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ABSTRACTWe show how UML class diagrams can be used to documentdesign by re�nement in the early design stages. This is illus-trated by an example from the area of embedded real-timeand hybrid systems. A precise semantics is given for theUML class diagrams by translation to the Z schema calcu-lus.
1. INTRODUCTIONWhen we wish to introduce formal methods into a soft-ware development process, we face the problem of �ndingthe right place for the speci�cation and veri�cation docu-ments within the framework de�ned by the process. In thefollowing we outline the documents of a typical software de-velopment process, the typical steps in a re�nement basedformal method, and conclude with a possible match of thedocuments of a formal method to the software process. Asalready identi�ed in the project KORSO (Correct Software)[23], formal methods may need some top level diagrams.Whereas in [23] the concept of a development graph wasused for this purpose, we propose to employ UML class dia-grams with precise guidelines for the kind of association anddependency relations used.
1.1 Software processes and documentationA typical state-of-the art process is the V-model [2] whichorganizes the design and test documents in parallel levelsfrom requirements to code and back again, see Figure 1.Design produces design and test speci�cation documents foreach level. The design speci�cations are input to the lowerlevel, while the test speci�cation is input to the test leg ofthe model. The outcome of tests are documented in testreports. In the following we focus on documents from:� the System (Sub-system and Segment) level, wheredocuments describe the organization, architecture orstructure of the systems or its major constituents, and

� the Component level with speci�cations for the small-est individually designed units.We shall not be concerned with source code documents atthe lowest level of Module and Data. Furthermore, we focuson design and test documents and not associated manage-ment reports.In a state-of-the-art organization with a de�ned and repeat-able process, we �nd the following typical documents:System Decomposition. The central architectural docu-ment that gives an overview of all components andtheir relations. This document is typically a diagramof some sort (activity diagram, process diagram, con-text diagram), possibly with subdiagrams and textualdescriptions of the main functionalities and interfacesof the constituents.Component Speci�cation. This de�nes the protocols andmethods and desired behaviour for a given component.Component Test Speci�cation. A description of the teststo be executed to ensure that the implementation con-forms to the (component) speci�cation.Component Test Report. A report on the successful exe-cution of the speci�ed component tests.The documents above are key products of the software de-velopment process, and a major part of the work of the soft-ware engineers or programmers is to produce, update anddigest these documents. While work with the speci�cationdocuments is somewhat creative, the work with test speci-�cations and test reports is more analytical and often verytedious; thus any techniques that may improve the intellec-tual content or automate the production of these documentsare very interesting to a software organization. This is prob-ably the main reason for software organizations to take someinterest in formal methods.
1.2 Formal methodsThe basis of formal methods is to formulate speci�cationsfor components in a notation such that mathematical tech-niques can be used to derive their properties. A componentspeci�cation will describe an interface in terms of an al-phabet of admissible events or actions together with some



Module & DataComponentCon�gurationSegmentSub-systemSystemLevel: Design TestAAAAAAAU-��������Figure 1: The V-modeldescription of the language over this alphabet that is the de-sired protocol. A component speci�cation will describe fur-ther the desired behaviour, possibly operationally by a statemachine that conforms to the interface protocol or declara-tively by a formula in a suitable logic.Such speci�cations are not too di�erent from what is usuallyfound in corresponding documents of conventional processes.The di�erence may even be narrowed further when moderntools that use Message Sequence Charts, State Charts orother State Machine formalisms are taken up by the softwareproducing organizations. The major di�erence is, when itis tested that the implementation conforms to the speci�ca-tion. Conventional techniques postpone test until a concreteimplementation is produced for this level of the design andthus by all underlying levels.The key to a formal methods approach is that components(speci�cations or descriptions when we are speaking of im-plemented ones) may be combined using assorted combina-tors and related by some \implements" or \re�nes" relation.The test of conformance is then a proof that such a relationholds for the speci�c components of a design. Speci�cationscan thus be tested before implementations are available.When such re�nements are done individually for di�erentparts of the system, it is important to document them aspart of the system decomposition, just like the test speci�-cation and test report together document that testing hasbeen done.
1.3 Formal methods documentsFor formal methods we thus expect to see the followingchanges in the documentation.System Decomposition. This is a structural document thatdocuments not only �nal components as now, but alsointermediate abstractions that are used to formulatere�nements.Component Speci�cation. Apart from notation essentiallyunchanged.Component Test Speci�cation. This is replaced by a Com-ponent Re�nement Speci�cation.Component Test Report. This is replaced by a Compo-nent Re�nement Veri�cation that documents a proofthat the re�nement holds. This is where automatedtools like veri�ers and model checkers are extremelyimportant.

The system decomposition document is the topic for thispaper. We want to investigate how class diagrams are usedto document a re�nement based development.
1.4 OverviewWe start in Section 2 from a well researched formal approachto real-time and hybrid systems based on the Duration Cal-culus [34], an interval-based real-time logic and calculuswith continuous time domain. It has been demonstratedin the research project ProCoS (Provably Correct Systems)[14] and subsequent work that this logic is suitable for ex-pressing both high level safety and functional requirementsfor real-time systems as well as the real-time semantics ofdesign speci�cations and real-time programming languages[22]. An advantage of such a logic-based approach to thedescription of real-time systems is that the central notion ofre�nement between di�erent design stages can conceptuallybe modelled by logical implication.On the other hand, Duration Calculus is just a logic, itlacks a structuring mechanism that is needed in larger ap-plications. A �rst attempt to overcome this shortcomingis to use the schema calculus of Z [29, 32]. We have donethis in previous work, e.g. in [22]. However, with Z we ob-tain long sequences of schemas that are di�cult to follow.That is why we looked at the Uni�ed Modelling Language(UML), a newly emerging standard for the graphic, object-oriented modelling of software-intensive systems [1]. UMLembraces various sorts of diagrams for describing both thestatic and dynamic aspects of systems. Static aspects arecovered by class diagrams with inheritance and other re-lations, and dynamic aspects are covered by state charts,(message) sequence diagrams and other sorts of diagrams.In Section 3 we demonstrate that a small UML subset com-prising the concepts of class diagram, interface, inheritance,aggregation and package su�ces to add and visualize themissing structure to design stages formulated in a re�ne-ment oriented formal approach. The special UML realisa-tion dependency is in Section 4 used to document re�nementof components.The case study of the Generalized Railroad Crossing [15, 22]serves in Section 5 to illustrate our approach.UML is claimed to be �t for various application domains,even real-time systems [28, 27]. However, such systems crit-ically depend on the semantics of quantitative time con-structs, and semantics is one of the weak spots of UML.While there is an informal explanation given for each of theconstructs in UML, a consistent formal semantics of the fulllanguage is missing. Thus a connection to formal meth-ods with their analysis and veri�cation techniques is not yetestablished. Currently, various researchers attack the chal-lenge of UML by giving formal semantics for various partsof the language (see e.g. [10]). It is indeed questionablewhether a formal semantics for the full language UML isachievable and desirable. We think that it is more appropri-ate to tailor UML pro�les for speci�c application domains.For such pro�les a clear semantics is easier to achieve.In Section 6 we give a formal semantics for the UML sub-set used here by translating the graphic notation back tothe Z schema calculus. In this process we have taken some



care to be compatible with the informal semantics expressedby the originators of UML for instance in the recent draftstandards.Finally, Section 7 summarizes the paper and discusses re-lated work and further perspectives.
2. A FORMAL METHODThe application domain considered in this paper are real-time and hybrid systems. These systems consist of somephysical process that is continuously evolving over time forwhich a suitable discrete controller in software and/or hard-ware has to be constructed such that the controlled processexhibits a desired time dependent behaviour [12, 30]. Theadjective hybrid stresses that the process involves real-valuedcontinuous data like temperature, pressure and time. Theadjective real-time stresses that we are concerned with a sub-class of hybrid systems where time is the only real-valuedquantity. Real-time systems can also be seen as reactive sys-tems where reactions to certain inputs have to occur withingiven time intervals [19, 24]. In both cases the interactionbetween process and controller proceeds via sensors and ac-tuators. When constructing the controller the reaction timesof all components of this system have to be taken into ac-count.Following [14] a real-time or hybrid system is described bya set of time dependent observables obs which are functionsobs : Time ! Dobswhere Time is a continuous time domain, the non-negativereal numbers, and Dobs is the data domain of obs. For real-time systems Dobs will be a discrete or even �nite set, forhybrid systems Dobs will be a subset of the real numbers.Properties P(obs) of observables obs can be expressed inmany di�erent notations, e.g. logical formulae, behaviouraldiagrams or state-transition models. Since we want to stateand verify system properties, we request that these nota-tions have a formal semantics. We found Duration Calcu-lus (DC for short) [34], an interval-based real-time logic forspecifying and proving such properties, a convenient unify-ing framework for this purpose. DC can be used both asan explicit speci�cation logic and as a semantic basis forother speci�cation techniques for real-time and hybrid sys-tems. The papers [7, 4, 6, 26, 25] show how the semanticsof graphic notations for expressing requirements and designscan be given in terms of DC. However, DC is not the topic ofthe paper, which can be read with any logic based notationin mind.
2.1 RefinementIn a logic based framework, di�erent syntactic descriptionsof a real-time system are given by predicates in the samelogic. The advantage is that then the central concept ofre�nement between di�erent design stages corresponds tological implication between predicates.For example, if req is a requirement and spec a design spec-i�cation we writespec) req

to express that the semantic predicate associated with speclogically implies the semantic predicate associated with req.Thus the set of behaviours allowed by spec is contained inthe set of behaviours allowed by req. Conceptually, thismeans that spec re�nes or satis�es all the properties of req.In other words, spec is correct w.r.t. req.Analogously, if spec is a speci�cation and prog a programthen prog ) specexpresses that prog correctly implements spec. By the tran-sitivity of ) we can deduce prog ) req from the above twofacts, i.e. prog correctly implements the requirement req.This picture gets more complicated if the predicates associ-ated with, say, prog and spec involve observables on di�erentdata domains, say prog involves more concrete observablesc and spec more abstract ones a. Then we need a linkinginvariant that relates the values of a and c. Such an in-variant is known from data re�nement [16, 3]; it can also beexpressed as a predicate, say link . Then re�nement can beexpressed by the formulaprog ^ link ) spec; (1)i.e. the conjunction of (the semantic predicate of) prog andlink together imply (the semantic predicate of) spec. Thistreatment of re�nement follows the philosophy that \pro-grams are predicates" [17].
3. DOCUMENTING COMPONENTSA system component consists of a declaration and a prop-erty describing the allowed behaviour of the declared en-tities. Structuring mechanisms are needed to build largercomponents out of simpler ones. It is well known that insoftware development one needs suitable means for docu-menting components and their structure (see e.g. [23]).
3.1 Z schemasAn approach from the formal methods area is the speci�-cation language Z, which is particularly suited for the de-scription of complex state spaces and their transformation[29, 32, 33]. Z is based on set theory and predicate logicand adds structure to it by the concept of a schema and theschema calculus.A schema groups together a declaration part and a predicatepart under a schema name. This is written asName b= [declaration j predicate ]or as a schema boxNamedeclarationpredicateThe declaration introduces logical variables ranging over cer-tain data domains and the predicate describes properties ofthese variables. For a schema Name let DeclName denote itsdeclaration part and PredName its predicate part.



In the application domain of real-time and hybrid systemswe consider schemas S of the formSobs : Time ! DobsP(obs)where P(obs) as before is a predicate specifying propertiesof obs.To document the structure of more complex classes one canuse the Z schema calculus. First of all, it allows us to includeschemas in other schemas by referring to their name. Forexample,TSx : DxQ(x )denotes the schemaTobs : Time ! Dobsx : DxP(obs)Q(x )where the list of predicates P(obs) and Q(x ) stands for theirconjunction P(obs)^Q(x ).Schemas can be combined by logical operations like disjunc-tion and conjunction. Schema conjunctionS1 ^ S2yields a schema U obtained by double schema inclusionUS1S2In other words, both the declaration parts and the predicateparts of S1 and S2 are conjoined.Z is equipped with a simple type system for all its expres-sions. For a given expression, the Z type approximates thedata domain from which this expression can take its values.In particular, schemas themselves are allowed as types. Sucha schema type corresponds to a record type. For example,the declarationv : Tspeci�es that v is a variable ranging over records with twocomponents, viz. v :obs : Time ! Dobs and v :x : Dx :

3.2 UML classesIn object-oriented design, a component is described by aclass. A class has a name and is in essence a state machinewhere the state is de�ned by the attributes of the class andthe events are de�ned by the operations of the class. It isimportant to note that the state of a class can evolve overtime. Restrictions on the state behaviour can be de�ned asresponsibilities (for implementing the class). In UML [1] aclass is represented graphically as follows:NameattributesoperationsresponsibilitiesIn the application domain of real-time and hybrid systemswe consider classes A of the formAobs : DobsP(obs)where the attributes describe observables obs that evolveover time and take values in the domain Dobs . Note that incontrast to the Z schema S , the time dependency of obs isleft implicit here. The operation �eld is empty because wepursue here a purely state-based approach where a systemis described by observables. Operations or methods wouldcorrespond to an explicit notion of events. These might beincluded in an extension of our approach.In the application domain of real-time and hybrid systemsthe attributes can be classi�ed into input, output, control-lable and parameter. In UML this classi�cation can be mod-elled by adding stereotypes such as �input� to the listof attributes. Attributes classi�ed as �parameter� aretreated as \frozen" in the sense of UML. This signals thatthese attributes are not dependent on time.To document the structural relationship between classes onecan use UML diagrams. Out of simple classes more com-plex ones can be built up incrementally using the conceptof generalization or inheritance. In UML this structural re-lationship is visualized by an inheritance arrow:A ����Bexpresses that class A generalizes class B or vice versa thatB extends A by inheriting all the attributes and responsibil-ities of A. It is also possible that a class B extends severalother classes A1; :::;An. This is visualized as a multiple in-heritance (see Fig. 2).Aggregation is another structural relationship expressing thatgiven classes, say A1; :::;An, are part of a larger class B .This is visualized as shown in Fig. 2.A more general structural relationship is the association. Itcan stand for any relation between classes A and B and is
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       A1Figure 2: Multiple inheritance and Aggregationvisualized as follows:A Ass BHere the name Ass hints at the intended relationship.Several classes and relationships can be grouped togetherinto packages. These can be referred to by the names thatcan be stated on their tags. Notes are comments that canannotate any UML element, be it a class, a package, a rela-tionship or even an individual attribute. The correspondingUML symbols are shown in Fig. 3.
NotePackage InterfaceFigure 3: Package, Note and InterfaceIn UML an interface describes a signature, i.e. a collectionof operations. This is too restrictive for our purposes, �rstbecause we consider only attributes and second because wewant to include properties (responsibilities) of the attributesas well. Thus we generalize this concept and allow any classto play also the role of an interface. This role is visual-ized by the stereotype �interface� in the name �eld of theclass. Within a package an interface can play the role of anassumption, i.e. of a class that we assume to be given in afurther construction of new classes, or it can play the roleof a commitment, i.e. of a class that represents the result ofa construction that can be exported to other packages. Iffurther details are not needed an interface can also be rep-resented by a circle containing the interface name as shownin Fig. 3.

4. DOCUMENTING REFINEMENTBesides the structural relationships among components wealso need to document the semantic relationship of re�ne-ment between components. In Z this can be documentedtextually using schema implicationC ) A (2)meaning that for the schemas C and A the following holds:DeclC � DeclA and 8DeclC � PredC ) PredA:If the schemas C and A describe components involving thesame observables then (2) documents that C re�nes A.

If C and A involve observables on di�erent data domains,say A abstract data and C concrete data, a linking invari-ant between abstract and concrete data is needed. It can bedocumented by a suitable Z schema Link so that the re�ne-ment relation between C and A is schema conjunction andimplication as in (1):C ^ Link ) AIn UML an explicit diagrammatic concept is available, thesemantic relationship of realization between classes:C �� � Aexpresses that the class A speci�es a contract that class Cguarantees to carry out. In other words, C realizes the con-tract of A. This relationship will be used to document re�ne-ment between design stages modelled by C and A providedthe same attributes are involved.In case a linking invariant is needed to cope with di�erentdata domains of the attributes in C (oncrete) and A(bstract),the re�nement relation between C and A can be documentedin UML using the pattern shown in Fig. 4. We consider the
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Figure 4: Re�nement Pattern with Linkgeneral case where a class Concrete has attributes obs and cwith a responsibility R(obs;c) and where a class Abstractbesides obs has another attribute a with a responsibilityS(obs;a). To show that Concrete re�nes Abstract, a linkhas to be built between a and c. This is documented by aclass C+Linkwith a responsibility L(a; c) extending Concrete.Thus C+Link has the attributes obs;c;a, and we may use therealization arrow to express the desired re�nement relationbetween Concrete and Abstract. That this relation reallyholds has to be proved by verifying the logical implicationR ^ L ) S concerning the responsiblities. This proof isdocumented as a note attached to the realization arrow.
5. CASE STUDYLet us illustrate the advantages of a combination class dia-grams and re�nements by the Generalized Railroad Crossing(GRC for short) due to [15]. The informal statement of theproblem in that paper is as follows:The system to be developed operates a gate ata railroad crossing. The railroad crossing I lies
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Figure 5: GRC modelin a region of interest R, i.e. I � R. A setof trains travels through R on multiple tracksin both directions. A sensor system determineswhen each train enters and exits region R. Todescribe the system formally, we de�ne a gatefunction g(t) 2 [0; 90], where g(t) = 0 means thegate is down and g(t) = 90 means the gate isup. We de�ne a set �i of occupancy intervals,where each occupancy interval is a time intervalduring which one or more trains are in I . The ithoccupancy interval is represented as �i = [�i ; �i ],
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CParamFigure 8: RequirementsThe top level view on the UML model of the GeneralizedRailroad Crossing is given as a package GRC containing lo-cal packages for the track and the gate model (see Fig. 5).Appropriate notes picture the real world track and gate toremind us of what the local packages are modelling.First we detail the track model (see Fig. 6). To this end, weintroduce appropriate attributes and formalize the responsi-bilities in DC on the basis of our earlier work [22]. We startwith a class TrackMonitor where as attribute we takeTracks : fe;a;cg:Here e means that the tracks are empty, a means a train isapproaching and c means it is in the railroad crossing I . Itis convenient to introduce abbreviations, e.g.Empty abbreviates Tracks = e; (3)and analogously for Appr and Cross. This is done by gen-eralizing the class TrackMonitor to a class Abbreviationsthat introduces new attributes Empty, Appr , Cross andstates their relationship (3) to the old ones as responsibil-ities. Neither the observable Tracks nor the abbreviationsEmpty, Appr , Cross document in which order the observ-able Tracks can assume their values. To align our modelwith the real world we must formalize the train movement.When a train moves into the region R of interest the trackstate changes from Empty to Appr and then to Cross. Af-ter Cross the track state can either change to Empty or toAppr (next train coming). This information is documentedin the class ITMoves which extends Abbreviations. In thiscase study, the initial letter I signals that ITMoves is an in-terface that will be used for further construction in other

packages. It is what the remaining system needs to knowabout trains and tracks.Next we detail the gate model (see Fig. 7). This is morecomplex because we start here from a class GateHybridwhere we model the gate behaviour by continuous observ-able g : Time ! [0; 90] and its derivative g� [22]. For thefurther design of the gate control, however, it is su�cientto work with a more abstract real-time view IGateRT of thegate where instead of the continous gate movement we ob-serve only whether the gate is OPEN or CLOSED. Thatthis is a correct abstraction of GateHybrid or vice versathat GateHybrid re�nes IGateRT requires a proof involvinga link between g and OPEN and CLOSED. This re�nementproof follows the pattern shown in Fig. 4. The letter I sig-nals again that IGateRT is an interface that will be used infurther packages.Once we have built models for the track and the gate weturn to the requirements the gate control should satisfy (see8). These are the Safety and Utility Property stated above.To formulate these properties we start from the interfacesITMoves and IGateRT and collect them in a common in-terface called ICrossing. Now the desired properties canboth be formulated as extensions of this interface leading toclasses Safe and Utility. Recall from the problem de�ni-tion that Utility additionally incorporates the parameters(constants) �1 and �2; they have been grouped here in aseparate class CParam.In [22] we have shown how to re�ne the requirements Safeand Utility into simple controller speci�cations Safe1 and



Utility1. The interesting point about these re�nement stepsis that they succeed only under additional assumptions onthe environment, here the train speeds. The re�nement ofSafe to a class ISafe1 assumes that the trains are not toofast. This is modelled by a class TFastwhere the responsibil-ity is given by some DC formula. In UML an assumption canbe introduced into the GRC model by extending the classICrossing by TFast. Now the re�nement of Safe to ISafe1follows the pattern of Fig. 4 with a suitable LinkSafe.Similarly structured is the re�nement step from Utilityto IUtility1. It assumes that the trains are not too slow.This is modelled by a class TSlow. The documentation of thetwo re�nements is shown in Fig. 8. Altogether ISafe1 andIUtility1 are new interfaces that have been constructedfrom interface ICrossing by incorporating the end user re-quirements.The next phase is the controller design documented in Fig. 10.We follow here the approach of [6] where the GRC case studywas treated with the aim of producing a control program fora Programmable Logic Controller (PLC), a widespread im-plementation platform in automation technology [18, 21]. In[4, 5] PLC-Automata have been developed as a speci�cationtechnique for PLC behaviour. PLC-Automata �t well to ourformal method because their semantics has been de�ned interms of DC.In [6] it has been shown that the railroad crossing [15] canbe controlled by the PLC-Automaton in Fig. 9. It consists
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ClFigure 9: PLC-Automatonof two states qOp; qCl and reacts to inputs E ;A;Cr by out-putting O and Cl . Inputs mark the transitions and outputsappear inside the states. In its initial state qOp (marked byan in-going arc) the automaton outputs O (gate open) andstays in this state as long as the input is E (track empty).Once an input A or Cr (train approaching or crossing) isdetected, the automaton switches to state qCl where theoutput is Cl (gate closed). As long as the input remains Aor Cr , the automaton stays in that state. Once an input Eis detected, it switches back to its initial state qOp .As for physical PLCs, the real-time behaviour of a PLC-Automaton model is determined by an additional parame-ter, the cycle time ". It determines how long an input has tobe stable before we can be sure that it is read by the PLC-Automaton. Additionally, timing annotations can appear inthe lower parts of states. In this simple example we see onlythe inscription 0. It speci�es that the automaton shouldreact as fast as possible to the input values, i.e. within thecycle time.The details of the real-time behaviour of the PLC-Automatonare de�ned by its DC semantics [4]. It describes the be-

haviour of its input, state and output by three observables:in : Time ! fE ;A;Crg;st : Time ! fqOp ; qClg;out : Time ! fO;Clg:Thus PLC-Automata can be viewed as a graphic notationfor expressing properties of the speci�c observables in, stand out .
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Figure 12: Design Re�nement PatternPLC-Automaton shown in Fig. 9. Clearly, the re�nementrelies on a class LinkController formalizing the link be-tween the observables of the GRC model, viz. Empty, Appr ,Cross, OPEN , CLOSED, and the observables of the PLC-Automaton, viz. in; st ;out . Interesting is that in this casethe proof of the re�nement can be done fully automatic.In fact, it has been shown in [4] that from speci�cationsof a certain subset of DC, to which the responsibilities ofthe classes ISafe1 and IUtility1 belong, PLC-Automatare�ning these speci�cations can be synthesized fully auto-matically. Thus the re�nement proof lies in the correctnessof the synthesis algorithm. This is documented in Fig. 10by a corresponding note.The last phase is program design. Here the PLC-Automatonas documented in Controller is re�ned to a real PLC pro-gram in a suitable programming language like ST (Struc-tured Text) [18, 21]. The link between the abstract speci-�cation of the PLC-Automaton and the concrete PLC pro-gram is described by the class Placement, which extends thecomponent PLC program. The re�nement relation betweenController and PLC program is established by a compiler[4]. Fig. 11 documents the program design.
5.1 Design refinement patternThe overall pattern of a document on design by re�nement isshown in Fig. 12. We begin with a PlantModel formalizingthe real world plant. This model is then extended by for-malizing the Requirement for the implementing controllersoftware. Showing that this Implementation satis�es or re-�nes the Requirement asks for a proof that is in generalbased on a semantic link between di�erent data domainsused in the Requirement and the Implementation and onfurther assumptions on the plant environment. Using UMLclass diagrams and relationships this pattern is documentedas shown in Fig. 12. As we have seen in the above case studyactual designs use several such re�nement steps.

6. SEMANTICSA critique against UML is its missing formal semantics. Forthe UML subset used here we give such a semantics by trans-lating the graphic notation back to the Z schema calculus.We consider UML class diagrams of the formNameattributesresponsibilitieswhere the responsibilities are given as a predicate. To eachUML class of this form we associate a Z schema denoted by[[Name]] as its semantics.The de�nition proceeds inductively over the structure ofUML inheritance arrows and aggregation relationships.Induction basis. Consider a classAx : DxP(x )without any outgoing arrow. Then [[A]] denotes the Z schemaAx : Time ! DxP(x )Note that the Z semantics makes explicit the dynamic natureof the class variable x by interpreting it as a time dependentlogical variable. Only if in A the attribute x were classi�edas a �parameter�, it will be interpreted as a \frozen",i.e. time independent variable x : Dx in the Z schema [[A]].Induction step. Case of inheritance. Suppose the semanticsof the class with name A is already de�ned and a class withname B inherits A, i.e.A ����Bwhere the class with name B is of the formBy : DyQ(y)Then the semantics [[B ]] is given by schema inclusion:BAy : Time ! DyQ(y)



Correspondingly, multiple inheritance means multiple schemainclusion.Case of aggregation. Suppose the semantics of the classesA and B is already de�ned and a class with name C of theform Cz : DzR(z )aggregates A and B as shown in Fig. 2. Then C is thedisjoint union of A and B . In Z this can be modelled in-troducing two distinct selectors, say a and b, of the schematypes of A and B . Using this construction the semantics[[C ]] is given as follows:Ca : Ab : Bz : Time ! DzR(z )This semantics of aggregation is as in [9]. This completesthe inductive de�nition.For classes A and B we de�ne the realization arrowA �� � Bas a semantic relationship denoting the schema implication:[[A]]) [[B ]]Associations A Ass B can be easily formalized using a Zschema that makes the association relation Ass between theclasses A and B explicit.
7. CONCLUSIONWe have discussed how re�nement based reasoning in formalmethods may be incorporated as an alternative to testing ina conventional software development process. In order to en-sure proper documentation of the process, we must providearchitecture documents that give the structure of the systemin terms of main constituents and their relations. For thatpurpose we have shown how UML class diagrams are used todescribe the structure of re�nement based designs. The re-sulting diagrams have a straightforward semantics that canbe expressed by expansion to schemas in the Z-notation.The approach is demonstrated on the well-known case studyof the Generalized Railroad Crossing.This work has grown out of our need to reconcile what wesee when we visit good software developers in industry, theobject-oriented design methods that most of our studentslearn, and how we illustrate designs when we introduce ex-amples when we teach or speak about formal methods. Fromour very �rst investigations of applications it has been clearthat one needs some graphs to illustrate the relation be-tween constituents of a design, which is also supported by

the use of architectural diagrams in other applications of for-mal methods. However, most diagrams are made up to illus-trate particular concepts or particular notations. Informal,widely used design methods, including the object-orientedmethods have experienced the same multitude of notations,see for instance the excellent survey [31]. This state of a�airsexplains the enthusiastic reception of the \Uni�ed ModelingLanguage" (UML). There is a need for a standardisationof the notation for graphs that illustrate the structures ofsoftware intensive systems.UML is a very rich language, because it strives to supportdi�erent views of a system. There are diagrams for thestructural aspects of a design as well as the behavioural as-pects of the individual reactive processes. These are the dia-grams that are highly relevant for formal methods. We havefocused on the structural aspects in designs because theyrelate directly to design by re�nement. The behaviouralaspects describe dynamic properties. In our setting theyare given as constraints (UML: responsibilities) in notationsthat feed into proof systems with which we are familiar.They are used in proofs which are notes in the diagrams.These aspects are orthogonal to the structure of designs,and it would take us too far from our current investigationto contemplate how the UML notations for statechart dia-grams and interaction diagrams (a generalisation of messagesequence charts) would be given precise semantics such thatproofs, including model checking, can be done. Almost out-side the scope of formal methods are the UML features forscenarios or use cases for clarifying requirements, source andobject code components in libraries and �les of an implemen-tation, and deployment of executable modules on processors.
7.1 Related WorkIn [23] development graphs are proposed for the documen-tation of a software development process. A developmentgraph consists of nodes representing so-called units and ofedges representing formal relations between units. A unitcan be a software module, a property document or a jus-ti�cation. A relation can be a structural relation, a prop-erty relation or a development relation. Examples for de-velopment graphs are drawn from the realm of algebraicspeci�cations and functional languages. Conceptually, de-velopment graphs play the role of the UML diagrams in ourapproach. The main di�erence is that development graphshave a much richer structure than the subset of UML di-agrams used here. We �nd that this structure would havebeen too rich for the aims pursued here: the documentationof re�nements of real-time systems. Our aim was to identifya particular small, yet powerful subset of standard UML fordocumenting design re�nement.There exist a number of formalisations for subsets of UML[10]. Directly related work is the formalisation of UML classdiagrams in Object-Z [20]: their semantics for classes andassociations is very similar to ours. Also the RoZ tool [8]shows how a precise semantics [9] supports design documentswhere UML class diagrams are used in connection with Zschemas. An attempt at integrating also the behaviouralaspects is found in the Z-based formalism reported in [11].However, re�nement and the structure of the design processis not part of these works.



It is also noteworthy that many commercial tools that sup-ports behavioural speci�cations using statecharts or nota-tions like SDL are introducing UML class diagrams to de-scribe the structure of their designs. Assisted by T.K. Jensenwe have made a small experiment with the Rational Rosetool which can reproduce the most complex diagram shownhere (Figure 8 Re�nement). This tool also allows constraintsin an arbitrary syntax, so it could be the core of a profes-sional development tool supporting design by re�nement. Itwould need to interface to proof assistants and model check-ers through the source texts for the diagrams, cf., the RoZtool [8]. We noticed that the tool did not complain aboutinterfaces with attributes. If this restriction should be en-forced, it would be possible to use visibility constraints onan ordinary class within a package to de�ne an interface {UML is not entirely orthogonal here. Otherwise we havedone our very best to use UML features as intended by itsdevelopers and explained in the User Guide [1] and the draftstandard documents. In particular, we have chosen to usethe speci�c realization arrow for re�nement instead of moreloose dependency arrows.
7.2 PerspectiveThe patterns for re�nement and design re�nement (Figures 4and 12) are also found in the Gas Burner case study [14]and in the more recent ELPRO railroad control system [5].The latter example turned out to have a richer data struc-ture describing track topologies and train placements. Wedid not elaborate these sequential programming facets, butclass diagrams would be a possible description technique.More instructive was the use of aggregation to combine de-scriptions (in this case sensor and actuator pairs) into moremanageable objects and association classes to de�ne theirplacement in the topology.In order to see how the patterns would �t another approachto veri�cation, we examined the structure of a model check-ing case study where behavioural properties of an audioprotocol were checked with the UPPAAL model checker[13]. Here the SystemModel is built as a collection of UPP-AAL real-time automata running in parallel. The user re-quirements are modelled by a class Properties extendingSystemModel and decribing further real-time automata run-ning in parallel to the system automata. The class OK rep-resents the success of the veri�cation. It can for exampleexpress that certain undesirable states of the automata arenot reachable. The UPPAAL tool checks then that the au-tomata of Properties re�ne OK. We hope that the readeragrees that the re�nement pattern is recognisable in the di-agram in Figure 13.
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