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Abstract. The Unified Modeling Language (UML) is the de-facto standard mod-
eling language for the development of software with broad ranges of applications.
It supports for modeling a software at different stages during its development:
requirement analysis, design and implementation. The use of UML encourages
software developers to devote more effort on requirement analysis and model-
ing to produce better software products. The most important models to produce
in an object-oriented requirement analysis are aconceptual class modelsand a
use-case models. This paper proposes a method to combine these two models
by using a classictransition system. Then we can reason about and refine such
systems with well established methods and tools.
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1 Introduction

Object-orientation is now a popular approach in software industries. The Unified Mod-
eling Language (UML) [BRJ99,RJB99,JBR99] is the de-facto standard modeling lan-
guage for the development of software with broad application ranges, covering the early
development stages of requirement analysis and with strong support for design and im-
plementation. [BRJ99,DW98]. One of the main advantages of UML is that different
modeling diagrams are used at different stages to represent the system from different
views at different levels of abstraction.

The main models for the requirement analysis of a system are aconceptual model
and ause-case model. The conceptual model represents the domain concepts asclasses
and their relationships asassociations. It determines the possibleobjectsand relation-
ships between these objects. Requirement analysis is not usually concerned very much
about what an object does or how it behaves [Lar98,DW98,Liu00]. Therefore, a concep-
tual model is mainly used as astatic modelof thestructureof the application domain.

The use-case model is used to specify the required functional services that the sys-
tem is expected to provide for different kinds of users. A use-case model contains a
number ofuse cases. Each use case describes a pattern of interactions between some
users and the system.
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One of the main problems when using UML is to ensure consistency between differ-
ent diagrams used in a system development. When there is not yet a well established se-
mantics for the whole language it is impossible to check consistency or to reason about
relationship among the different models. In [EKHG01], problems concerning consis-
tency between models for different views are classified ashorizontal consistencyand
those about models at different levels of abstraction asvertical consistency. And con-
sistency of each kind is divided intosyntactical consistencyandsemantic consistency.
Obviously semantic consistency requires syntactical consistency. Formal treatment of
these kinds of consistency in fact requires the establishment of a formal framework
for the specification of object-oriented software systems and the manipulation of such
specifications through well disciplined transformations.

Syntactical consistency conditions are expressed in UML in terms of the well-
formedness rules of OCL (Object Constraint Language). The article [EKHG01] defines
and checks a particularbehavioral consistencybetween different statecharts by trans-
lating them into Hoare’s CSP. The work in [Egy01] deals with automated checking of
horizontal syntactical consistency among models, such as design class diagrams and
object sequence diagrams.

There is currently a lot of active research on formalization of UML. However, most
of it focuses on translating a individual UML notation into an existing formal notation.
For example, a class diagram is inZ or V DM [Ken97,pG99], and an interaction dia-
gram or a statechart is translated into a CSP specification [EKHG01]. For UML to be
more effectively and precisely used in a software development process, more research
is needed on therelationshipsamong the different models used in UML. This work is
an attempt in this direction.

The long term aim of this research is to support formal use of UML in OO system
development processes and development of tools for consistency checking. The method
is expected to be usable within an incremental and iterative Rational Rose Development
Process (RDP) [JBR99]. We believe this will on the one hand to change today’s situation
that OO software development in practice is usually done in a non-scientific manner
[Hoa96] based on pragmatic and heuristics. On the other hand, with incorporation of
our method into RDP, we hope to improve the use of formal methods in the development
of large scale system.

This paper proposes a method for specifying and reasoning about the UML con-
ceptual model and the use cases of a system. It is based on the well known notation of

transition systems[MP81] of the formS def
= (Γ, Inv, Init, P ), where

– Γ is a set of declared state variables with known value domains. These variables
and their data domains are constructed from the conceptual model.

– Inv is a state predicate called theinvariant of the system. It has to be true during
the operation of the system. This is determined by the conceptual model too.

– Init is a state predicate determining the initial states of the system. It is establish
by the installation of the system.

– P is a set state transitions that models the execution of the use use cases.

Both syntactic and semantic consistency between a conceptual model and a use case
model are taken into account in the formal definitions of a conceptual model, object
diagrams and system operations.
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After this introduction, a syntax and a semantics for a conceptual model are defined
in Section 2. The syntax follows the traditional graph definitions. The semantics of a
conceptual model is defined in terms of the variables, their value domains and the object
diagrams as the state space of the model. Section 3 defines a syntax and semantics of the
a use-case model. The semantics of a use case is defined based on the semantics of the
conceptual model and how it carries out state transitions. This will lead to a combination
of a conceptual model and a use case model into a transition system. Finally conclusion
and discussion are given in Section 4.

2 Conceptual Model

One of the main artifacts to produce in an OO analysis is a conceptual class diagram.
Such a diagram captures the physicalconceptsand theirrelationsof the system’s ap-
plication domain. In UML, a concept is represented by aclasswith a given name. An
instance of a concept is called anobjectof the corresponding class. A relation between
two concepts are denoted by anassociation. In addition to associations between con-
cepts, a concept may have somepropertiesrepresented byattributes. For example,Ac-
count has abalanceas an attribute andCustomerhas anameas an attribute. There are
two approaches to deal with attributes. The first is to introducetypes of pure data values
[BRJ99] and then to represent attributes ascomponent fieldsof classes. Alternatively,
these types of pure data values can be treated as classes and attributes as associations
[LHL01,LLH01]. In this paper, we follow the former approach.

We must understand that at the requirement level, a class simply represents a set
of objects. A system requirement specification is concerned with what the system does
as a whole rather than what an individual object does, how an object behaves, or how
an attribute of an object is represented. The decision on the later issues will be made
during design. A use case is designed by decomposing itsresponsibilitiesand assigning
them to appropriate objects [Lar98,Liu00]. Use case decomposition and responsibility
assignment are carried out according to theknowledgethat the objects maintain3. What
an object can do depends on what it knows, though an object does not have to do all
what it can do. What an object knows is determined by its attributes and associations
with other objects. Only when the responsibilities of the objects are decided in design,
can the directions of the associations (i.e.navigationandvisibility) and the methods of
the classes be determined. This indicates that an association has no direction or equiva-
lently two directions and a class has no methods.

2.1 Conceptual class diagram

To define a syntax for class diagrams, we introduce three disjoint sets of namesCName,
AName, andattrName to denote classes, associations and attributes. For each name,
A ∈ AName, we assume there is a unique nameA−1 ∈ AName called theinverse
of A, and(A−1)−1 = A.

3 This is the main idea of the design pattern calledExpert Pattern.



4 X.Li and Z. Liu

Each attribute of an object takes a value in atype of pure datacalled adata type. Ex-
amples of data types include types of natural numbersN, integersInt, Boolean values
Bool, characterschar, etc. LetT denote the set of the data types.

Definition 1. (Conceptual Class Diagram) A conceptual class diagram is a tuple:
∆ = 〈C, Ass,Att, C−−− 〉, where

– C is a nonempty finite subset ofCName, called theclassesor conceptsof ∆.
– Ass is a partial functionAss : C −→◦ (AName −→◦ PN× PN× C) such that

Ass(C2)(A−1) = 〈M2,M1, C1〉 iff Ass(C1)(A) = 〈M1,M2, C2〉

wherePN is the powerset ofN.
If Ass(C1)(A) = 〈M1,M2, C2〉, thenA is called anassociationbetweenC1 and
C2,M1 andM2 are called the cardinalities ofC1 andC2 in A. An associationA is
in general denoted byA : (C1,M1,M2, C2). We useAssN(C1, C2) to denote the
set of all the associations betweenC1 andC2.

– Att is a partial functionAtt : C −→◦ (attrName −→◦ T ). We useC.a : T to
denoteAtt(C)(a) = T, and calla anattributeof C andT the typeof a. We use
attV (C) to denote the set{a : T | Att(C)(a) = T} of all the attributes ofC.

– C−−− ⊆ C × C is the direct generalization relationbetween classes. We use
C1 C−−− C2 to denote(C1, C2) ∈C−−− and say thatC1 is adirect superclassof
C2, andC2 is adirect subclassof C1.

Definition 1 allows more than one association between two classes, a same name
for associations between two different pairs of classes, and a same attribute name for
attributes of different classes. In Figure 1, we give two class diagramsBank1 and
Bank2 for two possible banking systems. We only show either an association or its
inverse, but not both in a diagram.

Fig. 1.An example of class diagram

2.2 Semantics of class conceptual diagrams

A class diagram specifies a family of types to represent thedata domainof an appli-
cation. Each class nameC in a conceptual class diagram∆ is associated with aclass
of objectsin the application domain. Let us assume a setO of objects in the universe.
Therefore,∆ assigns eachC ∈ C a non-empty subsetC of O. We callC the object
type of C [AC96]. The generalization relationC−−− in a class diagram defines a
sub-superclass<: relation between the classes contained in∆:

SUBT-1: C <: O for eachC ∈ C.
SUBT-2: C <: C for eachC ∈ CName
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SUBT-3: C1 <: C2 if C2 C−−− C1 is contained in∆
SUBT-4: C1 <: C3 if C1 <: C2 andC2 <: C3.

The meaning ofC1 <: C2 is defined as the set inclusionC1 ⊆ C2.
We require that a class diagram satisfies the following conditions.

1. The generalization is acyclic:

W1(∆)
def
= C1 C−−− C2 ⇒ C1 6≡ C2

2. The attribute names of a class are all distinct:

W2(∆)
def
= ∀C ∈ CName • dist(π1(attV (C)))

whereπ1(attV (C)) is the list of attribute names ofC, anddist is true if all these
names are distinct.

3. An attribute name assigned to a classC2 should not be assigned to its subclassC1:

W3(∆)
def
=

(
C1 <: C2

∧ C1 6≡ C2

)
⇒ π1(attV (C1)) ∩ π1(attV (C2)) = ∅

4. Similarly, any association name assigned to a classC2 should not be assigned to its
subclasses:

W4(∆)
def
=

(
C1 <: C2

∧ C1 6≡ C2

)
⇒

(
∀C ∈ CName•
(AssN(C1, C) ∩AssN(C2, C) = ∅)

)
5. Different associations between the same pair of classes should have different names:

for anyC1, C2 ∈ C andA1, A2 ∈ ANmae:

W5(∆)
def
=

(
(Ass(C1)(A1) = 〈M11,M12, C2〉)

∧ (Ass(C1)(A2) = 〈M21,M22, C2〉)

)
⇒ A1 ≡ A2

A class diagram∆ is well-formed if it satisfies

W (∆)
def
= W1(∆) ∧W2(∆) ∧W3(∆) ∧W4(∆) ∧W5(∆)

A class diagram∆ also identifies the following sets of variables that use cases op-
erate on.

1. CVar
def
= {C : PC | C ∈ C} in which eachC records the current set of objects

of classC existing in the system.

2. AVar
def
= {A : P(C1 ×C2) | A : (C1,M1,M2, C2)} in which eachA records

the links between objects existing in the system.

We call variables inCVar ∪AVar variables in∆ too.
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2.3 Object diagrams as system states

By introducingC, we have made an important distinction between classes and types.
We denote byC the type of classC. With this distinction, we can avoid the confusion
of usingC as both a type and a variable.

In UML, an object diagram of a class diagram∆ consists of some objects and
links between these objects. The objects have to be instances of classes in the class
diagram, and the links have to be instances of associations in the class diagrams. In our
formalization, we define an object diagram as astateof the variables in∆.

Definition 2. (Object Diagram) Let∆ = 〈C, Ass,Att, C−−− , 〉 be a conceptual class

diagram. Anobject diagramσ is astateover the variablesV
def
= CVar ∪AVar, that

is a mapping from variables inCVar ∪AVar to values of their types:

– For eachC ∈ CVar, the valueσ[C] of C in stateσ is a subset ofC.
– For eachA : (C1,M1,M2, C2) ∈ AVar, the valueσ[A] of A in stateσ is a subset

of C1 ×C2.
– For eachC ∈ CVar, eacha : T ∈ att(C), and eacho ∈ σ[C], o.a is a variable

too and its valueσ[0.a] in stateσ is taken fromT.
Let Att is a state variable that take values of a set of typed variables the form

{o.a1 : T1, . . . , a.xn : Tn}

Its valueσ[Att] in a stateσ is

{o.a : T | ∃C ∈ C.(o ∈ σ[C] ∧ (a : T) ∈ Att(C))}

UnlikeCVar andAVar that are fixed for a class diagram,Att changes during the
operation of the system that the class diagram models.

An example of an object diagram ofBank1 in Figure 1 is given in Figure 2.

Fig. 2.An example of an object model

2.4 State assertions

An application may require some property always hold during the execution of the
system. For example, Figure 1 shows that a customer is allowed to have up to3 accounts
in a “big bank” modeled by diagramBank1, while a customer has one and only one
account in a “small” bank modeled byBank2. In general, we can use predicate over
V ∪Att to specify a state constraint.

For an associationA : P(C1 ×C2) and an objectso1 ∈ C1, let

A(o)
def
= {o2 | o2 ∈ C2 ∧ (o1, o2) ∈ A}
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Apart from the syntactical constraint expressed in Definition 1 and the well-formed con-
ditionW (∆) for a class diagram∆, the followingstate invariantsmust be met by any
valid state of∆: for any classesC,C1,C2, and any associationA : (C1,M1, ,M2, C2)
in ∆,

θ1
def
= ∀A : P(C1 ×C2) ∈ AVar, o : C1, o2 : C2•

((o1, o2) ∈ A⇒ (o1 ∈ C1 ∧ o2 ∈ C2))

θ2
def
= ∀A ∈ AVar, o1 ∈ C1, o2 ∈ C2 • (| A(o1) |∈M2∧ | A−1(o2) |∈M1)

θ3
def
= ∀A : P(C1 ×C2) ∈ AVar, o1 : C1, o2 ∈ C2•

((c1, c2) ∈ A⇔ (c2, c1) ∈ A−1)

θ4
def
= C1 <: C2 ⇒ C1 ⊆ C2

whereM1 andM2 are the cardinalities ofC1 andC2 in A.
Propertyθ1 ensures that associations only link currently existing objects in a state,

and all links of a object must be removed as well if this object is removed from the
system;θ2 characterizes the cardinalities of the roles in an association;θ3 asserts that an
association is of no direction; andθ4 describes the inheritance. Avalid object diagram
of a conceptual class diagram∆ is stateσ of ∆ that satisfies

θ
def
= θ1 ∧ θ2 ∧ θ3 ∧ θ4

Definition 3. (Semantics of a Conceptual Diagram) The semantics of a conceptual
class diagram∆ is the set of all its valid object diagrams, denoted by[[∆]]

The object diagram in Figure 2, is a state ofBank1 but not a state ofBank2 in Figure 1.
The constraintθ of ∆ is enforced by the diagram itself. However, only classes,

associations, and their cardinalities are not enough to express all constraints that the
application requires. For example, the diagram in Figure 3 does not describe the prop-
erty that a copy being held for a reservation must be a copy of the publication reserved
for the reservation. This property cannot be represented by drawing elements. In UML,
it can only be represented by acommentin text. In our model, this constraint can be
described as the state assertion:

∀c ∈ Copy, r ∈ Reservation, p ∈ Publication•
IsHeldFor(c, r) ∧ IsOn(r, p) ⇒ Has(p, r)

where we used the conventionR(a, b) for< a, b >∈ R for a relationR. This constraint
can be written in terms of the algebra of relations

IsHeldFor ◦ IsOn ⊆ Has−1

where◦ is thecompositionoperation of relations.

Fig. 3.A class diagram for a library system
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2.5 Conceptual models

Definition 4. (Conceptual Model) A conceptual modelCM = 〈∆, Inv〉 where∆ is
a conceptual class diagram andInv is a state constraint over∆.

A state propertyψ of a conceptual model can be reasoned about by showing thatθ ∧
Inv ⇒ ψ, meaning thatψ can be proven fromθ andInv in the relational calculus. We
denote byCM |= ψ thatCM satisfiesψ. This also allows us to define transformations
between conceptual diagrams that preserves a state constraint.

2.6 Associative classes

UML allows associative classes. An example of this kind of classes is shown in Dia-
gram (a) of Figure 4. The ClassJobContract is about the associationEmploys. It can
be modeled by a decomposition of the association into two associations as shown in
Diagram (b) of Figure 4. Notice the cardinalities ofCompany in the associationHas
andPeople in the associationIsFor are both{1}. However, we further need to relate
the associationEmploys with the two newly introduced associations by the constraint

Has◦ Is-for = Employs

Fig. 4.Representation of Associative Class

In general, an associationA : (C1,M1,M2, C2) in UML can be decomposed by
adding a classAClass and two associations,A1 : (C1, {1},M2, AClass) andA2 :
(AClass,M1, {1}, C2) such thatA1 ◦A2 = A. Such a decomposition also changes the
many-to-many association into one-to-many associations that are much easier to realize
in a design. This treatment of associative classes can be also used in applications where
some classes are needed to relate any number of classes.

3 Use-Case Model

Given a conceptual modelCM , an object diagram represents a snapshot of the system
at a moment of time. The execution of anatomic use casewill change the system from
one state into another by creating new objects, deleting old objects; forming or breaking
links between objects; or modifying attributes of objects. Such an atomic use case is
called asystem operation[Lar98,Liu00]. However, the system only executes an atomic
use when it is called by an actor. Therefore, we should also model actions performed
by the actors and the interaction between the actors and the system.
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3.1 System operations

To define an operation, we use the notion ofdesignin [HH98]. A design is a predicate
that relates the initial values of state variables to their final values. It takes the form of
p(x) ` R(x, x′)

(p(x) ` R(x, x′))
def
= ok ∧ p(x) ⇒ R(x, x′) ∧ ok′

wherex represents the value ofx in the initial state andx′ represents the value ofx
in the final state. Such as design asserts that the preconditionp must be true before the
operation starts, and the post-conditionR holds when the operation terminates.

However, a particular operation only changes part of the system variables and keep
the rest unchanged. Thus, its design is alwaysframedwith the set of the variables it
changes:

V : (p ` R)
def
= p⇒ R ∧ (w′ = w)

wherew contains all variables but those inV .
A system operation operates on the following variables.

1. It may change an class variableC : PC by creating a new object or deleting an
existing object. Therefore, an operation may access variables inCVar.

2. It may change an association variableA : P(C1 × C2) by forming a new link
or breaking an existing link between two objects. So variables inAVar may be
accessed by an operation.

3. The value ofAtt will be changed when a new object is created or an old one is
deleted.

4. An attributeo.x in the current value ofAtt may be modified or read, e.g. changing
or outputting the name of an existing person.

5. A system operation will be executed when some input value parameters are pro-
vided and will output some results to some variables. Therefore, an operation is
specified as a procedure with a listx : T1 of formal value parametersand a list
y : T2, of formal result parameters. Such a procedure can only be executed when
it is called by anactor objectthat provides theactualvalue and result parameters.
We useval to denotes the set of all actual value parameters andres the set of all
actual result parameters for the calls to the system operations in a system. These
two set of parameters are also variables that are accesses by the execution of the
system operations. We require that these variables does not introduce new classes
types.

6. The actors decide the protocol in which they interact with the system. Local control
variables are need for sequencing, choices and iterations. A control variable is of a
simple data type.

We haveV to be the set that contains the variables identified in items 1-4. LetU be
the set of variables that contain the actual parameters and control variables identified in
items 5 and 6, andP to be the set of formal parameters required for the specification
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of the system operations. We defineΓ
def
= V ∪U, andΩ

def
= V ∪ P. Now an system

operation is defined in the form

op[x : T1; y : T2] :: Pre : Pre; Post : Post

whereop is the name of the operation,x : T1 andy : T2 the formal value and result
parameters,Pre is a predicate overΩ that defines the precondition,Post is a predicate
over variables inΩ and their primed versionsΩ′ that defines the post condition.

The semantics of operationop is defined as aguarded design:

op
def
= V : (Pre ` Post)

whereV is the set of variables that can be modified byop.

3.2 Actors operations

A primitive operation by an actor in the environment is also a guarded design of the
form:

op(e, y)
def
= V : (¬en(op) ∧ (true ` x′ = e ∧ en(op)))

wherex is the list of value parameters ofop, e is a list expression well-typed according
to the typesT1 of x, andV contains all variables inΓ , buten(op) and those inx.

To write a protocol in which actors call system operations to carry out a full use
case, operators on actors’ operations can be used.

Consider two operations of actorsa1
def
= p1 ` R1 anda2

def
= p2 ` R2, and Bollean

expressionb1 andb2.

– Guarded actionb1 −→ a1
def
= b1 ∧ (p1 ` R1). This action only takes place whenb

is true.
– Choiceb1 −→ a1[]b2 −→ a2

def
= (b1 −→ a1)∨ (b2 −→ a2). This can be extended

to choices among any number of actions.

– (a1; a2)
def
= (p1 ` R1 ∧ c′)∨ c −→ (p2 ` R2 ∧¬c′)), wherec is only used for the

control and it is initiallyfalse. Soa1; a2 ensuresa2 can only be executed aftera1

though in between other actions can be executed as well.

For example, we can specify system operationsFindUser(Id : N, u : User),
FindCopy(Id1 : N, c : Copy), Loan((u, c) : (User,Copy)) for a library system.
Actor librarian can carry out the use caseLendCopy(i1, i2) by the protocol

FindUser(i1, u); (u 6= null) −→ FindCopy(i2, c); (c 6= null) −→ Loan(u, c)

3.3 Constructing a system specification

Given a conceptual modelCM = (∆, Inv), a set of systems operationsOP , a protocol
Act in which the actors uses the system operations that is a set of actors actions. We
define
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– The setΓ of variables that the system operations and actors operations operate on.
– We assume an initial conditionInit which define the set of states from which the

system can start to work.

– The set of all operationP
def
= OP ∪Act.

The system is then specified by the transition systemS = (Γ, Inv, Init, P ).
The semantics ofS is defined to be all the possible execution sequences of the

operations inP . Formally, an execution ofS is an infinite sequence of states,σ0, σ1 . . .,
such that

– σ0 satisfiesInit.
– Each step(σi, σi+1) is a carried out by an operation inP , i.e., there is an opera-

tion opi such thatσi satisfies precondition ofopi and(σi, σi+1) satisfies the post
condition ofopi.

The invariant propertiesInv can be prove by showing that for eachop ∈ P ,

Pre ∧ Inv ∧ Post⇒ Inv′

wherepre andPost are the precondition and post condition ofop, and Inv is the
predicate obtained fromInv by replacing its variables with their primed versions.

3.4 Examples of use cases

This subsection gives some small examples of system operations (use cases). We us the
two modelsBank1 andBank2 in Figure 2. UnderBank2, we can specify an operation
that allows a customer to withdraw a certain amount of money from his/her.

Withdraw1[(c, b) : (Customer,Real)]
def
=

Pre : c ∈ Customer
Post : Holds(c).balance′ = Holds(c).balance− b

Under modelBank1 which allows customer to have no account or a number of ac-
counts, the withdraw use case should then be defined as

Withdraw2[(c, a, b) : Customer,Account,Real)]
def
=

Pre : c ∈ Customer ∧ a ∈ Account ∧Holds(c, a)
Post : a.balance′ = a.balance− b

ModelBank1 can support a “withdraw” operation that behaves different from the above
one:

Withdraw3[c : Customer]
def
=

Pre : c ∈ Customer ∧ ∃a ∈ Account •Holds(c, a)
Post : Let a = choice(Holds(c)) in a.balance′ = a.balance− b

In fact this withdraw use operation behaves the same underBank1 andBank2, and it
behaves the same asWithdraw1 underBank2. In fact,

Bank2 |= c ∈ Customer ⇔ ∃a ∈ Account •Holds(c, a)



12 X.Li and Z. Liu

We can see thatBank1 supports the an operation for a customer to transfer money
from one account to another owned by him or her, butBank2 cannot.Bank2 also
requires that when a customer is created, an account must be created for him or her
too; and an existing customer cannot open another account underBank2. Therefore,
Bank1 supports more operations thanBank2. UnderBank1, the transfer use case can
be written as:

Transfer[(c, from, to, b) : Customer,Account,Account,Real)]
def
=

Pre : c ∈ Customer ∧Holds(c, from) ∧Holds(c, to)
Post : (from.balance′ = from.balance− b) ∧ (to.balance′ = to.balance+ b)

Figure 5 shows the effect ofWithdraw1 on a state ofBank2, and Figure 6 illustrates
the effect ofTransfer use case on a state ofBank1.

Fig. 5.Effect of Withdraw Use Case

Fig. 6.Effect of Transfer Use Case

4 Conclusion & Discussion

We have provide a model to formally combine a conceptual models and a use-cases
model of UML to form a system specification. The model is the well-know notation of
transition systems [MP81,Bac88] for general reactive systems. This is well justified as
an object-orient system is in nature a concurrent and reactive system.

The advantage of using a well-establish model is that we do not have to develop
or study new semantics and tools for verification. Methods and tool for specification
and verification of transition system are well-established, e.g. [Lam91,MP91]. Fur-
thermore, this model is already extended to deal with real-time and fault-tolerance
[HMP91,AL92,LJ99]. The same methods can be used to deal with real-times require-
ments on use cases. Also, the model of transition systems is isomorphic to that of the
statecharts which is a part of UML.

The main difference between our work and that in [pG99,EKHG01,Egy01] is that
we study formal semantic relationships between different models of UML, rather than
only formalization of individual diagrams. The paper [HR00] also treats a class as a
set of objects and an association as a relation between objects. However, it does not
consider use cases. Our work also shares some common ideas with [BPP99] in the
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treatment of use cases. However, we believe our model is simpler and addresses the
relationships among different models clearer.

In our related work [LLH01,LLG01], we used case studies to demonstrate that the
formalization supports building up a model step by step. In [LLHC02], a specification
language is developed with which we can write a specification as a Java-like program.

We have developed a model for requirement analysis in this paper, a specification
language in [LLHC02] and a model for object-oriented programming in [HLL01]. Fur-
ther work is needed to close the gap between requirement analysis and programming by
providing a method to transform a use-case model to a design model. Progress in this
direction is made in [HLL02].
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