
Chapter 3An Object Oriented SemanticFramework3.1 An Overview of the Semantic FrameworkThe semantic framework, developed in this chapter, connects together the formality and high levelsof expressibility of the ADT ACT ONE and our informal understanding of object oriented models,relationships and concepts. At this point in the thesis, our object oriented framework of understandingis dependent on the example object oriented behaviours previously given in chapter 2, together withour own informal conceptualisation of the object oriented paradigm. The object oriented semanticframework is developed to provide a formal model of object oriented concepts which can be used duringobject oriented analysis and requirements capture. Rather than de�ning object oriented conceptsdirectly in ACT ONE, a more general approach is proposed in which a new object oriented semanticsis developed. This semantics provides a more abstract model which can be implemented by moreconcrete models. This chapter de�nes such a semantics and uses the ADT ACT ONE to provide anexecutable model for the more abstract speci�cations. The structure of the remainder of this chapteris as follows:� Section 3.2: Object-Labelled State Transition System (O-LSTS) SemanticsIn this section, the semantic model is de�ned as a particular kind of labelled state transitionsystem (called an O-LSTS1). It seems natural to conceptualise the dynamic behaviour of anobject as a sequence of states which the object can attain. The state transitions result fromthe object servicing requests at its external interface. This simple view is expanded upon toencompass the notion of class and relations between classes. A class is de�ned as a collection ofobject behaviours which form a set of states which are encapsulated within a common interface.An O-LSTS speci�cation formally de�nes this notion. A diagramatic representation of an O-LSTS (an O-LSTSD) is introduced as an equivalent way of expressing the information in anO-LSTS speci�cation.1Object-Labelled State Transition System. 49



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 50� Section 3.3: An Object Oriented Interpretation of the O-LSTS ModelSection 3.3 de�nes a mapping between the O-LSTS model and the object oriented paradigm.The informal notions of class, object, attribute, service and the relationships between them aregiven a formal interpretation in our O-LSTS semantics. These de�nitions add much neededprecision to the object oriented terminology. In particular, we formalise two di�erent types ofhierarchical model:� Classi�cation model: the subclassing relationships between all classes in a system arerepresented in a class hierarchy diagram.� Compositional model: the structure of an object (in terms of its component parts) isrepresented in a structure diagram.These hierarchical diagrams are used to complement O-LSTSDs.� Section 3.4: OO ACT ONE: A Formal Object Oriented Analysis LanguageThis section de�nes a concrete syntax for the speci�cation of O-LSTSs during analysis andrequirments capture. The O-LSTS model is de�ned in terms of the well understood mathe-matical notions of sets, cartesian products, relationships and functions. It is necessary to wrapthese constructs in a more `friendly' syntactically sugared syntax. The syntax we de�ne forthis purpose is similar to ACT ONE, with a distinctly object oriented 
avour: we call it objectoriented ACT ONE (OO ACT ONE). Explicit object oriented mechanisms for re-using prede-�ned classes of behaviour (O-LSTSs) are de�ned. These mechanisms facilitate the de�nition ofdi�erent types of subclassing, composition and parameterised classes. Other mechanisms allowthe de�nition of invariant properties, the hiding of internal behaviour and the speci�cation ofexceptions. Such a concrete syntax is also necessary when we consider the problem of staticallyanalysing an O-LSTS speci�cation.� Section 3.5: An ACT ONE Execution Model for O-LSTS Speci�cationsSection 3.5 provides a mapping from the O-LSTS semantics, as de�ned in an OO ACT ONEspeci�cation, to ACT ONE. This mapping formalises the relationship between object orientedterminology and ADT concepts (for example, type, sort, operation and equation). It shouldbe emphasised that, although ACT ONE speci�cations can be used to model object orientedrequirements, not all ACT ONE speci�cations have a meaningful object oriented interpretation.The ACT ONE which is produced from OO ACT ONE is used to provide the basis for a staticanalysis of the typing properties of an OO ACT ONE speci�cation. Furthermore, the ACTONE provides an `executable' model for testing the dynamic behaviour of objects de�ned inOO ACT ONE. The exact nature of this execution model is made clearer in section 3.5.5.3.2 Object-Labelled State Transition System (O-LSTS) SemanticsThe semantic framework is based around the de�nition of a particular kind of labelled state transitionsystem, namely an Object-LSTS (O-LSTS). It is de�ned as follows.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 513.2.1 De�nition: an O-LSTS Speci�cationAn O-LSTS, C0 say, is a 7-tuple < O;UTT;HUTT;VTT;HVTT; USS; VSS > de�ned in an envi-ronment of O-LSTSs, EnvC0 . These eight separate elements of an O-LSTS are formally de�ned insections 3.2.1.1 to 3.2.1.8, below.3.2.1.1 The EnvironmentEnvC0 is speci�ed as a 2-tuple < C0; RelC0 > where,� C0 is a possibly empty set of prede�ned O-LSTSs fC1; : : : ; Ckg, say. We say that C0 usesCi; 8i 2 f1; : : : ; kg.De�nition: Visible Class SetThe visible class set of C0, written visible(C0), = fC0g [ C0 [ki=1 visible(Ci).� RelC0 is a set of O-LSTS pairs f< Ci; Cj >j Ci v Cj and Ci; Cj 2 visible(C0)g.RelC0 represents all explicitly de�ned subclassing relationships between O-LSTSs visible in C0.The relationship v can be de�ned in many ways2. The particular relation which we chose isgiven in section 3.3.3. Explicit subclassing3 is re
exive and transitive.� 8 < Ci; Cj >2 RelCk , if Ck 2 visible(C0) then < Ci; Cj >2 RelC0 . In other words, a class`inherits' the subclassing relationships which are de�ned in the environments of the classeswhich are visible to it.3.2.1.2 The Class MembersO is a nonempty set of typed state labels fO1; : : : ; Ong; n 2 f1; 2; : : :g, called the typed state set.Each typed state label is either unparameterised, parameterised or conditionally parameterised:� unparameterised, written as state-constructor4� parameterised, written as state-constructor(P1; : : : ; Pn) for n 2 f1; 2; : : :g where,� i) 8Pi 2 fP1; : : : ; Png, Pi 2 visible(C0)� ii) given S1(P1; : : : ; Pr); S2(Q1; : : : ; Qs) 2 O; then S1 = S2 ) r = s and Pi = Qi; 8i 2f1; : : : ; rgDe�nition: Parameter Classes:P1; : : : ; Pn are called the parameter classes of the state-constructor.� conditionally parameterised, written as state-constructor(P1; : : : ; Pn) on cond(P1; : : : ; Pn) forn 2 f1; 2; : : :g where,2The O-LSTS model can be said to de�ne a generic formal object oriented framework which is parameterised on thesubclassing relationship.3Explicit subclassing relationships are de�ned with respect to a class environment. We say that Ci v Cj in EnvC0when Ci is explicitly de�ned as a subclass of Cj in the environment of C0.4State-constructors are represented as strings of characters | the exact syntax is de�ned in 3.2.2.1. Conventionally,all other string identi�ers, in the O-LSTS de�nition, are represented in italics.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 52� i) 8Pi 2 fP1; : : : ; Png, Pi 2 visible(C0)� ii) given S1(P1; : : : ; Pr); S2(q1 : Q1; : : : ; qs : Qs) 2 O; then S1 = S2 ) r = s and Pi =Qi; 8i 2 f1; : : : ; rg� iii) cond is a boolean expression de�ned on the parameters of the state constructor5.Additionally, implicit in every O-LSTS, C0 say, is an unspeci�ed state label which is representedby the unparameterised state-constructor, written �C0.De�nition: States functionStates(< O;UTT;HUTT;VTT; VUTT; USS; VSS >) = O, or States(C) = OC6.De�nition: Untyped State SetThe untyped state set of C0, written US(C0), is generated from the typed state set as follows:US(C0) = RemoveTypes(States(C0)), andRemoveTypes(fo1; : : : ; ong) = NoType(o1) [ : : :[NoType(on), andNoType(state-constructor) = fstate-constructorgNoType(state-constructor(P1; : : : ; Pn)) =fstate-constructor(p1; : : : ; pn) j pi 2 US(Pi); 8i 2 f1; : : : ; ngg, andNoType(state-constructor(P1; : : : ; Pn)on cond(P1; : : :Pn)) =fstate-constructor(p1; : : : ; pn) jcond(p1; : : :pn) and pi 2 US(Pi); 8i 2f1; : : : ; nggThe elements of the untyped state set are called the state labels. Consequently, the untypedstate set is also known as the state label set.3.2.1.3 External Transformer InterfaceUTT is a possibly empty set of unvalued typed transitions, called the unvalued typed transi-tion set.8ut 2 UTT , ut is either:� (i) an unvalued unparameterised typed transition of C0 written as transition-name� (ii) an unvalued parameterised typed transition of C0, written as transition-name<U1; : : : ; Ur >, such that < U1; : : : ; Ur >2 (visible(C0))rThe parameter tuple of transition-name< U1; : : : ; Ur > is de�ned to be < U1; : : : ; Ur >.Given an unvalued typed transition set, it is necessary to generate the set of all unvalued tran-sitions through an actualisation of all possible combinations of parameter tuple values. The setgenerated is de�ned as follows.De�nition: Unvalued Actualised Transition Set5The syntax and semantics of boolean expressions is de�ned by a state label expression with type boolean | see3.2.3.6Similarly, UTTC ;HUTTC ; V TTC ;HV TTC ; USSC ; V SSC represent the 2nd, 3rd, 4th, 5th, 6th and 7th elements ofthe 7-tuple O-LSTS C.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 53UAT (UTT ) = RemoveUParameters(UTT ) where,RemoveUParameters(fg) = fg, andRemoveUParameters(fut1; : : : ; utng)= ActUParameters(ut1)[ : : :[ActUParameters(utn), whereActUParameters(transition-name) = ftransition-namegActUParameters(transition-name< U1; : : : ; Un >) =f transition-name(u1; : : : ; un) j ui 2 Ui; 8i 2 f1; : : : ; ngg.3.2.1.4 Hidden TransformersHUTT is a subset of UTT called the hidden unvalued typed transition set. We de�ne anunhidden unvalued typed transition to be any member of UTT which is not a member ofHUTT .3.2.1.5 External Accesors InterfaceV TT is a possibly empty set of valued typed transitions, called the valued typed transition set.8vt 2 V TT vt is either:� (i) a valued unparameterised typed transition of C0, written as transition-name:Vvt, where:Vvt 2 visible(C0) is called the result type of the transition� (ii) a valued parameterised typed transition of C0, written as transition name< U1; : : : ; Ur >:Vvt, such that Vvt 2 visible(C0) and < U1; : : : ; Ur >2 (visible(C0))rThe parameter tuple of transition-name< U1; : : : ; Ur >:Vvt is de�ned to be < U1; : : : ; Ur >.Given a valued typed transition set, it is necessary to generate the set of all valued transitionsthrough an actualisation of parameter tuple values. The set generated is de�ned as follows.De�nition: Valued Actualised Transition SetVAT (V TT ) = RemoveV Parameters(V TT ), whereRemoveV Parameters(fg) = fg andRemoveV Parameters(fut1; : : : ; utng), for n 2 f1; 2; : : :g;= ActV Parameters(ut1) [ : : :[ActV Parameters(utn), whereActV Parameters(transition-name:V) = ftransition-namegActV Parameters(transition-name< U1; : : : ; Un >: V ) =f transition-name(u1; : : : ; un) j ui 2 Ui; 8i 2 f1; : : : ; ngg.The result type of a valued actualised transition is de�ned to be the result type of the valuedtyped transition from which it was generated.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 543.2.1.6 Hidden AccessorsHV TT is a subset of V TT , called the hidden valued typed transition set. We de�ne an unhid-den valued typed transition to be any member of V TT which is not a member of HV TT .3.2.1.7 Transformer BehaviourUSS is a possibly empty set of unvalued state-to-state transitions fFromOj : Oj 2 US(C0)g,one, and only one, for every Oj 2 US(C0), where FromOj � UAT (UTT )� US(C0).Now, 8Oj 2 US(C0) the following completeness conditions must be upheld:� (i) given ul 2 UAT (UTT ), 9Ok 2 US(C0) such that < ul; Ok >2 FromOj� (ii) given < ul1; O1 >2 FromOj and < ul2; O2 >2 FromOj , ul1 = ul2) O1 = O2The unvalued state-to-state transitions from the unspeci�ed state �C0 do not have to be explic-itly de�ned. Unless otherwise speci�ed, < ul;� C0 >2 From�C0 ; 8ul 2 UAT (UTT ).3.2.1.8 Accessor BehaviourV SS is a possibly empty set of valued state-to-state transitions fV alfromOj : Oj 2 Og, one,and only one, for every Oj 2 US(C0), where V alfromOj � V AT (V TT )� visible(C0)� US(C0)Now, 8Oj 2 US(C0) the following completeness conditions must be upheld:� (i) given vl 2 V AT (V TT ) with result type V , 9Ok 2 US(C0) and res 2 US(V ) such that< vl; res; Ok >2 V alfromOj� (iii) given < vl1; res1; O1 >;< vl2; res2; O2 >2 V alfromOj ;vl1 = vl2) res1 = res2 and O1 = O2The valued state-to-state transitions from the unspeci�ed state �C0 do not have to be explicitlyde�ned. Unless otherwise speci�ed, < vl;� C0;� C0 >2 V alFrom�C0 ; 8vl 2 VAT (V TT ), where C0is the result type of the valued typed transition vl.3.2.1.9 Additional Syntactic ConstraintsThe following additional syntactic constraints are de�ned to enable state labels and typed transi-tions to be uniquely identi�ed. They also make the O-LSTS models easier to translate to ACT ONE(see section 3.5). The additional constraints are as follows:� State-Constructors must be uniquely de�ned as being unparameterised, parameterised or con-ditionally parameterised.� All state-constructors and transition-names are uniquely de�ned in each O-LSTS by stringsof characters. These strings can include alphanumeric characters (and the `-' character forconstructing structured strings). The �nal character must not be a digit.� Transition-names must not correspond to state-constructors.� State labels in the USS and V SS tuples must be represented as state label expressions(see 3.2.3).



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 553.2.2 O-LSTS ExamplesTo clarify the formal de�nition, some examples follow. These examples do not illustrate every aspectof the O-LSTS model. In particular they do not show the signi�cance of the subclass hierarchy de�nedin the environment of an O-LSTS. The examples specify purely object based systems. We examinethe speci�cation of object oriented systems after de�ning subclassing in 3.3.3.O-LSTS Example 1: Resetable-Tra�c-LightThe environment of the O-LSTS Resetable-Tra�c-Light is de�ned to be < C0; fg >, where C0 = fBool, tra�c-light-colourg, States(Bool) = ftrue; falseg and States(tra�c-light-colour) = fred; green; amberg.Resetable-Tra�c-Light = < O;UTT;HUTT;VTT;HVTT; USS; VSS >, where� O = ft� l(traffic� light � colour)g(Consequently, US(Resetable � Traffic � Light) = ft� l(red); t� l(green); t� l(amber)g)� UTT = fnext; reset < traffic� light � colour >gConsequently, UAT (UTT ) = fnext; reset(red); reset(green); reset(amber)g� HUTT = fg� V TT = fsafe� to� go :Bool; eq <Resetable-Tra�c-Light>: BoolgConsequently, V AT (V TT ) = fsafe�to�go :Bool; eq(t�l(red)) :Bool; eq(t�l(amber)) :Bool; eq(t�l(green)) :Boolg.� HV TT = fg� USS = fFromOj : Oj 2 Og where� Fromt�l(red) = f< next; t� l(green) >;< reset(amber); t� l(amber) >;< reset(green); t� l(green) >;<reset(red); t� l(red) >g� Fromt�l(amber) = f< next; t� l(red) >;< reset(amber); t� l(amber) >;< reset(green); t� l(green) >;<reset(red); t� l(red) >g� Fromt�l(green) = f< next; t� l(amber) >;< reset(amber); t� l(amber) >;< reset(green); t� l(green) >;< reset(red); t� l(red) >g� V SS = fV alFromOj : Ojg where� V alFromt�l(green) = f< safe � to � go; true; t � l(green) >;< eq(t � l(red)); false; t � l(green) >;<eq(t� l(amber)); false; t� l(green) >;< eq(t� l(green))true; t � l(green) >g� V alFromt�l(red) = f< safe� to� go; false; t� l(red) >;< eq(t� l(green)); false; t� l(red) >;< eq(t�l(amber)); false; t� l(red) >;< eq(t� l(red)); true; t� l(red) >g� V alFromt�l(amber) = f< safe� to� go; true; t � l(amber) >;< eq(t� l(green)); false; t� l(amber) >;<eq(t� l(amber)); true; t� l(amber) >;< eq(t� l(red)); false; t� l(amber) >gThis 7-tuple is a valid O-LSTS, since it ful�ls all the necessary and su�cient conditions of thede�nition. It is represented by the O-LSTS Diagram (O-LSTSD) in �gure 3.1.The O-LSTSD is a rectangle containing a graph of labelled nodes and links. The class nameis given above the rectangle and the environment of the class is de�ned by the list of O-LSTSsfollowing the using keyword and NO HIERARCHY speci�es that there are no explicit class relationshipsto consider. Each node in the diagram contains a unique state label. All state labels in the O-LSTS are represented by nodes. The set of transitions between nodes (represented by the set of links)is isomorphic to the union of the state-to-state transition sets. In other words, 8 < ua;Ok >2FromOj , 9 a unique Node-LabelledLink-Node connection, in the O-LSTSD, from Oj to Ok. Similarly,8 < va; val; Ol >2 V alfromOm; 9 a unique Node-LabelledLink-Node connection, in the O-LSTSD,
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NO HIERARCHY

eq<Resetable-Traffic-Light>:Bool

t-l<traffic-light-colour>

eq(t-l(green))=false

reset<traffic-light-colour>

next

safe-to-go:Bool

safe-to-go=false

safe-to-go=true

safe-to-go=true

eq(t-l(green))=true

eq(t-l(red))=false

eq(t-l(amber))=false

eq(t-l(amber)=true

eq(t-l(red))=false

eq(t-l(amber))=false

eq(t-l(red))=true

eq(t-l(green)=false

Resetable-Traffic-Light   using   Bool, traffic-light-colour

next

next

next
t-l(green)

t-l(red)

t-l(amber)

reset(green)

reset(green)

reset(green)

reset(amber)

reset(amber)

reset(amber)

reset(red)

reset(red)

reset(red)

Figure 3.1: A Resetable Tra�c Light as an O-LSTSDfrom Ol to Om. (When Oj = Ok, or Ol = Om, the link connects the node with itself.) These fourcases are illustrated in the diagram below:
From Valfrom<vt:V:val,Ol> Ol

Oj Okut

Oj
<vt:V,val,Ol> Valfrom

OmOjFrom<ut,Oj> <ut,Ok>

OlOm
vt=val

Ol vt=valOj utThe (valued and unvalued) typed transition sets are represented by connections to the outsideof the rectangle around the O-LSTSD. The hidden transitions (there are none in this system) mustbe identi�ed by appending the transition name with the label HIDDEN. Similarly, the state labeltypes are represented by connections on the inside of the rectangle, together with the conditionsplaced on the parameters (if there are any).Diagramatic Syntactic SugaringAs even simple O-LSTSDs get very cluttered with nodes and links, there are a number of extensionswhich can be used to sugar the diagramatic representation. In the example above, an obvious extensionis to parameterise the result of the reset transition from each node. This is done in �gure 3.2. Thedotted link represents a set of transitions (one for each value the parameter can take, i.e. one for everymember of the state label set of the parameter type). The result of a parameterised transition isa parameterised node (a node with a dotted circumference whose state label is also parameterised).All parameters in an O-LSTSD are represented between diamond brackets.It can be seen from �gure 3.2 that the parameterised resets are the same for each node. A furthersugaring permits the parameterisation of the node labels at both ends of a transition. The result
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t-l<c>

t-l<c>

t-l<c>

t-l<traffic-light-colour>

reset<c>

t-l(amber)

t-l(red)

t-l(green)

next
next

next

Resetable-Traffic-Light   using   Bool, traffic-light-colour

reset<c>

reset<c>

safe-to-go=false

safe-to-go=true

safe-to-go=true

eq(t-l(amber))=false

eq(t-l(red))=true

eq(t-l(green))=false

eq(t-l(green))=false

eq(t-l(amber))=true

eq(t-l(red))=false

eq(t-l(red))=false

eq(t-l(amber))=false

eq(t-l(green))=true

safe-to-go:Bool

next

reset<traffic-light-colour>

eq<Resetable-Traffic-Light>:Bool

NO HIERARCHY

Figure 3.2: A Resetable Tra�c Light as a Sugared O-LSTSDof a transition is a parameterised expression (also in diamond brackets), 7 which is dependent onthe transition parameter values and the state label parameter values of the node from which thetransition is taking place. Two examples of such a parameterisation are illustrated in �gure 3.3.
NO HIERARCHY

eq<t-l<d>>= <c..eq<d>>

safe-to-go=false

eq<Resetable-Traffic-Light>:Bool

safe-to-go=true

safe-to-go=true

reset<traffic-light-colour>

next

safe-to-go:Bool

next

next
next

t-l(green)

t-l(red)

t-l(amber)

Resetable-Traffic-Light   using   Bool, traffic-light-colour

t-l<traffic-light-colour>

t-l<c>

t-l<c> t-l<d>
reset<d>

Figure 3.3: A Further Sugaring of the O-LSTSDO-LSTS Example 2: An Integer CounterThe resetable tra�c light example illustrates the speci�cation of a system with a �nite number of statesin which it is not necessary to parameterise the behaviour de�nition, although the parameterisationdoes simplify and clarify the speci�cation. It is necessary to provide facility for de�ning O-LSTSsin a parameterised fashion. An unbounded integer counter, for example, cannot be represented by a�nite state machine and so we must provide a suitable means of de�ning an in�nite set of behaviours7The syntax and semantics of such state label expressions is formalised later in this section. For now, theinterpretation is informal, but intuitive and well explained by the examples.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 58in a parameterised form. Consider the O-LSTSD in �gure 3.4.
eq<succ<N>>=false

eq<Counter>:Bool

set<Counter> HIDDEN

succ<Counter>

Counter using Bool

inc

0
inc

succ(0)

<N>
set<M>

<M>

succ<M>

eq<0>=false
inc

succ<succ<M>>

eq<succ<N>>= M..eq<N>

NO HIERARCHY

eq(0) = true Figure 3.4: An O-LSTSD Speci�cation of an Integer CounterThe following should be noted:� The connection on the inside of the diagram is labelled by the expression succ < Counter >.This speci�es that 8n 2 US(Counter); succ(n) 2 US(Counter).� The inc transition from 0 to succ(0) speci�es that < inc; succ(0)>2 From0.� The eq(0) = true transition from 0 to 0 speci�es that < eq(0); true; 0>2 V alfrom0.� The parameterised transition eq(succ < N >) = false from 0 to 0 speci�es that 8N 2US(Counter);< eq(succ(N)); false; 0)2 V alFrom0.� The parameterised transition eq(0) from succ < M > back to itself speci�es that 8M 2US(Counter);< eq(0); false; succ(M)>2 V alFromsucc(M).� The parameterised transition inc from succ < M > to succ < succ < M >> speci�es that8M 2 US(Counter);< inc; succ(succ(M))>2 Fromsucc(M).� The parameterised transition eq < succ < N >>= M::eq(N) from succ < M > back to itselfspeci�es that 8N;M 2 US(Counter); < eq(succ(N));M::eq(N); succ(M)>2 Fromsucc(M). (Inthis caseM::eq(N) is a state label expression which represents a state label in the untypedstate set of Bool The meaning of such a state label expression is de�ned in the next section(3.2.3)).� The parameterised transition set < M > from N to M speci�es that 8N;M 2 US(Counter);< set < M >;M >2 FromN .The O-LSTSD is equivalent to the OLSTS speci�cation:Counter = < O;UTT;HUTT; VTT;HVTT; USS; VSS > in < fBoolg; fg >, where� O = f0; succ(Counter)g,consequently US(Counter) = f0; succ(0); succ(succ(0)); : : :g� UTT = finc; set < Counter >g;consequently UAT (UTT ) = fincg [ fset(n) j n 2 Og = finc; set(0); set(succ(0)); : : :g� HUTT = fset < Counter >g. This is the �rst example of a hidden transition.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 59� V TT = feq < Counter >: Boolg;consequently VAT (V TT ) = feq(n) j n 2 Og = feq(0); eq(succ(0)); eq(succ(succ(0)); : : :g� HV TT = fg.� USS = fFromx j x 2 Og, where8x 2 O; Fromx = f< inc; succ(x)>g [ f< set(n); n >j n 2 Og� V SS = fV alFromy j y 2 Og, whereV alFrom0 = f< eq(0); true; 0>g [ f< eq(succ(n)); false; 0>j n 2 Og, and8y 2 O; V alFromsucc(y) = f< eq(0); false; succ(y) >g [ f< eq(succ(p); q:eq(y); succ(y) >j p 2Og.3.2.3 State Label ExpressionsThe state labels which represent the newstate of an object after it services a request and the valuereturned by a valued attribute can be de�ned by an expression (called a state label expression)which evaluates to a state label. The syntax and semantics of such expressions are de�ned below.C is the serving class, sl is the server and att is the service of the state label expression.When a state label expression is such that the service class cannot be uniquely identi�ed fromthe server and the serving class, then the class identi�er must be included in the expression toremove the risk of ambiguity. For example, in a system which uses theNat O-LSTS,M:eq(N) must berepresented by M :Nat:eq(N) if Nat is not the only visible class of the system which has eq < Nat >as a typed transition and M as a state label.Additional Hiding ConstraintThe members of HUTT and HV TT model internal transitions of a class which are available only tothe class in which they are de�ned. Consequently, we place the additional syntactic constraint onstate label expressions that if C0 6= C then att, the service, must be an unhidden transitionof C.3.3 An Object Oriented Interpretation of the O-LSTS ModelSection 3.3 identi�es �ve relationships which collectively must exist in an analysis model for it tobe considered object oriented: classi�cation, interaction, subclassing, composition and con�guration.Classi�cation and subclassing are static properties of an object oriented system. Composition andcon�guration have both static and dynamic aspects, although during analysis they are most usefullygiven a static interpretation. Interaction is the only purely dynamic property of an object orientedsystem which is important in analysis.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 60De�nition: state label expressionA state label expression in an O-LSTS (C0) de�nition is said to be de�ned on a class C,where C 2 visible(C0). Such an expression is either:� i) a simple expression, written sl, where sl 2 US(C).C is called the type of the simple expresion.� ii) a transition expression, written sl.att, where� sl 2 US(C)� att is an unparameterised transition, oratt is a parameterised transition att(p1; : : : ; pn) such that 8i 2 f1; : : : ; ng:pi 2 US(Pi) and att(Q1; : : : ; Qn) 2 UTTC and Pi v Qi in EnvC0We de�ne sl.att to be an equivalent representation of the state label sl0, where either< att; sl0 >2 Fromsl 2 USSC or sl00 where < att; val; sl00 >2 V alFromsl 2 V SSC).C is called the type of a transition expression.� iii) a result expression, written sl..att, where� sl 2 US(C), and� att is an unparameterised value transition, oratt is a parameterised value transition att(p1; : : : ; pn) such that 8i 2 f1; : : : ; ng: pi 2US(Pi) and att(Q1; : : : ; Qn) 2 V TTC and Pi v Qi in EnvC0We de�ne sl..att to be val, where < att; val; sl0 >2 Fromsl 2 USSC .The type of a result expression is the result type of the valued actualised transitionattribute att.3.3.1 O-LSTS Classi�cationAn interpretation of classi�cation in the O-LSTS model is given through the following de�nitions ofclass, object and external interface8.� Class de�nitionAn O-LSTS de�nes a class of behaviour. A class is speci�ed by:� The set of class members, which is de�ned by the typed state label set in the O-LSTSde�nition.� The external interface (a set of attributes), which corresponds to the unhidden typedtransitions (UTT nHUTT )[ (V TT nHV TT ) in the O-LSTS de�nition.� The behaviour of the member objects in response to service requests at their externalinterface, which corresponds to the behaviour de�ned by the state-to-state transitionsets of the O-LSTS de�nition (USS [ V SS).8The de�nitions of class, object and external interface are mutually dependent | like the chicken and the egg, it isdi�cult to say in which order they come!



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 61� Object de�nitionThe term object is used to represent a dynamic instance of a member of a class. In the de�nitionof a class as an O-LSTS, the set of state labels are used only to represent the set of possiblevalues (or states) that an object of the class can attain. An object of a class must be associatedwith a unique identi�cation, which is then used to provide a reference to a particular memberof the state label set of the class (O-LSTS) of which the object is a member. Consequently,the state of an object is de�ned precisely by the typed state label being referenced by theobject. The external interface of an object is de�ned by the external interface of the class towhich it belongs. The behaviour provided by the external interface of an object is de�ned inthe valued and unvalued transition sets of its class (Fromobject and V alFromobject).� External Interface de�nitionThe external interface of a class is de�ned as a set of attributes. These external attributes arecategorised as follows:� Dual:a service request at a dual attribute results in the receiving object updating its internalstate and returning some result value to the service requester.� Transformer:a service request at a transformer attribute results in the receiving object updating itsinternal state without returning any result value to the requester.� Accessor:a service request at an accessor attribute results in the receiving object returning a resultvalue to the requester with no change to its state. (An accessor is a particular type of dualin which the state is `updated' to the value it was previously.)This categorisation is re
ected in the O-LSTS semantics as follows:� Dual attributes are de�ned by the valued state-to-state transitions of an O-LSTS.For example, a dual attribute of an object Oj is represented by: al, say, such that < al,result, Ok >2 V alfromOj� Transformer attributes are de�ned by unvalued state transitions of an O-LSTS. Forexample, a transformer attribute of an object Oj is represented by: al, say, such that< al; Ok >2 FromOj� Accessor attributes are particular types of dual attributes in which the state of theobject is not a�ected by ful�lling the accessor service. In other words, an accessor attributeof an object Oj is represented by: al, say, such that < al, result, Oj >2 V alfromOj3.3.2 O-LSTS Interaction: The Executable SemanticsDynamic behaviour of an object oriented system corresponds to the behaviour of the object repre-senting the system. Object behaviour is de�ned as a sequence of interactions between the object,



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 62O say, and its external environment9. The environment of O is made up of a set of service re-questers (themselves objects) which interact with O, the service provider, by requesting servicesof its external interface.Creating an object of a class, C say, corresponds to referencing the unique identi�cation for thenew object with one of the state labels, Oj say, in the set States(C). When the object receives aservice request which corresponds to an external attribute, the object behaves as follows:� When the corresponding external attribute is a transformer, ua 2 UTT say, then, by de�nition,there exists one and only one < ua;Ok >2 FromOj . The new state referenced by the objectis Ok, and this can be represented, without risk of ambiguity, by the state label expressionOj :ua. The object does not return any value to the service requester and it proceeds to ful�lthe external behaviour as de�ned for Ok in the O-LSTS C.� When the corresponding external attribute is a dual, va : V 2 V TT say, then, by de�nition,there exists one and only one < va : V; result; Ok >2 V alFromOj . The new state of the objectis set to be Ok (which can be represented by the state label expression Oj :va) and the valuereturned to the service requester is a reference to the state label result in the O-LSTS V(which can be represented by the state label expression Oj ::va). The object then behaveslike Ok in C.An implementation of this dynamic model is de�ned by a mapping from O-LSTS speci�cations toACT ONE. The evaluation of certain ACT ONE expressions corresponds to the processing that anobject performs in response to a service request (see 3.5 for more details).3.3.3 O-LSTS Subclassing (and Subtyping)A subclassing relationship between classes is de�ned as a relationship between the O-LSTSs cor-responding to these classes. Informally, there are four constraints which must be ful�lled for oneO-LSTS, A say, to be a subclass of another O-LSTS, B say, (written A v B):� i) A must provide the external interface of B. If B can service a particular request (i.e. if allthe members of B can service the request) then A must also be able to service that request.This is a subtyping relationship.� ii) All members of A must also be members of B. More precisely, all ways of identifying memberobjects of class A must also be valid identi�cations for members of class B.� iii) The members of A must o�er the same behaviour as their corresponding members in B. Inother words, it must be impossible to distinguish between corresponding members of A and Bby requesting services of these objects which B is capable of ful�lling (we abstract away fromthe fact that A may o�er services which B does not o�er).9Note that the environment of an object is not directly related to the environment of the class to which it belongs.The environment of a class represents a set of classes which are used in its de�nition.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 63� iv) The environment of classes which B uses must be `contained' (in some way) in the environ-ment of classes which A uses. The exact de�nition of containment must take into account therelative visibility of classes and the subclassing relationships between them.These (informal) necessary and su�cient conditions are formally speci�ed in section 3.3.3.3. The �rsttwo conditions are purely syntactic constraints which are based on the static properties of the classesconcerned. The third condition is a semantic constraint founded on the dynamic behaviour of theclasses. The fourth condition needs examination only when the environments of the two classes aredi�erent.Informally, subclassing is similar to the mathematical notion of the subset relationship. Beforeproceeding to de�ne subclassing, we review our claim that subclassing is not the same as subtyping.To do this, we formally de�ne a subtyping relationship between O-LSTSs and argue that subtypingis a necessary, but not su�cient, condition for subclassing (in the intuitive sense). Then we formallyde�ne subclassing between O-LSTSs and prove that subclassing ) subtyping and subtyping6) subclassing3.3.3.1 SubtypingSubtyping between O-LSTSs guarantees that any object of a given class, C say, can be replacedby an object which is a member of any subtype (class) of C without introducing the possibility ofsyntax errors10 into the system in which the replacement is made. Subtyping between O-LSTSs mustsimilarly guarantee only the non-introduction of syntax errors when a subtype is used to provide a10In object oriented systems, a syntax error results when an object cannot respond to a service requested of it.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 64replacement for a supertype. Such a relationship is de�ned below.De�nition: O-LSTS Subtyping (�)< O;UTT;HUTT;VTT;HVTT; USS; VSS >in Env1 �< O0; UTT 0; HUTT 0; V TT 0; HV TT 0; USS0; V SS0 >in Env2 ,� (UTT nHUTT ) = (UTT 0 nHUTT 0) or� (i) given an unvalued unhidden unparameterised typed transition ofUTT 0, written transition-name, then transition-name 2 (UTT nHUTT ).� (ii) given an unvalued unhidden parameterised typed transition of UTT 0,written t-n< U 01; : : : ; U 0r >, 9 t-n< U1; : : : ; Ur >2 (UTT nHUTT ), such thatU 0i � Ui; 8i 2 f1; : : : ; rg.� V TT = V TT 0 or� (iii) given a valued unhidden unparameterised typed transition of V TT 0,written transition-name:V 0,9 transition-name:V 2 (V TT nHV TT ), such that V � V 0.� (iv) given a valued unhidden parameterised typed transition of UTT 0,written t-n< U 01; : : : ; U 0r >: V 0,9 t-n< U1; : : : ; Ur >: V 2 (V TT nHV TT ) such that:a) U 0i � Ui; 8i 2 f1; : : : ; rg andb) V � V 0Conditions (ii) and (iv a) correspond to the `rule of contravariance' for subtyping | a subtypecan accept parameter values which are supertypes of the values which the supertype can accept.Conditions (iii) and (iv b) correspond to the `rule of covariance' for subtyping | a subtype canrespond with values which are subtypes of the values which the supertype responds with. Subtypingis re
exive and transitive. Note that the hidden transitions are not important in the subtypingrelation. When two O-LSTS are subtypes of each other they are said to be type compatible:De�nition: Type CompatibilityTwo O-LSTSs, A and B, are type compatible, written A �� B, , A � B and B � A.Type compatibility is an equivalence relation.Example 1: A Simple Subtyping RelationshipThe Store-evens and Store-fours classes in �gure 3.5 illustrate a nontrivial subtyping relationship.The environments of these O-LSTSs are composed from the O-LSTSs evens; fours and eights, whichare de�ned such that evens � fours � eights, and States(evens) = f2; 4; 6; 8g, States(fours) =f4; 8g and States(eights) = f8g. Consequently, by the subtyping de�nition, Stores-fours � Stores-evens. The rule of contravariance is upheld since evens � fours. The rule of covariance is upheldsince fours � eights.
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F(4) F(8)Figure 3.5: Subtyping: A Simple Example3.3.3.2 Additional Syntactic Constraint Between State Label SetsFrom the previous examples, it is clear that subtyping does not place any requirements on therepresentation of state labels: it is purely a relationship between O-LSTS interfaces. In our informalde�nition of subclassing it was stated that all members of a class must also be members of itssuperclass(es). As O-LSTS members are state labels (or more precisely references to state labels)of the O-LSTS, it is necessary to place the additional restriction that the state label sets of O-LSTSs,which are related by the subclassing relationship, must be related by a subset relationship. Thisadditional syntactic constraint is a necessary but not su�cient condition for subclassing. Example2 shows that when both syntactic conditions hold a subclassing relationship is still not guaranteed.Example 2: Subtyping is not SubclassingAt the beginning of this section, subtyping was said to be `too weak' to be equated to our infor-mal behavioural notion of subclassing. Subclassing between classes of behaviour requires a formalrelationship between the behaviour o�ered by the members of each of the classes. The need for thisadditional behavioural requirement is re-iterated by the O-LSTSs de�ned in �gure 3.6.
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TwoState’  using TwoState NO HIERARCHYFigure 3.6: Subtyping is not Subclassing: An ExampleThe two O-LSTSs are type compatible, even though the behaviour o�ered by them is quitedi�erent. It is not possible to replace a member of one O-LSTS with a member of the other whilstguaranteeing the behaviour of the system in which the change is made. In this case the subtypingrelationship guarantees only the non-introduction of syntax errors when a member of one class isreplaced by the corresponding member of another. Consequently, a semantic relationship (in whichreplacement somehow guarantees behavioural compatibility) must address the relationship betweenthe state-to-state transition sets of O-LSTSs, and not just their external interfaces. This semantic



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 66requirement is precisely the notion we capture in our subclassing relationship. We return to theformalisation of this relationship in the knowledge that subtyping must be a necessary but notsu�cient condition for subclassing.3.3.3.3 SubclassingDe�nition: Subclassing (v)Given A, speci�ed as < O;UTT;HUTT;VTT;HVTT; USS; VSS > and B,speci�ed as < O0; UTT 0; HUTT 0; V TT 0; HV TT 0; USS0; V SS0 > then A v B ,� i) US(A) � US(B).� ii) Every unvalued unhidden unparameterised typed transition of B is also an unvaluedunhidden unparameterised typed transition of A.� iii) For every unvalued unhidden parameterised typed transition of B, written transition-name< U1; : : : ; Ur >, there is an unvalued unhidden parameterised typed transition ofA, written transition-name< V1; : : : ; Vr >, such that Ui v Vi in EnvA; 8i 2 f1; : : :rg.� iv) For every valued unhidden unparameterised typed transition of B, written transition-name:V alB, there is a valued unhidden unparameterised typed transition of A, writtentransition-name:V alA, such that V alA v V alB in EnvA.� v) For every valued unhidden parameterised typed transition of B, written transition-name< U1; : : : ; Ur >:V alB, there is an valued unhidden parameterised typed transitionof A, written transition-name< V1; : : : ; Vr >:V alA, such that Ui v Vi in EnvA; 8i 2 f1; : : :rgand V alA v V alB in EnvA.� vi) When at is an unhidden typed transition:� 8 < at; b0 >2 Fromb 2 USSB; < at; b0 >2 Fromb 2 USSA, and� 8 < at; val1; b0 >2 V alFromb 2 V SSB; < at; val1; b0 >2 V alFromb 2 V SSA.� vii) EnvA =< C0A; RelA > and EnvB =< C0B; RelB > are such that:� visible(B) n fBg � visible(A) n fAg� 8Ci; Cj 2 C0B such that Ci v Cj in EnvB, then Ci v Cj in EnvA.� 8C such that B v C in EnvB, then A v C in EnvA.� 8C such that B w C in EnvB, then A w C in EnvA.3.3.3.4 Subclassing ExamplesThe list of examples that follow do not exhaustively identify interesting properties of the O-LSTSssemantics with regard to the subclassing relationship. However, the following examples do introducesome of the more important concepts. In particular, the examples illustrate the types of behaviourwhich are related by a subclassing relationship, and contrasts them with similar behaviours whichare not related in this way.
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NO HIERARCHY NO HIERARCHYFigure 3.7: An Extension ExampleSubclassing Example 1: ExtensionConsider the O-LSTSs de�ned in �gure 3.7.Each of the O-LSTSs are `2-state machines'11. For simplicity, neither of the O-LSTSs has anyvalued transitions: they are said to be non-responsive. Furthermore, the O-LSTSs are de�nedin trivial environments (< fg; fg >). In this case, the subclassing relationship corresponds to somesort of structural (or topological) relationship between the internal representation of the O-LSTSs.It is straightforward to prove, by checking the necessary and su�cient conditions of v, thatDoubleCount v TwoCount whilst TwoCount 6v DoubleCount.Proof: DoubleCount v TwoCount, since conditions (i) to (vii) of the subclassing rela-tionship are upheld:� i) f1; 2g � f1; 2g� ii) finc; decg � finc; dec; switchg� iii) fg � fg� iv) fg � fg� v) fg � fg� vi) f< inc; 2 >;< dec; 1 >g � f< inc; 2 >;< dec; 1 >;< switch; 2 >g andf< inc; 2 >;< dec; 1 >g � f< inc; 2 >;< dec; 1 >;< switch; 1 >g andV SSDoubleCount = V SSTwoCount = fg� vii) The environments of both O-LSTSs are trivially identical.Proof: TwoCount 6v DoubleCount, sinceCondition (ii) of the subclassing relation is not ful�lled, since switch is an unhiddentransition of DoubleCount but switch is not an unhidden transition of TwoCount.These O-LSTSs illustrate a particular relationship which we refer to as extension.11An O-LSTS is said to be an `n-state' machine i� the cardinality of its state label set equals n.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 68De�nition: extensionA is an extension of B, written A ext B ,A v B and (UAT (UTTA) [ V AT (V TTA)) � (UAT (UTTB) [ V AT (V TTB)).In other words, when A ext B, A o�ers all the attributes which B o�ers together with someadditional attributes. When these additional attributes are ignored, every object in A behaves exactlylike its corresponding object in B. The inverse of the extension relation is restriction:De�nition: restrictionA is a restriction of B, written A res B , B ext ASubclassing Example 2: SpecialisationThe simple subclassing example in the O-LSTSD in �gure 3.7 shows only a semantic relationshipbetween unresponsive O-LSTSs with identical state sets. Both these restrictions are removed in thebehaviours de�ned in �gure 3.8.
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oor. Also, it can respond with its current 
oor status when asked. It ignores requeststo go up when it is on its top 
oor (in this case 
oor 2). Similarly, it ignores requests to go downon 
oor 1. FiveFloors speci�es a lift system with 5 
oors which cannot move between 
oors 2 and3 (perhaps the lift system is broken). FiveFloors also ignores requests to go up and down wheneverthese movements are not possible. It should be clear that, by de�nition, TwoFloors v FiveFloors.This is an example of specialisation.De�nition: specialisationA is a specialisation of B, written A spec B , A v B and States(A) � States(B).Informally, if A spec B then B is partitioned into distinct sets of behaviour and A provides thebehaviour of one or more, but not all, of these partitions. It is useful to be able to de�ne a new classas a partition of an existing class. Such a class, which we refer to as a partition class, is speci�ed byidentifying a subset of the state set of the original class, provided this set is disjoint from the otherstate members. We say that an O-LSTS is nonpartitionable i� it has no partition classes. Likeextension, specialisation has an inverse relation. It is called generalisation:



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 69De�nition: generalisationA is a generalisation of B, written A gen B , B spec A.Extension and specialisation (and their inverse relations restriction and generalisation) are theonly types of class relations which we consider in �gure=Sem-Chp3/Figures. Di�erent combinationsof these relationships give rise to an unlimited number of possibilities.3.3.3.5 Subclassing Guarantees SubtypingWe wish to show that A v B ) A � B (The TwoState example in �gure 4.8 has already shown thatA � B 6) A v B.) A simple example illustrates the relationship betwen subclassing and subtypingmore clearly. Consider Lift12s and Lift15s de�ned in �gure 3.9.
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Figure 3.9: Illustrating Contravariance and CovarianceThe O-LSTD representation has been extended in this example with two new constructs:� The O-LSTSs with dotted boundaries are partial speci�cations in which the state-to-state tran-sition sets are not shown. The partial speci�cations are used when we wish to represent onlythe interface of a class of behaviour: consequently, we refer to them as interface diagrams.� The class hierarchies associated with each O-LSTS environment are represented by class hier-archy diagrams (the syntax and semantics of such diagrams is de�ned in section 3.3.3.6).Consider the syntactic subtyping relationship between the di�erent Lift O-LSTSs. It is clear, bythe subtyping de�nition, that Nat12s �� Nat15s andMove12s ��Move15s. Subsequently, we can



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 70prove that Lift12s � Lift15s.Proof: Lift12s is a subtype of Lift15sThe subtyping relationship is true since the rules of contravariance and covariance hold.� contravariance:M < Move15s >2 UTTLift15s, M < Move12s >2 UTTLift12s and Move12s �Move15s� covariance:curr : Nat15s 2 V TTLift15s, curr : Nat12 2 V TTLift12s and Nat12s � Nat15sConsider now the semantic subclassing relationship. It is obvious that if we assume thatMove15s vMove12s and Nat12s v Nat15s then we can prove that Lift12s v Lift15s, and as such the O-LSTSsare well-de�ned.Proof: Lift12s is a subclass of Lift15s (given the above assuptions hold)All the necessary and su�cient conditions for subclassing hold:� The state label set of Lift12s is a subset of the state label set of Lift15s, sincefL(1); L(2)g v fL(1); L(2); L(3); L(4); L(5)g� The unvalued unhidden actualised transition set of Lift15s is a subset of the unval-ued unhidden actualised transition set of Lift12s, since fM(up);M(down);M(stay)g �fM(up);M(down)gand the valued unhidden actualised transition set of Lift15s is a subsetof the valued unhidden actualised transition set of Lift12s, since fcurrg = fcurrg� The input parameters of Lift12s are superclasses of the corresponding input parameters ofLift15s in EnvLift12s. This is true by the original assumption.� The output parameters of Lift12s are subclasses of the corresponding output parameters ofLift15s in EnvLift12s. This is true by our original assumption.� The state-to-state transitions of Lift15s are members of the state-to-state transitionsets of Lift12s:FromL(1)Lift15s � FromL(1)Lift12s and V alFromL(1)Lift15s � V alFromL(1)Lift12s� The environment of Lift12s is contained within the environment of Lift15s since:� visible(Lift15s)nfLift15sg= fBool; Nat;Nat15s;Move15sg � visible(Lift12s)nfLift12sg=fMove15s; Bool; Nat15s;Nat;Move12s;Nat12s; Lift15sg.� RelLift15s = fg and so there are no conditions to be met concerning the containment ofsubclassing relationships.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 71Proof: subclassing implies subtypingQuite simply, removing conditions (i), (vi) and (vii) of the subclassing de�nition resultsin precisely the covariance and contravariance requirements for subtyping. Consequently,it is clear that subclassing is stronger than subtyping. More formally, A v B ) A � B.3.3.3.6 Class Hierarchy DiagramsThe class hierarchy diagrams given in the previous example are an explicit statement of subclassingrelationships which exist in the environment of an O-LSTS speci�cation. The diagram is a graph ofnodes and directed links between nodes. The nodes in the graph correspond isomorphically to the setof visible classes of the particular class, C say. We say that a path exists between nodes A and B i�there is a directed link from A to B, or 9 a node C such that there is a directed link from A to C andthere is a path from C to B. For every pair of visible classes, A and B say, related by the subclassingrelationship A < B in EnvC , there is a path from the superclass node to the subclass node12. It isimportant to note that when one class is used by another, its class hierarchy is contained within theusing class.4.3.3.6 Ful�ls | subclassing after syntactic relabellingStrict conditions on the syntactic labelling of states and transitions are placed between classes relatedby the subclassing relationship and this can be a hindrance to re-use. Consider the simple examplesof 2-state machines in �gure 3.10.
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NO HIERARCHY NO HIERARCHYFigure 3.10: A Ful�ls ExampleThese O-LSTSs are not related by the subclassing relationship. However, intuitively, they o�er`the same' behaviour. A simple syntactic relabelling of class names, state labels and transition labels`transforms' either class into the other. When such a syntactic relabelling, using the transformationT on the class C say, results in a O-LSTS then the new class produced is labelled T (C).De�nition: ful�lsA ful�ls B , 9 some syntactic relabelling transformation, T say, such that A v T (B).This de�nition introduces one particular means of identifying one class of behaviour as a suitablecandidate for providing the behaviour as speci�ed by another class of behaviour. The examples in12The symmetric subclassing relationships are not shown in the diagram.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 72�gures 3.11 and 3.12 illustrate two particular types of ful�lment, namely transition reduction (tr)and state reduction (sr).Ful�ls Example 1: transition reduction
NO HIERARCHYNO HIERARCHY A’A
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is=2is=1down
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dec

inc

next

next

incis=twois=one
dec

twoone21

decinc is:A’nextis:Adownup Figure 3.11: A Transition Reduction ExampleConsider the O-LSTS in �gure 3.11. A ful�ls A0 since A v T (A0), where T (A0) = A, T (one) = 1,T (two) = 2, T (next) = up, T (inc) = up, and T (dec) = down. The central idea is that the next andinc transitions in A0 are equivalent (i.e. have the same e�ect). Consequently, the up transition in Acan be used to ful�l both next and inc functionality.This example illustrates how one class of behaviour simpli�es the speci�cation of the behaviour ofanother class. The O-LSTS A simpli�es the speci�cation of A0 by reducing two equivalent transitionsinto one. This is formally de�ned as transition reduction.De�nition: transition reduction (tr)A tr B , A ful�ls B and the cardinality of the union of the typed transition sets of Ais less than the cardinality of the union of the typed transition sets of B.Ful�ls Example 2: state reductionConsider the O-LSTSs de�ned in �gure 3.12.
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odd=false
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odd=true
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odd=falseodd=true

next
next

nextnext

next Figure 3.12: A State Reduction ExampleB ful�ls B0 since B v T (B0), where T (B0) = B, T (10) = 1, T (20) = 2, T (30) = 1 and T (40) = 2.T (B0) is an O-LSTS which simpli�es the speci�cation of the behaviour of B0 by reducing the number



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 73of states in the system. In B0 it is impossible to distinguish states 10 and 30 (and 20 and 40) throughthe external interface o�ered by the attribute set. The simpli�cation which almalgamates equivalentstates is called a state reduction.De�nition: state reduction (sr)A sr B , A ful�ls B and the cardinality of the state label set of A is less than thecardinality of the state label set of B.Ful�ls: A Preview of Design IssuesThe ful�ls relationship is important when we consider re-use. When the behavioural requirementsof a system (or system component) can be ful�lled by another already encoded component thenit is sensible to re-use that implementation (after the appropriate syntactic relabelling). Note thatthe ful�ls de�nition guarantees that a class always ful�ls the behaviour of all of its superclasses.Consequently, subclassing provides a very particular kind of re-use facility. Confusion arises in objectoriented terminology because subclassing is often thought of as a re-use mechanism rather than arelationship between classes which facilitates re-use.Ful�ls Example 3: Restructuring for designThe notion of ful�lment is important in design because it allows for the restructuring of class speci-�cations whilst guaranteeing that the restructuring does not alter the requirements being de�ned. Asimple example in �gure 3.13 illustrates this.
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switch switch switch switch

flip

flip

flip
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switchflip Figure 3.13: A Re-structuring ExampleTwoTwo ful�ls FourState since TwoTwo v T (FourState), where T (out) = xor, T (flip) =change(2), T (switch) = change(1), T (1) = P (true; true), T (2) = P (true; false), T (3) = P (false; true),and T (4) = P (false; false). TwoTwo is a more structured speci�cation than FourState. Addingmeaningful structure to a speci�cation (without changing the behaviour o�ered at the external inter-face) is an important aspect of design. Structure is fundamental to understanding | it encouragesthe re-use of pre-de�ned behaviours and the generation of re-usable behaviour. For example, thexor behaviour (provided by class Bool) is well understood and its re-use in TwoTwo improves thespeci�cation.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 74In chapter 5, we consider design as a sequence of correctness preserving transformations. Thecorrectness property between designs is related to the ful�ls relationship in the analysis.3.3.3.8 InclusionThe inclusion example in �gure 3.14 illustrates a form of re-use which is neither compositionalnor subclassing. Nevertheless, this form of re-use is very common and e�ective. We refer to it asinclusion.
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downup 321 Figure 3.14: An Inclusion ExampleFloor3sa 6v Floor3s since the `o� states' in Floor3sa do not have any corresponding members inFloor3s. Also, Floor3s 6v Floor3sa since Floor3s does not o�er the switch attribute. Neither classcan ful�l the other behaviour and neither class is dependent on the other. By ignoring the switchoperator one can say that Floor3s specialises Floor3sa. Clearly, it is advantageous to be able tode�ne either one of these classes in terms of the other through some explicit re-use mechanism, whichis based on the inclusion de�nition, below.De�nition: inclusionB includes A , written B inc A,� 8x 2 US(B); Fromx 2 USS(B) is a subset of Fromx 2 USS(A)� 8x 2 US(B); V alFromx 2 USS(B) is a subset of V alFromx 2 USS(A)This simple de�nition provides the foundation for a powerful purely syntactic re-use mechanism.To de�ne A in terms of B it is necessary only to specify a subset of the typed transition set of Btogether with a subset of the state label set of B. To de�ne B in terms of A it is necessary only tode�ne new transitions and new states together with their associated behaviour.3.3.4 O-LSTS CompositionAn object in a class is represented by a typed state label. By de�nition, a typed state label iseither unparameterised or parameterised. An unparameterised typed state label is represented by



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 75a unique state-constructor. A parameterised typed state label is represented by a state-constructorfollowed by a list of parameter values.An object which references an unparameterised state label is said to be unstructured. Suchobjects are not said to be composed from any component objects. An object which references aparameterised state label is said to be structured. A structured object is said to be composedfrom a set of component objects, which are precisely the objects corresponding to the parametervalues. The optional boolean expression corresponds to an invariant property which collectively thecomponents of the object must ful�l.Reconsider the two O-LSTSs, FourState and TwoTwo, speci�ed in �gure 3.13. The state labelsof FourState are unparameterised and consequently the objects which reference those labels are un-structured. Contrastingly, the state labels of TwoTwo are parameterised | 8b1; b2 2 Bool; P (b1 :Bool; b2 : Bool) 2 States(TwoTwo).Composition is a relationship between objects. The notion can be extended to classes as follows.When all the state labels in an O-LSTS are represented by the same parameterised state-constructorthen, since by de�nition the parameter classes are uniquely de�ned, the class is said to be com-posed from the parameter classes of the state-constructor. The state-constructor is said to de�nethe �xed structure of the O-LSTS (class).De�nition: Composition� Object composition: An object, O say, with corresponding state label state-constructor(p1; : : :pn) is said to be composed from p1; : : : ; pn, which are called thecomponents of O.� State composition: A class, C say, is said to be composed from classesC1; : : : ; Cn , 9 a state constructor, sc say, such that 8o 2 States(C); 9 state la-bels c1; : : : ; cn such that o is represented as sc(c1 : C1; : : : cn : Cn).When an object recieves a service request at one of its external attributes, it responds by return-ing a value and/or updating its internal state. A structured object achieves this functionality byrequesting services of its components. These services may update the state of the components and/orreturn a result. With this in mind, it is now possible to formally de�ne an object oriented interpre-tation of the internal processing that occurs when an object services a request. This interpretationis then used to formalise the representation of parameterised expressions in the O-LSTSD syntax.Consider the speci�cation of two interacting stacks given in �gure 3.15.Two new pieces of syntax have been introduced:� Unspeci�ed operationsThe speci�ers may not wish to de�ne the result returned by a pop on an empty Stack. However,the implementors must provide the pop service for all Stack class members. The result of thepop operation must be a Nat. An unspeci�ed member of the Nat class is represented by �Nat.This value is used to de�ne the result returned by an empty Stack in response to a pop request.Unless otherwise speci�ed, a service requested of an unspeci�ed member always results in the
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TS<S1,

push2<N>

push1<Nat> push2<Nat> pop1=Nat pop2=Nat

TwinStack using Stack Stack using Nat

TS<S1,S2>
pop1=S1..popFigure 3.15: A Composition Exampleunspeci�ed member of the appropriate class. This default behaviour is implicit in every O-LSTSspeci�cation.� Using Component ServicesA component object o�ers two `responses' when it is sent a message request: it updates itsinternal state and/or replies with a result. The pop operation on a Stack results in the Stackreplying with the last integer which had been pushed on, and updating its internal state byremoving the top value. It is necessary to consider how the pop operation of a Stack componentis used by the TwinStack. Service pop1 on a TwinStack returns the value on the top of the �rstStack component and updates the state of the component accordingly. Service pop2 returns thevalue on the top of the second stack component and updates its state accordingly. Operationspush1 and push2 are similarly de�ned.Two di�erent pieces of syntax are applied:� The value returned in response to a valued service request, SR say, at an object O isrepresented by O::SR.� The new state of an object O after receiving a service request SR is represented by O:SR.In section 4.2 we return to the notion of composition when using OO ACT ONE. More complexexamples are considered, and the notion of an object `restructuring' itself is examined. In particular,classes of objects with dynamic structure are investigated.3.3.5 O-LSTS Con�gurationCon�guration is related to the notion of composition. Composition de�nes a hierarchical relationshipbetween a client (containing object) and a server (component object). Con�guration is a relationshipbetween peer objects which are components of the same containing object. Components of the samecontaining object may, or may not, be con�gured.Consider again the TwinStack O-LSTS (in �gure 3.15). The class is composed from two compo-nents, both of which are Stacks. However, a TwinStack object never needs to use both components



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 77to service one single request: pop1 and push1 use only the �rst Stack whilst pop2 and push2 useonly the second component. In this case, the two Stack components are said to be uncon�gured.Consider the O-LSTS in �gure 3.16.
NO HIERARCHY

sys<p,q.pop>

q.push<p..pop>>sys<p.pop,
move
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push<Nat>

pop:Nat

System using Stack, Nat

sys<stack,stack>

sys<p,q> pop=q..poppush<N>

q>sys<p.push<N>, Figure 3.16: System Con�guration: An ExampleSystem is composed from two Stack components. The push transition puts the input parameterNat value onto the �rst Stack. The pop transition removes the top Nat element from the secondStack and returns its value. The move transition transfers the top element of the �rst Stack onto thesecond Stack. The move transition is de�ned in terms of both components and so we say that thetwo Stacks are con�gured (by move). Note that con�guration between objects does not necessarilyimply interaction between the two components.Con�guration is formally de�ned below. The de�nition is based on the idea of one state labelexpression being used in the de�nition of another. The �rst expression is said to depend on thesecond. In particular, one object is said to depend on one of its components if the component isneeded to ful�l an external service request.De�nition: Con�gurationObjects A and B are con�gured (in object C) ,� A and B are components of C� Either:� i) 9 < uat; newstate >2 FromC such thatnewstate depends on A and newstate depends on B, or:� ii) 9 < vat; val; newstate >2 V alFromC such that(newstate depends on A or val depends on A) and (newstate depends on Bor val depends on B)De�nition: DependenceA state label expression, SLE say, depends on another state label expression, sl say, An expression of the form sl:att or sl::att appears in the representation of SLE.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 783.3.6 Structure DiagramsThe internal structure of an object, i.e. an object's composition and con�guration properties, isusefully represented in diagramatic form. For example, the O-LSTSs System and TwinStack arerepresented in the class structure diagrams in �gure 3.17. The dotted circles represent classes ofobject. The class name is given above the circle. Attribute dependencies are shown as links joining thecontainer class with the component classes13 which it depends on to ful�l that particular attribute.Class structure diagrams are appropriate only when the class has a �xed structure.Object structure diagrams di�er from class structure diagrams in that actual objects are rep-resented by solid circles and components are given concrete values. Figure 3.17 shows an objectstructure diagram for an element of the O-LSTS system which has two empty stacks as its internalcomponents.
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System TwinStack System

empty

empty

Stack1Stack1 Stack1

Stack2Stack2 Stack2Figure 3.17: Structure Diagrams: An Example3.4 OO ACT ONE: A Formal Object Oriented Analysis Language3.4.1 MotivationIn this section we develop a concrete syntax for the speci�cation of O-LSTS behaviour. The previoustwo sections illustrate how O-LSTSs can be de�ned using mathematical notation. This syntax is�ne for the speci�cation and illustration of simple behaviours. However, for the speci�cation of morecomplex requirements, a better object oriented analysis language is required:� An object oriented language should have an object oriented `
avour'. It must be possibleto reason about object oriented speci�cations in an object oriented conceptual framework. OOACTONE facilitates a more direct correspondence between the requirements being speci�ed andthe object oriented paradigm. It provides a number of high level mechanisms which syntacticallysugar the O-LSTS model. The advantage of using OO ACT ONE over an informal objectoriented language is that the underlying model is formally speci�ed. Furthermore, OO ACT13The components are identi�ed by their class name and their index in the �xed structure. This index is used todistinguish components of the same class.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 79ONE speci�cations say what the system being speci�ed should do rather than how it should doit.� An O-LSTS speci�cation must be statically analysed to check that all the necessary and su�cientconditions are met. In particular, the environment of an O-LSTS speci�es a class hierarchy (setof subclassing relationships between O-LSTSs) which must be validated. Furthermore, there are`typing constraints' on the visibility of state constructor (and state transition) parameters andresult types which must be checked. A strict syntax for the speci�cation of O-LSTS behaviourcan help to make the `type checking' easier to perform14.� The �nal goal of this chapter is to map our formal object oriented model onto ACT ONE. Byde�ning a formal language which is similar in structure to ACT ONE, the translation to ACTONE is simpli�ed.OO ACT ONE provides a practical means of specifying object oriented requirements in a formalframework.3.4.2 The OO ACT ONE Syntax: Some ExamplesChapter 2 examines many of the practical issues in the design of a �gure=Sem-Chp3/Figures language.It identi�es the need for:� A means of distinguishing between accessor, transformer and dual attributes.� Comprehensive re-use facilities.� A means of de�ning invariant properties which all class members must ful�l.� A mechanism for hiding internal/local de�nitions or behaviour.� A means of representing the structure of an object.� A way of de�ning exceptions or unspeci�ed behaviour.� Explicit sub(super)classing mechanisms.OO ACT ONE, a formal language which fu�ls all these needs, is best illustrated by the followinglist of examples. The �rst eight examples consider object based speci�cations, in which no subclass-ing relationships are explicitly de�ned. The �nal four examples consider in turn the four explicit(sub/super)class mechanisms, namely specialisation, generalisation, extension and restriction. Weargue, in section 4.1, that these four mechanisms are su�ciently powerful for the general constructionof class hierarchies during formal object oriented analysis. For simplicity, we are not yet concernedwith the static analysis of the speci�cations which guarantees their correctness. All the exampleOO ACT ONE speci�cations that follow are well de�ned in the sense that they correspond to validO-LSTSs.14Perhaps `type checking' is more accurately termed `class checking'. However, since the notion of `type checking' ispervasive in all areas of computing (even in object oriented development), we persist with this `weaker terminology'.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 80Example 1: Classes Nat, Stack and System RevisitedThe O-LSTS speci�cations of the O-LSTS System (see �gure 3.16), the O-LSTSs Stack (see �gure3.15) and the unspeci�ed Nat component provide good examples with which to illustrate the OO ACTONE syntax. The Nat behaviour was not previously de�ned in O-LSTS form because its behaviourwas not relevant to the example. For completeness, a simple Nat O-LSTS is de�ned in �gure 3.18.
inc

previous:Nat

succ<Nat>

0 <Nat1>

inc

succ<Nat1>

previous = ~Nat

Nat

previous = <Nat1> Figure 3.18: Specifying Natural Numbers: A Nat O-LSTSThe OO ACT ONE speci�cation corresponding to the Nat O-LSTS is given below.CLASS Nat OPNSLITERALS: 0STRUCTURES: succ<Nat> TRANSFORMERS: incACCESSORS: previous -> NatEQNSNat1.inc = succ(Nat1); 0..previous = �Nat; succ(Nat1)..previous = Nat1ENDCLASS (*Nat*)The following should be noted:� Class Nat is not dependent on any other classes and consequently there are no class relationshipsde�ned between Nat and any other classes.� The state label expression syntax and semantics is incorporated in OO ACT ONE.� Variable parameters of a particular class (in equation de�nitions) are represented by the classname followed by an integer. In this way, unlike ACT ONE, the speci�er does not need toexplicitly `type' the parameters of an expression. This elegantly concise syntax is unambiguousgiven the additional syntactic constraint that class names ending in an integer are not permitted(see 3.2.1.1).� The unspeci�ed member of a class is implicit in an OO ACT ONE speci�cation.� The OO ACT ONE syntax forces all operations and equations on a class to be de�ned in thatclass body. No new operation for a class can be de�ned in a di�erent class.The mapping between the Nat class and the Nat O-LSTS is very simple:� EnvNat = < fg; fg >, since Nat is de�ned independently of any other classes.� The LITERAL 0 corresponds to the unparameterised typed state label 0.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 81� The STRUCTURE operation succ<Nat> corresponds to the parameterised typed state labelsucc(Nat).� The TRANSFORMER operation inc corresponds to the unvalued unparameterised typed tran-sition inc.� The ACCESSOR operation previous -> Nat corresponds to the valued unparameterisedtyped transition previous : Nat.� The equation Nat1.inc = succ(Nat1) corresponds to a parameterised set of unvalued state-to-state transitions: < inc; succ(Nat1)>2 FromNat1; 8Nat1 2 US(Nat).� The equation 0..previous = �Nat corresponds to the valued state-to-state transition:< previous;�Nat; 0 >2 V alFrom0.( As previous is an accessor attribute, the state of the object servicing a previous requestdoes not change.)� The equation succ(Nat1)..previous = Nat1 corresponds to a parameterised set of valuedstate-to-state transitions:< previous;Nat1; Nat1>2 V alFromsucc(Nat1); 8Nat1 2 US(Nat).� There are no hidden operations and consequently HUTT and HV TT in the correspondingO-LSTSs are empty sets.The OO ACT ONE speci�cation of the Stack O-LSTS uses the Nat behaviour. It is de�ned below.CLASS Stack USING Nat OPNSLITERALS: empty STRUCTURES: st<Stack, Nat>TRANSFORMERS: push<Nat>DUALS: pop -> NatEQNSempty.push(Nat1) = st(empty,Nat1);st(Stack1,Nat1).push(Nat2) = st(st(Stack1,Nat1),Nat2);empty.pop = empty AND �Nat;st(Stack1,Nat1).pop = Stack1 AND Nat1ENDCLASS (*Stack*)This OO ACT ONE speci�cation illustrates three new aspects of the OO ACT ONE syntax:� USING: the Stack class is de�ned to `use' the Nat class.� DUALS: the pop operation is de�ned by an equation of the form: state label expression1.pop= state label expression2 AND state label expression3. This de�nes a parameterised setof valued state to state transitions:< pop; state label expression2; state label expression3>2 V alFromstatelabelexpression1.� Paramaterised Attributes: the operation push<Nat> corresponds to a parameterised un-valued typed transition push(Nat). It has two associated equations:� empty.push(Nat1) = st(empty, Nat1), which corresponds to a parameterised set of un-valued state-to-state transitions:< push(Nat1); st(empty;Nat1)>2 Fromempty ; 8Nat1 2 US(Nat).



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 82� st(Stack1, Nat1).push(Nat2) = st(st(Stack1, Nat1), Nat2), which corresponds toaparameterised set of valued state-to-state transitions:< push(Nat2); st(st(Stack1; Nat1);Nat2)>2 Fromst(Stack1;Nat1);8Nat1; Nat2 2 US(Nat); Stack1 2 US(Stack).The Stack speci�cation is used by the System OO ACT ONE speci�cation, de�ned below.CLASS System USING Stack OPNSSTRUCTURES: sys<Stack, Stack>TRANSFORMERS: push<Nat>, moveDUALS: pop -> NatEQNSsys(Stack1,Stack2).push(Nat1) = sys(Stack1.push(Nat1), Stack2);sys(Stack1,Stack2).move = sys(Stack1.pop, Stack2.push(Stack1..pop));sys(Stack1,Stack2).pop = sys(Stack1, Stack2.pop) AND Stack2..popENDCLASS (*System*)Example 2: Grouping classes into modulesIn ACT ONE, one type (a group of related sorts) can be de�ned using the group of sorts de�nedin another type using the IS construct. In other words, the IS construct in ACT ONE de�nes arelationship between types (not sorts). In OO ACT ONE we are more interested in the dependenciesbetween classes of behaviour rather than the modules in which they are de�ned. However, it isstill desirable to be able to re-use sets of related classes. As a compromise, we de�ne a re-usefacility between a class and a set of other classes which have been grouped together in a modulede�nition. Module de�nitions are given before the set of class de�nitions which make up an OO ACTONE speci�cation. Module de�nitions are removed by a simple pre-processing of an OO ACT ONEspeci�cation. This syntactically substitutes the names of modules which are used by classes with thelist of classes which are grouped within these modules. In other words, the modules in OO ACT ONEare simple syntactic sugaring | they do not extend the semantics of the O-LSTS model in any way.Consequently, they do not need to be considered in the mapping between OO ACT ONE and theO-LSTS model.The classes grouped together in module Degrees, de�ned below, can be re-used by another classsimply by listing the module name in the class header. For example, we can de�ne a class `Example' touse the classes Bool, Nat, Stack and all the classes in the module Degrees as follows: Class ExampleUSES Bool, Nat, MODULE Degrees, Stack. The OO ACT ONE preprocessor removes the modulede�nition and changes the Example class header to: Class Example USES Bool, Nat, Joints,Singles, Stack.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 83MODULE Degrees GROUPS Joints, Singles ENDMODULE (* Degrees *)CLASS Joints USING Subject, Type OPNSSTRUCTURES: JointDegree<Subject, Type, Subject>ACCESSORS: studies<Subject> -> BoolEQNSJointDegree(Subject1,Type1,Subject2)..studies(Subject3) =(Subject1..eq(Subject3))..or(Subject2..eq(Subject3))ENDCLASS (* Joints *)CLASS Singles USING Subject OPNSSTRUCTURES: SingleDegree<Subject>ACCESSORS: studies<Subject> -> BoolEQNSSingleDegree(Subject1)..studies(Subject2) = Subject1..eq(Subject2)ENDCLASS (* Singles *)Example 3: Invariant PropertiesTo illustrate the notion of an invariant property, consider a class similar to Joints except that it hasno Type component. This class is de�ned as Joints2 below.CLASS Joints2 USING Subject OPNSSTRUCTURES: JointDegree<Subject, Subject>ACCESSORS: studies<Subject> -> BoolEQNSJointDegree(Subject1, Subject2)..studies(Subject3) =(Subject1..eq(Subject3)).or(Subject2..eq(Subject3))ENDCLASS (* Joints2 *)JointDegree(Maths, Maths) is a member of the Joints2 class provided that Maths is a literalmember of the Subject class. This may not be desirable behaviour since we may require, in thesystem that we are modelling, that a joint degree consist of two di�erent subjects. To specify thiscondition we have two options:� Explicitly list all joint degree combinations which are valid.� De�ne an invaraint property on the structure JointDegree to specify that the �rst componentcannot be the same as the second component.The second option is better since an explicit statement of the invariant property improves theunderstandibility of the speci�cation. Furthermore, using an invariant property follows the principleof encapsulation and makes the speci�cation simpler to extend. For example, if the Subjects classis to be extended to include a new literal then this change should be possible without a�ecting theclasses which use the Subjects class. This is not possible with the �rst option, in which the principleof encapsulation has to be broken for the behaviour of the degree class to be well de�ned. TheJointDegree structure is respeci�ed in class Joints3 to incorporate the new invariant property.All the members of a class now correspond to the literals and the structure expressions whosecomponent values ful�l the relevant structure invariant(s) (if there are any). Invariant properties



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 84CLASS Joints3 USING Subject OPNSSTRUCTURES: JointDegree<Subject, Subject>ACCESSORS: studies<Subject> -> BoolINVARIANTS: JointDegree(Subject1, Subject2) REQUIRES Subject1..neq(Subject2)EQNSJointDegree(Subject1,Subject2)..studies(Subject3) =(Subject1..eq(Subject3)).or(Subject2..eq(Subject3))ENDCLASS (* Joints3 *)introduce the possibility of `run time' errors in an execution model. For example, consider an extensionto the JointDegrees class in which a new transformer operation allows either of the Subject �elds tobe changed. Now, a transformer service may result in a new state which does not ful�l the invariantproperty. In this case the behaviour of the resulting object is unde�ned.The invariant above is termed a structure invariant because the invariant property is de�nedin terms of properties of the components of a structure of the class. It is also often desirable to beable to de�ne an invariant on a whole class rather than a structure in a class. The syntax of sucha class invariant is illustrated by the MathsJoints speci�cation below. Class invariant propertiesare required to be true for all literal values (this is checked by a static analysis). This requirementmakes the speci�cation of class invariants much easier to transform (during pre-processing) into a setof structure invariants. It also makes the concept of class invariant much easier to understand | whyde�ne a literal value which does not ful�l an invariant property?CLASS MathsJoints USING Subject OPNSSTRUCTURES: JointDegree(Subject, Subject)ACCESSORS: studies<Subject> -> BoolINVARIANTS: MathsJoints1..studies(Maths)EQNSJointDegree(Subject1, Subject2)..studies(Subject3) =(Subject1..eq(Subject3))..or(Subject2..eq(Subject3))ENDCLASS (* MathsJoints *)Note that the class invariant mechanism is simply syntactic sugaring for de�ning sets of structureinvariants. For example, the invariant MathsJoints1..studies(Maths) can be re-written as:JointDegree(Subject1,Subject2) REQUIRES (Subject1..eq(Maths))..or(Subject2..eq(Maths)). As the exter-nal attributes of a structured class are de�ned in terms of the external attributes of its components, aclass invariant is just a more concise way of expressing a set of structure invariants. Consequently,in mapping OO ACT ONE to the O-LSTS model we must consider only how to map structure invari-ants: class invariants are removed by a simple pre-processing of an OO ACT ONE speci�cation.Structure invariants correspond to boolean conditions of conditioned parameterised typedstate labels in the O-LSTS model, represented as state label expressions of type Bool. Invariantproperties, in OO ACTONE, depend on the visibility of a Bool class (with members true and false).



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 85Example 4: An includes (re-use) mechanismThe advantages of having a purely syntactic re-use mechanism is illustrated by the Floor3s andFloor3sa OO ACT ONE speci�cations, below.CLASS Floor3s USING Nat13s OPNSLITERALS: 1,2,3TRANSFORMERS: up, downACCESSORS: where -> Nat13sEQNS 1.up =2; 2.up=3; 3.up=3; 1.down=1; 2.down=2; 3.down=3;1..where =1; 2..where=2; 3..where=3ENDCLASS (* ----------------- Floor3s ----------------- *)CLASS Floor3sa USING Nat13s OPNSLITERALS: 1,2,3,off1,off2,off3TRANSFORMERS: up, down, switchACCESSORS: where -> Nat13sEQNS 1.up =2; 2.up=3; 3.up=3; off1.up=off1; off2.up=off2; off3.up=off3; 1.down=1; 2.down=2;3.down=3; off1.down=off1; off2.down=off2; off3.down=off3; 1.switch = off1; 2.switch = off2;3.switch = off3; off1.switch = 1; off2.switch = 2; off3.switch = 3; 1..where =1; 2..where=2;3..where=3; off1..where =1; off2..where =2; off3..where =3ENDCLASS(* Floor3sa *)The O-LSTSs corresponding to these OO ACT ONE speci�cations are de�ned in the inclusionexample in �gure 3.14. Although there is no subclassing relationship between these two behaviours,it is clear that it is bene�cial to be able to de�ne either class in terms of the other. More generally, amechanism for including some of the operations and equations from one class in a new class de�nitionis required. The INCLUDES mechanism is illustrated by the Floor3s' speci�cation below.CLASS Floor3s' OPNS INCLUDE FROM Floor3saLITERALS: 1,2,3TRANSFORMERS: up, downACCESSORS: whereENDCLASS (* Floor3s *)This new de�nition re-uses part of the speci�cation of Floor3sa. The operations that are re-usedhave to be explicitly listed. The equations for these operations do not need to be listed. The equationsfor the included transformer, accessor and dual operations on the included literals and/or structuresare implicit in the new speci�cation. In this example, it is therefore not necessary to de�ne anyadditional equations. Note that Floor3s' is not de�ned to use Floor3sa. The includes mechanismdoes not copy the classes which are used by the class being included.The includes mechanism identi�es an operation of a class and `copies' its operation and equationde�nitions into the new class. (It is not a direct copy since all the occurrences of the old class namehave to be replaced by occurrences of the new class name in the included de�nition part of the newclass.) The includes mechanism is further sugared to give an includesall mechanism which statesthat all the operations and equations of the speci�ed class are copied into the new speci�cation. Theinclusion mechanisms are a sort of MACRO expansion facility. They do not extend the semantics of



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 86the ADT language. OO ACT ONE speci�cations are preprocessed to remove all include directives.Example 5: Internal OperationsThe speci�cation of internal (or hidden) operations is common to many object oriented programminglanguages (see chapter 6). It is useful to be able to de�ne attributes of a class which are available onlyto the class in which they are de�ned (i.e. attributes which are not part of the external interface).These attributes are then used to help specify the external behaviour. In OO ACT ONE, accessor,dual and transformer operations can be declared as HIDDEN. This is illustrated by the speci�cation ofa simple store of natural numbers, below.CLASS Store USING Nat, Bool OPNSLITERALS: empty STRUCTURES: st<Store, Nat>TRANSFORMERS: add<Nat>ACCESSORS: average -> Bool, sum -> Nat (* HIDDEN *), size -> Nat (* HIDDEN *)EQNSempty..average = �Nat; empty..sum = 0; empty..size = 0;st(Store1,Nat1)..average = (st(Store1,Nat1)..sum)..div(st(Store1,Nat1)..size);st(Store1, Nat1)..sum = Nat1.+(Store1..sum); st(Store1, Nat1)..size = 1.+(Store1..sum)ENDCLASS (* Store *)In this speci�cation, the HIDDEN operations are de�ned to simplify the de�nition of the externaloperation average. The HIDDEN operations have a direct correspondence with the elements of HUTTand HV TT (the hidden typed transitions) in the O-LSTS model. The de�nition of state labelexpressions constrains hidden operations to being used only inside the class in which they arede�ned. This constraint must be checked during the static analysis of OO ACT ONE speci�cations.Example 6: PreconditionsA parameterised equation de�nition, de�ned on a class or a structure of a class, can be precondi-tioned by a state label expression of type Bool. This expression must be parameterised on a(non strict) subset of the parameters in the equation de�nition (Such an expression can be repre-sented in general form as Pre(p1,: : :, pn), where p1 to pn are the parameters of the parameterisedequation.). Preconditions are a powerful mechanism for simplifying speci�cations and improving theirunderstandibility. The syntax of the precondition mechanism in OO ACT ONE is illustrated by thespeci�cation of class Queue, below.The Queue example shows the syntax for de�ning structure preconditions on dual operations.The syntax for de�ning the results of preconditioned transformer and accessor operations is the sameas the �rst and second parts, respectively, of the dual syntax (the parts separated by AND). Themapping between preconditioned equations and the O-LSTS model is straightforward. It is detailedin appendix A.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 87CLASS Queue USING Nat, Bool OPNSLITERALS: empty STRUCTURES: Q<Queue, Nat>TRANSFORMERS: add<Nat>ACCESSORS: is-empty -> Bool (*HIDDEN*)DUALS: rem -> NatEQNSempty..is-empty = true; Q(Queue1, Nat1)..is-empty = false;empty.add(Nat1) = Q(empty, Nat1);Q(Queue1, Nat1).add(Nat2) = Q(Q(Queue1, Nat1),Nat2);empty.rem = empty AND �Nat;Queue1..is-empty =>Q(Queue1, Nat1).rem = empty AND Nat1 OTHERWISE Q(Queue1.rem, Nat1) AND Queue1..remENDCLASS (*Queue*)Example 7: Generic (Parameterised) ClassesGenericity is a powerful mechanism. A generic class does not specify a behaviour in the sense that itcorresponds to one O-LSTS speci�cation: it acts as a template (or structure) from which other classesof behaviour can be constructed. A generic class is parameterised on the classes which it uses. Aninstance of a generic class is created through an actualisation of the class parameters. The OO ACTONE generic mechanism (like many aspects of the syntax) is based on the corresponding mechanismin ACT ONE (with a few syntactic di�erences to reinforce the object oriented 
avour of the language).Classes of behaviour which are de�ned as instances of generic classes can be transformed into classeswhich are not de�ned generically.It should be noted that genericity is not a subclassing mechanism. Users of other object orientedlanguages, in which subclassing is not formally de�ned, often argue that a generic class is a superclassof its instances. However, we argue that a generic class is not a class in its own right, it is atemplate for creating classes. It is possible to de�ne a generic class such that there are subclassingrelationships between instances, depending on the actual parameterisation of the instantiated classes.In �gure=Sem-Chp3/Figures we believe that genericity and subclassing are two very di�erent conceptsand as such they should be kept distinct. Consequently, we choose to de�ne OO ACT ONE so thatgeneric classes cannot be related by `sets of subclassing' relationships. Thus, we do not allow genericclasses to be specialised, generalised, extended or restricted (see examples 9 to 13), although instancesof these classes can be used in this way. The genericity syntax is illustrated by the Pair class below.It is not necessary to further expand on the semantics of generic classes: they are handled inthe same way as generic types in ACT ONE. In fact, they map directly onto the ACT ONE genericconstruct when we generate an ACT ONE model from the OO ACT ONE requirements.Example 8: RenamingIt is often useful to be able to de�ne a new class to exhibit the same semantic behaviour as anotherbut to have a di�erent syntactic representation. In OO ACT ONE we allow one class to be de�nedby renaming the operation string identi�ers of another class. For example, consider the speci�cation



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 88GENCLASS Pair USING Bool, GCLASS elementA, GCLASS elementBGCLASS elementA GOPNSGACCESSORS: eq<elementA> -> BoolENDGCLASS (* elementA *)GCLASS elementB GOPNSGACCESSORS: eq<elementB> -> BoolENDGCLASS (* elementB *)OPNSSTRUCTURES: P<elementA, elementB>ACCESSORS: eq1<elementA> -> Bool, eq2<elementB> -> BoolTRANSFORMERS: set1<elementA>, set2<elementB>EQNSP(elementA1, elementB1)..eq1(elementA2) = elementA1..eq(elementA2);P(elementA1, elementB1)..eq2(elementB2) = elementB1..eq(elementB2)ENDCLASS (* Pair *)of the class TwoNats given below.CLASS TwoNats RENAMES NatPairSTRUCTURES: P WITH A2NatTRANSFORMERS: set1 WITH change1, set2 WITH change2ENDCLASS (*TwoNats*)The structure operation P and the transformer operations set1 and set2 are renamed in the newTwoNats class speci�cation. By default, all operations which are not renamed retain their originalnames. The renaming is removed by a simple pre-processing.Examples 1 to 8 show the object based mechanics of OO ACT ONE (i.e. the object orientedmechanics without class relationships). OO ACT ONE restricted to this syntax is called OB ACTONE15. All valid OB ACT ONE speci�cations are valid OO ACT ONE speci�cations. The OB ACTONE syntax allows for the formal speci�cation of:� Classes of behaviour which are protected behind strict interfaces.� The composition of prede�ned classes into new (more complex) classes of behaviour.� Invariant properties which all class members must uphold.� Internal (hidden) operations.It is necessary to extend the object based mechanisms with subclassing facilities. In particular, wewish to be able to de�ne a new class to be a subclass (or superclass) of an already existing class andbe guaranteed that the corresponding O-LSTSs are related by the formal subclassing relationship.Four such mechanisms are provided in OO ACT ONE, namely extension, restriction, specialisationand generalisation. These correspond to the relationships between O-LSTSs which are de�ned insection 3.3.3. These four mechanisms, together with a mechanism which combines specialisation andextension, provide the only means of explicitly de�ning class relationships in OO ACT ONE.15Object Based ACT ONE.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 89Example 9: ExtensionIn the O-LSTS semantics, a class A is de�ned to be an extension of a class B when A o�ers thebehaviour of B together with some additional behaviour. Furthermore, all the members of A mustbe members of B. This notion of extension has a corresponding mechanism in OO ACT ONE.Reconsider the O-LSTS speci�cations of TwoCount and DoubleCount given earlier in �gure 3.7. TheOO ACT ONE speci�cation of class TwoCount is given below.CLASS TwoCount OPNSLITERALS: 1,2 TRANSFORMERS: inc, decEQNS 1.inc =2; 2.inc =2; 1.dec =1; 2.dec =1ENDCLASS (*TwoCount*)The EXTENDS mechanism can be used to explicilty de�ne the class DoubleCount as a subclassof TwoCount. This new class, DoubleCount2 say, is de�ned in OO ACT ONE below. The O-LSTSD which corresponds to DoubleCount2 also given in �gure 3.19; this should be compared withDoubleCount in �gure 3.7. Note that the environment of the new class records the explicit subclassingrelationship between DoubleCount2 and TwoCount.CLASS DoubleCount USING TwoCountEXTENDS TwoCount WITH OPNSTRANSFORMERS: switchEQNS1.switch = 2; 2.switch = 1ENDCLASS (* DoubleCount *)Class TwoCount corresponds to the O-LSTS speci�cation given in �gure 3.7.
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CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 90The syntactic constraints of the EXTENSION mechanism prevent new literals or structures frombeing de�ned on a class extension. Furthermore, invariant properties cannot be strengthened orweakened (i.e. the sets of invariants which are de�ned for the original class are precisely the set ofinvariants de�ned for the new extended subclass).The explicit de�nition of the subclassing relationship DoubleCount2 v TwoCount is signi�cantin the semantics of state label expressions. Any state label expression in which an attributeparameter of class TwoCount is expected can accept a parameter of the class DoubleCount2.Example 10: RestrictionRestriction is the inverse relation of extension. Given the original DoubleCount speci�cation we wouldlike to be able to de�ne a class TwoCount as a superclass (restriction) of DoubleCount. A new classcan be de�ned as a restriction of another class by de�ning a strict subset of the accessor, transformerand dual operations of the class being restricted. Given the following OO ACT ONE speci�cationof class DoubleCount, it is possible to de�ne a new class TwoCount2 as a restriction of DoubleCount.This is illustrated below.CLASS DoubleCountDoubleCount OPNSLITERALS: 1,2TRANSFORMERS: inc, dec, switchEQNS1.inc =2; 2.inc =2; 1.dec = 1; 2.dec =1; 1.switch = 2; 2.switch = 1;ENDCLASS (* DoubleCount *)CLASS TwoCount USING DoubleCount RESTRICTS DoubleCount TO OPNSTRANSFORMERS: inc, decENDCLASS (* TwoCount *)Example 11: SpecialisationReconsider the O-LSTSs in �gure 3.9. Nat12s is de�ned explicitly (by its environment) to be asubclass of Nat15s. These behaviours were only partially speci�ed in the previous section so, forcompleteness, the actual behaviours are de�ned below.The SPECIALISES construct requires that the new class must explicitly identify the literals andstructures which it has in common with its superclass. (The static analysis of an OO ACT ONEspeci�cation must verify that these members form a valid partition of the original class | see 3.4.3).Example 12: GeneralisesGeneralisation is the inverse of specialisation. In �gure 3.9, Move12s gen Move15s. The two classesof behaviour are de�ned below.The Move12s class speci�cation illustrates how one class which generalises another o�ers thecomplete behaviour of the other class as a partition of itself. We extend the generalises mechanism to



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 91CLASS Nat15s USING Nat, Bool OPNSLITERALS: 1,2,3,4,5ACCESSORS: eq<Nat> -> BoolEQNS1..eq(Nat1) = succ(0)..eq(Nat1); 2..eq(Nat1) = succ(succ(0))..eq(Nat1);3..eq(Nat1) = succ(succ(succ(0)))..eq(Nat1);4..eq(Nat1) = succ(succ(succ(succ(0))))..eq(Nat1);5..eq(Nat1) = succ(succ(succ(succ(succ(0)))))..eq(Nat1)ENDCLASS (* Nat15s *)CLASS Nat12s USING Nat15s SPECIALISES Nat15s TO OPNS LITERALS: 1,2ENDCLASS (* Nat12s *)CLASS Move15s USING Bool OPNSLITERALS: up,downACCESSORS: eq<Move15s> -> Bool, curr -> Move15sEQNS up..eq(up) = true; up..eq(down) = false;down..eq(up) = false; up..eq(up) = true;up..curr = up; down..curr = downENDCLASS (* ----------------- Move15s ----------------- *)CLASS Move12s USING Move15s GENERALISES Move15s WITH OPNSLITERALS: stayEQNS stay..eq(up) = false; stay..eq(down) = false; stay..curr = �Move15sENDCLASS (* Move12s *)allow one class to be de�ned as a generalisation of a group of classes. For example, the stay memberof Move12s can be de�ned as a distinct (though very limited) class of behaviour in its own right. Thisnew class, JustStay say, can be generalised with Move15s to give the Move12s behaviour. This groupgeneralisation is illustrated below.CLASS JustStay USING Move15s OPNSLITERALS: stayACCESSORS: eq<Move15s> -> Bool, curr -> Move15sEQNS stay..eq(up) = false; stay..eq(down) = false; stay..curr = �Move15sENDCLASS (* ----------------------- JustStay ----------------------- *)CLASS Move12s USING Move15s, JustStay GENERALISES Move15s, JustStayENDCLASS (* Move12s *)Subclassing: contravariance and covariance mechanismsThe classi�cation examples given above do not consider subclassing relationships in which the rulesof contravariance and covariance are exploited: all the parameter types are de�ned by default to bethe same in the subclasses as they are in the superclasses. It is necessary to override this default inthree di�erent cases:� i) The class parameters of a structure operation of a subclass may be de�ned as subclasses ofthe corresponding parameters in the superclass.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 92� ii) The result of a valued transition in a subclass may be de�ned as a subclass of the corre-sponding result type in the superclass.� iii) The parameters of a transition in a subclass may be de�ned as superclasses of the corre-sponding parameters in the superclass.These non-default options are illustrated by the O-LSTS speci�cations of Lift12s and Lift15s in�gure 3.9. All three non-default options are taken by Lift12s as a subclass of Lift15s. Thesetwo classes of behaviour are not connected by an extension or specialisation relationship alone. Thebehaviour of Lift12s is a combination of an extension and specialisation of Lift15s. In OO ACTONE we make this relationship explicit by de�ning Lift12s SPECIALISES AND EXTENDS Lift15s.The complete OO ACT ONE speci�cations corresponding to the two O-LSTSs are given below.CLASS Lift15s USING Move15s, Nat15s OPNSSTRUCTURES: L<Nat15s>TRANSFORMERS: M<Move15s>ACCESSORS: curr -> Nat15sEQNS L(1).M(up) = L(2); L(2).M(up) = L(2);L(3).M(up) = L(4); L(4).M(up) = L(5); L(5).M(up) = L(5);L(1).M(down) = L(1); L(2).M(down) = L(1);L(3).M(down) = L(3); L(4).M(down) = L(3); L(5).M(down) = L(4);L(1).curr =1; L(2).curr =2; L(3).curr =3ENDCLASS (* ------------------ Lift15s ------------------ *)CLASS Lift12s USING Move12s, Nat12s SPECIALISES AND EXTENDS Lift12s TO OPNSSTRUCTURES: L<Nat12s>TRANSFORMERS: M<Move12s>ACCESSORS: Curr<Nat12s>EQNS L(1).M(stay) = L(1); L(2).M(stay) = L(2); L(3).M(stay) = L(3)ENDCLASS (* Lift12s *)This example illustrates the only combination of class relationships which can be de�ned by onemechanism: SPECIALISES AND EXTENDS . A SPECIALISES AND EXTENDS B states that it is possibleto de�ne a class C such that A EXTENDS C and C SPECIALISES B. Using the combination mechanismmeans that the class C does not need to be explicitly de�ned. OO ACT ONE does not de�ne any other`combination mechanisms': in our experience SPECIALISES AND EXTENDS is the only combinationmechanism which is used as often as the other singular mechanisms (when provided). Furthermore,it is the only combination mechanism which is straightforward to statically analyse.A Note On Invariant PropertiesIt is important to note that all invariant properties are inherited by a subclass from its superclasses.3.4.3 Static Analysis of OO ACT ONE: Syntax and SemanticsOO ACT ONE speci�cations are statically analysed as shown in �gure 3.20.Appendix B1 examines the preprocessing of an OO ACT ONE speci�cation for the removal ofsyntactic sugar. Appendix B2 explains the static analysis of OO ACT ONE speci�cations which



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 93
Static Analysis 
of ACT ONE

ACT ONE  Executable Model

executable model
to be evaluated using
Literal preconditions

Executable Model

ACT ONE

Translate to 

peculiar to O-LSTS

remove syntactic sugar

no errors

no errors

no errors

no errors

no errors
against BNF
Check Syntax

OO ACT ONE

Preprocess to

Check semantics Figure 3.20: Static Analysis of OO ACT ONEcannot be done by translating the speci�cation to ACT ONE and letting the ACT ONE staticanalysis tools check the new code.3.5 An ACT ONE Execution Model for O-LSTS Speci�cations3.5.1 The Advantages of Using ACT ONETranslating an O-LSTS speci�cation, written in OO ACT ONE, into ACT ONE has three advantages:� It more formally relates the object oriented notions captured in the O-LSTS semantics with theADT concepts of type, sort, operation, equation, expression and value.� ACT ONE has a number of associated tools for the static analysis of syntax and semantics andthe evaluation of expressions. These tools can be used to complete the static analysis of theOO ACT ONE speci�cation from which the ACT ONE was developed, and to test the dynamicbehaviour being modelled.� ACT ONE forms a part of full LOTOS, which combines the ADT speci�cations within a processalgebra as a single coherent framework. This thesis proposes to use LOTOS as an objectoriented design language. The step from formal object oriented analysis to formal object orienteddesign is made simpler by choosing ACT ONE as the foundation upon which our �gure=Sem-Chp3/Figures language is modelled.3.5.2 Reviewing the ACT ONE TerminologyIn ACT ONE, a type speci�cation may de�ne a number of di�erent sorts. Every sort corresponds to aset of terms, with each term representing a particular value of that sort. Equations de�ne equivalencesbetween terms which represent the same value. Each equivalence class of terms represents one valueand members of the same equivalence class are identi�ed by that value. The member of the equivalenceclass which is used to represent the value of the class is normally taken to be the term which all theother terms are `evaluated to' when the re-writes (as de�ned by the equations) are applied.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 94An operation relates 0,1 or more input sorts to a result sort. Operations are term generators.Operations with no input terms are called literals. These are commonly used to represent the valueof the equivalence class of terms to which they belong. Furthermore, they are the base terms fromwhich other terms can be generated.3.5.3 An Overview of the OO ACT ONE ! ACT ONE TranslationThe translation from OO ACT ONE to ACT ONE is best described in stages. Preprocessing hasremoved OO ACT ONE syntactic sugar and so there are just �ve object based elements of the syntaxto consider:� CLASSES, which are the fundamental behaviour building blocks.� The USING mechanism, which de�nes a dependency between classes.� OPNS, which de�ne the external interface and set of members for each class.� EQNS, which de�ne the dynamic behaviour of each class member.� INVARIANTS, which de�ne properties ful�lled by members of the classes in which they are de�ned.In addition, there are �ve explicit classi�cation mechanisms to be mapped to ACT ONE. AppendixC examines the semantics of the mapping from OO ACT ONE to ACT ONE.Additonal Object Based MechanicsThe ACT ONE mechanisms for de�ning the behaviour of an object which changes state and returns avalue in response to a service request are called the dual mechanics. Other object based `mechanics'are required to de�ne the behaviour of the implicit unspeci�ed members of OO ACT ONE classes.Further, additional operations (internal tests) are de�ned to simplify the speci�cation of the objectoriented execution model. The mechanics de�ned in each of these cases is as follows:� Dual MechanicsValues of an ACTONE sort corresponding to members of an OO ACT ONE class have two typesof representation, namely singular and dual. Singular representations are literals or structureexpressions. Dual representations of a class C are pairs of values whose �rst element correspondsto a singular representation of the class C and whose second element corresponds to any sortvalue which represents a member of the result type of an accessor or dual operation of C. Forevery result type, D say, of a class C there is an operation dualCD : C,D -> C which is usedto construct the corresponding dual representation. The external attributes (as de�ned by theaccessor, dual and transformer operations) of dual representations of values in C are de�ned asthe attribute operations applied to the �rst element of the dual expresssion.Singular representations are generated by transformer operations on singular or dual represen-tations. Dual representations are generated by accessor or dual operations. In OO ACT ONEwe represent the newstate of an object, obj say, after servicing a request req say, by the statelabel expression obj.req. Similarly, we represent the value returned by an accessor or dual



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 95operation as obj..req. State label expressions in OO ACT ONE are mapped into ACTONE as follows:� obj.req ! .(req(obj))� obj.req(p1,: : :,pn) ! .(req(obj,p1,: : :,pn))� obj..req ! ClassResult(req(obj)), where Class is the result type of req.� obj..req(p1,: : :,pn) ! ClassResult(req(obj,p1,: : :,pn)), where Class is the sortgenerated from the result type of req.This ACT ONE representation of OO ACT ONE state label expressions requires the speci-�cation of two additional operations:� .:C -> C is de�ned for every class C.� DResult: C -> D is de�ned for every result type D in class C.� Unspeci�ed ValuesImplicit in every OO ACT ONE speci�cation are the unspeci�ed literal values of each class. Forexample, �C represents the unspeci�ed literal value of class C. In translating to ACT ONE, wegenerate an operation unspecC: -> C for every sort C. All operations on this value are de�nedto return the unspeci�ed value of the appropriate class (by default). Static analysis of an OOACT ONE speci�cation determines when such defaults are overridden by the speci�er.� Internal TestsFor every class C we de�ne an operation CRep: C -> Bool which returns true if the inputparameter of the CRep operation is represented in singular form. This internal test operation isused to simplify the speci�cation of the object oriented `mechanics'.3.5.3.2 Example Object Based Behaviours in ACT ONEThe ACT ONE speci�cations that follow result from translating object based behaviour as speci�ed inOO ACT ONE. (The code that is listed is slightly di�erent from the ACT ONE code that is producedbecause the object oriented features which allow this class to be de�ned as a superclass of a new classare not included. We consider such object oriented concerns in section 3.5.3.3.) The three examplesare used to illustrate di�erent aspects of the object based properties speci�ed by the ACT ONE code.Example 1: Nat behaviourConsider the OO ACT ONE Nat class speci�ed in example 1 of section 3.4.2 (and its correspondingO-LSTSD in �gure 3.18). The ACT ONE code is given below.There are a number of things to note about this speci�cation:� Although class Bool is not speci�ed as being used by class Nat in the OO ACT ONE require-ments, a Boolean type with sort Bool is used in the ACT ONE speci�cation of sort Nat. Everysort generated from an OO ACT ONE speci�cation is de�ned in terms of boolean behaviour(it is necessary for de�ning the internal object oriented mechanisms). Consequently, the type



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 96TYPE Nat IS Boolean SORTS Nat OPNSO: -> Nat (* Literal*)succ: Nat -> Nat (* Structure *)inc: Nat -> Nat (* Transformer *)previous: Nat -> Nat (* Dual Accessor Nat *)unspecNat: -> Nat.: Nat -> NatNatResult: Nat -> NatdualNatNat: Nat, Nat -> NatNatRep: Nat -> BoolEQNS FORALL Nat1, Nat2: NatOFSORT Natinc(Nat1) = succ(Nat1); inc(unspecNat) = unspecNat;inc(dualNatNat(Nat1,Nat2)) = inc(Nat1);previous(0) = dualNatNat(0,unspecNat); previous(unspecNat) = unspecNat;previous(succ(Nat1)) = dualNatNat(succ(Nat1), Nat1);previous(dualNatNat(Nat1, Nat2)) = previous(Nat1);NatRep(Nat1) => .(Nat1) = Nat1; .(dualNatNat(Nat1, Nat2)) = Nat1;NatResult(dualNatNat(Nat1,Nat2)) = Nat2;OFSORT BoolNatRep(0) =true; NatRep(succ(Nat1)) = true; NatRep(unspecNat) = true;NatRep(dualNatNat(Nat1,Nat2)) = falseENDTYPE (* Nat *)Boolean with sort Bool is an integral part of the resulting ACT ONE code. This class isspeci�ed to exhibit the well understood behaviour of booleans (all the normal operations areavailable as transformer operations) together with the unspeci�ed value unspecBool.� The ACT ONE speci�cation has an intuitively object oriented style. Ignoring the additionalobject oriented mechanics (which are generated in the same way for all behaviours), we have aclear and concise correspondence between the ACT ONE and the OO ACT ONE from which itwas generated.� The list of variables after the forall clause in the ACT ONE code is de�ned to exactly matchthe variable parameters used in the equation de�nitions.� The translation to ACT ONE produces very ine�cient code. However, e�ciency is not impor-tant at this theoretical stage of development.Example 2: System behaviourConsider the OO ACT ONE System class also speci�ed in example 1 of section 3.4.2 (and its corre-sponding O-LSTSD in �gure 3.16). In this example we assume the ACT ONE code for class Stackhas been generated in sort Stack de�ned in the type of the same name. The ACT ONE code whichis generated from the class System speci�cation is given below.This speci�cation shows quite clearly the way in which the components of the System (i.e. theStacks) are used through their external interfaces alone to provide the external behaviour of theircontaining object.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 97TYPE System IS Boolean, Stack SORTS System OPNSsys: Stack, Stack -> System (* Structure *)push: System, Nat -> System (* Transformer *)move: System -> System (* Transformer *)pop: System -> System (* Dual Nat *)unspecSystem: -> System.: System -> SystemNatResult: System -> NatdualSystemNat: System, Nat -> SystemSystemRep: System -> BoolEQNS FORALL System1: System, Nat1, Nat2: Nat, Stack1,Stack2: StackOFSORT Systempush(sys(Stack1, Stack2), Nat1) = sys(.(push(Stack1, Nat)), Stack2);push(unspecSystem, Nat1) = unspecSystem;push(dualSystemSystem(System1,Nat1), Nat2) = push(System1, Nat2);move(sys(Stack1, Stack2)) =sys(.(pop(Stack1)), .(push(Stack2, NatResult(pop(Stack1)))));move(unspecSystem) = unspecSystem;move(dualSystemSystem(System1,Nat1), Nat2) = move(System1, Nat2);pop(sys(Stack1, Stack2)) =dualSystemNat( sys(Stack1, .(pop(Stack2))), NatResult(pop(Stack2)));pop(unspecSystem) = unspecSystem;pop(dualSystemSystem(System1,Nat1)) = pop(System1);SystemRep(System1) => .(System1) = System1;.(dualSystemNat(System1, Nat1)) = System1;NatResult(dualSystemNat(System1,Nat1)) = Nat1;OFSORT BoolSystemRep(sys(Stack1, Stack2)) = true; SystemRep(unspecSystem) = true;SystemRep(dualSystemNat(System1,Nat1)) = falseENDTYPE (* Nat *)Example 3: Preconditions in the speci�cation of Queue behaviourThe ACT ONE speci�cation of the sort Queue given in Appendix C2 is used to illustrate the mappingof preconditioned expressions to ACT ONE. A less important feature of this example is the mappingof a hidden operation.3.5.3.3 Translating Object Oriented RequirementsAn OverviewTo translate object oriented requirements speci�ed in OO ACT ONE to ACT ONE, it is necessaryto group together classes of behaviour which are related by subclassing relationships into one typede�nition in ACT ONE. Consider the OO ACT ONE speci�cations of Lift12s and Lift15s de�nedat the end of section 3.3.3.5 (and their corresponding O-LSTSDs given in �gure 3.9). These classesof behaviour are translated into the framework of ACT ONE code given below in the type de�nitionof Lift12sRoot.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 98TYPE Lift12sRoot IS Move12sRoot, Nat12sRootSORTS Lift12s (* using Move12s, Nat12s, Lift15s *)Lift15s (* using Move15s, Nat15s: superclass Lift12s *)OPNS : : :EQNS : : :ENDTYPETYPE Move12sRoot IS BooleanSORTS Move12s (* using Bool, Move15s *)Move15s (* using Bool: superclass Move12s *)OPNS : : :EQNS : : :ENDTYPETYPE Nat15sRoot IS Boolean, NatSORTS Move12s (* using Bool, Nat *)Nat12s (* using Bool, Nat: superclass Nat15s *)OPNS : : :EQNS : : :ENDTYPEThe three classes of object oriented behaviour that are modelled in this ACT ONE header areLift12s, Move12s and Nat15s, i.e the root classes of the separate trees in the class hierarchy ofLift12s. It is possible to execute a dynamic model of the other non-root classes but there is noguarantee that the environments of the these classes are correctly speci�ed. To guarantee that theenvironment of a class, C say, is correctly modelled in ACT ONE, it is su�cient to restrict the classeslisted in the OO ACT ONE code to be only those classes visible to C.Class Hierarchy MechanismsThere are two important aspects of modelling object oriented behaviour:� Polymorphism:In the object oriented paradigm, subclassing means that a member of one class is also a memberof each of its superclasses. Consequently, anywhere a member of one of its superclasses isused by an object, all the members of the subclass must also be able to be used. This isinclusion polymorphism. In OO ACT ONE there is one general instance of this rule, namely ina parameterised operation we require that an actual parameter is a member of the parameterclass or a member of a subset of the parameter class. The paramaterised operations which needto be considered are: structures, accessors, transformers and duals.When generating ACT ONE code from an OO ACT ONE speci�cation we model polymorphismby de�ning all the parameterised operations on any combination of valid parameter. This isdone by de�ning coercion routines between any two classes related by a subclassing relationship.Subclass parameters are coerced into being the corresponding members of the required super-class. The coercion operations are de�ned as follows: for every pair of classes, C1 and C2 say,such that C1 v C2 in the environment of the class being modelled, then there is an operationC1toC2: C1 -> C2 de�ned in the type of the class to which these classes are rooted. Theoperation C1toC2 is de�ned by a set of equations which equate all literal values of C1 to thesame literal values of C2. Further, all subclass structure expressions are coerced to superclassstructure expressions by applying a suitable coercion to the component values.� Inheritance:The existence of a subclassing hierarchy suggests that there is a duplication of behaviour between



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 99superclasses and subclasses. This duplication can be taken advantage of when creating anobject oriented model of OO ACT ONE requirements in ACT ONE. The behaviour de�nedby an operation applied to a member of a class is always, whenever possible, inherited froma superclass16 of that class. In ACT ONE we encode this inheritance by specifying explicitroot de�nitions for operations which are not inherited from superclasses. These root operations(de�ned as ClassOpn where Class is the name of the class in which the behaviour is rooted andOpn is the name of the operation) are then used in the subclass de�nitions to avoid duplication.Coercion plays an important part in this inheritance mechanism since it is now also necessaryto be able to coerce superclass values into subclass values.The additional machinery required to model this object oriented behaviour further complicatesthe ACT ONE code. In general, the ACT ONE code is between four and twenty times larger17 thanthe OO ACT ONE from which it was generated. An example of the ACT ONE code arising from thetranslation of object oriented properties in OO ACT ONE is given in Appendix C3.3.5.4 Static Analysis of ACT ONEThe static analysis of ACT ONE code generated from OO ACT ONE guarantees certain correctnessproperties of the underlying O-LSTS model. The ACT ONE static analyser checks the types of allparameters in equation de�nitions (their visibilty and compatibility). It also checks the correctnessof all state label expressions in the O-LSTS model speci�ed using OO ACT ONE. Thus, bytranslating to ACT ONE, the most di�cult static analysis is performed by an already existing toolset. One problem is that static analysis errors identi�ed in the ACT ONE code have to be translatedback into meaningful OO ACT ONE errors. It should be clear that, although such a mechanism isnot formulated in this work, providing an object oriented interpretation of these ACT ONE errors isnot a di�cult task.3.5.5 Evaluating Act One Expressions: An Execution Model for OO ACT ONETo model the behaviour of an object in response to a message request at its interface it is necessaryonly to evaluate an ACT ONE expression. For example, reconsider the System behaviour consid-ered earlier in section 3.5.3.2. To model the e�ect of a pop request at the object represented bysys(Stack1, Stack2) we evaluate the ACT ONE expression pop(sys(Stack1,Stack2)). The re-sult of this expression evaluation is a dual representation. The �rst element of this pair of values isthe newstate of the object, the second element represents the value returned by the pop operation.To model the dynamic behaviour of an object over a period of time it is necessary to create afeedforward loop of expression evaluations in which the result of an expression evaluation is used asthe server of the next expression to be evaluated. Such loops of behaviour are represented in event16When two superclasses o�er the same operation we are guaranteed that the behaviour de�ned in both superclassesis the same. Consequently, when a choice is available, an arbitrary decision is made as to which superclass a subclassinherits from.17Size in this case is an approximation for the number of operations and equations de�ned.



CHAPTER 3. AN OBJECT ORIENTED SEMANTIC FRAMEWORK 100diagrams (see below). By taking this simple view of object oriented behaviour, the static ADTmodel is given a dynamic object oriented interpretation.3.5.6 Event DiagramsAn event diagram for the behaviour of a System object is given in �gure 3.21, together with thecorresponding event trace.
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st(empty,0))Figure 3.21: A System Event DiagramAn O-LSTS event diagram is simply an an abstraction of the whole O-LSTS(D) in which onlya particular set of connected states are represented. The initial state of the system is representedby the only state in the diagram with an incoming arrow which is not rooted in another state. The�nal state of the system is represented by the only state in the diagram without an outgoing arrow.The sequence of transitions which the system goes through is called an event trace. Such traces arecommon in process algebras: they specify possible behaviours of a process (or system). An O-LSTSgives rise to a peculiar set of event traces because of the constraint that an O-LSTS system mustalways be able to ful�l all of its service requests at all times during its life. The property whichdistinguishes di�erent instantiations of the same O-LSTS speci�cation are the sequences of valueswhich they return during execution.


