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Abstract. Due to their increasing complexity, design of software systems is not
becoming easier. Furthermore, modern applications ranging from enterprise to
embedded systems require very high levels of correctness and dependability as-
surance. The most effective means to handle complexity is separation of concerns
and incremental development, and assurance of correctness requires formal mod-
elling and formal analysis. When separation of concerns splits the model into
several parts, an important issue is to ensure consistency among these parts. We
propose an approach supporting separation of concerns and consistent and incre-
mental modelling of requirements.

1 Introduction

The growing complexity of software applications requires a UML-based (or similar)
software development approach [11, 12] that supports separation of concerns and incre-
mental development. In such a development framework, artifacts are modelled and anal-
ysed using different modelling notations: class diagrams representing the static struc-
tural view, state machines specifying and validating dynamic behaviour, sequence and
collaboration diagrams describing the interactions between objects, while a textual no-
tation, such as OCL, is used to specify the functionalities and state constraints. However,
several challenging issues arise from such a multi-view and multi-notational approach:

– Consistency: the models of various views need to be syntactically and semantically
compatible with each other (i.e. horizontal consistency) [2, 4],

– Transformation and evolution: a model must be semantically consistent with its
refinements (i.e. vertical consistency) [4, 2].

– Integration: models of different views need to be seamlessly integrated for proto-
typing and system construction.

To deal with these issues in applications that require high levels of correctness and
dependability assurance, we need precise semantic definitions of the models and their
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integration. In this paper, we study the consistent use of different UML models for de-
scribing different views and their integration for the overall system requirements mod-
elling and analysis. We propose an approach to incremental requirements capture and
analysis so that new requirements are added without disturbing the consistency of the
requirements that are already modelled.

Consistency checking and formal analysis of UML models have been widely stud-
ied in recent years [1, 3, 5, 7, 18]. The majority of them focus on the formalisation of
individual diagrams and only treat the consistency of the models of one or two views.
Another phenomenon in research on formal use of UML is that different communities
intend to emphasise different notations and use the full or even extended power of in-
dividual diagrams such as sequence or state machines. This would lose the advantages
of the multi-view modelling, increase the complexity of a certain kind of models, and
reduce the role that the other kinds of UML models can play.

We begin in Sect. 2, where we define the model of requirements. Sect. 3 defines our
formal notation, which is used in Sect. 4 to formalise the model views and their integra-
tion. Sect. 5 defines the consistency of a model. We discuss in Sect. 6 how requirements
can be modelled incrementally and conclude our paper in Sect. 7. We use the Point of
Sale Transactions (POST) system [13] as a case study to illustrate the models and ideas.

2 Models of Requirements Analysis

Software development is about constructing a sequence of models that allows us to ver-
ify that the final model, i.e. the code, implements the application requirements correctly.

2.1 Model of requirements

With a UML-based object-oriented approach, to build the application requirements
model, one needs to

– identify domain (business) processes and represent them as use cases,
– identify domain concepts and their relations and model them by a conceptual class

diagram,
– identify business rules and constraints and describe them as system invariants.

Although UML is widely used to describe the above notions, different people use dif-
ferent UML models to describe elements of the requirements model. We define an ap-
plication requirements model M = 〈Γ, ∆, Ω, Φ, Θ〉 consisting of the following parts:

1. Γ is a conceptual class diagram, in which all classes are conceptual and have no
methods assigned to them and all associations have no directions. We also include
a use case controller class for each use case.

2. ∆ is a family of sets of system sequence diagrams, where each set of sequence
diagrams represent the different courses of interaction events between the actors
and the use case controller in a use case, and each event is called a system operation
(or use case operation). The operations are declared as methods of the use case
controller class.



3. Ω is a set of state diagrams (or statecharts), one for each use case controller class.
The (symbolic) states of a state diagram form the value space of the attribute state
which belongs to the corresponding use case controller class and represents the
current control state.

4. Φ is a specification mapping that equips each system operation m(T1 in; T2 out) with
a pair of pre- and post-conditions written in the form m(T1 in; T2 out){prem ` Postm}.

5. Θ is a system invariant that has to be preserved by each system operation. Liveness
properties can also be specified, but they are not considered in this paper.

Rather than simple treatment of use-case diagrams, we define an application require-
ments model in terms of multi-views. The reason is that use-case diagrams alone can’t
contain all the concerns with respect to desired applications. For example, a business
process can be clearly expressed by a use-case, but business rules tightly coupled with it
can’t be derived from that diagram. In practice, the combination of use-case diagrams,
class diagrams, segments of sequence diagrams and state diagrams is widely adopted
to provide detailed hehaviour descriptions. Such formal treatment as proposed in this
paper can be effectively applied to obtain a formal model from it.

It is assumed that a class in the requirements model has no methods, as what a class
can and should do must be designed later, according to the needs of the use case opera-
tions. Similarly, navigability (directions) of associations can’t be decided until decisions
are made on how objects interact with each other to realise the use cases. Attributes de-
clared in the use-case controller class serves as the variables for defining functionality
specifications for the operations in the same class. These assumptions could be regarded
as instructions on how to carry out analysis of class methods and association navigabil-
ity with method refinements [8] along the vertical dimension.

2.2 A model of requirements for POST

We show the different views of the POST [13] system example in Fig. 1: its concep-
tual class diagram is shown in Fig. 1(a), a sequence diagram for the use case BuyItems
in Fig. 1(b), the controller class for this use case in Fig. 1(c), and its state diagram
in Fig. 1(d). The use case BuyItems identifies three use case operations enterItem(),
endSale(), and makePayment(); these will be specified later in Sect. 4.

Please note that the adoption of a use-case controller class is to make the modelling
approach programmatic, and to set up a starting point which formal analysis and re-
finement start from. For further details about the Controller Pattern, readers can refer to
Larman’s book. [13].

3 Formal Notation: Designs

Before we proceed to formalise the specifications, we introduce our notation for writing
specifications. The most fundamental notion in our framework is a design [10]. A design
D over an input alphabet inα and an output alphabet outα is a predicate of the form:
p(inα) ` R(inα, outα) and its meaning is defined by

(p ` R)
def
= (ok ∧ p) ⇒ (ok′ ∧R).
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Fig. 1. (a) class diagram of POST, (b) sequence diagram of use case BuyItems, (c) use case
controller of BuyItems, and (d) state diagram of BuyItems

which asserts that if execution of the design D starts successfully, i.e. ok is true, from
a state in which the precondition p holds, it will terminate successfully, i.e. ok’ is true,
in a state satisfying the postcondition R. Notice that in a design, an input variable is an
unprimed identifier and an output variable is a primed one. We will simply write R for
a design true ` R.

With the use of the auxiliary boolean variables ok and ok′, designs are closed under
the conventional programming operators, such as assignment “x := e”, sequencing “;”
and conditional choice “D1 ¢ b ¤ D2” (if b then D1 else D2). We also define the special
designs ⊥ as the “weakest design” true and > as “strongest design” false. An assertion
(or guard) g is a predicate over the input alphabet and can also be defined as a design,
denoted by g>

g>
def
= skip ¢ g ¤ false

where skip is the design true ` ∧x∈inαx′ = x that does not change any variable. Thus, a
guarded design g>; D behaves like D when g holds, and deadlocks otherwise.

We also define parallel composition and nondeterministic choice

(p1 ` R1) ‖ (p2 ` R2)
def
= (p1 ∧ p2 ` R1 ∧R2)

(p1 ` R1) u (p2 ` R2)
def
= (p1 ∨ p2) ` ((p1 ∧R1) ∨ (p2 ∧R2))

Refinement between designs is defined as logical implication, and data refinement is
handled by introducing a refinement mapping between the state spaces of the two de-
signs. All the above operations on designs are monotonic with regard to the refinement
relation. For details, please see [10].

The weakest precondition (wp) has been widely used to analyse programs. The
link from the design calculus to the theory of predicate transformers is given by the
following definition

wp(p ` R, q)
def
= p ∧ ¬(R;¬q)



4 Formalisation, Consistency and Integration

We now discuss how formal techniques can be used for the treatment of the sub-models.

4.1 Class diagrams

The class diagram Γ of a model of requirements defines the types (value space) and
static structure of the program:

– cname: the set of all class names declared in Γ .
– aname: the set of association names that can be treated as classes, each having two

attributes representing the roles of the associations.
– superclass: the function defines that N is a direct superclass of M in Γ . We define

the general superclass class relation Â to be the transitive closure of superclass, and
N º M if N Â M or N = M.

– attr: for each class name C ∈ cname ∪ aname, attr(C) is the set of attributes declared
in C itself. Each attributes a is declared with a type and we use dtype(a) to denote
this type. Let Attr be the function that extends attr(C) for each C to include the
protected and public attributes inherited from its superclasses.

Example 4.1. For the class diagram in Fig. 1(a) have
cname = {Store, Sale, Catalog, ProductSpecification, LineItem, Payment}
aname = {Has, Uses, Describes, Contains, Logscompleted, IsPaidBy}

The relation superclass is empty, and the function attr can be easily defined.

4.2 Object diagrams and OO commands as designs

Assume a set T of built-in data types, and an infinite set R of object identities (or ref-
erences), and null ∈ R. A value is either a member of a primitive type in T or an object
identity in R. An object o is either the special object null, or a structure 〈r, C, σ〉, where
reference r, denoted by ref(o), is in R; C, denoted by type(o), is a class name; σ is called
the state of o, denoted by state(o), and is a mapping that assigns to each a ∈ Attr(C) a
value in dtype(a) if dtype(a) ∈ T and the null object or a value in R otherwise. We use
o.a to denote σ(a).

In rCOS [8], the semantics of a command in an OO language is defined as a design.
Here we only give the meaning of attribute modification and object creation, where we
use a state variable Π to denote the current state (i.e. the heap) of the system, and Π(C)

for the set of all objects of class C that currently exist in Π:

– Let le be either a simple variable x of type C ∈ cname ∪ aname, or le.b. The attribute
assignment le.a := e changes the attribute a of the object o (attached to le in the
heap) to the value of e, provided the assignment is well-defined:

le.a := e
def
= D(le.a:=e) ∧ a ∈ Attr(type(le)) `�

Π(dtype(le))′ = Π(dtype(le))]
{o⊕ {a 7→ value(e)} | o ∈ Π ∧ ref(o) = le}

�
where le.a := e is well-defined (denoted D(le.a:=e)) if le and e are well defined
expressions and they have consistent types [8].



– The command C.new(le) is well-defined if C ∈ cname ∧ D(le) ∧ dtype(le) º C. The
command creates a new object, attaches the object to le and set the attributes of le

to their initial values.

[[C.new(le)]]
def
= D(C.new(le)) ` ∃r 6∈ ref(Π)·(AddNew(C, r) ∧Modify(le))

where

AddNew(C, r)
def
= Π(C)′ = Π(C) ∪ {〈r, C, {ai 7→ init(C.ai) | ai ∈ Attr(C)}〉}

Modify(le)
def
= le′ = r

Here we assume if dtype(C.ai) = M and M is a class name, the initialisation assign-
ment ai 7→ init(C.ai) is ai 7→ M.new(C.ai).

It is easy to understand that the class diagram Γ establishes the type system of the
system, and can be formalised as a class declaration section [8, 14].

4.3 System sequence diagrams

In general, a system sequence diagram of a use case accepts invocations of operations
of the use case and calls operations of other use cases, in a temporal order required
by the business process. We define the semantics of a system sequence diagram as the
prefix closed set of finite traces of received method invocations ?m(v; u) and calls to
methods of other use case controllers !c.n(v; y). Each trace is a prefix of an execution of
the use case. We use the prefix closed set of traces, as an execution of a use case may be
infinite. We also call this set of traces the interaction protocol of the use case controller.

Example 4.2. The set of traces of the sequence diagram in Fig. 1(b) can be represented
by the following regular expression.

Tr(BuyItems)
def
= ({?enterItem(u, q; ) | u ∈ UPC, q ∈ Quantity})∗
+ ({?enterItem(u, q; ) | u ∈ UPC, q ∈ Quantity})+ · ?endSale()
+ ({?enterItem(u, q; ) | u ∈ UPC, q ∈ Quantity})+ · ?endSale()·

{?makePayment(a; ) | a ∈ AMOUNT}
Later, we will omit the parameters when all correctly typed inputs are allowable and an
invoked method will return. The above set of traces can thus be described as

Tr(BuyItems)
def
= ?enterItem()∗ + ?enterItem()

+ · ?endSale()
+ ?enterItem()

+ · ?endSale() · ?makePayment()
When there is more than one sequence diagram for a use case, the set of traces of
the use case is defined to be the union of all the traces of its sequence diagrams. For
example, if it is allowed to cancel the sale at any point before the payment is made, we
need two additional sequence diagrams: cancelSale() after a number of enterItem(), and
cancelSale() after endSale(). Then the set of traces of BuyItems is

Tr(BuyItems)
def
= ?enterItem()∗ + ?enterItem()

+ · ?cancelSale()
+ ?enterItem()

+ · ?endSale()
+ ?enterItem()

+ · ?endSale() · ?cancelSale()
+ ?enterItem()

+ · ?endSale() · ?makePayment()



In theory, the traces of a use case may not be a regular language [9]. However, regular
languages are easier to be automatically checked for consistency between sequence
diagrams and state diagrams.

If a use case U1 includes another use case U2, the actors of U1 still directly interact
with the use case controller of U1, and this use case controller delegates the calls to the
use case controller U2. Only after the delegated call returns, use case controller of U1 can
respond to the call from the actor and become ready to accept the next incoming call.
As in the example, we use the traces of method invocations of the use case by actors,
called the provided protocol of the use case, as the semantics of sequence diagrams. We
thus omit the question mark prefixes in events.

4.4 State diagrams

A state diagram SC = (S, s0, ζ) for a use case controller C consists of a set S of control
states, an initial state s0 ∈ S, and a transition relation ζ ⊆ S× Label× S. A transition
t ∈ ζ from a location s to s′ is labelled with a triple ` = 〈m(in; out), g, a〉 ∈ Label, where
m(), called a triggering event, is an operation of the use case, a is an action specified as
an OO command, composed from assignments, object creation, method calls to other
use case controllers, and designs in the formal notation defined in Sect. 3 (the semantics
of such a command is a design too), and g is a predicate about the attributes of the class
and input parameters of m(). We denote such a transition t by s

`→ s′.
As a syntactical restriction, we require that all transitions are triggered by external

invocations. That means the execution of a method after invocation cannot be inter-
rupted by external events. Neither do we permit the action of a transition to call other
methods of the state diagrams, as the effect of the recursive invocation can be calculated
into the design functionality. The state machine in Fig. 1(d) for the use case BuyItems
of POST only shows the triggering events and the changes of control states.

Let state be a state variable. The change of control state by a transition t = s
`→ s′

is specified as a guarded design:

cs(t)
def
= (state = s)>; (state′ = s′)

For each triggering event m(), we can identify a set E(m()) of transitions that has m() as
their triggering event. The behaviour of the state machine, in response to the invocation
of m(), can be specified by the method definition: m() {ut∈E(m())cs(t) }.

Example 4.3. The state diagram shown in Fig. 1(d) for the use case controller class
BuyItems-Controller (Fig. 1(c)) corresponds to the following definitions. We use the
shorthands New and New′ to denote the expressions state = new and state′ = new for a
location.

BuyItems-Controller ::
enterItem(){ ((New)>; (¬IsComplete′ ∧ ¬New′)) u (¬New ∧ ¬IsComplete)>}
endSale(){ (¬New ∧ ¬IsComplete)>; IsComplete′}
makePayment(){(IsComplete)>; New′ }



4.5 Functionality specification

For a transition t = s
`→ s′ with ` = 〈m(), g, a〉, the action a changes the data state

while control moves from location s to s′. The specification of action a, denoted as
m()@s

`→ s′ (or just m()@s when not ambiguous), is defined as the functionality spec-
ification of transition t and is specified in terms of a design, as introduced in Sect. 3.

Example 4.4. The use case controller class BuyItems-Controller has three methods: enterItem
(UPC upc, Quantity qty; ), endSale(), and makePayment(AMOUNT amount; ). Their function-
ality specifications are as follows:

known(upc)
def
= ∃sp ∈ Π(ProductSpecification) · (sp.upc = upc)

newLine(li)
def
= ∃li ∈ Π(LineItem) · LineItem.New(li);(li.quantity′=qty)

addLineToSale(x, li)
def
= ∃y ∈ Π(Contains) · Contains.New(y); (y.sale′ = x)
∧(y.line′ = li)

addTotal
def
= total′=total + qty× sp.price

enterItem()@new
def
= known(upc)⇒(Sale.New(sa);_

sp.upc=upc
(NewLine(li); addLineToSale(sa, li)) ∧ addTotal))

enterItem()@¬complete
def
= known(upc) ⇒_

sp.upc=upc
(NewLine(li); addLineToSale(sa, li)) ∧ addTotal)

endSale()@¬complete
def
= skip

makePayment()@complete
def
= ∃p ∈ Π(Payment) · Payment.New(p);p.amount′ = amount;

amount ≥ total ` balance′=amount− total

The functionality specification function Φ thus connects via disjunction the specifica-
tions of each method at all its possible locations.

Example 4.5.

Φ(BuyItems-Controller::enterItem())
def
= enterItem()@new ∨ enterItem()@¬complete

Static behaviour analysis, including reasoning about class and system invariants, can be
only done with the functionality specifications.

4.6 Integrated specification

The integrated specification Spec(t) of a transition t = s
`→ s′ with ` = 〈m(), g, a〉, con-

sidering both control state change and functionality specifications, is defined as:

Spec(t)
def
= (g ∧ state = s)>; m()@s

`→ s′ ∧ (state′ = s′)
It means that the transition can take place only when guard g holds and the control is in
the state s and when it takes place, it changes the control to the state s′ and changes the
data state according to the functionality specification m()@s

`→ s′.
The integrated specification of method m() of class C is defined as disjunction of

the integrated specifications of all transitions that may react to invocation of m(). Let



ti = si
`i→ s′i, with ti = 〈m(), gi, ai〉, i ∈ 1..k be the transitions in the state diagram of

class C triggered by event m(). The integrated specification of method m() of class C is
defined as

Spec(C :: m())
def
= {Spec(t1) u . . . u Spec(tk)}

We use body(C :: m()) to represent the design Spec(t1) u . . . u Spec(tk), and G(C :: m())

to denote ∃i · (1 ≤ i ≤ k ∧ gi ∧ (state = `i)).
The integrated specification which gives complete behaviour definition for each

method is formalised in our model in a compositional way. Such a kind of formali-
sation supports the separation of concerns and facilitates the verification of models.

5 Consistency

We focus on the inter-consistency among the different views of a system model, as the
well-formedness conditions of individual diagrams have been widely studied in the past
and defined in OCL.

5.1 Static consistency

The consistency between the class diagram Γ and the other models is simply that the
class diagram defines the type system for the functional specifications defined by Φ.
That is, all types, classes and attributes that are used in the definitions of Φ(m()) are
defined in Γ , and all the specification statements are well-defined in the context of Γ .
This consistency relation is similar to the consistency of a program statement and the
type definitions and variable declarations in an imperative program. With this regard,
adding classes, associations and attributes preserves consistency. Furthermore, the sys-
tem invariant Θ has to be satisfied by the functionality specifications of all methods.
Due to its simplicity and the space limits, we will not go further into the formalisation
of this consistency problem.

5.2 Dynamic consistency

We first consider traces with only triggering events, i.e. the provided protocols of use
cases. In this case, method calls made by a use case to another use case or actor are not
included, based on the assumption that their effect is included in the guarded designs of
the actions triggered by triggering events.

Assuming v0 are the initial values of the attributes v of the controller class C, the
integrated specifications {C :: m() {Spec(t1) u . . . u Spec(tk)} |m() is a method of C} de-
fine the full semantics of the state diagram of C as a set of sequences of transitions, each
of the form

s0
`1→ s1

`2→ s2 . . .

such that the weakest precondition wp(v′ = v0; a1; . . . ; ai, gi+1[ini+1]) = true, for i ≥ 0.
This means that every execution prefix establishes the guard condition of the following
transition, where gi+1 is the guard condition of the transition ti+1.

The sequence diagrams ∆, the state diagrams Ω and the specification function Φ are
consistent if all traces of each use case defined by its sequence diagrams are completely



realisable by the state diagram and the functional specification of the use case controller
class. That is, for any trace tr = m0() . . . mk() ∈ Tr(U) of a use case U , and any prefix
of the trace tr of the form tr = m0() . . . mj(), j < k, the weakest precondition

wp(v′ = v0 ∧ state′ = s0; body(m0()); . . . ; body(mj()),G(mj+1())) = true

Therefore, the consistency ensures that every sequences of method invocations in the
provided protocol of the use case is a prefix of the triggering events of an allowable
sequence of transitions of the state diagram. In other words, deadlock will not happen
if the actors follow the protocol defined by the sequence diagrams. This also implies
the initial values v0 are consistent with the functionality and guards of the transitions so
that preconditions and guards are satisfied for all the transitions: preconditions ensure
livelock freedom and guards ensure deadlock freedom. We can check that the model of
the POST system is consistent, i.e., its sequence diagram can be realised by the state
machine.

When a use case U1 includes another use case U2, UML allows a sequence diagram
to directly “include” (with the “ref” keyword) another sequence diagram. In this case,
the traces of the sequence diagrams of U1 include those of U1, and the state diagrams
of use case U2 should be included in the state diagram of U1 properly. This is of course
done in the notation of statecharts so that the statechart of U2 is contained as a subma-
chine in that of U1. A statechart can always be flattened into a state diagram.

One can also directly create the sequence diagrams of the two use cases to make
sure the correct inclusion of the traces is ensured. Accordingly, the state diagrams for
each of the use cases are created.

In yet another approach, actors directly interact with the use case controller UC1

of U1, and UC1 delegates the requests of the actors to the use case controller UC2 of
U2. Then the provided protocol of U1 obviously includes that of the U2. However, the
analysis requires to compare the entire interaction protocols of the two use cases. Then
for checking the consistency of the sequence diagrams of U1 and the state diagrams, we
need the parallel composition of the state diagrams. In such a composed state machine,
there are internal triggering events resulting from the method calls by actions of the
state diagram of U1 to the triggering events of the state diagram of U2. However, it is
fair to argue that such a model is already a design model and not a requirements model.

6 Incremental Requirements Analysis

To deal with the complexity, a software development process is carried out in two
dimensions of refinement. In horizontal refinement, new features are added into the
model, without changing any of its existing elements. Adding new use cases (system
sequence diagrams) corresponds to incremental requirements elicitation and leads to
adding new classes, new associations and attributes, as well as new sequence diagrams,
state diagrams and functionalities of them. For reusability, we can also carry out use
case decomposition, restructuring a use case by existing ones. For the newly introduced
elements, we need to be sure that the originally established consistency is preserved and
no inconsistency is introduced. The method we have established in this paper applies
these checks.



Example 6.1. In the POST system, we first identified in the requirements model the
use case BuyItems. During the requirements elaboration, makePayment, originally only a
system operation in BuyItems, has been identified as a standalone use case. Subsequently,
the use case BuyItems is remodelled to include (use) the use case MakePayment. This
preserves the original functionality, but at the same times allows to use from BuyItems
new features introduced into MakePayment (such as a credit card payment). We can also
refine BuyItems to deal with inventory control, discount vouchers, and tax.

In vertical refinement, an analysed requirements model is transformed into a (se-
quence of) design models, and eventually to an implementation model. In a single step
of vertical refinement, classes can be decomposed; new classes, attributes and associa-
tions can be introduced; methods of classes can be decomposed and functionalities can
be delegated. These will introduce internal object interactions that have to be modelled
by sequence diagrams and state diagrams. Consistent vertical refinement is not trivial
and will be a major part of our future work.

7 Conclusion

We have defined a model of requirements in terms of five views, each of which rep-
resents a separate concern of the system. Different views can be analysed and refined
separately. A simple integrated semantics is given for consistency analysis. The model
can be represented by UML diagrams. Even though restricted, the application of this
approach to modelling [15] the Point of Sale System (POST) [13] shows that these di-
agrams are expressive enough for quite realistic systems. This is due to the feature of
incremental analysis.

Our future work mainly concerns with consistent refinement of the different views
to design models. We are interested in the problem of how to derive a consistent refine-
ment of the whole model from a refinement of a sequence diagram or a state diagram.
This will require a lot of enrichment of the vertical refinements of different models con-
sistently, and the treatment of composition and decomposition of state diagrams and
sequence diagrams. When models at different levels in the vertical dimension are de-
scribed in different modelling languages, the relation between the these models have to
be precisely defined to obtain a uniformed semantic framework. Ideas and techniques
in [6, 18, 16, 17] can be useful. We are going to investigate techniques and algorithms
for checking the consistency among different models.
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