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Abstract

In object-oriented systems, it is often the case that an object will have an
attribute whose value identifies (points or refers to) some other object in the
system so that the identified object can be sent messages. The association
between objects determined by the object references in a system will gener-
ally result in a complex structure whose design and specification is a crucial
part of the development and implementation of the system. The aim of this
paper is to look at ways of capturing formally object reference structures that
occur frequently in object-oriented systems. For example, consider a system
consisting of car and wheel objects where each car has attributes referencing
its wheel objects. If wheels are not shared between cars, distinct car objects
will reference distinct wheel objects. In this paper we distinguish such object
references by saying that a car object (directly) contains the wheel objects
it references. The nature of the contained object references as suggested by
this example is captured within a formal framework and incorporated into the
Object-7Z specification language. Object containment is then compared with
related ideas found in object-oriented programming languages. The distinc-
tion between object containment and the notion of object ownership (control)
is also discussed. Finally, a generalised notion of object containment is inves-
tigated.

1 Introduction

In object-oriented systems, references between objects are maintained so as to fa-
cilitate inter-object communication[Boo91, GR89, Mey88|. For example, consider a
banking system consisting of account objects, customer objects and bank objects. In
such a system, a customer object will have attributes whose values reference account
objects. These references enables customers to operate their accounts (e.g. to make
deposits, withdraws, etc.). If a bank permits shared accounts, several customers
may even reference the same account. In addition, an account object may well have
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an attribute whose value is a reference to a customer object, so that access to the
account can be authorised. Furthermore, a bank object will have attributes whose
values reference account objects, so that the bank can operate the accounts for the
purpose of adding charges or changing credit limits.

The association between objects determined by the object references in a system
will generally result in a complex structure whose design and specification is a cru-
cial part of the development and implementation of the system. The aim of this
paper is to look at ways of capturing formally object reference structures that occur
frequently in object-oriented systems.

As an example, suppose that in a banking system no account is shared between
banks. In this case it would follow that any account referenced by one bank is
distinct from any account referenced by a different bank. When giving a formal
specification of this banking system, such an important structural property of the
object references should be clearly captured by the specification, ideally as a global
system invariant.

As another example, consider a system consisting of car objects and wheel objects.
Each car will have attributes that reference its wheel objects. If wheels are not
shared between cars, distinct car objects will reference distinct wheel objects.

In this paper we formally investigate the general nature of the object references
implicit in the last two examples. The properties of such object references are
captured within a formal framework and incorporated into the object-Z[DKRS91,
Ros92] specification language as predicate rules (resembling in flavour the axioms of
combinatorial geometric structures such a s projective planes).

The example above of the car and its wheels suggests a notion of geographical
location (a car physically contains its wheels) and for this reason we refer to the
resulting object-references as containment, i.e. a car object is said to (directly)
contain the wheel objects it references. As the banking system illustrates, however,
the structure of object containment also arises in situations where the objects have
no relevant geographical location: it would be inappropriate to think of an account
object as being physically contained within a bank object, but nevertheless, because
distinct banks reference distinct accounts, a bank object is said to (directly) contain
the account objects it references. In the paper this notion of object containment is
precisely characterised by its (geometric) properties.

In general, some attributes of an object will reference contained objects, and other
attributes will not. For example, in addition to the references to its contained wheel
objects, a car object may well reference a person object corresponding to the owner
of the car. We would not expect the person reference to denote object containment
as a person may well own several cars. That is, in general an object ‘has a’ set of
references to other objects, only some of which may be ‘contained’ references in the
sense defined in this paper.

Various notions of object association, such as aggregation and composition, have
been discussed in the literature[CY91, Civ93, DT93, HS92, Lif93, Nie93, Ode92].
Our notion of containment has features in common with them, but is not identical to
any. A notion of containment is also defined by Kilov and Ross[KR94] in extended
Object-Z and used (as a hierarchical subordination) in a way different from the
treatment in this paper.



In this paper, the properties implied by object containment are modelled by a con-
straint relationship between objects. Two examples are presented in Section 2 to
demonstrate that this containment relationship can be captured explicitly in Object-
7 by predicates in the state invariant of a class. However, when a system is large and
complex, capturing the properties of the containment relationship explicitly in this
way is cumbersome. Therefore, in Section 3 an extension of the Object-7Z notation
is introduced to capture directly the geometric notion of object containment.

The notion of object containment is also partially supported by some object-oriented
programming languages. Object containment in object-oriented programming lan-
guages such as Fiffel[Mey92] (expanded class type) and C+4[Str86] (object type) is
discussed and compared to our notion in Section 4.

In many object-oriented systems, object containment is closely related to object
ownership: an object will have exclusive control of any object it contains. However,
in this paper we view object containment as a purely geometric notion, quite distinct
from the issue of object ownership. An example in Section 5 illustrates this.

Objects may overlap or share contained objects, e.g. two rooms may share a wall
in a building. An object may also contain only part of another object, e.g. a street
may pass though and hence be partially contained by several suburbs. In Section 6
this generalised view of object containment is illustrated and formally captured in
Object-Z.

Finally, the geometry of object containment can be applied to simplify the speci-
fication of abstract recursive structures, such as trees and directed acyclic graphs.
Examples are presented in Section 7.

For those readers not familiar with Object-7Z, a glossary of the notation used in
this paper, together with a brief introduction to Object-Z is given in an appendix.

Further details are given in [DKRS91] and [Ros92].

2 Capturing the Properties of Containment

In this section the properties of object containment are stated precisely. The notion
of object containment informally introduced in the last section suggests a forest-
like geometric relationship between contained objects. As a motivating example, in
Figure 1 u, v, w,z,y and z denote objects where u directly contains w and =z, and
similarly w directly contains y and z, but u and v are not related by containment,
and neither are w and z. In this case object u indirectly contains y and z.

Figure 1 is based on an idea of geographical object location. However, object con-
tainment can arise in systems where the objects are not related geographically.
Nevertheless, the figure suggests two geometric ideas that characterise the general
notion of object containment?:

(1) an object cannot directly or indirectly contain itself; and

(2) an object cannot be directly contained within two distinct objects.

?In this paper, the term ‘geometry’ is used in a combinatorial sense. A geometric structure is
defined by the rules that determine whether or not one object ‘contains’ another. Like projective
geometries, no geographical notion of physical location is implied by the term.
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Figure 1: The geometry of object containment

To capture these ideas formally, let O denote the universe of all object identities in

a system[DD93], and let
decon : 0« O

denote the relation whereby
0by dcon ob,

if and only if object 0b; has a reference to a directly contained object 0by;. Put
another way, dcon is the set of all those ordered pairs (0bq, 0by) of (identities of)
objects in the system where o0b; directly contains o0b,.

The first condition above requires that
Fob: O e ob dcon™ ob

where dcon™ is the transitive closure of dcon. The second condition requires that
deon™ € O + O

(i.e. the inverse of the relation deon) is a partial function.

In any system, the relation deon is not static; it will change dynamically if object
relocation i1s permitted, i.e. if there are operations in the system that affect the
containment geometry. This is discussed further in Section 3.4.

When specifying an object-oriented system using Object-Z, the above two properties
of object containment can be captured explicitly by class invariants, as is illustrated
in the following two examples.

2.1 Example: Terminal Location

Consider the situation where a campus consists of a set of buildings, with each
building containing a set of rooms and each room containing a (possibly empty) set
of terminals. A specification in Object-Z would be

Terminal Room

[details of state and operations
omitted]

ts : P Terminal

[details of operations omitted|







