
Reasoning about Classes in Object-OrientedLanguages: Logical Models and Tools?Ulrich Hensel1 Marieke Huisman2 Bart Jacobs2 Hendrik Tews11 Inst. Theor. Informatik, TU Dresden, D-01062 Dresden, Germany.fhensel,tewsg@tcs.inf.tu-dresden.de2 Dep. Comp. Sci., Univ. Nijmegen,P.O. Box 9010, 6500 GL Nijmegen, The Netherlands.fmarieke,bartg@cs.kun.nlAbstract. A formal language ccsl is introduced for describing speci�-cations of classes in object-oriented languages. We show how class speci-�cations in ccsl can be translated into higher order logic. This allows usto reason about these speci�cations. In particular, it allows us (1) to de-scribe (various) implementations of a particular class speci�cation, (2) todevelop the logical theory of a speci�c class speci�cation, and (3) to es-tablish re�nements between two class speci�cations.We use the (dependently typed) higher order logic of the proof-assistantpvs, so that we have extensive tool support for reasoning about classspeci�cations. Moreover, we describe our own front-end tool to pvs,which generates from ccsl class speci�cations appropriate pvs theoriesand proofs of some elementary results.1 IntroductionDuring the last two decades, object-orientation has established itself in anal-ysis, design and programming. At this moment, c++ and java are probablythe most popular object-oriented programming languages. Despite this appar-ent success, relatively little work has been done on formal (logical) methodsfor object-oriented programming. One of the reasons, we think, is that there isno generally accepted formal computational model for object-oriented program-ming. Such a model is needed as domain of reasoning.One such formal model has recently emerged in the form of \coalgebras"(explicitly e.g. in [21]). It should be placed in the tradition of behavioural speci-�cation, see also [6, 8, 4]. Coalgebras are the formal duals of algebras, see [14] forbackground information. They consist of a (hidden) state space|typically writ-ten as Self in this context|together with several operations (or methods) actingon Self. These operations may be attributes giving some information about ob-jects (the elements of Self), or they may be procedures for modifying objects.All access to elements of Self should go via the operations of the coalgebra.In contrast, elements of abstract data types represented as algebras can onlybe built via the \constructor" operations (of the algebra). We consider coalge-bras together with initial states as classes, and elements of the carrier Self of acoalgebra as (states of) objects of the class.? To appear in: LNCS Proceedings of ESOP at ETAPS 1998.



For veri�cation purposes involving coalgebraic classes and objects we are in-terested in the observable behavior and not in the concrete representation ofelements of Self. A behavior of an object in this context is the objects reactionpattern, i.e. what we can observe via the attributes after performing internalcomputations triggered by pressing procedure buttons. This naturally leads tonotions like bisimilarity (indistinguishability of objects via the available opera-tions) and invariance.Based on coalgebras, a certain format has been developed for class speci�-cations, see [21, 11, 10]. This format typically consists of three sections, describ-ing the class speci�cations' methods, assertions, and creation-conditions|whichhold for newly created objects. We have developed this format into a formal lan-guage ccsl, for Coalgebraic Class Speci�cation Language, which will be sketchedbelow. Ad hoc representations of these class speci�cations in the higher orderlogic of the proof-tool pvs [18, 17] have been used in [12, 13] to reason aboutsuch classes|notably for re�nement arguments. Further experiments with for-mal reasoning about classes and objects have led us to a general representationof ccsl class speci�cations in higher order logic. Below we explain this model(in the logic of pvs), and also a (preliminary version of a) front-end tool that weuse for generating such models from class speci�cations.The code for this tool (called loop for Logic of Object-Oriented Program-ming) is written in ocaml [22]. It basically performs three consecutive steps:it �rst translates a ccsl class speci�cation into some representation in ocaml;this representation is then internally analysed and �nally transformed into pvstheories and proof. The generated pvs �le contains several theories describingthe representation of the class speci�cation, via appropriate de�nitions and asso-ciated lemmas (e.g. stating that bisimilarity is an equivalence relation). Another�le that is generated by our tool contains instructions for proofs of the lemmasin the pvs �le. The architecture of our tool allows for easy extensions, e.g. toaccept java [7] or eiffel [16] classes, or to generate �les for other proof assis-tants such as isabelle [19]. The diagram below describes (via the solid lines)what our tool currently does, see Section 5 for some more details. The dashedlines indicate possible future extensions.ccsl classspeci�cations lexing andparsing // representationin ocaml //
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uThe idea behind the dashed lines on the left is that classes in actual programminglanguages should lead to executable class speci�cations, about which one can2



reason. We have made some progress|which will be reported elsewhere|inreasoning about java classes in this setting. Here we concentrate on the uppersolid lines.The paper is organised as follows. We start in Sections 2 and 3 with anelaborate discussion of two examples, involving a class speci�cation of a regis-ter in which one can store data at addresses, and a subclass speci�cation of abounded register, in which writing is only allowed if the register is not full. Thisinvolves overriding of the original write method. Then, in Section 4 we discusssome further aspects of the way that we model class speci�cations and that wereason about them. Finally, in Section 5, we describe the current stage of theimplementation of our front-end tool.We shall be using the notation of pvs's higher order logic when we describeour models. It is largely self-explanatory, and any non-standard aspects will beexplained as we proceed. The loop front-end tool that will be described in Sec-tion 5 is still under development. Currently, it does the basics of the translationfrom ccsl class speci�cation to pvs theories and proofs (without any fancy GUI).It may take some time before it reaches a stable form. Instead of elaboratingimplementation details, this paper focuses on the basic ideas of our models.2 A simple register: speci�cation and modelingWe start by considering a simple register, which can store data at an address. Itcontains read, write and erase operations, satisfying some obvious requirements.It is described in our coalgebraic class speci�cation language ccsl in Figure 1.The type constructor A 7! Lift[A] adds a bottom element `bot' to a type A, andkeeps all elements a from A as up(a). A total function B ! Lift[A] may then beidenti�ed with a partial function B ! A. We use square brackets [A1; : : : ; An]for the Cartesian product A1 � � � � �An.Begin Register[ Data : Type, Address : Type ] : ClassSpecMethod read : [Self, Address] -> Lift[Data];write : [Self, Address, Data] -> Self;erase : [Self, Address] -> SelfAssertion read_write : PVS FORALL(a,b : Address, d : Data)read(write(x, a, d), b) =IF a = b THEN up(d) ELSE read(x, b) ENDIF ENDPVSread_erase : PVS FORALL(a,b : Address) :read(erase(x, a), b) =IF a = b THEN bot ELSE read(x, b) ENDIF ENDPVSConstructor new : SelfCreation read_new : PVS FORALL(a:Address) : read(new,a) = bot ENDPVSEnd Register Fig. 1. A register class speci�cation in CCSLThe types Data and Address are parameters in this speci�cation, which canbe suitably instantiated in a particular situation. What is coalgebraic aboutsuch speci�cations is that all methods act on Self, i.e. have Self as one of their3



input types1. Usually this type Self is not written explicitly in object-orientedlanguages, but it is there implicitly as the receiver of method invocations. Theconstructor section declares new as a constructor (without parameters) for cre-ating a new register. Notice that assertions and creation-conditions have names.The PVS and ENDPVS tags are used to delimit strings, which are basicallyboolean expressions in pvs2. It is assumed that x is a variable in Self.In order to reason (with pvs tool support) about such a Register class spec-i�cation, we �rst model it in the higher order logic of pvs. This is what ourloop tool does automatically. It generates several pvs theories to capture thisspeci�cation. Space restrictions prevent us from discussing all these theories indetail, so we concentrate on the essentials.The �rst step is to introduce a (single) type which captures the interfaceof a class speci�cation, via a labeled product. For Register, this is done in thefollowing pvs theory.RegisterInterface[ Self, Data, Address : TYPE ] : THEORYBEGINRegisterIFace : TYPE = [# read : [Address -> Lift[Data]],write : [Address, Data -> Self],erase : [Address -> Self] #]END RegisterInterfaceThe square brace notation [A1; : : : ; An ! B] is used in pvs for the type of (total)functions with n inputs from A1; : : : ; An and with result in B. Notice that in thetypes of the operations in this interface the input type Self is omitted3. This isintended: a crucial step in our approach is that we use coalgebras of the formc : [Self -> RegisterIFace[Self, Data, Address]]as models of the method section of the Register speci�cation, with Self as statespace. The individual methods can be extracted from such a coalgebra c via thede�nitions:read(c) : [Self, Address -> Lift[Data]] =LAMBDA(x : Self, a : Address) : read(c(x))(a)write(c) : [Self, Address, Data -> Self] =LAMBDA(x : Self, a : Address, d : Data) : write(c(x))(a,d)erase(c) : [Self, Address -> Self] =LAMBDA(x : Self, a : Address) : erase(c(x))(a)Thus the individual methods of a class can be extracted from such a singlecoalgebra c.1 A bit more precisely, the methods can all be written, possibly using currying, ofthe form Self ! Fi(Self); and they can be combined into a single operation Self !F1(Self)� � � � � Fn(Self).2 Our front-end tool simply passes the string in PVS . . . ENDPVS on to the pvs tool,where it is parsed and typechecked.3 Categorically, the type RegisterIFace captures the functor associated with the sig-nature of operations in the class speci�cation, see [14].4



Next, our formalisation deals with invariants and bisimulations. These arespecial kinds of predicates and relations on Self which are suitably closed underthe above operations. For example, an invariant P � Self with respect to aRegister coalgebra c satis�es, by de�nition:P (x)) �8a: Address; d: Data: P (write(c)(x; a; d))8a: Address: P (erase(c)(x; a)):A bisimulation w.r.t. c is a relation R � Self� Self satisfying:R(x; y)) 8<:8a: Address: read(c)(x; a) = read(c)(y; a)8a: Address; d: Data: R(write(c)(x; a; d);write(c)(y; a; d))8a: Address: R(erase(c)(x; a); erase(c)(y; a)):Bisimilarity bisim? is then the greatest bisimulation relation. Interestingly, thesenotions of invariant and bisimulation are completely determined by the class in-terface RegisterIFace. They are generated automatically (by our tool) by induc-tion on the structure of the types in the interface, based on liftings of these typesto predicates and relations, as introduced in [9] (see also [13]). These pvs theo-ries about invariants and bisimulations contain several standard lemmas (statinge.g. that invariants are closed under �nite conjunctions ^ and universal quanti�-cation 8), for which proof instructions are generated automatically (again usinginduction).The next theory RegisterSemantics deals with the assertions and creation-conditions. The two assertions in Figure 1 are translated into two predicates onthe carrier type Self of a Register coalgebra c: [Self ! RegisterIFace[Self; Data;Address]]. Assuming that x is a variable of type Self, we generate:read_write?(c)(x) : bool =FORALL(a,b : Address, d : Data) : read(c)(write(c)(x, a, d), b) =IF a = b THEN up(d) ELSE read(c)(x, b) ENDIFread_erase?(c)(x) : bool =FORALL(a,b : Address) : read(c)(erase(c)(x, a), b) =IF a = b THEN bot ELSE read(c)(x, b) ENDIFFor convenience, these predicates are collected in a single predicate:RegisterAssert?(c) : bool =FORALL(x : Self) : read_write?(c)(x) AND read_erase?(c)(x)Similarly, we put the creation-condition in a predicateRegisterCreate?(c) : PRED[Self] ={x : Self | FORALL(a : Address) : read(c)(x, a) = bot}At this stage we are able to say what actually constitutes a class implementa-tion that satis�es a class speci�cation as in Figure 1: it is a coalgebra c: [Self!RegisterIFace[Self;Data;Address]] satisfying the predicate RegisterAssert?, to-gether with some element new: Self satisfying the predicate RegisterCreate?(c).This is formalised in the following theory using a (dependent!) labeled product.5



RegisterClassStructure [Self, Data, Address : TYPE] : THEORYBEGINIMPORTING RegisterSemantics[Self, Data, Address]RegisterClass : TYPE = [# clg : (RegisterAssert?),new : (RegisterCreate?(clg)) #]END RegisterClassStructureThe notation (P) for a predicate P:[A -> bool] on A:TYPE is used in pvs asan abbreviation for the predicate subtype fx:A|P(x)g. A class thus consists ofa state space Self with appropriate operations (combined in a coalgebra clg onSelf) and with an appropriate constructor new. An object of such a class is thensimply an inhabitant of the state space Self. Thus, in the way that we modelclasses and objects, the methods are part of the class, and not of the object.This is called the delegation implementation, in contrast to the embedding im-plementation, where the operations are part of the object, see [1, Sections 2.1and 2.2].Once we have all this settled, we can start reasoning about the class speci�-cation. The two things we can do immediately are: (1) describing an implemen-tation of the speci�cation, and (2) developing its theory. Both are user tasks:the tool only provides theory frames which the user can �ll in. We give a sketchof what can be done.As to (1), it is a wise strategy to write out an implementation, immediatelyafter �nishing the speci�cation. It is notoriously hard to write \good" speci�-cations which capture the informal description of the matter in question and,at the same time, are consistent in the logic used. This is sometimes called the\ground problem". Usually, specialists have a good understanding of a particu-lar implementation. Once this implementation is formally written out it can bechecked against the assertions and creation-conditions.For example, for the Register class speci�cation, an obvious implementationdescribes registers as partial functions from addresses to data. This can be donevia the Lift[-] type constructor, and yields as state space:FunctionSpace : TYPE = [Address -> Lift[Data]]This type can be equipped with a suitable coalgebra structure and a constructor:c : [FunctionSpace -> RegisterIFace[FunctionSpace, Data, Address]] =LAMBDA(f : FunctionSpace) :(# read := LAMBDA(a : Address) : f(a),write := LAMBDA(a : Address, d : Data) : f WITH [(a) := up(d)],erase := LAMBDA(a : Address) : f WITH [(a) := bot] #)new : FunctionSpace = LAMBDA(a : Address) : bot(The notation g WITH [(y) := z] is an abbreviation for LAMBDA x : IF x = yTHEN z ELSE g(x) ENDIF.) This coalgebra structure on the state space Function-Space clearly captures our intuition, and it is not hard to prove that both propo-sitions RegisterAssert?(c) and RegisterCreate?(c)(new) hold. Actually, pvs canprove both of them with a single command, (GRIND).6



Of course, we can also de�ne other implementations. For example, one cande�ne an implementation in which the sequence of operations applied to anobject is recorded for each address. This can be done by taking as state space:HistorySpace : TYPE = [Address -> list[Lift[Data]]]The implementation of the methods and constructor on this state space is leftto the interested reader. Again, (GRIND) in pvs proves that the assertions andcreation-conditions hold (for our implementation).When class speci�cations are used as components in other classes (e.g. viaclass-valued attributes, see Section 4) we need a model for them. Obvious choicesfor a model are (1) an arbitrary, so-called \loose" model and (2) a �nal model.Both are generated. Once we know that our class speci�cation has a non-trivialmodel (and hence that it is consistent) we can safely postulate the existence ofa loose model. A �nal model enables the use of subclasses for components, butits existence is an open question in presence of binary methods. Due to a lackof space, only the loose model is described here. It has the following form.LooseRegisterClass[Data, Address : TYPE] : THEORYBEGINLooseRegisterType : TYPEIMPORTING RegisterClassStructure[LooseRegisterType, Data, Address]loose_Register_existence : AXIOMEXISTS(cl : RegisterClass) : TRUELooseRegisterClass : RegisterClassEND LooseRegisterClassIn this theory the existence of an arbitrary model of the class speci�cation isguaranteed via an axiom. In principle this can be dangerous, because it may leadto inconsistencies. However, as long as a non-trivial implementation has beengiven (earlier) by hand, there is no such danger. The type LooseRegisterTypein this theory is simply postulated, and we know nothing about its internalstructure. This ensures that when this model is used as a component in anotherclass, no internal details can be accessed (simply because there are no suchdetails).We turn to the second way to reason about a (translated) speci�cation. Ourtool generates an almost empty pvs theory frame called RegisterUserTheory.This theory starts by declaring a coalgebra structure c satisfying the predicateRegisterAssert?, together with a constructor satisfying the creation-conditionRegisterCreate?(c). Under these assumptions a user can start proving variouslogical consequences of the assertions in the class speci�cation. For example, auseful proposition that can be proved in RegisterUserTheory is the followingcharacterisation of bisimilarity.bisim_char : LEMMAbisim?(c)(x,y) IFF FORALL(a : Address) : read(c)(x,a) = read(c)(y,a)This expresses that two objects (or states) x; y: Self are bisimilar (i.e. indistin-guishable) w.r.t. the assumed (arbitrary) model c if and only if they give thesame read output at each address. Intuitively this may be clear: if we cannot see7



a di�erence between two objects via reading, then using a write or erase will notcreate a di�erence between these objects (because a read after a write or eraseis completely determined by the Register assertions).Using this characterization, it is easy to prove, for example,write_commutation : LEMMAFORALL(a,b : Addresses, d,e : Data) : a /= b IMPLIESbisim?(c)(write(c)(write(c)(x, a, d), b, e),write(c)(write(c)(x, b, e), a, d))This result says that one can exchange write operations at di�erent addresses.Notice that we are careful in only stating that the outcomes are bisimilar, andnot necessarily equal. We avoid the use of equality of objects/states, since weregard these as hidden, and we restrict access to (public) methods. In addition,the use of bisimilarity entails that the results that we prove also hold in im-plementations where bisimilar states need not be (internally) equal, like in theabove HistorySpace model. There we can have equal reads at all addresses intwo states, even though the histories of these states are quite di�erent. Hencesuch states are bisimilar, but internally di�erent.At the end, it may be instructive to compare this coalgebraic way of com-bining methods, with the approach taken in [1] (explicitly e.g. in Section 8.5.2).There the methods of a class are combined in a slightly di�erent manner, namelyin a labeled product, called \trait type":RegisterTrait = [# read: Self! [Address! Lift[Data]];write: Self! [Address;Data! Self];erase: Self! [Address! Self] #]What we do is basically the same, except that our methods are combined \coal-gebraically", with the common input type Self on the outside. What is called a\class type" in [1] is such a \trait type" together with a constructor new, seethe RegisterClass type above. Thus, when it comes to interfaces, there is noreal di�erence between our approach and the one in [1]. But we go further intwo essential ways: (a) we restrict the methods and constructors so that theysatisfy certain requirements (given in the assertions and creation-conditions inthe speci�cation), and (b) we (automatically) generate appropriate notions ofinvariance and bisimilarity for (the interface of) each class speci�cation, and usethem systematically in reasoning about these speci�cations.3 A bounded register: inheritance and overridingHaving described an implementation for the Register class speci�cation|anddeveloped part of its theory|we now introduce a new class speci�cation Bound-edRegister by inheritance. A bounded register is a subclass of a register, whichoverrides the write operation and de�nes a new attribute count. A bounded reg-ister can only store a limited number of data elements, and the count attribute is8



Begin BoundedRegister[ Data : Type, Address : Type, n : nat ] : ClassSpecInherit from Register[Data,Address]Method write : [Self,Address,Data] -> Self;count : Self -> natAssertion override_write_def : PVS FORALL(a : Address, d : Data) :bisim?(write(x, a, d), IF count(x) < n OR up?(read(x,a))THEN super_write(x, a, d)ELSE xENDIF) ENDPVScount_super_write : PVS FORALL(a : Address, d : Data) :count(super_write(x, a, d)) = IF bot?(read(x,a))THEN count(x) + 1ELSE count(x)ENDIF ENDPVScount_erase : PVS FORALL(a : Address) :count(erase(x, a)) = IF bot?(read(x, a))THEN count(x)ELSE max(0, count(x) - 1)ENDIF ENDPVSConstructor new : SelfCreation count_new : PVS count(new) = 0 ENDPVSEnd BoundedRegisterFig. 2. A bounded register class speci�cation in CCSLused to keep track of how much data is currently stored. When the bounded reg-ister is full (i.e. when its count is above a certain number n given as parameter),a write operation does not have any e�ect; otherwise it acts as the write oper-ation from the superclass Register. Further, the read and erase operations fromRegister are used without modi�cation. A ccsl class speci�cation of a boundedregister is given in Figure 2. The predicates bot? and up? on Lift[Data] tellus whether an element x : Lift[Data] is bot or up(d), for some d : Data.Again, our tool generates several pvs theories from this speci�cation. Thissection will discuss the essential consequences the use of inheritance (in combi-nation with overriding) has on the generated theories.We model inheritance by letting the interface of the BoundedRegister notonly contain the operations write and count, but also the superclass as a �eld(super Register). This enables access to the methods of the superclass.BoundedRegisterIFace : TYPE =[# super_Register : RegisterIFace[Self, Data, Address],write : [Address, Data -> Self],count : nat #]Now we provide access not only to the individual methods of the Bounded-Register class but also to the methods from the superclass, via the followingde�nitions.c : VAR [Self -> BoundedRegisterIFace[Self, Data, Address]]super_Register(c) : [Self -> RegisterIFace[Self, Data, Address]] =LAMBDA (x:Self) : super_Register(c(x))read(c) : [[Self, Address] -> Lift[Data]] =9



LAMBDA (x:Self, a:Address) : read(super_Register(c(x)))(a)super_write(c) : [[Self, Address, Data] -> Self] =LAMBDA (x:Self, a:Address, d:Data) : write(super_Register(c(x)))(a, d)write(c) : [[Self, Address, Data] -> Self] =LAMBDA (x:Self, a:Address, d:Data) : write(c(x))(a, d)erase(c) : [Self, Address -> Self] =LAMBDA(x : Self, a : Address) : erase(super_register(c(x)))(a)count(c) : [Self -> nat] =LAMBDA(x : Self) : count(c(x))Via these explicit de�nitions, all methods of superclasses can be used in sub-classes. The number of such de�nitions may be considerable when there are highinheritance trees, but our tool generates all of them automatically. In fact, thisis one of the reasons for developing such a tool.The write operation in the subclass speci�cation in Figure 2 also occurs inthe superclass. This double occurrence is used to signal overriding. Our toolrecognizes it, and generates as a result two write operations. A \direct" onefrom the current subclass (simply called write) and an \indirect" one from thesuperclass (called super write). Notice that the coalgebra c|used as variablein this theory|combines both the structure of the subclass and the superclass.The theories about invariants and bisimulations are generated incrementally,i.e. they extend the predicates and relations on Register with appropriate clausesfor the additional methods of the subclass.The assertions and creation-conditions of BoundedRegister are translatedinto pvs predicates, just as in the Register example. The resulting predicateBoundedRegisterAssert? combines these assertions with the assertions in Regis-terAssert?. The predicate BoundedRegisterCreate? similarly combines the newcreation-conditions with the \super" creation-conditions from Register. This im-plies that, although we override a method, we can still expect the superclass tobehave as speci�ed.BoundedRegisterAssert?(c) : bool =RegisterAssert?[Self, Data, Address](super_register(c))AND FORALL(x : Self) : override_write_def?(c)(x)AND count_super_write?(c)(x)AND count_erase?(c)(x)BoundedRegisterCreate?(c) : PRED[Self] ={x : Self | count(c)(x) = 0AND RegisterCreate?[Self, Data, Address](super_register(c))(x)}The BoundedRegisterStructure theory now contains an additional casting oper-ation from BoundedRegisterClass to RegisterClass.BoundedRegisterClass : TYPE =[# clg : (BoundedRegisterAssert?),new : (BoundedRegisterCreate?(clg)) #]cast : [BoundedRegisterClass -> RegisterClass] =LAMBDA(cl : BoundedRegisterClass) :[# clg := super_Register(clg(cl)),new := new(cl) #] 10



(Well-de�nedness of cast involves proving two easy results.) When an imple-mentation for a bounded register is described, de�nitions for the methods inBoundedRegister (i.e. count and write) and for those in the superclass (i.e. read,write, erase) have to be given. An obvious implementation of the bounded reg-ister speci�cation uses the Cartesian product [nat, FunctionSpace] as statespace, where FunctionSpace is the state space of the �rst Register implemen-tation in the previous section. The �rst component nat describes the value ofcount. Appropriate operations on this state are easily de�ned, by re-using theRegister implementation on FunctionSpace. The contents of the theory withthe loose model is not in
uenced by inheritance and also the way the theory isgenerated is not altered.4 Modeling other object-oriented aspectsThis section brie
y discusses how|and to what extend|various typically object-oriented features are realised in our formalisation. Not all of the aspects that wetouch upon have fully crystalised into stable form, and the further developmentand use of our tool may lead to certain changes.Component classes. When specifying a new class one often wishes to useanother class as a component. By component we mean an attribute which isan instance of another class. This is also known as an aggregation realising ahas-a relationship between two classes.Begin Counter [ n: posnat, val_init : nat] : CLASSSPECMethod val : Self -> nat;next : Self -> Self;clear : Self -> SelfAssertion val_next : PVS val(next(x)) =IF val(x) = n-1 THEN 0 ELSE val(x)+1 ENDIFENDPVSval_init : PVS val_init <= n ENDPVSval_clear : PVS val(clear(x)) = 0 ENDPVSConstructor new : SelfCreation val_new : PVS val(new) = val_init ENDPVSEnd Counter Fig. 3. A counter (modulo n) class speci�cation in CCSLTo demonstrate the use of components we adopt an example from [12]. Supposethat we have a class Counter, which counts modulo a parameter n, as in Figure 3.This class Counter is used (twice) as a component in the class speci�cation of aDoubleCounter in Figure 4. A DoubleCounter has two counters as components,both counting modulo n. It has operations next, val and clear. The �rst counteris incremented every time a next operation is executed. The second counter isonly incremented when the �rst counter reaches n.As we have seen, our tool automatically generates loose and �nal models(without any internal structure) for every speci�cation, and presents an optionfor the user. Both these models can be used for components, but a �nal modelenables subclassing for components. 11



Begin DoubleCounter[ n: posnat ] : CLASSSPECMethod val : Self -> nat;first : Self -> Counter[n,0];second : Self -> Counter[n,0];next : Self -> Self;clear : Self -> SelfAssertion val_def : PVS val(x) =n * val(second(x)) +val(first(x)) ENDPVSfirst_next : PVS bisim?(first(next(x)), next(first(x))) ENDPVSsecond_next : PVS bisim?(second(next(x)),IF val(first(x)) = n-1THEN next(second(x))ELSE second(x) ENDIF) ENDPVSfirst_clear : PVS bisim?(first(clear(x)), clear(first(x))ENDPVSsecond_clear : PVS bisim?(second(clear(x)), clear(second(x)))ENDPVSConstructor new : SelfCreation first_new: PVS bisim?(first(new), new) ENDPVSsecond_new: PVS bisim?(second(new), new) ENDPVSEnd DoubleCounterFig. 4. A double counter class speci�cation in CCSLAs an example, the interface for DoubleCounter, using a loose model for thecomponents, will be generated as follows.DoubleCounterIFace : TYPE = [# val : nat,first : LooseCounterType[n,0],second : LooseCounterType[n,0],next : Self,clear : Self #]When generating the other theories for DoubleCounter, components are handledjust as normal attributes (with bisimilarity as their equality relation).Re�nement. Earlier we mentioned how to implement a class speci�cation andhow to develop its theory. A third important activity is proving re�nements be-tween class speci�cations. We say that a \concrete" class re�nes an \abstract"class when a model (i.e. an implementation) of the abstract class can be de-scribed in terms of the concrete class. We construct this model as abstract(c):[Self! AbstractIFace[Self; � � �]], where c: [Self! ConcreteIFace[Self,� � �]] is an ar-bitrary model of the concrete class4. Following [13] we do not need the entire statespace Self to obtain an \abstract" model, but we can restrict ourselves to thesubtype (P ) of Self arising from an invariant P on Self (w.r.t. the abstract class).Then abstract(c) restricts to an operation of type [(P )! AbstractIFace[(P ); � � �]].Of course, it has to be proven that the model satis�es the assertions and creation-conditions of the abstract class, as expressed by the following lemma.Abstract_refine : LEMMAAbstractAssert?(abstract(c)) AND AbstractCreate?(abstract(c))(new)4 Such a model abstract(c) should actually incorporate models of all the superclassesof the abstract class. Therefore, in practice, the model abstract(c) is best constructedby �rst constructing all these \super" models.12



As an example, we can prove that DoubleCounter with parameter n re�nes acounter modulo n2. The model for this re�nement uses the invariant that thevalues of both component counters are bounded by n.Overloaded methods. Some object-oriented languages allow overloading ofmethods: multiple methods with the same name may occur in the same class aslong as their types are di�erent. This is also possible in ccsl. pvs does allowoverloading of functions, but �eld names in a labeled product|used as types ofinterfaces|are not permitted, hence we use ordinary products in interfaces withoverloading.Multiple inheritance. In our formalization we allow multiple inheritance (eventhough some object-oriented languages do not). This requires coping with nameclashes, for instance: (1) if di�erent superclasses de�ne a method with the samename, and (2) if one class is inherited twice via di�erent paths. To solve the�rst problem, the user can rename the con
icting methods in the INHERIT FROMsection in the ccsl speci�cation, like in eiffel [16]. As an example, a class caninherit both from Counter and from DoubleCounter in the following manner.INHERIT FROM Counter[n,0] RENAMING val AS val_c ANDnext AS next_c ANDclear AS clear_c,DoubleCounter[n] RENAMING val AS val_d ANDnext AS next_d ANDclear AS clear_dThis will lead to method de�nitions likeval_c(c) : [Self -> nat] =LAMBDA(x : Self) : val(super_Counter(c(x)))val_d(c) : [Self -> nat] =LAMBDA(x : Self) : val(super_DoubleCounter(c(x)))Renaming is also necessary for di�erent instances of the same class. The secondproblem of multiple paths to the same method is solved essentially by using setsof ancestor methods.Creation with parameters. So far we have simply used `new' in ccsl speci�ca-tions as a constructor which returns a new instance of a class. In object-orientedlanguages one can usually parametrise such constructors with the initial valuesof the attributes. Typically, in a point class (speci�cation) with attributes fstand snd for �rst and second coordinate, one may wish to have new as a (binary)constructor satisfying the following creation-conditions.fst(new(a, b)) = a AND snd(new(a, b)) = bThis option also exists in ccsl: one can put constructors as functions with type[A1; � � � ;An] ! Self in the constructor section. They are handled in pvs via alabeled product containing all these constructors, instead of a single construc-tor new, as in the examples in Sections 2 and 3. Since we have not yet reachedagreement on whether or not constructors should be inherited in object-orientedspeci�cations, we included both options.Subtyping. The usual object-oriented view is that inheritance (subclassing) im-plies subtyping (see [1, Section 3.2]), namely of the form: in every place where an13



object from a superclass is expected, an object from a subclass may be used aswell. This is because all methods from the superclass also exist in the subclass|possibly in overridden form, but still with the same type. Precisely this aspectof subclassing exists in our formalisation because all methods from superclassesare explicitly (re-)de�ned in subclasses, see the de�nitions of read(c) etc. forbounded registers in Section 3. This \structural" subtyping (see again [1, Sec-tion 3.2]) arises because the Register interface is part of the BoundedRegisterinterface. Also we use explicit casting operations from subclasses to superclasses,as described for bounded registers in Section 3. Such casting operations are gen-erated for components as �nal models.Binary methods. Binary methods are a topic of intense debate in the object-oriented community, see [3]. They are allowed in many object-oriented languages,but can lead to various problems (notably type insecurities). A standard exampleof a binary method is the union (or intersection) operation in a class (speci�ca-tion) of sets (over some parameter type A)....elem? : [Self, A -> bool];add, delete : [Self, A -> Self];union, intersection : [Self, Self -> Self];...Typically, a binary (or n-ary, for n > 1) method takes multiple inputs of typeSelf. Methods of type [Self;A1; � � � ;An]! F (Self) are allowed in ccsl under thefollowing two restrictions: (1) if Self occurs in Ai then Ai = Self, (2) Self occursonly positively in F .Late binding. Consider a Point class speci�cation with attributes fst and snd(as above) and with a move method satisfying:fst(move(x,da,db)) = fst(x) + da AND snd(move(x,da,db)) = snd(x) + dbSuppose now that we often need the move operation with parameters da = db =1, and decide to de�ne it explicitly as move1(x) = move(x,1,1). Late bindingmeans that if we later override move in a subclass of Point, then the move1method will change accordingly: its de�nition will then use the overridden move.At this moment we have an ad hoc solution to model late binding, and we arestill testing its appropriateness in various examples.5 The front-end loop toolThus far we have seen how (ccsl) class speci�cations can be translated intohigher order logic. This translation is done automatically by our tool, which isconstructed as a front-end to a proof assistant. In general, front-end tools pro-vide a higher level interface tailored to a speci�c application domain [2, 20, 23,15, 5]. They vary in the degree of sophistication and user support. While simplesystems feature theory blueprints where the user �lls out special slots in combi-nation with specialised high level tactics [2, 5], more advanced approaches de�nea special language and provide command line compilers [20] or even interactiveuser interfaces [15]. 14



Our development aims at an environment in which the user can specify classesin several languages and frameworks and can then reason about their propertiesand relationships in a suitable proof assistant of choice. Ultimately, we desire atool, called loop (for: Logic of Object-Oriented Programming), which providesan interactive (emacs) shell for the proof assistant. Thus far, as a �rst step,we focus on the compiler, which generates for a given class speci�cation thecorresponding theory and proof representations for the target proof assistant. Itshould be easy to extend the tool to other object-oriented languages and proofassistants. Also, it should come with a suitable graphical user interface. Theseaims in
uenced the choice of the implementation language and the architectureof the compiler.We use the typed functional language Objective Caml (ocaml) [22], thecurrent release of the French ml dialect caml. Objective Caml provides, abovethe strict typing and readable syntax of an ml dialect, a typed module system,command line compilers with the capability of generating native machine code,lexer and parser generators, and an extensive library including an X-Windowinterface.The architecture of the compiler (see Figure 5) exploits standard compilerconstruction techniques. It is organised in a number of passes which work on�xed interface data structures. This enables us to easily plug-in modules forother input languages (than ccsl) and other target proof assistants (than pvs).� ccslstring // lexer tokenstream // parser class type
��type checker
��inheritance analyser
��theory generatortheory type ** pretty printer pvsstrings // �Fig. 5. Tool architectureThe compiler basically consists of the input modules lexer and parser, theinternal modules (the vertical part in Figure 5), and the pretty printer. The lexerand parser are generated by the ocaml tools ocamllex and ocamlyacc whichresemble the well-known lex and yacc from c programming environments. Pars-ing a (ccsl) string yields an internal symbolic class represented as a value ofthe complicated, inductively de�ned ocaml type class type. The parser canbe replaced by any other function which generates values of class type. All in-ternal passes have input and output values in this type. The real work is carriedout at a symbolic level. Extra steps can easily be inserted. After type check-ing and performing several semantic checks (for instance to determine the fullinheritance tree of a class) the �nal internal pass produces symbolic theories15



and proofs as values of the ocaml type theory type. This latter pass is theworkhorse of the whole system. Finally, a target speci�c pretty printer convertsthe symbolic representation for pvs (or another proof assistant).Currently, the compiler accepts ccsl class speci�cations in a �le name.behand generates the corresponding theories and proofs as described in the previ-ous sections. For instance, compilation of a �le register.beh containing thesimple speci�cation from Figure 1 will generate the �les register.pvs andregister.prf. The �le register.pvs can then be loaded, parsed, and typechecked in pvs. Before �lling out the theory frames as described above the usercan prove automatically all the standard lemmas with the proof-file com-mand.Conclusions and future workWe have elaborated a way to model object-oriented class speci�cations in higherorder logic in such detail that it is amenable to tool support. Future work, asalready mentioned at various points in this paper, involves: elaboration of theformal de�nition of ccsl (including e.g. visibility modi�ers and late bindings),completion of the implementation of the loop tool, de�nition of appropriatetactics, stepwise re�nement, development of various extensions to the tool andof course: use of the tool in reasoning about various object-oriented systems.AcknowledgementsWe thank David Gri�oen for helpful discussions.References1. M. Abadi and L. Cardelli. A Theory of Objects. Monographs in Comp. Sci.Springer, 1996.2. M. Archer and C. Heitmeyer. TAME: A specialized speci�cation and veri�cationsystem for timed automata. In A. Bestavros, editor, Work In Progress (WIP)Proceedings of the 17th IEEE Real-Time Systems Symposium (RTSS'96), pages3{6, Washington, DC, December 1996. The WIP Proceedings is available athttp://www.cs.bu.edu/pub/ieee-rts/rtss96/wip/proceedings.3. K. Bruce, L. Cardelli, G. Castagna, The Hopkins Objects Group, G. Leavens, andB. Pierce. On binary methods. Theory & Practice of Object Systems, 1(3), 1996.4. C. Ĉ�rstea. Coalgebra Semantics for Hidden Algebra: parametrised objects and in-heritance. To appear in:Workshop on Algebraic Development Techniques (SpringerLNCS), 1998.5. A. Dold, F.W. von Henke, H. Pfeifer, and H. Rue�. Formal veri�cation of transfor-mations for peephole optimization. In FME '97: Formal Methods: Their IndustrialApplication and Strengthened Foundations, Lecture Notes in Computer Science.6. J.A. Goguen and G. Malcolm. An extended abstract of a hidden agenda. InJ. Meystel, A. Meystel, and R. Quintero, editors, Proceedings of the Conferenceon Intelligent Systems: A Semiotic Perspective, pages 159{167. Nat. Inst. Stand.& Techn., 1996. 16
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