the identification parameters which are a subset of the Context Module
input parameters; the values of the rest of them are specified by the context consumer
on context request. A context consumer, requesting specific context information,
provides the name of the context module, the input parameters (names and values)
and the output parameter names it wishes to acquire. The described data-centric
approach does not require the CASs to name a specific context provider from which
they wish to retrieve some information but just the information they wish to obtain.
Finally, the Context Broker is responsible for discovering and then interacting with
the appropriate information producer and retrieving the values corresponding to the
requested output parameters.

The context providers utilize the “Context Information Provider Interface” offered
by the Context Broker to register the type of information they provide accompanied
with the data quality attributes (DQ) that characterize it. The different nature of the
context information complicates the identification of general quality attributes, while
many different lists of attributes are presented in literature [10]. Considering work in
[3],[11], we conclude to the following list that characterize context information and
may affect the context-aware service behavior:

1. Accuracy: It describes how the information depicts the reality, and depends on the
sensing or processing technique that is used as well as the internal sensing
problems that may occur.

2. Refresh rate: It describes the time period that a new measurement of the specific
data attribute is done.

3. Time sample: It is also known as timestamp and describes the time point that the
value has been obtained.

It is obvious that the complete list of attributes does not refer to all types of context
information. Specifically, it mostly characterizes dynamic information that changes
frequently over time and is produced by physical or logical sensors. On the other
hand, the quality of static information such as user’s profiles and preferences is
determined by the time sample.

At CAS subscription phase, the CAS user specifies the customization parameters
that form the user’s service profile (SP) and encompasses his/her requirements. These
parameters point to the quality level of CAS provisioning. The user also specifies the
price ceiling for the personalized service provisioning. When the CAS is executed, it
utilizes the “Context Information User Interface” in order to declare the context
information to be retrieved according to the SP. The CAS could either query for
context values or subscribe to receive context notifications. Along with the context
information to be collected, the service indicates the constraints for the context
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provisioning that will be described in a following section. In response to the context
request, the Context Broker discovers the context sources to acquire the information,
contacts them and the required data are retrieved. The context sources deliver the
requested piece of information accompanied with its quality characteristics in order
that the information is verified. Furthermore, the service is informed about the
information characteristics in order to adapt its behavior accordingly e.g. inform the
user that the context information is possibly inaccurate or imprecise. The timestamp
describing the production time of the data is also provided at this time point.

3 The Context Matching Engine

As it is analyzed in the introduction, the richness of context information gathered
from sensors and human users as well as the need to execute the CASs in multiple
environments require decision-making regarding the exact information that a CAS
should use. In order to tackle these issues, we claim that the descriptive naming of
context sources [12] is not sufficient but a more powerful design is needed. In this
perspective, we introduce the Context Matching Engine (CME), operating in each
domain under the administration of the Context Broker. The CME is responsible for
discovering per customized CAS the appropriate context sources that fulfill the
service’s and the user’s objectives. The logical decomposition of the CME is depicted
in Fig. 2.

_CAS Providers

Context Information User Interface

Context
Evaluation « Validation
Context Process Process
Broker

Selection Algorithm

-l

Context Information Provider Interface

Context DQ] DQ)

Providers Context Context Context
Source Source Source

Fig. 2. Context Matching Engine Modules
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As the figure shows, the CME accommodates the following modules:

1. The Context Validation Process that monitors the behaviour of the context
providers and estimates their fidelity and the time response for answering context
requests. It also detects failures or changes of the context sources.

2. The Context Evaluation Process that considers the selected service profile, the
user subscription data, and the outcomes of the context validation process and
computes the expected service satisfaction for the available context information.

3. The Context Selection Algorithm that determines the appropriate information to
be utilized by the CASs given as input the results of the previous processes.

When a CAS contacts the Context Broker asking for specific information, the
CME undertakes the task of deciding upon the appropriate context sources to retrieve
the data. The Context Evaluation Process is initially triggered to evaluate the available
context sources on behalf of the user. The Selection Algorithm is then executed to
determine the optimal combination of sources. Based on this decision the sources are
contacted and the data are retrieved. During the CAS operation, the Context
Validation Process monitors the quality of the provided information. This facilitates
the optimal context source selection for serving the next context requests as well as
the current ones. In this respect, autonomic features are exhibited through the switch
of the context sources when new sources are registered or one of the already selected
fails or one of the non selected is upgraded. In the event of a context source change,
the Context Evaluation Process and the Selection Algorithm are again triggered to
decide on the rebinding to another source.

4 The Context Matching Engine Functionality

In this section, after defining the input data of the Context Matching Engine, the
functionality of the Context Validation Process and the Context Evaluation Process
are detailed. Finally, the formulation of the context selection problem and the
Selection Algorithm that solves it are presented.

4.1 Input Data

The market of context information consists of the set of context providers that offer
context data. Every context provider CP registers to the federation of Context

Brokers the produced information I that is of type ;e (1,~) and of the data quality

je@,M;). N is the total number of the available context items, while 57, denotes the
total number of the available quality levels of context items of type i. Two context
items are considered of the same type when they refer to the same aspect of the same
entity, e.g. the location information of the same person. For I the quality attributes,

depicted in Table 1, are defined. Therefore, for each Ljsie(LN), je(.M;) We define

the Information Quality Properties Vector jopy i =< Ayj.Tryj.Ts;; > Py is the purchase

ij»
price for I -
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Table 1. Quality Properties of Context Information

Quality Property . ..
uality Property Description
Symbol Quality Property P
Ajj Accuracy of I;j measured in the same metric units as I
Try; Refresh rate of I;j measured in time metrics
Tsjj Time sample of I;j measured in date and time metrics

Table 2. Input Data

Input Data Input Attribute Symbol

Information Quality Properties

1 : IOPV;:: =< A Tr;: Ts:: >
g Vector of information j;; OPVjj i1t
= -2 - y
o=
v 8 2 -
s E & Cost of purchasing .
S = . . ;
&) ag = information 7;;
o

L specific types of context items

ki,ky,...k; (LN
to be obtained k2 L)

For each required context item APV} =(Amaxy ,Trmaxy_ >
<~ & the Acceptable Properties Vector Vk,,ze (LL) )
D .= - -
= B For each required context item PWVy = <ak7 Wby ek dy e, >
E S | the Properties Weight Vector Vk,,ze (L) )
172]
< : :
8 -§ & | Maximum cost of purchasing
.; /7] . . . Pmax
P required information
P D
n .2 .
=) Latency bound for obtaining the T
max

information

When the CAS customer subscribes to the CAS, he/she selects one of the
predefined service profiles and specifies the customization parameters. The selected
profile requires the acquisition of L specific context items of {k,,k,....k; }< (I, N) type.

For each k_,ze(,1) requested context item the Acceptable Properties Vector

APV = < Amaxy,_,Trmax k"> is specified. Moreover, the Properties Weight Vector
PWV_ = <a k. bi, >k, Ak, ,ek7> weights the importance of accuracy, timeliness, refresh

rate, and the source’s time response and fidelity respectively, conforming to:
ag +by +cp +dy_ +e, =1. Both APV and PWV are determined by statistics

produced by the previous service provisioning. Moreover, the CAS customer specifies
the amount of money that the specific CAS usage should cost him/her. Based on this

value, the maximum cost p, ~ of purchasing the necessary context information is

calculated. Furthermore, the selected SP suggests the latency bound describing

Tmax
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the bound of the time units for obtaining the information. Additionally, the CAS
specifies the policies describing how the CME should behave in case the requirements
can not be satisfied. The input data of the problem are summarized in Table 2.

4.2 The Context Validation Process

Since it is not fair to expect that the context providers advertise reasonably well the
corresponding data quality properties, the Context Validation Process monitors the
status of context information provisioning between the context sources and the
services and provides an objective measurement of the trustworthiness of sources
based on a learning model. It finds out failures or just changes of the context sources
as well as the registration of new ones that could be in the interest of the customized
CASs that operate currently, and triggers their evaluation so that possible switch of
the context sources is performed. It also reviews whether the quality attributes
accompanying the delivered context values are aligned with the registration
parameters that the context provider has specified. Thus, it examines the freshness of
the delivered information by checking whether the actual refresh rate harmonizes with
the refresh rate that the source has registered. Moreover, it measures the response time
of the source to the context requests in order to determine the freshness of the
delivered information. Finally, the cross-validation of the context values provided by
different context sources would be an interesting enhancement.

Therefore, the Context Validation Process determines some quality attributes that
characterize the providers of the information and change with time, current network
topology and characteristics. These are:

1.  Time response: It corresponds to the time interval that is required by the
information producer to deliver the context data. It is particularly useful for time
criticality issues.

2. Fidelity: 1t is the probability that the quality attributes advertised at registration
match the actual ones. Accordingly, those producers that have not been detected
as incorrect tend to be more trusted by the consumers and the fidelity is higher.
This parameter allows the Context Broker to choose on behalf of the service
how much risk it willing to take in the hope of receiving good quality
information. The fidelity is calculated as follows: Considering the time point T
after the context provider Py delivers the latest context value. The Current

Fidelity CF;;(CP;.T) takes the value “1” if the latest provided value is according

to the registration parameters; otherwise it takes the value “0”. We also define
the parameter W called window describing the number of the past refresh cycles
that we monitor. As W gets higher, the estimation of fidelity considers more of
the past behavior of the source but requires more resources. Finally, the Fidelity
at time point T is the average of the CF that occur during the previous w refresh

cycles:
=T

1
F(CRj.T)=—% > CS(CPj.0) )
1=T-W*Tr;
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To sum up, for every context provider Cp; the Context Validation Process

calculates the attributes that are given in Table 3. These form the Context Provider
Quality Properties Vector CPPV;; =<Tresp;, Fyj >-

Table 3. Quality Properties of Context Information Providers

Quality Property . ..
Symbol Quality Property Description
Trespjj Time response of P measured in time metrics
F; Fidelity of CP; is a probability

4.3 The Context Evaluation Process

The evaluation of the available context items for a specific service and service profile
is determined based on a utility model that quantifies the expected user and service’s
satisfaction when they are used. According to it, we define a function that takes input
the user and service requirements and computes the usability of the context items in
terms of actuality and freshness. This function is called Utility Function U(Iij) and its

output is called Utility. It is comprised by the five factors: v , v, Uy, that

sUTresp Up»
measure the utility in terms of accuracy, timeliness, refresh time, and producer’s time
response and fidelity, respectively. The v ,,u, express actuality, while the
Ur Uty Ufyesy SXPIESS freshness. The utility increases as the context item is more
accurate, as it is quicker available to the context consumer, and as it remains valid for
a longer period. Regarding accuracy and refresh rate, the utility of a context item
increases as the properties Ay, Tr;; decrease respectively. The formulation of the

factors for information I considers the quality constraints imposed by the selected

service profile, namely the Amaxi,Trmax;, and the time point Tcurrent when the

context request is issued. Tsjj is the timestamp of the latest produced context value for

I The factors take values in [0,1] and their formulas are listed below:

— Measuring information’s utility in terms of accuracy:

Ually=1-—L )
AV Amax;

— Measuring information’s utility of dynamic and static context information in terms
of timeliness respectively:

Teurrent = Tsij + Trespij
ur(ry)=1- 3
' e 3)
Teurrent —Tsij
Uz (1y)=1-—— = ; (4)
max U (gcurrenl - Tskj )

k=i, j=1
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— Measuring information’s utility in terms of producer’s time response:

U Tresp ([ ij ) =1- T;eSPij )
max
— Measuring information’s utility in terms of refresh rate:
U 1)1~ (©)
— Measuring information’s utility in terms of producer’s fidelity:
Urlly)=Fy (7

Finally, the Utility Function of I taking into account the ranking of the utility factors
as suggested by the selected service profile pwv; =(a;.b;,c;.d;.e;) is formulated as
follows:

Uty )= a1 ) b7 1 )+ iU Uy )+ diU ey Uy )+ U (1) ®)

In case a quality attribute is not available for the specific context item, the
corresponding utility factor equals zero. For example, for the static information the
utility function depends only on the timeliness of the information, the response time
and the fidelity of the producer.

4.4 Selection Problem Formulation and Selection Algorithm

Having described the parameters of the problem, a formal statement of the selection
problem is as follows: “Given a market of context information consisting of the set of
context providers cpy (ie (,N), je (1,M;)) that each sells context information I the

corresponding characteristics: IQPV;; and CPPV;; » the cost P; for obtaining
information I, a finite number of L context items of distinct types:

{ki.k»....k; }< (1,N) that need to be obtained for the customized CAS, the constraints
imposed by the selected service profile: APV} > PWVy_ Vk,.ze (LL) as well as the

maximum acceptable amount of money p that can be spent and the maximum

max

latency for obtaining the required context information, the objective is to

Tmax
determine the context sources that will provide the required information so as to
maximize the total utility under the imposed constraints.”

Taking into account the formal description of the problem, the objective function
that has to be maximized is the following:

UF =Y vl g ©)

x; e o} is the decision variable describing if the information of type i is being
acquired from the context producer cp; Or not. Moreover, the following constraints

should be met in order to find the optimal solution:
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Tk 20" Py < Punax (10)

Zfiif S0 Tresp ;< Trax (11)

ma% B iziimen ey b T (12)
=k

Vie {kl,kz,...,kL},Zj:g/[i xj =1 (13)

Vie {kl,kz,...,kL},Zj:zg/I"Aiij < Amax ; (14)

Vie ki, koo, kL},Zj:g/]"Trijxij < Tr max ; (15)

Equations (10), and either (11) or (12) express the fulfillment of the CAS’s
requirements regarding the cost and latency for the information acquisition
respectively. The equation (11) holds for the cases that context items are dependent
and should be obtained sequentially, while the equation (12) holds for the cases that
the context items are independent and can be obtained in parallel. Moreover, the
equation (13) ensures that for each required context item, only one information
source is used. The equations (14) and (15) are filtering the available items in terms
of the APV. Finally, the formulation of the problem is aligned to user’s behaviour
when he/she decides the goods to purchase. Thus, users possesses a fixed amount of
money for purchasing an item of specific type and pick the item with the highest
quality, while providers set a minimum quality level for the item to buy and try to
maximize the profits. Regarding the case that no feasible solution can be found due
to constraints (10) and/or (12) or (13), the service policies are considered in order to
relax the relevant constraint, namely increase p,,, Or T, respectively. In case
that there is no available context item satisfying (14) or (15), the CME selects the
one that is expected to provide the best possible user satisfaction, namely the one
that minimizes the violation of (14) and (15).

An important class of combinatorial optimization problems is the Knapsack
Problem and its variants [13]. Numerous problems of different fields such as capital
budgeting, cargo loading and resource allocation are modeled as a variant of the
knapsack problem. The objective of the original Knapsack Problem is to optimize
resource allocation, or more precisely, how to distribute a fixed amount of resources
among several actions in order to obtain a maximum payoff. The problem of
context provider selection that has been formulated belongs to the category of
Multi-Choice Multi-Dimensional Knapsack Problem (MMKP) [14],[15]. The
definition of MMKP is: There are n groups of items. Group i contains ]; items. Each
item has a particular value and consumes specific amount of the m resources. The
objective is to pick exactly one item from each group in order to achieve maximum

total value of the collected items, subject to the m resource limits. In the case of the
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context provider selection problem, each group represents a requested type of
information while the items in it represent the available context items. The resource
constraints refer to the cost and the latency for obtaining the information. Finally,
the value that needs to be maximized is the total utility of the picked context items.
QoS management problem in multimedia systems is a well known problem that is
also formulated as MMKP [16]. But this is an easier instance than our problem
because the values follow monotone feasibility order in relation to resource
consumption.

For the current implementation of the CME, we are using the Maximizing Value
per Resource Consumption (MVRC) heuristic (For instances of n groups of items, 1
items per every group and m resource constraints, the computational complexity is
O(nml+nl!+m+n’*(-)m+n*(l-1)’m)). The MVRC is an improvement of the
algorithm HEU [17] but solves the problem in less time that is important for cases
that require real-time decision making like ours. Unlike the HEU that tries to
minimize the resource consumption, the MVRC picks the items with the maximum
value per aggregated resource consumption. Comparing the MVRC with the
exhaustive approach showed that the MVRC produces solutions with 100%
optimality for small data sets (small number of groups, items per group and
resource constraints) and 85-97% optimality for large data sets. Being beyond the
scope of this paper, the further details and evaluation results of the heuristic are not
presented.

5 Evaluation

5.1 Demonstration Service

In our future research plans, we intend to implement a context aware restaurant finder
service like the one described in [3], which may consider user preferences, user
location, weather conditions, traffic conditions, restaurant menus in order to advice
the user about the best available restaurant to have lunch. However, in order to
demonstrate the proposed approach, we have performed some simulations of a
simpler context-aware restaurant finder service. This CAS considers only the user’s
preferences along with user’s location in order to determine the appropriate restaurant
for the user to have lunch. In case that the user would also like weather conditions,
namely temperature information, to be also taken into account, the service retrieves
location information of the user and based on this data, it also collects the temperature
information. In Table 4, the properties of the offered location and temperature
information are shown. We assume that all sources have started producing values
when the time was T=0sec and the new values are produced according to the
registered refresh rate. Moreover, the CAS requests information when time is
T eureni=75€C.

The CAS provider specifies the following weights regarding the gathering of location
and temperature information for the specific CAS: PWV,={0.5,0.1,0.1,0.2,0.1} and
PWV,= {0.1,0.1,0.3,0.5,0.1}. Regarding the location information, accuracy is of higher



Designing the CME for Evaluating and Selecting Context Information Sources 113

Table 4. Context Information Market

Location Information (m) Temperature Information (°C)

Ly | I | Iz | Iy | Iis Iis I Iy | I | Ly | Ls | DIy
P 150 | 100 [ 50 | 80 | 190 | 20 50 70 80 | 100 | 130 | 40
A 5 100 | 900 | 200 | 1 1000 2 1,5 1 1 0,5 3
Tr (sec) 10 | 60 [ 240 [ 100 | 6 220 10 8 10 5 5 10
Ts (sec) 5 0 0 0 7 0 6 6 7 7 7 6
Tresp(sec) | 09 | 2,1 1 05| 1,2 1,2 0,5 1 19|25 1 3,5
F (%) 100 | 100 | 100 | 100 | 100 | 100 100 | 100 | 100 | 100 | 100 | 100

Table 5. Utility Calculation for User A

Location Information Temperature Information
1 I, I3 Iy | Iis Lis Ly | I | I Ly | Ls | Iy
Ua 0.995| 0,9 0,1 0,8 10,9991 0 ]0,333| 0,5 | 0,66 | 0,66 |0,833| O
Ur 0.71 1 0,848 1 0,966 10,925| 0,8 (0,963 | 0,850,751 0,81 [ 0,5 | 0,8 | 0,55
Uty 0,958 | 0,75 0 1]0,583]10,975{0,083| 0 0,199 O 0,5 | 0,5 0
UTresp|0.775] 0,475 | 0,75 10,875 0,7 | 0,7 [0,875] 0,75 [0,525(0,375| 0,75 | 0,125
UFr 1 1 1 1 1 1 1 1 1 1 1 1
U 0,9191 0,804 | 0,396 (0,825(0,917 | 0,344 [0,659(0,660]0,510(0,55410,788 (0,217

importance while regarding temperature information time specific properties are more
important. We consider two users A and B: User A wishes that temperature information
is taken into account while he/she does not have any special requirements regarding the
restaurant’s location. In this case, the CAS is expected to work well if it retrieves
user’s location information with low quality as well as the temperature information of
the town that hosts the user. On the other hand, User B wishes to find the nearest
restaurant that matches his/her preferences. Therefore, for this user the service
requires user’s location information with greater detail. The two users select the
corresponding profiles that match their needs. The imposed constraints are: APV,=
{1000, 240}, APV,= {3,10} for User A and APV,= {5,20} for User B. The price
ceilings that are defined by each user are P,,= 100, 170 respectively, while the
maximum latency is T=4sec. Table 2 shows the expected utility per context item
for User A.

For User A, our approach concludes to the acquisition of information I;5 and I, In
this case, the objective function (9) is maximized with value 0,396+0,659=1,056
while all constraints are also satisfied. This solution costs 100. If we only considered
the constraints APV, APV, to perform the selection, the information that would be
used is I} and I achieving total quality 0,344+0,217=0,562 with cost 60. However,
not only has this solution lower total utility, it does not satisfy constraint (11) as well.
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For User B, only I;; and 15 satisfy (14) or (15) constraints, and represent feasible
solutions. Our approach decides that the optimal choice is information I;; with utility
0,336 and cost 150. The highest utility is 0,79 and is achieved by I;5. However, this is
not a feasible solution because it costs 190.

5.2 Comparative Evaluation

In this section, we present the evaluation of the solution found by the proposed
approach in relation to the solutions found by applying some alternative selection
mechanisms. The analysis is based on the customized context-aware restaurant finder
service provided to User A that was presented in the previous subsection. The
selection mechanisms that we consider are:

1. Context Matching Engine (CME) that this paper proposes.

2. Match Data Properties (MDP) that selects the information conforming to the
requirements related to APV, without considering resource constraints.

3. Match Data Properties & Constraints (MDP_C) that selects the information
conforming to the requirements related to APV and the resource constraints.

4. Match Cost (MC) that selects the information harmonizing to the cost constraint,
namely the context items that all together have the closest cost to Py,.

5. Match Latency Bound (MLB) that selects the information harmonizing to the
latency constraint, namely the context items that can be delivered within the closest
time to Tp.x.

6. Maximum Total Utility (MEU) that selects the information maximizing the total
utility without considering any resource constraint.

7. Context Matching Engine & No Weights (ME_NW) that selects the information
that matches the criteria of the APV and the two resource constraints and
maximizes the expected utility. However, the ranking of the utility factors is not
considered.

The Table 6 depicts the different selection mechanisms in relation to the involved
user/services’ requirements. The symbol “v™ means that this requirement is taken
into account, while the opposite is depicted with the symbol “-”.

Table 6. Selection Mechanisms

SELECTION Cost Latency Achep il F DB
MECHANISMS | Constraint | Constraint ¢ Data actors
Properties Ranking

CME v v v v

MDP 3 5 v ;

MDP_C v v v B

MC v - v :

MLB : 7 v ;

MEU - ; v v

CME_NW v v v -
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Fig. 3. Solutions obtained by the selection mechanisms

We applied the different selection mechanisms to the specific problem instance and
recorded the obtained solutions in the diagrams of Fig. 3. These diagrams show
thetotal utility of the solution in relation to the corresponding required cost and
latency bound for retrieving the data.

Even though the previous diagrams are produced for the specific problem instance,
we come to some conclusions that can be generalized. In specific, the MDP, which is
used by the state-of-the-art context management frameworks and requires the smallest
computation time since it decides about each required context item independently (for n
group of context items each containing 1 items, MDP has O(nl)), generates solutions
with the lowest total utility that possibly violate the resource constraints. Nevertheless,
when resource constraints are considered in MDP_C, the generated solutions do not
violate constraints, but they still have low total utility. On the other hand, the solutions
of CME and CME_NW do not violate the resource constraints, and they have higher
utility as well. Regarding the resource constraints, it can be observed that it not
sufficient to consider only one resource. Considering only one constraint may produce
solutions that violate the other. This is related to the fact that there is usually no
correlation between the cost and the latency as well as correlation between the utility
and the resource requirements of items. Regarding the ranking of the utility factors, we
observe that the solutions produced by the mechanisms that consider them have
significantly better utility.

In conclusion, by applying the proposed approach and the other different selection
mechanisms to the service scenario we performed the initial evaluation of the CME
functionality. This showed that, even though it rises up time and computation
requirements for context provisioning, the enhancement of context management
frameworks with the CME would improve both service’s performance and user’s
experience from service usage. These are very important for the offering of viable and
successful CASs.
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6 Conclusions and Future Plans

This paper proposed a novel approach for quality-aware discovery of the context
information. This approach supported by the Context Matching Engine, facilitates the
seamless and transparent provision of dynamically changing context information
regardless of the diverse user requirements and the changing system conditions. The
description of the proposed model and an initial evaluation of it have been presented.
New context sources can be added on-the-fly, while the chosen approach also caters
for the provision of different versions of the same information type, with different
update frequency, accuracy, and price, an especially useful feature for highly mobile
users, moving between different heterogeneous environments as well as unsteady
context sources. Autonomic features are exhibited through monitoring the context
provision and rebinding to the best available context sources over the lifetime of the
context requests. Our plans for future work in this area include the enhancement of
the selection algorithm to be applicable for more complex context requests that do not
conform to the sequential or in parallel context retrieval model as well as in cases that
the context to be retrieved is determined during service operation, the development of
an interactive user-specific service profile composition, and an intelligent context
quality monitoring mechanism for critical applications. Finally, we intend to evaluate
the solutions produced by our model and demonstrate its benefits utilizing a real-life
context-aware service with real users.
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Abstract. The paper presents a contexts recognition algorithm that uses the In-
ternet as a knowledge base to extract the multiple contexts of a given situation,
based on the streaming in text format of information representing the situation.
Context is represented here as any descriptor most commonly selected by a set
of subjects to describe a given situation. Multiple contexts are matched with the
situation. The algorithm yields consistently good results and the comparison of
the algorithm results with the results of people showed that there was no signifi-
cant difference in the determination of context. The algorithm is currently being
implemented in different fields and in multilingual environments.

Keywords: Matching context, Context recognition, Metadata, Text analysis.

1 Introduction

The question of context recognition is defined as one of the main questions addressed
by the international interdisciplinary context community [1]]. A context is a descriptor
(such as a word or an image) or a set of descriptors that defines a situation. A context
can convey a different facet, a different point of view, or a different understanding of
a situation. Therefore, many situations are characterized by several different contexts.
This paper presents an algorithm of contexts recognition that analyzes a given situation,
represented in text format, and identifies its multiple contexts, textual descriptors. The
performance of the algorithm was compared to the human process of multiple contexts
recognition and yielded consistently good results. The algorithm is now being imple-
mented in different fields and in a multilingual eGovernment project.

Section [2lreviews related works in the literature. Section [3| presents a formal defini-
tion of contexts recognition and divides the problem into two sub-problems. Section H]
describes the contexts recognition algorithm, which consists of five main processes: the
collection of data, the selection of contexts for each text, the ranking of the contexts,
the identification of the current contexts, and the clustering to achieve the multiple con-
texts, and describes the use of the Internet as a context database. Section [3] presents
the analysis of the algorithm. Section [6] discusses the applications of the algorithm in
different domains of knowledge and in different languages. Finally, section [/] presents
some conclusions and directions of future research.

2 Related Work

2.1 Formal Definition of Context
Context is defined as a descriptor (such as a word or an image) or set of descriptors
that can represent a situation or a scenario. A scenario is defined as “’the world state”, a

T.R. Roth-Berghofer, S. Schulz, and D.B. Leake (Eds.): MRC 2005, LNAI 3946, pp. 118-133] 2006.
(© Springer-Verlag Berlin Heidelberg 2006
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situation that is a snapshot or an instance of the world at some given time, namely, all
attributes of the world, including all objects, their properties and internal states, and the
relationships between them [21]].

McCarthy [18]] defined the formalization of the notion of context as one of the main
problems in the field of artificial intelligence (AI) and argued that a most general con-
text does not exist. Consequently, McCarthy [[19] worked to formalize context and to
develop a theory of introducing context as formal objects.

Since a situation is characterized by many different features, it may have multiple
contexts. McCarthy’s formal definition of context is used in this work to identify the
multiple contexts of a situation.

2.2 Blackboard Model

The model architecture for the contexts recognition is based on the blackboard model
[7]. The blackboard model has been used in many Al applications, e.g., understanding
images [24], signals [9]], and speech [[16]], to represent possible solutions to a given
problem. Blackboard is used here to enhance information extraction from more than one
information source. For example, different information sources can be multiple people
having multiple conversations at the same place and time, as in the case of Internet
chats.

2.3 Context Extraction

Since virtually every application requires the use of context, whether explicitly or im-
plicitly, it is necessary to have means by which to extract it. Bauer and Leake [4] de-
veloped WordSieve, an algorithm for automatically extracting information about the
context in which documents are consulted during web browsing. Using information ex-
tracted from the stream of documents consulted by the user, the WordSieve algorithm
automatically builds context profiles that differentiate sets of documents that users tend
to access in groups. These profiles are used in a research-aiding system to index docu-
ments consulted in the current context and pro-actively suggest them to users in similar
future contexts.

Another approach created taxonomies from metadata (in XML/RDF) containing de-
scriptions of learning resources [20]]. After the application of basic text normalization
techniques, an index was built, observed as a graph with learning resources as nodes
connected by arcs labeled by the index words common to their metadata files. A cluster
mining algorithm is applied to this graph and then the controlled vocabulary is selected
statistically. However, a manual effort is necessary to organize the resulting clusters
into hierarchies. When dealing with medium-sized corpora (a few hundred thousand
words), the terminological network is too vast for manual analysis, and it is necessary
to use data analysis tools for processing. Therefore, Assadi [2]] employed a clustering
tool that utilizes specialized data analysis functions and clustered the terms in a termi-
nological network to reduce its complexity. These clusters are then manually processed
by a domain expert to either edit them or reject them.

We propose the use of a fully automatic contexts recognition algorithm that uses the
Internet as a knowledge base and as a basis for clustering.
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2.4 Information Seeking

Information seeking is the process in which people turn to information resources to in-
crease their level of knowledge regarding their goals [8]. Although the basic concept
of information seeking remains unchanged, the growing need for the automation of the
process has called for innovative tools to assign some of the tasks involved in infor-
mation seeking to the machine level. Thus, techniques for information seeking based
on textual information are used, including the ontology tools Text-To-Onto [17], On-
toMiner [L1], and TexaMiner [12], to name a few, and databases are extensively used
for the efficient storage and retrieval of information.

The Internet can be seen as a large database that is constantly being modified and
updated. Many information seeking techniques have been developed to retrieve infor-
mation from the Internet. For example, Valdes-Perez and Pereira [23]] developed an al-
gorithm based on the concise all pairs profiling (CAPP) clustering method. This method
approximates profiling of large classifications. The use of hierarchical structure was ex-
plored for classifying a large, heterogeneous collection of web content [6]. Another
method involves checking the frequency of the possible keyphrases of articles using the
Internet [22]. However, this method is based on an existing set of keywords and uses
the Internet for ranking purposes only.

The present algorithm attempts to automate contexts recognition, based on informa-
tion seeking techniques, using the Internet as a database for possible multiple contexts.
The algorithm differs from previous text analysis techniques by allowing the input to
be received from multiple sources, in an unstructured format. In addition, the algorithm
utilizes data resources that are independent of the user and are constantly changing to
analyze the information.

3 Formal Definition of the Problem

A scenario can be characterized by multiple contexts, each describing a different facet
of the situation.

McCarthy [19] formalized context as first class objects with the following basic re-
lation:

ist(C, P) meaning that the proposition P is true in the context C.

In this paper, context is defined as any textual description that is most commonly
selected by a set of subjects to describe a given situation and multiple contexts are a set
of such contexts:

Let P, P, ..., P, be a series of textual propositions defining situation S.

Contexts C, Cy, ..., C}, are defined as the contexts of situation S if:

In subjects, n > 1 so for the majority of n selected

ist(C;, P;) V i, for a given j

(Contexts C, Cs, ..., C;, are true for textual proposition F;)

For a series of propositions there exists a collection of sets of contexts.

Let P, P, ..., P, be a series of textual propositions when V P; there exists a col-
lection of sets of contexts Cj; so that:
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Vi, ist(Ci;, P;) V j meaning that the textual proposition F; is true in each of the set of
contexts C;;. C;; are not predefined hierarchically in a structure such as a tree. However,
hierarchical structures can be built according to a specific set of textual propositions.

The main research problem is formally defined as:

What is the outer context C, the multiple contexts of a scenario, defined by

iSt(C, ﬂ:il iSt(Cij, .PZ)) Vj

The number of existing contexts is assumed to be finite and to satisfy

C, Ci; & U, (unity of all existing contexts)

The main research problem can be divided into two sub-problems:

1. Let P be a given single text. What are the possible contexts C; that satisfy ist(C;,
P) Vi (for single text P all contexts C; are true)

2. Let P, Ps, ..., Py, be a set of texts that satisfy the following condition: for each
text P; there exists a set of contexts C;; so that ist(C;;, P;) V j.
What is the outer context C so that ist(C, (., ist(Ci;, P;)) Vj.

The division of the problem into two parts allows a solution of the first part to be
acquired by information seeking through the Internet. The second part is addressed us-
ing an algorithm that ranks the contexts according to the importance of the information
retrieved in the first part. The result of the following algorithm is a list of contexts, the
outer context of the situation, which is the multiple contexts of the situation.

4 The Contexts Recognition Algorithm

The research algorithm is based on the streaming in text format of information that
represents input from different sources, such as Internet chats. The contexts recognition
algorithm output is a set of contexts that attempt to describe the current situation most
accurately. The set of contexts is a list of words or phrases, each describing an aspect of
the situation. Thus, multiple contexts can be matched to a given situation. The algorithm
consists of five major processes:

— Collecting Data - The information from the information sources is decomposed into
words and the keywords are extracted from them.

— Selecting Contexts for Each Text (Descriptors) - For each keyword a set of prelim-
inary contexts is extracted from the Internet, which is used as a context database.

— Ranking the Contexts - Each preliminary context is ranked according to the number
of references it receives in the context database and the number of appearances it
has in the text.

— Identifying the Current Contexts - The preliminary contexts that have significantly
higher numbers of references and higher numbers of appearances are included in
the current set of contexts.

— Obtaining the Multiple Contexts - The current contexts are examined for synonyms
and synonymous contexts are united.

4.1 Collecting Data

The input text was used as is; all misspelled words were left in the text. The text was
parsed at the granularity of sentences. Long sentences were parsed according to the
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maximum number of words that could be used in a search engine. Each text is de-
composed into single words, when words are letter strings separated by spaces, and all
punctuation is removed from the text. Then the words are checked according to a set of
dictionaries. The first dictionary is a ’Stop List”, consisting of words that do not add
to the understanding of the context, such as I, me, in, are, the. All words that appear in
this dictionary are ignored. The next step uses a set of dictionaries according to fields
of knowledge to sieve the words that are not related to the specific field of knowledge.
If the word appears in the field of knowledge dictionary, then it is added to the list of
keywords that are searched in the context database, otherwise it is ignored. This process
continues for each word in the text. After each text passes through this module, the algo-
rithm sends a list of words to be checked for a possible set of contexts. Checking against
a dictionary can be skipped if the field of knowledge is unknown, but skipping this step
may sometimes lead to less accurate results. The difficulty does not lie in finding the
possible keywords since the algorithm can always use the whole input corpus.

Algorithm 4.1: COLLECTING DATA(T extual Data)

Parse data according to the granularity of sentences
Replace punctuation with a new line
Eliminate words which appear in ”Stop List”
if Field of Knowledge is defined
then Eliminate words that do not appear in field on knowledge dictionary
if words in line > maximum words for search engine
then Create new lines according to maximum words
for each new line
do Activate the next algorithm

4.2 Selecting Contexts for Each Text (Descriptors)

The selection of the current context is based on a search through the database for all
relevant documents according to keywords and on the clustering of the results into pos-
sible contexts. Once a list of keywords exists, each keyword is searched in the context
database - the Internet - and a set of contexts is extracted. This creates a list of prelim-
inary contexts for each keyword. The contexts in this work were represented by words
or sets of words, which can be viewed as meta data created for each set of Internet web
pages. The Internet can then be viewed as an immense set of words that represent dif-
ferent possible contexts, each associated with its respective web page. Other descriptors
can include images appearing on the Internet. The Internet can then be seen as a vast set
of descriptors that represent different possible contexts, each associated with its respec-
tive web page. The full list of preliminary contexts for all the keywords includes all the
possible contexts for this current text.

Any search engine can be used and any Term Frequency / Inverse Document Fre-
quency [10] method for clustering can be implemented. The current application of the
algorithm uses the concise all pairs profiling (CAPP) clustering method. [23]], as it is
applied in the Vivisimo search engine.

The use of the Internet as a context database instead of a precalculated frequencies
base has several advantages. The use of the Internet does not require the constant up-
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dating and maintenance of a database. The precalculated frequencies base requires the
user to work in a limited predefined knowledge domain. The Internet can serve as an
unlimited knowledge domain that is continuously being updated.

This step results in a long list of preliminary contexts, many of which are irrelevant
to the context. The purpose of the following steps is to minimize the list and identify
most relevant contexts of the situation.

Algorithm 4.2: SELECTING CONTEXTS(ListofW ords)

Check Internet search engine with List of Words
for each Internet page extracted
do Activate Ranking Contexts algorithm
Add 1 to Number of Appearances for each context identified

4.3 Ranking the Contexts

The algorithm checks the number of appearances in the text for each preliminary context
in the set of preliminary contexts. The contexts are also examined for the number of
Internet documents that refer to the set of documents. The set of contexts is now ranked
according to both the number of references in the text and the number of references in
the documents.

These two metrics were selected since the number of appearances in the text rep-
resents how many times each preliminary context was mentioned in the situation. The
number of references in the Internet represents how important the preliminary context
is to the general population that uses the Internet.

New preliminary contexts can now be created according to textual sub-strings of ex-
isting preliminary contexts. This step sums up the number of documents referring to the
preliminary contexts. Multiple reference pages from similar web sources are counted as
one instance. Each document usually refers to multiple contexts, consequently creating
a long list of preliminary contexts. The last step involves ranking the set of prelimi-
nary contexts according to both the number of references from the documents and the
number of appearances in the text. This step maps all the preliminary contexts to a
two dimensional graph, allowing the contexts that receive very high ranking in both
characterizations to be located, as in Figure [Tl

After each session of ranking, the list is used for two purposes - resetting the set
of preliminary contexts and identifying the current context. The current list of contexts
joins the new preliminary contexts arriving from the continuously streaming text. The
lists are united and the ranking process is repeated. In parallel to the repetition of the
ranking algorithm, the set of ranked preliminary contexts is forwarded to the next mod-
ule to determine the current contexts.

Algorithm 4.3: RANKING CONTEXTS(InternetPageFExtracted)

Perform term frequency clustering
for each term
d {if term not in Preliminary Context List
then Add term to Preliminary Context List
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4.4 Identifying the Current Contexts

The output of the ranking stage is the current context or a set of highest ranking contexts
that differ essentially by rank. The algorithm then returns to the first step to collect
more texts and feed them again to the database. The set of preliminary contexts that
has the top number of references, both in number of Internet pages and in number of
appearances in all of the texts, is defined as the highest ranking and is identified to be
the current contexts.

The current contexts received from the previous stage can be depicted on a graph
according to the number of appearances and the number of references, as in Figure[Il

The algorithm for detecting the current contexts includes the following steps:

Algorithm 4.4: DETECTING CURRENT CONTEXTS(PreliminaryContexts)

Organize the list of preliminary contexts in descending order
according to number of references appearing in the Internet -
the Set of Documents.

Find the difference between each value of the number of
references and its nearest lower value neighbor, defined
as Current References Difference Value (CRDV).

Find the difference between each value of the number of
appearances and its nearest lower value neighbor, defined
as Current Appearances Difference Value (CADV).

Weight the number of appearances in the text and the
number of references in the Internet according to the
following formula:

MVR = Maximum Value of References

MVA = Maximum Value of Appearances

Weighted Value = \/(2*0‘;3#)2 + (CRDV)?

Find the maximum value of the Weighted Value. If the maximum
Weighted Value is the first value, then continue to the next one,
since frequently the first value is too far from its neighbor.

Select all the contexts that appear before the maximum Weighted
Value in the list that was organized in the first step as the current contexts.
Store current selected contexts.

Erase the selected contexts from the list and repeat the previous two steps.
The Weighted Value can be viewed as the weighted distance to the origin. However, the

index of number of references is on a much larger scale than the index of the number
of appearances and therefore it is not possible to retain the original proportions and it is
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necessary to re-scale the indices. The value is calculated multiplying by the maximum
number of references and dividing by the number of maximum number of appearances.
A constant of 2/3 was found by experiment to be appropriate for the re-adjustment of
the figures.

The first cluster of contexts near the origin includes all the contexts that received
low ranking both in number of appearances and in number of references. This group
of contexts includes most of the contexts in the list. Since the contexts in this group
received low ranking they are eliminated from the list. The remaining contexts are the
current contexts.

The process can continue until all the contexts in the list are covered and this will
yield all the possible preliminary contexts. However, in most cases the best results were
already achieved when the last two steps were performed twice. Further repetitions,
which increase the number of results, were unnecessary. The ranking according to num-
ber of references and not according to the weighted value also improves the results. This
indicates that the number of appearances of the context in the text has less value in the
determination of the context than the number of references in the Internet.

During the implementation of the algorithm, there was a problem that required spe-
cial consideration. The contexts that received lower ranking than the top ranking con-
texts in the cluster but were not part of the cluster were kept. Namely, these are contexts
that receive lower ranking in either the number of appearances or the number of refer-
ences than the top ranking contexts, but not in both. Running the algorithm showed that
these contexts are sometimes relevant and should be kept.

4.5 Obtaining the Multiple Contexts

The current contexts are examined for synonyms using a thesaurus and synonymous
contexts are united. Before this step, many of the contexts identified by the algorithm
are similar in meaning. The algorithm also looks for semantic similarity. This step en-
ables the algorithm to identify the differing multiple contexts of the situation and thus
facilitates the better description of the situation.

Algorithm 4.5: MULTIPLE CONTEXTS CLUSTERING(CurrentContexts)

for each © € CurrentContexts
Examine the CurrentContexts for synonyms in Thesaurus
Examine the CurrentContexts for semantic similarity
if synonyms / semantic similarity found
then Unite contexts and unite their weights
return (United Contexts,Relevant Weights)

The current set of contexts is the output of the algorithm. However, since the algorithm
is continuous, the contexts continue updating as long as new textual input continues to
be accessed by the algorithm.

4.6 Examples

Example 1. The example presents the implementation of the algorithm on text taken
from MSN chat and the results of the algorithm.
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Lestat: Question on Linux how much ram can it run
WickedWeekend: like i said im new at this

Xor: ifconfig ethO 192.168.0.1 netmask 255.255.255.0

Xor: lestat virtually any amount of RAM

Xor: if u adjust kernel to it

WickedWeekend: ok Xor

Lestat: well you know my computer 1.53gb of ram
WickedWeekend: to me just looking at it and not being an expert
Xor: lestat it will suffice

Xor: wykd

Xor: yes there are many other command

Xor: but good thing about linux

Xor: is that u cna make aliases to commands

Xor: so instead of ifconfig ethO 192.168.0.1 netmask 255.255.255.0
Xor: u can make an alias

Xor: in form

WickedWeekend: if your ethernet configuration ip is 192.168.0.1 you want it to have
a mask of 255.255.255.0 which is a generic one i think instead of broadcasting your
native ip?

Xor: dothis

Xor: u cna have any subnet mask

Xor: u want

Xor: u can mak eur own subnetmasks

Xor: 255.255.248.0

Xor: or whatever

WickedWeekend: can they be virtualy anything as long as they are in the correct format?
WickedWeekend: but have to start 255.255.........

Xor: 255.255 not necesserily

Xor: u can have

Xor: 255.248.0.0

Xor: anythign really

WickedWeekend: but the fist one is always 2557

WickedWeekend: or not?

Xor: well yes it should be

Xor: i never saw another format

WickedWeekend: ok

First the input is read one line at a time. Each word is separated by a space. Punctuation
marks are eliminated. Each word is checked against the ”’Stop List” dictionary. In this
case each word was checked in a predefined computer dictionary.

The words that passed the previous stage serve as keywords. After each step (change
of speaker) the keywords are sent to the search engine and clustered into a list of prelim-
inary contexts. These steps are repeated 34 times, yielding 222 preliminary contexts that
have at least two references in the Internet and are relevant to keywords that appeared
at least once in the text.
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Fig. 1. Identifying the Current Contexts

The algorithm maps all the preliminary contexts to a two dimensional graph, allow-
ing the contexts that receive very high ranking in both characterizations to be located,
as in Figure[Tl

The set of identified contexts includes: Linux(150,13), Subnet(96,5), Forums(96,9),
Review(69,7), FAQ(68,5), Blog(61,7), and Network(56,8). The value in the parentheses
includes the number of references and the number of appearances respectively. Figure
[0l shows the weighted value calculated for each context. The differences between the
weighted values in the figure show that the maximum weighted value is after Network,
resulting in the current contexts.

The chat can be viewed as having multiple contexts. The contexts Network and Sub-
net represent the communication point of view discussed between two participants in
the chat. At the same time, a discussion about Linux is being held. Looking from a
broader perspective, the contexts of Forums and Frequently Asked Questions (FAQ)
can be viewed as the contexts of the conversation.

Example 2. The example presents the implementation of the algorithm on text taken
from MSN chat and the results of the algorithm. The algorithm was run without any
information about the knowledge domain and did not use any field of knowledge dic-
tionary.

Fox-Firel: i want to ask some question about hacking
Fox-Firel: any body help me
simply-crazy: h word is bad
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mad-for-computers: what ques about haciking

mad-for-computers: hacking

mad-for-computers: i love hacking

Fox-Firel: some body hack my id

Demonl1: lillegal

Obis-Shadow: Please note: Owner, hosts and participants of this room we don’t offer
any help with illegal activity. This includes p2p software.(such as Kazaa and Imesh).
any discussion of such activities will result in banishment from chat.

Fox-Firel: and i want to get it back

Fox-Firel: ohh

Fox-Firel: hi

Fox-Firel: what happened

mad-for-computers: nothing

mad-for-computers: there was room named h but it is gone

Fox-Firel: o k tell me how i can get back my id

The results of algorithm in the example included the contexts of Hacker and Security.
This shows that preliminary contexts can also be words that did not appear in the text
itself but were a result of the clustering of the web pages, as in the top ranking context
of Security. The contexts of Hacker and Security are the different contexts of this chat,
representing different complementary facets of the conversation.

Demonl1 and Obis-Shadow are software bots that monitor the chat. Eventually the
participant Fox-Firel was banished from the chat as a result of raising an illegal dis-
cussion topic - hacking, although the participants were discussing security measures
against hacking.

5 Analysis

The objective was to analyze the different multiple perspectives, or contexts, of a given
scenario, with minimal restrictions placed on the human subjects evaluating the scenario
so as not to direct them to a single perspective. The contexts recognition algorithm was
evaluated using computer-related Internet chats acquired from MSN chats. The chats
included several participants and were observed over time. Parts of the chats that dealt
with topics concerning computers were copied to files. From these chats sets of files
were randomly selected to be analyzed by the algorithm. These files were fed as input
into the contexts recognition algorithm. The results were compared with the results
given by computer-literate subjects.

The subjects who answered the survey were graduate students with at least basic
knowledge of computer terminology. A total of twenty subjects participated in the sur-
vey. The participants received a set of three chats. This allowed two groups of partici-
pants to be formed, each group with a different set of chats. Each chat had at least nine
replies. The maximum number of replies per chat was eleven. An average of ten subjects
determined the list of contexts for each chat. A total of six chats in computer related
topics were analyzed in this way. The subjects were presented with the above chats and
were asked to provide a list of contexts for the chats. The subjects were told that the
text was obtained from Internet chats and was presented to them as is, including spelling
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mistakes and Internet acronyms. The subjects were asked to write in their own words
what they felt were the contexts. These words were not selected from a list. The words
were counted to determine the number of times they appeared among all the subjects.
Each word was counted once for each subject who mentioned the context. The con-
text was ranked in descending order according to the number of times that the subjects
mentioned the context. The list of best-ranked contexts was compared with the results
yielded by the contexts recognition algorithm. The other contexts mentioned more than
once by the subjects were also compared to check the sensitivity of the algorithm.

Table [[l summarizes the comparison of the results of the algorithm and the results
of the subjects. The table also displays the average results of the contexts recognition
algorithm for all six cases examined. The second and third sets of contexts, which are
contexts mentioned by the subjects but not selected by a majority of the people or only
selected by one or two subjects, respectively, are also compared with the second and
third reiterations of the algorithm to check the sensitivity of the algorithm.

Table 1. Ranked Contexts (RC) of the Algorithm

Contexts Recognition| Chat 1 Chat2 Chat3 Chat4 Chat5 Chat 6 Average
Top RC 100% 100% 100% 100% 100% 100% 100%

Top and IT RC 100% 84.46% 65.22% 57.15% 75% 100% 80.31%
Top, I, and T RC  |86.67% 81.25% 57.15% 40% 76.92% 75% 69.50%

The top ranking contexts mentioned by the subjects were identified as contexts by
the algorithm. In most of the cases the contexts that were ranked among the highest by
the subjects were also ranked among the highest by the algorithm. Some of the other
contexts generated by the algorithm were not selected by the subjects. In addition, a few
of the lower ranking contexts mentioned by the subjects were missed by the algorithm.
Table [T shows that for the top ranking contexts the algorithm yields very high results.
As more contexts that received lower ranking by the subjects are added, the results of
the algorithm degenerate. The algorithm needs improvement in deducting better results
in the second and third ranking sets of contexts.

The significance of the results was analyzed using the identical populations test. The
test for homogeneity is designed to test the null hypothesis that two or more random
samples are drawn from the same population or from different populations, according to
some criterion of classification applied to the samples. The Chi-square Pearson Test for
Association is a test of statistical significance. The results of the identical populations
test comparing the groups containing the algorithm as a subject with the original group
consisting only of human subjects showed that they were almost identical populations.
In other words, if the computer is part of the group, the context will remain identical.
Hence, there is no significant difference in the determination of contexts between the
algorithm and the human subjects. Table 2] displays the identical population test results
for each of the six chats.

The complexity of the algorithm is §(kn) where n represents the number of input
cycles such as each line of text or each time that input is received from a different
source. The k represents a constant limiting the number of top ranking results from each
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Table 2. Identical Populations Test

Chat| x? P-Value
1 ]0.065199 1

2 10.568693 0.999
3 10.187391 1

4 10.256795 1

5 10.133712 1

6 |0.273300 0.998

cycle of the algorithm. This allows different levels for the monitoring of the amount of
data the algorithm handles.

6 Applications

6.1 Applicability in Multiple Domains

The contexts recognition algorithm is versatile in terms of its utility in multiple do-
mains of knowledge. The algorithm was extensively analyzed using Internet chats on
a wide variety of topics, including health-oriented chats and computer-oriented chats.
The algorithm yielded consistently good results in this broad range of topics.

The algorithm can be used without the pre-definition of the field of knowledge. Cur-
rently the algorithm is being implemented in the field of medical case studies, with the
use of a field-specific dictionary, and in the field of eGovernment services, without any
such pre-definition.

In the field of medical case studies, the contexts recognition algorithm is being used
to extract information from actual medical cases. The goal is to examine a method
for encapsulating a patient’s medical history and current situation into keywords - the
contexts of the medical case studies - so as to assist the physician in his analysis.

In the field of eGovernment services, the algorithm is currently being examined in
TERREGOV and QUALEG, European IST projects. TERREGOV aims at providing
territorial governments with flexible and interoperable tools to support the change to-
wards eGovernment services. The purpose is to identify the contexts of documents to
enable the revision of ontologies for the optimization of the indexing and search of
documents. QUALEG aims at providing local governments with an effective tool for
bi-directional communication with citizens. Contexts are used to specify citizen input
and then provide services - routing emails to departments, opinion analysis on topics at
the forefront of public debates, and identification of new topics on the public agenda.

6.2 Applicability in Multilingual Settings

The contexts recognition algorithm is also versatile in regards to the language of the
input text. The algorithm enables the identification and representation of the context
in multiple languages. The algorithm is not language dependent, since the Knowledge
Base is extracted from the Internet. The algorithm success rate depends on the number
of Internet pages existing in each language.
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The Web is a multilingual corpus. Xu [23] estimated that 71% of the pages (453
million out of 634 million Web pages indexed by the Excite search engine at that time)
were written in English, followed by Japanese (6.8%), German (5.1%), French (1.8%),
Chinese (1.5%), Spanish (1.1%), Italian (0.9%), and Swedish (0.7%).

One hundred million words is a large enough corpus for many empirical strategies
for learning about language, either for linguists [3]] and lexicographers [[14] or for tech-
nologies that need quantitative information about the behavior of words as input (most
notably parsers [S][13]). However, for some purposes, it is not large enough.

Our initial experiments in the QUALEG project show results that coincide with the
above data. The previous section displayed the consistently good results of the algo-
rithm in English (See Table [T). Analysis of email contexts yields a high success rate
of 84% in the German language as well. However, for the Polish language which has
0.42% of the web pages in the English language [[13]] the success rate of the algorithm
is much lower and thus complementary techniques from Natural Language Processing
are currently being integrated to increase effectiveness.

7 Conclusion

Every situation can be characterized by multiple contexts that describe its different
aspects and that are necessary for the complete understanding of the different perspec-
tives of the situation. The main idea of the research was to use the Internet as a contexts
database to identify the multiple contexts of the given situation. The Internet is a source
of information that is constantly increasing and being updated. The use of the Internet
as a database for contexts recognition therefore gives a contexts recognition model im-
mediate access to a nearly infinite amount of data in a multiplicity of fields. Hence, the
necessity of creating a database for the determination of the contexts is eliminated.

Furthermore, the situations for which the contexts are sought can be independent
of the Internet; the Internet is merely the database in which the algorithm searches for
the contexts. Thus, for example, the contexts of a conversation between people can be
found through the use of the Internet - the algorithm is a tool that allows the computer
to determine the contexts by using the Internet as a database and then to pass these
contexts back into the real world. The Internet is one possible source of data, but the
algorithm holds also for a more restricted database. Intranet data, internally generated
textual information about the organization that is stored, can also be used.

Another advantage of the contexts recognition algorithm is that it functions in real-
time without needing a period of training or practice. Thus, it extracts the contexts
immediately with little previous user intervention.

Tests show that the algorithm also achieves good contexts recognition results without
the use of a field of knowledge dictionary, which represents specialized knowledge.
Thus the algorithm can be used in diverse areas without predefined knowledge of the
field.

The complexity of the algorithm is directly dependent on the size of the input de-
scription of a given situation. Thus, online implementation is feasible. Moreover, the
algorithm can be implemented in an extensive variety of domains, since it is field inde-
pendent. Current implementations of the algorithm focus on medical case studies and
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online eGovernment applications. These online eGovernment applications show that
the algorithm is also language independent and can be implemented in multilingual
settings.

The Internet includes many different representations of data, such as text, image,
and sound. Therefore, future directions of research include implementing the algorithm
to extract contexts in alternative formats of representation. Other directions of research
include mapping multiple contexts to ontologies, since contexts and ontologies are com-
plementary disciplines of modeling views.
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Abstract. A new computing era after Mainframes, PC’s and mobiles is
becoming closer to reality since the beginning of the 21st century. This
new era is often described with different terms such as pervasive, ubiqui-
tous, ambient or context-aware computing. However, there is a common
characteristic behind all these projections: They are all based on a sub-
stantially more flexible system understanding, whereby the thought of
the system as a tool moves into the background and the needs and desires
of the user step into the foreground. Such concepts for software applica-
tions being aware of their context are in fact not new, but become more
and more important for productive fields of software and systems engi-
neering and particularly in ubiquitous and wearable computing. In this
paper we describe a generic mechanism for designing context awareness
and adaptation behavior with formal methods, thus basically allowing
an engineering approach in designing and implementing complex con-
text aware adaptive systems while avoiding their usual pitfalls.

1 Introduction

Adaptation in a common sense is defined as an act of changing (structure, form,
or habits) to fit different environmental conditions [I3]. For technical systems
in general such environmental conditions are usually referred to as context (see
also [5] and [11]).

Nowadays, adaptation needs to be considered as a key requirement for future
mobile and ubiquitous systems that envision heterogeneous environments where
system and application functionality needs to be dynamically adapted to con-
stantly changing situations like roaming access across different device capabilities
and user personalization needs. There are existing architectures and frameworks
such as [3] that more or less support developing context aware software. How-
ever, the important aspect of designing contexts and adaptation logic itself is
typically overlooked. Moreover the context model and adaptation decision logic
are usually static and hard coded in the adaptable entities. In view of ubiqui-
tous systems, this approach seems inadequate, since the circumstances in which
a system’s functionality may be executed and the context parameters that may
influence it, will not always be predictable a priori at the time the function is
being developed. Generic, reusable mechanisms that offer runtime customizable
context criteria and adaptation algorithms can offer a solution to this problem.

T.R. Roth-Berghofer, S. Schulz, and D.B. Leake (Eds.): MRC 2005, LNAI 3946, pp. 134-{I47] 2006.
© Springer-Verlag Berlin Heidelberg 2006
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In this paper we sketch out the scope of adaptation, describing what to be
understood by adaptation and why this concept needs a particular considera-
tion in software engineering research. After this we introduce a mathematical
founded approach for designing flexible multiple (manual, automatical or com-
bined) adaptations.

2 The Scope of Adaptation

The main goal of adaptation is to achieve ubiquity. Ubiquity means enhancing
usability of functionality in as many situations as possible. A typical example for
this is enabling the user to maintain a certain application while roaming between
different radio access technologies, locations, devices and even simultaneously
executing everyday tasks like meetings, driving a car etc. It is therefore important
to consider the main ubiquity criteria, while dealing with adaptation.

In the following, we will start with a brief description of these criteria and of
course the two main problems emerging from them. Both problems, the avail-
ability and the usability of adaptive applications and/or functionalities, need to
be addressed. We propose in section the approaches of reconfiguration and
adaptation to address the availability and the usability problems respectively.
The CAWAR context model will be described in section 2.3l including the neces-
sary consideration for sensors, interpreters, actuators and context elements. At
the end of this chapter, the overall process of adaptation will be presented, along
with the logical architecture and the formalization of adaptation.

2.1 Ubiquity Criteria and Emerging Problems

For a certain functionality to be ubiquitous, three essential conditions need to
be met:

— The necessary HW/SW infrastructure can be made available for the func-
tionality in the given situation (awvailability),

— the functionality can fulfill the current user requirements (applicability) and

— the necessary interactions are not conflicting with the user’s situation, this
means range within his current free interaction possibilities (operability).

Looking into systems that should provide (implement) a ubiquitous functional-
ity, it is obvious that a maximum ubiquity cannot be achieved by stacking up
implementations for static requirements as is done usually in nowadays nonadap-
tive systems. A principal reason for this fact is that the number of requirements
implemented into a system is limited by available resources (CPU, memory,
bandwidth etc.). Moreover these resource limitations can vary from situation to
situation (battery power or available networks). The resource limit is therefore
usually given by tradeoffs between the least common denominator of providable
functionality and a restriction of (availability-) situations resulting in reduced
ubiquity. This problem reflects the availability dimension of ubiquity and there-
fore is called availability problem.
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Fig. 1. Requirements Superposition and Limited Ubiquity (Availability and Usability)

Besides availability, there is yet another problem regarding nonadaptive sys-
tems that prevents ubiquity. Stacking up implementations of predefined require-
ments into a superposition of all requirements a system needs to fulfill during its
life-time generates additional interactions between a system and its user, besides
the interactions necessary to use the actual functionality. These additional inter-
actions are necessary to communicate the current user’s requirements selection
in that given situation, so that they can be mapped onto the superposition of
requirements fulfilled by the system. The amount and complexity of interactions
between a user and a system is, however, also often limited by the current sit-
uation. For example while it might be possible for a user to navigate through
a complicated menu structure while sitting in a train, the same interaction is
not conceivable for him while driving a car or using another functionality that
already requires his exclusive attention (e.g. a groupware conference). Without
adaptation, there are obvious tradeoffs between type, amount and complexity of
user interactions and the number of functionalities a system can provide; again
limiting the number of (user-) situations, where a given functionality can be
used. Analogue to availability this reflects the usability dimension of ubiquity,
and therefore is called usability problem. Figure [ illustrates both the availability
and the usability problems.

2.2 Reconfiguration and Adaptation

Introducing reconfiguration solves the availability problem. This is due to the
fact that a superposition of static requirements can be clustered into groups of
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non conflicting requirements that are usually required by the user in a certain
situation. Such a cluster of implemented requirements is called configuration.
A system is reconfigurable if it supports changing between different sets of such
configurations according to the momentary situation. While it is possible to have
reconfigurable systems that are managed by the users (e.g. a PC to install and
choose between several applications), this kind of solution does not necessarily
add to ubiquity. This is because reconfiguration itself adds additional user in-
teractions in deciding about and choosing the proper configuration for a certain
situation.

To solve the usability problem of ubiquity, another mechanism besides re-
configurability needs to be introduced. This mechanism should automate the
reconfiguration management on behalf of the user (or other person entities with
influence on requirements that should be fulfilled by a certain configuration). To
achieve this, all or part of the manual reconfiguration management can be re-
placed with further functionalities fulfilling additional requirements of automat-
ically reconfiguring between dynamic requirement implementations in different
situations [16].

2.3 The CAWAR Context Model

To enable reconfiguration management functionality, the system needs to decide
on behalf of the user entity about its current requirements. This can be done by
monitoring the system’s environment, including all users and the internal state of
the system itself [23]. Environment monitoring is done using a context. A context
is the sufficiently exact characterization of the situations of a system by means
of perceivable information that is relevant for the adaptation of the system.
This means, the context is a model of a situation that contains all necessary
and available information to reason about the user’s (or any other stakeholder
involved in the system’s usage) requirements. Since context is usually defined
using an abstract view of a situation (a model) [I2], a specific context is always
specified from a certain perspective and describes only the relevant information
from the system’s environment. For example a user profile [8] could be used as
a context describing user preferences [20)].

A simple context can be modeled using an entity relationship data model that
holds the contextual information. The model proposed here is more detailed and
differentiates in sensors, context data and interpreters as proposed in [5], to
enrich the static data structure of context with its dynamic processing informa-
tion. Sensors observe the external system environment. They gather information
that describes the system’s situations and their changes, and update the sensor
context data accordingly. Intermediate context data in contrast is updated by
interpreters observing the sensor context. Interpreters can calculate any infor-
mation that can not directly be measured with sensors thus forming an abstract
(interpreted) description of the initial physical (sensored) situation. A change
of an intermediate context can of course trigger other interpreters, resulting in
further context data changes and so on. Since such a context model does not
only describe contextual information but also its sources, it has the advantage
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Fig. 2. Context Adaptation Metamodel

that new sensors and interpreters can be discovered and bound at runtime. The
context model in [5] itself however is directly consumed by the context aware
system, e.g. for deciding about a certain reconfiguration based on a specific con-
text state. Thus the adaptation logic and certain context dependencies are hard
coded into the adaptive system. Hence the logic and results can not be shared
among several subsystems and moreover the adaptation can not be reconfigured
itself (e.g. to meet varying CPU resources).

The model proposed here, and illustrated in Figure 2] therefore extends the
context model as defined in [5] by adding not only sources and computational
nodes, but also sinks for contextual information. Adaptation like any other us-
age of context information becomes visible (and also detectable and replaceable
at runtime) as actuator elements. Actuators represent parts of the system that
access or observe certain parts of the context [I0]. Additionally, it is possible to
move adaptation logic into such a context adaptation model, instead of being
hidden inside the actuators, if the result of an adaptation decision is just modeled
as another context, describing how the system should look after the necessary re-
configurations (reconfiguration context). With this extension, adaptation can be
defined as special interpreters that take information from the initial or interme-
diate context data elements and compute a specification of how the new system
should look after the adaptation. The complete model for adaptation (context
awareness) in this document thus is made up of all context information, the
sources for information in form of sensors, any decision or interpretation in form
of interpreters and at least one actuator that reconfigures the system according
to the description found in the reconfiguration context data. In the following, a
recapitulation of the four basic elements of the model is provided.

Sensors and Context Elements. Sensors observe the system’s environment
and collect data from the real world (environment). This data is gathered as
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context elements in a context server. A welocity sensor of a car for instance
measures the context element absolute velocity.

Interpreters. Interpreters observe contexts and update contexts stored in pro-
files. They retrieve context elements, analyze the including information and/or
compute new information. Thus, they produce decision context elements and
the suggested target state of the system. E.g. the velocity interpreter analyzes
the situation, perhaps based on further context elements, and computes a new
configuration such as displaying the velocity with a larger font.

Actuators. Actuators observe the adaptation context, and if required adapt the
system according to the identified situation. They activate the new configura-
tion based on interpreters’ propositions (actuators can manage reconfigurations,
provide information [I8] or trigger command messages [22] to further technical
components).

2.4 The Overall Process of Adaptation

Summarizing section 23] the overall process of adaptation can be viewed as
a three step process, namely monitoring the environment of a system (detect-
ing context), followed by choosing the best appropriate configuration (deciding
about new configurations) and finally deploying a new configuration at run-
time (i.e. reconfiguring). The deployment step can involve for example changing
behavior, implementations, modifying structure, adding or removing function-
ality or even downloading new code. Hence adaptation can be modeled as a
simple subsystem consisting of the four base elements (sensors, interpreters, ac-
tuators, context). Adaptive Systems therefore logically contain three essential
parts: Adaptation Logic, Core System (Minimal necessary system functionality)
and System Environment (containing fluctuating components used to extend
system functionality). This and regarding adaptation as a separate subsystem
eases formal modeling of adaptation functionality as a filter. A formalization of
adaptation based on the FOCUS formalism [2] was presented in [I4] and [7].
There are however no formal system boundaries separating environment, core
and adaptation. This separation is always an engineering decision based on spe-
cific requirements regarding necessary flexibility, security, safety etc.).

In the CAWAR framework [I4], [I5], Sensors, interpreters and actuators are
realized as abstract classes. Before their usage the abstract classes must be im-
plemented depending on the concrete interpretation (e.g. a rule, a neural network
etc.) or actuation (a certain device, telecommunication service/layer, application
etc.) functionality. To allow for adaptable adaptation again components derived
from these classes are used in form of a reconfigurable service represented by
a transparent service proxy component. This proxy component is part of the
context adaptation subsystem (not part of the adaptable/reconfigurable core
subsystem). The functionality itself however, i.e. the component bound to the
service proxy at runtime can be either part of the system core or the technical
system environment.
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3 The Approach of Calibration

Section [2] described that adaptation is technically based on reconfigurability,
for example changing behavior, changing realization (implementation), modify-
ing structure, adding/removing functionality or downloading new parameters or
even code.

Realizing adaptation of a system using such reconfigurability controlled by
context information handling and decision logic that were designed at develop-
ment time works quite well for small and specialized adaptive applications within
relatively stable and predictable environments like for example a prototype in
a test lab. There are even indications that there is a group of context aware
application scenarios that are especially tolerant toward wrong adaptation by
nature, because their results can be easily ignored, if wrong, while still deemed
helpful by the user, if right. An example here would be a news or a weather
terminal. Most published research works in the domain of ubiquitous computing
fall into either of these two categories (i.e. [6], [17], [20] or [21]).

Own experiments [7] with adaptive systems not belonging to one of these two
categories yet, confirmed that complex real world adaptive systems are usually
supposed to very likely fall into the trap of the frame problem (see [12] and [4]).

This is a well known problem from AI about the difficulties describing an
infinite complex and dynamically changing world using static assumptions (i.e.
models). Over time some of these assumptions and therefore abstractions used in
a model can get wrong, even if they were valid while constructing the model. This
again leads to false (compared to reality) decisions [19] and therefore will result
in spontaneous unwanted behavior (SUB). SUB is not an error in the traditional
way [I] since there is no reasonable preventable mistake that led to the SUB, for
example the emerging of new user needs, changed laws, new device types etc.
This problem is very common in ubiquitous computing because the user moves
through a wide spread landscape of situations with very different requirements
and these requirements can not all be gathered at design time or are very likely
to change over time, by location or preferences of the user. A good example
is an intelligent fridge that can not understand that the presently contained
food is only for tomorrows special party and does not need to be reordered if
used up. Even if this problem is not solvable in general, it can be avoided or
at least circumvented by changing the model that reasons about reality (i.e.
our context adaptation) from time to time to meet the changed reality. An
other way is to have the user compensate for the changed reality by adapting
his behavior, knowledge or expectations so that the adaptive system still can
produce correct results, even if the real world has changed outside the scope
of initial requirements and parameters that were anticipated by the system’s
developers.

Either-way, these corrective processes are called calibration and can be seen
as an adaptation of the adaptation itself. However it is obvious that with state
of the art adaptation and context awareness concepts, there is always part of the
model that can not be changed like the logical service architecture, decision logic,
context management etc. Usually this not changeable part of an adaptive system
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is the adaptation deciding and controlling subsystem in contrast to the adaptable
core subsystem, which is reconfigurable by the way adaptation was designed, i.e.
exposing certain switchable behavior subsets to all observers beyond the system
boundaries of the adaptive system (partial reconfigurability).

3.1 Adapting the Adaptation Logic

To avoid SUB effects from static world models our approach of adaptation is
mainly focused on reconfiguration of the adaptation subsystem. This means that
the adaptation logic itself can be target of context dependent adaptation deci-
sions. Combined with the partial reconfigurability achieved by adaptation of the
reconfigurable system core we therefore get an implicitly total reconfigurable
system. To achieve such a total reconfigurability, we regard a description of the
adaptation with its world model and decision logic itself as contextual informa-
tion that can be modified by sensors and interpreters and then used by a special
actuator called activator to reconfigure the adaptation and context of a system
(e.g. by adding a new context or decision logic at runtime). To better understand
the process of calibration, it is helpful to recall the role of adaptation context
(see section [23)). All decisions and transformations will result in an adaptation
context. This is the description of how the system should look after successful
adaptation and this is accordingly what the activator will change the adaptation
subsystem if this adaptation context contains a reflectable model of the system’s
adaptation.

Such a model of context adaptation that can describe its self reconfiguration
is called calibrateable model (k-model). It is obvious with this definition that any
specific implementation of a k-model with an actuator that can read and recon-
figure context adaptation models can serve as a generic framework, because it
can be fed with any other specific specification of a context adaptation and still
will reconfigure itself accordingly due to its total reconfiguration ability. However
this means a common formal founded semantic of the k-model is necessary to
ensure that every refinement of our abstract k-model into a technical implemen-
tation is compatible with others it can be reconfigured into. For this purpose a
mathematical founded base model which consists of components and channels
describing mathematical functions processing sets of infinite message streams [2]
is used. In this base model, systems or subsystems are described as a network
of components that communicate with each other over channels. Their behavior
is specified as a relation between communication histories of input and output
channels. A communication history is expressed as a stream of messages. The
relation between input and output message histories describes a specification of
visible component behavior.

Adaptation in this basic formal model is interpreted as a change of network
components representing the adapted system, i.e. components or channels can
be added or removed resulting in a change of visible behavior of the system.
In principle any model results from abstraction using static assumptions. Since
models hence are static approximations of reality, dynamics can at best be em-
ulated. Adaptation therefore can only be formalized using a superposition of all
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Fig. 3. Calibrateable Adaptation Schematics

possible structures and functionality as well as a behavior to emulate a system
reconfiguration by switching back and forth between the configuration possibil-
ities. One could argue that this way it is not possible to formalize adaptation
because it is not possible to reconfigure a system into a state that is unknown
at specification time of the system, e.g. by downloading new software modules
at runtime.

However there is a slight but important difference between the specification of
a system and its implementation. While the implementation is part of reality, a
specification is a model of this and maybe similar realities by restricting a state
of all possible systems down to a usually still infinite group of systems showing
the expected behavior (the static approximation mentioned above). Adaptation
can thus easily be modeled as a superposition of states without needing to enu-
merate or even know each and every possible adaptation state as long as the
switching behavior between them can be expressed. In the case of the formal
base model, this can be defined as schematics mathematically describing the
relation between communication histories of a set of typed input and output
channels that can filter the output of certain components or channels that are
not active in a certain adaptation state (see Fig. Bl the DO component filtering
out one of two alternative adaptation configurations that control the reconfigu-
ration of the core). Looking at the formalization it becomes clear that apparently
context adaptation is a purely engineering construct; since no extra functional-
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ity is added (we still only have channels and components). Structuring certain
behavior changes in a system the way it is expressed within the abstract context
adaptation model and its formal foundation, however has some clear advantages
from a systems engineering point of view dealing with system flexibility:

— A clear segmentation and precise switching allowing for running a system
that is only partially implemented. Precise adaptation makes sure no speci-
fied behavior is exposed that is not implemented yet.

— Decoupling communication between certain components such as sensors us-
ing the context allows for communication of components that not even exist
at the same time or which have an availability (like in wireless or mobile
networks) that can not be controlled by the system itself. So even if a sensor
for needed information is not available at the moment, its last known value
still might be available from the context.

— Context awareness defines a basic interface for sensor-, interpreter-, and ac-
tuator components ensuring that all current and future components can es-
tablish a very basic communication with each other (i.e. exchanging context
data). Based on this, enhanced protocols can be negotiated. This allows for
easy expansion of a system with a priori unknown functionalities.

3.2 Calibrateable Adaptation Schematics

Seeing adaptation as an engineering construct only makes sense in conjunction
with a technical reconfiguration possibility to automatically implement a speci-
fied system. In software engineering there are several concepts for dynamically
implementing a software system (e.g. late binding, DLLs etc.). The most flexi-
ble concept to date however, are services that even allow for changing an active
implementation at runtime. The service itself is specified as a group of similar
behavior while abstracting component (implementation) identities. A network
of services therefore is sometimes referred to as a logical architecture defining
static interdependencies between all possible implementations that could be ex-
changed at runtime. This allows automatic implementation of a system from a
set of currently available implementations at runtime. Since more than one com-
ponent implementation can be used to implement a given service, this process
is sometimes referred to as Design@Runtime [9].

Services are an sufficient technical concept to implement our mathematical
model of adaptation since services usually are realized using a proxy access
component that can act as a switch between several component implementations
and therefore acts like the adaptation filter component (actuator) of our abstract
model. However changing the system by switching component implementations
has some invariants in form of the logical architecture (services), i.e. the fulfilled
function, task or requirements of the given system or subsystem. Restricting
adaptation to the use of services therefore only produces a partial reconfigurable
system, which is prone to be affected by the aforementioned frame problem.

To technically realize total reconfiguration of a system using adaptation the
service concept therefore needs to be extended to also change the logical archi-
tecture using the activator technically mentioned before. The activator is itself a
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service that controls the reconfiguration channels of all possible service proxies
in a given system. The activator can set the component implementation that is
used by a service proxy or can switch off the service proxy by deactivating its
output channels that are observable from the outside of the system. The activator
also controls its own service proxy. This way it can hand over the reconfigura-
tion control to any other activator component implementation achieving a total
reconfiguration without any invariants if necessary.

Using the activator, any system’s adaptation behavior can not only be cali-
brated but also be bootstrapped (i.e. calibrated from an empty adaptation). A
description of the application’s adaptation is loaded from an outside source into
the context server using the adaptation model sensor (e.g. loading from a file).
A special actuator (the model actuator) reads the adaptation model description
from the context. Since this model actuator is implemented as an activator it can
activate and bind any further sensor, interpreter, actuator and context service
described in the adaptation model description loading at bootstrap time.

At any later time it is possible to modify (calibrate) this adaptation descrip-
tion stored in its own context as long as the components defining the bootstrap
adaptation are still present and active or have been replaced by implementations
of the same functionality. The model of a concrete adaptation behavior stored in
the context is described as an XML document. It contains information about all
sensors, interpreters, context elements and actuators described as services with
their ids, syntactic and semantic type information. The syntactic type is usually
composed from an interface description (IDL, WSDL etc.) but can also contain
binding information like visible behavior or even the reference of a specific com-
ponent instance. The semantic type, in contrast, is used to distinguish technical
identical system components, like for example an inside and an outside temper-
ature sensor, or can be used for ontology based searches without specifying a
concrete interface. This can work out well for this special case, because as al-
ready mentioned the abstract adaptation model only consists of four basic roles
that have a minimum common communication API (i.e. accessing context infor-
mation). So it is possible for example to search and bind two components with
unknown interfaces. It just needs to be made sure that they can communicate
with each other based on context datagram. A short summary of the technical
realization of the framework, the mathematical model and its formal description
method was presented in [14].

4 Graphical Notation for Adaptation Models

The XML document used to describe such flexible adaptation models can more-
over be easily mapped onto the formally founded mathematical model. This
allows for a wide range of runtime checks of such specifications, for example
testing for consistency before deploying new adaptation behavior. There are also
syntactical mappings between the text based XML description and a graphical
notation, described in [7]. Its main purpose besides being useful when designing
tool support, is being the basis for documenting adaptation behavior toward
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users that can then use this knowledge for calibrating the adaptation toward
their personal preferences. To support this purpose the given framework fur-
thermore contains a set of specialized syntactic and optical transformers that
can modify the original graphical specification for better clearness and design,
for example by automatically generating indexed sequencings of complex mod-
els or information folding/unfolding techniques. Figure [ illustrates a graphical
notation for the model, depicting the three steps of adaptation.

5 Conclusion and Future Works

So far, context models for adaptability were incomplete and neither flexible nor
modular enough. Incomplete because they mainly emphasize deriving context
data from a system situation and disregard the opposite direction of adapting
the system situation based on the context data.

Besides sensors and interpreters like in [5], we therefore introduced the concept
of an adaptation context as a characterization of how the system should look like
after an adaptation activity carried out by actuators. Existing models are not
flexible enough, because context is defined regarding a system situation but the
exact relation between situations and context remains unclear [I2]. Therefore,
context in our case is an operationalization that is used to detect a certain
situation. This kind of model of a situation is usually developed by the context
awareness designer and is of static nature. A later customization or modification
of this kind of context aware behavior to meet new conditions that were not
foreseen by the system’s designer is difficult. The very complex world it describes,
however, continues to change over the lifetime of the system. This problem, also
known as the frame problem in AT research [4], would make any context aware
system and hence any adaptations fail sooner or later.

We sketched out that it is possible to avoid this problem if it would depend on
the situation what is an adequate context model. Our concept of an adaptation
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context therefore can also, besides adaptations done to the core, hold a descrip-
tion of changes in the specification of context dependent adaptation behavior of
the system itself. The process of changing context or adaptive behavior depend-
ing on the current context is not necessarily self-contained since the information
can be produced by sensors and interpreters outside of the system. This way the
system’s context and adaptation behavior can also be modified by means outside
the scope and knowledge of the system designer during development time of the
system, thus providing enough flexibility to integrate further modular techniques
(including human customization) to address the frame problem.

Further research effort needs to be put into applying and integrating vari-
ous concrete approaches from Al research for changing adaptive behavior and
relevance. What is also still missing is a semantically well defined process to de-
sign adaptive systems, while concentrating on the adaptive behavior rather than
discussing implementation details. Our ongoing research suggests an approach
that involves facing possible abstract situations with objectives and afterwards
designing an intermediary connection between the two. This is done in form
of formal conditions and action specifications to reach the planned situation.
Both conditions and actions are then expressed as context interpreters inside
the context model itself.
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