
Chapter 5Formal Object Oriented Design(Using LOTOS)This chapter is structured as follows:� Section 5.1: Introducing DesignThis section introduces design. It argues that design is di�cult because it is a combinationof artistic and scienti�c abilities. Design quality is introduced, and the important di�erencebetween functional and nonfunctional requirements is brie
y explained. Finally, software designis introduced: a short historical background is given, together with the identi�cation of problemsunique to software design and statement of intent to reuse work in other design areas, wheneverpossible.� Section 5.2: Learning From other Design AreasThis section compares software design and other types of design. Software design is shownto have the problem of coping with change. Design principles and techniques, common to alldesign areas, are identi�ed: the importance of language, the role of structure, the advantage ofre-use and the necessity of testing. Finally, this section identi�es engineering as the area outsidecomputing most closely related to software design.� Section 5.3: Object Oriented Software DesignSection 5.3 examines object oriented software design. Initially it gives an overview of softwaredesign by listing a set of general software design criteria and principles. Then, an explicitde�nition of the roles of object oriented designers is proposed. Finally, testing, veri�cation andcorrectness preserving transformations (CPTs) are introduced.� Section 5.4: Object Oriented Design with LOTOSThis section considers object oriented design with LOTOS. We argue that LOTOS is a goodcandidate as a formal design language, even though it was not developed for this purpose.The importance of balancing the roles of the process algebra and ADT parts of LOTOS isstressed. Finally, the problems in de�ning an object oriented style of speci�cation in LOTOSare considered. 128



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 129� Section 5.5: FOOA As Input To Formal Object Oriented DesignSection 5.5 formulates the initial step from object oriented analysis to object oriented design.Four di�erent translations for mapping from OO ACT ONE to full LOTOS are considered. Anobject oriented interpretation of the �rst LOTOS speci�cations, produced using two of thesetransformations, is then given. The initial step from analysis to design is shown to be concernedwith making concrete the semantics of object communication and interaction. Two models ofcontrol 
ow are chosen for particular attention: a remote procedure call model and a parallelmodel.� Section 5.6: Correctness Preserving Transformations (CPTs): Formalising DesignAfter introducing CPTs with respect to design in general, and design with LOTOS in particular,the fundamental concepts are reviewed: design trajectory, implementation relation, veri�cationand CPT formulation. Internal and external properties are distinguished and this leads to asimple separation of CPTs into functional and nonfunctional categories. The importance ofwell de�ned non-standard semantic views of LOTOS (and their graphical representation) isre-iterated. Finally, the CPT design trajectory is introduced as forming the basis of an idealobject oriented design method, which this thesis goes a small step towards achieving.� Section 5.7: A Set of Object Oriented Design Decisions as CPTsThis section formulates �ve types of transformation for application during the design stage ofFOOD: static structure expansion (decomposition), compositional restructuring for re-use, re-structuring for distributing control, removing explicit nondeterminism and removing parallelism.In each case, the correctness of the transformations is discussed.5.1 Introducing DesignDesign, in general, is viewed as an artistic or creative process which combines natural ability withexperience. It is found in many spheres of human activity, but it is far from being well understoodand often seems inaccessible to the layman. The principles and practices which are applied to thedesign of software have a strong a�nity with more traditional engineering: there is a subtle blend ofscienti�c criteria with intuitive decision making.The question of why design is di�cult needs to be addressed. Most complex systems seem to havebeen built for a particular purpose. The designers of such systems obviously have this purpose inmind throughout the whole design process. In a sense, this type of design can be said to be targetted.5.1.1 Design: The Creative ProcessDesign is a creative process concerned with decision making1. Designers look for solutions to problems.They search a solution space to arrive at a �nal design. The way in which the search is carried outmay be methodical, but never deterministic. To design is to blend the old with the new: designers1Thus, to do something by design means to do it by choice.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 130must use their experience and previous work (the old) to �nd a solution to their problem (the new).The creative side of design can be categorised as mixing three di�erent modes of work:� 1) Creating new components which are variations on already existing components and combiningthese new components in well-accepted ways (or structures).� 2) Finding new ways of using components or combining components.� 3) Gaining insight into a problem and building a design (component) to utilise this insight.Most designers work in the �rst mode. For example, car designers create new cars by designingsome new parts, utilising existing parts, and combining them in well established ways. Fewer designerswork in the second mode. In the construction industry, for example, buildings with original structure(or layout) can be created from standard components. Building designers are aware of the wayin which standard components can be combined and tend to concentrate on structure rather thanindividual components. The third mode of design is the rarest | perhaps these types of designersare better termed inventors?5.1.2 Purposeful DesignIn purposeful design, the designers have some goal to aim for and this goal is evident throughout thedesign process. Designers are involved in each design step in an attempt to reach thir goal. Central topurposeful design is the customer requirements. There are two extremes to the way in which designerscan develop understanding of the requirements:� Designers perform their own problem analysis to develop an initial requirements model.� Designers accept a requirements speci�cation in which the requirements are completely andconsistently recorded.In practice, design occurs somewhere between these two extremes. This thesis argues that designshould not involve an analysis of the problem domain, although it does involve analysis of the re-quirements model. It is the role of designers to restructure the requirements model to best use theresources in the target implementation environment.5.1.3 Design Quality and CriteriaA design provides, as an end product, one possible solution to a problem. The design describes thestructure of the solution by de�ning:� A set of components.� The relationship between components.� The method of construction, i.e. a means of realising the component relationships.Given a design, it is necessary to be able to assess its quality. In other words, what is required is aset of criteria by which a design can be judged. The �rst and foremost test must be whether it ful�ls



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 131the requirements as speci�ed by the analysts. Designs which do not ful�l their requirements are saidto be unacceptable.Requirements are traditionally divided into two groups: functional and non-functional (for a morecomplete analysis of the di�erence between these groups see [67]). Functional requirements are thosespeci�ed in the requirements model. Non-functional requirements are usually concerned with costs,physical constraints, previous practices, political issues, etc : : : . A design which ful�ls both type ofrequirements is said to be acceptable. Given two, or more, acceptable designs we must ask how adesigner chooses between them. In such cases it is di�cult to be objective. To say that one acceptabledesign is better than another is a subjective statement based on the (usually informal) criteria uponwhich judgement is made. In some less technical environments it would be called taste.5.1.4 Introducing Software Design5.1.4.1 A (Very) Brief History Of DesignIn the beginning, `programmers' analysed, designed and coded (they still do, in some instances). The1970's saw the beginning of structured programming [45, 127, 44], which identi�ed the need for amethod to software production (coding). Structured programming evolved into the widely used setof di�erent, though fundamentally similar, structured design methods. By the 1980's, structureddesign methods were widespread and their usage well documented [80, 94, 27, 36, 51, 41]. At thispoint structured designers designed and analysed2. The appearance of object oriented analysis anddesign methods, in the late 1980's and early 1990's [31, 25, 26, 13, 101, 84], were a consequence ofthe acceptance of object oriented principles within the programming community, and the transfer ofthese principles to the earlier stages of software development.5.1.4.2 Software Design: Too Di�cult For Words?Software designers are faced with a unique set of problems:� The requirements they are given make up a set of the most complex systems ever created byman.� Software requirements are dynamic.� Software design tools and methods are accessible to anyone with little experience in softwaredevelopment. When bad designers apply such methods, it is often the methods which getblamed for the resulting chaos. Software design is a complex process. The tools and methodsare important, but designers must understand the underlying complexity of what they are beingasked to produce and the principles behind the methods they employ. This is not always thecase. Complex software designs can be produced very simply, but complex software designswhich ful�l their requirements are not so simple to develop.2Many of them also coded.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 132� Software designers work in a highly dynamic environment. As hardware capabilities improve andsoftware requirements grow, the tools which designers are expected to use become increasinglymore powerful (and complex). Designers are faced with a dilemma. They can either:� Stick with one method, become familiar with it and work within its limitations.� Continually evolve their methods to cope with all the new research on software develop-ment.� Change methods and techniques to suit the problem at hand.Each of these approaches has its advantages and disadvantages. Clearly, no matter which choiceis made, designers cannot be oblivious of the dynamic nature of their working environment.5.1.4.3 Software Design: Help Is At HandSoftware designers have two advantages over other types of designers. Firstly, software is pliableand can be manipulated so much more easily than other more concrete designs. Secondly, many ofthe other problems facing software designers have been faced by other types of designers in a widerange of problem domains. Software design is a new discipline, but many of the same principles andtechniques used in other design areas are applicable in software development.Design, in general, is about understanding requirements, understanding solution space, transform-ing structure and verifying design against requirements. A design method helps to co-ordinate theseactivities.5.2 Learning From Di�erent Design Areas5.2.1 Allowing For Change: A Unique ProblemSoftware design is the only discipline in which designers expect the requirements they are given tocontinually change. In other areas, designers may be asked to extend their designs to incorporatenew requirements, but only in computing are designers regularly expected to change their designsto accommodate requirements alterations. In other areas, designers consider such changes a majorproblem. In software design, such changes are the norm.Perhaps wrongly, software engineering is seen as being inherently 
exible: it is all too easy tochange a few lines of code! This is true, but it is not easy to control the changes and to understandtheir consequences. The extremely pliable nature of software is both an advantage and a disadvantage.The dynamic nature of software requirements is a persistent problem. Changes in requirements occurduring the design process, through the coding, and after the \�nal" product has been completed.Correcting mistakes and extending the software, otherwise known as maintenance, is an unendingprocess. It is the compliancy of software which makes this possible. Problems arise because this isadversely taken advantage of by programmers. Complex software systems are prone to being madeincomprehensible by uncontrolled change. Designers can, and should, play an important role inpreventing this from happening.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 133The object oriented development strategy advocated in this thesis enforces controlled change.Designers should not be given a system (or parts of a system) to design until the requirements arefully understood and unlikely to change. In this way designers can work independent of analysts.Certainly mistakes will be made, but these are the analysts' responsibility, not the designers. Thecorrection of mistakes in the requirements model should be easy to �lter through to the design,provided the initial transformation to design maintains a mapping between components, and thesubsequent design decisions are well documented. Similarly, if the requirements model is de�ned withmodi�ability and extendibility in mind, the resulting designs should also exhibit these features (tosome degree).5.2.2 Identi�cation of General Techniques and PrinciplesThe central theme of design is structure management. Like analysts, designers manage complexity byenforcing structure on the way in which behaviour is represented. (The di�erence between these twodevelopment stages is that analysts work solely with problem domain structure, whilst designers workwith structure which, at each stage of design, is a �ne balance between problem domain and solutiondomain architectures). Consequently, some of the techniques and principles evident in analysis arealso evident in design:� The importance of notation (language of expression).� The importance of structure: hierarchical and con�gurational.� The role of re-use.� The ability to test a model against requirements.5.2.2.1 Design LanguageDesign is concerned with communication. Consequently, the design language is fundamental to thedesign process. Language is any means of communication through the use of conventional symbols.Everyone is familiar with their own natural language. What is surprising is the number of otherlanguages from which people can acquire some information: for example, maps of all various types,architectural plans, furniture construction instructions, mathematical equations, chemical formulae,pages of music, chess notation, recipes, etc : : : .Certainly there will always be a relationship between natural language and other forms of rep-resentation since natural language shapes the way in which we can think. There is always a goodreason why natural language is not used to communicate certain types of information:� Natural language is not good for communicating spatial properties.� Natural language is too expressive and often what is required is a simpler notation.� Natural language is open to interpretation.Languages are developed to make the recording of certain information simple, elegant and concise,whilst making the representation of other information very di�cult. Language is the most importanttool for abstracting away from unimportant information. Abstraction is fundamental to all areas ofdesign.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1345.2.2.2 Structure: (de)compositionThe doctrine \divide and conquer" is central to all human activities and can be applied particu-larly well to design processes. Targetted design involves taking a set of requirements and producingan object which can be said, in some way, to ful�l these requirements. Designers decompose a re-quirements model to achieve a structured understanding. All designers follow (or advocate in part)repeated application of the \divide and conquer" maxim. Structured requirements aid the process ofdecomposition by providing a natural means of initially decomposing a problem. Design is also aboutcomposition: putting components together to form new structures applicable to the solution domain.5.2.2.3 Re-useAll designers re-use elements of their working environment: experience, methods, structures and com-ponents. Software designers must learn from other areas in which re-use is prominent. This learningcan be passed on to a community of designers when it is incorporated in a general design method.The main form of re-use advocated for the object oriented design stage of FOOD is the repeatedapplication of correctness preserving transformations. Designers are then re-using well de�ned waysof taking designs from the abstract to the concrete. Component re-use is more prominent in theanalysis and implementation stage of FOOD.5.2.2.4 TestabilityAll designs must be tested against requirements. In many design areas these tests are informal anddi�cult to guarantee. Software designs are very di�cult to test because the requirements which theyare developed to ful�l are usually very complex. Rapid prototyping and modelling are well acceptedways of testing. This thesis shows that formal object oriented design is particularly well suited torapid-prototyping.5.2.3 Software Design and EngineeringSoftware design is often called software engineering. This is a re
ection of the similarities between theroles of software designers and engineers of all disciplines. Engineering, in general, has well establishedmethods which are governed by physical laws. Engineers learn to employ standard means of repre-sentation. Systems being engineered can, in general, have their approximate behaviour determinedthrough analysis of the design documentation. Standard mechanisms and tools exist for constructingsolutions from many types of engineered design.Rather than expanding on the engineering analogy, this thesis acknowledges that software devel-opment should be extended to re
ect the practices evident in engineering disciplines. In particular,formal techniques of software development are lacking in development method. Formal methods arereally a set of models and tools which are usually distinct from a particular method (way of usingthe models and tools). Engineering balances method with the underlying models (based on physicallaws and mathematical systems) in a way which software designers should attempt to emulate.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1355.3 Object Oriented Software Design5.3.1 Overview of Software DesignRather than reviewing a wide range of particular software design methods, whose main role is to gofrom problem domain structure to solution domain structure, this section borrows an approach byMeyer [84] by identifying criteria for evaluating design methods and stating the principles upon whichgood software design should be based.5.3.3.1 Design CriteriaThe criteria for judging design methods are similar to the criteria for judging analysis methods (seechapter 2):� Design languages must incorporate explicit structuring mechanisms.� Design methods must encourage a structuring in which there are components to match elementsin both the problem domain semantics and solution domain semantics.� Design methods and models must combine in a consistent and coherent fashion.� Design methods must be 
exible to allow for designer creativity.� Design methods must facilitate re-use and encourage the rapid development of experience.5.3.3.2 Design PrinciplesWhen communicating complex ideas, it is important to keep things as simple as possible. Theunderlying principle is therefore to make the �nal design only as complex as the requirements demand,and to make the process of achieving this design as simple as possible to understand.Most software development methods recommend the following as a means of reducing complexity:� Strong cohesion.� Weak coupling.� Well de�ned interfaces between components.� Encapsulation of components.� Limiting the number of components at each level of abstraction.Re-use is also a prominent feature of design. It is argued that re-use aids understanding. Thedi�erent types of re-use in software engineering are well documented: [59] provides a good overviewof the subject. This thesis advocates re-use at all stages of software development.5.3.2 Comparing Object Oriented Design and Object Oriented Analysis.We have argued that object oriented development is superior to other development methods becauseof the conceptual integrity between problem domain and solution domain. In particular, we havestated that the problem domain structure should be present in the design. This begs the question:



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 136what does an object oriented designer do if the structure is maintained throughout the whole objectoriented development method? In answer to this question, we identify four responsibilities of anobject oriented designer:� The removal of nondeterminism.� The concrete realisation of the abstract object oriented concepts as speci�ed in the requirementsmodel.� The restructuring of requirements to suit an implementation environment.� Veri�cation of design against requirements.Each of these responsibilities are examined in the following sections: 5.3.3 to 5.3.5.5.3.3 Removing NondeterminismIn chapter 5, two types of nondeterminism arise from the speci�cation of probabilistic behaviour andimplementation freedom in the requirements model. Designers must remove both types.Removing probabilistic nondeterminism involves specifying the probabilistic requirements in somestandard way which is amenable to immediate coding. This type of design step is not examined in anydetail in this thesis. The analysis method in chapter 4 identi�es a means of recording the probabilisiticbehaviour which separates probabilistic properties from other behavioural concerns. Consequently,these less-abstract properties can be abstracted away from during design. It is beyind the scope ofthis thesis to investigate the design and implementation of probabilistic behaviour.Removing the nondeterminism due to implementation freedom in the requirements is one of themajor responsibilities of design. Analysts are encouraged to o�er sets of alternate permissable be-haviours from which a designer is required to choose one particular solution. One way of removingthis type of nondeterminism is speci�ed by the Rend CPT, de�ned in section 5.7.4.5.3.4 Realising the Abstract Object Oriented ModelThe object oriented requirements model must not specify implementation concerns. An analyst isnot concerned with whether the objects are going to be implemented as, for example, concurrentprocesses (on distinct processors), imperative records or Ei�el class instances. At the simplest level,the analysis model does not even state how objects communicate with each other, or how their stateis realised. The designer must know the way in which the abstract semantics in the requirementsmodel can be mapped on to the target implementation language semantics.5.3.5 Restructuring The Requirements To Match An Implementation Environ-mentRestructuring has two main goals:� To facilitate re-use of implementation code.� To take advantage of the high level language constructs in the implementation language.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1375.3.5.1 Restructuring For Re-useA 
avour of the designers role in the process of restructuring for re-use is illustrated by the twoexamples in �gures 5.1 and 5.2.
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matchFigure 5.1: Restructuring for Re-use: A Design SequenceIn example one, in �gure 5.1, the designer has identifed two re-usable implementation componentswhich provide part of the behaviour in the �rst design. Implementation component A1 provides partof the behaviour of design component A. Implementation component C provides all of the behaviourof design component B, together with some of the behaviour of A. The designer can restructure thedesign to utilise the already existing components, and make the job easier for the coders. The �rstdesign step is to decompose A (i.e. add structure) so that one of the design subcomponents matchesthe implementation component A1. In this step the designer also structures the other subcomponentinto parts (A2 and A3) in anticipation of the next composition step. The next design step is tocompose design components A3 and B to make a match with implementation component C. At thispoint of the design, the implementers must code only one new component, an implementation of A2,and combine three components, namely A1, A2 and C.Example two, in �gure 5.2, represents a branching in the design.
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CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 138design. A `small' part of the design, namely O, is directly implementable (i.e. a piece of pre-writtencode exists). However, a di�erent implementation component, represented as Imp(R2), provides alarge amount of behaviour of the design components O, P and Q. The designer ignores the obvious re-use of component O and restructures the design to �nish with stage Two' (via stage One). These typesof restructuring design steps are facilitated by the correctness preserving transformations de�ned insection 5.7.1. and 5.7.2.5.3.5.2 Restructuring For Implementation Language UtilisationThe implementation language which the designer is aiming towards may o�er high level constructswhich the designer must attempt to utilise. The implementation environment may o�er, for example,concurrency, distributed processing, multiway synchronisation or sharing. Designers must structuretheir designs to make these properties explicit in the design, so that there is a better match with com-ponents in the implementation language. The correctness preserving transformation Dist, speci�edin section 5.7.3, performs this type of role.5.3.6 Veri�cation and Correctness Preserving Transformations5.3.6.1 The Need For FormalityThe most important role of the designer is to verify that the designs produced ful�l the requirements.Formal requirements models and formal designs are essential in improving the veri�cation process,and making the customer (and software producer) con�dent in the �nal product. Given a formalrequirements model, the general veri�cation of any given formal design against the requirements isvery di�cult and, except in the most simple circumstances, impossible to guarantee in the presentdevelopment environment. However, all is not in vain. Designers can be encouraged to follow a designtrajectory in which the design evolves in a number of stages. Each stage can then be veri�ed againstthe original requirements model.The design trajectory method works for the following reason. The �rst design can be veri�edagainst the requirements. Then this design can be manipulated to achieve the next design, and soforth. Provided each design is veri�ed against the previous one, by induction, the �nal design isveri�ed against the original requirements. (Note that the correctness relationship must be transitive.)Following a design trajectory does not make the veri�cation process at each stage of the design anyeasier. For example, a designer can make any number of complex changes between each stage. In suchcases, designers are back to the original problem: verify any given design against the requirementsmodel. Consequently, most design trajectories restrict the type of changes that can be made at eachdesign stage.Correctness preserving transformations (CPTs) take this restriction one step further. Designerswhich restrict themselves to using CPTs do not need to do any veri�cation at all! The CPTs arede�ned, and proven, to guarantee that, if a design, D1 say, is transformed by a CPT into anotherdesign, D2 say, then some properties of D1 are guaranteed to be ful�lled by D2.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1395.3.6.2 The Advantages of an Object Oriented EnvironmentThe speci�cation of CPTs is not easy. Designs go from the abstract to the concrete. CPT development,in an object oriented framework, is aided by consistency in the underlying semantic model at all levelsof abstraction. A major di�culty is in identifying transformations which are used throughout thedesign process, and formally de�ning them as CPTs. Another di�culty in de�ning such a designtrajectory is in verifying the �rst design against the requirements model, especially if the semanticsof the two models are very di�erent.The approach taken in this thesis means that the original requirements model is directly incor-porated in the �rst design. The ACT ONE model of the object oriented requirements is carried overto the initial full LOTOS design speci�cation. Further, the CPTs are de�ned only on the object ori-ented LOTOS speci�cations which, by de�nition, contain the original ADT requirements model. Thismakes the speci�cation of CPTs much easier than in the general case, where they must be de�ned onthe domain of all valid LOTOS speci�cations.5.4 Object Oriented Design with LOTOS5.4.1 Design in LOTOS5.4.1.1 An Overview Of Design and Veri�cationLOTOS may not appear, at �rst glance, entirely appropriate for formal software design. It was devel-oped for use in the area of standards (particularly service and protocol speci�cation) and consequentlyits semantics is abstract: the speci�cation of standards must be implementation independent so thatmanufacturers are not restricted in the way they can develop products to ful�l the standards. Man-ufacturers must permit testing of their products against standards, without having to give access tointernal details. Thus, most conformance relations in LOTOS have been de�ned to be observational[10]. Veri�cation of LOTOS designs is not restricted to `black box' testing. Designers have completeviews of the designs before and after each design stage. Thus, the conformance realtionships used bydesigners need not be restricted to being observational in nature.5.4.1.2 Design Is About StructureInherent in the design process is the notion of structure. Design is the process of creating a frameworkupon which a set of requirements can be realised. Design languages must have explicit structuringmechanisms. An advantage of software design is that the requirements are (formally) speci�ed andas such will be structured. This gives designers an initial framework from which they can gainunderstanding of the requirements, and on which they can start to create a design. An object orientedrequirements model is even more advantageous since the requirements model structure is likely toprovide a good framework on which to start the production of an object oriented implementation.There are two types of structure which are fundamental to design:



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 140� HierarchicalHierarchical structure is one in which elements of the design are related by an ordering. Inobject oriented design, subclassing between classes and composition between objects de�ne twodi�erent types of hierarchical relationship.� Con�gurationalCon�gurational structure is one in which elements of the design are connected by relationshipswhich do not have an implicit ordering.LOTOS provides facility for de�ning both types of structure property. Consequently, LOTOSful�ls one of the necessary (but not necessarily su�cient) conditions for a language to be suitable forsoftware design: it must support structured speci�cations.5.4.1.3 Software Design Is About Controlling ChangeAnother aspect of software design is that the designs must be manipulatable. Designs must beamenable to change so that a design trajectory is simple to follow. This is certainly true of LOTOS,but pliability is only half the story. The manipulations must be controllable: the reasons for makinga design change must be fully understood, and the consequences deterministic.All structured design methods (including object oriented approaches) argue that their techniquesare advantageous because changes can be kept as local as possible. Often they identify the need onlyto change one component of the design at a time. Certainly LOTOS o�ers this type of local changefacility: ACT ONE sorts and LOTOS processes can be treated as modular elements. However, designis not just about localising change. For example, a high level design decision might be to changethe server-client communication model throughout the whole design (in response to a change in thetarget implementation language, for example). Such a change is inherently global. The use of CPTshelps to make such changes in a controlled way. LOTOS speci�cations are formal and are thereforeamenable to controlled global change.A �nal requirement of a design language, with respect to structure and structure manipulation,is that it can express behaviour at very di�erent levels of abstraction. The initial design must bevery close to the requirements model, whilst the �nal design must be very close to an implementationmodel. A language which can represent a range of behaviours, from abstract to concrete, is calleda wide-spectrum language. Software design languages which are used throughout a comprehensivedesign trajectory must be wide-spectrum. LOTOS is such a language.5.4.1.4 Designs Must Be Veri�ableDesigns must be veri�able against requirements. LOTOS, as a formal language, is open to mathe-matical veri�cation against a formal requirements model. However, formality alone is not su�cient.Formal methods are dependent on tool support. It is impossible to verify even the simplest set of re-quirements by hand. Consequently, we require that a formal design language must have a reasonabletool support, with further support in the forseeable future. LOTOS ful�ls this requirement.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1415.4.2 Abstract Data Typing in LOTOSLOTOS contains an abstract data typing language based on ACT ONE. Chapters 2 to 4 illustrate thepower of ADTs to express structural properties (albeit in an object oriented framework of interpreta-tion). Chapter 4 also identi�es the weakness of the ADT approach to modelling: ADTs are not goodfor for recording communication, synchronisation, timing, concurrency and distribution properties.Quite deliberately, in this thesis, these high-level design features are abstracted away from duringrequirements capture. The requirements model says what rather than how. ADTs do play a majorrole in LOTOS designs: they maintain the underlying abstract behaviour whilst the process algebrais used to de�ne the more concrete high-level design properties.5.4.3 The Process Algebra in LOTOSLOTOS is also constructed from a process algebra. These languages can, by themselves, recordrequirements in a highly structured fashion, which can then be interpreted as high-level designs. Forexample, processes can be decomposed into component processes which combine (using the paralleloperators). This type of decomposition gives rise to hierarchical and con�gurational relationshipsstructure. The components' interaction during event synchronisation is con�gurational, whilst the(de)composition is hierarchical. There has also been much work in de�ning hierarchical relationshipsbetween processes, based on the behaviour they o�er. For example, there are many inter-processrelationships which attempt to model subclassing and implementation properties, see for example[9, 33, 8].Given the structural expressiveness of the process algebra part of LOTOS alone, we must questionwhy the ADT part is required. The ACT ONE is necessary for de�ning (or modelling) the following:� Parameterised behaviours in the shape of parameterised process de�nitions.� Systems with explicit state components, also in the form of parameterised processes.� Non-constructional properties in the form of preconditoned (guarded) behaviour.� Structured events, which are necessary to model value matching, value passing and value gen-eration.� Process functionality.LOTOS without the abstract data typing, often called basic LOTOS3, can specify only a limitedrange of behaviours. This thesis uses the ACT ONE speci�cation, as it is generated from the objectoriented requirements, in conjunction with the process algebra.5.4.4 Balancing Processes and Types in DesignOne of the main problems with designing in LOTOS is in achieving the correct balance betweenADT speci�cation and process algebra speci�cation. This thesis advocates using the ADT part as3The terms `basic LOTOS' and `full LOTOS' are used to distinguish between LOTOS speci�cations with and withoutADT parts, respectively.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 142a functional behaviour carrier and the process algebra as a high level structuring mechanism forspecifying communication, synchronisation, concurrency, etc: : : . Generally, in LOTOS speci�cations,the balance between the two parts of the language is not so clearly de�ned.A good introduction to LOTOS speci�cation and the di�erent roles of the process algebra andADT parts is given in [120]. It also introduces the notion of speci�cation style, and the way in whichdi�erent speci�cation styles place di�erent emphasis on the roles of each part of the language. Ingeneral, di�erent styles are best suited to speci�cation at di�erent levels of abstraction. Consequently,one approach to design is to specify a number of transformations between LOTOS styles. However,it is not yet possible to automate the whole design trajectory in the form of a complete set of CPTs.Rather, designers will be expected to directly interact with, and perform manipulations on, theLOTOS designs. Designers should not be asked to cope with LOTOS speci�cations written in manydi�erent styles. Jumping between di�erent conceptual frameworks does not aid the design process.This thesis advocates a design trajectory in which the style of LOTOS speci�cation remainsconsistent. The speci�cations progress from the abstract to the concrete, but the underlying objectoriented conceptual framework is maintained. It is the balance between the amount of behaviourspeci�ed in ACT ONE , and the amount speci�ed in the process algebra which changes as the designevolves. In this way there is a clear reasoning behind the balance at any particular point in the designprocess.LOTOS speci�ers often have their own preferences in the way in which they use the ADT andprocess algebra parts. This favouritism is probably a consequence of their familiarisation with, andunderstanding of, the two di�erent types of semantics underlying the two languages. It is not goodthat speci�cation designers can in
uence the structure of their designs in a way which is not amenableto analysis. Another reason why the balancing between ADT and process algebra parts is so subjectiveis that there are no well accepted methods for developing formal speci�cations in LOTOS. There areplenty of tools for automation, validation and veri�cation, and a wide range of example speci�cations,but there is little advice (and tool support) for the actual process of constructing the speci�cations. Inparticular, there is a real lack of management support4. Consequently, there are no existing methods(or tool support) for combining the ADT and process parts in a consistent and coherent way. Bothparts can be used to record structured information but, without a method (or guidelines, at the veryleast), it is di�cult to say which types of behaviour should be de�ned using which part.5.4.5 De�ning an Object Oriented LOTOS Style of Speci�cationMany attempts have been made to de�ne object oriented (or object based) styles in LOTOS, forexample [118, 100, 81, 24, 35, 6]. There is a vague concensus of understanding concerning the mappingbetween LOTOS constructs and the object oriented paradigm:� Processes de�ne classes of behaviour, usually of type noexit.� Objects are instances of processes. The state of an object is represented by the parameterisationof the process.4Perhaps this is the real reason why formal methods, like LOTOS, have not become accepted in industry?



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 143� Objects (process instances) service requests through interaction at their external gates.� The passing of parameters (input and output) between client and server corresponds to eventsynchronisation (and value agreement) at these gates.� Subclassing is some relationship between process instances (objects).There are two problems with this informal correspondence:� The ADT part does not seem to have an active role.� There is no relationship between classes of behaviour: the parameterised process de�nitions.The behavioural relationships are de�ned between process instances, and thus there can beconfusion in di�erentiating between object and class.In the object oriented LOTOS designs developed in this thesis, the ADTs play a very importantrole: they maintain the behaviour speci�ed in the requirements model.In object oriented design, there needs to be a clear distinction between classes and objects. Whenusing LOTOS, confusion arises because process instances de�ne a set of behaviours and this givesthe impression that such a set is a class. This thesis argues di�erently. In our object orientedinterpretation of LOTOS, each process de�nition corresponds to a class. Process instances correspondto objects and the set of behaviours de�ned by each object represents the set of valid implementations.The ADTs de�ne the underlying behaviour of each class and the process algebra part of each classde�nition de�nes the high-level properties of the system.The fact that one standard object oriented style of LOTOS speci�cation has not been formallyde�ned and well-accepted is indicative of the problems in the object oriented community. This thesisargues that the problem is not with LOTOS, it is with the inherent informality in object orientedsystems and the many di�erent interpretations of the object oriented concepts.Object oriented concepts are not well understood, although there has been some recent work inde�ning object oriented semantics [47, 95, 129, 37, 29, 130]. These semantics were not chosen for usein this thesis because:� They do not take a natural state-transition-system view of objects and classes.� They do not recognise the importance of an object o�ering a constant interface during itslifetime.� They do not match our intuition of objects and classes at all stages of software development.De�ning an object oriented semantics in LOTOS appears, at �rst glance, to be a rather appealingsolution to the problem of informality in object oriented designs. However, such a solution is notgeneral enough since the object oriented model so produced is too concrete for use during analysis.For example, even something as simple as the client-server communication model cannot be speci�edin the process algebra part of LOTOS without straying into implementation details. Such a modelinherently restricts object oriented implementers to: synchronous or assynchronous communication,concurrency or sequentiality, distributed or centralised control etc: : : . Full LOTOS is a good languageto specify object oriented models at a concrete level, but using the process algebra during analysisand requirements capture may be too soon.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1445.5 FOOA as Input to Formal Object Oriented Design5.5.1 Generating Full LOTOS from the Requirements ModelThe requirements model, as speci�ed in OO ACTONE, and realised in the translation to ACTONE, isan abstract statement of the behaviour a system is required to o�er. The object oriented requirementssay what is required rather than how a solution should be implemented. This is illustrated very wellwhen the initial mapping to full LOTOS is considered.Given a set of requirements of a system speci�cation in an OO ACT ONE class de�nition, thereare a number of ways in which these requirements can be translated to an initial abstract LOTOSdesign speci�cation. Common to all such translations must be the retention of the ACT ONE classde�nitions (as represented in ACT ONE) in the full LOTOS code. This makes veri�cation of theinitial design against the requirements model straightforward.Object oriented designers must initially identify the communication aspects of the way in whichthe underlying object oriented behaviour is to be ful�lled. The designers of a system must decide howthe behaviour is to be o�ered at its external interface (and what this external interface should looklike). This simple decision can a�ect the rest of the design process. Identifying an object orientedcommunication model and specifying the translation from OO ACT ONE, is not simple. There area number of alternative models and a number of ways in which these can be speci�ed. Four of thesealternatives are examined in the following sections (5.5.1.1 to 5.5.1.4). The list is not exhaustive andthe ways of specifying the models are limitless.5.5.1.1 Remote Procedure Call (RPC) ModelThe RPC model is based on the principle that while an object is servicing a request, no more requestscan be accepted. Consider such a speci�cation for the well accepted Stack behaviour5. The Stackelements are arbitrarily chosen to be Nats. This same Stack behaviour is also used to illustrate theother initial design alternatives. The RPC Stack behaviour is de�ned in the RPCStack process, below.RPC: Stack example oneprocess RPCStack[push,pop](SStack: Stack): noexit:=(push? Nat1: Nat; RPCStack[:: :](.(push(SStack, Nat1))))[](pop; pop! NatResult(pop(SStack)); RPCStack[:: :](.(pop(SStack))))endproc (* RPCStack *)This style of speci�cation is useful when the target implementation language has a procedural com-munication/interaction semantics. The RPCStack clients must wait for the Stack object (RPCStackprocess instance) to �nish servicing its current request before their requests are accepted. In e�ect,5In this example, and all others that follow, non standard syntax for the speci�cation of the process gate list is used.When a gate list in a process instance is to be speci�ed exactly as the gate list in the process header then it is moreconcisely written as [: : :].



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 145the RPCStack refuses to participate in service request events if it has not yet �nished servicing itscurrent request. Note that this lock-out does not occur when TRANSFORMER attributes are serviced.5.5.1.2 Parallel Access Model (Ordered In)In this communication model, an object can service all requests at any time in its life (i.e. there isno lock-out). The order in which the requests are serviced is the order in which they are requested.However, the order in which the replies are given back to the requesting environment may not bemaintained. The LOTOS speci�cation of the Stack behaviour in this communication framework isgiven in the PAMStack process de�nition, below.Parallel Access Model (Ordered In): Stack Example 2process PAMStack[push,pop](SStack: Stack): noexit:=(push?Nat1:Nat; PAMStack[:: :](.(push(SStack, Nat1))))[](pop; ((pop!NatResult(pop(SStack)); exit) jjj PAMStack[:: :](.(pop(SStack)))))endproc (* PAMStack *)The PAMStack process can always accept a push or pop request (i.e. participate in a push orpop event). The transformer attribute push, like in the RPC model, is served instantaneously:the resulting state transition (re-instantiation of the PAMStack process with new state parame-ter) is achieved without need for a sequence of internal events. The dual operator pop is de-�ned in terms of two event synchronisations: the attribute request pop and the attribute responsepop!NatResult(pop(SStack)). Unlike in the RPC model, the PAMStack process can accept otherservice requests between receiving a pop service request and returning the pop result. This is speci�edusing the parallel operator (jjj). The result of the pop request is o�ered in parallel with the behaviourof the PAMStack. A consequence of this communication model speci�cation is that, since multipleresults can be o�ered in parallel, results do not necessarily have to be popped o� in the order inwhich they are requested. This type of property is, in general, undesirable. Consequently, we do notconsider this model for use during FOOD.5.5.1.3 Parallel (Ordered In Ordered Out) ModelIn this model, an object can service all requests at any time. The order in which the requests areserviced is the order in which they arrive. The order in which replies are sent is also maintained bythe serving object. The Ordered In Ordered Out Stack behaviour is speci�ed by the ParStack processin example three.This LOTOS speci�cation is much more complex than the others. It is providing Stack behaviourwrapped between input and output queues. The StackIn and StackOut processes are parameterisedon a Nat. These parameters are used to tag requests as they come in and guarantee the order ofresponses on the way out, respectively6 The queueing of service requests and responses is achievedby the parallel operators in the speci�cation. There is no explicit queueing behaviour de�ned in the6The state parameters of the In and Out processes can be initialised to any value provided it is common to both.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 146Parallel (Ordered In Ordered Out): Stack example threeprocess ParStack[push,pop](SStack: Stack): noexit:= hide request, response inStackIn[push, pop, request] (0) j [request] jStackBody [request, response](SStack) j [response] jStackOut [pop, response](0) whereprocess StackIn[push, pop, request] (ID: Nat): noexit :=Reqs[push,pop,request](ID) j [request] j ReqController[request](ID) whereprocess Reqs[push,pop,request](IDsStackIn:Nat): noexit:=(push? Nat1:Nat;( Reqs[push, pop, request] (.(inc(IDsStackIn))) jjj (request!push!Nat1!IDsStackIn; exit)))[](pop;(Reqs[push,pop,request]( .(inc(IDsStackIn)))jjj (request!pop!IDsStackIn; exit)))endproc (*Reqs*)process ReqController[request](ServeID:Nat):noexit:=(request!push?Nat1:Nat!ServeID; ReqController[request](.(inc(ServeID))))[](request!pop!ServeID; ReqController[request](.(inc(ServeID))))endproc (* ReqController *) endproc (*StackIn*)process StackBody[request, response](SStack: Stack): noexit:=( request!push? Nat1: Nat?ID:Nat;(StackBody[request, response](.(push(SStack, Nat1)))jjj (response!push!ID; exit)))[]( request!pop?ID:Nat;(StackBody[request,response](.(pop(SStack)))jjj (response!pop!NatResult(pop(SStack))!ID; exit)))endproc (*StackBody*)process StackOut[pop, response](CountStackOut: Nat): noexit:=(response!pop?NatStackOut:Nat!CountStackOut;pop!NatStackOut; StackOut[pop, response](.(inc(CountStackOut))))[](response!push!CountStackOut;StackOut[pop, response](.(inc(CountStackOut))))endproc (* StackOut *) endproc (* ParStack *)ADT. The translation to the parallel (ordered in ordered out) LOTOS model (for conciseness wecall this the Par model of communication) requires an ACT ONE sort Nat, to provide the uniqueidenti�cation for each request, and an ACT ONE sort with literal members push and pop, whichby convention is named StackServiceRequests, in order to di�erentiate between internal servicerequests. In translation, all classes in the OO ACT ONE speci�cation have their external attributesde�ned as literals in a ClassNameServiceRequests sort. All these sorts are de�ned in a globalServiceRequests type speci�cation.Further, the Nat parameter sort can be replaced by any sort which o�ers a means of allocating an in�nite set of uniqueidenti�cations. Nat was chosen for its simplicity.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1475.5.1.4 Parallel Explicit Routing ModelIn this model, an object can service all requests at all times. The ordering of servicing is maintained,but the ordering of replies is not. However, each service is tagged, by the environment, with a uniqueidenti�er. This means that the environment can control the ordering and guarantee that the repliesget returned to the correct clients. The explicit routing model of Stack behaviour is de�ned by theExpStack process, below.Explicit Routing: Stack example fourprocess ExpStack[push,pop](SStack: Stack): noexit:=(push? Nat1: Nat? ID: Nat; ExpStack[:: :](.(push(SStack, Nat1))))[](pop?ID:Nat; (pop!NatResult(pop(SStack))!ID; exit) jjj ExpStack[:: :](.(pop(SStack))))endproc (* ExpStack *)This speci�cation is similar to the Stack behaviour de�ned in example two. The only di�erenceis that the requests are accompanied by an identi�cation (ID) which must be provided by the clientof the Stack. These IDs are then tagged to the pop replies. This type of communication model canbe utilised in the design process to de�ne internal communication. However, explicit routing is, ingeneral, too concrete a model to be used in the initial design stages. Consequently, we do not considerit for use in FOOD.5.5.2 Internal and External CommunicationThe four models, above, de�ne external communication properties for classes of objects. Two of these,namely the RPC and Par models, are used to de�ne two fundamentally di�erent communicationmodels. These models de�ne only the external interaction between a client and a server. They do notspecify the internal communication which occurs when an object is servicing a request. The reason forthis is simple: there is no internal communication in the RPC and Par processes. These processes arenot de�ned as interacting systems of component processes (i.e. they are unstructured7). In section5.7 we examine a means of structuring LOTOS designs. The means of interaction between componentprocesses of a system is said to be de�ned by the resulting internal communication model.5.5.3 De�ning the Mappings from OO ACT ONE to Full LOTOSGiven an OO ACT ONE class speci�cation, class say, then we de�ne two transformations for thegeneration of full LOTOS speci�cations of class behaviour:� MakeRPC(class) produces the RPC LOTOS design of class behaviour in a RPCclass processde�nition.� MakePar(class) produces the Par LOTOS design of class behaviour in a ParClass processde�nition.7More precisely, all the composition structure is contained within the ADT part of the design.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 148Appendix E2 de�nes these two mappings. Central to each mapping is the inclusion of the ACT ONErequirements model of class behaviour.In the remainder of this thesis, any process identifed as RPCclassname or Parclassname is assumedto have been derived from the OO ACT ONE speci�cation of classname using the appropriatemapping.5.5.4 An Object Oriented Interpretation of the Initial LOTOS Designs5.5.4.1 Notation ConventionsThe OOLOTOS8 speci�cations follow the following syntactic conventions:� Every class in the OO ACT ONE system requirements has an ACT ONE sort of the same name.These sorts are speci�ed in the ACT ONE requirements model generated from the OO ACTONE speci�cation.� An instantiation of the system class corresponds to an instantiation of an RPC or Par process.� The gate list of the system class process corresponds to the list of transformer, accessor anddual attributes of the class. (The ordering in the OO ACT ONE speci�cation is maintained inthe LOTOS code.)� The state of the system class process is identi�ed by the variable Ssystem, a value of the ACTONE sort system.5.5.4.2 Processes and ObjectsThe relationship between OO ACT ONE classes, ACT ONE sorts, and LOTOS processes is illustratedin the top half of �gure 5.3. The internal aspects of the process speci�cations expand out as designprogresses: they are not represented in the �gure. The structure of the problem domain is retainedin the ADT part of the LOTOS designs. The CPTs can be used to transfer this structure to theprocess algebra for further manipulation. The bottom half of �gure 5.3 shows the simple relationshipbetween objects in the three di�erent notations.5.5.4.3 External Attributes and Servicing RequestsThere is a direct correspondence between the gates of a process and the external attributes of theclass which it is modelling. The hidden attributes of a class are not included as part of the externalgate list of the class process and, consequently, the behaviour o�ered by the hidden attributes canbe accessed only through the ADT speci�cations. The internal (nondeterministic) transitions in therequirements are modelled as internal events by the LOTOS hide operation.The parameterisation of the external attributes is matched by the event synchronisations betweenthe process and its environment. A service request is modelled, in the server process, as an `input8OOLOTOS speci�cations are de�ned to be those speci�cations which are derived from OO ACT ONE requirementsmodels.
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CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1505.5.4.5 Subclassing In DesignAn obvious question is whether the subclassing relationships in the requirements models are somehowmaintained across the transformation. More formally, given OO ACT ONE classes, A and B say,such that A v B and a transformation function, T say, which maps OO ACT ONE classes to LOTOSprocesses, is there any relationship between processes T (A) and T (B)? In OO ACT ONE, only twosubclassing relations are de�ned, namely extension and specialisation. Consequently, it is necessaryonly to investigate how these two relationships are carried across the analysis to design translation.A Design ExtensionThe Stack behaviour is extended below for the RPC communication model. The extension is a sizeattribute which returns the number of elements currently on the stack. The new class of behaviour,which o�ers this additional attribute, is named XStack. The RPC model of XStack behaviour isde�ned below.process RPCXStack[push,pop,size](SXStack: XStack): noexit:=(push? Nat1: Nat; RPCXStack[:: :](.(push(SXStack, Nat1))))[](pop; pop! NatResult(pop(SXStack)); RPCXStack[:: :](.(pop(SXStack))))[](size; size!NatResult(size(SXStack)); RPCXStack[:: :](SXStack))endproc (* RPCStack *)In the RPC model of communication, it is evident that corresponding9 instances of processesXStack and Stack are not related by any of the standard testing equivalences [9, 10]: the RPCStackalways deadlocks on event size whilst the RPCXStack does not. However, without going into formaldetails, the two process instances are related by a standard implementation relation, as de�ned in [16]:in a system containing an instance of RPCStack, the RPCStack can be replaced by the correspondingRPCXStack without the non-deadlocking behaviour of the system being compromised.Consider the extension as it is carried across the MakePar mapping from analysis to design. TheParXStack code resulting from the MakePar mapping is given in Appx E1. The implementationrelationship holds between ParStack process instances and ParXStack process instances.A Design SpecialisationIt is not possible to specialise the Stack behaviour since it is nonpartitionable. Consider instead alift moving mechanism. The OO ACT ONE de�ning the SMove (`specialised move') and Move classinterfaces, used in this example, is given below.Consider the translation of this behaviour to an initial RPC LOTOS speci�cation. (The samearguments apply for this model as for the Par model.) By de�nition, Move v SMove (since Move specSMove). The LOTOS RPCMove and RPCSMove process classes are de�ned below.9Corresponding instances of two processes are those instances with the same state representation.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 151CLASS SMove USING BOOL OPNSLITERALS: up,down,stayTRANSFORMERS: flipACCESSORS: goingup -> BoolEQNS : : :ENDCLASS (* SMove *)CLASS Move SPECIALISES SMove TO OPNS LITERALS: up, down ENDCLASS (* Move *)process RPCMove [flip, goingup ](SMove):noexit:=(flip; RPCMove[:: :](.(flip(SMove))) [](goingup; goingup!BoolResult(goingup(SMove)); RPCMove[:: :](.(goingup(SMove)))endprocprocess RPCSMove [flip, goingup ](SSMove):noexit:=(flip; RPCSMove[:: :](.(flip(SSMove))) [](goingup; goingup!BoolResult(goingup(SSMove)); RPCSMove[:: :](.(goingup(SSMove)))endprocThe process algebra de�nitions for these two behaviours are identical, except in the naming ofthe processes and process parameters, and the typing of these parameters. It is immediate thatcorresponding instances of these processes are weak bisimulation equivalent (written �) as de�ned by[9]. In other words, PMove[: : :](up) � PSMove[: : :](up) and PMove[: : :](down) � PSMove[: : :](down).The process instance PMove[: : :](stay) has no correspondences to any of the instances of PMove. Thisis precisely what is meant by specialisation in the object oriented semantic framework.De�nition: Class RelationshipsThe notion of a relationship between process instances is naturally extended to the notion of a setof relationships between sets of process instances. In this way, the notion of a class relationship canbe developed in LOTOS. In LOTOS one says that process instances are related by some well de�nedrelation. In an object oriented LOTOS, based on OO ACT ONE, this relation must be extended toparameterised process de�nitions, which correspond to classes. Given a relation R, between LOTOSbehaviour expressions, a class relationship ClassR is de�ned as:PROCESS PX ClassR PROCESS PY ,8x such that x is a value expression of sort X, then PX[: : :](x)R PY[: : :](x).5.5.4.6 Polymorphism in DesignThe RPC and Par models of communication, as presented above, do not incorporate the notion ofpolymorphism in the process algebra parts of the design. The polymorphic properties are de�nedin the ADT part of the designs but problems arise if polymorphism is not incorporated in the pro-cess algebra. For example, consider the Stack behaviour. The Stack is de�ned to accept Nats asinput parameters of the push operation. However, if Nat is de�ned to have a subclass, evenNatsay, the ParStack process cannot synchronise on a push!evenNat1:evenNat event, even thoughStack1.push(evenNat1) is well de�ned in the requirements (in the OO ACT ONE and ACT ONE



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 152models).ACT ONE does not incorporate inclusion polymorphism semantics, but the ACT ONE classmodels (sorts) are speci�ed to accept subclass parameter values through use of coercion and operationoverloading. A similar approach must be taken when transferring the polymorphic requirements tofull LOTOS. The RPC and Par communication models need to be expanded to cope with subclassinput parameters. This is easily done: for example, the ParStack process contains the code fragment:push!evenNat1; ParStack[: : : ](.(push(SStack, evenNattoNat(evenNat1)))).The inclusion of polymorphism properties in the process algebra part of the LOTOS designs is nec-essary, but its presentation can be ignored. Rather than including all the subclass parameter optionsin our full LOTOS design listings, the polymorphic behaviour is not presented. The design transfor-mations presented in this thesis do not a�ect the subclassing hierarchy and so it is not, at present,necessary to consider the polymorphism properties when designing. The RPC and Par models are de-�ned to specify the required polymorphic behaviour, even though it is not presented in the remainingsections of this chapter.5.5.5 An Object Oriented Style of LOTOS Speci�cationAn important aspect of the object oriented LOTOS designs is the speci�cation of the MakeRPC andMakePar mappings, which de�ne the style of the RPC and Par processes. Appendix E2 de�nes thesetwo mappings. The RPC and Par processes are unstructured. They form the basic building blocksin the OO LOTOS style of speci�cation. Three other basic building blocks are de�ned as the resultof applying CPTs to these process de�nitions:� ERPC (`expanded' RPC) processes result from applying a static expansion CPT (StExp in 5.7.1)to RPC processes. This produces a structured de�nition of the required behaviour in which thebehaviour is composed from a number of RPC component process (in parallel) under the controlof a centralised process.� EPar (`expanded' Par) processes are a result of applying StExp to Par processes. This CPTresults in a structured de�nition of the required behaviour in which the speci�cation is composedfrom a number of Par component process under the control of a centralised process.� Dist (`distributed') processes are a result of applying the Dist CPT (see 5.7.3) to EPar processes.This transforms a structured system of Par processes which have centralised control into astructured system of self-controlled (no pun intended) processes.The OO ACT ONE style of speci�cation is one in which the system is de�ned as a Par, RPC,EPar, ERPC, or Dist process. Further all the classes in the system which have been expanded toprocess form must also be represented in one of these �ve ways. In e�ect, the style of speci�cation isde�ned by the initial communication models (RPC and Par) and the design transformations whichcan be applied to classes speci�ed using these models. Consequently, the style is dynamic: whenCPTs become well accepted design mechanisms, then the resulting process de�nitions will becomewell accepted design components.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 153In FOOD, the limited number of base style components can be usefully represented in diagram-matic form. The graphical notation is illustrated in �gure 5.5
(RPC or Par)
Unstructured Expanded RPC Expanded Par

(centralised concurrency)(centralised control) Distributed concurrencyFigure 5.5: LOTOS: Representing Communication Models5.6 Correctness Preserving Transformations (CPTs): FormalisingDesign5.6.1 IntroductionThis thesis examines the role CPTs can play in the process of design in general, and FOOD in particu-lar. A transformation can be applied to a speci�cation which re
ects some architectural/implementationchoice, without altering the external (observable) behaviour of the system. Such a design transfor-mation is dependent on some nonstandard, though not necessarily informal, means of interpretingthe internal details of the speci�cation. The object oriented framework provides the basis for such aninterpretation.LOTOS, as a wide-spectrum language, can specify the properties of systems at various levels ofabstraction. Design is the process which transforms an initially abstract (implementation indepen-dent) speci�cation of system requirements into a �nal, more constructive, implementation orientedspeci�cation. An ideal LOTOS based software development environment should provide a compre-hensive set of CPTs and a framework in which designers can apply these transformations to re
ectdesign decisions. Such an ideal is a long way o�. This thesis provides a small set of CPTs (in section5.7) which are useful within our object oriented development method. These transformations are usedto: � Illustrate the CPT concept.� Show the importance of matching design needs with CPTs.� Highlight the di�culties involved in proving the correctness of the design transformations.� Emphasise the power of a CPT-driven approach to design.The small set of transformations proposed in this thesis do not constitute a design method. However,they do show how such a method could be constructed.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1545.6.2 Concepts5.6.2.1 Design TrajectoryA fundamental notion in this work is design trajectory: a sequence of steps which take a problem ori-ented speci�cation of requirements to an implementation oriented speci�cation of a possible solution.Each step changes the previous speci�cation in some way. The important thing is that somethingmust also be preserved along this trajectory: the `correctness of the design'.5.6.2.2 Design Veri�cationIn theory, it is possible to verify the correctness of any given design step by mathematical means. Inpractise, the complete formal veri�cation of most design steps is not possible because of combinatorialproblems. In these cases, speci�cations are partly veri�ed by simulation and testing.This thesis has already identifed the advantages of simulation and testing with regard to analysismodels. The same arguments are true for design models. The design approach advocated in this workdoes not restrict all design changes to be made through application of CPTs. Consequently, theremay be a need for alternative veri�cation methods. Two di�erent types of LOTOS tools have beendeveloped to help in this respect. Firstly, there are a wide range of simulation and automation tools(see [117, 10, 8], for example). Secondly, and more importantly, tools have been developed towardsderiving tests from given LOTOS speci�cations (for example, [125] explains the theory behind ameans of deriving canonical testers for LOTOS speci�cations). We do not examine any of thesemechanisms, but we do recognise their value in this, and future LOTOS design methods. Rather,FOOD concentrates on a di�erent approach to design veri�cation, namely the application of CPTs.5.6.2.3 Correctness Preserving TransformationsA di�erent means of verifying a design is to perform only transformations (design changes) whosecorrectness has already been proven. Before examination of particular CPTs, a brief overview of theterminology is useful:A speci�cation can be said to be correct if it ful�ls some property. Assume a speci�cationS, a transformation T and de�ne S0 = T (S), i.e. S0 is the result of applying T to S. Tcan be said to be correctness preserving with respect to the property P if P (S)) P (S0).In other words, the property P is preserved across the transformation T .This type of formulation raises a number of interesting questions:� What sort of properties can be usefully preserved?� How can these properties be formalised?� Over what domains should T operate?� What is the di�erence between S and S0 which makes T a useful transformation for applyingduring design?



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 155� Can we specify appropriate transformations to correspond with decisions most commonly takenby designers in practice?Before these questions are more rigorously examined, the concept of property is given a usefulcategorisation:� External PropertiesExternal properties are those which can be observed through interaction with a system at itsexternal interface (in LOTOS the external interface of a process is de�ned by its gate set). Ex-ternal properties, said to be purely functional, are ful�lled by a standard semantic interpretationof the speci�cation. These properties are concerned with what the system does rather than howit does it.� Internal PropertiesInternal properties are those which can be derived through examination of the text whichspeci�es the system in question. They cannot be `extracted' through interaction with thesystem interface alone. Formulation of these properties requires the de�nition of a non-standardinterpretation of the speci�cation. This interpretation is said to provide a view on the system.This categorisation gives rise to the classi�cation of two di�erent types of CPT:� Structural CPTsA structure CPT does not change the external properties of a system in any way. There are noways of distinguishing the design before and after transformation through interaction with theirexternal interfaces alone. Structure transformations change only internal aspects of the system.� Functional CPTsA functional CPT changes the external properties of a system but guarantees some sort ofconformance between the design before and after transformation. In other words, a functionaltransformation compromises some external properties but maintains others.5.6.3 An Overview of CPTs in LOTOS5.6.3.1 The CPT ProblemBy di�erentiating between what should stay the same and what should be di�erent, as the result ofa design change, an elegant and formal statement of the requirements of a design step can be givenas follows. De�ne:� A speci�cation S1� An implementation relation R� A view function V , which has S1 in its domain� A view property P which is ful�lled by V (S1), i.e. P (V (S1)) is true.� A view property P 0 and a second view V 0 such that not(P 0(V 0(S1)))A structured design change corresponds to the speci�cation of S2, the next design, such that:



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 156� R(S1; S2), and R is a strong bisimulation equivalence10 .� P (V (S2)) and P 0(V 0(S2))In other words, S2 maintains the external behaviour of S1, maintains the view property P and adheresto a new view property P 0, which was not ful�lled by S1. One could say that the reason for de�ningS2 was the ful�lment of this new property.A functional design change corresponds to the speci�cation of S2 such that: R(S1; S2), and Ris an implementation relationship which is not a strong bisimulation equivalence. In other words,a functional design changes the behaviour tree of the speci�cation being transformed. The e�ect ofsuch a change on view properties is speci�c to each design.Some design steps can be de�ned as a mixture of the structure and functional approaches. In suchinstances, the behaviour tree is changed and view properties are maintained. Design CPTs provide ameans of generating a suitable S2 from any given S1 such that the appropriate properties and relationsare guaranteed.5.6.3.2 The CPT FormulationSection 6.6.3.1 focuses on the notion of a relation between two already speci�ed design stages. It isuseful to express the CPT problem in terms of transformations and constraints. We wish to discovera transformation T such that:Given any S1 such that P (V (S1)) and not(P 0(V 0(S1))), then:R(S1; T (S1)) and P (V (T (S1))) and P 0(V 0(T (S1))A Simple CPT ExampleA LOTOS speci�cation of a system is as a set of communicating processes. At this stage of devel-opment, the speci�cation (design) has no multiway synchronisation. Between each pair of communi-cating processes there may be more than one synchronisation gate. We want a transformation whichcreates a new speci�cation which conforms to the no multiway synchronisation constraint whilst guar-anteeing the new property that there must be at most one gate shared between processes. Further,we require that the new design is a valid implementation of the old design.This can be more formally speci�ed, using the above notation, as follows:� V , the view function, is de�ned to return a set of (process identi�er � process identifer � gateidenti�er) triples, such that:(p1; p2; g) 2 V (Si),p1 and p2 are de�ned to synchronise on gate g in LOTOS speci�cation Si.� P the internal property is de�ned on Si as:P (V (Si)),((p; q; g); (r; s; g) 2 V (Si)) (((p = r)) (q = s))or((p = s)) (q = r)))10Strong bisimulation equivalence states that the behaviour trees o�ered by S1 and S2 are the same (even if the wayin which they are speci�ed is di�erent).



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 157� V 0 = V� P 0 is de�ned on Si as: P 0(V (Si)),((p; q; g1); (r; s; g2)2 V (Si)) ((((p = r)and(q = s))or((p = s)and(q = r)))) g1 = g2)A transformation, T say, which ful�ls these requirements is represented in diagramatic form in �gure5.6.
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Figure 5.6: A CPT: Illustrating the Concepts5.6.4 Graphical Views and Tools5.6.4.1 The Need For GraphicsDesigns and structures are often represented quite naturally in graphical notation. It is thereforedesirable to be able to view a system of parallel communicating LOTOS processes in such a way thatit is possible to extract a unique, meaningful, graphical representation. Then, design decisions can berepresented as transformations on a view, with all the advantages of an underlying formal method.Chapters 2,3 and 4 introduce graphical views of static and dynamic behaviour as speci�ed inOO ACT ONE. This thesis recognises that the presentation of graphical views of process algebraspeci�cations is much more di�cult (the language constructs are much more complex) than that forproducing ADT views. A recent thesis by Winstanley [126] examines the graphical presentation ofstatic and dynamic properties of process algebra speci�cations. This work, however, does not considerthe presentation of object oriented properties. It is important that a graphical notation for our objectoriented LOTOS designs emphasises object oriented aspects. Graphs are useful to help customers(and analysts) to understand requirements models. This thesis supports the opinion that similarviews would be useful to help designers communicate with each other, and the programmers. Theformality underlying the graphical models used during object oriented requirements capture mustalso be evident during design. Graphics should not be open to interpretation.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1585.6.4.2 The Need For Tool SupportThe LOTOS object oriented designs lend themselves to the production of some sort of automatedformal design environment:� There are a limited number of standard class and object representations, each with well-de�nedproperties.� The CPTs can be easily automated.� There is potential for developing a graphical syntax for the representation of the OO designs,based on OO ACT ONE graphics and the communication model notation.� There is potential for the execution of such designs using existing toolsCertainly, the designers can use the object oriented analysis tools and models to understandthe underlying functional behaviour. However, separate tools are needed to help the analysis ofthe communication and interaction properties of the object oriented designs. Graphical tools areparticularly important for the representation of structural properties.5.6.5 CPT Driven Design: Some Other Concerns5.6.5.1 Problems With The Dichotomy of LOTOSIt is much easier to reason about a system when there is a `conceptual consistency' in the way it isspeci�ed. Conceptual consistency depends on a reasoned approach to the way in which a problem isdecomposed into its component parts. In LOTOS, a behaviour can be speci�ed with di�erent emphasisplaced on the roles of the data typing and process algebra. However, there has been little researchinto how this division takes place; and more particularly, why some speci�ers favour one `half' of thelanguage over the other. A consistent speci�cation approach requires that the roles of each `half' ofthe language is clearly de�ned at each stage of the development. In practice, speci�cations do notseem to have this consistency. The object oriented development strategy in this thesis makes a cleardistinction between the fundamental behaviour, as de�ned by the ACT ONE part of the speci�cation,and the communication, timing and architectural aspects, as speci�ed in the process algebra part.A more pressing problem with full LOTOS, with respect to formilising transformations, is thatproof systems for data algebras are generally distinct from proof systems for process algebras. Com-bining two systems in one coherent transformation proof framework is very di�cult. This thesis avoidsthe problem of proving correctness in two di�erent formal frameworks by maintaining the ADT partthroughout the whole design process.5.6.5.2 Practicality must be the driving force.The notion of basing a whole development method on a CPT system is very tempting. However, webelieve that, although the area of formal design is amenable to CPT techniques, it is not possibleto force all design changes to be done using CPTs. CPT research must be driven by the needs ofdesigners. At the moment, designers are repeatedly making the same sort of structure decisions on



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 159di�erent problems. These types of decisions must be identi�ed and then formilised within the CPTframework: designers will then be able to incorporate formal techniques within their work withoutneeding to directly manipulate the LOTOS code. There is potential for automation of the underlyingformal transformations. This thesis gives only a 
avour of what is possible. The CPTs are de�nedonly in an object oriented framework and it is clear that many more CPTs are needed. CPTs mustbe the main tool for formal object oriented design.5.6.6 Object Oriented LOTOS CPTs and the Resulting Design TrajectoryThe CPTs in this thesis are de�ned only on LOTOS speci�cations which have been derived from theOO ACT ONE speci�cation, using the initial transformation to LOTOS. A sequence of CPTs canbe applied to this initial speci�cation to result in a correctness preserving design trajectory. Withinthis trajectory CPTs can be applied to the speci�cation components (and the components of thecomponents : : :). It is not necessary for all transformations being applied to be pre-de�ned CPTs.In some cases, a CPT may be identi�ed which may be of use in many di�erent problem domains,but is not yet formulated for re-use. It is recommended that, in such cases, the designer attempt toformulate such a general CPT (if they can). However, if this is not possible (or desirable) then thedesigners must verify the particular transformation which they employ. The formal object orienteddesign trajectory, which forms the basis of our object oriented development method, is illustrated in�gure 5.7.
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CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 160� A step, not achieved through application of a general CPT, which does need to be veri�ed bythe designer.5.7 A Set of Object Oriented Design Decisions as CPTsThis section proposes �ve types of transformation which can be said to preserve the requirements asspeci�ed in the ACT ONE part of an initial LOTOS design. The transformations are used to illustratethe type of formal design which is possible within FOOD. The correctness of each transformation isargued informally: some rigorous reasoning is included, but it was beyond the scope of the thesis toprove the correctness of these transformations within the full LOTOS semantic framework. Futurework must either:� De�ne an object oriented design language whose semantics promotes the mathematical formu-lation of correctness and correctness preserving transformation.� Address the problem of correctness formulation in full LOTOS, which arises out of the languagebeing de�ned as a combination of an ADT and a process algebra. (The way in which our OOLOTOS speci�cations balance these parts of the speci�cation makes this problem much moreapproachable than in the general case.)The �ve transformations which we de�ne are as follows:� StExp (`static expansion') is de�ned on the domain of Par and RCP process classes which havea �xed structure and are de�ned purely. This transformation replicates the structure of a classin the requirements model in the speci�cation of a system of component processes.� Comp (`composition') is de�ned on the domain of statically expanded process classes. It providesa means of re-grouping a subset (or subsets) of the components of a system.� Dist (`distribution') is de�ned on the domain of Par processes which have been statically ex-panded. It provides a means of removing a centralised control by distributing the controlamongst the component processes. It relies heavily on the multi-way synchronisation mecha-nism in LOTOS.� Rend (`remove nondeterminism`) is a simple mechanism for the removal of nondeterminism inthe requirements model.� Finally, a general technique (not identi�ed by a particular transformation) for the removal ofparallelism is proposed.The case study, in chapter 7, requires the designs to be targetted towards an Ei�el implementation.Consequently, since Ei�el has a procedural model of communication, the case study does not illustratethe Dist transformation. However, it does illustrate: the static expansion of purely de�ned classeswith �xed structure, composition as a means of restructuring and the removal of nondeterminism.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1615.7.1 Static Structure ExpansionExpansion is the term given to any transformation which expands out the process alegabra part ofthe OO LOTOS design with structure which is in the ADT part. The static expansion CPT (StExp)can be applied to Par and RPC class processes which have a �xed structure and pure speci�cation.Informally, the static expansion transforms the unstructured class body process into a system ofparallel processes. The static expansion of a ParClass process is shown in �gure 5.8.
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ParComp1(par1(SClass)) ParComp1(parm(SCLass))Figure 5.8: Static Expansion (StExp) of a ParClass ProcessThe static expansion of a RPCClass process is much simpler than that for the ParClass. It isillustrated in the design part of the case study (section 7.3). We do not report it here.5.7.1.1 StExp Example: A System of Two StacksConsider a simple system of two stacks. The behaviour of the system is de�ned in the OO ACT ONEclass TwinStack.CLASS TwinStack USING Stack OPNSSTRUCTURES: TS< Stack, Stack >TRANSFORMERS: push1<Nat>, push2<Nat>DUALS: pop1 -> Nat, pop2 -> NatEQNSTS(Stack1,Stack2).push1(Nat1) = TS(Stack1.push(Nat1), Stack2);TS(Stack1,Stack2).push2(Nat1) = TS(Stack1, Stack2.push(Nat1));TS(Stack1,Stack2).pop1 = TS(Stack1.pop, Stack2) AND Stack1..pop;TS(Stack1,Stack2).pop2 = TS(Stack1, Stack2.pop) AND Stack2..popENDCLASS (* TwinStack *)The initial LOTOS design for this behaviour is generated using the MakePar mapping. Thisdesign is speci�ed in process ParTwinStack. The process algebra speci�cation for PTwinStack isgiven below.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 162process ParTwinStack[push1, push2, pop1, pop2 ](STwinStack):noexit:=hide request, response inTwinStackIn[ push1,push2,pop1,pop2,request ](0) j [ request ] jTwinStackBody [ request, response ](STwinStack) j [ response ] jTwinStackOut[ pop1, pop2, response ](0) where : : :The StExp CPT takes the PTwinStack process de�nition and produces a new process de�nition,named EParTwinStack. The CPT does this by leaving the de�nitions of the TwinStackIn andTwinStackOut processes alone whilst changing the TwinStackBody process speci�cation. This isspeci�ed below.process EParTwinStack[push1, push2, pop1, pop2 ](STwinStack):noexit:=hide request, response inTwinStackIn[ push1,push2,pop1,pop2,request ](0) j [ request ] jEParTwinStackBody [ request, response ](STwinStack) j [ response ] jTwinStackOut[ pop1, pop2, response ](0)where : : :The new EParTwinStackBody is de�ned as a structured process in which there are three component(sub)processes:� A control process, named EParTwinStackControl by convention, which, as its name suggests,controls the way in which the other components interact to produce the required behaviour.� Two ParStack component processes: one for each component of the structure operation TS.process EParTwinStackBody[request, response](STwinStack):noexit:=hide Stack1push, Stack1pop, Stack2push, Stack2pop inEParTwinStackControl[ Stack1push, Stack1pop, Stack2push, Stack2pop, request, response ](0)j [ Stack1push, Stack1pop, Stack2push, Stack2pop ] j( ParStack [ Stack1push, Stack1pop ](par1(STwinStack)) jjjParStack [ Stack2push, Stack2pop ](par2(STwinStack)) )where : : :There are a number of things worth noting about this speci�cation, before details of the EParTwinStackControlprocess are considered.� The hidden gates, namely Stack1push, Stack1pop, Stack2push, Stack2pop, have a 1-1 cor-respondence with the set of external attributes o�ered by the component classes of the TwinStack.These gates are identi�ed by the component class name, followed by the parameter index ofthat class in the structure operation and �nished by the attribute name.� New sort operations, namely par1 and par2, are used to return the individual parameter valuesof any given TwinStack TS structure representation. These new operations are generated bythe StExp transformation, and added to the ADT part of the speci�cation.� The composition structure of the TwinStack has been expanded out in the process algebra partof the resulting design. This structure is still present in the ADT part, but it is now explicit inthe communications model.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 163� The underlying functionality is contained in the ParStack components.The StExp transformation is concerned mainly with the generation of a suitable Control pro-cess for any given statically structured class. ETwinStackControl illustrates how such a process isgenerated, for a simple behaviour.process EParTwinStackControl[ Stack1push, Stack1pop, Stack2push, Stack2pop, request, response ]:noexit:=(request!push1?Nat1:Nat?ID:Nat;Stack1push!Nat1; (EParTwinStackControl[:: :] jjj (response!push1!ID; exit))[](request!pop1?ID:Nat;Stack1pop; Stack1pop?Result:Nat;(EParTwinStackControl[:: :] jjj (response!pop1!Result!ID; exit))[](request!push2?Nat1:Nat?ID:Nat;Stack2push!Nat1; (EParTwinStackControl[:: :] jjj (response!push2!ID; exit))[](request!pop2?ID:Nat;Stack2pop; Stack2pop?Result:Nat;(EParTwinStackControl[:: :] jjj (response!pop2!Result!ID; exit))endproc (* EParTwinStackControl *)The EParTwinStackControl speci�cation is simple to generate because the two Stack componentsare not con�gured. The external attributes of the TwinStack are serviced by the Control `passingthem on' to the components, using the new internal gates.Consider now extending the TwinStack behaviour with a swaptops transformer such that Stack1and Stack2 are con�gured on swaptops. The swaptops attribute is more formally de�ned as:TS(Stack1,Stack2).swaptops = TS((Stack1.pop).push(Stack2..pop), (Stack2.pop).push(Stack1..pop));This attribute is translated into the EParTwinStackControl process by the inclusion of a new choicebehaviour expression:: : : [] (request!swaptops?ID:Nat;(( Stack1pop; Stack1pop?Result1:Nat; exit)jjj( Stack2pop; Stack2pop?Result2:Nat; exit ) )>>(( Stack1push!Result2; exit) jjj ( Stack2push!Result1; exit) )>>(EParTwinStackControl[:: :] jjj (response!swaptop!ID; exit)) ) : : :This more complex attribute gives a better 
avour of how, in general, external attributes aretranslated by the StExp CPT. The resulting behaviour expression is made up of four parts:� i) Accept the request and input parameters.� ii) Perform internal accessor and dual operations for each dependent component.� iii) Use the information gathered, if necessary, to perform internal state transitions (via externaltransformer requests).� iv) O�er the response (with result in the case of a dual or accessor) in parallel with the originalControl behaviour



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 164When an external attribute depends on only one component then the translation is simpli�edby not having to use the jjj or >> operators. The push1, pop1, push2 and pop2 attributes, inTwinStack, are a good example of this.5.7.1.2 The Correctness Of The Static ExpansionWe are required to prove that ETwinStack is a class implementation11 of PTwinStack. In otherwords, given STwinStack, a value of the TwinStack sort, then ETwinStack[: : :](STwinStack) implPTwinStack[: : :](STwinStack). The StExp relation between these two behaviours is illustrated in�gure 5.9.
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CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1655.7.1.3 Other Complexities To Be AddressedThe TwinStack example was chosen for its simplicity, and as such it does not address all the com-plexities of the transformation. These are as follows:� Preconditioned Equations in the Requirements Model.Preconditioned equations are de�ned on structured classes as boolean expressions which de-pend on accessor12 service replies from components. Preconditioned equations translate quitenaturally into guarded expressions in the process algebra. Note that the completeness of thepreconditioned equation (guaranteed by the OTHERWISE construct) means that no deadlocks canbe introduced by the generation of guarded expressions in the new design speci�cation. Fur-ther, no additional nondeterminism can arise from more than one guarded expression being true(across a choice of behaviours).� Invariants in the Requirements Model.Invariants are realised by `global preconditions' on every attribute in a class. Consequently,invariants are translated into `global guards' in the process algebra. This can, unfortunately, leadto deadlocks when invariants are not proven, in the analysis stage, to be maintained throughoutthe lifetime of an object.The complexities arising from the handling of preconditions and invaraints are not considered inany of the CPTs that follow.5.7.2 Compositional Re-Structuring For Re-UseThere are two important aspects to restructuring for re-use: decomposition and composition. It isnecessary to be able to decompose larger components into smaller ones so that the smaller componentswhich have already existing implementations can be re-used. The static expansion transformation(StExp) provides a decomposition mechanism. It is also necessary to be able to compose smallercomponents into larger ones so that the implementation of the larger component can be re-used. Itis this type of transformation which is considered in this section.A simple solution to the re-structuring problem is to de�ne a CPT which is the inverse of theStExp CPT. However, this is not general enough, since the designer may wish to combine only asubset of the component parts rather than all of them. Consider a Class which has �ve components.The designers wish to combine components 1,2 and 3, and components 4 and 5 to create new com-ponents (component1' and component2'). These new design components correspond to some alreadyimplemented behaviour which can be re-used directly. This restructuring is illustrated in �gure 5.10.The Comp CPT acts on any given statically expanded LOTOS speci�cation. It is parameterised ona partitioning of the component set. In the diagram above, the partitioning is: ffcomponent1; component2; component3g,fcomponent4; component5gg.12In the requirements model preconditioned equations can be de�ned only on accessor attributes so that componentstate changes cannot arise from the evaluation of the precondition boolean expression.
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Figure 5.10: A Composition CPT: Comp5.7.2.1 Comp CPT ExampleConsider a system of two queues (of natural numbers) and a transformer The system accepts Nats viathe on attribute, transforms and then queues them up via the internal trans attribute, and outputsthe results in their original order via the off attribute. This is more precisely speci�ed by the OOACT ONE System class de�nition, below.CLASS System USING Queue, Transformer OPNSSTRUCTURES: SQQT < Queue, Queue, Transformer >TRANSFORMERS: on<Nat>, trans (* internal *)DUALS: off -> NatEQNSSQQT(Queue1,Queue2,Transformer1).on(Nat1) = SQQT(Queue1.push(Nat1),Queue2,Transformer1);SQQT(Queue1, Queue2, Transformer1).trans =SQQT(Queue1.pop, Queue2.push(Transformer1.tr(Queue1..pop)), Transformer1);SQQT(Queue1,Queue2,Transformer1).off = SQQT(Queue1,Queue2.pop,Transformer1) AND Queue2..popENDCLASS (* System*)The System class structure diagram is represented in �gure 5.11.Static expansion of the ParSystem process results in the EParSystem process de�nition, as partiallyde�ned by the EParSystemBody process, below (the other parts of the EParSystem speci�cation arenot a�ected by the Comp transformation).Now, the designers may be aware of a precoded component, DoubleQ say, which provides the
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System

Queue1

Queue2

Transformer1
on(Nat)

off -> Nat

transFigure 5.11: A Composition Exampleprocess EParSystemBody[request, response] (SSystem:System): noexit :=hide Queue1push, Queue1pop, Queue2push, Queue2pop, Transformer1tr inSystemControl[:: :] j [: : :] j( ParQueue[ Queue1push, Queue1pop] (par1(SSystem)) jjjParQueue[ Queue2push, Queue2pop] (par2(SSystem)) jjjParTransformer[ Transformer1tr] (par3(SSystem)) )where : : :endproc (* ESystemBody *)functionality of two natural number queues which are linked in some unspeci�ed way. Rather thanhaving two distinct Queue components in the design, it is advantageous to combine them togetherinto a single component. This can be done using the Comp CPT.Comp(ESystem, ff1; 2g; f3gg) results in a new process speci�cation which di�ers from the oldprocess only in the speci�cation of the ClassBody. The new process class body is named CEClassBody,in this case. The speci�cation of CESystemBody, resulting from Comp(Esystem, ff1; 2g; f3gg) is givenbelow.process CESystemBody[request, response] (SSystem:System): noexit :=hide Queue1push, Queue1pop, Queue2push, Queue2pop, Transformer1tr inSystemControl[:: :]j [: : :] j(CQueueQueue[Queue1push,Queue1pop,Queue2push,Queue2pop] (par1(SSystem), par2(SSystem))jjj ParTransformer[ Transformer1tr] (par3(SSystem)))whereprocess CQueueQueue[Queue1push,Queue1pop,Queue2push,Queue2pop](Queue1:Queue,Queue2:Queue):noexit:=ParQueue[ Queue1push, Queue1pop] (Queue1) jjj ParQueue[ Queue2push, Queue2pop] (Queue2)endproc (* CQueueQueue *) : : :endproc (* ESystemBody *)The new CQueueQueue process can now be implemented using the pre-coded DoubleQueue com-ponent. For consistency, it is bene�cial to be able to respecify the CQueueQueue process in standardParClass form. Then, it can be transformed by any of the design CPTs. This standardisation re-quires the creation of a new ADT class, de�ned as a static structure with two Queue components. Inother words, the ADT model of the new component is reverse engineered into a new OO ACT ONEclass speci�cation.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1685.7.2.2 An Overview of the Correctness of CompThe Comp CPT is doing nothing more than bracketing together sequences of interleaved operationsand substituting internal events with sequences of internal events. Since the jjj operator is associativeand the components being combined are interleaved processes, any bracketing of these processes canbe done without altering the behaviour being speci�ed.5.7.2.3 Limitations of CompThe Comp CPT works only on LOTOS speci�cations which have expanded static structure, with acentralised control component. Part of the job of an object oriented designer is to distribute the controlaspects of a system among its component parts (see the Dist CPT in section 5.7.3). This distributionoften means that the component processes are no longer interleaved, but must synchronise on sharedgates. It is much more di�cult to formulate a composition CPT for these types of distributed systemspeci�cations. This line of research is not examined in the design part of this thesis. Rather, duringdesign we recommend that the expanded class speci�cations are compositionally restructured beforethe Dist CPT is applied.5.7.3 Re-Structuring for Distributed ControlAll structured LOTOS EParCLass processes have a centralised control to manage the way in whichthe component processes are used to provide the external functionality. The EParClass processeshave a structure as shown in the left hand side of �gure 5.12. The Dist CPT produces a DistClassstructure, as shown on the right hand side of the same �gure.
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ControlFigure 5.12: The Distributed Control CPT: DistBefore the Dist CPT is applied, the ClassBody process has its concurrent processes under thecontrol of the ClassControl process. In e�ect, there is a centralised process through which all requestsand responses go. Object oriented designers may wish to remove this centralisation and distributecontrol in a decentralised fashion. There are potentially an in�nite number of ways in which a designercould choose to do this. This section de�nes one CPT, namely Dist, which distributes the centralised



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 169control of a EClass process amongst all of the Class component processes. The Dist CPT is de�nedon EParClass processes.5.7.3.1 Dist of NonCon�gured Structure: a TwinStack ExampleConsider the TwinStack behaviour de�ned in 5.7.1. The Dist CPT applied to EParTwinStack pro-duces the DistTwinStack process speci�cation, below.process DTwinStack[push1, push2, pop1, pop2 ](STwinStack):noexit:=hide request, response inTwinStackIn[ push1,push2,pop1,pop2,request ](0) j [ request ] jDTwinStackBody [ request, response ](STwinStack: TwinStack) j [ response ] jTwinStackOut[ pop1, pop2, response ](0)where(* TwinStackIn and TwinStackOut are specified as before *)process DTwinStackBody[request, response](STwinStack: TwinStack):noexit:=DStack1[request,response](par1(STwinStack))jjjDStack2[request,response](par2(STwinStack))where : : :endproc (* DTwinStackBody *)endproc (* DTwinStack *)In the EParTwinStack class, the ParStack components are not con�gured. Consequently, there isno need for synchronisation between the DStack1 and DStack2 components of DistTwinStackBody.These two processes are interleaved to provide the required behaviour. Their speci�cations are givenbelow.process DStack1[request,response](SStack:Stack):noexit:=hide Stack1push, Stack1pop inParStack[ Stack1push, Stack1pop ](SStack) j [ Stack1push, Stack1pop] jDStack1Control[ request, response, Stack1push, Stack1pop ]where(* ParStack is specified in the normal way *)process DStack1Control[ request, response, Stack1push, Stack1pop ] :noexit:=(request!push1?Nat1:Nat?ID:Nat; Stack1push!Nat1;(DStack1Control[:: :] jjj response!push1!ID; exit)) [](request!pop1?Nat1:Nat?ID:Nat; Stack1pop; Stack1pop?Result:Nat;(DStack1Control[:: :] jjj response!pop!Result!ID;exit))endproc (* DStack1Control *) endproc (* DStack1 *)process DStack2 : : :(* Defined similarly to DStack1 *)5.7.3.2 Distribution of Con�gured Structure: A TwinStack Extension ExampleConsider an extension of the TwinStack behaviour in which the two components are con�gured by aswaptops attribute, which is de�ned as:



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 170TS(Stack1,Stack2).swaptops =TS((Stack1.pop).push(Stack2..pop), (Stack2.pop).push(Stack1..pop));This results in the extended TwinStackControl process as de�ned earlier in this section. We mustconsider how such a con�guration is transformed by the Dist CPT. Intuitively, there now must besome sort of internal gate shared by the component Stacks. The passing of information betweencomponents, which was originally done by the centralised control process, must now be done by thecomponents.In theDist transformation, when processes i1; : : :ir are con�gured by an external attribute, then aninternal con�guration gate named configi1: : : ir is de�ned in the resulting ClassBody. For example,since components 1 and 2 con�gure in the TwinStack (on the swaptops attribute) there is an internalgate de�ned as config12 in the DistTwinStackBody process.In the case where class components are con�gured, the Dist CPT produces a structured controlprocess for every component. Each control is made up of ServiceThese and IgnoreThese compo-nents running in parallel, but not synchronised. The ServiceThese process controls the servicing ofrequests which depend on the particular component which it is controlling. The IgnoreThese processparticipates in all requests and responses which do not depend on the component to be ful�lled. Thisis necessary because all components must multi-way synchronise on request and response events. ThePStack process, running in parallel with the control process, is de�ned in the normal way. Conse-quently, it can also be manipulated using CPTs whilst maintaing correctness. This is illustrated inthe following code for process DistTwinStack.The DistTwinStack example illustrates quite clearly how the con�gured servicing of a transformerswaptops is distributed amongst the two components. It is not clear, without further investigation,whether the distribution of control is as straightforward for dual (and accessor) attributes. In a `wellde�ned' OO ACT ONE speci�cation of requirements, the result of a dual (and accessor) is always theresult of a dual (or accessor) at one of the components of the structure. It is therefore quite naturalin the distributed design for this one component to take responsibility for the result response. Forexample, consider a dual attribute op de�ned on a TwinStack as follows:TS(Stack1, Stack2).op = TS((Stack1.pop).pop, Stack2.push(Stack1..pop)) AND T(Stack1.pop)..pop;This results in additional fragments of LOTOS code in the distributed TwinStack design: the twoControl processes, in each Stack component, are extended in the code below.5.7.3.3 Overview of the Dist CPT De�nitionThe main complexity in the de�nition of Dist is the analysis of the con�gured attribute requirements.This analysis must identify whether attributes con�gure components. The parsing of the con�guredattribute requirements then splits the service into four parts:� Performs accessors (and duals) on components which provide results for use in the internalrequests in the remainder of the service. In the transformation, these result in a set of parallelinternal events with `data 
ow' modelled by the internal config event synchronisations.� Dual events must be then be processed in order of nesting The ordering is maintained by thecontrol parts of each component.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 171process DistTwinStackBody[request,response] (STwinStack:TwinStack):noexit:=hide config12 inDStack1[ request, response, config12](par1(STwinStack))j [ request, response, config12 ] jDStack2[ request, response, config12 ](par2(STwinStack)) whereprocess DStack1[ request, response, config12 ] (SStack: Stack):noexit:=hide Stack1push, Stack1pop inPStack[ Stack1push, Stack1pop ](SStack) j [ Stack1push, Stack1pop ] jDStack1Control [ request, response, Stack1push, Stack1pop ] where(* PStack is defined in the normal way *)process DStack1Control[:: :]:noexit:=ServiceThese[request, response, Stack1push, Stack1pop] jjjIgnoreThese[ request, response ] whereprocess ServiceThese[ request, response, Stack1push, Stack1pop ]:noexit:=(request!push1?Nat1:Nat?ID:Nat; Stack1push!Nat1; (ServiceThese[:: :] jjjresponse!push1!ID; exit)) [](request!pop1?Nat1:Nat?ID:Nat; Stack1pop; Stack1pop?Result:Nat; (ServiceThese[:: :] jjjresponse!pop!Result!ID; exit))(request!swaptops?ID:Nat; Stack1pop; Stack1pop?Result1:Nat; config12!Result1?Result2:Nat;Stack1push!Result2; (ServiceThese[:: :] jjjresponse!swaptops!ID; exit))endproc (* ServiceThese *)process IgnoreThese[ request, response ]:noexit:=(request!push2?Nat1:Nat?ID:Nat; IgnoreThese[:: :]) [](request!pop2?Nat1:Nat?ID:Nat; IgnoreThese[:: :]) [](response!push2!ID:Nat; IgnoreThese[:: :]) [](response!pop2?Result:Nat?ID:Nat; IgnoreThese[: : :])endproc (* IgnoreThese *) endproc (* DStack1Control*) endproc (* DStack1*)process DStack2[ request, response, config12 ] (SStack: Stack):noexit:=(* Defined similarly to DStack1 *)� The additional internal services that are required to achieve the correct global state of thesystem are treated separately as the penultimate part of the distributed service.� Finally, the analysis identi�es the component which is responsible for returning the result of therequest (if it has a result). The reponse event is synchronised on by all components, but onlyone provides the result (the others accept any result value).5.7.3.4 Overview of the Correctness of Dist On Con�gured Expanded ClassesAs for the other structural CPTs, Dist does not change the external functionality of the system(class) being speci�ed: it restructures the internal events (or sequences of events) which control theinteraction between components of the system. Rather than having one central control process, thecontrol is distributed amongst the components using multi-way synchronisation. Each componentthen decides which service requests it has to be involved in. Correctness is guaranteed because theServiceThese and IgnoreThese processes guarantee the non-introduction of internal deadlock orlivelock, the TwinStackIn and TwinStackOut processes maintain the same external communication



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 172process DStack1Control[:: :]:noexit:=ServiceThese[request, response, Stack1push, Stack1pop] jjjIgnoreThese[ request, response ] whereprocess ServiceThese[ request, response, Stack1push, Stack1pop ]:noexit:= : : :(request!op?ID:Nat; Stack1pop; Stack1pop?Result1:Nat; config12!Result1; Stack1pop?Result2:Nat;(ServiceThese[:: :] jjjresponse!op!Result2!ID; exit)) : : :endproc (* ServiceThese *)(* Process IgnoreThese defined as before *)endproc (* DStack1Control*)process DStack2Control[:: :]:noexit:=ServiceThese[request, response, Stack1push, Stack1pop] jjjIgnoreThese[ request, response ] whereprocess ServiceThese[ request, response, Stack1push, Stack1pop ]:noexit:= : : :(request!op?ID:Nat; config12?Result1:Nat; Stack2push?Result1:Nat;(ServiceThese[:: :] jjj response!op?Result2:Nat?ID:Nat; exit)) : : :endproc (* ServiceThese *)(* Process IgnoreThese defined as before *)endproc (* DStack2Control*)interface, and the ACT ONE part of the design maintains the external functionality.5.7.3.5 The Importance of the Distribution CPT DistThe Dist CPT is the �rst step towards the formalisation of very complex systems of distributedobjects (processes). It introduces the possibilty of modelling concurrent objects and shared objects atthe high levels of design. This thesis is not concerned with the development of distributed software.However, the Dist CPT does illustrate how such work may be instigated in FOOD. There is muchscope for developing a set of CPTs which can be applied to distributed DistClass processes.5.7.4 Resolving Explicit NonDeterminismThis section addresses the need for designers to remove nondeterminsim in speci�cations. The CPTwhich we examine in this section is concerned with removing the nondeterminism due to (* INTERNAL*) transformations in the requirements model. One approach to removing nondeterminism is providedthe by Rend (`remove nondeterminism`) CPT.5.7.4.1 Resolving Explicit NonDeterminism Using Rend: A CoinToss ExampleReconsider the simple CoinToss Class in section 4.3.4. The O-LSTSD is given, in �gure 5.13, as areminder of its behaviour.The LOTOS ParCoinToss process, de�ned below, is the �rst high-level object oriented design ofthis behaviour13.13The removal of nondeterminism in the other types of object oriented LOTOS speci�cations is done similarly.
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CoinToss USING Bool
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HorT<Bool> 
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Coin<Bool>

HorT(False)

HorT(True)

HorT(True)

Toss=True

HorT(False)

Toss=FalseFigure 5.13: CoinToss: An Example of Nondeterministic Behaviourprocess PCoinToss[ Toss ] (SCoinToss: CoinToss):noexit:=hide request, response, HorT inCoinTossIn[ Toss, request, HorT ](0) j [ request ] jCoinTossBody[ request, response ](SCoinToss) j [ response ] jCoinTossOut[ Toss, response ](0) where : : :(* These processes are defined as if HorT was an external attribute. *)The PCoinToss speci�cation says nothing about how, why or when the HorT internal transitionsoccur. Clearly, the designers must resolve this nondeterminism before implementation can begin. TheRend approach requires the speci�cation of a new process which runs in parallel with the CoinTossInprocess. This new process restricts when the internal transitions can take place. The Rend CPTtakes a process, DetCoinToss say, as a parameter and produces a new DetPCoinToss speci�cation,as de�ned below.process DetPCoinToss[ Toss ] (SCoinToss: CoinToss):noexit:=hide request, response, HorT in( DetCoinToss[ request, HorT ] j [ request, HorT ] jCoinTossIn[ Toss, request, HorT ](0) )j [ request ] jCoinTossBody[ request, response ](SCoinToss) j [ response ] jCoinTossOut[ Toss, response ](0) where : : :DetCoinToss can be any process speci�cation which has a gate list [request, HortT] and is of typenoexit. The correctness of the Rend transformation on PCoinToss depends on DetCoinToss ful�llinga simple property: at any stage in the behaviour of DetCoinToss, all external attribute request events(of the correct form) must be o�ered immediately or after a �nite number of HorT events. Thisproperty guarantees the correctness of the Rend transformation. Rend places the responsibilty on thedesigners to prove that the required property is upheld. Fortunately, as the examples below show,this is often trivial.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1745.7.4.2 A Set of More Deterministic Coin TossesIn this section we de�ne a set of DetCoinToss processes, each of which models a di�erent way ofremoving some, or all, of the HorT nondeterminism in the CoinToss behaviour.� I) DetCoinToss[: : :]:noexit:=request!Toss; HorT?Bool1:Bool; request!HorT!Bool1?Nat1:Nat; DetCoinToss[: : :]In this speci�cation, DetCoinToss resolves only some of the nondeterminism by stating thatafter every request!Toss a state transition must take place before another request!Toss canbe accepted. It says nothing about what state transitions occur between tosses.� II) DetCoinToss[: : :]:noexit:=HorT!true; request!HorT!true?Nat1:Nat; request!Toss;HorT!false; request!HorT!false?Nat2:Nat; DetCoinToss[: : :]In this case, the designers resolve the nondeterminsim by stating that the coin tosses true andfalse, alternately.� III) DetCoinToss[: : :]:noexit:=HorT!true; request!HorT!true?Nat1:Nat; request!Toss; DetCoinToss[: : :]In this case, the designers resolve the nondeterminsim by stating that the coin always tossestrue.These simple examples show the power in separating out the explicit resolution of internal transi-tions from the rest of the DetClass behaviour. The Rend CPT shows only one mechanism of resolvingexplicit nondeterminism in a controlled fashion. The domain of the Rend transformation is ParClassprocess speci�cations, but this can be easily extended. Like all the CPTs put forward in this thesis,Rend is used to show only that CPT based-design, in an object oriented LOTOS framework, has thepotential for practical application.5.7.5 Removing ParallelismThe object oriented LOTOS speci�cations, in this work, model concurrency using the parallel op-erators jjj, jj and j [: : :] j. Two processes combined by the parallel operator(s) can be said to beconcurrent | of course the concurrency is just represented by an arbitrary interleaving of events. Ifthe target implementation language supports concurrent entities then it is the job of the designersto match LOTOS processes to these entities. However, designers may wish to remove the parallelismwhen it is not supported at the implementation level, or if it is too �ne-grain to warrant a mappingto separate implementation entities.



CHAPTER 5. FORMAL OBJECT ORIENTED DESIGN (USING LOTOS) 1755.7.5.1 Removing Arbitrary Interleaving In Behaviour ExpressionsThe extension CPTs tend to produce design speci�cations in which parallelism models the arbitratryinterleaving of communication events between a centralised control process and the component pro-cesses of which it requests services. For example, the ETwinStack services the swaptops attribute inthe following way:request!swaptops?ID:Nat;((Stack2pop; Stack2pop?Result1:Nat; exit) jjj (Stack1pop; Stack1pop?Result2:Nat; exit))>> : : :The order in which the elements are popped o� the two Stack components is not determined bythe ETwinStack design. This leaves the designers some implementation freedom: the TwinStack mayaccess the information concurrently or it may do it sequentially. The designer is free to remove theparallelism by changing the attribute de�nition. For example, a design decision to access Stack1,followed by Stack2, results in the following code:request!swaptops?ID:Nat;(Stack1pop; Stack1pop?Result1:Nat; Stack2pop; Stack2pop?Result2:Nat;)>> : : :Rather than attempting to specify a CPT which controls this type of design decision, we say thatany behaviour expression in the object oriented designs written as (P;exit) jjj (Q;exit) can betransformed into ( P;Q; exit) or (Q;P; exit) whilst preserving correctness.


