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Abstract. An aspect-oriented design model consists of a set of aspect models and a primary model. Each aspect
model describes a feature that crosscuts elements in the primary model. Aspect and primary models are composed
to obtain an integrated design view. In this paper we describe a composition approach that utilizes a composition
algorithm and composition directives. Composition directives are used when the default composition algorithm is
known or expected to yield incorrect models. Our prototype tool supports default class diagram composition.
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1 Introduction

Design features that address dependability concerns (e.g., security and fault tolerance concerns) may crosscut
many elements of a design model. The crosscutting nature of these features can make understanding, analyz-
ing, and changing them dif cult. This complexity can be better managed through the use of aspect-oriented
modeling (AOM) techniques that support separation and composition of crosscutting features [1].

In the AOM approach that we developed [1], an aspect-oriented design model consists of a primary model
and one or more aspect models that each describes a feature that crosscuts the primary model. Aspect models
are generic descriptions of crosscutting features that must be instantiated before they can be composed with
the primary model. An integrated view of an aspect-oriented design model is obtained by composing the
instantiated aspect models and the primary model. Instantiated aspect models and primary models consist
of UML [2] models. Composition of the models involves merging UML models of the same types. For
example, the class model in an instantiated aspect model is merged with the class model in a primary model.
In previous work, a name-based composition procedure was used to merge UML models [1]. Model elements
with the same name are merged to form a single element in the composed model. The composition procedure
assumes that elements with the same name represent consistent views of the same concept. This may not
always be the case. For example, consider an aspect-oriented design consisting of a primary model that
describes a class representing a server that provides unrestricted access to services via operations in the
class, and an instantiated aspect model that describes the same server class with access control features. In
this case, simple name-based merging of the two classes and the operations in them could lead to operations
that are associated with inconsistent speci cations (a primary model operation and its corresponding aspect
model operation would have the same name but different argument lists and speci cations). Often, a more
sophisticated form of composition is needed to produce composed models with required properties. To meet
this need we proposed the use of composition directives to ensure that the name-based composition procedure
produces desired results [3].

This paper extends previous work by introducing (1) a more general form of model element matching that
is based on the notion of model element signatures, (2) a composition metamodel with behavioral features
that specify how UML elements are composed, and (3) new forms of composition directives. In this paper we
illustrate how a signature-based composition procedure can be used to compose class models and describe
how composition directives can be used to ensure that the composition procedure produces desired results.



We have developed a prototype tool that implements the class model composition behavior speci ed in the
composition metamodel [4].

The remainder of the paper is organized as follows. Section 2 gives an overview of signature-based model
composition and composition directives. Section 3 describes the composition metamodel. Section 4 describes
the composition directives and provides illustrations of their use. Related work is discussed in Section 5 and
Section 6 presents conclusions and plans for future work.

2 An Overview of Signature-Based Model Composition

A primary model in an aspect-oriented design model consists of one or more UML models that each describes
a view of the core functionality. The core functionality determines the dominant structure of a design. Aspect
models consist of UML model templates that describe generic forms of crosscutting features as patterns. An
aspect model must be instantiated to produce a model that can be composed with a primary model. An
instantiation of an aspect model, called a context-speci ¢ aspect model, describes the form the feature takes
in a part of the design. Instantiating an aspect model involves binding the aspect model’s template parameters
to application-speci ¢ values.

A single aspect model may have to be instantiated multiple times for a given application. For example,
consider the case where a decision has been made to make an application design fault tolerant and highly
available by replicating critical resources such as data repositories and service providers. Incorporating the
crosscutting replication feature into the (primary) design model proceeds as follows:

1. An aspect model describing the replication feature for a generic resource is developed or acquired.

2. The replication aspect model is instantiated multiple times. Each instantiation is a context-speci ¢ aspect
model that describes the replication feature for a speci ¢ application resource.

3. The context-speci ¢ aspect models are composed with the primary application model to produce a design
in which speci ed resources are replicated.

In our previous work we developed a composition procedure that used model element names to identify
the elements that are to be merged. Model elements of the the same syntactic type and with the same name
are merged to form a single model element. Naming con icts can be avoided if there is a managed namespace
from which values used to bind aspect models and to name primary model elements are obtained. We refer
to such a namespace as the application domain namespace [1]. Unfortunately a managed namespace is often
not available in design development environments, and thus naming con icts may occur.

2.1 Matching Model Elements using Signatures

Name-based composition is relatively easy to implement but as a matching criterion, it can be too permissive
in some cases. For example, matching operations using only their names could lead to merging problems
when the operations have incompatible return types or when the argument lists differ. Similarly, matching
attributes using only their names can lead to merging problems when the types associated with the attributes
are incompatible. One would like to have matching criteria that take into consideration additional properties
of the elements being matched. For example, one should be able to express a matching criterion for attributes
that requires matching attributes to have the same name and type. The need for ner-grained matching criteria
led to the development of the signature-based composition approach described in this paper.

The signature-based composition procedure merges information in model elements with matching sig-
natures to form a single model element in the composed model. A model element’s signature is de ned
in terms of its syntactic properties, where a syntactic property of a model element is either an attribute or



an association end de ned in the element’s UML metamodel class. For example, isAbstract is a syntac-
tic property de ned in the metamodel class called Class. If an instance of Class is an abstract class then
isAbstract = true for the class, otherwise the instance is a concrete class (i.e., isAbstract = false).

The signature of a model element is a collection of values for a subset of syntactic properties de ned in
the model element’s metamodel class. The set of syntactic properties used to determine a model element’s
signature is called a signature type. For example, the signature type for an operation can be de ned as a
set consisting of the following properties de ned in the Operation class: name (value is the operation’s
name) and ownedParameter (value is the collection of parameters associated with the operation). Using this
signature type, the signature of an operation update(x : int,y : int) is the set {update, (x : int,y : int)}. If
this signature is used to match operations, two operations match if and only if they have the same name and
parameter list. If the signature type of an operation consists only of the operation name, then the signature
of the operation is {update}. Use of this name-only signature type results in a weaker matching criterion for
operations: two operations match if and only if they have the same name.

A signature type that consists of all syntactic properties associated with a model element is called a com-
plete signature type. Complete signature types require that matching model elements have equivalent values
for all syntactic properties (i.e., the matching elements must be syntactically identical). Complete signature
types are typically used for matching contained model elements such as class attributes and operation pa-
rameters. Composite model elements that contain a variety of model elements (e.g., classes) tend to have
signature types that are not complete.
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Fig. 1. An Example of Model Element Matching and Merging

If two model elements of the same syntactic type! have the same signature, then their properties are
merged to form a single model element of that syntactic type. As an example, consider a model, Model 1,
containing a concrete class named Customer with attributes name and, address, (see Fig. 1(a)) and another
model, Model 2, which contains a concrete class named Customer with an attribute name and a reference to
an Account object (see Fig. 1(b)). If the signature type used to compose the classes in Fig. 1(a) and Fig. 1(b)
consists of the class name property and the isAbstract property then the two classes match (they have the same

1 The syntactic type of a model element is the class of the model element in the UML metamodel



name and they are both concrete) and their contents are merged to form a single class. The issue of merging
syntactic properties that are not part of a model element’s signature type arises in this case. The matching
classes in this example have different attribute, operation and association end sets. Merging the constituent
model elements involves matching them using signature types de ned for the elements. The constituent
elements that are matched are merged in the composed model. Those elements that are not matched are
included in the composed model.

The composed model shown in Fig. 1(c) is obtained by using complete signature types for attributes,
operations and association ends:

The attribute name : String in Model 1 and Model 2 match and is included once in the composed model.
The attribute address : String in Model 1 does not appear in Model 2 and thus is not matched. It appears
in the composed model.

The operation updateAcct() in Model 2 does not appear in Model 1 and thus is not matched. It appears
in the composed model.

The association and the class Account in Model 2 do not appear in Model 1 and thus are not matched.
They are included in the composed model.

The use of particular signature types can lead to models that are not syntactically well-formed in some
cases. For example, consider the case in which the signature type for class is de ned as consisting of the
following properties: Name, isAbstract, and ownedAttribute. Two classes match using this signature
type if and only if they have the same name, are both abstract or are both concrete, and they have the same
set of attributes and association ends. If this signature type is used to compose the class models shown in
Fig. 1(a) and Fig. 1(b), then the result is shown in Fig. 1(d). The model is not well-formed because there are
two classes with the same name in the same namespace.

To resolve the above problem one must understand the intent behind the signature type. If it is determined
by the modeler that the signature type correctly re ects the syntactic form of classes that represent the same
concept, then the problem is resolved by renaming either the Customer class in Model 1 or the Customer class
in Model 2. As will be described later in this paper, this can be accomplished by using a rename composition
directive. On the other hand, if the modeler determines that the classes actually represent similar classes then
the signature type must be changed so that the classes are matched.

2.2 ldentifying and Using Composition Directives

The composition approach that we have developed utilizes a signature-based composition algorithm and
composition directives. In some cases, sole use of the algorithm will produce models with undesirable prop-
erties. This is the case when the views described by the models contain inconsistent information. In some
cases, the problems can be resolved by syntactically tweaking the models that are involved in the composition
or by overriding some of the composition rules. Composition directives can be used for these purposes.

Fig. 2 shows activities related to identifying and using composition directives. The activity diagram
shows how the relationship among three activities: the composition activity (Compose aspect and Primary
models), the model analysis activity (Analyze Composed model) and the directives identi cation activity
(Identify Composition Directives). The composition activity, Compose aspect and Primary models, takes in
three inputs: a primary model, a non-empty set of context-speci ¢ aspect models, and a (possibly empty) set
of composition directives. In this activity, the aspect and primary models are composed using the algorithm
and composition directives to produce a Composed model. The matching and merging procedure used by the
composition algorithm is capable of detecting con icting syntactic property values associated with matching
model elements. For example, if two matching classes have different values for the isAbstract property, a
con ictis agged.
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Fig. 2. Using composition directives to resolve composition problems

After composition, the composed model can be formally analyzed against desired properties (referred
to as Properties to Verify in Fig. 2) to uncover design errors. For example, one can analyze the models
against well-formedness rules to identify badly formed models or one can analyze the models against desired
semantic properties (e.g., only the owner of a le can delete the le ). In related work, we developed a
technique for uncovering semantic problems during composition [5]. In the approach, the semantic property
to be veri ed is used in the composition process to generate proof obligations. Establishing that a composed
model has the stated semantic properties requires discharging the proof obligations.

In some cases, the uncovered problems can be resolved using composition directives. In these cases
an appropriate set of directives are identi ed and used to compose the context-speci ¢ aspect and primary
models. In other cases, more substantial changes may be required. For example, it may be determined that
another variant of the aspect model is needed or that the primary model has to be signi cantly refactored.

This paper focuses on the Compose Aspect and Primary models activity shown in Fig. 2. Activities
related to analysis of models to uncover problems and the identi cation of composition directives is not
within the scope of this paper.

2.3 Examples of Applying Composition Directives

Composition directives can be classi ed as Model Directives and Element Directives. Model directives are
used to determine the order in which multiple aspect models are composed with a primary model. Element
directives are used to determine how an aspect model is composed with a primary model. Element directives
can be classi ed in terms of when they are applied in the composition process:



— Pre-Mege Directives Thesedirectvesareusedto carry out simplemodi cations of the modelsbefore
they aremeiged.For example,onecanrenamemodelelementsdeletemodelelementsor replacemodel
elementgdeleteandaddmodelelements)n the primaryor context-speci ¢ aspecmodels.

— Merge Directives Thesedirectvesareusedto overriderulesfor meging modelelementsFor example,
onecanspecifythatamodelelemenin onemodelcompletelyreplacesanelementn anothemodel.

— Post-Mepge Directives Thesalirectivesareusedo carryoutsimplemodi cationsonthemodelproduced
aftermeigingpossiblymodi ed primaryandcontet-speci ¢ aspectmodels.Thedirectvesfor renaming,
adding,deleting,andreplacingmodelelementslsofall into this cateyory.

In theremaindeof this sectionwe provide examplesof compositiorproblemghatcanberesohedusing
compositiondirectives. It is importantto notethatthe compositionapproactdiscussedh thefollowing sec-
tionsdoesnot provide systemati¢echniquedor analyzingcomposedanodelsnor for identifying appropriate
compositiondirectives onceproblemsareuncorered.As statedearlier the compositionalgorithmwill ag
casesvherecon icting syntacticpropertiesxist for modelelementghataremeged.It doesnot, howvever,
detectsemanticcon icts thatcanariseasa resultof inconsistenspeci cationsof behaior or othersemantic
propertieslUncovering suchsemantiqropertiesequiresformal semantic@analysisof the composednodel.
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