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Abstract

This paper is towards the development of a methodology for object-oriented software development. The in-
tention is to support effective use of a formal model for specifying and reasoning during the requirements
analysis and design of a software development process. The overall purpose is to enhance the application of
the Unified Modelling Language (UML) with a formal semantics in the Rational Unified Software Develop-
ment Process (RUP). The semantic framework defines the meaning of some UML submodels. It identifies
both thestatic and dynamicrelationships among these submodels. Thus, the focus of this paper is the de-
velopment of a semantic model to consistently combinsexcase modend aconceptual class diagramto

form a system specification.
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1 Introduction

Object orientation is now a popular approach in the software industries. UML [Gro99] is the de-facto standard
modelling language for the development of software with a broad range of applications, covering the early
development stages of requirements analysis and specification and with strong support for design and imple-
mentation [JBR99, DW98]. Driven by this trend, computer scientists are now intensifying the research to help
better understanding and use of OO methods and UML, e.g. [Ken97, FELR98, BPP99, HROO, REZA2)1, J

A main feature of UML is that different modelling diagrams are used to represent a system from various
views at different levels of abstraction. This however gives rise to the questions of whether different models
used in a system development are consistent and how they are related. In [EKHGO1], problems concerning
consistency among the models for different views are classifidgtbdzsontal consistengyand those about
models at different levels of abstraction &stical consistency Furthermore, consistency of each kind is
divided intosyntactical consisten@ndsemantic consistency

Conditions of syntactical consistency are expressed in UML in terms of the wellformedness rules of OCL
(Object Constraint Language) [WK99]. Obviously semantic consistency requires syntactical consistency.
Article [EKHGO1] studies a particular kind dfehavioral consistencgmong different statecharts of a system

by translating them into Hoare's CSP. The work in [Egy01] deals with automated checking of horizontal
syntactical consistency between a design class diagram and a sequence diagrams of a system at the design
level.

In this paper, we provide a unified framework for formal specification for the models used in different ac-
tivities in RUP [JBR99, Kru]. The framework enables us to identify the distinguishable features of different
models and to relate and manipulate them as well. These models are UML requirement models including
use-case modekndclass diagramsand the design models that antéeraction diagramsanddesign class
diagrams Our long term aim is to support formal use of UML in requirement specification and analysis, and
transformation of requirement models to design models. When it is used within the incremental and iterative
RUP, the method allows stepwise refinement and supports object-oriented and component-based software de-
velopment. We believe this will help to change today’s situation that OO software development in practice is
usually done in a non-scientific manner based on pragmatics and heuristics. On the other hand, with the incor-
poration of our model into the incremental and iterative RUP, we hope to improve the use of formal methods
in the development of large scale systems.

Our formalization follows the Unifying Theories of Programming of Hoare and He [HH98] and is based on
the relational model for object-oriented programming in [HLLO1]. It uses a simple set theory and predicate
logic, rather than a particular formal specification language, such as Z or VDM.

In this paper, we focus on only conceptual aspects of object orientation. Most syntactical and semantic con-
sistency conditions defined in this paper have straightforward algorithms for checking and hence support from
necessary automated tools. We have started our effort to build such as tool [LLHO3].

In the rest of this paper, Section 2 briefly discusses the activities and models in RUP that we intend to formal-
ize. Section 3 introduces a computational model that is similar to the notation of action systems in [MP81].
Section 4 defines a syntax and a semantics for a conceptual model. Section 5 defines a syntax for use-case
model using the relational model developed in [HLLO1]. Section 6 gives a semantics for a use case and
a canonical formof system specification. It shows how a use case behaves in the context of a conceptual
model, and captures the consistency between the two models. Finally conclusions and discussion are given in
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Section 7. Simple examples are used to illustrate the ideas and formalization.

2 Models in Rational Development Process

Requirements capture, analysis, design and modelling are the main technical activities in the early stage
of a RUP cycle. Requirements analysis mainly involves the creation and analysie-achse modebnd
conceptual modelgBR99, Lar01, DW98].

A use-case modelonsists of a set aise-case diagramand a family ofuse-case descriptionis text, each
describing one use case. Each use-case description specifies a required functional service that the system
is expected to provide for certain kinds of users caletbrs It describes aise casen terms of a pattern

of interactions between the actors and the system. The use-case diagrams do not provide much semantic
information. They only illustrate which actors use which use cases and which use casetudexlas parts

of a use case. Therefore, a use-case model specifies the systems’s required functional services, the users of
these services, and the dependency relationships among these services. A library system, for example, has use
cases toBorrow a copy Make a ReservatioandValidate User Identificatiorfor the actor calledJser. Both

Borrow a CopyandMake a ReservatioimcludesValidate User Identification

A conceptual model for an application is a class diagram consistirddasegalso calledconcepty and
associationdetween classes. A class represents a sebofeptual objectand an association determines
how the objects in the associated classes are relatdidKed).

For example, the library system hdser, Loan, Publication andCopy. They are associated so thatiser
takes(currently) a number of loans and a loaorrowsa copyof a publication. Different library systems have
different conceptual models and provide different services. A “small” library does not allow a user to make a
reservation, while a “big” library may provide this service. A conceptual class diagram is given in Figure 1.
In addition to associations between concepts, a concept may havepsgpegtiesrepresented bgttributes

1 takes

Borrows
Makes

-
IsLendable
* *
. 1sOn -
‘Resewallon H Publication
1

- |sHeldFor

Figure 1: A conceptual class diagram

For examplelJser has anameas an attribute, anidoan has adateas an attribute.

We say a class diagram is conceptual at this level because it is not concerned with what an object does, how it
behaves, or how an attribute is represented. The decision on these issues will be made during design when the
responsibilitiesof a use case are decomposed and assigned to appropriate objects. Use case decomposition
is carried out according to tHamowledgehat the objects maintainihat an object can do depends on what

it knows, though an object does not have to do all that it can \dthat an object knows is determined by

its attributes and associations with other objects. Only when the responsibilities of the objects are decided in
the design, can the directions of the associations (iaigationandvisibility from one object to another)
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be determined. This indicates that an association at the conceptual level are simply sets of pairs of objects
and has no direction or equivalently two directions. Therefore, a conceptual modsfascamodelof the
structureof the application domain.

The relationship between a use-case model and a conceptual model is that the conceptual model specifies the
environment, i.ethe state spacainder which the use cases are to be carried ostateis anobject diagram

that consists of a set of objects and a sdirdfs between these objects. Each object and each link in a state
must be respectively an instance of a class and an association declared in the conceptual model. An execution
step in a use case transforms a state into another. A conceptual model is consistent with a use-case model if it
is adequatdo realize the functional services required by the use-case model.

In system desigra requirement specification is realized by a design specification consistirdgsign class
diagramand a family ofinteraction diagrams The design class diagram models #uftware structurghat

realizes the conceptual model of the requirement specification. The interaction diagrams (i.e. collaboration
diagrams or a sequence diagrams) model the interactions between objects and realize the use cases of the
requirement specification. The creation and manipulation of these design models mainly involve use case
decomposition and assignment of responsibilities to objects. The interaction diagrams must meet the require-
ments. This can be proved by showing that the use cases are indeed correctly realized by the interactions
between objects. Experience [Lar01] shows that once a design class diagram is obtained, code can be easily
produced from it. It is possible to develop a tool to help in transforming a design into a code of implementa-
tion.

3 Computational Model

We use a notation similar to a transition or action system [MP81] to combine the two models together to model
a system. Asystemis defined by a tupléa, ®, ©, P) where

e « denotes the set of program variables known to the program.

e P is a set ofoperations each of which is a predicate that relates the initial values of program variables.
The predicate is of the form(x) - R(x, 2’) (called a design in [HH98]):

p(z) F R(z,2) ok Ap(z) = ok’ A R(z,2)

wherex andz’ represent the initial and final valuesofespectivelypk asserting that the operation is
started well an@k’ means that the operation terminatg(l;) is called the precondition, anl(z, =)
the post-condition or the transition relation.

e O is a predicate ovet, called thanitial conditionand defines the initial state(s) of the system.

e ® is a predicate ovet, called theinvariant It must be true in any initial state and preserved by each
operation inP.

An action only changes a subset of variables declared iThe normal formof a design is thus #amed

designof the formV : (p b R), that denotep - R A (w' = w), whereV andw are subsets of, and

w = a— V. When there is no confusion, we will omit the frame in a design by assuming that a variedue
be changed by a design only if its primed versidmccurs in the design.
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The above model has to take into account the following OO aspects.

1. A use case is composed from a number of operations, while a conceptual model determines the follow-
ing variables on which a use case operates:

o for every concept, alass variableghat takes values of sets of objects of the concept;
o for every object of a concept, a variable for each attribute of the concept;

o for every association, a@ssociation variable¢hat take values of sets of links (i.e. pairs) between
objects of the associated concepts.

2. Due to the inheritance mechanism, the effect of a use case on a variable depends on its current type
during execution, rather than its originally declared type.

3. As in imperative languages, a state of a variable is its current value. An object is represented as a finite
tuple that records itiglentity, current type, and the values of its attributes. As an object has no attributes
of object types in a conceptual model, there is no recursive nesting needed here. Association variables
are used to represent links between objects, which may be realized as object attributes in the later design
and implementation.

In summary, a model of an OO requirement is a system («, ®, ©, P) where
e P consists of a set of use cases.

e « identifies the variables on which the use case® ioperate and it is determined by the conceptual
class diagram and the input and output variables of the program.

e The invariant® formally models the invariant constraint. The p@ir, ®) thus gives the formalization
of the conceptual model.
e O is a condition to be established when starting up the system.

In the following sections, we formulate these four components of a system specification.

4 Conceptual Model

A conceptual model is a palf M = (D, ®), whereD is aclass diagramand® is the state constraint on the
classes and associations enforcedhy

4.1 Conceptual class diagram

A conceptual class diagraf of an application identifies the environment in which the use cases operate.
This environment consists of four parts:

1. The first part provides thgtaticinformation on classes and their inheritance relationships:
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e CN: the finite set of classes identified in the diagram. We use bold capital letters to represent
arbitrary classes and types.

e super. the partial function which maps a class todigect superclass, i.esuper(C) = D if D is
the direct superclass 3.

2. The second part describes the structure of each class agddo€ N, it includes

attr (C): thesetof{< a; : T1 >,...,< an, : T, >} attributes ofC, where T; stands for the type of
attributea; of classC, and will be referred byype(C.a;).

As in [AMO02], the type of an attribute is assumed to be a builsimple data typesuch as the natural
numbersNat. We useDT to denote the set of these assumed data types. Eachtidafines a type,
also denoted byC. We allow the construction of a type from the direct product of two types, and the
power sef?(T) of a typeT.

3. The third part identifies the relationships among the classes:
AVar : the finite set of associations captured in the diagram and declaps$asiation variables

{Al : ]P)(CH X C12>, cey Am : P(le X Cmg)}

The type of eachd;, referred bytype(A4;), is the powerseP(C;; x C;2). We useAN to denote the

list Aq,..., A, of the association names lVar. The separation of the treatments of attributes and
associations supports a more flexible design of the interactions or connection between objects [FM96,
HRO0O0, AMO02]. For simplicity, we only deal with binary associations. General relations among classes
can be modelled in the same way.

4. For each class nan@ € CN, there is one state variable, denoted’hywhose value records the objects
of classC currently existing in the system:

cvar ? {0 P(C)|C € CN}

The type ofC, denoted byype(C), isP(C).

The multiplicities of the roles of an association will be specified in the invariant of the conceptual model.

Example The formalization of class diagram in Figure 1 is given as follows, where every class is a subclass
of classObject and we omitattr(C) whenC has no attributes:

CN = {User, Loan, Copy, Publ Resv}
super(C) = Object, forallC € CN
attr(User) = {< Id: String, name : String >}
attr(Loan) = {< date : Date >}
AVar = {Takes : P(User x Loan), Borrows : P(Loan x Copy),
IsAvailable : P(Copy x User),
IsLendable : P(Publ x User), Has : P(Publ x Copy),
IsHeldFor : P(Copy x Resv), Makes : P(User x Resv)}
CVar = {User : P(User), Copy : P(Copy), Loan : P(Loan),
Publ : P(Publ), Resv : P(Resv)}

A refinement of the model allows us to add more details, such as attributes and associations [HLLOZ2].
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4.2 Inheritance and well-formedness conditions

Every attribute of a class in a conceptual model is inherited by its subclasses. Formally speaking, we require
super(C) = D = attr(C) D attr(D)

Thus, when drawing or describing a class diagram, we do not repeat the attributes of a class in its subclasses.

A class diagram isvell-formedwhen following conditions are met:

1. The functionsuper doesnot cause circularity:
NoCire super™ N Id =)

where we abuse the notation by treatigper as a binary relation, witld denoting the identity
relation and the definition using relation composition “;”.

super™ def Un>1 super”, super1 def super
super”t! def sul;er”;super
We useN < M to denote thalN is a subclass dM.
2. An association only relate classes in the diagram, i.e. :
WFAsso™? V(A:P(C; x Cy)) € AVare (C; € CN A C, € CN)
3. The association names are all distinct:

DistAssoName < dist(AN)

4. Classes should not be related by attributes, i.e. the type of an attribute should not be a class:
AssoDistAttr & vC e CN,a € attr(C) e type(C.a) € DT

5. The attribute names of a class are distinct:
DistAttrName “ vC € CN o dist(m (attr(C)))

wherer; returns thdist of the attribute names iattr(C), anddist is true if the elements in the list are
distinct.

Let W (D) I NoCire NWFAsso A DistAssoName A AssoDistAttr A DistAttr Name and it defines
the well-formedness condition for a class diagrams
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4.3 Object diagrams as system states

An object diagram of a class diagram is a state over@\éar U AVar, i.e. awell typedmapping from
CVar U AVar to P(Object) U P(Object x Object).

For an associatiod : P(C; x Cz) and an objec; € C;, i = 1,2, let A(o;) be the set of objects in the class
that is associated witl;. Formally,

de
A(oi) <l {oio1 |oie1 € Cig1 A (01,02) € A}

Alc) Uoec, Al0)

wherel &1 = 2 and2 & 1 = 1. The multiplicities of the roles of an association can now be defined as a state
property. LetM; and M, be subsets afnt. We assignV/; and M- as respectively thenultiplicities of C;
andC to the associatior to enforce the following state property:

Multiplicity(A) =\ Voi € Ci o (JA(0r)] € Mis)
i=1,2

asserting that the number of objectsGin (or C5 resp.) linked to an object i6; (or C1) is bounded by the
range ofM; (or Msy). We useA : (M, Cq, Cq, Ms) to represent an association betwé&@nand C, with
multiplicities M7 and M.

Itis also required that an associatidronly links objects that currently exist in the state: for every association
A:P(Cqy x Cq)inD,

LinkObjects(A) "2 A(Cy) € €1 A A(C) C Oy

A state of a class diagramvalid if each associatiod of the class diagram satisfies both conditidmitiplicity(A)
and conditionLinkObjects(A). In subsequent discussion, we use the term state to refer to a valid state when
there is no confusion.

ConditionsMultiplicity(A) and LinkObjects(A) define the precise meaning of an associatioand the
multiplicities of its roles depicted in a UML class diagram. However, only classes, associations, and their
multiplicities are not enough to express all the constraints required by an application. In particular, multi-
plicity restrictions do not allow relationships between associations to be expressed. For example, the library
application requires that a copythat “is held” for a reservation be a copy of the publicatiop reserved by

the reservation. UML uses a OCL statement to describes such as constraints. Because OCL is not expressive
enough to specify the semantics of use cases, this paper uses a relational logic to specify state assertions. The
above constraint in the library application can be described as the state assertion:

Ve € Copy,r € Resv,p € Publ @ [sHeldFor(c,r) A IsOn(r,p) = Has(p,c)
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whereR(a,b) iff < a,b >€ R. Furthermore, this constraint can be equivalently written in terms of the algebra
of relations

IsHeldFor o IsOn C Has™*

where ‘" is the compositioroperation of relations, anHas ! is the inverse ofi as.

4.4 Conceptual model

A conceptual modetan now be formally defined as a p&itM = (D, ®) whereD is a class diagram
formalized above, and is a state constraint on the stategofWe can use the following Java-like format to
specify a conceptual model as follows.

Conceptual ModelC M

ClassC; ExtendsCia {T11 z1;...; Tim Tm }

ClassC,,; ExtendsC,2 {Tn1 y1;---; Thk Yk}
Association(M{,C},C}, M?) Ay; ...; (M},Cj,C3,M?) A;
Invariant ®

End CM

whereC; ExtendsC, denotes thatuper(C;) = Co. M} ande are sets of natural numbers and represent
themultiplicities of the rolesC} andC? of associatiod;, i = 1, ..., j.

The following syntax can be followed when we write the specification of a conceptual class dagkam
cedec ::= empty|cdec|adec|cedec; cedec

whereempty denotes the empty diagramiec a class declaration, andec an association declaration. From
such a specification of a diagraih we can easily calculate the categories of the formal model. An alternative
format would be to declare associations as classes with two attributes of the types as the associated classes.

Although we cannot present the formal UML syntax of a class diagram in this paper because of the space
limit, the translationbetweenra class diagram to its formalization is straightforward and can be automated.
Relating the graphic presentation and the formal specification of a model in this way allows the user to obtain
the later without necessarily knowing the detailed formality of the specification language.

For a state constraint, we writeCM + W iff & = ¥, meaning that can be proven fron® in the relational
calculus. This allows us to reason about properties of a conceptual model and relationships between two
conceptual models. For example, we can define transformations between conceptual diagrams that have to
preserve a state constraint.
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4.5 Special classes and associations

We also usetate constraintsr invariantsto specify some special classes and associations.

Abstract classes In a conceptual class diagrab a clasC is called ambstract classif C' = C; U Cy U
... U C% is an invariant of the system, whe€g , ..., C;, are all the direct subclasses@fandk > 2. This
means an object in the abstract class can only be created as an instance of one of its direct subclasses.

Association classes UML allows association classds represent associations that have data properties too.
An example is shown in Diagram (a) of FigureIbbContract is about the associatiadiimploys. This fact

can be modelled by decomposing the association into two associations as shown in Diagram (b) of Figure 2.
Notice the multiplicities olCompany in the associatioit/ as andPeople in the associatiotis F'or are both

1 to ensure that an instance bdbContract only relates one company and one person. However, we relate
the associatiosmploys with the two newly introduced associations by the constraint

Has o IsFor = Employs

Employs
T

Compan) People
pary M1 | M2 P
I
I
|
JobContract
salary
Diagram (a)
N 1 M2| JobContract | \1q 1 oot
omj e
pay Has salary IsFor P
Diagram (b)

Figure 2: Example of an association class

In general, we model an association cl#s€lass for an associatiod : (M;, Cq, Cy, M>) by introducing
two fresh associations

Ay ({1}, C1, AClass, Mz) andAs : (Ml,AClass, CQ, {1})

such thatd; o As = A. The decomposition also changes the many-to-many association into one-to-many
associations that are much easier to realize in the later design. This treatment of association classes can be
also used in applications where an association class relates a number of classes.

Aggregations An aggregationcan be safely treated as a general association. Its special properties, such as
the visibility of thewholeclass to itgart classesare more relevant in the design and implementation and thus
should be deferred till the time when we deal with the design. However, the propertypdrabda composite
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wholeexists if and only when the whole itself exists, i.e. parts are created or destroyed when the whole is
created or destroyed, can be specified as a state invariant. A€Sam@osite andPart, ..., Part,, are
classes, andsPart; : ({m;}, Part;, Composite, {1}) are associations in a conceptual class diagram. We
say thatComposite is composite aggregatioof Part;, i = 1,...,n, if the following state invariants are

true

HasParts def

Ve € Composite = Jdo11...01m, € Party,...op1,...0pm, € Partye
IsParty(o11,¢) A ... A IsParty(01m,, )
VAN
A IsPartp(op1,¢) A ... A IsPart,(opm,,,c)

n
HasWhole < \/ Jdo € Part; = 3c € Composite ® [sPart;(o, c)
1=1

NoShare def
n
/\(Vcl, ¢y € Composite,o € Part; e IsPart;(o,c1) A Part;(o,c2) = ¢1 = ¢2)

i=1

And these invariants indicates a decision later in design and implementation that the whole should the visibility
to the parts and parts are realizedatsibutesof the whole class.

Please note that there are many discussions about the meaning of an aggregation, particulaidfithe
mailing list(see www.puml.org). Here we have provided a way of formally defining the semantics rather than
fixing it by the above three invariants. One can of course have different constraints if they fit in the application
better. If one wants to avoid any confusion, we suggest the use of a general association and specify the
constraints as required.

5 Use-Case Model

A use case model consists of a use-case diagram and a textual description of each use case in the use case
diagram. As said earlier, a use-case diagram provides only static information about the use cases. The dynamic
semantic aspects are described in the textual descriptions of the use cases as sequences of interactions between
actors and the system. Therefore, for a formal design it is more important to formalize the textual description.

An actor of a use case can be any entity external to the system. It interacts with the system by sgfitegia
operationto request a service of the system. The system may also require services from actors to carry out a
requested service. A UMkystem sequence diagrasnused to describe the order of the interaction between

the actors of in a use case and the system treated as a black box, but it does not describe the change of the
system state caused by such an interaction. It is important to note that a system sequence diagram does not and
should not provide information about interaction among objects inside the system [DW98, Lar01]. The main
task in the system design is in factrealizethe use cases by interactions among objects inside the system.
This is done by decomposing the responsibilities of the use cases and assigning them to objects as methods.
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5.1 System operations

When an actor calls a system operation to carry out a step of a use case, the execution of the called operation
changes the system state, by creating new objects, deleting existing objects; forming or breaking links between
objects; modifying attributes of objects. We therefore treat the system under consideratioanagament

and a system operatiorpaovided methodf the component [CD01]. We model this component asexcase

handler clasqgLar01] that encapsulates the classes in the conceptual model:

Class Use-Case-Name-Handlef
Attr: z: T,
Method : op;i(val x1 : Tyy,resy; : Tao1){c1};
Method : op,(val x,, : T1,,resy, : Top){cn}

}

where the attributes may include state control variables so that the use case can be defined by a state machine;
and for each methoap; (val ; : T1;,resy; : To;) {c;}, val z; is a list of value parameters ands y; a list of

result parameters. The commandn an operation allows us to specify the effect of the operation at different
levels of abstractions and is in one of the following forms:

cu= dlzxz:=¢e|¢c
|var z : T |endz variable declaration and undeclaration
lce<b>c conditional
|bxc iteration
|cMe non-deterministic choice
| Actor.m a call to a required method of an actetctor

| o.a(y) | o.a(e)  reading and resetting attribute

whered is a framed desigr, is a Boolean expression aads an expression. In general, an expression can be
in one of the following forms:

e ::= z/nulllnew Ciself|e.a|f(e)

We use a commanehr z : T to introduce local variables in a block, and a command x to end the variable

block. A set of program variables, denotedlbyvar, is needed to record the set of local variables in scope
in a state. The value dbcvar is of the form{v; : T1,...,vp, : Tp}.

5.2 Actors

An actor of a use case calls system operations in the use case controller. However, some actors provide
services to the system too. We thus can treat an actor as a component which may provide services as well
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as to request services. As we are only required to design the system under consideration, we only specify an
actor’s services required by the system in terms of methods in the actor class.

Class Actor {
Attr: z: T,
Method mq (val I . T11, res y;Tlg){Cl};

Method my(val z, : Tg1,res yi : Tro){ck};

}

where attributeg: : T may include control state variables; is a method that can be called by the system,
but the command; in such a method is only a framed design to avoid infinite recursive method calls.

5.3 System specification

To specify a use cask, we specify its handled-Handler and actorsActor, ..., Actor,,. Putting these
together we have a specificatidpec(H). Suppose that for the design of a syst@rwe have identified the

use case#ly, ..., Hy, and constructed a conceptual modgl/. We combine the specification of the concep-

tual modelC' M, the use-case handlers and the actold; Spec(H,);. .. ; Spec(Hy) to form thestructural
specificationof the system, i.e. the conceptual model, the use-handlers, and its environment that consists of
the actors classes. This specification can be illustrated graphically in the diagram in Figure 3.

LibrarySystem

Class Actor_m;

H_1-Handeler;

H_k-Handler

Figure 3: A system specification

Eachscenarioor instanceof a use case is an execution sequence of calls (by actors) to methods in the use-case
handler with given input values to thel parameters. To describe all possible scenarios of all use cases, we
introduce a seiN of variables for the input values and a €8T of variables for the output values. LBtbe

a set ofcontrol variablesthat are used to control the order of the execution of thecase actiongthat will

be formally defined soon). In general, scenarios of a use case can be executed concurrently and this needs
multiple instances of the use-case handler class.

Let the system state variables be those declared in the conceptual@de] that now includes the use-case
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handler and the actor classédyar that now includes an association between a use-case handler and an actor
if the use-case handler requires services from the actor.

Now definea Y AVar U CVar UIN UOUT U L. Let  be the state constraint of the conceptual model
conjoining with the condition that each actor class has a single instance. We use a pr@dicapecify

the initial states for starting up the systei®. has to imply some instances of each use-case handler class
H-Handler, and the instance of each actor cl#sstor, denoted byActor, have already been created.

A use case actiois a guarded commangd— ¢, whereg is a boolean expression ovBN U OUT U L and

cis acommand ofiN U OUT U L to process the input and output values, or akalp to a methodp of an
instance of a use-case handieHandler. A use casés a set/;, of use case actions that contains calls to the
same use-case handler instahcéet P be a set of use casessystem requirement specificatiSris then of
thecanonical form

Spec(S) =l CM; Spec(Hy);...; Spec(Hy) @ P

We thus have obtained the transition system méde®, O, P) for the systent.

In the case for sequential programs, only one inst&noea use-case handlel-Handler is needed and.op
is simply written as)p. Then each use caggy is a piece of sequential program, and whole progfam an
iterative deterministic choice among the use cases:

—stop * (read(service);if {service = H — Uy} fi; read(stop))

whereread(z) Y oprue b o' € type(x).

A call to a system operatiom(val z, res y) can also be written as a CSP-like process
m?x — m(x,y); mly

Then use casé# as a whole can be written as a CSP prodégsand the progran® in the canonical system
specification can be specified as an iterative prot€ss(] - - - [|[Un,)*.

Therefore our methodology is:

e For a sequential software development, after the system operations are identified and specified in the
use-case handler classes, writing the formal specification of the use cases becomes writing a specifica-
tion of themain methodP of the object-oriented software.

e For a concurrent system, writing the formal specification of the use cases is to write the specification of
therun method®f the concurrent actors that requires services from the system.

e However, as suggested in RUP and UML, the development takes a sequential view first and treats con-
currency in the implementation stage by usaagivity diagrams Then the design and implementation
of the system is mainly to design and implement the system operations by decomposing them into
interactions between objects of the system.
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This is a typical top-down development, but the use cases and system operations can be taken in turns in an
iterative process.

Example For the library application, use caggrrowCopy is about how an actdBorrower can borrow

a copy of a publication. Obviously, its pre-conditions are: an user and the copy are currently known to the
system, the publication of the copy is lendable to the user, and the copy is currently available. The effect of
the use case is to create a loan to record the fact that the user has taken this loan on the copy, and the copy not
available anymore. The system has to record the date of the loan. For this, the system needs to interact with
the system clock to get the date. Therefore this use case has another actor, and Wéockilhat ispartially

specified here as follows

Class Clock {
Attr : Date date, Time time;
Method : getDate(res out : Date){true - out’ = date}

}

The use-case handler can be given below

Class BorrowCopy-Handler {
Method BorrowCopy(val String Cid, String Uid){
Pre dc € Copy,u € User e c.Id = Cid AN u.ld = UidA
IsLendableT'o(Has(c),u) A IsAvailable(c, u);
var Loan /;( := New Loan();
var Date date; Clock.get Date(date); (.(date); end date;
Loan := Loan U {{};
Borrow := Borrow U {< {,c >};Takes := takes U {< u,l >};
IsAvailable := IsAvailable/ | J {<c,u>}
end /

}

ueUser

Strictly speaking, use casBorrowCopy is not well-formed regarding to the given conceptual model in
Section 4.1, as clasSopy has no attributdd declared. However, if we refine (following a refinement rule
in [HLLOZ2]) the conceptual model by adding this attribute to cl@sgpy. The specification becomes well-
formed.

Introducing input variableé/id and Cid and assuming BorrowCopy-Handler is the instance of the given
use-case handler class already created, useBa@sewCopy is programmed by the following statement:

read(Uid, Cid); BorrowCopy(Cid, Uid)

This corresponds to a system sequence diagram in which Botawwer calls methodBorrowCopy of the
system and the system cadlst Date() method of the clock.

Suppose we declare in the use-case handler class three opefatiofis() that finds the user for a given
user identifierF'indC|() that finds the copy for an input copy identifier, aRdcordL() that checks whether



Semantics 15

a loan can be made and records it if so. BwrrowCopy use case can be refined tozmomed ifDW98]
the following use cases

read(Uid, Cid); Find(Uid, u); FindC(Cid, cp);
RecordL(u, cp) < (u # null A cp # null) > L

The system calls thget Date() method of the clock ilRecordL(). Thus the above program corresponds to

the system sequence diagram in which adorrower calls methodFindU ser(), thenFindC() and then
RecordL() of the system, after receiving the call BkcordL(), the system callget Date() of actorClock.

This sequence diagram is a refinement of the earlier one. This refinement is carried out without changing the
underlying conceptual model.

Another dimension of refinement is to refine the conceptual model together with the use cases. For example,
the associatioisavailable can be realized by a boolean attribiited of classCopy such that for every copy

c and every uset, Isavailable(c,u) iff IsA = true. Then checking the availability off a copy becomes
simply checking this variable. This kind of refinement corresponds the traditional data refinement. Both
refinements we have just discussed are not involved with allocation of parts of the computation of a system
operation to internal objects of the system [HLL02]. We hawdekegation rulein [HLLO2] to deal with
delegating part of a method of an object to an object in another class. Formal transformation of a use-case
model into a UML object sequence diagrams is out of the scope of this paper.

6 Semantics

This section defines a semantics of a system specification. We start with showing how to validate an expression
and determine its value.

6.1 Expressions

To validate an expressian we introduce a predicaté (e) which is true just in those circumstances in which
e can be successfully evaluated.

A state binds variables im to their values. A variables of tyd®@T simply takes a value of that type. However,
a variable of a clas€ takes an object of as it value. An object is defined in terms of iitentity, values of
its attributes, and its current type:

{identity — id} U {class — C} U {a — value|a € attr(C)}

For the identities of objects, we require thatidentity) = oz (identity) iff o, = 02. W (e), type(e), and
the value ofe are defined as follows:

: s . : d
e z is well-formed if it is known in the environment of the use caBé&(x) = € a.
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o W (null) ot true, andtype(null) “/ NULL. NULL is a reserved class name and a subclass of all

classes. The identity afull is undefined anaull is the only object without an identity.

e The variableself is only used as local variable when defining(y) ando.a(e):

W (self) %/ self € locvar
¢ new C is well-formed ifN is declared:

W (new C) “'cecN type(new C) “
new C(class) “c
new C(identity) ¢ {id|3o € Ce  o(identity) = id}

newC (identity) is freshand this will be also specified hyewC ¢ C.

e c.a is well formed ife is an object, and is a declared attribute of the classeof

W(e.a) e W (e) A type(e) € CN A a € attr(type(e))

def
type(e.a) = type(type(e).a)

e Well-formedness of built-in expressiorfge) is defined by the building rules. For example, for two
association variabled; : (M;1,C;1, Cia, Mj2),i = 1,2,

W (A1 0 As) ) W(A) AW (A) A Ca1 < Cro

This means if we want to derive a composition association from two given associdticarsd A, the
target clas€’ of A; should be the source clads; or a superclass of it.

6.2 Commands

Each command is defined as a predicate of the fofii(c) = D(c). W (c) is true when the command is
well-formed in the initial state and captures the consistency of the conceptual model with the comiignd.
is of the form a framed desidh : p(z) - R(z, 2’) and captures the dynamic behavior of the commarithis

integrates syntactic consistency and semantic consistency check mechanism with the traditional specification-

oriented semantics. Letkip oy (true F true) be the command that does nothing and terminates

successfully, and the commaablaos Wl g . (false - true) that has unpredictable behaviour:

Let P and@ be designs. The notatiaR <1 b > () describes a design which behaves liRéf b is true in the
initial state, and like) otherwise.

PabsQ Y W) A (type(b) = B) = (P AbVQ A —b)

We use the conditioPre b %/ (skip < b > chaos) to represent a Floyd assertion, which behavesdikers
if the initial value ofb is false, otherwise it has no effect. This is useful when we specify the precondition of a
use case.
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Let {P;|1 <i < n} be afamily of designs. The multiple conditional choice
selectsP; to execute if its guard; is true. When all the guards are false it behavesdikes:

if (b > P)1<i<n} ™

Nt (W (b)) A type(bi) = B) = (Vg n(0i APV =V, bi) A chaos)

For the non-determinism, It and@ be designsP M Q) “p V @ stating that it behaves either lik& or Q.

The commandP; QQ is executed by first executing followed by executing) when P terminates. The final
state ofP is passed on as the initial state@f

P(x,2");Q(x,') € 3m o P(z,m) A Q(m, )
If bis a condition, the iteratioh« P repeatsP as long a9 is true before each iteration:
def .
bx P = puX e (P;X)<1br> skip

whereu X o F'(X) denotes the weakest fixed point of the recursive equatioa F'(X).

The semantics of an assignment is defined by the following design:

x:i=e = W(x)AW(e)A (type(e) < type(x)) = {z} : (true - (2/ = e))

Declarationvar = : T introduces a new program variabtgo allow x of type T to be used in the portion of
the program that follows it. The complementary command takes thedodn:. It terminates the region of
allowable use of:

varz: T & ¢ a = locvar : (true + locvar’ = locvar U {z : T})

d
endz “ 2 € locvar = locvar : (true I locvar’ = {z} <locvar)

where{z} <locvar denotes the sdbcvar after removing variable. For convenience, we allow variables
to be declared together in a ligr 1 : T4, ...,z : Tf as the short hand ofar z; : Ty;...;var x : Ty.

To avoid direct access to object attributes in order for further implementation, we use an attribute reading
command to get the value of an object’s attribute, and an attribute resetting command to update an object’s
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attribute. This is important for further refinement. The behavior of these two commands are defined as follows.

o.a(y) = (W(o) AW (y) Atype(o) € CN A a € attr(o(class))) =
var z : T, self : C;self := o;

if {(o(class) =C) — | {z}: (T = type(C.a) - 2’ = self.a);
y := z;end z, self

| C € CN}fi

=l (W (o) NW(e) Atype(o) € CN A a € attr(o(class))) =

var z : T, self : C; z := ¢;self := o;

if { (o(class) = C) — | {self.a}: (T = type(C.a) I self’.a = z);

o := self; end z, self

o.a(e)

|C e CN}fi

6.3 Declarations

In Section 4.4, a syntax of the specification of a conceptual model was given, which is composed from class
declarations and association declarations. We treat the semantics of a declaration in the same way as treating
a command, i.e. we define its semantics as a design.

Aclass declaratio@alass C; Extends Cy {T1 a1;...; T, a,,} modifies the logic variableSvar, super
andAttr according to the following design

CV&I‘, = CVar U {01 : }P’Cl}
A super’ = super U {C; — Ca}
A Attr’ = AttrU
{C1—{a;: T;]1 <i<m}UAtrr(Cy)}

C,Cy e CN
A Cy € CVar =
A /\ZLH a; & Attr(Cg)

This design says that the declaration declares a newClaas a subclass @, and the newly added attributes
of C;.

Similarly, an association declaratidssociation (M7, Cy, Ce, Ms) A adds a new association &Var and
the state constraints on this association into thdiseariant:

AVar’ = AVar U {A : P(C; x Csq)}
C1,Cy € CVar AN A € AVar + A Invariant’ = Invariant
AMultiplicity(A) A LinkObjects(A)

A declaration of an actor or a use-case handler introduces methods as well as class variables and attributes.
For this, we introduce a logic variabMeth that is a function fronCIN to the set of method definitions of
the form

op(var z : T1,resy : To){c}



Semantics 19

Now, given a declaration of an actor or a use-case handler class

Class A {
Attr: z: T,
Method mq(val zy : Ti1,res y; : Ti2){c1};

)

Method my(val zj : Ty, res yg : Tro){ck};

}

Its semantics is defined by the design

CVar’ = CVar U {A}
A cCNF A Attr' = AttrU {A — z: T}
A Meth' = Meth U {A — {m;def |1 <i < k}}

wherem;def is m;(var z; : T1;,res y; : To;){c;}.

According to the semantics of sequential definition given in the previous subsection, the semantics of the
structural specification of a systef\/; Spec(H1);. . .; Spec(H,) given in Section 5.3 is now well defined
and calculates the alphaletind the state invariadt of the transition syster§ = («, ®,0, P).

6.4 Call to a required method

Let vale andrese be lists of expressions. A callctor.m(vale, rese) to a method of an actor assigns the
values of the actual parameterge to the formal value parameteval x of the declared methogh. After it
terminates, the values of the result parametesg of op are passed back to the actual value parametaes

var xz : T,y : To;

x = vale;y := rese;
type(Actor).m;
rese ;= y;endz,y

Actor.m(vale, rese) “ome Meth(type(Actor)) =

where

e Meth(type(Actor)) is the set of methods declared in the classlofor.
e 1,y are the value and result parameters of the method

e type(Actor).m stands for the design associated with the commanah afefined in the actor class
type(Actor).

Notice thattype(Actor) = Actor.
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6.5 System specification

An action of a use case that is a call to a method of a use-case hangiéral, res) is defined similar to a
call to a method of an actor by a use-case handler:

varz : T,y : To;
op € Meth(type(h)) = | x :=vale;y := rese;type(type(h)).op;
rese :=y;endx,y

The semantics of a guarded actipn— c is W(g) = g A ¢, whereW (g) is trueg is a Boolean expression
overINUOUT U L.

We define the semantics of a systém-= («, ¥, ©, P) be the set of infinite state sequences

de
1S1Y {60,01..., | 0 € Zal
such that

e X, is the set of states over.

e 0 satisfies the initial conditio® and each state transitign;_;, 0;) is carried out by an enabled call
to a method in the use-case handler, i.e. there an abtien? such thaio;_1,0;) = U.

e U is a proof obligation that each actiéhe P preserves this invariant in the sense tligh Pre(U) A
U) = (Post(U) = ¥'), whereg is the guard of actiod/, Pre(U) is the precondition andost(U)
the post-condition of desigii, and¥’ is the predicate obtained from by replacing each free variable
x with it primed versionz’.

A refinemenbf a system can be carried out by refining a method in a use-case handler.

7 Conclusion & Related Work

7.1 Conclusion

We have given a relational model for UML conceptual diagrams and use cases. The conceptual model of a
system declares the system variables, and its object diagrams form the system state space. We formally define
a use-case model of a system to describe the interactions between the system and its external environment that
consists of the actors of the use cases. Both the actors and the system are treated as components that have
required servicess well asprovided servicesThe execution of a call to a system service by an actor will

cause a change of the system state with some new objects created, some existing objects deleted, some new
links between object established, some existing links between objects removed, and values of some object
attributes modified. It enhances RUP for OO software development with a formal method roughly as follows:
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we first write a use case informally; then construct a conceptual model based on the use case; then draw a
system sequence diagram and identify the methods of the use-case handler class; transform the conceptual
model into a formal specification and formally specify these methods are in the notation provided in this
paper; then check the consistency of these methods with the conceptual model with the method provided

in this paper; refine the conceptual model and the use-case specification if they are not consistency; for an
executable specificatidntest it by running it for some input values; finally we can take this specification into

the design, implementation, and testing. This completes a cycle. Then new use cases can then be specified,
analyzed, and the existing conceptual model is refined to support the newly added use cases. During the design
of a new use case, one can reuse the methods of classes that have already been designed. For more details
about the integration of the formal method in this paper with RUP can be found in [LLLHO3].

The formalism is based on the design calculus in Hoare and He’s Unifying Theories of Programming [HH98].
Some of the mathematics may seem rather theoretical at first, but the approach is quite practical. For example,
the choice of a java-like syntax for the specification language is a pragmatic solution to the problems of
representing name spaces and (the consequences of) inheritance in a notation such as CSP.

7.2 Related work

Instead of taking a process view, such as that in [FOWO01, DC02], we keep an object-oriented and state-
based approach and the specification in a java-like style. We specify consistency between the models in the
preconditions in terms of well-formedness conditions of use cases.

Our work [LLHOZ2] establishes the soundness and (implicity) the completeness of the action systems for both
conceptual and use-case modelling. This paper, extend that work with a formal notation for the specification.
Our related work [LLHO1] demonstrates that our method supports stepwise refinement and reflects the infor-
mal way of using UML for requirement analysis. Use-case refinement can be carried out using the traditional
refinement calculus of imperative programs, and can be done by refining the methods provided in the use
case-case handlers one by one [HLLO2].

We take a similar schema of the semantics of UML proposed in [RCAO01], where different kinds of diagrams

of a UML model are given individual semantics and then such semantics are composed to get the semantics
of the overall model. However, unlike [RCAO01] that uses an universal algebraic approach, we use a simple
predicate theory to define a specification language with a syntax similar to Java programming language. We
believe that this feature makes the method more accessible to people who are familiar to the general theory
of programming languages. The main difference between our work and that in [EKHGO1, Egy01] is that
we study formal semantic relationships between different models of UML, rather than only formalization

of individual diagrams. The paper [HROO] also treats a class as a set of objects and an association as a
relation between objects, but it does not consider use cases. This model of associations can also be used
in the specification otonnectoran architecture models [FM96, Sel, AM02]. Our work also shares some
common ideas with [BPP99] in the treatment of use cases. However, our treatment of use cases is at the
system interface level without referring to the design details about how internal objects of the system behave,
or what methods that a class of the system provides. We believe our model is simpler and addresses the
tight relationships among different models more clearly. Also in our model, actors are not only users of the
system but also service providers. We will carry out the design of the system by decomposing the methods
in the use-case handlers, in turns one by one, and assign the decomposed responsibilities to classes of the
conceptual model. This is the main task in the creation of UML interaction diagramsbject sequence

LIf the program specification is not executable but realizable, refine it into an executable specification.
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diagramsor collaboration diagrams The formalization of such a design within our framework in [HLLO2]

is given in [LLLHO3]. The main difference between our work and most of the work of the precise UML
consortium (see www.puml.org) is that, rather than trying to formalize individual views of UML, we aim

to tightly combine different views in a unified formal language, and our formal language provided built-in
facilities to naturally capture the object-oriented features of UML, rather than using a traditional formalism
which were not designed for object-oriented systems to derive the definitions of classes, objects, inheritance,
etc.

In this paper, we have focused on only conceptual aspects of object orientation. The transformation of a UML
conceptual model into a formal specification can be easily automated. We can refine a use case specified in our
notation to executable specification without the need the the details of inter-object interaction or the internal
behavior of objects. We can thus execute the use case to generate the post state (i.e. the post object diagrams)
from the pre-state (i.e. pre-object diagram) of the use case to validate the use case and to check the consistency
between the use case and the conceptual model. Then based on the generated object-diagrams and our work
on the refinement calculus for object systems [HLLO2], we can decompose the use cases by “zooming them
in” [DW98]. In [LLHO3], we have developed a method for automatic generation of a prototype from a formal
specification of a UML requirement model. A prototype generated that way can be used for the validation of

a use-case model and a conceptual model, as well as to check the state invariants and the consistency between
a use-case model and a conceptual model.
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