A Relational Model for Formal Object-Oriented
Requirement Analysis in UML

Zhiming Liu!-3, He Jifeng!, Xiaoshan Li?, and Yifeng Chen?

! International Institute for Software Technology
The United Nations University, Macau
{hjf,lzm}eiist.unu.edu
2 Faculty of Science and Technology
The University of Macau, Macau
xsl@umac.mo
3 Department of Mathematics and Computer Science
The University of Leicester, UK
{z12,ycl0}emcs.le.ac.uk

Abstract. This paper is towards the development of a methodology for object-
oriented software development. The intention is to support effective use of a for-
mal 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 Development Process (RUP). The semantic frame-
work defines the meaning of some UML submodels. It identifics both the static
and dynamic relationships among these submodels. Thus, the focus of this paper
is the development of a semantic model to consistently combine a use-case model
and a conceptual class diagram to form a system specification.
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specification

1 Introduction

Object orientation is now a popular approach in the software industries. UML [11]
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 implementation [16,
5]. Driven by this trend, computer scientists are now intensifying the research to help
better understanding and use of OO methods and UML, e.g. [18,10,2,12,26,17].

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 [7], problems concerning consistency among the models
for different views are classified as horizontal consistency, and those about models at
different levels of abstraction as vertical consistency. Furthermore, consistency of each
kind is divided into syntactical consistency and semantic consistency.
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Conditions of syntactical consistency are expressed in UML in terms of the well-
formedness rules of OCL (Object Constraint Language) [28]. Obviously semantic con-
sistency requires syntactical consistency. Article [7] studies a particular kind of be-
havioral consistency among different statecharts of a system by translating them into
Hoare’s CSP. The work in [6] 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 mod-
els used in different activities in RUP [16, 19]. 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 models and class dia-
grams, and the design models that are interaction diagrams and design 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 development. We believe this
will help to change today’s situation that OO software development in practice is usu-
ally done in a non-scientific manner based on pragmatics and heuristics. On the other
hand, with the incorporation 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
[15] and is based on the relational model for object-oriented programming in [13]. 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 syn-
tactical and semantic consistency 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 [22].

In the rest of this paper, Section 2 briefly discusses the activities and models in RUP
that we intend to formalize. Section 3 introduces a computational model that is similar
to the notation of action systems in [25]. 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 [13]. Section 6 gives a semantics for a use case and a canonical form
of 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 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 analysis of use-case models and conceptual models [16, 20, 5].

A use-case model consists of a set of use-case diagrams, and a family of use-case
descriptions in text, each describing one use case. Each use-case description specifies
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a required functional service that the system is expected to provide for certain kinds of
users called actors. It describes a use case in terms of a pattern of interactions between
the actors and the system. The use-case diagrams do not provide much semantic infor-
mation. They only illustrate which actors use which use cases and which use cases are
included as parts of a use case. Therefore, a use-case model specifies the systems’s re-
quired functional services, the users of these services, and the dependency relationships
among these services. A library system, for example, has use cases to, Borrow a copy,
Make a Reservation and Validate User Identification for the actor called User. Both
Borrow a Copy and Make a Reservation includes Validate User ldentification.

A conceptual model for an application is a class diagram consisting of classes (also
called concepts), and associations between classes. A class represents a set of concep-
tual objects and an association determines how the objects in the associated classes are
related (or linked).

For example, the library system has User, Loan, Publication and Copy. They are
associated so that a user takes (currently) a number of loans and a loan borrows a
copy of 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 have some
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Fig. 1. A conceptual class diagram.

properties represented by attributes. For example, User has a name as an attribute, and
Loan has a date as 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 responsibilities of a use case are
decomposed and assigned to appropriate objects. Use case decomposition is carried out
according to the knowledge that the objects maintain. What an object can do depends on
what it knows, though an object does not have to do all that 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 the design, can the directions of the
associations (i.e. navigation and visibility from one object to another) 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
model is a static model of the structure of the application domain.
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The relationship between a use-case model and a conceptual model is that the con-
ceptual model specifies the environment, i.e. the state space, under which the use cases
are to be carried out. A state is an object diagram that consists of a set of objects and
a set of links between these objects. Each object and each link in a state must be re-
spectively 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 adequate to realize the functional services
required by the use-case model.

In system design, a requirement specification is realized by a design specification
consisting of a design class diagram and a family of interaction diagrams. The design
class diagram models the software structure that 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 requirements. This can be proved by showing
that the use cases are indeed correctly realized by the interactions between objects.
Experience [20] 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 implementation.

3 Computational Model

We use a notation similar to a transition or action system [25] to combine the two
models together to model a system. A system is defined by a tuple (o, @, ©, P) where

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

— P is a set of operations, each of which is a predicate that relates the initial values
of program variables. The predicate is of the form p(x) b R(z, ') (called a design
in [15]):

p(x) - R(x, ") ©F ok Ap(z) = ok’ A R(x, ")

where 2 and 2’ represent the initial and final values of x respectively; ok asserting
that the operation is started well and ok’ means that the operation terminated; p(x)
is called the precondition, and R(z, 2") the post-condition or the transition relation.

— O is a predicate over «, called the initial condition and defines the initial state(s) of
the system.

— @ is a predicate over «, called the invariant. It must be true in any initial state and
preserved by each operation in P.

An action only changes a subset of variables declared in a.. The normal form of a design
is thus a framed design of the form V' : (p - R), that denotes p - R A (w’ = w), where
V and w are subsets of &, and w = o« — V. When there is no confusion, we will omit
the frame in a design by assuming that a variable = can be changed by a design only if
its primed version 2’ occurs in the design.



A Relational Model for Formal Object-Oriented Requirement Analysis in UML 645

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 following variables on which a use case operates:

— for every concept, a class variable that takes values of sets of objects of the
concept;

— for every object of a concept, a variable for each attribute of the concept;

— for every association, an association variable that 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 its identity, 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 repre-
sent 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 S = («, @, ©, P) where

— P consists of a set of use cases.

— « identifies the variables on which the use cases in P operate and it is determined
by the conceptual class diagram and the input and output variables of the program.

— The invariant @ formally models the invariant constraint. The pair (a, @) thus gives
the formalization of the conceptual model.

— 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 pair CM = (D, ®), where D is a class diagram and @ is the
state constraint on the classes and associations enforced by D.

4.1 Conceptual Class Diagram

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

1. The first part provides the static information on classes and their inheritance rela-
tionships:
— CN: the finite set of classes identified in the diagram. We use bold capital letters
to represent arbitrary classes and types.
— super: the partial function which maps a class to its direct superclass, i.e.
super(C) = D if D is the direct superclass of C.



646 Zhiming Liu et al.

2. The second part describes the structure of each class and for C € CN, it includes
attr(C): the set of {< a; : Ty >,...,< ay, : T,, >} attributes of C, where T;
stands for the type of attribute a; of class C, and will be referred by type(C.a;).
As in [1], the type of an attribute is assumed to be a built-in simple data type, such
as the natural numbers Nat. We use DT to denote the set of these assumed data
types. Each class C defines a type, also denoted by C. We allow the construction
of a type from the direct product of two types, and the power set P(T) of a type T.

3. The third part identifies the relationships among the classes:

AVar: the finite set of associations captured in the diagram and declared as associ-
ation variables

{Al : ]P)(Cll X Clg), ey Am : ]P(le X sz)}

The type of each A;, referred by type(A;), is the powerset P(C;; x C;2). We use
AN to denote the list Ay, ..., A, of the association names in AVar. The separa-
tion of the treatments of attributes and associations supports a more flexible design
of the interactions or connection between objects [8, 12, 1]. For simplicity, we only
deal with binary associations. General relations among classes can be modelled in
the same way.

4. For each class name C € CN, there is one state variable, denoted by C, whose
value records the objects of class C currently existing in the system:

Cvar ¥ {¢ . P(C)|C € CN}
The type of C, denoted by type(C), is P(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 ev-
ery class is a subclass of class Object and we omit attr(C) when C has no attributes:

CN = {User, Loan, Copy, Publ, Resv}
super(C) = Object, forall C € 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 associ-
ations [14].

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)
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Thus, when drawing or describing a class diagram, we do not repeat the attributes of a
class in its subclasses.
A class diagram is well-formed when following conditions are met:

1. The function super does not cause circularity:
. (iéﬁf +
NoCirc = super™ NId =

where we abuse the notation by treating super as a binary relation, with /d denot-

66,9

ing the identity relation and the definition using relation composition ;.

def def
super+ = Un>1 super"’, superl = super

def
super"t! '= super”;super

We use N < M to denote that N is a subclass of M.
2. An association only relate classes in the diagram, i.e.:

WFAsso "< W(A: P(C, x C,)) € AVare (C; € CN A Cs € CN)

3. The association names are all distinct:

. d .
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 € CN,a € attr(C) o type(C.a) € DT

5. The attribute names of a class are distinct:

DistAttrName 2 ¥C € CN o dist(m (attr(C)))

where 7, returns the list of the attribute names in attr(C), and dist is true if the
elements in the list are distinct.

Let W(D) I NoCirc N WFAsso A DistAssoName A AssoDistAttr

ADistAttr Name and it defines the well-formedness condition for a class diagrams
D.

4.3 Object Diagrams as System States

An object diagram of a class diagram is a state over the CVar U AVar, i.e. a well typed
mapping from CVar U AVar to P(Object) UP(Object x Object).

For an association A : P(C; x C3) and an object o; € C;, i = 1,2, let A(o;) be the
set of objects in the class that is associated with C;. Formally,

d
A(Oi) éf {Oi@l |Oi@1 € Ciz1 A (01,02) S A}

AC) E Uee, Al0)
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where 1 ®© 1 = 2 and 2 @ 1 = 1. The multiplicities of the roles of an association can
now be defined as a state property. Let My and M5 be subsets of Int. We assign M,
and M5 as respectively the multiplicities of C; and C; to the association A to enforce
the following state property:

Multiplicity(A) et /\ Vo, € C; o (|A(0i)| € M;s)

i=1,2

asserting that the number of objects in C; (or C'5 resp.) linked to an object in C (or C'y)
is bounded by the range of M; (or Ms). We use A : (M7, Cy, Cq, My) to represent an
association between C; and C, with multiplicities M; and M.

It is also required that an association A only links objects that currently exist in the
state: for every association 4 : P(C; x Cz) in D,

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

A state of a class diagram is valid if each association A of the class diagram satis-
fies both condition Multiplicity(A) and condition LinkObjects(A). In subsequent
discussion, we use the term state to refer to a valid state when there is no confusion.

Conditions Multiplicity(A) and LinkObjects(A) define the precise meaning of
an association A and 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, multiplicity restrictions do
not allow relationships between associations to be expressed. For example, the library
application requires that a copy c that “is held” for a reservation r be a copy of the
publication p 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 @ IsHeldFor(c,r) A 1sOn(r,p) = Has(p,c)

where R(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™*

669

where “o” is the composition operation of relations, and Has ! is the inverse of Has.

4.4 Conceptual Model

A conceptual model can now be formally defined as a pair CM = (D, ®) where D is a
class diagram formalized above, and @ is a state constraint on the states of D. We can
use the following Java-like format to specify a conceptual model as follows.
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Conceptual Model C M

Class Cll Extends 012 {Tll T15... ;Tlm .Tm}

Class Cnl Extends Cng {Tnl Y1y Tnk: ykz}

Association (M|, Ci, C3, M7) Ay; ...; (M}, Cj,C3, M?) A
Invariant ¢

End CM

where C; Extends C2 denotes that super(C;) = C,. Mil and Ml2 are sets of natural
numbers and represent the multiplicities of the roles C} and C? of association A;,
1=1,...,7.

The following syntax can be followed when we write the specification of a concep-
tual class diagram ccdec:

cedec ::= empty|cdec|adec|cedec; cedec

where empty denotes the empty diagram, cdec a class declaration, and adec an associ-
ation declaration. From such a specification of a diagram D, 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 translation between a class diagram to its formalization
is straightforward and can be automated. Relating the graphic presentation and the for-
mal 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 write CM F V¥ iff & = ¥, meaning that ¥ can be
proven from @ 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.

4.5 Special Classes and Associations

We also use state constraints or invariants to specify some special classes and associa-
tions.

Abstract Classes. In a conceptual class diagram D, a class C is called an abstract
class, if C = C; UCy U...UC} is an invariant of the system, where Cy, ..., Cy are
all the direct subclasses of C and k > 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 classes to represent associations that
have data properties too. An example is shown in Diagram (a) of Figure 2.
JobContract is about the association E'mploys. This fact can be modelled by de-
composing the association into two associations as shown in Diagram (b) of Figure 2.
Notice the multiplicities of Company in the association Has and People in the as-
sociation IsFor are both 1 to ensure that an instance of JobContract only relates
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c Employs Peont
ompan; T cople
pany M1 ! M2 P
|
|
|
|
|
JobContract
salary
Diagram (a)
1 M2| JobContract | \ry 1
Company People
Has salary IsFor

Diagram (b)
Fig. 2. Example of an association class.

one company and one person. However, we relate the association E'mploys with the
two newly introduced associations by the constraint

Has o IsFor = Employs

In general, we model an association class AClass for an association A : (M, Cq, Ca,
M5) by introducing two fresh associations

Al . ({1},C17AClass,M2) and AQ . (]\41,1&018.857 Cz, {1})

such that A; 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 aggregation can be safely treated as a general association. Its special
properties, such as the visibility of the whole class to its part classes, are more relevant
in the design and implementation and thus should be deferred till the time when we
deal with the design. However, the property that a part of a composite whole exists 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. Assume Composite and
Part,, ..., Part,, are classes, and IsPart; : ({m;}, Part;, Composite, {1}) are
associations in a conceptual class diagram. We say that Composite is composite ag-
gregation of Part;, 1 = 1, ..., n, if the following state invariants are true
HasParts <
Ve € Composite = 3011 ...01m, € Party,...on1,...0nm, € Part,e
IsParti(o11,¢) A ... A IsParti(01m,,C)
N L.
A IsPart,(on1,¢) A ... A IsPart,(opm, ,c)

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

=1
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NoShare def

n
/\(Vcl,CQ € Composite,o € Part; @ 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 realized as attributes of the whole
class.

Please note that there are many discussions about the meaning of an aggregation,
particular on the pUML 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 calling a system operation to request a service of the system. The system
may also require services from actors to carry out a requested service. A UML system
sequence diagram is used 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 [5,20]. The main task in the system design is in fact
to realize the 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.

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 consideration as a component and a system operation a
provided method of the component [3]. We model this component as a use-case handler
class [20] that encapsulates the classes in the conceptual model:
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Class Use-Case-Name-Handler {
Attr: z: T,
Method : opi(val 21 : Tqq,res yp : Toy){c1};
Method : op,(val z,, : T1,,res y, : Tap){cn}

}

where the attributes £ may include state control variables so that the use case can be
defined by a state machine; and for each method op;(val z; : Ty, res y; : Ta;) {ci},
val z; is a list of value parameters and res y; a list of result parameters. The command
¢; in 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=dlr:=e|cc
| var z : T | end x variable declaration and undeclaration
le<gb>c conditional
| bxc iteration
|cMe non-deterministic choice
|Actor.m a call to a required method of an actor Actor

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

where d is a framed design, b is a Boolean expression and e is an expression. In general,
an expression can be in one of the following forms:

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

We use a command var z : T to introduce local variables in a block, and a command
end = to end the variable block. A set of program variables, denoted by locvar, is
needed to record the set of local variables in scope in a state. The value of locvar is of
the form {v1 : T1,..., v : T}

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 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 m;(val 21 : Tq1,res y. T12){c1};

Method my(val xy : Ty, res yi : Tro){ck};

}

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

To specify a use case H, we specify its handler H-Handler and actors Actorq, ...,
Actor,,. Putting these together we have a specification Spec(H ). Suppose that for
the design of a system S we have identified the use cases H1, ..., Hy and constructed a
conceptual model C' M. We combine the specification of the conceptual model C' M, the
use-case handlers and the actors CM; Spec(H); . .. ; Spec(Hy) to form the structural
specification of the system, i.e. the conceptual model, the use-handlers, and its environ-
ment that consists of the actors classes. This specification can be illustrated graphically
in the diagram in Figure 3.

LibrarySystem

1 1 Takes * 1

User Loan
< IsAvailable
Makes - Borrow
IsLendable 1
*
— % IsOn 1 1 Has
) 0..1
< IsHeldFor

Class Actor_1;

Class Actor_m;

H_1-Handeler;

H_k-Handler

Fig. 3. A system specification.

Each scenario or instance of a use case is an execution sequence of calls (by actors)
to methods in the use-case handler with given input values to the val parameters. To
describe all possible scenarios of all use cases, we introduce a set IN of variables for the
input values and a set OUT of variables for the output values. Let L be a set of control
variables that are used to control the order of the execution of the use case actions
(that 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 model CVar,
that now includes the use-case handler and the actor classes, AVar that now includes
an association between a use-case handler and an actor if the use-case handler requires
services from the actor.

Now define o def AVar U CVar UIN U OUT 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 predicate © to specify the initial states for starting up the system. ©
has to imply some instances of each use-case handler class H-Handler, and the instance
of each actor class Actor, denoted by Actor, have already been created.
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A use case action is a guarded command g — ¢, where g is a boolean expression
over INU OUT U L and ¢ is a command on IN U OUT U L to process the input
and output values, or a call h.op to a method op of an instance of a use-case handler
H-Handler. A use case is a set U}, of use case actions that contains calls to the same use-
case handler instance h. Let P be a set of use cases, a system requirement specification
S is then of the canonical form

Spec(S) = CM; Spec(Hy);...; Spec(Hy) o P

We thus have obtained the transition system model («, @, @, P) for the system S.

In the case for sequential programs, only one instance h of a use-case handler H-
Handler is needed and h.op is simply written as op. Then each use case Uy is a piece
of sequential program, and whole program P is an iterative deterministic choice among
the use cases:

—stop * (read(service);if {service = H — Uy} fi; read(stop))
def /
where read(z) = true 2’ € type(x).
A call to a system operation m(val 2, res y) can also be written as a CSP-like

process
m?r — m(z,y); mly

Then use case H as a whole can be written as a CSP process Uy and the program P in
the canonical system specification can be specified as an iterative process

(UHl [] T []UHZ)*'

Therefore our methodology is:

— 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 specification of the main method P of the object-
oriented software.

— For a concurrent system, writing the formal specification of the use cases is to write
the specification of the run methods of the concurrent actors that requires services
from the system.

— However, as suggested in RUP and UML, the development takes a sequential view
first and treats concurrency in the implementation stage by using activity diagrams.
Then the design and implementation of the system is mainly to design and imple-
ment the system operations by decomposing them into interactions between objects
of the system.

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 case BorrowCopy is about how an actor
Borrower 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
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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 we call it Clock that is partially 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.Id = UidN\
IsLendableTo(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,{ >};
IsAvailable := IsAvailable/ | {<c,u>}
end /¢

}

ucUser

}

Strictly speaking, use case BorrowCopy is not well-formed regarding to the given
conceptual model in Section 4.1, as class Copy has no attribute /d declared. However,
if we refine (following a refinement rule in [14]) the conceptual model by adding this
attribute to class Copy. The specification becomes well-formed.

Introducing input variables Uid and C'id and assuming BorrowCopy-Handler is the
instance of the given use-case handler class already created, use case BorrowCopy is
programmed by the following statement:

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

This corresponds to a system sequence diagram in which actor Borrower calls method
BorrowCopy of the system and the system calls get Date() method of the clock.
Suppose we declare in the use-case handler class three operations FindU () that
finds the user for a given user identifier, F'indC() that finds the copy for an input copy
identifier, and RecordL() that checks whether a loan can be made and records it if so.
The BorrowCopy use case can be refined to or zoomed in [5] the following use cases

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

The system calls the getDate() method of the clock in RecordL(). Thus the above
program corresponds to the system sequence diagram in which actor Borrower calls
method FindU ser(), then FindC|() and then RecordL() of the system, after receiving



656 Zhiming Liu et al.

the call of RecordL(), the system calls get Date() of actor Clock. This sequence dia-
gram 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 association Isavailable can be realized by a boolean at-
tribute /s A of class Copy such that for every copy ¢ and every user u, I savailable(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 re-
finements we have just discussed are not involved with allocation of parts of the compu-
tation of a system operation to internal objects of the system [14]. We have a delegation
rule in [14] 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 expression e, we introduce a predicate W (e) which is true just in those
circumstances in which e can be successfully evaluated.

A state binds variables in « to their values. A variables of type DT simply takes a
value of that type. However, a variable of a class C takes an object of C as it value. An
object is defined in terms of its identity, 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 that o1 (identity) = oq(identity) iff 01 = o0s.
W (e), type(e), and the value of e are defined as follows:

. s . . d
- x is well-formed if it is known in the environment of the use case: W (x) I rea.

- W(null) ) true, and type(null) %/ NULL. NULL is a reserved class name
and a subclass of all classes. The identity of null is undefined and null is the only
object without an identity.

— The variable self is only used as local variable when defining 0.a(y) and o.a(e):

W (self) ) self € locvar

— new C is well-formed if N is declared:

W(new C) 2 c € CN type(new C) < ¢

new C(class) “c
new C(identity) & {id|Jo € C'e o(identity) = id}

newC (identity) is fresh and this will be also specified by newC & C.
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— e.a is well formed if e is an object, and a is a declared attribute of the class of e:

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

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

— Well-formedness of built-in expressions f(e) is defined by the building rules. For
example, for two association variables A; : (M;1,C;1, Cio, M;2), i = 1,2,
W(Al o Az) déf W(Al) A W(AQ) AN Ca < Cqy
This means if we want to derive a composition association from two given associ-

ations A; and A, the target class C5 of A; should be the source class Asp or a
superclass of it.

6.2 Commands

Each command c is defined as a predicate of the form W (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 command. D(c) is of the form a framed design V' :
p(z) F R(x,z") and captures the dynamic behavior of the command c. This integrates
syntactic consistency and semantic consistency check mechanism with the traditional

L . . . d
specification-oriented semantics. Let skip 5 (true = true) be the command that
. . d
does nothing and terminates successfully, and the command chaos S 5 (false F
true) that has unpredictable behaviour:

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

P<ab>Q ™ W) A (type(b) = B) = (P AbV Q A —b)

We use the condition Pre b </ (skip < b > chaos) to represent a Floyd assertion,
which behaves like chaos if the initial value of b is false, otherwise it has no effect.
This is useful when we specify the precondition of a use case.

Let { ;|1 < i < n} be a family of designs. The multiple conditional choice

selects P; to execute if its guard b; is true. When all the guards are false it behaves like
chaos:

if{(b; > P)l<i<n}fi™

/\zln(W(bl) N type(bl) = B) = (\/zln(bl A Pl) v _'(\/i:l‘..n bz) N ChCLOS)
For the non-determinism, let P and () be designs. P M Q “pv (@ stating that it
behaves either like P or ().
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The command P; () is executed by first executing I” followed by executing () when
P terminates. The final state of P is passed on as the initial state of ().

P(x,2"); Q(x, ") “ e P(xz,m) A Q(m,x)

If b is a condition, the iteration b % P repeats P as long as b is true before each iteration:

b*Pd;f,LLXO(P;X)QbDSkZip

where 11X o F'(X') denotes the weakest fixed point of the recursive equation X = F'(X).
The semantics of an assignment is defined by the following design:
vi=e® W(z) AW (e) A (type(e) < type(x)) = {a} : (true - (' =¢))
Declaration var x : T introduces a new program variable x to allow x of type T
to be used in the portion of the program that follows it. The complementary command
takes the form end x. It terminates the region of allowable use of z:

varz: T 2 ¢ o = locvar : (true - locvar’ = locvar U {z : T})

d
end z % 2 € locvar = locvar (true - locvar’ = {x} <locvar)

where {2} <locvar denotes the set locvar after removing variable x. For convenience,
we allow variables to be declared togetherin a list var x; : T, ..., x; : T as the short
hand of var x1 : T1;...;var xx : Tg.

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 at-
tribute resetting command to update an object’s 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 e CN}fi

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

var z : T self : C; z := e;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.
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A class declaration Calass Cy Extends C; {T ay;...;T,, a,, } modifies the
logic variables Cvar, super and Attr according to the following design

CVar’ = CVar U {C; : PC;}
A super’ = super U {C; — Cy}
A Attr’ = Attru
{Cl = {CLZ‘ : Tl‘l S 1 S m} U AtI‘I‘(CQ)}

C,C; e CN
N Cy € CVar -
A /\Zl a; ¢ Attr(Cs,)

This design says that the declaration declares a new class C; as a subclass of Co and
the newly added attributes of Cj.

Similarly, an association declaration Association (M;,C;,Cy, M3) A adds a
new association to AVar and the state constraints on this association into the set
Invariant:

AVar’ = AVar U {A : P(C; x Cs)}
C,,Cy € CVar A 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 variable Meth that is a function
from CNN to the set of method definitions of the form

op(var z : Ty,resy : To){c}
Now, given a declaration of an actor or a use-case handler class

Class A {
Attr: z: T,
Method ml(val €T Tu,res Y1 - Tlg){cl};

Method my(val xy : Tk, res yx : Tro){ck};

}

Its semantics is defined by the design

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

where m;def is m;(var x; : T1;,res y; : Toi){ci}.

According to the semantics of sequential definition given in the previous subsection,
the semantics of the structural specification of a system CM; Spec(H); . .. ; Spec(Hy)
given in Section 5.3 is now well defined and calculates the alphabet o and the state
invariant @ of the transition system S = («, @, 6, P).

6.4 Call to a Required Method

Let vale and rese be lists of expressions. A call Actor.m(vale, rese) to a method of
an actor assigns the values of the actual parameters vale to the formal value parameters
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val z of the declared method m. After it terminates, the values of the result parameters
res y of op are passed back to the actual value parameters rese.

varz : T,y : To;

r = wale;y := rese;
type(Actor).m;
rese ;= y;end z,y

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

where

— Meth(type(Actor)) is the set of methods declared in the class of Actor.

— x,y are the value and result parameters of the method m.

— type(Actor).m stands for the design associated with the command of m defined in
the actor class type(Actor).

Notice that type(Actor) = Actor.

6.5 System Specification

An action of a use case that is a call to a method of a use-case handler h.op(val, res) is
defined similar to a call to a method of an actor by a use-case handler:

varx : T,y : Ty;
op € Meth(type(h)) = | x = vale;y = rese; type(type(h)).op;
rese := y;end x,y

The semantics of a guarded action g — cis W(g) = g A ¢, where W (g) is true g is a
Boolean expression over IN U OUT U L.

We define the semantics of a system S = («, ¥, 6, P) be the set of infinite state
sequences

S1 Y {o0,01..., |0; € 5o}

such that

- X, is the set of states over .

— 0y satisfies the initial condition @ and each state transition (o;_1, 0;) is carried out
by an enabled call to a method in the use-case handler, i.e. there an action U € P
such that (O'Z'_l, O'i) |: U.

— Y is a proof obligation that each action U € P preserves this invariant in the sense
that (¢ A Pre(U) A W) = (Post(U) = V'), where ¢ is the guard of action U,
Pre(U) is the precondition and Post(U) the post-condition of design U, and ¥’
is the predicate obtained from ¥ by replacing each free variable x with it primed
version .

A refinement of a system can be carried out by refining a method in a use-case handler.
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7 Conclusion and 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 de-
scribe 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 services as well as provided services. The execution of a call to a
system service by an actor will cause a change of the system state with some new ob-
jects created, some existing objects deleted, some new links between object established,
some existing links between objects removed, and values of some object attributes mod-
ified. It enhances RUP for OO software development with a formal method roughly as
follows: 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 specification!, test 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 [23].

The formalism is based on the design calculus in Hoare and He’s Unifying Theories
of Programming [15]. 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 [9, 4], 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 [24] 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 [21] demonstrates that
our method supports stepwise refinement and reflects the informal way of using UML

"If the program specification is not executable but realizable, refine it into an executable speci-
fication.
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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 [14].

We take a similar schema of the semantics of UML proposed in [26], where differ-
ent 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 [26]
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 [7, 6] is that we study formal semantic relationships between different models of
UML, rather than only formalization of individual diagrams. The paper [12] 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
of connectors in architecture models [8,27, 1]. Our work also shares some common
ideas with [2] 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 inter-
nal 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 re-
sponsibilities to classes of the conceptual model. This is the main task in the creation of
UML interaction diagrams, i.e. object sequence diagrams or collaboration diagrams.
The formalization of such a design within our framework in [14] is given in [23]. The
main difference between our work and most of the work of the precise UML consor-
tium (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 fea-
tures 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 [14], we can decompose the use cases by “zooming them in” [5]. In
[22], 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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