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Abstract

This thesis addresses the question of how to provide data management services in
object-oriented systems with reliable persistent object stores. It proposes an object
data model, called the collection model, which serves as a [oundation for the con-
struction of such services. The collection model is general in that it is independent
of any particular implementation platform. In part, this independence is achieved
through the separation of the data model from the underlying type model.

There are two components of the collection model - a structural model, BROOM,
and an operational model based on an algebra of collections. The structural model is
semantically rich and exhibits properties of both the entity-relationship and semantic
data models. Unary collections are used to represent entity categories and binary
collections to represent relationships between entities. Classification structures are
based on the notion of a collection family which represents various forms of conceptual
dependencies among the collections of a family.

The requirements for supporting the various forms of evolution in object-oriented
database systems are presented. An extension to the collection model is proposed to
support object evolution whereby objects can migrate within classification structures.

Two existing realisations of the collection model are described. One is a prototype,
single-user system implemented in Prolog. The other forms the basis of the Object
Data Management Services of the Comandos platform for distributed, object-oriented
applications.

A general approach to object data model design, specification and realisation is ad-
vocated. In particular, a metacircular description of the collection model is used as
an intermediate form of data model specification. This metacircular description is
then transformed into a formal specification in the Z language.
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Chapter 1

Introduction

With the advent of persistent programming systems and persistent object stores,
some ol the functionality of a database management system (DBMS) is provided
by a general persistent system. We are forced to ask ourselves questions such as:
“What functionality of a DBMS is not supported by a persistent store?”, “What
distinguishes a database system {rom a persistent system?”.

To answer these questions, we must first examine the basic requirements of a database
system. This enables us to establish a clear characterisation of both database systems
and persistent systems and thereby assert the additional functionality required of a
database management system. We can then address the issue of how to provide this
functionality of a database management system in an object-oriented system witha
persistent object store.

1.1 Database System Requirements

A database system is a software system which supports a data-intensive application.
In the 60°s and 70’s, such applications tended to be relatively simple and straightfor-
ward in that the structure and use of data was regular and well-known. For example,
databasc systems were developed for stock control, payroll and patient record appli-

cations. .

As database technology advanced, so did the ambitions of the developers of database
. A . .
application svstems. This is not {o say that there was no longer a requirement for
the more traditional applications, but rather that support was sought for more gen-
cral and complex application systems such as Office Information Svstemns, Computer
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Aided Design and Computer Assisted Soltware lingineering. These application sys-
tems model complex human processing systems and support a wide range of activities.
[For example, an Office Information System encompasses support for all office activ-
ities rather than supporting a singlé activity such as the maintenance of personnel
records.

To provide computer support for an activity, we must first be able to describe that
activity and, in the case of complex human activities such as those of designing a
ship or producing a large software system, it is an intricate task to produce such a
description. One of the aims of the designers of a database management system is to
provide the database application systemn designer with a set of concepts that assist
the construction of such an application model.

The main characteristic of all data-intensive applications is the representation of a
large number of interrelated entities of the application domain. Each entity will be
represented in the database system by a value or an association of values. Here,
the term ‘value’ is used in its most general sense to mean any valid data item of a
particular svstem. A value may be a simple value. such as the integer 3 or the string

john. or a complex record or object value,

Instead of an entity being represented divectly by a single value, it may be the case
that it is represented by an association of values. [For example, a particular person
might be represented by the association of the string value john and the string value
24 High Street. Associations of values are also used to represent relationships be-
tween entities. If a particular person entity is represented by the value p, and a
particular department entity is represented by the value d, then the fact of that
person being employed by that department may be represented by the association

(p,d).

The form of representation of an entity, or a relationship between entities, will depend
on the forms of values and associations of values supported in a particular system.
An object-oriented system can represent entities directly by means of object values
wlereas a relational database system only supports simple values and generally enti-
ties of the application domain have to be represented through associations of values
held as tuples of relations. Further, for a given system, the database designer may
have a choice as to the form of representation of particular entities and relationships.

I follows that a database system is concerned with the management of a large number
ol values and associations between values. The general requirernents of such a system
can be expressed i terms of “the fonr @'s™. 1l a database system is to be effeclive, the
management ol values must be effectual, exrpedient and efficient.

In order that the management of values he effectual, the operation of the database
svstem must be valid. This implies that the values of the database be correct, current

and consistent. Expediency implies convenience for both a designer and o user of the
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system whether that user be a database administrator, application programmer or
end-user. [or a system to be effective, it must also be efficient in that operations
must be performed within an acceptable time period.

Note that these three requirements of database systems are not independent. Further,
some features may contribute to more than one requirement. IFor example, support
for data independence which divorces the logical and physical descriptions of data has
benefits in terms of both user convenience and efficiency of both system opcrations

and programmer productivity.

Isach of these three requirements is now examined in some detail.

1.1.1 Effectual Data Management

If a database svstem is to satisfy its intended purpose, it is fundamental that it
ensures the validity of the data values that it manages. This means that the system
must protect the data against loss or corruption due either to failure or user abuse.
Furthermore. the data values must be current in that the database must reflect the
cffects of successfully completed operations on the database. Thus. there must be
some form of long-term, reliable storage of data values in order that the database
will persist between application program executions and beyond machine shutdowns

or failures.

For values to persist beyond program execution, there must be some form of persistent
address space. In conventional systems, the logical unit of persistence supported by
the operating system is the file and the persistent address space is controlled by the

file manager.

Most general purpose programming language systems adopted this basic model of
persistence by having a single form of persistent value - the file. Usually, a file
corresponds to a sequence of uniformly formatted records. It was recognised that
there are two major problems with such a system. Firstly, all data values which
the programmer wishes to persist must be converted to an appropriate file format.
Secondly, since the persistent data is effectively stored in raw format, there are no
mechanisms to ensure that the data is used ‘safely’.

To overcome these problems. there arose the notion of a pefsistent programming
language in which any form of data valne could persist. Two of the first persis-
tent programming languages were developed independently in the East and West by
Zamulin [Zam75. Zam78, Zam89] and Atkinson [ACC81, ABC*83]. respectively.

[t was estimated that of the order of one third ol commercial application program
code had been concerned with the mapping of program data structures to persistent
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file structures and vice versa. Hence, the use of persistent programming languages
for data-intensive applications reduced both programming effort and program code.
Further, since these systems store type information along with the data values in the
persistent store, they provide support for ensuring the safety of data use, i.e. that it
is used in a correct and meaningful way.

To ensure the resilience of the system to machine failures, the persistent values must
be held on non-volatile storage. Magnetic disks are the most widely used non-volatile
medium for the storage of large quantities of current, updatable data values. We
distinguish current data values {rom archive or back-up data which may be held on
magnetic tape. Also, we distinguish between databases which may be updated from
those that are a read-only information store and may be held on a read-only medinm
such as €D RONL. We note that with the development of systems with large non-
volatile RAM. there are a number of rescarch projects investigating main memory
database systems in which all persistent values are held in RAM.

Therefore, typically the persistent values of a data-intensive application system will
be held on magnetic disk. The persistent values associated with an application system
are termed, collectively, the database of the system. In some persistent programming
languages, it is possible to access more than one database in a program and therefore
the persistent values of an application system may be stored as one or more databases.
Those persistent values accessed by an application will be mapped into the program’s
virtual address space as required.

As stated previously, the systemn must ensure that the effects of successfully com-
pleted operations are reflected in the database. On the other hand, the system must
prevent operations which fail to complete successfully from leaving the database in an
inconsistent state. It is therefore necessary to introduce the notion of a logical unit of
processing - the transaction. A transaction is an atomic operation on the database in
that either it completes successfully and all of its effects are reflected in the database
or it fails to complete and none of its effects are reflected in the database.

A successful transaction completes with a commit operation. All persistent values
which have been created or updated in the transaction’s virtual address space will
be mapped into the persistent address space. If the machine were to fail while the
persistent values are being written to the non-volatile storage, some of these updates
could be lost and the database left in an inconsistent state. To prevent this, a log of
the transaction’s processing and outcome is maintained and, at the point of commit,
this log is written onto stable storage. In the event of macliine failure before the
updates are written to the database, examination of the log record during recovery
shows that the decision was taken to commit and the new database state can be

constructed from the information in the log.

A transaction which fails to complete successfully will terminate with an abort oper-
ation. The decision to abort will be recorded in the log and the persistent values in
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the transaction’s virtual address space will not be mapped into the persistent address
space. In this way, the database is unaffected by any processing performed by the
transaction before abortion.

One of the early motivations [or database systems was the separation of data from
programs, thereby allowing a central data repository which could be shared by a
number of application programs. This notion can be generalised to the separation of
knowledge from the application of knowledge. Thus, there can be a shared repository
of knowledge about some application domain and a particular application program
can utilise whichever parts of this knowledge repository it requires and apply this
knowledge in whatever way 1t chooses.

This generalisation is introduced here to emphasise that the same principles of per-
sistence apply whatever forms of values may persist. Thus, some persistent program-
ming languages, such as PS-algol [ACC81], [ABC*83] and Napier [MBCD89], have
introduced procedures as first-class objects and one form of persistent value is the
procedure. Similarly, a deductive database system is based on the logic program-
ming paradigm in which knowledge about the application domain is recorded as a
set of facts and a set of general rules. Therefore, the persistent store of a deductive
database system must store both values which are facts and values which are rules. In
object-oriented systems, an object has associated methods and the implementations

of these methods must also persist.

Whatever the forms of persistent values supported by a system, it may be a re-
quirement of the system that these values can be shared by a number of application
programs. There must be some mechanism to ensure that two or more application
programs accessing the same persistent store do not interfere with each other’s op-
eration. An application program may incorporate one or more transactions where a
transaction is an atomic operation on the database. Hence, what is really required
is some form of control to prevent conflict among concurrent transactions which op-
erate on the same persistent store. This means that the eflects on the database and
the output of the transactions must be the same as if these transactions had run in
isolation.

The system must support some form of concurrency control mechanism which either
restricts access to the persistent values or restricts the commit operation of transac-
Lions in such a way that the eflect of processing a set of transactions concurrently is
equivalent to the effect of having processed these transactions one after the other in

.

some specified order. i.e. the transactions are serializable.

Access Lo persistent values may be restricted by some form of locking scheme whereby
a transaction may be delayed until it can obtain an appropriate lock on a persistent
value (or the group of values that include the required value). Such a concurrency
control scheme is termed pessimistic in that it prevents conflict at the cost of delaying
the processing of transactions. An alternative optimistic approach is to detect conflict
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when it arises and recover from it by the rather costly process of aborting transactions.
This can be achieved by having transactions operate on their own local copies of
persistent values and then checking before the commit operation if their operation is
in conflict with that of any transactions that have committed during that transaction’s
processing. In the case of conflict, the commit operation is not allowed to proceed.
In general, the pessimistic approach is preferred where the likelihood of conflict is
high and the optimistic approach is preferred where the likelihood of conflict is low.

In summary, effectual data management requires some form of persistent store and
transaction management. The transaction management should at least provide some
form of recovery mechanism and, il the persistent store is to be sharable, then it
must also support some form of concurrency control mechanism. Many variants of
mechanisms for recovery and concurrency control have been proposed and here only a
very briefl description of their requirements has been provided. A good comprehensive
description of the various issues and proposed mechanisms is given in the book by
Bernstein, Hadzilacos and Goodman [BHGS87].

In addition to the above, there should also be security mechanisms to prevent unau-
thorised access to data. The two basic forms of access control mechanisms are list-
based or token-based. [List-based mechanisms associate with a persistent value (or
group of values), a list of authorised users and their access privileges. A token-based
system permits access Lo a persistent value (or group of values) by users with the
appropriate token. The second kind of access control is the basis of the capability
systems [LS76].

Distributed systems require further extensions to the persistent store and transaction
mechanisms. The persistent address space spans several nodes and a transaction
might access persistent values across the nodes of this address space. Persistent
values might be veplicated at different nodes to increase the levels of locality of
access and availability of data. Consequently, the recovery, concurrency control and
security mechanisms have to be extended to take this into account. I'or example, some
variant of the two-phase commit protocol might be used to ensure that the effects of
a transaction are committed at all participating nodes or none of the participating
nodes.

1.1.2 Expedient Data Management

A database is a representation ol the corresponding application reality. A user of
the database svstem can make enquiries about the application reality through this
cepresentation by the retrieval and processing of values of the database. Animportant,
part ol the user activity is the maintenance of the representation in an cllort to ensure

that it s both a current and an accurate representation of the apphication reality.
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To assist the users in their maintenance and retrieval activities, it is vital that they be
presented with a conceptual model of the application reality. This conceptual model
is a. metalevel description in terms of the general concepts of interest in the application
domain. It is the task of the database designer to construct the conceptual model.

The set of general concepts will be based upon the recognition of the existence of
similarities among entities and their associations. An entity has a set ol properties
each of which may be either structural or operational. From now on, when we refer
to the properties of an eutity, it is assumed that we refer only to those properties of
interest in a particular application system rather than all properties exhibited by the
entity. A structural property is referred to as an attribute ol the entity and it has
an associated value, For example, an entity might have a name attribute with the
value john. The set of structural properties, or attributes, of an entity determine the
form of the entity. An operational property specifies an operation that the entity can
perform. The set of operational properties of an entity characterises its behaviour.

If a set ol entities have similar form and behaviour, then a general description of the
properties of these entities may be introduced and these entities will have a common
representation in the database. In this way, there is a move from the particular to the
general and the introduction of a metalevel description of the representation of these
entities referred to as a type. A type gives a general description of a value in terms
of the properties that value must hold and we say that a value with those properties
is an instance of that type.

A system may provide up to four basic kinds of types. Firstly, the system may sup-
port a number of primitive types for which the structural and operational properties
are predefined. For example, commonly the primitive types integer, and boolean
arve available. Secondly, the system may support a number of structured types for
which the operational properties are predefined but the structural properties are not.
For example, record and enumerated types are structured types; they have fixed op-
erations such as selectors on records - but the structure of the records is specified by
the user. Thirdly, the system may support operational types in which the structure
15 fixed and operational properties are specified by the user. IExamples of these are
procedure or function types. lourthly, the system may support abstract types for
which both structural and operational properties have to be specified by the user.
These are abstract data types or object types.

Note that just as an entity may be a particular of several general concepts, its rep-
resentation value may have properties additional to those of a given type and it is
therefore possible for a value to be considered as an instance of many types - provided
that it has the properties of cach of those tvpes.

Similar entities mayv be classified according to their roles in the application domain.
This elassification is based on semantic groupings of entities which reflect not only the
propertios of those entities. hut also their associations with other entities and external
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operations on entities. An operation is external to an entity if it is not a property of
that entity but rather a property of an encompassing entity. For example, in a library
system the operation of borrowing a book may be viewed - not as an operation of
a borrower or of a book - but rather as an operation of the encompassing library
entity; then the borrow operation would be external to book entities. These external
operations characterise the envisaged ‘usage’ of an entity. We adopt the term category
to refer to such entity groupings.

The classification of entities is represented in the database by named collections of
values representing the entity categories. A metalevel description of a collection is
given by a colleclion scheme (cf. relation scheme) which specifies the name and nature
of the collection and the type of its members. The nature of a collection determines
whether a collection may contain more than one occurrence of any value and whether
the member values are ordered; 1t corresponds to a particular form of bulk data type
such as a set. ordered set or bag.

Thesc categories of entitics are not independent since they form part of a classification
structure for the application domain. Classification structures are represented in
the conceptual model by the specification of conceptual dependencies among the
collections. [Further. certain categories of entities will be related through the sorts of
relationships in which their members may participate and this is also represented in
the conceptual model by conceptual dependencies among collections.

A conceptual model may therefore be regarded as having a three-level structure. At
the lowest level there are the general descriptions of individual entities of the appli-
cation domain in terms of types. These entities are grouped together into categories
according to their roles in the application domain and this is modelled in the concep-
tual model by collection schemes which describe the collections of values representing
these categories. Finally, the categories are related to each other both through their
participation in classification structures, and, in terms of the relationships that may
exist between their members; this is described in the conceptual model as constraints
on collections. This structuring of the basic notions of conceptual models is illustrated

in figure 1.1.

The application reality contains person entities and house entities. These entities
arc grouped into categories of persons and homes, respectively. Then we wish to
represent the relationships between persons and the homes they live in.

The application entities are modelled by the types person and house which give
the properties exhibited by the corresponding entities. Categories arc modelled by
collection schemes. There are three collection schemes which specily: Persons is a
collection of valies of type person; Homes is a collection of values of type house; and,
Lives is a collection that associates values of type person to values of type house.
All three collections have set behaviour. The single constraint specifies thal Lives
maps members of collection Persons to members of collection Homes.



CHAPTER 1. INTRODUCTION

modelled by

7z

1R

Application Reality

%
i*i ‘]/h categories

entities

relationships

Conceptual Model

types

person

house

collection schemes

Persons : set of person
Homes : set of houses

Lives : set of [person,houses]
constraints

Lives <->Persons to Homes

described by

represented by

instantiated by

Database

values

person fred, john, mary
house brick, straw
collections

Persons {fred,john,mary}

Homes {brick, straw}

Lives * { (fred,brick),
(john,straw),

(mary,straw) }

IFigure 1.1: Conceptual Models and Databases
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Then the database is an instantiation of the conceptual model in that it represents
particular entities of the application reality, their roles and the relationships between
them. Here it is assumed that a person entity is represented by a simple name value
e.g. john, and similarly, for a house entity e.g. brick. Then the collection Persons
is the set {fred,john,mary}, and the collection Homes is the set {brick,straw}. The
relationship between persons and the homes they live in is represented by collection
Lives which is a mapping from Persons to Homes. For example, (fred,brick) is a
member of Lives and this represents the fact that fred lives in the brick house.

For a given database to be an instance of a conceptual model, the collections of
the database must be as specified in the collection schemes and, must satisfy the
constraints of the model.

The conceptual model is constructed by the database designer and is the basis for the
use of the application system. The database designer specifies the conceptual model
in terms of a conceptual modelling language. To assist the database designer in their
task and also to ensure that the resulting conceptual model is understood by the
users, this language must provide a number of general constructs that arc adequate
for the description of data-intensive application systems. The key to making such
a language effective is that it should be simple: this means that it should be based
on a small number of easily understood concepts and should be orthogonal in the
application of these concepts.

Since the conceptual model imposes a structure on the values of the database, the
conceptual modelling language is commonly referred to as a data modelling language -
and the constructs on which it is based as a ‘data model’. Thus, a data model could be
regarded as a database designer’s toolkit in that it provides the basic components for
constructing a conceptual model. The term ‘data model’ is somewhat confusing since
it 1s not a model but rather a theory for which models may be constructed. However,
the term is in common usage and therefore will be adopted here. But we would like
to emphasise the distinction that will be used between the terms ‘data model’ and
‘conceptual model’. Here, we use ‘data model’ to mean the set of basic constructs
and the term ‘conceptual model’ to mean the model of a particular application reality
that is expressed in terms of these constructs. The conceptual model of a database
is often referred as the database schema.

['or expedient data management, it is therefore necessary to provide some means of
representing a conceptual model for an application reality and the ability to view and
manipulate the databasc in terms ol this model. This means that the user should be
able to specily operations not only on individual values - but also on collections of

values and indeed on the entire database.
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1.1.3 Efficient Data Management

An application system could be designed from scratch and thereby tailered for the
intended applications to obtain optimal performance. However, in general, this would
be a very expensive solution and, in the long term, may prove very inefficient as it does
not cater for system evolution. A databasc system will evolve over time in terms of its
use, its requirements, its structures and its values. This means that instead of ‘hard-
wiring’ a system to specific database and application characteristics, it is desirable
that the system is adaptable to change in such a way that good performance is still

attained.

A database may contain very large collections of values and these may be part of
a complex overall structure. Indced, the values which represent individual entities
of the application domain may themselves be large and/or complex. The size and
complexity of the database can result in very high costs for retrieval operations.
To be borne in mind is the fact that a so-called retrieval operation may not be a
simple look-up operation - but may involve complex processing operations on values
in the database. As databases are increasingly becoming an integral part of complex
application systems, such as scientific processing and design systems, such processing
operations can be expensive both in space and time.

Update operations may also be expensive not only in terms of the time to locate
values required and any processing costs, but also, in terms of ensuring that the
overall consistency of the database is maintained. Thus, an update operation may
incur high overheads such as constraint checking activities.

If the system takes several minutes (or even hours) to perform the required operations,
then effectively the system may be unusable. This is particularly true in transaction
processing systems, such as airline reservation systems, that typically involve a large
number of small transactions with a low critical response time.

Different applications may have conflicting requirements. Thus the location and/or
representation of collections of values suited to one application may difler {rom that
appropriate to another application. It may be possible to meet the requirements
of both applications through replication of data or multiple representations but this
then introduces additional overheads in ensuring the consistency of the database. It
is important to remember then that the objective of the person respounsible for the
system must be the overall efficiency of the system rather tham the optimal solution
with respect to any one application.

A database management system is a generalised software system that should provide
cllicient data management for a range of application systems. It must provide meth-

ods of representing and processing data such that operational performance will reach
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reasonable standards of efficiency regardless of specific data and application charac-
teristics. This can be done through the provision of support for a small number of
general constructs and various implementations of these constructs to suit data and
application characteristics. Further, operations on a database should be specified at a
logical level which is independent of physical representation and implementation: the
system can then determine the methods of evaluation through consideration of the
data characteristics and the current forms of representation. Hence, as the database
system evolves, the underlying representations and implementations can be evolved
in turn without recourse to the application programmers or end users.

The requirements for eflicient data management are not orthogonal to those for ex-
pedient data management. Both require the notion of a data model which provides a
small number of constructs in terms ol which one can model the application domain
with relative ease. Also, they both require the notion of a query language which
cnables the user to specify operations on the database at a logical level in terms of
the conceptual model and independent of physical representation.

A given collection of values may have a number of possible representations. The
most appropriate representation will depend on the size of the collection in terms
of the number of values it contains, the characteristics of the member values and
the envisaged operation characteristics. If a collection contains only a few members,
then a very simple representation such as a linked list of values may suffice. If
however a collection is large then a linear search to retrieve a particular value would
be unacceptable and therefore some form of index structure would be maintained.

Typical index structures employ variants of hashing techniques or B-trees (or some
combination of these). An index structure is built over some property or combina-
tion of properties of the values of the collection depending on access patterns. For
example, in a collection of person objects, then if there are lots of selection opera-
tions based on the surname of a person then it is reasonable to construct an index
of the collection based on the surname values. The choice of index structure can
take into consideration the stability ol the collection and also the characteristics of
the properties over which an index is constructed. For example, some forms of index
structure are easily expanded as the size of a collection grows, whereas others invoke
significant overheads if the variation in the size of the collection is high. Further, the
distribution of the property values is significant in the selection of an index structure.

[t is. of course, possible to maintain several index structures over a single collection.
But it is important to remember that the incurred overheads of maintaining an index
structure can be high as the the index will have to be updated as values are updated.
ror this reason, clearly it is preferred to maintain index structures over relatively

stable properties.

A database management system should provide a number of forms of index struc-
ture and representation of collections. Then the choice of mamtaining a particular
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index structure over a given collection may be made either by the database system
administrator, who has overall responsibility for the system, or by the system itself.
[t is possible for a system to gather statistics on access patterns and, on the basis
of these, decide when to construct a new index structure - or delete an existing one.
At present, such systems are rare; however, in a number of systems an index may be
constructed purely for the evaluation of a particular query.

The method of evaluation of a particular operation on a collection, or set of collec-
tions, depends upon the representation of those collections and also the characteristics
of those collections. For example, if an operation is to select specific objects from a
collection based on the values ol some property of those objects, then the method of
evaluation depends upon whether or not that collection has an index structure on that
property. The size of a collection is also significant in selecting the implementation

of an opcration.

A given query on a database is specified in a query language in terms of the con-
ceptual model. This query can be translated into an algebraic expression in terms
of operations on collections. Then the selection of an evaluation plan for the query
expression consists of two stages. [First, the query expression is transformed into an
equivalent expression bhased on the algebraic properties of the operations. This stage
is generally known as logical optimisation. Then an evaluation plan is constructed
for the transformed query expression and this plan takes into account the physical
representation of the collections and also their characteristics. This stage is known
as physical optimisation.

The issues of query optimisation are well understood in the area of relational database
systems. These were the first systems to make a clear separation between the logical
and physical levels of a database system such that the end-users interact with the
database only in terms of its conceptual model (or views thereof) and the system
deals with the translation of operations specified at the user level into operations at
the physical level.

Unfortunately, it seems that in many of the object-oriented database systems this
important separation of the logical and physical levels has been abandoned and the
application programmers have to express their operations on the database in terms of
physical representations and implementations. This apparent regression towards the
navigational styvle of database application programming found in the early network
and hicravchical database systems has now been recognised. A number of researchers
and developers are attempting to separate out the logical and physical levels by
supporting high-level query Tangnages and multiple representations of structures and

implementations ol logical database operations.
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1.2 The Collection Model

[rom the foregoing discussion on database system requirements, it should be clear
that while a general persistent programming language supports effectual data man-
agement, it does not support all of the features for expedient and efficient data
management required by data-intensive applications. A persistent programming sys-
tem provides support for the persistence of individual values, but it does not provide
explicit support for the notion of a datahase as a representation of an application
domain in terms of interrelated collections of values. In other words, the persistent
system has no notion of a data model as discussed in the section on expedient data
management. and there is no distinction between the logical and physical levels of
representation.  Clearly, as they have no notion of a database, thiey also have no
notion of a query language that expresses operations on a database.

It is important to emphasise that although some persistent systems have been ex-
tended to support collections, this still falls short of our database system requirements
as there is no explicit support for expressing the sorts of conceptual dependencies
among these collections required to model classification structures and relationships.

Further, it is important to emphasise that we are not presenting these as deficiencies
of persistent systems but rather are highlighting the distinction between database
systems and persistent systems. A database system is based on a persistent system -
but it has additional facilities appropriate for the support of data-intensive applica-
tions. Indeed, a persistent programming language extended to support the notions of
a data model and query language is a database programming language. For example,
the database programming language Galileo [ACO85] is a persistent programming
language with semantic data model features and abstraction mechanisms designed to
support database application programming.

In this thesis, we address the questions of what these additional facilities should be
and how they should he provided in the context of object-oriented systems. The pro-
poscd collection model is intended as a general model on which to base the provision
of data management support in an object-oriented system. Although the model was
developed in the context of a particular object-oriented platform, the general model
is independent of the underlying persistent object system. In this way, the reported
work differs from that of database programming languages such as Galilieo in that
the data model is not tightly integrated with a specific programming language.

The collection model has two components - the structural and operational models.
The soructural model specifies the forms of collections supported and also the sorts
of couceptual dependencies that can exist between collections.  In other words, it
specifies hoth the notion of collection and the notion of database as built on top of a
persistent object system. Correspondingly, the operational model specifies operations

on collections and operations on a database.



CUAPTER 1. INTRODUCTION 15

We separate out these two parts of the collection model to emphasise that while the
operational model is dependent on the structural model, the structural model can be
supported independently of the operational model. While we advocate the extensive
use of high-level queries in application programming, the application programmer
can choose to adopt the structural model as a means of modelling their application
domain and then use basic iterators and navigational techniques to implement their
applications directly. This incurs penalties in terms of supporting system evolution
in that the application code is then dependent on the physical representation and
may not be able to take advantage of new index structures. However, this may be
appropriate to certain applications and certainly the use of the structural model alone
is still beneficial.

The basic concepts supported in the structural model are entity categories, relation-
ships between entities and rich classification structures both of entity categories and
relationships.  An entity category is represented by a collection of atomic values.
These atomic values may be any values supported by the underlying tvpe system
and, in the case of objects, these will be object references. Entity relationships form
relations between entity categories and these are represented by collections of pairs
of atomic values. Thus a relationship between two objects will be represented by a
pair consisting of the references of those objects.

Both entity categories and relations between categories can be part of classification
structures. These classification structures allow entities to be considered as belonging
to different roles in the application. For example, a person entity might at one time
be considered as a staff entity, at another time as a lecturer entity, and at yet another
time as a tennis player. There are conceptual dependencies between these roles to
indicate, for example, that lecturer is a specialised role of staff and therefore every
lecturer entity is also a staff entity. In a similar way, relations can also be specialised.
For example, given relationships between persons and their associated departments,
then the relationships between stafl and the departments which employ them would
be a specialisation of the more general association.

The structural model was given the name BROOM (Binary Relational Object-
Oriented Model) to emphasise the importance of support for the direct representa-
tion of relationships between entities. Although very simple, the entity-relationship
model [CheT6] has proved very popular in the modelling of the structural properties
of application domains. The basic concepts in this model are entity categories and
relationships. )
With the recent trends towards object-oriented data models. it was claimed that
these can model both the dynamic and static properties of application domains and
further that they also capture the high-level semantics. However, the Tack of direct
representation for relationships is now recognised as a major deficiency of object-
oriented models. This can he seen to have a number of disadvantages as described

be Rumbangh in [Rum87]. Since relationships between objects are represented by
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methods of these objects and therefore are effectively buried within objects, the
overall structure ol the applicalion domain is not readily apparent. By decomposing
relationships in this wayv. we cannot handle a relationship as a single logical unit. As
Rumbaugh states:

13

it is not possible to separate the abstraction from the implemen-
tation with the same clarity as the relational model.”

[Further, in the design of large systerns, relationships have been shown to be a useful
abstraction mechanism for partitioning systems into subsystems. Recently, there have
heen a number of proposals for some form of extension to object-oriented models to

support relationships as first-class objects.

The semantic data models [HIK87], [PMS8S§] might be considered as a development
of the entityv-relationship models that support classification structures based on isa
relationships between entity categories. Since one of the fundamental concepts of
object-oriented data models is that of subtyping and inheritance, these are often
considered to support classification structures. However, they often omit support for
the rich conceptual dependencies that can arise in classification structures - such as
categories partitioning other categories, the fact that certain categories are mutually
exclusive and also the idea ol supporting alternative classification views. These have
been incorporated into the BROOM model through the concept of collection families.

The operational model is based on an algebra of collections. This mirrors the re-
lational algebra which was fundamental to the success of the relational model. Its
success was due to its simplicity, uniformity and high-level query languages stemming
from the introduction of the single generic collection type - the relation. The basis
for its high-level query languages was an algebra of operations on these collections
as opposed to the notion of operations on individual data records that had under-
pinned the network and hierarchical data models. Unfortunately, the drawback of
the relational model is that it is just too simple and lacks semantic structure.

Although, there have been some proposals for an algebra which operates on collec-
tions of objects, a number of object-oriented database systems use object at a time
processing and have thereby lost the advances of the relational model in terms of
its high-level query processing. A collection algebra can form the basis of high-level
query languages [or object-oriented systems and, importanthly. the optimisation of
query expressions and query evaluation strategies.

I effect. the operational model also supports operations on a database in that an
operation volving one collection can generate operations on other collections as
determined by the conceprual dependencies among collections. For example, deleting

an object from one collection can propagate the deletion of that object from other
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collections which are dependent on that collection. Thus, if we were to delete a
particular student object from the collection Persons then we would also have to
delete it [rom the collection Students if there is a dependency that every member of
Students is also a member of Persons.

[n summary, the collection model presented in this thesis incorporates many of the
favourable features of the relational, entity-relationship and semantic data models. It
has direct support for the representation of relationships; it supports rich classification
structures; and it has an operational model based on an algebra of collections.

1.3 Structure of Thesis

This thesis presents a general data model which may form a foundation for the
development of data management services in object-oriented systems. It assumes
as a platform any reliable, persistent object store and considers the provision of
expedient data management through a structural and an operational model that
together form the particular data model referred to as the collection model. This
model can then be used as a basis for eflicient data management by means of multiple
physical representation structures and query optimisation techniques.

Hence, the focus of this work is on the data modelling aspects of object-oriented
database systems. In particular, there is an attempt to redress the apparent imbalance
in many proposed object-oriented database systems where the emphasis has been
on effectual and efficient data management and the issue of expediency has been
somewhal neglected. As a result, many of the existing systems provide little support
[or the concepts that have become central to the work on data modelling. Iurther,
by omitting support for the higher-level database structures of data models, the
attention to efficiency addresses access to individual objects or single collections of
objects. By supporting database structures involving multiple collections of objects,
and operations on these collections, optimisations can be made at a higher-level
which means that they tend to be more global and less localised. At this higher-level,
the optimisation techniques are better able to utilise semantic information of the
application domain.

We begin in Chapter 2 with a discussion on the [oundations of data models. A data
model determines the basic constructs available for the construction of conceptual
models of application domains. We therefore examine the general philosophical foun-
dations of conceptual modelling as a basis for determining the basic requirements
of data models. From these requirements, we present a general framework in which
to consider the main characteristics of the various categories of data models. The
chapter is concluded with a discussion of the data modelling support. provided by

existing object database nmanagement systems,
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Chapter 3 deals with the structural aspects of the collection model. The specifica-
tion of the BROOM model is presented in four stages. Firstly, there is an informal
overview which describes the main features of the model and looks at some sim-
ple examples. Next, the fundamental concepts on which the model is built namely,
collections and collection families, are presented in detail. This is followed by a meta-
circular description of the BROOM model in which the model is described in terms
of itself. This description is used as an intermediate stage of specification which is
refined into a formal specification in the language Z [Spi89], [Dil90], [PSTI1]. Such
a meta-circular description is also useful both as a documentation aid for the model
and as a basis for supporting the uniform treatment of data and metadata.

The semantic modelling  capabilities of the BROOM model are examined in
Chapter -1 First the support for relationships is discussed in detail. Then each
of the semantic data modelling abstractions referred to as aggregation, generalisa-
tion and association is examined with examples to demonstrate how these would be

represented in the BROONMN model.

The operational aspects of the collection model are presented in Chapter 5. Three
levels of operation are possible and the chapter begins with an examination of these
levels. The main theme of the chapter is the presentation of a collection algebra which
deals with operations on collections. The properties of the algebra are presented and
a discussion of how the associated algebraic transformations could be used in query
optimisation.

A database i1s not a static entity but rather is dynamicin that it evolves over time. The
entities represented will change and also the forms of their representations may change
as entities adopt different roles throughout their lifetime. In addition, the structure
of the database may evolve either to reflect changes in the real world systems that
they model or because of changes to the requirements of the database system. In
Chapter 6. we discuss the various forms of database evolution and how these can be
supported. In particular, we propose an extension to the collection model to support
object evolution.

The collection model was developed within the Comandos project [CBHdP93]. Co-
mandos is an ISsprit project concerned with the construction and management of
distributed open systems. In Chapter 7, we describe how the collection model was
realised as part of a. Comandos system. The collection model was designed as a gen-
cral model and is not specific to the Comandos system. To illustrate this point, we
also describe a prototype object data management system, COLLEEN, which was
based ou the collection model and implemented in MacProlog [LPA91]."

Chapter 8 concludes with a suminary of the contributions of this woik and some
discussion of on-going and future work based ou the collection model.



Chapter 2

Foundations of Data Models

The collection model proposed in this thesis is a particular data model which primarily
was designed to support data management in object-oriented systems. Before going
on to present this model, we first consider in some detail exactly what a data model
is and what its requirements are, both in general, and also in the specific context of
object-oriented systems.

A data model supports the construction of a model of a data-intensive application
svstem with the intention of representing that application domain by means of a
database system. The process of constructing an application model using a particular
data model is referred to as data modelling. We term the constructed model a
conceptual model of the application domain. Such a conceptual model should be
adequate in that it should capture the relevant features of the application domain,
and, furthermore, it should be natural in that it should correspond to the sorts of
mental models that users construct for mental processing.

The general area of study concerned with the construction of models which correspond
directly and naturally to our own conceptualisations of reality is known as either
conceptual modelling or cognitive modelling. The process of data modelling is a
special case of conceptual modelling and it follows that the foundations of conceptual
modelling are an important starting point in an attempt to determine the general
requirements of data models. Therefore, this chapter begins with an examination of
some of the philosophical foundations of conceptual modelling that are particularly
pertinent to database systems and give some insight into the iinderlying basis for the

proposed collection model.

Arising from these philosophical considerations, we arrive at some requirements for
data models that i turn form the basis of a general framework for data models. We
present this framework i section 2.2 and then go on to consider the various categorics
ol existing data models in terms of this framework in section 2.3,

19
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The chapter concludes with a section that discusses the data modelling support pro-
vided in a nunmiber of existing object-oriented database systems.

2.1 Philosophical Foundations

A conceptual model of an application reality is a general description of the sorts of
things that exist in that part of the real world with which the application is concerned.
The purpose of such a model is to provide a basis for communication about that
application reality between the user and the application system. It 1s through this
maodel that the user ascertains the nature of the information stored in the system
and indeed possibly the nature of the reality itself. Further, it is in terms of the
conceptual model that the users specify information to be retrieved and processing
to be performed. Additionally, these conceptual models communicate to the database
management system the designer’s requirements of the application system regarding
information to be managed and consistency constraints.

Given that these conceptual models form the basis of user assimilation and communi-
cation, it 1s desirable that they conform to the cognitive models of the human mind.
While the precise nature of mental models is still open to much debate and research,
there are some general principles that have been proposed on the basis of various
psychological and linguistic studies. To examine the philosophical foundations of
conceptual modelling, 1t is therefore important to consider studies of the philoso-
phy of mind and the philosophy of language. In turn, since conceptual modelling is
concerned with the construction of models of reality, we must address the question:
“What kinds of things exist in reality?”. This is one of the fundamental questions of
metaphyvsics and is the concern of that part of philosophy known as ontology.

A full account ol these topics is beyond the scope of this section: indeed they form
a significant part of an entire field of study known as Cognitive Science [SFG+91].
Rather we discuss some general principles that provide a useful insight into the nature
of data models and their requirements.

Our starting point is the claim that the process of abstraction is fundamental to
human information processing. In particular, there is strong evidence to support
the claim that an abstraction mechanism based on generalisation underlies cognitive
models. An excellent introduction to this area and an overview of the psychological
evidence to support this view of cognitive models is given by Sow: in [Sow84].

In natural language, genceral concepts are relerred to by general terms. Farly in its
development. a child learns to use general terms such as man in addition to particular
terms referring to particular entities such as john. This is an important step as the

child moves from the particular to the general as it recognises the similarity among
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certain groups of entities. The introduction of a general concept allows the child
to make statements not only about particular entities within its realm of experience
but also predictive statements about entities that may exist beyond its realm of
experience. Of course, a child may make mistakes in its learning of general concepts
and have to backtrack and adapt its notion of a certain general concept. However,
it is amazing how quickly and easily most children make this transition to the use of
general concepts.

Many movements of contemporary art have attempted to capture this process of
abstraction through generalisation. Abstract art is intended to provide visual repre-
sentations of general concepts whether these be generalisations of particular visual
objects such as faces or of something inherently non-visual such as emotions. (See
CALRO0] for o disenssion of abstraction and its role in contemporary art.)

The generalisation process does not stop there. It is further recognised that general
concepts may themselves be generalised. Thus the concepts man and woman can be
generalised to the concept person by recognising the similarities and abstracting
away the dilferences.

Another form of generalisation is the recognition of associations among general con-
cepts. For example, if a child has a general concept of person and a general concept
of shop, then they will learn that persons work in shops and persons are customers
of shops. Further, they will learn the general concept of a transaction of buying an
article in a shop.

In this way, we make ‘order out of chaos’ by classifying entities by means of general
concepts. Note that the structures may not arise in a purely ‘bottom-up’ manner. In
fact, in the world of general concepts, it is common to form a classification structure
through the specialisation of general concepts. For example, as a child begins to
recognise that some persons are referred to as ‘he’ and some as ‘she’, then it specialises
the general concept person into the general concepts man and woman.

The resulting classification structures may not be strictly hierarchical as in the case
of biological taxonomies. For example, given the general concepts house and boat,
then we might recognise that there are entities which are both a house and a boat
and therefore introduce the general concept houseboat which is a specialisation of
both. In general, a classification structure will form a directed acyclic graph.

It is also usual for us to classify entities in different ways depending upon the context.
For example, the general concept of person might be specialised according to sex,
race, nationality. nrofession or religion on different occasions.

The basis for a general conceept may or may not be well-defined. We all have a good
intuition of what we mean by the general concept, person - but liow could we define
it?7 1t would be possible to give some Torm of precise biological definition in terms
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of cell structure. However, few of us have knowledge of this precise definition - and
we tend to think in terms of some looser definition which might be considered as a
working approximation to the precise definition.

Other general concepts might be regarded as purely definitional in that they do not
belong to ‘natural’ classifications. In other words, they are not classified by the
natural or mathematical sciences in terms of biological, chemical, physical or math-
ematical properties but rather by definitions introduced by humans. For example,
bachelor was first introduced to denote the general concept of a man who is not mar-
ried. It is sometimes the case that such definitions may be chaunged for the sake of
convenience. [For example, in some contexts, the definition of bachelor has now been
amended to include females who are not married. This contrasts with amendments
(rather than refinements) to classification structures ol the natural and mathematical
sciences which tend to arise for reasons of correction rather than convenience.

It might bhe argued that sociological definitions are no less ‘natural’ than, say, a bio-
logical definition. However. it is useful to distinguish between general concepts that
arc mtroduced for convenience and are purely definitional from those that arise ‘nat-
urally” and for which we might struggle to find a definition. This distinction between
precision and convenience arises in other ways. ISven though a general concept may
have a precise definition and that definition is well-known to us, 1t may be the case
that at certain times we substitute a looser, more convenient definition. [or example,
we may know when questioned that a tomato is a fruit rather than a vegetable, but
when we use the general term vegetable to describe our shopping, we may well include
tomatoes in this category.

Socrates considered that the acquisition of knowledge was dependent upon the at-
tainment of definitions of general concepts. He was particularly concerned with the
definitions of ethical concepts such as justice and virtue. Plato and Aristotle at-
tempted to determine the nature of these general concepts and exactly what forms
these definitions should take. Plato proposed the existence of an abstract world of
Idecas or Forms which would provide perfect exemplars for general concepts and would
exist independently of the particulars in the concrete world. Aristotle rejected Plato’s
notion of an independent abstract world. He introduced a scheme for categorising
objects in terms of genus and differentia based on a set of indivisible primitives.
Aristotle’s proposal for the categorisation of natural phenomena formed the basis for
science until the 17th century and still influences thinking in cognitive science.

Over the centuries philosophers have continued to address Socrates’ quest to define
gencral concepts. There have heen numerous proposals belonging to the many schools
of thought and an overview of these can be found in books such as [3ec88], [Arii89)],
and [Sta72]. We mention only a few below.

The distinction between token and type was first introduced by Peirce in the 19th
century in his work on semantics and this terminology has been widely accepted.
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A Lype embodies a coneepl whereas a token is an instance of a concept. Then the
question that must be addressed is : What is a type?

The notions of type proposed by Russell [Rus56] and Ryle [Ryl49] differed in terms
of whether type was an extensional or intensional notion, respectively. Thus, Russell
regarded a type with respect to a given predicate as the set of entities spanned by
that predicate. Ryle, on the other hand, regarded a type as a set of predicates which
spanned a given set of entities. But what these (and other variants described by
Sommer in [SomG7]) have in common is their regard for ‘type’ as defining necessary
and sufficient conditions for membership of a set whether that set is a set of entities
or a set of predicates. Russell’s type for a given predicate /7 was the set of all entities
that were spanned by 20 So membership of the type was solely determined by P.
Ryle’s type for a given set 5 was the set of all predicates that spanned the members
of the set. .S and no other entities. So membership of the type was solely determined
by the set S.

Many studies of meaning or semantics by philosophers and linguists have assumed
that general concepts can be defined by types in this way. But recent developments
in psvchologv [Ros75] and linguistics [L.ak87], as well as in philosophy [Wit53], have
challenged the view that most of our concepts are grounded in the kind of definitions

Socrates sought.

The notion of type as a means of classifying entities by a set of necessary and sufficient
conditions was questioned by Wittgenstein [Wit53]. He claimed that there are general
concepts for which there inight be no precise definition. Wittgenstein discussed this in
terms of the general concept of ‘game’. He claimed that there is no precise definition
of game: this means that we cannot give a single set of distinguishing properties
exhibited by all entities which we would classify as being games.

In recent decades, this argument has been taken further by the work of a number of
philosophers - notably that of Putnam [Put77a), [Put77b], Kripke [Kri77] and Quine
[Qui77] in their challenges to the traditional theory of meaning.

We therefore have two quite distinct views. Some philosophers consider general
concepts as being defined in terms of a type which gives necessary and sufficient
conditions for determining whether or not a particular general concept applies to a
particular entity. Others consider that a general concept is associated with a group
of entities but that it may not be possible to state necessary and sufficient conditions
to determine membership of this group. ‘

Both ol these views can be encountered in the rcalms of Computer Science and
Artificial Intelhgence. hy programming tanguages, a wype may be considered as cither
an intensional or extensional notion but in either case is associated with a sel of
defining properties. These properties specily the formy that a value may take. or
example. a record tvpe deseribes the structure to which all values of that type will
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conform. In Artificial Intelligence, we often encounter a different notion of type
which gives typical properties of entities associated with a general concept, but not
all entities associated with that concept have to exhibit all of these properties. Such a
notion of type corresponds to the notion of prototype and the classification of entities
may be based on the idea of family resemblances: entities are associated with general
concepts because they have a greater degree of similarity to other entities asscciated
with that concept than to those entities associated with other concepts.

The question then is whicli view should prevail in database systems. The answer to
this question is both views. Lor it seems that in database systems there are two forms
of classification that are sitting side by side.

Like knowledge representation techniques in Artificial Intelligence, data modelling
is concerned with the construction of conceptual models of reality. It is therefore
involved with the description of general concepts of the application domain. In ac-
cordance with a number of contemporary philosophers, linguists and psychologists,
we consider that it mayv not be possible to define these concepts in terms of a set
of necessary and sufficient conditions. Further, as discussed previously, even if a
defining set of properties can be found. this may not be appropriate. For example, it
might be possible to determine the membership of a group Males by examination of
the genetic code ol individuals. However, this information may not be available, or
indeed of interest, to the person doing the classifying in an application system.

On the other hand, a database schema is considered not only as a description of reality
but also as a description of the representation of that reality in the database. When
we describe representations, then we are in line with the programming language view
of types in that we are defining the forms that values may take. Thus by the means
of types we impose a classification on values.

We therefore distinguish these two forms of description. The former corresponds to
classifying entities into categories according to general concepts of the application
domain. The latter corresponds to describing the representation of entities within
the database and this is done in terms of types which define the forms of these
representations in terms of a setl of structural and behavioural properties.

As a resull, we separate out the notions of typing and classification in data models.
Clearly, the two arc linked in that similar entities will have similar representations.
Thus an entity category will have an associated type that describes the form of
representation of its members. In general, we will adopt the convention of using
names starting will a lower case letter to denote types and names starting with an
upper case letter to denote categories. Then we might have a category Persons and
Lhe representation ol the entities belonging to that category is given by the type

person.

Hoas possible for two or more categories to have the same associated type for their
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members. For example, entities in the categories Persons, Friends and Enemies
might all have the same representation as specified by the type person. Then the
membership of these categories may be solely determined by the user who will assign
an entity to the appropriate categories at the time that the representation of that
entity is created in the database.

In summary, we feel that it is important to recognise that the data modeller is at
one and the same time constructing a model both of reality and of the database that
will represent that reality. It is therelore essential to distinguish these two activities
by separating out the notions of typing and classification. This issue is particularly
mmportant in the context of database programming languages where the notions of
tyvpe in programming languages and tvpe in database systems must coexist.

2.2 A General Framework

We describe the world in terms of entities, entity categories and relations. Entities
have properties which may be either structural or behavioural. A structural property
describes a value associated with an entity at some given point in time and such a
property is referred to as an attribute. A behavioural property specifies some sort
of action that an entity can perform. An entity category is a ‘natural’ grouping of
entities according to their external characteristics. These external characteristics are
described in terms of the actions which can be performed on the entities and the
relations in which they may participate.

Relations may be on entities or on entity categories - or indeed they may be higher-
order in that they are on relations. A relation on entities corresponds to what is often
referved to as user-defined relationships among entities. The fact that one category
may be a refinement of another category is a relation on categories. Similarly, the
fact that one relation may be considered as a refinement of another relation yields a

relation on relations.

A conceptual model of an application reality should be capable of modelling these
various kinds of concepts. This means that a data model should provide constructs
that can be used to represent each of the above notions. There are lots of ways in
which these concepts can be represented and this is reflected in the large variety of
data models that have been proposed. Can any general statements be made about
how these concepts can be represented and the data model construsts to support

therm

I figure 2,10 we present a view ol the representation of the three general concepts -
entity. category and relation - and the corresponding data model constructs required

Lo support these concepts.
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concept representation construct

entities values value

categories collections of values collection

relations associations of values database
and collections

IYigure 2.1: Representation of Concepts

An entity will be represented by a denotable value of the database. Its representation
may not be a single atomic value but rather a complex value such as an object or
record value. I a particular data model does not provide constructs for complex
values, then a complex entity may have to be represented in terms of related simpler

entities.

A category is a grouping of entities and therefore its representation will involve a
grouping of the representations of the member entities. So a representation of a
category would be some form of collection of values. Such a collection may or may
not be itself a value. If it is considered a value, then one could have collections of
collections and so on. Similarly, it might be possible to have a collection value as a
component of a record value in which case a complex entity could be represented say
by a record which contained a collection. One of the main ways of characterising a
data model is in terms of the forms of nested values that can be supported.

The representation of a relation on entities must involve some way of associating enti-
ties that are related. In other words, its representation must be some form of mapping
between the values representing entities. Such associations may also he represented
by collections of values. I'or example, binary associations could be represented by a

collection of pair values.

A relation on categories must have some form of representation that associates the
collections that represent those categories. This requires some higher-level data model
construct that facilitates the representation of the dependencies between categories

expressed by the relation.

[Sven a relation on entities will involve some form of dependency between collections
since relations on entities do not have an independent existence. How can we relate
one centity to another if these entities themselves do not exist? 1t is common that a
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relation on entities will include i its representation some indication of the categories
to which these entities inust belong. Thus the representation of a relation requires not
only associations of values - but also an association of the collections to which these
values belong. This linking together of collections into an overall, possibly complex,
structure that represents the application reality is indeed our notion of a database.

Hence, in very general terms, we can state that a data model should have at least
three levels of construct. [Firstly, it requires constructs that specify the forms of
denotable values that may be used Lo represent individual entities. Secondly, it
requires constructs that specify the forms of collections that may be used to represent
categories. And, thirdly, it requires constructs that can be used to represent relations
and thereby specify how a database may be built out of collections of values.

So far we have concentrated on the structural aspects of the representation of the
application reality. But a database system is dynamic: it must support update,
retrieval and processing activitics. The database must reflect the changes in reality.
In addition, the application system must be capable of answering users’ enquiries
about the reality that the system represents. Such update, retrieval and processing
activities are the dvnamic aspects of a database system and they model the behaviour
of the application reality in terms of the various actions that can be performed.

These actions are represented by operations of the database system. Operations
can be on values, collections of values or on the whole database. An operation
on a value can represent an action undertaken by an entity or an action applied
to an individual entity. An operation on a collection of values can represent an
action applied to a category: it may construct the representation of a category from
the existing representations of other categories. An operation on a database may
construct one database representation from another and may reflect a change in
reality. Therefore just as there are three levels of structure, there are three levels of
operation as indicated in figure 2.2.

Clearly, the available levels of operation are dependent upon the available levels of
structure. If a particular data model had no construct to represent a database as
interdependent collections, then it would be meaningless to have operations defined
on a database. A dala model which has constructs for the three levels of structure
may have operations at all three levels or it may only have operations at the value
level or at the collection and value levels.

Our general framework for the characterisation of data models therefore describes a
data model in terms of the three levels of structure and the three levels of operation.

Belore going on to examine some of the more prevalent data models in terms of this
genceral lraonework. 1 is mportant to say something about how the collection model

fits mnto ths Tramework.
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General Constraint Model

Collection Model

Operational Model

Structural Model

Type Model

IMigure 2.3: The Collection Model

2.3 Data Models

During the last twenty five years, a large variety of data models have been proposed.
These vary not only in their form but also in their intended purpose. While many
of them have been proposed as an underlying model for the implementation of a
database management system, others have been proposed as a conceptual modelling
tool with the intention that a description of the application domain first be produced
in terms of that data model, and then, translated into the data model of the database
management system in which the application system will be realised.

However. this distinction is not always a clear one as sometimes a data model intended
for use as a conceptual modelling tool is later realised by a database management
system. Then an operational part of the model has to be specified. For the data
models that we shall mention, this means that some of them only have a well-defined
structural part to the model as the operational part was either never defined or was
not defined at the time of conception.

Here we only present the main features of a number of data models with respect to our
general framework. For a more complete discussion on data models, we recommend
two sources. The first is the book by Tsichritzis and Lochovsky [TL82] which presents
the requirements and features of data models in detail and then examines a wide range
of data models. The second is a paper by Schek and Scholl {SS91] which discusses
the evolutionary paths that have led to object data models.
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Network Data Models

[Sarly database management systems were based on the network data model [COD71],
[T1°76], or a restricted version of it known as the hierarchical data model [McG77].
These models tend to reflect-the physical structures of data and are therefore based
on the idea of files of records with links between them. Record values are supported
and an entity category is represented by a set of records of a given type. The only
forms of relations supported are those of relationships between entities and they
are represented by what is known as DBTG-sets. The representation is usually a
form of linked list structure and this is reflected at the conceptual level in terms
of the restrictions imposed on relationships that can be modelled by DBTG-sets.
Relationships have to be functional and further they can not be recursive in that
they can not link records ol the same type.

Operations are specified at the level of records and a navigational style of program-
ming is supported. Therefore. both the structural and operational parts of the net-
work model are criticised for being at too low a level and they require the application
programmer to he aware of the physical representation structures and to keep track
of their navigation through these structures.

Relational Data Models

Although implementations of the relational model were already in existence, the
formal introduction of the model is usually attributed to Codd in his paper [Cod70].

A relation is a collection of tuples. Effectively a tuple is a record since it consists of
a set of labelled values. It is commonly considered that the values of a tuple must be
atomic: they should be simple values of some domain which is defined as a restriction
of base values such as integer and string. This condition is known as the first normal
form of relations. It is interesting to note that in his exposition of the relational
model in [Cod70]. Codd does not state this as a basic restriction of the model but
rather introduces it as a secondary restriction that might be appropriate in certain
cases. However, the first normal form condition is now considered to be part of the
standard definition of the relational model.

The structural part of the relational model represents entities as tuples of atomic
values and entity categories as relations which are sets of tuples. A relational database
is a group of collections of tuples but these collections do not have any explicit links
between them. Inother words. the relational model does not support any form of
conceptual dependency among relations. The relational model does not therefore
support our notion ol relations as associations between entities and categories of
entities. Relationships hetween entities are modelled in the relational model by tuples
ol values. The fact that the tuple of values representing a relationship can be used to
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establish an association between two or more entities is not modelled by the schema
but is expressed by user-defined operations.

The relational model was one of the first data models to have operations at the level
of collections and these are given in terms of a relational algebra. The join operator
of this algebra can be used to establish associations between different collections of
values.

With respect to our general framework, the basic relational model can be considered
as supporting the two lower levels of both structure and operation. The fact that
the relations are not linked together into an overall structure means that there is
no notion of a single complex structure which models the application domain. Then
there cannot be any operations at the level of a database. It is the responsibility of
the end-user or application programmer to realise this third level by means of queries
and application code.

The main criticisms that have been levelled at the relational model concern its lack
of semantic modelling capability. 1f we consider the relational model in terms of our
general framework, we can immediately identify two directions of development of the
model to address this issue. The first is the need to support the notion of a database
in terms of the ability to express conceptual dependencies among collections, and the
second is to extend the limited forms of values supported.

Much of the work on data dependencies can be viewed as an attempt to extend the
relational model to support the notion of a database structure by the expression
of conceptual dependencies among relations. The notion of keys was introduced to
provide some form of entity reference. The cross-referencing of keys is the means of
linking relations together into a database. The ability to express conceptual depen-
dencies among collections means that the third level of structure, the database, is
supported. Then the third level of operation follows with the use of concepts such
as referential integrity to define the semantics of insertion and deletion operations on
a database. Tor example, the deletion of a tuple from one relation could result in
the deletion of tuples in other relations to ensure the consistency of the database as
expressed by the data dependencies.

The relational model was extended to support further forms of conceptual dependen-
cies so that not only relations between entities but also relations between categories
could be modelled. RM/T [Cod79] extended the relational data model with vari-
ous metadata relations that described these dependencies. This model distinguishes
between relations which represent entity categories from those that represent relation-
ships between entities; it also supports classification structures in which one entity
category may be a generalisation of another entity category.

Proposals for nested relational models remove the first normal form restriction that

the only form of value 1s the tuple of atomic values and allow relations as values of
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attributes. This can be thought ol as removing the restriction that the tuple and set
constructors can only be applied once and in a specific order - “build tuples and then
from these build relations”. By allowing the tuple and set constructors to be used
repeatedly, we arrive at nested relations. If we further relax the restriction that set
and tuple constructors have to strictly alternate, then we end up with what is usually
called complex objects [ABSS] or extended relations [PT86]. As stated by Schek and
Scholl in their paper which examines the evolution of object data models [SS91]:

“Essentially nested relations or complex objects do not really extend the
data model with new concepts, they just permit a more deliberate use of
the type constructors already available. Hence rather than just ‘flat files’

we can now model quite complex hierarchical structures.”

A number of proposals exist for extending the operational part of the relational model
to deal with complex values: these include [JSS2], [AB84],[SS86],[PT86], [RKBS87] and
[RIKS3Y].

Graph Data Models

We consider as graph data models those which firmly place the emphasis on relation-
ships rather than entities. With respect to our general framework, the values tend to
be very simple and may include only atomic values: the complexity of the structure
comes from the links between these values. Examples of such models include the
binary relational model [Abr74], the functional data model [Shi81], and the recent
graph-based model of Levene [LP91].

The Semantic Binary Relational model of Abrial was influenced by semantic nets used
for knowledge representation in Artificial Intelligence [Qui68], [RapG8]. A semantic
net is a labelled, directed graph and the nodes are atomic entities which may refer
to either tokens or tvpes. Arcs between nodes can therefore represent relationships
between particulars, relationships between particulars and concepts, or, relationships
between concepts. In this way, the semantic nets combine data and metadata.

Data models distinguish between data and metadata and only metadata appears
in the schema. Then the graph data models tend to be based on graphs in which
the nodes represent concepts and the links represent relationslrips between concepts.
The Tabels on links are either specially designated labels or user-specified names
of relationships. Specially designated labels might include 2sa or part-of and these
correspond to special system-supported relationships between categories.

The values supported tend to be only simple values such as string or integer and some
notion of entity identity. An entity category corresponds to a concept node of the
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graph and is the set of all instances in the database associated with the concept. The
graph represents the database with the edges representing both relations between
entities and entity categories. Therefore the graph models support all three levels of
our general framework. The operational components of these models vary enormously
and include both functional [Shi81] and rule-based styles [PL93].

The general criticism aimed at these models arises from the simple forms of values
supported. Entities can not be represented as complex values which means that all the
properties and component parts of an entity have to be represented as relationships
between primitive entities. The resulting graph structures can be very complex. One
way ol addressing this issue is to support nested graph structures such that the node
of a graph can itsell be a graph [LPIL], [PLI3].

Semantic Data Models

The semantic data models are those which were designed specifically to support the
conceptual modelling process. They can be considered as having two origins: the
Entity-Relationship model of Chen [Che76] and, like the graph data models, the

semantic nets.

The Entity-Relationship model was proposed as a database design tool rather than
a basis for the implementation of database management systems and therefore the
original proposal had no associated operational model. The model brought to the
fore the idea of there being two basic notions - entities and relationships between
entities.

The semantic data models which developed from semantic nets took on board the
abstractions which were the basis for system-supported relationships between entity
categories - the isa and part-of relationships. Smith and Smith [SS77] introduced
these ideas into relational models. I'rom these origins a number of semantic data
models have evolved with perhaps the best known being SDM [HMS81] and TAXIS
[MBWS80]. In these models, entities are represented by complex values and relation-
ships between entities are viewed as attributes of the entities. Thus, a relationship is
decomposed into two directional, functional components; a dependency between the
two component parts may be declared in order that consistency is ensured.

These semantic data models therefore tend to focus on entities rather than relation-
ships. This imbalance is to some extent redressed by the enhanced entity-relationship
models. c.g. [FWHS5], [SSWS0],[TYI86]. These combine both approaches by incor-
porating support o rich classification structures into the Entity-Relationship model.

The semantic models support all three levels of structure in our general {ramework.
However, with all of these models. the emphasis tends 1o lie with the stractural
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component rather than the operational component; we therefore omit any discussion
of the operational aspects.

Sometimes the graph data models are also classified as semantic data models due
to their emphasis on conceptual modelling and data semantics. However, we have
separated them in this section to highlight the distinction between models which
adopt the entity-based view of the world from those that adopt the relationship-based
view. However, when models reach a more balanced position in which entities and
relationships are placed at the same level of abstraction, then clearly, the distinction
between the two approaches blurs. In the remainder of this thesis, we will extend our
notion of semantic data models to include the graph-based data models.

Two papers provide good survevs in the area of semantic data models. Peckham and
Maryanski [PMSS] give a comparative survey of a number of semantic data models
while Hull and Ning [HKS7] examine semantic data modelling concepts through the
introduction of a generic semantic data model based on II'O [AHS7].

Object Data Models

As with some of the other categories of data models that we have discussed, there
is no agreed characterisation of object data models. For some, the roots of object
data models clearly lie in object-oriented programming and an object data model is
considered as supporting the fundamental notions of object-oriented programming,
i.e. encapsulation, inheritance and message passing. Then an object has dynamic
hehaviour which is modelled by the methods of that object. In an alternative view,
object data models are characterised by the fact that they are entity-based rather
than value-based and support inheritance of attributes through isa relationships. If
this view is adopted. then most of the semantic data models would be classified as

object data models.

The two views expressed above are not conflicting since an object data model could
exhibit both sets of properties. The view adopted tends to reflect the context of
the model and. possibly, the background of the person holding the view. As stated,
the former view has its roots in object-oriented programming while the latter has its
roots i data modelling. The object data models underpinning most of the existing
object-oriented database management systems tend to belong to the former view. On
the other hand, there have been many proposals for generic object data models which
are intended for conceptual design and these tend to adopt the latter view in that
they have their basis in semantic data models and theyv may or may not deal with

dynamic behaviour. These models include [SS90], [SLR*92], [BK91] and [MD91]

We prefer to take a general view of object data models and consider their charac-
terising property to be the fact that they are entity-based rather than value-based.
Fvpically, they will support classification structures and inheritance mechanisms.



CHAPTIER 2. FOUNDATIONS OFF DATA MODELS 35

They may or may not support the modelling of behaviour by methods: in the case
that they do, then we refer to them as object-oriented data models.

In most of the the proposed object data models, the notion of entity predominates
and relationships are decomposed and represented as properties of entities. As we will
discuss at length later, this is now considered a weakness of these models and recently
there has been a number of proposals for object data models with direct support for
the representation of relationships: these include [AGO91],[Bra90],[DG90], [NQZ90]
and [Rum87).

The various object data models differ greatly in terms of the supported levels of
structure and operation.

2.4 Object-Oriented Database Management Sys-
tems

We now turn to consider a number of well-known object-oriented database manage-
ment svstems and examine the data modelling support in these systems. Our claim
thal many of these systems are limited in their data modelling support is reflected in
the fact that it is often difficult to obtain a clear description of their data modelling
capabilities in the literature where the emphasis tends to be on the effectual and
efficient aspects of data management. There are three general sources of information
on object-oriented database management systems [Cat91b], [ZM90], [Cat91a).

We have chosen to classify these systems according to three categories. While the
boundaries between these categories is not rigid and one might argue about the
classification of some of these systems, it is felt that they are useful in placing the
emphasis of systems. The first is the category of systems that are solidly based in the
C++ culture [Str87]. The second category is that of systems which were developed
with object-oriented database management in mind and then a particular object-
oriented language (or languages) was selected as a platform. The third category is
that of systems based on extensions to relational technologies: such systems may
not be classified as true object-oriented systems but it is useful to include them for
purposes of comparison.

Systems based on C++
A number of commercially developed systems fit into this category. The impression

is that they have heen developed with C4++ as the starting point. with the inten-
tion of supporting database application programming in C++. They have extended
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the language by means of library and preprocessor technology to support notions of
persistence, transactions and efficient storage of and access to bulk structures.

One of the first of these was ONTOS [Ont91] of Ontologics Inc. ONTOS provides
a persistent object store for C++ objects through a class library. The definition of
a persistent class involves deriving new classes from a client library base class called
Object. Collections of objects in ONTOS are provided through specially defined
persistent classes called aggregates. The ONTOS aggregates include set, list, array
and dictionary. Dictionary is an aggregate which provides associative lookup. The
level of operation is that of individual objects with iterator classes provided to scan
aggregates. Gradually more support for high-level database activity has been pro-
vided with the development of database tools for browsing and querying using object

SQL..

ObjectStore [LLOW91] of Object Design Inc. is a system with similar roots to
ONTOS. It supports collections of objects with set, bag and sequence behaviour.
Relationships are represented by references embedded in objects, but a special rela-
tionships facility allows the programmer to declare that two such object attributes
are inverses, and maintains integrity between the two component parts of a relation-
ship. The system supports one-to-one, one-to-many and many-to-many relationships
in this way. The application programmer specifies what form of action should be
taken to maintain the integrity of relationships under update.

The ObjectStore query language consists of query expressions embedded in C++.
These query expressions are targeted at a single collection. In other words, a query
is a selection on a collection. The forms of selection can be expressed in terms of
nested query expressions and can therefore be quite complex involving several other
collections. Thus, the ObjectStore query language can express operations equivalent
to relational semi-joins but not full joins, i.e. the result of a query is a subset of the
collection being queried.

ODE [AG89] of AT & T Bell Labs is based on the programming language O++ which
is an extension of C++. All persistent objects of the same type are grouped together
into a cluster of the same name as the type. Thus, a cluster is a collection of objects
which gives the extent of a type. Objects may also be grouped into sets and bags.
The language O++ provides a special for statement for iteration over collections.
The language is capable of expressing queries equivalent to the full relational join
and also recursive queries. ODE supports both constraint and trigger mechanisms.
Constraints and triggers can be specified in class definitions and constraints can be

[wle]
used to derive specialisations of classes by means of predicates.,

Systems based on Other Object-Oriented Technologies

In this categoryve we tnclnde systems which cither have implementations in languages
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other than C++, or where the implementation is in C++ but efforts have been made
to keep the system general so that the object model is not tightly integrated with the
C++ type model.

The GemStone database system [BOS91] developed at Servio Logic Corporation was
one of the first database systems based on object-oriented technologies. GemStone
was developed on a Smalltalk platform [GR85]. The GemStone class hierarchy is sim-
ilar to that found in Smalltalk: objects are grouped into classes which are organised
into an isa hierarchy rooted at the Object class. A query is on a collection of objects
and the query language OPAL has a syntax based on Smalltalk.

Oy [Den9 ] [LRVER] of O, Technology is a complete object-oriented database system
and support cnvironment. It supports C and C4++4 language interfaces but other
language interfaces have been proposed. Oz provides a complete environment which
includes a query language, a user interface generator, a fourth generation language,
a graphic programming environment with debugger and a database browser. The
original goal of O3 was to be language independent and this was achieved by providing
a tvpe model and data definition language while the nethods were written in a variety
of languages. The tvpe model includes complex types for tuples, lists, bags and sets.

A number of query languages have been proposed for O,: these include RELOOP

[CDLR90], O2Query [BCD89] and the functional language LIFOO [BMS89].

ORION [BCG*87], [KBC*89] is an object-oriented database system developed in
Common Lisp at MCC. The focus of the ORION project was to provide mechanisms
to support complex applications such as CAD/CAM and Office Information Systems
and it therefore placed a lot of emphasis on the investigation of techniques for schema
evolution and version control. The ORION query language is limited to expressing
queries against single collections (and their subcollections). In other words, like
ObjectStore. it cannot express the equivalent of full relational joins.

Extensions of Relational Technology

A number of systems have been developed based on relational technologies. The
advocates of such systems appeared reluctant to abandon the successes of relational
systems and therefore chose to extend these systems with object-oriented features
rather than develop systems based on new technologies. Exactly what aspects of
relational techunologies did the designers of these systems wish to retain? In some
cases, it was the appeal and familiarity of the relational data model together with its
simplicity and generality that was considered important. On the other hand, somc
designers were keen to reutilise the relational storage and processing technologies that
existed and therefore 1o build their systems on top of a relational platform.
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POSTGRIS [SK91], [RS87] was developed at Berkeley as a successor to INGRES
[SWK76]. The POSTGRES data model extends the relational model to support
complex structures. An attribute may be of either a base type, a composite type or a
procedure type. Composite types include arrays of base types or relation types. The
user may introduce new hase types into the model by means of abstract data types.
Each tuple has a unique identifier.

POSTGRES has a set-oriented query language called POSTQUEL. This language
has support for nested queries, transitive closure and inheritance. Procedures may
be defined in terms of POSTQUEL or C functions. A relation scheme may inherit
the attributes of one or more specified parent relation schemes. The POSTGRES
svstem also has support for rules, views, version control and historical data.

Starburst [LLPS91] is an extensible relational database system developed by IBM,
San Jose. Rather than define a new data model, it extends the relational model by
externally defined data types known as EDTs. These EDT's are similar to the abstract
data types of POSTGRES. Starburst supports SQL with extensions and employs a
rule-based query optinmiser.

fris [FBCTST] of Hewlett-Packard Laboratories realises an object model using a re-
lational platform. The object data model is based on DAPLEX [Shi81] and TAXIS
[MBWS80]. Classification is expressed in terms of a type graph. A set of subtypes
may be specified as disjoint which means that the extents of the subtypes must be
non-overlapping. IFunctions can be stored, derived from other functions or exter-
nally defined in a general purpose programming language. Object SQL is supported
and queries are translated into relational algebra for evaluation against the relational
storage system. Limited forms of type and object evolution are supported.

Summary

In many cases. the object data models of object-oriented database management sys-
tems support only the two lower structural levels of our general framework. Collec-
tions of values tend to be stand-alone and the forms of interdependencies supported
are very limited. Frequently, there is no clear notion of a database structure.

Often, the data model is integrated with the type model of the associated program-
ming language and therefore lacks generality. This also means that data model issues
become confused with type issues. For example, in many of these systems, the isa
relationships between entity categories are modelled by a combination of subtyping

and predicates on collections.

In the object-oriented data models, relationships between entities tend to be repre-
sented by embedded object references. Support for modelling relationships consists
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of the ability to express a dependency between the corresponding object attributes
that represent such a relationship.

The levels of operation supported are at the level of values and collections. However,
it is still the case that in many of these systems the main support is at the level of
values. The associated query languages may be limited in terms of expressibility as
is the case with ObjectStore and ORION.

On the whole, the systems based on extensions of relational technology fare better
with respect to their support for database activities. Not only do these systems tend
to support all three levels of structurc and operation, but they also support general
constraint models and facilities such as version control and views.

In summary, the object data models of existing object-oriented database management

systems tend to be limited in terms of data modelling support. They are frequently
T . ) i h

specific to a particular hmplementation platform. Ifurther, many of them do not

support well-established database system requirements such as data independence,

database evolution and views.



Chapter 3

The Structural Model: BROOM

In this chapter, we specify the structural part of the collection model which deter-
mines the forms that collections may take and the ways in which collections may
be interrelated by means of static constraints. The structural part of the collection

model is referred to as BROOM.

A complete specification of a data model usually will consist of an informal textual
description along with a formal specification. The informal textual description will
provide an overview of the model and identify its main features. The formal specifi-
cation should be a complete and precise definition of the semantics and is the basis
for the implementation of the model. Somewhere between these two forms of speci-
fication is an intermediate level of specification which is a description of the overall
structure of the model and may be presented using a graphical notation. Before giv-
ing the overall structure of the model, it may be necessary to introduce some basic
definitions and notions. We describe the intermediate level of specification as semi-
formal since usually it will combine formal and informal descriptions. Further, it may
be incomplete in the sense that it may describe only some aspects of the model.

As an intermediate level of specification, we employ a metacircular description of the
structural model BROOM, i.e we describe BROOM in terms of itself. The production
of this metacircular description represented an important stage in the design process
as it provided an abstract overview of the system which was then refined into a
detailed formal specification. Thus, the metacircular description provided an initial
structuring of the formal specification. ’

[or those acquainted with the stages of database design, the concept of using a high-
level data model to obtain an initial structuring of a system specification which is
later reflined and then rcalised should be famihiar. TFor example, 1t is common to
use the entity-relationship model in this way for the process ol relational databasc

design. The entity-relationship deseription identifies the entities of interest in the

40
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application domain - and the relationships between these entities. This description
may then be transformed into an equivalent relational database schema which may
undergo transformations and refinements into a form suitable for implementation.
The entity-relationship model plays an important role in establishing the overall
structure of the relational schema which is then enhanced with implementation and
operational details. TFurther, the entity-relationship model of an cupphcatlon is an
important part of the system documentation.

Similarly, we believe that data modelling concepts may play an important role in
providing an intermediate specification of any application system and thereby in
determining the overall structure of a formal specification of that system. In this
way, a data model can help bridge the somewhat large gap between the informal
textual description and the detailed formal specification of an application system.

In particular. we advocate the use of metacircular descriptions as an intermediate
level of specification for data models. Many data models have an associated graph-
ical notation which can be particularly useful as a design and documentation aid.
Producing a metacircular description is a useful test of the modelling capabilities of
the data model. Further, the metacircular description can be used as a basis for the
development of a database management system which supports a uniform treatment
of metadata and data. In such a system, browsers and query processors can be used
to view and retrieve both schema information and data.

The formal specification of the model is given in the specification language Z [Spi89],

[Di190], [PST91].

Then the complete specification of our structural model, BROOM, consists of the
following parts:

e an informal overview
e definitions of the basic notions of collection and collection family
e a metacircular description
e a [ormal specification in the language Z.
In accordance with this, the specification of the BROOM model is presented in the

four sections of this chapter with each section corresponding to one of the above

parts.
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3.1 An Overview of BROOM

The collection model is a general model designed to support the management of po-
tentially large, interrelated collections of values. In our proposed three level database
structure for databases indicated in figure 3.1, the BROOM model is concerned with
levels 2 and 3. It specifies the ways in which values can be grouped into collections
and how these collections can then be linked together to form a database.

describes

Data Metadata
4 I 4 N\
Level 3 Database Schema
Level 2 Collections Collection Schemes

/N 7N

Level 1 \ Values ) \_ Types )

Figure 3.1: The Three Levels of Database Structure

Recall that here the term “value” is used to mean any form of data item that can be
described by the underlying type system whether it be a base value such as an integer
or string value, or a complex value such as a record or object value. It is important to
emphasise that the collection model does not specify the forms that these values may
take: thisis determined by the underlying type system. In the case of object-oriented
systems, the possible forms of values contained in collections will be determined by
the type system of the underlying persistent object store and associated persistent
programming languages. Generally, we consider an entity of the application domain
as being represented by an object value.

While we do not assume any specific underlying type system, there are some general
properties of object-oriented type systems that are of interest.

An object type may be considered as a metalevel description of similar objects speci-
[ving the properties of these objects in terms of their attributes and operations. Note
that here we are concerned only with the abstract propertics of an object, and there-
fore in the signatures of its operations, not in their implementations. If an object is
created in accordance with a given object type then we say that it is an instance of
that tyvpe and it will exhibit the properties associated with that tyvpe.
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One object type, t;, is said to be a specialisation of a second object type i in the
event that the properties of {; include the properties of ¢, or refinements of those
properties. In such a case, f; would be declared as a subtype of ¢, and the properties
associated with ¢, would be inherited by #,. Then an object which is an instance of
{; will also be an instance of {,. In this way, an object may be an instance of many
types and exhibit the properties of all of those types.

The subtyping relationships between object types determine a type graph. In the
event that the form of this graph is restricted to a tree structure, then the type graph
is a strict hierarchy and only single inheritance is supported. If no such restriction
applies, it is possible that an object tvpe is a subtype of two or more object types
that are not themselves related by a subtyping relatiouship. In such a system, we say

that multiple inheritance s supported.

Values are grouped into collections that represent entity categories in the application
domain. An entity category corresponds to a role of entities within an application.
Significant roles are identified by consideration of the usage of the system in terms
of both entity and application characteristics. Note that, while the role of an entity
clearly is related to the type of value that represents that entity, this is not the sole
determining factor. To illustrate this, we will consider a simple university database.

The university is interested in the various persons associated with the university and
these are represented by objects of type person. Then objects which are instances of
type person might be grouped into a number of collections to represent the various
categories of person within the application system. The group of categories to be
represented may be chosen both to capture relevant semantics of the application
domain and also to support envisaged access patterns. For example, an application
dealing with car parking permits might require access to all persons associated with
the university and we would therefore have a collection Persons with all existing
person objects as members.

[n addition, there might be an application which requires access only to persons
who are registered as students in which case we could form a collection Students.
Further, if only stafl individuals can be responsible for university projects, then we
might form the collection Staff. It is not necessary that the member objects of
Students and Staff are of different types since these objects are classified by means
of the membership of collections. Only in the event that we actually require the
objects of one or other of the collections to have different “internal” properties in
terms of their form and behaviour need we create specialised subtypes of person for
students and stafl,

Relationships between entities of the application domain are represented by mappings
hetween collections of values representing these entities. T onr university example,
the relationships between stall individuals and the projects for which they arc re-
sponsible could be represented by o relation called Manages which maps members of
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the Staff collection to members of the Projects collection as illustrated in figure
3.2. Staff is referred to as the source collection of Manages, and Projects as the
target collection. This relation can be represented by a collection of pair values of
the form (s;, p;) where s; is a member of the source collection and p; is a member of
the target collection.

Relation

Source Target
( \ Manages ( ; \
Staff Projects

\
\

83 . 30 p3

— —_

Sy T~ >, P,

[Figure 3.2: A Relation between Collections

There are therefore two forms of collections supported in the BROOM model. Unary
collections are those which have atomic values as elements and, generally, represent
categories of entities of the application domain. Binary collections are those which
have pair values as elements and represent relationships between entities of particular
categories. The source and target collections of a binary collection may be any form
of collection; hence, a three way association may be represented by a binary collection
which links a binary collection to a unary collection.

Collections (unary or binary) may exhibit set or bag properties depending upon
whether or not the collection may contain duplicate elements. Further, a collection
may have an associated ordering based on one or more attribute values. This is
similar to the forms of collections supported in ObjectStore [LLOW91].

It is worth noting at this stage that we identify an object value with the unique object
identifier associated with an object. Thus, it is not the objects themselves which
are members of a collection of objects but rather the object identifiers. This is of
particular significance when considering that objects may belong to many collections.

The graphical notation for collections is given in figure 3.3, A unary collection is
represented bya shaded rectangle with different shadings used for sets and bags.
The name of the collection is given in the non-shaded part of the rectangle and the
tvpe of the members of the collection may be specified in the shaded part. A binary
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The source collection of a binary collection is indicated by means of a grounded arc,
i.e. an arc with a ‘e’ at the source end, and the target collection is indicated by a
directed arc. The cardinality constraints are written alongside the arcs. A cardinality
constraint takes the general form (i:j) where i indicates the minimum level of
participation and j indicates the maximum level of participation. For example, in
figure 3.4, the binary collection Manages has source Staff and target Projects. The
cardinality constraint associated with Staff is (0:6) which specifies that any member
of Staff can appear in at most six pairs ol Manages. The cardinality constraint of
Projects is (1:1) which specifies that each member of Projects must appear in
exactly one pair of Manages. Thus a staff individual can be responsible for zero up
to six projects and each project must have exactly one associated member of staff.

I the maximum level of a cardinality constraint is given as n, then there is no set
maximum limit. For example, if the cardinality constraint for Staff in figure 3.4 is
changed to (0:n), then there would be no restrictions on the number of projects that
could be managed by a staff individual.

We now introduce a data modelling language for BROOM which is used to describe
types, collections and constraints among collections. The simple university example
of figure 3.4 is specified in terms of the BROOM data modelling language in figure
3.5. Note that there are constructs in the BROOM graphical representation language
for all of the constructs in the BROOM data modelling language apart from the type
descriptions.

Two object types person and project are defined. For the sake of brevity, we have
included only attributes and no operations in these object types. In addition, there
is a record type address and type person has an attribute home which is of type
address.

Collections of the database are described by collection schemes. Each collection
scheme gives the name of a collection and its type in terms of the form of the collection
and the type of its members. The constraints between the collections are specified in
the schema univdb. There are two forms of constraint statement - one for collection
families and one {or relationships. The constraint

Projects => ResProj ects

. .
specilies that ResProjects is a subcollection of Projects. In general, the parent
collection (or list of parent collections) is given on the left of *=>" and the child (or
list of children) on the right. 1 a list of collections is supplied then the list may be
qualified hyv a constraint condition. In the case of parent collections, this condition
may be intersection. i the case of child collections, the condition may be one of
disjoint. cover or partition.
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Type Declarations

record type address
street : string;
city : string
end;

object type person
name : string;
home : address
end;

object type project
title : string
end;

object type resproject subtype of project
fundingbody : string;
budget : integer

end;

Collection Declarations

collection Persons, Students, Staff, Demonstrators : set of person;
collection Projects : set of project;

collection ResProjects : set of resproject;

collection Manages : set of [person,project];

Schema Declaration

schema wunivdb
Persons => cover [Students, Staff];
intersection [Students, Staff] => Demonstrators;
Projects => ResProjects;
Manages <-> Staff (0:6) to Projects(1:1)

end.

Figure 3.5 Example of Data Modelling Language
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The constraint.
Manages <-> Staff (0:6) to Projects (1:1)

specifies that relation Manages has source collection Staff and target collection
Projects with the associated cardinality constraints.

This data modelling language can be considered as a neutral notation which allows
us to describe schemas without having to resort to the details of the language associ-
ated with a particular implementation of the collection model. An extended version
of this data modelling language, DSDL, which includes specifications of collection
representations. has been used in the Comandos ODMS system [CBHdP93]. From a
DSDL description of a database, a program will be generated automatically to create

and initialise the database.

3.2 Collections and Collection Families

Before going on to present a more formal description of the BROOM model, it is first
necessary to be more precise about the notions of ‘collection’ and ‘collection family’.

So far we have described a collection as a group of values. Strictly, a collection is an
object which comprises a group of values and it therefore has an object identity and
an extension property which is the group of values of the collection.

For a given collection C, we will use id(C) to denote the identity of C and ezt(C)
to denote its extension. Two collections C) and C; are deemed identical in the case
that they have the same identity, i.e. id(Cy) = id(C;) and then we write Cy = C.
Two collections Cy and 5 are said to be equal, written C; = Cj, in the event that
they have equal extensions. i.e. C) = Cy & exl(C)) = ext(Ch).

[h the BROOM model. the extension of a collection may be a set or a bag. If the
extension ol a collection is a sel, then we refer to it as a set collection, and, if its
extension is a bag, then we refer to it as a bag collection. Since the properties
of a collection are characterised by its extension, we first introduce some general
terminology and definitions for sets and bags. : .

Sets

The elements of a set are distinet and unordered. We denote a set, using the usual set
notation. i.c. a set containing the values o, y, = will be denoted {z,y,z}. The empty

set 1s denoted by {} or @, .
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We assume a criterion for determining whether any given value is a member of a given
set and this is given by the membership relation €,., i.e. €, {2,y,2} = true.

Bags

As with a set, the elements of a bag are unordered. However unlike a set, a bag
may contain more than one occurrence of an element. We will use angular brackets
to denote bags. A bag containing one z, two y’s and three z’s could be denoted
(z,y,y,2,2,2). The empty bag is denoted by () or Dpq,.

There are two representations of bags that are commonly used. One is to represent
a bag as a [unction which maps elements to number of occurrences and the other is
to represent a bag as a set of pairs where each pair gives an element and its number
of occurrences. We describe each of these in turn.

If a bag is to be represented as a function which maps elements to the natural num-
bers. N, then the domain of this function, or at least a source set if it is partial, must
be specified. We therefore introduce a universal set of elements U, and then for a
given bag f3 :

5Bl — N

Then for some v € U, B z gives the number of occurrences of z in B. A membership
relation €,,, is defined on bags such that z €, B & Bz > 0.

For example, given the bag B = (z,y,v,2,2,2) then B is given by the function
defined as {z = 1,y = 2,223} U{w—0|lweUAwvFzAwFyAwFz}

This leads us naturally to the second form of representation of a bag as a set of pairs
based upon the usual graph notation for discrete functions. The bag B given above
can be represented as the set of pairs {(z,1),(y,2),(z,3)}. With this representation
the membership relation €,,, can be defined in terms of the membership relation €.,
as follows: v €4,y B < In € Ny.(z,n) €, B, where N; denotes the set of positive
integers.

Collections

For a given collection C it is necessary to be able to determine whether C is a
st or bag collection and we therefore introduce predicates ts_sel and is_bag on
collections such that for a collection €, is_sel(C) = true if exl(C) is a sct and
ts_bag( (') = trueil exl () is a bag. Clearly, since exl( ') must be either a set or a
bag, is_scl((") V is_bag( (') = true.

A collection does not represent an arbitrary grouping of values but rather a grouping

of values of a common type. Hence a collection € will have an associated member
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type. We introduce an additional property of collection objects that identifies their
member types. For a given collection C and a given type T, if member_type(C) =T
then for any value z in the extension of C, £ must be an instance of type T, written
z: T.

We now define a membership relation € on collections. Let C be a collection of
elements of type T, i.e. member_type(C) = T. Then for 2 : T,

€ C & ifis_set(C) then z €, ext(C)
else z €4, ext(C)

Note that the member type of a binary collection will be a product type of the form
Ty x Ty. Such product types will also be referred to as pair types and may be written
in the form [T). T3]. For example, the member type of the binary collection Manages
in figure 3.11s [person,project].

It is useful to have a function which given a collection and an element will give the
number of occurrences of that element in the collection. For a set collection the
number of occurrences is either 0 or 1. Let C be a collection of elements of type T
Then for + : T, C o x gives the number of occurrences of z in C, i.e.

Coxz = if is_set(C) then (if z €, ext(C) then 1 else 0)
else ezt(C) «

If C is not a set collection then it must be a bag collection and ezt(C) is a bag. Then
the number of occurrences of z in C will be given by ezt(C) z.

3.2.1 Collection Families

A collection represents some general concept of the application domain. A special-
isation of a general concept into a more precise concept is represented by another
collection which contains only those values of the first collection that satisfy this
more precise notion. The collection that represents the more specialised concept is
referred to as a subcollection of that which represents the more general concept.

FFor two collections C; and Gy, if C) is a subcollection of €, then we say that Cy is
« supercollection of C.

Definition 3.1  Subcollection. Let C) and Gy be collections. Cy is a subcollec-
ton of (5 iIVae e C.Cyox < Cyour. Then we write ) < (. 0
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Note that there is no restriction that a subcollection must have the same behaviour
as its supercollection in terms of whether their extensions are sets or bags. For
example, assume (] is a set collection with ext(Cy) = S and C; is a bag collection

with ext(Cy) = B. Then il
S ={z,y,z}
and
B={(z,z,y,y,y,2)
then C; < (.

The subcollection relation < is a pre-order on collections, i.e. it is both reflexive and
transitive. It is not a partial order since the anti-symmetric property does not hold.
Consider two collections Cy and Cy with ext(Cy) = 5" and ext(Cy) = B' where

S = {x}

and
B = (x).

Then Cs302 = Cyoa and we have C3 <X C; and Cy <X C3. However, it is not the case
that C3 = Cj since the extension of (s is a set and the extension of Cy is a bag.

Clearly, if C; < C; the member types of C; and C, must be related in some way since
all member values of () are also member values of C,. The notion of subtyping un-
derlies (most) object-oriented type systems and we will therefore assume a subtyping
relation <, on types and that it is a partial order, i.e. <; is reflexive, antisymmetric
and transitive. Then for types T} and T, if T} <; Ty and z : Ty, then z : T,. If
C) =< Gy then member_type( Cy) <, member_type(Cy).

The subcollection relation expresses a conceptual dependency between two collec-
tions. By specifying that the subcollection relation must hold between C) and G,
a constraint is imposed on the membership of these collections such that any value
in C; must also be in (5. Such constraints may be used either to check the validity
of database updates or to trigger actions such as update propagations to ensure that
database consistency is maintained.

(‘onceptual dependencies among collections are specified by means of collection fam-
ilies. A\ collection family comprises two sets of collections referred to as the parents
and the childeen. Each child collection is constrained to be a subcollection of each
parent collection. TFurther forms of constraints may be specified on the members of
a collection family. These are given in terms of the predicates disjoint, partilion and
intersection given below. CS and 1S are sets of collections such that CS is the set

of children of a family and 125 1s the set of parents.
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disjoint(CS) & VO, Cj € CS(C, % Cj = - 3'15(’1 eCiNze€ C,))
partition(PS, CS) & VP, ePSVze€ Pi.Pioz=maz{C;joz | C; € CS}
interscelion(PS,CS) & VCi e CS.Va € C.Cioax = min{P;oa | P; € PS}

A set of collections is disjoint if no pair of member collections has a common member
value. A set of child collections is a cover of a set of parent collections if all of the
members of the parents appear in at least one of the children. In the case of bag
collections. the number of occurrences of a value in a parent must equal the maximum
number of occurrences of that value in the children. In other words, at least one of
the children must have at least the same number of occurrences as appears in the
parents. Ior example, if C, C} and C; are bag collections with

exl(C') = B, ext(C\) = By and eaxt(Cy) = By
where

B={rryyyz)
and

Bi = (x,y,y,y), B =(2,2,y,2)

then the family with parent C' and children '} and C; is a cover.

If each child collection of a family contains all of those member values that are
common Lo every parent, then the set of child collections is an intersection of the set
of parents. In the case of bag collections, the number of occurrences of a value in a
child is equal to the minimum number of occurrences of that value in the parents.
For example, if bag collections C; and C, are as above, and, Cj is a bag collection
with ext((C3) = Bs such that

133 = (.17, y)

then the family with parents C) and Cj, and child Cj is an intersection.

These dependencies among the collections of a collection family are specified by means
of a constraint term which is one of disjoi..t, cover, partition, intersection or
none. A\ collection family which is a partition has disjoint children and the children
form a cover of the parents. We now give a definition ol a collection family.
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Definition 3.2  Collection Family. A collection family F' is a triple (PS, CS, ¢)
where PS and CS are disjoint sets of collections and ¢ is a constraint term such
that:

(i) YPi € PS.NC; € CS.C; X P;

(i1) ( ¢ = disjoint A disjoint(CS))
Vv
( ¢ = cover A cover(PS, CS))
V
( ¢ = partition A disjoint(CS) A cover(PS, CS))
\%
{ ¢ = intersection A inlcrseclion(PS, CS))
V
¢ = none

A collection family with constraint term none is used to represent a simple sub-
collection dependency between collections. For a given parent collection, all of its
subcollections may be specified by means of a single collection family of this form.
Alternatively, they can be specified by a number of families each with the constraint
term none.

The general form of a collection family permits multiple parents and multiple chil-
dren. In the case of particular constraint terms, the constraint may be such that the
membership of two or more collections must be equal.

For example, assume a col]ection family F' = (PS,CS,cover) and that we have
P;. P; € PS such that P; # P;. Then for any value z, P; oa = P; o z. It follows
that e.z,z‘,(P;) = exl(F;) and hence P; = P;. Thus, if a collection fa.mlly has multiple
parents and a constraint term cover or partition, then these parents will always
be equal. i.e. their extensions will contain the same values.

[Further, assume a collection family F' = (PS, CS, intersection) and that we have
Ci, C; € CS such that C; # C;. Then for any value z, C; 02 = Cj o z. It follows
that ezt(C;) = ext(C;) and hence C; = C;. Thus, if a collectlon famlly has multiple
children and a constraint term intersection, then the chxldlep will always be equal.

However. it 1s possible to have a collection family with multiple parents and multiple
children and the constraint term disjoint where the parents are not constrained to
he equal and neither are the children. An example of such a collection family is given
in figure 3.0.
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Every collection is an object as indicated by the subcollection arc between Objects
and Collections.

The Members binary collection represents the relationships between collections and
their member values. The shading indicates that Members is a'bag and therefore pairs
may occur more than once in the collection. Consider a simple example of a database
with two collections, S and B, where S is a set collection and B is a bag collection.
Assume that the extensions of these collections are:

cxt(B) = (5,2.9,9.9.)
ext(S) = {z,w}

then the membership of values in collections is represented by the bag collection

Members where

exl(Members) = (B, ), (B,2),(B,y),(B,y).(B,y),(B,2),(5,2),(S,w))

Thus the bag collection Members represents the membership of both set and
bag collections. If a collection is a set collection, the corresponding pairs of
Members should occur exactly once. Note that Members is specialised by a parti-
tion into BinaryMembers which relates BinaryCollections to PairValues, and,
UnaryMembers which relates UnaryCollections to AtomicValues.

A value in BROOM is associated with one or more types. The BROOM model is
independent of the underlying type system and therefore a full description of the
possible forms that types may take does not form part of the BROOM description.
However, we are interested in the general categories of types in order that we can
associate types with values and ensure consistency of this association at the level of
collections.

Since the detailed structure of types is not of concern, we simply model types by
their names and classify them according to their general form as shown in figure 3.9.
This structure parallels the corresponding structure for values of figure 3.8. The main
difference to note is that the MemberType collection is a set collection rather than a
bag collection and the cardinality associated with its source Collectionsis (1:1).
A collection tvpe has a single inember type whatever the behaviour of that collection.

One additional picce of type information required for the collection model is the sub-
type ordering on types. This is modelled in figure 3.10 as a binary collection with
source and target Types. Subtypes should be considered as a relation representing
the declaration of subtype relationships between types introduced explicitly in type
declarations. Then the reflexive transitive closure of Subtypes under relation com-
position gives the general subtyping relation, <; that was introduced in scction 3.2.
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The collection family structures of BROOM are specified in figure 3.12. Here, we
consider a collection family as an object which comprises 2 or more collections: these
collections are partitioned into a set of parent collections and a set of child collections
as indicated by the partition of the relation Contains into Parents and Children.
The cardinality constraints are such that we assume that each collection family must
have at least one parent collection and at least one child collection.

Collection families are classified according to the constraints among the members
of the families. If the children of a collection family are specified to be disjoint,
then the collection family will belong to the subcollection DisjointFamilies. If the
children of a collection family are specified to cover the parent collections, then the
collection family will belong to the subcollection CoverFamilies. The intersection
of DisjointFamilies and CoverFamilies gives the collection of collection families
where the child collections partition the parent collections. If a collection family
belongs to the collection IntersectFamilies, then each child will be formed from
the intersection of the members of the parents. A collection family which belongs to
IntersectFamilies can belong to neither DisjointFamilies nor CoverFamilies.

If a collection family is a member of CollectionFamilies but not a member of any
of its subcollections, then the constraint term of the family is none. This means
that the children of the family are subcollections of the parents - but no additional
constraints apply.

Given the binary collections Parents and Children, one can form a binary collection
SubCollections which relates collections to their immediate subcollections. This is
given by the expression

SubCollections = Parents™! o Children

1

where Parents™ is the inverse of Parents and o is relation composition. Clearly,

like SubTypes, this relation must be non-circular.

If a binary collection is used to represent relationships between members of collec-
tions, then it must have associated source and target collections and each of these
will have an associated cardinality constraint. This is represented in figure 3.13.
BinaryCollections is the set of all binary collections and Relations is a subcol-
lection which is the set of all binary collections that represgnt a relation on two
collections. IZach member of Relations is related to a source collection and a tar-
get collection through Sources and Targets, respectively. Note that the source and
target collections may be any collection and hence a velation is not restricted to map-
pings bhetween two unary collections: for example. it could be a mapping bhetween a

binary collection and a unary collection.
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the current proposal which is much more uniform. This is just one example of the
many changes that were made to the model at this stage.

3.4 A Z Specification of BROOM

In this section, we present a specification of the BROOM model in the specification
language 7 [Spi89]. Z is based on set theory and predicate logic which are familiar
to most people in the database field. It was therefore felt that it would be relatively
easy for those without a detailed knowledge of the specification language to read and
understand the essence of specifications in Z.

There are a number of good introductory textbooks on Z which give a complete
description of the language, examples of specifications and reasoning about these
specifications e.g. [Dil90], [PST91], [Spi89]. Clearly, it is beyond the scope of this
section to provide a comprehensive description of Z, but it is hoped that the uniniti-
ated reader will at least gain some insight into the style of Z specifications.

A point to emphasise yet again is that we are still discussing logical specification and
not implementation. The representations we talk of in this section are mathematical
representations and not physical representations.

The unit of specification in Z is called a schema. To avoid any confusion between
the notion of a schema of Z and a database schema, we will refer to a schema of Z
as a Z-schema. A Z-schema consists of two parts: the first part consists of variable
declarations and the second part specifies properties, or constraints, on the values of
these variables expressed as predicates.

7, incorporates mechanisms for introducing definitions in order that specifications
may be abbreviated thus making them clearer. Indeed, a mathematical toolkit was
produced by Spivey [Spi89] and this provides definitions for well-known operations
on and properties of sets, relations, {functions, sequences and bags. These concepts
may be defined by means of generic definitions of the form:

(X7, Nze ooy N

[:I)

I,')

The X1, X, .... X, are the formal gencric parameters which can occur in the types of
1. 42, 123 1 Y1
the identifiers in declaration ). The predicate PP defines the identifiers introduced in

D.
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We start our specification of BROOM by defining some of the basic concepts used in
BROOM by means of generic definitions. We start with a definition of disjoint. The
mathematical toolkit given by Spivey does in fact include a definition of disjointness
[Spi89, p. 125] but it is defined over indexed families of sets rather than simply sets
of sets. We therefore redefine it in terms of sets of sets.

— [X]
disjoint _: P(P(P X))
[ VS PB(PX)e

(disjoint S & VX, X;: S e
(X1 #Xo=>-(F2:XNeze X Az€ X))

disjoint can be thought of as a unary relation over sets of sets. Then it is of type
P(P(P X)) since it is the set of all sets of sets which satisfy the disjointness condition.
The predicate part of the generic definition states what it means for a particular set
of sets to be disjoint..

Now we turn to define concepts that correspond to the BROOM notion of collection
family. While these, generally, accord with the definition of collection family given in
section 3.2, it should be pointed out that it suffices here to define these over sets of
sets. The main reason for this is the fact that, as seen in section 3.3, our metacircular
description involves mainly set collections and correspondingly our specification deals,
in the main, with sets. The one exception is that of the Members binary collection
which has bag behaviour. This case is dealt with separately and, in fact, we shall see
how the notion of partition etc. on bag collections collapses naturally into a definition
in terms of sets.

Recall that a collection family comprises a set of parent collections and a set of child
collections. We therefore define subcolls to be a relation on sets of sets as follows:

]
_subcolls _:P(PXN) & P(PX)

VS, T:P(PX)e
(S subcolls T VX, :SeVX;: T e X, CXj)

.

Given a set of sets, S and a set of sets 7', then S is related to T under subcolls in
the event that each member of S is a subset of each member of 1.

Next we introduce generic definitions for covers, partitions and intersects as

relations on sets ol sets.







































































































































































































































































































































