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Model-driven engineering addresses issues of platform heterogeneity and code quality through
the use of high-level system models and subsequent automatic transformations. Adoption of the
model-driven software engineering paradigm for embedded systems necessitates specification of
appropriate models of often complex systems. Modern embedded systems are typically composed of
multiple functional and nonfunctional concerns, with the nonfunctional concerns (e.g., timing and
performance) typically affecting the design and implementation of the functional concerns. The
presence of crosscutting concerns makes specification of adequate platform-independent models a
significant challenge. Aspect-oriented software development is a separation of concerns technique
that decomposes systems into distinct features with minimal overlap. In this article, we illustrate
how Theme/UML, an aspect-oriented modeling approach, can be used to separate embedded sys-
tems concerns and reduce complexity in design. We also present Model-Driven Theme/UML, a
toolset for model-driven engineering of embedded systems that supports modularised design with
Theme/UML and automatic transformations to composed models and source code.
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1. INTRODUCTION

Model-driven design of embedded systems traditionally focuses on the use of
verifiable formal models to describe system behavior at a high level of abstrac-
tion before decisions are made regarding the decomposition of the system into
hardware and software. Automatic synthesis from high-level models is used to
ensure that implementations are correct by construction [Edwards et al. 1997].
Outside the embedded systems world, model-based design has become a popu-
lar object-oriented software development paradigm, primarily due to the pub-
lication of the Object Management Group’s Model-Driven Architecture (MDA)
[Miller and Mukerji 2003]. Although MDA originally targeted large-scale en-
terprise applications [Oliver 2003], its underlying principles have been widely
adopted and applied to the development of applications in a diverse range
of domains, including embedded systems. This style of software development,
commonly referred to as model-driven engineering (MDE) [Schmidt 2006] is
complementary to the traditional embedded systems view of model-based de-
sign, focuses developer attention on the specification of generic solutions at the
model level and facilitates subsequent progression to working systems through
automatic model-to-model and model-to-text transformations. It is this notion
of model-based design and its application to embedded systems software design
and implementation that we focus on in this article.

The MDE principles of specifying abstract solutions and providing automatic
transformations have the benefit of addressing issues surrounding platform
heterogeneity and code quality. Platform heterogeneity, which typically ne-
cessitates multiple similar implementations of the same system, is addressed
through abstraction of a generic solution to the problem at hand and automatic
production of platform-specific versions of this solution. Improvements in sys-
tem quality are achieved by means of automating the production of system code
from models, thereby reducing the potential for introduction of human errors
during system implementation.

In order to take advantage of model-driven engineering, it must be possible to
design adequate system models. Recent advances in the capability and accessi-
bility of embedded systems technologies have resulted in the capacity to build
increasingly complex systems that consequently are difficult to model. Em-
bedded systems are typically composed of many functional and nonfunctional
concerns, with nonfunctional quality of service concerns (e.g., timing and per-
formance) manifesting themselves as crosscutting concerns with system-wide
impact [Deng et al. 2006; Wehrmeister et al. 2007]. Crosscutting concerns can-
not be completely separated from the functional concerns that they affect and
result in complex designs characterised by the presence of tangled modules.
Tangled modules are those that represent multiple concerns and are, therefore,
difficult to understand and change. Additionally, the need to repeat crosscut-
ting code throughout a system results in the risk of inconsistencies at each
point of use, further complicating development [Kiczales et al. 1997]. Failure
to achieve adequate modularization negatively impacts key system properties
such as extensibility, comprehensibility, scalability, reliability, and traceability
[Filman et al. 2005].
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Separation of concerns is an established technique for managing system com-
plexity though modularization of distinct concerns [Dijkstra 1976]. Although
traditional design and implementation paradigms provide some support for
modularization, it has been established that total separation of concerns is not
possible with approaches such as object orientation. Aspect-oriented software
development extends the modularization capabilities of the object-oriented
paradigm and has demonstrated effectiveness at separating crosscutting con-
cerns in a wide range of domains [Greenwood et al. 2007; Laddad and Alexander
2003; Munnelly et al. 2007; Zhang and Jacobsen 2003], including the embed-
ded systems domain [Afonso et al. 2007; Wehrmeister et al. 2007; Sousan et al.
2007].

Power management is one example of a critical embedded system design con-
cern that is often poorly modularized in traditional design approaches [Selvaraj
and Jozwiak 2005]. In battery-powered applications such as remote controls,
mobile phones, and sensor networks, battery life can be preserved by switching
to idle mode at times when no processing is required. This course of action
results in power management source code, for example, PCON |= 0x01; in Intel
8051 systems, repeatedly appearing throughout functionally distinct opera-
tions. Theme/UML can reduce the presence of this type of crosscutting concern
in embedded systems design.

Theme/UML is an aspect-oriented extension to UML that supports fine-
grained decomposition and composition of both functional and nonfunctional
concerns, including those that are crosscutting. Separated functional con-
cerns are designed using standard UML to model each concern individually,
with Theme/UML composition techniques addressing overlaps. From a non-
functional concern perspective, Theme/UML’s focus on complexity manage-
ment through modularization captures those concerns that will manifest
as code in the system. Using Glinz’s taxonomy, nonfunctional concerns,
in general, are categorized as attributes and constraints [Glinz 2007]. At-
tributes are separated into performance requirements and specific quality re-
quirements. Performance requirements include quantitative measures such
as timing, speed, volume, and throughput. Quality requirements cover the
“ilities”: reliability, usability, security, availability, and so on. Constraints
capture physical (e.g., memory management), legal, cultural, environmen-
tal and interface requirements among others. Of these categories, the de-
sign of requirements that manifest themselves as behavior in the system,
such as memory management (an example in this article’s case study), can
be simplified with Theme/UML’s modularization techniques. In general, the
code of such systemic, nonfunctional requirements cuts across the system
as a whole, so their modularization significantly reduces their complexity.
Theme/UML does not address the design of nonfunctional concerns that do
not manifest as code in the system, but is complementary to existing tech-
niques for capturing such requirements. Where the state of practice is to use
UML (e.g., OCL constraints for some quantitative measures), Theme/UML
is an extension on top of such techniques. See Section 3 and related work
for more details on how Theme/UML and other approaches complement each
other.
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Fig. 1. Designing with Theme/UML.

In this article, we illustrate how Theme/UML can aid in reducing the com-
plexity of embedded systems designs through its support for advanced mod-
ularization.1 We present tool support for model-driven engineering of embed-
ded systems based on Theme/UML models. The toolset, called Model-Driven
Theme/UML, supports separation of concerns in design with Theme/UML, au-
tomatic model composition and synthesis of C code from the composed model.
We also describe a case study that applies Model-Driven Theme/UML to the
design and implementation of a pacemaker.

The rest of this article is structured as follows. Section 2 describes rele-
vant concepts in the Theme/UML aspect-oriented design language. Section 3
summarizes related work, while Section 4 illustrates by means of example
how Theme/UML can aid reduction of complexity in embedded systems design.
Section 5 describes the Model-Driven Theme/UML tool and associated develop-
ment process, specifically focusing on its support for model-driven engineering
of embedded systems. Section 6 presents an application development case study
that illustrates the applicability of Model-Driven Theme/UML to the develop-
ment of embedded systems. Section 7 concludes the article and outlines plans
for future work.

2. THEME/UML

The Theme approach is an aspect-oriented methodology that encompasses the
requirements analysis, design, and mapping to implementation phases of the
development lifecycle [Clarke and Baniassad 2005a]. Theme/UML is an aspect-
oriented modeling language that facilitates the graphical modeling of concerns
in an extended version of UML. The accompanying methodology provides guide-
lines on the use of these constructs, which include a new type of classifier called
a theme, and three integration strategies—merge, bind, and override.

A theme is a construct based on the standard UML package and encapsulates
the design specification of a base or aspect concern. Figure 1 shows how base

1By advanced modularization, we mean separation of not only crosscutting concerns but also
separation of functionally distinct base concerns.
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themes and aspect themes are designed. Base themes are modeled using the
standard UML process and any of the available diagram types. A base theme
encapsulates a single piece of noncrosscutting functionality and can trigger
the crosscutting behavior represented by an aspect theme. An aspect theme
is one that encapsulates a crosscutting concern and is designed relative to
abstract templates. In the current version of Theme/UML, sequence diagrams
are used to specify when and how the templates interact with the base themes.
However, composition relationships could equally be visualized using any of
UML’s standard behavioral diagrams including collaboration [Mehner et al.
2006], activity [Cui et al. 2009], and state [Cottenier et al. 2007a] diagrams.
The choice of behavioral diagram to capture theme composition relationships
depends largely on how behavior is modeled within individual themes. For
example, if the base theme has modeled its behavior using state diagrams,
then it is likely that it would be helpful to model corresponding compositions
also using state diagrams [Cottenier et al. 2007b]. Theme/UML currently uses
sequence diagrams as a source for synthesizing OO source code for languages
such as Java. However, state diagrams are commonly used in event-driven,
state-dependent embedded systems software design, and also lend themselves
to transformation to source code. In future work, Theme/UML will be extended
to support the use of a wider range of behavioral diagrams in the specification
of compositions.

Themes in Theme/UML are declaratively complete, that is, each concern is
self-contained and does not reference anything outside of its own specification.
While this property facilitates a more rigorous separation of individual themes,
it may result in the same concepts being simultaneously represented in mul-
tiple themes (though likely not specified in detail in more than one theme).
Consequently, these overlapping concepts must be reconciled at composition
time.

Theme/UML supports compositional constructs to cater for both overlap-
ping and crosscutting relationships between themes [Clarke and Baniassad
2005b]. A merge integration strategy is used between two or more themes to
produce a single theme containing the union of the merged themes. The merge
integration strategy caters for overlapping concepts by allowing elements to
be matched, for example, like-named elements, thereby resolving conflicts be-
tween themes. Figure 2 illustrates a merge between two themes, where the
match[name] property indicates that elements are to be merged based on name.
ThemeName(‘‘NewTheme’’) indicates that the merge will produce a new theme
called NewTheme. To achieve resolution of conflicts, Theme/UML supports
three reconciliation strategies. The first strategy, prec, indicates the precedence
of each theme’s design specification in the merge. Figure 2 illustrates that the
second theme has a higher precedence than the first theme, and therefore,
its design specification will get priority in the merge. The second reconcilia-
tion strategy is an explicit reconciliation that takes the form resolve(Entity
(property = value)), and allows any property of any specific entity in a theme
to be assigned a value. The third reconciliation strategy is a default reconcili-
ation and has a similar form to the second strategy, with Construct replacing
Entity (as illustrated by the possibility to include either Construct or Entity in
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Fig. 2. Merge integration strategy.

Fig. 3. Bind integration strategy.

the resolve statement shown in Figure 2). In this case, any property of a UML
construct (e.g., operation visibility kind) can be given a value (e.g., private),
with the reconciliation being executed during the merge.

A second integration strategy called a bind facilitates composition of as-
pect themes with base themes, for example, specification of how crosscutting
embedded systems concerns are composed with core functional concerns. In
Figure 3, an aspect theme is designed in relation to its abstract templates.
The triggering template operation in this example is called A.trigger(). The
sequence diagram illustrates the behavior of the aspect theme in relation to
this triggering behavior. The operation do trigger() represents the behavior
of any operation in the base theme that will be bound to the template method.
The sequence diagram represents how and when the crosscutting behavior
is executed with respect to the base themes that it affects. For example, in
this case, the crosscutting behavior occurs after the execution of the bound
operation. The bind specification represents instantiation of the aspect theme.
The aspect theme is bound to the base operation B.trigger(); therefore, the
triggering template operation is replaced with B.trigger() when the aspect is
instantiated. This behavior allows crosscutting concerns to be modularized and
subsequently composed with specific points in the base behavior of a system.2

2See Clarke [2001] for a more formal specification of the integration strategies.
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Although not of particular relevance to this article, the third kind of inte-
gration strategy is called an override and deals specifically with overlapping
specifications. An override is a relationship between two themes in which the
design specification of one theme is denoted to override that of another.

3. RELATED WORK

In this section, we review a number of related approaches to model-driven engi-
neering of embedded systems. We also briefly survey (i) alternative approaches
to modularisation of concerns in design and (ii) the relationship of our work
to existing approaches to formal specification, validation, and synthesis of em-
bedded systems.

3.1 Model-Driven Engineering of Embedded Systems

Although model-driven engineering has been steadily gaining popularity since
the introduction of CASE tools in the 1980s, the mismatch between UML (typi-
cally used as the modeling language in model-driven engineering environ-
ments) and embedded platforms (typically non–object-oriented) has hindered
progress in applying MDE techniques to development of embedded systems.
However, the concept of taking a more model-centric approach to develop-
ing embedded systems is rapidly gaining acceptance (as evidenced by Gérard
et al. [2005]) and a number of related approaches have been proposed in recent
years.

Telelogic Rhapsody Developer in C3 is a model-driven engineering tool that
generates C code based on UML 2.0 behavioral and structural diagrams.
UML models in Rhapsody Developer conform to the FunctionalC UML Profile
[Douglass 2008] discussed in Section 5.4 and code is produced based on the
UML to C mapping defined by the profile. While Rhapsody Developer offers
automatic transformation of FunctionalC models to 32-bit real-time operating
system environments and 8/16-bit microcontrollers, it has a number of limita-
tions. Unlike Model-Driven Theme/UML, Rhapsody Developer has no support
for advanced modularization in design, and hence, it does not address the issue
of increasing complexity in embedded systems.

Riccobene et al. [2006, 2009] have presented a development environment
for the hardware/software co-design of embedded systems based on UML and
SystemC. The approach supports graphical specification of SystemC designs
in UML, generation of SystemC code from the UML models and the option to
reverse engineer UML models from SystemC code. Like Rhapsody Developer,
this tool does not provide any support for advanced separation of concerns in
design.

Nascimento et al. [2006] have presented the implementation of a UML/MOF
metadata repository that provides an API to manipulate stored metadata.
This API facilitates implementation of tools for embedded systems design.
The repository caters for three types of application model—applications mod-
eled using UML, platforms modeled using the UML profile for scheduling,

3http://modeling.telelogic.com/products/rhapsody/software/developer/developer-c.cfm.
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performance, and time (UML-SPT),4 and mappings between applications and
platforms. In order to illustrate the approach the authors describe an applica-
tion development case study that involves specification of the system design
with UML models annotated with UML-SPT and automatic generation of Java
source code. Similar to the tools reviewed previously in this section, the work
of Nascimento et al. does not consider support for advanced modularization in
design.

Oliveira et al. [2007] describe a model-driven approach for MPSoC design
space exploration that focuses on addressing the issue of reasoning about com-
plex multiprocessor systems. The tool, which is partially based on the work
of Nascimento et al. discussed previously, supports a UML-based approach to
design space exploration and an automatic multiobjective design space estima-
tion mechanism. Support for model transformation is provided following the
exploration phase of the development cycle, although it is unclear whether
automated support for code generation is provided. The tool is not explic-
itly concerned with separation of concerns in the manner that Model-Driven
Theme/UML is.

The Distributed Embedded Real-time Aspects Framework (DERAF) pro-
vides an extensible set of aspects related to nonfunctional requirements in
embedded systems that can be used as part of the modeling phase, where mod-
els are created using UML-SPT [Wehrmeister et al. 2007]. The primary goal
of the framework is to provide aspects that can alter the behavior of modeled
system elements by adding behavior and structure to handle nonfunctional
requirements, without committing the model to a specific implementation. The
aspects provided in the initial version of DERAF cater for nonfunctional re-
quirements related to time, performance, distribution and embedded concerns.
Within each category of concern the authors have defined a number of sub-
concerns, for example, response time and throughput are the nonfunctional
requirements supported in the performance category. DERAF’s primary aim is
to manage the growing complexity of distributed, real-time embedded systems,
an aim shared with the approach described in this article. However, unlike
Model-Driven Theme/UML, DERAF does not propose model composition se-
mantics, and consequently it does not support automated model composition
and subsequent generation of source code.

3.2 Modularization of Concerns in Design

There are a number of existing approaches to advanced modularization in
design. Composition directives [Reddy et al. 2006; Straw et al. 2004] is an
approach implemented in Kermeta called Kompose [Fleurey et al. 2007] that
supports composition of both aspect and base UML models. The Atlas Model
Weaver (AMW)5 is a tool based on the Eclipse modeling framework that fa-
cilitates the creation of links between models [Didonet Del Fabro et al. 2005].
The Motorola WEAVR [Cottenier et al. 2007a] is a commercial add-in to the

4http://www.omg.org/docs/formal/05-01-02.pdf.
5http://www.eclipse.org/gmt/amw.
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Telelogic TAU tool, designed for use in telecoms systems engineering, that sup-
ports aspect-oriented extensions to state machines. XWeave is a model weaver
that supports composition of different architectural viewpoints, that is, the
weaver facilitates software product-line engineering by allowing for variable
parts of architectural models to be woven according to a specific product con-
figuration [Groher and Voelter 2007]. Modeling aspects using a transformation
approach (MATA) [Jayaraman et al. 2007] is a UML aspect-oriented modeling
tool that uses graph transformations to specify and compose aspects. Finally,
Klein et al. [2007] suggest an approach for weaving multiple behavioral aspects
using sequence diagrams.

The overriding difference between our Theme/UML-based approach and the
approaches surveyed is our support for commonly used/standard tools and
techniques and our focus on supporting embedded platforms. Model-Driven
Theme/UML purposely supports standard tools and formats, for example,
UML, Eclipse, XMI, in order to ease adoption of our systematic, integrated
approach to model-driven engineering. Additionally, we explicitly target em-
bedded platforms through the provision of automatic transformation of com-
posed models to C code.

3.3 Formal Model Specification, Validation, and Synthesis

A significant amount of research has been published on model-based design
of embedded systems. Edwards et al. [1997] surveyed numerous approaches
to formal modeling, verification, and synthesis of reactive real-time embedded
systems. More specific surveys on the array of methods and tools available for
formal verification of embedded systems have also been published [Wang 2004;
Loghi et al. 2005; Cheng 2006], while a recent survey by Gherbi and Khendek
[2006] discusses various extensions to UML that support modeling of real-time
systems. Developer adoption of these approaches is supported by a range of tools
for embedded systems development. These tools, reviewed by Emerson [2004]
and the Escher Research Institute [2008], address various aspects of model-
based design, from heterogeneous modeling, simulation and design of concur-
rent, real-time, embedded systems with Ptolemy II,6 to hardware/software
co-design with POLIS.7 We believe that Model-Driven Theme/UML comple-
ments many of these approaches and that there is scope for integrating Model-
Driven Theme/UML with the appropriate existing approaches. For example,
our toolset’s formal modeling and verification capabilities can be enhanced
by incorporating existing support for modeling real-time behavior with UML
[OMG 2007] and verification of UML sequence diagrams [Aredo 2002] and class
diagrams [Cabot et al. 2008], respectively. Additionally, there is scope to use
Model-Driven Theme/UML to analyze and modularize crosscutting concerns
in the output of tools (e.g., Rhapsody Developer, POLIS, and Ptolemy II), that
support synthesis to C.

6http://ptolemy.eecs.berkeley.edu/ptolemyII/index.htm.
7http://embedded.eecs.berkeley.edu/Respep/Research/hsc/abstract.html.
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Fig. 4. The Theme/UML design of the power-saving concern applied to core system behavior.

4. SEPARATION OF EMBEDDED SYSTEMS CONCERNS WITH THEME/UML

Embedded systems have become increasing complex in recent years as im-
provements in hardware performance and reductions in cost have enabled con-
struction of more technically advanced systems. One feature of this complexity
is the repetition of nonfunctional behavior throughout a system (e.g., mem-
ory management, resource sharing, real-time and power management code).
In this section, we illustrate by means of a power management example how
Theme/UML can reduce the presence of repeated, crosscutting concerns in em-
bedded systems design.

Figure 4 illustrates the Theme/UML design of a power management concern
for a remote control (e.g., a wireless games console controller) that sleeps after
a period of inactivity. Power management is orthogonal to the core behavior
offered by the system to which it is being applied and is, therefore, modeled
separately. The design contains two themes, an aspect theme on the left-hand
side called PowerManagement and a generic base theme called BaseSystem that
consists of a number of modules that contain functions with power management
requirements.

The aspect theme, PowerManagement, contains both structural and behav-
ioral information. The structure of the theme is represented by a class dia-
gram. Power contains three functions: op(), do op(), and setIdle(int). op()
is a Theme/UML trigger template function that represents invocation of any
function that is bound to the aspect theme. do op() is a Theme/UML tem-
plate function that is replaced with the execution of the bound method. The
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setIdle(int) function contains a power management code. This method takes
a parameter specifying the amount of time after which the device should be put
into idle mode, and it invokes the countdown(int) function in the Timer class.

The behavior of the aspect theme is represented by a sequence diagram.
The diagram, named op(), specifies the sequence of actions that occur once
the method bound to op() in the Power class is invoked. do op() is invoked
following invocation of the bound method, meaning that the bound method
executes as normal before the crosscutting behavior executes. When the bound
method has finished executing, the setIdle(int) method that starts the timer
is invoked. Once the timer has completed the device can be put into idle mode.

Once the design of the base theme and the aspect theme are complete they
can be associated with each other. The top right-hand corner of the aspect theme
contains template parameters in a dashed box. This box specifies the template
methods and parameters that are replaced with actual constructs from what-
ever base themes are bound to the aspect theme. In this case, the aspect theme
design specifies that op() in class Power is a template function, and also that
the bound theme can supply a numerical argument representing the amount
of time to wait before switching to idle mode. The bind tag, illustrated at the
top of the figure, specifies the composition relationship that exists between the
aspect theme and the base theme that is bound to it. In this example, the bind
tag specifies that each function in each of the modules in the base theme should
be augmented with power-saving behavior and that the system should switch
to idle mode 30,000ms after the completion of each bound function.

The aspect-oriented design of the power management concern illustrates
that, using Theme/UML, crosscutting nonfunctional requirements can be de-
signed in isolation and subsequently associated with the base concerns they
affect via a composition relationship. In the following section, we describe
Model-Driven Theme/UML, a prototypical tool we have developed that sup-
ports specification of embedded systems designs with Theme/UML, automated
model composition based on Theme/UML composition relationships and auto-
mated model-to-code transformation.

5. MODEL-DRIVEN THEME/UML

Model-Driven Theme/UML is a set of tools with a supporting development
process that facilitates modularized design with Theme/UML and subsequent
model composition and synthesis to source code. The tool suite and process was
originally designed to support development of applications for deployment on
mobile platforms [Carton et al. 2009]. However, we have extended the tool suite
to support transformations to embedded platforms by offering synthesis to C
code. Figure 5 illustrates the Model-Driven Theme/UML development process.
The process contains three distinct phases that are titled based on the activities
of the developer during each phase.

5.1 Modeling

The first phase involves system modeling via specification of base con-
cerns, aspect concerns and composition relationships in Theme/UML. We
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Fig. 5. Phases in the Model-Driven Theme/UML development process.

Fig. 6. The Theme/UML marking profile.

have developed a Theme/UML marking profile that facilitates development of
Theme/UML models within standard UML editors. Marking allows for model
elements to be tagged with information that serves as input to the model com-
position process (discussed later in this section). Figure 6 illustrates that the
Theme/UML profile contains a theme stereotype extending the UML package
construct and a series of relationships between themes based on UML depen-
dency relationships. Developers couple this lightweight extension to UML with
a graphical UML editor to create modularised Theme/UML system designs
before proceeding to the model composition phase of the development process.
The primary requirement for any UML editor used during the modeling phase
is that it supports export to Eclipse modeling framework8 (EMF) XML meta-
data interchange (XMI) format. Our current editor of choice is MagicDraw,9

which is free under academic license. However, any UML editor that supports

8http://www.eclipse.org/modeling/emf/.
9http://www.magicdraw.com.
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integration of profiles and export to XMI can be used during the modeling
phase.

5.2 Composition

The second phase of the Model-Driven Theme/UML development process in-
volves composition of the models specified during the modeling phase. By sup-
porting model composition, we offer developers the benefits of using separation
of concerns in design without restricting them to implementing their solutions
in aspect-oriented languages. This is of particular relevance in the embed-
ded systems domain where the use of aspect-oriented programming languages
during implementation is uncommon. Implemented as an Eclipse plug-in, our
composition tool takes the XMI produced during the modeling phase as input
and processes it based on knowledge of the Theme/UML composition meta-
model to produce a composed, platform-independent standard UML view of
the system model.

At this point in the process, there is a decision point. Either the developer
is satisfied with the results of the automatic composition or the composition is
deemed incomplete. In the first case, the developer can elaborate the composed
model and/or proceed to the next phase. In the case of an incomplete composi-
tion, the developer can revert to the modeling phase, reapply the Theme/UML
composition relationships and compose the model again.

5.3 Transformation

The transformation phase begins with a decision regarding how the devel-
oper wishes to transform the composed model. Of primary relevance to this
article is the arrow in Figure 5 from the decision point in the transformation
phase to the state labeled “Synthesis with Tool,” which illustrates that C code
can be automatically generated from the composed model. We adopted two
approaches for model-to-text transformation—a template-based approach for
structural code and a visitor-based approach for behavioral code. The imple-
mentation of both these approaches is based on a third-party code generation
technology called openArchitectureWare.10 openArchitectureWare is a model-
driven development generator framework that, via a template-based language
called XPand, facilitates production of text from models. We developed a set
of templates that encode a UML-to-C mapping, discussed in Section 5.4, and
are processed by the openArchitectureWare workflow engine to produce C code
from a UML model. We extended the templates with Java extensions that im-
plement behavioral code generation from sequence diagrams and integrated
them using openArchitectureWare’s template extension mechanism. The re-
sult is an integrated code generation tool that produces compilable structural
and behavioral code from class diagrams and sequence diagrams respectively.

10http://www.openarchitectureware.org/Now part of the Eclipse modeling, Model to Text Project
http://www.eclipse.org/modeling/m2t/.
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5.4 Mapping UML to C

UML is a general-purpose, programming language-independent modeling lan-
guage that can be used to model a vast range of systems. However, due to its
object-oriented nature, systems designed in UML map more naturally to im-
plementation in object-based languages such as C++ and Java as opposed to
procedural languages like C. Therefore, it was necessary to define a mapping
from UML modeling constructs to C language constructs in order to facilitate
code synthesis.

Previous work on mapping from UML to C suggests there are two primary
options when defining a mapping. The first option is to define a new UML pro-
file that effectively transforms UML from an object-based modeling approach
to a functional modeling approach. Such an approach to using UML (and by
implication, Theme/UML) is probably more natural to C programmers, in that
it avoids unfamiliar object-oriented concepts such as inheritance. Modeling C
applications in this way is consistent with the way many C designers design
their applications today [Bakal and Cohen 2010]. For example, FunctionalC,
developed by Telelogic, introduces new concepts to UML so that it can sup-
port developers in specifying functionally oriented, C-based systems [Douglass
2008]. In FunctionalC, a standard UML class diagram becomes a File diagram,
where files are composed of variables and functions. Extending UML with a
language-specific profile fosters use of UML by developers who are not familiar
with UML design, allowing them to graphically describe their software without
any prior knowledge of object-oriented modeling. However, many of the advan-
tages of object-oriented modeling, such as the reduction in complexity due to
the use of inheritance, are lost.

The second option when mapping UML to C is to forgo functionally ori-
ented UML extensions, embrace the full power of object-oriented modeling and
map object-oriented UML constructs to C language constructs. Khan et al.
[2006] have proposed a mapping correspondence from UML 2.0 to C, and Pont
[2002] indirectly proposes a mapping during a discussion on how to use an
object-oriented style of programming with C. These mappings describe how
UML/object-oriented constructs such as classes, their attributes and opera-
tions map to C language constructs.

Our current approach to mapping UML to C is a hybrid approach based on
ideas introduced in the FunctionalC profile, where a File diagram replaces a
Class diagram, and the mappings of Khan and Pont, where behavioral elements
in standard UML classes are mapped to standard C language constructs. Table I
describes the mapping we use to transform composed platform-independent
models to C code. The mapping is realized as openArchitectureWare templates
and extensions and is discussed in detail during the case study in Section 6.
Our mapping from UML Class to C struct does not currently support the
use of inheritance. To overcome this limitation, thereby more fully support-
ing object-orientation at the model level, our UML to C mapping needs to be
extended. In this future work, we will use well-accepted mappings from gen-
eralization relationships in the model to standard C language constructs (See
Section 6.1).
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Table I. The UML to C Mapping Employed in Model-Driven Theme/UML

UML C Explanation
Class File Each class in a UML class diagram maps to a pair of C files

in source code (a .C and a .H file). Constructor and destructor
functions are included in the .C and .H files.

Class Struct In cases where multiple instances of a class are required, each
class in a UML class diagram maps to a struct defined in a .H
file.

Attribute Variable Each attribute of a class in a class diagram maps to a variable
in a .C file. Private variables are defined as static. In the case
of multiple instances, the attribute would map to a variable
in a struct.

Operation Function Each public operation of a class in a class diagram maps to a
function declared in the .H and .C files. Private functions are
defined as static in the .C file only.

Association Header Include Association relationships between classes in a class diagram
map to the inclusion of external header files within a file.

Sequence
Message

Function call Messages in UML sequence diagrams map to sequences of C
function calls.

6. CASE STUDY

In order to assess the applicability of Model-Driven Theme/UML to embed-
ded application development, we conducted a case study involving the design
and implementation of an artificial pacemaker. The case study illustrates how
Model-Driven Theme/UML facilitates separation of concerns in design and both
automated model composition and source code generation.

A pacemaker is a medical device that uses electrical impulses to regulate the
beating of the heart. The pacemaker under consideration has typical require-
ments such as sensing the heart rate and generating a pulse. It is also required
to wirelessly communicate diagnostic information and support updates.

Traditional approaches to developing such a system begin with a require-
ments specification that is directly implemented as code by hand. Rapid pro-
totypes may be produced to learn about requirements or an intermediate
modeling step may be taken using tools and environments such as MATH-
LAB/Simulink, Labview, or Ptolemy [Kopetz 1997; Lee 2003; Shukla 2009].
Other model-driven approaches include Telelogic Rhapsody Developer and
the SystemC development environment by Riccobene et al. [2006, 2009] (see
Section 3). These tools can be used to produce physical or electrical models and
can output production C code or generate hardware description language code
for FPGA devices [Krasner 2004]. The design then goes through a verification
stage, which may be formal or simulation based (possibly with hardware in the
loop) [Murphy et al. 2008].

In contrast, the Theme/UML approach illustrated by this case study, sup-
ports correct-by-construction software synthesis through an aspect-oriented
system decomposition and model-driven development process [Shukla 2009].
This aspect-oriented approach provides a stronger separation of concerns ca-
pability, allowing the designer reason about different functionalities, including
those that scatter across a system, separately. This approach complements
existing approaches to embedded system development by facilitating
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Table II. Themes in the Pacemaker Design

Base Functional Requirement
Themes
Monitor Heart Provide access to heartbeat and heart temperature sensor data.
Analyze Pulse Analyze the frequency of the heartbeat to determine the current heart

rate.
Generate Pulse Adjust the heart rate based on knowledge of the ideal rate and the

current rate.
Acquire Data Provide remote, wireless access to the pacemaker and access to diag-

nostic information.
Update Pace-
maker

Remotely update the pacemaker firmware.

Aspect Nonfunctional Requirement
Themes
Security Provide data security on outgoing communications via data en-

cryption. The security aspect theme has a trigger method called
transmit(). Any function bound to this trigger template method has
encryption applied to the messages it sends before they are transmit-
ted.

Memory Man-
agement

Provides functions to reduce memory allocation problems. The mem-
ory management aspect has two trigger template methods called
create() and destroy(). The aspect’s behavior checks pointers, pre-
vents memory leaks, stops buffer under- / overruns and ensures newly
allocated buffers contain a well-known value.

Fault Tolerance Cater for sensor errors by coordinating between multiple sensor read-
ings. The fault-tolerance aspect theme has a trigger template method
sense(). Comparison analysis and coordination behavior is applied
following execution of functions bound to the trigger method.

separation of concerns in design, automated model composition, and source
code generation. The use of models has the potential to facilitate verification
at the model level, thus overcoming the state–space explosion problem related
to formally verifying code [Pelánek 2009; Shukla 2009].

The Model-Driven Theme/UML case study began with the identification
of five base themes and three aspect themes. The base themes encapsulate
the core system behavior, while the aspect themes represent features that
crosscut the base themes. Table II lists the themes identified and outlines their
responsibilities.

In accordance with the Model-Driven Theme/UML process illustrated in
Figure 5, application development began with modeling of base and crosscut-
ting concerns in the UML editor. In the interest of brevity, we do not show and
discuss the design of all themes, but rather we focus on a number of represen-
tative examples.

Figure 7 shows the structural design of GeneratePulse, an example of a
base theme created during the design of the pacemaker.11 The theme contains
only the classes and relationships necessary to represent the structure of the

11Illustration of the detailed design is outside the scope of this section. However, base themes can
be specified in greater detail by including one or more behavioral diagrams. Additionally, there
is scope to integrate complementary UML profiles for modeling embedded systems behavior (e.g.,
MARTE [OMG 2007].
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Fig. 7. Screenshot of the Magicdraw design of the GeneratePulse base theme.

pulse generation behavior (i.e., generation of a heart pulse based on analysis
of the current heart rate. Figure 8 illustrates the design of both the struc-
tural and the behavioral constituents of the MemoryManagement aspect theme.
MemoryManagement supports dynamic memory allocation by keeping track of all
allocation and frees.12 Functions that allocate or free memory are bound to one
of the triggering template operations: create() or destroy(). These functions
wrap standard memory allocations with checks designed to prevent problems
such as memory leaks, dependence on values in newly allocated buffers, pointer
over- and underruns, and invalid pointers. The design illustrates that the cross-
cutting memory management concern is cleanly modularized within the aspect
theme as opposed to occurring repeatedly at relevant points throughout the
code base.

When all of the base and aspect themes had been designed, we were in a posi-
tion to specify composition relationships between them. The relationships dic-
tate how the base themes are composed to form a complete system and how the
base themes are bound to the aspect themes that crosscut them. Figure 9 shows
a screenshot of the theme composition diagram as designed in Magicdraw. The
composition specification illustrates that all base themes should be merged to-
gether to form a system called “Pacemaker,” as denoted by the ThemeName tag
on the merge relationship beneath the AcquireDataExternally theme. This
merge relationship also contains a tag that specifies that identically named
concepts in different themes should be considered to represent the same con-
cept and should be merged. The theme composition diagram also shows how
base themes are bound to aspect themes. sendMessage() in the Comms class of
the AcquireDataExternally theme is bound to the Security aspect theme so
that data sent from the pacemaker to the outside world is encrypted. All sensing
methods in the MonitorHeart theme are bound to the DiversityFaultTolerance

12The behavior of the memory management aspect is based on the features provided by Walter
Bright’s MEM Package [Bright 1990].
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Fig. 8. Screenshots of the Magicdraw design of the MemoryManagement aspect theme.

aspect so that diversity in sensor readings can be detected and inaccurate read-
ings discarded. Methods in MonitorHeart and AcquireDataExternally that al-
locate or free memory, for example, receiveMessage() and sendMessage() in
the Comms class and init() in all the HeartMonitor classes, are bound to the
MemoryManagement theme.

When the composition specification was completed, the full pacemaker de-
sign (base themes, aspect themes, and theme composition diagram) was ex-
ported from Magicdraw to Eclipse in XMI format (EMF UML2 v2.x XMI File).
The XMI version of the pacemaker design, shown in Figure 10, is used as input
to the Theme/UML model composition plug-in. The plug-in uses the compo-
sition relationships specified during the design process to output a composed
version of the pacemaker system in XMI format. The composed model can be
viewed graphically as a class diagram to aid the process of examining the result
of the composition. Figure 11 shows a screenshot of the composed version of
the pacemaker design.
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Fig. 9. Screenshot of the theme composition diagram as designed in Magicdraw.

Fig. 10. Eclipse screenshot of the pacemaker design in XMI format.
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Fig. 11. Screenshot of the composed pacemaker design as viewed using UML2 Tools in Eclipse.

The figure shows that the composition relationships have been applied to
produce a composed UML version of the pacemaker design. The crosscutting
behaviors specified in the aspect themes and bound via bind statements in the
composition diagram have been woven and are represented by the presence
of pairs of similarly named methods in the affected classes, for example, the
Comms class has methods sendMessage, and do sendMessage, as it is affected by
the memory management concern.

With the composition process complete it was possible to automatically gen-
erate source code from the UML model. This was achieved using templates
and extensions built using the openArchitectureWare framework. The tem-
plates encode a mapping from UML to C based on the mapping discussed in
Section 5.4. Figure 12 contains a screenshot of Class.xpt, a template writ-
ten in XPand that specifies how each class in the composed model should be
treated by the openArchitectureWare workflow engine. The screenshot illus-
trates that for each UML class encountered a .c and a .h file are created, both
named after the name of the class. In the case of the .c file, the attribute,
static attribute and operation templates are then applied (lines 12 through
14 in Figure 12). For .h files, the header attribute and header operation tem-
plates are applied (lines 25 and 26, respectively). The templates generate the
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Fig. 12. Screenshot of the Class.xpt XPand template.

structural code, while the Java class GeneratorNew.java (shown to the left of
lines 7 and 8) contains model parsing code to generate behavioral code from
sequence diagrams.

The code generation templates and extensions are processed by the openAr-
chitectureWare workflow engine, which is invoked by running a workflow file.
Figure 13 shows the workflow file that specifies the files that are involved in
code generation for the pacemaker application. Line 5 specifies that the target
of the workflow engine is the composed model produced by the Theme/UML
Eclipse plug-in. The output produced is placed within a folder called src-gen
(line 16) and the first code generation template applied to the model is Root.xpt,
which identifies classes within packages and applies the Class.xpt template to
each (as discussed in relation to Figure 12). The result of executing the workflow
file is a .c and .h file for each class in the composed pacemaker model. Figure 14
shows code generated for the PaceModulator.c file. The code shown is predom-
inantly structural due to the nature of the pacemaker design, which consisted
mainly of class diagrams. As mentioned previously, specification of behavior
in base themes is possible through the inclusions of behavioral diagrams (e.g.,
sequence diagrams) and results in generation of sequences of functions calls
within method bodies. The Comms init() function (lines 133 through 140) is af-
fected by the memory management concern and consequently has crosscutting
code woven into the function body.
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Fig. 13. Screenshot of the openArchitectureWare workflow file for the pacemaker application.

Fig. 14. Screenshot of the generated code for the Comms.c file.

6.1 Applicability to Embedded Systems

This case study illustrates how Model-Driven Theme/UML supports aspect-
oriented model-driven engineering of embedded systems. Theme/UML facili-
tated separation of concerns at design time, allowing specific requirements to
be reasoned about in isolation. This separation of concerns avoided the presence
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of scattered crosscutting concerns throughout the design, helping to preserve
key system properties such as comprehensibility, extensibility, and reliabil-
ity. Given a set of composition relationships the Model-Driven Theme/UML
tool automatically generated a composed view of the application, allowing
progress from an aspect-oriented modeling environment to an object-oriented
modeling environment. Automated source code generation facilitated a final
transformation to a procedural programming environment. The tool supports a
solution-focused development approach that allows developers to concentrate
on modularising system design and to avail of the benefits of automatic model
composition and source code generation.

However, the current version of Theme/UML has some limitations, some
of which have already been identified throughout this article. First, the
Theme/UML profile does not capture all embedded systems concerns. For ex-
ample, Theme/UML does not support the specification of temporal behavior
[Galpin et al. 2009]. We are currently investigating overcoming such limita-
tions by specifying a model that inherits from more than one UML profile, for
example, MARTE for temporal behavior [OMG 2007]. This will require exten-
sions to the code generation aspects of the Theme/UML toolset. Second, the
toolset does not support inheritance in the UML to C transformations, which
precludes the use of inheritance at the modeling level. We are currently in-
vestigating the implementation of inheritance for C using an approach such
as namespace management [Samek 1997] or message maps and aggregation
[Sadler 1998]. Third, the current Theme/UML toolset implementation requires
that composition behavior is specified in sequence diagrams. However, partic-
ularly in embedded systems, state diagrams are likely to be used in the base
themes. Where the base theme’s behavior is specified in state diagrams, it is
probable that it would be useful to specify (at least some of) the compositional
behavior also using state diagrams. This is also true for activity diagrams
and collaboration diagrams. The inclusion of support for more than one behav-
ioral diagram is planned as part of future development of the Model-Driven
Theme/UML toolset.

Aside from these limitations, we envisage that Theme/UML will be used
as a complementary approach with other modeling techniques. Theme/UML’s
strength is in managing complexity through the modularization of functional
and nonfunctional concerns that, in particular, manifest themselves as code in
the system (including crosscutting behavior). For nonfunctional concerns that
do not give rise to explicit executable behavior, other approaches should be
used. For example, standard OCL can be used for specifying constraints.

7. SUMMARY AND FUTURE WORK

In this article, we have presented our approach to aspect-oriented model-driven
engineering for embedded systems. We illustrated how Theme/UML can be
used to modularize nonfunctional embedded systems requirements. We fol-
lowed that by describing Model-Driven Theme/UML, a toolset and supporting
development process for separation of embedded systems concerns in design
and subsequent automated model composition and C source code generation.
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We also illustrated the capabilities of the tool by means of a case study and
discussed related work.

We are currently investigating two main extensions to Model-Driven
Theme/UML.13 First, we are investigating embedded systems-specific exten-
sions to the Theme/UML specification so that it will provide better support for
specification of formal system models, which will in turn lend themselves to ver-
ification. Second, we are exploring how the output of existing model-based tools
for embedded systems design can be reverse engineered to XMI and analysed
from a software modularization perspective using Model-Driven Theme/UML.
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