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Abstract. Disciplined support for evolution of software artifacts is important in all phases of the software life-
cycle. In order to achieve this support, a uniform underlying foundation for software evolution is necessary. While,
in the past, reuse contracts have been proposed as such a formalism in a number of different domains, this paper
generalises the formalism, and integrates it into the UML metamodel. As such, support for evolution becomes
readily available for many kinds of UML models, ranging from requirements to the implementation phase.
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1. Introduction

In recent years, a lot of attention has been paid to the evolution of reusable implementation-
level software artifacts. There is, however, much less support for, and understanding of,
evolution during the earlier phases of requirements, analysis and design. Some support
such asfacades, variation points(Jacobson et al., 1997) andchange cases(Ecklund et al.,
1996) does exist. In practice, however, few currently existing CASE tools adequately sup-
port evolution of analysis and design models. This lack of tool support is partly due to the
fact that the modelling techniques themselves do not provide proper support for evolution.
As a representative example, UML 1.3 (OMG, 1999) does not adequately deal with evolv-
able models, as can be concluded from the following paragraph extracted from the UML
semantics specification:

“Whenever the supplier element of a dependency changes, the client element is potentially
invalidated. After such invalidation, a check should be performed followed by possibly
changes to the derived client element. Such a check should be performed after which
action can be taken to change the derived element to validate it again. The semantics of
this validation and change is outside the scope of UML.”

Automated support for software evolution is central to solving some very important
technical problems in current day software engineering. We discuss just a few of these
problems below. A first topic ispropagation of changes. When some part of the software is
modified, many other parts of the software need to be changed as well. The identification
of these parts and the changes that need to be made to them is not a trivial task. To a certain
extent,impact analysistechniques have been developed to address this problem (Bohner
and Arnold, 1996). A second issue isconsistency maintenanceandarchitectural drift: how
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does modification of artifacts during a later phase make them drift away from the artifacts
used in earlier phases, and how can this be prohibited by better maintaining the consistency
between those artifacts? Other topics asversion control, conflict detectionandtraceability
are also intimately related to the ability of a tool to manage evolution of software artifacts.

In order to provide this support and build CASE tools for it, however, a general underlying
foundation for software evolution is needed. Whileease of useis an important aspect, the
approach should beformalenough so that it can form a basis for tools, andgeneralenough
to be applicable in as many domains as possible.

In this paper we propose a general notation and semantics for dealing with disciplined
evolution of UML models, based on previous work onreuse contracts. Reuse contracts
were first introduced in Steyaert et al. (1996) for handling change propagation between
a parent class and its subclasses. In Lucas (1997) this idea was extended to deal with
evolution of cooperating classes, and Mens et al. (1999) discussed the application of reuse
contracts to collaborations in UML. Even the application of reuse contracts to requirements
models using Object Behaviour Analysis (Rubin and Goldberg, 1992) has been investigated
(D’Hondt, 1998). This paper ties together, extends and generalises these previous efforts
by providing one unified approach for software evolution.

In order to fully understand this paper, some knowledge of the UML metamodel and
the OCL is required (OMG, 1999). Please note that we make use of version 1.3 of the
UML metamodel, which has undergone some significant changes since the first official
version 1.1.

2. A unified approach for software evolution

2.1. Evolution conflicts

It is very important that software artifacts can evolve. However, software evolution involves
a certain cost: all developers must consider upgrading to the new version of the artifact.
Unfortunately, integrating a new version of a software artifact in the context where the
old version has been used may cause unexpected interactions because the behaviour of the
evolved artifact has changed, or because assumptions that could be made before do not hold
anymore. These undesired interactions are referred to asupgrade conflicts.

Another, related, conflict occurs when different evolvers independently make changes to
the same software artifact. By merging these parallel evolutions into a new version of the
software artifact, it is possible that the interaction of both modifications leads to unexpected
and undesired behaviour. In that case, we speak of amergeor composition conflict. At
the programming level both kinds of evolution conflicts result in erroneous or unexpected
behaviour (Kiczales and Lamping, 1992; Steyaert et al., 1996). On analysis and design
level, upgrade and merge conflicts may result in a model that is inconsistent, or in a model
that does not have the intended meaning anymore.

As an example of a simple conflict, consider a design model that contains two classes
A andB. One software developer decides to add an association fromA to B, while another
software developer independently decides that classB should be removed. Clearly, both
modifications are incompatible, as their merge would give rise to an inconsistent model
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with a dangling association with sourceA. While this is only a structural conflict that can
already be detected by some existing merge tools (Westfechtel, 1991), there are also parallel
modifications whose merge results in a valid UML model, but with an undesired behaviour.
These are the more interesting conflicts, since they cannot be detected by current CASE
tools. An illustrative example will be given later in this paper.

In general, conflicts show up during evolution of software artifacts because the assump-
tions made by dependent artifacts have become invalid. Therefore, the key to detecting
conflictsautomaticallyis to formally document and monitor these assumptions through an
explicit contract.

2.2. Evolution contracts

As stated earlier, reuse contracts are a formalism for dealing with reuse and evolution
of any kind of software artifact. Because the emphasis of this paper lies on support for
evolution, however, we will use the termevolution contractsinstead. Their generality has
already been demonstrated by applying them to different kinds of artifacts: class inheri-
tance hierarchies (Steyaert et al., 1996), cooperating classes (Lucas, 1997), requirements
specifications (D’Hondt, 1998), UML collaborations (Mens et al., 1999) and software ar-
chitectures (Romero, 1999). A formal treatment has been given in the PhD dissertation
(Mens, 1999).

The idea behindevolution contractsis that incremental modification and evolution of
software artifacts is made explicit by means of a formal contract between theproviderand
themodifierof the artifact. The purpose of the contract is to make evolution more disciplined.
The provider clause specifies what properties of the software artifact can be relied on, e.g.,
by describing the artifact’s interface using IDL, specialisation interfaces (Lamping, 1993),
interaction contracts (Helm et al., 1990), collaboration contracts (De Hondt, 1998) or any
other formal specification mechanism. Because an essential aspect of evolution contracts is
to provide better support forunanticipatedevolution, the provider clause doesnot specify
the admissible changes that can be made to a given software artifact. Instead, the precise
way in which the artifact is modified is specified in a separatemodifier clause. Both contract
clauses (provider and modifier) must be in a form that allows us to assess what the impact
of changes is, and what actions dependent artifacts must undertake to “upgrade” if a certain
artifact evolves. Another important characteristic of evolution contracts is that they only
allow us to make changes to an artifact if these changes preserve the consistency (or well-
formedness) of the artifact.

In figure 1 an example is given of an evolution contract that expresses the evolution of a
Set interface into a new versionSet 2 . The provider clause specifies thatSet contains two
operationsinsert andunion . The modifier clause specifies that two operationsremove
andintersection are added.

To classify different kinds of modifications, we make use ofcontract types. A contract
type imposes obligations, permissions and prohibitions on the modifier. Contract types and
the constraints they impose are fundamental to disciplined evolution, as they are the basis
for detecting conflicts when software artifacts evolve. The essence is to find contract types
that are specific enough to detect useful evolution conflicts, while remaining general enough
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Figure 1. Evolution contract terminology.

to be applicable to many different kinds of software artifacts. Based on our experience with
evolution contracts in different domains, we distinguish the following four primitive contract
types:Addition, Removal, ConnectionandDisconnection. Figure 1 shows an example of
Addition, designated with stereotype¿addÀ, which allows us to add new model elements
(in this case the operationsremove and intersection ) to the provider interface, but
prohibits overriding or removal of existing model elements. It permits adding multiple
elements at once.

A more detailed treatment of the four primitive contract types will be given in Section 4.
Section 5 describes how these contract types aid in detecting evolution conflicts. For an
in-depth discussion of evolution contracts, using a slightly different terminology, we refer
to the PhD dissertations (Lucas, 1997) and (Mens, 1999).

2.3. The unified modelling language

Since we are primarily interested in evolution during the early phases of the software life-
cycle, we must choose a suitable analysis and design notation in which to express our ideas.
Over the years, innumerable analysis and design methods and notations have been proposed
and developed. In late 1997, most of these methods have converged to a standard notation,
the Unified Modelling Language (UML), which has been accepted as an industry standard
by the OMG (Object Management Group, 1999). Besides being a standard, the UML is
open, in the sense that new features can be added to it quite easily. For this reason, we use
UML notation to express our ideas.

While at first the different incarnations of evolution contracts were developed separately,
this paper incorporates evolution contracts in the UML metamodel, thereby making support
for evolution available in most of the models currently available in UML, as well as in new
kinds of models that might be added to UML in the future. As a result, evolution contracts
(and consequently also automated support for evolution) become applicable to UML models
in all phases of the software life-cycle, ranging from use case models to deployment models.

3. Incorporating evolution contracts in UML

3.1. Extension mechanisms, the metamodel and OCL

An important feature of UML is its openness. First of all, it contains three built-inextension
mechanismswith which the semantics of existing modelling concepts can be enhanced:
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stereotypes, constraints and tagged values. All three mechanisms can be applied to any
modelling concept. While these extension mechanisms are suitable for adding user-defined
semantics to the UML in many cases, there are some situations where they are not powerful
enough. In these situations, it is still possible to extend or modify the UML semantics,
since it is (semi-)formally described by means of a metamodel. By directly editing this
metamodel, one can alter the UML semantics, at the risk of incompatibility and lack of
portability.

The UML semantics is described in the metamodel as a combination of three different
views. The abstract syntax of UML concepts is expressed graphically, by using a subset
of the UML notation. Well-formedness rules, that describe when instances of a certain
language construct are meaningful, are expressed as constraints in OCL. Some remaining
constraints have been expressed in natural language because of time pressure.

It needs to be said that the UML semantics is currently not completely formally defined,
although there are several ongoing attempts in this direction (Evans et al., 1999;Övergaard
and Palmkvist, 1999; Kent et al., 1999). Another problem is that the semantics of OCL
itself is not formally defined. As a result, parts of this constraint language lead to problems,
ambiguities or open questions (Gogolla and Richters, 1998; Hamie et al., 1999). Recently,
however, some attempts have been made in trying to formalise OCL (Richters and Gogolla,
1998), so there is good hope that these problems will disappear in the near future.

In this paper, we enhance UML with support for evolution, with the aim of automatically
detecting conflicts between parallel evolutions of the same UML model. Although we try to
use the built-in extension mechanisms of UML as much as possible, we sometimes need to
extend the UML metamodel as well. All necessary constraints and well-formedness rules
will be specified in OCL.

Before we can propose our extension to the UML metamodel, we need to explain some
conventions used throughout this paper. When referring to a term of the metamodel in
ordinary text, italic font is used, asModelElement. Terms beginning with an uppercase
letter refer to metaclasses, while terms beginning with a lowercase letter refer to features
or association roles of these metaclasses. The symbol / is used to denote derived elements,
i.e., elements that can be directly calculated from other ones. Square brackets [ ] are used
to denote a sequence (i.e., and ordered set) of elements.

3.2. ModelElements and relationships

All kinds of elements that can be specified in a UML model are defined as a specialisation
of the abstract metaclassModelElementin the UML metamodel. A particularly interesting
specialisation ofModelElementisNameSpace, which is used to represent elements that own
other elements. Some concrete specialisations ofNameSpaceare:Classifiers(such asClass,
InterfaceandClassifierRole) that own a number ofFeatures(such asOperations, Methods
andAttributes), Packagesthat can contain any kind ofModelElement, Collaborationsthat
own a number ofClassifierRolesandAssociationRoles, etc.

Another important specialisation ofModelElementisRelationship(which has been added
newly to the UML metamodel in version 1.3). It is used to represent relationships between
elements. TheRelationshipmetaclass has many different specialisations. For instance, a
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Figure 2. Distinguishing name spaces and relationships in UML.

Generalisationor Associationrelationship can be placed betweenClassifiers, anIncludeor
Extendrelationship can be put betweenUseCases, and aDependencyrelationship can be
used to connect any two (or more)ModelElements.

In figure 2, this basic structure is visualised. Some of the (derived) associations in the
picture are not (yet) part of the UML metamodel and will be discussed in more detail later.
Also note that we have enumerated only a representative selection ofNameSpacesand
Relationshipsfor the sake of the presentation.

3.3. Evolution contracts in UML

TheDependencyrelationship is a general kind of relationship stating that the implementation
or functioning of one or moreModelElementsrequires the presence of one or more other
ModelElements. A Dependencyrelationship contains aclientandsupplierassociation role.
Theclient requires the presence and knowledge of thesupplierelement, and a change to
thesuppliermay affect theclient.

An EvolutionContractcan be defined by specialising theDependencymetaclass as de-
picted in figure 3. AnEvolutionContractmust be stereotyped to describe the specific
kind of modification (i.e., the contract type) that takes place. Themodificationrole of an
EvolutionContractrefers to a nonempty sequence ofModelElements, namely thoseModel-
Elementsin theclient or supplier NameSpacethat will be modified, added or removed by
theEvolutionContract. The exact semantics of themodificationdepends on the particular
stereotypeof the EvolutionContract, and is specified by extra well-formedness rules in
OCL.

The approach explained above is similar to theAbstractionmetaclass in the UML
metamodel, which is a specialisation ofDependencythat can be stereotyped to four dif-
ferent variants, namelyDerivation, Realization, RefinementandTrace (with stereotypes
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Figure 3. Evolution contract extension of the UML metamodel.

¿deriveÀ,¿realizeÀ,¿refineÀ and¿traceÀ, respectively). Unfortunately,Evolution-
Contractcannot be seen as a special kind ofAbstractionbecause of the explicit constraint
in (OMG, 1999) that “an abstraction is a relationship that relates two elements (or sets of
elements) that represent the same concept atdifferent levels of abstraction or from different
viewpoints”. Indeed, when dealing with evolution, we typically (but not exclusively) want
to model relationships between concepts at thesamelevel of abstraction.

There are some extra well-formedness constraints ofEvolutionContractthat can be spec-
ified independently of itsstereotype. An EvolutionContractcan only be defined between
NameSpacesinstead of arbitraryModelElements. At least one modification needs to be made
by theEvolutionContract. The (derived)supplierandclient roles of anEvolutionContract
each refer to exactly oneNameSpaceinstead of a nonempty set ofModelElements. Addi-
tionally, thesupplierandclient NameSpacesmust have the same type. In other words, we
do not allow the type of an element to be changed during evolution. All of these restrictions
are required by the underlying formalism defined in Mens (1999). However, in the future
we might consider removing some of these restrictions, once we have formally investigated
the effect of this on the detection of evolution conflicts. The following well-formedness rule
formalises all of the above constraints:

context EvolutionContract
inv: self.supplier->size=1
inv: self.client->size=1
inv: self.modification->size>=1
inv: self.supplier.oclIsKindOf(NameSpace)
inv: self.supplier.oclIsTypeOf(self.client)

As mentioned before, thestereotypeof anEvolutionContractcorresponds to the contract
type that describes how thesupplier is modified. A number of primitive and composite
contract types can be conceived that apply to every kind of UML model, thus yielding
a general model for evolution. The primitive contract types make an explicit distinction
between elements and relationships between elements, because it helps to formulate evo-
lution conflict rules, and consequently allows us to detect more potential inconsistencies
between parallel evolutions of the same model. In UML, this distinction between elements
and relationships is made using theNameSpaceandRelationshipmetaclasses.NameSpace
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has a composite relationshipownedElementthat refers to all the elements contained in
the current element. Unfortunately,ownedElementrefers to elements as well as relation-
ships without making a distinction between them. Because this distinction is essential for
our conflict detection mechanism, we need to define two additional OCL operationsowned-
RelationandownedItemon NameSpace, to extract the relationships and non-relationships
from ownedElement, respectively. In figure 2, these user-defined operations are shown as
derived associations. Their exact OCL definition is given below:

context NameSpace::ownedItem():Set(ModelElement) inv:
ownedItem = self.ownedElement->reject(oclIsKindOf(Relationship))

context NameSpace::ownedRelation():Set(Relationship) inv:
ownedRelation = self.ownedElement->
select(oclIsKindOf(Relationship))

In figure 2, we have also added an associationreferencedEltfrom Relationshipto Model-
Elementto refer to all the elements that play a role in the relationship. Indeed, in the UML
metamodel, there is currently no uniform or consistent way to refer to the elements in a
relationship. ADependencyhas aclient and asupplier, aGeneralisationhas achild and a
parent, anAssociationhas aconnection, etc. Therefore, all these association roles need to
be related to the more general association rolereferencedEltas follows:

context Dependency inv:
self.referencedElt = self.client->union(self.supplier)

context Generalisation inv:
self.referencedElt = self.child->including(self.parent)

context Association inv:
self.referencedElt = self.connection

In order to fully understand these constraints, one should consult the relevant parts of the
UML metamodel. Also in the case ofNameSpacesthere are some inconsistencies in the
use of role names. Therefore, the following well-formedness rules need to be introduced
(no special constraints are needed forPackageandCollaboration):

context Classifier inv:
self.ownedItem = self.feature

context ClassifierRole inv:
self.ownedItem = self.availableFeature

3.4. Evolution contract stereotypes

Using the above extensions to the UML metamodel, we can now take a closer look at the dif-
ferent kinds ofEvolutionContractsbased on theirstereotype. We will make a distinction be-
tween primitive evolution contracts and composite ones. The stereotyped evolution contracts
PrimitiveECandCompositeECare used as abstract metaclasses that are specialised into con-
crete subclasses. Indeed, becauseStereotypesare defined asGeneralizableElementsin the
UML metamodel, we can directly create specialisations ofPrimitiveECandCompositeEC.
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Table 1. Possible stereotypes for anEvolutionContract.

Name of stereotyped
Stereotype EvolutionContract Meaning

PrimitiveEC abstract stereotype that is specialised into one of the four
stereotypes below

¿addÀ Addition Adding elements to aNameSpace
¿removeÀ Removal Removing elements from aNameSpace
¿connectÀ Connection AddingRelationshipsbetween the elements of aNameSpace
¿disconnectÀ Disconnection RemovingRelationshipsbetween the elements of aNameSpace

CompositeEC abstract stereotype that is specialised into one of the two
stereotypes below

¿promotionÀ Promotion Defining a high-levelEvolutionContractas a set of lower-level ones
¿sequenceÀ Sequentialisation Defining anEvolutionContractas a sequence of smaller ones

PrimitiveECcorresponds to the most elementary modifications one can perform on a
NameSpaceand can be specialised into: adding elements to (Addition) or removing ele-
ments from (Removal) aNameSpace, and adding (Connection) or removing (Disconnection)
relationships between the elements of theNameSpace.1 CompositeECdenotes an evolution
contract that is built up from simpler ones, and can be specialised intoPromotionandSe-
quentialisation. All these stereotypes are summarised in Table 1, and are general enough to
be applicable to any kind of UML model. Nevertheless, in some cases there is also a need
for model-specific modifications. This can be done by defining user-defined specialisations
of the basicEvolutionContractstereotypes, as will be illustrated in a later section.

In the next section we discuss which extra well-formedness constraints need to be added
for primitive evolution contracts, and Section 5 explains how the contract types facili-
tate detection of evolution conflicts. Section 6 discusses some scalability issues, including
composite contract types and user-defined specialisations.

4. Primitive evolution contracts

4.1. Addition

An Additionis used to add newModelElementsto aNameSpace. Additioncan be used to add
features to a class, to add classes to a namespace, to add use cases to a use case model, etc.
An example was given already in figure 1, where aSet Interfaceis extended by adding new
Operationsremove andintersection to it. To the dependency arrow, which is adorned
with stereotype¿addÀ, a constraint{ modification = [ remove , intersection ]˝
is attached to specify the exactmodificationsthat are being made.

The following well-formedness constraint can be defined for anAddition. Itsmodification
must be a nonempty sequence ofModelElementsthat need to be added to thesupplierof the
correspondingEvolutionContract. Relationshipscannot be added to thesupplierby means
of anAddition. Moreover, the added elements should not be present already in thesupplier.
The client is created by adding all these elements, while leaving the rest of thesupplier
(such as the relationships between existing elements) untouched.
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context Addition
inv: self.modification->forAll(not oclIsKindOf(Relationship))
inv: self.supplier.ownedRelation = self.client.ownedRelation
inv: self.supplier.ownedItem->intersection(self.modification)->

isEmpty
inv: self.supplier.ownedItem->

union(self.modification)=self.client.ownedItem

The reason whymodificationin figure 3 refers to a sequence ofModelElementsrather
than a sequence ofNameSpaces(as might be expected) is illustrated in the example of
figure 1, where themodificationof the EvolutionContractis a sequence ofOperations,
while Operationis not a specialisation ofNameSpace.

Because of the constraint onEvolutionContractthat supplierandclient must have the
same type, and because of the well-formedness constraints associated with thissupplierand
client, it follows that the type ofModelElementthat can be added to a certainsupplierby
means of anAdditiondepends on the type of thesupplier. For example, in figure 1 the type
of thesupplieris Interface, which means that anAddition is only allowed to add elements
of type Operation, because otherwise the well-formedness constraints of theclient (that
must also be of typeInterface) would be breached.

4.2. Connection

A Connectionis used to addRelationshipsbetween existingModelElementsin aNameSpace.
It can be used to addAssociationsor Generalisationsbetween classes, to addIncludeor
Extendrelationships between use cases, to add message invocations between objects, etc.
An example is given in figure 4, where a model containing classesSet and Element
is refined by adding an association with rolesowner andowned between these classes.
Obviously, aConnectioncan also be used to add multiple relationships at once.

The following well-formedness constraints can be defined for aConnection. Its modifi-
cation is a nonempty sequence ofRelationshipsthat all need to be added to thesupplier.
The client is then created by adding theseRelationships, and leaving the rest untouched.
Moreover, newRelationshipscan only be added betweenModelElementsthat already exist
in thesupplier.

Because OCL does not explicitly define an operation to determine whether a certain set
is a subset of another one, we have defined it ourselves using the mathematical property
that A⊆ B⇔ A= A∩ B.

context Set::subset(set2:Set(T)):Boolean inv:
self = self->intersection(set2)

Figure 4. Applying evolution contracts to evolution of class diagrams.



AUTOMATING SUPPORT FOR SOFTWARE EVOLUTION IN UML 49

Using this definition, we can give the OCL constraints forConnection:

context Connection
inv: self.modification.oclIsKindOf(Sequence(Relationship))
inv: self.modification->forAll(referencedElt->

subset(self.supplier.ownedItem))
inv: self.supplier.ownedItem = self.client.ownedItem
inv: self.supplier.ownedRelation->

intersection(self.modification)->isEmpty
inv: self.supplier.ownedRelation->

union(self.modification)=self.client.ownedRelation

As with Addition, the types ofRelationshipsthat can be added to a certainsupplierby
means of aConnectiondepend on the type of thesupplier.

4.3. Removal and disconnection

The third kind of primitive evolution contract, aRemoval, is used to remove existing
ModelElementsfrom a NameSpace. It can be seen as the inverse ofAddition. The well-
formedness constraints forRemovalare the same as forAddition, except that the roles of
supplierandclient have been inverted. Moreover, an extra condition is needed to ensure
that there can be no dangling references afterRemoval.

context Removal
inv: self.modification->forAll(not oclIsKindOf(Relationship))
inv: self.supplier.ownedRelation = self.client.ownedRelation
inv: self.client.ownedItem->

intersection(self.modification)->isEmpty
inv: self.client.ownedItem->

union(self.modification)=self.supplier.ownedItem

inv: self.supplier.ownedRelation->forAll(
referencedElt->intersection(self.modification)->isEmpty)

A similar reasoning can be made forDisconnection, which is used to remove existing
RelationshipsbetweenModelElementsin a NameSpace. It can be seen as the inverse of
Connection. An example is given horizontally in figure 5, where an operation invocation
fromunion to insert is removed from the specialisation interface of a class. More details
will be given in the next section.

context Disconnection
inv: self.modification.oclIsKindOf(Sequence(Relationship))
inv: self.modification->forAll(referencedElt->

subset(self.supplier.ownedItem))
inv: self.supplier.ownedItem = self.client.ownedItem
inv: self.client.ownedRelation->

intersection(self.modification)->isEmpty
inv: self.client.ownedRelation->

union(self.modification)=self.supplier.ownedRelation
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Figure 5. Evolution of class inheritance hierarchies.

5. Detecting evolution conflicts

This section describes how evolution contracts aid in detecting evolution conflicts. For a
more detailed discussion of all the different aspects involved in conflict detection we refer
to Lucas (1997) and Mens (1999).

5.1. Example

Evolution contracts aim at maintaining a maximum degree of consistency between evolving
model elements and the models in which they are used. More specifically, evolution contracts
provide feedback on possibleupgrade conflictsthat occur due to the evolution of the model
elements. Evolution problems can also occur when two parallel modifications are made
to the same model element. Amerge conflictarises when the combination of independent
modifications leads to undesired interactions.

Figure 5 illustrates an upgrade conflict. Instead of using class interfaces, we make use
of specialisation interfaces (Lamping, 1993) which also specify the relevant invocation
dependencies between operations. For example, the (specialisation) interfaceSet con-
tains an operationunion that invokesinsert , the second operation ofSet . Set is
specialised toSetWithSize which overrides theinsert operation so that it addition-
ally accesses and updates thesize attribute each time a new element is added to the
set. This specialisation is achieved in UML by putting aGeneralizationrelationship be-
tweenSetWithSize andSet . Because thisGeneralizationdoes not explicitly document
the exact modifications that have been made, while this information is essential to enable
conflict detection, we need to add anEvolutionContractdependency betweenSet and
SetWithSize as well. This dependency specifies thatSetWithSize is incrementally
obtained fromSet by adding the attributesize (Addition) and accessing the attribute
size from the operationinsert (Connection). In fact, theEvolutionContractbetween
Set andSetWithSize is a composite evolution contract because it is composed of two
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more primitive evolution contractsAdditionandConnection. This will be discussed in more
detail in Section 6.

In the horizontal direction,Set evolves into a new versionEfficientSet by removing
the invocation ofinsert byunion for efficiency reasons. This is expressed by means of an
EvolutionContractdependency betweenSet andEfficientSet . It is aDisconnection,
since it removes an invocation relationship between two operations.

To find out if upgradingSet to EfficientSet leads to unexpected results, we need
to know whetherSetWithSize is still a valid and meaningful specialisation ofEffi-
cientSet . Unfortunately this is not the case, since originally the invocation ofunion in
SetWithSize leads to an indirect update ofsize , while this is not the case anymore if we
substituteSet by EfficientSet . As a result, performing a union of sets in the upgraded
version will not cause the size of the set to increase, while it obviously should.

This problem is called an “inconsistent operation conflict”. It does not only arise when
upgrading parts of a UML model to a new version, but also when merging parallel modifica-
tions that have been made by different software developers to the same model. For example,
when we start from a model containing only theSet interface, one developer could decide
to change thisSet into anEfficientSet , while another developer could decide to add a
new interfaceSetWithSize as a specialisation ofSet . When merging both modifications
together, we obtain exactly the same conflict as before.

5.2. Conflict detection

In general, evolution conflicts can be detected by comparing differentEvolutionContracts
with the samesupplier. To automate conflict checking, the contract types can be used to set up
conflict tables that describe what kinds of conflicts may occur in which cases. For example,
the “inconsistent operation” explained above occurs every time that one modification is a
Disconnectionof a certain operation invocation and the other modification is aConnection
from the operation that was invoked.

When detecting evolution conflicts, a distinction should be made betweenstructural
conflictsandbehavioural conflicts. Structural conflicts correspond to structural problems,
and give rise to an inconsistent model when both modifications are merged. An example
of such a situation is a dangling reference. It arises when aConnectionand aRemovalare
merged, where theRemovaldeletes one of the elements used by theConnection. Behavioural
conflicts are more subtle, since they only give rise to a behavioural problem. The two
modifications do not interact in the way they are supposed to. An example of this is the
inconsistent operation conflict of the previous section. Since it is very difficult to know how
an interaction is supposed to behave, evolution contracts assume a worst case scenario, and
only detect potential sources of problems. As such, the detected evolution conflicts should
be considered merely aswarnings, because they indicate situations where something might
have gone wrong. To find out whether these warnings correspond to actual incompatibilities,
more behavioural information is needed. To this extent, one could rely on other formal
techniques for performing deadlock detection, data and control flow analysis, etc. For a
more detailed discussion on all different aspects involved in conflict detection, we refer to
Mens (1999).
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6. Scalability

The four primitive evolution contracts discussed in Section 4 are the basis for a general
approach to evolution of UML models, but they are too elementary to cope with more
complex situations.

• Evolution contracts must be applicable to model elements of any size. One could apply
evolution contracts to model elements as small as classes, or as complex as entire software
models. A general way to group arbitrary model elements together is by making use of
Packages.
• When model elements can be nested by means of a package mechanism, the need arises to

look at evolution contracts at different levels of abstraction, and to promote (respectively,
demote) contracts to a higher (respectively, lower) level of abstraction.
• Besides primitive evolution contracts, arbitrarily complex combinations of evolution

contracts are needed. Since certain combinations will occur more frequently than others,
we need to provide the possibility to introduce certain composite evolution contracts as
predefined combinations of primitive evolution contracts.
• While the basic evolution contracts are sufficient in most situations, for some special kinds

of model elements new specific contract types will be needed. These can be specified
very easily by adding a user-defined stereotype to theEvolutionContract.

In the following subsections we will discuss each of the above issues in more detail.

6.1. Nested model elements

The UML Packagemechanism can be used to nestModelElements, which can bePackages
again. In this way arbitrarily complex components can be created. Moreover, different kinds
of ModelElementscan be combined together in this way. As an example, a design component
could be defined as a stereotyped¿designÀ package which owns a¿collaborationÀ
subpackage containing aCollaboration, and an¿interactionÀ subpackage containing an
Interaction. Since the UML semantics specifies that anInteractionshould always have a
Collaborationascontext, an explicitDependencyis put from the¿interactionÀ package to
the¿collaborationÀ package. A more detailed discussion about how to deal with evolution
of this particular kind of components was presented in Mens et al. (1999).

The use of packages does not require any changes to the evolution contract definition,
sincePackageis defined as a specialisation ofNameSpacein the UML metamodel, as shown
in figure 2.

6.2. Composite evolution contracts

Not only the model elements themselves can be arbitrarily complex, but also the way in
which these model elements can evolve. To this extent, the notion of a composite evolution
contract needs to be introduced. Composite evolution contracts are evolution contracts that
are composed out of several other ones. This is expressed by the following OCL constraint.
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Figure 6. Promoted evolution contract.

context CompositeEC inv:
self.modification.oclIsKindOf(Sequence(EvolutionContract))

We will now look in more detail at two useful specialisations ofCompositeEC: Promotion
and Sequentialisation.

WhenPackagesare used to nestModelElementsin each other, it is necessary to look at
EvolutionContractsat different levels of abstraction. We therefore introduce the possibility
to automatically promote any number of low-levelEvolutionContractsto an Evolution-
Contract between the higher-level elements. A example of such aPromotionevolution
contract is given in figure 6, where a packageMath2 evolves into a new packageMath3
by extending the classElement with an extra operationequals . This low-levelAddition
(to which we have attached the nameec ) between classes leads to aPromotionbetween
the packages in which they are nested. In general, any sequence of lower-level evolution
contracts may be composed into a singlePromotion.

The extra constraint on themodificationrole of a Promotion is that eachEvolution-
Contractin the sequence must be defined between elements that are owned by thesupplier
andclientof thePromotionrespectively. This constraint allows us to cross only one level of
abstraction, but in a similar way a more sophisticated kind of promotion could be defined
to go up an arbitrary number of levels.

context Promotion inv:
self.modification->forAll(ec |

self.supplier.ownedItem->includes(ec.supplier) and
self.client.ownedItem->includes(ec.client) )

As certain sequences of primitive evolution contracts are used more frequently than oth-
ers, we provide the possibility to define aSequentialisationevolution contract as a sequence
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Figure 7. Sequentialisation evolution contract.

of other ones. An example of such aSequentialisationis presented in figure 7, which shows
a factorisation of operation invocations in aSearchableSet class: a direct invocation of
operationiterate by operationfind is replaced by an invocation through an extra indi-
rection, by introducing an auxiliary operationselect . This compositeEvolutionContract
is defined as a sequence of three more primitive evolution contractsAddition, Connection
andDisconnection. The top part of figure 7 shows theSequentialisationevolution contract,
the bottom part shows the sequence of primitive evolution contracts (namedec1 , ec2 and
ec3 ) it is composed from.

Theclient of a Sequentialisationis obtained by successively applying eachEvolution-
Contractin the sequence. This leads to the following OCL constraint:

context Sequentialisation
inv: self.supplier = self.modification->first.supplier

inv: self.client = self.modification->last.client
inv: Sequence{1..(self.modification->size-1)}->forAll( n |

self.modification->at(n).client =
self.modification->at(n+1).supplier )

6.3. Predefined composite evolution contracts

Although the notions ofPromotionandSequentialisationcan be used to construct complex
evolution contracts out of simpler ones, it is not enough from a practical point of view.
We also need a mechanism to capture often recurring patterns of evolution contracts. For
example, the evolution contract of figure 7 arises in many different situations. Essentially,
it factors out some part of the behaviour of one or more elements into an intermediary
element. It can be considered as aSequentialisationevolution contract to which some extra
constraints are attached. More specifically, it always consists of anAddition, Connection
andDisconnection, with the additional condition that theConnectioncan only add new
relationships of which the source element was introduced by theAddition, and a similar
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constraint for theDisconnection. The details can be found in Lucas (1997). To formally
capture this pattern, we defineFactorisationas a specialisation ofSequentialisation, and
define the following constraints for it:

context Factorisation inv:
let ext = self.modification->select(oclIsTypeOf(Addition)) in
let con = self.modification->select(oclIsTypeOf(Connection)) in
let dis = self.modification->select(oclIsTypeOf(Disconnection)) in
self.modification = ext->union(con)->union(dis) and
con->intersection(dis)->isEmpty and
dis->forAll(referencedElt->subset(self.supplier.ownedItem) ) and
con->forAll(referencedElt->subset(self.supplier.ownedItem->

union(ext)))

Obviously, all constraints ofSequentialisationare automatically inherited byFactorisa-
tion as well. To be complete, some other constraints should be added toFactorisation, but
these become very complex and would only clutter the example.

Needless to say, the same technique can also be used to create user-defined specialisa-
tions ofPromotion. For example, we could define aPromotedAdditionas a specialisation
of Promotionwith the additional constraint that it is built-up from lower-levelAdditions.

context PromotedAddition inv:
self.modification.oclIsKindOf(Sequence(Addition))

6.4. Model-specific evolution contracts

For some specific software artifacts, the basic evolution contracts are insufficient to ex-
press the exact modification that occurs. In those cases, we need to define model-specific
specialisations of existingEvolutionContracts. For example, suppose that we want to model
the evolution of an abstract class to a concrete one. By looking more closely to the UML
metamodel we can generalise this to any kind ofGeneralizableElement, that can be made
concrete by changing the value of the attributeisAbstract from true to false . To
formalise this evolution step, we need to define aConcretisationas a user-defined spe-
cialisation ofPrimitiveEC, with the additional constraint that it can only be applied to a
GeneralizableElement(or any subclass thereof). The exact OCL constraints are given below.

context Concretisation
inv: self.supplier.oclIsKindOf(GeneralizableElement)
inv: self.supplier.isAbstract = true
inv: self.client.isAbstract = false

6.5. Scaling up conflict detection

The different ways of scaling up evolution contracts mentioned in the previous subsec-
tions are necessary to apply evolution contracts to larger models. The use ofPackagesand
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composite contract types gives us a flexible way to look at models at the desired level of
abstraction. The possibility to create new user-defined (primitive and composite) evolution
contracts allows us to customise the formalism to particular situations.

Crucial to the scalability is how detection of evolution conflicts behaves in presence of
composite evolution contracts. In the case ofPromotionevolution contracts, all conflicts
detected at a lower level will be “promoted” to the higher level. WhenSequentialisation
evolution contracts are involved, things are more complicated. As a first approximation,
conflicts caused by aSequentialisationevolution contract can be detected by considering
thePrimitive evolution contracts from which it is made up. This can however lead to the
detection of too many potential conflicts, as subsequent subcontracts in theSequentialisation
may cause local conflicts to be annihilated. For example, if anAdditionwith a certain element
is followed by aRemovalof the same element, the conflicts caused by theAdditionshould
not be considered. Therefore, before detecting evolution conflicts, the sequence should first
be transformed in such a way that each evolution contract is independent—with respect
to the possible conflicts—of the preceding ones. This process of removing redundancy in
an arbitrary evolution sequence is called “normalisation” and is treated in detail in Mens
(1999).

More importantly, the use of predefined high-level evolution contracts allows the soft-
ware developer to give extra feedback on which conflicts are real and which probably are
not. A good example can be found withFactorisation. An “inconsistent operation” conflict
(as explained in figure 5) occurs when an invocation of an operation is removed (Discon-
nection) by one software developer and this same operation is independently modified by
another developer to invoke another operation (Connection). Since aFactorisationinvolves
aDisconnection, an inconsistent operations conflict can appear after aFactorisation. Upon
closer examination however, we see that there is an intuitive difference between a stand-
aloneDisconnectionand aDisconnectionthat is part of aFactorisation. When an operation
invocation is removed during aFactorisation, this invocation is always added to another
operation with the net result that it remains in the transitive closure of the operation it was
originally removed from. Therefore, by explicitly declaring theDisconnectionto be part of
theFactorisation, the user indicates that the inconsistent operation conflict can be ignored.

7. Tool support

It is obvious that the mechanism of composite evolution contracts and conflict detection
is difficult to manage without proper tool support. Therefore, the formalism should be
incorporated into a CASE tool. The development of the evolution contract methodology
and its incorporation in tools have always been strongly related. On the one hand, the
incorporation of evolution contracts in tools and the use of these tools in case studies
has been invaluable for the further development of the evolution contract formalism. On
the other hand, the existence of a formal specification of evolution contracts facilitates its
incorporation into tools.

As evolution contracts were originally conceived for implementation-level components
(Steyaert et al., 1996), the first tools aimed at supporting evolution at the implementation
level. Tools were developed in Smalltalk to semi-automatically extract evolution contracts
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from existing Smalltalk code. In his PhD dissertation, Koen De Hondt further elaborated
upon this idea, which led to a reverse engineering tool for Smalltalk (De Hondt, 1998).
Among others it is capable of semi-automatically extracting class collaborations from
Smalltalk code, and representing these collaborations graphically in a CASE tool like Ra-
tional RoseTM.

Closer to the topic of this paper are tools that provide support for evolution at analysis
and design level. We have already carried out some interesting experiments in UML CASE
tools like Rational RoseTM, Select EnterpriseTM and Visio ProfessionalTM, in which we
added limited support for evolution contracts by means of the built-in scripting languages.

For the purpose of merging parallel evolutions of the same UML model, theVisual Differ-
encingtool (which comes with Rational RoseTM) can be used. Unlike the evolution contracts
approach, this tool is only capable of detecting and resolvingstructuralinconsistencies (i.e.,
ill-formed UML models). A similar remark can be made for the merge tool proposed in
Westfechtel (1991), with the distinction that this latter approach is language-independent.
The essence of evolution contracts is that they enable detection of morebehaviouralincon-
sistencies. In practice, these behavioural merge conflicts are the more important, since they
are much harder to detect manually and give rise to more subtle problems.

We have implemented a declarative evolution contract framework in PROLOG, in such
a way that it can be customised easily to many different domains. This makes it possible
to check evolution conflicts in evolving UML models by exporting them to PROLOG and
performing the conflict detection there. This experiment is part of a large case study (con-
taining more than 600 design classes) that is currently being carried out with an industrial
partner. The main goal is to illustrate the practical benefits of evolution contracts, and to
find out where the formalism still needs to be enhanced. Especially the scalability aspects
will be investigated further.

To make the tool more user-friendly, we still need to experience in practice which user-
defined contract types could be defined. In this paper we already briefly discussed some,
such asFactorisationandConcretisation, but there are many more useful contract types
that can be imagined. Some of these user-defined contract types (likeFactorisation) will
be domain-independent, while others (likeConcretisation) will only be applicable in very
specific cases. In Lucas (1997) and Mens (1999), a number of user-defined contract types
has been defined and discussed. Refactoring and restructuring operations (Opdyke, 1992)
are also interesting candidates for composite contract types.

Finally, a tool can be very helpful in assisting conflict resolution once evolution conflicts
have been detected. A first attempt towards such a tool has been undertaken in the context
of evolution of Smalltalk code (Mezini, 1997). This approach could be generalised and
extended to allow semi-automatic conflict resolution for UML models as well.

8. Summary and future work

This paper showed how the evolution contract formalism can be integrated into the UML
metamodel in a straightforward way. As a result, we obtain a general mechanism for dealing
with unanticipated evolution of arbitrary UML models. We characterised a number of basic
evolution contracts that can be uniformly applied to many different UML models. Scalability
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mechanisms were provided to deal with evolution at different levels of abstraction, and to
allow model-specific or domain-specific modifications to be defined as well.

By formally documenting model evolution with evolution contracts, incompatibilities or
undesired behaviour can be detected when part of a model is upgraded to a new version,
or when different software developers independently make changes to the same or related
parts of a model. Because of our uniform approach, conflict detection becomes independent
of the specific kind of model that is under consideration. Another important benefit of
our approach is that its formality makes it easy to integrate in CASE tools. A number of
prototype tools have already been developed and are currently being validated in industrial
case studies.

A very interesting application of the ideas in this paper would be to employ evolution
contracts for managing evolution of the UML metamodel itself. Each time a new version of
the UML metamodel (currently 1.3) is delivered, it is possible that UML models that have
been developed in the previous version become invalidated. Provided that we document
the evolution of the UML metamodel with evolution contracts, it becomes possible to
automatically identify the potential problem areas for each particular case.

An important topic that has not yet been addressed is the application of evolution con-
tracts to monitor evolution betweendifferentkinds of model elements. Until now, evolution
contracts were restricted to have the same type of supplier and client. It could also be useful
to apply evolution contracts to document the relationship between different kinds of model
elements ranging from requirements to implementation phase. Possible evolutions could
be: a use case which is refined into a collaboration (Refinement), an interface which is
transformed into a class (Realization), etc. In order forRefinementsandRealizations(two
stereotypedAbstractions) to benefit from the techniques of evolution contracts, the UML
metamodel should be altered so thatAbstractionbecomes a specialisation ofEvolution-
Contract. Additionally, some extra changes will need to made to the evolution contract
formalism in order to be still valid in this more general context.
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Note

1. In previous work on reuse contracts, the termsRefinementandCoarseningwere consistently used instead of
ConnectionandDisconnection. Unfortunately, the termRefinementis reserved in UML to denote a stereotyped
Abstraction(which is a special kind ofDependency). Similarly,ExtensionandCancellationwere used instead
of AdditionandRemoval, but the metaclassExtendis already used in UML to denote aRelationshipbetween
UseCases.
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