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UML and Model Engineering

Aspect-Oriented Design with Theme/UML

Siobhdn Clarke

Aspect-oriented software development represents a set of emerging technologies that seek to extend the
modularisation capabilities of existing software development paradigms. For example, those concerns that
‘crosscut’ a system (i.e., have an impact across multiple modules of the system) can be designed and
programmed separately, to be later composed into a running system. In the object-oriented paradigm, there
are many examples of crosscutting concerns that cannot be modularised — classic ones are transaction
handling, distribution support and audit trails. There has been significant success in aspect-oriented
programming languages that are based on extending object-oriented programming languages. This paper
describes an approach to extending the UML to support the modularisation of a designer’s concerns,

including crosscutting ones.

Keywords: Aspects, Aspect-Oriented Design, Design Com-
position, Metamodels, UML.

1 Introduction

Modularisation using conventional object-oriented de-
sign models is by class, interface and method. This kind of
modularisation matches well with object-oriented code, pro-
viding a measure of traceability between object-oriented
designs and code. However, it does not align well with the
structure of requirements specifications, which are generally
described by feature and capability. There is a negative impact
to this structural mismatch — support for individual require-
ments is scattered across the design, and support for multiple
requirements is tangled in individual design units. This reduces
comprehensibility and traceability, making designs difficult to
develop, re-use and extend [2].

A new model is required that supports the designer in identi-
fying the different requirements or features or concerns in a
specification, and supports the modularisation of each into
separate design models. This paper describes Theme/UML,
which is an extension to the standard UML (Unified Modeling
Language) to support this kind of modularisation. The design
of the system is modularised into ‘themes’. A theme is any
feature, or concern, or requirement of interest that has to be
catered for in the system. Themes may relate to each other, in
the same way as requirements or features are related to other
parts of the system. This is likely to cause overlaps in the design
models, which has important implications for a design lan-
guage. We must assume that if we modularise in this manner,
then we must be able to cater for relationships and overlaps
between the model elements in the separated theme design
models. Theme/UML recognises two kinds of overlap. The first
is concept sharing, where different themes have design
elements that represent the same core concepts in the domain.
For example, “Add Customer Details” and “Take Customer
Booking” requirements are both likely to have a notion of
“customer”. Each theme will contain specifications for those
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same concepts designed from the perspective of the theme. The
second category of overlap is the classic aspect-oriented cross-
cutting, where behaviour in one theme will be triggered in
tandem with behaviour in other themes. Themes, therefore,
represent a broader view of modularisation than the ‘aspects’
from many aspect-oriented programming approaches such as
in [7], and are more closely related to multidimensional
concerns from [11].

Theme/UML’s extensions to the UML centre around
supporting the designer in specifying how overlapping themes
relate to each other, and in the composition capabilities that are
defined. In all aspect-oriented approaches, there must be a way
to designate how the aspects relate to the rest of the system. To
provide this capability, Theme/UML has defined a new kind of
relationship, called a composition relationship that allows the
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Figure 1-1: Grammar Theme.

designer identify those parts of the theme designs that relate to
each other and therefore should be composed. For themes that
crosscut others, this means identifying when and where in
those other themes the additional behaviour should occur. For
other kinds of overlaps, this means identifying elements in the
theme designs that correspond to each other and saying how
they should be integrated. Theme/UML also provides seman-
tics for model composition based on the composition relation-
ship specification. This supports a level of verification that
allows the designer to consider the overall system design,
including the composition specification, to ensure that it makes
sense.

Theme/UML is part of an approach to aspect-oriented analy-
sis and design called Theme. Theme has two parts: Theme/Doc
is a set of heuristics and tools for visualisation and analysis of
software requirements documentation for the purposes of find-
ing the themes to be designed. Theme/UML is the second part,
which is a way to design aspects based on the UML [1].

2 Theme/UML through an Example

The primary motivation for Theme/UML is provide a
means to allow designers to reason about the concerns they
may have, separately. Designers may work with separate
design models for each of those concerns. Of course, since an
executing system will have all those concerns working togeth-
er, the designer will, at some point, need to be able to specify
the relationships between the separate models and verify those
decisions. Theme/UML, therefore, prescribes three high-level
steps to add to the design process. First, separately design the
themes. Second, specify the relationships between the theme
designs. Finally, compose the themes for verification purposes.

© Novatica

In this section, we work through a small example of these three
steps based on an abridged version of an expression evaluation
system. Expressions have a small grammar that supports varia-
bles, literals, plus/minus unary operations and plus/minus bina-
ry operators. Supported operations over the expression are
evaluation and checking of syntax. Operations over the expres-
sion are logged. For the purposes of this example, we will
assume that there have been four themes identified. They are
the grammar theme, the evaluation theme, the checking theme
and the logging theme.

2.1 Theme Design

For the most part, standard UML and standard object-orient-
ed design principles may be used to design the individual
themes. Except for small extensions to the UML required for
designing crosscutting themes, there is no additional notation
or semantics in Theme/UML for individual theme design. In
addition, any UML structural or behavioural model that is
required for the specification of the theme may be included in
the theme design. However, we consider that the use of
Theme/UML is likely to be a lot simpler than standard UML,
as it has the advantage of freeing the designer from having to
worry about how an individual theme affects or is related to
other themes.

2.1.1 Themes that Share Domain Concepts

In our expression evaluation system, three of the themes
overlap from the perspective of sharing domain concepts. For
example, the grammar must support a binary plus operator, and
the evaluation theme has special behaviour for the plus opera-
tion over two operands. However, from a behavioural (and
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Figure 1-2: Evaluate Theme.

possibly also a structural) perspective, the design elements that
are needed to design the grammar and the evaluation or check-
ing operations are different. See Figure 1-1 and Figure 1-2 for
an example of the structural design of the Grammar and Eval-
uation themes, respectively. The Grammar theme uses the
standard Composite pattern [5] to model the container/compo-
nent nature of expressions, and has basic accessor operations
defined.

The Evaluation theme has a slightly different hierarchy
defined, with all behaviour defined relevant only to evaluating
expressions. For space reasons, we omit the behavioural speci-
fications of these themes.

2.1.2 Themes that Crosscut

The logging theme represents one of the classic aspect-
oriented software development crosscutting examples. Since
all operations must be logged, all operations in all themes must
be augmented with the logging behaviour. However, we want
to be able to design the logging behaviour separately from any
operations to be logged — in other words, to reason about those
operations without referring to them explicitly.

This is where we see our first diversion from the standard
UML. Theme/UML extends the UML’s notion of templates
with template parameters and pattern classes to support inde-
pendent reasoning about design elements to be crosscut. Simi-
lar to templates in the UML, a template parameter is a parame-
terised model element that can be referred to in the theme
design, but that will be replaced by real model elements in a
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composed design. There is no special notation for a pattern
class — it refers to any class that has a template element. The
representation of all template parameters for all

pattern classes is combined in a single box and placed on the
package box for the overall theme. There may be multiple
template parameters in different pattern classes defined for a
single crosscutting theme.

The log theme writes text to a log file before and after the
execution of every operation being logged. This logging behav-
iour has no particular interest in the semantics of the operation
being logged — just that it is executing. An operation, therefore,
is a template parameter to be replaced by real operations in the
composed design. Any class that has an operation to be logged
(and so, has operations that will replace the template parame-
ter) is therefore considered to be a pattern class. Figure 1-3
illustrates the design.

The template parameter, called loggedOp () is in the
pattern class called LoggedClass. From the interaction
diagram in the theme design, we see the behaviour specified for
logging operations. Notice that there are other operations
defined for a logged class such as beforeInvoke () and
afterInvoke ().These are examples of elements particular to
logging that are not template parameters, and so will not be
replaced in the composed design. These elements are merged
unchanged into any class that replaces the LoggedClass
pattern in a composed design. Logging also introduces a struc-
tural property that will be added unchanged to any class that
replaces the pattern — the relationship to the LogFile single-

© Novatica
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iy ] {:| - load()
! + write()
4 _________

Figure 1-3: Logging Theme.

ton. Notice also how the designer represents the replacing
operation with an “_” pre-pended to the template parameter
name. loggedOp () is used in the template box, with a gener-
ated operation realised by the interaction diagram named as
loggedOp () . By doing this, when a replacing operation is to
be logged, the required logging behaviour to be triggered
before and after its execution is clearly defined within the inter-
action.

2.2 Specifying Relationships between Themes

Theme/UML has defined a new kind of relationship, called a
composition relationship, that allows a designer identify the
overlaps in the different themes to be composed, and specify
how those overlaps should be integrated in a composed model.

2.2.1 Relating Themes that Share Domain Concepts

The composition relationship between themes whose over-
lapping is as a result of sharing domain concepts allows the
designer designate which design elements within the themes
should be considered to be the same core concept, how to
resolve conflicts between them, and also how to integrate them.
Multiple relationships may be included between two (or more)
themes.

In the simplest case where shared concepts have been given
the same name, all a designer needs to do is draw a composition
relationship between the relevant themes with a In the simplest

© Novatica

case where shared concepts have been given the same name, all
a designer needs to do is draw a composition relationship
between the relevant themes with a match[name] tag. The
elements will be merged in a composed design, with matching
elements appearing once. Where the matching element is a
container like a class, the elements in all matching containers
will appear in the one composed container. The simplest case is
appropriate for the expression example. Figure 1-4 illustrates
how to specify a composition of the grammar, check (not illus-
trated in previous section) and evaluate themes.

Of course, the simplest case will probably not be applicable
in every situation. Theme/UML also has a means to match
elements with different names, exclude elements that may

1
matchname] |  «theme»
= Check
ST~ -
7 N
«theme» * ] *
Grammar

«theme»
Evaluate

Figure 1-4: Composition Relationship — Shared Concepts
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«theme» |
Log r a
| <LoggedClass, _loggedOp(..)> |
L — — _‘ - — — _— 4
AN
~ _ «theme»
bind[ <{*}, '] — — — -»| Check

Figure 1-5: Composition Relationship — Crosscutting.

coincidentally have the same name but are not a representation
of the same concept, and specify how to reconcile any conflicts
in matching elements. We will also describe an integration
policy based on overriding elements in one theme with
elements from another theme. This is useful for extension
themes that contain design changes to possibly obsolete
elements in the existing design.

2.2.2 Relating Themes that Crosscut

As described for the log design, a theme that contains a
design for crosscutting behaviour specifies templates as place-
holders for real design elements. Relating themes where one of
them has crosscutting behaviour entails listing the real design
elements that will replace such templates. The Theme/UML
composition relationship has a bind[] attachment with a syntax
for listing all elements that will replace each of the pattern
classes and template parameters. Figure 1-5 illustrates a
straightforward example of this for relating the log theme with,
as an example, the evaluate theme.

The <{*},{*}> parameters of the bind annotation to the
composition relationship indicate that all classes in the base
theme(s) being composed (in this case, just the evaluate
theme), and all operations within those classes, should (sepa-
rately) replace the pattern class and template operation, respec-
tively. In other words, every operation in every class should be
logged. The syntax of the bind attachment also caters for more
complex and more refined specifications of the real elements
that should replace the template parameters in a composition.

2.3 Composed Themes

At this point in the design process, the internals of individual
themes are well understood, and composition relationships
have been defined where overlaps between themes are also
understood — both in terms of how they each may have
elements that describe the same domain concept, and also relat-
ing to crosscutting behaviour. Theme/UML defines semantics
for composed themes that allow the designer verify that the
overlaps specified using composition relationships are actually
what were intended.

The process of actually composing the designs is a verifica-
tion activity to see if the composition relationships defined
make sense. The composed design will, of course, display the
non-modular characteristics that this whole approach is
designed to avoid. When considering the composed design, the
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designer should therefore verify that the behaviour is as expect-
ed, and not evaluate the design against software engineering
qualities such as modularity or inheritance refinements. We
recommend that the development team choose an aspect-
oriented implementation language to implement the separated
themes, and use the composition specification in the Theme
design to guide how the separate code artefacts are composed.

3 Extensions to the UML Metamodel

The main extension to the UML metamodel in
Theme/UML is the composition relationship, which is defined
between composable elements. For the purpose of composi-
tion, we consider composable elements to be either composite
or primitive. Primitives are defined as elements whose full
specifications are composed with other primitives (e.g.,
attribute, operation). Some elements contain other elements,
however, and therefore cannot be considered to be primitive.
For example, a class contains attributes and operations, and
those attributes and operations must be examined individually
for overlapping and integration. Such elements are composite
elements. Composites are defined as elements whose compo-
nents are not considered part of the full specification of the
composed and therefore are considered separately for compo-
sition. Composites may contain other composites (e.g., a pack-
age contains classes).

A composition relationship is defined between composable
elements. It is a new kind of relationship for the UML, and is
subclassed from the UML’s Relationship metaclass (see Figure
2). Composition entails synthesising two or more input themes
into an output theme. Identifying inputs to a composition must
first involve identifying the input theme, and specifying a
composition relationship between those themes — this compo-
sition relationship is considered to be the contextual composi-
tion relationship that defines the context for any additional
composition relationships specified between elements inside
the input themes.

A primitive composition relationship is a composition rela-
tionship between primitives, and a composite composition
relationship is a composition relationship between composites.
Composable elements explicitly related by a composition rela-
tionship are said to overlap, and are integrated based on the
semantics of the particular integration strategy attached to the
composition relationship. A more general approach to identify-
ing corresponding elements is possible with the Match meta-
class, which supports the specification of match criteria for
components of composite elements related by a composition
relationship. Integration as specified in Figure 2 is an abstract
metaclass, where it is intended that it be specialised to cater for
the particular integration specification required. The default
semantics for integration strategies is that a composition proc-
ess results in the composition of elements to new model
elements, as defined by the ‘composed’ relationship from the
Integration metaclass. See [2] for extensions to the metamodel
for two kinds of integration strategies that have been defined
within Theme/UML — merge and override.

Theme/UML also extends the UML’s notion of templates to
support crosscutting themes. Theme/UML template parameters

© Novatica
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Relationship
(fromUML)

A

ModelElement
(fromUML)

0.+ | definesForwardingOfReferences

2.* composedBy

usesForReferenceForwarding | 0.*

1.* | composed

Figure 2: Composition Relationship.

differ from the UML templates model in two primary ways.
First, templates within a crosscutting theme are centred on
pattern classes (placeholder classes to be replaced by ‘real’
class elements) within a theme first, which may have additional
template parameters defined. Second, binding actual classes
and model elements from (an)other theme(s) is achieved with
an extension to a composition relationship with merge integra-
tion defined. This composition relationship’s arguments define
which classes replace the pattern classes, and which elements
within the replacing classes replace a pattern class’s template
parameters. See [ref socp] for more details.

4 Related Work

The UML itself contains a small number of mechanisms
that could be used to separate different elements that support
different requirements. For example, attributes and operations
may be organised within classes using stereotypes to group
them for particular needs. In addition, multiple models of the
same kind (e.g. multiple object models or multiple class
models) may be defined within the same package that could be
used to provide a limited measure of separation based on
requirements. This support is limited for overlapping concepts
(concepts that support multiple requirements) because, using
UML, design elements that support the same concept, but have
different views that necessitate different specifications, must be
specified separately. Since there is no means of synthesising a
complete design of incomplete pieces in UML, such elements
will remain separate throughout the design cycle. Multiple
generalization is another mechanism that could be used to
combine multiple different structural and behavioural proper-
ties, designed to support different requirements. However,
there are some difficulties with using this technique in an

© Novatica

ComposableElement | compose 0-: CompositionRelationship : 1 Integration
0. owner integrate
A . 0.*

providesContextFor A definesModeNamespaceFor

o . I ” . . 0.1 Match

PrimitiveElement CompositeElement PrimitiveComposition | | CompositeComposition
i mateh | matchByName
dontMatch
conte:(t ContextualComposition | modeNamespaceDefinedBy
1

attempt to separate support for different requirements into
different classes. First, separation based on multiple generali-
zation is not possible when there are overlapping concepts that
support multiple requirements. Another issue is the practicality
of the approach based on the possibilities relating to an explo-
sion of the class hierarchy for each new requirement added.

Conceptually, Theme/UML has evolved from the work on
subject-oriented programming [6]. Different subjects (similar
to themes) may be or programmed to support separate require-
ments, be they functional (and conceptually overlapping) or
crosscutting requirements. Defining composition relationships
in Theme/UML is analogous to defining composition rules in
subject-oriented programming.

The goals of Theme/UML and those of the role modelling
work from the OORam software engineering method [8] are
similar. OORam shows how to apply role modelling by
describing large systems through a number of distinct models.
Derived models can be synthesised from base role models, as
specified by synthesis relations. Synthesis relations can be
specified both between models and between roles within the
models, much like our composition relationships. The synthe-
sis process is equivalent to the synthesis of subjects defined
with a merge interaction specification. The subject-oriented
design model distinguishes itself with its notion of override
integration, and more particularly, with the potential provided
by composition patterns to provide for more sophisticated,
complex possibilities for combination patterns.

Separation of concerns with Catalysis [3] is based on UML,
using horizontal and vertical slices to separate a package’s
contents according to concerns. Composition of artefacts is
based on a definition of the UML import relationship, called
Jjoin.The designer is instructed to form a new design containing
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the simple union of design elements, with re-naming in the
event of unintended name clashes. This approach is similar to
the meaning of a merge interaction specification with property
matching by name. Catalysis encourages a design strategy in
which an initial design is gradually modified to produce a
completed one, which is a single, fully integrated design. The
subject-oriented design model supports a design strategy in
which pieces (subjects) are identified and designed separately,
and may remain separate in the completed design, though relat-
ed by composition relationships. This enhances the traceability
of requirements that lead to various artefacts. For example,
Catalysis describes the rules and decisions a designer should
(might) follow to form the result of joining two packages, while
the original packages in Theme/UML are retained. Instead, a
way of specifying the rules and decisions as annotations on the
composition relationship(s) relating them is defined. Reusable
design components are supported in Catalysis with template
frameworks, containing placeholders that may be imported,
with appropriate substitutions, into model frameworks. This is
similar to merging reusable design themes that have no over-
lapping design elements, possibly using crosscutting themes.
From the perspective of crosscutting requirements,
Theme/UML also closely relates to the aspect-oriented
programming model that separates crosscutting behaviour into
separate ‘aspects’ [7]. There are some interesting design
approaches that are rooted in the aspect-oriented programming
paradigm. Approaches that consider aspects for UML as their
main concern broadly fall into two categories: those that extend
UML constructs and semantics to deal with aspects, or those
that use standard UML in new ways. To our knowledge,
Theme/UML is the most prominent approach in the former cat-
egory. An approach that avoids extending standard UML is
described in [4] that instead, relies on advanced features of
UML statecharts. Concurrent statecharts describe different
behaviours, some of which may be crosscutting. This paper
shows how to use standard (though advanced) features of state-
charts, including event broadcasting, to achieve implicit weav-
ing. This has the benefit of allowing use of standard UML tools,
but the additional complexity of using UML constructs in novel
ways, previously unintended ways that may be confusing to the
designers. Other approaches exist that make extensive use of
stereotypes to characterise the various aspect-oriented
constructs, relying on descriptions of the semantics from
programming models to map to the design [9] [10].

5 Summary
This paper describes an approach to aspect-oriented
design using an extension to the UML called Theme/UML.
Using Theme/UML, the design of the system is modularised
into ‘themes’. A theme is any feature, or concern, or require-
ment of interest that has to be catered for in the system. Differ-

20 UPGRADE vol. v, No. 2, April 2004

ent theme designs may overlap in two main ways — they may
share core concepts, or they may define crosscutting behaviour.
Theme/UML’s extensions to the UML centre around support-
ing the designer in specifying how overlapping themes relate to
each other, and in the composition capabilities that are defined.
To provide this capability, Theme/UML has defined a new kind
of relationship, called a composition relationship that allows
the designer identify those parts of the theme designs that relate
to each other and therefore should be composed. For themes
that crosscut others, this means identifying when and where in
those other themes the additional behaviour should occur. For
other kinds of overlaps, this means identifying elements in the
theme designs that correspond to each other and saying how
they should be integrated. Theme/UML also provides seman-
tics for model composition based on the composition relation-
ship specification. This supports a level of verification that
allows the designer to consider the overall system design,
including the composition specification, to ensure that it makes
sense. These extensions have been defined as extensions to the
UML metamodel.
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