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Abstract. Context-aware systems offer entirely new opportunities for
application developers and for end users by gathering context informa-
tion and adapting systems behavior accordingly. Several context models
have been defined and various context-aware middleware has been devel-
oped in order to simplify the development of context-aware applications.
Unfortunately, the development of an application by using these mid-
dleware products introduces several technical details in the application.
These technical details are specific to a given middleware and reduce
the possibility of reusing the application on other middleware. In this
paper, we propose an MDD (Model Driven Development) approach that
makes it possible to design context-aware applications independently of
the platform. This approach is based on several phases that approach
step by step the context platform and allow designers to automatically
map their models to several platforms through the definition of auto-
matic and modular transformations. To be able to apply this approach
we define a new UML profile for context-aware applications, that we use
to explore our approach.

1 Introduction

Model Driven Development (MDD) is an approach to developing software that
proposes using machine-readable models at various levels of abstraction as its
main artifacts. The key idea is to automatically transform highly abstract models
into more concrete models from which an implementation can be generated in
a straightforward way. The MDD approach is supported by the MDA (Model
Driven Architecture) initiative of the OMG (Object Management Group), which
introduced the notion of PIM (Platform Independent Model) and PSM (Platform
Specific Model). A PIM is a model of a system that contains no technical details
while a PSM is a representation of the same system containing all technical
details that are needed to realize it on a concrete technology platform. The
mapping between PIM and PSM is realized using an automatic transformation.
This way, PSMs can be generated for different technology platforms. Platform
specific knowledge is moved to the transformations, effectively separating those
concerns from the main application.

Context-aware applications can collect context information and quickly adapt
their behavior to context changes. Context is any information that can be used



to characterize the situation of entities that are considered relevant to the inter-
action between a user and an application, including the user and the application
themselves. Context is typically the location, preference and state of people and
computational and physical objects.

Design and development of context-aware applications is particularly com-
plex. First, Context acquisition is not an easy process. Context information,
which can be acquired from heterogeneous and distributed sources (sensors, files,
applications), may be dynamic and may require an additional interpretation in
order to be meaningful for an application. Second, the adaptation process can be
based on different types of mechanisms depending on the required dynamism and
may be related to the semantics of the application. Consequently, context-aware
applications need specific development mechanisms.

Several middleware products have been defined to ease the development of
context-aware applications, but no solution has been specifically proposed to
design context-aware applications. The applications that are developed with the
existing middleware are not portable. They include several technical details that
are specific to a given technology and their reuse on a different technology plat-
form requires redevelopment. This problem can be avoided by concentrating
efforts on application design, modeling the application independently from the
platform, and automatically generating the code for several platforms.

In this paper, we propose an MDD approach that makes it possible to model
context-aware applications independently from the platform. In order to be able
to apply this approach, we propose a UML profile that allows designers to model
the contexts that impact an application and the variability of the application
according to this context. The application is modeled independently from the
complex and heterogeneous mechanisms that are required to acquire context in-
formation and to perform adaptations. These mechanisms are approached step
by step for more model extensibility and reusability in several platforms. The
defined platform independent models (PIMs) can be automatically mapped to
several platforms through the definition of automatic transformations. The trans-
formations we use have a more general sense of separation of concerns than just
pure technical concerns by separating non-functional concerns from the func-
tional application concerns.

The paper is organized as follows. Section 2 gives an overview of the phases
of our MDD approach. This approach is detailed phase by phase in Sections 3
to 7. Section 8 discusses related work. The paper concludes in Section 9.

2 Phases of an MDD Approach for the Development of

Context-aware Applications

An MDD-based project includes several preparation activities that structure
and plan the work. These preparation activities enable knowledge reuse, which
is one of the main benefits of the MDD. We propose six phases in order to follow
an MDD methodology for the development of a context-aware application (see
Figure 1). These phases are described as follows.



Fig. 1. MDD Phases for the Development of Context-aware Applications

1. Identification of the required context information: this phase aims at
modeling context information that can have an impact on the application.
Several context elements have to be specified during this phase, such as
the context types, the required context quality, and the specification of the
collection process. These specifications must be made independently from
the platform that will be used to collect context information.

2. Definition of the application variability: this phase aims at specify-
ing how the application can adapt to the context. It consists in defining
structure, behavior or parameters of the application that will vary according
to context. The result of this phase is a model of how the structure, the
behavior or the parameters of the application need to be changed, specified
independently from the platform that will be used to perform the adaptation
activities.

3. Identification of the context collection mechanisms: this phase aims
at defining an abstract model of the platform that will be used to collect
context information. It consists in specifying the mechanisms required for
the collection of context elements that were specified in the first phase. The
defined abstract platform model allows designers to determine the concrete
context platform that will be used.

4. Identification of the adaptation mechanisms: this phase aims at defin-
ing an abstract model of the platform that will be used to perform the adap-
tations. It consists in specifying the required mechanisms that will make the
adaptations that were specified in the second phase.

5. Definition of the target platform and model to model transfor-

mations: once context collection mechanisms and adaptation mechanisms
are identified, the designer can specify the concrete target platform and
use model transformations to automatically generate more concrete models.



These transformations must be defined step by step for more modularity and
reusability.

6. Code generation: this phase aims at defining model to code transforma-
tions that take the concrete models generated in phase 5 as input and gen-
erate code.

These phases allow designers to approach the concrete context platform and
adaptation platform step by step and provide more reusability. Phases 1 and 2
can be performed in parallel. Phase 2 can help in determining the contexts that
impact the application.

Designers of context-aware applications need specific solutions and formalisms
to assist them in performing the phases we mentioned above. Since in the past
only development tools have been proposed for context-aware applications, we
propose a UML profile that allows the designers to apply this MDD approach.

A UML profile represents a set of extensions of UML that tailor and customize
it to specific areas or domains. UML provides several extension mechanisms, such
as stereotypes, tagged values and constraints. This way, a UML profile allows
the existing and large UML practitioner community to embrace our approach
without giving up their existing modeling environment and process. It also allows
the context-aware applications designed by this profile to be integrated with
existing UML-based software without special difficulties.

In the following sections we detail the various phases we mentioned above
and for each phase we describe the UML profile elements that play a role in this
phase.

3 Identification of the required context information

Not all applications are sensitive to the same types of contexts. Consequently,
the first step that a designer has to perform is to identify the types of context
information that can impact the application, and to specify the requirements
of the application in terms of their collection process. The specification of the
collection process consists in defining how each type of context information must
be collected i.e. to specify if the collection has to be performed synchronously or
asynchronously, the frequency, and the quality attributes of the collection. The
result of this phase is a platform-independent model of the context collection
process. Figure 2 presents the elements of the context-aware profile we propose
that allow a designer to specify such a model. These elements are defined in the
StaticContextIdentification package. They extend the UML class diagram. The
stereotypes are defined as classes stereotyped with << stereotype >>. UML
metaclasses are defined as classes stereotyped with << metaclass >>. Tagged
values are defined as attributes for the defined stereotypes. The elements of the
staticContextIdentification package are as follows:

– The << Context >> stereotype describes the context type, such as the lo-
cation zone of the user, network bandwidth, and user preferences. It permits
to determine the context sources that will be used to collect this information
once the context-aware middleware has been chosen.



– The << CollectionProcess >> stereotype represents the elements neces-
sary to collect the context, such as the starting time of collection, collection
duration (e.g. three hours), number of samples (e.g. 100), and freshness which
specifies how recent the context data must be. This stereotype is abstract,
and it is used only to define the common tags of two types of context collec-
tions: event-based collection (defined by the << EventCollection >> stereo-
type) and periodic collection (defined by the << PeriodicCollection >>

stereotype). The event tag indicates the condition that must be satisfied by
the context before a new context value is returned. The period tag indicates
the rate at which context data should be collected.

– The << ContextQuality >> stereotype represents the quality attributes
that must be satisfied by the context such as the accuracy, the precision, the
correctness, and the levelOfTrust.

– The << ContextState >> stereotype makes it possible to specify the rele-
vant context states that have an impact on a given application in order to be
filtered. The base tags of an << ElementaryContextState >> stereotype
represent the context type, an operator, and a particular value of the con-
text. The binary conjunction and disjunction relationships between elemen-
tary context states and context states is specified by means of associations
with the << And >> and << Or >> stereotypes, respectively.

All the context elements mentioned above are important for the collection of
context information and the identification of the context states that are relevant
to the adaptation process of a given application.

4 Definition of the application variability

Apart from the context information to which the application is sensitive, the
application designer has to specify how the application can adapt to the context.
We can distinguish three types of adaptation:

– Structural adaptation consists in extending the structure of the application
by for example adding or deleting methods or attributes to and from objects.

– Architectural adaptation consists in adding and deleting components or ob-
jects to and from an application according to context.

– Behavioral adaptation adapts the behavior of the applications’ elements.

In this section, we explain how a designer can model an application adap-
tation independently from the platform by presenting the elements of the UML
profile we propose in order to model the three types of adaptation.

4.1 Structural Adaptation

In order to support structural adaptation we extend the UML class diagrams.
Each class whose structure is able to vary will be defined by an abstract class and
a set of subclasses which represent its different possible versions. The abstract



Fig. 2. Extensions of the UML class diagram to model the context

class will be defined with the stereotype << V ariableStructure >> and each
subclass will be defined with the stereotype << version >>. An object can be
instantiated from one of the subclasses according to the context. The tag con-

textStateIds is applied to the classes stereotyped with << version >> in order
to specify in which context states a given subclass version is used to instantiate
an object. This contextStateIds represents a set of identifiers of relevant context
states that have already been specified by the designer (see Section 3).

When several context states associated with different subclasses are satisfied,
a new subclass that represents a disjunction of the attributes and the operations
of these subclasses is generated during the model transformation in order to be
used in the instantiation process.

4.2 Architectural Adaptation

In order to support architectural adaptation we extend the UML class diagram
with the << Optional >> stereotype. This stereotype specifies the optionality
of an object. To specify in which context states an optional object has to be
instantiated in an application, we associate a tag contextStateIds to the class
stereotyped with << Optional >>. This contextStateIds tag represents a set of
identifiers of context states that have already been specified by the designer (see
Section 3).



4.3 Behavioral Adaptation

Since behavioral adaptation impacts the dynamic aspect of an application and
the UML sequence diagram models this dynamic aspect, we propose to extend
the UML sequence diagram. For this purpose, we introduce two stereotypes
<< V ariableSequence >> and << SequenceV ariant >>.

<< V ariableSequence >> is associated with interactions which are variable
according to the context. For a given context, only one interaction variant defined
by this stereotype will be present in the derived sequence diagram. The different
variants of one variable interaction are defined by a << SequenceV ariant >>

stereotype. This stereotype is tagged by the contextStateIds tag in order to
indicate the context states in which each interaction variant will be executed
(see Section 3).

4.4 The Adaptation Profile Structure

Fig. 3. UML extensions for adaptation modeling

Figure 3 presents the adaptation aspects of the context-aware profile we pro-
pose. The extensions proposed for class diagrams are defined in the StaticAdap-

tationAspect package and the extensions proposed for the sequence diagrams are
gathered in the DynamicAdaptationAspect package.

Each of the << V ariableStructure >> and << Optional >> stereotypes
are applied to the Class metaclass. The << V ersion >> stereotype inherits
from the << V ariableStructure >> stereotype, which means each version is
a variable structure. The << OptionalLine >> stereotype is applied to the
Lifeline metaclass and the << V ariableSequence >> stereotype is applied to
the Interaction metaclass. The << SequenceV ariant >> stereotype inherits



from the << V ariableSequence >> stereotype, which means each sequence
variant is a variable sequence.

All the profile elements we described in this section allow designers to create
a PIM adaptation model in the second phase.

The goal of the first and the second phases is to model the required context
and the adaptation of the application independently from the platform. The
goal of the third and fourth phases is to step by step approach the platforms
that will be used to collect context and to perform adaptations by defining the
mechanisms they require. We describe phase three in Section 5 and phase four
in Section 6.

5 Context Collection Mechanism Requirements

The goal of the first phase is to model the required context independently from
the platform. The role of this third phase is to approach the platform that will
be used to collect context by defining an abstract model of this platform (see
Figure 1).

During this phase, designers identify the mechanisms and the technologies
required for the collection of the contexts that were specified in the first phase
and specify the types of sensors that are necessary for that purpose.

Sensors can be classified in three types:

– Physical sensors: represent hardware sensors capable of capturing physical
data, such as photodiodes to capture light, microphones to capture audio,
and biosensors to measure skin resistance or blood pressure.

– Virtual sensors: these sensors collect context data from software applications.
For example, it is possible to determine the activity of a person by browsing
his electronic calendar.

– Logical sensors: these sensors use several context sources, and combine phys-
ical and virtual sensors with additional information in order to derive higher
level context. They can interpret and reason about context information.

Figure 4 shows the StaticContextMechanisms package of our context-aware
profile. This package includes the UML class diagram extensions necessary for
the specification of context collection mechanisms. These extensions are defined
as follows:

– The << Sensor >> stereotype describes the required properties of a sen-
sor, such as its location or its quality attributes as well as its configurable
parameters. This stereotype is abstract, and represents the three types of
sensors: physical, virtual and logical.

– The << PhysicalSensor >> stereotype represents a physical sensor. For
this type of sensor, the designer has to specify the type of physical sensor
and the technology used.

– The << V irtualSensor >> stereotype represents a virtual sensor. For this
type of sensor, the designer has to specify the software entity that will be
used to collect context.



Fig. 4. UML Class Diagram Extensions for Modeling Context Collection Mechanisms

– The << LogicalSensor >> stereotype represents a logical sensor. For this
type of sensor, the designer has to specify the software entity that will reason
about the collected context information, but he has also to specify which
context sensors will be used by this logical sensor in order to aggregate
context information. The relationship between a logical sensor and another
sensor that collects coarse context information is specified by an association
with the << aggregate >> stereotype.

– All sensors are related to the context types they collect by an association
with the << collect >> stereotype.

6 Adaptation Mechanism Requirements

The goal of the second phase is to model the adaptation of the application
independently from the platform. The role of this fourth phase is to approach
the platform that will be used to perform adaptations by defining an abstract
model of this platform. During this phase, designers identify the mechanisms
that are required to adapt the application as specified in the second phase.

Among the existing adaptation mechanisms we can mention reflection, aspect
oriented programming, contracts, and the component-based paradigm.

In this phase, the designer specifies for each class stereotyped with <<

V ariableStructure >> or << Optional >> and for each interaction stereo-
typed with << V ariableSequence >> the various mechanisms that can be used



Fig. 5. UML Extensions for Modeling Adaptation Mechanisms

to achieve the adaptation. These mechanisms can be specified by using the fol-
lowing profile elements (see Figure 5):

– The stereotype << StaticAdaptationMechanism >> describes an adapta-
tion mechanism in a UML class diagram.

– The stereotype << DynamicAdaptationMechanism >> describes an adap-
tation mechanism in a UML sequence diagram.

– All the specified adaptation mechanisms are related to the classes they have
to adapt by an association with the << RequiredMechanism >> stereo-
type.

Since it is possible to associate several possible adaptation mechanisms with
only one variation point, the stereotypes << StaticAdaptationMechanism >>

and << DynamicAdaptationMechanism >> have a conditions tagged value
that allows the designer to specify in which conditions a mechanism can be used.

The third and fourth phases approach the platforms that will be used to
collect context and to perform adaptation without specifying technologies that
are specific to a given platform. This intermediate step between the definition
of the PIM and the definition of the concrete platforms allows a designer to
identify efficiently the various platforms that are possible to use. Moreover, the
defined abstract platforms permit the definition of intermediate transformations
(from the PIM to these abstract platforms) that can be reused for several PSM
transformations.

7 Definition of the target platform and model to model

transformations

The goal of this phase is to identify the target platform and to transform the
platform independent models defined in phases 1 and 2 to more concrete models
according to the mechanism requirements specified in phases 3 and 4.



Model transformations can provide a more general sense of separation of
concerns than just pure technical concerns by separating non-functional con-
cerns, such as distribution, security, and transactions from the functional appli-
cation concerns. In this case, it is not practically attainable to implement all the
concerns in one single big transformation. Besides splitting up transformations
according to technical concerns (a separate transformation for each PSM), we
should also decompose transformations according to non-functional concerns.
Ideally, each transformation should address only one non-functional concern so
that it becomes easy to implement and to reuse. As a result, we get a chain of
transformations that need to be applied subsequently to weave all non-functional
concerns into the application model.

In this phase, the designer first has to define the abstract transformations that
transform the models without introducing technical details. Then he has to define
more and more concrete transformations that generate concrete platform-specific
models. Consequently he will first define the non-functional transformations.
Then he will identify the target platform. Finally, he will specify the technical
transformations. In the following, we describe each of these steps.

7.1 Non-functional Transformations

In this step, the designer has to identify the non-functional services required by
the application that must be provided by the underlying middleware, such as
distribution, security, remote data access, deployment, etc.

In the case of context-aware applications, these services are also required to
be adaptive. Our goal is to automatically generate the variability models of these
non-functional services so designers are relieved from specifying this variability.
For this purpose, transformations of the application variability that was specified
in the second phase (see Section 4) have to be defined. These transformations
generate variability models of non-functional services that are still platform-
independent.

As a proof of concept, in [1] we elaborated a non-functional transformation.
In this report, we designed a platform independent model of application adapta-
tion for a concrete example, and transformed this into an application variability
model.

7.2 Definition of the Target Platform

Once context collection mechanisms (see phase 3), adaptation mechanisms (see
phase 4), and required non-functional services are identified, the designer can
study the existing context and adaptation platforms and choose the one that
best satisfies the requirements in terms of these mechanisms.

7.3 Technical Transformations

In this step, the designer specifies the PIM to PSM transformations that will
transform the abstract models defined throughout the phases of the MDD ap-
proach into concrete models that are specific to the chosen context platform



and adaptation platform respectively. The generated variability models of the
non-functional services also need to be transformed according to the services
provided by the chosen underlying middleware.

We elaborated a technical transformation for a concrete adaptation plat-
form in [1]. The application variability model acquired through a non-functional
transformation, was transformed into a service variability model using a techni-
cal transformation.

8 Related Work

Several context models have been defined, such as the key-value pairs [2], the
object-oriented model [3], the sentient object model [4], and the models based on
ontologies [5]. The aim of these models was to provide a high level abstraction
of context information in order to store, manage, and process the context, but
no solution has been proposed in order to model context-aware applications and
their adaptation according to this context.

The majority of existing work has proposed solutions to simplify the compli-
cated development of context-aware applications without tackling the problem
of their modeling or defining a complete process to model and develop them.
These existing solutions consist in middleware and frameworks that enable con-
text collection and that can even provide adaptation mechanisms.

The most consistent attempts at developing reusable solutions for context
acquisition, interpretation, and rapid prototyping of context-aware applications
is context Toolkit [6], SOCAM [7], CoBrA [8], CASS [9], and CORTEX [10].

Among middleware solutions that allow developers to implement adaptation
mechanisms we can mention CARISMA [11], K-Components [12], ReMMoc [13],
CORTEX [10], and RAM [14].

The advantage of the existing context-aware middleware consists in enabling
the separation of context management and processing from the development
of applications. They play a significant role in simplifying the development of
context-aware applications by implementing the mechanisms that collect and
interpret the context as well as the mechanisms that adapt the application to
the context, but introduce several technical details in the developed applications
and reduce their portability.

[15] proposes a UMLbased solution to design context-aware web services. [16]
is another modeling approach that includes an extension to the ORM (Object-
Role Modeling) by context information. This approach allows developers to pro-
gram with context at a high level without the need to consider issues related
to context collection. These works are focused on context modeling and do not
support adaptation aspects.

The MDD approach we propose in this paper defines a complete process that
covers all the production phases of context-aware applications. This approach
specifies how to model the applications independently from the platform and
how to automatically generate its code by using step by step transformations.



9 Conclusion

Design and development of context-aware applications is particularly complex.
They require the identification of the context information that has an impact on
the application and the specification of the various behaviors of the application
according to this context information.

In this paper, we propose an MDD approach that enables the concentration
of efforts on applications design and their modeling independently from the plat-
form. This platform independence hides the complexity and the heterogeneity
of the context-aware and adaptive mechanisms.

The MDD approach we propose defines phases that cover preparation activ-
ities that structure and plan the work. These phases make it possible to first
model the contexts that impact an application and the variability of the appli-
cation according to this context in an abstract manner, and then to approach
step by step the mechanisms required to acquire context information and per-
form adaptations. The step by step approach followed by these phases provides
a model extensibility and reusability in several platforms.

The MDD approach we propose defines a methodology to model a context
collection process and the variability of an application structure, as well as its
behavior and its architecture, independently from the platform. The defined
platform independent models can be automatically mapped to several platforms
through the definition of automatic transformations. The transformations we
use have a more general sense of separation of concerns than just pure technical
concerns by separating non-functional concerns from the functional application
concerns. In addition to platform specific models they are able to generate the
adaptation models of the required non-functional services.

In order to be able to apply this approach, we propose a UML profile that
allows designers to model context-aware applications. This profile allows the
existing UML practitioner community to embrace our approach without giving
up their existing modeling environment and process. It also allows the context-
aware applications designed by this profile to be integrated with existing UML-
based software.

To evaluate the approach we proposed, we made an implementation of the
UML profile, non-functional and technical transformations as presented in this
paper. More details concerning implementation and evaluation can be found
in [1]. This report also describes an example of a context-aware adaptive appli-
cation, developed with the MDD approach we propose.

In further phases we intend to extend the context-aware UML profile we
propose to support ontologies, in order to introduce more intelligence in the
modeled context-aware applications by deducing new adaptation rules. We also
want to define how to check the consistency of the adaptation rules during the
design of applications.
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