Vrije Universiteit BrusselFaculteit Wetenschappen

Reuse Contracts:Managing the Evolution of Reusable AssetsPatrick Steyaert, Carine Lucas, Kim Mens, Theo D�HondtProgramming Technology LabVrije Universiteit BrusselPleinlaan 2, 1050 Brussels, Belgiumhttp://progwww.vub.ac.be/Email: prsteyae@vnet3.vub.ac.be, clucas@vnet3.vub.ac.be,kimmens@is1.vub.ac.be, tjdhondt@vnet3.vub.ac.beAbstract. A critical concern in the reuse ofsoftware is the propagation of changes made toreusable artifacts. Without techniques to managethese changes, multiple versions of these artifactswill propagate through different systems andreusers will not be able to benefit fromimprovements to the original artifact. We proposeto codify the management of change in a softwaresystem by means of reuse contracts that record theprotocol between managers and users of areusable asset. Just as real world contracts can beextended, amended and customised, reusecontracts are subject to parallel changes encodedby formal reuse operators: extension, refinementand concretisation. Reuse contracts and theiroperators serve as structured documentation andfacilitate the propagation of changes to reusableassets by indicating how much work is needed toupdate previously built applications, where andhow to test and how to adjust these applications.1IntroductionIt has become a well-known fact that the degree towhich software reusability is pursued is matchedby the extent to which the same reusability fails tofulfil the high expectations. A delicate balancebetween longer term investments in reusableartifacts and the need to meet deadlines needs tobe accomplished. To be properly reusable,artifacts should undergo some form ofcertification thereby turning them into reusableassets [2]. To be able to leverage on theinvestment, reusers must be able to benefit fromfuture improvements of the assets they reuse:proper evolution of reused assets should notinvalidate previous reuse. In a similar vein, reuseshould go beyond the act of copying out codefragments and adapting them to currentrequirements without regard for the evolution ofthe reused fragments. This implies themanagement of some kind of consistency in theevolution of reusable software. The absence ofsuch management mechanisms is recognised as animportant inhibitor to successful reuse [2, 12, 15].In this paper we not only recognise the need forsoftware to evolve both during its initial designand when it is being reused, we actually advocatethe development of a methodology for managingchange in the process of engineering reusablesoftware. We advocate a kind of reuse that, unlikeblack-box reuse, allows reusable assets to beadapted before reuse. This makes our approachmore akin to white-box reuse: it cannot always beguaranteed that changes to a given reusable assetwill propagate without invalidating previous reuse.Unlike white-box reuse, however, reuse iscontrolled in a way so that reusers know when andhow the assumptions they make about reusableassets are broken when this asset is changed.We propose to codify this management of changein an (object-oriented) software system by meansof reuse contracts. Reuse contracts are interfacedescriptions (of, for instance, classes), offeringguidelines for reusing assets in some problemdomain and recording the protocol betweenmanagers and users of a reusable asset. Similar to the real world where contracts can be extended,amended and customised, reuse contracts aresubject to typical reuse operators: extension,refinement and concretisation. Together, reusecontracts and operators can be used by the assetproducer to document that part of the design thatis relevant for reusers. Moreover, they documentthe assumptions made by reusers about the way anasset is reused. This documentation facilitates thepropagation of changes to assets by indicatinghow much work is necessary to update previouslybuilt applications, where and how to test and howto adjust these applications. Reusers thus canbenefit from improvements to the assets they reuseand the proliferation of different versions ofreusable assets can be kept to a minimum. In asimilar vein, reuse contracts can be valuable to theasset developer to assess the impact of changes andto decide whether changes should be made.As a tangible case in which to explain our ideas,we focus on class abstractions with inheritance asthe reuse mechanism. This is by far the best-known and most widely used technique availabletoday for structuring object-oriented software. Weuse abstract classes, specialisation interfaces [7]and the different reuse operators, as a frameworkin which to study change management of methodoverriding. We analyse some of the problems thatcan arise in inheritors when changes are made to aparent class and show how reuse contracts can helpin solving these problems. While the proposedreuse operators are sufficiently expressive for ourdiscussion, it is beyond the scope of this paper togive a formal treatment of their completeness.Interested readers can verify this and otherproperties in another document [8].The major contribution of this paper is theidentification of a framework for the codificationof the evolution of reusable assets. Classhierarchies are used as a specific case in which toexplore a consistent set of reuse operators. Ourconjecture is that this approach is applicable toother and possibly more general adaptablesystems. We even dare to suggest that reusecontracts have a broader scope than managingevolution in reusable assets: they shed light on thearchitecture of the asset, can be used as structureddocumentation and generally assist a softwareengineer in adapting assets to particular needs.They thus help break down the barriers betweenasset producers and asset reusers. When adopted,reuse contracts may significantly enhance the wayin which software is being built and managed.2Conflicts with Evolving Parent ClassesAs a concrete case, in this paper we focus on reusebased on abstract classes and inheritance. Becausethe power of inheritance lies in the ability tooverride methods that are invoked by methods ofthe parent class, the possible problems withinheritance become apparent when considering thecalling structure between a class and its inheritors.A class hierarchy can evolve in different ways (seeFig. 1). First, a class hierarchy evolves simply byediting the classes in it. Since this corresponds tothe replacement of a class with a new, modifiedversion, and this class may already have a numberof inheritors, this form of evolution is calledparent class exchange. Second, classes evolvethrough inheritance. Rather than just editing it, aclass�s description gets �modified� by inheritors.This kind of evolution is called layering: a class�sdescription evolves through a chain of inheritors,each adding its own layer of modifications. Theonly difference with parent class exchange is theavailability � after modification � of both theoriginal class and the modified class.

Abstract ASubClass BSubClass CSubClass D

Abstract A’SubClass B’. . .

layering?parent classexchange?calling structureFig. 1Problems when Reusing Classes

The problem with class evolution in general, is thatmodifications made to the calling structure of aparent class can introduce conflicts in alreadyexisting inheritors. With layering, the callingstructure of a parent class gets modified by a chainof inheritors, which makes it difficult to assess theimpact of the modifications made by intermediateinheritors. This is perceived by many users ofobject-oriented class libraries and frameworks asone of the major obstacles to reuse them.Similarly, with parent class exchange, it is difficultto detect whether changes made to the parent�scalling structure introduce conflicts in inheritors.As both problems are similar, we will only focuson the latter. We take a closer look at four specificconflicts introduced by parent class exchange.2 . 1 Conflicts in the Method InterfacesThe first problem involves the case where anexchanged parent class introduces a new method,while one of the inheritors had previouslyintroduced a method with the same name. If thismethod is not invoked by any of the othermethods of the parent, at first sight, this causes noerroneous behaviour (the case where this methodis invoked by other methods of the parent isdiscussed in section 2.3). The method of theinheritor will simply override the method of theparent class. But, as a consequence, the intentionrepresented by the adaptation of the parent classwill get lost. Moreover, as this causes no technicalerror, this loss will probably go unnoticed.A related problem is that of conflicts inannotations made to a method�s interface. It is notuncommon to attach extra design information tomethods. As inheritors rely on this information,this can lead to extra conflicts. For example,methods can be marked as being abstract orconcrete. Inheritors that override an abstractmethod assume that the overridden method has noimplementation. This can lead to a conflict ininheritors when the parent is exchanged with aclass where this abstract method is already madeconcrete. Apart from an annotation abstract orconcrete, we will also add other designinformation to the interface.2 . 2 Unimplemented MethodsAnother kind of problem is where an exchangedparent class introduces a new abstract method, thatmight be invoked by other methods of theexchanged parent. When already existinginheritors do not provide an implementation forthese newly added abstract methods, this results inincomplete classes.2 . 3 Method CaptureThe exchanged parent class can include extramethod invocations. These could be invocations ofmethods that are provided by this parent classitself, but also invocations of methods that areimplemented by an inheritor and that were notinvoked before. In the latter case, we say that thesemethods of the inheritor get captured by themethods of the parent that invoke them. This mayresult in erroneous behaviour, as the inheritor didnot take into account that its method would beinvoked by the parent. Two cases of methodcapture can be distinguished. First, the case wherea method that did not exist in the original parentclass is now introduced and invoked. An inheritormight have introduced a method with the samename, that will now be invoked by the new parent.As this could not be foreseen, we call thisaccidental method capture. Second, in theexchanged parent, a method that already existed inthe original parent might be invoked by moremethods than before. An inheritor might haveoverridden this method, and this implementationwill now be invoked by more methods of theparent. As this can be foreseen more easily, we callit regular method capture.A good example of how a similar kind ofproblems can occur in class hierarchies can befound in the standard Smalltalk-80 class library.The reason why the names of primitive methods(e.g., basicAt:, basicAt:put:, ...) on the root class(Object) are prefixed with ’basic’ is exactly toavoid users accidentally introducing a method withthe same name in their classes, thus causing asituation similar to method capture.

2 . 4 Inconsistent MethodsWhen method invocations are omitted � which isfrequently done for performance reasons � theinverse situation of method capture can arise. If onparent class exchange the new parent classperforms less invocations of a method than before,this might lead to inconsistent behaviour. We thensay that the method that used to perform theinvocation has become inconsistent with themethod that used to get invoked. This terminologyis due to Kiczales and Lamping [6].Consider the prototypical example of a Collectionhierarchy. A class Set defines a method add and amethod addAll, which invokes add to add a groupof elements to the set simultaneously. A subclassCountingSet might override add to keep a counterof the number of elements added to the set. If onparent class exchange in a new version of Set,addAll does not invoke add anymore, this will leadto inconsistent behaviour in CountingSet, as not alladditions will be counted. addAll has becomeinconsistent with add.3Reuse Contracts3 . 1 Documenting Dependencies throughSpecialisation InterfacesTo be able to detect and solve the above problemsit is crucial to have the right kind ofdocumentation. Currently, the main mechanism todocument the design of object-oriented softwaresystems is through abstract classes [5]. The clientinterface of an abstract class sketches the design offuture concrete subclasses, by indicating whichmethods they should provide. However,information about internal dependencies is also acrucial piece of design information to inheritors.This information can usually only be acquired byinspecting the code. To solve this problem,Lamping introduced specialisation interfaces as ameans to document the calling structure of a class,by explicitly naming all methods that are invokedthrough self sends in each method [7]. Consider,for example, an abstract class AbstractView1, thatdescribes the general behaviour of a view that

1 Throughout this text we use a part of a GUI library as anexample. The example is inspired by [4] and [6].visually represents a certain subject. A view can bedrawn and updated. The method Update relies onthe method Draw and on a number of othermethods for its implementation.Class AbstractViewAbstract Draw()Concrete Update()[self.SetPen(2);self.SetRect(40,60); self.Draw() ]Concrete SetPen(size) [ � ]Concrete SetRect(height, width)[ � ]End ClassThe specialisation interface of AbstractView isshown below. The information on the self sends isprovided by enumerating the names of thereferenced methods between curly braces after themethod�s signature.Specialisation Interface AbstractViewAbstract DrawConcrete Update{ Draw,SetPen,SetRect }Concrete SetPen { � }Concrete SetRect{ � }End Specialisation InterfaceWhile specialisation interfaces are an importantstep towards achieving actual reuse of design, theirmain drawback is that they document the internaldependencies of a class by listing all self sends ina class. They do not distinguish betweenimplementation level and design leveldependencies and thus do not allow hiding ofimplementation details. While providing too littleinformation about internal dependencies makes itimpossible to define large applications in animplementation independent way, exposing toomuch implementation detail restricts the ability toevolve or to allow different implementations. It isthus very important to expose only those parts ofthe internal structure that are crucial to the designof a class. Reuse contracts are introduced in thenext section as a mechanism that distinguishesbetween that part of the specialisation interfacethat is implementation dependent and that part thatis crucial for inheritors. They thus hide thosedependencies on which inheritors should not rely.A remark must also be made about the kind ofinformation that specialisation interfaces canprovide. Specialisation interfaces can be specifiedeither by listing method dependencies purelybased on names, or by including type information, or by including semantic information thatspecifies, for example, the order in which methodsshould be invoked. The art is in finding the rightbalance between descriptions that are easilyunderstood and expressed, and descriptions thatcapture enough of the semantics of possibleadaptations. Reuse contracts will only indicatewhich methods rely on which other methods, byenumerating the names of methods that areinvoked through self sends. Although reusecontracts provide only syntactic information, thisis enough to firmly increase the likelihood ofbehaviourally correct exchange of parent classes.For simplicity we have restricted the reusecontracts we propose here to include onlydocumentation on the internal dependenciesamong a class’s methods. The dependenciesamong the methods of one class and the methodsof its acquaintances are at least as important. Justas our current reuse contracts are based onspecialisation interfaces, reuse contracts could bedeveloped based on descriptions of interclassrelationships. Such descriptions have already beenstudied in the form of contracts [3, 4], but will notbe discussed here.3 . 2 Definition of Reuse ContractsA reuse contract is a set of method descriptionsthat is divided into two subsets: the abstract and theconcrete method descriptions. Reuse contracts areonly interfaces: they never contain actual methods,only descriptions of methods. Each methoddescription consists of a method name togetherwith a specialisation clause and an annotationabstract or concrete. For reasons given in theprevious paragraph, the specialisation clauses onlylist the methods that are crucial to the design of aparticular method. Methods that are listed inspecialisation clauses are called hook methods andcan be abstract as well as concrete. This termshould not be confused with the term templatemethods, which is usually used to describeconcrete methods that invoke abstract methods intheir implementation. Finally, similarly to classesand inheritance, new reuse contracts can bederived from existing ones. Unlike inheritance wewill have different operations to obtain a derivedreuse contract; e.g., a reuse contract can be anextension of another one. We will discuss themeaning of the various possible relationships insection 4. Summarising, we a reuse contract can bedefined as follows:A reuse contract is an interface, i.e., a set of method descriptions each consisting of¥ a unique name,¥ an annotation abstract or concrete,¥ a (possibly empty) specialisation clause.

Furthermore, for a reuse contract to be well-formed it needs to satisfy certain conditions:A reuse contract is well-formed if every name occurring in one of the specialisation clausescorresponds to a method description appearingin the reuse contract itself;Well-formed reuse contracts can be explicitlyrelated to other reuse contracts by one of thefollowing operators: concretisation, extension,refinement, abstraction, cancellation, coarsening.

Unless explicitly stated otherwise, from now onwhen we use the term �reuse contract� we mean awell-formed reuse contract. As a first example,consider a reuse contract View describing theabstract class AbstractView from section 3.1.Reuse Contract ViewAbstractDrawConcreteUpdate{ Draw }End Reuse ContractAs discussed, this reuse contract is subdivided intoan abstract and a concrete section. WhileAbstractView�s specialisation interface enumeratedall methods invoked through self sends in Update,in the reuse contract View only Draw is mentionedin the specialisation clause of Update, as theinvocation of this method is the only one crucialto the design. The other methods that wereinvoked through self sends in Update were pureimplementation methods and are therefore notincluded in the reuse contract. Not only did weleave SetPen and SetRect out of the specialisationclause of the Update method, we also did not include them in the list of method descriptions inthe reuse contract View.3 . 3 Implementing Abstract Classes thatComply with Reuse ContractsSince reuse contracts only describe interfaces,implementations must be associated with them. Asthese implementations should satisfy the designimposed by a reuse contract, the classes shouldcomply with the reuse contracts in some way: wesay that a reuse contract is implemented by an(abstract) class when the conditions below arefulfilled.A reuse contract R is implemented by a class C if

(1)C provides an implementation for allconcrete method descriptions of R;(2)C provides a signature, but noimplementation for any abstract methoddescription of R;(3)for every name n in a specialisation clauseof a concrete method description m of R,the method in C with name n is invokedthrough a self send by the methodcorresponding to m (or by a method of Cthat is directly or indirectly invoked by m).

According to this definition the abstract classAbstractView is a possible implementation of thereuse contract View. The definition alsoimmediately implies that reuse contractscontaining abstract method descriptions areimplemented by abstract classes.The need to explicitly declare reuse contracts aswell as the compliance of classes to reuse contractscould be criticised for too much verbosity. Someremarks can be made about this comment. Inlanguages that promote the separation of interfaceand class hierarchies, reuse contracts can beintroduced as an extension to these interfaces. Inthat case, reuse contracts do not introduce toomuch overhead, since interfaces must be specifiedanyway. For languages that do not includeinterfaces, reuse contracts can be managed by theprogramming environment. In that case, reusecontracts could be semi-automatically constructedon the basis of the calling structure (theprogrammer only has to delete the descriptionsand names of methods that should not beexposed). Moreover, since reuse contracts aredesign concepts, they should actually already havebeen constructed during the design phase.A problem can occur with classes that includeimplementation-specific methods not specified bythe reuse contract. As these methods are notspecified in the reuse contract but only in theimplementation, it is possible that a user lateraccidentally introduces a method with the samename in the class implementing a derived reusecontract. As discussed in section 2.3., methodcapture might occur. The classes that implementthe reuse contracts should therefore encapsulatethe invocation of their implementation-specificmethods (whether they are public or private) fromthe derived reuse contracts and theirimplementations. Different approaches arepossible to achieve this. Kiczales and Lampingsuggest using a package system such as theCommon Lisp package system or informationhiding facilities such as provided in languages likeC++ [6]. Another possibility is that a tool checksfor this kind of errors and requires the user torename one of the methods involved. Yet anotheroption is provided by languages that offer thepossibility to explicitly encapsulate self sends [1,14]. In such languages, the self sends toimplementation-specific methods can be explicitlyencapsulated so that they are invisible to futureinheritors.Another problem that may occur withimplementation-specific methods is that thespecialisation clauses might demand that a methodm performs a self send to some method n, whilethis self send is not made in m itself, but only inone of the implementation-specific methodsinvoked by m. Therefore, when verifying whetheran implementation satisfies a reuse contract, it isactually necessary to look at the transitive closureof all self sends made from within methods. This isthe motivation behind the phrase: �or by amethod of C that is directly or indirectly invokedby m� in clause 3 of the above definition.Note that even when a self send appears in theimplementation of a method, it is not always possible to check � without extensive data flowanalysis � whether this invocation will actually beperformed at run-time. It could for instance occurin the body of a conditional expression. Asdiscussed in the previous section, reuse contractsdo not aim at fully specifying the design of classesat a behavioural level, only through descriptions.4Operators on Reuse ContractsReuse contracts are only a first step towardssolving the problems concerning parent classexchange from section 2. Without reuse contractsit is difficult to detect problems such as methodcapture because specialisation interfaces are notexplicitly available. But even making specialisationinterfaces explicit does not suffice in order todetect problems on parent class exchange. Moreinformation is needed both on the assumptionsmade by inheritors about their parent classes andon the way the parent classes are actually reused.Consider exchanging a parent class with a newparent class that introduces a new method m.When looking at plain inheritors, it is not alwaysclear whether a method with the name m in theinheritor was intended to override the method mof the parent class or whether it was intended as anew method leading to unintended methodcapture. These two cases can only be differentiatedby meticulously comparing the reuse contracts ofthe old parent class, the new parent class and theinheritors. This is neither practical (in practice theold parent class might not even be availableanymore), nor intuitively compelling. We proposea methodology that is more intuitive for bothinheritors and developers of reusable classes andguides them in managing changes to these classes.It is based on a categorisation of the typicalactions undertaken by the designers of bothabstract classes and inheritors and the changesthese actions cause in the calling structure. Weessentially distinguish three different logicaloperators on reuse contracts: concretisation,refinement and extension and their inverseoperators: abstraction, coarsening andcancellation. Although not the only operatorsimaginable, they do coincide with the typical waysto use abstract classes. By examining theinteractions between these operators and byinvestigating which operators respect the design,rules can be proposed that facilitate exchange ofreuse contracts of parent classes. In the aboveexample, had it been clear that the inheritorintended to perform an extension (i.e., introducinga new method), it would have been easier to detectpossible problems.So, in order to be able to correctly assess theimpact of parent class exchange, reuse contractsmust be labelled with how they are derived fromother reuse contracts in terms of the basicoperators. For the programmer, the work effortinvolved is obviously not the adding of an extrakeyword (i.e., extension, concretisation, ...), butrather the careful construction of the derived reusecontract corresponding to the inheritor by meansof the basic operators. While this puts an extraburden on the programmer requiring makingmore conscious decisions during the designprocess, the pay-off of this work will become clearin the next sections. Moreover, supporting toolscan be constructed that automatically decomposethe derived reuse contract of an inheritor in termsof the basic operators. Such tools can also be anextra help in understanding how an inheritordiffers from its parent.In this section we will define the differentoperators, in the next section their interactions willbe examined and we will discuss how thisinformation can be used to detect and solveproblem cases. While the definitions of theoperators and the discussion of their interactionswere developed on a much more formal level [8],they are presented in this paper in a way thatmakes their intuition more clear. For everyoperator a definition, a description of theprerequisites and an inverse operator are given.Each operator will be defined in terms of amodifier M. This modifier is necessary to discussparent class exchange, as for an inheritor havingits parent class exchanged comes down toapplying the same modifier that was applied to the former parent, to the new parent2. Theprerequisites for each operator will describe theexact form of these modifiers, as well as theconditions they must comply with in order to becorrect. Modifiers themselves are reuse contracts,although not necessarily well-formed ones.Every R and Rx in the following definitionsrepresent a well-formed reuse contract. Every Mand Mx represent a reuse modifier, i.e., a reusecontract that is not necessarily well-formed. In theexamples we will not explicitly mention themodifiers, as they will always be clear from thecontext.4 . 1 ConcretisationConcretisation is an operation that is typicallyperformed by an application developer, whencustomising assets to obtain applications tailoredto a certain domain. It makes an asset moreconcrete, by overriding (some) abstract methoddescriptions with concrete ones.Rc is a concretisation of R with Mcif

(1)R is concretisable with Mc (defined below);(2)Rc contains only method descriptions withthe same name and specialisation clause asin R;(3)every abstract method description of Rlisted by Mc becomes concrete in Rc;(4)all other method descriptions in R remainunchanged in Rc.

When we are not explicitly interested in themodifier Mc, we simply say that Rc is aconcretisation of R. As concretising a reusecontract can happen in several steps, we distinguishcomplete concretisations from partialconcretisations. Whereas the former yield newreuse contracts containing only concrete methoddescriptions, the latter result in reuse contracts thatstill contain abstract method descriptions and needsubsequent concretisations. The effect of aconcretisation is depicted in Fig. 2. Note that aconcretisation does not change the callingstructure, nor does it add new method descriptions.

2 This is similar to the way inheritance is achieved inlanguages with mixin-based inheritance [1].Reuse Contract RAbstractConcreteReuse Contract RcAbstractConcrete

Fig. 2ConcretisationAs concretisations merely transform some abstractmethod descriptions of R to concrete ones, at firstsight a correct concretisation modifier Mc shouldonly mention their names. Although includinginformation on the specialisation clauses as wellseems to be redundant, it is necessary in order toavoid conflicts in the method interfaces, as will beexplained in section 5.1. On the other hand, sinceonly abstract method descriptions can beconcretised, including the annotation is not reallynecessary. Nevertheless, to be consistent with theother definitions we include this redundantinformation.R is concretisable with Mc if every method description of Mc(1)is concrete;(2)has a name corresponding to an abstractmethod description of R;(3)has the same specialisation clause as in R.

The following reuse contract ViewPort is anexample of a complete concretisation of View. Ittransforms the only abstract method descriptionDraw of View into a concrete one.Reuse Contract ViewPortis a concretisation of ViewConcreteDrawUpdate{ Draw }End Reuse ContractAs there are no abstract method descriptions inthis reuse contract, the keyword Abstract was leftout.The opposite of a concretisation is called anabstraction. Abstraction will not often be used, butmight, for example, be wanted by a librarydeveloper to add a more abstract layer to a classlibrary.

Ra is an abstraction of R iffR is a concretisation of Ra

This means that Ra is an abstraction of R if somemethod descriptions that were concrete in R aremade abstract in Ra and no other changes occur.4 . 2 ExtensionAn extension adds new method descriptions to areuse contract. An application developer might useextension to introduce new method descriptions toexpress a certain behaviour particular to theapplication; the developer of reusable assets mightuse it to enhance an asset’s functionality.Re is an extension of R with Meif

(1)R is extendible with Me (defined below);(2)Re contains all method descriptions of Rplus all method descriptions of Me.

An extension is called concrete if no abstractmethod descriptions are added, otherwise it iscalled abstract. A legal extension modifier Memust fulfil the following conditions:R is extendible with Meif

(1)Me contains no method description with thesame name as a method description in R(2)the specialisation clauses of methoddescriptions in Me contain only names ofmethod descriptions occurring in Me or R.

Condition 1 is included to make the differentoperators more orthogonal. Just as a concretisationcannot add new method descriptions (condition 2of concretisable) and thus perform an extension,an extension cannot affect any existing methoddescriptions.Reuse Contract RReuse Contract Re

Fig. 3ExtensionThe reuse contract DragableView below is anexample of a (concrete) extension of the reusecontract View. An extra method description Drag isadded, representing a method that has to invokeDraw to redraw the view at its new position.Reuse Contract DragableViewis an extension of ViewAbstractDrawConcreteUpdate{ Draw }Drag{ Draw }End Reuse ContractThe opposite of extension is called cancellation.Cancellation will mainly be used by an assetdeveloper to remove unnecessary behaviour fromthe asset.Rc is a cancellation of R iffR is an extension of Rc

A cancellation merely removes existing methoddescriptions. Of course, this operation can only beperformed if the method descriptions that need tobe removed are not listed in the specialisationclauses of any other methods (unless these areremoved as well).4 . 3 RefinementFinally, refinement is the operation of overridingmethod descriptions in order to refine theirdesign. It can be performed by an asset developerto model the evolution of an asset, or by anapplication developer to make reuse contractsspecific to some application domain, thus creatinga more layered design. This is achieved by addingextra hook methods to the specialisation clauses ofthe original method descriptions. Since the alreadyexisting hook methods are maintained, the designof the original reuse contract is preserved. Byadding hook methods, it is refined.As an example, consider the reuse contract Buttonbelow which is a refinement of View. It refines themethod descriptions Update and Draw. Where Draworiginally had an empty specialisation clause, itnow lists a new abstract method Geometry.Obviously, this new method description also needsto be added to the reuse contract. Because a buttonis always visually represented as �on� or �off�,Update is also refined to depend on this status. Torepresent this behaviour, Update must rely on

Choose and UnChoose, which in turn rely on Refreshto draw the button in either status.Reuse Contract Buttonis a refinement of ViewAbstractGeometryDraw{ Geometry }ConcreteUpdate{ Choose, UnChoose }Choose{ Refresh }UnChoose( Refresh }Refresh{ Draw }End Reuse ContractAs the example illustrates, refinements can also�extend� a reuse contract with new methoddescriptions. This is the only place where thefunctionalities of the operations partially overlap.Condition 6 below restricts this overlap by statingthat new method descriptions can only be addedby a refinement if they are (directly or indirectly)called by one of the refined methods. This isillustrated in Fig. 4. Otherwise, adding methoddescriptions is an extension.Reuse Contract RReuse Contract Rr

Fig. 4RefinementNote that while the old specialisation clause ofUpdate listed Draw, the new one only lists Chooseand UnChoose. This does however indirectly lead toRefresh (because Choose and UnChoose list Refresh),and eventually to Draw (because Refresh lists Draw).When these indirections are taken into account, itis clear that Update�s new specialisation clause isindeed an augmentation of the old one. Therefore,it is necessary to work with the transitive closure ofthe specialisation clauses. Summarising all this wecan define a refinement in terms of an overridingmodifier Mo and an extending modifier Me, asbelow.A refinement is called concrete if none of theadded method descriptions (described by Me) areabstract, otherwise it is abstract.Rr is a refinement of R with (Me,Mo)if

(1)R is refinable with (Me,Mo) (definedbelow);(2)Rr contains all method descriptions of Meand Mo as well as all method descriptionsof R not corresponding to a methoddescription in Mo.

For a modifier pair (Me,Mo) to express a correctrefinement, the following constraints need to besatisfied:R is refinable with (Me,Mo)if

(1)Me contains no method descriptions withthe same name as method descriptions in R;(2)Mo contains only method descriptions withthe same name as method descriptions in R;(3)the method descriptions in Mo have thesame annotations as the correspondingmethod descriptions in R;(4)the specialisation clauses of methoddescriptions in Me or Mo contain onlynames of method descriptions occurring inMe, Mo or R;(5)the transitive closures of specialisationclauses in Mo are augmentations of thetransitive closures of the correspondingspecialisation clauses in R;(6)the name of every method description inMe must occur in at least one of theseaugmented specialisation clauses.

Note that a refinement does not change theannotation abstract or concrete attached tomethod descriptions. Nevertheless, again to avoidmethod interface problems, this information isincluded.The opposite of a refinement is called acoarsening. We discuss coarsening a bit more indepth than the other inverse operators, because it isan important operator in practice. Coarsening isachieved by omitting hook methods from thespecialisation clauses of method descriptions.Although this means partially ignoring the designof an asset, this is often done for performancereasons or because some parts of the design areirrelevant to certain domains.

Coarsening is defined as:Rcoarse is a coarsening of Rif

(1)every method description in Rcoarsecorresponds to a method description in R;(2)these method descriptions are exactly thesame as in R except that the transitiveclosure of their specialisation clause inRcoarse can be smaller than in R;(3)method descriptions with names that werementioned in specialisation clauses in R butare no longer mentioned in anyspecialisation clause in Rcoarse can beremoved from Rcoarse.

The motivation behind 3 is twofold. First, to avoiderrors, only methods corresponding to methoddescriptions that are not invoked anymore can beremoved. Second, if these method descriptionswere not invoked in R either, then the operationconcerned would be a cancellation rather than acoarsening.To keep things simple, the above definition ofcoarsening was not given in terms of reusemodifiers. An actual coarsening modifier shouldassociate a coarsening clause with each method,indicating which method invocations are removed.This information will be used later on to detect theproblem of inconsistent methods.4 . 4 Implementation of Reuse OperatorsAll operators on reuse contracts that are defined inthis paper can be achieved on their implementorclasses through inheritance. We could, forexample, have an abstract class GeneralViewimplementing the reuse contract View and aconcrete class MacintoshView implementing thereuse contract ViewPort. While ViewPort is aconcretisation of View, MacintoshView is a subclassof GeneralView.

inheritance

Reuse ContractViewconcretisationimplementsReuse ContractViewPortAbstract ClassGeneralViewConcrete ClassMacintoshViewimplements

Fig. 5 Implementation of Reuse OperatorsNote that this example is a simplification. First,because the techniques to encapsulate invocationsof implementation-specific methods as discussedin section 3.3. must be applied here. Second,because the relation between reuse contracts andthe classes that implement them is presented asone-to-one. This might not always be the case.Different reuse contracts can provide differentviews on a single class. Conversely, a single reusecontract can be implemented by a chain of classes,rather than a single class. In such inheritancechains, the implementor can resort to plain codereuse. Obviously, the responsibility to avoidmethod capture and other problems within theseinheritance chains is then left to the implementor.5Managing Parent Class Exchangethrough Reuse ContractsIn this section we discuss how reuse contracts helpin managing parent class exchange. Rather thanplainly examining exchange of parent classes, wewill investigate what the effect is of exchanging theassociated reuse contracts. We will call this basecontract exchange. Reuse contracts correspondingto parent classes are called base reuse contracts (orshort, base contracts), and reuse contractscorresponding to the inheritors are called derived(reuse) contracts. This is depicted in Fig. 6.Modifier Mder

Modifier MderModifier MexchRbaseRnewRderRexch

Base (reuse)contractDerived (reuse)contractDerived contractafter exchangeExchangedbase contractBase contract exchangeFig. 6Base Contract ExchangeTo examine the effect of base contract exchange,we investigate what happens when the samemodifier Mder, that created a derived contract froma base contract, is also applied to the exchangedbase contract. Unlike plain parent class exchange,base contract exchange allows the detection ofconflicts by a set of simple rules. It is sufficient tocheck whether the modifier Mder is still applicableto the exchanged base contract (i.e., concretisable,

extendible or refinable). If so, we can safelyconclude that no assumptions made by the reuserabout the base contract are violated. Non-applicability indicates the existence of a conflictbetween the exchanged base contract and theseassumptions. This is further explained in the nextsection.More subtle conflicts, such as method capture andinconsistent methods, cannot be detected withoutfurther information on how the calling structure inthe exchanged base contract has changed. Exactlythis information is documented in the exchangemodifier Mexch (see Fig. 6). Rules to detect theseconflicts are based on the interaction betweenMexch and Mder.As we will discuss the conflicts that may arise bycombining modifiers one by one, the results mustbe iteratively applied for base reuse contractexchanges that involve several modifiers. It isproven in [8] (and illustrated in a prototype toolfor Smalltalk classes) that even if these modifiersare not explicitly known, they can always becomputed by comparing the concerned reusecontracts.5 . 1 Conflicts in the Method InterfacesA first set of problems concerns conflicts ofmethod names or annotations, or specialisationclauses attached to a method. These conflicts canbe detected by checking whether the modifier thatcreated the derived contract is still applicable tothe exchanged base contract. Non-applicabilityindicates that the reuser�s assumptions have beenviolated. Moreover, by taking a closer look at theparticular operations involved we can differentiatebetween different kinds of conflicts.Name Conflicts: Extension versus ExtensionWhen both the exchanged base contract and thederived contract are created through an extensionof the original base contract (i.e., in Fig. 6 bothMexch and Mder are extensions), name conflictsmight occur. More specifically, a name conflictoccurs when Mder introduces a new methoddescription with the same name as a methoddescription introduced by Mexch. This can bedetected by checking whether the exchanged basecontract is extendible with Mder.Note that name conflicts can also occur whenMexch or Mder (or both) are refinements thatintroduce new methods. To detect this, only theextension part of the refinement needs to be takeninto account.These problems are comparable to problemsconcerning multiple inheritance and can be solvedwith similar techniques. In languages withoutmultiple inheritance they have to be solvedthrough renaming or hiding.Annotation Conflicts: Concretisation versusConcretisationWhen both Mexch and Mder are concretisations, aconflict may occur when the same method getsconcretised twice. This can easily be detected asthe exchanged base contract will not beconcretisable anymore with Mder (condition 2 ofconcretisability will be violated, as the method isalready concrete). Only when both concretisingmodifiers Mexch and Mder manipulate a disjoint setof method names is there no problem. Ananalogous reasoning holds when both Mexch andMder are abstractions.Although such annotation conflicts will not causea problem for the corresponding classestechnically, the knowledge that Mder is no longer acorrect concretisation indicates that there might bea problem on the behavioural level, because theconcretisation (and the correspondingimplementation) given by the exchanged basecontract will be ignored. The reuser can solve thisproblem either by removing Mder, thus acceptingthe concretisation Mexch, or by turning Mder into arefinement which combines both concretisations,or by turning Mder into a coarsening which(partially) ignores the concretisation Mexch.Specialisation Clause Conflicts: Refinementversus RefinementWhen Mexch and Mder are both refinements thatrefine the same method a conflict might arise. Thisis the case when the specialisation clause of thismethod in Mexch contains more names than thecorresponding specialisation clause in Mder. In that case, Mder will not be a correct refinement of theexchanged base contract. The reuser can solve thisproblem by changing the Mder modifier into acoarsening thereby indicating that he has nointerest in �respecting� the design of theexchanged base class. A more elaborate solution isto re-implement the conflicting method as acorrect refinement.Mixed Conflicts: Concretisation versusRefinementMixed conflicts concerning the specialisationclauses, as well as the annotations abstract orconcrete can occur when Mexch is a refinementand Mder is a concretisation or vice versa.In the case where the base contract is exchangedfor a refined version and a derived contract wasmade by performing a concretisation of the basecontract, the concretisation Mder will not always beapplicable to the exchanged base contract.Consider, for example, the reuse contract ViewPortwhich concretises the Draw method of View, and thereuse contract Button which refines the Drawmethod of View to invoke a newly introducedmethod Geometry. Despite the orthogonality ofconcretisation and refinement, the concretisationthat created ViewPort from View cannot be appliedto Button. Applying this concretisation could leadto incorrect behaviour as the implementation ofDraw corresponding to ViewPort is not required toperform any self sends, while the implementationof Draw corresponding to Button is obliged toinvoke Geometry. For this reason, a concretisationcan only be applied to reuse contracts where themethods to be concretised have the samespecialisation clauses. This is the motivationbehind condition 3 in the definition ofconcretisable.Similar problems occur when the derived contractis a refinement and the base contract is aconcretisation of the original base contract.Information on the annotations abstract orconcrete in a refinement modifier is necessary asrefining an abstract method is essentially differentfrom refining a concrete method, since in the firstcase no implementation is required while in thesecond case there is. This is the motivation behindcondition 3 in the definition of refinable.The only remedy is to update the conflicting parts(and the associated reuse contracts), so that theydo take the extra design information into account.SummaryThe continued applicability of the reuse modifiersindicates to reusers which parts of theirapplications can be trusted, and which parts mightintroduce behavioural problems. This set ofproblems can be further subdivided, depending onthe kind of operations involved, as summarised bythe table below.For refinements, a distinction is made dependingon whether refinability fails due to a conflict in itsextension part or in its overriding part.Base contractexchangeOperation to createderived contractConcretisationExtension / ExtensionPart of RefinementOverriding Partof Refinement

Concretisationannotation conflictno method interfaceconflictmixed conflict (1)

Extension / Extension Partof Refinementno methodinterface conflictname conflictno methodinterface conflict

Overriding Partof Refinementmixed conflict (2)no method interfaceconflictspecialisationclause conflict

5 . 2 Unimplemented MethodsThe second kind of problem, somewhat related tomethod interface conflicts, is that ofunimplemented methods. This problem occurs, forexample, when a base contract is exchanged withan extended or refined version that adds newabstract method descriptions. A concrete reusecontract that was derived from a base contract through a concretisation is not concrete anymorewhen derived from the exchanged base contractand needs additional concretisations. Only whenthe extension or refinement is concrete (i.e., whenonly concrete methods are introduced) can it beguaranteed that no unimplemented methods willbe introduced. This is summarised by thefollowing property:If Rder is a complete concretisation of Rbase with MderandRexch is a concrete refinement or extensionof RbaseandRnew is a concretisation of Rexch with MderthenRnew is a complete concretisation of Rexchwith Mder.

This implies that extensions and the extendingparts of refinements can be performed freely,without having to worry much about possiblyexisting concretisations. Either the concretisationswill still be complete or else it is easy to determinehow the partial concretisations can be completed.In general, an extra concretisation needs to beperformed on all abstract method descriptionsadded through the refinement or extension. This isa significant result as it means that users that onlyuse an asset by concretising it, can easily switch tonew versions of the system, as long as this newversion is obtained by only making correctrefinements and extensions of the old one.However, problems of method capture andinconsistent methods might still occur.Note that the problem of unimplemented methodscan also occur when, for example, Mexch is acancellation and Mder is a refinement thatintroduces this cancelled method in itsspecialisation clause. The reuser depends on amethod that has been removed. The only solutiontherefore is to incorporate the old implementationinto the reuser’s implementation.5 . 3 Conflicts in the Calling StructureMethod CaptureWhile applicability of reuse modifiers can checkmethod interface conflicts, for the detection ofmore subtle conflicts, such as method capture andinconsistent methods, the specialisation clauses ofthe modifiers must be taken into account.A method capture occurs when a hook method mthat is added by exchanging a base contract is alsoadded or changed by a derived contract (Fig. 7). Itis accidental when the method m did not yet occurin the original base contract.Refinement or ExtensionMder mRder

mMder

Mexch nRexchRbase

m getscapturedby nFig. 7 Definition of Method CaptureThus, accidental method capture only occurs whenboth reuse modifiers are extensions or refinementsthat introduce the method m in their extensionpart, thereby causing a name conflict.This is illustrated in the following check foraccidental method capture that adds an extracondition to the rule for name conflicts.If a method m is the cause of a name conflict

when applying a reuse modifier Mder after Mexchandm occurs in the specialisation clause ofa method n in Mexch.thenm gets accidentally captured by n

Regular method capture is more complicated tocheck as it does not introduce a method interfaceconflict (i.e., Mder remains applicable after basecontract exchange). Reuse contracts in theircurrent form only allow detection of regularmethod capture by comparing the specialisationclauses from the original base contract with thespecialisation clause of the exchange modifier (tofind newly added hook methods), and theinterface of Mder. The detection of regular methodcapture thus happens directly on the level ofspecialisation clauses (and not on the level ofapplicability checks as is the case with the otherrules) and by taking the original base contract intoaccount. This can be amended by making explicitin the Mexch modifier which part of the

specialisation clause is new. We did not do sobecause we are not entirely convinced that regularmethod capture is indeed a conflict. Regularmethod capture can be entirely anticipated by thedeveloper of the exchanged base contract.In any case, the user should be notified ofoccurrences of accidental method capture.Sometimes these captured methods have theexpected behaviour on the corresponding classes,so that it is still (behaviourally) correct to applyMder to the adapted base contract Rexch althoughas another operation. When this is not the case, theproblem can be solved by encapsulationtechniques, as was discussed for implementation-specific methods in section 3.3.Inconsistent MethodsWhile method capture occurs when augmentingthe specialisation clauses in a base contract Rbase,inconsistent methods are created when parts of thedesign are omitted by narrowing thesespecialisation clauses. Fig. 8 illustrates this.CoarseningMderRder

mMder

Mexch nRexchRbase

n becomesinconsistentwith m m nRnewDerFig. 8 Definition of Inconsistent MethodsNotice that inconsistent methods can only appearwhen the set of hook methods removed byexchanging the base contract and the set of namesof method descriptions changed or added by thereuse modifier Mder are not disjoint. Thereforeinconsistent methods can be detected as follows:Assume that Rbase is a base contract, and that

Rexch and Rder are derived from Rbase byapplying modifiers Mexch and Mder respectively.IfMexch is a coarsening where thecoarsening clause associated to somemethod n contains m,andm also occurs in the interface of Mderthenn becomes inconsistent with m

Indeed, inconsistent methods can only beintroduced by coarsenings or cancellations, sincethese are the only operations that narrow (ordelete) specialisation clauses. Cancellation howeverdoes not create inconsistencies, as the methoddescription that omitted the reference from itsspecialisation clause simply does not existanymore. Therefore only coarsenings can createinconsistent methods.Notice that, similar to method capture, two formsof inconsistencies between methods exist,depending on whether the methods that have beenremoved from the specialisation clauses are alsocancelled. In the latter case, an extra conflict willarise since the Mder modifier in Fig. 8 will not beapplicable after base contract exchange.Once inconsistencies are detected, the solution isstraightforward. On base contract exchange, allmethod descriptions n that have becomeinconsistent due to a coarsening might need to beadapted by the derived reuse contract RnewDer aswell. Whereas they used to rely on a method m toimplement their behaviour, they do not anymorein the exchanged base contract. This might lead toinconsistent behaviour with respect to derivedreuse contracts that depended on this information.Recall the example from section 2.4. Afterexchanging the class Set with a version of addAllthat does not invoke add anymore, the subclassCountingSet needs to override addAll as well toavoid inconsistent behaviour.5 . 4 EvaluationThe previous sections gave simple rules to detectproblems when exchanging parent classes. Most ofthe possible conflicts are directly expressed interms of reuse contracts and operators rather thanon the level of interfaces and calling structures.This allows developers to reason about change inmore intuitive terms and on a higher level thanpreviously possible.Because conflicts upon change can be easilydetected, reuse contracts help to predict the workeffort to update existing applications. Becausethey document what aspects possible reusers canrely on, they can also be used by developers of areuse library to decide whether making a certain

change to the reuse library is a good idea or not.For example, when adding method descriptions tospecialisation clauses, a distinction can be madebetween adding new method descriptions andadding already existing method descriptions.When adding already existing method descriptionsto specialisation clauses, a developer of reusableassets knows that there is a great chance thatmethod capture will occur. When these methoddescriptions are abstract this is even a certainty,since these method descriptions must beconcretised by derived contracts. Therefore thedeveloper might try to avoid doing this or at leastpay extra attention that the captured method isonly used for what it was originally defined for. Inthe same vein, the rules from the previous sectioncan be used to guide application developers inunderstanding where testing is needed when thereusable asset has changed and how to fix theproblems.We have mainly explained how reuse contracts canbe useful in the context of reusable assetevolution. Reuse contracts are also an importantaid in making the layered structure of classes moreexplicit. As mentioned in section 2, the problemsinvolved are similar to those in evolution of classhierarchies. Associating reuse contracts withclasses in a class hierarchy helps in solving theseproblems by classifying different inheritors by theoperators with which the associated reuse contractsare derived and pointing out possible conflictswhen methods are overridden in the classhierarchy.6Future WorkExtensions to the modelAlthough we restricted ourselves to only threeoperators on reuse contracts, others areimaginable. For example, in the course ofchanging an abstract class a frequent operation isthat of refactoring existing methods byintroducing intermediate methods. The methodUpdate in the reuse contract Button is such anexample. In our approach this was implicitlyachieved through refinement.One could also think of predefining frequentcombinations of operators on reuse contracts. Aninteresting example of such a combined operatoron reuse contracts is turning an abstract hookmethod into a concrete method that invokes newlyintroduced abstract hook methods. This is atypical operation to add a more concrete layer toan abstract class. Currently, such an operator is acombination of a refinement and a concretisation.A more serious extension of reuse contracts isincluding interclass relationships. In their currentform, reuse contracts only document the internaldependencies among a class’s methods. Part of ourfuture work is studying how reuse contracts can beextended to include interclass dependencies aswell, yet on a less behavioural level than contracts[3, 4].ToolsWhen necessary, reuse contracts and therelationships between reuse contracts must bededuced. We already dispose of a prototypeimplementation of such a tool3. This tool alsochecks the correctness of explicitly declaredrelationships and signals possible problemsituations as discussed throughout the text.Such tools can also assist in the synchronisation ofreuse contracts and their implementations. Twosituations can be distinguished. In those parts ofthe reuse library that have a stable design, theimplementation must be forced to comply to thereuse contract. In those parts that are still subjectto major redesign, it should be possible to makechanges to both implementation and reusecontracts independently. The environment coulddiscretely issue warnings, but should not become ahindrance.Analysis and Design NotationsReuse contracts provide design information that iscomplementary to what conventional object-oriented design notations provide. We are activelyinvestigating how reuse contracts can be integrated

3 Aprototype tool in Prolog can be found via the URLhttp://progwww.vub.ac.be/prog/pools/rcs/rc.html. We arealso currently working on a �reuse contract�-extractor forSmalltalk classes.

with existing design notations and how the sameprinciples could be applied to analysis and designspecifications instead of classes.7Related WorkThe work of Kiczales and Lamping forms thebasis for this work by describing the problemsinvolved in the specification of class libraries andby stressing the importance of internaldependencies [6, 7]. Lamping approaches thisfrom a library specification angle and uses theinterfaces primarily as documentation. Stata andGuttag extend the idea of specialisation interfacesto incorporate full behavioural specifications [13].Ossher and Harrison discuss the combination ofindependently developed inheritance hierarchies[10]. They suggest a new way of system building,where systems are not adapted by subclassing ormodifying code, but by combining existinghierarchies with merge operators. Their proposalcan however only handle non-conflicting parallelextensions (two extensions are non-conflicting ifthe order in which they are combined has noimportance). They emphasise the importance ofthe exploration of conditions different from non-conflicting that ensure that separate extensions�work correctly together� when merged. In theirfurther work, they present composition rules tocombine different independently developed�subjects� [11]. This work is more focused onthe implementation level than on the design level.Another way to handle evolving frameworks isrefactoring [9] of class hierarchies. This work is, inour opinion, complementary to our work.Refactoring aims at transforming entire classhierarchies in order to make them more reusable,for example, by abstracting common behaviourinto abstract classes. It is based on code analysisand transformation. Our work also starts fromclass hierarchies, but deals with how to managedesign changes that propagate through thesehierarchies.8ConclusionsAlthough recently important advances have beenachieved in object-oriented software engineering,reusability still fails to fulfil its high expectations.Two of the most important inhibitors to successfulreuse are the lack of adequate documentation andthe absence of mechanisms to manage thepropagation of changes to reusable assets throughapplications that have been built on them.Reuse contracts and reuse operators solve theseproblems by recording the protocol betweenproducers and users of reusable assets. They notonly document the design intentions of the assetproducer, but also the assumptions made byreusers about the assets they reuse. When changesare made to assets, this documentation allows toidentify which of these assumptions are no longervalid and thus where the applications built on theassets should no longer be trusted.A detailed study of the reuse operators and theirinteractions led to rules that describe just that.These rules indicate to reusers where and how totest and adjust applications, when the assets onwhich they were built undergo changes. In asimilar vein, they assist asset developers inassessing the impact of changes they make.9AcknowledgementsSpecial thanks to Adele Goldberg for supportingthis paper and for her suggestions thatfundamentally improved it. The authors wouldalso like to thank Niels Boyen, Koen De Hondt,Wolfgang De Meuter, Serge Demeyer, Kris DeVolder, Karel Driesen, Theo Dirk Meijler, MiraMezini, Tom Mens, Bedir Tekinerdogan and MarcVan Limberghen for useful discussions on thissubject and for reading drafts of this paper. Wealso thank the EROOS group (Eric Steegmans,Sam De Backer, Jan Dockx, Bart Swennen andStefan Van Baelen) for interesting exchanges ofideas on the subject. Also thanks to WilfriedVerachtert and Wim Codenie at OOPartners forearly discussions on the topic.10References[1]Bracha, G. The Programming LanguageJigsaw: Mixins, Modularity and MultipleInheritance, PhD Thesis, Dept. of ComputerScience, University of Utah, 1992.[2]Goldberg, A., Rubin, K. Succeeding withObjects: Decision Frameworks for Project

Management, ISBN 0-201-62878-3,Addison-Wesley Publishing Company,1995.[3]Helm, R., Holland, I., Gangopadhyay, D.�Contracts: Specifying BehavioralCompositions in Object-Oriented Systems�,Proceedings of Joint ECOOP/OOPSLA �90Conference, pp. 169-180, ACM Press,1990.[4]Holland, I. The Design and Representationof Object-Oriented Components, PhD thesis,Northeastern University, 183 pages, 1992.[5]Johnson, R., Foote, B. �Designing ReusableClasses�, Journal of Object-OrientedProgramming, 1(2): 22-35, 1988.[6]Kiczales, G., Lamping, J. �Issues in theDesign and Specification of ClassLibraries�, Proceedings of OOPSLA ’92,Conference on Object-OrientedProgramming, Systems, Languages andApplications, pp. 435-451, ACM Press,1992.[7]Lamping, J. �Typing the SpecialisationInterface�, Proceedings of OOPSLA ’93,Conference on Object-OrientedProgramming, Systems, Languages andApplications, pp. 201-215, ACM Press,1993.[8]Mens, K., Lucas, C., Steyaert, P. �ARC: anAlgebra of Reuse Contracts�, Tech-reportftp-able at: progftp.vub.ac.be/tech_report/1996/vub-prog-tr-96-03.ps.Z.[9]Opdyke, W., Johnson, R. �Refactoring: AnAid in Designing Application Frameworksand Evolving Object-Oriented Systems�,Proceedings of Symposium on Object-Oriented Programming EmphasizingPractical Applications (SOOPPA), 1990.[10]Ossher, H., Harrison, W. �Combination ofInheritance Hierarchies�, Proceedings ofOOPSLA ’92, Conference on Object-Oriented Programming, Systems,Languages and Applications, pp. 25-40,ACM Press, 1992.[11]Ossher, H., Kaplan, M., Harrison, W., Katz,A., Kruskal, V. �Subject-OrientedComposition Rules�, Proceedings ofOOPSLA ’95, Conference on Object-Oriented Programming, Systems,Languages and Applications, pp. 235-250,ACM Press, 1995.[12] Pancake, C. �Object Roundtable, ThePromise and the Cost of ObjectTechnology: A Five-Year Forecast�,Communications of the ACM, October 1995,Vol 38(10), pp. 32-49, ACM Press, 1995.[13]Stata, R., Guttag, J. �Modular Reasoning inthe Presence of Subclassing�, Proceedingsof OOPSLA ’92, Conference on Object-Oriented Programming, Systems,Languages and Applications, pp. 200-214,ACM Press, 1995.[14]Van Limberghen, M., Mens, T.�Encapsulation and Composition asOrthogonal Operators on Mixins: ASolution to Multiple InheritanceProblems�, Object Oriented SystemsJournal, Volume 3, Number 1,Chapmann&Hall, 1996.[15]Yourdon, E. Object-Oriented SystemDesign: An Integrated Approach, YourdonPress Computing Systems, Prentice Hall,1994.