
Domain-based Context Management for Dynamic and
Evolutionary Environments∗

Ricardo Couto A. da Rocha
†

, Markus Endler
Department of Informatics

Pontifícia Universidade Católica do Rio de Janeiro
R. Marquês de São Vicente, 225

22453-900 - Rio de Janeiro, Brazil
{rcarocha, endler}@inf.puc-rio.br

ABSTRACT
Research in context-aware computing has produced a num-
ber of application prototypes, frameworks, middlewares and
models for describing context. However, development of
ubiquitous context-aware applications is still a difficult task
because current middleware systems are focused on isolated
and static context-aware environments. Currently, applica-
tions require a global knowledge of the context-aware infras-
tructures in order to establish context-based interactions,
and they suffer of problems such as disruptions when a
context-aware environment evolves. The goal of this thesis is
to develop a distributed middleware for context-aware com-
puting that allows applications to maintain context-based
continuous interactions, even in a highly dynamic environ-
ment. In order to achieve this goal, we propose a context
management strategy based on context domains. We argue
that this approach supports four important requirements for
context-aware ubiquitous applications: distributed manage-
ment of context, support for seamless evolution of context-
aware systems, dynamic context discovery and domains of
context perception.

Categories and Subject Descriptors
C.2.1 [Computer-Communication Networks]: Network
Architecture and Design—Wireless Communications; C.2.4
[Computer-Communication Networks]: Distributed Sys-
tems—Distributed applications
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1. INTRODUCTION
Research in context-aware computing has produced a num-

ber of application prototypes, frameworks, middlewares and
complex models for describing context. However, most mid-
dlewares are restricted to very specific applications, centra-
lized architectures, limited physical domain or scope. In a
truly ubiquitous computing scenario, a user moves through
environments in different domains, which may maintain their
own sensors and mechanisms for inferring context.

In order to enable such broader scenario, we envisage seve-
ral context-aware systems (CAS), providing different types
of context information, maintaining different context models
and covering different physical or logical places.

Most middlewares for context-aware computing are spe-
cial purpose and restricted to specific application and physi-
cal domains such as smart meeting rooms [16], smart tourist
guides and web content adaptation [3]. Currently, context-
aware environments are isolated and independent, hindering
communication among each other. We call these isolated en-
vironments context-aware islands, because they hinder im-
plementation of applications with cross-environment interest
in context information, i.e., when the interest of application
is a combination of contextual situations provided by con-
text providers in different environments.

Some middlewares deal with these limitations by offering
distributed platforms for context management [10, 15, 9] or
federations of context-aware systems [6, 14, 2]. However, we
argue that such middlewares do not provide efficient solu-
tions because they have either limited generality or scala-
bility. On one hand, more generic and flexible solutions are
usually not scalable, since they add an excessive complexity
to the context management mechanism. On the other hand,
scalable solutions often support only limited abstractions
and paradigms for context usage.

In a ubiquitous scenario, the adoption of current middle-
ware approaches for context-aware computing has several
drawbacks. Firstly, applications need a global knowledge of
all CAS in order to identify which one provides the context
information they are interested in. Moreover, if more than
one CAS contains the desired information, clients must solve
dynamic conflicts and inconsistencies among different con-
texts in order to choose which context information is more
appropriate for its current purposes, what increases the com-
plexity of applications. Finally, in dynamic and evolvable
environments, changes in context models may cause disrup-
tion in client interactions if they were statically prepared to



Figure 1: Client interaction with multiple context-
aware systems

interact to previously known distributed CAS and handle
their context information.

This thesis investigates mechanisms for context modeling
and management that enable the composition of such dy-
namic and evolvable context-aware environments in order
to provide ubiquity to context-aware applications. The con-
tribution of the thesis is the development of a distributed
middleware architecture based on the concept of context do-
mains that enable sharing and interoperability among CASs
in an evolvable and dynamic environment.

2. PROBLEM DEFINITION
A context-aware system (CAS) is a computational envi-

ronment that comprises context sources (e.g. sensors), con-
text information types and instances, and the context mana-
gement infrastructure responsible for them. An application
interested in context information provided by a specific CAS,
maintains a context interest, which may be described either
as a synchronous or an asynchronous access of the context.

Figure 1 shows a scenario where a client application main-
tains a context interest distributed among three different
CASs, which provide specific types of location information
for a certain entity (e.g. a device or a person). In the exam-
ple, since the independent CASs do not specify a interrela-
tionship among their location types, the application should
be responsible for solving possible inconsistencies among the
location obtained through each context interest and to dy-
namically evaluate which location satisfies its requirements.

The proposed scenario demands middleware for enabling
context-aware applications to dynamically switch among dy-
namic, distributed and evolvable CASs, maintaining seam-
lessly their context interests, despite of application mobili-
ty1.

We argue that a middleware for such a scenario must
fulfill four requirements: distributed context management,
support for seamless evolution of context-aware systems, dy-
namic context discovery, and domains of context perception.

Distributed Context Management.
1In this work, we consider application mobility as a result
of device mobility.

In a macro-scale ubiquitous scenario, context-aware archi-
tectures must be distributed in order to allow efficient and
scalable dissemination of context. However, a distributed
architecture may introduce new problems for context-aware
clients, as they may require a prior knowledge of the dis-
tributed middleware infrastructure responsible for dissemi-
nating a specific context they are interested in. Thus, dis-
tributed context management must be implemented in con-
junction with services for dynamic discovery of context ser-
vices and for transparent distribution of context informa-
tion.

Support for Seamless Evolution of Context-Aware En-
vironments.

Context-aware environments are inherently dynamic as a
result of frequent replacement and addition of new types
of sensors, applications or context inference mechanisms.
These changes may require updates of the context models, of
the context databases and of the means that the middleware
executes context queries. The challenge of this scenario is
to accommodate such changes in the environment without
compromising active context interests. If an evolution in-
terferes in the result of a context interest then applications
must perceive such change, without requiring to rebuild their
context interest. On the other hand, the creation or change
of context types must not compromise the consistency of
global context type systems.

Dynamic Context Discovery.
A distributed context-aware infrastructure may offer con-

text information from different types and sources that de-
scribe a same context an application is interested in. The
selection of which one is appropriate for an application pur-
pose may depend on context meta-attributes, such as preci-
sion and accuracy, and may dynamically change accordingly
to the availability of new context information. For example,
when a device enters a physical environment with its own
location mechanism, applications interested in this device’s
location should become aware of the availability of this new
type of location information and evaluate if this new type
of location is appropriate for their purposes. Ideally, the
middleware, and not the application, should be responsible
for choosing the most adequate context information among
a dynamic set of available ones. We call this functionality
dynamic context discovery.

Domains of Context Perception.
The usage of certain context information may be restricted

to some domains, environments or applications. In this case,
by restricting the access and perception of the context, we
may increase the scalability of the middleware. Moreover,
it reduces the number of CAS the may be involved in the
conflict resolution of multiple context interests.

3. STATE-OF-THE-ART
Classical work in context-aware computing has developed

centralized and application-specific solutions, where context-
discovery is limited to sensor discovery, such as in Context
Toolkit [17]. These middlewares and frameworks offer so-
lutions for restricted and small-size environments, with lo-
calized scalability. More recent middlewares offer access
context information in distributed repositories or context



management infrastructures. Confab [11], Gaia [16], AURA
CIS [12] and PACE [9] are the most representative middle-
ware systems that support context distribution.

Confab [10] maintains context information in distributed
tuple-spaces called infospaces. Each infospace is a reposi-
tory responsible for storing one or more context types. An
application interested in a certain context, builds a context
query using the address of the responsible infospace. Infos-
pace servers maintain groups of infospaces, and they may
run in the same device of the application, if it manages
local information types. In order to handle queries over
distributed infospaces, Confab offers a query processing ser-
vice [8], which distributes queries over distributed infospaces
and composes the query results. Although distributed infos-
paces contribute to decrease the context management over-
head in a distributed environment, this distribution is not
kept transparent to applications, which must know what in-
fospace contains the desired context information. AURA
CIS [12] implements a similar approach, though offering
transparency among distributed context repositories.

Gaia [16] adopts the concept of active spaces, which are
physical spaces where devices in a heterogeneous network,
such as PDAs and printers, can discover each other, auto-
configurate and dynamically start a context-aware interac-
tion. If an application moves to another infospace, it loses
its context interests. These solutions take into account that
management of a context type and storing context instances
are complementary tasks. However, this assumption makes
the management of context difficult in distributed environ-
ments where some concepts and types could be shared, as
well to interpret a context interest when a client moves to an-
other environment. PACE [9] is another distributed middle-
ware, which focuses in offering a flexible context model and
advanced context-based programming abstractions. PACE
is organized in layers that provide, besides context manage-
ment, an interface for distributed context queries and a layer
for adaptation, which maintains a repository of reusable
adaptation abstractions. Applications are not statically lin-
ked to distributed repositories and they use a catalog and
meta-attributes to discover which repository satisfies their
context requirements. In a more recent work, Springer et
al [18] explored distributed context management to integrate
highly heterogeneous environments based on 4G communi-
cation technologies. This work, however, does not supports
evolutionary environments, as described in our scenarios.

Another important issue in research in middleware for
context-aware computing is the support for flexible context
models that enable the description of environment complex-
ity and context inference methods. In particular, there is a
crescent interest in using ontologies for modeling context and
ontology-based reasoning to implement inference of high-
level context information.

However, in distributed CAS, ontology-based context mo-
dels may hinder an efficient and scalable access to context
information [20]. In fact, there is a trade-off in the adoption
of complex context models and the distributed and efficient
access to context information. This problem has motivated
the development of hybrid context models, which use on-
tologies in conjunction with other mechanisms for modeling
and processing context, in order to obtain the best of each
modeling approach.

Architectures with distributed CAS demands for context
modeling approaches that offer sharing of context among

Figure 2: Federation approach for integration
among context-aware distributed systems

different CAS, inter-domain dynamic exchange of context
and the support for scoping context. To the best of our
knowledge, there is no modeling approach that efficiently
supports these three requirements in a distributed architec-
ture.

Another approach for allowing distributed CAS is based
on federating context-aware services, as shown in Figure 2
and implemented in middlewares such as Nexus and CA-
MUS. In these approaches, there is a common interface that
allows an independent CAS to share its context models with
another CAS.

In the middleware CAMUS [13], a CAS federation is com-
posed by environments based on CAMUS services, which
disseminate context information as tuples, in order to in-
crease dissemination efficiency. Each service of an environ-
ment must be registered in a Jini discovery service. A CA-
MUS context domain is an environment that support a mi-
nimum set of CAMUS services. The set of Jini services re-
sponsible for each CAMUS domain composes a federation.
In order to access context information or to use a service of a
specific domain, client must query the Jini federation, using
parameters such as the name and localization of the domain.
Through this approach, client may access and query for dis-
tributed context information. SCaLaDE [1] is another mid-
dleware that implement a similar approach. In Nexus [7],
a federation contains heterogeneous CAS. In order to al-
low inter-CAS interoperability, each CAS must implement
an abstract interface and register itself in the Area Service
Register. A client may access context information provided
by a federation, using a query language called AWQL.

We argue that approaches based on federation of CAS
are not enough to satisfy the requirements of the proposed
research problem, because they restrict the research chal-
lenge to an interoperability issue and to information dis-
semination. In particular, federation approaches should al-
low establishing interrelationships among context of diffe-
rent CAS, in order to support context interoperability, i.e.
deliver a context from a different type or provider if the con-
text describe the same environmental state and satisfies the
client requirements of precision and accuracy. Additionally,
federation should implement context scoping to decrease the
overhead of context management for CAS and the amount of
context types and instances that are involved in the selection
of a client interest.

CoCo [2] and Strang et al [19] have proposed a different
approach for interoperability among distributed CAS. They



Figure 3: Domain-based approach for context ma-
nagement

propose an abstract language and ontology that a CAS must
use to publish their context in a common infrastructure. In
this case, clients have no more a notion of CAS distribution
but they access context on a centralized repository. More-
over, the authors agree that describing a general purpose
language for context interoperability is a challenge.

4. DOMAIN-BASED CONTEXT MANAGE-
MENT

This work proposes distributed context management based
on context domains to support distributed context-aware
environments. A context domain establishes: (i) a set of
context types; (ii) responsibility for the storage of context
instances; (iii) responsibility for managing clients inside the
domain; and (iv) sub-domains.

Figure 3 shows the reorganization of the motivating sce-
nario through context domains. When two domains share
some common characteristics, such as a same interpretation
of context types or they are in a same administrative do-
main, they are considered parts of a same super-domain. In
the figure, DA and DB are sub-domain of DAB domain. A
context domain substitutes an isolated context-aware sys-
tem.

We define context consumer, an application (or inference
agent) that registered an interest for a context. As an ap-
plication, a context consumer runs in a device. Thus, if
the device migrates to a domain then we say that all the
respective context consumers migrate as well.

The context types defined on a context domain establish
a set of context concepts that are specific to a certain logi-
cal location and, thus, they are not shared or perceived by
context consumers outside the domain. Each context do-
main maintains its own context type system. However, a
concept of a domain may be related with a concept of its
super-domain, through a sub-typing relationship.

This context relationship is the basis to implement con-
text interoperability. For example, if a consumer describes
interest in a more general context, it may receive context
instances of any of its several sub-types. In the example
shown in the figure, if a consumer is interested in context
AbsLoc (an abstract location), it may also receive notifica-

tions about changes in the context Loc1 and Loc3. We argue
that this approach decreases the number of context consis-
tency checks to be managed by consumers. For example, in
Figure 3, the consumer has to manage three context interests
whereas in the previous examples there were four interests
to manage. A context interest is described in terms of any
of the following parameters: type (which may be more or
less specific), entity characterized by the context, domain
of the context type and context meta-attributes, such as
precision. The middleware infrastructure is responsible for
dynamically selecting the context information that best fits
a current application interest.

Formally, a consumer interested in a context T of a domain
D may receive context of types T1 of domain D1 and of type
T2 of domain D2, if both T1 and T2 are subtypes of T . In this
case, D1 and D2 must be sub-domains of D. Clearly, in the
proposed architecture, context interoperability is based on
the assumption that concepts in a domain are compliant to
standard concepts defined in its super-domains. Moreover,
the root context domain, which is the super-domain of each
existing domain, must define accurately their concepts in
order to allow global context interoperability.

In our context modeling approach, a context type com-
prises attributes, context queries and contextual event. Ad-
ditionally, attributes can have meta-attributes, such as pre-
cision and accuracy. A more complete description of our
context model can be obtained in [5].

4.1 Middleware Architecture
The Context Management Node (CMN) is the infrastruc-

ture responsible for managing a domain. When a context
consumer enters a new domain, it discovers the domain node
through the node discovery service, which behaves similarly
to a Jini discovery service. The current context domain of a
context consumer corresponds to the domain defined on its
current point of network connectivity. Thus, when a context
consumer moves and changes the network segment where it
is connected, the domain where it is included may change.
The CMN intermediates any context-aware interaction of a
consumer with the rest of the system. In order to dissemi-
nate a context to a specific consumer, the CMN uses a dis-
tributed event service based on publish/subscribe paradigm.
The responsibility for delivering context to consumers is de-
legated to the event service of the node responsible for the
context consumer.

In order to allow transferring responsibilities for a context
consumer when it migrates between domains, the middle-
ware implements an inter-domain hand-off procedure. The
node discovery service is responsible for detecting domain
changes and to trigger the inter-domain hand-off protocol,
which is transparent to context consumers.

A context consumer can interact with three types of con-
text domains: local, current and remote. Remote domains
are common domains supported by distributed context-aware
middleware. In Figures 1 and 2, every interaction with a
CAS is remote, i.e., a non-local interaction. A local domain
is limited to the device where applications are running. A lo-
cal domain establishes context types that are used only for
applications running in the device, and maintains context
information published by locally placed context providers
(e.g. a GPS sensor). Moreover, context-aware applications
may be interested in using their own context types, which
should not be globally published or maintained. In order to
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Figure 5: Component Interaction

maintain local context domain, a light-weight instance of the
middleware services runs in each (client) device. By main-
taining local context domains, our approach allows context-
aware applications to access efficiently local context, even
when there is no network connectivity, as well to provide
services as context caching that contribute for the overall
performance of the system.

A context management node is composed of the basic e-
lements shown in Figure 4. The Event Service is respon-
sible for providing asynchronous communication, delivering
context information and contextual events to interested con-
sumers. The Event Service adopts a publish/subscribe pa-
radigm and offers a specialized API to handle subscriptions
for contextual events. The Type System Manager maintains
the dynamical context type system, solving and recognizing
context types at runtime for a specific domain. The Repos-
itory maintains the database of context data.

4.2 Component Interaction
In our approach, essentially three components interact to

create, disseminate and use context information: context
providers, context consumers and the Context Broker, as
shown in Figure 5. The context provider is an entity respon-
sible for publishing a certain context information; it can be
the generator of a raw sensor data or an inference agent,
which infers a new context from another context. The con-
text consumer is an entity interested in a given context in-
formation. The Context Broker is an abstraction for dis-
tributed context management nodes.

As a result of this component interaction, the architecture
maintains inference mechanisms outside the context model
management, i.e. any inference agent must be implemented
as an external component that consumes the context re-

quired to produce inference and publishes through Context
Broker the new inferred context. This approach avoids the
usage of complex context models that hinder efficient con-
text dissemination. In order to implement inference agents
based on ontologies, we developed an approach for exchan-
ging concepts between an ontology-based model and our mo-
deling approach [4].

4.3 Deployment of Context Types
As shown in Figure 5, both context providers and con-

sumers interact with the Context Broker through context
type stubs. They encapsulate the underlying code required
to request or publish a specific instance of a context type.
The developer of a context-aware application includes the
stubs of the required context types, which map a context
type to object-oriented language constructions. From the
perspective of an application developer, the access to con-
text information is strongly typed.

Stubs are generated during the deployment of a context
type, which involves two main steps: context modeling and
the context model processing. The first step consists of mo-
deling the new context information using an XML-based ap-
proach. In an XML file, the context modeler2 specifies attri-
butes, characteristics, relationships with previously specified
context, quality-of-context attributes and queries for syn-
chronous context request.

In the context model processing step, a Context Tool reads
the XML file and executes the following tasks: (i) Validates
the XML syntax and the context model; (ii) Updates the
context type system and initializes the repository for sto-
ring the new context information; (iii) Generates a library
containing the language bindings for the access operations
of the deployed context. So far, we have just implemented
the Java language binding for context access. Dependencies
among context types are also included in the binding file.

In the underlying communication system, context infor-
mation is distributed among context management nodes as
XML objects. Context repositories also maintain context in-
formation as XML objects. Thus, stubs hide changes in the
context type system, resulting from a context type evolution,
allowing the application to access the previous snapshot of
the context type. The system fails in maintaining the vali-
dity of context interests (implemented through stubs) when
the user that implements a change in the context model re-
moves an information of a type (such as an attribute or an
event) or includes an incompatible change. In both cases,
the Context Tool alerts the user about the consequences of
the changes in deployment.

5. CONCLUSIONS
We have developed an initial prototype to validate the

proposed approach. The repository of a context manage-
ment node stores context information and event as XML
objects and disseminate asynchronously using a distributed
event service. We are developing a light-weight middleware
instance to run in resource limited devices (PDAs based on
Windows Mobile). We are planning to test some policies for
caching context in such devices to increase the efficiency of
context access, especially when the network connectivity is
intermittent.

2The user that models a new context.



As a part of our main current investigations, we are val-
idating our context modeling approach. In particular, we
are investigating how the assumption of decoupling context
models and context provision management (Section 4.2) may
limit our usage scenarios.

We are still choosing a test scenario for our architecture,
which will be based on the usage of following context types:
location, local device resources, device profile and environ-
mental context obtained from Crossbow wireless sensors. In
order to test the scalability of our middleware architecture,
we are planning to simulate a scenario of multiple context
aware applications in a university campus composed of mul-
tiple context domains.
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