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Abstract

The basic building blocks of Design by Contract are Boolean
assertions, which are used to express preconditions, postconditions
and invariants. For composed commands, i.e. for commands whose
effect is realized using other commands, the expressiveness of such
contracts appears to be insufficient. In this paper, we propose an
extension of the Design by Contract methodology that enables us to
express the specification of a composed method in terms of the spe-
cification of the composing methods. Among the main advantages of
this approach, we distinguish increased expressiveness of contracts,
better consistency and trivial code generation.
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Abstract. The basic building blocks of Design by Contract are Boolean
assertions, which are used to express preconditions, postconditions and
invariants. For composed commands, i.e. for commands whose effect is
realized using other commands, the expressiveness of such contracts ap-
pears to be insufficient. In this paper, we propose an extension of the
Design by Contract methodology that enables us to express the specifica-
tion of a composed method in terms of the specification of the composing
methods. Among the main advantages of this approach, we distinguish
increased expressiveness of contracts, better consistency and trivial code
generation.
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1 Introduction

The concept of Design by Contract (DBC) was introduced by Bertrand Meyer
[24] as a way to increase the reliability of object-oriented programs. The basic
idea behind DBC is that there is a contract between the supplier and the client of
a class, specifying rights and obligations for both parties. The basic ingredients
of this contract are preconditions, postconditions and invariants. Preconditions
of a method specify conditions that must be fulfilled each time a client invokes
the method. They are obligations for the client and benefits for the supplier.
Postconditions of a method define the conditions that must be satisfied upon
returning from each invocation. They must only be satisfied if the method has
been called under conditions satisfying the preconditions. Postconditions are
obligations for the supplier and benefits for the client. Invariants are assertions
that must be satisfied at all stable times, i.e. after the creation of an object, and
before and after each invocation of a public method. Among the major benefits
of DBC, we mention improved reliability, clearer and consistent documentation,
extended opportunities for reuse and better support for debugging.

In this paper, we combine the ideas of DBC, the specification language Z [28] and
Model Driven Architecture (MDA) [8]. First, we identify and illustrate a lack of
expressiveness in the DBC methodology when specifying composed commands.
All specification languages supporting DBC in the context of object-oriented
programs, including JML, Eiffel and OCL, are facing the problems we will de-
scribe. In a next step, we will present an alternative way to specify software
components, using a mechanism that we call sequential behaviour composition.
The concepts supporting this technique are derived from schema composition in
Z. We will show that sequential behaviour composition improves the quality of
specifications. The specification becomes simpler, and more adaptable. We also
claim that the new technique offers opportunities for generating larger fractions
of code from declarative specifications. This is particularly interesting in relation
to MDA. We will use the Java programming language to explain our ideas and to
introduce our concepts. The concepts are also applicable to other object-oriented
languages though.

The remainder of this article is structured in the following way: Sect. 2 introduces
an example that will be used throughout this article. It also describes the prin-
ciples and the notation that we will use to write method specifications. Sect. 3



explains how traditional declarative specifications give rise to problems when
specifying composed commands. Using an example, it illustrates in an informal
way why sequential behaviour composition leads to better specifications. Sect. 4
then describes the precise meaning of sequential behaviour composition by for-
mally expressing the pre- and postconditions of a composed method in terms of
the pre- and postconditions of the composing methods. In Sect. 5, the formulas
are extensively illustrated by means of different examples. Sect. 6 describes the
main advantages of the new methodology and Sect. 8 lists possibilities for further
research. Finally, Sect. 7 describes related work and Sect. 9 ends this paper by
formulating a conclusion.

2 Running Example

In this paper, we will use the Java programming language to explain our ideas
and to introduce our concepts.

2.1 General Description

Fig. 1 introduces the example that we will use throughout this paper. The ex-
ample describes a Java class, representing accounts. We assume that an account
has only one characteristic, namely an integer value representing its balance. (In
this example, depositing a large amount of money to an account could cause an
overflow in the balance of the account. This problem is ignored, because it is of
no interest in this paper.)

This Java class gives a good example of a class contract. The class invariant
expresses that the balance of an account is never negative. The postcondition of
the withdraw method expresses that the balance of the account is decremented
by the given amount. The first precondition of that method demands that only
positive amounts of money can be withdrawn. The second precondition of the
withdraw method ensures that the balance of the account remains non-negative
after the withdrawal; in other words, it guarantees that the class invariant is
satisfied after the withdrawal. The preconditions and postcondition of the deposit
method are similar.

2.2 Principles

As in Eiffel, we make a clear distinction between queries and commands. Queries
return a result but do not produce any side effects. Commands may change the
state of the target object as well as the state of other objects involved. Contrary
to queries, commands do not return a result. Our example class contains one
query, getBalance, returning the balance of an account and two commands,



/ **
* A class of accounts.
* @invar The balance of an account is not negative.
* | getBalance() >= 0
*/
public class Account {
/** The balance of this account. */
private int $balance;
VAT
* Return the balance of this account.
* @basic
*/
public int getBalance() {
return $balance;

¥
/ **
* Withdraw the given amount from this account.
* @param amount The amount to be withdrawn.
* Qpre The given amount is not negative.
* | amount >= 0
* Qpre The given amount is smaller than or equal to
* the balance of this account.
* | amount <= getBalance ()
* Q@post The balance of this account is decremented by
* the given amount.
* | this.getBalance ()
* | == old.this.getBalance() - amount
*/
public void withdraw(final int amount) {
$balance = $balance - amount;
X
/**
* Deposit the given amount to this account.
* @param amount The amount to be deposited.
* @pre The given amount is not negative.
* | amount >= 0
* Q@post The balance of this account is incremented by
* the given amount.
* | this.getBalance ()
* | == old.this.getBalance () + amount
*/
public void deposit(final int amount) {
$balance = $balance + amount;
}

Fig. 1. Running example.



withdraw and deposit, that can be used to withdraw and deposit a certain
amount of money.

We further distinguish between basic queries and derived queries. Basic queries
are chosen among the set of all queries in such a way that the entire state of an
object can be inspected using basic queries only. The result of derived queries,
and the effect of commands and constructors can then be specified in terms of the
basic queries. In our example, we have only one basic query, namely getBalance,
as indicated by the @basic-tag. The class of accounts contains no derived queries.
The principles explained in this subsection are motivated and described in more
detail in [25] and [30].

2.3 Notation

In the context of Java, it is customary to work out the contract of a class and
its members in terms of documentation comments, which can be processed by
Javadoc [18]. Ingredients of the documentation are preceded by tags, imposing
a rigid structure on the documentation at hand. Throughout this paper, we will
use the following tags:

— @invar: Specifies a class invariant.

@basic: Is used to distinguish basic queries from derived queries.
— @param: Describes a method parameter.

@pre: Specifies a method precondition.

— @post: Specifies a postcondition of a command or constructor.
@return: Specifies the result of a derived query.

The preconditions, postconditions and invariants in our example are described
both informally and formally. The informal description is given in natural lan-
guage. For the formal description, a very simple specification language is used.
Conditions are expressed using Boolean Java expressions, in which the following
special constructs may be used:

— The keyword o1d is used to refer to the pre-state value of an expression. (For
example, the postcondition of the deposit method in Fig. 1 expresses that
the value of the balance is equal to the value of the balance in the pre-state,
incremented by the given amount.)

— A conditional choice is expressed using the following construct: if (Boolean
assertion) then assertion else assertion. The else-part is optional.

3 Sequential Behaviour Composition

The existing DBC tools and languages describe the pre- and postconditions of
a command in a declarative way, using Boolean assertions. In this section, we
identify situations in which traditional declarative specifications are inadequate
and present a proposal to improve such specifications.



3.1 DMotivating Example: Composed Methods

Consider the transferTo method, a method for transferring money from one
account to another account. The transferTo method is a composed command: its
effect is realized in terms of the commands withdraw and deposit. The traditional
way of specifying the behaviour of the transferTo method is shown in Fig. 2. In
the following section, we identify some disadvantages of this specification.

3.2 Disadvantages

The declarative specification of the composed method transferTo has some dis-
advantages.

First of all, the specification duplicates the pre- and postconditions of the with-
draw and deposit method. In particular, the first and second precondition and the
first postcondition of the composed method are almost directly taken from the
specification of the composing methods. This duplication may lead to consistency
problems, arising when the specification of the composing methods changes.

Further, the specification of the transferTo method does not express any con-
nection between the composed method and the composing methods, losing the
essential semantics of the composed method. (Notice that, in the implementation
of the transferTo method, this bond is not lost.)

Finally, the resulting specification is rather formidable: a more succinct descrip-
tion would be desirable.

Similar problems emerge in the traditional specification of all composed com-
mands, i.e. of all commands whose effect is described in terms of other com-
mands.

3.3 Solution

To overcome the above problems, our proposal is to apply the idea of schema
composition, introduced in the Z specification language [28], to the specification
of composed commands. Schema composition in Z is used to specify an operation
as a composition of other operations.

Applying the idea of behaviour composition to the transferTo method leads to
the specification in Fig. 3. A specific tag (Qeffect) is used to distinguish tradi-
tional specifications from specifications of composed commands. The ;-notation
is taken from Z.

The specification in Fig. 3 explicitly says that the transferTo method is a se-
quence of two other methods, thereby capturing the essential meaning of the
transferTo method. The precise semantics of sequential behaviour composition
is further explained in the next section.



*

Transfer the given amount from this account to the
given account, i.e. withdraw the given amount from this
account and deposit it to the given account.

@param amount
The amount to be transferred.
@param destination
The target account for the transfer.

Q@pre The given amount is not negative.
| amount >= 0
Q@pre The given amount is smaller than or equal to

the balance of this account.
| amount <= getBalance ()

@pre The given target account is effective.
| destination != null
@post If the given target account is different from

this account, then the balance of this account
is decremented by the given amount and the
balance of the given target account is
incremented by the given amount.
if (this != destination)
then
( this.getBalance ()

= o0ld.this.getBalance () - amount ) &&
( destination.getBalance ()
old.destination.getBalance () + amount )
@post If this account and the given target account

are the same account, then the balance of

this account is left unchanged.

¥R X X K K K K X X X X X X K K K K X X X X X X K K K X X ¥ X X

| if (this == destination)

| then
* | this.getBalance() == old.this.getBalance ()
*/

public void transferTo(final int amount, final Account
destination) {
this.withdraw (amount);
destination.deposit (amount);

}

Fig. 2. Traditional declarative specification of the transferTo method.



/ **

* Transfer the given amount from this account to the

* given account, i.e. withdraw the given amount from this
* account and deposit it to the given account.

*

* Q@param amount

* The amount to be transferred.

* Q@param destination

* The target account for the transfer.

* Q@pre The given target account is effective.

* | destination != null

* Q@effect First withdraw the given amount from this

* account, then deposit the same amount to the

* destination account.

* | this.withdraw(amount);destination.deposit (amount)
*/

public void transferTo(final int amount, final Account
destination) {
this.withdraw (amount);
destination.deposit (amount);

}

Fig. 3. Specification of the effect of the transferTo method using sequential behaviour
composition.



Although we only gave an informal description of sequential behaviour com-
position, we can see that all disadvantages of the traditional specification have
disappeared. Introducing sequential behaviour composition increases the expres-
siveness of our specification language: we are now able to explicitly express the
connection between the composed method and its composing methods. The pre-
and postconditions of the withdraw and deposit method are no longer dupli-
cated and the consistency problems that were a consequence of this duplication
disappear accordingly. Finally, the specification using sequential behaviour com-
position in Fig. 3 is much more succinct than the traditional specification in
Fig. 16.!

3.4 Design Patterns

In software engineering, design patterns are standard solutions to common prob-
lems in software design. The Gang of Four (GOF) patterns [9] are generally
considered the foundation for all other patterns.

In [9], 15 of the 23 design patterns make use of composed methods. This compo-
sition can be expressed in code, but cannot be expressed in specification, creating
a gap between specification and implementation. The only way to circumvent
this lack of expressiveness in class contracts is to duplicate the specification of
the composing methods, as illustrated in Sect. 3.1. But even this duplication is
not always possible: when one of the composing methods is abstract and has an
incomplete specification, duplication makes no sense. In [9], 12 of the 15 design
patterns that use composed methods make use of delegation to an abstract class.

A concrete example of a design pattern that uses composed methods is the
Observer pattern. The specification and implementation of this pattern is shown
in Figs. 4 and 5. The question marks in the specification indicate the lack of
expressiveness of the DBC methodology.

4 Semantics

In this section, we will describe the precise semantics of a sequential behaviour
composition. We will do this by writing the precondition and postcondition of
a sequential behaviour composition in terms of the pre- and postconditions of
the composing methods. The semantics of sequential behaviour composition is
based on the ideas of schema composition in Z [28]. The general expansion given
in this section will be illustrated extensively in subsequent sections by means of
various examples.

! Remark: In addition to the (implicit) preconditions implied by the sequential be-
haviour composition, the specification in Fig. 3 contains an extra precondition,
expressing that the given target account should be effective. This precondition is
introduced to guarantee that the deposit method is applied to an effective account.



/ *

*

* A class of subjects referencing a collection of
* observers.

*

* % ¥

*
*

@invar The collection of observers is effective.
| getObservers() != null
@invar The observers are effective.
| for each o in getObservers():
| o != null
/
public abstract class Subject {
VAL
* The collection of observers.
*/
private Collection observers = new HashSet ();
/ **

* Return the collection of observers.
* @basic

*

/

public Collection getObservers() {
return new HashSet (observers);

}
/

¥ ¥ ¥ X ¥ X

*
*

*

Notify all observers.
@post

Q@post

/

(without sequential behaviour composition)
| 777

(with sequential behaviour composition)
| for each o in getObservers ():
| o.update ()

public void notifyObservers () {

~N Y

Iterator i = getObservers().iterator ();
while (i.hasNext()) {
Observer o = (Observer) i.next();
o.update () ;
}
* %
* Attach the given observer to this subject.
*
* Q@param observer
* An observer
* Qpre The given observer is effective.
* | observer != null
* Qpost The given observer is added to the collection
* of observers.
* | getObservers().contains(observer)
*/

public void attach(Observer observer) {
observers.add(observer);

}

Fig. 4. Subject



/ **
* A class of observers.
*/
public abstract class Observer {
/ * %
* Update this observer.
* @post True

* | true
*/
public abstract void update ();
}
/ %

* A class of concrete observers.
*/
public class ConcreteObserver extends Observer {

/ **
* Update this observer.
* Q@post
* I
*/

public void update() {

System.out.println("updating concrete observer:

}

Fig. 5. Observer

"+this);



4.1 Schema Composition in Z

The semantics of sequential behaviour composition is based on the ideas of
schema composition in Z, so we first explain the semantics of the latter in more
detail. If, in Z, an operation A is defined to be the composition of operations B
and C, this means that if B can cause a change of state from say S1 to S2 and
C can cause a change of state from S2 to S3, then A can cause a change of state
from S1 to S3. Thus any change of state described by A can be thought of as a
two-stage process which passes through an intermediate state which arises as a
result of operation B and serves as starting point for operation C.

4.2 Notation

Before we can explain the precise semantics of a sequential behaviour composi-
tion, we first need to introduce some additional notation.

While the specification of an ordinary command involves only two states, namely
the pre-state and the post-state, a sequential behaviour composition also involves
an intermediate state. An object in the pre-state is represented by the keyword
old followed by a period and its name (e.g. 01d.this, old.a); an object in the
intermediate state is represented by the keyword interm followed by a period and
its name (e.g. interm.this, interm.a); an object in the post-state is represented
by its name (e.g. this, a).

Suppose that A is a class containing a method m1, a is an object of type T,
the number of arguments of m1 is equal to n, and p1,...,pn are objects whose
type can be converted by method invocation conversion to the type of the cor-
responding formal parameter of m1. Then we define post(a.mi1(pl,...,pn))
as the postcondition of m1 in T where ’this’ is substituted by a and the formal
parameters of m1 are substituted by p1,...,pn. In a similar way, we introduce
the predicate pre(a.m1(pl,...,pn)).

The notation [post/interm] and [old/interm] represents a substitution. For
example, [0old/interm] means that all pre-state variables should be replaced
by the corresponding intermediate state variables. So, old.this[old/interm]
evaluates to interm.this.

4.3 Schematic Representation

The knowledge and notation introduced in the previous sections will help us
to derive the pre- and postcondition of a sequential behaviour composition
of the form a.m1(p1,...,pn);b.m2(ql,...,qm), where a.m1(pl,...,pn) and
b.m2(ql,...,qm) are method invocation expressions [10, 15.12] not containing
the keyword super. A schematic representation is given in Fig. 6.

Intuitively, sequential behaviour composition expresses that two methods are
executed in sequence, i.e. one after the other. In other words, we have a two-step
process:



PRE- STATE | NTERMEDI ATE STATE POST- STATE
\/v
a.m(pl,...,pn) b.m2(ql,...,qm
? a.m(pl,...,pn) ; b.nm2(ql,...,qm ?
pre(a.ml(pl,...,pn);b.m2(ql,...,qm) = ?
post (a.nml(pl,...,pn);b.m2(ql,...,qm) = ?

Fig. 6. A schematic representation of a sequential behaviour composition of the form
a.mi(pl,...,pn);b.m2(ql,...,qm).

1. We start in a pre-state. The first method is executed and gives rise to an
intermediate state.
2. In this intermediate state, the second method is invoked.

In the following sections, we will derive the precondition and postcondition of
the sequential behaviour composition in Fig. 6.

4.4 Postcondition

We start by deriving a formula for the postcondition of the sequential behaviour
composition a.m1(pl,...,pn) ; b.m2(ql,...,qm). The formula for the post-
condition is straightforward: any change of state described by the composed
command can be thought of as a two-stage process which passes through an
intermediate state that arises as a result of method m1 and serves as a starting
point for method m2. So, we arrive at the following formula:

post(a.m1(pl,...,pn) ; b.m2(ql,...,qm))

= 3 interm.State |
post(a.mi(pl,...,pn)) [post/interm] &&
post(b.m2(ql,...,qm)) [0ld/interm]

The postcondition of the composed command is computed by taking the conjunc-
tion of the postconditions of the composing commands and adding an existential
quantification over the intermediate state.

In theory, it will not always be possible to simplify the quantified expression
above to a simple postcondition. In practice, the expression frequently can be
simplified to a much neater, but logically equivalent postcondition, as illustrated
in Sect. 5..



The formula given above does not always make sense. For example, invoking
ml is only allowed when the precondition of ml is satisfied and m2 can only
be invoked in intermediate states satisfying the precondition of m2. In the next
section, we will derive an appropriate precondition for the sequential behaviour
composition.

4.5 Precondition

Deriving and understanding a formula for the precondition of the sequential
behaviour composition a.m1(pl,...,pn) ; b.m2(ql,...,qm) is more difficult.
We will do this using Fig. 7.

PRE- STATE | NTERVEDI ATE STATE POST- STATE
I NV(ol d. St at e)
prel I NV(interm State)
~_ post1

il U
pre2 | NV( St at e)

~_ post 2
ne

requi renents:
prel
INV(interm State) && postl => pre2

Fig. 7. A schema explaining the meaning of the precondition of a sequential behaviour
composition.

Invoking the composed command a.m1(pl,...,pn) ; b.m2(ql,...,qm) is on-
ly allowed when the following two conditions are satisfied:

— First of all, we can only invoke the first composing method m1 in the pre-
state, when the precondition of m1 is satisfied. More correct, we are only
certain that m1 will satisfy its postcondition when the precondition of m1 is
true.

— Second, we can only invoke the second composing method m2 in the interme-
diate state, when the precondition of m2 is satisfied. So, all possible interme-
diate states should satisfy the precondition of m2. The set of all intermediate
states that can be reached when we invoke m1 in a pre-state satisfying the
precondition of m1 is described by the conjunction of the postcondition of



ml1 and the invariant. So, all intermediate states satisfying the postcondition
of m1 and the invariant should satisfy the precondition of m2.

The two conditions described above are expressed in the following formula:

pre(a.mi(pl,...,pn) ; b.m2(ql,...,qm))
= pre(a.mli(pl,...,pn)) &&
V interm.State |
( post(a.mi(pl,...,pn))[post/interm]
&&
inv(interm.State)
=
pre(b.m2(ql,...,qm)) [old/interm]
)

In the above formula, the variable State represents all elements of the state of all
objects that are possibly influenced by the composed command. These elements
are referred to as the state space for the operation.

The conditions described above are necessary conditions that have to be satisfied
when the composed method is invoked. They are also sufficient conditions:

1. When we invoke the composed method in a pre-state that satisfies the pre-
condition given above, then the precondition of m1 is satisfied automatically.
This means that m1 is automatically invoked in a state satisfying the pre-
condition of m1.

2. When we invoke the composed method in a pre-state that satisfies the pre-
condition given above, then we know that all intermediate states that satisfy
the postcondition of m1 and the invariant also satisfy the precondition of m2.
In other words, all intermediate states that can be reached when we invoke
ml in a pre-state satisfying the precondition given above, will satisfy the
precondition of m2. This means that m2 is always invoked in an intermediate
state satisfying the precondition of m2.

In theory, it will not always be possible to simplify the complicated universally
quantified expression above to a simple precondition. In practice, the expression
frequently can be simplified to a much neater, but logically equivalent precondi-
tion, as illustrated in Sect. 5.

4.6 Deterministic Methods

When the first composing method is deterministic, the formula for the precon-
dition (introduced in Sect. 4.5) can be simplified:



pre(a.mi(pl,...,pn) ; b.m2(ql,...,qm))
= pre(a.mli(pl,...,pn)) &&
V interm.State |
( post(a.mi(pl,...,pn))[post/interm]
&&
inv(interm.State)
=
pre(b.m2(ql,...,qm)) [old/interm]
)
= // since ml is a deterministic method, its post-state
// can be written as a function of its pre-state, because
// there is exactly one post-state value corresponding to
// each pre-state value

pre(a.mi(pl,...,pn)) &&

V interm.State |

( interm.State == f(old.State) && inv(interm.State)
=
pre(b.m2(ql,...,qm)) [old/interm]

)

= // introduce the value for interm.State (given at the
// left-hand side of the implication) in the right-hand
// side
pre(a.mi(pl,...,
V interm.State |
( interm.State =
=
pre(b.m2(ql,...,qm)) [old.State/f(old.State)]
)
= // use the following law:
// YN x T | (p = q
/=
// (3 x : T |l p)=4qg
// where x is not free in q

= f(old.State) && inv(interm.State)

pre(a.m1(pl,...,pn)) &&
( 3 interm.State |
interm.State == f(old.State) && inv(interm.State)
)
=
pre(b.m2(ql,...,qm)) [old.State/f(old.State)]

= // the existential quantification over the intermediate
// state is removed and interm.State is replaced by an
// expression not containing any intermediate state
// values

pre(a.mi(pl,...,pn)) &&
inv(f(old.State))
=

pre(b.m2(ql,...,qm)) [old.State/f(old.State)]



So, when the first composing method is deterministic, the precondition of the
composed method can be computed using the following, more simple, formula:

pre(a.mi(pl,...,pn) ; b.m2(ql,...,qm))
= pre(a.ml(pl,...,pn)) &&
inv(f(old.State))
=
pre(b.m2(ql,...,qm)) [old.State/f(0ld.State)]

This formula can be further simplified when we combine it with the invariant of
the pre-state (resulting in the condition that should be fulfilled when invoking
the composed method):

pre(a.mi(pl,...,pn) ; b.m2(ql,...,qm)) &&
inv(old.State)
= ( pre(a.mi(pl,...,pn)) &&
inv(f(old.State))
=
pre(b.m2(ql,...,qm)) [old.State/f(old.State)]
)
&&
inv(old.State)
= // when the precondition of the first composing method
// and the invariant are fulfilled, the corresponding
// post-state value, f(old.State), will satisfy the
// invariant.
// in symbols: pre(a.ml(pl,...,pn)) && inv(old.State)
// = inv(f(old.State))
// this formula can be used to remove the implication
pre(a.mi(pl,...,pn)) &&

pre(b.m2(ql,...,qm)) [old.State/f (old.State)]
inv(old.State)

So, under the assumption that the invariant inv(old.State) is true and that
the first composing method is deterministic, the precondition of the composed
method is equal to the conjunction of the precondition of the first method and
the precondition of the second method, evaluated in the corresponding post-state
of the first composing method.

5 Examples

In this section, we compute the preconditions and postconditions of various
composed methods, using the formulas introduced in Sect. 4.

The following examples are examined:



— Sect. 5.1: two deterministic methods; the precondition of the second method
is independent of the intermediate state

— Sect. 5.2: two deterministic methods; the precondition of the second method

depends on the intermediate state

Sect. 5.3: a non-deterministic method followed by a deterministic method

— Sect. 5.4: two non-deterministic methods

Sect. 5.5: two deterministic methods that cannot be composed

Sect. 5.6: a deterministic and a non-deterministic method that cannot be

composed

In each case, we describe the state space and we compute the precondition and
postcondition of the composed method. Moreover, a schematic representation
of the sequential behaviour composition is given to provide a more intuitive
understanding of the composed method.

5.1 Independent Deterministic Methods

In this section, we expand the effect clause of the transferTo method in Fig. 3 by
using the formulas introduced in Sect. 4. The transferTo method is a composed
method; the two composing methods are deterministic, and the precondition of
the second method is independent of the intermediate state.

5.1.1 State The transferTo method involves two objects (this and destina-
tion). The state space for the method therefore consists of this.getBalance()
and destination.getBalance().

5.1.2 Precondition The precondition of the transferTo method is computed
using the formula for deterministic methods introduced in Sect. 4.6:

pre(this.transferTo (amount, destination))
= pre(this.withdraw(amount) ; destination.deposit (amount))
= pre(this.withdraw(amount)) &&
inv(f(old.State))
=
pre(destination.deposit (amount)) [old.State/f(old.State)]
= // £ill in
amount >= 0 && amount <= old.this.getBalance() &&
inv(£f(old.State))

=
amount >= 0
= // ( amount >= 0 ) == true

amount >= 0 && amount <= old.this.getBalance() &&
inv(f(old.State))



=

true

= // ( p = true ) == true
amount >= 0 && amount <= old.this.getBalance() &&
true

= // ( p & true ) == p

amount >= 0 && amount <= old.this.getBalance ()

(Since the precondition of the deposit method is independent of the state, we
do not have to compute f(old.State) explicitly, saving time and space. We do
not have to compute inv(f(old.State)) either, because this expression disappears
during the computation.)

This precondition corresponds to the precondition given in the declarative spec-
ification of the transferTo method (see Fig. 2).

5.1.3 Postcondition The postcondition of the transferTo method is given
by:

post (this.transferTo (amount, destination))
= post(this.withdraw(amount);destination.deposit (amount))
= 3 interm.this.getBalance (),
interm.destination.getBalance () |
post (this.withdraw(amount)) [post/interm] &&
post (destination.deposit (amount))[old/interm]
= // £ill in
J interm.this.getBalance(),
interm.destination.getBalance () |
{ [ interm.this.getBalance ()

== o0ld.this.getBalance() - amount &&
( ( this == destination )
I
( this !'= destination &&

interm.destination.getBalance ()
== old.destination.getBalance ()

)
1 &&
[ destination.getBalance ()
== interm.destination.getBalance() + amount &&

( ( this == destination )
I
( this != destination &&
this.getBalance () == interm.this.getBalance ()
)
)



= // distinguish the cases where (this == destination) and
// (this != destination)
J interm.this.getBalance(),
interm.destination.getBalance () |
{ ( this == destination &&
interm.this.getBalance ()
old.this.getBalance () - amount &&
destination.getBalance ()
= interm.destination.getBalance() + amount

( this != destination &&
interm.this.getBalance ()
== o0ld.this.getBalance() - amount &&
interm.destination.getBalance ()
== old.destination.getBalance () &&
this.getBalance() == interm.this.getBalance() &&
destination.getBalance ()
== interm.destination.getBalance() + amount

= // - the disjunction within the existential quantification
// is split under separate quantifications
// - destination is substituted by this when
// (this == destination)
J interm.this.getBalance(),
interm.destination.getBalance () |

( this == destination &&

interm.this.getBalance ()

== o0ld.this.getBalance() - amount &&

this.getBalance() == interm.this.getBalance() + amount
)

I
J interm.this.getBalance(),
interm.destination.getBalance () |
( this != destination &&
interm.this.getBalance ()
== old.this.getBalance() - amount &&
interm.destination.getBalance ()
old.destination.getBalance () &&
his.getBalance() == interm.this.getBalance() &&
destination.getBalance ()
= interm.destination.getBalance() + amount

ot

)

= // the existential quantification is removed and
// interm.this.getBalance () and
// interm.destination.getBalance () are replaced by
// expressions not containing any intermediate state
// values;
( this == destination &&



this.getBalance ()

== ( old.this.getBalance() - amount ) + amount
)
I
( this != destination &&
this.getBalance () == old.this.getBalance() - amount &&
destination.getBalance ()
== old.destination.getBalance() + amount
)
= // rewrite the expression using if (...) then ... else
if (this != destination)
then
this.getBalance() == old.this.getBalance() - amount &&

destination.getBalance ()

== old.destination.getBalance () + amount
else

this.getBalance () == old.this.getBalance ()

This postcondition corresponds to the postcondition given in the declarative
specification of the transferTo method (see Fig. 2).

5.1.4 Conclusion The preconditions derived in Sect. 5.1.2 correspond to the
preconditions in Fig. 2. The postconditions derived in Sect. 5.1.3 correspond to
the postconditions in Fig. 2. In other words, the succinct specification using se-
quential behaviour composition in Fig. 3 has the same meaning as the traditional
declarative specification in Fig. 2.

5.1.5 Schema A schematic representation of the transferTo method is given
in Fig. 8.

pre-state internediate-state post-state

Z \Z VARV4 VARV4
thi's. wi t hdr aw( amount ) desti nati on. deposi t (anount)

- destination. get Bal ance()

int irm dés{i nat i on. get Bal ance()
ol d. this.getBal ance() | amoun

ol d. desti nati on. get Bal ance() L interm destinati on. get Bal ance()
ol d. dest i nati on. get Bal ance()
intermthis.getBalance() L this. getBal ance() 1
ol d. this. get Bal ance() - amount intermthis. get Bal ance()
oL 1o ol 1o ol 1o
amoiS>= 0 amolint >= 0

&&
anount <= ol d. this. getBal ance()

Fig. 8. Schematic representation of the transferTo method.



5.2 Dependent Deterministic Methods

The composed command transferTo is somewhat special, because both com-
posing methods are deterministic and because the precondition of the second
composing method (the deposit method) is independent of the state. As a con-
sequence, the precondition of the composed method is simply computed by con-
joining the preconditions of the composing methods.

In this section, we examine a composed method where both composing methods
are deterministic and where the precondition of the second composing method
is not independent of the state.

5.2.1 Definition Let us introduce a command, doubleWithdraw, for with-
drawing the same amount of money twice from a given account. The specification
of this command is given in Fig. 9.

/ **

* Withdraw the given amount twice from this account.
*

* Q@param amount

* The amount to be withdrawn twice.

* Qeffect Withdraw the given amount twice from this

* account.

* | this.withdraw(amount) ; this.withdraw(amount)
*/

public void doubleWithdraw(final int amount) {
this.withdraw(amount);
this.withdraw(amount);

}

Fig. 9. Specification of the effect of the doubleWithdraw method using sequential be-
haviour composition.

Notice that, using the current semantics of the withdraw method, this corre-
sponds to withdrawing an amount that is twice the given amount:

@effect Apply the withdraw method with as argument
twice the given amount.
| this.withdraw(2*amount)

(Notice that the effect clause is used here to refer to one command, instead of a
sequence of two commands.)



However, when the postcondition of the withdraw method changes, for exam-
ple by charging a fee for each withdrawal, the two effect-clauses are no longer
identical:

— applying the withdraw method twice will charge the fee twice
— applying the withdraw method once with the doubled amount will only
charge the fee one time

We will now compute the precondition and postcondition of the doubleWithdraw
method described in Fig. 9.

5.2.2 State The doubleWithdraw method involves only one object (this) so
the state space is given by this.getBalance().

5.2.3 Precondition Since the first composing method of the doubleWith-
draw method (the withdraw method) is deterministic, we can use the simplified
formula derived in Sect. 4.6 to compute the precondition:

pre(this.doubleWithdraw (amount))
= pre(this.withdraw(amount) ; this.withdraw(amount))
= pre(this.withdraw(amount)) &&
inv(f(old.this.getBalance ()))
=
pre(this.withdraw (amount))
[0ld.this.getBalance ()/f(old.this.getBalance ())]
= pre(this.withdraw(amount)) &&
inv(old.this.getBalance () -amount)
=
pre(this.withdraw (amount))
[old.this.getBalance()/old.this.getBalance () -amount]

= // £ill in
amount >= 0 && amount <= old.this.getBalance() &&
old.this.getBalance() - amount >= 0
=
amount >= 0 && amount <= old.this.getBalance() - amount

= // left-hand side of implication is true
amount >= 0 && amount <= old.this.getBalance() &&

true

=

amount >= 0 && amount <= old.this.getBalance() - amount
= // (true = p) == p

amount >= 0 && amount <= old.this.getBalance() &&

amount >= 0 && amount <= old.this.getBalance() - amount

= // simplify
amount >= 0 && 2 * amount <= old.this.getBalance ()

The resulting precondition corresponds to what could be expected intuitively.



5.2.4 Postcondition The postcondition of the doubleWithdraw method is
given by:

post (this.doubleWithdraw (amount))
= post(this.withdraw(amount) ; this.withdraw(amount))
= J interm.this.getBalance () |

post (this.withdraw (amount)) [post/interm] &&

post (this.withdraw (amount)) [old/interm]

= // £ill in
3 interm.this.getBalance () |
interm.this.getBalance() == old.this.getBalance() - amount
&&
this.getBalance() == interm.this.getBalance() - amount

= // the existential quantification is removed and
// interm.this.getBalance() is replaced by an expression
// not containing any intermediate state values

this.getBalance() == (old.this.getBalance()-amount)-amount
= // rewriting
this.getBalance() == old.this.getBalance() - 2 * amount

The resulting condition expresses that the doubleWithdraw method decreases
the balance of the account by twice the given amount.

5.2.5 Conclusion The pre- and postconditions computed in the preceding
sections give rise to the declarative specification shown in Fig. 10.

This example can be generalized to methods that withdraw a given amount N
times, where N is a positive integer value.

5.2.6 Schema A schematic representation of the doubleWithdraw method is
given in Fig. 11.

5.3 Non-Deterministic Followed by Deterministic

In this section and the following section, we examine the influence of non-
determinism. In this section, we consider an example in which only one of the
composing methods is non-deterministic. In the next section, we consider an
example in which both composing methods are non-deterministic.

5.3.1 Definition Consider the non-deterministic command in Fig. 12. The
postcondition of the command says that the balance of the account will be at
least doubled, but it does not specify what the resulting balance will be exactly.

Now consider a composed method nonDet, that first increases the balance of an
account, using the command in Fig. 12 and then withdraws a given amount of
money using the withdraw method. The specification of this method is given in
Fig. 13.



/ **

* Withdraw the given amount twice from this account.

*

* Q@param amount

* The amount that has to be withdrawn twice.

* Qpre The given amount is not negative.

* | amount >= 0

* Qpre Twice the given amount is smaller than or equal
* to the balance of this account.

* | 2*xamount <= getBalance ()

* Qpost The balance of this account is decremented by
* twice the given amount.

* | this.getBalance ()

* | == old.this.getBalance() - 2*amount

*/

public void doubleWithdraw(final int amount) {
this.withdraw (amount);
this.withdraw (amount) ;

}

Fig. 10. Traditional declarative specification of the doubleWithdraw method.

pre-state internediate-state post-state

z z
this. wi thdraw( amount) t hi s. wi t hdraw( anount )
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- this. get Bal ance()
intermthis. get Bal ance()
- anount
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pre: pre:
amount. >= 0 amolint_ >= 0
anount <= ol d. this. getBal ance()anount <= intermthis. getBal ance()

Fig. 11. Schematic representation of the doubleWithdraw method.




/ * %
¥ Increase the balance of this account.

*
* Q@post The balance of this account is at least doubled.
* | getBalance() > old.getBalance() * 2
*/

public void increase() {

}

Fig. 12. Declarative specification of the increase method.

/ **

* First increase the balance of this account, and then
* withdraw the given amount.

*

* Q@param amount

* The amount to be withdrawn.

* Q@effect First apply the increase method. Then apply

* the withdraw method, with the given amount as
* its argument.

* | this.increase() ; this.withdraw(amount)

*/

public void nonDet (final int amount) {
this.increase ();
this.withdraw (amount);

Fig. 13. Specification of the effect of the nonDet method using sequential behaviour
composition.



5.3.2 State The nonDet method involves only one object (this) so the state
is given by this.getBalance().

5.3.3 Precondition The precondition of the nonDet method is given by:

pre(this.nonDet (amount))
= pre(this.increase() ; this.withdraw(amount))
= pre(this.increase()) &&
V interm.this.getBalance () |
( post(this.increase())[post/interm]
&&
inv(interm.this.getBalance ())
=
pre(this.withdraw (amount)) [old/interm]
)
= // £ill in
true &&
V interm.this.getBalance () |
( interm.this.getBalance() > 2 * old.this.getBalance ()

&&
interm.this.getBalance() >= 0
=
amount >= 0 && amount <= interm.this.getBalance ()
)
= // ( true && p ) == p

V interm.this.getBalance () |
( interm.this.getBalance() > 2 * old.this.getBalance ()
&&
interm.this.getBalance () >= 0
=
amount >= 0 && amount <= interm.this.getBalance ()
)
= // see appendix
( amount >= 0
&&
2 * old.this.getBalance() + 1 >= amount
)
Il
( 2 *x old.this.getBalance() + 1 < 0
&&
amount == 0

)

2Notice that, when this precondition is combined with the invariant, saying that
old.this.getBalance() is not negative, the right-hand side of the disjunction
will never be true; so, under the assumption that the invariant is true, the pre-
condition simplifies to

2 The last step in the above computation is worked out in more detail in Sect. 10.1.



pre(this.nonDet (amount))
= amount >= 0 && 2 * old.this.getBalance() + 1 >= amount

This precondition expresses that the given amount should be (1) non-negative,
and (2) smaller than or equal to the smallest possible balance that the increase
method will set the balance to, i.e. not bigger than 2 * old.this.getBalance() +
1.

5.3.4 Postcondition The postcondition of the nonDet method is given by:

post (this.nonDet (amount))
= post(this.increase() ; this.withdraw(amount))
= 3 interm.this.getBalance () |
post(this.increase()) [post/interm] &&
post (this.withdraw(amount)) [old/interm]
= // £ill in
J interm.this.getBalance () |
interm.this.getBalance() > old.this.getBalance() * 2 &&
this.getBalance() == interm.this.getBalance() - amount
= // rewrite the second expression
J interm.this.getBalance () |
interm.this.getBalance () > old.this.getBalance() * 2 &&
interm.this.getBalance () == this.getBalance() + amount
= // the existential quantification is removed and
// interm.this.getBalance() is replaced by an expression
// not containing any intermediate state values
this.getBalance () + amount > old.this.getBalance () * 2
= // rewrite
this.getBalance() > old.this.getBalance() * 2 - amount

The resulting balance will be bigger than twice the original balance, decremented

by the given amount.

5.3.5 Conclusion The pre- and postconditions computed in the preceding
sections give rise to the declarative specification shown in Fig. 14.

5.3.6 Schema A schematic representation of the nonDet method is given in
Fig. 15.

5.4 Non-Deterministic Methods

In this section, we examine an example in which both composing methods are
non-deterministic.



and then

/ **

* First increase the balance of this account,

* withdraw the given amount.

*

* Q@param amount

* The amount to be withdrawn.

* Q@pre The given amount is not negative.

* | amount >= 0

* Q@pre The given amount is smaller than or equal to
* twice the balance plus one.

* | amount <= 2 * this.getBalance() + 1

* Q@post The balance is bigger than twice the old
* balance minus the given amount.

* | this.getBalance ()

* | > old.this.getBalance() * 2 - amount

*/

public void nonDet (final int amount) {
this.increase ();
this.withdraw (amount);

}

Fig. 14. Traditional declarative specification of the nonDet method.
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4 2 * old.this.getBalance()

anount <= intermthis.getBal ance()

post-state
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1 this. getBal ance()

rmthis. getBal ance()
unt

ano

Fig. 15. Schematic representation of the nonDet method.




5.4.1 Definition Consider the following command:

*

Withdraw at least the given amount from this account.

@param
Q@pre

@pre

@post

¥R K K K X X X X X X X ¥

*

*/

amount

The amount to be withdrawn.

The given amount is not negative.
amount >= 0

The given amount is smaller than or equal to
the balance of this account.

amount <= getBalance ()

The balance of this account is at least
decremented by the given amount.
this.getBalance ()

<= o0ld.this.getBalance() - amount

public void withdrawAtLeast(final int amount) {

}

Now consider the composed command

doubleWithdrawAtLeast (amountl, amount2)
withdrawAtLeast (amountl) ; withdrawAtLeast (amount2)

A precondition for this composed command should guarantee that the precon-
dition of withdrawAtLeast (amount?2) is fulfilled after invocation of withdraw-
AtLeast (amountl). But withdrawAtLeast (amountl) can make the balance as
small as it wants, possibly zero, so the only way to guarantee that the precon-
dition of withdrawAtLeast (amount2) is fulfilled is to require that amount2 is

Z€ero.

5.4.2 State The state space of the doubleWithdrawAtLeast method is given

by this.getBalance().

5.4.3 Precondition Let us compute the precondition of the composed meth-
od doubleWithdrawAtLeast (amountl, amount2) using the formula given in

Sect. 4.5.

pre(this.doubleWithdrawAtLeast (amountl, amount2))

pre(this

this
pre(this
V interm

.withdrawAtLeast (amountl) ;
.withdrawAtLeast (amount2))
.withdrawAtLeast (amountl1)) &&
.this.getBalance () |



( post(this.withdrawAtLeast (amountl)) [post/interm]
&&
inv(interm.this.getBalance ())
=
pre(this.withdrawAtLeast (amount2)) [old/interm]
)
= // £ill in
amountl >= 0 && amountl <= old.this.getBalance () &&
V interm.this.getBalance () |
( interm.this.getBalance ()

<= o0ld.this.getBalance() - amountl
&&

interm.this.getBalance() >= 0

=

amount2 >= 0 && amount2 <= interm.this.getBalance ()

)

When amount? is strictly positive, the universal quantification will evaluate to
false, because we can set interm.this.getBalance() to zero, in which case
amount2 <= interm.this.getBalance() evaluates to false, while the left-hand
side of the implication is true.

When amount?2 is strictly negative, the right-hand side of the implication is
false. The universal quantification will evaluate to false, because we can set
interm.this.getBalance() to zero, in which case the left-hand side of the
implication evaluates to true.

When amount?2 is equal to zero, the universal quantification evaluates to true:

interm.this.getBalance () |
( interm.this.getBalance ()

<= old.this.getBalance() - amountl
&&

interm.this.getBalance () >= 0

=

0 >> 0 &% 0 <= interm.this.getBalance ()

= // simplify the right-hand side of the implication
V interm.this.getBalance () |
( interm.this.getBalance ()
<= o0ld.this.getBalance() - amountl
&&
interm.this.getBalance() >= 0
=
<= interm.this.getBalance ()
)
=// ( (p & q ) = q ) == true
V interm.this.getBalance () |
true
= true



So, the universal quantification over the intermediate state is true, if and only if
the second amount is equal to zero. The precondition further simplifies to:

pre(this.doubleWithdrawAtLeast (amountl, amount2))

= // copied from above
amountl >= 0 && amountl <= old.this.getBalance () &&
V interm.this.getBalance () |
( interm.this.getBalance ()

<= o0ld.this.getBalance() - amountl
&&

interm.this.getBalance() >= 0

=

amount2 >= 0 && amount2 <= interm.this.getBalance ()
)
= // use the reasoning given above
amountl >= 0 && amountl <= old.this.getBalance () &&
amount2 == 0

The precondition of the composed method expresses that the precondition of
the first composing method should be true (i.e. the first given amount should be
non-negative and smaller than the balance of the account) and that the second
given amount should be zero. Because the first withdrawAtLeast method can
make the balance of the account as low as it wants (zero in the most extreme
case), the only way to guarantee that the precondition of the second method is
satisfied is indeed to require that the second given amount is zero.

5.4.4 Postcondition The postcondition of doubleWithdrawAtLeast is given
by:

post(this.doubleWithdrawAtLeast (amountl, amount2))
= post(this.withdrawAtLeast (amountl) ;
this.withdrawAtLeast (amount2))

J interm.this.getBalance () |
post (this.withdrawAtLeast (amountl)) [post/interm] &&
post (this.withdrawAtLeast (amount2))[old/interm]
= // £ill in

J interm.this.getBalance () |

interm.this.getBalance ()

<= o0ld.this.getBalance() - amountl &&

this.getBalance() <= interm.this.getBalance() - amount2
= // rewrite the second expression

3 interm.this.getBalance () |

interm.this.getBalance ()

<= o0ld.this.getBalance () - amountl &&

this.getBalance() + amount2 <= interm.this.getBalance ()
= // see appendix

this.getBalance () + amount2



<= o0ld.this.getBalance() - amountl
= // rewrite the expression
this.getBalance ()
<= o0ld.this.getBalance() - amountl - amount2

3The doubleWithdrawAtLeast method withdraws at least the two given amounts

from the account.

5.4.5 Conclusion The pre- and postconditions computed in the preceding
sections give rise to the declarative specification shown in Fig. 14.

*

Withdraw at least the given amounts from this account.

@param amountl, amount2
The amounts to be withdrawn.
@pre The first given amount is not negative.
| amountl >= 0
@pre The first given amount is smaller than or equal
to the balance of this account.
| amountl <= this.getBalance ()
@pre The second given amount is equal to zero.
| amount2 == 0
@post The Dbalance of this account is at least
decremented by the given amounts.
| this.getBalance ()
| <= o0ld.this.getBalance() - amountl - amount2

¥R X X X K K X X X X X X X ¥

*

x/
public void doubleWithdrawAtLeast (final int amountl,
final int amount2) {
this.withdrawAtLeast (amountl);
this.withdrawAtLeast (amount?2);
}

Fig. 16. Traditional declarative specification of the doubleWithdrawAtLeast method.

5.4.6 Schema A schematic representation of the doubleWithdrawAtLeast
method is given in Fig. 17.

3 The fifth step in the above computation is worked out in more detail in Sect. 10.2.
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Fig. 17. Schematic representation of the doubleWithdrawAtLeast method.

5.5 Methods That Cannot Be Composed (Deterministic)

In this section and the following section, we give two examples of methods that
cannot be composed. This means that some of the intermediate states realized
by the first composing method do not satisfy the precondition of the second
composing method. In such a situation, the precondition of the composed method

evaluates to false.

In our first example, we consider two deterministic methods.

5.5.1 Definition Consider the following commands:

== 92

account is set to two.

The balance of this account should be equal

/ **
* Set the balance of this account to two.
*
* Q@post The balance of this
* | this.getBalance ()
*/
public void constant2() {
$balance = 2;
}
/ * %
* Set the balance of this account to one.
*
* Q@pre
* to zero.
* | this.getBalance ()
* Q@post The balance of this
* | this.getBalance ()
*/

public void comstantl () {

0
account is set to one.
1




}

In the following sections, we will compute the precondition of the composed com-
mand this.constant2() ;this.constant1(). It is clear from the specifications
given above, that these methods cannot be composed. After application of the
first method, the balance of the account is equal to two; as a consequence, the
precondition of the second method is never fulfilled after application of the first

$balance = 1;

method.

5.5.2 State The composed method introduced above involves only one object

(this) so the state is given by this.getBalance().

5.5.3 Precondition We can compute the precondition using the formula for

deterministic methods introduced in Sect. 4.6:

pre(this.constant2() ; this.constantl1())

pre(this.constant2()) &&

inv( f(old.State))

=
pre(this.constant1())[old.State/f(old.State)]
pre(this.constant2()) &&

inv( 2 )

=

pre(this.constantl1()) [old.this.getBalance ()/2]
// £ill in

true &&

// the implication is false
false

The resulting precondition is false, as we expected.

5.5.4 Schema A schematic representation of the composed method

this.constant2() ; this.constanti ()

is given in Fig. 18.
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Fig. 18. Schematic representation of the constant2;constantl method.

5.6 Methods That Cannot Be Composed (Non-Deterministic)

In this section, we examine a non-deterministic method and a deterministic
method, that cannot be composed.

5.6.1 Definition Consider the following commands:

/ **

* Increase the balance, or set it to zero.

@post

*/

public void increaseOrReset () {

}

/ **

*
*

*
*
*

*

Set the
Q@pre

@post

*/
public void comstant0() {

}

$balance

The balance is increased, or set to zero.
this.getBalance () >= old.this.getBalance ()
I

this.getBalance() == 0

balance of the account to zero.

The balance of this account should be positive.
this.getBalance() > 0

The balance of this account is set to zero.
this.getBalance () == 0

= 0;



In the following section, we will compute the precondition of the composed
command this.increaseOrReset();this.constant0(). Again, we see that
these methods cannot be composed: after application of the increaseOrReset
method, the value of the balance is possibly equal to zero and zero does not
satisfy the precondition of the constant0 method.

5.6.2 State The composed method introduced above involves only one object
(this) so the state is given by this.getBalance().

5.6.3 Precondition We can compute the precondition using the formula in-
troduced in Sect. 4.5.

pre(this.increaseOrReset () ; this.constantO())
= pre(this.increaseOrReset ()) &&
V interm.this.getBalance () |
( post(this.increaseOrReset ()) [post/interm]
&&
inv(interm.this.getBalance ())
=
pre(this.constant0()) [old/interm]
)
= // £ill in
true &&
V interm.this.getBalance () |
( ( interm.this.getBalance() >= old.this.getBalance ()
Il
interm.this.getBalance() == 0
)
&&
interm.this.getBalance() >= 0
=
interm.this.getBalance() > 0
)
= // the universal quantification evaluates to false:
// when interm.this.getBalance() is equal to zero
// the left-hand side of the implication is true
// while the right-hand side is false
false

The precondition of the composed method is false, as we expected.
5.6.4 Schema A schematic representation of the composed method

this.increaseOrReset () ; this.constantO()

is given in Fig. 19.
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Fig. 19. Schematic representation of the increaseOrReset;constant0 method.

6 Advantages

In this section, we describe the main advantages of using sequential behaviour
composition.

Specifying a composed command using sequential behaviour composition usually
gives rise to more succinct specifications. (Compare the traditional specification
of the transferTo method in Fig. 2 with the specification in Fig. 3 that uses
sequential behaviour composition.)

None of the specification languages used in the context of DBC (see Sect. 7)
allows us to specify the effect of a composed command in terms of the com-
posing commands. Introducing sequential behaviour composition increases the
expressiveness of our specification language, allowing us to explicitly express the
connection between a composed method and its composing methods.

In some situations, it is possible to work around this lack of expressiveness
as we illustrated in Sect. 3.1. We duplicated the pre- and postconditions of
the composing methods to specify the composed method. The disadvantages
of this workaround are described in Sect. 3.2. In many situations, this dupli-
cation is impossible, because the composing methods are specified only non-
deterministically, and concrete specifications are given in subclasses.

Sequential behaviour composition allows us to reflect the semantics of a com-
posed method without duplicating the pre- and postconditions of the composing
methods. In this way, Parnas’ principle [27] of information hiding, saying that
each fact must be worked out in one, and only one, place, is supported better.
As a consequence, possible consistency problems are avoided. These consistency
problems can arise when duplicating the specification of the composing methods
to write the specification of the composed method or they can arise when the
specification of the composing methods changes. An example of such a change



for the transferTo method is when the bank decides to charge a fee for each with-
drawal. In that case, the expanded specification of the transferTo method will
automatically change accordingly and express that a fee is charged of the source
account. Remark that, at the implementation level, the semantics of the trans-
ferTo method is reflected by invoking the withdraw and deposit method in the
method body. Manipulating the balances of the two accounts directly in the im-
plementation of the transferTo method would be considered bad object-oriented
programming.

A sequential behaviour composition is a declarative specification, although it
seems to be operational at first sight. Each sequential behaviour composition
can be expanded into pre- and postconditions containing only basic queries.

DBC is one of the building blocks of MDA [8,20]. It is used to specify in a
formal way both the structural aspects and the behavioural aspects of models.
One of the ambitions of MDA is to automate the transformations between mod-
els as much as possible, in particular the transformation from PSM to code.
For relatively simple operations, it is already possible to generate a prototype-
implementation from the postcondition. For more complex operations, automatic
generation of code from specifications is not possible (yet). Sequential behaviour
composition increases the set of methods for which code can be generated: it is
trivial to generate a prototype-implementation for a method that is specified in
terms of a sequential behaviour composition of other methods.

7 Related Work

The ideas underlying DBC go back to the work of pioneers in computer science
such as Dijkstra [4] and Hoare [11]. They already suggested documenting routines
in terms of preconditions and postconditions. DBC, as we know it today, was
developed by Bertrand Meyer as a part of Eiffel [24,6]. Eiffel is an object-oriented
programming language that has built-in support for contracts. Another object-
oriented language incorporating support for DBC is Sather [29]. Most object-
oriented languages, including Java, C4++ and C#, lack support for DBC though.
Nevertheless, there is a growing interest in DBC and several tools have been
developed that provide support for DBC in Java: Biscotti [3], Contract Java
[7], Handshake [5], iContract [16,17], Jass [12,1], Jcontract [13,14], jContractor
[15,19]. The Java Modeling Language (JML) [21,22] is a behavioural interface
specification language that can be used to specify the behaviour of Java modules
and that is supported by a wide range of tools. The Object Constraint Language
(OCL) [31,32] is a formal language that can be used to specify invariants and
operations for UML (Unified Modeling Language) models in a formal way.

One of the principles of DBC is that contracts for software components must be
written in a declarative way, using a formal, mathematically founded notation.
All the systems described above use Boolean assertions to write pre- and post-
conditions. JML follows a model-based specification approach, while Eiffel, OCL



and the tools listed above write specifications in terms of variables and queries
directly applicable to the documented software component.

Yet another kind of specification language is Z [28]. Routines in Z are described
using schemas. A schema consists of two parts: a declaration part and a predi-
cate part. The declaration part introduces the input and output objects of the
routine and the before and after components of the global state. The predicate
part expresses in a declarative way the relationships between input objects, out-
put objects, and components of the global state; it describes the semantics of
the routine. One of the differences between Z and specification languages used in
the context of DBC is that Z offers support for schema composition. This allows
the effect of a composed routine to be specified in terms of other routines. In
object-oriented programming languages, such a sequential behaviour composi-
tion mechanism is available at the level of the implementation, where methods
can invoke other methods in their body. In specification languages supporting
DBC, behaviour composition is limited to queries.

A last important element in our paper is Model Driven Architecture (MDA)
[8,20]. MDA is a framework for software development defined by the Object
Management Group (OMG) [26]. An important goal of MDA is to raise the level
of abstraction at which a developer works by shifting the developer’s attention
from platform-specific implementation details to the development of a Platform
Independent Model (PIM). By definition, a PIM is independent of any specific
implementation technology. Once a PIM has been developed, it is transformed
into one or more Platform Specific Models (PSM). PSMs contain technical details
concerning how to implement a given PIM on a specific platform. In a final step,
the PSM is transformed into code. One of the ambitions of MDA is to automate
the successive transformations as much as possible. In this way, developers are
able to focus on the development of PIMs, thereby raising the abstraction level.
As a consequence, MDA improves productivity. PIMs are platform-independent
and therefore completely portable, they simplify interoperability between plat-
forms and provide a consistent high-level documentation for a software project.

DBC is one of the building blocks of MDA. It can be used to make structural
models consistent and complete and to fully specify the result of queries. More-
over, the dynamics of the system can be expressed by pre- and postconditions
imposed on operations. For relatively simple operations, the body of the corre-
sponding operation can be generated from the postcondition, but in the current
state of the art, automatic generation of code from specifications is still out of
reach.

8 Future Work

In this paper, we introduced the basic ideas of sequential behaviour composition.
Many opportunities for further research still exist.



In this paper, we only considered method contracts containing pre- and postcon-
ditions. We did not take exceptions into account. Many specification languages
and tools supporting DBC, including the behavioural interface specification lan-
guage JML [21,22], the run-time monitoring tools Jcontract [13,14] and jCon-
tractor [15,19], and the IPS [30] methodology, offer support for the specification
of exceptions. The conditions under which exceptions can be thrown can be spec-
ified formally and rules are formulated about how these contracts are inherited
and overridden in subclasses. Research is needed to determine the exceptions
that can be thrown by a composed method and the conditions under which this
can happen, given the conditions under which exceptions can be thrown by the
composing methods.

Inheritance is another interesting challenge in the research about sequential be-
haviour composition. First, it should be examined how the expansion of a sequen-
tial behaviour composition changes when we go down an inheritance hierarchy.
Second, we should analyse whether it is possible to override methods that are
specified using a sequential behaviour composition. The Liskov substitution prin-
ciple states that in class hierarchies, it should be possible to treat a specialized
object as if it were an instance of its superclass. In terms of pre- and postcondi-
tions, this means that preconditions can only be weakened, while postconditions
can only be strengthened. The rules that the Liskov substitution principle im-
plies for methods that are specified using sequential behaviour composition are
still to be determined.

Another question related to inheritance is how we should interpret the sequential
behaviour composition examined in Sect. 3 when the class Account is at the top
of a hierarchy of classes involving several kinds of accounts. Probably, we will use
the dynamic type of the destination account when expanding the sequential be-
haviour composition. This illustrates another advantage of sequential behaviour
composition, namely that it allows specifications that depend on the dynamic
type of the participating objects.

The technique explained in this paper can not only be used for commands but
also for the specification of constructors. The implications of this idea should be
examined by means of further experiments.

Beside sequential behaviour composition, similar constructs for the specification
of commands are worth examining. Possible examples are (1) an and-operator
and (2) iteration. The and-operator can be used to express that two commands
are executed in parallel. This means that the pre- and postconditions of the
composing methods are simply conjoined. For independent operations, using the
and-operator is equivalent to applying sequential behaviour composition. The
order in which such operations are executed is arbitrary. The and-operator is
not applicable for operations that have contradicting postconditions; this would
lead to a method that is not implementable. Iteration could be used to express
that the same method is applied to all objects in a given set. The syntax of such
a specification could be something like



for each account in getAccounts():
account.m()

The meaning of this specification is that method m should be applied to all
given accounts, where the specifications are connected using the and-operator.
Alternatively, iteration could also be combined with sequential behaviour com-
position.

9 Conclusion

The basic building blocks of DBC, i.e. preconditions, postconditions and invari-
ants, are traditionally expressed by means of Boolean expressions. We started
this paper by identifying and illustrating a lack of expressiveness in the Design by
Contract methodology when specifying composed commands, i.e. of commands
whose effect is realized using other commands. This lack of expressiveness causes
several problems, including specification duplication, possible inconsistencies and
formidable specifications.

In a next step, we presented an alternative way to specify software components,
using a mechanism that we call sequential behaviour composition. Sequential
behaviour composition is an extension of DBC based on the idea of schema
composition in the Z specification language. It enables us to express the spec-
ification of a composed method in terms of the specification of the composing
methods. The semantics of the new methodology is described formally by ex-
pressing the pre- and postconditions of a sequential behaviour composition in
terms of the pre- and postconditions of the composing methods. The semantics
is illustrated by means of examples, using the Java programming language.

Among the main advantages of sequential behaviour composition, we distinguish
increased expressiveness of contracts, better consistency, improved adaptability
and trivial code generation.

10 Appendix: Some Proofs

10.1 Equivalence 1

In this section, we proof the following equivalence, which is used in Sect. 5.3.3,
when deriving the precondition of the nonDet method.

V interm.this.getBalance () |

( interm.this.getBalance() > 2 * old.this.getBalance ()
&&
interm.this.getBalance() >= 0



=

amount >= 0 && amount <= interm.this.getBalance ()
)
=
( amount >= 0

&&
2 * old.this.getBalance() + 1 >= amount

)

|

( 2 * old.this.getBalance() + 1 < 0
&&
amount == 0

We can prove that the two Boolean expressions are equivalent by proving the
two implications. First we prove that

V interm.this.getBalance () |
( interm.this.getBalance() > 2 * old.this.getBalance ()
&&
interm.this.getBalance () >= 0
=
amount >= 0 && amount <= interm.this.getBalance ()
)
=
( amount >= 0
&&
2 * old.this.getBalance() + 1 >= amount

)

I

( 2 * old.this.getBalance() + 1 < 0
&&
amount == 0

First assume that 2 * old.this.getBalance() + 1 is not negative. Set in-
term.this.getBalance() to 2 * old.this.getBalance() + 1. Then the left-
hand side of the implication inside the universal quantification is true. As a
consequence, the right-hand side of that implication is true, so amount >= 0 &&
amount <= interm.this.getBalance(), or amount >= O && amount <= 2 *
old.this.getBalance() + 1. This proves the left-hand side of the disjunction.
Next assume that 2 * old.this.getBalance() + 1 is negative. Set interm.-
this.getBalance() to zero. Then

interm.this.getBalance () ==
> 2 * o0ld.this.getBalance() + 1
> 2 * old.this.getBalance(),



so the left-hand side of the implication inside the universal quantification is true.
The right-hand side then learns us that

amount >= 0 && amount <= interm.this.getBalance ()

so amount >= 0 && amount <= 0. In other words amount == 0. This proves the
right-hand side of the disjunction.

Next, we prove the other implication:

V interm.this.getBalance () |
( interm.this.getBalance() > 2 * old.this.getBalance ()
&&
interm.this.getBalance() >= 0
=
amount >= 0 && amount <= interm.this.getBalance ()
)
P
( amount >= 0
&&
2 x old.this.getBalance() + 1 >= amount

)

I

( 2 * old.this.getBalance() + 1 < 0
&&
amount == 0

)

First assume that

amount >= 0 and
2 * o0ld.this.getBalance() + 1 >= amount

Take an arbitrary value interm.this.getBalance() such that

interm.this.getBalance() > 2 * old.this.getBalance() and
interm.this.getBalance () >= 0

Then

interm.this.getBalance() >= 2 * old.this.getBalance() + 1
>= amount

Next assume that 2 * old.this.getBalance() + 1 < 0 and amount ==
The right-hand side of the implication inside the universal quantification can
then be rewritten as 0 >= 0 && O <= interm.this.getBalance(). The impli-
cation is then of the form ( p && q ) = q, which is always true.



Remark. A possibly easier way to understand the above equivalence, is to
rewrite the implication in the following way:

V interm.this.getBalance () |
( interm.this.getBalance() > 2 * old.this.getBalance ()
&&
interm.this.getBalance() >= 0
=
amount >= 0 && amount <= interm.this.getBalance ()

= // rewrite the left-hand side of the implication
V interm.this.getBalance () |
( interm.this.getBalance ()
>= max(2 * old.this.getBalance() + 1, 0)
=
amount >= 0 && amount <= interm.this.getBalance ()
)
= // saying that all values bigger than or equal to p
// should be bigger than or equal to amount, is
// equivalent to saying that p itself should be bigger
// than or equal to amount
amount >= 0
&&
amount <= max(2 * old.this.getBalance() + 1, 0)
= // distinguish different cases
amount >= 0

&&
( (2 % old.this.getBalance() + 1 >= 0
&&
amount <= max(2 * old.this.getBalance() + 1, 0)
== 2 * o0ld.this.getBalance() + 1
)
I
( 2 * old.this.getBalance() + 1 < 0
&&
amount <= max(2 * old.this.getBalance() + 1, 0)
== 0
)
)

= // distributivity
( ( 2 * old.this.getBalance() + 1 >= 0
&&
amount <= 2 * old.this.getBalance() + 1
&&
amount >= 0
)
Il
( 2 * old.this.getBalance() + 1 < O
&&



amount <= 0
&&
amount >= 0
)
)
= // simplify

( ( amount <= 2 * old.this.getBalance() + 1
&&
amount >= 0

)
Il
( 2 * old.this.getBalance() + 1 < 0

&&
amount == 0

10.2 Equivalence 2

In this section, we proof the following equivalence, which is used in Sect. 5.4.4,
when deriving the postcondition of the doubleWithdrawAtLeast method.

Jz | x <=2z && z <=y
4
x <=y

First, we prove the following implication:
Jz | x <=2z && z <=y
=
x <=y
This follows directly from the transitivity law.
Next, we prove the opposite implication:
Jz | x <=2z && z <=y
p=
X <=y

When x <= y, we can make the expression x <= z && z <= y true by setting
z equal to x. So, the existential quantification is true.
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