
Chapter 6Object Oriented Program DerivationThis chapter examines how implementations can be derived from the formal object oriented LOTOSdesigns which arise from application of the methods de�ned in chapters 2 through to 5.� 6.1: High-level Object Oriented Design as Input to ImplementationThis section introduces implementation as an extension to design, and reviews a range of pro-gramming languages and environments which could be used to implement the object orientedLOTOS design speci�cations. It argues that, in general, executable languages can express threeaspects of software speci�cation: data structure, function (data transformation) and 
ow ofcontrol, and shows that di�erent programming languages place di�erent degrees of emphasis oneach. With this in mind, the implementation of object oriented requirements using non-objectoriented languages is �rst considered. Then, the advantages of working in an object orientedprogramming environment are put forward.� 6.2: Object Oriented Programming: The AlternativesSection 6.2 examines the di�erent types of object oriented programming languages (and envi-ronments) which are currently available. It begins by de�ning the four main roles of objectoriented programmers: interfacing with designers, writing code, producing documentation andtesting. Di�erent characteristics of object oriented languages are identifed and, based on thesecharacteristics, a review of object oriented programming languages is given. Finally, Ei�el ischosen as the object oriented programming languages most suitable for implementing the formalobject oriented LOTOS designs.� 6.3: Translating Design To Implementation: Mapping SemanticsThis section begins by reviewing the concept of targetted design: informality, in programminglanguage semantics, is argued to make the targetting process more complex, and the futuredevelopment of a programming language with formal semantics (based on the O-LSTS functionalmodel, and a process algebra communication model) is recommended. The informal semanticsof object oriented programming languages are reluctantly accepted as a necessary evil at thisstage of the research. The remote procedure call communication model (RPC) is put forwardas the best option when targetting design towards an Ei�el implementation.176



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 177� 6.4: Producing Ei�el from Procedural Object Oriented LOTOS DesignsSection 6.4 shows how Ei�el code can be developed from the formal object oriented designs,in order to meet the requirements. Initially, the implementation work of this thesis is placedwithin a set of reasonable bounds. It is not possible to examine all implementation issues andso restrictions are placed on the type of work which this thesis addresses. Then, an overviewof the main implementation problem is given, namely matching value and reference semantics.The main body of this section gives a high-level view on the production of Ei�el code fromformal designs: implementing object-based requirements, object-oriented requirements, usingassertions and exceptions, and a potpourri of other relevant issues.� 6.5: A Question Of Concurrency And DistributionThis section concludes this chapter by examining how the formal object oriented developmentprocess can be targetted towards concurrent or distributed implementations. It begins by statingthe obvious advantages of concurrency and distribution in software systems, whilst re-stating thereasons for concentrating on a sequential implementation approach in this thesis. Alternativeviews of the relative merits of combining object oriented and concurrent models are given. Themain problem for concurrent object oriented languages is argued to be that of scale. Usingour object oriented design method is shown to provide a solution to the problem of complexityexplosion when mapping objects to processes. Then, references to the con
icting requirementsof object oriented and concurrent semantics are given. This section concludes by stating thatthe formal object oriented development approach, as advocated in this thesis, has the potentialfor being used to construct concurrent implementations.6.1 High-level Object Oriented Design as Input to Implementa-tionIn chapter 5, the importance of targetting a design towards a particular implementation language(environment) is stressed. Provided this is done appropriately, coding should then be a naturalextension of the design process. Writing code should, in theory, be almost mechanical in nature, sincethe designers have done all the hard work. However, matching design speci�cation semantics withdi�erent implementation language semantics is not always a simple task.There are three orthogonal aspects to object oriented LOTOS designs:� The communication model, i.e. the semantics of message passing (service requests and serviceful�lment).� The composition structure.� The subclassing hierarchy and associated static and dynamic classi�cation properties.Each of these aspects must be mapped onto the implementation language. It is the designer's role tomake this mapping as simple as possible.The implementation process is made easier when the design semantics are close to the program-ming language semantics. Chapter 5 de�nes the object oriented design semantics in a way which



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 178separates the functional, compositional and classi�cation properties (in the ADT part) from theinteraction, control and communication properties (in the process algebra part). Clearly, some lan-guages will be better suited to implementing the formal designs than others. However, since, ingeneral, programming languages provide the same computational power, the object oriented conceptscan be mapped into non-object oriented language constructs.6.1.1 An Overview of Programming Languages and Implementation ConcernsIn general, executable (programming) languages can express properties with regard to three di�erentaspects of a software system: data structure, data transformation (function) and 
ow of control. (This3-dimensional categorisation is �rst commented on in chapter 2, when di�erent aspects of analysis areconsidered.) Formal object oriented analysis concentrates on data structure and data transformation,whilst providing a service-request semantics which can be used to form the basis of a wide rangeof communication and control-
ow models. The process algebra part of the formal object orienteddesigns make more concrete the 
ow-of-control aspects of the proposed solution to the requirements.Consequently, for implementation to be straightforward, it is necessary that the chosen programminglanguage is rich in expression with respect to data structure, data transformation and control 
ow(data communication).6.1.1.1 Data Structure and Data RelationshipsThe declarative composition and subclassing relations are fundamental aspects of the object orientedformal models. Programming languages, in general, have a declarative (non procedural) element,used to de�ne problem speci�c data structures. Most programming languages provide a means ofde�ning new data structures as groups (commonly called records or structures) of already de�neddata structures. These mechanisms provide an obvious means of modelling composition. However,most programming languages do not provide a mechanism for de�ning subclassing-like relationshipsbetween data structures. In such cases, a subclassing model must be built on top of the declarativeconstructs, using composition in some conventional way. Such a work-around solution is made evenmore complex by the polymorphic requirements inherent in formal designs.6.1.1.2 Data Transformation (Function)Data transformation is commonly provided by primitive operators (whose semantics are de�ned aspart of the language), together with a means of constructing non-primitive operations (usually in theform of subprograms which can be called `as-if' primitive). Procedural languages o�er a similar degreeof support for expressing data transformation properties. These transformation constructs providea natural means of modelling the object oriented notion of attributes/methods. Non-procedurallanguages provide a di�erent challenge to object oriented modellers.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 1796.1.1.3 Flow of ControlThe di�erent models of control 
ow evident in programming languages are categorised in �gure 6.1.The main body of this chapter, namely sections 6.2 to 6.4, concentrates on non-concurrent imple-mentation models. Section 6.5 examines the suitability of our formal object oriented developmentstrategy with respect to the production of a concurrent implementation.
Single Thread of Control

Section 6.5

Rules, Tables, Constraints

Rules, Tables, Constraints

Multiple Threads of Control

NONPROCEDURALPROCEDURAL

NonConcurrent

Concurrent

Outside Thesis Scope

KEY:

Sections 6.2 to 6.4

calls etc...
Standard control constructs are condions, loops,
Only one thread of control during execution

Multiple Threads of Control
Forks and Joins etc...
Combined with standard control constructsFigure 6.1: Categorising Control Flow Models6.1.2 Implementation Outside an Object Oriented FrameworkAll languages (including object oriented programming languages) vary in their ability to supportobject oriented concepts. In particular, they di�er in their ability to support the primitive conceptsin the formal designs. Programming languages represent a compromise between: achieving a con-ceptual framework of understanding, being e�cient and o�ering compatibility with other systems(and languages). Achieving a balance between these three requirements is, principally, what tempersthe programming language semantics. Implementation is the process of matching these programminglanguage semantics to the given design semantics. Using a non-object oriented language to implementobject oriented requirements needs great care since there is no direct support, from the implemen-tation environment, in maintaining the object oriented properties. However, it can be done. Forexample, Ei�el [84] is compiled into C, and the resulting C adheres to syntactic conventions whichgive it an object oriented 
avour. By directly following these conventions, it is possible to producea C implementation without using Ei�el. This implementation approach is very di�cult withoutthe type of support that the Ei�el programming environment provides. To give a 
avour of howLOTOS object oriented designs can be implemented in non-object oriented programming languages,implementation in three di�erent environments is considered:� Using a purely functional programming language.� Using an imperative programming language.� Using a relational database language.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 1806.1.2.1 Functional ImplementationFunctional and object oriented languages appear, at �rst glance, to have much in common: bothplace emphasis on the the notion of categorisation in the form of type and class, respectively. Muchdebate has arisen concerning the di�erences and similarites between the notions of type and class(and subtyping and subclassing). Section 2.5 provides an overview of the discussion and puts forwardthe stance of this thesis.Given an ADT speci�cation of object oriented requirements, as generated by the object orientedanalysis, it is clear that it should be possible to directly implement it in a functional language: asimple mapping between sort and type, and operation and function would form the basis of suchan implementation. However, as with the ACT ONE analysis model, a functional language whichdoes not provide polymorphism will require additional work on the part of the programmer (or codegenerator) to ful�l the polymorphic requirements. Some functional programming languages providepolymorphic types, e.g. Miranda [111], but such polymorphism is ad-hoc rather than constrained. Thework byWadler and Blott [122] reviews the problems introduced by ad hoc polymorphism in functionallanguages. The research language Haskell [4] is an attempt to introduce object oriented propertiesinto a purely functional programming framework, but this work is still incomplete. Perhaps themost interesting work in combining object oriented semantics with functional semantics is embodiedin FOOPS (Functional Object Oriented Programming System) [60]. Unfortunately, the primitivede�nitions in the object oriented semantic framework used in this thesis do not correspond directly tothe FOOPS notions. As such, although the mapping between the O-LSTS semantics and a functionalsemantics is an interesting task, a functionally based implementation was not carried out as part ofthis work.6.1.2.2 Imperative ImplementationThe expressive similarities of di�erent imperative programming languages can be taken advantage ofin the de�nition of a general algorithm for the imperative implementation of object oriented require-ments. The key stages to such an algorithm are:� Stage 1: Model classes as data structures.Classes are speci�ed in the formal designs as structured processes. The composition structure iseither: explicit in the decomposition of the process into a set of component processes, or implicitin the ACT ONE sort which parameterises the behaviour of class instances. In both cases, thisstructure can be directly translated into a record structure in an imperative implementationlanguage. The �elds of the record correspond to the components of the class. Variable recordmechanisms (whether provided as primitive language constructs or de�ned by the programmer)can be used to model classes with di�erent structures. Class literals can be simply implementedas enumerated types.� Stage 2: Model subclassing in data structures.One approach to modelling subclassing is to 
atten the class hierarchy structure: all the codefor each attribute of a class is then de�ned in the particular class body. This can lead to



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 181multiple copies of the same code, although in many imperative languages this duplication canbe controlled using meta-language constructs like macros. A second approach is to model aninheritance facility using pointers to code bodies (which are shared among classes with commonroots in the subclassing hierarchy). This second approach can be extended to model the dynamicbinding of a service request to code at run-time. A third approach is to translate subclassingrelationships into delegation relationships. Instead of a group of subclasses `inheriting' codefrom a common superclass, the superclass behaviour being inherited can be de�ned in an extracomponent common to each of the subclasses. In this way, `inherited' behaviour is providedby delegation. The programmers must choose which approach is best suited to their particularlanguage.� Stage 3: Model polymorphism in data structures.In our object oriented model, an object can be treated as if it was a member of any of itssuperclasses. This is polymorphism: the object is dynamically bound1 to a particular class atrun-time. The polymorphism must be controlled so that an object is only ever re-bound toa superclass of its current class. Polymorphism makes type checking complex. In imperativeimplementation languages, where the static type checking is comprehensive, it is necessary tomodel polymorphism using operation overloading and coercion. In languages with weak statictyping, often the compiler does not check that typing properties are met, and so polymorphismis ad-hoc. This type of language can be used for the implementation of object oriented require-ments, provided the typing requirements have been statically checked outside the domain of theprogramming language semantics.� Stage 4: Model attributes as functions.Every attribute must be de�ned to have at least one argument, the implicit notion of self, i.e.the object being asked to service the attribute request. It is useful to de�ne a convention thatthis argument is always the �rst one in the list of attribute operation parameters. Implementersmust decide whether the other parameters should be passed by value or by reference. Whenpassing parameter values as references, there may be side-e�ects if accessor or dual attributesare requested of the parameter. Consequently, for safety, it is better to pass the arguments asvalues. However, for e�ciency reasons, it is often better to pass parameter values as references.A second concern when de�ning functions is the way in which they are named. Di�erentprogramming languages have di�erent syntactic restrictions placed on the naming of identi�ers.It is important that a naming convention is found which, within these restrictions, can be usedcoherently and consistently. For example, a unique identity for each function can usually begenerated by combining the class and attribute names in an appropriate fashion.� Stage 5: Model creation/initialisation routines.Creating a system corresponds to instantiating a member of a class. Classes can be either:� Purely static.When a purely static class instance is created, the resulting system has a persistent struc-1This is di�erent from the notion of dynamically binding a service to code.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 182ture, i.e. servicing an arbitrary sequence of external attribute requests does not changethe structured representation of the initial object. Further, in a purely static class, thecomponents of the class are required to be purely static instances.� Impurely static.As with a purely static class, the instances have persistent structure but, in the impurecase, class components are not required to be purely static.� Dynamic.A dynamic class instance, de�ned as a particular set of component objects, may be trans-formed into a di�erent set of components by ful�lling some sequence of service requests.Except in the purely static case, it will be necessary to be able to create and destroy system com-ponent objects (subsystems) during the lifetime of the system. These subsystems can, when theuse of references is strictly controlled, be implemented as stack-based variables. The imperativelanguage compiler can then automatically cope with memory allocation and deallocation.� Stage 6: Model encapsulation.Object oriented semantics require encapsulation of an object so that access to its state must bedone through its external interface. This requirement is not standard in imperative program-ming languages. Module-like constructs provide encapsulation in some languages, but there aredi�culties in de�ning a correspondence between objects and modules, especially in dynamicallystructured systems. Furthermore, confusion can arise when systems have multiple instances ofthe same module. It is better to enforce a convention that all access to structured data (inrecord form) must be through the external attribute functions.� Stage 7: Model concurrency, or lack of it.The object oriented LOTOS design models are easier to implement if the concurrency (modelledusing the parallel operators) is removed. In this case, message passing (service request/serviceresponse) events can be modelled imperatively using remote procedure calls. Section 6.5 exam-ines the issues which arise when the �nal design has concurrent aspects which are intended tobe carried through to concurrent implementation language constructs.These seven stages provide the basis for implementing object oriented requirements in an impera-tive language. Of course, this mapping of object oriented requirements is not the whole story for theimplementers. They must also consider coding a user interface, ful�lling non-functional requirements,documentation, testing, etc : : : (see 6.2). However, these aspects can be done as-if the implementationlanguage was object oriented, provided the seven stages above are complete.6.1.2.3 Implementation Using a Relational DataBaseBefore examining implementation using object oriented programming languages, a �nal, less obvious,alternative is brie
y considered: using a relational database.When the object oriented requirements place emphasis on the persistence of data, i.e. data thatexists beyond the lifetime of a single program execution, then a permanent data store is required.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 183Further, often the functional requirements of such systems are concerned with information retrievaland update: controlled access to di�erent �elds of data in a large data structure. Given such arequirements model, it is natural to think of implementing the system as a data base. Fortunately,high-level database languages exist to provide the core behavioural framework onto which particulardata structure, and associated functionality, can be built. Relational database languages (see [23, 74]for example) have the potential to provide a sound basis on which to implement complex softwaresystems of persistent objects.6.1.3 Implementation in an Object Oriented Environment: The AdvantagesComputational power is not an issue when choosing one implementation language over another,since programming languages can, in general compute whatever is computable. Section 6.1.2 gives anoverview of how object oriented constructs can be modelled (and therefore implemented) in non-objectoriented programming languages. In such an approach, the imperative language is used to constructa model of the object oriented semantics. There are inherent di�culties when implementing on topof such a model:� The mapping between the object oriented primitives, in the LOTOS designs, and the �nalimplementation language primitives is more complex than necessary.� The imperative language does not provide error protection facilites, in the form of type checking,which can automatically check the object oriented implementation to guarantee it ful�ls thecomplex correctness properties associated with a polymorphic language.� The testing of the implementation becomes more complex since it is necessary to test both thefunctional requirements and the correct modelling of object oriented primitives.One of the advantages of using an object oriented programming language is the consistent frame-work of conceptualisation between analysis, design and implementation2. Unfortunately, although theprimitive concepts are common, the underlying semantics of the primitive concepts is not standard.Consequently, there is still a need to model the object oriented requirements primitives, as speci�edin our LOTOS designs, onto an object oriented implementation language. However, in most cases,the object oriented programming language semantics are closer to our design semantics than for non-object oriented programming languages, and the mapping is therefore much simpler. In particular,many of the mapping steps needed for imperative implementation (see 6.1.2.2) are unnecessary whenusing an object oriented programming language.6.2 Object Oriented Programming (OOP): The Alternatives6.2.1 The Roles of Object Oriented ProgrammersObject oriented programmers have four main roles: interfacing with designers, coding, documentingand testing.2Chapter 2 examines all the advantages of working in an object oriented framework, many of which are related tothe conceptual consistency.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 1846.2.1.1 Interfacing With DesignersThe role of designers is to target the requirements towards a particular implementation architecture.This targetting is at three di�erent levels:� Matching the object oriented semantics in the design with the programming language semantics,particularly with regard to the dynamic classi�cation and communication properties.� Matching the compositional structure of the design to resources in the implementation language.In particular, this means re-using already coded design/implementation components.� Ensuring that non-functional requirements can be met by the chosen implementation environ-ment.It is advised that implementers help designers to make appropriate design decisions.6.2.1.2 CodingAfter object oriented analysis and design, the implementers may still have much to do:� Code new classes and make these available for re-use (in some sort of package facility).� Place new design classes into the class hierarchy, if not already done during design.� Identify new generic classes and de�ne these for re-use.� Ful�l the non-functional requirements.� Match the static and dynamic typing requirements to the programming language.� Provide a user interface to the system: de�ne a means of representing system state, a means ofdynamically interacting with the system, and a way of storing and retrieving previous systems.� Resolve the unspeci�ed behaviour associated with exceptions, which was not dealt with duringdesign.� Resolve implementation freedom.These tasks are clearly inter-related in a complex way. This thesis is not an examination of objectoriented programming techniques and as such we do not examine the programming process in greatdetail.6.2.1.3 Document The Implementation With Respect To DesignThe formal design forms the basis of the code documentation. Each implementation class has anassociated design component. The OO ACT ONE speci�cation (de�ned by the ACT ONE code) foreach sort acts as a good statement of functional and structural properties. As such, we recommendthat it be included in the code (in the form of a comment). The process algebra speci�cation of thecommunication model can be included when its requirements are complex: when a consistent RPCmodel is enforced it is not necessary to include the communication information.Another important role of the documentation is to comment on di�erences between design andimplementation. For example, when sharing is used for e�ciency, or concrete state does not match



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 185abstract state. Further, documentation must deal with re-use issues: where prede�ned code has comefrom, and where re-usable components are stored for future use. Documentation must also deal withtesting and user manuals3.6.2.1.4 TestingThe formal approach advocated in this thesis cannot guarantee that the resulting implementationprovides the required behaviour since there are two informal steps: customer communication ofrequirements4 and implementation. Implementation is said to be informal because there is no formalmapping between the semantics of the LOTOS designs and the semantics of the resulting executablecode. However, the formal analysis and design stages do guarantee that the requirements modelis ful�lled by the �nal design, and this �nal design is unambiguous. Further, the object orientedframework aids understanding of these formal models. As such, it helps to cover the informality gapat each end of the development process. Testing is the process by which implementers bridge thegaps at their end of development.Code is tested against the �nal object oriented design (the initial requirements, implicit in thedesign, have already been validated by the customer). The structure in the design matches structurein the implementation, to a great extent, and consequently the testing process can be incremental.6.2.2 Characterisation of OOP LanguagesObject oriented programming languages vary in their support of object oriented concepts. Theobject oriented semantic framework, de�ned in chapter 3, is the basis upon which we evaluate thesuitablility of languages for implementing formal object oriented designs in LOTOS. Object orientedcharacteristics are categorised into three groups:� EssentialThese characteristics are the minimum requirements for a language to be considered suitablefor implementation.� ImportantIt is important that these characteristics are evident in the chosen programming language ifthe formal object oriented development method is to progress past the research stage, and gaininitial acceptance in industry.� Bene�cialBene�cial characteristics are those which could eventually positively in
uence the widescaleadoption of formal object oriented development within industry.It is not always clear whether or not an implementation language (or environment) exhibits aparticular characteristic. When a distinction is necessary, the following categorisation is useful:3It is beyond the scope of this thesis to examine the production of customer documentation.4It is common for the customer to validate the requirements model as being correct even when it does not exactlyrepresent their needs. In an ideal environment, the formal requirements act as a contract between customer and softwaredeveloper so that there is a level of customer liability.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 186� Directly SupportedDirectly supported characteristics are provided by the language primitives, but not necessarilyenforced.� SupportedSupported characteristic are provided as elements of the language libraries, or can be easilycoded as such.� UnsupportedUnsupported characteristics can be modelled by the language, but there is no language or librarysupport.6.2.2.1 Essential CharacteristicsWe regard the following characteristics to be essential in a programming language which is to be usedfor implementing the object oriented LOTOS designs:� Classi�cationAll object oriented languages provide a means of de�ning classes of behaviour. In most cases,these classes are de�ned to have state attributes5. Objects are references to particular instancesof a class, in which the state attributes have been set to particular values.� EncapsulationObject state must be encapsulated behind an interface. In some languages, the state attributescannot be accessed directly. In others, attributes must be declared private if direct access is tobe prohibited. Unfortunately, some languages facilitate the declaration of state attributes asprivate, but do not enforce the privacy (see Smalltalk [58, 57], for example).� CompositionAll object oriented languages facilitate a form of composition, usually by allowing state at-tributes to be de�ned as objects. An object can then be said to be composed from its stateattribute values. This simple notion of composition is complicated when state attributes arede�ned as references to shared objects. Sharing is an e�ciency matter which is not necessaryfor correct implementation of the object oriented designs.� SubclassingAll object oriented languages o�er a subclassing mechanism. This mechanism is essential forpolymorphic properties to be o�ered in a controlled manner. Unfortunately, object orientedprogramming languages provide subclassing in the form of inheritance, which performs twodistinct roles: it de�nes the class relationships in the system and de�nes how these relationshipscan be used to implement the e�cient binding of `shared code' to a service request. In thisthesis, the subclassing relationships are essential to provide inclusion polymorphism, whilst thecode sharing aspects are secondary to this main issue.5This notion of attribute is di�erent from our well de�ned notion of attribute (as part of an object's interface), butmore of this di�erence later.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 187It is also essential that the subclassing is supported by a `multiple inheritance' mechanism, sincewe require that a class can be de�ned as a subclass of di�erent superclasses which themselvesare not related by a subclassing relationship. (Unfortunately, the way in which object orientedprogramming languages cope with con
icts in multiply inherited attributes is not consistent.)� Substitution PolymorphismAn object which is typed to be a member of a class, C say, must be acceptable as a member ofany of the superclasses of C (this is the well accepted notion of substitutability). This type ofrequirement can be met by any untyped (ad-hoc polymorphic) language. However, this optionis ruled out by the next essential characteristic: strong typing.� Strong TypingWhen each variable in a system is known merely to be an object, of some unspeci�ed sort,this is known as weak typing. Contrastingly, in strongly typed object oriented languages, everyvariable is precisely de�ned as belonging to a particular class. Strong typing is essential, in ouropinion, because it provides facility for actively supporting the implementation of correct code.Ideally, type correctness in the implementation language is guaranteed by type correctness inthe LOTOS design. However, in practice, implementations have typing aspects which are notdirectly checked by earlier development stages.6.2.2.2 Important CharacteristicsThe characteristics which we consider important, but not essential are:� (Incremental) CompilationIt is important that the implementation code can be compiled into machine code. This require-ment is purely an e�ciency and portability concern. Incremental compilation is an additionaladvantage because it leads to the generation of autonomous re-usable implementation compo-nents.� GenericityGenericity is not a subclassing mechanism, but it is a powerful technique for de�ning param-eterised behaviour. Genericity improves understandibilty (by highlighting common structures)and encourages re-use.� Comprehensive Class LibrariesMost object oriented programming languages include a library of standard classes for generalpurpose data structures, �le handling, user-interfacing, graphics, mathematics, etc : : : . Withoutthese class libraries, object oriented programming is very di�cult.6.2.2.3 Bene�cial CharacteristicsIt is bene�cial for the following characteristics to be o�ered by the chosen implementation language,but not essential at this early research stage.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 188� AssertionsAssertions can improve the mapping between requirements and implementation. Provided thatthe object oriented design assertions (de�ned as boolean expressions) can be expressed directlyin the implementation language, there can be automatic checks, made during execution, thatthe requirements are ful�lled. Thus assertions (of some sort) in the implementation languagecan improve the testing process. A second consideration is that assertions improve the under-standability of the code. Consequently, it is advised that assertions are placed in the code ascomments, even when no mechanism exists for making the checks during execution.� Garbage CollectionDynamic object oriented systems require the production and destruction of component objectsduring execution. Garbage collection is an important memory management facility which freesunreachable object space for future use. Some object oriented programming languages do notprovide automatic garbage collection, but expect programmers to explicitly deallocate memorywhen an object is no longer needed.� Wide Acceptance (in industry)It is important that we target our designs towards implementation languages which have a wideacceptance (industrial as well as academic). Widely used languages o�er continual support viapublished work and second-hand user experience.� PackagingA class is not an ideal fundamental building block for re-use. In many cases it is bene�cial tobe able to re-use groups of related classes (a package). Packages can help to control visibilitybetween classes. Object oriented programming languages often require unique class identi�ers.This is counter-productive to the independent production of compatible re-usable classes. Pack-aging can provide a means of de�ning name-space domains to avoid this problem.� Concurrent ConstructsConcurrent constructs have the potential to improve e�ciency, increase resource utilisation andmore naturally model the real world requirements of highly parallel systems. Concurrent con-structs free designers from having to target the designs towards the constraining non-concurrentsemantics which dominate programming languages at the moment. Concurrency also improvesthe extendibility of the system. Section 6.5 examines the issue of concurrency in more detail.� Tool SupportSoftware development tools (for example, debuggers, browsers, interpreters and syntax directededitors) have the potential to improve productivity. Also, they can improve the chances ofthe code meeting customer requirements. Tool support is particularly important in an objectoriented implementation environment [57].� Persistency SupportA permanent data store is required by a large number of software systems. A persistencymechanism can simplify the implementation of a data store, and consequently make the codeeasier to understand.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 189� PurityObject oriented programming languages are categorised as being pure or hybrid. Pure languagesare those which do not provide language constructs whose roles are outside the object orientedparadigm. Hybrid languages, being extensions of non-object oriented languages, provide lan-guage constructs whose roles are not necessarily object oriented. The problem with many hybridlanguages is that object oriented principles are not enforced. Further, the non-object orientedconstructs can be used to violate the object oriented requirements. Purity also makes the im-plementation code much more consistent. In general, consistency implies coherency. (Smalltalk,by enforcing the consistent notion that everything is an object, is an excellent counter exampleto this claim.)6.2.2.4 A Note On The Importance Of SemanticsA separate problem occurs when characterising programming languages if their semantics for partic-ular characteristics do not match the formal semantics in the formal designs. Ei�el and C++ providetwo interesting examples of this:� Ei�el o�ers a subclassing mechanism (inheritance), but this does not ful�l the contravariancerequirement in the formal object oriented design model. In this case, Ei�el provides a subclassingmechanism, but does not fully support the subclassing requirements.� C++ claims to o�er polymorphism when what it actually o�ers is the dynamic binding of codeto message requests. It does not o�er replacement polymorphism.These types of subtle semantic di�erences plague the process of translation between languages withdi�erent semantics, particularly when the target implementation language semantics are not formallyde�ned.6.2.3 A Review of OOP LanguagesIt is not possible to review all available object oriented programming languages. Five of the mostpopular languages, namely Simula, Smalltalk, C++, Ei�el and CLOS, are considered in sections6.2.3.1 and 6.2.3.2, below.6.2.3.1 Overview of Language HistoryThis section gives an introduction to each of the �ve languages by giving a brief review of theirhistories.� Simula was designed in 1967 as an extension to Algol 60 [91]. It is a general purpose languagewhich, although often ignored by object oriented programmers, is still widely used. Simulationis just one application of Simula.� C++, an extension of C, was designed by Stroustrup in 1984 [106]. It is widely distributedin many forms (by commercial vendors and as public domain software). It is likely to be



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 190the dominant object oriented programming language of the 1990s. The main weaknesses ofC++ are: the lack of substitution polymorphism, its hybrid nature and its lack of support fororganising libraries (di�erent library classes often turn out to be incompatible). As with C, thesyntax is awkward and di�cult to parse. A good reference to the latest versions of the languageis [2]. C++ is still evolving but there are standardisation e�orts. Unfortunately, at the present,the semantics of C++ are such that formality is out of the question.� Smalltalk-80 was the �rst popular object oriented language, developed at Xerox Parc by Kay,Goldberg and Ingalls [58, 57]. It is best known for its contribution to the development ofgraphical user interfaces, and the manner in which it provides a programming environment(set of complementary tools) rather than just a programming language. Its purity is taken toextremes: all things are objects (even classes). This consistency, paradoxically, can be quiteconfusing to beginners and experts alike. It is an interpreted language which does not performany strong type checking. It is a good language for learning about object oriented programming,but it is not suitable for large scale software development.� Ei�el was developed by Bertrand Meyer in 1988 [84], in response to the need for a stonglytyped but dynamically bound object oriented programming language. It has many innovativefeatures and appears to provide all that one would require in an object oriented language, butit has its problems (particularly in its implementation). Ei�el is examined in more detail insection 6.4, as the language chosen for implementing object oriented LOTOS designs.� CLOS (Common Lisp Object System) is an extension of common Lisp (see [73, 42], for exam-ple). It was developed to include the best features of a wide range of Lisp-based object orientedlanguages (e.g. Flavours [88] and CommonLoops [7]). Although it is a hybrid language, theobject oriented language constructs are so well integrated with the Lisp features that it can betreated as if it was pure. CLOS adheres to the Lisp philosophy of 
exibility: it is weakly typedand encapsulation is not enforced.6.2.3.2 Comparing CharacteristicsThe table in �gure 6.2 identi�es the three types of characteristic (esssential, important and bene�cial)each of the �ve languages support and, in appropriate cases, the degree to which they are supported.6.2.4 Choosing Ei�elExamination of the table in �gure 6.2 clari�es the reasoning behind choosing Ei�el for implementationof the formal object oriented LOTOS designs: it is the only language, under consideration, whichful�ls all the essential requirements6. Ei�el is not ideally suited to our needs (see section 6.4), butis the best option available within the timescale of the thesis. Currently, work is being done towardsautomating the generation of Ei�el code from object oriented LOTOS designs. This thesis reportsonly on the manual production of code.6C++ was originally used in the case study, together with Ei�el, but there were great problems with its lack ofsubstitution polymorphism and its informal, yet very complex, de�nition.
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MinimalFigure 6.2: Characterising Object Oriented Programming Languages6.3 Translating Design To Implementation: Mapping Semantics6.3.1 Implementation Languages: The Importance of SemanticsGood programmers understand the semantics of their chosen implementation language. Bad program-mers su�er from a lack of semantic understanding: they must continually check their understandingof the language.6.3.1.1 The (Reluctant) Acceptance Of InformalityThe high-level object oriented designs are constructive in nature and, as such, have potential for directcompilation. A direct compilation approach is not advocated in this work because it is necessary forprogrammers to be able to manipulate and interact with the implementation code, and the objectoriented LOTOS code (in its present form) is certainly not suitable for use by object oriented pro-grammers. Consequently, this thesis advocates using a di�erent language for implementation. Thereare di�culties which arise from this approach:� The chosen implementation language Ei�el, like most object oriented programming languages,has no formal semantics. Consequently, there is no way to prove that the code is a validimplementation of the design (and therefore ful�ls the initial requirements). Certainly, having



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 192a formal object oriented design helps to test the code, but it cannot guarantee correctness.� The informal semantics of Ei�el appear, at �rst glance, to correspond to the semantics of the ob-ject oriented LOTOS designs (using the procedural communication model). However, there aremany di�erences between the design semantics and implementation language semantics (theseare covered in more detail in section 6.4). The naive view is that the design and implementa-tion languages share a common semantics (i.e. object orientedness) and this can lead to manyproblems. Implementations may appear to ful�l their requirements (as speci�ed in the design),but without formal semantics these appearances can deceive.These problems arise from informality in the programming languages. Programmers can, in prin-ciple, do what they want with the design provided they can verify their executable model againstthe requirements. In practice, this is of course impossible. A formal design phase is needed in soft-ware development to ensure the requirements are correctly stated in the design. Formally de�nedprogramming languages are necessary to guarantee the correct implementation of the design.6.3.1.2 Object Oriented LOTOS: A Formal Executable Model For The Future?An alternative to mapping the LOTOS designs to an existing object oriented programming languageis to create a new formally speci�ed programming language (based on the object oriented designsemantics). Such a language could be a simple syntactic sugaring of the LOTOS object orienteddesign style of speci�cation. Using a formal implementation language retains formality in the stepfrom design to implementation. However, it was not the approach taken in this thesis:� The thesis argues that formal object oriented development of software systems using LOTOS ispossible. It is easier to show this by mapping the designs towards well accepted object orientedprogramming environments than by producing such an environment from scratch.� It is hoped to transfer this work to industry. Industrial acceptance is di�cult to achieve withouta well accepted base: in this case, a mature programming language and environment provide afoundation upon which industrial interest can be developed.� By carrying out the implementations in Ei�el, it is possible to show that our approach tosoftware development is practical, whilst also emphasising the problems which can arise whenthe implementation language has no formal semantics.There is a need for a formally speci�ed object oriented programming language. A natural extensionto this thesis is the development of a programming language based on the object oriented semanticsof the formal designs.6.3.1.3 The Remote Procedure Call Communication Model: An Easy TargetWegner de�nes four fundamental types of object: functional, server, autonomous and slot-based,according to their external and internal communication models [124]. Ei�el objects are of the servertype: the objects are active only when a message is received that triggers the object's internal



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 193operations. These internal operations are themselves sequences of service requests to state attributeobjects of the server. Consequently, there is a single thread of control in an Ei�el implementation.Control goes from client to server and returns to the client after the server updates its internal stateand/or returns some result.6.3.2 Peculiarities of LOTOS DesignsThere are many aspects of the LOTOS designs which are peculiar to the approach advocated in thisthesis. These must be kept �rmly in mind when deriving object oriented code.6.3.2.1 SharingIn LOTOS designs whose communication models are procedural, there is no notion of shared objects.For example, when an object A is composed from components B, C and D then there is no access to B,C and D except through A. In e�ect, all external events of B, C and Dmust synchronise with the controlprocess of A. This is illustrated in the left hand side of �gure 6.3. Contrastingly, in object orientedprogramming languages, it is common to be able to de�ne components as references to objects7. Thisis illustrated by the right hand side of �gure 6.3.
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B C DFigure 6.3: Composition By Reference: A Form of SharingConsider a LOTOS design of a database enquiry system. There are two components: the databaseand the interface (which interprets user interactions). A new multi-user system is required to allowparallel access to three users, for example. This type of behaviour is most naturally implemented usingsharing, even though it cannot be speci�ed in that way using the formal procedural communicationmodel. Rather than having all access to the database to be through the system control, sharingpermits each individual interface to have a reference to the database (and thus have direct access toinformation). The shared database system can be said to be composed from a number of single-userdatabase components. The underlying components in the design and implementation are the same:the three interfaces and one database. However, the way in which they communicate and interact isvery di�erent. This is illustrated in �gure 6.4.Sharing is a powerful implementation mechanism, but it breaks the principle of encapsulation.The state of each of the components of the shared database implementation can be accessed without7In Ei�el, this is the only way of de�ning object components.
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three interfaces and one databaseFigure 6.4: Sharing Objects: An Implementation Exampleusing the component's interface. Alternatively, one could argue that the database is not actually acomponent of any of the components but is a component of the whole multi-user system (a globalvariable). Sharing is examined in more detail in section 6.4, when the Ei�el reference semantics areconsidered.6.3.2.2 Polymorphism: Parameter ReplacementThe OO ACT ONE requirements model states that all parameters of an operation can be actualisedby an instance of the speci�ed class or by an instance of a subclass of the speci�ed class. Thisproperty of object oriented systems is known as polymorphic replacement. The ACT ONE modelspeci�es polymorphic replacement using coercion and operation overloading. The transfer of ACTONE structure to the formal process algebra is complicated by the polymorphic requirements8.Polymorphic replacement must be considered during implementation. In some languages, thistype of polymorphism will be provided for automatically. However, in languages whose semantics donot provide this polymorphic property, it is necessary to code it explicitly where necessary.6.3.2.3 Implementation FreedomIn the analysis model, a service request is de�ned as the evaluation of a state label expression.When this is translated to ACT ONE, a service request is de�ned as the evaluation (simpli�cationusing standard re-write rules) of an ACT ONE expression. Now, when a system services a request by8The main weakness of using LOTOS for our object oriented design language is that it does not directly supportreplacement polymorphism.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 195using its components, these expressions will be constructed from subexpressions which correspond tointernal service requests. Often, the order in which these subexpressions is evaluated is arbitrary. Thisis speci�ed using the interleaving operator (jjj). In a procedural implementation, the implementermust resolve this freedom of implementation feature by removing the internal parallelism. This doesnot change the external behaviour.6.3.2.4 ExceptionsExceptions, in the LOTOS designs, are handled in a very distinctive manner: exceptions are returned(as unspeci�ed results) to the service requesters (clients) rather than resulting in a run-time error.For example, just because a stack is empty should not prevent it from servicing pop requests, otherwisestatic analysis cannot, in general, guarantee the absence of a run-time error due to an empty stackreceiving a pop request. In the stack case, the designers can either chose to explicitly handle theexception or they can leave the programmers to cope with it. Exceptions are not necessarily errorcases, they represent some abstract behaviour which is to be made concrete at less abstract stages ofdevelopment. Implementers must handle all exceptions in a consistent and coherent fashion. Havingexceptions in the design is useful if the target implementation language provides a mechanism forhandling them.6.4 Producing Ei�el from Procedural Object Oriented LOTOSDesigns6.4.1 Setting Reasonable BoundsImplementing object oriented requirements using Ei�el is a large area of research in its own right.Further, the production of executable code for any given formal speci�cation is a non-trivial task. Itis not possible within the implementation part of this thesis to examine formal code generation inany detail. Rather, we set reasonable bounds for the implementation.6.4.1.1 Restricting Designs to The RPC Communication ModelRather than attempting to show how Ei�el can be used to implement any given LOTOS design, werestrict ourselves to those written using the procedural communication model.6.4.1.2 Restrictions on the Ei�el SyntaxEi�el is a large, complex language with many mechanisms, not all of which are a direct consequenceof an object oriented philosophy. Rather than attempting to examine the complete language, onlythose aspects which are directly relevant to the implementation of formal designs are considered. Thissimpli�es the process of code generation, but means that the code produced in this way may not bethe most e�cient. It is beyond the scope of this thesis to consider all the ways programmers can tunetheir code whilst retaining correctness, particularly with respect to the choice of certain language



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 196constructs over others. We are primarily concerned with producing code which ful�ls its functionalrequirements.6.4.1.3 Emphasis On SemanticsThis section does not attempt to analyse the suitability of Ei�el as an object oriented programminglanguage. Such an analysis necessitates:� A study of Meyer's object oriented philosophy.� A critique of the Ei�el environment (the language implementation and tools) with respect totheir practical application in large scale software development.� The undertaking of a variety of case studies using Ei�el.Meyer, of course, gives his opinions on these aspects. A more objective view is given in [121].6.4.1.4 The Language VersionEi�el is continually being updated and errors corrected. Meyer has listened to much of the criticismof the language and attempted to make improvements. Unfortunately, it is not possible to alwayshave the most up-to-date version of the language. Further, it is often best to stick to using an olderversion, rather than continually changing ones understanding of the semantics. Many aspects of thelanguage have remained constant, whilst other important features of the language are very unstable.Analysis of these features is restricted to an early version of the language, namely version 2.3. Thereason for this being that the coding in the case study (see chapter 7) was carried out over a yearbefore this research was written up. The newest version of Ei�el is de�ned by Meyer in [86].6.4.2 Coding Design Requirements in Ei�el: An OverviewThe production of Ei�el code is considered in three main sections:� Modelling object based requirements.� Modelling object oriented requirements.� Utilising assertions and exceptions.Then, some other interesting aspects of Ei�el are considered. This work is usefully preceded by acomparison between the semantics of Ei�el and the semantics of the object oriented LOTOS designs.6.4.3 Reference Semantics vs Value SemanticsThe object oriented LOTOS and Ei�el have fundamentally quite di�erent semantics, even thoughthey both have an object oriented 
avour. The mapping between the two languages appears quitestraightforward until the semantics are studied in more detail. Call-by-reference semantics, as isprominent in Ei�el, is appropriate for the speci�cation of an executable language in which how notwhat is a prime concern. Further, call-by-reference gives much more control to the programmer with



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 197respect to e�cient allocation and use of resources. The value semantics, as is evident in the formaldesigns, is appropriate for the speci�cation of behaviour at a higher level of abstraction (and whosee�cient execution is not a prime concern). Before addressing the problems of relating the two di�erentsemantics, it is useful to examine the relative merits of each.6.4.3.1 Advantages of Reference SemanticsThe advantages of reference semantics arise from the extra control given to a programmer with respectto the way in which memory is utilised. By using references, programmers can explicitly access andmanipulate state rather than state variables. This is a powerful facility which is often abused. Ei�elreference semantics supports two very powerful programming techniques:� SharingSharing is necessary when state attributes of di�erent objects must refer to the same object: asopposed to distinct but identical objects. Sharing leads to an economy of space, e�cient memoryaccess and update, and semantic integrity (if something in the shared object changes, then thischange is simultaneously re
ected in all the clients of the shared object). To implement sharing,state attributes are declared as references to other objects. In Ei�el, all state attributes (otherthan those of simple types) are implemented as references. The global scope of references inEi�el means that any object can be referenced by any other object. A limited form of sharingcontrol is provided by the Ei�el constant references and the once construct. This allows objectsto be shared amongst instances of a particular class (and no other).� Linked data structuresAll programmers are familiar with the notion of linked data structures: stacks, lists, trees, etc: : : . Linked data structures are most useful when there is recursion, or even self reference. Theyprovide the most e�cient means of constructing large data stores, with high degrees of controlover how the structure is traversed. Linked data structures o�er a natural way of implementingrecursively de�ned class structures.6.4.3.2 Disadvantages of Reference SemanticsMany complications arise when using references:� Creation and InitialisationBecause the state attributes of an object can themselves be references to other objects, objectcreation and initialisation must be done in two steps: a declaration (for example, x:X declares xto be a reference to class X and sets the state of x to be void) and an association (for example,x.Create creates an object of class X and associates it with reference x). There is a confusingduality between the references and the instances.� Memory ManagementObject instances may, at run time, be unreferenced. It is necessary for this state to be madeavailable for re-use (garbage collection). Ei�el provides an automatic garbage collection facility



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 198(as opposed to requiring the programmer to handle it), but it does make the code producedmuch less e�cient.� Dynamic AliasingIt is dangerous to have one object which is accessed through two di�erent references. In par-ticular, when references are passed as operation arguments (external attribute parameters) it isnot possible to guarantee that the execution of the routine does not change the state of objectsother than the one currently servicing the request.� Testing for equality and copyingWith references there are two ways of de�ning equality: by reference, or by `state'. Testing forequality of `state' can be shallow (where all �elds are tested for equality of reference) or deep(where all �elds are tested for equality of `state'). In some complex, recursive data structures itis necessary to de�ne even more complicated equalities. The same complexities arise when oneconsiders de�ning assignment and cloning.6.4.3.3 References and Values: a Logical EquivalenceIt is very simple to implement call-by-value semantics in a call-by-reference language: all calls to areference are simply replaced by making a deep copy of the object being referenced and passing areference to the new copied object. In this way, the absence of sharing is guaranteed.It is also simple to implement call-by-reference semantics using a call-by-value language: everyobject is uniquely identi�ed and kept (together with its identi�cation) in some global data store. Theobject identi�ers can then be used as state attributes of other objects. Access through identi�er canbe provided by a global system function which is visible to all objects.The advantage of a reference semantics is that the global state (and global means of allocationand access) are provided by the language rather than needing explicit control by the programmer.Reference semantics are very powerful, but do make the production of correct code much moredi�cult. When implementing the formal designs we do not advocate the `do everything by value'approach. However, we do not wish every object to be made available for sharing. Consequently, weadvocate the use of sharing only in special cases and code the Ei�el so that, by default, operationarguments are passed as references to copies rather than sent as references to the actual parameter.In special cases, sharing can be contained within prede�ned classes: trees, lists, rings etc : : : . Forexample, a linked list structure can be used to implement the following List class behaviour.Class List USING listelm OPNSLITERALS: emptySTRUCTURES: ListStr <List, listelm>: : :endclass (* List *)An Ei�el implementation has a structure as de�ned below.The object, AList = List(List(List(empty,3),2),1) can be created in Ei�el as follows:AList, BList, CList, DList: ListCList.ListCreate(DList, 3); -- By default DList is empty



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 199class List : : :featureNext: List;Elm: ListElm; : : :end -- class ListBList.ListCreate(CList, 2);AList.ListCreate(BList, 1);6.4.4 Coding Object Based Requirements6.4.4.1 A Class Instance Is A SystemMeyer states that:`The absence of a notion of main program and of any structuring mechanism at a higherlevel than the class is an important element of the Ei�el software design philosophy.'Each class is an executable entity in its own right. The process of creating a system from a class iscalled assembly. A system is characterised by a root class. System execution is done in two steps:root declaration and execution of the root class Create routine.This suggests that every class can somehow be instantiated and executed. However, in mostcases, the creation routine of a class just instantiates the state attributes. Such a creation routineshall be known as a base creation. The execution of a base creation will not produce a systemthat performs any useful purpose (other than its very existence). Classes which are intended to besystemised (i.e. turned into systems) are more commonly de�ned to have a creation routine whichacts as a type of main program.It is not desirable for all classes to have create routines that act as programs in their own right.It is desirable, however, that system classes can be generated from any given class corresponding toa component in the formal design. Object oriented Ei�el implementations generally have a complexroot creation routine which provides the user-interface to the system. The coding of such an interfaceis important for the system, but it is not important for subcomponents of the system. Ratherthan having programmers de�ne system containers for every class, it is useful to provide a defaultmechanism to produce a primitive system with minimal human-computer-interface (HCI) features.Such a mechanism is very easy to develop.6.4.4.2 De�ning Class MembersClass members are de�ned by the di�erent states which objects of a class can attain. In other words,objects are references to particular class members, and every object of a class is uniquely identi�edwith one class member. In Ei�el, every class has a �xed set of state attributes. This is in
exible:� Literal values cannot be directly de�ned.� Classes with 2, or more, structures cannot be directly represented.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 200Literal values are the object oriented equivalent of enumerated types. Ei�el does not supportenumerated types: they must be declared as literal constants (normally integers). For example, theclass t-light, with three literals red, amber and green, is implemented in Ei�el below.class t-light : : :featurered: INTEGER is 0;amber: INTEGER is 1;green: INTEGER is 2;t-light-state: INTEGER : : :Multiple structures can be implemented by de�ning a structure enumeration to identify the struc-ture (or literal) currently being used as the state constructor of the object. This requires the param-eters of every structure operation to be included in the state attribute set (of the Ei�el code), withonly a subset of the parameters having meaning at any particular moment in an object's life-time.For example, consider the partial behaviour of the Student class, de�ned below.CLASS Student USING : : :OPNSLITERALS: unregisteredSTRUCTURES: single<subject>, joint<subject, subject> : : :This is implemented in the Ei�el Student class below.Class Student : : :featureunregistered: INTEGER is 0;single: INTEGER is 1;joint: INTEGER is 2;student-state: INTEGER;single-subject1, joint-subject1, joint-subject2: subject; : : :The state of an object is determined by the student-state attribute, together with the relevantparameter attributes. The naming convention for the structure parameter state attributes makes itsimple to identify the role of each state attribute: the structure name is followed by the parameterclass name and index. (Note that there is a redundancy when di�erent structures have commonparameters, but it is better to keep the redundancy as it improves the mapping between speci�cationand implementation.)6.4.4.3 De�ning Class Interfaces: Exporting Ei�el FeaturesEi�el groups state attributes and operations (methods) together as features. By default, all featuresare private (not part of the external interface). Public features must be listed in the export clauseat the beginning of the class de�nition. Meyer does not distinguish between state attributes andoperations because, as he correctly argues, it does not matter whether a feature is stored as a state orprovided as an operation. This is certainly true, but we believe that distinguishing between state and



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 201operation is important since the state structure corresponds to our notion of composition. The stateattributes can still be o�ered as features by de�ning particular operations for this purpose. This is theapproach taken in our Ei�el implementations: none of the state attributes are exported (directly) andthere is a one-to-one correspondence between the exported Ei�el features and the external attributesof the design classes. Ei�el procedures are used to implement transformer attributes, whilst Ei�elfunctions are used to implement duals and accessors: duals are implemented as functions with side-e�ects.A simple stack class illustrates the way in which an object oriented class speci�cation is imple-mented in Ei�el. The OO ACT ONE code for the Stack class is given below.Class Stack USING Int OPNSLITERALS: emptySTRUCTURES: St<Stack, Int >TRANSFORMERS: push<Int>DUALS: pop � > IntEQNSStack1.push(Int1) = St(Stack1, Int1)empty.pop = empty AND 0; (* ignore exceptions, for the moment *)St(Stack1, Int1).pop := Stack1 AND Int1ENDCLASS (* Stack *)This behaviour is implemented in Ei�el below.This simple implementation of stack behaviour illustrates some interesting points:� The INTEGER base type is used to provide the behaviour of class Int. Base types are reconsideredin section 6.4.7.� The Create operation is the default means of initialising the state of an object. Ei�el does notpermit creation routines to be overloaded and so we cannot de�ne one creation routine for eachliteral and structure of a class. In some speci�cations, like the one above, it is useful to be ableto create an object as an instance of a literal or structure. In such cases, we de�ne operationsLiteralNameCreate and StructureNameCreate(: : :) in an appropriate fashion.� The code for the implementation of each of the external attributes (push and pop) is morecomplex than the speci�cation code because extra care is needed when coding with referencesin Ei�el.6.4.4.4 CompositionEvery structured object in the formal design is represented as a process in which the structure is eitherspeci�ed in the ADT part, or speci�ed as a set of component processes. The structured objects in theformal designs can be said to contain their components. In Ei�el the components (state attributes)are de�ned as object references. Therefore, to implement containment (encapsulation) we implementevery state attribute as a unique reference which is never passed out of the containing object. In thisway, complex Ei�el systems (without sharing) are given a conceptual composition hierarchy based onencapsulation. This is illustrated in �gure 6.5.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 202class Stack export push, popfeatureempty: INTEGER is 0;St: INTEGER is 1;Stack-State: INTEGER;St-Stack1: Stack;St-Int1: INTEGER;emptyCreate is do Stack-State := empty endStCreate(Stack1: Stack, Int1: INTEGER) is doStack-State := St;St-Stack1 := Stack1;St-Int1 := Int1 endpop is local tempstack :Stack doif Stack-State = empty then Result:= 0 elsetempstack.Create;tempstack:= Current;St-Stack1:= tempstack.St-Stack1.St-Stack1;St-Int1:= tempstack.St-Stack1.St-Int1;Stack-State:= tempstack.St-Stack1.Stack-State;Result:= tempstack.St-Int1end; -- poppush (int1: INTEGER) is local tempstack: Stack dotempstack.Create;tempstack := Current;Stack-State:= St; St-Stack1:= tempstack; St-Int1:= int1;end; -- pushend -- class Stack
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CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 203gramer must then ensure that such references are never passed outside the containing class. In thespecial cases where sharing is required, or a linked data structure is being used, then these sharedattributes must be commented with an explicit statement of why and how the reference is beingshared (this is good programming practice).6.4.4.5 Implementing State ChangesThe state changes of a structured process are implemented as follows:� RestructuringThis is implemented in Ei�el by changing the enumerated structure value and updating theother state attributes appropriately.� Pure UpdatesThese occur when the structure representation remains the same and the state of the systemchanges only as a result of service requests to component objects changing the components' state.In Ei�el, this means that the state attribute references do not need to be directly manipulated.� Impure UpdatesThese occur when the structure remains the same, but at least one of the components changesbecause of direct manipulation. In Ei�el this can only be implemented by an explicit change toone or more of the state attribute references.During design, emphasis is placed on purity: such classes can be very simply implemented in a ref-erence semantics because no direct manipulation of the referenced component attributes is necessary.Impure state changes are prone to errors because the state attribute references need re-allocation. Insome cases, the extra work required of programmers does not justify the 
exibility of allowing impurechanges to state. Contrastingly, restructuring of state corresponds to special events in the lifetime ofan object and therefore the additional work required on the programmers part is justi�ed.6.4.4.6 Implementing EncapsulationIt seems strange, when encapsulation is fundamental to object oriented programming, that objectoriented programming languages use reference semantics in such an uncontrolled fashion. The Ei�elimplementations of the formal designs use shared references only in very particular instances. Shar-ing cannot be discarded, but should be used only with due care and attention. Implementationswhich used shared references must always contain the sharing within well understood encapsulatedbehaviours. When such behaviours are re-used there is no evidence of the sharing at the componentinterface.6.4.5 Coding Object Oriented PropertiesSubclassing (extension and specialisation) in the formal object oriented designs is concerned with twoaspects of behaviour:



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 204� Behaviour Compatibility: An instance of a class always o�ers equivalent behaviour as thecorresponding instance of the superclass.� Polymorphic Replacement: A subclass is type compatible with all its superclasses, i.e. typechecking involves checking the class of actual parameters against all the subclasses of the formalparameters (including, of course, the class of the formal parameter).Inheritance, in object oriented programming languages, is primarily concerned with code re-useand dynamic binding. Both these are e�ciency concerns: the faster production, compilation and exe-cution of code. However, the ability to override inherited methods means that behaviour compatiblityis no longer guaranteed.6.4.5.1 Multiple InheritanceBoth OO ACT ONE (and the LOTOS designs in which OO ACT ONE is used) and Ei�el o�ermultiple inheritance. However, multiple inheritance in Ei�el has many associated di�culties whichare not present in the design language. These must be addressed when implementing the formalrequirements:� Repeated InheritanceAll multiple inheritance systems must be able to cope with repeated inheritance: when a classhas a superclass which can be reached by more than one route up the class hierarchy. Ei�elresolves this problem by adhering to the following rule:In repeated inheritance, any feature from a common parent is considered shared if ithas not been renamed along any of its inheritance paths. Any feature which is renamedat least once is considered replicated.Consequently, when implementing repeated inheritance properties it is necessary for the Ei�elprogrammer to rename some features.� Name ClashesLanguages with multiple inheritance must deal with name clashes, i.e. when features inheritedfrom di�erent superclasses have the same name. In Ei�el, name clashes are forbidden. Thisplaces the onus on the programmer to cope with name clashes (using a construct for renaminginherited features) and weakens ones ability to re-use classes (by inheritance) without undueproblems. This renaming approach is de�nitely not an ideal solution [121] and newer versionsof Ei�el [86] allow explicit routing quali�cation to cope with name clashes.6.4.5.2 Implementing Extension and SpecialisationImplementing the extension and specialisation relationships in Ei�el appears to be straightforward:� ExtensionAn extension class is de�ned by including the new function in the subclass, and perhaps re-de�ning other features to take advantage of the new function for improved e�ciency.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 205� SpecialisationA specialisation is declared by de�ning a new invariant of the superclass. This invariant identi�esthe particular state partition of the superclass which makes up the new state of the subclass.The subclass state enumeration is useful in this respect.This subclassing seems to be a perfect match until one considers the rules of contravariance andcovariance. The formal design semantics state that:� The class parameters of a structure operation of a subclass may be de�ned as subclasses of thecorresponding parameters in the superclass.� The result of a valued transition in a subclass may be de�ned as a subclass of correspondingresult in the superclass.� The parameters of a transition in a subclass may be de�ned as superclasses of correspondingparameters in the superclass.Unfortunately, Ei�el does not support the last contravariance property. Cardelli [22] providesan in-depth study of the reasons for and against contravariance. Cardelli advises that subclassingmust support contravariance otherwise the polymorphic replacement property is not guaranteed tomaintain correctness. Unfortunately, contravariance is very di�cult to implement cleanly in Ei�el: itis necessary to override the Ei�el typing system with ones own (as in an imperative implementation)and graft this onto the Ei�el class hierarchy (a non-trivial task). Consequently, we chose to ignorethe need for contravariance and keep it in mind for future development.6.4.5.3 Typing ProblemsThe type checking of the formal designs should, in theory, guarantee type checking correctness ofthe resulting Ei�el (except the instances of contravariance in subclassing de�nitions). However, im-plementation often produces code which requires its own type checking. Ei�el type checking is verycomplex. The implementation of Ei�el, to date, cannot cope with the checks required by the informalsemantics. This is design oversight. Cook [30] analyses the holes in Ei�el type checking and proprosesremoving some Ei�el 
exibility as a solution. The thesis by Dinesh [47] analyses Ei�el type checkingwith respect to incremental development.6.4.6 Using Ei�el Assertions and ExceptionsAssertions de�ne properties of some value(s) of program components. The Ei�el assertion languageis not as powerful as full predicate calculus but it does provide a means of de�ning simple booleanexpressions.Assertions take three forms in Ei�el:� PreconditionsThe require construct places a precondition on a routine being executed. This is not importantwhen implementing the formal designs because the class instances are always able to service allrequests in their external interfaces.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 206� PostConditionsThe ensure construct is used to guarantee some property after a request has been serviced.Postconditions can be used to record some of the abstract behaviour de�ned for the class inwhich the routine is found. For example, after a push on a Stack, a suitable postcondition isthe boolean expression Stack.notempty.� Class InvariantsPreconditions and postconditions describe only properties associated with individual routines.We require, when implementing formal requirements, a means of implementing class invariants:global properties of class instances. Ei�el provides a class invariant construct. Class invariantsare useful in our implementations because they are checked on creation and at all stable timesin the lifetime of an object. Further, they are passed down the inheritance hierarchy. This isimportant for the correct implementation of specialisation relationships.Assertions are advantageous in our object oriented implementations because they:� Improve the relationship between speci�cation and implementation.� Act as a documentation aid.� Can be used to explicitly handle exceptions in a coherent fashion.In principle, runtime checking of assertions should not be necessary. However, it is currentlybeyond the state-of-the-art in software development tools to perform a static analysis of such correct-ness. Consequently, it is necessary, whilst testing, to monitor for exceptions in the Ei�el code at runtime. After testing, this monitoring can be turned o� to improve performance.Note that assertions and exceptions are useful for implementers both as a debugging mechanismand as a way of relating requirements with code. However, the Ei�el mechanisms do not constitutea formal approach to software development: the mechanisms are purely syntactic sugar. Ei�el does,however, encourage a methodological approach to exception handling, which can be used to implementthe exceptions in the formal designs.In conclusion, we note the limitations of the assertion language in Ei�el. For example, in the Stackbehaviour it is not possible to assert that pop(push(x,s)) =s. Meyer acknowledges this problem bystating that this behaviour should be incorporated as a comment. When implementing the formaldesigns in Ei�el, we recommend that the complete code for each class is included as a comment (orcomments) in the Ei�el code.6.4.7 Other AspectsOther important issues when coding with Ei�el are:� GenericityInheritance and composition are not powerful enough for general re-use. A mechanism forde�ning parameterised classes (generic behaviour) is required. Generic classes are simple tode�ne using Ei�el. The mapping from generic ACT ONE types is straightforward.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 207� PackagingThe lack of a packaging facility is one of the major weaknesses of Ei�el. Much of the abuseof multiple inheritance results from the need to inherit shared features which would be bettergrouped in some sort of package construct.� Simple TypesEi�el simple types (INTEGER, BOOLEAN, CHARACTER and REAL) are called-by-value.They are useful in providing e�cient implementations of well-understood behaviour. However,there is one problem with them: they cannot be placed in the class hierarchy. When it isnecessary to provide these behaviours in the class hierarchy (for example, one may wish tode�ne a class EvenInt as a specialisation subclass of INTEGER) then these simple types can becontained within classes which contain the simple types as their only state attributes. Thisresults in a loss of performance, but improves the consistency of the code.� PersistenceEi�el supports persistence using classes STORABLE and ENVIRONMENT. They are very useful, butagain inheritance is often abused to utilise these mechanisms. These classes are most useful inthe de�nition of the root system class.� External InterfacingThe EXTERNALmechanism provides for the incorporation of non-Ei�el code into Ei�el programs.It is beyond the scope of this thesis to examine this mechanism.6.5 A Question of Concurrency and DistributionThis section is primarily concerned with concurrency, and the potential for application of the formalobject oriented development method towards a concurrent implementation. Distribution of imple-mentation resources is also fundamentally a concurrency issue: distributed systems are constructedfrom concurrent processes9. Utilisation of distributed resources can be a performance issue, particu-larly when the problems being solved are highly concurrent in nature. Parallel code can be used tosolve some problems much more e�cienctly than others but, in general, this is not the case. Thereis a much more common reason, other than e�ciency, for requiring concurrent software: the externalinterface of the system being coded may be physically distributed. By considering concurrency inobject oriented implementations, the problem of distribution is also being addressed, albeit indirectly.The preceding sections of this chapter have addressed only sequential implementation, and chapter5 shows how designs can be targetted towards such an implementation environment. There are threemain reasons for concentrating on sequential implementation, at this stage of the work:� Ei�el does not directly support concurrency10.9The problem of implementation in a parallel architecture and implementation in a distributed architecture arelogically the same, but of course there are additional problems in distributed systems: for example, the inter-processcommunication is slow and may be prone to errors.10Meyer is currently working towards a concurrent Ei�el, but this extension is not available commercially.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 208� Concurrent semantics are, by their nature, much more complex than procedural (sequential)semantics.� The current state of the art in concurrent object oriented programming languages are neitherrobust enough nor well enough supported for the implementation stage of a general softwaredevelopment method.In general, the following principle should be followed:Don't make object oriented programming more di�cult than it needs to be: if concurrencyis not necessary then don't introduce it.However, if a concurrent implementation is required then this section argues that formal objectoriented development using LOTOS can help to deal with it. In particular, the CPT-based designprocess has great potential for application towards concurrent software development.Object oriented development adheres to the most elemental engineering principle: make the so-lution look like the problem. Implicit in the formal analysis models is the notion that components ofa system are concurrent. Designers must decide whether to ignore or utilise this feature. Generally,designers chose to ignore the concurrency because they know that it is much more complex to dealwith than sequentiality. Concurrent designs should be speci�ed only when the target implementationenvironment is capable of coping with such requirements.6.5.1 Concurrency and Objects: Opposing ViewsThe object oriented community is divided on the notion of concurrency. The two extremes to thisdivision can be categorised as optimistic (or naive) and pessimistic (or conservative).� The optimistic view:Object oriented approaches, rather than placing control with some sort of master process, o�era means of handling concurrency which is quite di�erent from traditional approaches. In theobject oriented paradigm, objects can `look after themselves' within a concurrent environment.The shifting of responsibility from centralised control to decentralised control is natural in anobject oriented approach. Further, such distributed control can simplify the system.� The pessimistic view:Concurrency issues, contrary to initial expectations, are not orthogonal to object oriented con-cepts. The interference of concurrency and object oriented features makes it di�cult, if notimpossible, to combine them in a consistent and coherent fashion. In particular, the e�cientimplementation of concurrent object oriented semantics is in doubt.The remainder of this section attempts to give a more balanced view of the future of concurrentobject oriented languages. In particular, it examines the potential bene�ts of using formal objectoriented development when heading towards a concurrent implementation language.



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 2096.5.2 Concurrency: A Problem of Scale6.5.2.1 The ProblemObjects may be considered as independent abstract machines that interact in response to servicerequests. To consider each object as an independent concurrent unit (process) results in an overdoseof concurrency: hundreds, thousands or even millions of concurrent entities are required in even thesimplest software systems. Implementation environments have not yet reached the stage where suchhigh degrees of concurrency can be adequately dealt with (in hardware or software). Consequently,such a naive approach to modelling concurrency will result in poor performance (if any performanceat all). Further, the complex structure of a program is di�cult to analyse as a large set of interactingconcurrent behaviours.6.5.2.2 A Solution: Mixing Communication ModelsThere is a simple way of coping with the problem of scale, without having to reject concurrency asan implementation strategy. Instead of every object in the system being implemented as some sort ofindependent abstract machine, the designers must explicitly identify (sub)systems of concurrent ob-jects. Then, only particular parts of the system (hopefully the ones whose concurrent implementationwould be most bene�cial) need be modelled concurrently.The formal CPT driven object oriented design method provides the 
exibility to deal with such adistribution of concurrency. Throughout the LOTOS designs there are, at the moment, three standardinternal communication models which structured processes can adhere to: procedural, centralisedconcurrency and distributed concurrency (see 5.5.5). Object oriented designers can, using LOTOS,mix these communication models throughout the design. Using such a 
exible design technique meansthat concurrent aspects of the requirements model can be explicitly mapped onto concurrent resourcesin the implementation.6.5.3 Concurrency and Object Orientation: Resolving Con
icting RequirementsIt has been said that concurrency has no respect for the spirit of the object oriented paradigm [95].Papathomas, in his thesis, identi�es �ve requirements for satisfactory integration of concurrent andobject oriented features:� Mutually exclusive protection of object's state.� Request Scheduling Transparancy.� Internal Concurrency.� Reply Scheduling Transparancy.� Compositionality and Incremental Modi�cation.He argues that a concurrent object oriented language cannot o�er abstraction, encapsulation andsubclassing if it does not ful�l these requirements. However, a concurrent object oriented semanticswhich ful�ls these requirements may not be amenable to e�cient execution. Further, such semantics



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 210may not be suitable for use throughout the whole of the development process. We believe that theobject oriented LOTOS designs can be used to model object oriented properties and concurrency ina consistent and coherent fashion.6.5.4 The Future: Formality in Concurrent Compilers?A design technique in which di�erent communication models are distributed throughout the designis in
exible with respect to matching resources to design components. This matching must be doneat compile time and so the mapping of processes to processors is static. Although the area of realconcurrent compilers, where the compiler actually maps components of the design onto real hardwareresources (chips/processors), is still in its infancy, it is clear that static allocation of resources hasmajor disadvantges:� When a resource fails, the whole system is a�ected.� When more resources become available (which may be the case in a truly open distributedsystem) it is not possible for the compiled code to take advantage of this.� As more demand is placed on the set of shared resources, it is not possible to release resourcesfor other users.Correctness preserving design transformations may hold the key to 
exible concurrent compilation:� Given a static concurrent compiler, it is important that di�erent design models are tested beforea �nal design is chosen for implementation. Such testing can evaluate the performance of thesystem when the concurrency is distributed in di�erent ways. Then, when the �nal design isimplemented, it is more likely that the resources are used e�ectively.� The future for concurrency, and object oriented programming, may be 
exible compilation,where the mapping from system component to resource is dynamic. It may be possible to compilethe design to produce a virtual machine which can be executed in a number of di�erent forms.The di�erent forms can be virtual designs, composed from virtual processes, whose behavioursare related by a set of correctness preserving transformations. The executable machine must beaware of resource allocation in the implementation environment and change virtual design formin response to an increase in supply (or demand) of implementation resources. Of course, therewill be overheads in performing such virtual form changes, but it is possible to envisage a casewhen such overheads would be negligible compared with the increase in performance. Perhapssome form of process caching, working in the same way as state caching, will become standardin such systems.The point being made is not that these notions of 
exible compilation are new, but that the formal ob-ject oriented design framework provides a semantics upon which such compilers could be constructed.Formality is essential in proving that changes of design form (in the virtual machine) do not a�ectthe external behaviour of the system. Correctness preserving transformations appear to be an idealtheoretical tool for reasoning about such models. This (hypothetical) work is beyond the scope of this



CHAPTER 6. OBJECT ORIENTED PROGRAM DERIVATION 211thesis, but it acts as a good motivator for using formal methods: such concurrent compilation wouldbe impossible to control without underlying formality. It is di�cult to predict the future, particularlywith regard to concurrency and objects, but formality is sure to be a play a major role.


