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Abstract. Ubiquitous and pervasive computing environments have the potential 
to provide rich sources of information about a user and their surroundings. Such 
context information may form a basis upon which Adaptive Information Ser-
vices may be adapted.  However, the nature of context information means that 
it is usually gathered in an ad-hoc and distributed manner with many devices 
and sensors storing potentially relevant data. The reconciliation and reasoning 
across this information presents a research challenge, but has the possibility of 
yielding valuable insights about users. In an ad-hoc pervasive computing envi-
ronment, determining context information cannot rely on a fixed meta-data 
schema. This work shows how an ontology driven context service architecture 
will perform distributed open schema queries over heterogeneous context 
sources in order to provide information service adaptation. 

1   Introduction 

The vision of pervasive computing is that computers will be integrated seamlessly 
into our daily lives. We already make much use of computers, however we can gain 
the most value from them when they are no longer things we interact with explicitly, 
but rather are blended into the background and assist us when needed [1].  In order to 
do this, pervasive computing environments must be able to collect a wide range of 
information and use this information to work with the user in order to achieve the 
user's goals. This information is termed context information, and its collection and 
management is termed context management. 
 
Traditionally, Adaptive Information Services, such as Adaptive Hypermedia Systems 
[2] and personalized eLearning Services [3,4,5], have used a centrally stored and 
managed user/learner model as the basis for adaptation. These models tend to store 
pre-defined types of information and are built using explicit techniques, such as direct 
user querying, and implicit techniques, such as monitoring user interactions [6]. Con-
text-based systems, however, provide a different approach to acquiring and storing 
modeling information. This approach, and more precisely the information model 
used, is more ad-hoc and potentially richer than the modeling techniques applied in 



most Adaptive Information Systems. The precise syntax and semantic descriptions of 
context information may not be known beforehand.  
 
Our context management architecture uses an ontology-driven approach to bridge the 
heterogeneity of context information sources in pervasive computing systems. On-
tologies are a technique for formally representing domain knowledge in an applica-
tion independent way. Ontologies feature heavily in the Semantic Web initiative [7], 
which aims to provide ways of defining information so that it can be understood and 
processed by computers more easily. Examples of ontology languages are W3C's 
OWL1, the Web ontology language and DARPA's DAML2. 
 
This paper describes the potential of context information when applied to Adaptive 
Information Services.  
Section 2 introduces context and the challenges that are involved in context manage-
ment. Section 3 explores the potential for context to support Adaptive Systems and 
section 4 provides an overview of the context service architecture that we propose to 
support adaptive information services.  Section 5 illustrates the architecture through 
exploration of an example scenario. Finally Section 6 presents conclusions and high-
lights future work. 

2   Context in Pervasive Computing Environments 

One of the realities that must be faced in context management is that there will not be 
a globally standard model for representing context information. Many current ap-
proaches [8] to context management advocate predefined models for context informa-
tion, which applications interact with using middleware platforms for querying and 
manipulation. However, context data will come in many different forms, from many 
different sources. Any attempt to formally structure all potential context information 
would be difficult at best in a controlled situation, within one organization for exam-
ple, but almost impossible in an inter-organizational scenario. 

 
Context information for pervasive computing environments has particular characteris-
tics, which provide challenges in undertaking context management. Firstly, the in-
formation that can compose the context of these environments is very broad, and can 
come from a variety of heterogeneous sources. A user's name, age, address, native 
language, current location and learning style could compose part of his context. Simi-
larly, the people sharing a room with him or working in his office could be consid-
ered to be part of this context information, as could the current temperature and light-
ing conditions. Any system for context management must therefore be able to cope 
with information from a large variety of heterogeneous sources that will provide this 
information. Because almost any information could be considered context informa-
tion from the point of view of some entity in a pervasive computing environment, 
                                                           

1 http://www.w3.org/TR/owl-guide/ 
2 http://www.daml.org/ 



there is very little information that we can discard as being irrelevant. Perhaps the 
most important characteristic of context information is that we cannot be entirely 
certain what information will be relevant in advance of constructing a system to man-
age this information. A useful solution to the problem of context management will 
therefore have a low impact on existing infrastructure, and cope well with heteroge-
neity. Such a system should also cope well with new forms of context information. 

 
The second challenging characteristic of context information in pervasive computing 
environments arises from the fact that the environment will consist of a highly dy-
namic collection of users and computing devices. These devices must seamlessly 
integrate with whatever computing environment they are presented with, so that their 
users can make most efficient use of them. In this environment a roaming user or 
device is the norm, rather than the exception. These environments frequently make 
use of temporary, ad hoc connections between devices to accomplish tasks. There-
fore, context information systems must be able to dynamically discover and connect 
to information sources in order to extract data and manipulate it into relevant context 
knowledge. This frequently changing environment can lead to uncertainty: where 
gathered information can quickly become stale; services and devices can also sud-
denly become available or unavailable due to changes in connectivity. 

 
Finally, these environments should present context information in terms that the user 
can relate to, in other words the information should be user centric. Context informa-
tion will almost certainly be managed by the entity to whom that context information 
relates (for example a business or an ordinary individual), rather than being managed 
globally. This is due to a few factors: the sheer volume of data that will compose 
context will make a global view of all context information impossible. Privacy and 
security concerns will also prompt people to manage their own context information. 
Perhaps most importantly, the set of information that will compose this context is so 
dynamic that it will never be standardized, so mechanisms will have to be developed 
to promote interoperability between context systems. These mechanisms will translate 
context into a form where it can be understood by each organization’s context system. 
This is particularly the case for roaming applications, where context information must 
be supplied and received for a roaming user or device to avail of services within an-
other environment. A characteristic of a good solution will be that this information 
will be merged into each user's own view of the world, and redefined in terms that the 
user can understand. 

3   The potential for Context in Adaptive Systems 

This section outlines three important mechanisms for delivering service adaptivity for 
pervasive computing environments, namely service composition, policy-based man-
agement and adaptive hypermedia, and outlines how these might make use of context. 
 
Service Composition 



Pervasive computing environments will exhibit a large amount of heterogeneity in the 
components from which they are constructed. Any adaptive system supporting perva-
sive computing will therefore face major interoperability and integration challenges in 
combining the adaptivity of user services with adaptive resource management. There 
is increasing interest in automating the service composition process, so that the ser-
vice offered to users appears to be adaptive [9]. In a pervasive computing environ-
ment, the automatic composition of service needs to be driven by both the task re-
quired by the user and the context in which the task is to be performed [10]. Onto-
logical representations of context [11] can be used in automating the selection of 
existing services in a service composition using an ontological representation of the 
service. For instance, when composing wireless multimedia presentation services for 
wireless PDAs in particular location the video compression capabilities of candidate 
constituent video streaming services need to be compared to context information on 
the decoding capabilities of the PDA and the current capacity of the wireless link. 
Equally, context information may be used in accepting or rejecting plans for sub 
compositions during the planning process, by comparing it to the planned composite 
service properties. 
 
Policy-based Management 
Another adaptive technique, which is seeing increased deployment in managing the 
adaptive behavior of network and services, is policy-based management [12]. It uses 
expressive rule languages to determine behavioral rules for how a system should 
respond to predetermined events and system conditions. In pervasive computing envi-
ronments, anyone entering the space may possess or use resources that may be 
shared. Policies provide a way of managing such ad hoc collections of resources, but 
need to employ flexible means of binding resources and policy subjects to rules at 
runtime [13]. As this requires matching terms in policy rules to ad hoc information, 
there is increasing interest in using ontologies for policy definitions [14], which in 
turn allows us to enforce of policy rules a run-time with ontology-based context in-
formation used for resolving events and conditions in a policy to equivalent event and 
condition in the pervasive computing environment. 
 
Adaptive Hypermedia 
Presentation-centric  adaptive systems use explicit user models to tailor information 
to different users. Data is collected for the user model from various sources, e.g. con-
tact lists, schedules, terminal capabilities, application usage histories, security, cost, 
navigational and presentational preferences. The user model is the basis of the adapta-
tion effects, and thus in a pervasive computing environment it needs to be resolved 
against current contextual information. One area of strong research into personalized 
adaptive systems is Adaptive Hypermedia systems, which are typically applied to 
areas of learning, such as museum guides or eLearning. These offer an alternative to 
the traditional “one-size-fits-all” approach by employing user models that allow per-
sonalization in hypermedia systems. The benefits of such personalization include 
relevancy, reduced time to learn and improved retention and recall. We have already 
developed a sophisticated generic adaptive engine that has been applied successfully 



to personalized eLearning hypermedia [3], which we are now extending to support 
dynamic context information acquisition to populate the user model. 

4   Proposed Architecture for Context Services 

One of the driving forces behind the design for a context system proposed in this 
paper is to minimise the effort required to make a piece of software context aware. 
These software components will come in many forms, from the e-mail clients and 
office tools that are prevalent today, to tiny embedded operating systems with mini-
mal processing power, to massive mainframe or cluster computers running large da-
tabases. For the purpose of this paper, any of these software components are referred 
to as applications. While this term may bring to mind today's software which is not 
context aware, throughout this paper it refers to any software component which 
wishes to make use of context information. These applications need to have easy 
access to more information about the environment in which they are operating, rather 
than being limited to the explicit input or information from hardwired data sources 
provided to current applications. 

 
In our architecture, a ‘context service’ is the service provided to applications to make 
context information available to them. One role of a context service is to take queries 
from a context-aware client and to resolve those queries by acting as a mediator be-
tween the client and other information sources that the service has access to. As well 
as acting as consumers of context information (by executing queries), applications 
can also act as producers of context information by providing their context service 
with a description of the information they have available. If an application produces 
context information, a context service can advertise that information available to it to 
other context services. 

 
An application can be designed as context-aware by defining an ontology that de-
scribes the domain of context information that the application is interested in query-
ing, and also that it wants to make available to other applications. This ontology may 
be written from scratch, or it may be possible to reuse an existing ontology such as 
CoBrA-ONT [15]. This ontology is registered with the context service as belonging 
to the application, and is stored in the ontology repository. 

 
The application developer has the option of providing mappings between concepts in 
the application’s ontology and equivalent concepts in other ontologies used within the 
system. This is however not a requirement, as this step may be done at a later stage. If 
mappings are provided, they will be stored in the ontology mapping repository. 

 
The internal architecture of a context-aware device is shown in Figure 1.  Each box 
within the device represents an autonomous piece of software, with their interactions 
described by arrows. Starting from the bottom of the diagram, applications present 
queries to the context service. Each of these query messages contains the content of 
the query Q, a reference to the query language used L, and a reference to the ontol-



ogy O that the query refers to.  This query is taken by the context service which ex-
amines the query and ontology used. Combining these with mappings from the ontol-
ogy mapping repository, the context service can then compose a new query that can 
be routed to other context services, which will attempt to return a corresponding re-
sult. 

 
Any results that are returned are translated back from the ontology of the remote 
context service into the application's ontology before they are returned as a query 
response, R. 

 
Fig.1. Context-Aware Device Architecture 

 
The internal structure of a context service is shown in Figure 2. The first major func-
tional section of a context service are its query interface/query analysis modules. The 
query analysis module also handles query  decomposition. The decomposed queries  
are then passed to the query routing module.  

 

 
Fig. 2. Context Service Internal Design 



Queries are routed to the query interface of the appropriate context service by the 
query routing module. Results are returned to and combined appropriately by the 
Result Interface. 

5   Using Context in Adaptive Information Services 

In this section we present a scenario in which information delivery to a user is 
adapted, based on available context information. The scenario considered is that of 
college students who take part in an arranged lecture and subsequently wish to review 
the lecture material at home.  In this scenario, the many students taking part in the 
lecture all have separately constructed user models describing their competencies, 
preferred learning styles, and so on. 
 
We consider the case of a particular student who is attending the lecture.  Her user 
model has been exposed through a context service running on her PDA, and this 
model has been constructed using terms from a well-known user modeling ontology.  
Because this ontology is well-known, mappings exist between it and the ontology 
being used by the college's information services, which may be highly tailored to the 
college's specific needs. 
 
When an information service needs access to these models it poses a query based on 
terms within its ontology to its local context service that then distributes the queries to 
the relevant remote context services in terms of their ontologies.  The responses to 
these queries are then translated into the terms that the information service that posed 
the query has in its ontology.  This mechanism allows the information services in the 
lecture theatre to present adapted content to the student based on preferences in her 
user model. For example, we could imagine an information service that provides 
lecture notes that would adapt the notes delivered based on the learning style of the 
user, or provide them in a different natural language if the user's context indicated 
that their native language was not English. A key feature of this approach is that any 
information that the students make available as part of their context does not need to 
be captured through either explicit or implicit techniques for user modeling, as it is 
automatically retrieved from context services as needed. 
 
In addition to a user model, relevant information such as the characteristics of the 
student's display device (a PDA) is available as part of her context.  This allows the 
lecture theatre software to deliver a set of notes that is text-based, rather than one that 
uses large diagrams, for display on the PDA.  Once our student has returned home, 
she wishes to review the material covered in the lecture on her laptop.  After she 
transfers the notes she downloaded during the lecture to her laptop, her laptop soft-
ware can then use the stored reference to the context of the lecture to file the notes 
appropriately, and also contact the college information service to retrieve a set of 
notes that are better suited to its larger display. Because of concepts mastered during 
the course of the lecture, software on the laptop can now adapt the notes presented 
based on the updated user model as part of the student's context.  This is true despite 



the internal model in the laptop's software being independently authored, as the con-
text service will again, based on ontology mappings, translate responses to queries 
into terms that the laptop software will understand. 
 
While this scenario relies on some aspects of pervasive computing such as location 
awareness, it demonstrates how information services in general can be given access to 
context information - user models and any other information - that can be used to 
perform adaptation. 

6   Conclusion and Future Work 

This paper has described context information and highlighted its use in Adaptive 
Information Services through a detailed scenario. It has also presented an ontology-
based architecture for a distributed context management system. A state of the art in 
ontology based integration (e.g. KRAFT), content based routing, and distributed 
querying using P2P (e.g. Edutella) has been completed. An initial implementation of 
the context management system to verify the design presented in this paper is already 
underway. 
 
Context information has the potential to fill in the gap left with traditional modeling 
techniques. However, the challenge arises in successfully leveraging this information 
as part of Adaptive Information Services. Context information will not necessarily 
conform to a pre-defined schema – the Adaptive Information Service may have to 
discover, and understand, the schema. In addition, the semantics of the information 
described may not be fully understood by the Adaptive Information Service – again 
this may need to be discovered,  possibly with the aid of concept ontologies. For these 
reasons it is our belief that the integration of an adaptive system with a context man-
agement system which is ontology based potentially provides a powerful solution. 
Thus it is planned to integrate the ontology driven context management system out-
lined in this paper with such an adaptive system (APeLS [3]) to explore the potential 
of using context as a rich source of adaptation of information services. 
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