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Abstract. An important drive for Model-Driven Architecture is that
many software applications have to be deployed on a variety of platforms
and within a variety of contexts in general. Using software models, e.g.
described in the Unified Modeling Language (UML), one can abstract
from specific platforms. A software model can then be transformed to
a refined model, given the context in which it should run. Currently,
each target context requires its own model transformation. Only a lim-
ited number of contexts can be supported in this way. We propose a
context-driven modelling framework that models each target context in
a context model, described in the Web Ontology Language (OWL). Mul-
tiple reusable transformation rules are used, which are annotated with
context constraints, based on the OWL context model. The framework
can automatically select the transformation rules that are applicable for
a concrete context.

1 Introduction

The Model-Driven Architecture (MDA) allows for mapping a high-level software
design to a specific implementation platform. Model transformations are used
to refine a Platform-Independent Model (PIM) to a Platform-Specific Model
(PSM). Several layered PSMs can be used to gradually refine the design.

An important drive for MDA is that a lot of software has to run within a
variety of computing contexts. The vision of Ambient Intelligence only increases
this variety, with many portable and embedded devices such as personal digital
assistants (PDAs), smartphones and embedded computers in cars and houses.
For our purposes, context includes the software/hardware platform on which the
software must run, but also other factors, such as required run-time qualities
(e.g. adaptability, performance, security, etc.) and user preferences (e.g. chosen
software features).

In current MDA approaches [1], each target platform requires its own (set of)
model transformation(s). This means that for each new target platform, at least
one new model transformation is needed, even if that platform is only a variant
of another, already supported platform (e.g. J2ME Personal Profile1 is a variant
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of Java). In practice, this means that only a relatively small number of general
platforms can be targeted, e.g. Java or C++. Targeting very specific platforms,
e.g. the previously mentioned J2ME Personal Profile 1.0, is not feasible because
of the maintenance overhead, even though such precise targeting can result in
PSM that is better optimised for the given context.

Looking into the model transformations themselves, it appears that they can
often be made reusable over multiple platforms and it is only how they are config-
ured that makes them applicable to only one platform. For example, one model
transformation could target all Java 2 platforms by transforming “to-many” as-
sociation ends in the Unified Modeling Language (UML) to attributes using the
Java 2 Collections framework. If this transformation is configured to be applied
in combination with a transformation that targets the Java Swing framework,
the target platform is already limited to J2SE for the desktop computer2. The
fact that each configuration of model transformations is also maintained by hand,
makes that the problem of limited platform support remains.

We propose a context-driven modelling framework that can automatically
select appropriate transformation rules for a concrete context and configure them
into a context-optimised transformation. The developer can define a number
of alternative refinement transformation rules. These transformation rules are
annotated with context constraints within which the transformation will work.
These context constraints, as well as the concrete context description, are based
upon an explicit context model. This context model is expressed in the Web
Ontology Language (OWL) [2], which is an extensible language for describing
ontologies. Furthermore, we use the OWL-DL variant, which corresponds to
description logics [3], such that computational completeness can be guaranteed.
The context model forms a basis for describing contexts in general and can
be extended to include the specific context information that is relevant for a
particular application domain. An automatic reasoner, such as RACER [4], can
be used to verify whether a concrete context satisfies the constraints of a model
transformation. Subsequently, one transformation rule is selected for each group
of remaining transformation alternatives, based on how close its constraint lies
to the actual context.

Section 2 discusses how computing context can be modelled and section 3
explains how model transformations can be augmented with context constraints.
In section 4 the mechanism for selecting model transformations is explained.
Section 5 discusses related work and section 6 states the conclusions for this
paper.

2 Context Modelling

In order to reason about context and context constraints, an ontology of com-
puting context is used. Ontologies can serve as a common vocabulary for a
domain [5]. The relationships between the ontology elements can be used to rea-
son about elements based on that ontology. A context ontology allows one to
2 http://java.sun.com/j2se/
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base expressions about a concrete context on the vocabulary expressed by the
ontology. By using a shared model of context, we can reason about the relation-
ship between a context description and a context constraint, even if the two do
not have a direct relationship. An example context constraint is that the Java 2
Collections framework needs to be present. An example of a context description
includes a Sharp Zaurus PDA. Since both the context constraint and the context
description refer to the context ontology to explain what the Java 2 Collections
framework resp. the Zaurus PDA is, one can derive whether the Zaurus PDA
satisfies the Java 2 Collections framework constraint.

2.1 A Context Vocabulary

Before modelling any specific context or context properties, a basic context struc-
ture needs to be defined. In this paper, the context ontology described in [6] is
used for this purpose3. This ontology is in turn inspired by the User Agent
Profile specification (UAProf) [7] and Composite Capability/Preference Profiles
(CC/PP) [8], both of which are standards intended to describe target platforms.
The ontology is expressed in OWL, an extensible standard for describing ontolo-
gies. OWL has a variant, called OWL-DL, that corresponds to description logics,
allowing for automated reasoning about the ontology. The ontology used com-
plies to this OWL-DL variant. The part of the ontology that models platforms
and users is shown in Fig. 1.

The platform concept in this ontology can provide software and hardware.
The ’*’ next to the “providesSoftware” relationship denotes a one-to-many re-
lationship. Software and hardware are broken down into different sub-concepts.
This is denoted by the special “isa” subsumption relationship, e.g. the set of
operating systems subsumes the set of software in general. The software can
impose requirements on the platform, e.g. the need for a network resource, a
particular virtual machine or a user interface rendering engine that supports
voice communication. This is denoted by the “requiresPlatform” relationship,
which points to a description of the required platform. The user concept has
profile elements, amongst others, which describes the user. A special case of a
profile is a preference profile, which describes user preferences only.

The ontology can be extended for particular domains of platforms, such as
Java virtual machines. Fig. 2 shows such an ontology. The “VirtualMachine”
concept starts with “context:” to indicate it refers to the “VirtualMachine” con-
cept from the main context ontology. The “Java” virtual machine can be sub-
divided in many different configurations. “Java2” refers to the virtual machines
that run Java 1.2 or up. “Java2” is split up into “J2ME”, “J2SE” and “J2EE”,
which is based on “J2SE”. In the ontology, two other concepts are introduced:
“AWT” and “Swing”. These refer to the Java Abstract Window Toolkit (AWT)
resp. Swing rendering engines. Since some Java virtual machine configurations
already include these, instances of such virtual machines also serve as instances

3 Other ontologies can be used, but it is necessary to use the same ontology for de-
scribing context and constraints on that context.
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Fig. 1. Part of the context ontology for describing platforms and users

of the AWT and/or Swing rendering engine. This is represented in the ontology
by defining additional “isa” relationships to the AWT or Swing rendering engine
from the virtual machines.

In order to discriminate on user profile data as well, an ontology extension
for user profiles can be defined. For the purpose of this paper, we will use a very
simple profile ontology, describing only the languages that a user can use and/or
prefers to use. This ontology extension is depicted in Fig. 3.

2.2 Modelling Concrete Contexts

The actual context for the PSM can now be described by instances of the context
concepts. Fig. 4 shows an example context description for a Sharp Zaurus PDA.
This PDA has a Personal Profile (PP) J2ME virtual machine installed.

The concepts “Platform” and “PP” are taken from the context resp. Java on-
tologies. The instances, “zaurusC860” and “zaurusPP”, are depicted as rounded
rectangles and are instances of the “Platform” and “PP” classes. This is depicted
by the “io” relationships. The “zaurusC860” platform has a “providesSoftware”
relationship with the “zaurusPP” Java Personal Profile virtual machine. The
“zaurusC860” platform provides a “touchscreen” and a “keyboard” I/O device,
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through which the user “dennis” interacts with the platform. Finally, “dennis”
prefers to communicate in “dutch”.

3 Modelling Context Dependencies

Model transformations can now define constraints on instances of the ontol-
ogy concepts. This is done by defining new, completely specified concepts. Such
concepts have necessary and sufficient conditions in addition to any necessary
conditions. For example, whereas it is necessary that each “J2ME” instance is
also an instance of “Java2” (depicted by the “isa” relationship in Fig. 2), being a
“Java2” instance is not sufficient for also being a “J2ME” instance. The notation
for describing conditions as used in the Protégé tool [9] is also used here.

In order to check if the current platform has a “Java2” class virtual machine,
a concept “Java2Platform” can be defined, which is a sub-concept of “Platform”
(necessary) and provides a “Java2” virtual machine (necessary and sufficient):

Java2Platform v context : Platform

≡ ∃ context : providesSoftware platform : Java2

Whenever a “Platform” instance fulfils the condition of providing a “Java2”
virtual machine, it can be classified as an instance of “Java2Platform”. This
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Fig. 4. Example context description for the author using the Sharp Zaurus PDA

classification can be performed by automatic reasoners. This way, concrete plat-
form instances can be matched against a completely defined constraint concept.
If the platform instance classifies as an instance of the constraint concept, then
the constraint holds for that instance. For example, the “zaurusC860” platform
from Fig. 4 classifies as an instance of “Java2Platform”, since “zaurusPP” is an
instance of “PP”, which is a sub-class of “Java2”.

3.1 Example PIM

Fig. 5 shows part of a PIM for a simple Breakout game, expressed in UML
1.5 [10]. The objective of the game is to remove all the bricks from the screen by
hitting them with the ball. The ball must be bounced back with the paddle, which
is controlled by the player. If the ball falls down the screen (paddle has missed),
the game is over. In the design, the “Field” class represents the screen, which
has composition associations with a “Ball”, a “Paddle” and multiple “Bricks”.
A separate “view” package has been modelled to separate the graphical user
interface from the game model itself. AWT and Swing implementations of the
“view” package have also been modelled, but are not shown in the diagram. Note
that our example PIM contains platform-specific elements that rely on the AWT
and Swing rendering engine. Our notion of PIM includes all models that have
not (yet) committed to a specific platform.

The example PIM contains several elements that are not available in the
programming environment that is needed for the target platform4. These ele-
ments are the “process”, “Observer”, “Observable”, “subscribe” and “thread”
stereotypes, the “Integer” and “Boolean” Object Constraint Language (OCL)
data types, association relationships and specifications of operations (e.g. in
OCL, a dynamic diagram or an Action Language). Model transformations can
4 The programming environment comprises the programming language and available

libraries
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Fig. 5. Example PIM class diagram for a breakout game

be defined to translate each of these elements to one or more elements that are
available in the target programming environment. In addition, the PIM contains
several platform-specific elements, such as the view implementations relying on
Java AWT and Swing. The selection of relevant platform-specific elements can
also be performed by model transformations. Examples of some of these model
transformations will be discussed below. The Atlas Transformation Language
(ATL) [11], which has a simple, rule-based syntax, will be used to express these
examples.

3.2 Example Model Transformations

A model transformation for translating UML 1.5 associations to correspond-
ing attributes for Java could use the Java 2 Collections framework to imple-
ment a one-to-many association. The following transformation rules use the
java.util.List interface and the implementing java.util.ArrayList class
to achieve a one-to-many relationship5:
5 Note that, in ATL, additional headers are needed and rules are necessary for each

model element that needs to be copied/transformed. Only the rules that perform
actual transformation are shown here for brevity.



rule AssociationEndSingleAttribute {
from s : INMODEL!AssociationEnd (s.isNavigable and s.isSingle ())
to t : OUTMODEL!Attribute (

name <- s.name ,
owner <- s.navigableFrom (),
type <- s.participant ,
visibility <- s.visibility ,
ownerScope <- s.targetScope ,
changeability <- s.changeability)

}

rule AssociationEndArrayList {
from s : INMODEL!AssociationEnd (s.isNavigable and not s.isSingle ())
using { collection : INMODEL!Interface = INMODEL!Interface.allInstances ()

->select(c|c.name=’Collection ’)->first (); }
to t : OUTMODEL!Attribute (

name <- s.name ,
owner <- s.navigableFrom (),
type <- collection ,
visibility <- s.visibility ,
ownerScope <- s.targetScope ,
changeability <- s.changeability ,
initialValue <- v),

v : OUTMODEL!Expression (
language <- ’java ’,
body <- ’new java.util.ArrayList ()’)

}

helper context INMODEL!AssociationEnd def : navigableFrom () :
INMODEL!Classifier =

self.association.connection ->select(x|x<>self)->first (). participant;

helper context INMODEL!AssociationEnd def : isSingle () : Boolean =
self.multiplicity.range ->select(r|r.upper <>1)->isEmpty ();

The transformation rules translate only the navigable association ends to
attributes. The first rule translates all association ends with an upper multiplicity
range of “1” to simple attributes. The second rule translates all association ends
with an upper range other than “1” to Java Lists. The from keyword indicates
the element to read from the source model, whereas the to keyword indicates
the element to be created in the target model. The INMODEL and OUTMODEL in
the transformation refer to the meta-models used, which is the UML 1.5 meta-
model in both cases. Two helper functions have been defined to reuse the OCL
expressions for determining the class from which the association end can be
navigated (navigableFrom())6 and whether an association end only points to a
single target (isSingle()). The second rule has a using clause, which locates
the Java Collection interface. This Collection interface is then used as the type
of the attribute that is created. The ArrayList class is used for the initial value
of this attribute.

The AssociationEndSingleAttribute transformation rule does not use any
Java-related elements, and has no platform dependencies. The AssociationEnd-
ArrayList rule uses the Java 2 Collections framework and therefore needs at
least a “Java2” virtual machine (see Fig. 2). This corresponds with the “Java2-
Platform” constraint given at the beginning of this section. An alternative for
the AssociationEndArrayList rule could use the java.util.Vector class to
implement the one-to-many association:
6 only binary associations are considered



rule AssociationEndVector {
from s : INMODEL!AssociationEnd (s.isNavigable and not s.isSingle ())
using { vector : INMODEL!Class = INMODEL!Class.allInstances ()

->select(c|c.name=’Vector ’)->first (); }
to t : OUTMODEL!Attribute (

name <- s.name ,
owner <- s.navigableFrom (),
type <- vector ,
visibility <- s.visibility ,
ownerScope <- s.targetScope ,
changeability <- s.changeability ,
initialValue <- v),

v : OUTMODEL!Expression (
language <- ’java ’,
body <- ’new java.util.Vector ()’)

}

Because the Java Vector class was already available in Java 1.0, the platform
constraint can be relaxed to only requiring a Java virtual machine:

JavaP latform v context : Platform

≡ ∃ context : providesSoftware java : Java

4 Context-Driven Refinement

The mechanism that selects the appropriate model transformations is based
on Synthesis-Based Design [12] and its version for MDA transformations [13].
Synthesis-Based Design uses a design space of possible combinations of alterna-
tive design choices. The design choices are represented by model transformations
in this case. The transformations are grouped into sets of alternatives that rep-
resent the same functionality. This grouping can be done automatically, based
on a heuristic that checks the input specification of the transformation rules.
If certain transformation rules have the same input specification, they are con-
sidered to be alternatives. The transformation rules AssociationEndArrayList
and AssociationEndVector, given in subsection 3.2, have the same input speci-
fication (represented by the from part). Hence, they are considered to be alterna-
tives belonging to one group. The groups that are formed in this way only have
to be created once for a set of transformation rules and can be adapted manu-
ally afterwards. Each time a PSM has to be generated for a specific platform,
the existing transformation rules are considered, using the existing grouping in-
formation. An example grouping for the model transformations needed for our
example PIM is shown in Table 1.

The English, French, German and Dutch transformations are simple selec-
tion transformations that select their corresponding language package to be in-
cluded in the deployment. They form one group, since they take all language
package deployment information as input and differ only in which language
packages are copied back out. Similarly, the AWTView and SwingView transfor-
mations select the AWT resp. Swing view implementation from all view imple-
mentations. The AssociationEndArrayList and AssociationEndVector trans-
formations have already been discussed and form one group. The Accessors



English | French | German | Dutch

AWTView | SwingView

Accessors

AssociationEndArrayList | AssociationEndVector

Process

Thread

Observer | PropertyChangeListener

DataTypes

Table 1. Example model transformations grouping

transformation creates accessor operations (getters and setters) for each public
attribute. The Process transformation augments all classes with the “process”
stereotype with a “main” operation. The Thread transformation adds a real-
ization relationship to the java.lang.Runnable class to each class with the
“Thread” stereotype. The Observer and PropertyChangeListener transfor-
mations both implement the “Observer”, “Observable” and “subscribe” stereo-
types. The first transformation uses the Java 1.0 java.util.Observer interface
and the java.util.Observable class to accomplish this, while the latter uses
the java.beans.PropertyChangeListener interface and corresponding classes.
Finally, the DataTypes transformation translates the OCL data types into Java
data types.

From each group, one model transformation is selected. First, all transforma-
tion constraints are checked against the platform, after which the non-matching
transformations are discarded. Note that, if no transformations are left for a
particular group after this step, no PSM can be generated for the given context.
Each group of remaining alternative transformations is sorted by context rele-
vance, such that the most relevant transformation alternative appears at the top
of the list. The context relevance is determined by subsumption of constraint
concepts. If a constraint concept defines a subset of another constraint concept,
then that constraint is considered more context-specific. Consider the following
context constraint:

Java2Personal v context : Platform

≡ (∃ context : providesSoftware java : Java2) t
(∃ context : providesSoftware java : PersonalJava)

This constraint demands either a “Java2” or a “PersonalJava” VM, whereas
the “JavaPlatform” constraint (see before) demands a “Java” class VM. Both
“Java2” and “PersonalJava” are subconcepts of “Java”. The set defined by the
union of “Java2” and “PersonalJava” is still a subset of “Java”, so the “Java2-
Personal” concept can be classified as a subconcept of “JavaPlatform”. Again,
existing automatic reasoners can be used to classify the subsumption taxonomy
of concepts as they are defined by the constraints.



It is possible that the context constraints of alternative transformations do
not contain enough information to determine whether one constraint subsumes
another. Consider the following example constraint:

AWTPlatform v context : Platform

≡ ∃ context : providesSoftware java : AWT

Compared to the “Java2Platform” constraint mentioned earlier, one cannot
classify either as a subset of the other. In such a case, the group of transformation
alternatives (see Table 1) will first be reduced to those alternatives of which the
constraints are leafs in the constraint concept taxonomy. From these alternatives,
the alternative specified left-most in the initial group will be chosen. Consider
three transformation alternatives, A, B and C, which have the “JavaPlatform”,
“Java2Platform” and “AWTPlatform” constraint respectively. If a taxonomy is
created for these constraints, “Java2Platform” and “AWTPlatform” are both
direct subconcepts of “JavaPlatform”. The group of alternatives is reduced to B
and C, since their constraints are the leafs in the taxonomy. If alternative B is
listed before alternative C in the initial group of alternatives, then alternative B
will be chosen.

Since some model transformations may depend on the result of other model
transformations, they need to be ordered. The transformation dependencies can
also be checked automatically by a heuristic that checks if the input specifica-
tion of a transformation may overlap with the output specification of another
(represented by the to part). The output specification of the AssociationEnd-
ArrayList transformation states that it creates new attributes. If another model
transformation, Accessors, creates accessor operations for each public attribute,
then its input specification could match elements generated by Association-
EndArrayList. Hence, AssociationEndArrayList is placed before Accessors.
If no decision can be made on whether to put one transformation before an-
other, the order is left unchanged. This way, the developer can already pre-sort
the groups of transformations manually and no manual intervention is needed for
each context. The sorted list of chosen transformations for the example platform
from Fig. 4 is shown in Table 2.

The AssociationEndArrayList transformation was chosen over the Asso-
ciationEndVector transformation, because it requires a “Java2” VM instead of
any “Java” VM. For the same reason, the PropertyChangeListener transforma-
tion is chosen over the Observer transformation. Also, the transformations have
been sorted according to input-output dependencies: the Accessors transfor-
mation has been placed after AssociationEndArrayList. The Dutch selection
transformation takes in all kinds of elements and can also output all kinds of
elements, so the sorting heuristic could not determine what to do with it. In this
case, the developer knows that this rule does not depend on any transformation
output, so it remains pre-sorted as the first transformation to execute. The other
transformations don’t generate any elements that may be matched by the input
specification of another transformation, so their order is also not adapted.



Dutch

AWTView

AssociationEndArrayList

Accessors

Process

Thread

PropertyChangeListener

DataTypes

Table 2. Example model transformations selected and sorted

5 Related Work

In Generative Programming [14] and Step-Wise Refinement [15], features and
feature models are used to model a family of software systems instead of a single
system. Features can be optional or mandatory for a software system, depending
on the presence of other features. In our framework, features are implicitly gen-
erated or selected by model transformations, which are chosen based on context
constraints. Feature models can be used to verify if the chosen transformations
represent a valid set of features.

The lack of explicit platform models is discussed in [16]. The notion of ab-
stract platform is introduced, which describes a set of elements to model a PIM
against. This set of elements includes design artifacts that are available in a
target platform (classes, interfaces) and design constructs that can be mapped
to that platform (stereotypes, profiles), e.g. with model transformations. The
goal of abstract platforms is to ease platform-independent modelling, whereas
our context models are meant to decouple context information, which includes
the platform, from model transformations.

In [17], platform selection rules are discussed, which allow for pre-selecting
a number of target platforms. In that way, less platforms need to be supported.
In our case, platform selection rules can be used to narrow down the amount
of platform domain aspects (e.g. Java virtual machines) that need to be mod-
elled for a particular application domain (e.g. instant messaging). This does
not conflict with the envisioned ambient intelligence scenario that targets an
open-ended infrastructure of unanticipated devices, since this is supported by
in-depth modelling of platform domain aspects, not the amount of aspects that
are modelled.

In [18], an infrastructure for combining UML models and ontologies is intro-
duced. Such as infrastructure can be useful for a better integration of platform
constraints into model transformation languages.

The KobrA method [19] is an approach for component-based product line
engineering with UML. It uses pattern-based refinements for design elements.
OO-Method [20] also introduces a pattern-based approach for design refinement



and code generation. PRISMA [21] is a modelling approach that can be used to
model context data. Our approach differs in that it uses refinement alternatives,
such that context-based optimisation is possible.

The Catalysis approach [22] is a UML-based development method for com-
ponent-based systems. An important part of this method consists of refinement
of the model elements. As such, our context-driven modelling framework can be
used as a means to refine the model elements in a context-optimised way.

The Context Ontology Language (CoOL) [23] is an ontology-based context
modelling approach, which uses the Aspect-Scale-Context (ASC) model where
each aspect (e.g. spatial distance) can have several scales (e.g. kilometre scale or
mile scale) to express some context information (e.g. 20). Chen et al. [24] propose
a context broker architecture (CoBrA) using an ontology to describe persons,
places and intentions. Gu et al. [25] present a service-oriented context-aware
middleware (SOCAM) based on a context model with person, location, activity
and computational entity (such as a device, network, application, service, etc.)
as basic context concepts. Henricksen and Indulska [26] propose a context model
that describes context based on several types of facts (e.g. sensed, static and
profiled) subject to constraints and quality annotations. The context ontology
used in this paper puts more focus on the platform description, which is central
to MDA.

6 Conclusion and Future Work

This paper has introduced a context-driven modelling framework that can au-
tomatically choose the most context-specific model transformations from a set
of alternatives. Instead of providing a set of alternative model transformations,
multiple sets of alternative model transformations are provided, which together
can form a complete model transformation. In this way, many more computing
contexts can be supported with a similar design effort.

The proposed modelling framework fits within the MDA vision in that it
also uses several layered refinement transformations. Based on a context model
described in OWL, specific transformations are chosen to transform a PIM to a
PSM.

The selection mechanism relies on the classification of a taxonomy of context
constraints. This classification needs to be done only once for a set of available
model transformations and can then be reused for each concrete context. Fur-
thermore, the constraint checking mechanism implemented by RACER is highly
optimised. It should scale no worse than the matching algorithm needed for the
model transformations themselves.

In the future, a configuration language will be introduced to support the
transformation selection and sorting mechanism. This configuration language
will express the inter-dependencies of the model transformations and will dis-
criminate between mandatory (e.g. an accessor method generator) and non-
mandatory transformations (e.g. a language support selection transformation).
This configuration language will probably be based upon feature models. MOF



can be used for the description of the abstract syntax, such that the same reposi-
tory that is used for storing the various MDA models can also be used for storing
the configuration model.
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