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F o r e w o r d  

This volume contains the proceedings of the 16th British National Conference 
on Databases (BNCOD-16) held at Cardiff University in July 1998. 

The aim of BNCOD is to present new developments and current research on 
database theory and techniques. Although the title might suggest otherwise, the 
constituency of this conference in recent years has extended well beyond the 
UK, indeed beyond European boundaries. This year the programme committee 
selected eleven papers and several posters for presentation at the conference from 
a large number of submissions. Of these eleven papers, three are from the UK, 
five from the European database research community, two from the USA and 
one from Australia. The programme committee also commissioned one additional 
UK contribution, in an area of growing industrial relevance. 

BNCOD has been held at Cardiff once before, exactly ten years ago. Then, 
in 1988, at BNCOD-6 the main areas of research interest covered were object- 
oriented databases, temporal databases, and alternative data models; homoge- 
neous distributed database systems were just beginning to be marketed and their 
heterogeneous relatives were still primarily a matter for research consideration. 
The scope and rate of change over the past decade, with the advent of the Inter- 
net and World Wide Web, the shift in emphasis from data to knowledge bases 
and the introduction of intelligent software agent technology into the develop- 
ment of distributed information systems, to name but three major advances, 
has been nothing short of staggering. Hence the main areas of research interest 
covered here are very different from those of 1988, as will become apparent. 

Now, as then, the BNCOD paper presentations have been complemented by 
contributions from eminent invited speakers, both of whom on this occasion 
can boast two prior decades of major achievement in their respective fields of 
expertise. The first of these, Professor Malcolm Atkinson, to start the confer- 
ence, reviews progress with providing orthogonal persistence for Java, in terms 
(mainly) of solid technical successes and residual political/commercial hurdles; 
his presentation includes a description and demonstration of a freely available 
operational prototype, PJama. The second, Jeffrey Walker of Tenfold Corpora- 
tion, from his long experience at the forefront of the database and applications 
software industry, discusses outstanding productivity in his intriguingly titled 
presentation on "how to do a five-year applications development project in six 
months"! 

Apart from these two invited keynote addresses and sessions devoted to intro- 
ducing and viewing posters, the conference has six sessions spread over two days 
for the presentation of papers. In the first of these, on Middleware, Steiert and 
Zimmermann describe their JPMQ (Java Persistent Message Queues) system 
and Stephen Todd of IBM (at the request of the BNCOD programme commit- 
tee) surveys progress in this important area of development from an industry 
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standpoint; the session concludes with a Panel Discussion on the merits of mid- 
dleware. 

The second session of papers addresses Life-Cycle aspects of database design. 
In this session, Griebel et  al. consider the utilisation of repository technology 
for supporting design activities, then Preuner and Schrefl discuss the integration 
of views of object life-cycles in object-oriented database design, with particular 
relevance to their application in representing business processes. 

The third papers session is on Association. It contains two papers: the first, by 
Omiecinski and Savasere, presents an efficient algorithm for mining association 
rules within the context of a dynamic database (i.e. where transactions can be 
added); and the second, by Kurniawati et  al., is concerned with improving the 
efficiency of the nearest-neighbour search operation using the weighted euclidean 
distance metric by calculating a bounding envelope of the nearest-neighbour 
query regions directly. 

In the fourth session of papers, on Images, Nes and Kersten present their Acoi 1 
query algebra for image retrieval systems, then Speegle et  al. describe the meta- 
structure aspects of a method based on space-saving transformational represen- 
tations to support multi-media editing in object-oriented image databases. 

Heterogeneity is the subject of the fifth session of papers. Here, Karunaratna et  
al. discuss the establishment of a semantic knowledge base to assist integration 
of heterogeneous databases by helping users of a loosely-coupled federation of 
such databases to create views of and determine information available in the 
federation. This paper is followed by one from Conrad et  al. which concentrates 
on an approach to deal with integrity constraints within the process of federated 
database design. 

The sixth and final session of papers is on Languages, and again consists of two 
papers. The first, by Meredith and King, focuses on the identification of ref- 
erentially transparent regions or scopes within an experimental variant of the 
functional database language FDL, called Relief, which is lazy and supports 
database updates. The second, by Paton and Sampaio, proposes a deductive 
object query language (DOQL) extension to the ODMG object database stan- 
dard; DOQL is designed to conform to the main principles of ODMG compliant 
languages, thus providing a powerful complementary mechanism for use with 
ODMG databases. 

A c k n o w l e d g e m e n t s  

As the list of editors indicates, the local organisation of BNCOD-16 has been 
very much a Cardiff team effort. As a team, we would like to thank the members 
of the programme committee for their work in reviewing, debating in committee 
and selecting the papers and posters for presentation at the conference. Special 
thanks are due to Professor Keith Jeffery for chairing the programme committee 

1 Amsterdam catalogue of images 
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meeting so effectively. The fact that every review of every paper was submitted in 
time for that meeting is thought to be something of a record and is to the credit 
of all the programme committee members. Thanks are also due to members of 
the BNCOD-15 Birkbeck College (London) organising committee for providing 
us with information and advice based on their previous year's experience, and 
for hosting this year's programme committee meeting. 

We are indebted to other staff in the Department of Computer Science at 
Cardiff for their support in many aspects of administration of BNCOD-16: An- 
ton Faulconbridge, Margaret Evans and Robert Evans provided invaluable help 
in this regard. 
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JPMQ—An Advanced Persistent Message

Queuing Service

Hans-Peter Steiert and Jürgen Zimmermann

Department of Computer Science, University of Kaiserslautern, P.O. Box 3049
D-67653 Kaiserslautern, Germany

{steiert, jnzimmer}@informatik.uni-kl.de
http://www.uni-kl.de/AG-Haerder/

Abstract. Message oriented middleware (MOM) services, based on the
concept of persistent queues, are widely used for reliable asynchronous
communication to deal with the disadvantages of the closely coupled
communication model. This paper introduces some new functionality for
queuing services (QS) in order to make them more powerful for the need
of modern application programs and presents JPMQ, a sample imple-
mentation of these concepts. As such, JPMQ provides an object-oriented
type system for messages, dynamic selection and ordering of messages
as well as content-based priorities. Moreover, JPMQ offers transactional
concepts in order to cope with concurrent access and failure recovery.

1 Introduction

Large-scale business applications are often comprised of autonomous, distributed
programs, each of which performs a certain piece of work of a (more complex)
task. In such domains, reliable communication is one of the primary necessities
for correct task processing because the current state-of-progress has to be com-
municated between the programs. A closely coupled communication model based
on a distributed two-phase commit protocol ([9]) allows programs to exchange
data (i. e. the task’s state-of-progress) in a reliable way. Usually a directed flow
of information can be observed. Therefore, communication is sufficiently reli-
able/stable if the sending program can be ‘sure’ that the information sent will
be received by the ‘next-step’ program.
This is a major issue addressed by so-called queuing services (QS), also known

as message oriented middleware (MOM, [14]). These systems manage messages—
as units of data to be exchanged—by using queues. After a client program has
stored a message in a queue, it may continue processing without having to wait
for the ‘next-step’ program to accept the message. Once a message is queued,
the QS guarantees delivery, even when the target system is not reachable (either
intentionally or due to failure) at the time of queuing ([2]). As for every base
service, a seamless integration with application development and easy operation
are necessary.
We want to address these topics by presenting a value-added QS, called

JPMQ (Java Persistent Message Queues, [12], [18]). It provides semantically

S.M. Embury et al. (Eds.): Advances in Databases - BNCOD’98, LNCS 1405, pp. 1–18, 1998.
c© Springer-Verlag Berlin Heidelberg 1998



2 Hans-Peter Steiert and Jürgen Zimmermann

richer functionality, as for example queries on the contents of queues. Since this
functionality is integrated into the enqueue and dequeue operations, application
development can easily take advantage of these features.
This paper is organized in the following manner. In the next section, we give

a short introduction into persistent queuing and the basic concepts realized in
current queuing systems. Then we introduce some concepts we call “advanced
queuing functionality”, which go beyond the queuing facilities supported by cur-
rent QS. Sect. 4 outlines our queuing system JPMQ, followed by the description
of its implementation. We finish up with conclusions and a look into future work.

2 Persistent Queuing

Persistent queuing is a widely used technique for asynchronous communication
between application programs. While messaging and synchronous communica-
tion can only be applied if the interacting programs run at the same time, the
usage of a QS for communication relaxes this restriction.
The use of a QS simplifies the development of applications with asynchronous

peer-to-peer communication, because it provides a reliable message buffer on the
basis of queues. To offer an easy-to-use programming scheme, a QS integrates
several concepts, namely those of messages, queues, and—most important in
respect to quality of service concerns—an appropriate transaction semantics.
Queues can be considered from different perspectives, namely from the point

of view of the QS and from that of the application programmer.
For the QS, queues are containers for arbitrary messages, which are under its

control. Therefore, the QS takes care of all defined queues and their associated
attributes. Queues accept an application program’s storage and retrieval requests
for messages which are commonly known as enqueue and dequeue operations.
From an application programmer’s point of view, queues provide a help-

ful abstraction for distributed application development that uses programs in
producer-consumer relationships. As such, producer and consumer do not have
to know each other since the queue abstracts from a direct relationship. For a
producer, a queue is a destination for its output data, while for a consumer it is
a source of its input.
As we have already mentioned, the basic operations on queues are enqueue

and dequeue. The enqueue operation is used by an application program to store
a message into a specific queue. When an enqueue operation is processed suc-
cessfully, the QS takes the message and guarantees its permanent storage. The
counterpart of the enqueue operation is the dequeue operation. An application
program uses the dequeue operation to request the delivery of a message from
a specified queue. A successfully terminated dequeue operation releases the QS
from controlling the delivered message. It may be possible to dequeue more
than one message at once from the queue using a so-called “multiple dequeue”
operation.
In order to enable application programs to differentiate messages according

to their importance, a QS can allow explicit assignment of priority values along
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with the enqueue operation. For messages with a priority value, a specialized
option of the dequeue operation exists which removes messages from the queue
in ascending or descending order of these priority values. Messages enqueued
without any priority value are considered to be of a static priority.
Transactional concepts for operations upon queues are desirable for concur-

rent access and failure recovery ([9]). In the context of a QS, we will reconsider
the ACID transaction paradigm ([10]) which has proven to be the most appro-
priate one.
Obviously the durability property must be provided by each QS. It ensures

that enqueued messages do not vanish (until dequeue) and that dequeued mes-
sages are no longer accessible.
Atomicity is desirable in the sense that the entire set of dequeue and enqueue

operations made during one transaction is performed successfully or none of them
are. The consequence for the QS is, that effects of unsuccessfully terminated
transactions (e. g. due to a program crash) will not show up.
Isolated execution is a means of coping with the requirement of atomicity.

If all operations that an application program performs on queues are isolated
from (i. e. not visible to) operations of other application programs, then those
operations can be rolled back without affecting another application program’s
work.
With regard to consistency, the possibility of defining some consistency rules

for messages is desirable. The simplest consistency requirement is surely that
enqueued messages are not altered as long as the QS is responsible for them.
Furthermore, some consistency rules could be defined for queued messages, e. g.,
to prevent the insertion of wrong data.

3 Advanced Queuing Functionality

The actual reason for the development of JPMQ was the need for so-called
advanced queuing functionality, since rudimentary services such as enqueue or
dequeue operations are already provided by today’s products ([1], [4], [7]).
For the support of this advanced functionality, we will introduce complex

message types which allow for the specification and control of the internal struc-
ture of messages to be exchanged. Starting from those complex messages, we
propose several extensions based on the message contents: automatic priority
assignment of enqueued messages, application-specific dequeue ordering and se-
lective dequeuing. Another point we address are correctness issues guaranteed
by the QS for queues in a multi-producer, multi-consumer environment. In the
following, we want to discuss each of these extensions in more detail.

3.1 Complex Message Types

As already mentioned, a QS will be a useful middleware service for building dis-
tributed applications. Today’s business applications are developed using object-
oriented design methods ([3], [11]). The use of a semantically rich object model
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in the design phase is often reflected by the usage of structured data in the
implementation. Hence, an adequate representation of data transferred by mes-
sages is not a flat byte stream but a structured data type. This leads to the
conclusion that the QS should be aware of the structure of the messages stored.
In JPMQ, this is obtained by strict typing, which means that a message type is
associated with every message. Thus, JPMQ has to provide a type system and
a mechanism to define message types. The main design objective for the type
system is to make it simple to use but flexible enough to define complex message
types for almost every application domain.
JPMQ message types are defined using a three level hierarchy, which directly

reflects the different abstraction levels. The topmost concept is that of a message
type used for the strict typing of messages. A message type defines the unit of
data exchange and has a service-wide unique identifier. As messages are complex
structures, a message type consists of one or more node types. These node types
group together a set of attributes that describe the different instances of this
node type. A node type carries an identifier which must be unique within the
message type. The attributes of a node type itself are again uniquely identified
by their name, and can hold either values or references. Values are of simple
type (e. g., strings, boolean or numerical values) whereas references represent
relationships between different nodes. As a message type may contain more than
one node type, one of them must be designated as the message type’s root node.
An instance of this node type becomes the only entry point (root) from which
the remaining parts (nodes) of the message can be reached. A metamodel of our
type system is shown in Fig. 1, an example message type definition in Fig. 2.

MessageType

AttributeType

ValueTypeReferenceType

NodeType

{disjoint, complete}

1 n

1

1node
attributes

1

nnodes

1

1root

Fig. 1. Metamodel of the JPMQ type system (UML notation)

3.2 Automatic Priority Assignment

As JPMQ is aware of a message’s internal structure, it can easily access the
values stored within a message. A rather simple feature of JPMQ is automatic
priority calculation and assignment for messages enqueued without an explicitly
given priority value (see Sect. 2).
The priority value calculation is done by the means of a specific “priority

calculation function” (PCF) which has to be specified in an OQL-like query
language (see ODMG standard [5]). The PCF is evaluated while enqueuing the
message and delivers a single value of type “real”, which is taken as the message’s



JPMQ—An Advanced Persistent Message Queuing Service 5

DEFINE MESSAGETYPE OrderMessage;

NODE order;
id: IDENT; date: DATE; lines: REFERENCE TO order_line;

END;
NODE order_line;
line_no: INTEGER; amout: INTEGER; price: REAL; item: REFERENCE TO item;

END;
NODE item;
id: IDENT; name: STRING; ean: INTEGER;

END;
ROOT order;

END;

Fig. 2. Example DDL statement for message type definition

priority. A PCF is always associated with a message type and a queue. The
conjunction with a message type is obvious, since the query itself is tailored to
the structure of that specific message type. The association with a queue allows
for more freedom in defining special policies for different queues which accept
the same message type.

3.3 Application-Specific Dequeue Ordering

Besides the rather static ordering of messages based on priority values assigned,
JPMQ allows for application-specific dequeue ordering using a content-based
sorting criterion. By this means, a reading application program can dynamically
specify the order in which messages should be dequeued. For that purpose, we
introduce a specialized dequeue operation that accepts a content-based “ordering
function” (OF) which is conceptually comparable to a PCF except for the time
of evaluation. While the PCF is statically defined once and evaluated along with
the enqueue operation, the OF is dynamically issued and evaluated along with
the dequeue operation to assign priority values to every message of the given
message type residing in the queue used. In contrast to a PCF, an OF can
deliver an ordered set of base types which is used to order the messages (see
Sect. 5.3). Because PCFs make it possible to order all messages in a queue, for
every message type we should get the same result type. As OFs are restricted
to one message type, their usage can be simplified by allowing ordered sets as
comparison values.

3.4 Selective Dequeue Operations

Besides dequeuing messages in a specific order (using PCFs or OFs), application
programs often have to work exclusively with messages which satisfy certain
predicates.
If only an ordinary dequeue operation is available, an application program

has to dequeue all messages, select the qualifying ones and re-enqueue those
that are not to be processed. Because all this has to be done within a single
transaction (in order to avoid loss of messages), non-qualifying but read messages
are not accessible to other application programs until commit, so concurrency
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is reduced in most cases. Thus, a better solution would be to enable the QS by
appropriate means to perform the selection ‘nearby the queue’, i. e., within the
dequeue operation.
Providing this feature in JPMQ was no problem, because the message struc-

ture may serve as a foundation for the specification and evaluation of selection
predicates. Thus, we introduce the “selective dequeue” operation. It accepts a
“selection predicate” (SP), which (again) is specified in an OQL-like style. The
SP is defined upon a concrete message type and evaluated during the dequeue
operation on the messages of that type which are stored within the addressed
queue. Only those messages which are included in the result set of the SP are
delivered.
As a matter of fact, both the selective and sorting dequeue operations affect

messages of a single type. While selection is evaluated on every single message,
the ordering is done on a set of messages, so they can both be applied within a
single dequeue operation which we call “selective ordering dequeue”, as shown
in the following example:

orders = outstandingOrdersQueue.dequeue
( "ORDER",
no_of_orders,
"count ( select ol.items from mt_OrderType om, order o, o.orderline ol )",
"select om from mt_OrderType om, om.orders o where o.name = ‘Smith’" );

3.5 Isolation Issues of JPMQ in a Multi-User Environment

So far, we didn’t consider concurrency w. r. t. enqueuing and dequeuing messages.
We now want to address the related problems by introducing different isolation
levels. Programs enqueuing messages are called writers, those dequeuing message
are called readers from now on.
JPMQ demands a queue to be in one of the four isolation levels “none”,

“ordered”, “blockwise”, or “ordered blockwise”. These different levels stem from
two independent factors, which determine the degree of the desired isolation. One
factor is the application program from which messages originate and the other
is the actual transaction (with visible transaction borders) used for enqueuing.
The simplest (or lowest) isolation level (“none”) means that there is no isolation
between dequeuing transactions.
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d2[1] = 2/f

d2[2] = 1/g

d1[3] = 1/d
commit!

commit!

“none” “ordered” “blockwise”

Fig. 3. Effects of different Isolation Levels
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Let us, first of all, consider the case that there is just one reader. Without
any ordering, he gets the messages in the order in which they are enqueued, so
that we have a FIFO processing. It might happen that the reader gets messages
enqueued by different writers in an intermixed way. Let us now imagine that
there are two readers. Seen from the queue, this could lead to an intermixture of
dequeue requests stemming from Reader1 and Reader2, e. g., d1[0], d1[1], d2[0],
d1[2], d2[1], d1[3] (of Fig. 3, left). The messages in this example are labelled with
a number identifying the writer and a letter used as a message identifier.

If there is an abort of Reader2 (as illustrated in Fig. 3, left) the QS might react
by delivering “1/c” as result of the next dequeue operation (d1[3]) of Reader1,
leading to a non-FIFO order of messages dequeued by Reader1. This is exactly
what might happen when using isolation level “none”. Hence, it is only useful,
if there are no dependencies existing between different messages of the same
writer.

To avoid such inconsistencies, we can isolate the two readers on the basis
of the writers in such a way, that only one reader has access to the messages
of one writer at a time, but may access messages of several writers. This level
of isolation is called “ordered”, which means that JPMQ guarantees a FIFO
order for messages of one writer. Still, messages from different writers could be
dequeued in an intermixed way, e. g. the result of d1[3] may be message “2/e”
(Fig. 3, center), but Reader2 is not able to receive any message from Writer1
before Reader1 has committed.

Up to isolation level “ordered” messages of different writers could be de-
queued in in arbitrary intermixture. This may be sufficient in some cases, but
for the realization of protocols with strong inter-message dependencies, neither
“none” nor “ordered” is strong enough. Here, it makes more sense to take
transaction boundaries into account: Only one reader gets exclusive access to
messages of one (writing) transaction and has to dequeue all messages of this
transaction. This means, the reader is only allowed to commit successfully if
there are no more messages left from the writing transaction. The corresponding
isolation level is called “blockwise” (Fig. 3, right).

Comparing the isolation levels “ordered” and “blockwise”, we see that they
address different problems. “Ordered” reserves all messages of a writer for the
reader that accesses the first of his enqueued messages without taking (enqueu-
ing) transactions into account. “Blockwise” only reserves the messages of a single
enqueuing transaction, but imposes that the reader is aware of the transaction
boundaries. So, “ordered” assures the writer’s FIFO order, whereas “blockwise”
reflects transactions. As such, it is a logical consequence that another isolation
level exists, which combines those two concepts. This level is called “ordered
blockwise” and has the following semantics: The first time a reader dequeues
a message of a writer, it is guaranteed that this is the oldest message of that
writer (that is currently in the queue) and, at the same time, exclusive access
to all messages of this writer is granted. Similar to “blockwise”, the reader can
dequeue only messages of transactions of this writer in the order in which they are
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enqueued. Moreover, a reader transaction must commit at one of the transaction
boundaries which stem from the writers’ transaction commit.

4 JPMQ System Architecture

In the following sections we will take a closer look at our implementation of
JPMQ. The QS was designed as a middleware service used in a distributed
computing infrastructure. We will explain the usage of JPMQ in such an en-
vironment and introduce its interfaces (Sect. 4.1). After that, we will examine
the main components of JPMQ and how they cooperate to fulfil the requested
services (Sect. 4.2). A more detailed description of implementation details is the
main topic of Sect. 5.

4.1 Overall Architecture

In this section we will use the notion of “nodes” to differentiate between two
QSs. The term local node is used as an alias for the JPMQ service to which
an application program is currently connected. Accordingly, a remote node is a
QS instance not known to the application program. Remote nodes may reside
somewhere in the internet, in the local domain as well as on another continent.
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Fig. 4. External Architecure

JPMQ functionality may be claimed using one of four different interfaces (Fig. 4).
The standard application programming interface (API, (1)) enables local applica-
tion programs to access JPMQ. For communication between different instances
of JPMQ, e. g. forwarding messages from a local to a remote node, a service-
to-service interface (2) exists, which enables two JPMQ services to exchange
messages. A distributed two-phase-commit protocol is used to ensure that no
messages are lost. An applet-enabled interface (3) is provided in order to support
lightweight clients, as for instance Web-clients or mobile computers. Electronic
commerce will be a typical application using this kind of interface. In addition
to the described interfaces, a fourth one is needed to create message types and
queues in order to change default settings and to do maintenance (4).
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4.2 Inside JPMQ

Let us now have a closer look inside JPMQ. Fig. 5 gives an overview of the main
components, which cooperate together in order to achieve requested operations.
We are exploiting the features of the Java-RMI mechanism for all client/server
communication. Java-RMI hides the aspects of distributed object computing to
the application developer ([17]). First of all, an application program has to
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Fig. 5. Internal Architecure

connect to a JPMQ node. Then it may open some queues in order to enqueue
or dequeue messages. Before issuing the first enqueue or dequeue operation a
transaction has to be started.

The connection manager handles the incoming connect request to establish
a connection to this node. This is achieved by creating a new connection object
and passing it back to the application. This connection object privides the func-
tionality to open or close queues. Requests to open a queue are forwarded to
the queue manager, which is responsible for all queues managed by this JPMQ
instance. The queue manager creates a new queue object, which is a transient
representative of the persistent queue. As a result of the ‘open queue’ request,
the corresponding queue object is passed to the applications.

Operations on queues are not allowed outside the scope of a running trans-
action. Transaction control is done by transaction objects. They are created by
the transaction manager if a ‘begin-of-transaction’ operation is issued by the ap-
plication. These requests are sent to the connection object and forwarded to the
transaction manager. Whenever an enqueue or dequeue operation is performed
by a queue object, the transaction object is notified and a log entry is written. In
case of a system failure, these logs are taken in order to perform crash recovery.
The implementation details of transaction control are covered in Sect. 5.2.

JPMQ is used to manage persistent queues with complex message types. A
message consists of a header and a body. While the body contains application
data, the header consists of information used by the queuing service itself. The
header is always made of the same structure. Therefore, writing or reading the
header information is done by the queue service. Because various message types
have different internal structures, a specialized message type service object,
which is managed by the message type manager, exists for every message type.
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Reading and writing a message’s application data is done by the corresponding
message type service object.

5 Implementation

This section deals with implementation details of JPMQ. One very important
design decision was to use an RDBMS as a storage layer. The advantages of
using a RDBMS are discussed in Sect. 5.1. However, we do not consider the
RDBMS transaction mechanism as sufficient for our QS. As already mentioned
in Sect. 4.2, we decided to use our own transaction control. How it is based upon
the ACID transactions provided by the RDBMS will be the topic of Sect. 5.2.
Furthermore, we will discuss how JPMQ handles structured message types and
how selective or ordering dequeue operations can utilize the query capabilities
of RDBMSs (Sect. 5.3). In order to facilitate development, the object-oriented
programming language Java is used for the implementation of JPMQ. Hence, we
present our experiences using Java in Sect. 5.4.

5.1 The Storage Layer or Why to Use an RDBMS?

The advanced features we have already described did not cover one of the main
facilities that any QS must handle: the reliable and persistent storage of mes-
sages. While messages can be persistently stored in various ways, we have chosen
the proven technology of RDBMSs. This was done for several reasons, some of
which stem from the capabilities of RDBMSs, and some of which allow us an
easier and more powerful realization of the advanced features of JPMQ.

One of the reasons for a decision in favour of an RDBMS are the transaction
properties, in our case, primarily duration and atomicity. If complete messages
(with all nodes and their references) are stored in a database using a single
database transaction, the RDBMS guarantees that, after a successful commit of
that transaction, all the data is stored in a durable manner. Also, the atomicity
property is useful, as a message is either stored completely or not, but not
partially. Moreover, the RDBMS takes responsibility for data recovery actions
to be taken after a system crash, so that JPMQ is grounded on a valid data
basis. In Sect. 5.2, we describe how this is used as a bottom layer to build up
our advanced transaction control.

An RDBMSs as the lowest level of data storage does not only bring us the
advantage of ACID properties for single enqueue/dequeue operations, but also
supports us in bridging the heterogeneity of the application domain in which
JPMQ resides. Since the message contents are stored in attributes of database
records (see Sect. 5.3), the RDBMS rather than the JPMQ is responsible for the
physical representation of the values stored. Moreover, the use of SQL relieves
us from becoming dependent on a specific RDBMS as long as it supports an
appropriate implementation of the SQL standard ([15], [13]). This enables our
system to run on top of almost every RDBMS which supports SQL if a suitable
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JDBC driver is available. The JDBC interface is used to access the database as
can be seen in Fig. 5.
One last, but not less important, reason for the usage of RDBMSs are the

query facilities of relational database technology in the form of SQL. This al-
lows us to utilize the RDBMS’s query facilities to do value-based selection and
ordering of messages for the advanced dequeue operations on certain message
types.

5.2 Transaction Management

JPMQ allows grouping a set of enqueue and dequeue operations together as a
transaction. Either all operations within this transaction are successfully done
or none of them are. Additionally, a queue can be defined to ensure different
levels w. r. t. the order of the messages inside the queue, even if several applica-
tions access the queue at the same time. As we have seen before, some of these
properties are similar to database transactions.
Mapping every JPMQ transaction onto a database transaction would have

been an easy way to implement JPMQ’s transaction management. Unfortu-
nately, this would lead to less concurrency, because every operation has to write
data in tables holding administrative data, e. g. locking and logging information.
Therefore, JPMQ maps every single queue operation onto a database transaction
of their own, inheriting the durability properties of database transactions. This
approach allows high concurrency in accessing the queue, but requires further
steps to ensure atomicity and isolation. Before examining logging and recovery
in more detail, we will discuss in the next section how JPMQ ensures isolation
of concurrent readers and writers.

Isolation. JPMQ implements isolation by making messages invisible to trans-
actions which are not allowed to access them. A flag, called visibility state flag
(VSF), is used to hide messages. If a message is visible to all transactions, the
VSF is set to ‘?’, otherwise it is set to the identifier of the transaction with
exclusive access to the message.
The VSF is stored together with the message identifier (MID) and the log

state flag (LSF) in the administrative data belonging to every message. This
triple (MID, LF, VSF) is used to compose the message’s state. The MID is built
from the three parts S, T and M, whereby S is the identifier of the writer, e. g.
the writing connection. T is the identifier of the transaction which enqueued
this message. It is unique inside the connection S. The third part, M, is a unique
identifier used to determine the message itself. The concatenation of S, T, and
M—separated by ‘/’—forms the MID. We will refer to this representation of the
MID when explaining the isolation protocols of the different isolation levels.
Fig. 6, left, shows the different message states which may occur while a mes-

sage stays physically inside a queue with isolation level “none”. After a writer ‘a’
has enqueued message ‘n’ in transaction ‘a/1’, the VSF is set to ‘a/1’ (message
state (a/1/1, e, a/1)). Now the message is only visible to operations performed
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by transaction ‘a/1’. If writer ‘a’ commits the transaction, the VSF is set to
‘?’ making the message visible to all other transactions (message state (a/1/1,
c, ?)). In isolation level “none”, no other operation will affect the VSF except
for a rollback (ra/1), which is described as part of the recovery. If isolation
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Fig. 6. Visibility Graphs

level “ordered” or “blockwise ordered” is used, the message state diagram is
more complex, because the VSF may also be affected by additional operations.
First, the commit of transaction ‘a/1’ may result either in state (a/1/n, c, ?) or
(a/1/n,d, b/2). Second, a dequeue operation will affect the VSF, even if another
message is read from the queue. Both result from the need to make all messages
of a single writer invisible to other transactions, if transaction ‘b/2’ reads the
first message of writer ‘a’ (Fig. 6, center).

Assume transaction ‘2’ of reader ‘b’ reads message ‘a/2/m’. In this case,
the VSF of all messages ‘a/$/$’ is set to ‘b/2’, making these messages invisible
to transactions other than ‘b/2’. Here ‘$’ may be any T or M in ‘S/T/M’. If
transaction ‘a/1’ commits after ‘b/2’ has read a message ‘a/$/$’ from the queue,
the state of the message ‘a/1/n’ enqueued by ‘a/1’ is (a/1/n, c, b/2) instead of
(a/1/n, c, ?).

The isolation protocol used in isolation level “blockwise” differs only a little
bit from the one examined above. If a message is read, then all messages of
the same transaction are invisible until the reading transaction commits (Fig. 6,
right).

When implementing the message state diagrams presented in this section we
exploit the set-oriented operations of the RDBMS used. Every arc of the diagram
can be implemented using one query. The state of all messages is updated to the
new state, by using the old state as the qualification criterion in the WHERE
clause of the update (or delete) operation.

Notice that the order itself is not ensured by the isolation protocol. The
messages are ordered on dequeue by using a sufficient order criterion along with
the queries. In isolation level “none” or “ordered”, all messages are sorted using
their timestamp. If the isolation level is set to “blockwise”, JPMQ orders the
messages using the ‘S/T’ of the MID combined with a timestamp as an order
criterion in the appropriate database queries. Hence, the levels “ordered” and
“ordered blockwise” are reflected by the same message state diagram.
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Logging and Recovery. As mentioned before, JPMQ has to track every queue
operation. The corresponding log records are stored in different database tables.
Because the log records are written in the same database transaction as the
corresponding queue operation, it is ensured that the log is consistent with the
application data, i. e., the messages written to the queue. After a crash occurs,
the log is analysed. If there are operations of uncommitted transactions pending,
undo recovery is necessary. There is no need for any redo recovery, because all
operations of a queue transaction are reflected in the database after their commit.
As messages cannot be changed while they are held under control of the QS and
dequeued messages remain in the database until commit, there is no need for
logging before-images. Instead, JPMQ writes log entries only for the operations
performed upon the queue during a transaction into the log tables. Beside the
VSF, the message state also carries a log state flag (LSF). This flag is used to
mark the state of the message regarding to the log entries.
Take the following example. Assume the isolation level is set to “none” (Fig. 6,

left). After a message is enqueued by transaction ‘a/1’, the LSF of this message
is set to ‘e’. Now, the system crashes before committing ‘a/1’. So, all messages
written by transaction ‘a/1’ must be removed from the queue. This means that
all messages in message state (a/1/$, e, a/1) are deleted, an operation easily
performed using the set-oriented operations of the RDBMS. Undo of dequeue
operations is also easy. All messages dequeued by transaction ‘b/2’ are in message
state (a/$/$, d, b/2). Hence, undo is done by updating the message state as
shown in (Fig. 6, left) to the new state (a/$/$, c, ?). As we can see in the different
message state diagrams some special actions have to be performed if isolation
levels other than “none” are used or messages are enqueued and dequeued by the
same transaction. For example, the VSF of messages not enqueued or dequeued
by the transaction may have changed in order to ensure correct isolation. JPMQ
has to undo these changes, too. In the state diagrams an ‘r’ marks all arcs which
belong to undo operations. By examining the log entries, JPMQ decides which
of these state transitions must be performed and how the set-oriented operations
of the storage layer can be utilized.

5.3 Complex Message Types and Query Evaluation

In this section, we will describe how JPMQ exploits the data management facil-
ities in order to store message types and to evaluate queries. For this reason, we
need a mapping of the complex message types onto the relational data model,
and a transformation of the OQL-like queries of JPMQ to SQL queries.
Let us first examine the mapping of the complex message types. Each message

consists of a header and a body. The header holds the administrative information
regarding the message. This is reflected by a special node added to the message
type by JPMQ. It is always used as the root (header) of a message with a
structure uniform for all message types and includes administrative data such
as the priority value of the message, the lock and visibility flags, the message
type name, and a timestamp of the enqueue time. JPMQ stores this data in a
table representing the queue. As we have already seen, each message is given an
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unique MID which is used as a primary key of this table. A foreign key is used
to reference the root node of the application data which is stored in the body of
a message type.

The database schema used to store application data may be built up from sev-
eral tables. JPMQ creates a database table for each node type which is contained
in the message type. The node type’s attributes become columns within these
tables and have an appropriate data type assigned. For the references between
node types, extra tables are created because they may be (n:m)-relationships at
the instance level. Hence, JPMQ creates five tables to store the message type
defined in Fig. 2.

As already mentioned, we also need to map the JPMQ queries to the query
language SQL. JPMQ uses queries to calculate the PCF and to provide a value-
added dequeue operation with user defined ordering and selection criteria. The
usage of an RDBMS enables JPMQ to delegate the evaluation of these queries to
the storage layer. JPMQ provides a structural object-oriented type system with
set-valued references. Hence, SQL as a JPMQ query language is insufficient,
because application developers would need to know the mapping of message
types to tables, thereby losing the advantages of a more object-oriented type
model. Also, the SQL queries resulting from the mapping of message types to
tables tend to be very complex. Therefore, we decided to use an OQL-like query
language for JPMQ queries, which is aware of set-valued attributes. However,
the JPMQ queries have to be mapped to SQL in order to exploit the query power
provided by the storage layer.

Explaining the full JPMQ query language is beyond the scope of this paper.
Nevertheless, we present some examples which should show that transformation
of the queries requires some efforts but is not a critical task. For JPMQ queries
we demand some restrictions in order to ease the process of query transformation.
For example, the queries

select *

from mt_ordermessage mt, mt.root o, orderlines ol
where ol in o.orderline

and

select *

from mt_ordermessage mt, mt.root o, o.orderlines ol

will lead to the same result. Yet, the first one is not a valid JPMQ query because
of the free variable ‘ol’. The ‘from’ clauses of a JPMQ query must span an
directed acyclic graph, whereas the variables representing message nodes are the
nodes and the references are the arcs. Free variables are variables which are not
reachable in this graph starting at the root node and following the arcs.

Notice, that the node representing the administrative information of a mes-
sage is always the anchor of a JPMQ query and is named ‘mt <message type
name>’. The attribute ‘root’ references the root of the message type. Adminis-
trative information represented by attributes of node ‘mt <message type name>’
can be used in queries too.
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The example from Sect. 3.4 follows these restrictions. Executing the selective
ordering dequeue operation means transforming OQL statements into SQL state-
ments. First, the selection criterion is evaluated. Then message identifiers of the
result set are sorted by the OF and read from the database. At last JPMQ reads
the application data regarding to these identifiers. This leads to SQL statements
similar to the one below:

select q1.mid as mid, pcf.sort1 as sort1

from q_orderqueue q1, (<OF>) as of
where q1.mid = pcf.mid and q1.mid in (<SC>)
order by sort1

In order to evaluate the OF, the term <OF> is replaced by an SQL statement:

select m2.mid as mid, count (i1.oid) as sort1
from q_orderqueue q2, mt_ordermessage_order o1, mt_ordermessage_ref1 r1,

mt_ordermessage_orderline ol1, mt_ordermessage_ref2 ref2, mt_ordermessage_item i1

where q2.root = o1.oid and o1.oid = ref1.foid and ref1.soid = ol1.oid and
ol1.oid = ref2.foid and ref2.soid = i1.oid

Accordingly, the term <SC> is replaced by the statement below:

select q3.mid
from q_orderqueue q3, order o2
where q3.root = o2.oid and o2.name = ‘Smith’

The selection and sorting of messages is a two-phase process. In the first phase,
the qualifying messages and their order is determined, whereas in the second
phase the actual data of the messages is read. In the second phase we take
advantage of the MID stored in each record. As described before, JPMQ needs
to access every table only once, reading all records which belong to the messages
determined in the first phase. JPMQ creates main memory hash tables using
the records representing references to ease the transformation of external storage
references to Java references. Messages are held in a generic structure within the
Java virtual machine.

5.4 Using Java

Our decision for Java([8]) as the implementation platform stems from several
features of this programming language and its run-time system. The tight in-
tegration of the Java environment into the Internet is just one of the more
important features.
With the concepts of RMI (remote method invocation [17]) along with object

serialization as standards for Java, the gaps between JPMQ and applications are
easily bridged in a portable manner. In the same line, the JDBC ([16]) standard
provides a uniform, low level interface to any RDBMS which must—according to
the specification of JDBC—support ANSI SQL-2 Entry Level ([15]). The usage
of Java (and RDBMS) relieves us from dealing with heterogeneity aspects, since
Java defines the physical layout of all types precisely and the concept of object
serialization solves the problems of exchanging data between different platforms.
Another feature supporting our decision for Java is the run-time extensibility of
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applications. In this manner, we can extend the running JPMQ service with the
functionality for new message types and appropriate message type services. In
the remainder of this section, we introduce the generic data structures used to
provide access to messages by application programs and the main functionality
of the API.

Data structures. The application receives messages from the queue in the
standard generic representation of JPMQ. Instances of the class JPMQMessage
are used as entry points to the messages. Each node is represented by an in-
stance of JPMQMessageNode, which is the superclass of JPMQMessage. Instances
of JPMQMessageNode provide a generic late-binding interface for accessing the
node’s attributes. Relationships are built from instances of JPMQReferenceCol-
lection. This class is a subclass of the Java class Vector and offers functionality
for direct access to elements using an index as well as iterators to enumerate the
records included. The generic classes come with the following operations:

JPMQValueType JPMQMessageNode.getValue(String attrName);
JPMQReferenceCollection JPMQMessageNode.getNodes(String attrName);
String JPMQMessageNode.getNodeName();
JPMQMessageNode JPMQMessage.getRootNode();
String JPMQMessage.getTypeName();

Enumeration JPMQReferenceCollection.getElements();

As application programmers should not be burdened with the internal mecha-
nisms of the generic representation, an external representation for each message
type may be generated using the message type definition. This external repre-
sentation will act as a wrapper for the generic one in the sense that it presents
a regular (Java) type to the application, but is a subclass of the generic type
and provides functionality to switch between external and internal representa-
tion. In our example, five classes (MTOrder (subclass of JPMQMessage), MOrder,
MOrderline, MItem (subclasses of JPMQMessageNode), MOrderlineCollection,
MItemCollection (subclasses of JPMQReferenceCollection)) would have been
generated. Let us examine MTOrder to give an idea of how the generated classes
may be used. The interface will include methods to access the value-typed at-
tributes as well as the set-valued attributes, as for example:

String MOrder.getName();

void MOrder.setName(String name);
MOrderlineCollection MOrder.getOrderline();

6 Conclusions and Outlook

In this paper we have introduced JPMQ which may be used as a base service
to support reliable exchange of data between applications even through the
Internet.
Middleware services must be easy to use and to support a programming

model which fits into the application development environments. In the field of
MOM, this means both supporting a type model matching the object-oriented
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programming paradigm common in today’s software projects and being ap-
plicable in a wide range of application domains. During the development of
JPMQ these requirements have influenced our decision to support an application-
independent type model for the exchange of structured data between applica-
tions.

JPMQ’s structured type model was presented as the base of the advanced
functionality provided by our MOM service. PCFs have been introduced, en-
abling the QS to schedule messages based on their contents. In addition, the
dequeue operation was enhanced by introducing ordering and selection criteria.
While selection criteria enable JPMQ-developed applications to decide which
messages are needed at run-time, the ordering criteria makes it possible to
change the order in which messages are received. Both are helpful extensions
of the dequeue operation without loosing the simplicity of MOM services.

Our MOM service was designed to support reliable exchange of data. The
ACID properties of database transactions were compared to the idea of queue
transactions in order to detect similarities. Hence, JPMQ provides atomic queue
transactions, even in the presence of failures. A logging scheme was introduced
which enables JPMQ to recover a transaction-consistent state after a system
crash. In addition, we argued the need of an isolation protocol to use JPMQ in
multi-user environments with several application programs accessing one queue
concurrently (as producers and/or consumers). Different isolation protocols were
introduced in order to support a set of useful qualities of service.

We have also shown the advantages of using relational database technology.
The properties of RDBMSs, i. e., ACID transactions and query interface, are
useful with respect to the implementation of the service-specific operations and
the transaction semantics of JPMQ. By using an RDBMS, message persistence
is easy to implement. The ACID properties of database transactions enable
us to achieve the service-specific isolation and logging protocols relying on an
operation-consistent state regarding the data, the isolation state, and the log
entries of JPMQ. Additionally, the set-oriented operations of an RDBMS are
helpful to implement the isolation and logging protocols. Furthermore, we have
taken advantage of the expressiveness of SQL to evaluate the PCFs as well as
the ordering and selection criteria.

Java has been designed to ease development of distributed object systems
(DOS) in the domain of Internet applications. JPMQ has been implemented
using this technology, and we have shown that the provided concepts are really
useful. Unfortunately, Java applications are still less efficient than, e. g., appli-
cations developed in C++. In order to allow the service to be transparently
replaced by a more efficient implementation, the next step will be to enable
access to JPMQ via CORBA interfaces. This will allow both the use of JPMQ
by applications developed with other programming languages and the provision
of a new service based on a different technology. We are very interested in the
problems related to the use of a much less object-oriented technology, e. g., the
C++ programming language.



18 Hans-Peter Steiert and Jürgen Zimmermann

Another aspect of future work is to achieve more failure tolerance in distrib-
uted object systems. Until now, a JPMQ node is identical to a JPMQ service.
If the node fails, the service also fails. Hence, our goal is to build a JPMQ node
by a group of JPMQ services. In case of a failure of one service, another service
should be able to take over work.
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Abst rac t .  Message oriented middleware (MOM) services, based on the 
concept of persistent queues, are widely used for reliable asynchronous 
communication to deal with the disadvantages of the closely coupled 
communication model. This paper introduces some new functionality for 
queuing services (QS) in order to make them more powerful for the need 
of modern application programs and presents JPMQ, a sample imple- 
mentation of these concepts. As such, JPMQ provides an object-oriented 
type system for messages, dynamic selection and ordering of messages 
as well as content-based priorities. Moreover, JPMQ offers transactional 
concepts in order to cope with concurrent access and failure recovery. 

1 I n t r o d u c t i o n  

Large-scale business applications are often comprised of autonomous, distributed 
programs, each of which performs a certain piece of work of a (more complex) 
task. In such domains, reliable communication is one of the primary necessities 
for correct task processing because the current state-of-progress has to be com- 
municated between the programs. A closely coupled communication model based 
on a distributed two-phase commit protocol (9) allows programs to exchange 
data  (i. e. the task's state-of-progress) in a reliable way. Usually a directed flow 
of information can be observed. Therefore, communication is sufficiently reli- 
able/stable if the sending program can be 'sure' that  the information sent will 
be received by the 'next-step'  program. 

This is a major  issue addressed by so-called queuing services (QS), also known 
as message oriented middleware (MOM, 14). These systems manage messages--  
as units of data  to be exchanged--by using queues. After a client program has 
stored a message in a queue, it may continue processing without having to wait 
for the 'next-step'  program to accept the message. Once a message is queued, 
the QS guarantees delivery, even when the target  system is not reachable (either 
intentionally or due to failure) at the time of queuing (2). As for every base 
service, a seamless integration with application development and easy operation 
are necessary. 

We want to address these topics by presenting a value-added QS, called 
JPMQ (Java Persistent Message Queues, 12, 18). It  provides semantically 



richer functionality, as for example queries on the contents of queues. Since this 
functionality is integrated into the enqueue and dequeue operations, application 
development can easily take advantage of these features. 

This paper is organized in the following manner. In the next section, we give 
a short introduction into persistent queuing and the basic concepts realized in 
current queuing systems. Then we introduce some concepts we call "advanced 
queuing functionality", which go beyond the queuing facilities supported by cur- 
rent QS. Sect. 4 outlines our queuing system JPMQ, followed by the description 
of its implementation. We finish up with conclusions and a look into future work. 

2 P e r s i s t e n t  Q u e u i n g  

Persistent queuing is a widely used technique for asynchronous communication 
between application programs. While messaging and synchronous communica- 
tion can only be applied if the interacting programs run at the same time, the 
usage of a QS for communication relaxes this restriction. 

The use of a QS simplifies the development of applications with asynchronous 
peer-to-peer communication, because it provides a reliable message buffer on the 
basis of queues. To offer an easy-to-use programming scheme, a QS integrates 
several concepts, namely those of messages, queues, and--most important in 
respect to quality of service concerns--an appropriate transaction semantics. 

Queues can be considered from different perspectives, namely from the point 
of view of the QS and from that of the application programmer. 

For the QS, queues are containers for arbitrary messages, which are under its 
control. Therefore, the QS takes care of all defined queues and their associated 
attributes. Queues accept an application program's storage and retrieval requests 
for messages which are commonly known as enqueue and dequeue operations. 

From an application programmer's point of view, queues provide a help- 
ful abstraction for distributed application development that uses programs in 
producer-consumer relationships. As such, producer and consumer do not have 
to know each other since the queue abstracts from a direct relationship. For a 
producer, a queue is a destination for its output data, while for a consumer it is 
a source of its input. 

As we have already mentioned, the basic operations on queues are enqueue 
and dequeue. The enqueue operation is used by an application program to store 
a message into a specific queue. When an enqueue operation is processed suc- 
cessfully, the QS takes the message and guarantees its permanent storage. The 
counterpart of the enqueue operation is the dequeue operation. An application 
program uses the dequeue operation to request the delivery of a message from 
a specified queue. A successfully terminated dequeue operation releases the QS 
from controlling the delivered message. It may be possible to dequeue more 
than one message at once from the queue using a so-called "multiple dequeue" 
operation. 

In order to enable application programs to differentiate messages according 
to their importance, a QS can allow explicit assignment of priority values along 



with the enqueue operation. For messages with a priority value, a specialized 
option of the dequeue operation exists which removew messages from the queue 
in ascending or descending order of these priority values. Messages enqueued 
without any priority value are considered to be of a static priority. 

Transactional concepts for operations upon queues are desirable for concur- 
rent access and failure recovery (9). In the context of a QS, we will reconsider 
the ACID transaction paradigm (10) which has proven to be the most appro- 
priate one. 

Obviously the durability property must be provided by each QS. It ensures 
that enqueued messages do not vanish (until dequeue) and that dequeued mes- 
sages are no longer accessible. 

Atomicity is desirable in the sense that the entire set of dequeue and enqueue 
operations made during one transaction is performed successfully or none of them 
are. The consequence for the QS is, that effects of unsuccessfully terminated 
transactions (e. g. due to a program crash) will not show up. 

Isolated execution is a means of coping with the requirement of atomicity. 
If all operations that an application program performs on queues are isolated 
from (i. e. not visible to) operations of other application programs, then those 
operations can be rolled back without affecting another application program's 
work. 

With regard to consistency, the possibility of defining some consistency rules 
for messages is desirable. The simplest consistency requirement is surely that 
enqueued messages are not altered as long as the QS is responsible for them. 
Furthermore, some consistency rules could be defined for queued messages, e. g., 
to prevent the insertion of wrong data. 

3 A d v a n c e d  Q u e u i n g  F u n c t i o n a l i t y  

The actual reason for the development of JPMQ was the need for so-called 
advanced queuing functionality, since rudimentary services such as enqueue or 
dequeue operations are already provided by today's products (1, 4, 7). 

For the support of this advanced functionality, we will introduce complex 
message types which allow for the specification and control of the internal struc- 
ture of messages to be exchanged. Starting from those complex messages, we 
propose several extensions based on the message contents: automatic priority 
assignment of enqueued messages, application-specific dequeue ordering and se- 
lective dequeuing. Another point we address are correctness issues guaranteed 
by the QS for queues in a multi-producer, multi-consumer environment. In the 
following, we want to discuss each of these extensions in more detail. 

3.1 Complex  Message Types 

As already mentioned, a QS will be a useful middleware service for building dis- 
tributed applications. Today's business applications are developed using object- 
oriented design methods (3, ll). The use of a semantically rich object model 
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Fig. 1. Metamodel of the JPMQ type system (UML notation) 

in the design phase is often reflected by the usage of structured data in the 
implementation. Hence, an adequate representation of data transferred by mes- 
sages is not a flat byte stream but a structured data type. This leads to the 
conclusion that the QS should be aware of the structure of the messages stored. 
In JPMQ, this is obtained by strict typing, which means that a message type is 
associated with every message. Thus, JPMQ has to provide a type system and 
a mechanism to define message types. The main design objective for the type 
system is to make it simple to use but flexible enough to define complex message 
types for almost every application domain. 

JPMQ message types are defined using a three level hierarchy, which directly 
reflects the different abstraction levels. The topmost concept is that of a message 
type used for the strict typing of messages. A message type defines the unit of 
data exchange and has a service-wide unique identifier. As messages are complex 
structures, a message type consists of one or more node types. These node types 
group together a set of attributes that describe the different instances of this 
node type. A node type carries an identifier which must be unique within the 
message type. The attributes of a node type itself are again uniquely identified 
by their name, and can hold either values or re/erences. Values are of simple 
type (e. g., strings, boolean or numerical values) whereas references represent 
relationships between different nodes. As a message type may contain more than 
one node type, one of them must be designated as the message type's root node. 
An instance of this node type becomes the only entry point (root) from which 
the remaining parts (nodes) of the message can be reached. A metamodel of our 
type system is shown in Fig. 1, an example message type definition in Fig. 2. 

3.2 Automatic  Priority Assignment  

As JPMQ is aware of a message's internal structure, it can easily access the 
values stored within a message. A rather simple feature of JPMQ is automatic 
priority calculation and assignment for messages enqueued without an explicitly 
given priority value (see Sect. 2). 

The priority value calculation is done by the means of a specific "priority 
calculation function" (PCF) which has to be specified in an OQL-like query 
language (see ODMG standard 5). The PCF is evaluated while enqueuing the 
message and delivers a single value of type "real", which is taken as the message's 



DEFINE NESSAGETYPE OrderMeseage;  
NODE o r d e r ;  

i d :  IDENT; d a t e :  DATE; l i n e s :  REFERENCE TO o r d e r _ l i n e ;  
END; 
NODE o r d e r _ l i n e ;  

l i n e _ n o :  INTEGER; amour: INTEGER; p r i c e :  }tEAL; i tem:  REFERENCE T0 i tem;  
END; 
NODE i t em;  

i d :  IDENT; name: STRING; ean:  INTEGER; 
END; 
ROOT o r d e r ;  

END; 

Fig. 2. Example DDL statement for message type definition 

priority. A PCF is always associated with a message type and a queue. The 
conjunction with a message type is obvious, since the query itself is tailored to 
the structure of that specific message type. The association with a queue allows 
for more freedom in defining special policies for different queues which accept 
the same message type. 

3.3 Application-Specific Dequeue Ordering 

Besides the rather static ordering of messages based on priority values assigned, 
JPMQ allows for application-specific dequeue ordering using a content-based 
sorting criterion. By this means, a reading application program can dynamically 
specify the order in which messages should be dequeued. For that purpose, we 
introduce a specialized dequeue operation that accepts a content-based "ordering 
function" (OF) which is conceptually comparable to a PCF except for the time 
of evaluation. While the PCF is statically defined once and evaluated along with 
the enqueue operation, the OF is dynamically issued and evaluated along with 
the dequeue operation to assign priority values to every message of the given 
message type residing in the queue used. In contrast to a PCF, an OF can 
deliver an ordered set of base types which is used to order the messages (see 
Sect. 5.3). Because PCFs make it possible to order all messages in a queue, for 
every message type we should get the same result type. As OFs are restricted 
to one message type, their usage can be simplified by allowing ordered sets as 
comparison values. 

3.4 Select ive  Dequeue  Ope ra t i ons  

Besides dequeuing messages in a specific order (using PCFs or OFs), application 
programs often have to work exclusively with messages which satisfy certain 
predicates. 

If only an ordinary dequeue operation is available, an application program 
has to dequeue all messages, select the qualifying ones and re-enqueue those 
that are not to be processed. Because all this has to be done within a single 
transaction (in order to avoid loss of messages), non-qualifying but read messages 



axe not accessible to other application programs until commit, so concurrency 
is reduced in most cases. Thus, a bet ter  solution would be to enable the QS by 
appropriate means to perform the selection 'nearby the queue', i.e., within the 
dequeue operation. 

Providing this feature in JPMQ was no problem, because the message struc- 
ture may serve as a foundation for the specification and evaluation of selection 
predicates. Thus, we introduce the "selective dequeue" operation. It  accepts a 
"selection predicate" (SP), which (again) is specified in an OQL-like style. The 
SP is defined upon a concrete message type and evaluated during the dequeue 
operation on the messages of tha t  type which are stored within the addressed 
queue. Only those messages which are included in the result set of the SP are 
delivered. 

As a mat ter  of fact, both the selective and sorting dequeue operations affect 
messages of a single type. While selection is evaluated on every single message, 
the ordering is done on a set of messages, so they can both be applied within a 
single dequeue operation which we call "selective ordering dequeue", as shown 
in the following example: 

o r d e r s  ~ o u t s t a n d i n g O r d e r s Q u e u s . d e q u e u e  
( "ORD~" ,  

no_oF _ o r d e r s ,  
"count  ( s e l e c t  o l . i t e m s  From mt_OrderType ore, o r d e r  o,  o . o r d e r l i n e  o l  ) " ,  
" s e l e c t  om From mt OrderType om, o m . o r d e r s  o where o.name = cSmith~" ) ;  

3.5 Isolation Issues of JPMQ in a Multi-user Environment 

So far, we didn't  consider concurrency w. r. t. enqueuing and dequeuing messages. 
We now want to address the related problems by introducing different isolation 
levels. Programs enqueuing messages are called writers, those dequeuing message 
are called readers from now on. 

JPMQ demands a queue to be in one of the four isolation levels "none", 
"ordered", "blockwise", or "ordered blockwise'.  These different levels stem from 
two independent factors, which determine the degree of the desired isolation. One 
factor is the application program from which messages originate and the other 
is the actual transaction (with visible transaction borders) used for enqueuing. 
The simplest (or lowest) isolation level ("none") means that  there is no isolation 
between dequeuing transactions. 

Let  us, first of all, consider the case that  there is just  one reader. Without  
any ordering, he gets the messages in the order in which they are enqueued, so 
that  we have a FIFO processing. It might happen that  the reader gets messages 
enqueued by different writers in an intermixed way. Let us now imagine that  
there are two readers. Seen from the queue, this could lead to an intermixture of 
dequeue requests stemming from Reader1 and Reader2, e. g., dl0, dl1, d20, 
dl2, d21, dl3 (of Fig. 3, left). The messages in this example are labelled with 
a number identifying the writer and a letter used as a message identifier. 

If there is an abort  of Reader2 (as illustrated in Fig. 3, left) the QS might react 
by delivering " l / c "  as result of the next dequeue operation (dl3) of Reader1, 
leading to a non-FIFO order of messages dequeued by Reader/ .  This is exactly 



Fig. 3. Effects of different Isolation Levels 

what might happen when using isolation level "none". Hence, it is only useful, 
if there are no dependencies existing between different messages of the same 
writer. 

To avoid such inconsistencies, we can isolate the two readers on the basis 
of the writers in such a way, tha t  only one reader has access to the messages 
of one writer at a time, but  may access messages of several writers. This level 
of isolation is called "ordered", which means that  JPMQ guarantees a FIFO 
order for messages of one writer. Still, messages from different writers could be 
dequeued in an intermixed way, e.g. the result of dl[3] may be message "2/e" 
(Fig. 3, center), but  Reader2 is not able to receive any message from Wri~erl 
before Reader1 has committed. 

Up to isolation level "ordered" messages of different writers could be de- 
queued in in arbi trary intermixture. This may be sufficient in some cases, but  
for the realization of protocols with strong inter-message dependencies, neither 
"none" nor "ordered" is strong enough. Here, it makes more sense to take trans- 
action boundaries into account: Only one reader gets exclusive access to messages 
of one (writing) transaction and has to d~queue all messages of this transaction. 
This means, the reader is only allowed to commit successfully if there are no 
more messages left from the writing transaction. The corresponding isolation 
level is called "blockwise" (Fig. 3, right). 

Comparing the isolation levels "ordered" and "blockwise", we see that  they 
address different problems. "Ordered" reserves all messages of a writer for the 
reader tha t  accesses the first of his enqueued messages without taking (enqueu- 
ing) transactions into account. "Blockwise" only reserves the messages of a single 
enqueuing transaction, but  imposes that  the reader is aware of the transaction 
boundaries. So, "ordered" assures the writer's FIFO order, whereas "blockwise" 
reflects transactions. As such, it is a logical consequence tha t  another isolation 
level exists, which combines those two concepts. This level is called "ordered 
blockwise" and has the following semantics: The first t ime a reader dequeues 
a message of a writer, it is guaranteed that  this is the oldest message of tha t  
writer ( that  is currently in the queue) and, at the same time, exclusive access to 
all messages of this writer is granted. Similar to "blockwise", the reader can de- 
queue only messages of transactions of this writer in the order in which they are 



Fig. 4. External Architecure 

enqueued. Moreover, a reader transaction must commit at one of the transaction 
boundaries which stem from the writers' transaction commit. 

4 J P M Q  S y s t e m  A r c h i t e c t u r e  

In the following sections we will take a closer look at our implementation of 
JPMQ. The QS was designed as a middleware service used in a distributed 
computing infrastructure. We will explain the usage of JPMQ in such an en- 
vironment and introduce its interfaces (Sect. 4.1). After that ,  we will examine 
the main components of JPMQ and how they cooperate to fulfil the requested 
services (Sect. 4.2). A more detailed description of implementation details is the 
main topic of Sect. 5. 

4.1 Overall Architecture 

In this section we will use the notion of "nodes" to differentiate between two 
QSs. The term local node is used as an alias for the JPMQ service to which 
an application program is currently connected. Accordingly, a remote node is a 
QS instance not known to the application program. Remote nodes may reside 
somewhere in the internet, in the local domain as well as on another continent. 

JPMQ functionality may be claimed using one of four different interfaces 
(Fig. 4). The  standard application programming interface (API, (1)) enables lo- 
cal application programs to access JPMQ. For communication between different 
instances of JPMQ, e.g. forwarding messages from a local to a remote node, 
a service-to-service interface (2) exists, which enables two JPMQ services to 
exchange messages. A distributed two-phase-commit protocol is used to ensure 
that  no messages are lost. An applet-enabled interface (3) is provided in order 
to support  lightweight clients, as for instance Web-clients or mobile computers. 
Electronic commerce will be a typical application using this kind of interface. 
In addition to the described interfaces, a fourth one is needed to create message 
types and queues in order to change default settings and to do maintenance (4). 



Fig. 5. Internal Architecure 

4.2 Ins ide  J P M Q  

Let us now have a closer look inside JPMQ. Fig. 5 gives an overview of the main 
components, which cooperate together in order to achieve requested operations. 
We are exploiting the features of the Java-RMI mechanism for all client/server 
communication. Java-RMI hides the aspects of distributed object computing to 
the application developer ([17]). 

First of all, an application program has to connect to a JPMQ node. Then it 
may open some queues in order to enqueue or dequeue messages. Before issuing 
the first enqueue or dequeue operation a transaction has to be started. 

The connection manager handles the incoming connect request to establish 
a connection to this node. This is achieved by creating a new connection object 
and passing it back to the application. This connection object privides the func- 
tionality to open or close queues. Requests to open a queue are forwarded to 
the queue manager, which is responsible for all queues managed by this JPMQ 
instance. The queue manager creates a new queue object, which is a transient 
representative of the persistent queue. As a result of the 'open queue' request, 
the corresponding queue object is passed to the applications. 

Operations on queues are not allowed outside the scope of a running trans~ 
action. Transaction control is done by transaction objects. They are created by 
the transaction manager if a 'begin-of-transaction' operation is issued by the ap- 
plication. These requests are sent to the connection object and forwarded to the 
transaction manager. Whenever an enqueue or dequeue operation is performed 
by a queue object, the transaction object is notified and a log entry is written. In 
case of a system failure, these logs are taken in order to perform crash recovery. 
The implementation details of transaction control are covered in Sect. 5.2. 

JPMQ is used to manage persistent queues with complex message types. 
A message consists of a header and a body. While the body contains applica- 
tion data, the header consists of information used by the queuing service itself. 
The header is always made of the same structure. Therefore, writing or reading 
the header information is done by the queue service. Because various message 
types have different internal structures, a specialized message type service object, 
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which is managed by the message type manager, exists for every message type. 
Reading and writing a message's application data  is done by the corresponding 
message type service object. 

5 I m p l e m e n t a t i o n  

This section deals with implementation details of JPMQ. One very important  
design decision was to use an RDBMS as a storage layer. The advantages of 
using a RDBMS are discussed in Sect. 5.1. However, we do not consider the 
RDBMS transaction mechanism as sufficient for our QS. As already mentioned 
in Sect. 4.2, we decided to use our own transaction control. How it is based upon 
the ACID transactions provided by the RDBMS will be the topic of Sect. 5.2. 
Furthermore,  we will discuss how JPMQ handles structured message types and 
how selective or ordering dequeue operations can utilize the query capabilities 
of RDBMSs (Sect. 5.3). In order to facilitate development, the object-oriented 
programming language Java is used for the implementation of JPMQ. Hence, we 
present our experiences using Java in Sect. 5.4. 

5.1 The Storage Layer or Why to Use an RDBMS? 

The advanced features we have already described did not cover one of the main 
facilities tha t  any QS must handle: the reliable and persistent storage of mes- 
sages. While messages can be persistently stored in various ways, we have chosen 
the proven technology of RDBMSs. This was done for several reasons, some of 
which stem from the capabilities of RDBMSs, and some of which allow us an 
easier and more powerful realization of the advanced features of JPMQ. 

One of the reasons for a decision in favour of an RDBMS are the transaction 
properties, in our case, primarily duration and atomicity. If complete messages 
(with all nodes and their references) are stored in a database using a single 
database transaction, the RDBMS guaxantees that ,  after a successful commit of 
tha t  transaction, all the data  is stored in a durable manner. Also, the atomicity 
property is useful, as a message is either stored completely or not, but  not 
partially. Moreover, the RDBMS takes responsibility for data  recovery actions 
to be taken after a system crash, so that  JPMQ is grounded on a valid data  
basis. In Sect. 5.2, we describe how this is used as a bo t tom layer to build up 
our advanced transaction control. 

An RDBMSs as the lowest level of data  storage does not only bring us the 
advantage of ACID properties for single enqueue/dequeue operations, but  also 
supports us in bridging the heterogeneity of the application domain in which 
JPMQ resides. Since the message contents are stored in attr ibutes of database 
records (see Sect. 5.3), the RDBMS rather than the JPMQ is responsible for the 
physical representation of the values stored. Moreover, the use of SQL relieves 
us from becoming dependent on a specific RDBMS as long as it supports an 
appropriate implementation of the SQL standard (15, 13). This enables our 
system to run on top of almost every RDBMS which supports SQL if a suitable 
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JDBC driver is available. The JDBC interface is used to access the database as 
can be seen in Fig. 5. 

One last, but  not less important,  reason for the usage of RDBMSs are the 
query facilities of relational database technology in the form of SQL. This al- 
lows us to utilize the RDBMS's query facilities to do value-based selection and 
ordering of messages for the advanced dequeue operations on certain message 
types. 

5.2 Transaction Management 

JPMQ allows grouping a set of enqueue and dequeue operations together as a 
transaction. Either all operations within this transaction are successfully done 
or none of them are. Additionally, a queue can be defined to ensure different 
levels w. r. t. the order of the messages inside the queue, even if several applica- 
tions access the queue at the same time. As we have seen before, some of these 
properties are similar to database transactions. 

Mapping every JPMQ transaction onto a database transaction would have 
been an easy way to implement JPMQ's  transaction management.  Unfortu- 
nately, this would lead to less concurrency, because every operation has to write 
data  in tables holding administrative data, e. g. locking and logging information. 
Therefore, JPMQ maps every single queue operation onto a database transaction 
of their own, inheriting the durability properties of database transactions. This 
approach allows high concurrency in accessing the queue, but  requires further 
steps to ensure atomicity and isolation. Before examining logging and recovery 
in more detail, we will discuss in the next section how JPMQ ensures isolation 
of concurrent readers and writers. 

I so l a t i on .  JPMQ implements isolation by making messages invisible to trans- 
actions which are not allowed to access them. A flag, called visibility state flag 
(VSF), is used to hide messages. If a message is visible to all transactions, the 
VSF is set to '*', otherwise it is set to the identifier of the transaction with 
exclusive access to the message. 

The VSF is stored together with themessage identifier (MID) and the log 
state flag (LSF) in the administrative data  belonging to every message. This 
triple (MID, LF, VSF) is used to compose the message's state. The MID is built 
from the three parts S, T and M, whereby S is the identifier of the writer, e.g. 
the writing connection. T is the identifier of the transaction which enqueued 
this message. It  is unique inside the connection S. The third part ,  M, is a unique 
identifier used to determine the message itself. The concatenation of S, T, and 
M--separa ted  by ' / ' - - fo rms  the MID. We will refer to this representation of the 
MID when explaining the isolation protocols of the different isolation levels. 

Fig. 6, left, shows the different message states which may occur while a mes- 
sage stays physically inside a queue with isolation level "none". After a writer 'a' 
has enqueued message 'n' in transaction ' a / l ' ,  the VSF is set to ' a / l '  (message 
state ( a / l / l ,  e, a / l ) ) .  Now the message is only visible to operations performed 
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Fig. 6. Visibility Graphs 

by transaction ' a / l ' .  If writer 'a' commits the transaction, the VSF is set to 
' , '  making the message visible to all other transactions (message state ( a / l / l ,  
c,*)). In isolation level "none", no other operation will affect the VSF except 
for a rollback (ra/1) , which is described as part of the recovery. 

If isolation level "ordered" or "blockwise ordered" is used, the message state 
diagram is more complex, because the VSF may also be affected by additional 
operations. First, the commit of transaction ' a / l '  may result either in state 
(a / l /n ,  c, , )  or (a / l /n ,  d, b/2). Second, a dequeue operation will affect the VSF, 
even if another message is read from the queue. Both result from the need to 
make all messages of a single writer invisible to other transactions, if transaction 
'b/2' reads the first message of writer 'a' (Fig. 6, center). 

Assume transaction '2' of reader 'b' reads message 'a/2/m'. In this case, 
the VSF of all messages 'a/$/$ '  is set to 'b/2', making these messages invisible 
to transactions other than %/2'. Here '$' may be any T or M in 'S/T/M'.  If 
transaction ' a / l '  commits after 'b/2' has read a message %/$/$' from the queue, 
the state of the message 'a /1/n '  enqueued by ' a / l '  is (a / l /n ,  c, b/2) instead of 
(a/ l /n ,  c, *). 

The isolation protocol used in isolation level "blockwise" differs only a little 
bit from the one examined above. If a message is read, then all messages of 
the same transaction are invisible until the reading transaction commits (Fig. 6, 
right). 

When implementing the message state diagrams presented in this section we 
exploit the set-oriented operations of the RDBMS used. Every arc of the diagram 
can be implemented using one query. The state of all messages is updated to the 
new state, by using the old state as the qualification criterion in the WHERE 
clause of the update (or delete) operation. 

Notice that the order itself is not ensured by the isolation protocol. The 
messages are ordered on dequeue by using a sufficient order criterion along with 
the queries. In isolation level "none" or "ordered", all messages are sorted using 
their timestamp. If the isolation level is set to "blockwise", JPMQ orders the 
messages using the 'S/T'  of the MID combined with a timestamp as an order 
criterion in the appropriate database queries. Hence, the levels "ordered" and 
"ordered blockwise" are reflected by the same message state diagram. 
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Logging and  Recovery.  As mentioned before, JPMQ has to track every queue 
operation. The corresponding log records are stored in different database tables. 
Because the log records are written in the same database transaction as the 
corresponding queue operation, it is ensured that the log is consistent with the 
application data, i.e., the messages written to the queue. After a crash occurs, 
the log is analysed. If there are operations of uncommitted transactions pending, 
undo recovery is necessary. There is no need for any redo recovery, because all 
operations of a queue transaction are reflected in the database after their commit. 
As messages cannot be changed while they are held under control of the QS and 
dequeued messages remain in the database until commit, there is no need for 
logging before-images. Instead, JPMQ writes log entries only for the operations 
performed upon the queue during a transaction into the log tables. Beside the 
VSF, the message state also carries a log state flag (LSF). This flag is used to 
mark the state of the message regarding to the log entries. 

Take the following example. Assume the isolation level is set to "none" (Fig. 6, 
left). After a message is enqueued by transaction ' a / l ' ,  the LSF of this message 
is set to 'e'. Now, the system crashes before committing ' a / l ' .  So, all messages 
written by transaction ' a / l '  must be removed from the queue. This means that 
all messages in message state (a/ l /S,  e, a / l )  are deleted, an operation easily 
performed using the set-oriented operations of the RDBMS. Undo of dequeue 
operations is also easy. All messages dequeued by transaction 'b/2' are in message 
state (a/$/$, d, b/2). Hence, undo is done by updating the message state as 
shown in (Fig. 6, left) to the new state (a/$/$, c, *). As we can see in the different 
message state diagrams some special actions have to be performed if isolation 
levels other than "none" are used or messages are enqueued and dequeued by the 
same transaction. For example, the VSF of messages not enqueued or dequeued 
by the transaction may have changed in order to ensure correct isolation. JPMQ 
has to undo these changes, too. In the state diagrams an 'r' marks all arcs which 
belong to undo operations. By examining the log entries, JPMQ decides which 
of these state transitions must be performed and how the set-oriented operations 
of the storage layer can be utilized. 

5.3 Complex Message Types and Query Evaluation 

In this section, we will describe how JPMQ exploits the data management facil- 
ities in order to store message types and to evaluate queries. For this reason, we 
need a mapping of the complex message types onto the relational data model, 
and a transformation of the OQL-like queries of JPMQ to SQL queries. 

Let us first examine the mapping of the complex message types. Each message 
consists of a header and a body. The header holds the administrative information 
regarding the message. This is reflected by a special node added to the message 
type by JPMQ. It is always used as the root (header) of a message with a 
structure uniform for all message types and includes administrative data such 
as the priority value of the message, the lock and visibility flags, the message 
type name, and a timestamp of the enqueue time. JPMQ stores this data in a 
table representing the queue. As we have already seen, each message is given an 
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unique MID which is used as a primary key of this table. A foreign key is used 
to reference the root node of the application data which is stored in the body of 
a message type. 

The database schema used to store application data may be built up from sev- 
eral tables. JPMQ creates a database table for each node type which is contained 
in the message type. The node type's attributes become columns within these 
tables and have an appropriate data type assigned. For the references between 
node types, extra tables are created because they may be (n:m)-relationships at 
the instance level. Hence, JPMQ creates five tables to store the message type 
defined in Fig. 2. 

As already mentioned, we also need to map the JPMQ queries to the query 
language SQL. JPMQ uses queries to calculate the PCF and to provide a value- 
added dequeue operation with user defined ordering and selection criteria. The 
usage of an RDBMS enables JPMQ to delegate the evaluation of these queries to 
the storage layer. JPMQ provides a structural object-oriented type system with 
set-valued references. Hence, SQL as a JPMQ query language is insufficient, 
because application developers would need to know the mapping of message 
types to tables, thereby losing the advantages of a more object-oriented type 
model. Also, the SQL queries resulting from the mapping of message types to 
tables tend to be very complex. Therefore, we decided to use an OQL-like query 
language for JPMQ queries, which is aware of set-valued attributes. However, 
the JPMQ queries have to be mapped to SQL in order to exploit the query power 
provided by the storage layer. 

Explaining the full JPMQ query language is beyond the scope of this paper. 
Nevertheless, we present some examples which should show that transformation 
of the queries requires some efforts but is not a critical task. For JPMQ queries 
we demand some restrictions in order to ease the process of query transformation. 
For example, the queries 

se lec t  * 

f rom m t _ o r d e r m e s s a g e  mr, m t . r o o t  o ,  o r d e r l i n e s  o l  

where ol in o.orderline 

and 

s e l e c t  * 

f rom m t _ o r d e r m e s s a g e  mr, m t . r o o t  o ,  o . o r d e r l i n e s  o l  

will lead to the same result. Yet, the first one is not a valid JPMQ query because 
of the free variable 'ol'. The 'from' clauses of a JPMQ query must span an 
directed acyclic graph, whereas the variables representing message nodes are the 
nodes and the references are the arcs. Free variables are variables which are not 
reachable in this graph starting at the root node and following the arcs. 

Notice, that the node representing the administrative information of a mes- 
sage is always the anchor of a JPMQ query and is named 'mt_<message type 
name>'. The attribute 'root' references the root of the message type. Adminis- 
trative information represented by attributes of node 'mt_<message type name>' 
can be used in queries too. 
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The example from Sect. 3.4 follows these restrictions. Executing the selective 
ordering dequeue operation means transforming OQL statements into SQL state- 
ments. First, the selection criterion is evaluated. Then message identifiers of the 
result set are sorted by the OF and read from the database. At last JPMQ reads 
the application data regarding to these identifiers. This leads to SQL statements 
similar to the one below: 

s e l e c t  q l . m i d  a s  m i d ,  p c f . s o r t l  a s  s o r t l  
f r o m  q _ o r d e r q u e u e  q l ,  (<OF>) a s  o f  
where  q l . m i d  = p c f . m i d  and q l . m i d  i n  (<SC>) 
o r d e r  by  s o r t l  

In order to evaluate the OF, the term <OF> is replaced by an SQL statement: 

s e l e c t  
f r o m  

where  

m2.mid  a s  m i d ,  coun t  ( i l . o i d )  a s  s o r t l  
q _ o r d e r q u e u e  q2 ,  m t _ o r d e r m e s s a g e _ o r d e r  o l ,  m t _ o r d e r m e s s a g e _ r e f l  r l ,  
m t _ o r d e r m e s s a g e _ o r d e r l i n e  o l l ,  m t _ o r d e r m e s s a g e _ r e f 2  r e f 2 ,  m t _ o r d e r m e s s a g e _ i t e m  i l  
q 2 . r o o t  = o l . o i d  and o l . o i d  = r e f l . f o i d  and  r e f l . s o i d  = o l l . o i d  and 
o l l . o i d  = r e f 2 . f o i d  and  r e f 2 . s o i d  = i l . o i d  

Accordingly, the term <SC> is replaced by the statement below: 

s e l e c t  q 3 . m i d  
f r o m  q _ o r d e r q u e u e  q3 ,  o r d e r  02 
w h e r e  q 3 . r o o t  = o 2 . o i d  and o2 .name  = ' S m i t h '  

The selection and sorting of messages is a two-phase process. In the first phase, 
the qualifying messages and their order is determined, whereas in the second 
phase the actual data of the messages is read. In the second phase we take 
advantage of the MID stored in each record. As described before, JPMQ needs 
to access every table only once, reading all records which belong to the messages 
determined in the first phase. JPMQ creates main memory hash tables using 
the records representing references to ease the transformation of external storage 
references to Java references. Messages are held in a generic structure within the 
Java virtual machine. 

5.4 Us ing  Java 

Our decision for Java(J8) as the implementation platform stems from several 
features of this programming language and its run-time system. The tight in- 
tegration of the Java environment into the Internet is just one of the more 
important features. 

With the concepts of RMI (remote method invocation 17) along with object 
serialization as standards for Java, the gaps between JPMQ and applications are 
easily bridged in a portable manner. In the same line, the JDBC (16) standard 
provides a uniform, low level interface to any RDBMS which must--according to 
the specification of JDBC--support ANSI SQL-2 Entry Level (15). The usage 
of Java (and RDBMS) relieves us from dealing with heterogeneity aspects, since 
Java defines the physical layout of all types precisely and the concept of object 
serialization solves the problems of exchanging data between different platforms. 
Another feature supporting our decision for Java is the run-time extensibility of 
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applications. In this manner, we can extend the running JPMQ service with the 
functionality for new message types and appropriate message type services. In 
the remainder of this section, we introduce the generic data structures used to 
provide access to messages by application programs and the main functionality 
of the API. 

D a t a  s t ruc tu re s .  The application receives messages from the queue in the 
standard generic representation of JPMQ. Instances of the class JPMQMessage 
are used as entry points to the messages. Each node is represented by an in- 
stance of JPMOMessageNode, which is the superclass of JPMQMessage. Instances 
of JPMQNessageNode provide a generic late-binding interface for accessing the 
node's attributes. Relationships are built from instances of JPM{~ReferenceCol- 
l e c t i o n .  This class is a subclass of the Java class Vector  and offers functionality 
for direct access to elements using an index as well as iterators to enumerate the 
records included. The generic classes come with the following operations: 

JPMQValueType 
JPMQReferenceCollection 
String 
JPMQMessageNode 
String 
Enumeration 

JPMqMessageNode.getValue(String attrName); 
JPMqMessageNode.getNodes(String attrName); 
JPMQMessageNode.getNodeNameO; 
JPMQMessage.getRootNodeO; 
JPMQMessage.getTypeNameO; 
JPMQReferenceCollection.getElementsO; 

As application programmers should not be burdened with the internal mecha- 
nisms of the generic representation, an external representation for each message 
type may be generated using the message type definition. This external repre- 
sentation will act as a wrapper for the generic one in the sense that it presents 
a regular (Java) type to the application, but is a subclass of the generic type 
and provides functionality to switch between external and internal representa- 
tion. In our example, five classes (MT0rder (subclass of JPMQMessage), M0rder, 
MOrderline, MItem (subclasses of JPMQMessageNode), MOrderlineCollection, 
MItemCollection'(subclasses of JPMQReferenceCollection)) would have been 
generated. Let us examine MTOrder to give an idea of how the generated classes 
may be used. The interface will include methods to access the value-typed at- 
tributes as well as the set-valued attributes, as for example: 

String 
void 
M0rderlineCollection 

M0rder.getNameO; 
M0rder.setName(String name); 
M0rder.get0rderlineO; 

6 Conclus ions  and Outlook 

In this paper we have introduced JPMQ which may be used as a base service to 
support reliable exchange of data between applications even through the Inter- 
net. 

Middleware services must be easy to use and to support a programming 
model which fits into the application development environments. In the field of 
MOM, this means both supporting a type model matching the object-oriented 
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programming paradigm common in today's software projects and being ap- 
plicable in a wide range of application domains. During the development of 
JPMQ these requirements have influenced our decision to support an application- 
independent type model for the exchange of structured data between applica- 
tions. 

JPMQ's structured type model was presented as the base of the advanced 
functionality provided by our MOM service. PCFs have been introduced, en- 
abling the QS to schedule messages based on their contents. In addition, the 
dequeue operation was enhanced by introducing ordering and selection criteria. 
While selection criteria enable JPMQ-developed applications to decide which 
messages are needed at run-time, the ordering criteria makes it possible to 
change the order in which messages are received. Both are helpful extensions 
of the dequeue operation without loosing the simplicity of MOM services. 

Our MOM service was designed to support reliable exchange of data. The 
ACID properties of database transactions were compared to the idea of queue 
transactions in order to detect similarities. Hence, JPMQ provides atomic queue 
transactions, even in the presence of failures. A logging scheme was introduced 
which enables JPMQ to recover a transaction-consistent state after a system 
crash. In addition, we argued the need of an isolation protocol to use JPMQ in 
multi-user environments with several application programs accessing one queue 
concurrently (as producers and/or consumers). Different isolation protocols were 
introduced in order to support a set of useful qualities of service. 

We have also shown the advantages of using relational database technol- 
ogy. The properties of RDBMSs, i.e., ACID transactions and query interface, 
are useful with respect to the implementation of the service-specific operations 
and the transaction semantics of JPMQ. By using an RDBMS, message per- 
sistence is easy to implement. The ACID properties of database transactions 
enable us to achieve the service-specific isolation and logging protocols relying 
on an operation-consistent state regarding the data, the isolation state, and the 
log entries of JPMQ. Additionally, the set-oriented operations of an RDBMS are 
helpful to implement the isolation and logging protocols. Furthermore, we have 
taken advantage of the expressiveness of SQL to evaluate the PCFs as well as 
the ordering and selection criteria. 

Java has been designed to ease development of distributed object systems 
(DOS) in the domain of Internet applications. JPMQ has been implemented us- 
ing this technology, and we have shown that the provided concepts are really 
useful. Unfortunately, Java applications are still less efficient than, e.g., appli- 
cations developed in C++.  In order to allow the service to be transparently 
replaced by a more efficient implementation, the next step will be to enable ac- 
cess to JPMQ via CORBA interfaces. This will allow both the use of JPMQ 
by applications developed with other programming languages and the provision 
of a new service based on a different technology. We are very interested in the 
problems related to the use of a much less object-oriented technology, e. g., the 
C + +  programming language. 
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Another aspect of future work is to achieve more failure tolerance in dis- 
t r ibuted object systems. Until now, a JPMQ node is identical to a JP MQ  ser- 
vice. If the node fails, the service also fails. Hence, our goal is to build a JPMQ 
node by a group of JPMQ services. In case of a failure of one service, another 
service should be able to take over work. 
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Abstract. In this paper we address aspects of traceability in Infor- 
mation Systems design, particularly with those methodologies utilizing 
rich, and possibly multiple (behavioural) models. We consider this issue 
within the broader context of IS development, and focus on the poten- 
tial for communication among human actors. Specifically, we consider the 
question of repository design for supporting design activities. We illus- 
trate this through a Web-based visualization tool for Extended Entity- 
Relationship (EER) modeling represented in a repository based on the 
Case Data Interchange Format (CDIF). Such a tool offers a degree of 
independence with respect to CASE tools used within an organization, 
and validation methods chosen by an organization. 

1 I n t r o d u c t i o n  

1.1 M o d e l  T ranspa rency  

Traceability in Information Systems design, particularly with those methodolo- 
gies utilizing rich, and possibly multiple (behavioural) models, is a complex 
issue. The aspect of traceability of concern in this paper, sometimes referred to 
as modeling transparency, is considered as an absolute requirement for advanced 
systems development 3. 

Within the broader context of IS development it requires correlation of design 
decisions across different sub-models, and between data sets and meta data, 
on an ongoing basis. A number of different tools may be utilized, including 
CASE tools offering ER to SQL mapping and external validation tools. One way 
forward is the utilization of repository technology for supporting all design and 
maintenance activities. Such a repository would be designed to store all available 
modeling information, and all information necessary to allow transparency in the 
refinement process and with respect to dependencies between models. We have 
chosen to explore this idea through an investigation of the use of the Case Data 
Interchange Format (CDIF), initially for defining Extended Entity Relationship 
(EER) models, and latterly with respect to multiple models in the context of the 
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F3 methodology 6. All the work so far has concentrated on the design phase 
of the life cycle; the support of maintenance activities forms a part of ongoing 
work. For this study, CDIF was chosen for its extensibility. We note, however, 
that the investigators within the F3 project had suggested the possible use of 
CDIF for our purposes: "We strongly suggest the CDIF standard is considered 
for F3 and its inter-tool communication." 5, p. 39 

We observe two main approaches to enhancing ER with respect to behavioural 
aspects at the conceptual level. Firstly, some contributions have added con- 
structs to give a particular variant of EER, e.g. rules in 19 (anticipating active 
databases). A consequence of this approach is an increased complexity within 
diagrams, something which potentially is a hindering factor for its use in prac- 
tice. Secondly, others suggest a set of different models to be used in conjunction 
at the conceptual level (as in F3). A consequence of this approach is that the 
number of inter-relationships that need to be maintained between related con- 
cepts in different models increases, potentially exponentially, with the number 
of models used. 

In addition to 'extended model' and 'multi-model' approaches, we envisage 
a need for enhanced traceability between the conceptual level models and those 
models used at earlier stages of the IS development process. Our assumption 
here is that as the complexity of models increases, so will the variation in ex- 
pectations and needs between users 13. To address this difficulty, we anticipate 
that a meta-model approach (repository) will allow us to handle this complexity, 
something which we are currently exploring in the context of two (of the total 
of five) different F3 models with preserved traceability between the Enterprise 
Model level and the conceptual model. 

1.2 Populated Models  

We believe that, as a complement to communication at the level of models, 
techniques for browsing, visualization, animation etc. (see e.g. 4 and 12) us- 
ing populated models might significantly improve end-users' understanding of 
behavioural models. 

Sample data or prerecorded data is often available before a development 
starts; investigation of the domain is facilitated by this data, which is often not 
used until installation of the developed database software. 

When data is incorporated, a modeling tool can provide visual feedback of the 
dynamic implications of a schema and its integrity constraints (IC). This is useful 
for understanding an application database, since most DBMS allow predefined 
behaviour to maintain the integrity of data. This is particularly of value in the 
context of EER-Modeling, because relational IC can be automatically derived 
from EER model properties to lose as little model semantics as possible during 
mapping. 

1.3 A im of  the Research 

The concern of this work is therefore threefold: 
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1. To investigate mapping procedures with respect to preservation of EER 
model semantics 

2. to design a repository suitable for storing all model representations and their 
interrelationships and 

3. to propose a visualization architecture based on the repository and target 
application database to allow for visualization of the meta-data and the data 
at different levels. 

The result is a proposal for a repository based visualization architecture 
which explicitly relates the application database data to the abstract relational 
level and to the EER level. Different aspects of the design and the refinements 
chosen can be traced in a comprehensible fashion. The focus of this work is 
design. The modeling tool S-Designor 15 was used to build the CDIF reposi- 
tory structure and to generate sample models. Java programs were written to 
exemplify access and visualization of the repository content 11. 

2 The Layered Approach 

We consider a three layered approach to designing schemas for DBMS as repre- 
sented by the three boxes in the middle column of Figure 1. 

A central point of this work is to allow not only a transparency of the mapping 
from EER to relational, but also its inverse. Commonly only the forward map- 
ping from the EER to the relational model is considered in the design process. 
This is insufficient to support general visual browsing with genuine traceability. 
Appropriate structures must be found for storing this bidirectional interrelation- 
ship (Meta-Schema, left column of Figure 1). Structural mapping procedures are 
well covered by the literature (as in 9). With the use of modern tools, most of 
the mapping can be derived automatically, while the designer can give explicit 
guidance, for example, on how to migrate candidate keys to referencing relations 
or how to map supertype/subtype or 1:1 relationships. 

We focus on the production of a relational model which reflects the inherent 
constraints in an EER model with little loss of semantics. Some EER IC prop- 
erties (e.g. disjoint relationships) cannot be expressed in the abstract relational 
layer, but can be modeled by trigger sets of a target database system. Therefore 
access paths from the EER information to the SQL-layer are necessary. Update 
propagation properties (cascade, restrict, update, set null and set default, com- 
parable with those in 14) which define the behaviour of the database in case 
of violation of IC are not included in common EER notations. These relational 
properties can be supplied at the abstract relational layer and stored in appropri- 
ate structures belonging to this layer. Also parameters for mapping the abstract 
relational model to a target SQL dialect must be supplied and stored. 

Current modeling tools often intermix model properties with mapping infor- 
mation or do not include mapping information at all. If the mapping algorithm 
of a modeling tool does not allow the user to generate a relational model with 
the desired properties, manual changes might be necessary at the relational level. 
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Meta-Schema 

Meta-Meta-Data 

(type for schema) 

Schema 

Meta-Data 

(instance of Meta-Schema) 
(type for data) 

Data 

(instance of schema) 

Fig. 1. Meta-Schema, Schema and Data 
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This will result in a situation where the three layered approach will at the most 
be used for the initial design, but not during system development. 

3 Repository Design 

In our opinion, a well designed repository structure is needed to support the stor- 
age of all design information including the models and interrelationships between 
the models. This would allow tight synchronization, and facilitate browsing and 
the investigation of design implications. 

A good test of such a repository would therefore be its use as a basis for 
visualization of interrelationships within and between meta data and data for 
an information system. In a broader context such a repository could also act as a 
unified store for a number of different tools, including schema design tools. Figure 
1 depicts the repository content: its structures (left column) and the type data it 
contains (middle column). Instance data is not contained in the repository; this 
resides in the target DBMS (bottom row). 

"Repositories must maintain an evolving set of representations of the 
same or similar information. ... Relationships among these representa- 
tions must be maintained by the repository, so changes to one represen- 
tation of an object can be propagated to related representations of the 
same object.", 18, Section 5.3.3, 

Interrelationship information in the repository allows the interpretation of 
data in the target application database at three levels (as depicted in Figure 
1): that of the "Target DBMS", that of the "Relational View" and that of the 
"EER View". 

We were looking for standardized repository schemas and have chosen CDIF. 
As the name suggests it is "a single architecture for exchanging information be- 
tween CASE tools, and between repositories" which is "vendor-independent" and 
"method-independent" 8. It should overcome the problem that no commonly 
agreed standard repository exists by defining a way of transferring data on the 
same subject area from one tool or repository to another. Case data transfer 
is not the topic of this project. However, the structures offered by the sub- 
ject areas Data Modeling (DMOD) and Presentation, Location eJ Connectivity 
(PLAC) were chosen as a basis for a repository structure to store EER and rela- 
tional models and their graphical representation. The separation between models 
and their graphical representation supports a modular design. All subject areas 
are hierarchically structured and make extensive use of inheritance to minimize 
redundancy. This suggests a direct mapping to a class hierarchy of an object 
oriented host language. The full range of objects and relationships of DMOD 
is displayed in Figure 2 and our simplified implemented model is depicted in 
Figure 3. The associated PLAC design is not depicted. 

The DMOD subject area is capable of storing EER- as well as relational 
models in a single structure. Most objects are used for both layers, some (e.g. 
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Fig. 2. CDIF-DMOD: overview of objects and relationships 

foreign keys or supertype/subtype) only for one. CDIF does not provide struc- 
tures to relate EER objects to relational objects. We circumvent this problem 
by extending the subject-area to cope with these correspondences as depicted in 
Figures 3 and 4. Migration rules for implementing primary and foreign relational 
keys from EER candidate keys are not included in the model, since we rely on 
the mapping procedure of the S-Designor modeling tool which does not support 
them. 

In the following we introduce a visualization tool based on the repository, 
which depicts the different layers shown in Figure 1. 

4 V i s u a l i z a t i o n  T o o l  

4.1 V i sua l i za t ion  Archi tec ture  

Initially it was planned to have a single view for the complete visualization, 
including data and schema. This would mean, for example, that at the EER level 
the visualization would include entity instances as well as relationship instances. 
It would be possible to include this information into a schema only for very 
limited example models. Scalability is often a problem with such visualization. 
It is not only a technical or geometric issue of placing graphical elements on 
a limited two dimensional space but also of comprehensibility for users. This 
problem led to the overall visualization architecture as laid out in this chapter. 
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Fig. 5. Model and Views 

The basic idea is to split the wealth of displayable information into manage- 
able and comprehensible pieces and at the same time to relate these partial views 
through visual feedback. Views are deliberately limited to only certain aspects 
of the whole, as represented by the boxes in Figure 1 (Meta-Schema, Schema, 
Data combined with EER, relational, SQL). Examples of views appear below. 

We make use of the ideas and terminology of the Model-View-Controller 
(MVC) paradigm which stems from the Smalltalk environment: "The model 1 is 
used to represent the data or knowledge about the application constructed" [2] 
and the view is the output interface, while the controller takes inputs from the 
user and passes them to the model. "A major idea in the MVC is the isolation of 
the model from the view and controller. Because the model normally represents 
a set of data or knowledge, it has no need to know how the controller or the 
view operates" [2]. 

Logically, the model is a server which accepts connections from views and con- 
trollers (clients) and communicates with them via a protocol (arrows in Figure 
5). The model has direct access to the repository (data model content (DMOD) 
and its graphical presentation (PLAC)) and the target database, while the views 
access the repository data only via the connection to the model. 

If the user interacts with one view, the result should not only be apparent 
in this view, but in all open views at the same time. This concerns highlighting 

1 Not to be confused with "data model". 
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of objects and update visualization. A simple example is a click on an entity 
in an EER-view and a visual highlighting feedback in all views which display 
information on the same object. An abstract relational view would highlight 
the appropriate relation and a SQL-view would highlight the relevant SQL data 
definition statements. The granularity of highlighting and displaying should be 
as small as possible, i.e. if a simple attribute should be shown, then only that 
attribute should be highlighted and not the whole entity or relation. 

It should be possible to open new views with a focus on a particular object 
by clicking on that object in an already existing view. In this way one can browse 
a model according to the matrix of Figure 1. Relating objects in different views 
is also of value for managing sub-models with common objects. 

4.2 Supported Views 

The following short descriptions give an overview of the possible types of view. 
Firstly, views are introduced which are limited to visualizing the schema (middle 
column in Figure 1): 

Schema: provides a conventional graphical representation of the EER model 
or relational model without including data. The data for screen layout and 
textual annotation is taken from the repository (PLAC). 

SQL: Since SQL code is generated automatically using templates of the schema 
design tool it is possible to include markers which allow this view to highlight 
data definition statements. In this way the SQL code can be browsed by 
clicking on objects in other views. 

Text:  "Validation can be done by paraphrasing a conceptual schema in natural 
language and giving that paraphrase to a user for examination" 4. The 
explanations may be automatically derived from the schema semantics or 
could include textual descriptions. This view reacts to highlighting messages 
from other windows. 

The following views allow visualization and manipulation of instance level 
data (right column in Figure 1). The schema views above should nevertheless 
react to messages concerning data manipulation, by using them to highlight 
relevant schema objects. Different colours can indicate the action performed 
(for example red=delete, green=insert, blue=update). If a trigger is initiated, 
its behaviour could be simulated in a single step mode. The SQL-view might 
display a related trigger definition. 

Data: This view is most meaningful for visualizing data and update propaga- 
tion and can be used for EER and relational models. The screen layout is 
exemplified in Figure 6. Only objects of interest are shown, but browsing al- 
lows further schema exploration (upper mouse click in Figure 6). The screen 
layout can be derived from the schema semantics of the relational layer, 
since references are directed. Referenced relations appear to the right of ref- 
erencing relations. The layout of the EER model can be determined with 
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Fig. 6. Data-View example 

the aid of the relational representation. Objects may be popped up to show 
instance level data or popped down to hide it (lower mouse click in Figure 
6). Relationship instances as well as data tuples may be graphically inserted, 
deleted and updated. Submission of data may trigger update propagation, 
which can be visualized in a single step mode. 

Cascade:  This passive view is an implementation of the rule trace trees used 
in [10] and [7]. The first event of a cascade is drawn at the left border as 
depicted in Figure 7, and all subsequently invoked rules and triggered events 
are drawn to the right of it, i.e. the flow of time is visualized. Rules may be 
visually linked to SQL triggers, and events to sets of data tuples. 

Event 

I 
"95", "12" I 

Rule Event Rule Event 

=/deletion NVLINE 
1 -1"~2",'~','12" ~ , ~ 2 ,  9s, 12, 

~11( FK-cascaded ~ "1 432, 95, 12, 3 
~il deletion J Lco~cT  

Fig. 7. Sample triggering cascade 
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Trace: This passive view records the active updates of the database in a textual 
way comparable with the log file of a DBMS. 

Tree: A collapsible tree, as known from file-browsers, is used to access the repos- 
itory contents in a tabular fashion. It is structured by object type and allows 
inclusion of instance level data. 

4.3 I m p l e m e n t a t i o n  

The S-Designor database design tool was used to edit an EER-Model and to 
map it to its relational representation. The tool saves both models, represented 
as relational tables, in separate plain ASCII-files. The tool was also used to 
generate tables and triggers for the target DBMS. All files are parsed and loaded 
into the developed repository. Additionally, the table and trigger SQL-scripts are 
executed on the target application database. 

The visualization tool was implemented using the Java programming lan- 
guage. The tool can be executed within WWW pages 2 assuming that a Java 
capable browser is used. It becomes a part of the overall presentation. Imple- 
mented features are presented next to designed or planned features. The class 
structure for repository access was completed, but only a selection of views were 
implemented. 

A loader class reads the model via JDBC 3 and instantiates each object as a 
Java object. Relationships are modeled as object references. Ideally one would 
use a persistent object oriented programming language based on an object ori- 
ented DBMS where "a repository manager would map its object base into la- 
beled directed graphs, where objects are mapped to nodes and relationships are 
mapped to edges." 1, pp. 710-711 

The model in the MVC sense is a Java class which inherits from the standard 
class "Observerable" and each view consists of a Java class which inherits from 
"Observer" to allow the observerable object to notify its observers. The protocol 
for communication between views and the model consists of public methods in 
the model class. 

Application data is accessed from the relevant meta-data classes. Update 
propagation must be simulated by the classes, since we want to execute and 
visualize update propagation in a step by step fashion. Java provides a rollback 
mechanism through exceptions to model transactions. We use update propaga- 
tion properties which are included in the repository and do not consider, for 
example, SQL-triggers. Visualization could be extended to arbitrary active be- 
haviour if a direct interface to the rule manager of a DBMS existed. This would 
also allow visualization of updates executed by application programs. 

5 Conclusions 

In this paper we have described work in the area of repository design for Informa- 
tion Systems development. This work targets tool-independent storage of design 

2 URL http:l/www.his.se/ida/research/groups/dbtg/demos/griebel/ 
3 Java Database Connectivity 
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information, facilitating transparency within and between stages in the refine- 
ment process. The focus of the paper is on a specific facet, namely a repository 
structure for the multi-level visualization of dependencies in populated models 
using EER to Relational refinement methods. 

Many variations of ER/EER models have been proposed in the literature, 
and it is not uncommon for a commercial modeling tool to provide support for 
more than one such variation. For example, both LogicWork's tool ERwin/ERX 
and Powersoft's tool PowerDesignor support more than one EER dialect 16 
17. 

Using a meta-model approach (i.e. a generic ER/EER meta-schema) as ex- 
emplified by the system described here, a semantically expressive meta-model 
could, at least in principle, support any variation of the ER/EER Model. 

Populated models are used in many database oriented application develop- 
ment environments. For example, Borland's Delphi environment enables instant 
access to data kept in an underlying database during the design process. We 
consider them fundamental in improving feedback in the design phase for be- 
havioural models. 

The unification of design data within a repository facilitates the development 
of generic tools, with presentation levels tailored to organizational standards. 
The tool presented here is a visualization tool, allowing multiple, interlinked 
views of populated models to be simultaneously displayed. The tool is itself of 
interest in exploring useful facilities for visual browsing of designs. However, it 
primarily fulfils the role of a practical test of the repository design. 
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A b s t r a c t .  A commonly followed approach in database design is to col- 
lect user views on the database and to develop the conceptual schema of 
the database by integrating these views. 
The design of object-oriented databases involves the design of object 
behavior next to the design of object structure. Object-oriented design 
notations usually represent object behavior at two levels of detail: by 
activities (which correspond to methods at the implementation level) 
and by object life-cycles which model the dynamics of objects over their 
lifetime. 
This paper discusses the integration of views of object life-cycles that 
are represented by behavior diagrams, which model the behavior of ob- 
jects by activities and states corresponding to transitions and places 
of Petri nets. The presented approach is particularly relevant for the de- 
sign of business processes, a major application domain of object-oriented 
database systems. 

1 Introduction 

The design of an object-oriented database schema involves the definition of the 
structure and the behavior of objects. Behavior is specified by methods and 
object life-cycles, which indicate processing states of objects and specify in what 
order methods may be invoked. Often the database schema is not modeled by a 
single person, but  several user-specific view schemas are defined independently 
and are integrated later into a single schema. 

A major application domain for object-oriented database systems is the busi- 
ness area. There, objects represent business cases and object life-cycles repre- 
sent business processes. Such as the conceptual schema of a database is often 
developed from different user views on the database, a business process may be 
constructed from the views on the business process in different suborganizations. 

Consider, for example, a hotel, where the business objects are room reser- 
vations: The reception deals with activities check-in and charging services; the 
booking department  considers booking a room and cashing a deposit, etc. Ac- 
tivity check-in will be considered in both views as the guest checks in at the 

* This work was partly supported by the EU under ESPRIT-IV WG 22704 ASPIRE 
(Advanced modeling and SPecification of distributed InfoRmation systEms). 
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reception and the booking department checks whether the guest arrives at the 
agreed day. 

As each view represents only those aspects of the business process that are 
relevant for a certain user-group, each view may cover only a subset of the aspects 
of the business process and each view may represent aspects of the business 
process at a different level of granularity than another view. 

The aim of the integration process is to develop an integrated business pro- 
cess from the given views such that if business objects are processed according 
to the description of the integrated business process, their processing may be 
observed as a correct processing according to each view of the business process 
(observation consistent integration). 

In 3, we introduced a two-schema architecture for modeling business pro- 
cesses and workflows, which represent external and internal business rules, re- 
spectively. External business rules restrict the processing of business objects due 
to natural facts or law (e.g., check-in is always performed before check-out, but 
payment and use of a room may occur in any order). Internal business rules exist 
only due to intra-organizational rules and represent the internal "flow of work" 
(e.g., payment has to be performed before check-in if the guest is unknown). 

The distinction between business processes and workflows provides for work- 
flow transparency, which allows to change the flow of work without compromising 
the correctness of the business process. In this paper, we treat the integration 
of views of repetitive and predictable business processes represented by object 
life-cycles; we do not consider the integration of workflows and omit definition 
of exception handling and ad-hoc processing of business objects. 

View integration differs from integration of heterogeneous autonomous data 
sources, which is mainly treated in the realm of federated database systems 13. 
In the former, there is only one object for each real-world business case; this 
object behaves according to the integrated business process. The views do not 
handle objects of their own, but only observe the processing of objects. In the 
latter, the global schema is an integration of several local schemas where each 
object of the real world may be represented by a set of local objects, one in 
each local autonomous database, and by a global object whose properties are 
derived from the local ones. Despite their difference, there are many similarities 
between the integration of views and the integration of independent heteroge- 
neous database schemas, e.g., the detection of heterogeneities between the given 
schemas. 

A number of approaches to schema integration consider only the structure 
of objects (see e.g. 4 for a survey). Some approaches consider methods, too 
14, 16, but little work has been done so far concerning the integration of object 
life-cycles. In 5, behavior is modeled in the form of event structures and con- 
flictfreeness is defined as a necessary correctness criterion to integrate schemas. 
Conflictfreeness means that the rules of one schema together with a set of in- 
tegration assertions do not restrict the models of the other schema. Another 
approach 6 discusses view integration based on statecharts where views may 
be connected in some way (e.g., sequentially, parailely, alternatively) to an inte- 
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grated schema. In a previous paper 9, we discussed the integration of business 
processes that  treat disjoint sets of business objects in autonomous databases, 
where the common behavior can be observed at the global level. 

The work presented in this paper goes beyond the approaches of 5 and 6 as 
we introduce a detailed integration process that  may be applied to views and that  
produces step by step an integrated business process. The integration of views 
of business processes is different from the integration of local business processes 
as described in 9 for two reasons: (1) The former concerns view integration, the 
latter the integration of similar, autonomously executed business processes. (2) 
The extensions of the given schemas are the same in the former, but disjoint in 
the latter. 

We consider the integration of views of business processes that  are modeled 
using Object/Behavior Diagrams (OBD) 7: The static properties of objects are 
defined in Object Diagrams, whereas their life cycle is modeled in Behavior 
Diagrams, which are based on Petri nets 8. 

We will define the correctness of the integrated schema with respect to the 
given view schemas by using results on the observation consistent specialization 
o object lie-cycles, which has been treated in several approaches based on Petri 
nets 10, 11, 15. Our work goes beyond these approaches as not a single object 
life-cycle is specialized but a common subtype of a set of object life-cycles (i.e., 
the views) has to be defined where correspondences and heterogeneities between 
the views have to be determined. Specialization of object life-cycles comprises 
refinement, where activities and states are refined to a finer level of granularity, 
and extension, where activities and states are added. 

The remainder of this paper is structured as follows: Sect. 2 gives a brief 
introduction of behavior diagrams and the specialization of behavior diagrams, 
Sect. 3 gives an overview of heterogeneities between the views and an overview 
of the integration process, Sect. 4 describes each step of the integration process 
in detail, and Sect. 5 concludes the work. 

2 O b j e c t / B e h a v i o r  D i a g r a m s  

In this section, we briefly introduce Object/Behavior Diagrams (OBD), which 
have been originally presented as a graphical notation for the object-oriented 
design of databases 7 and have been later extended for the modeling of business 
processes 3. We omit the description of object diagrams and concentrate on 
behavior diagrams with arc-labels and their specialization; for details the reader 
is referred to 10, 11. 

2.1 Behavior Diagrams 

Behavior diagrams are based on Petri nets and consist of activities, states, and 
arcs. Activities correspond to transitions in Petri nets and represent work per- 
formed with objects, states correspond to places in Petri nets and show where 
an object actually resides. Each instance of an object type is represented by a 
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I ~ U e  i' f use r 

Fig. 1. Behavior diagram of RESVT 

unique token, the object identifier, which may reside in one or several states. An 
activity may be invoked on an object if all prestates are marked by this object. 
When the execution is completed the object is inserted into all poststates of the 
activity. In difference to Petri  nets, we assume that  activities may take some 
time. During the execution of an activity on some object, the object resides in 
an implicit activity state named after the activity. 

Example 1. Fig. 1 shows a behavior diagram of object type RESVT. Activities 
are depicted by rectangles, and states are depicted by rectangles with a trapez- 
ium at the top and the bottom. Ignore the labels associated with arcs for the 
moment.  Activity issue creates a new reservation object. After completion of 
this activity, the object resides in states toCheckln and toPay, where activities 
use and payByCheque or payCash may be started. 

Behavior diagrams may be labeled. The idea of labeling is taken from the 
processing of business processes by paper work where different actors work on 
different carbon copies of a business form. In this analogy, a label corresponds 
to a particular carbon copy. The labels of an arc (state, or activity) indicate 
which copies of a form flow along an arc, (reside in some state, or are processed 
by an activity, resp.). Notice, however, tha t  there exist no actual copies of an 
object, but  several activities and states may refer at the same time to the same 
object by its object identifier. Labels have been introduced in 11 to facilitate the 
check whether a behavior diagram constitutes a consistent refinement of another 
behavior diagram. There, labels are used to ensure that  if an object leaves one 
state of a subdiagram (that constitutes the refinement of an abstract state), it 
leaves the subdiagram entirely. 

Example 2. The business process shown in Fig. 1 uses two labels p and r corre- 
sponding to the payment and the registration copy of the reservation form. 

Formally, labeled behavior diagrams are defined in Def. 1. For a formal defi- 
nition of unlabeled behavior diagrams see 10. 

D e f i n i t i o n  1. A labeled behavior diagram (LBD) B of an object-type, where 
B = ( S , T , F , L , I ) ,  consists ol a set of states S ~ 0, a set of activities T ~ ~, 
S A T  = 0, a set of arcs F C_ ( S x T ) U ( T x S ) ,  such thatVt e T : (3s E S : (s, t)  e 
F)  A ( 3 s e S : ( t , s ) E F )  a n d V s E S : ( B t E T : ( s , t )  E F ) V ( 3 t E T : ( t , s )  E F ) .  
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L is a set  of  labels. The labeling func t ion  1 : F ~ 2 L \ {~} (2 x denotes the power  
set  of  X )  assigns a non-empty  set  of  labels to each arc in F .  States,  activities, 
and labels are refered to as elements. There is a set  of  initial states A C S 
such that t i t ,  s) E F : s E A and there exists a set  o f  final states O C S 
such that ~ ( s ,  t) E F : s E Y2. Init ial  states are usually omi t ted  in the graphical 
representation.  

Labeled behavior diagrams must fulfill the following labeling properties: 
(1} label preservat ion (for each activity, the union of the labels of its incom- 
ing arcs is equal to the union of the labels of its outgoing arcs), (2) unique label 
distribution (all incoming arcs as well as all outgoing arcs of an activity have 
disjoint sets of labels), and (3) common  label distribution (for each state, all its 
incident arcs carry the same labels). 

States and activities are labeled, too, where the set of labels of a state or 
activity, denoted as ~, is the union of the set of labels of its incident arcs. 

Each label appears in exactly one initial state, i.e., (Ua~a)~((~)) = L and 
Vsl, s2 E A : sl ~ s2 =~ )~(sl) M )~(s2) = 0. An initial state represents the period 
of time when a certain label has not yet been created for an object. If an object 
identifier resides only in initial states, it does not yet refer to an object. 

At any time, an object resides in a non-empty set of states, its life cycle state. 

Definition 2. A life cycle state (LCS) a of  an object is a subset of  (S  U T )  • L.  
The initial LCS is ffa = {(ot, x)ot E A A x E ~(a)}. A n  LCS a is final if 
V(e, x) E a : e E Y2. Note: For unlabeled behavior diagrams, an LCS is defined 
as a C ( S U T ) .  

As the execution of activities may take some time and an object resides in 
an activity state during execution, we distinguish start  and completion of an 
activity and define the change of the LCS of an object as follows (we use the 
notation "t and t ~ for the set of pre- and poststates of t, respectively). 

Definition 3. A n  activity t E T may  be started on an LCS a, i f  Vs E ~ x E 
l ( s , t )  : ( s , x )  E ~, and its s tart  yields a '  = (a \ {(s,~)ls ~ "t  ^ �9 l ( s , t ) ) )  u 
{ ( t , x )13s  ~ ~ : x ~ l ( s , t ) } .  A n  activity t may  be completed on an LCS a,  i f  
3x  E L : ( t , x )  E a, and its completion yields a ~ = (a \ { ( t , x )12s  E t ~ : x E 
/(t, s )})  u { ( s , x ) l s  e t ~ ^ x  l(t, s )} .  

A life cycle occurrence is defined as the sequence of life cycle states of a 
certain object: 

Definition 4. A life cycle occurrence (LCO) 7 of an object is a sequence of  LCSs 
7 = a l , . . .  ,an, such that ~1 = aa ,  and for  i = 1 , . . . , n  - 1 either ai = cri+l, 
or 3t  E T such that either t can be started on Or i and the start  of  t yields o'i+1 
or 3x  E L : (t, x)  E ai and the completion of  t yields 0r/+l . 

Example  3. Consider the behavior diagram shown in Fig. 1. A possible life cycle 
occurrence of a reservation object is {C a, p), (c~, r)}, {(issue, p), (issue, r)}, 
{(toPay, p), (toCheckln, r)}, {(toPay, p), (use, r)}, {(toPay, p), (checkedOut, r)}, 
{(payCash, p), (checkedOut, r)}, {(paid, p), (checkedOut, r)} . 
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2.2 Specialization of  Behavior Diagrams 

The behavior diagram of an object type may be specialized in two ways: by 
refinement, i.e., by decomposing states and activities into subdiagrams and la- 
bels into sublabels, or by extension, i.e., by adding states, activities, and labels. 
Observation consistency as a correctness criterion for specialization guarantees 
that  any life cycle occurrence of a subtype is observable as a life cycle occurrence 
of the supertype if extended elements are ignored and refined elements are con- 
sidered unrefined. Observation consistency allows "parallel extension" but not 
"alternative extension", i.e., an activity that  is added in the behavior diagram 

of a subtype may not consume from or produce into a state tha t  the subtype 
inherits from the behavior diagram of the supertype 10. Observation consistent 
extension requires only partial inheritance of activities and states: "alternatives" 
modeled in the behavior diagram of a supertype may be omitted in the behavior 
diagram of a subtype (cf. 10). l 

We use a total  specialization function h : S'  U T '  U L' ~ S U T U L U {z} to 
represent the correspondences between a more special behavior diagram B'  = 
(S',  T ~, F ' ,  L',  l') and a behavior diagram B = (S, T, F, L, l). Inheritance without 
change, refinement, extension, and elimination are expressed by h as follows: If 
an element e is not changed, then 3e' E S ' U T ' U L '  : h(e') = e A V e "  E 
S'  U T '  U L', e" # e' : h(e") # h(e'). If an element e in B is refined to a set of 
elements E (IEI > 1), then Ve' E E : h(e') = e. If a set of elements E is added in 
B' ,  then Ve E E : h(e) = ~. If a set of states and activities E C_ S U T is removed 
from B in B' ,  then Ve E E #e'  E S'  U T'  U L' : h(e') = e. 

For the definition of observation consistent specialization, we need to define 
the generalization of a life cycle state and a life cycle occurrence. 

Definition 5. A generalization of a life cycle state a' of an LBD B'  of object type 
0 ~ to object type 0 with LBD B, denoted as a~/o, is defined as ae/o C (SUT) x L ,  
where Ve E S U T, x E L : ((e ,x)  E a ' / o  ~ 3e' E S'  U T ' , x '  E L' : h(e') = 
e A h(x')  = x A (e', x') e a').  

Definition 6. A generalization of a life cycle occurrence ~' = a'l , . . . ,  a'  of an 
LBD B'  of object type O' to object type 0 is defined as ~/'/o = a'l/O,. . .  ,a"  /o. 

Definition 7. An LBD B'  of object type O' is an observation consistent spe- 
cialization of an LBD B of object type 0 if and only if for any possible LCO 7' 
of B'  holds: 7 ' / o  is an LCO of B.  

Example 3. The LBD of RES-R shown in Fig. 2 is an observation consistent spe- 
cialization of the LBD of RESVT in Fig. 1. To avoid overloading of Fig. 2, the 
unrefined elements inherited from RESVT are not depicted. The symbol with 

1 Omitting states and activities of a supertype in a subtype seems to be counter- 
intuitive at first. Yet, a more in depth analysis (cf. 10) reveals that partial inheri- 
tance is coherent with a co-variant specialization of method preconditions followed 
in conceptual specification languages. 
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Fig. 2. Business process of RES-R 

dashed borders, the brackets around label c, and the fact that  some symbols are 
depicted with dotted lines are explained in the next section. 

Activity use has been refined to a subnet consisting of activities checkln, use- 
Room, useGarage, and checkout and several states. State toPay has been refined 
to toBil, bill, and billed. Label r has been decomposed into sublabels rr (registra- 
tion for a room) and rg (registration for a parking lot in the garage). Activity 
accountBil, states endChargg, biliToAcct, and biliAcctd, as well as label c have 
been added by extension. Activity payByCheque has been omitted. 

A set of sufficient and necessary rules has been introduced in 11 to check 
for observation consistent extension and refinement of LBDs. These rules can 
be applied to check for observation consistent specialization of LBDs, too, if 
specialization is considered as a concatenation of refinement and extension. 

3 Integration of Views of Business Processes 

In this section, we describe how to integrate two views of a business process. To 
integrate more than two views, a binary integration strategy 1 may be used, 
which integrates each view with an intermediate integrated schema. The views 
may differ with respect to several kinds of heterogeneities. We will identify these 
heterogeneities first; then we will describe the integration process. 

3.1 H e t e r o g e n e i t i e s  

Some of the heterogeneities between different views of business processes re- 
semble the heterogeneities identified for federated databases 12. Others, espe- 
cially the second and last one described below are unique for business processes: 
(1) Model conflicts: The views may be represented in different models (e.g., 
statecharts vs. Petri  nets). (2) Inclusion of workflow aspects: The views may 
represent workflows rather than business processes (cf. discussion in the intro- 
duction). (3) Missing states and labels: States and labels that  are modeled in 
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one view may not be modeled explicitly in the other view, but  may exist there 
only implicitly. (4) Naming conflicts: Corresponding elements may carry different 
names (synonyms) or different elements may carry the same names (homonyms). 
(5) Granularity conflicts: A single state or activity in one view may correspond 
to a subnet consisting of several activities and states in the other view, or two 
subnets may correspond to each other. (6) View-specific alternatives: One view 
may include an alternative that  is not modeled in the other view; i.e., an activity 
tha t  consumes from or produces into a state that  has a corresponding state in the 
other view does not have a corresponding activity in the other view. (7) View- 
specific aspects: One view may consider aspects represented by labels tha t  are 
not modeled in the other view, i.e., a label in one view does not correspond to 
any label in the other view. (8) Di~erent time periods: The views may represent 
different periods of the lifetime of business objects. This heterogeneity may be 
considered as a special kind of granularity conflict, in which the initial or final 
states of one view correspond to subnets in the other view. 

3.2 Overview of  the Integration Process  

The integrated business process has to be constructed from the given views in 
a way such that  the processing of business objects according to the integrated 
business process may be observed as correct processing of the business objects 
according to each given view, i.e., the integrated business process must be an 
observation consistent specialization of each given view. 

As views do not administrate information of their own about business objects, 
all information that  is visible in the view must be derived from the integrated 
business process. Therefore, the integrated business process must include all 
information specified in either one of the views, except view-specific alternatives, 
which must be omitted to provide for an observation consistent specialization, 
since performing a view-specific alternative on a business object could not be 
observed in the view that  does not include this alternative. 

If corresponding elements are defined in the views at different levels of gran- 
ularity, the most refined definition is taken into the integrated schema to provide 
the most detailed information possible. 

Before the views can be integrated according to the rules of observation 
consistent specialization, some preparatory steps (steps 1-3) are performed on 
the original views, thereby yielding enriched views. Then, the integrated busi- 
ness process is defined by refinement and subsequent extension of the enriched 
views. Some steps are comparable to the steps followed in several approaches 
of database integration (cf. 2, 13). In the remainder of this section, we give an 
overview of the integration process. The steps of the integration process will be 
t reated in detail together with examples in the next section. 

1. Schema translation: If the given views are modeled using different models, 
they are translated to a canonical model, thereby resolving model conflicts. 

2. Extraction of business processes from workflows: Heterogeneities due to in- 
clusion of workflow aspects are resolved in this phase as only elements con- 
cerning the business process are considered. 
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Fig. 3. Integration process by observation consistent specialization 

3. Schema enrichment: Information that  exists only implicitly in a given view 
is made explicit. Thereby, missing states and labels are defined. 
Labels should help the system integrator to determine common aspects of 
the given views and to check for correct refinements of activities and states. 
Labels can be determined according to the analogy with paper forms intro- 
duced in the previous section. Notice that  this analogy should only be a hint 
to find labels as no real paper copies have to exist. A redundant state has 
to be inserted if it represents the processing state of a certain label but  has 
not been modeled so far in the view. 

4. Identification of correspondences: Correspondences between activities, states, 
and labels of the enriched views are determined. Elements of a view that  
have corresponding elements in the other view are called common, all other 
elements are called unique. 

5. View decomposition: Common elements and view-specific aspects are inte- 
grated in two separate steps. To determine the sub-views to be considered 
in these steps, each enriched view Bi (for i E {1, 2}) is decomposed into 
(1) a common sub-view B c, which contains the restriction of the view to all 
common labels and all activities, states, and arcs that  are labeled with com- 
mon labels, and (2) a unique sub-view B~, which consists of all unique labels 
and all activities, states, and arcs that  are labeled with unique labels (cf. 
Fig. 3 (a)). These sub-views may be overlapping, as an activity, state or arc 
may be labeled with common and unique labels. Notice that  by decomposing 
an enriched view into a common and a unique sub-view no information is 
added or removed. 

6. Integration of common elements: The common sub-views B~ and B~ are 
integrated to the common view ~c. Thereby, granularity conflicts, hetero- 
geneities due to view-specific alternatives, and naming conflicts are resolved. 
To resolve granularity conflicts, the common sub-views B~ and B~ are re- 
fined to a common level of granularity according to the rules of observation 

^ 

consistent refinement (cf. 11) yielding common refined sub-views B and 
/3~. To resolve heterogeneities due to view-specific alternatives, alternatives 
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with common labels in one view that are not modeled in the other view 
^ ^ 

are omitted from B e and B~, whereby the rules of observation consistent 
extension are obeyed because of the rule of partial inheritance (cf. Sect. 2.2). 
The resulting reduced sub-views/3 and ~ are identical up to renaming. To 
resolve naming conflicts, a common view B c that is isomorphic to B~ and B~ 
is defined, where the elements of/~c have different "object identities" than 
their counterpart elements of B e and B~ and possibly different names. 

7. Integration oJ view-specific aspects: For each unique sub-view B.~, activities 
and states that are included in the unique sub-view B~' as well as in the 

^ C  

common sub-view B c and that are refined in B/, are refined in B u, too, 
yielding a refined unique sub-view 3~. 
Then for each/3~, view-specific alternatives that have been omitted in the 
reduced common sub-view/3~ are omitted from the refined unique sub-view 
/3~, too, yielding a reduced unique sub-view 3.~. Naming conflicts (homonyms) 
between B~' and B~ are resolved - -  as described above for the common sub- 

~ C views - -  yielding B~' and B~. Overlaps between B~. and B~ are taken into 
account in the definition of the object-identities of B~ in that an element in 
/~c and an element in/3~' that have the same counterpart in Bi receive the 
same "object identity". 
Heterogeneities due to view-specific aspects are resolved in that the integrated 
business process/3 is defined as composition/3 :=/}c +/~ + / ~  (cf. Def. 8). 

D e f i n i t i o n  8. The composition of behavior diagrams Ba = ( Sa , T~ , Fa , La , la ) 
and Bb = (Sa, Tb, Fb, Lb, Ib) (denoted Ba + Bb) yields a behavior diagram Bc = 
( S~, Tc, Fc, Lc, lc), where Sc = Sa U Sb, Tc = T~ U Tb, Fc = Fa U Fb, L~ = L~ U 
nb, lc = {(f,X)lf e Fc A X -- la(f) U Ib(f)}. 

As the common view B c and the unique view B~ are refined the same way and 
as/~c is an observation consistent refinement of B c, and as/}~ is an observation 
consistent refinement of B~, it holds that /~i = /3~ +/3~ is an observation 
consistent refinement of B/(cf. Fig. 3 (b)). Since/~c is an observation consistent 

^ C  ^ extension of Bi, and since/}~' is an observation consistent extension of B u, it 
holds that /3i =/~c  + / ~ ,  is an observation consistent extension of/3i- As the 
common sub-views B e and B~ are isomorphic up to renaming, as the sets of 
labels of the common sub-views are disjoint with the set of labels of each unique 
subview B~ and B~, and as the labels of theunique sub-views are disjoint, too, 
it holds that the integrated business process B = B c +/3r  +/3~ is an observation 
consistent specialization of B1 and/32. 

4 T h e  S t e p s  o f  t h e  I n t e g r a t i o n  P r o c e s s  

In this section, we will present the steps of integration process in more detail, 
illustrated by an example described below. Notice that, although the steps are 
described sequentially, there may be several iterations, especially between steps 3 
and 7, as lacking redundant states may be recognized only during specialization. 
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(b) Enriched Behavior Diagram of RES-B 

Fig. 4. Behavior Diagrams of RES-B 

Example 5. Two views of treating room reservations have to be integrated to a 
single business process for a hotel. The views consider handling of room reser- 
vations from the viewpoints of the reception and of the booking department  (cf. 
Figs. 2 and 4, respectively). The integration steps extraction of business processes 
from worktows and schema enrichment will be explained only with RES-B. 

4.1 S c h e m a  Trans la t ion  

The translation step is out of the scope of this paper. Herein, we assume that  
the given view schemas have been translated to unlabeled Behavior Diagrams. 

4.2 E x t r a c t i o n  o f  B u s i n e s s  P r o c e s s e s  f r o m  W o r k f l o w s  

The business process is extracted from each view schema that  represents a work- 
flow rather  than a business process: (a) order dependencies between activities 
that  reflect the intended flow of work rather than the business process itself are 
omitted; (b) alternative activities that  could be executed but  are not supported 
in the considered workflow are included in the view; (c) exact instructions on 
how a certain unit of work has to be performed by an agent are replaced by 
the overall business process activity. By omitting restrictions due to internal 
business rules, contradictions between the views disappear. 

Example 6. Consider the view in Fig. 4 (a). Due to an internal business rule a 
deposit has to be paid before check-in, although, by law, a deposit is not neces- 
sary and - -  in case that  it is required - -  need not necessarily be charged beore 
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check-in. Further, activities printBill and signBill and state billPrinted, which rep- 
resent an internal instruction on how billing is performed by a clerk are replaced 
by the overall activity bill. 

4.3 Schema Enrichment 

Information that  is not modeled explicitly, but exists only implicitly, is made 
explicit. Particularly, labels are defined and redundant states may be inserted, 
i.e., an unlabeled behavior d iagram/~ = (Si, T~, F~i) is transformed into a labeled 
behavior diagram Bi = (Si, T~, Fi, L~, l~), where Si C_ S~, T~ = Ti, Fi C F~. 

Redundant states must not restrict the possible sequences of activity invo- 
cations, i.e., the following condition must hold: For any LCO ~ = 51, . . . ,  5hi of 
~i, a labeled LCO ~, ---- a l , . . .  ,an of Bi has to exist such that for 1 < j < n it 
holds that: Vg E 5j~(~,x) E aj. 

Example 7. In view RES-B (cf. Fig. 4), labels p and r (representing the aspects 
payment and registration, respectively) are introduced, yielding the enriched view 
shown in Fig. 4 (b). 

Assume that  the unlabeled view RES-R (cf. Fig. 2) did not contain states 
checkedOut and toBill. Then, these redundant states are inserted during schema 
enrichment as they represent processing states of labels rg, rr, and p. 

4.4 Identif ication of  Correspondences  

An activity, state, or label in one view may correspond to an activitiy, state, or 
label in the other view, either at the same or at different levels of granularity. 
Thus, we distinguish the following types of correspondences: (1) Equivalence: 
Two activities, states, or labels are equivalent if they correspond to each other. 
(2) Inclusion: A state or activity in one view corresponds to a subnet of activities 
and states in the other view. Similarly, a single label in one view may correspond 
to a set of labels in the other view. (3) No correspondence: An element in one 
view corresponds to no element in the other view. 

Example 8. In our example, several activities, states, and labels are considered 
equivalent between the views (cf. Figs. 2 and 4 (b)). For better readability, they 
carry the same names. E.g., activities issue, states checkedOut, and labels p are 
equivalent. There exists an inclusion relationship between state inUse in view 
RES-B and the subnet consisting of roomTUse, garToUse, roornUsed, garUsed, 
useRoom, and useGarage in RES-R. Further, label r in RES-B corresponds to the 
set of labels rg and rr in RES-R. Common activities and states are depicted with 
solid borders, common labels are depicted without brackets, unique activities and 
states are depicted with dotted borders, unique labels are enclosed in brackets. 
Subnets in one view involved in an inclusion with a single state e in the other 
view are visualized by a symbol with dashed borders carrying the name of e. 
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{9~ C_S1 xS~ ~' C TI xT2 {9~ CL1 xL2 
O~s ~ C_ S~ x 2 s2uT2 ~9~ C_ T1 x 2 s2uT2 ~9~ ~ C_ L~ • 2 L2 
0 ;  2 C 2 s'uT* x $ 2 0 ~  2 C 2 s~UT' x T2 OIL 2 C 2 L' x L2 
Os := {({el} ,  {e~})l(el,e~) e o~}u 

{({el },E2)i(el,E2) e Oi 1 } u {(E,, {e2})l(E,,e2) e Oi  2 } 
OT := {({e,}, {~})l(e~,~) �9 o~}u 

{({e,},E2)l(e~,E2) �9 Oi' } U {(S,, {e2})l(E~,e2) �9 Oi  2 } 
OL := {({e l} ,  {e~})l(e,,  e~) �9 O f } U  

{({e~ },E2)(e~,E2) �9 Oi  1 } U {(E,, {e2})l(El,e2) �9 Oi  2 } 

Table 1. Correspondence relations 

Subnet correspondences, i.e., the fact that  two subnets correspond to each 
other, cannot occur if object life-cycles of two object types modeling the same 
set of objects are integrated. A subnet correspondence means that  an abstract  
activity or an abstract state is refined differently in two views but an object 
can be treated only in one way in the integrated schema. Supposed subnet cor- 
respondences indicate design errors such as: (1) At least one subnet does not 
model a pure business process, but  considers internal business rules. (2) The 
subnets consider different aspects (i.e., different labels), and thus, they do not 
correspond to each other at all. (3) A single element in one subnet corresponds 
to a single element or a set of elements in the other subnet, i.e., correspondences 
have not been detected at the finest level of granularity. 

We require that  correspondences are not overlapping, i.e., that  each element 
e in a view corresponds to at most one element or one subnet E in the other 
view. Overlapping correspondences may occur if activities and states within the 
given views have been insufficiently refined such that  there are aspects that  are 
defined at an abstract level in both views. In such a case, the views have to be 
refined such that  for each element there is a most-refined representation in at 
least one view. 

For the remainder of the integration process, we define the correspondence 
relation 0 :-- Os U OT U OL for the enriched views B1 and B2, where Bi = 
(Si, Ti, Fi, Li, li), for i 6 {1, 2}, and where Os, OT, and OL represent correspon- 
dences between states, activities, and labels, respectively (cf. Table 1). For each 
of these correspondence relations, we distinguish between (1) equivalences 0 E 
(i.e., two basic elements correspond to each other), (2) left inclusions 0 I1 (i.e., 
a single element in B1 corresponds to a subnet in B2), and (3) right inclusions 
0 I2 (i.e., a single element in B2 corresponds to a subnet in B1). 

As overlapping correspondences are not allowed, no element may appear  in 
more than one correspondence relation, i.e., V(EI, E~) 6 O, (El', E~') 6 0  : 
(EI ,E~)  # ( E l ,  E~') =~ (E  l n E  l' = OAE~ nE~' = 0). 

Further, we require that  all common activities and states are labeled with at 
least one common label, i.e., for i 6 {1, 2}, it holds that  V(E1, E2) 6 0 s U O T ,  e 6 
Ei S(X1,X2) �9 OL : Ai(e) N Xi  # 0, where Ai : Si U Ti -~ Li is the function 
describing the labeling of elements in Bi. 
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I 
B~ = (S~,TC,pC,L~,lC), where B~ = (S~,T~,F~',L~,I~), where  
L~ = {x e Lil3(E1,E2) e OL : x e E,}L~ : {x e Li/~(E1,E2) e O L  : X �9 Ei} 
s7 = {s �9 s, lx,(,) Lyr  $} = {s �9 Sil)~i(s) n n~ r 0} J 
T~ -- {t �9 T, IA,(t ) ~ L, # 0} ~ T~ = {t �9 T,I~:(t) n L~ ~ 0} I 
f~ = F, n ((S~ u ~ ) • (S~ u T~ )) o 1F; = F. n ((S~ u T: )  • (S: u T:) )  I 
l~ = { ( f ,X) i f  �9 F~ A X = li(f) N Li} Iii = {( f ,X) l  f �9 F~ A X -~ l~(f ) n L~}  

Table 2. Definition of the common and unique sub-views 

Example 9. View RES-B is considered as BI,  view RES-R is considered as B2. 
There are several equivalences, e.g., (issue, issue) e O E, and inclusions, e.g., 
the left inclusion (r, {rg, r r})  e O~ 1 , and the right inclusion ({depToPay,pay- 
Deposit, waiveDeposit,  depHandled} , toBill) E OZs 2. 

4.5 View Decomposit ion 

In this step, for each enriched view Bi, the common sub-view B c and the unique 
sub-view B~' are defined: The common sub-view consists of all common labels 
as well as activities, states, and arcs that  are labeled with at least one common 
label; the unique sub-view consists of all unique labels as well as activities, states, 
and arcs that  are labeled with at least one unique label. Formally, B~ and B~ 
are defined in Table 2. 

Example 10. In the enriched view RES-R (cf. Fig. 2), labels p, rg, and rr and all 
states, activities, and arcs labeled with at least one of these labels are taken into 
the common sub-view. The unique sub-view of RES-R consists of label c as well 
as all states, activities, and arcs that  are labeled with c. 

4.6 Integration of  Common Elements 

In this step, the common view ~c is defined based on the common sub-views B~ 
and B~ and the determined correspondences. We will omit definition of the inter- 
mediate views/~c and/}~, but  define the common view j~c = ( ~ ,  ~c, ~c, Lc, it) 
immediately from the common sub-views B~ and B~. The introduced special- 
ization function h~ may be decomposed (cf. Sect. 2.2) to yield the intermediate 
views. 

I n / ~ ,  a state, an activity, or a label is defined for each common element; 
we define each element in/~c by an ordered pair that  represents the elements 
of both  views that  correspond to this element. The refinement function h c : 
(Sr U ~c U L c) -4 (S c U T~ U L c) is defined for each B~ (cf. Tab. 3). 

Example I1. The common view of RES-R and RES-B (cf. Figs. 2 and 4 (b)) is 
defined as shown in Fig. 5, except that  the activities and states with dotted 
borders and the labels put  in brackets are not yet included. For bet ter  readability, 
the elements in the common view carry the same name as the corresponding 
elements in the enriched views RES-B and RES-R. 
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~ c  :.= 

L c  : ~  

h;(~  ~) 

~:= 

{ ( ~ 1 , ~ ) 1 ( ~ , , ~ = )  e e~} u { (e l ,e2)3(e, ,E~) �9 e~s 1 u e~  ~ : e2 �9 S ~ 2 n E2}U 
{(e1,e2)3(El,e2) �9 O*s 2 UO~ = : e, �9 S~ I h E 1 }  

{(~,, e~)l(~,, ~) e o~}  u {e , ,  ~)13(e,, E~) e 0 2  U O~,' : ~ e T~ n E2}U 
{(e, ,e2)13(El,e~) e 0 2 UO~ = : e, �9 T f  h E , }  
{(~,,~)1(~,,~) e o f }  u {(e,,~)13(e,,E~) e 0 2  : ~ e E~}U 
{ (~ , ,~: ) I~(E, ,~)  e 0 2 :  ~, e E,}  
:= e~ and h~(e c) := e~, where e c = (eCl,e~) 
{(e ' ,e") le '  e Sc u T~ ^ e" �9 Sc U T~  
(((h~(d), h~(d')) �9 Ff  ^ (h i (d) ,h i (d ' ) )  �9 F~)V 
((h~(e'),h~(e")) �9 F~ A h i (d )  = hi(e"))V 

= thCCe'~ hC/e"~ (h~(e') h~(~") ^ ~ 2~ J, 2~ . �9 F D ) }  
{((e ' ,e") ,X)(e ' ,e")  �9 ~'~ A X  ---- (x  �9 Lr 

c c ! c / !  ((h~(e'),h~(e")) �9 F~ A h~(x) �9 4(h~(e ) ,h,(e ))A 
(h~(e'), h~(e")) �9 F~ A h~(x) �9 l~(h~(e'), h~(e")))V 
((h~(e'), h~(e")) �9 F~ A h~(x) �9 i~(h~(e'), h~(e")) A h~(e') = h~(e"))V 
(h~l(e ') = h~(e") A (h~(e'), h~(e")) �9 F~ A h~(x) �9 l~(h~(e'), h~(e")))}} 

Table  3. Definition of the common view 

useRoom ~ checkout 
.... (c),rr c , r r  . . . .  (c),rr 

- 

- \  ~ - ~ " ~ ~..-'~__~' 
\ payDeposit . .  - ~ payCash 

i 

Fig. 5. Integrated business process: Behavior diagram of RES 

The common view/~e is correct only if it is an LBD according to Def. 1 and 
if it is an observation consistent specialization of B~ and B~. If these criteria 
are not fulfilled, the determined correspondences are not correct or the given 
enriched views are contradictory. An error occurs, for example,  if elements tha t  
are considered to be corresponding do not behave the same way, e.g., there is 
an activity and a state in one view that  are considered equivalent to an activity 
and a state, respectively, in the other view; in one view there is an arc between 
the activity and the state, but  in the other view, there is no arc. 

Example 12. Consider the case that  activity payCash has been omit ted in RES- 
B such tha t  only activity payByMoneyTransfer is left. This activity does not 
correspond to payCash in view RES-R, but state paid in RES-B corresponds to 
s tate  paid in RES-R. Then, the common view would include a state named paid, 
which is not connected to any activity. The reason is tha t  the views cannot be 
integrated if there is no common means of payment  defined. 
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4.7 Integration of View-Specific Aspects 

In the last step, the unique labels are treated to resolve heterogeneities due to 
view-specific aspects. 

States and activities that  are included in the common sub-view B~ as well as 
the unique sub-view B~ of a view Bi and that  have been refined in the refined 

^ 

common sub-view B c have to be refined in the unique sub-view in the same way 
(yielding the refined unique sub-view JB.~). View-specific alternatives that  have 
been omitted in the reduced common sub-view/~c have to be omitted in the 
unique sub-view, too (yielding the reduced unique sub-view ~) .  For all elements 
of the reduced unique sub-view, a new element is defined in the unique view }~. 

When an activity or a state that  is labeled with a unique label is refined in 
the common view and, thus, in the unique view, the system integrator has to 
decide how the unique label is treated within the refined state or activity. This 
problem particularly arises if an activity or state is refined to a subnet including 
parallel states and activities that  enforce splitting of the unique label. 

The unique views B~' may be defined directly from the unique sub-views B. ~" $ ' 
- 

B~ has to be a correct LBD and an observation consistent specialization of B~' 
based on the specialization function h u : S~ U !/~/U U / ~  --~ S~ U T/U U L~'. 

The specialization of the unique sub-views must not contradict the special- 
ization of the common sub-views. Therefore, the following conditions must hold: 
(1) Vx' e L~' : h~(x ~) E L~ (i.e., labels may be refined but no new labels 
are introduced), (2) Ve e (S c U T ~ ) N ( S ~ U T / u ) , e '  e ~ c U 2  % U S ~ U ~ / u  : 
h~(e') = e ~=~ h~(e') = e (i.e., all elements that  exist in the common sub-view 
as well as in the unique sub-view have to be refined in the same way), (3) Ve ~ E 
( ~ u : t c ) n ( ~ ? u : t f ) , e  " e (~c u Z'~)n (,~? u: t?) :  (e',e") e -P~ ~ (e', e") e #? 
(i.e., the same set of arcs is defined for elements that  exist in the common view 
as well as in the unique sub-view). 

The integrated business process/~ = (S, T, F ,  L, l-) is a composition o f / ) c , / ~ ,  
~ 

and B~'. It will be an observation consistent specialization of B1 and B2, if B e 
is an observation-consistent specialization of B~ and B~, and for i E {1,2), 

- -  

B~' is an observation-consistent specialization of B~'. The specialization func- 
tion hi : S U T U L --+ Si U Ti U Li U {e'}, which represents the specializa- 
tion of Bi to /) is defined as follows: hi(~) := hC(~) if ~ E ~ c U ~ C U L  c, 
hi(e) := h~(~) if ~ e S~ U T/U U L~, and hi(e) := e else. 

Example 13. The unique label c of RES-R is taken into the integrated business 
process RE5 (cf. Fig. 5). 

5 Conclus ion 

In this paper, we introduced an approach to design a business process for an or- 
ganization based on views defined by sub-units of the organization. The problem 
corresponds to the definition of a conceptual database schema based on external 
views. In this work, we treated the integration of the overall behavior of business 
objects, i.e., the integration of object life-cycles. 
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Different from the integration of local schemas in federated database  systems, 
where da ta  is shared in the local databases and da ta  in the integrated view is 
derived, the integration of object life-cycles we have presented assumes tha t  
objects are instances of the integrated object type and tha t  views represent 
derived information on the t rea tment  of the business objects, possibly, restricted 
to a subset of aspects and at  a coarser level of granularity. 

We used the criterion of observation consistent specialization, which has 
been introduced for the top-down design of object-oriented databases,  to check 
whether some business process is a correct integration of several views. Different 
to top-down specialization, integration requires to determine correspondences 
between elements of views of object life-cycles and to develop an object  life- 
cycle tha t  is a specialization of each given view. 
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Abst rac t .  Mining for association rules between items in a large database 
of sales transactions is an important database mining problem. However, 
the algorithms previously reported in the literature apply only to static 
databases. That is, when more transactions are added, the mining pro- 
cess must start all over again, without taking advantage of the previous 
execution and results of the mining algorithm. In this paper we present 
an efficient algorithm for mining association rules within the context of a 
dynamic database, (i.e., a database where transactions can be added). It 
is an extension of our Partition algorithm which was shown to reduce the 
I/O overhead significantly as well as to lower the CPU overhead for most 
cases when compared with the performance of one of the best existing 
association mining algorithms. 

1 I n t r o d u c t i o n  

Increasingly, business organizations are depending on sophisticated decision- 
making information to maintain their competitiveness in today's  demanding 
and fast changing marketplace. Inferring valuable high-level information based 
on large volumes of routine business data  is becoming critical for making sound 
business decisions. For example, customer buying patterns and preferences, sMes 
trends, etc, can be learned by analyzing point-of-sales data  at supermarkets. Dis- 
covering these new nuggets of knowledge is the intent of database mining. 

One of the main chMlenges in database mining is developing fast and efficient 
algorithms that  can handle large volumes of data  since most mining algorithms 
perform computations over the entire database, which is often very large. Besides 
a large amount  of data, another characteristic of most database systems is that  
they are dynamic (i.e., data  can be added and deleted). This poses a potential 
dilemma for data  mining. Since the database will never contain M1 the data,  the 
data  mining process can be performed either on the recent data  or on all the 
data  accumulated thus far. In this paper our focus is on applications that  need 
the entire database mined and hence we concentrate on accomplishing this in an 
incremental fashion. 

Discovering association rules between items over basket data  was introduced 
in 1. Basket data  typically consists of items bought by a customer along with 
the date of transaction, quantity, price, etc. Such data  may be collected, for 
example, at supermarket checkout counters. Association rules identify the set of 
items that  are most often purchased with another set of items. For example, an 
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association rule may state that  "95% of customers who bought items A and B 
also bought C and D." Association rules may be used for catalog design, store 
layout, product placement, target marketing, etc. 

Many algorithms have been discussed in the literature for discovering associ- 
ation rules 1, 2, 3, 4, 5. One of the key features of all the previous algorithms is 
that  they require multiple passes over the database. For disk resident databases, 
this requires reading the database completely for each pass resulting in a large 
number of disk I/Os. In these algorithms, the effort spent in performing just  the 
I /O may be considerable for large databases. For example, a 1 GB database will 
require roughly 125,000 block reads for a single pass (for a block size of 8KB). If 
the algorithm takes, say, 10 passes, this results in 1,250,000 block reads. Assum- 
ing that  we can take advantage of doing sequential I /O where we can read about 
400 blocks per second, the time spent in just performing the I /O is approxi- 
mately 1 hour. If we could reduce the number of passes to two, we reduce the 
I /O time to approximately 0.2 seconds. With dynamically changing databases, 
the problem is further compounded by the fact that  when new data  is added, the 
mining algorithm must be run again, just as if it were the first t ime the process 
was performed. For example, it would require making another 10 passes over the 
current database. 

In a previous paper, we describe our algorithm called Part i t ion 6, which 
is fundamentally different from all the previous algorithms in that  it reads the 
database at most two times to generate all significant association rules. Con- 
trast this with the previous algorithms, where the database is not only scanned 
multiple times but the number of scans cannot even be determined in advance. 
Surprisingly, the savings in I /O is not achieved at the cost of increased CPU 
overhead. We have also performed extensive experiments 6 and compared our 
algorithm with one of the best previous algorithms. Our experimental study 
shows that  for computationally intensive cases, our algorithm performs better 
than the previous algorithm in terms of both CPU and I /O overhead. 

In this paper we extend our Part i t ion algorithm to accomodate dynamically 
changing databases where new transactions are inserted. We also provide exper- 
imentM results showing the improved performance over our previous algorithm. 
We only consider our previous algorithm since it has been shown to have better 
performance over the best competing algorithm 2 for static databases. 

The paper is organized as follows: in the next section, we give a formal 
description of association mining. In Section 2, we describe the problem and give 
an overview of the previous algorithms in section 3. In section 4, we describe our 
algorithm. Performance results are described in section 5. Section 6 contains our 
conclusions. 

2 A s s o c i a t i o n  M i n i n g  

This section is largely based on the description of the problem in 1 and 2. 
Formally, the problem can be stated as follows: Let Z = {i l ,  i ~ , . . . , i m }  be a 
set of m distinct literals called items, l )  is a set of variable length transactions 
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over 2:. Each transaction contains a set of items ii, i j , . . . ,  ik C/ : .  A transaction 
also has an associated unique identifier called TID. An association rule is an 
implication of the form X ~ Y, where X, Y C :Y, and X N Y = 0. X is called 
the antecedent and Y is called the consequent of the rule. 

In general, a set of items (such as the antecedent or the consequent of a rule) 
is called an itemset. The number of items in an itemset is called the length of an 
itemset. Itemsets of some length k are referred to as k-itemsets. For an itemset 
X �9 Y, if Y is an m-i temset  then Y is called an m-extension of X. 

Each itemset has an associated measure of statistical significance called sup- 
port. For an itemset X C 2:, support(X) = s, if the fraction of transactions in 
~D containing X equals s. A rule has a measure of its strength called confidence 
defined as the ratio support(X U Y)  / support(X). 

The problem of mining association rules is to generate all rules that  have 
support and confidence greater than or equal to some user specified minimum 
support and minimum confidence thresholds, respectively. This problem can be 
decomposed into the following subproblems: 

1. All itemsets that  have support greater than or equal to the user specified 
minimum support are generated. These itemset are called the large itemsets. 
All others are said to be small. 

2. For each large itemset, all the rules that  have minimum confidence are gener- 
ated as follows: for large itemset X and any Y C X, if support(X)/support(X 
- Y )  >_ minimum_confidence, then the rule X - Y ~ Y is a valid rule. 

For example, let T1 = {A, B, C}, T2 = {A, B, D}, T3 = {A, D, E} and T4 = 
{A, B, D} be the only transactions in the database. Let the minimum support 
and minimum confidence be 0.5 and 0.8 respectively. Then the large itemsets are 
the following: {A}, {B}, {D}, {AB}, {AD}, {BD} and {ABD}. The valid rules 
are B ~ A and D ~ A. 

The second subproblem, i.e., generating rules given all large itemsets and 
their supports, is relatively straightforward. However, discovering all large item- 
sets and their supports is a nontrivial problem if the cardinality of the set of 
items, I :/: I, and the database, :D, are large. For example, if I Z I = m, the 
number of possible distinct itemsets is 2 "~. The problem is to identify which of 
these large number of itemsets has the minimum support for the given set of 
transactions. For very small values of m, it is possible to setup 2 "~ counters, 
one for each distinct itemset, and count the support for every itemset by scan- 
ning the database once. However, for many applications m can be more than 
1,000. Clearly, this approach is impractical. To reduce the combinatorial search 
space, all algorithms exploit the following property: any subset of a large itemset 
must also be large. Conversely, all extensions of a small itemset are also small. 
This property is used by all existing algorithms for mining association rules as 
follows: initially support for all itemsets of length 1 (1-itemsets) are tested by 
scanning the database. The itemsets that  are found to be small are discarded. A 
set of 2-itemsets called candidate itemsets are generated by extending the large 
1-itemsets generated in the previous pass by one (1-extensions) and their sup- 
port is tested by scanning the database. Itemsets that  are found to be large are 
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again extended by one and their support is tested. In general, some kth iteration 
contains the following steps: 

1. The set of candidate k-itemsets is generated by 1-extensions of the large 
(k - 1)-itemsets generated in the previous iteration. 

2. Supports for the candidate k-itemsets are generated by a pass over the 
database. 

3. Itemsets that  do not have the minimum support are discarded and the re- 
maining itemsets are called large k-itemsets. 

This process is repeated until no more large itemsets are found. 

3 Previous Work Using Static Databases 

The problem of generating association rules was first introduced in 1 and an 
algorithm called AIS was proposed for mining all association rules. In 4, an 
algorithm cMled SETM was proposed to solve this problem using relational op- 
erations. In 2, two new algorithms called Aprwm and AprioriTid were pro- 
posed. These algorithms achieved significant improvements over the previous 
algorithms. The rule generation process was also extended to include multiple 
items in the consequent and an efficient algorithm for generating the rules was 
also presented. 

The algorithms vary mainly in (a) how the candidate itemsets are generated; 
and (b) how the supports for the candidate itemsets are counted. In 1, the 
candidate itemsets are generated on the fly during the pass over the database. 
For every transaction, candidate itemsets are generated by extending the large 
itemsets from the previous pass with the items in the transaction such that  
the new itemsets are contained in that  transaction. In 2 candidate itemsets 
are generated in a separate step using only the large itemsets from the previous 
pass. It is performed by joining the set of large itemsets with itself. The resulting 
candidate set is further pruned to eliminate any itemset whose subset is not 
contained in the previous large itemsets. This technique produces a much smaller 
candidate set than the former technique. 

Supports for the candidate itemsets are determined as follows. For each trans- 
action, the set of all candidate itemsets that  are contained in that  transaction 
are identified. The counts for these itemsets are then incremented by one. Apri- 
ori and AprioriTid differ based on the data  structures used for generating the 
supports for candidate itemsets. 

In Apriori, the candidate itemsets are compared with the transactions to de- 
termine if they are contained in the transaction. A hashtree structure is used 
to restrict the set of candidate itemsets compared so that  subset testing is op- 
timized. Bitmaps are used in place of transactions to make the testing fast. In 
AprioriTid, after every pass, an encoding of all the large itemsets contained in 
a transaction is used in place of the transaction. In the next pass, candidate 
itemsets are tested for inclusion in a transaction by checking whether the large 
itemsets used to generate the candidate itemset are contained in the encoding 
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of the transaction. In Apriori, the subset testing is performed for every transac- 
tion in each pass. However, in AprioriTid, if a transaction does not contain any 
large itemsets in the current pass, that  transaction is not considered in subse- 
quent passes. Consequently, in later passes, the size of the encoding can be much 
smaller than the actual database. A hybrid algorithm is also proposed which uses 
Apriori for initial passes and switches to AprioriTid for later passes. 

In 6 we introduced our Part i t ion algorithm, which reduces the number of 
database scans to only two. In one scan it generates a set of all potentially 
large itemsets by scanning the database once. This set is a superset of all large 
itemsets, i.e., it may contain false positives. But no false negatives are reported. 
During the second scan, counters for each of these itemsets are set up and their 
actual support is measured in one scan of the database. 

The algorithm executes in two phases. In the first phase, the Parti t ion algo- 
r i thm logically divides the database into a number of non-overlapping partitions. 
The partitions are considered one at a time and all large itemsets for that  par- 
tition are generated. At the end of phase I, these large itemsets are merged to 
generate a set of all potential large itemsets. In phase II, the actual support  for 
these itemsets are generated and the large itemsets are identified. The parti t ion 
sizes are chosen such that  each parti t ion can be accommodated in the main 
memory so that  the partitions are read only once in each phase. 

The results reported in 6 show that  the number of page reads can be reduced 
as much as 87% over the Apriori algorithm 2 and that  the overall CPU time 
can be reduced as much as 81%. The details of the specific experiments are in 
6. 

4 P a r t i t i o n  A l g o r i t h m  f o r  D y n a m i c  D a t a b a s e s  

Since our Parti t ion Algorithm divides the database into any number of partitions 
for processsing, it seems a perfect starting point for developing an algorithm for 
mining associations in a dynamically changing database. 

D e f i n i t i o n  A partition p C_ l)  of the database refers to any subset of the 
transactions contained in the database 1). Any two different partitions are non- 
overlapping, i.e., pi O pj = 0, i ~ j.  We define local support for an itemset as the 
fraction of transactions containing that  itemset in a partition. We define a local 
candidate itemset to be an itemset that  is being tested for minimum support 
within a given partition. A local large itemset is an itemset whose local support 
in a parti t ion is at least the user defined minimum support (e.g., 2 %, 0.005, 
etc). A local large itemset may or may not be large in the context of the entire 
database. We define global support, global large itemset, and global candidate 
itemset as above except they are in the context of the entire database 1). Our 
goal is to find all global large itemsets. 

We can envision two partitions, the original database and the set of transac- 
tions to be inserted. Since we assume that  the mining algorithm was already run 
on the original database, we need to take advantage of that  by modifying the 
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Part i ton algorithm to create a file containing the global large itemsets along with 
their counts and the number of records in the current database. This information 
will allow us to reduce the number of scans on the original database to just  one. 
However, we will have to read the file of global large itemsets instead, which 
will be much smaller than the original database of transactions. For example, 
with an original database of 100,000 transactions having an average transaction 
size of 10 items, we used 4,000,000 bytes of storage. For the same set of data, 
we computed 93 large itemsets with an average size of 4 items. This produces 
a large itemset file size of 1488 bytes plus the 4 bytes for each of the 93 large 
itemset counts and 4 bytes for the total number of records, giving a grand total 
of 1864 bytes. This is a considerable difference in size and subsequent I /O costs 
for reading. 

Besides modifying our Part i t ion algorithm to save the necessary global large 
itemset information, we must modify the algorithm to take advantage of this 
information. As mentioned, the Partit ion algorithm consists of two phases. In 
the first phase the local large itemsets are computed along with their counts. 
Since we are treating the original database as parti t ion 1, we do not have to 
read that  for phase I, but instead read the global large itemset file. Not only 
does this save I /O time but also CPU time since the large itemsets for that  
parti t ion do not have to be computed. The next step in phase I is to process 
the second partition, i.e., the new data. A set of added transactions will be 
treated differently from a set of deleted transactions. Let's consider the insertion 
case first, which will be more typical. In the case of insertions, the Part i t ion 
algorithm works exactly the same as the original. It scans parti t ion 2 (i.e., the 
inserted transactions) and computes the large itemsets and their counts along 
with the total number of records to be inserted. 

For phase II, we need to see if the local large itemsets of parti t ion 1 and 
parti t ion 2 will be globally large. This requires reading in the original database 
once and reading in the set of new transactions once (i.e., for the second time). 
We could take the union of the local large itemsets for parti t ion 1 and parti t ion 
2 and do the processing just  as the original algorithm does. However, we can 
reduce the CPU time by only checking the local large itemsets foi parti t ion 1 
against the set of new transactions and only checking the local large itemsets for 
parti t ion 2 against the original database. Of course the number of reads is still 
the same but the number of comparisons is reduced. In addition, the local large 
itemsets that  are contained in the sets from both parti t ion 1 and parti t ion 2 will 
in fact be globally large and their counts will simply be the sum of the two local 
counts. So, we can further reduce the number of comparisons needed in phase 
II. Hence, counts for the local large itemsets, which are not in the intersection 
of the two partitions'  local large itemsets will be computed during a scan of 
the approriate data. As with the original algorithm, if the global count for the 
local large itemsets satisfies the support, then we write that  large itemset and its 
count into our new file of global large itemsets. This file will replace our previous 
global large itemset file. 

We already mentioned that  a set of deleted transactions will be processed 
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differently from a set of inserted transactions. The problem with deletions is that  
the file of large itemsets may not contain all the large itemsets after deleting the 
specified records. It is possible that  an itemset in the original database was not 
large but after deleting a certain number of transactions, it becomes large. For 
example, consider a database of 100 transactions with a minimum support of 
10%. It might be that  the original count for a given i temset , / ,  is 9, which is too 
low to satisfy the support criteria. Now suppose that  10 transactions are deleted 
and that  those 10 transactions are not the ones used in computing the count for 
i temset / .  With a minimum support of 10%, itemset I, would now be considered 
a large itemset although it did not appear in the original itemset file. Because 
of this, the original database, excluding the deleted transactions, must be read 
and processed in phase I, just as in the original Partition algorithm. 

However, we may be able to reduce the CPU time for phase I by using the 
large itemset file. Consider the following: read in the large itemset file and read 
in the set of deleted transactions. While reading the set of deleted transactions, 
use this data  to compute the counts, for just those large itemsets stored in the 
large itemset file. We can then subtract these counts from our original counts 
for the associated large itemsets. If the counts indicate that  the support is no 
longer satisfied, then we can delete that  large itemset. In addition, we can use the 
information that  a former large itemset is no longer large for pruning when we 
have to process the original database minus the deleted transactions to generate 
large itemsets. The bottom line is whether reading the large itemset file and 
doing additional processing with the deleted transactions can actually help prune 
potentially large itemsets from consideration and reduce the CPU costs at this 
step to produce an overall savings. We leave this for future study. 

A l g o r i t h m  The Dynamic Partition algori thm is shown in Figure 1. Initially 
the database :D is logically divided into 2 partitions. Actually the set of trans- 
actions to be inserted can be further partitoned but for simplicity of presen- 
tation, we consider it as only one partition. Phase I of the algorithm takes 
2 iterations. During iteration i only partition Pi is considered. The function 
gen_large_i temsets  takes partition P2 as input and generates local large item- 
sets of all lengths, L~, L~ , . . . ,  L~ as the output. In phase II, the algorithm sets 
up counters for each global candidate itemset from L i and counts their support 
for the partition pi rood 2 + 1 and generates the global large itemsets. 

The key to the correctness of the above algorithm is the same as our original 
Partition algorithm which is, any potential large itemset appears as a large 
itemset in at least one of the partitions. A formal proof is given in 7. 

4.1 G e n e r a t i o n  of  Loca l  L a r g e  I t e m s e t s  

The procedure gen_large_itemsets takes a partition and generates all large 
itemsets (of all lengths) for that  partition. The procedure is the same as used in 
our previous work 6 for the insertion case but differs slightly for the deletion case 
with respect to pruning potential large itemsets. The prune step is performed as 
follows: 
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Pl = the current database of transactions 

P2 = the set of transactions to be inserted 

L ~ = the set of all local large itemsets in partition i 

I = an individual candidate large itemset contained in L, 
G Loz ~ = large itemset file 

Phase I 

I) read_in~arge_itemset~ile(L~d) and store in L I 

2) read_in_partition(p2) 
3) L 2 = gen~arge_itemsets(p2) 

P h a s e  II 

4) read_in_part it ion (p,) 
5) for all candidates I q L 2 gen_count (l,pl) 
6) read_in-part it ion (p2) 

7) for all candidates l 6 L I gen_count(/,p~) 

8) L G = { l E L  1UL2l.count > minSup} 
9) wr it e_out_large_it emset_f ile (LnGe~) 

Fig. 1. Dynamic Partition Algorithm 

prune (c: k - - i t e m s e t )  
f o r d 1 1  ( k - 1 ) - - s u b s e t s  s o f  c do  

if S~ Lk-1 then 
return ' 'c can be pruned'' 

The prune step eliminates extensions of (k - 1)-itemsets which are not found 
to be large, from being considered for counting support. For example, if Lw is 
found to be {{1 2 3}, {1 2 4}, {1 3 4}, {1 3 5}, {2 3 4}}, the candidate generation 
initially generates the itemsets {1 2 3 4} and {1 3 4 5}. However, itemset {1 3 
4 5} is pruned since {1 4 5} is not in LP3. This technique is the same as the one 
described in 2 except in our case, as each candidate itemset is generated, its 
count is determined immediately. 

The counts for the candidate itemsets are generated as follows. Associated 
with every itemset, we define a structure cMled as tidlist. A tidlist for itemset l 
contains the TIDs of all transactions that  contain the itemset l within a given 
partition. The TIDs in a tidlist are kept in sorted order. Clearly, the cardinality 
of the tidlist of an itemset divided by the total number of transactions in a 
partition gives the support for that  itemset in that  partition. 

Initially, the tidlists for 1-itemsets are generated directly by reading the par- 
tition. The tidlist for a candidate k-itemset is generated by joining the tidlists 
of the two (k - 1)-itemsets that  were used to generate the candidate k-itemset. 
For example, in the above case the tidlist for the candidate itemset {1 2 3 4} is 
generated by joining the tidlists of itemsets {1 2 3} and {1 2 4}. 

C o r r e c t n e s s  It has been shown in 2 that  the candidate generation process 
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correctly produces all potential large candidate itemsets. It is easy to see that  
the intersection of tidlists gives the correct support for an itemset. 

4.2 G e n e r a t i o n  of  F ina l  L a r g e  I t e m s e t s  

The global candidate set is generated as the union of all local large itemsets 
from all partitions. In phase II of the algorithm, global large itemsets are deter- 
mined from the global candidate set. This phase also takes 2 (i.e., the number 
of partitions) iterations. Initially, a counter is set up for each candidate itemsets 
and initialized to zero. Next, for each partition, tidlists for all 1-itemsets are 
generated. The support for a candidate itemset in that  partition is generated by 
intersecting the tidlists of all 1-subsets of that  itemset. The cumulative count 
gives the global support for the itemsets. The procedure gen- : f ina l -counts  is 
given in Figure 2. Any other technique such as the subset operation described 
in 2, can also be used to generate global counts in phase II. 

1) 
2) 
3) 
4) 
s) 
6) 
7) 
8) 

C~ = s e t  of g l o b a l  cand ida t e  i t e m s e t s  of  l e n g t h  k 
f o r a l l  1 - i t e m s e t s  do 

generate the  tidlist 
f o r  (k ffi 2; C ~ # @ ;  k++) do begin 

forall k--itemset c 6C~ do begin 
templist = cl.tidlist Nc2.tidlist n...Nck.tidlist 
c.count = c.count +  templist I 

end 
end 

Fig. 2. Procedure gen_final_counts 

C o r r e c t n e s s  Since the partitions are non-overlapping, a cumulative count 
over all partitions gives the support for an itemset in the entire database. 

4.3 D i scove r ing  R u l e s  

Once the large itemsets and their supports are determined, the rules can be 
discovered in a straight forward manner as follows: if I is a large itemset, then for 
every subset a of l, the ratio support(l) / support (a) is computed. If the ratio is at 
least equal to the user specified minimum confidence, them the rule a ~ (l - a) 
is output. A more efficient algorithm is described in 2. As mentioned earlier, 
generating rules given the large itemsets and their supports is much simpler 
compared to generating the large itemsets. Hence we have not at tempted to 
improve this step further. 
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4.4  S ize  o f  t h e  G l o b a l  C a n d i d a t e  Se t  

The global candidate set contains many itemsets which may not have global 
support  (false candidates). The fraction of false candidates in the global candi- 
date set should be as small as possible otherwise much effort may be wasted in 
finding the global supports for those itemsets. The number of false candidates 
depends on many factors such as the characteristics of the data  and the size of 
the original da ta  and the added data  which make up the two partitions in our 
algorithm. 

The local large itemsets are generated for the same minimum support  as 
specified by the user. Hence this is equivalent to generating large itemsets with 
that  minimum support for a database which is the same as the partition. So, for 
sufficiently large parti t ion sizes, the number of local large itemsets is likely to be 
comparable to the number of large itemsets generated for the entire database. 
Additionally, if the data  characteristics are uniform across partitions, then a large 
number of the itemsets generated for individual partitions may be common. 

Table 1. Comparison of Global Candidate and Final Large Itemsets (support is 0.5 % 
and 10% data is added) 

Itemset # of Global Candidate # of Final Large 
Length Large Itemsets Itemsets 

2 
3 
4 
5 
6 
7 
8 
9 
10 

total 

929 323 
1120 297 
1197 308 
1075 301 
759 224 
393 122 
139 45 
30 10 
1 1 

5645 1631 

The sizes of the local and global candidate sets may be susceptible to data  
skew. A gradual change in data  characteristics, such the average length of trans- 
actions, can lead to the generation of a large number of local large sets which may 
not have global support. For example, due to severe weather conditions, there 
may be an abnormally high sales of certain items which may not be bought 
during the rest of the year. If a new partit ion is made up of data  from only this 
period, then certain itemsets will have high support for that  partition, but will 
be rejected during phase II due to lack of global support. A large number of such 
spurious local large itemsets can lead to much wasted effort. Another problem is 
that  fewer itemsets will be found common between partitions leading to a larger 
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Table  2. Comparison of Global Candidate and Final Large Itemsets (support is 0.5 % 
and 100% data is added) 

Itemset # of Global Candidate # of Final Large 
Length 

2 
3 
4 
5 
6 
7 
8 
9 
10 

total 

Large Itemsets 
361 
452 
538 
398 
228 

Itemsets 
301 
381 
300 
277 
217 

122 121 
45 45 
10 10 
1 1 

2155 1603 

global candidate set. These effects can be seen in Table 1 and in Table 2. 
In Table 1 we show the variation in the size of the global candidate large 

itemsets and the final large itemsets produced for differing i temset lengths. The 
global candidate large i temsets are the result of the union of the local large item- 
sets from the original da ta  and the added data.  The original database contained 
13,000 transactions and the added da ta  contained only 1300 transactions. The 
min imum support  was set at 0.05 %. We can compare the results in Table 1 with 
those shown in Table 2. It  can be seen from the two tables tha t  as the size of 
the added da ta  becomes larger, the variation in the sizes of the global candidate 
and final large itemsets is reduced dramatically.  It  should be noted tha t  when 
the part i t ion sizes of the original and added da ta  are sufficiently large, the local 
large i temsets and the global candidate itemsets are likely to be very close to 
the actual large i temsets as it tends to eliminate the effects of local variations in 
data.  

5 Performance Comparison 

In this section we describe the experiments and the performance results of our 
dynamic algorithm and our s tandard approach. The experiments were run on a 
Sun Sparc workstation. All the experiments were run on synthetic data.  For the 
experiments, we used the same method for generating the synthetic da ta  sets as 
in 6. 

5.1 S y n t h e t i c  D a t a  

The synthetic da ta  is said to simulate a customer buying pat tern  in a retail 
environment.  The length of a transaction is determined by poisson distribution 
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with mean p equal to IT. The transaction is repeatedly assigned items from a 
set of potentially maximal large itemsets, T until the length of the transaction 
does not exceed the generated length. The average size of a transaction is 10 
items and the average size of a maximal potentially large itemset is 4 items. 

The length of an itemset in T is determined according to poisson distribu- 
tion with mean ~t equal to 111. The items in an itemset are chosen such that  a 
fraction of the items are common to the previous itemset determined by an ex- 
ponentially distributed random variable with mean equal to a correlation level. 
The remaining items are randomly picked. Each itemset in T has an exponen- 
tially distributed weight that  determines the probability that  this itemset will 
be picked. Not all items from the itemset picked are assigned to the transaction. 
Items from the itemset are dropped as long as an uniformly generated random 
number between 0 and 1 is less than a corruption level, c. The corruption level 
for itemset is determined by a normal distribution with mean 0.5 and variance 
0.1. 

5.2 E x p e r i m e n t a l  R e s u l t s  

Two different data  sets were used for performance comparison. One was a 2 MB 
file consisting of 50,000 transactions and the other a 1 MB consisting of 25,000 
transactions. For both data  sets the number of items was set to 1,000. 

Figure 3 shows the execution times for the two synthetic datasets. The exe- 
cution times increase for both the Incremental and Standard algorithms as the 
minimum support is reduced because the total number of large and candidate 
itemsets increases. In general, the execution t ime increases for both the Incre- 
mental and Standard algorithms as the minimum support is reduced. The main 
reason for this is the fact that  the total number of candidate and large itemsets 
increases. In addition, we have already seen that  a relatively small size of added 
data  can produce a large number of locally large itemsets during phase I of the 
algorithm. This increases the cost during phase II when those itemsets are ver- 
ified against the original database. So, even though the number of final large 
itemsets is not increased, there is additional time required for testing the false 
candidate itemsets. As mentioned, this depends heavily on the characteristics of 
the data. 

From the experimental results, we see that  a support of 2% and a support 
of 1% yield approximately the same number of local large candidate itemsets, 
producing similar execution times, as shown in Figure 4. In the case of 0.5% 
support, a noticable increase in the number of candidate itemsets and the number 
of final itemsets was observed, producing a larger execution time. In Table 3 we 
show the average improvement of the Incremental approach over the Standard 
approach. 

In Figure 5, we show the local large itemsets generated for both the original 
database and the added data. Since the database is much larger than the added 
data  and closer in size to the final database size after insertions are done, the 
number of local large itemsets is much closer to the final number of local large 
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Fig .  4. Execution t imes for Incremental  Algori thm 

Table  3. Average Improvement in Execution Time of Incremental Algorithm over 
Standard Algorithm 

iDataset Minimum Support (%) Avg. Improvement (%) 
1 
1 
1 
2 
2 
2 

2.0 46.1 
1.0 50.7 
0.5 42.7 
2.0 52.6 
1.0 55.0 
0.5 45.9 

itemsets. We see that  the number  of local large itemsets peaks at 4, which is our 
average local large itemset size. 

6 C o n c l u s i o n s  

We have described an algori thm for dynamic da ta  mining, which is an extension 
to our previous work for mining associations in static databases.  We have run 
severM experiments comparing the execution t ime of our Incremental  algori thm 
and the Standard algorithm. The average improvement  (or reduction in execu- 
tion time) by using our Incremental  algorithm ranged f rom 42.7% to 55%. In our 
experiments, the database was set to a size such that  the Standard algori thm 
required only one pass over the data.  This is the best we can achieve in reducing 
I / O  costs. Where as, our Incremental  algorithm required, in phase I, one pass 
over the added da ta  and one pass over the stored large i temset filei and in phase 
II, our algorithm required one pass over the original database and one pass over 
the added data.  As we have observed, the major  savings from our algorithm 
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comes about by the fact that  the large itemsets for the original database do not 
have to be re-computed. The substantial savings in execution time makes our 
Incremental algorithm a desired approach for dynamic data  mining. 
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A b s t r a c t .  Building an index tree is a common approach to speed up 
the k nearest neighbour search in large databases of many-dimensional 
records. Many applications require varying distance metrics by putting a 
weight on different dimensions. The main problem with k nearest neigh- 
bour searches using weighted euclidean metrics in a high dimensional 
space is whether the searches can be done efficiently. We present a solu- 
tion to this problem which uses the bounding rectangle of the nearest- 
neighbour disk instead of using the disk directly. The algorithm is able 
to perform nearest-neighbour searches using distance metrics different 
from the metric used to build the search tree without having to rebuild 
the tree. It is efficient for weighted euclidean distance and extensible to 
higher dimensions. 

Keywords .  nearest-neighbour search, weighted Euclidean distance, co- 
ordinate transformations, R-trees, spatial access methods 

1 I n t r o d u c t i o n  

The problem of k nearest-neighbour search using a distance metric can be s ta ted 
as follows: given a collection of vectors and a query vector find k vectors closest 
to the query vector in the given metric. Nearest-neighbour search is an impor tant  
operat ion for many  applications. In image databases utilizing feature vectors 13, 
12, 7, we want to find k images similar to a given sample image. In instance-based 
learning techniques 1, 14, we would like to find a collection of k instance vectors 
most  similar to a given instance vector in terms of target  at tr ibutes.  Other 
applications include time-series databases 6, non-parametr ic  density est imation 
9, image segmentat ion 2, etc. 

In the k-nearest-neighbour search process, we have a region defined by the 
k-th farthest  neighbour found so far. Depending on the distance metric used, 
this area could be a circle (for unweighted euclidean distance), diamond (for 
manha t t an  distance), ellipse (for weighted euclidean distance), or other shapes. 
At the beginning of the search process, this area is initialized to cover the whole 
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data  space. As we find closer neighbours, the area will get smaller. We call this 
area "the nearest-neighbour disk" 1. The search proceeds downward from the top 
of the tree, checking tree nodes covering smaller area as it deepens. We usually 
use a branch-and-bound algorithm and t ry  to choose the nodes which are most 
likely to contain the nearest neighbour first. This is done in order to shrink the 
nearest-neighbour disk as soon as possible. We can safely ignore nodes whose 
bounds do not intersect the nearest-neighbour disk. 

Many algorithms have been proposed for finding k nearest neighbours more 
efficiently than a sequential scan through data. These algorithms involve build- 
ing a spatial access tree, such as an R-tree 10, P MR quadtree 11, k-d-tree 3, 
SS-tree 22, or their variants 18,8, 19, 16. Spatial access methods using such 
trees generally assume that  the distance metric used for building the structures is 
also the one used for future queries. However, many applications require varying 
distance metrics. For example, when the the similarity measure is subjective, 
the distance metric can vary between different users. Another example comes 
from the instance-based learning 1, 14, where the distance metric is learnt by 
the algorithm. The distance metric will change as more instances are collected. 
The tree structures above cannot be easily used if the distance metric in the 
query is different to the distance metric in the index tree. One approach is to 
map the index tree into the new metric space, but  this is equivalent to rebuilding 
the tree, and therefore, computationally expensive. Another approach is to map 
the k nearest neighbour bounding disk into the index metric. For example, if 
we do a query using the Minkowski distance metric on a tree built in euclidean 
distance, the corresponding nearest neighbour bounding region will be of a dia- 
mond shape. Similarly, a nearest neighbour disk in the euclidean distance with 
different weighting will produce an ellipse. Because of the wide variety of shapes 
than can be produced, calculating the intersection of the new nearest neighbour 
bounding envelope and the bounding envelopes of index tree nodes is not trivial 
and can be computationally expensive. 

In this paper, we present an efficient k-nearest-neighbour search algorithm 
using weighted euclidean distance on an existing spatial access tree. We start  
by describing a commonly used approach 4. We identify the drawbacks of this 
approach and introduce our method. The theoretical foundations and detailed 
implementation of our method in two dimensional space are given. We also give 
an extension of the algorithm in higher dimensional spaces. The experiments 
(up to 32 dimensions) were carried out on an R-tree variant, the SS+-tree 16, 
(although the proposed approach can be used in any hierarchical structure with 
a bounding envelope for each node). 

1 We use the 2-dimensional term "disk" regardless of the number of dimensions. To be 
strict, we should use disk only for 2-dimensional spaces, ellipsoid for 3-dimensional 
spaces and hyper-ellipsoid for spaces with dimensionality greater than 3. 
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2 M e t h o d s  for  f i n d i n g  t h e  k n e a r e s t - n e i g h b o u r s  in  
w e i g h t e d  e u c l i d e a n  d i s t a n c e  

Tree structured spatial access methods organize the da ta  space in a hierarchical 
fashion. Each tree node in these structures has a bounding hyper-box (R-trees), 
bounding hyper-planes (k-d-trees), or a bounding hyper-sphere (SS-trees), giving 
the extent of its child nodes. The root node covers the whole da ta  space which 
is split among its children. The process is repeated recursively until the set of 
points in the covered space can fit in one node. To simplify the discussion, we 
use two dimensional terms for all geometric constructs in the rest of this section 
and next section. 

2.1 Faloutsos' algorithm for k-nn search in a weighted euclidean 
distance 

If  the distance metric in the query is consistent with the metric in the index tree, 
detecting the intersection between the k nearest-neighbour disk and a node can 
be performed by a simple comparison of the distance of the k-th neighbour to 
the query vector and the range of the node's  bounds in each dimension. When 
the distance metric is not consistent with the metric in the tree structure,  a 
commonly used technique 4, 5, 15 to find the k-nearest-neighbours is as follows 
(For easy understanding, we take an example, in which the index tree is built in 
unweighted euclidean distance and the query is issued in a weighted euclidean 
distance, and visualize the process in Fig. 1): 

- First, we define a distance metric which is a lower bound to the weighted 
distance. It  can be a simple t ransform to both  metrics in the query and in 
the index tree. Usually, the same metric as in the index tree is used. 

- We then search for k nearest neighbours to obtain a bound (LBD in Fig. 1). 
- Transferring the distance metric to the query distance metric, we obtain a 

new bounding shape for the k-nn disk (ED in Fig. 1). The max imum distance 
D can then be calculated. 

- Next, we issue a range query to find all vectors within the distance D from 
the query point (All vectors in RQD, as shown in Fig. 1). The number  of 
vectors returned from the range query will be greater or equal to k. 

- We sort the set from the last step and find the true k nearest neighbours. 

From Fig. 1, we can see tha t  the circular range query area (RQD) is much 
larger than  the actual k nearest-neighbour disk. This is not desirable, since a 
larger query area means we have to examine more tree nodes. 

Another  drawback of the approach is tha t  we have to search the tree twice. 
The first scan finds the k nearest-neighbours and the second scan finds all the 
vectors located within the range D (a range query). Sorting is also needed for 
selecting first k nearest neighbours within range D. 
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Fig. 1. The evolution of search areas in Faloutsos' approach and our bounding rectan- 
gle. 

2.2 A n  eff ic ient  k - n n  s e a r c h  in  va r i ab l e  m e t r i c s  using the b o u n d i n g  
rectangle 

We propose an efficient k-nn search with variable metrics. The approach is based 
on the observation that  a transform between the query metric and the index 
metric exists and transforming the k-nn disk is much simpler than transforming 
all tree nodes. Using this transformation, we can find the length of the major 
axis of the k nearest-neighbour disk 2. However, conducting the search using 
the ellipse directly is not always desirable. For d-dimensional vectors we will 
have to calculate the intersection of ( d -  1)-dimensional hyper-planes and a d- 
dimensional hyper-ellipse. If the intersection is not empty, the result will be a 
(d - 1)-dimensional hyper-eUipse. Hence in our solution we use a simpler shape 
to "envelope" the k nearest-neighbour disk. 

We propose a rectangular envelope (the bounding rectangle BB of the k 
nearest-neighbour disk is shown in Fig. 1). The bounding rectangle can be ob- 
tained from calculating the length of all axes of the k-nearest-neighbour disk. 
Another simpler alternative is by calculating the bounding circle of the k nearest- 
neighbour disk (BC in Fig. 1). The radius of the bounding circle is equal to the 
half of ellipse's major axis. Theoretical analysis and detailed calculation will be 
described in Sect. 3. 

Comparing with Faloutsos' algorithm, our approach has two advantages. The 
bounding rectangle is much compact than Faloutsos' query disk (see RQD and 
BB/BC in Fig. 1). The advantage is significant if the ratio between the largest 
and the smallest axes of the nearest neighbour disk is large. There is no need 
for the second search which is also a significant saving if the level of the tree is 
high. 

3 Theory and implementation 

In this paper, we will limit our discussion to the weighted euclidean distance 
d(x, y, W )  -- ~/((x - y ) T W ( x  -- y)) with a symmetrical weight matr ix W .  The 
approach described in this paper can be adapted directly to distances in the 

2 Some books define the axis length of an ellipse as the distance from the centre to 
perimeter along the axis. The definition we use is the distance from perimeter to 
perimeter along that axis. 
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class d(x, y,  W )  d = y~i=l(xi -- yi)P, where d is the number of the dimensions 
and p -- 1, 2, 3 , . . . .  We require that  the matr ix W is positive definite, i.e. it 
has positive pivots, which implies that  we will always be able to decompose the 
matr ix W into QTQ using Cholesky factorization 20. In practice, we usually 
deal with symmetrical weight matrices, since non-symmetrical weight matrices 
means that  the distance measured from x to y is different from that  measured 
from y to x. 

As have been defined informally in Sect. 2, the ncarest-neighbour disk is the 
area bounded by the equidistant points with the current k-th nearest point to 
the query measured using a particular distance metric. The term "point" used 
here and in the rest of the paper is interchangeable with "vector". 

A particular distance metric will define a space where the distance is used for 
measurements. An euclidean distance defines an euclidean space. The k nearest- 
neighbour disk is circular in the same euclidean space. If the Euclidean metric 
in query has a different weight on the metric used in the index, the k nearest- 
neighbour disk is an ellipse in that  space. 

3.1 T h e o r e t i c a l  f o u n d a t i o n s  

Assume we have two points x l  and Yl in a space $1 where we use unweighted 
euclidean distance (see Fig. 2). Applying a transformation defined by the ma- 
trix Q will bring every point in S1 into another space $2. Suppose x l  and Yl 
are mapped into x2 and y2, respectively. If the transformation includes scaling 
and rotation operations, then the distance between x l  and Yl in $1 will equal 
a weighted euclidean distance between x2 and Y2 where the weight matr ix  W 
equals QTQ.  This means that  a circle in S1 will be transformed into an ellipse 
in $2 since the equivalent distance in $2 is a weighted euclidean distance. 

O b s e r v a t i o n  1. The weighted distance d ( x 2 , y 2 , W )  with W -- Q TQ  equals 
d ( x l , y l , I ) ,  where x2 = Q x l ,  y2 -- Q y l ,  and I is the identity matrix. 

Proof. Let W = QTQ,  x l  = Qx2,  and y l  = Qy2.  

d(x2, y2, W )  = x/(x2 - y 2 ) T W ( x 2  -- Y2) 

= ~ (x2  -- y2 )TQTQ(x2  - Y2) = ~/(Q(x2 - y2))WQ(x2 - Y2) 

= ~/(Qx2 - Qy2)T(Qx2  - Qy2) = ~/(xl - y l )W(xl  -- Yl) 

= d(x l ,  Yl, I) 

The transformation matr ix Q defines the scaling and rotation operations 
which map the circular k nearest-neighbour disk in unweighted euclidean space 
into an ellipse in the weighted euclidean space. This ellipse is defined by all axes 
and the query point. As described in Sect. 2, to obtain the bounding box, we 
need to calculate the length of all the axes and the orientation of the major  axis. 
The solution can be derived from Theorem 2. 

T h e o r e m  2. If  we apply a transformation Q to all points of a circle (with radius 
r), the resulting points form an ellipse whose centre is the same as the circle and 
the length of its axes equals 2r times the square root of eigenvalues of QTQ.  
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Fig. 2. The transformation between a normal euclidean space and a weighted euclidean 
space. 

Proof. We provide the proof for the two dimensional case. A general proof can 
be found in [17]. 

The proof of this theorem depend on a l emma stating tha t  a real s y m m e t r i c  
n x n matr ix  has n real eigenvalues, and n linearly independent  and orthogonal 
eigenvectors. The proof of the l emma can be found in [21]. 

Let k2 = Q k l  where k l  is an arbi t rary  point in our original space ($1 as 
shown in Fig. 2). Let the circle centre q2 = Q q l .  The squared distance of k2 and 
q2 is ( Q k l  - Q q l )  T.  ( Q k l  - Q q l )  = (k l  - q l ) T Q T Q ( k l  - q l ) .  Since Q T Q  is 
real and symmetric,  according to the lemma, it has two real eigenvalues and two 
orthogonal eigenvectors. Let el  and e2 be the unit eigenvectors corresponding 
to eigenvalues A1 and A2, respectively. 

These orthogonal eigenvectors span Ns, and hence (k l  - q l )  can be writ ten 
as a linear combination of el  and e2. Suppose (kl  - q l )  = r cos(~?)el + r  sin(8)es. 

( k 2  - q2)T(k2 - q2) = (kl  - q l ) T Q T Q ( k l  - q l )  

---- (r cos Pe T + r sin Pe T) (r cos 0 Q T Q e l  + r sin 0QTQe2)  

-- (r cos Pe T + r sin Pe T) (r cos 0A1 el  + r sin ~A2 e2) 

--- r 2 A1 cos s ~ + r s)~2 sin s 

Square distance r2)~l cos 2 ~ -b r2~2 sin s ~ has its extreme values at  ~ -- mul- 
tiplies of ~ - tha t  is, when we are in el  or es directions. The  values at  those 
points are r2)~] and rS)~s, respectively. Using our definition of the ellipse axis, 
the length of two axes are 2 rx /~ l  and 2rv/~2, respectively. 

[] 

We can write the weight matr ix  in diagonal form: W = E A E  -1,  where E 
is an or thonormal  matr ix  whose columns are the eigenvectors of W and A is a 
diagonal matr ix  of the corresponding eigenvalues. Since E is orthonormal,  then 
E -1 = E T. Hence: 

d(x, y,  W )  -- x/((x - y ) T W ( x  -- y))  

= x/((x -- y ) T E A E - 1  (x - y))  

= x / ( ( E - l x  - E - l y ) T A ( E - l x  _ E - l y ) )  
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We can see the last line of the equation as another  weighted distance with 
diagonal weight matr ix  A. Because A is diagonal, the nearest neighbour disk 
in this space has axes parallel to the coordinate axes. The size of the nearest  
neighbour disk is the same in both spaces since E is orthonormal.  Suppose xl 
and Yl are in this space, then xl -- E - i x  and yl -- E - l y .  We can see E as 
the rotat ion matr ix  tha t  rotates the nearest neighbour disk. Since x --- Exl  and 
y = Eyl ,  then the desired rotat ion is E. The length of the disk's axis in the 
direction given by the i- th column of E -1 is given by x/(d(x, y, W) /Ai ) .  

3.2 Calculating the bounding circle of  the k nearest-neighbour disk 

In a k nearest-neighbour search using weighted euclidean distance, we s tar t  from 
an initial disk covering the whole da ta  space. After we find k neighbours from 
searched nodes, a new (smaller) k-nn disk is obtained. We have to calculate the 
bounding circle of the k-nn disk every t ime we find a neighbour nearer to the 
query point than the k-th nearest neighbour found so far. The  problem can be 
s ta ted as follows: given the query point q and the newly found k-th neighbour 
we need to calculate the radius of the bounding circle of the ellipse with q as its 
centre and k on its perimeter  (see Fig. 3). 

k 

Fig. 3. The query point q and its k-th nearest-neighbour k. 

Based on the discussion in Sect. 3.1, the calculation of the bounding circle of the 
k nearest-neighbour disk is done as follows. 

- Let A be the largest eigenvalue of matr ix  W .  
- The bounding circle is a circle with the query point q as its centre and r as its 

radius, where r = d(q, k, W)/AX/r~-~min, where ~min is the smallest eigenvalue. 

3.3 Calculating the bounding rectangle of  the k nearest-neighbour 
disk 

Instead of using bounding circle, we also can use bounding rectangle. The prob- 
lem, similar to the one described in Sect. 3.2 can be s ta ted as follows: given a 
query point q and the newly found k-th neighbour k, calculate the length, the 
sides and the orientation of the bounding rectangle of the ellipse centred at q 
with k on its perimeter  (see Fig. 3). 

Let W is the weight matr ix,  and I is the identity matr ix,  q is the query 
point, k is the k-th nearest neighbour found, E is an or thonormal  matr ix  whose 
columns is the eigenvectors of W ,  Ai is the eigenvalues corresponding to the 
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eigenvector in column i of E, and e~ is the vector in column i of E -1. The 
bounding rectangle of the nearest-neighbour disk can be calculated as follows. 

- Let el and e2 be the eigen-vectors of W and let )~1 and )~2 be the corre- 
sponding eigen-values sorted according to their magnitudes. 

- Then the bounding rectangle R is defined by the centre q and dimensional 
vectors Vl and v2 where r = d (q ,k ,W) ,  and Vl = e l r /v / -~ l  and v2 ~- 
e2r/V~-22. The corners of the rectangles are: 

r l  ~ q ~ v l  - { - v 2  

r2  = q + V l  - - v 2  

r3  -~ q --  v l  - -  v 2  

r4  : q - - v l - l - v 2  

Vectors v~ are in the directions parallel to the axes of the nearest neighbour 
disk. The fact that vi is equal to e i r / v f ~ i  can is explained in Sect. 3.1. Note 
that the rectangle R can be defined by the centre point q and the directional 
vectors denoted as R(q, vl,  v2) and does not necessarily have any side parallel 
to the coordinate axes. 

In high dimensional space, care must be taken in calculating the intersec- 
tion between the bounding hyper-box and tree's bounding envelopes. A naige 
calculation is exponential to the dimension. We provide an algorithm with time 
complexity O(d 3) of dimension d in Sect. 4. 

4 E x t e n s i o n  to  a h i g h e r  d i m e n s i o n a l  s p a c e  

The algorithm in Sect. 3.3 can be used directly in space with dimensionality 
greater than 2. It contains three major computations, calculating Cholesky de- 
composition, finding the bounding hyper-box of the new k-nn hyper-ellipsoid, 
and checking the intersection of a node and the hyper-box. In this section we 
describe an efficient extension which gives O(d3), O(d 2) and O(d 3) complexities 
to three steps respectively. 

Note that checking if a node is intersected with the bounding hyper-box does 
not need to calculate the corner points of the bounding hyper-box. Otherwise, 
the approach will not be able to scale up to high dimensions because the num- 
ber of corners of a hyper-box in a d-dimensional space is 2 d. We can define a 
bounding hyper-box using a centre point and d directional vectors (ri). Since 
the Cholesky decomposition and the eigen matrix are the same throughout the 
search process, we only need to keep the radius r. The centre of the hyper-box 
will be the query point q itself. The cost to calculate the eigen matrix and 
Cholesky decomposition of a d x d matrix is O(d3). We only need to recalculate 
these matrices whenever the weight matrix changes, which can only happen be- 
tween queries. The calculation of the bounding rectangle for the query area can 
be done in O(d2). 

Our algorithm to check the intersection of tree nodes and the bounding hyper- 
box of the nearest-neighbour disk has a complexity O(d 3) . If the bounding 
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Fig. 4. A bounding rectangle is the intersection of four half-spaces. 

hyper-box has sides parallel/perpendicular to the coordinate axes, intersections 
can be calculated in O(d). We only need to calculate the intersection of each 
dimension. It can be done by utilizing the fact that a d-dimensional hyper-box is 
actually an intersection of 2d hyper-planes (as shown in the 2D case in Fig. 4). 

Suppose the query's bounding hyper-box B is defined by its centre point q 
and d orthogonal vectors vi, ie, B(q, vl,  ...,Vd). The bounding hyper-box of a 
tree node is A and its closest corner to the origin is amin and the farthest corner 
to the origin is am~,. We use r(j) and r ( j )  to represent the projections of point 
r and vector r in dimension j respectively in the following description. 

- For all dimensions j = 1..d, find the minimum coordinate of the query's 
bounding hyper-box (can be done in O(d) by subtracting vi(j) from q(j)). 
If any minimum is not inside the half-space defined by the equation x _< 
araa,,(j), then we do not have an intersection. Otherwise, continue checking. 
This process takes O(d 2) comparisons. 

- For all dimension j = 1..d, find the maximum coordinate of the query's 
bounding hyper-box (can be done in O(d) by adding vi(j) to q(j)). If any 
minimum is not inside the half-space defined by the equation x > amin(j), 
then we do not have an intersection. Otherwise, continue checking. This 
process also takes O(d 2) comparisons. 

- If above checking falls, it does not mean that we have a non-empty inter- 
section area. It means that B is not intersected with the hyper-box a m i n  _< 
x < am~x. The check should also be made from the B rectangle in the query 
space using all the half-spaces defined by x _< q+vi  and x >_ q - v i .  Transfor- 
mation to the query space takes O(d 3) multiplication and rest comparisons 
are O(d2). The total complexity is O(d 3) + O(d 2) = O(d3). 

5 E m p i r i c a l  t e s t s  a n d  d i s c u s s i o n  

We implemented the algorithm described in Sect. 3.3and 3.2 on top of an R-tree 
variant, the SS+-tree [16]. We compare our algorithms with Faloutsos' method 
using the unweighted euclidean distance as the lower bound of the weighted 
distance. We evaluate the performance of the methods using the number of nodes 
touched/used. For all the experiments in this paper we choose to expand the node 
whose centroid is closest to the query point with respect to the currently used 
distance metric. Based on our experience [16], this criterion truncates branches 
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more efficiently than other criteria, e.g. the minimum distance and the minimum 
of the maximum distance 18. 

All the experiments in Table 1 are in 30 dimensions using 14,016 texture 
feature vectors extracted from images in Photo  Disc's image library using the 
Gabor filter 12. The experiments was done using a weight matrices whose ratio 
between the largest and smallest eigenvalues range from 2 to 32. The fan out of 
tree's leaf nodes is 66 and the fan out of tree's internal nodes is 22. 

We measured the number of leaf nodes that  has to be examined (ltouched), 
the number of internal nodes accessed (inode), and the number of leaf nodes 
that  actually contain any of the nearest-neighbour set (lused). The ratio column 
is the ratio between square root of the largest and the smallest eigenvalues. All 
the experiments are 21-nearest-neighbour searches and the tabulated results are 
the average of 100 trials using a random vector chosen from the dataset. 

Table 1. A comparison between the transformation and lower-bound method for the 
texture vectors of Photo Disc's images (14016 vectors, 30 dimensions, node size: 8192 
bytes). 

Bounding (hyper)box Bounding (hyper)sphere Faloutsos' method 
ratio ltouch lused inode ltouch lused inode ltouch lused inode 

2 25.32 7.06 4.22 19.08 7.32 4.20 36.62i13.78 8.16 
4 23.38 6.43 4.17 17.36 7.02 4.24 32.54 12.67 8.09 
8 26.04 6.45 4.45 18.04 7.00 4.11 35.63 12.66 8.51 

16 24.53 6.76 4.08 17.76 7.16 4.24 33.92 13.43 7.97 
32 22.89 6.49 4.15 18.48 7.15 4.12 30.08 12.59 8.01 

As can be seen in Table 1, our method outperformed Faloutsos' method in all 
the ratio values we tried. The number of leaf nodes used (lused) by our method 
is 50% of the number used by Faloutsos' method because our method only need 
to check the tree once. The same explanation applies to the number of internal 
nodes accessed (inode). The number of leaf nodes that  have to be accessed by our 
method is consistently below 75% of the total  leaf nodes accessed by the other 
method. The data  suggest that  the ratio between the largest and the smallest 
eigenvectors does not have any effect in the number of nodes accessed for the 
texture vectors. 

The result experimental results using bounding spheres are somewhat counter 
intuitive. From our intuition, the results should be worse than the ones using 
bounding boxes. In two and three dimensions, the bounding rectangle/box of 
an disk occupy a smaller area/volume than the disk's bounding circle/sphere. 
Our analytical results 17 supports this empirical results. It  shows that  in high- 
dimensional space the query sensitive area resulting from using bounding hyper- 
spheres is smaller than the one resulting from using bounding hyper-boxes. 

The experiments in Table 2 are performed using 100,000 uniformly dis- 
t r ibuted data  in 2, 4, 8, 16, and 32 dimensions. The node size was kept fixed 
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at 8192 bytes, hence the leaf fan-out (LFO) and internal node fan-out (IFO) 
decreases as the dimension increases. The ratio between the largest and smallest 
eigenvalues was fixed at 4 for all the experiments. 

Table 2. A comparison between the transformation and lower-bound method for 
100,000 uniformly distributed vectors (ratio used: 4, bucket size: 8192 bytes). 

Bounding (hyper)box Bounding (hyper)sphere Faloutsos' method 
dimension LFO IFOi ltouch used 

2 682 255 1.4 1.4 
4 409 146 4.5 2.7 
8 227 78 89.5 8.9 

16 120 40 740.6 25.9 
32 62 20 1613.0 41.0 

inode ltouch lused 
1 1.4 1.4 

2.2 3.6 2.4 
4.8 39.5 7.0 

20.4 712.5 25.9! 
87.0 1613 42.0 

ino& ltouch lused inode 
1 3.2 2.7 2.0 

2.3 12.5 5.5 4.5 
4.0 175.1 17.1 10.4 

22.0 1489.2 46.0 43.8 
87.0 3226.0 88.0 174.0 

In Table 2, the number of nodes accessed are much higher in high dimensions. 
This is partly due to the smaller internal/ leaf node fan-outs (we kept the node 
size fixed for all dimensions). Similar to the experimental results using texture 
vectors, the number of leaf nodes and internal nodes used by our method (lused 
and inodes) is approximately half of the number used by Faloutsos' method. In 
terms of the number of leaf nodes accessed (ltouch), our method consistently 
accessed less than 50% of the number accessed by Faloutsos' method when the 
dimension is greater than four. 

The result experimental results using bounding spheres (up to dimension 
16) further support the fact that  the query sensitive area resulting from us- 
ing bounding hyper-spheres will get smaller than the one resulting from using 
bounding hyper-boxes. But the experimental results in 32 dimension shows that  
the performance is almost the same for both method. This is due to the inherent 
problem with hierarchical tree access method in high dimension. In this case, 
the search actually has degraded into linear search (the variations are due to the 
randomization used in the experiments). 

The experiments are verified by comparing the results of the k nearest neigh- 
bour search with the results obtained via simple linear search and comparing 
the results of the two methods. 

6 C o n c l u s i o n  

Nearest-neighbour search on multi-dimensional data  is an important  operation in 
many areas including multimedia databases. The similarity measurement usually 
involves weighting on some of the dimensions and weighting may vary between 
queries. Existing tree structured spatial access methods cannot support  this re- 
quirement directly. We have developed an algorithm to support  variable distance 
metrics in queries. The algorithm uses the bounding hyper-box of the k-nn hyper- 
sphere instead of calculating intersections directly. It has O(d 3) complexity. We 



75 

derive the theoretical foundation of the algorithm and give a detailed implemen- 
tat ion in the 2D case. We also extend the algorithm to higher dimensions and 
give a heuristic algorithm to detect the intersection between the query disk and 
the bounding envelopes of the tree nodes. We provide analytical and empirical 
results regarding the performance of our approach in terms of the number of disk 
pages touched. The experiments go up to 32 dimensions. The algorithm has a 
significant impact on k-nn search and various index trees. There are also research 
issues in speeding up the transformation. As we can see from the derivation of 
the algorithm, the major computational cost is in cross-space transformation. 
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Abstract. Content-based image retrieval systems rely on a query-by- 
example technique often using a limited set of global image features. 
This leads to a rather coarse-grain approach to locate images. The next 
step is to concentrate on queries over spatial relations amongst objects 
within the images. This calls for a small collection of image retrieval 
primitives to form the basis of an image retrieval system. The Acoi alge- 
bra is such an extensible framework built on the relational algebra. New 
primitives can be added readily, including user-defined metric functions 
for searching. We illustrate the expressive power of the query scheme 
using a concise functional benchmark for querying image databases. 

keywords: Image Retrieval, Query Algebra, Features, and IDB. 

1 I n t r o d u c t i o n  

With the advent of large image databases becoming readily available for in- 
spection and browsing, it becomes mandatory  to improve image database query 
support  beyond the classical textual  annotat ion and domain specific solutions, 
e.g. 21. An ideal image DBMS would provide a data  model to describe the image 
domain features, a general technique to segment images into meaningful units 
and provide a query language to study domain specific algorithms with respect 
to their precision and recall capabilities. However, it is still largely unknown how 
to construct such a generic image database system. 

Proto type  image database systems, such as QBIC 6, WebSeek18, and Pic- 
/ 

toSeek 8 have demonstrated some success in supporting domain-independent 
queries using global image properties. Their  approach to query formulation (af- 
ter restricting the search using textual categories) is based on presenting a small 
sample of random images taken from the target  set and to enable the user to 
express the query (Q1) "find me images similar to this one" by clicking one of the 
images provided. Subsequently the DBMS locates all images using its built-in 
metrics over the global color distribution, texture,  or shape sets maintained. 

However, this evaluation technique is bound to fail in the long run for several 
reasons. First, random sample sets to steer the query process works under the as- 
sumption that  there is a clear relationship between color, texture  and shape and 
the semantic meaning. This pre-supposes rather  small topical image databases 
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and fails when the database becomes large or filled from many sources, such as 
envisioned for the Acoi image database 1. 

Second, the global image properties alone are not sufficient to prune false 
hits. Image databases are rarely used to answer the query Q1- Instead, the in- 
tended user query (Q2) is :"find me an image that  contains (part of) the one 
selected" where the containment relationship is expressed as a (predefined) met- 
ric over selected spatial and image features or directly (Q3) :" find me an image 
that  contains specific features or objects using my own metric".  In addition to 
color distribution and texture,  spatial information about  object locality embed- 
ded in the image is needed. A prototype system that  addresses these issues is 
VisualSEEK18 graphical user interface for the WebSeek image retrieval system. 

What  are the necessary primitives to express the metric? For example, in a 
large image database one could be interested to locate all images that  contain 
part  of the Coca-Cola logo. This query could be formulated by clipping part  of 
a sample Coca-Cola logo to derive its reddish (R) and white (W) color and to 
formulate a query of the form: 

se lec t  display(i) 
f r o m  image_region rl ,r2,  image i 

w h e r e  distance(rl .avghue, R) < 0.2 
a n d  distance(r2.avghue, W) < 0.2 
a n d  r l  ove r l aps  r2 
a n d  r l , r2  in  i 

s o r t  by  distance(rl .avghue, R), distance(r2.avghue, W) 
This query uses two primitive parameterized metric functions. The function 

distance calculates a distance in the color space and overlaps determines region 
containment. The former is defined as part  of the co lo r  data  type and the latter 
for the r e g i o n  data  type. 

A challenge for image database designers is to identify the minimal set of fea- 
tures, topological operators, and indexing structures to accommodate such image 
retrieval queries. In particular, those (indexed) features where their derivation 
from the source image is t ime consuming, but  still can be pre-calculated and 
kept at reasonable storage cost. This problem becomes even more acute when 
the envisioned database is to contain over a million images. 

In 13 we introduced an extensible image indexing algorithm based on rect- 
angular segmentation of regions. Regions are formed using similarity measures. 
In this paper we extended this approach with a query algebra to express queries 
over the image database. 

For such an image retrieval algebra we see three global requirements. 

1. The algebra should be based on an extensional relational framework. 
2. The algebra should support  proximity queries and the computational ap- 

proach should be configurable by the user. 
3. The algebra should be computationally complete to satisfy the wide com- 

munity of (none-database) image users. 

1 Acoi is the experimental base for the national project on multi-media indexing and 
search (SION-AMIS project), http://www.cwi.nl/,~acoi/Amis 
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The remainder of this report  is organized as follows. In Section 2 we explain 
our database model, review available region representations and query primitives 
for image retrieval systems. Also we provide a short introduction to our under- 
lying database system, called Monet. Section 3 explains the query primitives. In 
Section 4 we define the Acoi Image Retrieval Benchmark, which is the basis for 
the experimentation reported in section 5. We conclude with an indication of 
future research topics. 

2 I m a g e  D a t a b a s e s  

This Section introduces the data  model for query formulation. The data  model 
is based on regions as the abstraction of the image segmentation process. In 
section 2.2 we review several region representation methods. In section 2.3 query 
language extensions for image retrieval are reviewed to provide the background 
information and to identify the requirements imposed on the image DBMS. Since 
our image retrieval system is built using the Monet database system we also give 
a short introduction to Monet. 

2.1 Image  Database  M o d e l  

The Acoi database is described by the ODL specification shown in Figure 1. 

interface 

}; 
interface 

}; 
interface 

}; 
interface 

},. 

Img { 
relationship set < Pix > data inverse Pix::image; 

P/x { 
relationship Img image inverse Img: :data; 
relationship Re@ region inverse Reg: :pixels; 

Re { 
relationship set < Pix > pixels inverse Pix::region; 
relationship set < Seg > segments inverse Seg::regions; 

Seg { 
relationship set < Reg > regions inverse Reg::segment; 
relationship set < Obj > object inverse Obj::segments; 

interface Obj { 
relationship set < Seg > segments inverse Seg::objeet; 

}; 

Fig. 1. Data Model 

The data relationship relates raw pixel information with an image. This is a 
virtual class, because each pixel is accessed from the image representation upon 
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need. The region relationship expresses that each pixel is part of one region only. 
For the time being we use rectangular regions to simplify implementation and to 
improve performance. The architecture has been set up to accommandate other 
(ir-) regular regions, like hexagons and triangulation, as well. 

The segments mapping combines regions into meaningful units. The segments 
are typically the result of the image segmentation process, which determines 
when regions from a semantic view should be considered together. The model 
does not prescribe that regions are uniquely allocated to segments. A region could 
be part of several segments and applying different segmentation algorithms may 
result in identical region sets. The segmentation algorithm used for the current 
study is based on glueing together regions based on their average color similarity 
and physical adjacency, details of which can be found in 13. 

The relationship object of the segments interface, expresses that segments 
can form a semantically meaningful object. An example is a set of segments 
together representing a car. 

2.2 Segment Representation 

The bulk of the storage deals with region representation, for which many different 
approaches exist. All have proven to be useful in a specific context, but none is 
globally perfect. The chain code as described by Freeman 7 encodes the contour 
of a region using the 8-connected neighborhood directions. Chain codes are used 
in edge, curve and corner finding algorithms 11. It is not useful for region 
feature extraction, since it only represents part of the boundary of an area, no 
interior. The complexity is O(p) for both storage and performance, where p is 
the perimeter of the region. 

Many boundary representations exist 10, e.g. polygons and functional shape 
descriptors. Functional shape descriptors use a function to approximate the re- 
gion boundary. Fourier, fractal and wavelet analysis have been proposed for this 
3, 12,17. Although these representations have very low storage requirements, 
i.e. each boundary is represented using a few parameters, they are of limited 
use aside from shape representation. Recalculation of the regions interior from 
polygons is very hard and from functional descriptions generally impossible. 

Another representation to describe the interior of the region is run length 
encoding using (position, length) pairs in the scan direction 9. Diagonal shaped 
regions are handled poorly by this coding schema. 

The pyramid structures 20, 19 represent an region using multiple levels of 
detail. They are used in image segmentation and object recognition 20, 15. 
These structures are very similar to the quad tree 16. The quad tree is a hi- 
erarchical representation, which divides regions recursively into four equal sized 
elements. The complexity of this structure per region is O(p q- n), where the 
region is located in a 2 n * 2 n image and p is again the perimeter of the region. 
Quad trees can be stored efficiently using a pointerless representation. The quad 
tree has been used to represent binary images efficiently. The tree needs only to 
store those regions which have a different color than its parent nodes. 
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Since none of the structures above solve the regions representation problem, 
there is a strong need for an extensible framework. It  would permit  domain 
specific representations to be integrated into a database kernel, such that  scalable 
image databases and their querying becomes feasible. 

To explore this route we use a minimalistic approach, i.e. regions are de- 
scribed by rectangular grids. The underlying DBMS can deal with them in an 
efficient manner. The domain specific rules and heuristics are initially handled 
by the query language and its optimizer. 

2.3 Image Retrieval  Algebra 

The image retrieval problem is a special case of the general problem of object 
recognition. When objects can be automatically recognized and condensed into 
semantic object descriptors, the image retrieval problem becomes trivial. Unfor- 
tunately, object recognition is only solved for limited domains. This calls for an 
image feature database and a query algebra in which a user can express domain 
specific knowledge to recognize the objects of interest. 

Research on image retrieval algebras has so far been rather limited. The 
running image retrieval systems support  query by example6 or by sketch 18, 
only. For example, the interface of the QBIC system lets the user choose for 
retrieval based on keywords or image features. These systems have a canned 
query for which only a few parameters can be adjusted. It does not provide 
a functional or algebraic abstraction to enable the user to formulate a specific 
request. In the WebSeek Internet demo the user can adjust a color histogram 
of a sample image to specify the more important  colors. However, this interface 
allows no user defined metric on colors. 

Only Photobook 14 allows for user defined similarity metric functions through 
dynamically loadable C-libraries. Although this approach is a step forward, it is 
still far from a concise algebraic framework that  has boosted database systems 
in the administrative domain. In section 3 we introduce the components of such 
an algebra. 

2.4 Extens ible  Database Systems 

Our implementation efforts to realize an image database system are focussed 
on Monet. Monet has been designed as a next generation system, anticipating 
market trends in database server technology. It relies on a network of work- 
stations with affordable large main memories (> 128 MB) per processor and 
high-performance processors (> 50 MIPS). These hardware trends pose new 
rules to computer software - and to database systems - as to what algorithms 
are efficient. Another trend has been the evolution of operating system function- 
ality towards micro-kernels, i.e. those that  make part  of the Operating System 
functionality accessible to customized applications. 

Given this background, Monet was designed along the following ideas: 
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- B i n a r y  relation storage model. Monet vertically partitions all multi- 
attribute relationships in Binary Association Tables (BATs), consisting of 
0 ID ,a t t r i bu t e  pairs. This Decomposed Storage Model (DSM) 5 facili- 
tates table evolution. And it provides a canonical representation for a variety 
of data models, including an object-oriented model 1. Moreover, it leads to 
a simplified database kernel implementation, which enables readily inclusion 
of additional data types, storage representations, and search accelerators. 

- Main memory algorithms. Monet makes aggressive use of main memory by 
assuming that the database hot-set fits into its main memory. For large data- 
bases, Monet relies on virtual memory management by mapping files into it. 
This way Monet avoids introducing code to 'improve' or 'replace' the op- 
erating system facilities for memory/buffer management. Instead, it gives 
advice to the lower level OS-primitives on the intended behavior 2 and lets 
the MMU do the job in hardware. Experiments in the area of Geograph- 
ical Information Systems2 and large object-oriented applications 1 have 
confirmed that this approach is performance-wise justified. 

- Monet's extensible algebra. Monet's Interface Language (MIL) is an inter- 
preted algebraic language to manipulate the BATs. In line with extensible 
database systems, such as Postgres, Jasmine and Starburst, Monet provides 
a Monet Extension Language (MEL). MEL allows you to specify extension 
modules to contain specifications of new atomic types, new instance- or set- 
primitives and new search accelerators. Implementations have to be supplied 
in C / C + +  compliant object code. 

3 A l g e b r a i c  P r i m i t i v e s  

Analysis of the requirements encountered in image retrieval and the techniques 
applied in prototype image systems, such as 6, 18, 8, indicate the need for alge- 
braic operators listed in Table 1. The parameter i denotes an image, p a pixel, r 
a region, s a segment and o an object. Most functions are overloaded as indicated 
by a combination of iprso. 

The first group provides access to the basic features of images, pixels, regions, 
segments and objects. Their value is either stored or calculated upon need. The 
Point, Color, Vector and Histogram datatypes are sufficient extensions to the 
base types supported by the database management system to accommodate the 
features encountered in practice so far. 

The second group defines topological relationships. This set is taken from 
4, because there is no fundamental difference between spatial information de- 
rived from images and spatial information derived from geographic information 
systems. 

The third group addresses the prime algorithmic steps encountered in algo- 
rithms developed in the Image processing community. They have been general- 
ized from the instance-at-a-time behavior to the more convenient set-at-a-time 

2 This functionality is achieved with e.g. mmap(), madvise(),and mlock() Unix system 
calls. 
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Properties 
area(iprso) --~ float 
perimeter(iprso) --~ float 
center( iprso) -4 point 
avg_color(iprso) --~ color 
coior_hist(iprso) --+ Histogram 
texture( ipr so) --~ vector 
moment(iprso) --+ float 
Topological operations 
touch(prso, prso) -+ boolean 
inside(prso,prso) ~ boolean 
cross(prso,prso) --~ boolean 
overlap(prso, prso) --+ boolean 
disjoint(prso, prso) --+ boolean 
Join operations 
F_joins(p . . . .  pr~o)( {prso},  {prso}) ~ {prso} 
M_joind(p . . . .  ,..o),,,~({prso}, {prso}) -~ {prso} 
P-join~( e . . . .  er,o)({prso}, {prso}) -+ {prso} 
Selection operations 
F-findf(in . . . .  in~,o) ({iprso}, iprso) --} iprso 
M_select a( in . . . .  ,p~,o ),m ( { ipr so } , ipr so ) -~ { ipr so } 
P-selecte(i ~ . . . .  i~,o)({iprso}, iprso) --~ {iprso} 
Ranking and Sample operations 
IP_sort({iprso}) -~ {iprso} 
M_sort~(,p . . . . .  p~.o)({iprso}, iprso) -~ {iprso} 
N_sort({iprso}) --+ {iprso} 
rop( { ipr so } , int ) -~ (iprso} 
Slice({iprso}, int, int) ~ {iprso} 
Sample({iprso}, int) -+ {iprso} 

Table 1. The Image Retrieval Algebra 

behavior in the database context. This group differs from traditional relational 
algebra in stressing the need for 0-like joins and predicates described by complex 
mathematical formulae. 

A f i t n e s s  join (F_join)  combines region pairs maximizing a fitness function, 
f (rs ,  rs) --+ f loat .  The pairs found merge into a single segment. The metr i c  join 
(M_join)  finds all pairs for which the distance is less than the given maximum 
m. The distance is calculated using a given metric function, d(rs, rs) --~ f loat .  
The last function in this group, called predicate join (P_join) ,  is a normal join 
which merges regions for which the predicate p holds. An example of such an 
expression is the predicate "similar", which holds if regions rl and r2 touch and 
the average colors are no more than 0.1 apart in the domain of the color space. 
A functional description is: 

similar(r r l , r  r2) : :  
touch(r1, r2) and 
distance(rl .avg-color,  r2.avg-color) < 0.1 
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The next group of primitives is needed for selection. The  fitness find (F_find) 
returns the region which fits best to the given region, according to fitness function 
f ( rs ,  rs) .  The metric select (M_select) returns a set of regions at most  at  distance 
m, using the given metric d(rs, rs) function. The  predicate select (P_select) 
selects all regions from the input set for which the predicate is valid. 

Join operations 
F_joiny(L, R) --r{prso} 
M_joind,m ( L, R) ---~ {pr so} 
P_joinp ( L, R) --+ {pr so } 

result 
{lrilr �9 LR, ~ l ' r '  �9 L R ^  f ( r , r ' )  > f ( l , r )}  
{lrllr �9 LR ^ d(l, r) < m} 
{/tilt �9 LR A p(l, r)} 

Selection operations result 
F_find I (L, r) --+iprso l E L,/31' e L A f(l', r) > f(l, r) 
M_selectd,m(L, r) -+{iprso} {Ill ~ L ^ d(l, r) < m} 
P_selectp(L,r) --r{iprso} {lit E L A p(l,r)} 

Table  2. Signatures of the Join and Selection operations 

The last group can be used to sort region sets. We have encountered many  
algorithms with a need for a part ial  order. P_sort derives a part ial  order amongst  
objects. Each entry may come with a weight which can be used by the metric 
sort (M_sort). This sort operat ion is based on a distance metric between all 
regions in the set and a given region. The N_sort uses a function to map  regions 
onto the domain Af. 

After the partial  order the Top returns the top n objects of the ordered table. 
The Slice primitive will slice a par t  out of such an ordered table. The Sample 
primitive returns a random sample from the input set. 

4 Acoi Image Retrieval Benchmark 

The next step taken was to formulate a functional benchmark  of image retrieval 
problems. Many such performance benchmarks exist for DBMS for a variety of 
application areas. Examples in t ransact ion processing are the T P  series (TPC-C 
and TPC-D)  and in geographic information systems the SEQUOIA 2000 storage 
benchmark.  We are not aware of similar benchmarks  for image retrieval. The 
construction of such a benchmark  is one of the goals of Amis. Both the database  
and image processing community  would benefit from such a public accessible 
benchmark.  3 

Its  function is to demonstra te  and support  research in image processing and 
analysis in a database  context. Therefore, we derived the following characteristics 
from the algorithms used in the image processing domain. 

a Readers  can contact authors for a copy of the Acoi Benchmark. 
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- Large Data Objects The algorithms use large data objects. Both in terms of 
base storage (pixels), but also the derived data incurs large space overhead. 

- Complex Data Types The algorithms use specialized complex data types. 
Derived data is often stored in special data structures. 

- Fuzzy data The computational model used is based on heuristics and fuzzy 
data. This fuzzy data should be accompanied by some form of fuzzy logic. 

The Acoi Benchmark Data The data for the benchmark consists of two Image 
sets, one of 1K images and one of 1M images. The images are retrieved randomly 
from the Internet using a Web robot. The set contains all kinds of images, i.e. 
binary and gray scale, small and large but mostly color images. 

The Acoi Benchmark Queries Based on the characteristics encountered in the 
image processing community a set of 6 distinctive queries for the benchmark was 
identified, which are shown in Table 3. 

Inr query 

Q1 
Q2 
Q3 

DB-load 
{hli �9 X,n~ ^ h = nor~al iz*d coio;~iaog, 'am(O } 
{iti E Ires ^ LZdistance(normalized-color-histogram(i), h) < 0.1} 

Q3a sort Q3 
Q4 
Q5 {rslrs C Regs(i) AVrlr2 e RS: 

{nxn21nxn2 �9 l~gs( im)^  r �9 Regsf(nl,  na) > f (nl ,  n2)} 

L2 distance(avg_color(rl ), avg_color(r2 ) ) < 0.1 
A3s0...s,~ � 9  
r touch s0A 
s, touch si+lA 
so touch s} 

Q6 {ilVs, �9 OS(0as~ �9 seg~(~) 
d(s~, s~) < min_dist} 

Q6a sort Q6 

Table 3. Benchmark Queries 

Query 1 loads the database DB from external storage. This means storing 
images in database format and calculation of derived data. Since the benchmark 
involves both global and local image features this query may also segment the 
images and pre-calculate local image features. 

Query 2 is an example of global feature extraction as used in QBIC. This 
query extracts a normalized color histogram. We only use the Hue component of 
the Hue, Saturation, Intensity color model. The histogram has a fixed number 
of 64 bins. In query 3 these histograms are used to retrieve histograms within a 
given distance and the related images. The histogram h should have 16 none-zero 
bins and 48 zero. The none-zero bins should be distributed homogeneous over 
the histogram. The query Q3a sorts the resulting set for inspection. 

Query 4 finds the nearest neighboring regions in an image. Near is defined 
here using a user-defined function, f .  This function should be chosen so that 
neighbors touch and that the colors are as close as possible. 
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Query 5 segments an input image. Segmentation can also be done with spe- 
cialized image processing functions, but  to show the expressive power of the 
algebra we also include it here in its bare form. Finally Q6 searches for all im- 
ages in the database which have similar segments as the example image. The 
resulting list of images is sorted in query 6a. 

The Benchmark Evaluation To compare the results of various implementations 
of the benchmark we used the following simple overall evaluation scheme. The 
performance of the Acoi Benchmark against different implementation strategies 
can be compared using the sum of all query execution times. This way moving a 
lot of pre-calculation to the DB-load query will not improve performance unless 
the information stored has low storage overhead and is expensive to recalculate 
on the fly. 

5 P e r f o r m a n c e  A s s e s s m e n t  

The benchmark has been implemented in Monet using its extensible features. De- 
tails about  Monet can be found at {ht tp : / /www.cwi .nl /~monet} .  The DB-load 
query loads the images using the image import  statement into the Acoi_Images 
set. We only load the images in the system. No pre-calculation has been per- 
formed. 

The color histogram query (Q2) can be expressed in the Acoi algebra as 
follows: 

var Q2 := normalized_color_histogram (Acoi_Images) ; 

The brackets will perform the operation normalized_color_histogram on all 
images int the Acoi_Images set. It returns a set of a histograms. Q3 uses a 
M_select with the L 2 metric. The sorting of Q3a can be done using the M_sort 
primitive. Query Q4 is implemented in the Acoi algebra using a F_join with the 
function f ( r l ,  r2) defined as follows: 

f ( r l ,  R~) := 
dist( rl.colorO, r2.colorO) if r l . touch(r2) 
max_dist 

The queries 5 and 6 are implemented by longer pieces of Monet code. The 
segmentation of query Q5 use an iterative process. This process can make use of 
the F_join primitive to find the best touching regions based on the color distance, 
see 13 for full details. 

Query Q6 can be solved using a series of M_select calls. For each segment 
in the example image we should select all Images with similar segments, where 
similar is defined using the metric given. The intersection of the selected images 
is the result of query 6. This can be sorted using the M_sort primitive. 

The Benchmark Results We run these queries using the small Acoi database 
of 1K images. The small benchmark fits in main memory of a large workstation. 
The database size is approximately 1G. We used a sparc ul tra  II with 128 MB of 
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main memory running the Solaris operating system, to perform the benchmark 
on. Using the Acoi algebra we could implement the benchmark with very little 
effort. 

The initial results can be found in Table 5. Overall the benchmark took 
3468.8 seconds. 

In the result we can see that the DB-load query takes more than 80 percent of 
the overall benchmark result. This unexpected result stems from heavy swapping 
of the virtual memory management system. Main memory runs out quickly, so 
swapping will influence the performance. Based on our early experimentation 
with multi-giga-byte databases this problem can be resolved with some careful 
loading scripts. 

We found that the results of queries Q4 and Q5 were low. The none-optimized 
current implementation of F_join was responsible for the low performance. To 
improve it we moved the spatial constrains out of the F_join. This allows us to 
find candidate pairs based on the spatial relation between regions quickly. This 
way we improved the performance of the queries Q4 from 5 to 1 second and Q5 
from 21 to 1.2 seconds using a few minutes of programming. A similar step in a 
traditional image programming environment would have meant partly re-coding 
several pages of c / c + +  code. 

Query Time(s) Query Time(s) 
Q1 2865 Q4 1.0 
Q2 598 Q5 1.2 
Q3 1.5 Q6 1.5 
Q3a 0.3 Q6a 0.3 

Table 4. The Acoi Benchmark Results 

6 C o n c l u s i o n s  

In this paper we introduced an algebraic framework to express queries on images, 
pixels, regions, segments and objects. We showed the expressive power of the Acoi 
algebra using a representative set of queries in the image retrieval domain. The 
algebra allows for user defined metric functions and similarity functions, which 
can be used to join, select and sort regions. The algebra is extensible with new 
region properties to accommodate end user driven image analysis in a database 
context. 

We have implemented the algebra within an extensible DBMS and developed 
a functional benchmark to assess its performance. In the near future we expect 
further improvement using extensibility in search methods and index structures 
to improve the performance of the algebra. As soon as the full Acoi database is 
ready we will perform the benchmark on the set of 1M images. 
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A b s t r a c t .  Multimedia databases include many types of new data. One 
common property of these data items is that they are very large. We 
exploit the concept of transformational representations to logically store 
images without the bitmap. This technique is similar to views in tradi- 
tional database systems. The technique is useful when users are editing 
images in the database to create new images. Our method produces sig- 
nificant space savings over already compressed images, and potentially 
greater savings for video and audio. The method requires the support 
of multimedia editors. This paper emphasizes the meta-structure needed 
by the database to support multimedia editing. 

1 I n t r o d u c t i o n  

Multimedia has become the quintessential element in computer applications. 
Programs are purchased on CDROMs loaded with graphics, audio, animations, 
and videos. Media viewers are common on home computers. Millions of users 
are putt ing digital media on the web. 

As the demand for multimedia continues to increase, computer systems will 
have to address two large problems associated with the wide spread use of digital 
media. The first is tha t  current systems simply store such media as compressed 
files on disks without providing any organization. This, therefore, requires a 
t remendous amount  of effort from application programmers to interpret and 
manipulate those files. The second is that  even with advanced compression tech- 
niques and several gigabyte disks being common, the size of media da ta  causes 
it to consume enormous amounts of space. For example, a 75 minute CD may 
use 100 MB of storage, and each frame of a video may use over 1 MB 8. This 
problem is increased when users edit digital media in order to refine their pre- 
sentations. 

Editing can occur in video games (graphics), recording studios (sound ef- 
fects), and video-on-demand systems (editing for content). In each of these ex- 
amples, the application must maintain many large multimedia objects tha t  are 
similar. This causes a tremendous amount of replicated information to be stored. 
This situation would arise in any multimedia authoring application in which 

* Work partially supported by Baylor University Grant 009-F95 
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users will want to save each version of a file. The storage cost of such redun- 
dant information can vary from 2KB for a small graphict 0 over a gigabyte for a 
movie. Without a technique to efficiently store the redundant data, the systems 
supporting such applications would quickly run out of memory. 

We propose an object-oriented MultiMedia Database Management System 
(MMDBMS) to solve the problems of organization and space consumption. In- 
stead of storing the objects themselves, our MMDBMS stores the editing opera- 
tions, called the transformational representations, used to create media objects. 
The collection of all information used to make a new image is called a transform. 
Since the editing operations would only require a few bytes of space, trans- 
forms would significantly reduce storage requirements for already compressed 
data 11, 12, 1. 

Transformational representation of information is called a view in relational 
databases, and an intensional database relation in logical models like datalog 
14. Within media editing tools, transformational representations of objects are 
also used. For example, some editors, such as JPEGview 3, can store an object 
by copying the original file and then appending to it a series of commands which 
indicate how the edited image should be recreated. Unfortunately, using appli- 
cation specific transformational representations does not allow an image to be 
correctly viewed by another editor. This happens because the editing commands 
used by one system are meaningless to another. Likewise, this method has the 
disadvantage of storing redundant data, since the original file is copied to the 
edited one. Although in a file system this redundancy is unavoidable - since it is 
impossible to prevent the deletion or movement of files - in a database, actions 
can be performed as part of a deletion operation in order to protect the derived 
data. One simple solution is to instantiate the derived data before allowing the 
deletion to complete. Thus, we do not need the redundant storage. Furthermore, 
image degradation due to repeated application of lossy compression algorithms 
is eliminated. Thus, better image quality and greater space efficiency can be 
gained. 

Ideas similar to multimedia transforms can be found in 2 and 13. In 2, 
multimedia objects are treated as binary large objects (BLOBs). Editing of me- 
dia objects is translated into operations on BLOBs. Handles to BLOBs are stored 
in a relational database. Unfortunately, BLOB operations are not sufficient to 
perform all required media object operations. For example, there is no way to 
describe the dithering needed to double the size of an image. In 13, a notion 
similar to transforms is presented in which scripts are passed to image editing 
tools in order to create new images. However, their approach performs these 
operations outside the database itself. This can lead to problems with deleted 
references and poor specifications, both of which can be solved by including the 
new images within the database. 

Within the OODBMS literature, a similar notion to our approach is the 
concept of versioning 9. Versions allow modifications to an object without losing 
the previous state. This is accomplished by having additional structures, similar 
in nature to those proposed here, which keep up with the history of the object. 
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However, there is a fundamental difference between versions and our work. In 
our system, each modification creates a totally independent object, not merely 
a copy of another object. Thus, the support structure for our work must be 
different in terms of modifications to the database. 

The rest of the paper is organized as follows. Section 2 presents the basic 
model used by our meta-structure. Section 3 presents implementation details for 
capturing the operations, storing them in the database, and instantiating the 
transforms. Section 4 concludes this work and outlines the rest of our project. It 
should be noted that this paper focuses on images. However, we intend to apply 
this meta-structure to all media types. 

2 T h e  B a s i c  M o d e l  

Our base model for an MMDBMS with transforms contains two distinct parts. 
The first part, which is the emphasis of this paper, is the meta-structure needed 
to support transforms. This is covered in Section 2.1. A second needed com- 
ponent involves the language used to define the operations for the media. Our 
language is only a small component of this paper, and is simply used to show 
that such a language is possible. Our proposed language is in Section 2.2. 

2.1 M e t a - S t r u c t u r e  for V i e w s  

Our MMDBMS assumes the existence of a media hierarchy - a set of classes 
which describe the multimedia data. At database design time, the DBA deter- 
mines if a class is transformable. This is a property of the class, and as such 
it is inherited by its subclasses. If a class is transformable, then by default, all 
updates to objects in the class will result in the specification of objects, and 
not create new media objects to be stored in the database. Thus, each of these 
virtual objects will have a transformational representation of how the object can 
be recreated from objects physically stored in the database, but they will not 
include the binary representation of the object. 

Note that this implies that specifications are defined on objects, rather than 
on classes. In traditional databases, views defined like this would be of little 
benefit, but the extremely large size of individual objects in multimedia systems 
allows this approach to reduce storage costs. However, using objects as the basis 
for transforms does require that the system have additional information in order 
to keep up with the transforms. This additional information is the basis of our 
meta-structure. We create a transform-dag which represents the history of the 
transform. An arc in a transform-dag from Ol to o2 means that Ol is used to 
create o2. In this case, 01 is called the parent, and 02 is called the child. As 
its name suggests, a transform-dag is a directed acyclic graph. The roots of 
every transform-dag are stored objects. Every transform is a member of exactly 
one transform-dag. We consider a stored object to be the root of many dags if 
the dags contain no common transforms. Likewise, each class may have many 
transform-dags, and a transform-dag may span classes. 
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Once a class has been defined as transformable, a new system defined at- 
tribute is added to the class to support transform-dags. Although it would have 
a unique system defined name, we use the attribute name children in this paper. 
This attribute would have the type set-of oids, where each old is a transform, 
and would be a child in the transform-dag. 

The system must also create a special transform-of-class for each trans- 
formable class. The transform-of-class is semi-automatically generated. The 
transfo~Tn-of-class contains exactly the same attributes and methods as the 
base class, including the children attribute added by the system, except for the 
following changes: 

1. A system defined attribute parent is added. The parent is also a set-of 
oids, and represents the objects that were used to create an instance of 
the transfo~'m-of-class. 

2. Two specifications are added. The short specification defines the creation of 
an object from its parents. The long specification defines the creation of an 
object from stored objects. 

3. A state attribute is added. This is also a system defined attribute which 
is used to determine the status of transforms. A transform may be either 
Permanent-meaning a user has saved it; Stable-meaning the system has 
temporarily saved it; or Transient-meaning the objects can can have their 
media content modified. 

4. The binary representation attribute is removed. This is the part which is 
semi-automatic, since there is no standard way to describe this field. The 
binary representation is the physical data which defines a stored object. 

An example of a j p e g  class and a transform-of-jpeg class is in Figure 1. Note 
that the transform-of-class is not a superclass of the j peg  class since the speci- 
fications are not inherited, nor is it a subclass since the binary representation is 
no longer present. 

Both specifications are linked lists of Specification Entries, denoted SE. An 
SE consists of two parts. The first part is a text description of the command 
issued by the user. The description consists of two components. The first com- 
ponent is the actual model language command issued, and the second is the 
parameter required by that command. The second part of the SE is called the 
reference and is used to structure the SE. The reference also consists of two parts, 
the base and the offset. The base is the object id of a stored media object which 
is one of the roots of the transform-dag of the transform. The offset is an integer 
value which indicates what changes (if any) have been done to the base object. 
A negative value (usually -1) indicates that the object has not been edited, and 
the base object must be retrieved from the database. A value of 0 indicates that 
the base object has been modified, and the desired image is the result of the 
previous SE. A positive value is the object id of the SE which represents all of 
the changes to the base object. Note that the use of 0 is redundant since the old 
of the previous SE could also be used. However, this condition is so common, 
that using a special value to represent it allows an easy optimization of holding 
the previous SE in memory so that it can be accessed directly. 
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jpeg 
id:jpeg-oid 

Artist:string 
Date:date 

Reference: citation 

Binary-Representation:ile-ptr 
Children:set of oids - system defined 

transform-of-jpeg - system created 
id: transform- of-jpeg- oid 

Artist:string 
Date: date 

Reference: citation 

Short-Specification:linked list of SE 
Long-Specification:linked list of SE 

Parents:set of oids 
Children:set of oids 

State:Permanent, Stable or Transien~ 

Fig. 1. Example Classes 

In order for an MMDBMS to exploit transforms, it must be the case that 
the editing tools support transforms as well. Some editing tools already use this 
concept in order to prevent image degradation, but they must go a step further in 
order to interface with the MMDBMS. The editing tools must be able to transmit 
to the database system the operations performed by the user. Furthermore, 
these operations must comply with the logical model language (LML) of the 
database. An example LML is presented in Section 2.2. It is not practical for the 
database system to translate proprietary commands into the model language, 
simply because there are too many different implementations possible. Likewise, 
the editing tool must transmit to the database system additional operations to 
retrieve, store, modify and delete images. This is similar to tools accessing an 
SQL database today. Once the formal model language is established, then it is 
reasonable for tools to comply with a standard. As image processing continues 
to mature, such a standard is very likely to emerge, and may even evolve from 
current standards being developed for handling derived video information, such 
as MPEG-4 6. 

However, even if media editing matures to the point that this type of func- 
tionality can be achieved, a MMDBMS which uses transforms has to fulfill many 
requirements. Such a system must be able to instantiate objects from formal 
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model specifications, and provide the media to editors on demand. It must be 
able to accept commands from editors and integrate them into specifications. Fi- 
naUy, it must maintain the transform-dag with media objects being added and 
being deleted from the system. Section 3 provides details on how these require- 
ments can be fulfilled. 

2.2 Model  Language for Images 

In order for transforms to be defined on multimedia objects, a standard LML 
must be developed. We predict this language to evolve once editing tools mature. 
However, in order to continue with our work, we propose a simple image modeling 
language which captures many of the transformations performed by users with 
editing tools. Further work is in progress to determine a complete, minimal and 
independent set of operations for image editing 1. 

Our model language for images is based on the image algebra defined in 10. 
Ritter's Image Algebra is a mathematical definition of operations used to process 
and analyze images. As such, it contains a large number of complex operations. 
This allows the image algebra to capture not only operations performed on 
images, but also image recognition operations like edge detection. 

Our goal is to define a simple set of operations which still capture all of 
the editing commands performed by users. Thus, for this work we use the five 
operations: Merge, Define, Mutate, Modify and Combine. These operations form 
a natural set of basic operations for image manipulations in systems which do not 
add information to images by techniques such as drawing. Drawing, manipulating 
the color palette and channel operations are needed in a complete set of image 
editing tools. Finally, this restricted model is designed only for RGB (red-green- 
blue) color models. 

The Merge operation combines two images together. One image is the base, 
and the other is the new information. The new information is merged into the 
base. The Merge operation allows for several different types of combinations. For 
example, the merge can be transparent, meaning that the base image is displayed 
wherever the new image is showing its background color, or it can be opaque, 
meaning that the background information of the new image is also pasted into 
the base image. The Merge operation works even if the images are not the same 
size or shape. If the new image overlaps an area not originally part of the base 
image, the result is simply extended to include the new area. 

The Define operation is used to define regions within an image. A series of 
points defines a polygon within an image. The define operation then either adds 
the space within the polygon to the defined region, or it removes the polygon 
from the defined region, or it adds (removes) the image NOT within the polygon 
to the defined region. Within this work, whenever we refer to an image, the region 
of an image created with the define operation can also be used. 

The Mutate operation is used to alter the form of an image. The mutation is 
accomplished by mapping an image into a form where every pixel is a 5-tuple, 
(x,y,r,g,b), where (x,y) is the coordinate location of the pixel and (r,g,b) is the 
color component. Each (x,y) component is put into a 3 x 1 vector (the last 
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cos 0 - sin 0 xr (1 - cos 0) + yr (sin 0)" 
sinO cosO y~(1 - cosO) - x~(sinO) 

0 0 1 

The Mutation Matrix 

i0 * s i n 9 0  + 0 * c o s 9 0  + 25 �9 ( 1 -  c o s 9 0 )  - 25  �9 s i n 9 0  -~ 
0 . 0 + 0 . 0 + 1 . 1  

Fig. 2. Rotation Example - The result of rotating the point (0,0) in a 51 x 51 matrix 
90  ~ c o u n t e r  clockwise around the center point - (25,25). 

element of which is usually 1). This vector is then multiplied by a 3x3 matr ix  in 
order to get a desired effect. An example of a 90 ~ counter-clockwise rotat ion is 
in Figure 2. Using interpolation as needed, the resulting image is then mapped 
back to pixel format, with the order of the pixels defined by their location in the 
file. 

The  Modify operation is used to change colors within an image. The Modify 
operation accepts up to 6 parameters,  which correspond to old and new values 
for the RGB color. A color can be omitted from the operation, and that  implies a 
"don' t  care" condition for that  color. Thus, Modify(Red(60,100)) would modify 
all pixels having a red value of 60 to a red value of 100, no mat ter  what the values 
of the green and blue components, while Modify(Red(60,100),Green(60,100), 
Blue(60,100)) would change only a pixel with 60/60/60 to 100/100/100. Ranges 
of values can be used for the old value of the pixels. Thus, an entire image can 
be turned black by Modify(Red(0...255,0),Green(0...255,0), Blue(0...255,0)). 

The  Combine operation is used to achieve certain effects which are based on 
localized portions of the image. For example, a blur effect is achieved by making 
each pixel look a little bit more like the pixels closest to it. Thus, the value of 
a pixel is computed by taking a weighted average of the pixel and the 8 pixels 
bordering it. See Figure 3 for an example of a simple blur matrix. Several other 
effects, such as distort and sharpen, are modeled as combinations of color values. 

Weights of pixels 

(50,50,50) { (25,50,100) {(50,50,50)} 
1(25,50,100) I(200,200,200){(25,50,100){ 
I(50,50,50) I (25,50,100) 1(50,50,50){ 

Example original pixels 

Fig. 3. Combine Example - Sum of weights divided by 16 and r o u n d e d  t o  the nearest 
integer results in a pixel value for the center of (75, 88, 112). 
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3 I m p l e m e n t a t i o n  I s s u e s  

In Section 2, several system requirements are listed. In this section, we examine 
the implementation issues involved with the creation and maintenance of speci- 
fications and the upkeep of the transform-dags. Each of these issues is related to 
the natural uses of a MMDBMS. Instantiation results from a user requesting a 
transform object. The creation of specifications results from editing operations 
being applied to opened images. The maintenance of specifications and the up- 
keep of a transform-dag is a required to support deletion and modification of 
objects. It should be noted that naive instantiation of images is straightforward 
processing of the specifications, but ej~cient instantiation is beyond the scope 
of this paper. 

3.1 Creation of  Specifications 

When an image is requested by an editor, a new object is created. This object 
is stored in the same transform-of-class as the requested object, and is a child 
of the requested transform object. The child's long specification is the same as 
its parent's, but the child's short specification contains only a reference to the 
parent. Since the short specification defines the differences between a parent and 
its child, this short specification implies that the image associated with the child 
object is identical to the parent's image. When the image is returned to the 
editor, this child object is prepared to receive the edits performed by the user. 
The reason for this is that the requested object is permanent in the database 
and may not be changed. This is needed to ensure that other transforms defined 
on this object will not be invalidated by updates to the permanent object. By 
contrast, the new object is a transient object and can be modified. 

After the image is returned to the editor, specifications are added to the new 
transient object as users edit the image. The editor submits specification texts to 
the MMDBMS. For most operations, the MMDBMS creates a SE object with the 
text the same as submitted by the editor, the base being the oid corresponding 
to the object, and the offset being 0 (the only exception is the first operation 
which sets the offset to -1). However, merge operations are more complicated. 
For a merge operation, two SE's are added to the list. The first SE has the 
"source" of the merge for the base and an offset of -1. The text of the SE is null. 
The second SE has the destination image as its offset. This offset is the oid of 
the SE which was at the tail of the specification before the merge operation. The 
text has the merge command with the parameter being the location of the new 
information within the destination image. If the source object is transient, it is 
upgraded to stable to prevent deletion anomalies. 

As an extended example, consider the case where images I1 and /2 have 
been edited by a user. In the database, there exists objects O1 and 02 which 
correspond to the results of applying editing operations to the respective base 
objects. Now assume that the user selects a part of I2, copies it and pastes it 
into I1. When the selection is performed on 12, the define command along with 
the points defining the region are sent to the database. An SE object, S1, is 
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added to the short and long specifications of 02. $1 has text set to the define 
command with its parameters, the offset is set to zero, and the base 4 is set to a 
default value. However, the copy and paste creates a merge operation, which is 
more complicated. 

With a merge operation, the database first changes the state of O2 to stable. 
Next, a new object, 03, is created as the child of O2. Any further operations 
on I2 will result in updates to the specification of 03. For further information 
about the creation of Os, see Section 3.2. A new SE object, $2 is added to the 
short and long specification of O1. 02 is added to the parent set of O1, and 
O1 is added to the children of 02. The text of $2 is empty, but the base is the 
object id of 02 and the offset is -1. A second SE object, $3, is used to hold the 
operation. The command of $3 is merge, and the parameter is the location in I1 
for the new information, the base 4 is set to the default value, and the offset is 
the oid of the SE which defines the destination image. In this case, that would 
be SA. A chart of the short specifications is in Figure 4. 

I O1 offset SE O2 Os I oid:l oid:2  oid:3 
SE command base command base offsetlSE command base o 
SA NULL Ii.oid -1 SB NULL I2.oid -1 Sc NULL 2 -1 et 

ffs 

$2 NULL 2 -1 S1 define 0 0 
$3 merge 0 oid of SA 

Fig. 4. Merge with SE's 

3.2 I n s e r t i o n  o f  N e w  I m a g e s  

Recall from Section 2 that we assume the editing tool can interface with the 
MMDBMS. This requires the tool to submit model language commands to the 
database system, and accept images from the database as described in Sec- 
tion 3.1. However, the editing tool must also interact with the database in or- 
der to allow the system to maintain a correct specification of objects. Thus, in 
addition to the model language commands, the editor must also support addi- 
tional commands related to storing and retrieving objects and transforms from 
a MMDBMS. These commands do cause an additional overhead, as the editor 
must submit them to the database system. However, this overhead is small com- 
pared to the effort which must be expended by a user in searching for images in 
an unstructured environment. 

The first such command is Open.  The purpose of an Open command is to 
allow the editor to have access to a particular media object. There are many 

4 The base is not used in instantiation when the offset is greater than or equal to zero 



98 

levels of interaction which can exist between the editing tool and the database 
system with respect to this operation. For example, the database could require 
tha t  the tool creates a query to select the object, or that  the tool has a handle or 
pointer to the object, via browsing through the MMDBMS interface or as a direct 
association link from another object. Since we are building a simple prototype 
system, we assume the deepest level of interaction and require the editing tool to 
pass the actual object id to the database system. In actual practice, this would 
not be the best system since it would require too much information to be passed 
to the editor. A more general query or browsing based interface would be easier 
to implement across multiple MMDBMSs. 

Upon receiving the Open command for object O, the database system deter- 
mines if the class of O is transformable, or if it is a transform-of-class. If it is 
not, then the image is from a class which stores the binary representation of all 
images, and the image is simply returned to the editor and no further work is 
done. If the editor submits LML commands related to this object, the system ig- 
nores them. However, if the class is transformable or a transform-of-class, then 
the system creates a new object, O1, which is the new transform of the current 
object, O. The object O1 is stored as a new object in the transform-of-class. 
The parent of O1 is O, and if O is a stored object, then it is the root of a new 
transform-dag. In the short specification, the first SE for O1 has a null text  field, 
an offset of -1 and the base is the oid of O. The long specification of O1 is the 
same as the long specification of O. The image associated with O1 is instantiated 
and returned to the user. 

When the user is finished creating a new object, a second new command-  
Save  is executed. Since the editing tool does not know if the class is trans- 
formable or not, the editor submits the entire object with the save command. If 
the class is not transformable, the new object is stored in the class, and the ad- 
ditional information, such as creation date and author, is added to the object. If 
the object is transformable, the object data  is discarded, and the transform ob- 
ject, Ol, is now made permanent in the database. As with the non-transformable 
case, the additional data  is also added. Clearly, if the editor is aware that  the 
object is a transform, then significant network bandwidth can be saved by not 
transmitt ing the object. However, we are assuming the worst case to show how 
the database could handle the unwanted data. 

If the user terminates the session without saving the object, then the edit- 
ing tool should send an A b o r t  message. When this message is received, the 
MMDBMS responds as a traditional database would to an abort  of a transac- 
tion. Uncommitted data  is removed from the system. However, in the case of 
transformable objects, it is certain that  uncommitted data  exists, and further- 
more it must be treated as a deletion (see Section 3.3). 

3.3  D e l e t i o n s  a n d  M o d i f i c a t i o n s  

We use the principal of transform independence to resolve deletions and mod- 
ifications of an image. View independence means that  the user should not be 
aware if the object is a transform or a stored object. This means that  deletions 
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and modifications to an image should not alter any transforms defined on that 
image. In the case of deletion, the object is removed from the transform-dag. 
This requires that the children of the object now become children of the deleted 
object's parents. There are two cases which must be considered here. First, if the 
deleted image is stored (i.e., not a transform), then its children must now be- 
come stored objects since their specifications will be invalidated by the deletion. 
In order to do this, the children are instantiated as described in Section 3.1. 
They are then inserted as new objects into the database. The transform-dag 
is then followed from all of the newly instantiated objects. Each child in the 
dag must have its long specification rebuilt from the existing short specifica- 
tions. To rebuild a long specification, the short specification is appended to the 
end of the long specifications of a transform's parents. The specifications must 
be re-optimized in order to improve instantiation speed, as any optimizations 
done could be destroyed in this process. Once this is complete, the transforms 
corresponding to the instantiated objects are deleted from the system. 

The second case is when the deleted object is not stored, and thus has both 
parents and children. In this case, the long specifications are not changed, but 
the short specifications of the children must now include information from the 
deleted parent. Let the deleted parent be O1, and the child be O. In the short 
specification of O, there exists an SE object, S1, with base equal to the object 
id of O1 and offset of -1. S1 is removed from the specification, and the entire 
short specification of O1 is put in its place. Furthermore, all references to the 
oid of S1 are replaced by the oid of the last SE object in the newly added list. 
Optimization of the short specification could be performed, but since it is not 
used to instantiate the object, it is not needed. 

Note that if a transient object is not saved in the database, the same process 
must be followed. Thus, from the extended example in Section 3.1 and Figure 4, 
if 02 is not saved in the database, then the short specification of 02 is inserted 
in the short specification of O1 in place of the SE object $2. 

Modifications of images are implemented by treating them as a delete fol- 
lowed by an insertion. Thus, if a stored object is modified, all of the children are 
instantiated as new stored objects, and the long specifications of all descendants 
in all transform-dags are updated. The modified object is stored back in the 
database. If a transform object is modified, it is removed from the transform- 
dag and the appropriate alterations are made to the short specifications of its 
former children. However, the modified object is not instantiated. Merely its 
specification is extended to include the modifications. 

4 C o n c l u s i o n  a n d  F u t u r e  W o r k  

Using transformations to represent images is a powerful, albeit complex, mech- 
anism. A database system which uses transformations can save tremendous 
amounts of space. Also, transformation based representations do not suffer from 
image degradation from repeated compressing and decompressing of images. 
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Thus, such a system provides better images and can store more images in the 
same amount of space. 

However, the complexity of transformational representations carries a cost. 
The most obvious cost involves the time required to instantiate transforma- 
tional representations. There is also the additional cost of database support for 
multimedia editing. Our paper presents a model that can be used to store the 
media objects using transformational representations. In doing so, we present 
the meta-structure, model language, and implementation techniques for object 
instantiation, insertion, deletion, and modification. 

We propose the use of a transorm-dag to represent the history of the creation 
of an image. An arc from object ol to o2 means that ol was used to create o2. The 
roots of the dag are the stored objects. Each object has two specifications which 
are the transformations needed to instantiate the image. One of these specifi- 
cations is called the short specification, and the other is the long specification. 
The short specification indicates how the image would be reconstructed from its 
parents in the transform-dag. The long specification is used to instantiate the 
image from the stored objects or the roots of the transform-dag. 

Two specifications are required to efficiently handle instantiations and dele- 
tions from the database. The long specification would be used to instantiate the 
image, thus reducing the amount of intermediate work that would be required. 
However, if only long specifications are used, and the stored object is deleted, 
then all of the derived objects would have to be instantiated as well. Thus, by al- 
lowing the transform-dag to have more than one level, it is possible to instantiate 
fewer objects on a deletion. 

The transformations used here are based on a formal model of image editing 
derived from the Image Algebra in 10. The system proposed here assumes that 
editors translate operations submitted by users into the transformational model, 
and then send them to the database. A simple LML consisting of five operations 
- Combine, Define, Merge, Modify and Mutate - is presented. 

This work is part of an ongoing project to create a prototype system which 
can fully exploit transformational representations of images, audio and video. 
The control logic for the work presented in this paper is available via anony- 
mous ftp from mercury.baylor.edu. The program uses a slightly different version 
of specification entry objects, but otherwise conforms to the algorithms pre- 
sented here. In addition to this work, there are several other projects related 
to integrating transforms within a MMDBMS. First, the image LML must be 
completed. Issues such as completeness, minimality and independence are ex- 
plored in 1, but alternative color models and quantization must be added to 
the model. Second, a tool for instantiating images from the image LML must be 
designed and implemented. This tool will also be used to instantiate transforms 
for user requests and when deletions require that the system instantiate images. 

Also, it should be noted that the long specification of an object should not 
be the same as the pure concatenation of the short specifications of its ancestors. 
The long specifications should be optimized to improve instantiation time. For 
example, since size manipulations and rotations are accomplished through the 
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mutate operation, which is matrix multiplication, a rotation and an increase in 
size can be combined into a single mutate operation in the specification. In order 
to do optimization, we must understand the compatibility of the operations, 
which is complicated by the large parameters taken by the commands. 

This analysis of the LML commands for optimization also provides an op- 
portunity for exploiting specifications for content-based retrieval. Content-based 
retrieval is finding an image based on the actual picture, rather than descrip- 
tions of it. There is much research in this complex area (see, e.g., 5, 7, 4, 15). 
However, the use of specifications provides semantic information not generally 
available. Our plan is to use a traditional content-based retrieval program on 
stored images, and then combine those results with the specifications to deter- 
mine whether or not transforms satisfy the query. As a very simple example, if 
an image does not have a picture of a red balloon in it, a crop of that image will 
not either. 

Finally, all of the work planned for images is also planned for audio and 
video. We will develop an LML for both audio and video. We will build editors 
which can submit operations to a system, and we will be able to instantiate the 
data from the specifications. We will also optimize the specifications. However, 
the work done in this paper will not be repeated, as the basic ideas presented 
here will hold in continuous media. 

Thus, the object-oriented meta-structure for the transformational represen- 
tations of images, is actually the meta-structure for all media types. The use of 
a dag to indicate the history of an object and a specification to define its form 
are the basic building blocks of a system which has tremendous capabilities in 
terms of reducing the amount of space used by multimedia databases, and to 
improve the quality of the media at the same time. 
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Abs t rac t .  In this paper the establishment of a supporting knowledge 
base for a loosely-coupled federation of heterogeneous databases avail- 
able over a Cmnlmter network is de~'ribed. In such a federation, liner 
information requirements are not static. Tile changes and evolution in 
user information needs reflect Imth tile changing information available in 
the federation as databases join and leave it and their contents change, 
and tile varied requirements tile users have of the information available 
in the federation. As a user's awareness of tlte contents of the federation 
improves, their requirements from it often evolve. This means that users 
need different integrating views if they are to realiso its full potential. The 
knowledge base will be used to help users of the federated databases to 
create views of the federation and to determine the available information 
in the federation. 
The knowledge base (KB) is created and evolved incrementally by analysing 
both meta-data of databases as they join the federation and views as 
they are created over the datal)amm in tile federation. The KB is organ- 
ised as a semantic network of concept clusters, and can be viewed as a 
conceptual model describing the semantics of all databases in the federa- 
tion. It records not only concepts and their inter-relationships defined in 
schemas but also their frequency oi" occurrence within the federation, and 
is used both as a ~mantic dictionary and as a basis to enrich schemas se- 
mantically during the detection of semantic relationships among schema 
components when creating user views. We semantically enrich schemas 
prior to integration by generating tile best sub-network that spans the 
concepts common to the schema and the knowledge base and then by 
unifying this sub-network with the schema. Hence the terms in schemas 
are given interpretations not by considering them in isolation but by tak- 
ing into account contexts, derived from the knowledge base with respect 
to those schema terms. 
An architecture to facilitate tile establishment of this knowledge base 
and to exploit its functionality is described. The novelty of our research 
is that we create a knowledge base for a federation by gathering and 
organising infurnmtion from it to assist groups of users to create dynamic 
and flexible views over the databases in the federation which meet their 
dynamic information requirements. This knowledge base enables re-use 
of the semantics when creating views. 
Keywords : loosely-coupled federation, heterogeneous databases, seman- 
tic dictionary, datalm.qe discovery. 
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1 I n t r o d u c t i o n  

Recent progress in network and database technologies has changed data process- 
ing requircnlents and capabilities drainatically. Users and application programs 
are increasingly requiring access to data in an integrated form, from multiple pre- 
existing databases 6, 34, 42, which are typically autonomous and located on het- 
erogeneous software and hardware platfornls. For nlany of these databases, de- 
sign docmncntation, high level representation of domain models (e.g. ER, OMT 
representations etc.) and additional domain knowledge from the DB designers 
may not be available. Different users have different needs for integrating data 
and their requirements may change over time and as new databases become 
available. This means that the same database may participate in many different 
ways in multiple integration efforts, hence different views of the databases need 
to be constructed. 

A system that supports operations on multiple databases (possibly autonomous 
and heterogeneous) is usually referred to as a multidatabase system 3, 22, 23, 32. 
There are two polmlar system architectures for multidatabasc~: tightly-coupled 
federation and loosely-coupled federation 8, 20, 39. In a tightly-coupled federa- 
tion, data is accessed using a global schenia(s) created and managed by a fed- 
erated database administrator(s). In a loosely-coupled federation it is the user's 
responsibility to create and maintain the federation's integration regime. They 
may access data either by means of views defined over multiple databases 18, 
19 or by defining a query using a multidatabase language 23, 24 which enables 
users to link concepts within queries. 

With the growth and widespread popularity of the Internet, the number of 
databases available for public access is ever-increasing both in number and size, 
while at the same time the advances in remote resource access interface tech- 
nologies (e.g. JDBC, ODBC) offer the possibility of accessing these databases 
from around the world across heterogeneous hardware and software platforms. 
It is envisaged that the primary issue in the filture will not be how to efficiently 
process data that is known to be relevant, but rather to determine which data 
is relevant for a given user requiremevt or an application and to link relevant 
information together in a dlanging and evolving situation27, 35, 36. The cre- 
ation of an environment that permits tile controlled sharing and exdmnge of 
information among nmltiple hetc, rogeneous datab~es  is a l ~  identified as a key 
issue in future database research 17,40. In this enviromnent we believe that 
tile loosely-coupled architecture provides a more viable solution to global users' 
evolving and changing information requirements across the disparate databases 
available over a network, as it naturally supports nmltiple views which are dy- 
namic, and it also avoids the need to create a global integrated schema. 

In our research the main focus is on loosely-coupled federations where views 
are created and used to define a user's requirements to access and link together 
data from multiple databases. In a loosely-coupled federation, databases may 
join and leave as they please. In addition, global users may create, modify and 
enhance views in many different ways to meet their changing information re- 
quirements in a flexible maturer. Some of the major issues to be a~hlressed when 
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creating mult idatabase views in such an environment are how to locate appro- 
priate databases and data  for some application and how to determine objects in 
different databases that  are semantically related, and then resolve the schematic 
differences among these objects 2, 21,29. This must be achieved in a way that  
makes it possible for the federation to evolve, and easy for a user to create new 
views and change existing views. A wealth of research has been done on database 
integration but  most of this work assumes that  the relevant databases and data  
can be identified by some means during a pre-integration phase 1 and that  
integration is a static outcome which is comprehensive and will be relevant to 
all future applications. Furthermore, much published research in this area con- 
centrates either on a one-shot integration approach which creates a single global 
schema or an integration via a muitidatabase query 34. Significantly, little or 
no emphasis has been placed on the re-usability of knowledge elicited during the 
schema integration process, to create different views which dynamically reflect 
a user's changing information requirements. 

In this paper we investigate how to establish a knowledge base (KB) to assist 
users to cr~tte views which integrate schemas in a loosely-coupled federation of 
heterogcm;ous dat~d~ases in a dynamic aml flexible maturer. In our al,l,roach we 
assume that  knowledge about  a database is elicited at  the time it joins the fed- 
eration, but  is not necessarily used at that  time to create an integrated schema. 
The knowledge base we establish evolves as new databases join the federation. It 
will also evolve as new views are created by users as it will capture the semantics 
used in creating these views. The knowledge gathered in each step is utilised in 
subsequent integration efforts to improve the new views created by users. The 
KB we propose is not a glob;d schema. Its intention is not  to create a view(s) 
specifically oriented towards a particular user group(s) but  rather to capture 
information which can be used to support  an environment in which users can 
create multiple, dynamic and flexible integrated views with less effort. Thus tile 
knowledge base cannot be used directly as an integrated schema which helps 
users access da ta  from the component databases in a federation. 

We use a bot tom-up strategy to build the knowledge base. With the help of 
DB owners, we initially use the schemas of the DBs in the federation to create a 
set of acyclic graphs of terms (referred to as schema structures). These schema 
structures are then merged successively with the assistance of the database own- 
ers to build the federated knowledge base. At this stage we are a t tempting to 
capture the knowledge about  tile databases known to their owners. Finally, the 
KB is utilised as a semantic dictionary to assist users in generating integrated 
views to ;u:cess data  from nmltiple databases in tile federation wlmn they are 
creating applications based on new data  requirements and to find out  about  the 
information held in the federation. 

For our approach, it is not  a pre-requisite for the schemas of the component 
databases to be available in some conceptual da ta  model such as ER or OMT. 
Neither do we expect  to link schema components with an existing global knowl- 
edge base such as a thesaurus, WordNet 26, some form of concept hierarchies, 
ontologies 15, 16, etc, to a.~qign interpretations ,as in 2, 14,25,43. These ap- 
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proaches to providing a knowledge base assume that an available thesaurus will 
adequately cover all concepts in the federated system. Whereas we build our 
thesaurus from the concepts in the federation thereby ensuring its relevance to 
the contents of the federation. 

The remainder of this paper is organised as follows: in section 2 we give a 
brief review of related work. An architecture to support the establishment of 
our knowledge base and to exploit its functionality is described in section 3. 
Section 4 explains the structure of the knowledge base and how it is created and 
modified. In section 5 we explain the functionality that the knowledge base can 
provide to assist users in buihting dynamic and flexible views. Finally, section 6 
draws conclusions. 

2 R e l a t e d  R e s e a r c h  

In early integration methodologies 28,30, identification of relationships be- 
tween different database schema objects was considered to be the responsibility 
of database integrators. These integrators usually reasoned about tile meaning 
and possible semantic relationships among schema elements in terms of their 
attributes arid their properties (e.g. names, domains, integrity constraints, Se~ 
curity constraints, etc). A measure based on the number of common attributes 
is normally used, as a basis to determine the resemblance of schema elements. 
The discovered relationships are then represented as assertions to be used by 
the schema integration tools 7,33, 38,41 to integrate schemas (possibly auto- 
matically). With the realisation that the manual identification of semantic re- 
lationshilm among schmna objects is difficult, complex and time conmuning and 
that the process cannot be fully automated 37, research began to explore the 
possibility of developing tools to assist users in this task. 

The algorithms used by such tools to determine semantic relationships are 
often heuristic in nature. The fundamental operation during the identification 
process is comparison but the type and depth of information used for compar- 
isons vary from tool to tool. Many of the early tools 10,41 used techniques 
based on the early manual approaches and relied heavily on the information 
available in the schem~. They basically compared the syntactic properties of 
attributes in pairs to determine their equivalence, mid used attribute equiva- 
lence as a heuristic to determine the semantic sinfilarities mnong schema objects 
(e.g. relations, classes, etc). No attempt was made in this process to reuse the 
knowledge elicited from integrating one group of schemas in m~y sub~quent in- 
tegrations of other (related) schema groups. With the realization that schenla 
information contents alone is not sufficient to determine the semantic similarity 
between schema objects 11, 21, 2, attempts were made to enrich the semantics of 
the schema elements prior to the integration process. This semantic enrichment 
is done basically in two ways: by eliciting knowledge from the database owner 
and building a semantic model over the schema, or by linking schema elements 
with existing knowledge bases (KBs). Tools that attempt to create conceptual 
models (e.g. ER, OMT) on top of schemas prior to integration can be consid- 
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ered to belong to the first category, while schema integration tools that utilise 
already existing ontoiogies, terminological networks such as WordNet, concept 
hierarchies, etc. fit into the second category. 

Tools ~uld tcw, hniqlw.s to stq~port the establishment of KlIs for database 
schema integration are reported itt 2,4,9. M~my of the KBs proposed 2,4 
are strict concept hierarchies where the generalisation/spccialisation relation- 
ship is used to organise concepts. Other types of relationship such as positive- 
association and aggregation are included in a number of projects 13,43, but 
how these types of relationship are incorporated among the concepts in the KB 
is not mentioned. To the best of our knowledge the inference of semantic rela- 
tionships among schema components (or DBs) by pooling the knowledge about 
several databases into a common repository which is then used as the KB to 
support the integration process is novel. 

3 Sys tem Architecture  
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Fig. 1. The Architecture of our System 

Tile architecture we adopt is depicted in Figure 1. Its major components are 
the Meta-Data Extractor (MDE), the Knowledge Server (KS) and the Graphical 
User Interface (GUI). The MDE interacts with tile component databases (DBs) 
in the federation via JDBC drivers to extract their intensional data, and builds an 
associative network based model (schema structure) locally for each participating 
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DB in the federation. These schema structures are then analysed to discover 
implicit relationships among different schema elements, enriched with semantics 
elicited from tile DB ow.ers ,  and merged with tile KB. The  KB is maintained 
by tl,e KS whi(:h provides the fmtctio,mlity m.cessary for its (.stal)lishme.t al,d 
evolut io ,  a . d  for its roh. i .  ;L~sisti.g . se rs  i .  their i . tegrat iol ,  efforts. 

The  GUI compo . ( . . t  is the pr imary  i.terfa(:e be twee ,  the users, the k.owl-  
edge server and the component  databases.  I t  allows the DB owners to view 
the schema structures created by the MDE as acyclic graphs of terms and pro- 
vides functionality to modify schema structures and enhance the semantics of 
tile elemm,ts in them. In addition the global users may  use the GUI to invoke 
functionality provided by the KS. 

3.1 S c l , e m a  s t r u c t u r e s  

cat  a l o g u e d _ b o o k ( i s b , . a u  I hor.il l c .pub l i shcr .yea r . c la . s s , l a rk )  
r c s c r v a t i o , ( i s b , . , a m c . a d d r c a s . d a l e  rese rved) .  
book_ ion |Kbook  _lno.is l~. .shelf . l la | | le .nddrcss.d. lc  _due b a c k )  
p c r s o , ( , m n c . a d c l r c s s . s t  al us) 
loan  s t a t u s ( s t a t u s . l oan_pe r i od .m ax  s u m  boolcs). 

Fig. 2. An example of a specimen relational schema (based on a schema from 31) 

~ r  f '~sher ~ d u e  back ~ no 

Aigsrvgation re|al|onship m leA rvlationlhip 

Fig. 3. An example of a Schema structure 

The  pr imary  information source used to build (and evolve) the KB is the 
rec ta -da ta  of tile c o m p o n e . t  databases  in a federation. The  DBs in the federa- 
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tion may be implemented in different database management systems (DBMSs) 
with different data models (e.g. relational, hierarchical, network, object oriented, 
etc.). This type of heterogeneity in a multidatabase system is referred to as syn- 
tactic heterogeneity 5, 3. The solution commonly adopted to overconm syntactic 
hc tc rogcu( : i t y  is to  use ;t ( 'auo. i ( :a l  ( l a ta  n,o(h,I ~ul(I t o  m a p  a l l  s(:h(;m;Lq i l ,  a fi;(h;r- 
ation to this canonical lnodel. We have deterndned that tim recta-data required 
to build the KB can be provided by building associative networks over each 
database in the federation, llence in our approach the canonical data model 
used is based on associative networks, and the meta-data models generated on 
top of the component DBs by using this data model are referred to as schema 
structures. 

3.2  C a n o n i c a l  d a t a  m o d e l  

We organise the meta-data of a schema as an associative network of terms, 
where terms represent either schema objects (e.g. relation, entity, class, etc.) or 
attrilmtes of schema objects defined in the corresponding I)B schema. Terms 
are related with other terms via bi,ary rclatio,shilm (links). The terms aml 
links have p)vperties some of which are essential. Each property is given a label 
(e.g. name, strength, etc.) and has a value(s). The labels classify properties 
into types. In the following sections we use labels to identify properties. Two 
essential properties of a link are its strength and its link-type. The strength of a 
link represents how closely the connected terms are related in the DB and takes a 
vahm in the interval (0, . A link with strength ! indicates a definite relationship. 
All the other vahms represent tentative associations. The link property link-type 
can take a value from the set (aggregation, isA, positive-association, synonym}. 

The links between terms in a schema structure are generated as follows : 

aggregation : links two terms Tl and T2 when 7'1 corresponds to a schema object 
Oh and 7'2 corresponds to an attribute Ai of the object Oh. 

isA : links terms T1 and 7'2 when Tl and T2 denote two schema objects O1 and 
02, respectively, and a specialisation/generalisation relationship exists between 
them. 

positive-association : links terms when an association other than aggregation 
and/sA is defined between objects in the schema. 

synonym : links two differently nmned sdmma terms when they correspond 
to two schema object attributes that denote tile same real-world aspect. For 
example in relational DBs, the same attribute may exist with different names in 
different relations to create explicit relationships between relations. 

Since aggregation, positive-association and isA links are used to link terms 
only when such associations are explicitly defined or can be identified by the DB 
owners, their strengths are always assigned the value 1. The tentative associa- 
tions may be generated among terms by using schema analysis tools to guide 
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DB owners to discover implicit relationships among schema elements. Once such 
relationships are discovered, DB owners may transform tentative links to deft- 
nite links by changing their strength to 1. The iniplementation characteristics 
of schema ohjects and their attributes (e.g. data type, scale, precision) may lie 
(:o(h;(I in  s(:h(;lna st l 'u l - t l i r lm ll.~ l)rOli(:ri, i().s o f  their ( :or res i )o l l ( l i l ig  tel ' ins. 

h i  F i g u r e  2 a s l )ec i ine l i  r e l a t i o n a l  schema is shown and  i ts correspond,ill 
generated schema structure is shown in Figure 3. We expect the DB owners 
to identify different schema object attributes in their schema structures which 
denote the same real-world aspects and to merge such attributes as a single term 
(e.g. isbn in Figure 3) or to relate them with synonym links before merging the 
schema structures with the KB. 

4 Structure, Creation and Modification of the KB 
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Fig. 4. The Structure of the KB 

M e t a - D a t t  L a y ~  

DB L~yef 

The KB can be viewed as composed of four layers: a concept layer, a view 
layer, a meta-data layer and a DB layer, as shown in Figure 4. The top left layer 
comprises concepts, each of which represents an object cluster in the meta-data 
layer. A concept in the top left layer can be thought of as a unit of knowledge 
representation that guides the process of classifying schema objects into clusters, 
and a cluster can be considered as a logical grouping of schema objects. Con- 
cepts may be related with eadJ other via binary relations (links). As in schema 
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structures, links have properties. In addition to strength and link-type properties, 
they also have an essential property named frequency, which specifies how many 
times tile corresponding link occurred in tile federation and is being used in user 
views. In the concept layer, li~k strel,gths represent how closely concepts are 
related in the federation. The link property link-type here takes values from the 
set {aggregation, isA, positive-association}. 

In the concept layer, positive-associations represent possible associations among 
concepts, and are generated as described in the following sections. Concepts 
possess attributes providing descriptive information about themselves. The at- 
tributes are connected with their corresponding concepts through aggregation 
links. When an attribute of a concept is further described by using a set of at- 
tributes, it is treated as another concept, llence a concept may have attributes 
which are also concepts. Both concepts and attributes may possess properties. 
Two essential properties of concepts and attributes are name and fi~quency. A 
concept is allowed to have multiple names in the concept layer. The frequency of 
a concept (or a concept attrihute) specifies in how many databases in a federation 
the concept (or the attrilmte) is defined. 

The view layer stores ilfformation relevant to views generated by users over 
the federation. Its main function is to gather knowledge required to deterudne 
and notify view users, DB meta data changes that potentially affect their views. 

The recta-data layer maintains all the schema structures submitted to the 
KS, by organising all terms that represent objects in schema structures into clus- 
ters (object clusters). All corresponding objects in a cluster are hypothesised to 
be semantically similar. This layer is intended to be used to assist users in rec- 
onciling schematic differences among semantically similar items during schema 
integration. 

The DB layer maintains information about the databases whose schema ob- 
jects are represented in the meta-data layer. It is used to link to the extensional 
data. 

4.1 Merg ing  schema s t ruc tu res  w i t h  t he  K B  

Tile KB is created by merging, in ladder fashion 1, the schema structures of tile 
component l)Bs. Merging a schema structure with the KB chang(~ all four layers 
of tile KB. At tile i)B layer a new node is created to capture the information 
of the DB being merged. All recta-data in tile schema structure is added to the 
meta-data layer and the terms in the schema structure are merged with concepts 
in the concept layer as described below. 

4 .2  Merging  schema  s t ruc tu res  w i th  the  concept  layer 

During this process some of the terms in schema structures are merged with 
concepts in the concept layer while others are merged with attributes of existing 
concepts. Tile approach we use to merge a schema structure with the KB com- 
prises five stages: common term set generation, sub-net(s) generation, sub-net(s) 
and schema structure uniJlcation, merge terms with concepts, and merge links, 
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which are carried out  once in that  order to merge a schema structure with the 
KB. The  first three stages of this process are aimed at establishing mappings 
between schema structure terms and concepts by considering all schema terms 
,as a single unit of related terms. The last two stages assimilate schmna structure 
knowledge into tile Kil. 

In the common term set generation stage, a set S of terms common to both 
the schema structure and tile KB is generated. The common terms may exist in 
the KB either as concepts or as at tr ibutes of concepts. 

During tile sub-net(s) 9enerution stage, terms in the set S are spanned along 
aggregation and positive-association links in the concept layer whose strengths 
exceed a given threshold value, to obtain a sub-net (or a set of disjoint sub-nets) 
of concepts that  span all terms in S. We use the following algorithm to generate 
the md~-net(s) that  span all the commou terms in the set S. hfitially a term to 
in the set S is selected as a seed term, and all concepts in the concept layer 
with the same nmnc are taken as starting concepts. All starting concepts are 
titan spanned to a giwm (Icl~th (d), generating a nund)er of distinct sub-net(s) 
of concepts. We define the spurn depth as the mnnber of links tr~wcrsed hy the 
spamfing process from the starting concept. Out  of these sub-nets, the sub-net 
having the maximum number of terms in the set S is selected as the current 
sub-net. In the next  step, a new set S is created by removing the terms that  
are in the current sub-net from the initial set S. One of the terms in this new 
set is selected as tile new seed and its corresponding concepts are spanned as 
above, until either one of the concepts generated during the spanning process 
matches a concept in the current sub-net or all concepts span to the maximmn 
depth, d, without matching a concept in the current sub-net. In the former case, 
the sub-net generated by the spanning process is merged with the current sub- 
net to generate a new current sub-net to be used in the next  iteration. In the 
latter case, the sub-net(s) that  has the maximum number of terms in the set S 
is selected as tim best spml mid is "added to tim current sub-net. Then a new 
set is created by removing the terms in S that  appear in the best span, and the 
process is repeated till the set S is empty. 

In the sub-net(s) and schema structure unification stage, concepts in the 
spanned sub-net(s) are unified with terms in concept structures that  represent 
sdmma objects to determine the most suitable concept for each term to merge 
with. The final result of this stage is a set of ordered pairs (Ti,{Cl ,C'~,C3...Cn }), 
where T / i s  a term in the schema structure representing all object and the Cis 
represent a suitable concept for 7 ' / to  merge with. With tim assistance of the i)B 
owners, the above generated ordered pairs are converted into a set of ordered 
pairs of the form (Ti,Ci), where Ci is the concept with which the term Ti is to be 
merged in the next stage. Then the Tis in the recta-data  layer are moved into the 
clusters represented by the concept Cis. When several concepts match closely to 
a given schema object term, then all such matching concepts that  are not linked 
via a common parent are also unified to determine their inter-relationships and 
the results are shown to the I)B owner, lie may inspect these results to discover 
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scattered descriptions of the same concepts. If such concepts are found, they 
may be merged together. 

In the merge terms with concepts stage, terms in the schema structure are 
merged with the identifi~.~l concepts in the concept layer and the properties (e.g. 
frequency) of the concepts and their attributes are updated appropriately. For 
the schema object terms where no suitable terms are found in tile concept layer, 
new concepts are created. 

During the merge link stage, new links may be created among concepts, and 
the existing links properties are updated. We create a positive-association link 
(or update their frequencies) among two concepts Ci and Cj when either a pos- 
itive association is defined between Ti and Tj in the schema structure or there 
is a path over the aggregation and positive-association links whose length is less 
than a giwm value between Ti and T t in the schema structure. Ba.~d on tile 
frequency values of concepts and links, a number of different computations can 
be devised to calculate link strengths. After experimenting with a number of 
different computations in our prototype, we cho~ to use the following equations 
to compute link strengths, by taking into ac(:oullt the similarity measures estab- 
lished in cluster analysis I 2. We have observed that the selected eomimtations 
yield a fewer number of more focused disjoint sub-nets during sub-net generation 
stage. 

~ r  ~ (da~due_back f ' ~  

j �9 i e ~ 
s v ~ #  . .  u a  

n 

aggregation ~ |sA - - - positive-associatlon 

Fig. 5. Structure of KB concept layer after merging the schema structure shown in 
figure 3 with an empty KB 

- aggregation link strength connecting concept p with its attribute i = F~i/F ~ 
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- positive-association link strength connecting the concept i with the concept 
j = F~j/min(Ff,F~) 

- isA link strength = 1 

where F is the frequcncy of concept i, F~ is the frequency of attribute i of 
concept p, F~j is the frequency of the link connecting concepts i and j. 

The resulting conceptual layer of the KB is shown in Figure 5, after the 
schema structure shown in Figure 3 is merged with an initial empty KB. 

5 F u n c t i o n a l i t y  o f  t h e  K B  

In ttle KB, schema objects considered to be semantically similar are grouped into 
clusters and a concept is attached at a higher level to represent each cluster. In 
addition, links are maintained between schema objects and databases from which 
they crone, llence this knowledge organisation allows users to start discovering 
datab~qes relevant for some api~lication (I)B discovery) from two levels, from 
the concept layer or fi'om the i)B layer. A user cml initiate the i)B discovery 
process from the concept layer by specifying a set of concepts {(71 ,C.z,C3...C,} 
that he thinks might be relevant for his application. These concepts, Cis, lead to 
a set of clusters, and then to a collection of schema objects {Oi,O2,O3...Om } at 
the meta-data layer. By moving down from these schema objects, Ois, along the 
links maintained between the meta-data layer and DB layer, a set of databases 
{DBI,DB2,...DBk} in which the schema objects are defined can be determined. 
The set {DIJI,DB2,...DH~} is then sorted on a weight comlmted by considering 
the concepts to whidi these DBis, relate and are presented to the user. Users 
may alternatively start the DB discovery process from the DB layer by selecting 
a candidate DB(s) from tim federation. In this case the selected DB(s) is used to 
generate a set of concepts at the concept layer by moving along the links between 
the DB layer and the meta-data layer, followed by the links between the meta- 
data layer and the concept layer. The generated set of concepts are then used 
as before to discover DBs in the federation that define relevant schema objects. 

Once a set of DBs relevant for some application is chosen, users may deter- 
mine the relationships among tim schema objects in them by determining their 
clusters, the concepts representing those clusters, and the associations existing 
among clusters at the concept layer. The schema objects belonging to the same 
cluster are considered to represent semm~tically similar real world entities, while 
the semantic relationship of schema objects belonging to different clusters can 
be determined by considering the relationships between the concepts represented 
by these clusters. 

When views are created over DBs in the federation, users may integrate 
schema objects in many different ways. The existing links used and the new 
links generated during these integration efforts are also recorded at the concept 
layer and this information is utilised to assist users in subsequent integrations. 

The links maintained between each layer facilitate the easy modification of 
information in the three layers of the KB, during DB schema modification. When 
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a DB leaves the federation the KB objects corresponding to it at the DB layer 
and meta-data layer are removed and the frequencies of relevant concepts and 
links at the concept layer are updated to reflect this change. 

6 C o n c l u s i o n  a n d  f u t u r e  w o r k  

We have described how a KB can be established over a loosely-coupled federation 
of heterogeneous DBs to assist users to integrate schemas. Our research is guided 
by tile assumptions that: 

- The schemas developed to represent similar real world domains typically 
share a set of common terms as schema object nmnes and their attribute 
n a n l e s .  

- Semantic relationships among schema elements in a federation can be iden- 
tified better by pooling recta-data of component DBs. 

We do not depend on any pre-existing global taxonomies/dictionaries in 
building tile KB. The KB we establish is dynamic and evolves with the federa- 
tion. It is more germane to the federation as it uses mainly the meta information 
of tile DBs from tile schemas and the DB owners, and more comprehensive as it 
stores information necessary for a wide variety of activities such as information 
browsing, planning/preparing for an integration, resolving schematic conflicts, 
accessing data, etc. 

An approach based on generating a sub-net spanning a set of terms, followed 
by unification, is used to merge DB nmta-data with the KB. llow the knowl- 
edge generated by pooling meta-data of component DBs is used to determine 
the strength of associations of concepts within the federation, and how these 
strengths are utilised to enhance the semantics of schema elements has been 
explained. Finally we described how tile organ|sat|on of tile KB helps users in 
database discovery and in determining semantic relationships among schema 
objects. 

The architecture and algorithms we have presented in this paper are based 
on a prototype system built to support users creating views over a set of library 
databases. This prototype was built to demonstrate that our knowledge base. 
coukl be established and utilised to create views. Two library databases have 
been linked in the federation aud a mlmber of views have been created utilising 
the resulting knowledge base to assist in view creation. We intend to extend 
our research by building a work-bench of tools to assist users to establish the 
KB and to utilise its functionality in their integration efforts. As our KB stores 
information at the DB layer to retrieve data from the component databases in 
the federation, we are also aiming to develop a query processor to materialise 
user views created over the federation. In addition we intend to explore the 
possibility of using the global KB such as WordNet, ontologies, etc. to enrich 
and verify our KIL 
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A b s t r a c t .  Correct transformations and integrations of schemata within 
the process of federated database design have to encompass existing local 
integrity constraints. Most of the proposed methods for schema trans- 
formation and integration do not sufficiently consider explicit integrity 
constraints. In this paper we present an approach to deal with integrity 
constraints. Our approach bases on the idea to relate integrity constraints 
to extensions. A set of elementary operations for schema restructuring 
and integration is identified. For these operations we define major rules 
for dealing with integrity constraints. By means of a small example we 
then demonstrate the application of these rules. 

1 Introduction 

In many large organizations, different legacy data  management systems are main- 
rained and operated. These data  management systems and the data  managed by 
them have developed independently from each other. Among these systems there 
are database management systems but  also merely file-based systems differing 
in several aspects such as data  model, query language, and system architecture 
as well as the structure and semantics of the data  managed. In this context the 
term 'heterogeneity of the data  management systems' is commonly used. As a 
rule, applications for specific needs continue to be based on such systems. More 
recent applications often require access to the distributed databases but  their 
implementation fails due to heterogeneity. Federated database systems SL90 
are designed to overcome this problem by integrating data  of legacy database 
systems only virtually. That  is, 'only' the local schemata are integrated to a 
federated schema. Global applications can retrieve and update federated data  
through the federated schema. 

The main task during the design of a federated database is the transformation 
and integration of existing local schemata into a federated schema. The transfor- 
mation EJ95 and integration LNE89,SPD92,RPG95,SS96a of local schemata 
into a federated schema must fulfill the following requirements: 

1. For each query against a local schema there exists a global query against the 
federated schema returning the same query result. This requirement avoids 
loss of information during the federation. 

* This work was partly supported by the German Federal State Sachsen-Anhalt under 
grant number FKZ 1987A/0025 and 1987/2527R. 
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2. Each global update or insert operation can be propagated to the local DAMS 
correctly. That is, the local schemata must not be more restrictive than the 
federated schema. Therefore, schema transformation and integration have 
to encompass integrity constraints. Global integrity constraints can be used 
to optimize global queries and to validate global updates. In addition to 
the transformed local integrity constraints the federated schema contains 
'integration constraints' BC86 stemming from inter-schema correspondence 
assertions SPD92. These integration constraints force global consistency. 

The second requirement demands to transform integrity constraints during the 
federation design process. In our approach, we consider integrity constraints re- 
ferring to class extensions. A typical schema conflict occurs if extensions of two 
local classes can overlap. This overlapping itself is an integration constraint. By 
adding such integration constraints, local integrity constraints can come into 
conflict. That is, for objects simultaneously stored in both classes different con- 
flicting integrity constraints can be defined. The problem in this case is to find a 
federated schema fulfilling the requirements mentioned above. Various publica- 
tions tackle this conflict. BC86,Con86, for instance, describe the integration of 
views and name local schemata (views) without conflicting integrity constraints 
conflictfree schemata. In general, testing for conflictfreeness is undecidable. In 
those approaches only conflictfree schemata (views) can be integrated correctly. 
RPG95,EJ95 show how to integrate schemata into a federated schema consid- 
ering integrity constraints. Conflicting integrity constraints are not integrated. 
VA96 distinguish between subjective and objective constraints. Subjective con- 
straints are only valid in the context of a local database and need not to be dealt 
with during schema integration. In this way only objective and non-conflicting 
integrity constraints are integrated. 

In AQFG95 the integration of conflicting integrity constraints bases on a 
conflict classification. In some cases, the more relaxed constraint is taken over 
to the integrated class. In other cases, the local constraints are reformulated in 
an implication format and attached to the integrated class. 

In contrast to the mentioned approaches we integrate integrity constraints 
basing on set operations on class extensions. Extensions of local classes have to 
be decomposed into disjoint base extensions and later to be composed to the 
federated schema (cf. SS96a, SC97,CHS+97). Local integrity constraints are re- 
lated to class extensions. This idea is already mentioned shortly in BCW91. By 
decomposing and composing class extensions in a well-defined way, we are able 
to derive integrity constraints for integrated schemata (as well as for arbitrary 
views, e.g. external schemata) in a clean and logical sound way. We tackle the 
problem of conflictfreeness of local schemata in a different way than most other 
approaches mentioned before. It is possible to discover conflicting integrity con- 
straints during database schema integration. Such conflicts are often a hint that 
there are other conflicts behind that, e.g. a semantic conflict or a name conflict 
which has not been discovered up to that moment. 

In this paper we focus on the integration of integrity constraints based on 
the integration of the extensions (classes) they belong to. Thereby, we continue 
the work presented in CHS+97 where a basic analysis of the problem of inte- 
grating integrity constraints was given. The next section introduces elementary 
operations for decomposing and composing class extension. For these operations 
we present rules to transform and integrate integrity constraints. We briefly dis- 
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cuss the application of these rules to classes of frequently occurring integrity 
constraints before we give a detailed example. 

The rules presented in this paper are not intended to be applied in a fully 
automatic manner. The designer of the federated database has to control the 
application of them. In this way he can see during the integration process whether 
there are conflicting constraints and in which way the integration has to be 
changed for resolving such conflicts. 

2 E l e m e n t a r y  O p e r a t i o n s  

During the schema integration process the main task is to find all relationships 
(integration constraints) between the class extensions in the base schemata which 
axe to be integrated. Two class extensions can be always equal or always disjoint. 
In addition to these relationships, two class extensions can overlap semantically. 
A special case of overlapping class extensions is that  one is always a subset of 
another one (cf. w.r.t, these relationships for instance SPD92). As showed in 
SS96b, pairwise comparisons of class extensions is not always sufficient because 
not all pieces of information necessary for an adequate integration can be found 
in this way. Instead, all class extensions must be considered at the same time. 
The result of such an analysis can be presented in a graphical manner as depicted 
as follows: 

A 
B 

C 
D 
E --~ 

3 

The horizontal lines represent the class extensions of five classes A, B, C, D, and 
E, respectively. For instance, the class extensions of B and C are overlapping. 
Y~rthermore, E is a subclass of D. Based on this information, a set of base 
extensions can be identified as a canonical representation. In the figure, eight 
base extensions have been found and numbered by 1 to 8. 

Using the standard set operations intersection and difference we can describe 
the base extensions in terms of the original class extensions. After such a de- 
composition into base extensions we can construct each possible class extension 
which might occur in the integrated schema by applying the s tandard union 
operation to a collection of base extensions. Based on this simple procedure of 
decomposing and then composing class extensions, resolving of extensional con- 
flicts can be described in terms of the three standard set operations. In SS96a 
an algorithm is proposed to compose base extensions to a federated schema au- 
tomatically. Due to the fact that  selection is a very important  operation for 
defining views or specifying export  schemata, we also consider selection to be an 
elementary operation. 

The decomposition of class extensions can produce base extensions which 
belong to local classes from different databases. Objects of such base extensions 
are managed by more than one database system simultaneously. The values 
of common attributes are stored redundantly. If the local databases store the 
current state of real-world objects correctly then the values of the common at- 
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tr ibutes would be equal. Otherwise we can state tha t  different values indicate 
inconsistency. 

For two local classes of which the extensions overlap conflicting integrity 
constraints concerning common attributes can exist. For instance, the at t r ibute 
salary can be restricted by 'salary > 3000' in one database and by 'salary > 2500' 
in another database. Such conflicting integrity constraints defined for common 
attr ibutes of objects stored in both databases are indications of 

1. wrong specification of extensional overlappings or 
2. wrong specification of at t r ibute-at t r ibute relationships (attr ibute conflicts) 

or 
3. incomplete or incorrect design of at least one local schema. 

A wrong analysis of the schemata to be integrated (first and second item) can 
be corrected without violation of local autonomy. A wrong design of a local 
schema is more tricky. If both databases are consistent, i.e. the values of com- 
mon attr ibutes are equal, then the integrity constraints of both classes hold 
simultaneously. In this case the local integrity constraints can be corrected with- 
out invalidating the existing database. The corrected local integrity constraints 
would then help to detect wrong local updates. 

However, sometimes the local database should continue in possibly incon- 
sistent states due to the demand for design autonomy. A solution then is to 
regard common attributes as semantically different. In this way, the integrity 
constraints are not longer in conflict. 

The next section presents rules for treating integrity constraints during the 
decomposition and composition of class extensions. 

3 Rules  for Deal ing with Integrity Constraints  

For presenting the rules which can be applied to integrity constraints during 
schema integration we first need to introduce our notation and to define some 
important  terms. 

As already mentioned before, integrity constraints are usually given for a 
certain set of objects. Therefore, we always consider constraints together with the 
sets of objects for which they are valid. We denote by Or (E) that  the constraint 
r holds for a set E of objects. Typically, E is a class extension. From a logical 
point of view, Or says that  all free variables occurring in r are bound to the 
range E.  The range E is also called the validity range of the constraint r 

For simplifying the presentation we distinguish between two basic kinds of 
constraints. An object constraint is a constraint which can be checked indepen- 
dently for each object in the validity range of tha t  constraint. Integrity checking 
for object constraints is easy and can be done very efficiently. In case we insert 
a new object or modify an existing object, we only need to consider tha t  object 
for checking object constraints. 

In contrast,  a class constraint can be characterized as a constraint which can 
only be checked by considering at least two objects out of its validity range. 
Often, all currently existing objects in the validity range are needed for checking 
a class constraint. 1 Obviously, it is possible to distinguish several different kinds 

1 The distinction between object constraints and class constraints follows the taxon- 
omy of integrity constraints presented in AQFG95. 
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of class constraints, but, for the purposes of this paper, we do not need such a 
distinction. 

In the following, we consider the four elementary operations identified in the 
previous section. For each elementary operation we give a rule for dealing with 
object constraints. Afterwards, we briefly discuss in which cases these rules can 
also be applied to class constraints. 

Selection. Applying a selection ar (where r is the selection condition) to an 
extension E results in a subset of E denoted by ar (E). The selection condition 
r can be considered as an object constraint. In consequence, r holds for the 
extension ar Assuming that an object constraint r holds for E, we can 
conclude that r A r holds for ar (E): 

Or --> Or162162 

Difference. Applying the difference operation results in a subset of the first 
operand. Therefore, the difference operation and taking a subset can be dealt 
with in the same way with respect to object constraints. If an object constraint 
r holds for an extension E, r also holds for each subset of E. This is due to the 
fact that r is an object constraint which can be checked independently for each 
object in E and this is true for each subset of E as well. This property leads to 
the following rule (where E = E1 U E2 and, thus, E1 is a subset of E): 

Intersection. The intersection of two (or more) extensions is always a subset 
of each of the original extensions. Due to the fact that object constraints can 
be transferred from an extension to any subset of that extension (as explained 
before), the following rule holds for object constraints. If an object constraint r 
holds for an extension E1 and an object constraint r holds for an extension E2, 
then both r and r (and thereby also the logical conjunction r A r hold for the 
intersection of E1 and E2: 

Oo(E1),Or -~ 0~^r n E~). 

Union. In case we unite two extensions E1 and E2 we can only use the knowledge 
that each object in E1 U E2 is an object in E1 or in E2. In consequence, if r is 
an object constraint valid for E1 and r an object constraint valid for E2, then 
r V r is valid for E1 U E2: 

Or Or ~ Ocvr U E2). 

In Figure 1 we have listed all rules introduced so far (rules (1) to (4)). In addition, 
the rules (5) and (6) express important logical properties. 

In case an integrity constraint consists of a conjunction of several conditions, 
each of these conditions can be considered as a single integrity constraint valid 
for the same extension (rule (5)). Furthermore, we can weaken each constraint 
by disjunctively adding an arbitrary further condition (rule (6)). Rule (7) says 
that two constraints being valid for the same extension may be put together into 
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Let r and r be object constraints, then the following rules hold: 

O~(E) -+ Or162 

O~(E1 V E~) ~ O~(E1) 

Or 0r --+ Or162 N E2) 

Or Or --~ @ere(El U E2) 

(1) O•^r  --~ Or (5) 

(2) Or --+ OCvr (6) 

(3) Or162 --+ Or162 (7) 

(4) --+ Or,,, (E) (S) 

Fig. 1. Overview of rules for object constraints 

a conjunction which is still valid for that extension. For completeness, rule (8) 
allows to introduce the constraint true being valid for each extension. 

Considering rule (7) we can see that it is only a special case of rule (3) where 
E1 equals E2. Because this is an important case often occurring during schema 
integration, we give an own rule for that. 

In case E1 equals E2 we can also apply rule (4). Then, r V r can be derived 
for E1 (and E2, resp.). From a formal point of view this result is correct, al- 
though it is too weak. In general, we are interested in obtaining the strongest 
constraint(s) which can be derived. Nevertheless, the rules allow us to derive 
weaker constraints. 

Up to now, we have only dealt with object constraints. Due to the fact that 
the rules (5)-(7) describe general logical properties they can be used for arbitrary 
constraints including class constraints without modification. For the other rules 
we have now to see in which cases they can be applied to class constraints. 

4 A p p l i c a b i l i t y  o f  t h e  R u l e s  t o  C l a s s  C o n s t r a i n t s  

The rules presented in the previous section hold for object constraints. The 
questions now is whether these rules are valid for class constraints, too. In this 
section we investigate certain kinds of class constraints (uniqueness constraints, 
referential integrity constraints, and constraints based on the aggregate functions 
max and rain) which are relevant in practice. 

4.1 Uniqueness Constraints 

The rules (1), (2), and (3) also hold for uniqueness constraints (unique). Rule (1) 
means that all (selected) objects of the resulting set fulfill the uniqueness con- 
straint besides the selection condition. Obviously, uniqueness constraints hold 
for each subset of a class extension for which they are originally defined. This 
follows immediately from the fact that an object which can be unambiguously 
identified in a class extension can also be unambiguously identified in each subset 
of this class extension. The rules (2) and (3) also hold for the same reason. 

However, the following aspect has to be considered for all three rules: A 
uniqueness constraint which is originally defined on a superset is generally weak- 
ened by using the rules (1), (2), and (3). We will illustrate this aspect by using an 
example: Suppose, there is a class extension employees for which a uniqueness 
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constraint is defined. Further assume that this class extension can be decom- 
posed into two base extensions project group 1 and project group 2. In this case, 
we can state that the uniqueness constraint holds for both base extensions. Nev- 
ertheless, the "decomposition" of the uniqueness constraint leads to a weakening 
because the relationship between the base extensions is not considered. Now, it is 
possible that in both base extensions an object can be inserted with the same key 
attribute values without violating one of the two derived uniqueness constraints. 
However, from the point of view of the original class extension the originally 
defined uniqueness constraint is violated. 

Thus, we require a further rule which maintain the original integrity con- 
straints. Consequently, we have to introduce the following equivalence rule 

er  ~ er u E2) (9) 

which says that a uniqueness constraint r which holds for an extension E (E - 
E1 U E2) also holds for the union of the both decomposed extensions E1 and E2 
(and vice versa). The equivalence rule is not restricted to uniqueness constraints 
only; obviously, it holds for all kinds of constraints. 

The rule (4) does not hold for uniqueness constraints on class extensions be- 
cause this kind of constraints can be violated by the objects of the second class 
extension to be united. Thus, we cannot conclude that a uniqueness constraint 
holds for the united extension. This is also the case when in both class exten- 
sion the same uniqueness constraint is defined (i.e. unique defined on the same 
attribute or attribute combination). 

Let us consider the following example to illustrate why the rule (4) cannot 
be applied to uniqueness constraints: Suppose, there are two extensions project 
group 1 and project group 2. On each of these extensions there is a uniqueness 
constraint defined. The employees which are involved in the project group 1 are 
unambiguously identified by their social security number whereas the employees 
of project group 2 are distinguished using their names. How can these original in- 
tegrity constraints be handled after unifying the corresponding class extensions? 
Obviously, we cannot assume that one of the original constraints holds for the 
whole united extension. On the other hand, these constraints cannot be skipped 
because of the requirement that the federated schema has to be complete in 
order to maintain the semantics of the original schemata to be integrated. 

This problem can be solved by using diseriminants GCS95,AQFG95. Dis- 
criminants can be used to maintain the relationship of the objects of the united 
extension with the original class extensions they stem from. For the example de- 
scribed above we can define a discriminant attribute group which can be used to 
specify integrity constraints on the united extension. For instance, the following 
integrity constraints can be derived in our example: All employee objects whose 
discriminant has the value 'project group 1' must have different social security 
numbers. Analogously, all employee objects whose discriminant has the value 
'project group 2' must have different names. 

4.2 Referential Integrity Constraints 

Here, we restrict the discussion of the applicability of the rules for referential 
integrity constraints to constraints which refer to object references within a single 
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extension. In our example, there may be a referential integrity constraint on the 
class extension employees which defines tha t  the at tr ibute supervisor must refer 
to an existing employee object. 

We state tha t  the rule (1) does not hold for such kinds of constraints. This 
is due to the fact that  the result of a selection operation is a subset of the 
original extension, i.e., some of the objects of the original extension (which do not 
fulfill the selection condition) are not in the resulting extension. Thus, originally 
valid references can now be undefined. In other words, we cannot assume that  
a referential integrity constraint holds for the resulting extension if potentially 
referenced objects are not in the resulting extension. The rules (2) and (3) do 
not hold for the same reason. 

In contrast,  the union rule (4) holds for referential integrity constraints. The 
reason is that  all references of the original extension stay valid because all objects 
of this extension are in the united extension. Suppose, we unite the extensions 
project group 1 and project group 2 to the extension employee. Here, we assume 
that  all references are valid because all referenced employees are in the united 
extension. However, we have to notice that  the logical disjunction of the two 
original integrity constraints leads to a weakening of the constraints. As discussed 
before, a discriminant approach can be used to solve this problem. 

4.3 Aggregate Integrity Constraints 

Finally, we discuss the applicability of the rules to aggregate constraints defined 
by using the aggregate functions max and rain. Here, we consider constraints of 
the form 'max(x) 0 z' and 'min(x) 0 z', respectively, whereby x is an attr ibute,  z 
a constant value and/9 is a comparison operator.  

In general, the applicability of the rules to such kinds of constraints 2 de- 
pends on the comparison operator/9 used for the formulation of such kinds of 
constraints. 

For max-constraints it can be easily shown that  the rules (1), (2) and (3) can 
only be applied if the following holds for the comparison operator: 0 E {<, <}. 
If the maximum of an at tr ibute x of an extension E is less (or less equal) than 
a certain value z, then the maximum of the at tr ibute x of each subset of the 
extension E is also less (or tess equal) than the value z. However, in case a 
max-constraint is defined with one of the following comparison operators {_>, >, 
=, r  then we cannot guarantee that  the maximum of the resulting extension 
fulfills this constraint. Suppose, there is an extension employees on which the 
max-constraint 'max(salary) > 4000' is defined. Here, it can happen that  the 
object which make the condition valid in the original extension is not available 
in the resulting extension. Obviously, this is the case when, for instance, the 
selection condition is 'max(salary) _< 4000'. 

Analogously, the rules (1), (2) and (3) can only be applied to rain-constraints 
if the comparison operator 0 is in {>_, >}. 

The rule (4) is obviously applicable to max-constraints if the comparison 
operator  O is in {>_, >} and for rain-constraints if the comparison operator  O is 
in {<, <}. 
2 In the following, aggregate constraints based on the function max are called max- 

constraints. Analogously, aggregate constraints based on the function min are called 
rain-constraints. 
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Assume, there is a constraint 'max(salary) > 4000' defined on a class exten- 
sion. Then, we can assume that  this constraint also holds for union with another 
extension because this constraint is already fulfilled by the original extension. In 
this case, union means that  additional objects (of a second extension) are put  in 
this extension. Therefore, the maximum salary of the united extension can only 
be greater or equal than the maximum salary of the original extension. 

Analogously, assume that  there is a constraint 'min(salary) <_ 2000' defined 
on a class extension. This constraint also holds for union because the minimum 
salary of the united extension can only be lower or equal than the minimum 
salary of the original extension. 

However, there are two other cases where rule (4) is applicable, too. Firstly, it 
holds for max-constraints if the comparison operator 0 is in { <, < }. Secondly, this 
rule can be applied to rain-constraints if the comparison operator/9 is in (>_, >}. 
The reason for the applicability in both cases is that  these kinds of constraints 
can be transformed into object constraints. The class constraint 'max(x) /91 z' 
with 01 E ( < ,  <} is equivalent to the object constraint 'x 01 z' and the class 
constraint 'rain(x) 02 z' with 02 E (> ,  >} corresponds to the object constraint 
'x 02 z'. Due to the fact that  the rule (4) is applicable to any object constraint 
we can conclude that  this rule can also be applied to these special kinds of max- 
and rain-constraints. 

As discussed before, a discriminant is required in order to avoid the weakening 
of the constraints by applying rule (4). However, the results of the applicability 
of the rules to class constraints are summarized in the following table: 

IRule Iluniquerefl max0 min0 I 
(1) selection J o ~ {<, <} o e {>, >} 
(2) difference x/ ' - - '  0 e {<,<} 0 e {>,>} I 
(3) intersection x/ - -  0 E {5 ,<}  0 E {>,>} 
(4) union - -  J o e { > , > , < , < } o e { < , < , > , > } !  

5 E x a m p l e  for R u l e  A p p l i c a t i o n  

In this section we demonstrate and discuss the application of our proposed rules 
by means of a small example. For the presentation, we distinguish two phases: 

1. decomposing the original extensions into base extensions, and 
2. composing these base extensions by uniting them to derived extensions. 

5.1 D e c o m p o s i n g  Extens ions  

The decomposition of the original class extensions is based on an extensional 
analysis. Such an analysis specifies in which way we have to construct the base 
extensions from the original extensions by applying set operations. In our ex- 
ample, we start  with two class extensions E1 and E2 which contain employees 
working in two different projects groups. We assume that  the result of the ex- 
tensional analysis is as it is depicted in the following figure: 

project group 1 
project group 
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There may be employees working only for one of the two projects, and there 
are employees working for both projects at the same time. In consequence, the 
class extensions overlap. 
Now, we decompose the original class extensions into three base extensions. 
The decomposition can be described using the set operations intersection and 
difference between E1 and E2: 

E ~ = E 1 - E 2 ,  E~=EtNE2,  E ~ = E 2 - E t  

In Figure 2 the resulting three base extensions are placed on the second level 
above the two original class extensions. 

employees belonging all employees involved 
to only one project in at least one project (E' i ) (E'~) 

c o m p o s i t i o n / u n i o n / ' ~ ~  
employees employees employees 

only in group 1 in both groups only in group 2 
(E' 1 ) (E~) (E~) 

decomposi~on %%% ,~176176176176176176 %, l employees 
project group 1 

_ _  _ ( . + e _ 1 ) _  . . . .  

~t. ~  4 "'*'l =*~176176176176176 

employees 
project group 2 

. . . .  . . . .  

Fig. 2. Decomposing and uniting extensions of the example 

Now, let us assume that  we have the following integrity constraints imposed on 
the two original class extensions: 

~r with r = Ve : e.qualification > 4 

Or with r = Vel,e2 : et .pid = e2.pid ~ el = e2 

~r with r = Ve : e.qualification > 3 

Or ) with r = 3el :Ve2 : el.salaryflevel > e2.salary_levelA 
el.salary-level > 3 

r and r are object constraints whereas r and r are class constraints. r 
requires the uniqueness of values for the at tr ibute pid (i.e., pid can be used as 
a key). r is an aggregate constraint concerning the maximum value for the 
at t r ibute salary_level (we may use the short term max(salary_level)>3). In other 
words there must be at least one employee of extension E2 having a higher salary 
level than 3. 

Using the relationships between base extensions and original class extensions 
we can derive integrity constraints for the base extensions. For tha t  we have to 
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consider each constraint and to apply our rules. The object constraints Ct and 
r do not cause amy problem. By applying rule (2) and (9) we derive: 

eel (El) "u"t ec , (E  l u E~.) "-~-~ er (ED 
er ""'~ eel (E& u E.~) ..,e ~, er (E~) 
er ""let er u E~) "22_~ er 
e~,(E2) """t e~(E& u E&) "~176 e~,(E&) 

Transferring the class constraints from the original extensions to the base exten- 
sions is more complicated. For instance, the application of rule (2) to r leads to 
a weakening of the constraint. As long as we do not forget the original constraint, 
this is not a real problem: 

er '"'et er U E~) ru'e't er 

er r""t er U El) ~ er (E~) 
er '""t eel(El u E~) 

In contrast to the uniqueness constraint r the max-constraint r cannot be 
transferred to any base extension. Hence, only rule (9) can be applied: 

e~, (~)  "~176 t e~, ( ~  u ~ )  

5.2 Uniting Extensions 

For the decomposition of extensions the respective rules are applied to each 
single constraint. However, for the composition the application of rule (4) to each 
simple constraint is not useful. In order to avoid a constraint weakening, rule (4) 
has to be applied to all possible combinations of constraints and afterwards the 
results have to be conjunctively combined by rule (7). A simpler way to deal with 
constraints is to conjunctively combine the constraints of each base extension 
before applying other rules. 

In our integration example the federated schema consists of the class exten- 
sions E ~ and E~ ~. Extension E ~ results from uniting base extensions E and E~ 
and contains all employees working in only one project group whereas extension 
E~ ~ contains all employees. The class El ~ is a subclass of class E~ ~. This feder- 
ated schema is only one possible federated schema. However, it demonstrates the 
application of our proposed rules. 

The constraints of base extensions E l and E~ have to be combined by ap- 
plying rule (7). On base extension E~ only one constraint holds. Therefore, the 
constraints of the base extensions E and E~ only have to be combined: 

r u l e  7 ! 
Or162 ~ 0r162 

er162162 "'~ e~,^r162 e er162 

Here, constraint r can be omitted since it is weaker than constraint r 
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E~ : The rule (4) disjunctively brings together the combined constraints of the 
base extensions E l and E~: 

Or162 ) r.~.: O(4,1ACs)v4,2(E~ U E~) ~-~ 0r ~ UE~),.~o)9 04,2 (E~,) 

Due to the fact that r ~ r holds, the formula (r A r V r can be simplified 
to r Neither constraint r nor Ca holds on E~ I. Objects can be inserted into 
extension E~ I which cannot be propagated to E1 nor E3 because both class con- 
straints axe violated. It is impossible to test these class constraints for extension 
E~ ~ due to the missing base extension E~ on the composition level. Errors from 
violating update operations cannot be interpreted on this level. This problem is 
similar to the well-known view-update-problem of selective views. 

E~ : The extension E~ ~ can be formed by: 

E~' : E~ U E~ U E~ -- ( E~ U E~ ) U ( E~ U E~ ) 

The integrity constraints of class extension E~ U E~ cannot be derived directly 
by applying rule (4) due to the class constraint r This constraint has to be 
weakened' before: 

e4,1^4,.(E~) ""'"t O4,1(E~) 04,1^4,~(E~) ""'"t O4,1(E~) 

The application of rule (4) produces: 

04,1 (E~), 04,1 (E~) .ul.~ O4,,~4,1(E; u E~) ++ e~l (El u E~) 

By applying rule (7) we obtain: 

e4, I (E~ u E~), O4,3(E; u E~) """ 001^4,,(E~ U E~) 

Analogously to E l U E~, we have to weaken the constraint before applying 
rule (4): 

O4,1^4,.(E~) ""'"t e~,l (E~) 

er (E~), e4, 2 (E~) ..1.: e4,1vr 2 (E~ u E~) ~ e4, 2 (E~ u E~) 

Due to the fact that Ct ~ r holds, the formula r V r can be simplified to r 
By applying rule (7) we obtain: 

O~(E~ u E~),O4,.(E'~ u E~) ""'"~ O4,:^4,.(E~ U E~) 

Before the extension E l U E~ and E~ U E~ can be united by applying rule (4) 
the constraint r has to be removed: 

O4,1^4,,(E~ u E~) """t O4,1(E u E~) 

By applying rule (4) we obtain: 

e4,, (E 1' uE~),' O4,,A4,4 (E~ UE~) " ~  O4,1v(r 1' UE~) ""'" ~ e4,,v(r (E~') 
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Fig. 3. Extensions with derived integrity constraints 

Figure 3 shows the extensions with their integrity constraints in the unreduced 
form. 

An interesting point is the fact that  the uniqueness constraint r disappeared 
from extension E~' due to the disjunctive combination expressed in rule (4). The 
uniqueness constraint does not hold for the extension E~', too. The introduction 
of an artificial discriminant at tr ibute avoids such an disappearance. The discrim- 
inant at tr ibute (e.g. group) in our example expresses the information whether an 
employee works for project group 1 (value 1) or project group 2 (value 2) or for 
both of them (value 3). This information can be used within the constraints in 
form of an implication. The left hand side of the implication tests the discrim- 
inant at t r ibute on a specific value and the right hand side contains the original 
constraint. We transform the constraints r r r and r to r r r and r 
respectively, and assign them to the extensions E~, E~, and E~. 

r _= Ve : (e.group = I V e.group = 3) ~ e.qualification > 4 

r ~_ Ve : (e.group = 2 Y e.group = 3) ==~ e.qualification > 3 

r --- Vel, e2 : ((el.group = 1 V el.group = 3) A (e2.group = 1 V e2.group = 3)) 

(el.pid = e2.pid ~ el = e2) 

r - 3el : Ve2 : ((el �9 = 2 V el.group = 3) A (e2.group = 2 V e2.group = 3)) 
el .salary_level > e2.salary-level ^ el .salary_level > 3 

^,,; (Eb,  ^,,, ̂ ,,; 

These transformed constraints can now be conjunctively combined. The con- 
junctive combination stands in contrast to rule (4). 
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I I I I 
Or162 (El), ~r162162 (E~), ~r (E~), Or (E 2 IJ EL) 

e . . . .  E' UE~) ~ (E~') ) r162162 i U E~ Or162162162 I 

Introducing discriminant attributes and respective transformation of constraints 
reduce weakening of constraints during schema integration (or more general dur- 
ing schema restructuring). 

6 C o n c l u s i o n s  

The complete treatment of integrity constraints during the schema integration 
is a fundamental requirement, e.g., for global integrity enforcement in federated 
database systems. Moreover, the extensive consideration of integrity constraints 
plays an important role in application scenarios such as view materialization 
SJ96 or mobile databases WSD+95. 

In this paper, we presented an approach to handle integrity constraints dur- 
ing the schema integration. We found a small set of general rules which specify 
how to deal with integrity constraints during the integration process. We showed 
that these rules can be used for object constraints without any restrictions. For 
several classes of often occurring class constraints we presented the applicability 
of the rules. Of course, there are some logical restrictions for which special- 
ized solutions are needed. Beside the results presented here, we have already 
investigated further classes of constraints, e.g. constraints with other aggregate 
functions. 

~rthermore,  we presented a systematic application of the rules. By means 
of a running example we sketched some critical problems such the weakening of 
constraints and demonstrated how to handle these kinds of problems (e.g. by 
using discriminants). 

Our approach is not limited to schema integration purposes only, it can also 
be used for view derivation and arbitrary schema modification operations such 
as schema transformation or schema restructuring. We are currently working on 
the completion of the classification of integrity constraints and the applicability 
of our rules to further classes of constraints. Using a classification which is based 
on the logical structure of constraints (assuming an adequate normal form for 
the logical representation of constraints) seems to be a very promising approach 
for completing the formal part of our work. 

Finally, we can state that beside our schema integration strategies presented 
in SS96a,SS96b,SC97, the consideration of integrity constraints is another step 
towards a unified integration methodology. 
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Abstract. We describe in brief a lazy functional database lmlguage Relief, 
which supports an entity-fimction model and provides for update mid the input 
of data by means of fimctions with side-effects. An eager h;t construct is used 
within the lazy graph redaction mcch~afism to sequence the effects. To redress 
the loss of reli:rentixd tnmsl~zrency we have implemented an elli:cls checker 
which can identify reli~rentiaily hmlsixaren! regions or scopes within Relief. 

1 In troduct ion  

An inherent conflict ,arises with fimctional langalagcs in file database context between 
change of slate oil update and the concept of referential transparency. Passing the 
database itself as a parameter resolves the issue conceptually but is not a practical 
approach. Update by side-effect is efficient but necessarily implies loss of referential 
transparency. Additionally side-effects are often incompatible with lazy evaluation 
since the occurrence and sequence of updates can become non-intuitive. Our approach 
is to accept fltat a change of database stale will result in loss of global referential 
transp~ency but Ihat referential transparency call bc scoped so that areas of a program 
can bc idenlified which retain the property. Eqtuational reasoning and consequent 
optimisalion can then be applied within these scopes. 

We describe a varianl of Ihe functional database language FDL IPou88, PK90, 
called Relief, which is lazy and which ihas been extended with functions Io facilitale 
updates and reading of files. These functions work by means of side-effects which arc 
explicitly sequenced with an eager let expression and a derivative sequencing 
conslnlcl. There is no change in Ihe overall laziness of the graph reduclion which wc 
illustrate with an example update program which employs the lazy stream model. To 
redress the loss of global referential transparency an effects checker identifies 
referentially transparent regions or scopes. 

2 T h e  Ent i ty -Funct ion  M o d e l  

The dcvclopmem of Relief  is a contribution to tile work of tile Tristarp Group, 
initialed in 1984 to investigate the feasibility of a database management system which 
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supports fl~e.binary relatioual model both at rite storage and conceptual levels. A 
sununary of the early work is given by King et M. KDPS90. More recently research 
Ires focused on supporting the entity-fimction model, a hybrid of the bitmry relational 
and fimctional &ira models lShiSl, AK94. The relationships between entities are 
binary and are represented by (possibly) nmltivalued single argument functions. 
Entity types are classified into lexical and non-lexicM as wifll file analysis 
methodology NIAM W82. Members of lexical types have direct representation (for 
example the types string and integer) whereas fltose of non-lexical types are real or 
abstract objects without direct representation eg. persons, invoices, courses etc. 

..... // )._._ \ \ 
keyword -- ,~~' 

~a./~_./ ~~ string siring 
ftext ~surnan'e ~'H'a" 
string siring string 

Fig. I. The Computer I,itcraturc l)atabase (CLDB) 

Figure 1 is a subschema of the Computer Literature Database (CLDB), a body of 
data used experimentally by the Tfistarp Group, ,'rod illustrates the entity-function 
model. Non-lexical types arc shown as circles with functions represented by arcs, A 
single-headed arrow represents a single-valued fimction attd a double-headed one 
denotes a multivalued firaction. Thus a Paper has a single Abstract but is by (possibly) 
several Authors. In this example, the lexical type "string" is used extensively in the 
ranges of the functions. 

3 Defining a Database in Relief 

Relief is an expedmcntal vadant of FDL Pen88, PK90, tile first language to 
integrate thc entily-fimclion model with the fimclional computation model over a 
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binary relational storage structure. FDL Ires fire usual features of a modem functional 
programming language such~as polymorphic types, lazy evaluation and pattern- 
matching a ,d  we refer the reader to Field and Harrison FH88 for an explanation of 
these. We describe here only the features of Relief which illustrate file scoping of 
referential transparency. A fidl syntax and description of the language and its 
implementation is given by Meredith Mer98. The persistent functions and entities 
wlfich constitute a database in Relief are held in a triple store, a development of file 
grid file NHS84, Der891 which has recently been adapted to hold long strings and to 
support interval queries. 

CLDB contains the non-lexical types paper and author amongst ofllers. Tiffs part 
of the schema is implemented in Reliefwilh the following type declarations: 

paper :: nonlex; 
author :: nonlex; 
by : paper -> author; 

title = paper -> string; 
surname : author -> string: 
initials : author -> string; 

In order to facilitate easy navigation of the schema Relief automatically maintains a 
converse function for all functions whose domain is a non-lexical type, referred to by 
the prefix rev. For example the converses of the functions surname and by are: 

rev_surname : string -> author; 
rev_by = author ->  paper ; 

As an example of their use consider the following list comprehension query which 
retrieves the papers by authors with tl~e surname "Meredith". 

 title p  for a in rev_surname "Meredith"; 
for p in rev_by a ; 

It is interesting to note here the syntactic similarity betwcen Refiefand the "FOR 
EACH" statement in DAPLEX Shi8 ! . 

4 The Four Update Functions of Relief 

The extent of a database is defined and can be redefined by means of the functions 
create, destroy, define and delete. The fmlction create takes a non-lexical type as an 
argument and retlmls a new entity of the specifiediype. For instance: 

create author; 

returns a new member of the type author. An attempt to print a non-lexical entity 
yields its type in a,gled brackets, thus: <author>. The extent of a non-lcxical type 
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can be queried with the ~lit fimction which returns the members of the specified type. 
Forcxample, A l l  a u t h o r  ; 

The fimction destrqv destroys an entity of the specified non-lexical type. Thus to 
destroy the first clement in the list of all authors: 

destroy author (head (All author)); 

In the functional model it is necessary for every expression to have a value and 
rims destroy returns the value Done wldcb is the only value in tim type update. 
Functions are incrementally defined using the function defwhicb adds an equation to 
rite database attd returns the value Done. To illustrate this, we give an expression 
which creates an author entity, binds it to a scoped static variable "a" and then 
defines an equation for their initials. The binding is done with an eager form of thc let 
expression which is fimhcr explained in the next section. Thus: 

e let a = create author in (def initials a => "PF"); 

The left hand side of a function equation consists of rite name of the function 
followed by one or more arguments, and the right hand side is an expression which is 
stored tmevahmted. The arguments at definition time can either be patterns or a bound 
variable such as "a", in which case the value of the variable is used in the definition of 
the equation. The value of a function's application defaults to the constant "@" 
(denoting "undefined") if there is no equation which matches the function's 
arguments. The pattern-matching in Relief uses the lefl-to-right best-fit algoriflun 
developed by Poulovasillis IPou92. 

The delete function del deletes an equation from tim database and returns tim value 
Done. The arguments of de/identify the left hand side of lhe function equation for 
deletion, for example: 

e_let a = head(rev_surname "King") in (del initials a); 

deletes the equation defining the initials of an author with the surname "King". 
All four update fimclions are slalicaUy lypc checked, see Meredilh Mer98 for 

details, and work at the object level. Thus their invocation needs to bc sequenced and 
we discuss this next. 

5 Sequencing the Updates 

A new construct, tile eager let (e_let), is intreduced to sequence updates by 
employing call-by-value pm'ameler substitution but within a general scheme of lazy 
evaluation. We illustrate tile eager let expression with the following example which 
evahmles a .  cxpression before using it as the value of the right hand side in an 
equation definition. The cxample assumes thai people have a unique name and the 
types of the fimctious name and .wdarv are: 
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name : person -> string; 
salary : person -> integer; 

Tile expression below defines file salary of Bill to be 5000 more titan Fred's 
current salary. 

e_let bill = head(rev_name "Bill") in 

e_let fred = head(rev_name "Fred") in 
e_let bills_salary = salary fred + 5000 in 

(def salary bill => bills_salary ); 

Thus tile value of Bill's salary is slored as a ,  inleger and not a fornmla and so a 
subsequent clmnge to Fred's salary will nol result in a change to Bill's salary. The 
next ex,'unple produces a sequence of updates to create an author entity and define 
surname and initials before returning Ihe new entity. Two dmnmy variables, dural 
and dum2, are used Io bind wilh Ihe val,es relur,ed by calls Io Ihe define fimclion. 

e let a = create author in 

e let duml = (def surname a => "Meredith") in 

e let dum2 = (def initials a => "PF")in a; 

The overall evalualion scheme is slill normal order reduction, the outermost let 
being reduced before the innermost let and Ihe body of each eager let being evaluated 
lazily. The syntax of the eager let is not ideal because of the need to specify binding 
pallems which are of no filrlller inleresl. Hence we imve provided all explicit 
sequencing constnlcl in i~,eliefwhich, allhough formally only syntactic sugar for tile 
eager let, is much more succinct and convenient for progrmmning. This construct is 
written as a list of expressions separated by semicolons, enclosed in curly brackets, 
and is oplionally tenninaled by Ihe keyword puts and a following expression which 
gives a fimctional value for the entire sequence. The expressions between lhe brackets 
are evaluated ill their order, from left to right For example, tile expression above can 
be written as tile sequence: 

{ a = create author; (def surname a=>'Meredith"); 

(def initials a => "PF") } puis a; 

We refer to Ihc keyword Imis and ils following expression as the continuation, if it 
is omitted then a default value of Done is inferred for thc sequence. 

6 A n  E x a m p l e  - U p d a t i n g  the  C o m p u t e r  L i t e r a t u r e  D a t a b a s e  

We describe here a Refief program which processes a list of data constructors 
representing Ihe records ill a file "Trislarp_papers" and updates tlmt part of tile CLDB 
concerning aulhors and papers. Relief contains a read file fimclion which can lazily 
converl a file of records into such a list but space precludes a full description here. 
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The elements of the list are members of Ihe paper_record sum type wbich is defined 
by the two constructors TITLE_REC and AUTHOR REC. TITLE_REC has a single 
string component, whereas AUTltOR REC Ires two compone,ts: one for the sunmme 
of ti|e aulhor and one for Ihe inilials: 

paper record :: sum; 
TITLE REC : string -> paper_record; 
AUTHOR_REC ~ string string -> paper_record; 

Our example will assume lhe following list of records as input: 
 (77TLEREC "Scoped Referential Transparency in a Functional Database 
Language with Updates"), (AUTIIO1~_REC "Meredith" '7'F"), (AU1HOR REC 
"King .... PJII'9, ('I'11LE_1~'C "TriStarp - An Im,estigation into the Implementation 
and Exploitation of Binary Relational Storage Structures"), (,4 UTIIOR_REC "King" 
"P.HI"), (,4 UTIIOR REC "Deral,'hshan" "M'9, (,4 U'I'IIOR REC "l~ouhJvassilis" 
"',4 "), (AU11IOR_REC "Small .... ( " )  / 

The program to process the lisl consisls of two fimclions: chtbup which creates tile 
paper entities, and add_authors, which creates the author entities Paid links them to 
tbe papers. Boll| functions operate recursively and process records at tile bead of an 
input list before returning the remainder of lbe list. For a list wifll a lille record at its 
bead, cldbup creates a paper, defines its lille and calls add._aulllors as specified by tbe 
first eqlmtion below. If Ibe head of file list is not a title record Ihen tile list is returned 
nnallered as given by tile second equation. This is an appropriate action when an 
unexpected or nnrecognised record is encountered. The third equation specifies titat 
cldbup returus the empty list when given Ibe empty list. Thus cldbup :will return ti|e 
empty list if all of the records in the file can be processed, otberwise it returns some 
remainder of tile input list. 

cldbup : paper_record -> paper_record; 
def cldbup ((TITLE_REC t) : xs) => { 

p = create paper; 
(def title p => t) 
} puis cldbup (add authors p xs); 

def cldbup (h : t) => (h : t); 
def cldbup   =>  ; 

The fimclion add_authors recursively processes all Ihe aulhor records at the front 
of the list before returning the remainder of the list. The logic for processing a single 
aulhor record is: 
�9 construct a list of authors witb tile specified surname and initials 
�9 if the list is emply create a new aulhor, define tbeir sum,'une and initials, and bind 

them to tile palteru "a" else bind the pattern to tile head of tile list of aulhors 
�9 if the list of authors for the specified paper is currently undefined, lhen define a list 

witb the author "a" as its single member. Otherwise add file aulhor "a" to ti|e 
existing list. 

add_authors z paper paper_record -> paper_record; 
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def add authors p ((AUTHOR_REC s i) : xs} => { 
auth list =  all for al in rev surname s; 

- -  ~nitials al == i ; 
a = if auth list ==   then 

{a2 = create author;(def surname a2 => s); 
(def initials a2 => i) } puis a2 

else head auth list fi; 
e let authors = by p in 

if authors == @ then (def by p => a) 

else e let new authors = append authors a 

Yn (def by p => new_authors) 

fi 

} puis add authors p xs; 

def add authors p (h : t) => (h : t); 

def add authors p   => ; 

The file of papers is then processed lazily by evaluating the following expression: 

cldbup (read_file paper_record "Tristarp_papers"); 

7 Scoping Referential Transparency 

A defining property of languages which are purely functional is said to be referential 
transparency Hud89. It is this properly which allows functional languages to be 
declarative miller than imperative i,  nature. Put simply, referential transparency 
means thai every instance of a particular variable has the same value within its scope 
of definition. Tids is the interpretation of variables in algebra and logic which allows 
the use of equational reasoning. 

Although Relief is not a pure fimclioual language it is possible to identify regions 
of referential transparency whcrc the techniques used in fimctional progranuning, and 
by functional compilcrs, can still bc applicd. This follows from the fact that file 
concept of rcfcrcnlial transparency is scopcd by definition. In a purcly functioltal 
language the scope is the cnviromnc,I or script in which an cxprcssion is cvahmtcd. 
Referential transparency in Relief is scoped by the update operations which destroy 
reference. These regions of referential transparency can be statically identified by 
means of an efecls checker which classifies the effect of an expression. Furthermore 
an effects checker is of use in concurrent systems since it identifies potential 
interference between expressions. 

7.1 Gifford and Lucassen's Effects Checker 

Effects checking was first described by Gifford and Lucasscn GL86 in conncction 
with their research into the inlegralion of ilnpcrativc and filnctiolml imlguagcs. 
Gifford and Lucassen identify the following three kinds of effects of expressions: 
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�9 A - allocation and inilialisation of mutable storage, for example t h e  

decl;imtion of a variable or colleclion. 
�9 R - reading a value from mulable storage. 
�9 W - writing to mulable storage, thai is assignment. 

There are eight possible combinations of Ihese three effects which form a lattice 
under the subset relation. These eight different combinations can be grouped into 
effect classes depending on the language requirement. Gifford and Lucassen were 
interested in identifying those parts of a program which could be memoised and were 
amenable to concurrent evaluation. Hence they produced an effect checking system 
which classified expressions into one of the following four effect classes: 

{W}{W,R}{W,A}{W,R,A} 
{R}{R,A} 
{A} 
{} 

- PROCEDURE class 
- OBSERVER class 
- FUNCTION class 
- PURE class 

There is a total ordering of these effect classes ill tile sense that they fonu a 
hierarchy of effect properties. The effect properties of file four classes can be 
summarised as: 

s P R O C E D U R E  - expressions of this sublanguage can define variables, read 
mutable storage and write mutable values. 

�9 OBSERVER - expressions of this sublanguage can define variables and read 
variables. They cannot perform assignmenls and cannot make use of expressions 
with the effect class PROCEDURE. 

�9 FUNCTION - expressions of this sublanguage can define variables but they cannot 
read variables or change their value. FUNCTION expressions cmmot make use of  
PROCEDURE or OBSERVER expressions. 

�9 PURE - a pure fimclion has no effects and cannot be affected by the evaluation of 
other expressions. It can neither define variables, nor read, nor write them. A 
PURE expression cannot make use of PROCEDURE, OBSERVER or FUNCTION 
expressions. 

The only expressions which Call interfere with concurrency are those ill tile effect 
class PROCEDURE and these call only interfere with other expressions ill the 
PROCEDURE and OBSERVER effect classes. Thus the ability to identify 
expressions of these classes would be inlporlanl ill order to maximise concurrency in 
a multi-user system. Ill conlmsl PURE, FUNCTION and OBSERVER expressions do 
not interfere with each other and can be run concurrently. PURE expressions can be 
memoised and OBSERVER expressions can be memoised between updates. We now 
look at how effects checking is applied ill Relief. 

7 . 2  T h e  E f f e c t s  C h e c k e r  i n  Relic,/" 

We begin by classifying tile effect properties of constructs ill Relief. Relief has no 
updateable variables in the usual sense but it does have exiensible and update, able 
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types, namely user-defined functions and non-lexical entities. Thus the Gifford and 
Lucassen concept of the allocation of mutable storage is equivalent to the declaration 
of such types. Wilh regard Io Ihe inilialisalion of slorage, a fimclion declared in Relief 
Ires a default definition so Ihal initially ils application gives only the undefined value. 
The extent of a non-lexicai type, accessed by the All melafunction, is initially the 
empty set. Type declarations however are commands and are not referentially 
transparent because they alter the database schenm. Since Ihey contain no 
subexpressions and ceamot appear as subexpressions they are omitted from the effects 
checking. 

Wilh regard to upcklles, user-defined functions are updated by the def and del 
functions which define and delete equations in the definition of a function. The 
extents of nou-lexical types are altered by the create and destroy fimctions. An 
expression which direclly or indirectly calls any of these four fimctions has the (W) 
property. Au expression which directly or indirectly applies a user-defined function or 
examines the extent of a non-lexical type has a value which is dependent on tile stale 
of Ihe system. Such an expression has Ihe (R) properly. Since no expressions ill Relief 
can have the (A) properly il is sufficient to classify Ihem as belonging to one of tile 
following tluree effect classes: 

{W } { W,R } - PROCEDURE class 
{ R } - OBSERVER class 
{ } - PURE class 

Because Reliefis a single-user sequential system we can say that an expression is 
referentially transparent if it makes no change to mutable storage under any condition. 
Thus an expression with the effect class OBSERVER or PURE is referentially 
Iransparent and ires a value which is iudependen! of the evaluation order of its 
subexpressions. The operational semantics of Relief allows lhe static scoping of 
referential trausparcncy. Thus we arrive at the definition for the scope of  referential 
transparency for an expression in Relief. 

"The scope of  an expression's referential transparency in Relief is the maximal 
enclosing expression which has no (ll0 effects." 

In a multi-user syslem, PURE and OBSERVER expressions ~ n  still be Irealed as 
referentially transparent if fl~ere is a locking meclmnism to prevent expressions wifli 
effect class PROCEDURE from changing Ihe fimclion and eniily types on which they 
depend. 

Our approach differs from that of Gifford and Lucassen in thai we regard the effect 
class of an expression as a properly orlhogonal to its type. We regard Iheir approach 
of annotating each fimclion type with its effect class as unnecessarily complex and 
giving no practical benefit. In our implementatiou an expression's effect class is 
ilfferred from its subexpressions in tandem wifll its type. Thus whilst performed in 
parallel effects checking and type checking are conceptually independent. 

In Reliefllle programmer declares file effect class of a function from file outset and 
fl~e compiler ensnres that file declaration is not violated. The effect class of a user- 
defined function must be either PROCEDURE or OBSERVER since it is an observer 
of its own nmlable definition and hence possesses the (R) properly. A user-defined 
fimction defaults to the effect class of OBSERVER, whereas an effect class of 
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PROCEDURE is specified by preceding tile function name wifll "proc". The 
following examples illustrate this. Firstly declaring a PROCEDURE whose 
application condilio,mlly creales an author and defines their sunmme and i.itials: 

proc create author = string string -> update; 
def create author sur init => 

if  a- I for a in rev_surname sur; 

initials a == init  ==   
then { a = create author; (def surname a => sur); 

(def initials a => init) } fi; 

Secondly declaring an OBSERVER fimclion wlfich is dependent on olher 
functions Tiffs example dcfines a pcrso.'s salary as tile sum of their basic pay and 
lheir bonus. 

salary : person -> integer; 

def salary x => basic x + bonus x; 

Finally declaring an OBSERVER function which is only dependent on its own 
definitimt This example extracts tile second component of a tuple. 

sec_comp : (alphal ** alpha2) -> alpha2; 

def sec_comp (x,y) => y; 

The effects checker ensures that the declarations are not violated by checking flint 
file effect class of each deft,ling eql,ation is less than or equal to tile declared effect 
class of tile fimctiou. Tile inference rides used in tile effects checker are given by tile 
pseudocode below. The effect class of a pattern is PURE and since this is tile least 
value it can be ignored where some other expression is present. 

The fundamental inference nde is tile one for application. The effect class of an 
application is the maximum of tile effect class of tile function and tile effect class of 
its argument. This means tirol effect inference is pessinfistic since it assumes timt if an 
expression contains a side-effect then that side-effect will take place. This is of course 
not necessarily line with lazy evahmlion. We now give the algoritluu for the function 
effect_chk which infers the effect class of an expression. The declared effect class of a 
user-defined function is retrieved by calling tile fimclion deceffect. Thus file value of 
"dec_effect(creale_mflhoO" is PROCEDURE assanfing the declaration of 
create author above. 

ef fect_chk (E) // 
{ 

switch (E) 

case (E 1 E2) 
case ( e let p 

case ( 1 let p 

e I = 
e2 

effects checker 

// application 
= E 2 in E 1 ) //eager let expression 

= E2 in E 1 ) //lazy let expression 
effect chk E l 
= effect chk E 2 



144 

return (max(el, e2) ) 
case (\p. E)// lambda abstraction 

return ( effect chk E) 
case Qual //Qualifier in a list comprehension 

case ( for p in E)// generator 
case E // filter 

return ( effect chk E) 

case VARv // a bound formal parameter, not 

// updateable, hence PURE 

case NONLEX n // a nonlexical entity 

case CONFUN c // a data constructor 

case ETYPE // a type as a parameter 

case constant c // eg integer or string 

return (PURE) 

case FUN f // a persistent function 

return(dec_effect(f)) 

case INFUN f // a built-in function 

switch(f) 

case def f a 1 .. an => rhs 
e = effect chk (rhs) 
if e > dec_effect(f) then FAIL 

return(PROCEDURE) 

case delf a 1 .. an 
case create t 
case destroy t 

return(PROCEDURE) 

OTHERWISE 

return(PURE) 

This algorithm can be modified to prohibit subexpressions with file effect class 
PROCEDURE from parts of the language. We suggest that tiffs restriction might be 
applied to list comprehension qtmlifiers so that optimisations such as those published 
by Trinder Tri9 I can be automatically performed. 

8 Related Work 

Ghclli ct al. GOPT921 Imve proposed an extension to list comprehension nolation 
which provides update facilities for an object-oricntcd database language. The 
extension is achieved by adding a do qualifier which can perform actions on objects 
identified by earlier bindings in tile list comprehension. They show that known 
optimisation Icclmiques can be modified to operate in the presence of do qualifers. 
Their tecluffque however relies on the progranuner restricting tile use of side-cffccting 
expressions to do qualifiers, Ihcre being no compile-time checking. 

We briefly discuss three olher approaches which promise elTicicnl, functionally 
pure database up&lie: linear lypcs, monads and mutable abstract dala types (MADTs). 
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They are all efficient since they can gmrantee a single-threaded store so flint updates 
can be done in-place. 

8.1 Linear Types 

A linear object is an unslk~ed unbiased singly-referenced object and thus linear 
objects have the property tlkat there is only one access pafll to them at any given time. 
A linear variable is a 'use-once' variable which can only be bound to a linear object 
and must be dynanlically referenced exactly once within its scope. Linear type 
checking systems have been designed which can statically check that linear variables 
are neither duplicated nor discarded. These systems have a theoretical foundation.in 
linear logic whence they derive their name. 

Tile motivation for having linear types in fimctional languages is to capture tile 
notion of a resource that cannot or should not be shared, hence tile linear variable. A 
linear type system does however allow for the explicit creation, copying and 
destnmtion of linear objects. Whenever a program creates a linear object it must also 
be responsible for its destruction. One advantage of flits is that there is no need for 
garbage collection in a purely linear language. For functional progmlmners linear 
types offer a way, amongst other things, of guaranteeing safe in-place updates since a 
linear object can have only a single reference. 

Purely linear languages however are very restrictive since functions must always 
pass-on their linear arguments, explicitly destroy them or return them even when they 
are not ehm~ged. The programs in these languages tend to be somewhat difficult to 
read due to their heavy use of multiple returned values. Another problem with 
languages which support linear types is tlmt they must also deal with nonlinear, i.e. 
shared, objects. This requires them to have a dual type checking system whereby most 
of tile type inference nzles have linear and nonlinear counterparts. The programmer 
must be aware of the distinction between linear and nonlinear values. 

In the database context we want to treat database objects as linear when updating 
flmm but also to treat the same objects as shared when querying. However an object 
camlot be both linear and nonlinear at the same time. An interesting application of 
linear types to fimclional databases has been implenmnted by Sutton and Small 
SS951 in their filrther development of PFL, a functiotml database language which 
uses a form of relation, called a selector, as its bulk data type. Ill the first version of 
PFL tile increnmntal update of relations was achieved by means of file side.-effecting 
functions include and exclude. A linear type checking system was introduced into 
PFL later on by changing these fimctions so that they took a linear relation nanlc as all 
argunmnt and returned the same relaiion nanm as a resnlt. The type checking system 
worked by preventing the duplication or discarding of these relation names. Sutton 
and Small give examples of strict updating fimctions which show ill'It the language is 
still ulxlate-complete within the constraints of this type checking. In order to reduce 
the nmnber of parameters returned when querying they also allow a relation to be 
referred to by a nonlinear name. However a relation's linear n,'une and nonlinear name 
cannot both appear within the same expression. 
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8.2 Monads 

In-place update can also be guaranteed by wrapping up the state in a higher-order type 
which is accessed only by fimctions with the single-threaded property. The fimctions 
must support tile creation, access and updating of ti~e slate witidn ti~e type. Wadler has 
shown how monads can be used for tiffs purpose Wad95. Monads, a category- 
ti~eoretic notion, are defined by a triple: fl~e type constructor M, and tile operations 
unit and bind. Monadic programming is all implicit environment based approach to 
progralnming actions such as updating state mid input/output. Actions on tile 
environment have a special type which indicates what happens when ti|e action is 
performed. The programmer composes actions with the two combinalors unit and 
bind. 

Tile monadic approach to handling state has both advantages and disadvantages 
when compared wilh the use of linear types. Its chief advantage is Ihal it does not 
require a special lype syslcm beyond Ihe usual Hindley-Milner one. Also because 
monads handle slale implicilly it is argued thai Ihis can make an underlying algorillnn 
more apparent since there is less paramcler passing. Their main disadvantage is that 
they require a cenlmlised definition of slate. Although this restriction might inilially 
appear to fit nicely with tile use of a single conceptual data model in databases, ill 
practice however this lack of granularity would have performance and concurrency 
implications. A treatment O f multiple stores witii different types, such as relations in a 
relational database, requires the definition of many monads and monad morphisms in 
order to support operations involving the different types. It may also be lhat for 
databases a two slate monad is more appropriate in order to represent the current state 
mid tile state at tile start of the tnmsaction. This could then support ti~c rollback 
operation. We consider these to be areas for fi~rther research. 

Monads can also be defined in terms of unit, map and join operations wlfich are a 
gencralisation of tile same operations which give the semantics of list 
comprehensions. Wadlcr has shown how the list comprehension notation can also be 
used to manipulate state monads Wad901, each qualifier becoming an action on tile 
state. The resulting programs however look very procedural. 

8.3 Mutable Abstract Data Types 

Monads in themselves do not enforce linearity on rite encapsulated state, flleir 
operations must be carefidly designed ill order to ensure tiffs. The use of abstract data 
types which encapsulate stale and linear access to it has been investigated by Hudak 
CH971. A mutable abstract data(vpe or MADT is ally ADT whose rewrite semantics 
permit "destructive re-use" of one or more of its arguments while still retaining 
confluence in a general rewrite system. A MADT is an ADT whose axiomatisation 
possesses certain linearity properties. Hudak shows how a number of MADTs can be 
automatically derived from such an ADT. Using an ,array as an example Hudak gives 
three ways of defining an appropriate MADT. These correspond to direct-style 
semantics, continuation I~lssing style (CPS) and monadic semantics. A MADT is 
dcfincd in tenns of fimctions which gcneratc, tnutate and sclcct state of a simple type. 
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Not only is the slate hidden in a MADT but the iincarity is too and so there is no 
need for Ihe programs using MADTs to have a linear type system, it has been noted 
thai progranuning in MADTs lends Iowards a conlimullion passing slyle no mailer 
which form of MADT is used. MADTs are excellent at handling simple slate but 
further research is required into handling bulk data types efficiently mid into 
combining MADTs. Unlike monads there is no rigorous way of reasoning with a 
number of MADTs. 

9 C o n c l u s i o n s  

Whilst there is much promising research into handling stale within fimctional 
languages the update problem in functional databases such as FDL remains 
problemmatical because the database is comprised of fimction definitions which must 
bc both simple to apply and simple Io up&lie. Thc design of an uncomplicated 
inlegrated language to handle bolh queries and updates in an elTicient purely 
functional manner is difficult. Whilst linear lypes could have bccn used it is our view 
that the result would have been less satisfactory and less programmer-friendly than 
the approach we have laken. The introduction of the four update functions described 
in section 4, whilst not fimctioually pure, has kept the language slrongly data-model 
oriented. Also none of the approaches outlined in the section on related work have 
been used Io address transaction handling which is a fimdamental distinction between 
database prograuuuiug and persislcut programming. In contrast Relief does have a 
programmable Imnsaction handling mechanism although this is not described hcrc. 
(See Men98 for delails of this). 

Relief demonstrates Ihat a functional interpreter based on graph reduction can be 
used Io perform updates ,'rod thai effccls checking can scope refcrenti,'fl transparency 
so that the usual functional optimisatious can be used for queries and read-only 
subexprcssions. The approach taken Ires allowed the benefits of lazy cvalualion mid 
stalic type checking to be rclained. Updales are performed efficiently and the 
programmer does not have to learn a new type system. Wl61st the eager let helps to 
makc the sequencing of updates more explicit it is sliil necessary to tmderslmld the 
opcrational scmanlics of the pattern malcher when fimclion arguments conlain sidc- 
cffccls. Applicative order rcduclion would simplify these semantics but the lazy 
stream model used for file reading and the olhcr advantages of lazy evaluation would 
bc lost. Update by side-effect and effects checking are applicablc to database systems 
supporling other data models. 

Furlhcr work will ccnlre on integrating Relief with the data model of ltydra 
AK94 which dislinguishes between navigable functions mid non-navigable 
functions in a functional database. This may require the definition of further effect 
classes. 
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Abst rac t .  Deductive database languages have often evolved with little 
regard for ongoing developments in other parts of the database commu- 
nity. This tendency has also been prevalent in deductive object-oriented 
database (DOOD) research, where it is often difficult to relate propos- 
als to the emerging standards for object-oriented or object-relational 
databases. This paper seeks to buck the trend by indicating how deduc- 
tive languages can be integrated into the ODMG standard, and makes 
a proposal for a deductive component in the ODMG context. The de- 
ductive component, which is called DOQL, is designed to conform to the 
main principles of ODMG compliant languages, providing a powerful 
complementary mechanism for querying, view definition and application 
development in ODMG databases. 

1 I n t r o d u c t i o n  

To date, deductive database systems have not been a commercial success. The 
hypothesis behind this paper is that  this lack of success has been encouraged 
by the tendency from developers of deductive databases to build systems that  
are isolated from the widely accepted database development environments. The 
fact that  deductive database systems tend to be complete, free-standing systems, 
makes their exploitation by existing database users problematic: 

1. Existing data  is not there. Existing databases in relational or object-oriented 
systems cannot be accessed by deductive databases without transferring the 
data  into the deductive database system. 

2. Existing tools are not there. Moving to a new database system means learn- 
ing a new toolset, and coping with the fact that  few deductive database 
systems have benefited from the levels of investment that  have been directed 
towards leading relational or object-oriented products. 

3. Existing programs are not there. Software that  has been developed for non 
deductive databases has no straightforward porting route to a deductive 
environment. 

4. Existing experience is not useful. There are very few developers for whom a 
deductive database would be a familiar environment. 
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These difficulties that face any developer considering using deductive databases 
with existing applications mean that even where there is an application that 
could benefit from a deductive approach, such an approach may well not be 
exploited. With new applications, points (2) and (4) remain as a disincentive, 
and the decision rests on the widely rehearsed debate on the relative strengths 
and weaknesses of deductive and other database paradigms. Here we note only 
that the decision to use a deductive database seems to be made rather rarely. In 
practice, the limited range and availability of deductive database systems will 
often lead to an alternative approach being used by default. 

In the light of the above, we believe that it is not generally viable to make 
a case for deductive database systems as a replacement for existing approaches. 
There are sure to be a number of domains for which a deductive approach is very 
appropriate, but it is difficult to envisage widespread uptake of 'pure' deductive 
database systems. 

The argument that deductive languages can provide a mechanism for query- 
ing, recursive view definition and application development that is complementary 
to existing database languages is much easier to make. Where deductive features 
are made available within an existing database system, the user can elect to ex- 
ploit the deductive mechanism or not, depending on the needs of the application. 
Where the deductive mechanism is closely integrated with other language facili- 
ties, multi-paradigm development is supported, and thus the deductive language 
can be used in niche parts of an application if more widespread exploitation is 
not felt to be appropriate. 

The argument that deductive database languages can be complementary to 
those of other paradigms is not new 17, but it is not only the principle of integra- 
tion, but also the practice that counts. For example, 16 describe the integration 
of the deductive relational database Coral with C++,  but the impedance mis- 
matches that result are extreme, and the approach can be considered more of 
a coupling than an integration. In ROCK & ROLL 2 the integration is much 
more seamless, but neither the languages nor the data model used predated the 
development of the ROCK & ROLL system. 

The argument for deductive languages in any form can be made on the basis 
of application experience 10, or on the grounds that an alternative style and 
more powerful declarative language extends the options available to program- 
mers. Although the case that recursion is an important motivation for including 
deduction in databases has been used previously to the point of tedium, we note 
that ODMG languages do not currently provide any clean way of describing 
recursive relationships. As a simple example, the implementation of the simple 
ancestor relationship as a method using the ODMG C + +  binding is presented 
in figure 1, for the database in figure 3. The code would be more complex if cycle 
detection was required. 

In what follows this paper considers how a deductive language can be in- 
tegrated into the ODMG architecture. The decision space that relates to the 
incorporation of deductive facilities into the ODMG model is presented in sec- 
tion 2. The deductive language DOQL is described in section 3, and its integra- 
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d_Set<d_Ref< P e r s o n  >> * P e r s o n :  : a n c e s t o r s  c o n s t  () 
{ d_Set<d_Ref<Person>> * t h e _ a n c e s t o r s  -- new d_Set<d_Ref<Person>>; 

// .... ancestors = parents Union ancestors (parents) 

if (father != O) { 

the_ancestors->insert_element (father) ; 

d_Set<d_Ref<Person>> *f_grand_parents = father->ancestorsO ; 

the_ancestors->union_with (*f_grand_parents) ; 

d e l e t e  ( f _ g r a n d _ p a r e n t s )  ;} 
if (mother != O) 

{ d_Set<d_Ref<Person>> *m_grand_parents = mother->ancestorsO ; 

the_ancestors->insert_element (mother) ; 

the_ancest ors->union_with (*m_grand_parent s) ; 

delete (m_grand_parents) ;} 

return the_ancestors ; 

Fig. 1. C++  implementation of ancestors() method 

tion into the ODMG environment is discussed in section 4. How DOQL relates 
to other languages for object-oriented databases is outlined in section 5, and a 
summary is presented in section 6. Throughout the paper, it is assumed that 
readers have some familiarity with the ODMG standard, and with deductive 
database technologies, as described in 4 and 5, respectively. 

2 T h e  D e s i g n  S p a c e  

This section considers the issues that must be addressed when seeking to add 
deductive facilities into the ODMG standard. The fundamental questions are 
what deductive facilities should be supported and what relationship should the 
deductive facilities have to other components in an ODMG database. 

2.1 The  Arch i t ec tu re  

The introduction of deductive facilities into the ODMG architecture is made 
straightforward by the presence of OQL as a role model. The inclusion of the 
deductive language in a way that mirrors that of OQL minimizes the amount of 
infrastructure that existing OQL users must become acquainted with to exploit 
the deductive language. The following architectural principles can be followed in 
the development of the deductive extension. 

1. Existing components should not be modified, and extensions should be min- 
imal. 

2. The deductive component should make minimal assumptions about the fa- 
cilities of the ODMG system with which it is being used, and should be 
amenable to porting between ODMG compliant systems. 
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The consequences of the first of these principles can be considered in the context 
of the existing ODMG components as follows: 

- The data model and ODL: the inclusion of a deductive language should 
necessitate no changes to the structural data model, but will require some 
extensions to operation definition facilities, as deductive rules do not have 
pre-defined input and output parameters. 

- OQL: the presence of an existing declarative language raises the question as 
to whether or not one should be able to make calls to the other. There is no 
doubt that the ability to make calls from OQL to the deductive language 
(and potentially the reverse) could be useful, but such extensions would 
impact on principle (2) above. 

- Language bindings: the existing language bindings need not be changed to 
accommodate a new embedded language. The deductive language should be 
callable from C++,  Java and Smalltalk in a manner that is reminiscent of 
the embedding of OQL, through the addition of new library calls for this 
purpose. 

The consequences of the second of the principles listed above depend on whether 
or not the developer has access to the source code of an ODMG compliant sys- 
tem. The assumption that is being made (because it is true for us) is that the 
deductive language is being implemented without access to the source of any 
ODMG compliant system. This has the following consequences for the imple- 
mentation: 

- Query language optimization/evaluation: this has to be written from scratch, 
as reusing the existing infrastructure developed for OQL is only an option 
for vendors. Implementing the optimiser and evaluator specifically for the 
deductive language also eases porting of the deductive component. 

- Data model interface: it is necessary to have access to a low level API for 
the underlying database (such as O2API), as the deductive system often 
needs to perform operations on objects for which the types are not known 
at system compile time. 

The architecture adopted for DOQL is illustrated in figure 2. The DOQL com- 
piler and evaluator is a class library that stores and accesses rules from the 
ODMG database - the rule base is itself represented as database objects. The 
class library is linked with application programs and the interactive DOQL in- 
terface. The interactive interface is itself a form of application program. 

2.2 T h e  Language 

Research on deductive languages for object databases has been underway for 
around 10 years now, and a considerable number of proposals have been made 
(see 15 for a survey covering 15 proposals). These proposals differ significantly 
in the range of facilities supported by the logic language, so that a spectrum 
can be identified in which ROLL 2 is perhaps the least powerful and ROL 12 
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Fig. 2. Architecture diagram showing location of DOQL compiler/evaluator. 

perhaps the most comprehensive. In practice, the range of facilities supported 
depends to a significant extent on the context. For example, ROLL is deliberately 
left simple because it is closely linked to the imperative language ROCK, whereas 
ROL is a single-language system with more limited access to complementary, 
non-deductive facilities. It is thus important to identify some principles that can 
be used to guide the development of an ODMG compliant DOOD. We suggest 
that an ODMG compliant deductive language should: 

1. Be able to access all ODMG data types and should only be able to construct 
values that conform to valid ODMG data types. 

2. Be usable to define methods that support overloading, overriding and late 
binding. 

3. Be able to express any query that can be written in OQL. 
4. Be usable embedded or free standing. 

It is straightforward to think up additional principles (e.g. the deductive lan- 
guage should be usable to express integrity constraints; the deductive language 
should be able to update the underlying database; the deductive language should 
extend the syntax of OQL), but the more are added, the more constraints/burdens 
are placed on developers in terms of design and implementation. DOQL supports 
the 4 principles enumerated above, but none of those stated in this paragraph. 

In general terms, the principles stated above indicate that the deductive 
language should be tightly integrated with the model that is at the heart of 
the ODMG standard, should support object-oriented programs as well as data, 
should extend what is already provided in terms of declarative languages, and 
should not be bound tightly to a specific user environment. The principles also 
avoid a commitment to areas of deductive language design that raise open issues 
in terms of semantics or the provision of efficient implementations. The lan- 
guage described in section 3 contains only language constructs that have been 
supported elsewhere before, and thus can be seen as a mainstream deductive 



154 

database language. The novelty of the approach is thus not in the individual 
language constructs, but in the context within which it fits. 

3 The DOQL Language 

This section describes the DOQL language, enumerating its constructs and il- 
lustrating them using a~ example application. 

3 . 1  Example  Appl ica t ion  

The example application, from 8, describes employees and their roles within 
projects and companies. Figure 3 presents the structure of the database using 
UML 14. 
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3.2 Queries  

Two different approaches were considered in the definition of the syntax of the 
deductive language: 

- Extend OQL to support recursion. 
- Define a rule-based query language tailored to provide reasoning over the 

ODMG data model. 

The main attraction of the first approach is in the possibility of reusing the 
existing OQL syntax. This advantage, though, does not supplant the difficulties 
involved in providing comprehensive deductive definitions in the straightjacket 
of the Select F rom W h e r e  syntax block 1. DOQL thus adopts a syntax that is 
familiar from other DOOD proposals, but adapted for use in the ODMG model. 

DOQL is a typed logic-based rule language supporting declarative queries and 
declarative rules for intensional definitions. The rule language follows the Dat- 
alog rule style, but combines the positional and named approaches to attribute 
denotation and extends Datalog's atoms and terms to deal with the properties of 
the underlying ODMG model. Variables range over instances of types declared in 
an ODMG schema. The language is composed of two main syntactic categories: 
t e r m s  and  literals. Non negated literals are also called atoms .  

T e r m s  denote elements in the domain of interpretation and define the alphabet 
of the deductive language. Terms can be variables, atomic or complex literals 
and evaluable expressions: 

- Variables: represented by alphanumeric sequences of characters beginning 
with an uppercase letter (e.g. X, Names). 

- A t o m i c  Cons tan t s :  representing ODMG atomic literals (e.g., 2.32, 'Alan 
Taring', 13, true, nil). 

- C o m p o u n d  Cons tan t s :  representing structured or collection literals defined 
in the ODMG model. (e.g., s t r u c t  (name : ' programming', l eve l  : ' h igh '  ), 
se t  (1 ,2 ,3 ,5 ) ,  bag ( l ,  1 ,3,3) ,  l i s t  (1 ,1 ,2 ,4) ) .  

- D B  en t r y  n a m e s :  representing the set of names associated with root objects 
and extents in an ODMG schema. 

- Express ions :  evaluable functions that return an ODMG structural element 
(literal or object). Each expression has a type derived from the structure of 
the query expression, the schema type declarations or the types of named 
objects. Expressions can have other terms as parameters and are divided in 
terms of the following categories: 
path  express ions:  traversal paths starting with a variable or a DB entry 
name, that can span over attributes, operations and relationships defined 
in type signatures of an ODMG schema (e.g.,Z.age, john. subordinates) .  
Path expressions traversing single valued features in type signatures can be 
composed forming paths of arbitrary lengths (e.g., john. dept .  name). 

1 It has recently been proposed that the inclusion of non-linear recursion in SQL be 
delayed until SQL4 9. 



156 

aggregates and quantified expressions: predefined functions applied to terms 
denoting collections. Complex expressions can be formed by applying one of 
the operators (avg, sum, rain, max, count, ex i s t s ,  f o r - a l l )  to pairs (T:F), 
where T is a term and F is a formula formed by a conjunction of literals. 
T and F can share common variables, and other variables can appear in F. 
Every variable that appears in T must also appear in F and cannot appear 
elsewhere outside the scope of the operator. The following expressions show 
the use of aggregates and quantifiers: 

count(X.dependents) ,  max(X.age: persons(X)) 
exis t s (X:  persons(X),  X.age > 110) 
f o r - a l l ( X :  employees(X), X.age >= 18) 

arithmetic expressions: (A + B), (A * B), (A / C), (A- C). 
string concatenation: (A II B). 
set expressions: (A union B), (A i n t e r s e c t  B), (A except B). 

Literals denote atomic formulas or negated atomic formulas that define propo- 
sitions about individuals in the database. The types of atomic formulas are: 

- collection formulas: enable ranging over elements of collections. A collection 
can be a virtual collection defined by a previous rule or a stored collection 
defined in the extensional database. Molecular groupings of collection prop- 
erties can be done using the operator ( ). The operator (=>) can be used 
to finish path expressions that end in a collection, resulting in collection for- 
mulas. The following formulae show the diversity of possibilities in ranging 
over collections, depending on the needs of each rule. In the first formula, the 
identities of the collection instances represent the focus point. In the second 
formula, the items needed are the values for the properties name and age 
of each collection instance. The third formula binds variables to identities 
and properties of the elements in the collection. The fourth formula denotes 
all the subordinates of john and the last formula ranges over a collection of 
structured literals that represent information about john's skills. Collections 
of literais can only use the molecular notation due to the absence of object 
identity in their elements. 

persons(X) 
personsname=N, age=Y 
persons(X) name=N, age=Y 
john.subordinates=>X 
john.skills=>name=N, level=L 

element formulas: enable ranging over (1:1) relationships and object-valued 
attributes (without inverses) in the extensional database. The following for- 
mulae are examples of element formulas. In the first formula, john is a name 
(DB entry point) in the schema. 

john.spouse->X 
L.spouse->X 
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- operation formulas: denote formulas of type < Term> Operator < Term> or 
just < Term>, where the latter is a boolean expression. Operation formulas 
encompass relations between elements and collections (in), strings (substr ,  
l ike ,  lower), numbers (<=,  >=,  <, >) and also the notions of value equality 
(=, <>)  and OID equality (==, !=). 

X.age <ffi 90 
exists(X: employees(X), struct(name: 'coding' ,level: 'high') in X.skills) 
john. father ffi= mary.father 

- method calls: denoted by the syntactic form: 

< method_name >(argl, ...argn)- >< result  > 
< method_name > (argl,...argn) = > < result  > 
< method_name >(argl, ...argn)=< result  > 

This allows user-defined ODMG operations to be invoked from DOQL. The 
three forms return individual elements (objects or structured literals), col- 
lections, and simple values, respectively. The invoked operations should be 
side-effect free, a criterion that cannot be guaranteed or tested for in ex- 
isting ODMG environments. It is thus up to the user to exercise caution 
in embedding method invocations, and the system should support an op- 
tion of forbidding method calls from within DOQL (for example, through an 
environment variable). It is not possible to call methods in which a single 
argument position is used for both input and output, as this would require 
assignment to a bound DOQL variable. 

- DOQL goals: these are described below, along with consideration of DOQL 
rule and method definitions. 

3.3  D O Q L  M e t h o d s  a n d  R u l e s  

Rules are used to implement deductive methods and define virtual collections 
over ODMG databases. A rule is a clause of the form: H +- L1 ,L2 ,L3 , . . .  Ln, 
where H is the Head of the rule and the body is a sequence of literals denoting a 
formula. The syntactic form of the head depends on whether the rule is a regular 
clause or a method clause. 

Regular  Clauses In regular clauses, the head of the rule is of the form: 

< rulename > (argl, ..., arg,)  

where each argi is a variable, an atomic constant, a compound constant, or a 
grouping expression applied to a term. For example, in the following rule, D is 
l o c a l  if it is a department that controls only local projects: 

local(D) :- departments(D), 
for-all(Projects : D. proj ectControlledffi>Proj ect s, 

Projects. location--' local ' ). 

Rules can be recursive, and can be invoked from queries or rules: 
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parent(X,Y) :- persons(X), X.father->Y. 

parent(X,Y) :- persons(X), X.mother->Y. 

relative(X,Y) :- parent(X,Y). 
relative(X,Y) :- parent(X,Z), relative(Z,Y). 

Grouping is the process of grouping elements into a collection by defining 
properties tha t  must be satisfied by the elements. Grouping is restricted to rules 
that  contain only a single clause and to a single argument position in the head 
of the clause. The grouping construct is expressed by the symbols { Var_Name 
} for set groupings, < Var_Name > to group elements as bags and  VarAName 
I as : o i , . . ,  an : on  to group as lists, sorting the list according to the attr ibutes 
a i , . . . ,  an, each at tr ibute defining a letter (a=ascending, d=descending) for the 
ordering field oi that  defines the order of the elements of the list according to 
that  attribute.  The following example shows the grouping of the relatives of a 
person as a list sorted in ascending order of the age attribute.  

relatives_of (X, Y  age : a ) : - relative (X, Y). 

M e t h o d  C la use s  In method clauses, the head of the rule is of the form: 

< recipient >: :< m e t h o d -  name  > (argl, ..., argn) 

where recipient is a variable, and argi are as for regular clauses. For example, the 
following method rule reinterprets r e l a t i v e  as a deductive method on person: 

extend interface PERSON { 
P: :relative(R) :- parent(P,R). 
P: :relative(R) :- parent(P,Z), Z: :relative(R). 

} 

The approach to overriding and late binding follows that of ROCK & ROLL 
7. In essence, methods can be overridden, and the definition that is used is the 
most specialised one that is defined for the object that is fulfilling the role of the 
message recipient. 

3.4 Stratification, Safety and, Restrictions 

DOQL adopts conventional restrictions on rule construction to guarantee that  
queries have finite and deterministic results. In particular: each variable appear- 
ing in a rule head must also appear in a positive literal in the rule body; each 
variable occurring as argument of a built-in predicate or a user-defined ODMG 
operation must also occur in an ordinary predicate in the same rule body or must 
be bound by an equality (or a sequence of equalities) to a variable of such an 
ordinary predicate or to a constant; all rules are stratified; a rule head can have 
at most one grouping expression; the type of each argument of an overridden 
DOQL method must be the same as the type of the corresponding argument in 
the overriding method; all rules are statically type checked, using a type inference 
system. 
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4 D O Q L  I n  C o n t e x t  

This section describes how DOQL fits into the ODMG environment, showing 
how rule bases are created and managed, how rules are invoked, and how DOQL 
is incorporated into imperative language bindings. 

4 .1  M a n a g i n g  Rule  Bases 

Rules can be created either transiently, or in rule bases that are stored per- 
sistently in the ODMG compliant database. Rule bases are created using the 
create_rulebase  operation, which takes as parameter the name of the rulebase 
to be created. The inverse of create_rulebase  is delete_rulebase.  These com- 
mands can be run from the operating system command line, from the interactive 
DOQL system, or from executing programs. 

Once a rulebase has been created, rules can be added to it using the extend 
ru lebase  command, which can also be run from the operating system command 
line, from the interactive DOQL system, or from executing programs. For ex- 
ample, figure 4 extends the rulebase employment with both regular and method 
rules. 

extend rulebase employment { 
// Extend EMPLOYEE with an operation related_subordinate 
// that associates the EMPLOYEE with subordinates who are related to them 
extend interface EMPLOYEE { 

Emp::related_subordinate(R) :- Emp::relative(E), Emp::subordinate(R). 
Emp::subordinate(S) :- Empsuperviseeffi>S. 
Emp::subordinate(S) :- Empsuperviseeffi>Int, Int::subordinate(S). 

} 
// A dodgy manager is one who is the boss of a relative 
dodgy_manager(M) :- employees(M), exists(S: M::related_subordinate(S)). 

} 

Fig. 4. Extending a rule base. 

4 . 2  R u l e  I n v o c a t i o n  

Queries are evaluated over the current state of the database and rule base, with 
different query formats depending on the nature of the query. Rules can only be 
invoked directly from within DOQL queries and rules. The different formats are: 

- Single element queries (SELECT ANY): this form of query returns a single 
element from the set of elements that results from the evaluation of the goal. 
The choice of the element to be returned is non-deterministic. 
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- Set of elements queries (SELECT): this form of query returns all elements that 

satisfy the goal. 
- Boolean queries (VERIFY): this form of query has a boolean type as query 

result. The result is the value yielded by the boolean formula given as a 

parameter.  

The query formats can be summarized according to the following general 
expressions: 

SELECT ANY Result_Specifier 
FROM DOOL Query 
WITH Rule_Statements 
USING Rulebase 

VERIFY Boolean_Formula 
WITH Rule_Statements 
USING Rulebase 

The R e s u l t _ S p e c i f i e r  is a comma separated list of arguments tha t  are 
the same as the arguments allowed in a rule head, and Rulebase  is a comma 
separated list of persistent rulebase names. For example, the following query 
associates each employee with a set of their related subordinates, using rules 
from the employment rulebase. 

SELECT E,{S} 
FROM E: : related_subordinate (S) 
USING employment 

The verification format requires tha t  the operand of the verify return a boolean 
value: 

VERIFY exists (E : employees (E), dodgy_manager (E)) 
USING employment 

The WITH clause is used to allow the specification of rules tha t  exist solely 
for the purpose of answering the query (i.e. which are not to be stored in the 
persistent rule base). For example, the following query retrieves the names of 
the employees who have more than 5 related subordinates: 

SELECT Name 
FROM employees (E) name=Name, 

num_related_subordinates(E,Number), Number > 5 
WITH num_related_subordinates(E,count({S})) :- E: :related_subordinate(S) 
USING employment 

The above query forms can be used either in the interactive DOQL interface 
or in embedded DOQL. 

4.3  E m b e d d e d  D O Q L  

DOQL programs can be embedded in host programming languages in a manner 
similar to that  used for OQL 4. DOQL statements are embedded as parame- 
ters of calls to the API function d_doql_execute  (d.DOQL_Query Q, Type_Res 
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Result) 2. The function receives two parameters. The first parameter is a query 
container object formed by the query form described in section 4.2 along with 
any input arguments to the query. The second parameter is the program variable 
that will receive the result of the query. 

Figure 5 is a code fragment that shows the embedded form of DOQL for C++.  
First some variables are declared for the input parameter to the query (pedro) 
and the result (the_ancestors).  Then the query object ql  is created with the 
query as the parameter of the constructor function. It is then indicated that 
pedro is the (first and only) parameter of ql - this parameter is referred to within 
the text of the query as $1. Finally, the query is executed by d_doql_execute, 
and the results are placed in the_ancestors .  

d_Ref <Person> pedro = ,..; 
d_Set < d_Ref <Person>> *the_ancestors = new Set(Person); 
d_DOQL_Query ql("SELECT Y 

FROM relative($1,Y) 

WITH relative(X,Y) 
relative(X,Y) 

relative(X,Y) 

ql << pedro; 
d_doql_execute(ql, the_ancestors); 

:- persons(X), X.father->Y. 
:- persons(X), X.mother->Y. 

:- relative(X,Z), relative(Z,Y)."); 

Fig. 5. Example embedded DOQL code fragment 

5 R e l a t e d  W o r k  

This section outlines a range of features that can be used to compare the query 
components of proposals that integrate declarative query languages and imper- 
ative OO programming languages in the context of OODBs. 

Bidirectionality of calls: relates to the flexibility of the integration approach. 
In unidirectional systems, one of the languages can call the other, but not 
vice-versa. 

Restructuring: relates to the operations available in the declarative language 
that can be used to reorganize the queried data elements to yield more 
desirable output formats. 

Type  sys tem:  relates to the underlying type system used across the integrated 
languages. 

2A general syntax is used to show concepts. The specific syntax varies 
for each language binding (e.g. for C++, template<class T> void 
d_doql_execute(d-DOQL_Query &query, T &result)). 
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Query power: relates to the query classes supported by the query language. 
(FOLQ = first-order queries, FIXP = fixpoint queries, HOQ = higher-order 
queries). 

View mechanism:  relates to the features provided by the query language for 
the definition of derived attributes, derived classes through filtering, derived 
relations through composition, and derived classes through composition ap- 
plying OID invention. 

Table 1 shows a comparison between the query facilities supported by DOQL 
and the query components of Chimera 6, Coral++ 16, OQL 4, OQLC++ 
3, Noodle 13 and ROCK & ROLL 2. 

Language Bidirection 
of Calls 

Criteria 
Restructurin~ Type 
Operators System 

View 
Mechanism 

Query 
Power 

Chimera no 

Coral++ no 

DOQL res 

Noodle res 

OQL iyes 

OQLC++ yes 
ROCK & yes 
ROLL 

(set,bag,list) 
grouping, 
unnesting 

unnesting Chimera ob- FOLQ, FIXP attributes, 
ect model classes (fil- 

tering), 
relations 

set grouping, C++ FOLQ, FIXP relations 
unnesting 
(set,bag,list) ODMG FOLQ, FIXP classes (ill- 
grouping, object model tering), 
unnesting relations 
(set,bag) Sword object FOLQ, FIXP relations 
grouping, model 
unnesting HOQ 

ODMG FOLQ (ill- 
object model 

unnesting 

classes 
tering), 
relations, 
classes (OID 
invention) 

FOLQ, FIXP 
unnesting C++ FOLQ no 

no Semantic ob- 
ect model 

Table 1. Query languages for object databases 

Some important aspects of our design are: 

- language integration is done using a standard object-model as the underlying 
data model of the deductive system. 

- the approach to integration complies with the call level interface defined by 
the ODMG standard, reusing existing compiler technology for other ODMG 
compliant languages and providing portable deduction within the imperative 
languages without the need for changes in syntax or to the underlying DBMS. 
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- bidirectionality of calls between the integrated languages. 
- powerful aggregate and grouping operators that can be used for restruc- 

turing data in applications that require summaries, classifications and data 
dredging. 

- updating and control features are confined within the imperative language 

Views in DOQL are considered subproducts of queries, and in particular, 
results of queries are typically associations (complex relations). This context 
differs from the semantics of views proposed in 11, 1 by riot inventing OIDs, by 
not having view declarations as a part of the DB schema, and by not having 
methods attached to views obtained through composition. 

Language integration proposals can also be compared based on the seamless- 
ness of the language integration (see 2) or based on the object-oriented and 
deductive capabilities supported (see 15). Using the criteria of 2, DOQL can 
be seen to support evaluation strategy compatibility, (reasonable) type system 
uniformity and bidirectionality, but to lack type checker capability and syntactic 
consistency. The lack of type checker capability means that embedded DOQL 
programs can cause type errors at runtime - obtaining compile time type check- 
ing of embeddded DOQL would require changes to be made to the host language 
compiler. The lack of syntactic consistency is unavoidable, as DOQL can be em- 
bedded in any of a range of host languages, and thus cannot hope to have a 
syntax that is consistent with all of them. 

6 Summary 

This paper has proposed a deductive language for use in ODMG compliant 
database systems. The principal motivation for the development of such a lan- 
guage is the belief that failure to make deductive systems fit in with exist- 
ing database models and systems has been a significant impediment to the 
widespread exploitation of deductive technologies in databases. 

The language that has been proposed, DOQL, can be used both free-standing 
and embedded within the language bindings of the ODMG model. Rules can be 
defined in a flat clause base or as methods attached to object classes. The paper 
has described both the language and how it relates to other ODMG compo- 
nents both in terms of the implementation architecture and as a user language. 
Acknowledgements: The second author is sponsored by Conselho Nacional de De- 
senvolvimento Cient~fico e Tecnol6gico - CNPq (Brazil) - Grant 200372/96-3. 
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Abstract. The chase of datalog programs is a new way to reason about 
datalog programs that are evaluated on databases consistent with a set of 
constraints. It is an equivalence-preserving program transformation that 
uncovers properties of datalog programs that must hold when they are 
evaluated on consistent databases. Here, we summarizes our research. 

1 I n t r o d u c t i o n  

To understand the interaction of datalog programs with tha t  class of data-  
bases we define the chase 2, 3 in the context of deductive databases.  Our  chase 
outputs  programs which axe, in general, "simpler" than  the input programs,  since 
they will contain fewer distinct variables as a result of the equating of variables 
done by the chase. 

Example 1. Let P = {rO, r l} ,  where: 
ro = p(z, Y) :-  e(Z, Y) 
rl = p(X, Y) : -  e(Z, X),  eCX, Z),p(Z,  Y) 

Let F = {f = e: {1} -+ (2}}; f means that if we have two atoms e(a, c) and 
e(a, b) in a database consistent with F, then c = b. Let us denote the databases 
that are consistent with F by SAT(F). Then chasing in the natural way 2, 3 
the trees for the expansionsrloro, rlorlor0, rlor~or~oro, ...,that 
is, equating variables, as implied by the fd f, in atoms defined on e in those 
expansions, we can obtain the datalog program P' = (s0, Sl, s2}, the chase of P 
wrt F, where: 

80 --~ r0 
si = p ( x , x )  : - e ( Z , X ) , e ( X , Z ) , p ( z , x )  
s~ = p(X, z): -~ ( z ,  x ) ,  e(X, Z),p(Z, z )  

* * * H.J. Hern~mdez is also affiliated with Inst. de Ing. y Tec., Univ. Autdnoma de Cd. 
Ju~rez, Ch., Mdxico 
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P and P~ are equivalent on databases in SAT(F). The idea behind the chase 
of a datalog program is to obtain an equivalent datalog program such that  the 
recursive rules have a least number of different variables; variables in the original 
recursive rule(s) get equated accordingly to the fds given. In fact, because of the 
equating of variables, our chase transforms P into P~, which is equivalent to a 
nonrecursive datalog program on databases in SAT(F)! 

Thus the chase of datalog programs is a very powerful rewriting technique 
tha t  let us uncover properties of datalog programs that  are to be evaluated on 
consistent databases. In particular, we can use it to find a minimal program, 
one without redundant  atoms or rules, tha t  is equivalent to the given program 
over databases in SAT(F). This extends Sagiv's results in 4 regarding contain- 
ment, equivalence, and optimization of datalog programs that  are evaluated on 
SAT(F). We can use the chase of programs to  uncover other properties, e.g., to 
find out whether a set of fds F implies an fd g on a program P 1; F implies g 
on P if for any database d in SAT(F), P(d) satisfies g. The following example 
illustrates this. 

Example P. Assume that  P" consists of the rules r2 = p(X, Y) : - e(X, Y) and 
r3 = p(X, Y) : -  e(X,Y),  e(X, Z),p(Z,Y). Then it is difficult to see why F = 
{ f  = e :  {1} --+ {2}} implies on P "  the fd g = p :  {1} ~ {2}. The chase of P "  
wrt F helps us to see why. 

Since the chase of P "  wrt F is the program {r2,p(X, Z) : -  e(X, Z),p(Z, Z)}, 
it is now easy to see that  on any database the fixed point of p is exactly a copy 
of the facts defined on e - -  because the atoms defined on p and e in both  rules 
have exactly the same arguments- -  and, thus, for any database d satisfying F ,  
pH (d) satisfies g. Therefore the chase of P "  allows us to see that  F implies g on 
P" .  

Using the chase of datalog programs, we prove that:  (1) the FD-FD impli- 
cation problem 1 is decidable for a class of linear datalog programs, provided 
that  the fds satisfy a minimality condition; (2) the FD-FD implication problem 
can still be decided when we relax the linearity and minimality conditions on 
datalog programs of the previous class, provided that  the set of recursive rules 
of the program preserves a set of fds derived from the input fds. 
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Data in traditional relational and object-oriented databases is highly structured 
and subject to explicit schemas. Lots of data, for example on the world-wide web 
is only semistruetured. There may be some regularities, but not all data need 
adhere to it, and the format itself may be subject to frequent change. 

The important issues in the area of semistructured data are: how to de- 
scribe (or constrain) semistructured data, and how to query it. It is generally 
agreed that the appropriate data model for semistructured data is an edge- 
labeled graph, but beyond that there are many competing proposals. Various 
constraint languages and query languages have been proposed, but what is lack- 
ing so far are 'sound theoretical foundations, possibly a logic in the style of 
relational calculus. So, there is a need for more works on calculi for semistruc- 
tured data and algebraizations of these calculi' Abiteboul 1997. 

One of the main methodological points of this paper is the following. There 
are many areas in computer science and beyond in which describing and reason- 
ing about finite graphs is a key issue. There exists a large body of work in areas 
such as feature structures (see, for example, Rounds 1996) or process algebra 
Baeten, Weijland 1990,Milner 1989 which can be usefully applied in database 
theory. In particular, many results from modal logic are relevant hire. The aim 
of the present contribution is to map new languages for semistructured data to 
well-studied formal languages and by doing so characterise their complexity and 
expressive power. 

Using the above strategy, we study several languages proposed to express 
information about the format of semistructured data, namely data guides Gold- 
man, Widom 1997, graph schemas Buneman et al. 1997 and some classes of 
path constraints Abiteboul, Vianu 1997. Among the results we have obtained 
are the following: 

T h e o r e m  1. Every set of (graph) databases defined by a data guide is definable 
by an existential first-order formula. 

T h e o r e m  2. Every set of (graph) databases conforming to an aeyclie graph 
schema is definable by a universal formula. 
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Every set of (graph) databases conforming to an arbitrary graph schema is 
definable by a countable set of universal formulas from the restricted fragment 
o.f first-order logic. 

We also argue that first-order logic with transitive closure FO(TC) intro- 
duced in Immerman 1987 is a logical formalism which is best suited to model 
navigational query languages such as Lorel Abiteboul et al. 1997 and UnQL 
Buneman et al. 1997. We give a translation from a Lorel-like language into 
FO(TC) and show that the image under translation is strictly less expressive 
than full first-order logic with binary transitive closure. 

T h e o r e m  3. Every static navigational query is expressible in FO(TC). 

T h e o r e m  4. The image under translation into FO(TC) of static navigational 
queries is strictly weaker than FO(TC) with a single ternary predicate Edge and 
binary transitive closure. 

In our ongoing work, we are investigating the use of FO(TC) for query op- 
timisation, mad we are determining complexity characterisations of the relevant 
fragments of FO(TC), building on recent results by Immerman, Vardi 1997 on 
the use of FO(TC) for model checking. 
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A b s t r a c t .  We describe the TENTACLE system, an extensible database 
system which uses a graph data model to store and manipulate poorly 
structured data. To enable the database to be tailored to particular prob- 
lem domains, it has been equipped with a small embedded interpreter 
which can be used to construct the equivalent of customised views of or 
front-ends to a given semi-structured data domain. To demonstrate the 
capabilities of the system we have built a web server directly on top of 
the database system, making it possible to provide a clean mapping be- 
tween the logical structure of the web pages and the underlying storage 
system. 

1 I n t r o d u c t i o n  

T E N T A C L E  is an extensible database system which at tempts  to take a dif- 
ferent approach to modelling, manipulating and presenting complex or poorly 
structured application domains. As data  model we have chosen a graph-based 
approach. Graph models provide a flexible environment in which complex asso- 
ciations can be represented naturally without an intermediate translation phase 
from the domain to the storage abstraction. Our model is similar to the OEM 
used by LORE 2. 

The T E N T A C L E  data  manipulation subsystem consists of an integrated 
imperative programming and declarative query language. The language runs di- 
rectly inside the database system and enables the user to program the database 
server. This removes the need for gateway programs and wrappers as encoun- 
tered in more typical database systems. In this respect our system bears some 
resemblance to database programming languages 4. 

We have chosen the world-wide web as an example application to illustrate 
how the above-mentioned features of the database system can be applied to the 
task of supporting complex and or poorly structured problem domains. 
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2 Implementation 

The database is implemented as a monolithic system, where the integrated query 
and host language interpreter is coupled to the storage subsystem so that the 
entire database runs as a single process, reducing the inter-component commu- 
nications overhead. 

The TENTACLE database system has been written from the ground up. 
Its lowest layer is a specialised graph storage system which maps the graph 
components onto disk blocks. The services provided by this layer are used by 
the graph management system to provide basic graph creation and manipulation 
services. On top of the graph management layer we have built a re-entrant parser 
capable of concurrently interpreting several programs written in the combined 
programming and query language. 

3 Appl ica t ion  

The world wide web is the largest networked hypertext system. Surprisingly its 
interaction with typical databases has so far been quite limited--almost all hy- 
pertext documents are stored on a conventional file system and not in a database. 

In the cases where databases are indeed accessible via the world wide web, the 
interaction between the web and the database is not direct--in almost all cases 
such "web-enabled" databases are simply regular databases accessible through 
a web-based gateway (see CGI 1). Such an arrangement may not only cause 
performance problems (a result of the interprocess communications overheads of 
web server, gateway(s) and database), but also result in impedance mismatches, 
since usually the database and web use different data models (relational for the 
database, network for the web server). 

Our system attempts to address these issues by moving the web server into 
the TENTACLE database system. For each incoming connection, TENTACLE 
activates a program fragment stored in the database itself which provides the 
web server functionality (by implementing parts of the HTTP 3 protocol). 
This program uses the incoming request (URL) to traverse the database graph 
and sends matching nodes or materialised information to the client. Since the 
mapping from the graph structure to the world wide web is reasonably direct, 
there is no need to perform cumbersome or costly rewriting operations. 
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Abstract. The advent of the World Wide Web (WWW) has meant there is a 
growing need to link information held in databases and files with information 
held in other types of structure 2. This poster presents a toolkit which enables 
information held in tables within documents to be linked with data held in 
conventional databases. The toolkit addresses the problems of:- 

�9 extracting tabular data from various types of document e.g. semi- 
structured text 4, HTML and spreadsheets 

�9 providing a standard interface to these tables via a standard query language 
�9 extracting useful table meta-data from the table and accompanying text. 

Tables are a very effective way of presenting information. Because of their flexibility 
and ease of  reading, tables have long been used as a method of presenting information 
in a clear and concise manner. With the introduction of the Intemet, large bases of 
unstructured textual information have become available, many of which contain 
information in a tabular form, an example being results from scientific studies 
appearing within a paper. There is a growing awareness of this information and the 
need to link it with more conventionally held information in databases if the full 
potential of  this information is to be realized. 

The problem with tabular information is that although the nature of its presentation 
makes it easy for the reader to understand, it is not possible to access and utilize this 
information automatically in a computer application and so link it with other 
information. Part of our research is to produce a set of tools that will facilitate the 
generation of wrappers 1,3 for diverse tables embedded in various types of 
document. These wrappers will enable access to the information contained within the 
tables via a query language such as SOL and so enable them to be linked with other 
information, particularly that held in relational databases. 

When designing and creating a table to represent a set of information, a table designer 
may need to modify the information in order to present it in the most useful way. In 
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performing these transformations the designer uses knowledge about the information 
to alter the way that it is represented. This can be as simple as introducing a 'total' 
column by adding two columns or converting a percentage mark into a grade. In 
other cases, complex formulae may be applied to derive the results required for 
display. Although the designer finally has the table in the form that he wishes it to be 
displayed it would be useful for us to know how the source information has been 
manipulated to produce the information displayed in the table. In some cases such 
information is available in the tables meta-structure (e.g. in a spreadsheet), where as 
in others it is buried in accompanying text. 

As well as developing tools to provide access to information contained within tables, 
we are developing tools that can extract meta-data from the tables and any 
surrounding text in a document. This meta-data will essentially consist of any 
formulae and constraints relating to entries in the table and any information about the 
representation being used. The problem is that this kind of useful information is 
usually lost or unavailable. Some types of tables are more useful than others because 
they store formulae and constraints as part of their definition (e.g. spreadsheets), 
whereas in other representations of tables such information is simply discarded. 
Fortunately, information describing how columns or rows of the table are calculated 
can often be found in the text accompanying the table. 

In addition to the tools allowing access to tables embedded within textual documents, 
we are developing tools to allow access to tables in the form of spreadsheets. 
Spreadsheets are probably the most common source of tabular data and have a high 
level of structure. When dealing with spreadsheets, meta-data such as formulae and 
constraints are easy to locate because this type of information is embedded within the 
spreadsheet itself. When it comes to textual documents we will need to use 
techniques based on NLP and data mining to locate and extract the relevant formulae 
and constraints from the accompanying text - a much more challenging task. 
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1 Introduction 

In Object-Oriented Databases (OODB), although path expression between classes 
may exist, it is sometimes necessary to perform an explicit join between two or more 
classes due to the absence of pointer connections or the need for value matching 
between objects. Furthermore, since objects are not in a normal form, an attribute of 
a class may have a collection as a domain. Collection attributes are often mistakenly 
considered merely as set-valued attributes. As the matter of fact, set is just one type 
of collections. There are other types of collection. The Object Database Standard 
ODMG (Cattell, 1994) defines different kinds of collections: particularly set, 
list~array, and bag. Consequently, object-oriented join queries may also be based on 
attributes of any collection type. Such join queries are called collection join queries 
(Taniar and Rahayu, 1996). 

Our previous work reported in Taniar and Rahayu (1996, 1998a) classify three 
different types of collection join queries, namely: collection-equi join, collection- 
intersect join, and sub-collection join. In this paper, we would like to focus on sub- 
collection join queries. We are particularly interested in formulating a parallel 
algorithm based on the sort/merge technique for processing such queries. The 
algorithms are non-trivial to parallel object-oriented database systems, since most 
conventional join algorithms (e.g. hybrid hash join, sort-merge join) deal with 
single-valued attributes and hence most of the time they are not capable of handling 
collection join queries without complicated tricks, such as using a loop-division 
(repeated division operator). 

Sub-collection join queries are queries in which the join predicates involve two 
collection attributes from two different classes, and the predicates check for whether 
one attribute is a sub-collection of the other attribute. The sub-collection predicates 
can be in a form of subset, sublist, proper subset, or proper sublist. The difference 
between proper and non-proper is that the proper predicates require both join 
operands to be properly sub-collection. That means that if both operands are the 
same, they do not satisfy the predicate. The difference between subset and sublist is 
originated from the basic different between sets and lists (CatteU, 1994). In other 
words, subset predicates are applied to sets/bags, whereas sublists are applied to 
lists/arrays. 
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2 Parallel Sort-Merge Join Algorithm for Sub-collection Join 

Parallel join algorithms are normally decomposed into two steps: data partitioning 
and local join. The partitioning strategy for the parallel sort-merge sub-collection 
join query algorithm is based on the Divide and Partial Broadcast technique. 

The Divide and Partial Broadcast algorithm proceeds in two steps. The first step 
is a divide step, where objects from both classes are divided into a number of 
partitions. Partitioning of the first class (say class A) is based on the first element of 
the collection (if it is a list/array), or the smallest element (if it is a set/bag). 
Partitioning the second class (say class B) is exactly the opposite of the first 
partitioning, that is the partitioning is now based on the last element (lists/arrays) or 
the largest element (sets/bags). 

The second step is the broadcast step. In this step, for each partition i (where i=1 
to n) partition Ai is broadcasted to partitions Bi .. Bn. In regard to the load of each 
partition, the load of the last processor may be the heaviest, as it receives a full copy 
of A and a portion of B. The load goes down as class A is divided into smaller size 
(e.g., processor 1). Load balanced can be achieved by applying the same algorithm to 
each partition but with a reverse role of A and B; that is, divide B based on the 
first/smallest value and partition A based on the last/largest value in the collection. 

After data partitioning is completed, each processor has its own data. The join 
operation can then be carried out independently. The local joining process is made 
of a simple sort-merge and a nested-loop structure. The sort operator is applied to 
each collection, and then a nested-loop construct is used in joining the objects 
through a merge operator. The algorithm uses a nested-loop structure, because of not 
only its simplicity but also the need for all-round comparisons among all objects. 

In the merging process, the original join predicates are transformed into 
predicate functions designed especially for collection join predicates. Predicate 
functions are the kernel of the join algorithm. Predicate functions are boolean 
functions which perform the predicate checking of the two collection attributes of a 
join query. The join algorithms use the predicate functions to process all collections 
of the two classes to join through a nested-loop. Since the predicate functions are 
implemented by a merge operator, it becomes necessary to sort the collections. This 
is done prior to the nested-loop in order to avoid repeating the sorting operation. 
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Abstract. Current database management system technology is unable to 
provide adequate support for Nomadic Computing. Mobile applications 
require systems which are sufficiently lightweight and customisable to 
provide high performance while consuming minimal power, yet extensible 
enough to adapt to a constantly changing environment. Current DBMS 
architectures do not provide this level of customization or adaptability. In this 
paper we introduce Component-Based Database Management Systems 
(CBDMS) and discuss their suitability for mobile computing. 

1. D B M S  Architectures  are Obsolete? 

New technology is placing greater expectations on DBMS. That is, we anticipate 
greater use of wide-area networks, heterogeneous platforms, information sharing, 
higher flexibility and dynamic system modification such as 'plug and play' and hot 
swap. Historically, enhancing features were just added to the DBMS kernel 
thickening it and reducing performance. This solution will not work for mobile 
DBMS applications as the mobile unit is very limited in resources. 

Industry, has identified a number of key application areas which would benefit 
from mobile DBMS. These are: healthcare, sales force automation, tourism and 
transportation. In particular, sales force automation allows the salesperson to use a 
unit connected through a mobile network to a set of databases. Furthermore, they 
can quickly configure complex customer solutions and customised financing options 
while with the customer. This type of operation requires that the mobile client can 
update the DBMSs as the transaction occurs which is still not being addressed by the 
DBMS community. 

Performance and adaptability are key requirements of mobile data processing 
environments which existent DBMS architectures fail to provide. These present new 
challenges in areas such as query processing, data distribution and transaction 
management which are being re-thought in terms of performance, battery life and 
less reliable communication systems. 
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2. A New Adaptive DBMS Architecture Based on Components 

To provide the amount of flexibility to enable mobile data processing, we require a 
combination of a lightweight yet extensible DBMS. We look to the history of 
operating systems for an answer. Early monolithic and micro-kernel operating 
systems were limited in extensibility and performance, so research looked at 
extensible kernels, and more recently component-based operating systems 
Kostkova96, as a solution. 

Current DBMS technology is monolithic and is neither lightweight nor flexible 
enough to support mobile computing. There has been attempts to make DBMS 
architectures more lightweight, or to be extensible, Boncz94, however they all are 
unsuitable for general DBMS applications. Therefore, DBMS need to be 
componentised where only the components required for a particular operation are 
loaded, saving performance and power costs. Furthermore, a component DBMS can 
extend its functionality on demand -- it binds its components at run-time, adapting 
to new environments. For example, the movement from a wireless network to a 
fixed network can trigger a new resource manager or query optimiser to be 
dynamically loaded as the system is no longer constrained by battery power and 
wireless communications. Furthermore, as processing is componentised, its 
migration between mobile network cells becomes more fluid. 

3. Our Work and Conclusion 

In this paper we have shown that to balance performance efficiency, power 
efficiency and cost efficiency in nomadic computing, we need more than new 
transaction processing and query optimisation strategies. For a DBMS to operate 
efficiently in a mobile environment it needs to be lightweight and customisable, 
providing high performance while consuming minimal power. Furthermore, the 
architecture must adapt to a constantly changing environment. We believe that an 
alternative DBMS architecture based on components is a viable solution. To this end 
we are currently implementing a CDBMS, which is already beginning to 
demonstrate its level of real-time configurability and improvement in performance, 
for not only mobile applications but more traditional applications. 
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Abstract. The ITSE system (Integrated Translation Support Environment) is a 
toolkit whose architecture is aimed at enabling the exchange of data between dif- 
ferent database interoperation tools as well as the dynamic addition of new tools. 
Each of the tools addresses a specific set of interoperation problems and achieves 
interoperation using an intermediate semantic representation to map from source 
to target expressions.We give a brief overview of the system, the experiences that 
led to its specific architecture, and some scenarios in which the integrated use of 
tools would be beneficial. Keywords: Tools, Interoperation, Distributed DBMS. 

System evolution requirements and tool support. Many organisations require legacy 
database systems to co-operate alongside modem DBMSs to support business functions. 
These organisations require system evolution methodologies and tools to evolve systems 
in their current, heterogeneous setup. The need for appropriate interoperation tools and 
the lack of integration between such tools is expressed by Brodie and Stonebraker 1. 
Typical tasks in system evolution are the analysis of existing database schemas to ensure 
the conceptual models still reflect business practice; interoperation of new applications 
with legacy systems; the migration of these older systems to newer platforms, often cou- 
pled with a need for extensive re-design; the decoupling of remote user interfaces from 
monolithic, central information systems, with the added requirement of transparent 
access to heterogeneous information systems; or the re-interpretation of business data 
from different angles - one of the main drivers of the development of data warehouses. 

The ITSE project ('95-'98) investigates an integration framework for a set of database 
interoperation tools which have diverse functionality but use a common construction 
paradigm by viewing interoperation as a translation task between formal languages 
which stand in a semantic equivalence relation to one another. The ITSE toolkit is a sec- 
ond-generation system providing a framework for these first-generation database inter- 
operation tools built over the last ten years. The new system improves on previous 
techniques and provides facilities for data interchange between components of the 
toolkit. This ability is a requirement for cost-effective restructuring of information sys- 
tems because it adds to the automation of otherwise error-prone design and implementa- 
tion tasks for which little methodological support has been offered to date. 

Architecture. The four main components of the ITSE toolkit are the Interoperation 
Workbench which houses individual interoperation tools (e.g. schema transformers, 
query translators, analysis and visualisation tools, etc); Access Tools utilizing call-level 
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interfaces to databases (including O/JDBC); the Configurer - a systems management 
tool which declares data sources to the ITSE system, and allows administrators to define 
which of the workbench tools are available in a specific setup; Metatools - a set of utili- 
ties to declare and bind new tools to the toolkit. Metatools are aimed at developer organ- 
isations whereas Con figurer and Workbench are aimed at system administrators or 
analysts. An extensible client/server architecture allows several modes of operation for 
the tools: via graphical user interfaces or a scripting language, or via an agent communi- 
cation language in which interoperation tasks can be requested remotely. 

Fig.1. Top-level Functionality of the ITSE Interoperation Toolkit 

Prototype implementation. ITSE server modules are implemented in BinProlog [2] 
with client GUIs written in Java. Connections to network-aware DBMSs are made using 
either ODBC and JDBC interfaces, or connectivity software developed by ourselves. 
The workbench includes tools for schema and query translation, as well as visualisation. 
Incorporating more workbench tools and connecting to different DBMSs is an ongoing 
process. A set of databases using Oracle, UniSQL, Versant and P/FDM forms a testbed 
for experimentation and development of further interoperation tools. 

Ongoing and fur ther  work. The next step is to set up typical usage scenarios to test the 
usability and utility of  the integrated tools. Examples for such scenarios could be 
schema analysis, on-line query translation, or MDBMS view integration. Complex sce- 
narios include legacy system migration tasks and data warehousing. We also work on 
embedding Prolog-engines in C++ or Java for CORBA-based distributed services [3]. 
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This paper deals with combining multidatabase systems with knowledge repre- 
sentation schemes. The current proposal is based on work done in the University 
of Manchester on a Medical Ontology Rec94, database interoperation work at 
Cardiff University in Wales DFG96, in addition to much related work in the 
area of semantic interoperability (e.g,Wie94,ACHK93,KS94,Gru91). 

We are currently investigating a metlmdology for achieving interoperability among 
heterogeneous and autonomous data sources in a framework of knowledge sharing 
and re-use, based on a multi-view architecture. In this paper we describe a novel 
approach for integrating a set of logically heterogeneous object oriented (00)  
and/or relational databases. It is based on using a view integration language 
capable of reconciling conflicting local classes and constructing homogenised, 
customised and semantically rich views. The integration language uses a set of 
fundamental operators that integrate local classes according to their semantic 
relationships and it supports ontological commitments, e.g., agreements to use a 
shared domain ontology 1 in a coherent and consistent manner. We view ontolog- 
ical commitments as a very important requirement in our work. In our approach, 
each view should commit to a particular ontology to enable other views to infer 
the kinds of concepts they can interpret and deal with. Here, ontological com- 
mitment specifies a commitment to the use of a term and to the interpretation 
of that term as described in a shared domain ontology. 

The approach to our multiple-view knowledge sharing and re-use is briefly de- 
scribed in the following way. During the schema integration process, and specifi- 
cally during the analysis phase of the integration process, the knowledge accrued 
from identifying the semantic relationships across two schema objects is encap- 
sulated within the generated schema (view). This knowledge is costly to collect 
and maintain, and is hard to share and re-use. We therefore propose the or- 
ganisation of this knowledge by levels of semantic granularity (schema, tables 
and attribute levels), gathering semantic information at progressively more re- 
fined levels of schematic heterogeneity. Hence, during the application of each 
integration operator of our integration language, the integrator is prompted to 

1 A shared ontology is a library of reusable context independent models of the domain 
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define/verify the explicit assumptions made in the identification of relationships 
among the integrated objects. These captured assumptions are represented as 
metadata extracted from the domain specific ontology and associated with each 
class or attribute of the integrated schema. Also, with each operator applied, 
a new expression adding this knowledge is compositionally generated using the 
power of a compositional description logic language. 

By abstracting the representational details of the views and capturing their infor- 
mation content, we provide the basis for extending querying facilities to enable 
the spanning of multiple views based upon the interpretation of the semantic 
knowledge which previously was encapsulated in each view. 

The poster will show the architecture of our integration system and the structure 
and types of tool it supports. We will illustrate how by using domain ontologies 
we can enrich the database metadata with descriptive domain knowledge. We 
will also describe how the integration system makes use of this domain knowledge 
to ease the integration process and to create integrated views which maintain a 
declarative, object oriented, structured models of their domain of expertise and 
of the domain of expertise of each of their information sources. Thus, providing 
a level of understanding of the information being integrated. 
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Abstract. In this paper we address aspects of traceability in Infor-
mation Systems design, particularly with those methodologies utilizing
rich, and possibly multiple (behavioural) models. We consider this issue
within the broader context of IS development, and focus on the potential
for communication among human actors. Specifically, we consider the
question of repository design for supporting design activities. We illus-
trate this through a Web-based visualization tool for Extended Entity-
Relationship (EER) modeling represented in a repository based on the
Case Data Interchange Format (CDIF). Such a tool offers a degree of
independence with respect to CASE tools used within an organization,
and validation methods chosen by an organization.

1 Introduction

1.1 Model Transparency

Traceability in Information Systems design, particularly with those methodolo-
gies utilizing rich, and possibly multiple (behavioural) models, is a complex
issue. The aspect of traceability of concern in this paper, sometimes referred to
as modeling transparency, is considered as an absolute requirement for advanced
systems development [3].
Within the broader context of IS development it requires correlation of design

decisions across different sub-models, and between data sets and meta data,
on an ongoing basis. A number of different tools may be utilized, including
CASE tools offering ER to SQL mapping and external validation tools. One way
forward is the utilization of repository technology for supporting all design and
maintenance activities. Such a repository would be designed to store all available
modeling information, and all information necessary to allow transparency in the
refinement process and with respect to dependencies between models. We have
chosen to explore this idea through an investigation of the use of the Case Data
Interchange Format (CDIF), initially for defining Extended Entity Relationship
(EER) models, and latterly with respect to multiple models in the context of the
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F3 methodology [6]. All the work so far has concentrated on the design phase
of the life cycle; the support of maintenance activities forms a part of ongoing
work. For this study, CDIF was chosen for its extensibility. We note, however,
that the investigators within the F3 project had suggested the possible use of
CDIF for our purposes: “We strongly suggest the CDIF standard is considered
for F3 and its inter-tool communication.” [5, p. 39]
We observe two main approaches to enhancing ER with respect to behav-

ioural aspects at the conceptual level. Firstly, some contributions have added
constructs to give a particular variant of EER, e.g. rules in [19] (anticipating
active databases). A consequence of this approach is an increased complexity
within diagrams, something which potentially is a hindering factor for its use
in practice. Secondly, others suggest a set of different models to be used in
conjunction at the conceptual level (as in F3). A consequence of this approach
is that the number of inter-relationships that need to be maintained between
related concepts in different models increases, potentially exponentially, with
the number of models used.
In addition to ‘extended model’ and ‘multi-model’ approaches, we envisage

a need for enhanced traceability between the conceptual level models and those
models used at earlier stages of the IS development process. Our assumption
here is that as the complexity of models increases, so will the variation in ex-
pectations and needs between users [13]. To address this difficulty, we anticipate
that a meta-model approach (repository) will allow us to handle this complexity,
something which we are currently exploring in the context of two (of the total
of five) different F3 models with preserved traceability between the Enterprise
Model level and the conceptual model.

1.2 Populated Models

We believe that, as a complement to communication at the level of models,
techniques for browsing, visualization, animation etc. (see e.g. [4] and [12])
using populated models might significantly improve end-users’ understanding
of behavioural models.
Sample data or prerecorded data is often available before a development

starts; investigation of the domain is facilitated by this data, which is often not
used until installation of the developed database software.
When data is incorporated, a modeling tool can provide visual feedback of the

dynamic implications of a schema and its integrity constraints (IC). This is useful
for understanding an application database, since most DBMS allow predefined
behaviour to maintain the integrity of data. This is particularly of value in the
context of EER-Modeling, because relational IC can be automatically derived
from EER model properties to lose as little model semantics as possible during
mapping.

1.3 Aim of the Research

The concern of this work is therefore threefold:
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1. To investigate mapping procedures with respect to preservation of EER
model semantics

2. to design a repository suitable for storing all model representations and their
interrelationships and

3. to propose a visualization architecture based on the repository and target
application database to allow for visualization of the meta-data and the data
at different levels.

The result is a proposal for a repository based visualization architecture
which explicitly relates the application database data to the abstract relational
level and to the EER level. Different aspects of the design and the refinements
chosen can be traced in a comprehensible fashion. The focus of this work is
design. The modeling tool S-Designor [15] was used to build the CDIF reposi-
tory structure and to generate sample models. Java programs were written to
exemplify access and visualization of the repository content [11].

2 The Layered Approach

We consider a three layered approach to designing schemas for DBMS as repre-
sented by the three boxes in the middle column of Figure 1.
A central point of this work is to allow not only a transparency of the mapping

from EER to relational, but also its inverse. Commonly only the forward mapping
from the EER to the relational model is considered in the design process. This is
insufficient to support general visual browsing with genuine traceability. Appro-
priate structures must be found for storing this bidirectional interrelationship
(Meta-Schema, left column of Figure 1). Structural mapping procedures are well
covered by the literature (as in [9]). With the use of modern tools, most of
the mapping can be derived automatically, while the designer can give explicit
guidance, for example, on how to migrate candidate keys to referencing relations
or how to map supertype/subtype or 1:1 relationships.
We focus on the production of a relational model which reflects the in-

herent constraints in an EER model with little loss of semantics. Some EER
IC properties (e.g. disjoint relationships) cannot be expressed in the abstract
relational layer, but can be modeled by trigger sets of a target database system.
Therefore access paths from the EER information to the SQL-layer are nec-
essary. Update propagation properties (cascade, restrict, update, set null and
set default, comparable with those in [14]) which define the behaviour of the
database in case of violation of IC are not included in common EER notations.
These relational properties can be supplied at the abstract relational layer and
stored in appropriate structures belonging to this layer. Also parameters for
mapping the abstract relational model to a target SQL dialect must be supplied
and stored.
Current modeling tools often intermix model properties with mapping infor-

mation or do not include mapping information at all. If the mapping algorithm
of a modeling tool does not allow the user to generate a relational model with
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the desired properties, manual changes might be necessary at the relational level.
This will result in a situation where the three layered approach will at the most
be used for the initial design, but not during system development.

3 Repository Design

In our opinion, a well designed repository structure is needed to support the stor-
age of all design information including the models and interrelationships between
the models. This would allow tight synchronization, and facilitate browsing and
the investigation of design implications.
A good test of such a repository would therefore be its use as a basis for

visualization of interrelationships within and between meta data and data for
an information system. In a broader context such a repository could also act as a
unified store for a number of different tools, including schema design tools. Figure
1 depicts the repository content: its structures (left column) and the type data it
contains (middle column). Instance data is not contained in the repository; this
resides in the target DBMS (bottom row).

“Repositories must maintain an evolving set of representations of the
same or similar information. [...] Relationships among these representa-
tions must be maintained by the repository, so changes to one represen-
tation of an object can be propagated to related representations of the
same object.”, [18, Section 5.3.3],

Interrelationship information in the repository allows the interpretation of
data in the target application database at three levels (as depicted in Figure
1): that of the “Target DBMS”, that of the “Relational View” and that of the
“EER View”.
We were looking for standardized repository schemas and have chosen CDIF.

As the name suggests it is “a single architecture for exchanging information be-
tween CASE tools, and between repositories” which is “vendor-independent” and
“method-independent” [8]. It should overcome the problem that no commonly
agreed standard repository exists by defining a way of transferring data on the
same subject area from one tool or repository to another. Case data transfer is not
the topic of this project. However, the structures offered by the subject areas
Data Modeling (DMOD) and Presentation, Location & Connectivity (PLAC)
were chosen as a basis for a repository structure to store EER and relational
models and their graphical representation. The separation between models and
their graphical representation supports a modular design. All subject areas are
hierarchically structured and make extensive use of inheritance to minimize
redundancy. This suggests a direct mapping to a class hierarchy of an object
oriented host language. The full range of objects and relationships of DMOD
is displayed in Figure 2 and our simplified implemented model is depicted in
Figure 3. The associated PLAC design is not depicted.
The DMOD subject area is capable of storing EER- as well as relational

models in a single structure. Most objects are used for both layers, some (e.g.
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foreign keys or supertype/subtype) only for one. CDIF does not provide struc-
tures to relate EER objects to relational objects. We circumvent this problem
by extending the subject-area to cope with these correspondences as depicted in
Figures 3 and 4. Migration rules for implementing primary and foreign relational
keys from EER candidate keys are not included in the model, since we rely on
the mapping procedure of the S-Designor modeling tool which does not support
them.
In the following we introduce a visualization tool based on the repository,

which depicts the different layers shown in Figure 1.

4 Visualization Tool

4.1 Visualization Architecture

Initially it was planned to have a single view for the complete visualization,
including data and schema. This would mean, for example, that at the EER level
the visualization would include entity instances as well as relationship instances.
It would be possible to include this information into a schema only for very
limited example models. Scalability is often a problem with such visualization.
It is not only a technical or geometric issue of placing graphical elements on
a limited two dimensional space but also of comprehensibility for users. This
problem led to the overall visualization architecture as laid out in this chapter.
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-- ====================================================
--   Database name:  TELE1                                     
--   Created on:     08.07.1996  22:29                         
-- ====================================================

-- Insert trigger "ti_contract" for table "CONTRACT"
create trigger ti_contract insert on CONTRACT
referencing new as new_ins
   for each row (execute procedure pi_contract(new_ins.CUS

--  Insert procedure "pi_contract" for table "CONTRACT"
create procedure pi_contract(new_cust char(10))
    define  errno    integer;
    define  errmsg   char(255);
    define  numrows  integer;
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-- ===================================================
--   Database name:  TELE
--   Created on:     08.07.1996  22:27
-- ===================================================
-- ===================================================
--   Table: CUSTOMER
-- ===================================================
create table CUSTOMER
(
    CUST                CHAR(10)              not null,
    POST                CHAR(255)                     ,
    primary key (CUST) constraint PK_CUSTOMER
);

ViewSQL: Tables

View

Repository
Database

Application
Database

Fig. 5. Model and Views

The basic idea is to split the wealth of displayable information into manage-
able and comprehensible pieces and at the same time to relate these partial views
through visual feedback. Views are deliberately limited to only certain aspects
of the whole, as represented by the boxes in Figure 1 (Meta-Schema, Schema,
Data combined with EER, relational, SQL). Examples of views appear below.

We make use of the ideas and terminology of the Model-View-Controller
(MVC) paradigm which stems from the Smalltalk environment: “The model1 is
used to represent the data or knowledge about the application constructed” [2]
and the view is the output interface, while the controller takes inputs from the
user and passes them to the model. “A major idea in the MVC is the isolation of
the model from the view and controller. Because the model normally represents
a set of data or knowledge, it has no need to know how the controller or the
view operates” [2].

Logically, the model is a server which accepts connections from views and
controllers (clients) and communicates with them via a protocol (arrows in
Figure 5). The model has direct access to the repository (data model content
(DMOD) and its graphical presentation (PLAC)) and the target database, while
the views access the repository data only via the connection to the model.

If the user interacts with one view, the result should not only be apparent
in this view, but in all open views at the same time. This concerns highlighting

1 Not to be confused with “data model”.
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of objects and update visualization. A simple example is a click on an entity
in an EER-view and a visual highlighting feedback in all views which display
information on the same object. An abstract relational view would highlight
the appropriate relation and a SQL-view would highlight the relevant SQL data
definition statements. The granularity of highlighting and displaying should be
as small as possible, i.e. if a simple attribute should be shown, then only that
attribute should be highlighted and not the whole entity or relation.
It should be possible to open new views with a focus on a particular object

by clicking on that object in an already existing view. In this way one can browse
a model according to the matrix of Figure 1. Relating objects in different views
is also of value for managing sub-models with common objects.

4.2 Supported Views

The following short descriptions give an overview of the possible types of view.
Firstly, views are introduced which are limited to visualizing the schema (middle
column in Figure 1):

Schema: provides a conventional graphical representation of the EER model
or relational model without including data. The data for screen layout and
textual annotation is taken from the repository (PLAC).

SQL: Since SQL code is generated automatically using templates of the schema
design tool it is possible to include markers which allow this view to highlight
data definition statements. In this way the SQL code can be browsed by
clicking on objects in other views.

Text: “Validation can be done by paraphrasing a conceptual schema in natural
language and giving that paraphrase to a user for examination” [4]. The
explanations may be automatically derived from the schema semantics or
could include textual descriptions. This view reacts to highlighting messages
from other windows.

The following views allow visualization and manipulation of instance level
data (right column in Figure 1). The schema views above should nevertheless
react to messages concerning data manipulation, by using them to highlight
relevant schema objects. Different colours can indicate the action performed
(for example red=delete, green=insert, blue=update). If a trigger is initiated,
its behaviour could be simulated in a single step mode. The SQL-view might
display a related trigger definition.

Data: This view is most meaningful for visualizing data and update propaga-
tion and can be used for EER and relational models. The screen layout is
exemplified in Figure 6. Only objects of interest are shown, but browsing
allows further schema exploration (upper mouse click in Figure 6). The
screen layout can be derived from the schema semantics of the relational
layer, since references are directed. Referenced relations appear to the right
of referencing relations. The layout of the EER model can be determined with
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Fig. 6. Data-View example

the aid of the relational representation. Objects may be popped up to show
instance level data or popped down to hide it (lower mouse click in Figure
6). Relationship instances as well as data tuples may be graphically inserted,
deleted and updated. Submission of data may trigger update propagation,
which can be visualized in a single step mode.

Cascade: This passive view is an implementation of the rule trace trees used
in [10] and [7]. The first event of a cascade is drawn at the left border as
depicted in Figure 7, and all subsequently invoked rules and triggered events
are drawn to the right of it, i.e. the flow of time is visualized. Rules may be
visually linked to SQL triggers, and events to sets of data tuples.
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INVOICE
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deletion
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432, 95, 12, 2

432, 95, 12, 3

RuleEvent Event Rule Event

Fig. 7. Sample triggering cascade
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Trace: This passive view records the active updates of the database in a textual
way comparable with the log file of a DBMS.

Tree: A collapsible tree, as known from file-browsers, is used to access the
repository contents in a tabular fashion. It is structured by object type and
allows inclusion of instance level data.

4.3 Implementation

The S-Designor database design tool was used to edit an EER-Model and to
map it to its relational representation. The tool saves both models, represented
as relational tables, in separate plain ASCII-files. The tool was also used to
generate tables and triggers for the target DBMS. All files are parsed and loaded
into the developed repository. Additionally, the table and trigger SQL-scripts are
executed on the target application database.

The visualization tool was implemented using the Java programming lan-
guage. The tool can be executed within WWW pages2 assuming that a Java
capable browser is used. It becomes a part of the overall presentation. Imple-
mented features are presented next to designed or planned features. The class
structure for repository access was completed, but only a selection of views were
implemented.

A loader class reads the model via JDBC3 and instantiates each object as a
Java object. Relationships are modeled as object references. Ideally one would
use a persistent object oriented programming language based on an object
oriented DBMS where “a repository manager would map its object base into
labeled directed graphs, where objects are mapped to nodes and relationships
are mapped to edges.” [1, pp. 710–711]

The model in the MVC sense is a Java class which inherits from the standard
class “Observerable” and each view consists of a Java class which inherits from
“Observer” to allow the observerable object to notify its observers. The protocol
for communication between views and the model consists of public methods in
the model class.

Application data is accessed from the relevant meta-data classes. Update
propagation must be simulated by the classes, since we want to execute and
visualize update propagation in a step by step fashion. Java provides a rollback
mechanism through exceptions to model transactions. We use update propa-
gation properties which are included in the repository and do not consider,
for example, SQL-triggers. Visualization could be extended to arbitrary active
behaviour if a direct interface to the rule manager of a DBMS existed. This
would also allow visualization of updates executed by application programs.

2 URL http://www.his.se/ida/research/groups/dbtg/demos/griebel/
3 Java Database Connectivity
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5 Conclusions

In this paper we have described work in the area of repository design for In-
formation Systems development. This work targets tool-independent storage
of design information, facilitating transparency within and between stages in
the refinement process. The focus of the paper is on a specific facet, namely a
repository structure for the multi-level visualization of dependencies in populated
models using EER to Relational refinement methods.
Many variations of ER/EER models have been proposed in the literature,

and it is not uncommon for a commercial modeling tool to provide support for
more than one such variation. For example, both LogicWork’s tool ERwin/ERX
and Powersoft’s tool PowerDesignor support more than one EER dialect [16]
[17].
Using a meta-model approach (i.e. a generic ER/EER meta-schema) as ex-

emplified by the system described here, a semantically expressive meta-model
could, at least in principle, support any variation of the ER/EER Model.
Populated models are used in many database oriented application develop-

ment environments. For example, Borland’s Delphi environment enables instant
access to data kept in an underlying database during the design process. We
consider them fundamental in improving feedback in the design phase for be-
havioural models.
The unification of design data within a repository facilitates the development

of generic tools, with presentation levels tailored to organizational standards.
The tool presented here is a visualization tool, allowing multiple, interlinked
views of populated models to be simultaneously displayed. The tool is itself of
interest in exploring useful facilities for visual browsing of designs. However, it
primarily fulfils the role of a practical test of the repository design.
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1 A b s t r a c t  

Constraints are commonly used to maintain data integrity and consistency in 
databases. This ability to store constraint knowledge, however, can also be 
viewed as an attachment of instructions on how a data object should be used. In 
other words, data objects are annotated with declarative knowledge which can 
be transformed and processed. 

This abstract describes our work in Aberdeen on the fusion of knowledge 
in the form of integrity constraints in a distributed environment. We are par- 
ticularly interested in the use of constraint logic programming techniques with 
off-the-shelf constraint solvers and distributed database queries. The objective is 
to construct an information system that solves application problems by combin- 
ing declarative knowledge attached to data objects in a distributed environment. 
Unlike a conventional distributed database system where only database queries 
and data objects are transported, we also ship the constraints which are attached 
to the data. This is analogous to the use of footnotes and remarks in a product 
catalogue describing the restrictions on the use of specific components. 

2 C o n s t r a i n t s ,  D a t a b a s e s  a n d  K n o w l e d g e  F u s i o n  

We employ a database perspective where integrity constraints on a solution 
database are used to describe a design problem. This solution database can be 
visualised as a database storing all the results that satisfy the design problem. 
The process of solving the application problem, therefore, is to retrieve data 
objects from other databases and populate this solution database while satisfy- 
ing all the integrity constraints attached to the solution database and all data 
objects. In practice, this solution database may not hold any actual data but 
provides a framework for specifying the problem solving knowledge. 

To facilitate knowledge reuse, we utilise a multi-agent architecture (figure 1) 
with KQML-speaking software components. The user inputs the problem spe- 
cifications through a user-agent in the form of constraints. These piece of know- 
ledge, together with other constraint fragments from various resources, are sent 

* This research is part of the KRAFT research project 1 funded by EPSRC and BT. 
** Kit-ying Hui is supported by a grant from BT. 
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Fig. 1. Constraint fragments are fused by the mediator to compose a constraint satis- 
faction problem which is solved by a constraint solver. 

to a constraint fusing mediator which then composes the overall description as 
a constraint satisfaction problem. 

3 Di s tr ibuted  Database  Queries and Constraint  Solving 

The knowledge fusion process produces a declarative description of the con- 
straint satisfaction problem (CSP) which is independent of the problem solving 
strategy. Given a constraint solver and a set of database servers, the choice of 
using constraint logic programming (CLP) techniques or generating distributed 
database queries depends on the complexity of the CSP, capabilities of the con- 
straint solver and efficiency of the database servers. A constraint solver is more 
efficient in solving complex constraints while database queries can reduce the 
initial variable domains and relieve network traffic by removing incompatible 
solutions. A good solving strategy, therefore, should fully utilise the advantages 
of the two paradigms while complementing their weaknesses by each other. 

4 Current  Status  and Future P lan  

We have implemented an early prototype of the system with agents programmed 
either in Java or Prolog, and communicating through a subset of KQML. Con- 
traints are expressed in the CoLan language [2] for P/FDM. Constraint trans- 
formation and fusion are based on first order logic and implemented in Prolog. 
At the moment we are experimenting the use of a constraint logic programming 
system, ECLiPSe, to solve the composed CSP. Work is still in progress to divide 
labour between distributed database queries and constraint solving. 
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Abstract. A commonly followed approach in database design is to col-
lect user views on the database and to develop the conceptual schema of
the database by integrating these views.
The design of object-oriented databases involves the design of object
behavior next to the design of object structure. Object-oriented design
notations usually represent object behavior at two levels of detail: by
activities (which correspond to methods at the implementation level)
and by object life-cycles which model the dynamics of objects over their
lifetime.
This paper discusses the integration of views of object life-cycles that are
represented by behavior diagrams, which model the behavior of objects
by activities and states corresponding to transitions and places of Petri
nets. The presented approach is particularly relevant for the design of
business processes, a major application domain of object-oriented data-
base systems.

1 Introduction

The design of an object-oriented database schema involves the definition of the
structure and the behavior of objects. Behavior is specified by methods and
object life-cycles, which indicate processing states of objects and specify in what
order methods may be invoked. Often the database schema is not modeled by a
single person, but several user-specific view schemas are defined independently
and are integrated later into a single schema.
A major application domain for object-oriented database systems is the busi-

ness area. There, objects represent business cases and object life-cycles repre-
sent business processes. Such as the conceptual schema of a database is often
developed from different user views on the database, a business process may be
constructed from the views on the business process in different suborganizations.
Consider, for example, a hotel, where the business objects are room reser-

vations: The reception deals with activities check-in and charging services; the
booking department considers booking a room and cashing a deposit, etc. Ac-
tivity check-in will be considered in both views as the guest checks in at the

? This work was partly supported by the EU under ESPRIT-IV WG 22704 ASPIRE
(Advanced modeling and SPecification of distributed InfoRmation systEms).
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reception and the booking department checks whether the guest arrives at the
agreed day.

As each view represents only those aspects of the business process that are
relevant for a certain user-group, each view may cover only a subset of the aspects
of the business process and each view may represent aspects of the business
process at a different level of granularity than another view.

The aim of the integration process is to develop an integrated business process
from the given views such that if business objects are processed according to the
description of the integrated business process, their processing may be observed
as a correct processing according to each view of the business process (observa-
tion consistent integration).

In [3], we introduced a two-schema architecture for modeling business
processes and workflows, which represent external and internal business rules,
respectively. External business rules restrict the processing of business objects
due to natural facts or law (e.g., check-in is always performed before check-
out, but payment and use of a room may occur in any order). Internal business
rules exist only due to intra-organizational rules and represent the internal “flow
of work” (e.g., payment has to be performed before check-in if the guest is
unknown).

The distinction between business processes and workflows provides for work-
flow transparency, which allows to change the flow of work without compromising
the correctness of the business process. In this paper, we treat the integration
of views of repetitive and predictable business processes represented by object
life-cycles; we do not consider the integration of workflows and omit definition
of exception handling and ad-hoc processing of business objects.

View integration differs from integration of heterogeneous autonomous data
sources, which is mainly treated in the realm of federated database systems [13].
In the former, there is only one object for each real-world business case; this
object behaves according to the integrated business process. The views do not
handle objects of their own, but only observe the processing of objects. In the
latter, the global schema is an integration of several local schemas where each
object of the real world may be represented by a set of local objects, one in
each local autonomous database, and by a global object whose properties are
derived from the local ones. Despite their difference, there are many similarities
between the integration of views and the integration of independent heteroge-
neous database schemas, e.g., the detection of heterogeneities between the given
schemas.

A number of approaches to schema integration consider only the structure
of objects (see e.g. [4] for a survey). Some approaches consider methods, too
[14,16], but little work has been done so far concerning the integration of object
life-cycles. In [5], behavior is modeled in the form of event structures and conflict-
freeness is defined as a necessary correctness criterion to integrate schemas. Con-
flictfreeness means that the rules of one schema together with a set of integration
assertions do not restrict the models of the other schema. Another approach [6]
discusses view integration based on statecharts where views may be connected in
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some way (e.g., sequentially, parallely, alternatively) to an integrated schema. In
a previous paper [9], we discussed the integration of business processes that treat
disjoint sets of business objects in autonomous databases, where the common
behavior can be observed at the global level.
The work presented in this paper goes beyond the approaches of [5] and [6] as

we introduce a detailed integration process that may be applied to views and that
produces step by step an integrated business process. The integration of views
of business processes is different from the integration of local business processes
as described in [9] for two reasons: (1) The former concerns view integration, the
latter the integration of similar, autonomously executed business processes. (2)
The extensions of the given schemas are the same in the former, but disjoint in
the latter.
We consider the integration of views of business processes that are modeled

using Object/Behavior Diagrams (OBD) [7]: The static properties of objects are
defined in Object Diagrams, whereas their life cycle is modeled in Behavior
Diagrams, which are based on Petri nets [8].
We will define the correctness of the integrated schema with respect to the

given view schemas by using results on the observation consistent specialization
of object life-cycles, which has been treated in several approaches based on Petri
nets [10,11,15]. Our work goes beyond these approaches as not a single object
life-cycle is specialized but a common subtype of a set of object life-cycles (i.e.,
the views) has to be defined where correspondences and heterogeneities between
the views have to be determined. Specialization of object life-cycles comprises
refinement, where activities and states are refined to a finer level of granularity,
and extension, where activities and states are added.
The remainder of this paper is structured as follows: Sect. 2 gives a brief

introduction of behavior diagrams and the specialization of behavior diagrams,
Sect. 3 gives an overview of heterogeneities between the views and an overview
of the integration process, Sect. 4 describes each step of the integration process
in detail, and Sect. 5 concludes the work.

2 Object/Behavior Diagrams

In this section, we briefly introduce Object/Behavior Diagrams (OBD), which
have been originally presented as a graphical notation for the object-oriented
design of databases [7] and have been later extended for the modeling of business
processes [3]. We omit the description of object diagrams and concentrate on
behavior diagrams with arc-labels and their specialization; for details the reader
is referred to [10,11].

2.1 Behavior Diagrams

Behavior diagrams are based on Petri nets and consist of activities, states, and
arcs. Activities correspond to transitions in Petri nets and represent work per-
formed with objects, states correspond to places in Petri nets and show where
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Fig. 1. Behavior diagram of RESVT

an object actually resides. Each instance of an object type is represented by a
unique token, the object identifier, which may reside in one or several states. An
activity may be invoked on an object if all prestates are marked by this object.
When the execution is completed the object is inserted into all poststates of the
activity. In difference to Petri nets, we assume that activities may take some
time. During the execution of an activity on some object, the object resides in
an implicit activity state named after the activity.

Example 1. Fig. 1 shows a behavior diagram of object type RESVT. Activities
are depicted by rectangles, and states are depicted by rectangles with a trapez-
ium at the top and the bottom. Ignore the labels associated with arcs for the
moment. Activity issue creates a new reservation object. After completion of
this activity, the object resides in states toCheckIn and toPay, where activities
use and payByCheque or payCash may be started.

Behavior diagrams may be labeled. The idea of labeling is taken from the
processing of business processes by paper work where different actors work on
different carbon copies of a business form. In this analogy, a label corresponds
to a particular carbon copy. The labels of an arc (state, or activity) indicate
which copies of a form flow along an arc, (reside in some state, or are processed
by an activity, resp.). Notice, however, that there exist no actual copies of an
object, but several activities and states may refer at the same time to the same
object by its object identifier. Labels have been introduced in [11] to facilitate the
check whether a behavior diagram constitutes a consistent refinement of another
behavior diagram. There, labels are used to ensure that if an object leaves one
state of a subdiagram (that constitutes the refinement of an abstract state), it
leaves the subdiagram entirely.

Example 2. The business process shown in Fig. 1 uses two labels p and r corre-
sponding to the payment and the registration copy of the reservation form.

Formally, labeled behavior diagrams are defined in Def. 1. For a formal defi-
nition of unlabeled behavior diagrams see [10].

Definition 1. A labeled behavior diagram (LBD) B of an object-type, where
B = (S, T, F, L, l), consists of a set of states S 6= ∅, a set of activities T 6= ∅,
S∩T = ∅, a set of arcs F ⊆ (S×T )∪(T×S), such that ∀t ∈ T : (∃s ∈ S : (s, t) ∈
F )∧(∃s ∈ S : (t, s) ∈ F ) and ∀s ∈ S : (∃t ∈ T : (s, t) ∈ F )∨(∃t ∈ T : (t, s) ∈ F ).
L is a set of labels. The labeling function l : F → 2L \{∅} (2X denotes the power
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set of X) assigns a non-empty set of labels to each arc in F . States, activities,
and labels are refered to as elements. There is a set of initial states A ⊂ S
such that 6 ∃(t, s) ∈ F : s ∈ A and there exists a set of final states Ω ⊂ S
such that 6 ∃(s, t) ∈ F : s ∈ Ω. Initial states are usually omitted in the graphical
representation.

Labeled behavior diagrams must fulfill the following labeling properties:
(1) label preservation (for each activity, the union of the labels of its incoming
arcs is equal to the union of the labels of its outgoing arcs), (2) unique label
distribution (all incoming arcs as well as all outgoing arcs of an activity have
disjoint sets of labels), and (3) common label distribution (for each state, all its
incident arcs carry the same labels).
States and activities are labeled, too, where the set of labels of a state or

activity, denoted as λ, is the union of the set of labels of its incident arcs.
Each label appears in exactly one initial state, i.e., (

⋃
α∈A λ(α)) = L and

∀s1, s2 ∈ A : s1 6= s2 ⇒ λ(s1) ∩ λ(s2) = ∅. An initial state represents the period
of time when a certain label has not yet been created for an object. If an object
identifier resides only in initial states, it does not yet refer to an object.
At any time, an object resides in a non-empty set of states, its life cycle state.

Definition 2. A life cycle state (LCS) σ of an object is a subset of (S ∪ T )×L.
The initial LCS is σA = {(α, x)|α ∈ A ∧ x ∈ λ(α)}. An LCS σ is final if
∀(e, x) ∈ σ : e ∈ Ω. Note: For unlabeled behavior diagrams, an LCS is defined
as σ ⊂ (S ∪ T ).

As the execution of activities may take some time and an object resides in
an activity state during execution, we distinguish start and completion of an
activity and define the change of the LCS of an object as follows (we use the
notation •t and t• for the set of pre- and poststates of t, respectively).

Definition 3. An activity t ∈ T may be started on an LCS σ, if ∀s ∈ •t, x ∈
l(s, t) : (s, x) ∈ σ, and its start yields σ′ = (σ \ {(s, x)|s ∈ •t ∧ x ∈ l(s, t)}) ∪
{(t, x)|∃s ∈ •t : x ∈ l(s, t)}. An activity t may be completed on an LCS σ, if
∃x ∈ L : (t, x) ∈ σ, and its completion yields σ′ = (σ \ {(t, x)|∃s ∈ t• : x ∈
l(t, s)}) ∪ {(s, x)|s ∈ t• ∧ x ∈ l(t, s)}.

A life cycle occurrence is defined as the sequence of life cycle states of a
certain object:

Definition 4. A life cycle occurrence (LCO) γ of an object is a sequence of LCSs
γ = [σ1, . . . , σn], such that σ1 = σA, and for i = 1, . . . , n − 1 either σi = σi+1,
or ∃t ∈ T such that either t can be started on σi and the start of t yields σi+1
or ∃x ∈ L : (t, x) ∈ σi and the completion of t yields σi+1.

Example 3. Consider the behavior diagram shown in Fig. 1. A possible life cycle
occurrence of a reservation object is [{(α, p), (α, r)}, {(issue, p), (issue, r)},
{(toPay, p), (toCheckIn, r)}, {(toPay, p), (use, r)}, {(toPay, p), (checkedOut, r)},
{(payCash, p), (checkedOut, r)}, {(paid, p), (checkedOut, r)} ].
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2.2 Specialization of Behavior Diagrams

The behavior diagram of an object type may be specialized in two ways: by
refinement, i.e., by decomposing states and activities into subdiagrams and la-
bels into sublabels, or by extension, i.e., by adding states, activities, and labels.
Observation consistency as a correctness criterion for specialization guarantees
that any life cycle occurrence of a subtype is observable as a life cycle occurrence
of the supertype if extended elements are ignored and refined elements are con-
sidered unrefined. Observation consistency allows “parallel extension” but not
“alternative extension”, i.e., an activity that is added in the behavior diagram
of a subtype may not consume from or produce into a state that the subtype
inherits from the behavior diagram of the supertype [10]. Observation consistent
extension requires only partial inheritance of activities and states: “alternatives”
modeled in the behavior diagram of a supertype may be omitted in the behavior
diagram of a subtype (cf. [10]). 1

We use a total specialization function h : S′ ∪ T ′ ∪ L′ → S ∪ T ∪ L ∪ {ε} to
represent the correspondences between a more special behavior diagram B′ =
(S′, T ′, F ′, L′, l′) and a behavior diagram B = (S, T, F, L, l). Inheritance without
change, refinement, extension, and elimination are expressed by h as follows: If
an element e is not changed, then ∃e′ ∈ S′ ∪ T ′ ∪ L′ : h(e′) = e ∧ ∀e′′ ∈
S′ ∪ T ′ ∪ L′, e′′ 6= e′ : h(e′′) 6= h(e′). If an element e in B is refined to a set of
elements E (|E| > 1), then ∀e′ ∈ E : h(e′) = e. If a set of elements E is added in
B′, then ∀e ∈ E : h(e) = ε. If a set of states and activities E ⊆ S ∪T is removed
from B in B′, then ∀e ∈ E6 ∃e′ ∈ S′ ∪ T ′ ∪L′ : h(e′) = e.
For the definition of observation consistent specialization, we need to define

the generalization of a life cycle state and a life cycle occurrence.

Definition 5. A generalization of a life cycle state σ′ of an LBD B′ of object type
O′ to object type O with LBD B, denoted as σ′/O, is defined as σ

′/O ⊆ (S∪T )×L,
where ∀e ∈ S ∪ T, x ∈ L : ((e, x) ∈ σ′/O ⇔ ∃e′ ∈ S′ ∪ T ′, x′ ∈ L′ : h(e′) =
e ∧ h(x′) = x ∧ (e′, x′) ∈ σ′).

Definition 6. A generalization of a life cycle occurrence γ′ = [σ′1, . . . , σ
′
n] of an

LBD B′ of object type O′ to object type O is defined as γ′/O = [σ
′
1/O, . . . , σ

′
n/O].

Definition 7. An LBD B′ of object type O′ is an observation consistent spe-
cialization of an LBD B of object type O if and only if for any possible LCO γ′

of B′ holds: γ′/O is an LCO of B.

1 Omitting states and activities of a supertype in a subtype seems to be counter-
intuitive at first. Yet, a more in depth analysis (cf. [10]) reveals that partial inheri-
tance is coherent with a co-variant specialization of method preconditions followed
in conceptual specification languages.
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Fig. 2. Business process of RES-R

Example 4. The LBD of RES-R shown in Fig. 2 is an observation consistent
specialization of the LBD of RESVT in Fig. 1. To avoid overloading of Fig. 2,
the unrefined elements inherited from RESVT are not depicted. The symbol with
dashed borders, the brackets around label c, and the fact that some symbols are
depicted with dotted lines are explained in the next section.
Activity use has been refined to a subnet consisting of activities checkIn,

useRoom, useGarage, and checkOut and several states. State toPay has been
refined to toBill, bill, and billed. Label r has been decomposed into sublabels
rr (registration for a room) and rg (registration for a parking lot in the garage).
Activity accountBill, states endChargg, billToAcct, and billAcctd, as well as label
c have been added by extension. Activity payByCheque has been omitted.

A set of sufficient and necessary rules has been introduced in [11] to check
for observation consistent extension and refinement of LBDs. These rules can
be applied to check for observation consistent specialization of LBDs, too, if
specialization is considered as a concatenation of refinement and extension.

3 Integration of Views of Business Processes

In this section, we describe how to integrate two views of a business process. To
integrate more than two views, a binary integration strategy [1] may be used,
which integrates each view with an intermediate integrated schema. The views
may differ with respect to several kinds of heterogeneities. We will identify these
heterogeneities first; then we will describe the integration process.

3.1 Heterogeneities

Some of the heterogeneities between different views of business processes resem-
ble the heterogeneities identified for federated databases [12]. Others, especially
the second and last one described below are unique for business processes:
(1) Model conflicts: The views may be represented in different models (e.g.,
statecharts vs. Petri nets). (2) Inclusion of workflow aspects: The views may
represent workflows rather than business processes (cf. discussion in the intro-
duction). (3) Missing states and labels: States and labels that are modeled in



Observation Consistent Integration of Views of Object Life-Cycles 39

one view may not be modeled explicitly in the other view, but may exist there
only implicitly. (4) Naming conflicts: Corresponding elements may carry different
names (synonyms) or different elements may carry the same names (homonyms).
(5) Granularity conflicts: A single state or activity in one view may correspond
to a subnet consisting of several activities and states in the other view, or two
subnets may correspond to each other. (6) View-specific alternatives: One view
may include an alternative that is not modeled in the other view; i.e., an activity
that consumes from or produces into a state that has a corresponding state in the
other view does not have a corresponding activity in the other view. (7) View-
specific aspects: One view may consider aspects represented by labels that are
not modeled in the other view, i.e., a label in one view does not correspond to
any label in the other view. (8) Different time periods: The views may represent
different periods of the lifetime of business objects. This heterogeneity may be
considered as a special kind of granularity conflict, in which the initial or final
states of one view correspond to subnets in the other view.

3.2 Overview of the Integration Process

The integrated business process has to be constructed from the given views in
a way such that the processing of business objects according to the integrated
business process may be observed as correct processing of the business objects
according to each given view, i.e., the integrated business process must be an
observation consistent specialization of each given view.
As views do not administrate information of their own about business objects,

all information that is visible in the view must be derived from the integrated
business process. Therefore, the integrated business process must include all
information specified in either one of the views, except view-specific alternatives,
which must be omitted to provide for an observation consistent specialization,
since performing a view-specific alternative on a business object could not be
observed in the view that does not include this alternative.
If corresponding elements are defined in the views at different levels of gran-

ularity, the most refined definition is taken into the integrated schema to provide
the most detailed information possible.
Before the views can be integrated according to the rules of observation

consistent specialization, some preparatory steps (steps 1–3) are performed on
the original views, thereby yielding enriched views. Then, the integrated busi-
ness process is defined by refinement and subsequent extension of the enriched
views. Some steps are comparable to the steps followed in several approaches
of database integration (cf. [2,13]). In the remainder of this section, we give an
overview of the integration process. The steps of the integration process will be
treated in detail together with examples in the next section.

1. Schema translation: If the given views are modeled using different models,
they are translated to a canonical model, thereby resolving model conflicts.

2. Extraction of business processes from workflows: Heterogeneities due to in-
clusion of workflow aspects are resolved in this phase as only elements con-
cerning the business process are considered.
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Fig. 3. Integration process by observation consistent specialization

3. Schema enrichment: Information that exists only implicitly in a given view
is made explicit. Thereby, missing states and labels are defined.
Labels should help the system integrator to determine common aspects of
the given views and to check for correct refinements of activities and states.
Labels can be determined according to the analogy with paper forms intro-
duced in the previous section. Notice that this analogy should only be a hint
to find labels as no real paper copies have to exist. A redundant state has
to be inserted if it represents the processing state of a certain label but has
not been modeled so far in the view.

4. Identification of correspondences: Correspondences between activities, states,
and labels of the enriched views are determined. Elements of a view that
have corresponding elements in the other view are called common, all other
elements are called unique.

5. View decomposition: Common elements and view-specific aspects are inte-
grated in two separate steps. To determine the sub-views to be considered
in these steps, each enriched view Bi (for i ∈ {1, 2}) is decomposed into
(1) a common sub-view Bci , which contains the restriction of the view to
all common labels and all activities, states, and arcs that are labeled with
common labels, and (2) a unique sub-view Bui , which consists of all unique
labels and all activities, states, and arcs that are labeled with unique labels
(cf. Fig. 3 (a)). These sub-views may be overlapping, as an activity, state
or arc may be labeled with common and unique labels. Notice that by
decomposing an enriched view into a common and a unique sub-view no
information is added or removed.

6. Integration of common elements: The common sub-views Bc1 and B
c
2 are

integrated to the common view B̃c. Thereby, granularity conflicts, hetero-
geneities due to view-specific alternatives, and naming conflicts are resolved.
To resolve granularity conflicts, the common sub-views Bc1 and B

c
2 are re-

fined to a common level of granularity according to the rules of observation
consistent refinement (cf. [11]) yielding common refined sub-views B̂c1 and
B̂c2 . To resolve heterogeneities due to view-specific alternatives, alternatives
with common labels in one view that are not modeled in the other view
are omitted from B̂c1 and B̂

c
2, whereby the rules of observation consistent
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extension are obeyed because of the rule of partial inheritance (cf. Sect. 2.2).
The resulting reduced sub-views B̄c1 and B̄

c
2 are identical up to renaming. To

resolve naming conflicts, a common view B̃c that is isomorphic to B̄c1 and B̄
c
2

is defined, where the elements of B̃c have different “object identities” than
their counterpart elements of B̄c1 and B̄

c
2 and possibly different names.

7. Integration of view-specific aspects: For each unique sub-view Bui , activities
and states that are included in the unique sub-view Bui as well as in the

common sub-view Bci and that are refined in B̂
c
i , are refined in B

u
i , too,

yielding a refined unique sub-view B̂ui .

Then for each B̂ui , view-specific alternatives that have been omitted in the
reduced common sub-view B̄ci are omitted from the refined unique sub-view

B̂ui , too, yielding a reduced unique sub-view B̄
u
i . Naming conflicts

(homonyms) between B̄u1 and B̄
u
2 are resolved — as described above for

the common sub-views — yielding B̃u1 and B̃
u
2 . Overlaps between B

c
i and

Bui are taken into account in the definition of the object-identities of B̃
u
i in

that an element in B̃c and an element in B̃ui that have the same counterpart
in Bi receive the same “object identity”.

Heterogeneities due to view-specific aspects are resolved in that the integrated
business process B̃ is defined as composition B̃ := B̃c+B̃u1 +B̃

u
2 (cf. Def. 8).

Definition 8. The composition of behavior diagrams Ba = (Sa, Ta, Fa, La, la)
and Bb = (Sa, Tb, Fb, Lb, lb) (denoted Ba + Bb) yields a behavior diagram Bc =
(Sc, Tc, Fc, Lc, lc), where Sc = Sa ∪ Sb, Tc = Ta ∪ Tb, Fc = Fa ∪ Fb, Lc = La ∪
Lb, lc = {(f,X)|f ∈ Fc ∧X = la(f) ∪ lb(f)}.

As the common viewBci and the unique viewB
u
i are refined the same way and

as B̂ci is an observation consistent refinement of B
c
i , and as B̂

u
i is an observation

consistent refinement of Bui , it holds that B̂i = B̂
c
i + B̂

u
i is an observation

consistent refinement of Bi (cf. Fig. 3 (b)). Since B̄
c
i is an observation consistent

extension of B̂ci , and since B̄
u
i is an observation consistent extension of B̂

u
i , it

holds that B̄i = B̄
c
i + B̄

u
i is an observation consistent extension of B̂i. As the

common sub-views B̄c1 and B̄
c
2 are isomorphic up to renaming, as the sets of

labels of the common sub-views are disjoint with the set of labels of each unique
subview B̄u1 and B̄

u
2 , and as the labels of the unique sub-views are disjoint, too,

it holds that the integrated business process B̃ = B̃c+B̃u1 +B̃
u
2 is an observation

consistent specialization of B1 and B2.

4 The Steps of the Integration Process

In this section, we will present the steps of integration process in more detail,
illustrated by an example described below. Notice that, although the steps are
described sequentially, there may be several iterations, especially between steps 3
and 7, as lacking redundant states may be recognized only during specialization.
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Fig. 4. Behavior Diagrams of RES-B

Example 5. Two views of treating room reservations have to be integrated to a
single business process for a hotel. The views consider handling of room reser-
vations from the viewpoints of the reception and of the booking department (cf.
Figs. 2 and 4, respectively). The integration steps extraction of business processes
from workflows and schema enrichment will be explained only with RES-B.

4.1 Schema Translation

The translation step is out of the scope of this paper. Herein, we assume that
the given view schemas have been translated to unlabeled Behavior Diagrams.

4.2 Extraction of Business Processes from Workflows

The business process is extracted from each view schema that represents a work-
flow rather than a business process: (a) order dependencies between activities
that reflect the intended flow of work rather than the business process itself are
omitted; (b) alternative activities that could be executed but are not supported
in the considered workflow are included in the view; (c) exact instructions on
how a certain unit of work has to be performed by an agent are replaced by
the overall business process activity. By omitting restrictions due to internal
business rules, contradictions between the views disappear.

Example 6. Consider the view in Fig. 4 (a). Due to an internal business rule
a deposit has to be paid before check-in, although, by law, a deposit is not
necessary and — in case that it is required — need not necessarily be charged
before check-in. Further, activities printBill and signBill and state billPrinted,
which represent an internal instruction on how billing is performed by a clerk
are replaced by the overall activity bill.
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4.3 Schema Enrichment

Information that is not modeled explicitly, but exists only implicitly, is made
explicit. Particularly, labels are defined and redundant states may be inserted,
i.e., an unlabeled behavior diagram B̆i = (S̆i, T̆i, F̆i) is transformed into a labeled
behavior diagram Bi = (Si, Ti, Fi, Li, li), where S̆i ⊆ Si, T̆i = Ti, F̆i ⊆ Fi.
Redundant states must not restrict the possible sequences of activity invo-

cations, i.e., the following condition must hold: For any LCO γ̆ = [σ̆1, . . . , σ̆n] of
B̆i, a labeled LCO γ = [σ1, . . . , σn] of Bi has to exist such that for 1 ≤ j ≤ n it
holds that: ∀s̆ ∈ σ̆j∃(s̆, x) ∈ σj .

Example 7. In view RES-B (cf. Fig. 4), labels p and r (representing the aspects
payment and registration, respectively) are introduced, yielding the enriched view
shown in Fig. 4 (b).
Assume that the unlabeled view RES-R (cf. Fig. 2) did not contain states

checkedOut and toBill. Then, these redundant states are inserted during schema
enrichment as they represent processing states of labels rg, rr, and p.

4.4 Identification of Correspondences

An activity, state, or label in one view may correspond to an activitiy, state, or
label in the other view, either at the same or at different levels of granularity.
Thus, we distinguish the following types of correspondences: (1) Equivalence:
Two activities, states, or labels are equivalent if they correspond to each other.
(2) Inclusion: A state or activity in one view corresponds to a subnet of activities
and states in the other view. Similarly, a single label in one view may correspond
to a set of labels in the other view. (3) No correspondence: An element in one
view corresponds to no element in the other view.

Example 8. In our example, several activities, states, and labels are considered
equivalent between the views (cf. Figs. 2 and 4 (b)). For better readability, they
carry the same names. E.g., activities issue, states checkedOut, and labels p are
equivalent. There exists an inclusion relationship between state inUse in view
RES-B and the subnet consisting of roomTUse, garToUse, roomUsed, garUsed,
useRoom, and useGarage in RES-R. Further, label r in RES-B corresponds to the
set of labels rg and rr in RES-R. Common activities and states are depicted with
solid borders, common labels are depicted without brackets, unique activities and
states are depicted with dotted borders, unique labels are enclosed in brackets.
Subnets in one view involved in an inclusion with a single state e in the other
view are visualized by a symbol with dashed borders carrying the name of e.

Subnet correspondences, i.e., the fact that two subnets correspond to each
other, cannot occur if object life-cycles of two object types modeling the same
set of objects are integrated. A subnet correspondence means that an abstract
activity or an abstract state is refined differently in two views but an object
can be treated only in one way in the integrated schema. Supposed subnet
correspondences indicate design errors such as: (1) At least one subnet does
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ΘES ⊆ S1 × S2 ΘET ⊆ T1 × T2 ΘEL ⊆ L1 × L2
ΘI1S ⊆ S1 × 2

S2∪T2 ΘI1T ⊆ T1 × 2
S2∪T2 ΘI1L ⊆ L1 × 2

L2

ΘI2S ⊆ 2S1∪T1 × S2 Θ
I2
T ⊆ 2

S1∪T1 × T2 Θ
I2
L ⊆ 2

L1 × L2
ΘS := {({e1}, {e2})|(e1, e2) ∈ Θ

E
S }∪

{({e1}, E2)|(e1, E2) ∈ Θ
I1
S } ∪ {(E1, {e2})|(E1, e2) ∈ Θ

I2
S }

ΘT := {({e1}, {e2})|(e1, e2) ∈ Θ
E
T }∪

{({e1}, E2)|(e1, E2) ∈ Θ
I1
T } ∪ {(E1, {e2})|(E1, e2) ∈ Θ

I2
T }

ΘL := {({e1}, {e2})|(e1, e2) ∈ Θ
E
L }∪

{({e1}, E2)|(e1, E2) ∈ Θ
I1
L } ∪ {(E1, {e2})|(E1, e2) ∈ Θ

I2
L }

Table 1. Correspondence relations

not model a pure business process, but considers internal business rules. (2) The
subnets consider different aspects (i.e., different labels), and thus, they do not
correspond to each other at all. (3) A single element in one subnet corresponds
to a single element or a set of elements in the other subnet, i.e., correspondences
have not been detected at the finest level of granularity.
We require that correspondences are not overlapping, i.e., that each element

e in a view corresponds to at most one element or one subnet E in the other
view. Overlapping correspondences may occur if activities and states within the
given views have been insufficiently refined such that there are aspects that are
defined at an abstract level in both views. In such a case, the views have to be
refined such that for each element there is a most-refined representation in at
least one view.

For the remainder of the integration process, we define the correspondence
relation Θ := ΘS ∪ ΘT ∪ ΘL for the enriched views B1 and B2, where Bi =
(Si, Ti, Fi, Li, li), for i ∈ {1, 2}, and where ΘS , ΘT , and ΘL represent correspon-
dences between states, activities, and labels, respectively (cf. Table 1). For each
of these correspondence relations, we distinguish between (1) equivalences ΘE

(i.e., two basic elements correspond to each other), (2) left inclusions ΘI1 (i.e.,
a single element in B1 corresponds to a subnet in B2), and (3) right inclusions
ΘI2 (i.e., a single element in B2 corresponds to a subnet in B1).

As overlapping correspondences are not allowed, no element may appear in
more than one correspondence relation, i.e., ∀(E′1, E

′
2) ∈ Θ, (E

′′
1 , E

′′
2 ) ∈ Θ :

(E′1, E
′
2)6= (E

′′
1 , E

′′
2 )⇒ (E

′
1 ∩E

′′
1 = ∅ ∧ E

′
2 ∩ E

′′
2 = ∅).

Further, we require that all common activities and states are labeled with at
least one common label, i.e., for i ∈ {1, 2}, it holds that ∀(E1, E2) ∈ ΘS∪ΘT , e ∈
Ei ∃(X1 , X2) ∈ ΘL : λi(e) ∩ Xi 6= ∅, where λi : Si ∪ Ti → Li is the function
describing the labeling of elements in Bi.

Example 9. View RES-B is considered as B1, view RES-R is considered as B2.
There are several equivalences, e.g., (issue, issue) ∈ ΘET , and inclusions, e.g.,

the left inclusion (r, {rg, rr}) ∈ ΘI1L , and the right inclusion ({depToPay, pay-

Deposit, waiveDeposit, depHandled}, toBill) ∈ ΘI2S .
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Bci = (S
c
i , T

c
i , F

c
i , L

c
i , l
c
i ), where Bui = (S

u
i , T

u
i , F

u
i , L

u
i , l
u
i ), where

Lci = {x ∈ Li|∃(E1, E2) ∈ ΘL : x ∈ Ei} L
u
i = {x ∈ Li|6 ∃(E1, E2) ∈ ΘL : x ∈ Ei}

Sci = {s ∈ Si |λi(s) ∩ L
c
i 6= ∅} Sui = {s ∈ Si|λi(s) ∩ L

u
i 6= ∅}

T ci = {t ∈ Ti|λi(t) ∩ L
c
i 6= ∅} Tui = {t ∈ Ti|λi(t) ∩ L

u
i 6= ∅}

F ci = Fi ∩ ((S
c
i ∪ T

c
i ) × (S

c
i ∪ T

c
i )) Fui = Fi ∩ ((S

u
i ∪ T

u
i ) × (S

u
i ∪ T

u
i ))

lci = {(f,X)|f ∈ F
c
i ∧X = li(f) ∩ L

c
i} l

u
i = {(f,X)|f ∈ F

u
i ∧X = li(f) ∩ L

u
i }

Table 2. Definition of the common and unique sub-views

4.5 View Decomposition

In this step, for each enriched view Bi, the common sub-view B
c
i and the unique

sub-view Bui are defined: The common sub-view consists of all common labels
as well as activities, states, and arcs that are labeled with at least one common
label; the unique sub-view consists of all unique labels as well as activities, states,
and arcs that are labeled with at least one unique label. Formally, Bci and B

u
i

are defined in Table 2.

Example 10. In the enriched view RES-R (cf. Fig. 2), labels p, rg, and rr and all
states, activities, and arcs labeled with at least one of these labels are taken into
the common sub-view. The unique sub-view of RES-R consists of label c as well
as all states, activities, and arcs that are labeled with c.

4.6 Integration of Common Elements

In this step, the common view B̃c is defined based on the common sub-views Bc1
and Bc2 and the determined correspondences. We will omit definition of the inter-
mediate views B̂ci and B̄

c
i , but define the common view B̃

c = (S̃c, T̃ c, F̃ c, L̃c, l̃c)
immediately from the common sub-views Bc1 and B

c
2 . The introduced special-

ization function hci may be decomposed (cf. Sect. 2.2) to yield the intermediate
views.
In B̃c, a state, an activity, or a label is defined for each common element;

we define each element in B̃c by an ordered pair that represents the elements
of both views that correspond to this element. The refinement function hci :
(S̃c ∪ T̃ c ∪ L̃c)→ (Sci ∪ T

c
i ∪ L

c
i ) is defined for each B

c
i (cf. Tab. 3).

Example 11. The common view of RES-R and RES-B (cf. Figs. 2 and 4 (b)) is
defined as shown in Fig. 5, except that the activities and states with dotted
borders and the labels put in brackets are not yet included. For better readability,
the elements in the common view carry the same name as the corresponding
elements in the enriched views RES-B and RES-R.

The common view B̃c is correct only if it is an LBD according to Def. 1 and
if it is an observation consistent specialization of Bc1 and B

c
2. If these criteria

are not fulfilled, the determined correspondences are not correct or the given
enriched views are contradictory. An error occurs, for example, if elements that
are considered to be corresponding do not behave the same way, e.g., there is
an activity and a state in one view that are considered equivalent to an activity
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S̃c := {(e1, e2)|(e1, e2) ∈ Θ
E
S } ∪ {(e1, e2)|∃(e1, E2) ∈ Θ

I1
S ∪Θ

I1
T : e2 ∈ S

c
2 ∩E2}∪

{(e1, e2)|∃(E1, e2) ∈ Θ
I2
S ∪Θ

I2
T : e1 ∈ S

c
1 ∩E1}

T̃ c := {(e1, e2)|(e1, e2) ∈ Θ
E
T } ∪ {(e1, e2)|∃(e1, E2) ∈ Θ

I1
S ∪Θ

I1
T : e2 ∈ T

c
2 ∩E2}∪

{(e1, e2)|∃(E1, e2) ∈ Θ
I2
S ∪Θ

I2
T : e1 ∈ T

c
1 ∩E1}

L̃c := {(e1, e2)|(e1, e2) ∈ Θ
E
L } ∪ {(e1, e2)|∃(e1, E2) ∈ Θ

I1
L : e2 ∈ E2}∪

{(e1, e2)|∃(E1, e2) ∈ Θ
I2
L : e1 ∈ E1}

hc1(e
c) := ec1 and h

c
2(e
c) := ec2, where e

c = (ec1, e
c
2)

F̃ c := {(e′, e′′)|e′ ∈ S̃c ∪ T̃ c ∧ e′′ ∈ S̃c ∪ T̃ c∧
(((hc1(e

′), hc1(e
′′)) ∈ F c1 ∧ (h

c
2(e
′), hc2(e

′′)) ∈ F c2)∨
((hc1(e

′), hc1(e
′′)) ∈ F c1 ∧ h

c
2(e
′) = hc2(e

′′))∨
(hc1(e

′) = hc1(e
′′) ∧ (hc2(e

′), hc2(e
′′)) ∈ F c2 ))}

l̃c := {((e′, e′′),X)|(e′, e′′) ∈ F̃ c ∧X = {x ∈ L̃c|
((hc1(e

′), hc1(e
′′)) ∈ F c1 ∧ h

c
1(x) ∈ l

c
1(h
c
1(e
′), hc1(e

′′))∧
(hc2(e

′), hc2(e
′′)) ∈ F c2 ∧ h

c
2(x) ∈ l

c
2(h
c
2(e
′), hc2(e

′′)))∨
((hc1(e

′), hc1(e
′′)) ∈ F c1 ∧ h

c
1(x) ∈ l

c
1(h
c
1(e
′), hc1(e

′′)) ∧ hc2(e
′) = hc2(e

′′))∨
(hc1(e

′) = hc1(e
′′) ∧ (hc2(e

′), hc2(e
′′)) ∈ F c2 ∧ h

c
2(x) ∈ l

c
2(h
c
2(e
′), hc2(e

′′)))}}

Table 3. Definition of the common view
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Fig. 5. Integrated business process: Behavior diagram of RES

and a state, respectively, in the other view; in one view there is an arc between
the activity and the state, but in the other view, there is no arc.

Example 12. Consider the case that activity payCash has been omitted in RES-
B such that only activity payByMoneyTransfer is left. This activity does not
correspond to payCash in view RES-R, but state paid in RES-B corresponds to
state paid in RES-R. Then, the common view would include a state named paid,
which is not connected to any activity. The reason is that the views cannot be
integrated if there is no common means of payment defined.

4.7 Integration of View-Specific Aspects

In the last step, the unique labels are treated to resolve heterogeneities due to
view-specific aspects.
States and activities that are included in the common sub-view Bci as well as

the unique sub-view Bui of a view Bi and that have been refined in the refined
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common sub-view B̂ci have to be refined in the unique sub-view in the same way

(yielding the refined unique sub-view B̂ui ). View-specific alternatives that have
been omitted in the reduced common sub-view B̄ci have to be omitted in the
unique sub-view, too (yielding the reduced unique sub-view B̄ui ). For all elements
of the reduced unique sub-view, a new element is defined in the unique view B̃ui .
When an activity or a state that is labeled with a unique label is refined in

the common view and, thus, in the unique view, the system integrator has to
decide how the unique label is treated within the refined state or activity. This
problem particularly arises if an activity or state is refined to a subnet including
parallel states and activities that enforce splitting of the unique label.
The unique views B̃ui may be defined directly from the unique sub-views B

u
i ;

B̃ui has to be a correct LBD and an observation consistent specialization of B
u
i

based on the specialization function hui : S̃
u
i ∪ T̃

u
i ∪ L̃

u
i → S

u
i ∪ T

u
i ∪ L

u
i .

The specialization of the unique sub-views must not contradict the special-
ization of the common sub-views. Therefore, the following conditions must hold:
(1) ∀x′ ∈ L̃ui : h

u
i (x

′) ∈ Lui (i.e., labels may be refined but no new labels
are introduced), (2) ∀e ∈ (Sci ∪ T

c
i ) ∩ (S

u
i ∪ T

u
i ), e

′ ∈ S̃c ∪ T̃ c ∪ S̃ui ∪ T̃
u
i :

hci(e
′) = e ⇔ hui (e

′) = e (i.e., all elements that exist in the common sub-view
as well as in the unique sub-view have to be refined in the same way), (3) ∀e′ ∈
(S̃c ∪ T̃ c) ∩ (S̃ui ∪ T̃

u
i ), e

′′ ∈ (S̃c ∪ T̃ c) ∩ (S̃ui ∪ T̃
u
i ) : (e

′, e′′) ∈ F̃ c ⇔ (e′, e′′) ∈ F̃ ui
(i.e., the same set of arcs is defined for elements that exist in the common view
as well as in the unique sub-view).
The integrated business process B̃ = (S̃, T̃ , F̃ , L̃, l̃) is a composition of B̃c, B̃u1 ,

and B̃u2 . It will be an observation consistent specialization of B1 and B2, if B̃
c

is an observation-consistent specialization of Bc1 and B
c
2 , and for i ∈ {1, 2},

B̃ui is an observation-consistent specialization of B
u
i . The specialization func-

tion h̃i : S̃ ∪ T̃ ∪ L̃ → Si ∪ Ti ∪ Li ∪ {ε}, which represents the specializa-
tion of Bi to B̃ is defined as follows: h̃i(ẽ) := h

c
i (ẽ) if ẽ ∈ S̃

c ∪ T̃ c ∪ L̃c,
h̃i(ẽ) := h

u
i (ẽ) if ẽ ∈ S̃

u
i ∪ T̃

u
i ∪ L̃

u
i , and h̃i(ẽ) := ε else.

Example 13. The unique label c of RES-R is taken into the integrated business
process RES (cf. Fig. 5).

5 Conclusion

In this paper, we introduced an approach to design a business process for an or-
ganization based on views defined by sub-units of the organization. The problem
corresponds to the definition of a conceptual database schema based on external
views. In this work, we treated the integration of the overall behavior of business
objects, i.e., the integration of object life-cycles.
Different from the integration of local schemas in federated database systems,

where data is shared in the local databases and data in the integrated view is
derived, the integration of object life-cycles we have presented assumes that
objects are instances of the integrated object type and that views represent
derived information on the treatment of the business objects, possibly, restricted
to a subset of aspects and at a coarser level of granularity.
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We used the criterion of observation consistent specialization, which has
been introduced for the top-down design of object-oriented databases, to check
whether some business process is a correct integration of several views. Different
to top-down specialization, integration requires to determine correspondences
between elements of views of object life-cycles and to develop an object life-
cycle that is a specialization of each given view.
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Efficient Mining of Association Rules in Large

Dynamic Databases

Edward Omiecinski and Ashok Savasere

College of Computing, Georgia Institute of Technology, Atlanta GA 30332, USA

Abstract. Mining for association rules between items in a large data-
base of sales transactions is an important database mining problem.
However, the algorithms previously reported in the literature apply only
to static databases. That is, when more transactions are added, the
mining process must start all over again, without taking advantage of
the previous execution and results of the mining algorithm. In this paper
we present an efficient algorithm for mining association rules within the
context of a dynamic database, (i.e., a database where transactions can
be added). It is an extension of our Partition algorithm which was shown
to reduce the I/O overhead significantly as well as to lower the CPU
overhead for most cases when compared with the performance of one of
the best existing association mining algorithms.

1 Introduction

Increasingly, business organizations are depending on sophisticated decision-
making information to maintain their competitiveness in today’s demanding
and fast changing marketplace. Inferring valuable high-level information based
on large volumes of routine business data is becoming critical for making sound
business decisions. For example, customer buying patterns and preferences, sales
trends, etc, can be learned by analyzing point-of-sales data at supermarkets.
Discovering these new nuggets of knowledge is the intent of database mining.
One of the main challenges in database mining is developing fast and efficient

algorithms that can handle large volumes of data since most mining algorithms
perform computations over the entire database, which is often very large. Besides
a large amount of data, another characteristic of most database systems is that
they are dynamic (i.e., data can be added and deleted). This poses a potential
dilemma for data mining. Since the database will never contain all the data, the
data mining process can be performed either on the recent data or on all the
data accumulated thus far. In this paper our focus is on applications that need
the entire database mined and hence we concentrate on accomplishing this in an
incremental fashion.
Discovering association rules between items over basket data was introduced

in [1]. Basket data typically consists of items bought by a customer along with
the date of transaction, quantity, price, etc. Such data may be collected, for
example, at supermarket checkout counters. Association rules identify the set of

S.M. Embury et al. (Eds.): Advances in Databases - BNCOD’98, LNCS 1405, pp. 49–63, 1998.
c© Springer-Verlag Berlin Heidelberg 1998
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items that are most often purchased with another set of items. For example, an
association rule may state that “95% of customers who bought items A and B
also bought C and D.” Association rules may be used for catalog design, store
layout, product placement, target marketing, etc.
Many algorithms have been discussed in the literature for discovering asso-

ciation rules [1,2,3,4,5]. One of the key features of all the previous algorithms is
that they require multiple passes over the database. For disk resident databases,
this requires reading the database completely for each pass resulting in a large
number of disk I/Os. In these algorithms, the effort spent in performing just
the I/O may be considerable for large databases. For example, a 1 GB database
will require roughly 125,000 block reads for a single pass (for a block size of
8KB). If the algorithm takes, say, 10 passes, this results in 1,250,000 block reads.
Assuming that we can take advantage of doing sequential I/O where we can
read about 400 blocks per second, the time spent in just performing the I/O
is approximately 1 hour. If we could reduce the number of passes to two, we
reduce the I/O time to approximately 0.2 seconds. With dynamically changing
databases, the problem is further compounded by the fact that when new data
is added, the mining algorithm must be run again, just as if it were the first
time the process was performed. For example, it would require making another
10 passes over the current database.
In a previous paper, we describe our algorithm called Partition [6], which

is fundamentally different from all the previous algorithms in that it reads the
database at most two times to generate all significant association rules. Con-
trast this with the previous algorithms, where the database is not only scanned
multiple times but the number of scans cannot even be determined in advance.
Surprisingly, the savings in I/O is not achieved at the cost of increased CPU
overhead. We have also performed extensive experiments [6] and compared our
algorithm with one of the best previous algorithms. Our experimental study
shows that for computationally intensive cases, our algorithm performs better
than the previous algorithm in terms of both CPU and I/O overhead.
In this paper we extend our Partition algorithm to accomodate dynamically

changing databases where new transactions are inserted. We also provide exper-
imental results showing the improved performance over our previous algorithm.
We only consider our previous algorithm since it has been shown to have better
performance over the best competing algorithm [2] for static databases.
The paper is organized as follows: in the next section, we give a formal

description of association mining. In Section 2, we describe the problem and give
an overview of the previous algorithms in section 3. In section 4, we describe our
algorithm. Performance results are described in section 5. Section 6 contains our
conclusions.

2 Association Mining

This section is largely based on the description of the problem in [1] and [2].
Formally, the problem can be stated as follows: Let I = {i1, i2, . . . , im} be a
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set of m distinct literals called items. D is a set of variable length transactions
over I. Each transaction contains a set of items ii, ij, . . . , ik ⊂ I. A transaction
also has an associated unique identifier called TID. An association rule is an
implication of the form X =⇒ Y , where X, Y ⊂ I, and X ∩ Y = ∅. X is called
the antecedent and Y is called the consequent of the rule.
In general, a set of items (such as the antecedent or the consequent of a rule)

is called an itemset. The number of items in an itemset is called the length of an
itemset. Itemsets of some length k are referred to as k–itemsets. For an itemset
X · Y , if Y is an m–itemset then Y is called an m-extension of X.
Each itemset has an associated measure of statistical significance called sup-

port. For an itemset X ⊂ I, support(X) = s, if the fraction of transactions in
D containing X equals s. A rule has a measure of its strength called confidence
defined as the ratio support(X ∪ Y ) / support(X).
The problem of mining association rules is to generate all rules that have

support and confidence greater than or equal to some user specified minimum
support and minimum confidence thresholds, respectively. This problem can be
decomposed into the following subproblems:

1. All itemsets that have support greater than or equal to the user specified
minimum support are generated. These itemset are called the large itemsets.
All others are said to be small.

2. For each large itemset, all the rules that have minimum confidence are gener-
ated as follows: for large itemsetX and any Y ⊂ X, if support(X)/support(X
−Y ) ≥ minimum confidence, then the rule X − Y =⇒ Y is a valid rule.

For example, let T1 = {A,B, C}, T2 = {A,B,D}, T3 = {A,D,E} and T4 =
{A,B,D} be the only transactions in the database. Let the minimum support
and minimum confidence be 0.5 and 0.8 respectively. Then the large itemsets are
the following: {A}, {B}, {D}, {AB}, {AD}, {BD} and {ABD}. The valid rules
are B =⇒ A and D =⇒ A.
The second subproblem, i.e., generating rules given all large itemsets and

their supports, is relatively straightforward. However, discovering all large item-
sets and their supports is a nontrivial problem if the cardinality of the set of
items, | I |, and the database, D, are large. For example, if | I | = m, the
number of possible distinct itemsets is 2m. The problem is to identify which of
these large number of itemsets has the minimum support for the given set of
transactions. For very small values of m, it is possible to setup 2m counters, one
for each distinct itemset, and count the support for every itemset by scanning
the database once. However, for many applications m can be more than 1,000.
Clearly, this approach is impractical. To reduce the combinatorial search space,
all algorithms exploit the following property: any subset of a large itemset must
also be large. Conversely, all extensions of a small itemset are also small. This
property is used by all existing algorithms for mining association rules as follows:
initially support for all itemsets of length 1 (1-itemsets) are tested by scanning
the database. The itemsets that are found to be small are discarded. A set
of 2-itemsets called candidate itemsets are generated by extending the large 1-
itemsets generated in the previous pass by one (1-extensions) and their support
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is tested by scanning the database. Itemsets that are found to be large are again
extended by one and their support is tested. In general, some kth iteration
contains the following steps:

1. The set of candidate k-itemsets is generated by 1-extensions of the large
(k − 1)-itemsets generated in the previous iteration.

2. Supports for the candidate k–itemsets are generated by a pass over the
database.

3. Itemsets that do not have the minimum support are discarded and the
remaining itemsets are called large k-itemsets.

This process is repeated until no more large itemsets are found.

3 Previous Work Using Static Databases

The problem of generating association rules was first introduced in [1] and an
algorithm called AIS was proposed for mining all association rules. In [4], an
algorithm called SETM was proposed to solve this problem using relational
operations. In [2], two new algorithms called Apriori and AprioriTid were pro-
posed. These algorithms achieved significant improvements over the previous
algorithms. The rule generation process was also extended to include multiple
items in the consequent and an efficient algorithm for generating the rules was
also presented.
The algorithms vary mainly in (a) how the candidate itemsets are generated;

and (b) how the supports for the candidate itemsets are counted. In [1], the
candidate itemsets are generated on the fly during the pass over the database.
For every transaction, candidate itemsets are generated by extending the large
itemsets from the previous pass with the items in the transaction such that
the new itemsets are contained in that transaction. In [2] candidate itemsets
are generated in a separate step using only the large itemsets from the previous
pass. It is performed by joining the set of large itemsets with itself. The resulting
candidate set is further pruned to eliminate any itemset whose subset is not
contained in the previous large itemsets. This technique produces a much smaller
candidate set than the former technique.
Supports for the candidate itemsets are determined as follows. For each trans-

action, the set of all candidate itemsets that are contained in that transaction are
identified. The counts for these itemsets are then incremented by one. Apriori and
AprioriTid differ based on the data structures used for generating the supports
for candidate itemsets.
In Apriori, the candidate itemsets are compared with the transactions to

determine if they are contained in the transaction. A hashtree structure is used
to restrict the set of candidate itemsets compared so that subset testing is
optimized. Bitmaps are used in place of transactions to make the testing fast.
In AprioriTid, after every pass, an encoding of all the large itemsets contained
in a transaction is used in place of the transaction. In the next pass, candidate
itemsets are tested for inclusion in a transaction by checking whether the large
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itemsets used to generate the candidate itemset are contained in the encoding of
the transaction. In Apriori, the subset testing is performed for every transaction
in each pass. However, in AprioriTid, if a transaction does not contain any large
itemsets in the current pass, that transaction is not considered in subsequent
passes. Consequently, in later passes, the size of the encoding can be much
smaller than the actual database. A hybrid algorithm is also proposed which
uses Apriori for initial passes and switches to AprioriTid for later passes.
In [6] we introduced our Partition algorithm, which reduces the number of

database scans to only two. In one scan it generates a set of all potentially
large itemsets by scanning the database once. This set is a superset of all large
itemsets, i.e., it may contain false positives. But no false negatives are reported.
During the second scan, counters for each of these itemsets are set up and their
actual support is measured in one scan of the database.
The algorithm executes in two phases. In the first phase, the Partition algo-

rithm logically divides the database into a number of non-overlapping partitions.
The partitions are considered one at a time and all large itemsets for that
partition are generated. At the end of phase I, these large itemsets are merged to
generate a set of all potential large itemsets. In phase II, the actual support for
these itemsets are generated and the large itemsets are identified. The partition
sizes are chosen such that each partition can be accommodated in the main
memory so that the partitions are read only once in each phase.
The results reported in [6] show that the number of page reads can be reduced

as much as 87% over the Apriori algorithm [2] and that the overall CPU time
can be reduced as much as 81%. The details of the specific experiments are in
[6].

4 Partition Algorithm for Dynamic Databases

Since our Partition Algorithm divides the database into any number of partitions
for processsing, it seems a perfect starting point for developing an algorithm for
mining associations in a dynamically changing database.

Definition A partition p ⊆ D of the database refers to any subset of the
transactions contained in the database D. Any two different partitions are non-
overlapping, i.e., pi ∩ pj = ∅, i6= j. We define local support for an itemset as the
fraction of transactions containing that itemset in a partition. We define a local
candidate itemset to be an itemset that is being tested for minimum support
within a given partition. A local large itemset is an itemset whose local support
in a partition is at least the user defined minimum support (e.g., 2 %, 0.005,
etc). A local large itemset may or may not be large in the context of the entire
database. We define global support, global large itemset, and global candidate
itemset as above except they are in the context of the entire database D. Our
goal is to find all global large itemsets.
We can envision two partitions, the original database and the set of transac-

tions to be inserted. Since we assume that the mining algorithm was already run
on the original database, we need to take advantage of that by modifying the
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Partiton algorithm to create a file containing the global large itemsets along with
their counts and the number of records in the current database. This information
will allow us to reduce the number of scans on the original database to just one.
However, we will have to read the file of global large itemsets instead, which
will be much smaller than the original database of transactions. For example,
with an original database of 100,000 transactions having an average transaction
size of 10 items, we used 4,000,000 bytes of storage. For the same set of data,
we computed 93 large itemsets with an average size of 4 items. This produces
a large itemset file size of 1488 bytes plus the 4 bytes for each of the 93 large
itemset counts and 4 bytes for the total number of records, giving a grand total
of 1864 bytes. This is a considerable difference in size and subsequent I/O costs
for reading.

Besides modifying our Partition algorithm to save the necessary global large
itemset information, we must modify the algorithm to take advantage of this
information. As mentioned, the Partition algorithm consists of two phases. In
the first phase the local large itemsets are computed along with their counts.
Since we are treating the original database as partition 1, we do not have to
read that for phase I, but instead read the global large itemset file. Not only
does this save I/O time but also CPU time since the large itemsets for that
partition do not have to be computed. The next step in phase I is to process
the second partition, i.e., the new data. A set of added transactions will be
treated differently from a set of deleted transactions. Let’s consider the insertion
case first, which will be more typical. In the case of insertions, the Partition
algorithm works exactly the same as the original. It scans partition 2 (i.e., the
inserted transactions) and computes the large itemsets and their counts along
with the total number of records to be inserted.

For phase II, we need to see if the local large itemsets of partition 1 and
partition 2 will be globally large. This requires reading in the original database
once and reading in the set of new transactions once (i.e., for the second time).
We could take the union of the local large itemsets for partition 1 and partition
2 and do the processing just as the original algorithm does. However, we can
reduce the CPU time by only checking the local large itemsets for partition 1
against the set of new transactions and only checking the local large itemsets for
partition 2 against the original database. Of course the number of reads is still
the same but the number of comparisons is reduced. In addition, the local large
itemsets that are contained in the sets from both partition 1 and partition 2 will
in fact be globally large and their counts will simply be the sum of the two local
counts. So, we can further reduce the number of comparisons needed in phase
II. Hence, counts for the local large itemsets, which are not in the intersection
of the two partitions’ local large itemsets will be computed during a scan of
the approriate data. As with the original algorithm, if the global count for the
local large itemsets satisfies the support, then we write that large itemset and its
count into our new file of global large itemsets. This file will replace our previous
global large itemset file.
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We already mentioned that a set of deleted transactions will be processed
differently from a set of inserted transactions. The problem with deletions is that
the file of large itemsets may not contain all the large itemsets after deleting the
specified records. It is possible that an itemset in the original database was not
large but after deleting a certain number of transactions, it becomes large. For
example, consider a database of 100 transactions with a minimum support of
10%. It might be that the original count for a given itemset, I, is 9, which is too
low to satisfy the support criteria. Now suppose that 10 transactions are deleted
and that those 10 transactions are not the ones used in computing the count for
itemset I. With a minimum support of 10%, itemset I, would now be considered
a large itemset although it did not appear in the original itemset file. Because
of this, the original database, excluding the deleted transactions, must be read
and processed in phase I, just as in the original Partition algorithm.

However, we may be able to reduce the CPU time for phase I by using the
large itemset file. Consider the following: read in the large itemset file and read
in the set of deleted transactions. While reading the set of deleted transactions,
use this data to compute the counts, for just those large itemsets stored in the
large itemset file. We can then subtract these counts from our original counts
for the associated large itemsets. If the counts indicate that the support is no
longer satisfied, then we can delete that large itemset. In addition, we can use the
information that a former large itemset is no longer large for pruning when we
have to process the original database minus the deleted transactions to generate
large itemsets. The bottom line is whether reading the large itemset file and
doing additional processing with the deleted transactions can actually help prune
potentially large itemsets from consideration and reduce the CPU costs at this
step to produce an overall savings. We leave this for future study.

Algorithm The Dynamic Partition algorithm is shown in Figure 1. Ini-
tially the database D is logically divided into 2 partitions. Actually the set
of transactions to be inserted can be further partitoned but for simplicity of
presentation, we consider it as only one partition. Phase I of the algorithm takes
2 iterations. During iteration i only partition pi is considered. The function
gen large itemsets takes partition p2 as input and generates local large item-
sets of all lengths, Li1, L

i
2, . . . , L

i
l as the output. In phase II, the algorithm sets

up counters for each global candidate itemset from Li and counts their support
for the partition pi mod 2 + 1 and generates the global large itemsets.

The key to the correctness of the above algorithm is the same as our original
Partition algorithm which is, any potential large itemset appears as a large
itemset in at least one of the partitions. A formal proof is given in [7].

4.1 Generation of Local Large Itemsets

The procedure gen large itemsets takes a partition and generates all large
itemsets (of all lengths) for that partition. The procedure is the same as used in
our previous work [6] for the insertion case but differs slightly for the deletion case
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p1 = the current database of transactions
p2 = the set of transactions to be inserted

Li = the set of all local large itemsets in partition i
l = an individual candidate large itemset contained in Li
LGold = large itemset file

Phase I

1) read in large itemset file(LGold) and store in L
1

2) read in partition(p2)

3) L2 = gen large itemsets(p2)

Phase II

4) read in partition(p1)

5) for all candidates l ∈ L2 gen count(l,p1)
6) read in partition(p2)

7) for all candidates l ∈ L1 gen count(l,p2)

8) LG = {l ∈ L1 ∪ L2|l.count ≥ minSup}
9) write out large itemset file(LGnew)

Fig. 1. Dynamic Partition Algorithm

with respect to pruning potential large itemsets. The prune step is performed as
follows:

prune (c: k--itemset)
forall (k − 1)--subsets s of c do

if s /∈ Lk−1 then
return ‘‘c can be pruned’’

The prune step eliminates extensions of (k−1)-itemsets which are not found
to be large, from being considered for counting support. For example, if Lp3 is
found to be {{1 2 3}, {1 2 4}, {1 3 4}, {1 3 5}, {2 3 4}}, the candidate generation
initially generates the itemsets {1 2 3 4} and {1 3 4 5}. However, itemset {1 3
4 5} is pruned since {1 4 5} is not in Lp3. This technique is the same as the one
described in [2] except in our case, as each candidate itemset is generated, its
count is determined immediately.

The counts for the candidate itemsets are generated as follows. Associated
with every itemset, we define a structure called as tidlist. A tidlist for itemset l
contains the TIDs of all transactions that contain the itemset l within a given
partition. The TIDs in a tidlist are kept in sorted order. Clearly, the cardinality
of the tidlist of an itemset divided by the total number of transactions in a
partition gives the support for that itemset in that partition.

Initially, the tidlists for 1-itemsets are generated directly by reading the
partition. The tidlist for a candidate k-itemset is generated by joining the tidlists
of the two (k − 1)-itemsets that were used to generate the candidate k-itemset.



Efficient Mining of Association Rules in Large Dynamic Databases 57

For example, in the above case the tidlist for the candidate itemset {1 2 3 4} is
generated by joining the tidlists of itemsets {1 2 3} and {1 2 4}.

Correctness It has been shown in [2] that the candidate generation process
correctly produces all potential large candidate itemsets. It is easy to see that
the intersection of tidlists gives the correct support for an itemset.

4.2 Generation of Final Large Itemsets

The global candidate set is generated as the union of all local large itemsets from
all partitions. In phase II of the algorithm, global large itemsets are determined
from the global candidate set. This phase also takes 2 (i.e., the number of
partitions) iterations. Initially, a counter is set up for each candidate itemsets
and initialized to zero. Next, for each partition, tidlists for all 1-itemsets are
generated. The support for a candidate itemset in that partition is generated by
intersecting the tidlists of all 1-subsets of that itemset. The cumulative count
gives the global support for the itemsets. The procedure gen final counts is
given in Figure 2. Any other technique such as the subset operation described
in [2], can also be used to generate global counts in phase II.

CGk = set of global candidate itemsets of length k

1) forall 1-itemsets do

2) generate the tidlist

3) for (k = 2; CGk 6= ∅; k++) do begin
4) forall k--itemset c ∈ CGk do begin
5) templist = c[1].tidlist ∩c[2].tidlist ∩ . . . ∩ c[k].tidlist
6) c.count = c.count + | templist |
7) end

8) end

Fig. 2. Procedure gen final counts

Correctness Since the partitions are non-overlapping, a cumulative count
over all partitions gives the support for an itemset in the entire database.

4.3 Discovering Rules

Once the large itemsets and their supports are determined, the rules can be
discovered in a straight forward manner as follows: if l is a large itemset, then for
every subset a of l, the ratio support(l) / support (a) is computed. If the ratio is at
least equal to the user specified minimum confidence, them the rule a =⇒ (l−a)
is output. A more efficient algorithm is described in [2]. As mentioned earlier,
generating rules given the large itemsets and their supports is much simpler
compared to generating the large itemsets. Hence we have not attempted to
improve this step further.
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4.4 Size of the Global Candidate Set

The global candidate set contains many itemsets which may not have global
support (false candidates). The fraction of false candidates in the global candi-
date set should be as small as possible otherwise much effort may be wasted in
finding the global supports for those itemsets. The number of false candidates
depends on many factors such as the characteristics of the data and the size of
the original data and the added data which make up the two partitions in our
algorithm.
The local large itemsets are generated for the same minimum support as

specified by the user. Hence this is equivalent to generating large itemsets with
that minimum support for a database which is the same as the partition. So, for
sufficiently large partition sizes, the number of local large itemsets is likely to be
comparable to the number of large itemsets generated for the entire database.
Additionally, if the data characteristics are uniform across partitions, then a large
number of the itemsets generated for individual partitions may be common.

Table 1. Comparison of Global Candidate and Final Large Itemsets (support
is 0.5 % and 10% data is added)

Itemset # of Global Candidate # of Final Large
Length Large Itemsets Itemsets

2 929 323

3 1120 297

4 1197 308

5 1075 301

6 759 224

7 393 122

8 139 45

9 30 10

10 1 1

total 5645 1631

The sizes of the local and global candidate sets may be susceptible to data
skew. A gradual change in data characteristics, such the average length of trans-
actions, can lead to the generation of a large number of local large sets which may
not have global support. For example, due to severe weather conditions, there
may be an abnormally high sales of certain items which may not be bought
during the rest of the year. If a new partition is made up of data from only this
period, then certain itemsets will have high support for that partition, but will
be rejected during phase II due to lack of global support. A large number of such
spurious local large itemsets can lead to much wasted effort. Another problem is
that fewer itemsets will be found common between partitions leading to a larger
global candidate set. These effects can be seen in Table 1 and in Table 2.
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Table 2. Comparison of Global Candidate and Final Large Itemsets (support
is 0.5 % and 100% data is added)

Itemset # of Global Candidate # of Final Large
Length Large Itemsets Itemsets

2 361 301

3 452 381

4 538 300

5 398 277

6 228 217

7 122 121

8 45 45

9 10 10

10 1 1

total 2155 1603

In Table 1 we show the variation in the size of the global candidate large
itemsets and the final large itemsets produced for differing itemset lengths. The
global candidate large itemsets are the result of the union of the local large item-
sets from the original data and the added data. The original database contained
13,000 transactions and the added data contained only 1300 transactions. The
minimum support was set at 0.05 %. We can compare the results in Table 1 with
those shown in Table 2. It can be seen from the two tables that as the size of
the added data becomes larger, the variation in the sizes of the global candidate
and final large itemsets is reduced dramatically. It should be noted that when
the partition sizes of the original and added data are sufficiently large, the local
large itemsets and the global candidate itemsets are likely to be very close to
the actual large itemsets as it tends to eliminate the effects of local variations in
data.

5 Performance Comparison

In this section we describe the experiments and the performance results of our
dynamic algorithm and our standard approach. The experiments were run on a
Sun Sparc workstation. All the experiments were run on synthetic data. For the
experiments, we used the same method for generating the synthetic data sets as
in [6].

5.1 Synthetic Data

The synthetic data is said to simulate a customer buying pattern in a retail
environment. The length of a transaction is determined by poisson distribution
with mean µ equal to |T |. The transaction is repeatedly assigned items from a
set of potentially maximal large itemsets, T until the length of the transaction
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does not exceed the generated length. The average size of a transaction is 10
items and the average size of a maximal potentially large itemset is 4 items.

The length of an itemset in T is determined according to poisson distrib-
ution with mean µ equal to |I|. The items in an itemset are chosen such that
a fraction of the items are common to the previous itemset determined by an
exponentially distributed random variable with mean equal to a correlation level.
The remaining items are randomly picked. Each itemset in T has an exponen-
tially distributed weight that determines the probability that this itemset will
be picked. Not all items from the itemset picked are assigned to the transaction.
Items from the itemset are dropped as long as an uniformly generated random
number between 0 and 1 is less than a corruption level, c. The corruption level
for itemset is determined by a normal distribution with mean 0.5 and variance
0.1.

5.2 Experimental Results

Two different data sets were used for performance comparison. One was a 2 MB
file consisting of 50,000 transactions and the other a 1 MB consisting of 25,000
transactions. For both data sets the number of items was set to 1,000.

Figure 3 shows the execution times for the two synthetic datasets. The exe-
cution times increase for both the Incremental and Standard algorithms as the
minimum support is reduced because the total number of large and candidate
itemsets increases. In general, the execution time increases for both the Incre-
mental and Standard algorithms as the minimum support is reduced. The main
reason for this is the fact that the total number of candidate and large itemsets
increases. In addition, we have already seen that a relatively small size of added
data can produce a large number of locally large itemsets during phase I of
the algorithm. This increases the cost during phase II when those itemsets are
verified against the original database. So, even though the number of final large
itemsets is not increased, there is additional time required for testing the false
candidate itemsets. As mentioned, this depends heavily on the characteristics of
the data.

From the experimental results, we see that a support of 2% and a support
of 1% yield approximately the same number of local large candidate itemsets,
producing similar execution times, as shown in Figure 4. In the case of 0.5%
support, a noticable increase in the number of candidate itemsets and the number
of final itemsets was observed, producing a larger execution time. In Table 3 we
show the average improvement of the Incremental approach over the Standard
approach.

In Figure 5, we show the local large itemsets generated for both the original
database and the added data. Since the database is much larger than the added
data and closer in size to the final database size after insertions are done, the
number of local large itemsets is much closer to the final number of local large
itemsets. We see that the number of local large itemsets peaks at 4, which is our
average local large itemset size.
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Table 3. Average Improvement in Execution Time of Incremental Algorithm
over Standard Algorithm

Dataset Minimum Support (%) Avg. Improvement (%)

1 2.0 46.1

1 1.0 50.7

1 0.5 42.7

2 2.0 52.6

2 1.0 55.0

2 0.5 45.9
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6 Conclusions

We have described an algorithm for dynamic data mining, which is an extension
to our previous work for mining associations in static databases. We have run
several experiments comparing the execution time of our Incremental algorithm
and the Standard algorithm. The average improvement (or reduction in execu-
tion time) by using our Incremental algorithm ranged from 42.7% to 55%. In our
experiments, the database was set to a size such that the Standard algorithm
required only one pass over the data. This is the best we can achieve in reducing
I/O costs. Where as, our Incremental algorithm required, in phase I, one pass
over the added data and one pass over the stored large itemset file, and in phase
II, our algorithm required one pass over the original database and one pass over
the added data. As we have observed, the major savings from our algorithm
comes about by the fact that the large itemsets for the original database do not
have to be re-computed. The substantial savings in execution time makes our
Incremental algorithm a desired approach for dynamic data mining.
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Abstract. Building an index tree is a common approach to speed up
the k nearest neighbour search in large databases of many-dimensional
records. Many applications require varying distance metrics by putting
a weight on different dimensions. The main problem with k nearest
neighbour searches using weighted euclidean metrics in a high dimen-
sional space is whether the searches can be done efficiently. We present a
solution to this problem which uses the bounding rectangle of the nearest-
neighbour disk instead of using the disk directly. The algorithm is able
to perform nearest-neighbour searches using distance metrics different
from the metric used to build the search tree without having to rebuild
the tree. It is efficient for weighted euclidean distance and extensible to
higher dimensions.

Keywords. nearest-neighbour search, weighted Euclidean distance, co-
ordinate transformations, R-trees, spatial access methods

1 Introduction

The problem of k nearest-neighbour search using a distance metric can be stated
as follows: given a collection of vectors and a query vector find k vectors closest
to the query vector in the given metric. Nearest-neighbour search is an im-
portant operation for many applications. In image databases utilizing feature
vectors [13,12,7], we want to find k images similar to a given sample image. In
instance-based learning techniques [1,14], we would like to find a collection of
k instance vectors most similar to a given instance vector in terms of target
attributes. Other applications include time-series databases [6], non-parametric
density estimation [9], image segmentation [2], etc.
In the k-nearest-neighbour search process, we have a region defined by the

k-th farthest neighbour found so far. Depending on the distance metric used,
this area could be a circle (for unweighted euclidean distance), diamond (for
manhattan distance), ellipse (for weighted euclidean distance), or other shapes.
At the beginning of the search process, this area is initialized to cover the whole
data space. As we find closer neighbours, the area will get smaller. We call this
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area “the nearest-neighbour disk”1. The search proceeds downward from the top
of the tree, checking tree nodes covering smaller area as it deepens. We usually
use a branch-and-bound algorithm and try to choose the nodes which are most
likely to contain the nearest neighbour first. This is done in order to shrink the
nearest-neighbour disk as soon as possible. We can safely ignore nodes whose
bounds do not intersect the nearest-neighbour disk.

Many algorithms have been proposed for finding k nearest neighbours more
efficiently than a sequential scan through data. These algorithms involve building
a spatial access tree, such as an R-tree [10], PMR quadtree [11], k-d-tree [3], SS-
tree [22], or their variants [18,8,19,16]. Spatial access methods using such trees
generally assume that the distance metric used for building the structures is
also the one used for future queries. However, many applications require varying
distance metrics. For example, when the the similarity measure is subjective,
the distance metric can vary between different users. Another example comes
from the instance-based learning [1,14], where the distance metric is learnt by
the algorithm. The distance metric will change as more instances are collected.
The tree structures above cannot be easily used if the distance metric in the
query is different to the distance metric in the index tree. One approach is to
map the index tree into the new metric space, but this is equivalent to rebuilding
the tree, and therefore, computationally expensive. Another approach is to map
the k nearest neighbour bounding disk into the index metric. For example, if we
do a query using the Minkowski distance metric on a tree built in euclidean
distance, the corresponding nearest neighbour bounding region will be of a
diamond shape. Similarly, a nearest neighbour disk in the euclidean distance
with different weighting will produce an ellipse. Because of the wide variety of
shapes than can be produced, calculating the intersection of the new nearest
neighbour bounding envelope and the bounding envelopes of index tree nodes is
not trivial and can be computationally expensive.

In this paper, we present an efficient k-nearest-neighbour search algorithm
using weighted euclidean distance on an existing spatial access tree. We start
by describing a commonly used approach [4]. We identify the drawbacks of this
approach and introduce our method. The theoretical foundations and detailed
implementation of our method in two dimensional space are given. We also give
an extension of the algorithm in higher dimensional spaces. The experiments
(up to 32 dimensions) were carried out on an R-tree variant, the SS+-tree [16],
(although the proposed approach can be used in any hierarchical structure with
a bounding envelope for each node).

1 We use the 2-dimensional term “disk” regardless of the number of dimensions. To be
strict, we should use disk only for 2-dimensional spaces, ellipsoid for 3-dimensional
spaces and hyper-ellipsoid for spaces with dimensionality greater than 3.
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2 Methods for finding the k nearest-neighbours in
weighted euclidean distance.

Tree structured spatial access methods organize the data space in a hierarchical
fashion. Each tree node in these structures has a bounding hyper-box (R-trees),
bounding hyper-planes (k-d-trees), or a bounding hyper-sphere (SS-trees), giving
the extent of its child nodes. The root node covers the whole data space which
is split among its children. The process is repeated recursively until the set of
points in the covered space can fit in one node. To simplify the discussion, we
use two dimensional terms for all geometric constructs in the rest of this section
and next section.

2.1 Faloutsos’ algorithm for k-nn search in a weighted euclidean
distance

If the distance metric in the query is consistent with the metric in the index tree,
detecting the intersection between the k nearest-neighbour disk and a node can
be performed by a simple comparison of the distance of the k-th neighbour to
the query vector and the range of the node’s bounds in each dimension. When
the distance metric is not consistent with the metric in the tree structure, a
commonly used technique [4,5,15] to find the k-nearest-neighbours is as follows
(For easy understanding, we take an example, in which the index tree is built in
unweighted euclidean distance and the query is issued in a weighted euclidean
distance, and visualize the process in Fig. 1):

– First, we define a distance metric which is a lower bound to the weighted
distance. It can be a simple transform to both metrics in the query and in
the index tree. Usually, the same metric as in the index tree is used.

– We then search for k nearest neighbours to obtain a bound (LBD in Fig. 1).

– Transferring the distance metric to the query distance metric, we obtain a
new bounding shape for the k-nn disk (ED in Fig. 1). The maximum distance
D can then be calculated.

– Next, we issue a range query to find all vectors within the distance D from
the query point (All vectors in RQD, as shown in Fig. 1). The number of
vectors returned from the range query will be greater or equal to k.

– We sort the set from the last step and find the true k nearest neighbours.

From Fig. 1, we can see that the circular range query area (RQD) is much
larger than the actual k nearest-neighbour disk. This is not desirable, since a
larger query area means we have to examine more tree nodes.

Another drawback of the approach is that we have to search the tree twice.
The first scan finds the k nearest-neighbours and the second scan finds all the
vectors located within the range D (a range query). Sorting is also needed for
selecting first k nearest neighbours within range D.
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Fig. 1. The evolution of search areas in Faloutsos’ approach and our bounding
rectangle.

2.2 An efficient k-nn search in variable metrics using the bounding
rectangle

We propose an efficient k-nn search with variable metrics. The approach is based
on the observation that a transform between the query metric and the index
metric exists and transforming the k-nn disk is much simpler than transforming
all tree nodes. Using this transformation, we can find the length of the major
axis of the k nearest-neighbour disk2. However, conducting the search using
the ellipse directly is not always desirable. For d-dimensional vectors we will
have to calculate the intersection of (d − 1)-dimensional hyper-planes and a d-
dimensional hyper-ellipse. If the intersection is not empty, the result will be a
(d− 1)-dimensional hyper-ellipse. Hence in our solution we use a simpler shape
to “envelope” the k nearest-neighbour disk.
We propose a rectangular envelope (the bounding rectangle BB of the k

nearest-neighbour disk is shown in Fig. 1). The bounding rectangle can be
obtained from calculating the length of all axes of the k-nearest-neighbour disk.
Another simpler alternative is by calculating the bounding circle of the k nearest-
neighbour disk (BC in Fig. 1). The radius of the bounding circle is equal to the
half of ellipse’s major axis. Theoretical analysis and detailed calculation will be
described in Sect. 3.
Comparing with Faloutsos’ algorithm, our approach has two advantages. The

bounding rectangle is much compact than Faloutsos’ query disk (see RQD and
BB/BC in Fig. 1). The advantage is significant if the ratio between the largest
and the smallest axes of the nearest neighbour disk is large. There is no need
for the second search which is also a significant saving if the level of the tree is
high.

3 Theory and implementation

In this paper, we will limit our discussion to the weighted euclidean distance
d(x,y,W) =

√
((x− y)TW(x− y)) with a symmetrical weight matrixW. The

approach described in this paper can be adapted directly to distances in the

2 Some books define the axis length of an ellipse as the distance from the centre to
perimeter along the axis. The definition we use is the distance from perimeter to
perimeter along that axis.
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class d(x,y,W) =
∑d
i=1(xi − yi)

p, where d is the number of the dimensions
and p = 1, 2, 3, . . .. We require that the matrix W is positive definite, i.e. it
has positive pivots, which implies that we will always be able to decompose the
matrixW into QTQ using Cholesky factorization [20]. In practice, we usually
deal with symmetrical weight matrices, since non-symmetrical weight matrices
means that the distance measured from x to y is different from that measured
from y to x.
As have been defined informally in Sect. 2, the nearest-neighbour disk is the

area bounded by the equidistant points with the current k-th nearest point to
the query measured using a particular distance metric. The term “point” used
here and in the rest of the paper is interchangeable with “vector”.
A particular distance metric will define a space where the distance is used for

measurements. An euclidean distance defines an euclidean space. The k nearest-
neighbour disk is circular in the same euclidean space. If the Euclidean metric
in query has a different weight on the metric used in the index, the k nearest-
neighbour disk is an ellipse in that space.

3.1 Theoretical foundations

Assume we have two points x1 and y1 in a space S1 where we use unweighted
euclidean distance (see Fig. 2). Applying a transformation defined by the ma-
trix Q will bring every point in S1 into another space S2 . Suppose x1 and y1
are mapped into x2 and y2, respectively. If the transformation includes scaling
and rotation operations, then the distance between x1 and y1 in S1 will equal
a weighted euclidean distance between x2 and y2 where the weight matrixW
equals QTQ. This means that a circle in S1 will be transformed into an ellipse
in S2 since the equivalent distance in S2 is a weighted euclidean distance.

Observation 1. The weighted distance d(x2,y2,W) with W = QTQ equals
d(x1,y1, I), where x2 =Qx1, y2 =Qy1, and I is the identity matrix.

Proof. LetW =QTQ, x1 = Qx2, and y1 =Qy2.

d(x2,y2,W) =
√
(x2 − y2)

TW(x2 − y2)

=
√
(x2 − y2)

TQTQ(x2 − y2) =
√
(Q(x2 − y2))

TQ(x2 − y2)

=
√
(Qx2 −Qy2)

T (Qx2 −Qy2) =
√
(x1 − y1)

T (x1 − y1)

= d(x1,y1, I)

The transformation matrix Q defines the scaling and rotation operations
which map the circular k nearest-neighbour disk in unweighted euclidean space
into an ellipse in the weighted euclidean space. This ellipse is defined by all axes
and the query point. As described in Sect. 2, to obtain the bounding box, we
need to calculate the length of all the axes and the orientation of the major axis.
The solution can be derived from Theorem 2.

Theorem 2. If we apply a transformationQ to all points of a circle (with radius
r), the resulting points form an ellipse whose centre is the same as the circle and
the length of its axes equals 2r times the square root of eigenvalues of QTQ.
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Fig. 2. The transformation between a normal euclidean space and a weighted
euclidean space.

Proof. We provide the proof for the two dimensional case. A general proof can
be found in [17].
The proof of this theorem depend on a lemma stating that a real symmetric

n× n matrix has n real eigenvalues, and n linearly independent and orthogonal
eigenvectors. The proof of the lemma can be found in [21].
Let k2 = Qk1 where k1 is an arbitrary point in our original space (S1 as

shown in Fig. 2). Let the circle centre q2 = Qq1. The squared distance of k2 and
q2 is (Qk1 −Qq1)T · (Qk1 −Qq1) = (k1 − q1)TQTQ(k1 − q1). Since QTQ is
real and symmetric, according to the lemma, it has two real eigenvalues and two
orthogonal eigenvectors. Let e1 and e2 be the unit eigenvectors corresponding
to eigenvalues λ1 and λ2, respectively.
These orthogonal eigenvectors span <2, and hence (k1 − q1) can be written

as a linear combination of e1 and e2. Suppose (k1−q1) = r cos(θ)e1+r sin(θ)e2.

(k2 − q2)
T (k2 − q2) = (k1 − q1)

TQTQ(k1 − q1)

= (r cos θeT1 + r sin θe
T
2 )(r cos θQ

TQe1 + r sin θQ
TQe2)

= (r cos θeT1 + r sin θe
T
2 )(r cos θλ1e1 + r sin θλ2e2)

= r2λ1 cos
2 θ + r2λ2 sin

2 θ

Square distance r2λ1 cos
2 θ + r2λ2 sin

2 θ has its extreme values at θ = mul-
tiplies of π2 – that is, when we are in e1 or e2 directions. The values at those
points are r2λ1 and r

2λ2, respectively. Using our definition of the ellipse axis,
the length of two axes are 2r

√
λ1 and 2r

√
λ2, respectively.

ut

We can write the weight matrix in diagonal form: W = EΛE−1, where E
is an orthonormal matrix whose columns are the eigenvectors ofW and Λ is a
diagonal matrix of the corresponding eigenvalues. Since E is orthonormal, then
E−1 = ET . Hence:

d(x,y,W) =
√
((x − y)TW(x − y))

=
√
((x − y)TEΛE−1(x − y))

=
√
((E−1x− E−1y)TΛ(E−1x− E−1y))
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We can see the last line of the equation as another weighted distance with
diagonal weight matrix Λ. Because Λ is diagonal, the nearest neighbour disk
in this space has axes parallel to the coordinate axes. The size of the nearest
neighbour disk is the same in both spaces since E is orthonormal. Suppose xl
and yl are in this space, then xl = E

−1x and yl = E
−1y. We can see E as

the rotation matrix that rotates the nearest neighbour disk. Since x = Exl and
y = Eyl, then the desired rotation is E. The length of the disk’s axis in the
direction given by the i-th column of E−1 is given by

√
(d(x,y,W)/λi).

3.2 Calculating the bounding circle of the k nearest-neighbour disk

In a k nearest-neighbour search using weighted euclidean distance, we start from
an initial disk covering the whole data space. After we find k neighbours from
searched nodes, a new (smaller) k-nn disk is obtained. We have to calculate the
bounding circle of the k-nn disk every time we find a neighbour nearer to the
query point than the k-th nearest neighbour found so far. The problem can be
stated as follows: given the query point q and the newly found k-th neighbour
we need to calculate the radius of the bounding circle of the ellipse with q as its
centre and k on its perimeter (see Fig. 3).

Fig. 3. The query point q and its k-th nearest-neighbour k.

Based on the discussion in Sect. 3.1, the calculation of the bounding circle of the
k nearest-neighbour disk is done as follows.

– Let λ be the largest eigenvalue of matrixW.
– The bounding circle is a circle with the query point q as its centre and r as its
radius, where r = d(q,k,W)/

√
λmin, where λmin is the smallest eigenvalue.

3.3 Calculating the bounding rectangle of the k nearest-neighbour
disk

Instead of using bounding circle, we also can use bounding rectangle. The prob-
lem, similar to the one described in Sect. 3.2 can be stated as follows: given a
query point q and the newly found k-th neighbour k, calculate the length, the
sides and the orientation of the bounding rectangle of the ellipse centred at q
with k on its perimeter (see Fig. 3).
Let W is the weight matrix, and I is the identity matrix, q is the query

point, k is the k-th nearest neighbour found, E is an orthonormal matrix whose
columns is the eigenvectors of W, λi is the eigenvalues corresponding to the
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eigenvector in column i of E, and ei is the vector in column i of E
−1. The

bounding rectangle of the nearest-neighbour disk can be calculated as follows.

– Let e1 and e2 be the eigen-vectors of W and let λ1 and λ2 be the corre-
sponding eigen-values sorted according to their magnitudes.

– Then the bounding rectangle R is defined by the centre q and dimensional
vectors v1 and v2 where r = d(q,k,W), and v1 = e1r/

√
λ1 and v2 =

e2r/
√
λ2. The corners of the rectangles are:

r1 = q + v1 + v2

r2 = q + v1 − v2

r3 = q − v1 − v2

r4 = q − v1 + v2

Vectors vi are in the directions parallel to the axes of the nearest neighbour
disk. The fact that vi is equal to eir/

√
λi can is explained in Sect. 3.1. Note

that the rectangle R can be defined by the centre point q and the directional
vectors denoted as R(q, v1, v2) and does not necessarily have any side parallel
to the coordinate axes.
In high dimensional space, care must be taken in calculating the intersec-

tion between the bounding hyper-box and tree’s bounding envelopes. A naiv̈e
calculation is exponential to the dimension. We provide an algorithm with time
complexity O(d3) of dimension d in Sect. 4.

4 Extension to a higher dimensional space

The algorithm in Sect. 3.3 can be used directly in space with dimensionality
greater than 2. It contains three major computations, calculating Cholesky de-
composition, finding the bounding hyper-box of the new k-nn hyper-ellipsoid,
and checking the intersection of a node and the hyper-box. In this section we
describe an efficient extension which gives O(d3), O(d2) and O(d3) complexities
to three steps respectively.
Note that checking if a node is intersected with the bounding hyper-box does

not need to calculate the corner points of the bounding hyper-box. Otherwise,
the approach will not be able to scale up to high dimensions because the num-
ber of corners of a hyper-box in a d-dimensional space is 2d. We can define a
bounding hyper-box using a centre point and d directional vectors (ri). Since
the Cholesky decomposition and the eigen matrix are the same throughout the
search process, we only need to keep the radius r. The centre of the hyper-box will
be the query point q itself. The cost to calculate the eigen matrix and Cholesky
decomposition of a d x d matrix is O(d3). We only need to recalculate these
matrices whenever the weight matrix changes, which can only happen between
queries. The calculation of the bounding rectangle for the query area can be
done in O(d2).
Our algorithm to check the intersection of tree nodes and the bounding hyper-

box of the nearest-neighbour disk has a complexity O(d3) . If the bounding
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Fig. 4. A bounding rectangle is the intersection of four half-spaces.

hyper-box has sides parallel/perpendicular to the coordinate axes, intersections
can be calculated in O(d). We only need to calculate the intersection of each
dimension. It can be done by utilizing the fact that a d-dimensional hyper-box is
actually an intersection of 2d hyper-planes (as shown in the 2D case in Fig. 4).
Suppose the query’s bounding hyper-box B is defined by its centre point q

and d orthogonal vectors vi, ie, B(q, v1, ..., vd). The bounding hyper-box of a
tree node is A and its closest corner to the origin is amin and the farthest corner
to the origin is amax. We use r(j) and r(j) to represent the projections of point
r and vector r in dimension j respectively in the following description.

– For all dimensions j = 1..d, find the minimum coordinate of the query’s
bounding hyper-box (can be done in O(d) by subtracting vi(j) from q(j)).
If any minimum is not inside the half-space defined by the equation x ≤
amax(j), then we do not have an intersection. Otherwise, continue checking.
This process takes O(d2) comparisons.

– For all dimension j = 1..d, find the maximum coordinate of the query’s
bounding hyper-box (can be done in O(d) by adding vi(j) to q(j)). If any
minimum is not inside the half-space defined by the equation x ≥ amin(j),
then we do not have an intersection. Otherwise, continue checking. This
process also takes O(d2) comparisons.

– If above checking fails, it does not mean that we have a non-empty inter-
section area. It means that B is not intersected with the hyper-box amin ≤
x ≤ amax. The check should also be made from the B rectangle in the query
space using all the half-spaces defined by x ≤ q+vi and x ≥ q−vi. Transfor-
mation to the query space takes O(d3) multiplication and rest comparisons
are O(d2). The total complexity is O(d3) + O(d2) = O(d3).

5 Empirical tests and discussion

We implemented the algorithm described in Sect. 3.3and 3.2 on top of an R-tree
variant, the SS+-tree [16]. We compare our algorithms with Faloutsos’ method
using the unweighted euclidean distance as the lower bound of the weighted
distance. We evaluate the performance of the methods using the number of nodes
touched/used. For all the experiments in this paper we choose to expand the node
whose centroid is closest to the query point with respect to the currently used
distance metric. Based on our experience [16], this criterion truncates branches
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more efficiently than other criteria, e.g. the minimum distance and the minimum
of the maximum distance [18].
All the experiments in Table 1 are in 30 dimensions using 14, 016 texture

feature vectors extracted from images in Photo Disc’s image library using the
Gabor filter [12]. The experiments was done using a weight matrices whose ratio
between the largest and smallest eigenvalues range from 2 to 32. The fan out of
tree’s leaf nodes is 66 and the fan out of tree’s internal nodes is 22.
We measured the number of leaf nodes that has to be examined (ltouched),

the number of internal nodes accessed (inode), and the number of leaf nodes
that actually contain any of the nearest-neighbour set (lused). The ratio column
is the ratio between square root of the largest and the smallest eigenvalues. All
the experiments are 21-nearest-neighbour searches and the tabulated results are
the average of 100 trials using a random vector chosen from the dataset.

Table 1. A comparison between the transformation and lower-bound method
for the texture vectors of Photo Disc’s images (14016 vectors, 30 dimensions,
node size: 8192 bytes).

Bounding (hyper)box Bounding (hyper)sphere Faloutsos’ method

ratio ltouch lused inode ltouch lused inode ltouch lused inode

2 25.32 7.06 4.22 19.08 7.32 4.20 36.62 13.78 8.16

4 23.38 6.43 4.17 17.36 7.02 4.24 32.54 12.67 8.09

8 26.04 6.45 4.45 18.04 7.00 4.11 35.63 12.66 8.51

16 24.53 6.76 4.08 17.76 7.16 4.24 33.92 13.43 7.97

32 22.89 6.49 4.15 18.48 7.15 4.12 30.08 12.59 8.01

As can be seen in Table 1, our method outperformed Faloutsos’ method in all
the ratio values we tried. The number of leaf nodes used (lused) by our method
is 50% of the number used by Faloutsos’ method because our method only need
to check the tree once. The same explanation applies to the number of internal
nodes accessed (inode). The number of leaf nodes that have to be accessed by our
method is consistently below 75% of the total leaf nodes accessed by the other
method. The data suggest that the ratio between the largest and the smallest
eigenvectors does not have any effect in the number of nodes accessed for the
texture vectors.
The result experimental results using bounding spheres are somewhat counter

intuitive. From our intuition, the results should be worse than the ones using
bounding boxes. In two and three dimensions, the bounding rectangle/box of
an disk occupy a smaller area/volume than the disk’s bounding circle/sphere.
Our analytical results [17] supports this empirical results. It shows that in high-
dimensional space the query sensitive area resulting from using bounding hyper-
spheres is smaller than the one resulting from using bounding hyper-boxes.
The experiments in Table 2 are performed using 100,000 uniformly distrib-

uted data in 2, 4, 8, 16, and 32 dimensions. The node size was kept fixed at 8192
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bytes, hence the leaf fan-out (LFO) and internal node fan-out (IFO) decreases as
the dimension increases. The ratio between the largest and smallest eigenvalues
was fixed at 4 for all the experiments.

Table 2. A comparison between the transformation and lower-bound method
for 100,000 uniformly distributed vectors (ratio used: 4, bucket size: 8192 bytes).

Bounding Bounding Faloutsos
(hyper)box (hyper)sphere method

dimension LFO IFO ltouch lused inode ltouch lused inode ltouch lused inode

2 682 255 1.4 1.4 1 1.4 1.4 1 3.2 2.7 2.0

4 409 146 4.5 2.7 2.2 3.6 2.4 2.3 12.5 5.5 4.5

8 227 78 89.5 8.9 4.8 39.5 7.0 4.0 175.1 17.1 10.4

16 120 40 740.6 25.9 20.4 712.5 25.9 22.0 1489.2 46.0 43.8

32 62 20 1613.0 41.0 87.0 1613 42.0 87.0 3226.0 88.0 174.0

In Table 2, the number of nodes accessed are much higher in high dimensions.
This is partly due to the smaller internal/leaf node fan-outs (we kept the node
size fixed for all dimensions). Similar to the experimental results using texture
vectors, the number of leaf nodes and internal nodes used by our method (lused
and inodes) is approximately half of the number used by Faloutsos’ method. In
terms of the number of leaf nodes accessed (ltouch), our method consistently
accessed less than 50% of the number accessed by Faloutsos’ method when the
dimension is greater than four.
The result experimental results using bounding spheres (up to dimension

16) further support the fact that the query sensitive area resulting from us-
ing bounding hyper-spheres will get smaller than the one resulting from using
bounding hyper-boxes. But the experimental results in 32 dimension shows that
the performance is almost the same for both method. This is due to the inherent
problem with hierarchical tree access method in high dimension. In this case,
the search actually has degraded into linear search (the variations are due to the
randomization used in the experiments).
The experiments are verified by comparing the results of the k nearest neigh-

bour search with the results obtained via simple linear search and comparing
the results of the two methods.

6 Conclusion

Nearest-neighbour search on multi-dimensional data is an important operation
in many areas including multimedia databases. The similarity measurement
usually involves weighting on some of the dimensions and weighting may vary
between queries. Existing tree structured spatial access methods cannot support
this requirement directly. We have developed an algorithm to support variable
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distance metrics in queries. The algorithm uses the bounding hyper-box of the
k-nn hyper-sphere instead of calculating intersections directly. It has O(d3)
complexity. We derive the theoretical foundation of the algorithm and give a
detailed implementation in the 2D case. We also extend the algorithm to higher
dimensions and give a heuristic algorithm to detect the intersection between the
query disk and the bounding envelopes of the tree nodes. We provide analytical
and empirical results regarding the performance of our approach in terms of the
number of disk pages touched. The experiments go up to 32 dimensions. The
algorithm has a significant impact on k-nn search and various index trees. There
are also research issues in speeding up the transformation. As we can see from
the derivation of the algorithm, the major computational cost is in cross-space
transformation.
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Abstract. Content-based image retrieval systems rely on a query-by-
example technique often using a limited set of global image features. This
leads to a rather coarse-grain approach to locate images. The next step
is to concentrate on queries over spatial relations amongst objects within
the images. This calls for a small collection of image retrieval primitives
to form the basis of an image retrieval system. The Acoi algebra is such an
extensible framework built on the relational algebra. New primitives can
be added readily, including user-defined metric functions for searching.
We illustrate the expressive power of the query scheme using a concise
functional benchmark for querying image databases.

keywords: Image Retrieval, Query Algebra, Features, and IDB.

1 Introduction

With the advent of large image databases becoming readily available for in-
spection and browsing, it becomes mandatory to improve image database query
support beyond the classical textual annotation and domain specific solutions,
e.g. [21]. An ideal image DBMS would provide a data model to describe the image
domain features, a general technique to segment images into meaningful units
and provide a query language to study domain specific algorithms with respect
to their precision and recall capabilities. However, it is still largely unknown how
to construct such a generic image database system.

Prototype image database systems, such as QBIC [6], WebSeek[18], and Pic-
toSeek [8] have demonstrated some success in supporting domain-independent
queries using global image properties. Their approach to query formulation (after
restricting the search using textual categories) is based on presenting a small
sample of random images taken from the target set and to enable the user to
express the query (Q1) “find me images similar to this one” by clicking one of the
images provided. Subsequently the DBMS locates all images using its built-in
metrics over the global color distribution, texture, or shape sets maintained.

However, this evaluation technique is bound to fail in the long run for several
reasons. First, random sample sets to steer the query process works under the
assumption that there is a clear relationship between color, texture and shape

S.M. Embury et al. (Eds.): Advances in Databases - BNCOD’98, LNCS 1405, pp. 77–88, 1998.
c© Springer-Verlag Berlin Heidelberg 1998
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and the semantic meaning. This pre-supposes rather small topical image data-
bases and fails when the database becomes large or filled from many sources,
such as envisioned for the Acoi image database1.

Second, the global image properties alone are not sufficient to prune false
hits. Image databases are rarely used to answer the query Q1. Instead, the
intended user query (Q2) is :“find me an image that contains (part of) the
one selected” where the containment relationship is expressed as a (predefined)
metric over selected spatial and image features or directly (Q3) :“ find me an
image that contains specific features or objects using my own metric”. In addition
to color distribution and texture, spatial information about object locality em-
bedded in the image is needed. A prototype system that addresses these issues is
VisualSEEK[18] graphical user interface for the WebSeek image retrieval system.

What are the necessary primitives to express the metric? For example, in a
large image database one could be interested to locate all images that contain
part of the Coca-Cola logo. This query could be formulated by clipping part of
a sample Coca-Cola logo to derive its reddish (R) and white (W) color and to
formulate a query of the form:

select display(i)
from image region r1,r2, image i
where distance(r1.avghue, R) < 0.2
and distance(r2.avghue, W) < 0.2
and r1 overlaps r2
and r1,r2 in i

sort by distance(r1.avghue, R), distance(r2.avghue, W)
This query uses two primitive parameterized metric functions. The function

distance calculates a distance in the color space and overlaps determines region
containment. The former is defined as part of the color data type and the latter
for the region data type.

A challenge for image database designers is to identify the minimal set of fea-
tures, topological operators, and indexing structures to accommodate such image
retrieval queries. In particular, those (indexed) features where their derivation
from the source image is time consuming, but still can be pre-calculated and
kept at reasonable storage cost. This problem becomes even more acute when
the envisioned database is to contain over a million images.

In [13] we introduced an extensible image indexing algorithm based on rec-
tangular segmentation of regions. Regions are formed using similarity measures.
In this paper we extended this approach with a query algebra to express queries
over the image database.

For such an image retrieval algebra we see three global requirements.

1. The algebra should be based on an extensional relational framework.

2. The algebra should support proximity queries and the computational ap-
proach should be configurable by the user.

1 Acoi is the experimental base for the national project on multi-media indexing and
search (SION-AMIS project), http://www.cwi.nl/∼acoi/Amis
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3. The algebra should be computationally complete to satisfy the wide com-
munity of (none-database) image users.

The remainder of this report is organized as follows. In Section 2 we explain
our database model, review available region representations and query primitives
for image retrieval systems. Also we provide a short introduction to our under-
lying database system, called Monet. Section 3 explains the query primitives. In
Section 4 we define the Acoi Image Retrieval Benchmark, which is the basis for
the experimentation reported in section 5. We conclude with an indication of
future research topics.

2 Image Databases

This Section introduces the data model for query formulation. The data model
is based on regions as the abstraction of the image segmentation process. In
section 2.2 we review several region representation methods. In section 2.3 query
language extensions for image retrieval are reviewed to provide the background
information and to identify the requirements imposed on the image DBMS. Since
our image retrieval system is built using the Monet database system we also give
a short introduction to Monet.

2.1 Image Database Model

The Acoi database is described by the ODL specification shown in Figure 1.

interface Img {
relationship set < Pix > data inverse Pix::image;

};
interface Pix {

relationship Img image inverse Img::data;
relationship Reg region inverse Reg::pixels;

};
interface Reg {

relationship set < Pix > pixels inverse Pix::region;
relationship set < Seg > segments inverse Seg::regions;

};
interface Seg {

relationship set < Reg > regions inverse Reg::segment;
relationship set < Obj > object inverse Obj::segments;

};
interface Obj {

relationship set < Seg > segments inverse Seg::object;
};

Fig. 1. Data Model

The data relationship relates raw pixel information with an image. This is a
virtual class, because each pixel is accessed from the image representation upon
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need. The region relationship expresses that each pixel is part of one region only.
For the time being we use rectangular regions to simplify implementation and to
improve performance. The architecture has been set up to accommandate other
(ir-) regular regions, like hexagons and triangulation, as well.
The segments mapping combines regions into meaningful units. The segments

are typically the result of the image segmentation process, which determines
when regions from a semantic view should be considered together. The model
does not prescribe that regions are uniquely allocated to segments. A region could
be part of several segments and applying different segmentation algorithms may
result in identical region sets. The segmentation algorithm used for the current
study is based on glueing together regions based on their average color similarity
and physical adjacency, details of which can be found in [13].
The relationship object of the segments interface, expresses that segments

can form a semantically meaningful object. An example is a set of segments
together representing a car.

2.2 Segment Representation

The bulk of the storage deals with region representation, for which many different
approaches exist. All have proven to be useful in a specific context, but none is
globally perfect. The chain code as described by Freeman [7] encodes the contour
of a region using the 8-connected neighborhood directions. Chain codes are used
in edge, curve and corner finding algorithms [11]. It is not useful for region
feature extraction, since it only represents part of the boundary of an area, no
interior. The complexity is O(p) for both storage and performance, where p is
the perimeter of the region.
Many boundary representations exist [10], e.g. polygons and functional shape

descriptors. Functional shape descriptors use a function to approximate the re-
gion boundary. Fourier, fractal and wavelet analysis have been proposed for this
[3,12,17]. Although these representations have very low storage requirements,
i.e. each boundary is represented using a few parameters, they are of limited
use aside from shape representation. Recalculation of the regions interior from
polygons is very hard and from functional descriptions generally impossible.
Another representation to describe the interior of the region is run length

encoding using (position, length) pairs in the scan direction [9]. Diagonal shaped
regions are handled poorly by this coding schema.
The pyramid structures [20,19] represent an region using multiple levels of

detail. They are used in image segmentation and object recognition [20,15]. These
structures are very similar to the quad tree [16]. The quad tree is a hierarchical
representation, which divides regions recursively into four equal sized elements.
The complexity of this structure per region is O(p + n), where the region is
located in a 2n ∗2n image and p is again the perimeter of the region. Quad trees
can be stored efficiently using a pointerless representation. The quad tree has
been used to represent binary images efficiently. The tree needs only to store
those regions which have a different color than its parent nodes.
Since none of the structures above solve the regions representation problem,

there is a strong need for an extensible framework. It would permit domain
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specific representations to be integrated into a database kernel, such that scalable
image databases and their querying becomes feasible.
To explore this route we use a minimalistic approach, i.e. regions are de-

scribed by rectangular grids. The underlying DBMS can deal with them in an
efficient manner. The domain specific rules and heuristics are initially handled
by the query language and its optimizer.

2.3 Image Retrieval Algebra

The image retrieval problem is a special case of the general problem of object
recognition. When objects can be automatically recognized and condensed into
semantic object descriptors, the image retrieval problem becomes trivial. Unfor-
tunately, object recognition is only solved for limited domains. This calls for an
image feature database and a query algebra in which a user can express domain
specific knowledge to recognize the objects of interest.
Research on image retrieval algebras has so far been rather limited. The

running image retrieval systems support query by example[6] or by sketch [18],
only. For example, the interface of the QBIC system lets the user choose for
retrieval based on keywords or image features. These systems have a canned
query for which only a few parameters can be adjusted. It does not provide
a functional or algebraic abstraction to enable the user to formulate a specific
request. In the WebSeek Internet demo the user can adjust a color histogram
of a sample image to specify the more important colors. However, this interface
allows no user defined metric on colors.
Only Photobook [14] allows for user defined similarity metric functions

through dynamically loadable C-libraries. Although this approach is a step for-
ward, it is still far from a concise algebraic framework that has boosted database
systems in the administrative domain. In section 3 we introduce the components
of such an algebra.

2.4 Extensible Database Systems

Our implementation efforts to realize an image database system are focussed
on Monet. Monet has been designed as a next generation system, anticipating
market trends in database server technology. It relies on a network of work-
stations with affordable large main memories (> 128 MB) per processor and
high-performance processors (> 50 MIPS). These hardware trends pose new
rules to computer software – and to database systems – as to what algorithms
are efficient. Another trend has been the evolution of operating system function-
ality towards micro-kernels, i.e. those that make part of the Operating System
functionality accessible to customized applications.
Given this background, Monet was designed along the following ideas:

– Binary relation storage model. Monet vertically partitions all multi-
attribute relationships in Binary Association Tables (BATs), consisting of
[OID,attribute] pairs. This Decomposed Storage Model (DSM) [5] facili-
tates table evolution. And it provides a canonical representation for a variety
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of data models, including an object-oriented model [1]. Moreover, it leads to
a simplified database kernel implementation, which enables readily inclusion
of additional data types, storage representations, and search accelerators.

– Main memory algorithms. Monet makes aggressive use of main memory by
assuming that the database hot-set fits into its main memory. For large
databases, Monet relies on virtual memory management by mapping files
into it. This way Monet avoids introducing code to ’improve’ or ’replace’ the
operating system facilities for memory/buffer management. Instead, it gives
advice to the lower level OS-primitives on the intended behavior2 and lets
the MMU do the job in hardware. Experiments in the area of Geograph-
ical Information Systems[2] and large object-oriented applications [1] have
confirmed that this approach is performance-wise justified.

– Monet’s extensible algebra. Monet’s Interface Language (MIL) is an inter-
preted algebraic language to manipulate the BATs. In line with extensible
database systems, such as Postgres, Jasmine and Starburst, Monet provides
a Monet Extension Language (MEL). MEL allows you to specify extension
modules to contain specifications of new atomic types, new instance- or set-
primitives and new search accelerators. Implementations have to be supplied
in C/C++ compliant object code.

3 Algebraic Primitives

Analysis of the requirements encountered in image retrieval and the techniques
applied in prototype image systems, such as [6,18,8], indicate the need for alge-
braic operators listed in Table 1. The parameter i denotes an image, p a pixel, r
a region, s a segment and o an object. Most functions are overloaded as indicated
by a combination of iprso.
The first group provides access to the basic features of images, pixels, regions,

segments and objects. Their value is either stored or calculated upon need. The
Point, Color, Vector and Histogram datatypes are sufficient extensions to the
base types supported by the database management system to accommodate the
features encountered in practice so far.
The second group defines topological relationships. This set is taken from

[4], because there is no fundamental difference between spatial information de-
rived from images and spatial information derived from geographic information
systems.

The third group addresses the prime algorithmic steps encountered in algo-
rithms developed in the Image processing community. They have been general-
ized from the instance-at-a-time behavior to the more convenient set-at-a-time
behavior in the database context. This group differs from traditional relational
algebra in stressing the need for θ-like joins and predicates described by complex
mathematical formulae.

2 This functionality is achieved with e.g. mmap(), madvise(),and mlock()Unix system
calls.
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Properties

area(iprso) → float
perimeter(iprso) → float
center(iprso) → point
avg color(iprso) → color
color hist(iprso) → Histogram
texture(iprso) → vector
moment(iprso) → float
Topological operations

touch(prso, prso) → boolean
inside(prso, prso) → boolean
cross(prso, prso) → boolean
overlap(prso, prso) → boolean
disjoint(prso, prso) → boolean
Join operations

F joinf(prso,prso)({prso}, {prso}) → {prso}
M joind(prso,prso),m({prso}, {prso}) → {prso}
P joinp(prso,prso)({prso}, {prso}) → {prso}

Selection operations

F findf(iprso,iprso)({iprso}, iprso) → iprso
M selectd(iprso,iprso),m({iprso}, iprso) → {iprso}
P selectp(iprso,iprso)({iprso}, iprso) → {iprso}

Ranking and Sample operations

P sort({iprso}) → {iprso}
M sortd(iprso,iprso)({iprso}, iprso) → {iprso}
N sort({iprso}) → {iprso}
Top({iprso}, int) → {iprso}
Slice({iprso}, int, int) → {iprso}
Sample({iprso}, int) → {iprso}

Table 1. The Image Retrieval Algebra

A fitness join (F join) combines region pairs maximizing a fitness function,
f(rs, rs)→ float. The pairs found merge into a single segment. The metric join
(M join) finds all pairs for which the distance is less than the given maximum
m. The distance is calculated using a given metric function, d(rs, rs) → float.
The last function in this group, called predicate join (P join), is a normal join
which merges regions for which the predicate p holds. An example of such an
expression is the predicate ”similar”, which holds if regions r1 and r2 touch and
the average colors are no more than 0.1 apart in the domain of the color space.
A functional description is:

similar(r r1, r r2) :=
touch(r1, r2) and
distance(r1.avg color, r2.avg color) < 0.1
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The next group of primitives is needed for selection. The fitness find (F find)
returns the region which fits best to the given region, according to fitness function
f(rs, rs). The metric select (M select) returns a set of regions at most at distance
m, using the given metric d(rs, rs) function. The predicate select (P select)
selects all regions from the input set for which the predicate is valid.

Join operations result

F joinf (L,R) →{prso} {lr|lr ∈ LR,6 ∃l′r′ ∈ LR ∧ f(l′, r′) > f(l, r)}
M joind,m(L,R) →{prso} {lr|lr ∈ LR ∧ d(l, r) < m}
P joinp(L,R) →{prso} {lr|lr ∈ LR ∧ p(l, r)}
Selection operations result

F findf (L, r) →iprso l ∈ L,6 ∃l′ ∈ L ∧ f(l′, r) > f(l, r)
M selectd,m(L, r) →{iprso} {l|l ∈ L ∧ d(l, r) < m}
P selectp(L, r) →{iprso} {l|l ∈ L ∧ p(l, r)}

Table 2. Signatures of the Join and Selection operations

The last group can be used to sort region sets. We have encountered many
algorithms with a need for a partial order. P sort derives a partial order amongst
objects. Each entry may come with a weight which can be used by the metric
sort (M sort). This sort operation is based on a distance metric between all
regions in the set and a given region. The N sort uses a function to map regions
onto the domain N .
After the partial order the Top returns the top n objects of the ordered table.

The Slice primitive will slice a part out of such an ordered table. The Sample
primitive returns a random sample from the input set.

4 Acoi Image Retrieval Benchmark

The next step taken was to formulate a functional benchmark of image retrieval
problems. Many such performance benchmarks exist for DBMS for a variety of
application areas. Examples in transaction processing are the TP series (TPC-C
and TPC-D) and in geographic information systems the SEQUOIA 2000 storage
benchmark. We are not aware of similar benchmarks for image retrieval. The
construction of such a benchmark is one of the goals of Amis. Both the database
and image processing community would benefit from such a public accessible
benchmark.3

Its function is to demonstrate and support research in image processing and
analysis in a database context. Therefore, we derived the following characteristics
from the algorithms used in the image processing domain.

– Large Data Objects The algorithms use large data objects. Both in terms of
base storage (pixels), but also the derived data incurs large space overhead.

3 Readers can contact authors for a copy of the Acoi Benchmark.
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– Complex Data Types The algorithms use specialized complex data types.
Derived data is often stored in special data structures.

– Fuzzy data The computational model used is based on heuristics and fuzzy
data. This fuzzy data should be accompanied by some form of fuzzy logic.

The Acoi Benchmark Data The data for the benchmark consists of two Image
sets, one of 1K images and one of 1M images. The images are retrieved randomly
from the Internet using a Web robot. The set contains all kinds of images, i.e.
binary and gray scale, small and large but mostly color images.

The Acoi Benchmark Queries Based on the characteristics encountered in the
image processing community a set of 6 distinctive queries for the benchmark was
identified, which are shown in Table 3.
Query 1 loads the database DB from external storage. This means storing

images in database format and calculation of derived data. Since the benchmark
involves both global and local image features this query may also segment the
images and pre-calculate local image features.
Query 2 is an example of global feature extraction as used in QBIC. This

query extracts a normalized color histogram. We only use the Hue component of
the Hue, Saturation, Intensity color model. The histogram has a fixed number
of 64 bins. In query 3 these histograms are used to retrieve histograms within a
given distance and the related images. The histogram h should have 16 none-zero
bins and 48 zero. The none-zero bins should be distributed homogeneous over
the histogram. The query Q3a sorts the resulting set for inspection.
Query 4 finds the nearest neighboring regions in an image. Near is defined

here using a user-defined function, f . This function should be chosen so that
neighbors touch and that the colors are as close as possible.
Query 5 segments an input image. Segmentation can also be done with

specialized image processing functions, but to show the expressive power of the
algebra we also include it here in its bare form. Finally Q6 searches for all images
in the database which have similar segments as the example image. The resulting
list of images is sorted in query 6a.

The Benchmark Evaluation To compare the results of various implementations
of the benchmark we used the following simple overall evaluation scheme. The
performance of the Acoi Benchmark against different implementation strategies
can be compared using the sum of all query execution times. This way moving a
lot of pre-calculation to the DB-load query will not improve performance unless
the information stored has low storage overhead and is expensive to recalculate
on the fly.

5 Performance Assessment

The benchmark has been implemented in Monet using its extensible features. De-
tails about Monet can be found at {http://www.cwi.nl/∼monet}. The DB-load
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nr query

Q1 DB-load

Q2 {h|i ∈ Ims ∧ h = normalized color histogram(i)}

Q3 {i|i ∈ Ims ∧ L2distance(normalized color histogram(i), h) < 0.1}
Q3a sort Q3

Q4 {n1n2|n1n2 ∈ Regs(im)∧ 6 ∃n3 ∈ Regsf(n1, n3) > f(n1, n2)}
Q5 {rs|rs ⊂ Regs(i) ∧ ∀r1r2 ∈ RS :

L2distance(avg color(r1), avg color(r2)) < 0.1
∧∃s0 . . . sn ∈ rs :
r touch s0∧
si touch si+1∧
sn touch s}

Q6 {i|∀si ∈ Q6(i)∃se ∈ Segs(e)
d(si, se) < min dist}

Q6a sort Q6

Table 3. Benchmark Queries

query loads the images using the image import statement into the Acoi Images
set. We only load the images in the system. No pre-calculation has been per-
formed.
The color histogram query (Q2) can be expressed in the Acoi algebra as

follows:

var Q2 := [normalized_color_histogram](Acoi_Images);

The brackets will perform the operation normalized color histogram on all
images int the Acoi Images set. It returns a set of a histograms. Q3 uses a
M select with the L2 metric. The sorting of Q3a can be done using the M sort
primitive. Query Q4 is implemented in the Acoi algebra using a F join with the
function f(r1, r2) defined as follows:
f(r1, R2) :=

dist( r1.color(), r2.color()) if r1.touch(r2)
max dist

The queries 5 and 6 are implemented by longer pieces of Monet code. The
segmentation of query Q5 use an iterative process. This process can make use of
the F join primitive to find the best touching regions based on the color distance,
see [13] for full details.
Query Q6 can be solved using a series of M select calls. For each segment

in the example image we should select all Images with similar segments, where
similar is defined using the metric given. The intersection of the selected images
is the result of query 6. This can be sorted using the M sort primitive.

The Benchmark Results We run these queries using the small Acoi database
of 1K images. The small benchmark fits in main memory of a large workstation.
The database size is approximately 1G. We used a sparc ultra II with 128 MB of
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main memory running the Solaris operating system, to perform the benchmark
on. Using the Acoi algebra we could implement the benchmark with very little
effort.
The initial results can be found in Table 5. Overall the benchmark took

3468.8 seconds.
In the result we can see that the DB-load query takes more than 80 percent of

the overall benchmark result. This unexpected result stems from heavy swapping
of the virtual memory management system. Main memory runs out quickly, so
swapping will influence the performance. Based on our early experimentation
with multi-giga-byte databases this problem can be resolved with some careful
loading scripts.
We found that the results of queries Q4 and Q5 were low. The none-optimized

current implementation of F join was responsible for the low performance. To
improve it we moved the spatial constrains out of the F join. This allows us to
find candidate pairs based on the spatial relation between regions quickly. This
way we improved the performance of the queries Q4 from 5 to 1 second and Q5
from 21 to 1.2 seconds using a few minutes of programming. A similar step in a
traditional image programming environment would have meant partly re-coding
several pages of c/c++ code.

Query Time(s)

Q1 2865

Q2 598

Q3 1.5

Q3a 0.3

Query Time(s)

Q4 1.0

Q5 1.2

Q6 1.5

Q6a 0.3

Table 4. The Acoi Benchmark Results

6 Conclusions

In this paper we introduced an algebraic framework to express queries on images,
pixels, regions, segments and objects. We showed the expressive power of the Acoi
algebra using a representative set of queries in the image retrieval domain. The
algebra allows for user defined metric functions and similarity functions, which
can be used to join, select and sort regions. The algebra is extensible with new
region properties to accommodate end user driven image analysis in a database
context.
We have implemented the algebra within an extensible DBMS and developed

a functional benchmark to assess its performance. In the near future we expect
further improvement using extensibility in search methods and index structures
to improve the performance of the algebra. As soon as the full Acoi database is
ready we will perform the benchmark on the set of 1M images.
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Abstract. Multimedia databases include many types of new data. One
common property of these data items is that they are very large. We
exploit the concept of transformational representations to logically store
images without the bitmap. This technique is similar to views in tradi-
tional database systems. The technique is useful when users are editing
images in the database to create new images. Our method produces
significant space savings over already compressed images, and potentially
greater savings for video and audio. The method requires the support
of multimedia editors. This paper emphasizes the meta-structure needed
by the database to support multimedia editing.

1 Introduction

Multimedia has become the quintessential element in computer applications.
Programs are purchased on CDROMs loaded with graphics, audio, animations,
and videos. Media viewers are common on home computers. Millions of users
are putting digital media on the web.
As the demand for multimedia continues to increase, computer systems will

have to address two large problems associated with the wide spread use of digital
media. The first is that current systems simply store such media as compressed
files on disks without providing any organization. This, therefore, requires a
tremendous amount of effort from application programmers to interpret and
manipulate those files. The second is that even with advanced compression
techniques and several gigabyte disks being common, the size of media data
causes it to consume enormous amounts of space. For example, a 75 minute CD
may use 100 MB of storage, and each frame of a video may use over 1 MB [8].
This problem is increased when users edit digital media in order to refine their
presentations.
Editing can occur in video games (graphics), recording studios (sound ef-

fects), and video-on-demand systems (editing for content). In each of these
examples, the application must maintain many large multimedia objects that
are similar. This causes a tremendous amount of replicated information to be
stored. This situation would arise in any multimedia authoring application in
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which users will want to save each version of a file. The storage cost of such
redundant information can vary from 2KB for a small graphic to over a gigabyte
for a movie. Without a technique to efficiently store the redundant data, the
systems supporting such applications would quickly run out of memory.

We propose an object-oriented MultiMedia Database Management System
(MMDBMS) to solve the problems of organization and space consumption.
Instead of storing the objects themselves, our MMDBMS stores the editing
operations, called the transformational representations, used to create media
objects. The collection of all information used to make a new image is called
a transform. Since the editing operations would only require a few bytes of
space, transforms would significantly reduce storage requirements for already
compressed data [11,12,1].

Transformational representation of information is called a view in relational
databases, and an intensional database relation in logical models like datalog
[14]. Within media editing tools, transformational representations of objects are
also used. For example, some editors, such as JPEGview [3], can store an object
by copying the original file and then appending to it a series of commands which
indicate how the edited image should be recreated. Unfortunately, using appli-
cation specific transformational representations does not allow an image to be
correctly viewed by another editor. This happens because the editing commands
used by one system are meaningless to another. Likewise, this method has the
disadvantage of storing redundant data, since the original file is copied to the
edited one. Although in a file system this redundancy is unavoidable – since it is
impossible to prevent the deletion or movement of files – in a database, actions
can be performed as part of a deletion operation in order to protect the derived
data. One simple solution is to instantiate the derived data before allowing the
deletion to complete. Thus, we do not need the redundant storage. Furthermore,
image degradation due to repeated application of lossy compression algorithms
is eliminated. Thus, better image quality and greater space efficiency can be
gained.

Ideas similar to multimedia transforms can be found in [2] and [13]. In [2],
multimedia objects are treated as binary large objects (BLOBs). Editing of me-
dia objects is translated into operations on BLOBs. Handles to BLOBs are stored
in a relational database. Unfortunately, BLOB operations are not sufficient to
perform all required media object operations. For example, there is no way to
describe the dithering needed to double the size of an image. In [13], a notion
similar to transforms is presented in which scripts are passed to image editing
tools in order to create new images. However, their approach performs these
operations outside the database itself. This can lead to problems with deleted
references and poor specifications, both of which can be solved by including the
new images within the database.

Within the OODBMS literature, a similar notion to our approach is the
concept of versioning [9]. Versions allowmodifications to an object without losing
the previous state. This is accomplished by having additional structures, similar
in nature to those proposed here, which keep up with the history of the object.
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However, there is a fundamental difference between versions and our work. In
our system, each modification creates a totally independent object, not merely
a copy of another object. Thus, the support structure for our work must be
different in terms of modifications to the database.
The rest of the paper is organized as follows. Section 2 presents the basic

model used by our meta-structure. Section 3 presents implementation details for
capturing the operations, storing them in the database, and instantiating the
transforms. Section 4 concludes this work and outlines the rest of our project. It
should be noted that this paper focuses on images. However, we intend to apply
this meta-structure to all media types.

2 The Basic Model

Our base model for an MMDBMS with transforms contains two distinct parts.
The first part, which is the emphasis of this paper, is the meta-structure needed
to support transforms. This is covered in Section 2.1. A second needed component
involves the language used to define the operations for the media. Our language
is only a small component of this paper, and is simply used to show that such a
language is possible. Our proposed language is in Section 2.2.

2.1 Meta-Structure for Views

Our MMDBMS assumes the existence of a media hierarchy – a set of classes
which describe the multimedia data. At database design time, the DBA deter-
mines if a class is transformable. This is a property of the class, and as such
it is inherited by its subclasses. If a class is transformable, then by default, all
updates to objects in the class will result in the specification of objects, and
not create new media objects to be stored in the database. Thus, each of these
virtual objects will have a transformational representation of how the object can
be recreated from objects physically stored in the database, but they will not
include the binary representation of the object.
Note that this implies that specifications are defined on objects, rather than

on classes. In traditional databases, views defined like this would be of little
benefit, but the extremely large size of individual objects in multimedia systems
allows this approach to reduce storage costs. However, using objects as the basis
for transforms does require that the system have additional information in order
to keep up with the transforms. This additional information is the basis of our
meta-structure. We create a transform-dag which represents the history of the
transform. An arc in a transform-dag from o1 to o2 means that o1 is used to
create o2. In this case, o1 is called the parent, and o2 is called the child. As
its name suggests, a transform-dag is a directed acyclic graph. The roots of
every transform-dag are stored objects. Every transform is a member of exactly
one transform-dag. We consider a stored object to be the root of many dags if
the dags contain no common transforms. Likewise, each class may have many
transform-dags, and a transform-dag may span classes.
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Once a class has been defined as transformable, a new system defined at-
tribute is added to the class to support transform-dags. Although it would have
a unique system defined name, we use the attribute name children in this paper.
This attribute would have the type set-of oids, where each oid is a transform,
and would be a child in the transform-dag.
The system must also create a special transform-of -class for each trans-

formable class. The transform-of -class is semi-automatically generated. The
transform-of -class contains exactly the same attributes and methods as the
base class, including the children attribute added by the system, except for the
following changes:

1. A system defined attribute parent is added. The parent is also a set-of
oids, and represents the objects that were used to create an instance of
the transform-of -class.

2. Two specifications are added. The short specification defines the creation of
an object from its parents. The long specification defines the creation of an
object from stored objects.

3. A state attribute is added. This is also a system defined attribute which
is used to determine the status of transforms. A transform may be either
Permanent–meaning a user has saved it; Stable–meaning the system has
temporarily saved it; or Transient–meaning the objects can can have their
media content modified.

4. The binary representation attribute is removed. This is the part which is
semi-automatic, since there is no standard way to describe this field. The
binary representation is the physical data which defines a stored object.

An example of a jpeg class and a transform-of -jpeg class is in Figure 1. Note
that the transform-of -class is not a superclass of the jpeg class since the speci-
fications are not inherited, nor is it a subclass since the binary representation is
no longer present.
Both specifications are linked lists of Specification Entries, denoted SE. An

SE consists of two parts. The first part is a text description of the command
issued by the user. The description consists of two components. The first com-
ponent is the actual model language command issued, and the second is the
parameter required by that command. The second part of the SE is called the
reference and is used to structure the SE. The reference also consists of two parts,
the base and the offset. The base is the object id of a stored media object which
is one of the roots of the transform-dag of the transform. The offset is an integer
value which indicates what changes (if any) have been done to the base object.
A negative value (usually -1) indicates that the object has not been edited, and
the base object must be retrieved from the database. A value of 0 indicates that
the base object has been modified, and the desired image is the result of the
previous SE. A positive value is the object id of the SE which represents all of
the changes to the base object. Note that the use of 0 is redundant since the oid
of the previous SE could also be used. However, this condition is so common,
that using a special value to represent it allows an easy optimization of holding
the previous SE in memory so that it can be accessed directly.
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jpeg

id:jpeg-oid
Artist:string
Date:date

Reference:citation
...

Binary-Representation:file-ptr
Children:set of oids - system defined

transform-of -jpeg - system created

id:transform-of-jpeg-oid
Artist:string
Date:date

Reference:citation
...

Short-Specification:linked list of SE
Long-Specification:linked list of SE

Parents:set of oids
Children:set of oids

State:Permanent, Stable or Transient

Fig. 1. Example Classes
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In order for an MMDBMS to exploit transforms, it must be the case that
the editing tools support transforms as well. Some editing tools already use this
concept in order to prevent image degradation, but they must go a step further in
order to interface with the MMDBMS. The editing tools must be able to transmit
to the database system the operations performed by the user. Furthermore,
these operations must comply with the logical model language (LML) of the
database. An example LML is presented in Section 2.2. It is not practical for the
database system to translate proprietary commands into the model language,
simply because there are too many different implementations possible. Likewise,
the editing tool must transmit to the database system additional operations to
retrieve, store, modify and delete images. This is similar to tools accessing an
SQL database today. Once the formal model language is established, then it is
reasonable for tools to comply with a standard. As image processing continues
to mature, such a standard is very likely to emerge, and may even evolve from
current standards being developed for handling derived video information, such
as MPEG-4 [6].
However, even if media editing matures to the point that this type of func-

tionality can be achieved, a MMDBMS which uses transforms has to fulfill many
requirements. Such a system must be able to instantiate objects from formal
model specifications, and provide the media to editors on demand. It must be
able to accept commands from editors and integrate them into specifications.
Finally, it must maintain the transform-dag with media objects being added
and being deleted from the system. Section 3 provides details on how these
requirements can be fulfilled.

2.2 Model Language for Images

In order for transforms to be defined on multimedia objects, a standard LML
must be developed. We predict this language to evolve once editing tools mature.
However, in order to continue with our work, we propose a simple image modeling
language which captures many of the transformations performed by users with
editing tools. Further work is in progress to determine a complete, minimal and
independent set of operations for image editing [1].
Our model language for images is based on the image algebra defined in [10].

Ritter’s Image Algebra is a mathematical definition of operations used to process
and analyze images. As such, it contains a large number of complex operations.
This allows the image algebra to capture not only operations performed on
images, but also image recognition operations like edge detection.
Our goal is to define a simple set of operations which still capture all of

the editing commands performed by users. Thus, for this work we use the five
operations: Merge, Define, Mutate, Modify and Combine. These operations form
a natural set of basic operations for image manipulations in systems which do not
add information to images by techniques such as drawing. Drawing, manipulating
the color palette and channel operations are needed in a complete set of image
editing tools. Finally, this restricted model is designed only for RGB (red-green-
blue) color models.
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The Merge operation combines two images together. One image is the base,
and the other is the new information. The new information is merged into the
base. The Merge operation allows for several different types of combinations. For
example, the merge can be transparent, meaning that the base image is displayed
wherever the new image is showing its background color, or it can be opaque,
meaning that the background information of the new image is also pasted into
the base image. The Merge operation works even if the images are not the same
size or shape. If the new image overlaps an area not originally part of the base
image, the result is simply extended to include the new area.
The Define operation is used to define regions within an image. A series of

points defines a polygon within an image. The define operation then either adds
the space within the polygon to the defined region, or it removes the polygon
from the defined region, or it adds (removes) the image NOT within the polygon
to the defined region. Within this work, whenever we refer to an image, the region
of an image created with the define operation can also be used.

[
cos θ − sin θ xr(1− cos θ) + yr(sin θ)
sin θ cos θ yr(1− cos θ) − xr(sin θ)
0 0 1

]

The Mutation Matrix

[
0 ∗ cos 90− 0 ∗ sin 90 + 25 ∗ (1− cos 90) + 25 ∗ sin 90
0 ∗ sin 90 + 0 ∗ cos 90 + 25 ∗ (1− cos 90) − 25 ∗ sin 90

0 ∗ 0 + 0 ∗ 0 + 1 ∗ 1

]
=

[
50
0
1

]

Fig. 2. Rotation Example – The result of rotating the point (0,0) in a 51 x 51
matrix 90o counter clockwise around the center point – (25,25).

The Mutate operation is used to alter the form of an image. The mutation is
accomplished by mapping an image into a form where every pixel is a 5-tuple,
(x,y,r,g,b), where (x,y) is the coordinate location of the pixel and (r,g,b) is the
color component. Each (x,y) component is put into a 3 x 1 vector (the last
element of which is usually 1). This vector is then multiplied by a 3x3 matrix in
order to get a desired effect. An example of a 90o counter-clockwise rotation is
in Figure 2. Using interpolation as needed, the resulting image is then mapped
back to pixel format, with the order of the pixels defined by their location in the
file.

The Modify operation is used to change colors within an image. The Modify
operation accepts up to 6 parameters, which correspond to old and new values
for the RGB color. A color can be omitted from the operation, and that implies a
“don’t care” condition for that color. Thus, Modify(Red(60,100)) would modify
all pixels having a red value of 60 to a red value of 100, no matter what the values
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of the green and blue components, while Modify(Red(60,100),Green(60,100),
Blue(60,100)) would change only a pixel with 60/60/60 to 100/100/100. Ranges
of values can be used for the old value of the pixels. Thus, an entire image can
be turned black by Modify(Red(0...255,0),Green(0...255,0), Blue(0...255,0)).
The Combine operation is used to achieve certain effects which are based on

localized portions of the image. For example, a blur effect is achieved by making
each pixel look a little bit more like the pixels closest to it. Thus, the value of
a pixel is computed by taking a weighted average of the pixel and the 8 pixels
bordering it. See Figure 3 for an example of a simple blur matrix. Several other
effects, such as distort and sharpen, are modeled as combinations of color values.

1 2 1

2 4 2

1 2 1

Weights of pixels

(50,50,50) (25,50,100) (50,50,50)

(25,50,100) (200,200,200) (25,50,100)

(50,50,50) (25,50,100) (50,50,50)

Example original pixels

Fig. 3. Combine Example – Sum of weights divided by 16 and rounded to the
nearest integer results in a pixel value for the center of (75, 88, 112).

3 Implementation Issues

In Section 2, several system requirements are listed. In this section, we examine
the implementation issues involved with the creation and maintenance of speci-
fications and the upkeep of the transform-dags. Each of these issues is related to
the natural uses of a MMDBMS. Instantiation results from a user requesting a
transform object. The creation of specifications results from editing operations
being applied to opened images. The maintenance of specifications and the up-
keep of a transform-dag is a required to support deletion and modification of
objects. It should be noted that naive instantiation of images is straightforward
processing of the specifications, but efficient instantiation is beyond the scope
of this paper.

3.1 Creation of Specifications

When an image is requested by an editor, a new object is created. This object
is stored in the same transform-of -class as the requested object, and is a child
of the requested transform object. The child’s long specification is the same as
its parent’s, but the child’s short specification contains only a reference to the
parent. Since the short specification defines the differences between a parent and
its child, this short specification implies that the image associated with the child
object is identical to the parent’s image. When the image is returned to the
editor, this child object is prepared to receive the edits performed by the user.
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The reason for this is that the requested object is permanent in the database
and may not be changed. This is needed to ensure that other transforms defined
on this object will not be invalidated by updates to the permanent object. By
contrast, the new object is a transient object and can be modified.
After the image is returned to the editor, specifications are added to the new

transient object as users edit the image. The editor submits specification texts to
the MMDBMS. For most operations, the MMDBMS creates a SE object with the
text the same as submitted by the editor, the base being the oid corresponding
to the object, and the offset being 0 (the only exception is the first operation
which sets the offset to -1). However, merge operations are more complicated.
For a merge operation, two SE’s are added to the list. The first SE has the
“source” of the merge for the base and an offset of -1. The text of the SE is null.
The second SE has the destination image as its offset. This offset is the oid of
the SE which was at the tail of the specification before the merge operation. The
text has the merge command with the parameter being the location of the new
information within the destination image. If the source object is transient, it is
upgraded to stable to prevent deletion anomalies.
As an extended example, consider the case where images I1 and I2 have

been edited by a user. In the database, there exists objects O1 and O2 which
correspond to the results of applying editing operations to the respective base
objects. Now assume that the user selects a part of I2, copies it and pastes it
into I1. When the selection is performed on I2, the define command along with
the points defining the region are sent to the database. An SE object, S1, is
added to the short and long specifications of O2. S1 has text set to the define
command with its parameters, the offset is set to zero, and the base1 is set to a
default value. However, the copy and paste creates a merge operation, which is
more complicated.
With a merge operation, the database first changes the state of O2 to stable.

Next, a new object, O3, is created as the child of O2. Any further operations
on I2 will result in updates to the specification of O3. For further information
about the creation of O3, see Section 3.2. A new SE object, S2 is added to the
short and long specification of O1. O2 is added to the parent set of O1, and
O1 is added to the children of O2. The text of S2 is empty, but the base is the
object id of O2 and the offset is -1. A second SE object, S3, is used to hold the
operation. The command of S3 is merge, and the parameter is the location in I1
for the new information, the base4 is set to the default value, and the offset is
the oid of the SE which defines the destination image. In this case, that would
be SA. A chart of the short specifications is in Figure 4.

3.2 Insertion of New Images

Recall from Section 2 that we assume the editing tool can interface with the
MMDBMS. This requires the tool to submit model language commands to
the database system, and accept images from the database as described in

1 The base is not used in instantiation when the offset is greater than or equal to zero
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O1 O2 O3
oid:1 oid:2 oid:3

SE command base offset SE command base offset SE command base offset
SA NULL I1.oid -1 SB NULL I2.oid -1 SC NULL 2 -1
S2 NULL 2 -1 S1 define 0 0
S3 merge 0 oid of SA

Fig. 4. Merge with SE’s

Section 3.1. However, the editing tool must also interact with the database in
order to allow the system to maintain a correct specification of objects. Thus,
in addition to the model language commands, the editor must also support
additional commands related to storing and retrieving objects and transforms
from a MMDBMS. These commands do cause an additional overhead, as the
editor must submit them to the database system. However, this overhead is
small compared to the effort which must be expended by a user in searching for
images in an unstructured environment.

The first such command is Open. The purpose of an Open command is to
allow the editor to have access to a particular media object. There are many
levels of interaction which can exist between the editing tool and the database
system with respect to this operation. For example, the database could require
that the tool creates a query to select the object, or that the tool has a handle or
pointer to the object, via browsing through the MMDBMS interface or as a direct
association link from another object. Since we are building a simple prototype
system, we assume the deepest level of interaction and require the editing tool to
pass the actual object id to the database system. In actual practice, this would
not be the best system since it would require too much information to be passed
to the editor. A more general query or browsing based interface would be easier
to implement across multiple MMDBMSs.

Upon receiving the Open command for object O, the database system deter-
mines if the class of O is transformable, or if it is a transform-of -class. If it is
not, then the image is from a class which stores the binary representation of all
images, and the image is simply returned to the editor and no further work is
done. If the editor submits LML commands related to this object, the system
ignores them. However, if the class is transformable or a transform-of -class,
then the system creates a new object, O1, which is the new transform of the
current object, O. The object O1 is stored as a new object in the transform-of -
class. The parent of O1 is O, and if O is a stored object, then it is the root of
a new transform-dag. In the short specification, the first SE for O1 has a null
text field, an offset of -1 and the base is the oid of O. The long specification of
O1 is the same as the long specification of O. The image associated with O1 is
instantiated and returned to the user.
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When the user is finished creating a new object, a second new command–
Save is executed. Since the editing tool does not know if the class is trans-
formable or not, the editor submits the entire object with the save command.
If the class is not transformable, the new object is stored in the class, and
the additional information, such as creation date and author, is added to the
object. If the object is transformable, the object data is discarded, and the
transform object, o1, is now made permanent in the database. As with the non-
transformable case, the additional data is also added. Clearly, if the editor is
aware that the object is a transform, then significant network bandwidth can be
saved by not transmitting the object. However, we are assuming the worst case
to show how the database could handle the unwanted data.
If the user terminates the session without saving the object, then the edit-

ing tool should send an Abort message. When this message is received, the
MMDBMS responds as a traditional database would to an abort of a transaction.
Uncommitted data is removed from the system. However, in the case of trans-
formable objects, it is certain that uncommitted data exists, and furthermore it
must be treated as a deletion (see Section 3.3).

3.3 Deletions and Modifications

We use the principal of transform independence to resolve deletions and modifi-
cations of an image. View independence means that the user should not be aware
if the object is a transform or a stored object. This means that deletions and
modifications to an image should not alter any transforms defined on that image.
In the case of deletion, the object is removed from the transform-dag. This re-
quires that the children of the object now become children of the deleted object’s
parents. There are two cases which must be considered here. First, if the deleted
image is stored (i.e., not a transform), then its children must now become stored
objects since their specifications will be invalidated by the deletion. In order to
do this, the children are instantiated as described in Section 3.1. They are then
inserted as new objects into the database. The transform-dag is then followed
from all of the newly instantiated objects. Each child in the dag must have
its long specification rebuilt from the existing short specifications. To rebuild
a long specification, the short specification is appended to the end of the long
specifications of a transform’s parents. The specifications must be re-optimized
in order to improve instantiation speed, as any optimizations done could be
destroyed in this process. Once this is complete, the transforms corresponding
to the instantiated objects are deleted from the system.
The second case is when the deleted object is not stored, and thus has both

parents and children. In this case, the long specifications are not changed, but
the short specifications of the children must now include information from the
deleted parent. Let the deleted parent be O1, and the child be O. In the short
specification of O, there exists an SE object, S1, with base equal to the object
id of O1 and offset of -1. S1 is removed from the specification, and the entire
short specification of O1 is put in its place. Furthermore, all references to the
oid of S1 are replaced by the oid of the last SE object in the newly added list.
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Optimization of the short specification could be performed, but since it is not
used to instantiate the object, it is not needed.
Note that if a transient object is not saved in the database, the same process

must be followed. Thus, from the extended example in Section 3.1 and Figure 4,
if O2 is not saved in the database, then the short specification of O2 is inserted
in the short specification of O1 in place of the SE object S2.
Modifications of images are implemented by treating them as a delete fol-

lowed by an insertion. Thus, if a stored object is modified, all of the children are
instantiated as new stored objects, and the long specifications of all descendants
in all transform-dags are updated. The modified object is stored back in the
database. If a transform object is modified, it is removed from the transform-
dag and the appropriate alterations are made to the short specifications of its
former children. However, the modified object is not instantiated. Merely its
specification is extended to include the modifications.

4 Conclusion and Future Work

Using transformations to represent images is a powerful, albeit complex, mech-
anism. A database system which uses transformations can save tremendous
amounts of space. Also, transformation based representations do not suffer from
image degradation from repeated compressing and decompressing of images.
Thus, such a system provides better images and can store more images in the
same amount of space.
However, the complexity of transformational representations carries a cost.

The most obvious cost involves the time required to instantiate transforma-
tional representations. There is also the additional cost of database support for
multimedia editing. Our paper presents a model that can be used to store the
media objects using transformational representations. In doing so, we present
the meta-structure, model language, and implementation techniques for object
instantiation, insertion, deletion, and modification.
We propose the use of a transform-dag to represent the history of the creation

of an image. An arc from object o1 to o2 means that o1 was used to create o2. The
roots of the dag are the stored objects. Each object has two specifications which
are the transformations needed to instantiate the image. One of these specifi-
cations is called the short specification, and the other is the long specification.
The short specification indicates how the image would be reconstructed from its
parents in the transform-dag. The long specification is used to instantiate the
image from the stored objects or the roots of the transform-dag.
Two specifications are required to efficiently handle instantiations and dele-

tions from the database. The long specification would be used to instantiate the
image, thus reducing the amount of intermediate work that would be required.
However, if only long specifications are used, and the stored object is deleted,
then all of the derived objects would have to be instantiated as well. Thus,
by allowing the transform-dag to have more than one level, it is possible to
instantiate fewer objects on a deletion.
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The transformations used here are based on a formal model of image editing
derived from the Image Algebra in [10]. The system proposed here assumes that
editors translate operations submitted by users into the transformational model,
and then send them to the database. A simple LML consisting of five operations
– Combine, Define, Merge, Modify and Mutate – is presented.

This work is part of an ongoing project to create a prototype system which
can fully exploit transformational representations of images, audio and video.
The control logic for the work presented in this paper is available via anonymous
ftp from mercury.baylor.edu. The program uses a slightly different version of
specification entry objects, but otherwise conforms to the algorithms presented
here. In addition to this work, there are several other projects related to integrat-
ing transforms within a MMDBMS. First, the image LML must be completed.
Issues such as completeness, minimality and independence are explored in [1],
but alternative color models and quantization must be added to the model.
Second, a tool for instantiating images from the image LML must be designed
and implemented. This tool will also be used to instantiate transforms for user
requests and when deletions require that the system instantiate images.

Also, it should be noted that the long specification of an object should not
be the same as the pure concatenation of the short specifications of its ancestors.
The long specifications should be optimized to improve instantiation time. For
example, since size manipulations and rotations are accomplished through the
mutate operation, which is matrix multiplication, a rotation and an increase in
size can be combined into a single mutate operation in the specification. In order
to do optimization, we must understand the compatibility of the operations,
which is complicated by the large parameters taken by the commands.

This analysis of the LML commands for optimization also provides an op-
portunity for exploiting specifications for content-based retrieval. Content-based
retrieval is finding an image based on the actual picture, rather than descriptions
of it. There is much research in this complex area (see, e.g., [5,7,4,15]). However,
the use of specifications provides semantic information not generally available.
Our plan is to use a traditional content-based retrieval program on stored images,
and then combine those results with the specifications to determine whether or
not transforms satisfy the query. As a very simple example, if an image does not
have a picture of a red balloon in it, a crop of that image will not either.

Finally, all of the work planned for images is also planned for audio and
video. We will develop an LML for both audio and video. We will build editors
which can submit operations to a system, and we will be able to instantiate the
data from the specifications. We will also optimize the specifications. However,
the work done in this paper will not be repeated, as the basic ideas presented
here will hold in continuous media.

Thus, the object-oriented meta-structure for the transformational represen-
tations of images, is actually the meta-structure for all media types. The use of
a dag to indicate the history of an object and a specification to define its form
are the basic building blocks of a system which has tremendous capabilities in
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terms of reducing the amount of space used by multimedia databases, and to
improve the quality of the media at the same time.
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Abstract. In this paper the establishment of a supporting knowledge
base for a loosely-coupled federation of heterogeneous databases avail-
able over a computer network is described. In such a federation, user
information requirements are not static. The changes and evolution in
user information needs reflect both the changing information available in
the federation as databases join and leave it and their contents change,
and the varied requirements the users have of the information available
in the federation. As a user’s awareness of the contents of the federation
improves, their requirements from it often evolve. This means that users
need different integrating views if they are to realise its full potential. The
knowledge base will be used to help users of the federated databases to
create views of the federation and to determine the available information
in the federation.
The knowledge base (KB) is created and evolved incrementally by
analysing both meta-data of databases as they join the federation and
views as they are created over the databases in the federation. The
KB is organised as a semantic network of concept clusters, and can be
viewed as a conceptual model describing the semantics of all databases in
the federation. It records not only concepts and their inter-relationships
defined in schemas but also their frequency of occurrence within the
federation, and is used both as a semantic dictionary and as a basis to en-
rich schemas semantically during the detection of semantic relationships
among schema components when creating user views. We semantically
enrich schemas prior to integration by generating the best sub-network
that spans the concepts common to the schema and the knowledge base
and then by unifying this sub-network with the schema. Hence the terms
in schemas are given interpretations not by considering them in isolation
but by taking into account contexts, derived from the knowledge base
with respect to those schema terms.
An architecture to facilitate the establishment of this knowledge base
and to exploit its functionality is described. The novelty of our research
is that we create a knowledge base for a federation by gathering and
organising information from it to assist groups of users to create dynamic
and flexible views over the databases in the federation which meet their
dynamic information requirements. This knowledge base enables re-use
of the semantics when creating views.
Keywords: loosely-coupled federation, heterogeneous databases, seman-
tic dictionary, database discovery.
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1 Introduction

Recent progress in network and database technologies has changed data process-
ing requirements and capabilities dramatically. Users and application programs
are increasingly requiring access to data in an integrated form, from multiple
pre-existing databas es [6,34,42], which are typically autonomous and located
on heterogeneous software and hardware platforms. For many of these data-
bases, design documentation, high level representation of domain models (e.g.
ER, OMT representations etc.) and additional domain knowledge from the DB
designers may not be available.Different users have different needs for integrating
data and their requirements may change over time and as new databases become
available. This means that the same database may participate in many different
ways in multiple integration efforts, hence different views of the databases need
to be constructed.
A system that supports operations on multiple databases (possibly

autonomous and heterogeneous) is usually referred to as a multidatabase sys-
tem [3,22,23,32]. There are two popular system architectures for multidatab
ases: tightly-coupled federation and loosely-coupled federation [8,20,39]. In a
tightly-coupled federation, data is accessed using a global schema(s) created
and managed by a federated database administrator(s). In a loosely-coupled fed
eration it is the user’s responsibility to create and maintain the federation’s
integration regime. They may access data either by means of views defined over
multiple databases [18,19] or by defining a query using a multidatabase language
i̧teLitw88,Litw90 which enables users to link concepts within queries.
With the growth and widespread popularity of the Internet, the number of

databases available for public access is ever-increasing both in number and size,
while at the same time the advances in remote resource access interface tech-
nologies (e.g. JDBC, OD BC) offer the possibility of accessing these databases
from around the world across heterogeneous hardware and software platforms.
It is envisaged that the primary issue in the future will not be how to efficiently
process data that is known to be relevan t, but rather to determine which data
is relevant for a given user requirement or an application and to link relevant
information together in a changing and evolving situation[27,35,36]. The creation
of an environment that permits the con trolled sharing and exchange of informa-
tion among multiple heterogeneous databases is also identified as a key issue in
future database research [17,40]. In this environment we believe that the loosely-
coupled architecture provides a more via ble solution to global users’ evolving
and changing information requirements across the disparate databases available
over a network, as it naturally supports multiple views which are dynamic, and
it also avoids the need to create a global integrated sche ma.
In our research the main focus is on loosely-coupled federations where views

are created and used to define a user’s requirements to access and link together
data from multiple databases. In a loosely-coupled federation, databases may
join and leave as th ey please. In addition, global users may create, modify
and enhance views in many different ways to meet their changing information
requirements in a flexible manner. Some of the major issues to be addressed when
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creating multidatabase views in such an en vironment are how to locate appro-
priate databases and data for some application and how to determine objects in
different databases that are semantically related, and then resolve the schematic
differences among these objects [2,21,29]. This must be achieved in a way that
makes it possible for the federation to evolve, and easy for a user to create
new views and change existing views. A wealth of research has been done on
database integration but most of this work assumes that the releva nt databases
and data can be identified by some means during a pre-integration phase [1] and
that integration is a static outcome which is comprehensive and will be relevant
to all future applications. Furthermore, much published research in thi s area
concentrates either on a one-shot integration approach which creates a single
global schema or an integration via a multidatabase query [34]. Significantly,
little or no emphasis has been placed on the re-usability of knowledge elicited d
uring the schema integration process, to create different views which dynamically
reflect a user’s changing information requirements.

In this paper we investigate how to establish a knowledge base (KB) to assist
users to create views which integrate schemas in a loosely-coupled federation of
heterogeneous databases in a dynamic and flexible manner. In our approach
we assume that knowled ge about a database is elicited at the time it joins
the federation, but is not necessarily used at that time to create an integrated
schema. The knowledge base we establish evolves as new databases join the
federation. It will also evolve as new views ar e created by users as it will capture
the semantics used in creating these views. The knowledge gathered in each step
is utilised in subsequent integration efforts to improve the new views created by
users. The KB we propose is not a global schema. Its in tention is not to create
a view(s) specifically oriented towards a particular user group(s) but rather to
capture information which can be used to support an environment in which users
can create multiple, dynamic and flexible integrated views with less e ffort. Thus
the knowledge base cannot be used directly as an integrated schema which helps
users access data from the component databases in a federation.

We use a bottom-up strategy to build the knowledge base. With the help of
DB owners, we initially use the schemas of the DBs in the federation to create a
set of acyclic graphs of terms (referred to as schema structures). These schema
structures are then merged successively with the assistance of the database own-
ers to build the federated knowledge base. At this stage we are attempting to
capture the knowledge about the databases known to their owners. Finally, the
KB is utilised as a semantic dicti onary to assist users in generating integrated
views to access data from multiple databases in the federation when they are
creating applications based on new data requirements and to find out about the
information held in the federation.

For our approach, it is not a pre-requisite for the schemas of the compo-
nent databases to be available in some conceptual data model such as ER or
OMT. Neither do we expect to link schema components with an existing global
knowledge base such as a thesaur us, WordNet [26], some form of concept hier-
archies, ontologies [15,16], etc, to assign interpretations as in [2,14,25,43]. These
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approaches to providing a knowledge base assume that an available thesaurus
wi ll adequately cover all concepts in the federated system. Whereas we build
our thesaurus from the concepts in the federation thereby ensuring its relevance
to the contents of the federation.
The remainder of this paper is organised as follows: in section 2 we give a

brief review of related work. An architecture to support the establishment of our
knowledge base and to exploit its functionality is described in section 3. Section 4
explains th e structure of the knowledge base and how it is created and modified.
In section 5 we explain the functionality that the knowledge base can provide
to assist users in building dynamic and flexible views. Finally, section 6 draws
conclusions.

2 Related Research

In early integration methodologies [28,30], identification of relationships between
different database schema objects was considered to be the responsibility of
database integrators. These integrators usually reasoned about the meaning
and po ssible semantic relationships among schema elements in terms of their
attributes and their properties (e.g. names, domains, integrity constraints, se-
curity constraints, etc). A measure based on the number of common attributes
is normally used, as a basis to determine the resemblance of schema elements.
The discovered relationships are then represented as assertions to be used by
the schema integration tools [7,33,38,41] to integrate schemas (possibly auto-
matically). With the realis ation that the manual identification of semantic
relationships among schema objects is difficult, complex and time consuming
and that the process cannot be fully automated [37], research began to explore
the possibility of developing tools to ass ist users in this task.
The algorithms used by such tools to determine semantic relationships are

often heuristic in nature. The fundamental operation during the identification
process is comparison but the type and depth of information used for compar-
isons vary from tool to too l. Many of the early tools [10,41] used techniques
based on the early manual approaches and relied heavily on the information
available in the schemas. They basically compared the syntactic properties of
attributes in pairs to determine their equivalence, and used attribute equiva-
lence as a heuristic to determine the semantic similarities among schema objects
(e.g. relations, classes, etc). No attempt was made in this process to reuse the
knowledge elicited from integrating one group of schem as in any subsequent
integrations of other (related) schema groups. With the realization that schema
information contents alone is not sufficient to determine the semantic similarity
between schema objects [11,21,2], attempts were made t o enrich the semantics of
the schema elements prior to the integration process. This semantic enrichment
is done basically in two ways: by eliciting knowledge from the database owner
and building a semantic model over the schema, or by linking schema elem ents
with existing knowledge bases (KBs). Tools that attempt to create conceptual
models (e.g. ER, OMT) on top of schemas prior to integration can be consid-
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ered to belong to the first category, while schema integration tools that utilise
already existing ontologies, terminological networks such as WordNet, concept
hierarchies, etc. fit into the second category.
Tools and techniques to support the establishment of KBs for database

schema integration are reported in [2,4,9]. Many of the KBs proposed [2,4] are
strict concept hierarchies where the generalisation/specialisation rela tionship is
used to organise concepts. Other types of relationship such as positive-association
and aggregation are included in a number of projects [13,43], but how these
types of relationship are incorporated among the concepts in the KB i s not
mentioned. To the best of our knowledge the inference of semantic relationships
among schema components (or DBs) by pooling the knowledge about several
databases into a common repository which is then used as the KB to support
the integration proces s is novel.

3 System Architecture

Global Users

DB DBDB

Meta-data 
extractor

KB

Knowledge Server

Analyser
Schema

Concept 
Manager

Discoverer
Resource

Schema
Integrator

Integrated Schemas

Local DBAs/Users

Drivers

Component DBs
JDBC

Schema
structures

GUI

Fig. 1. The Architecture of our System

The architecture we adopt is depicted in Figure 1. Its major components are
the Meta-Data Extractor (MDE), the Knowledge Server (KS) and the Graph-
ical User Interface (GUI). The MDE interacts with the component databases
(DBs) in the fe deration via JDBC drivers to extract their intensional data, and
builds an associative network based model (schema structure) locally for each
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participating DB in the federation. These schema structures are then analysed
to discover implicit relatio nships among different schema elements, enriched
with semantics elicited from the DB owners, and merged with the KB. The
KB is maintained by the KS which provides the functionality necessary for its
establishment and evolution and for its role in assistin g users in their integration
efforts.

The GUI component is the primary interface between the users, the knowl-
edge server and the component databases. It allows the DB owners to view the
schema structures created by the MDE as acyclic graphs of terms and provides
functionality to modify schema structures and enhance the semantics of the
elements in them. In addition the global users may use the GUI to invoke
functionality provided by the KS.

3.1 Schema structures

book_loan(book_no,isbn,shelf,name,address,date_due_back)
person(name,address,status)
loan_status(status,loan_period,max_num_books).

catalogued_book(isbn,author,title,publisher,year,classmark)
reservation(isbn,name,address,date_reserved).

Fig. 2. An example of a specimen relational schema (based on a schema from
[31])

catalogued_book

isbn

author

title

book_loan

name address

date_due_back

shelf

book_no

loan_status

reservation

data_reserved

status

max_num_books loan_period

publisher

year

classmark

Aggregation relationship isA relationship

person

Fig. 3. An example of a Schema structure
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The primary information source used to build (and evolve) the KB is the
meta-data of the component databases in a federation. The DBs in the federation
may be implemented in different database management systems (DBMSs) with
different data models (e.g. re lational, hierarchical, network, object oriented,
etc.). This type of heterogeneity in a multidatabase system is referred to as
syntactic heterogeneity [5,3]. The solution commonly adopted to overcome syn-
tactic heterogeneity is to use a canonical data model and to map all schemas in
a federation to this canonical model. We have determined that the meta-data
required to build the KB can be provided by building associative networks over
each database in the federation. Hence in our appr oach the canonical data model
used is based on associative networks, and the meta-data models generated on
top of the component DBs by using this data model are referred to as schema
structures.

3.2 Canonical data model

We organise the meta-data of a schema as an associative network of terms,
where terms represent either schema objects (e.g. relation, entity, class, etc.) or
attributes of schema objects defined in the corresponding DB schema. Terms are
related with other terms via binary relationships (links). The terms and links
have properties some of which are essential. Each property is given a label (e.g.
name, strength, etc.) and has a value(s). The labels classify properties into types
. In the following sections we use labels to identify properties. Two essential
properties of a link are its strength and its link-type. The strength of a link
represents how closely the connected terms are related in the DB and takes a
value in the interval (0, 1]. A link with strength 1 indicates a definite relationship.
All the other values represent tentative associations. The link property link-type
can take a value from the set {aggregation, isA, positive-association, synonym}.
The links between terms in a schema structure are generated as follows :

aggregation : links two terms T1 and T2 when T1 corresponds to a schema object
O1 and T2 corresponds to an attribute Ai of the object O1.

isA : links terms T1 and T2 when T1 and T2 denote two schema objects O1 and
O2, respectively, and a specialisation/generalisation relationship exists between
them.

positive-association : links terms when an association other than aggregation
and isA is defined between objects in the schema.

synonym : links two differently named schema terms when they correspond
to two schema object attributes that denote the same real-world aspect. For
example in relational DBs, the same attribute may exist with different names in
different relat ions to create explicit relationships between relations.
Since aggregation, positive-association and isA links are used to link terms

only when such associations are explicitly defined or can be identified by the DB
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owners, their strengths are always assigned the value 1. The tentative associa
tions may be generated among terms by using schema analysis tools to guide
DB owners to discover implicit relationships among schema elements. Once such
relationships are discovered, DB owners may transform tentative links to definite
links by changing th eir strength to 1. The implementation characteristics of
schema objects and their attributes (e.g. data type, scale, precision) may be
coded in schema structures as properties of their corresponding terms.
In Figure 2 a specimen relational schema is shown and its corresponding

generated schema structure is shown in Figure 3. We expect the DB owners
to identify different schema object attributes in their schema structures which
denote the sa me real-world aspects and to merge such attributes as a single
term (e.g. isbn in Figure 3) or to relate them with synonym links before merging
the schema structures with the KB.

4 Structure, Creation and Modification of the KB

C1

C2

Meta-Data Layer

DB Layer
DB1 DB2

DBk

O1

O2

O7

O6

Clusters isA positive-association

C4 C2

Cn

Cm

Concept Layer View Layer

O4

O5

O3

O8

O10
O9

V2

Vn

V1

Fig. 4. The Structure of the KB

The KB can be viewed as composed of four layers: a concept layer, a view
layer, a meta-data layer and a DB layer, as shown in Figure 4. The top left layer
comprises concepts, each of which represents an object cluster in the meta-data
layer. A concept in the top left layer can be thought of as a unit of knowledge
representation that guides the process of classifying schema objects into clusters,
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and a cluster can be considered as a logical grouping of schema objects. Con-
cepts may be related with each other via binary relations (links). As in schema
structures, links have properties. In addition to strength and link-type properties,
they also have an essential property named frequency, which specifies how many
times the corresponding link occurred in the federation and is being used in user
views. In the concept layer, link strengths represent how closely concepts are
related in the federation. The link property link-type here takes values from the
set {aggregation, isA, positive-association}.
In the concept layer, positive-associations represent possible associations

among concepts, and are generated as described in the following sections. Con-
cepts possess attributes providing descriptive information about themselves. The
attributes are connected with their corresponding concepts through aggregation
links. When an attribute of a concept is further described by using a set of
attributes, it is treated as another concept. Hence a concept may have attributes
which are also concepts. Both concepts and attributes may possess properties.
Two essential properties of concepts and attributes are name and frequency. A
concept is allowed to have multiple names in the concept layer. The frequency of
a concept (or a concept attribute) specifies in how many databases in a federation
the concept (or the attribute) is defined.
The view layer stores information relevant to views generated by users over

the federation. Its main function is to gather knowledge required to determine
and notify view users, DB meta data changes that potentially affect their views.
The meta-data layer maintains all the schema structures submitted to the

KS, by organising all terms that represent objects in schema structures into
clusters (object clusters). All corresponding objects in a cluster are hypothesised
to be semantica lly similar. This layer is intended to be used to assist users
in reconciling schematic differences among semantically similar items during
schema integration.
The DB layer maintains information about the databases whose schema ob-

jects are represented in the meta-data layer. It is used to link to the extensional
data.

4.1 Merging schema structures with the KB

The KB is created by merging, in ladder fashion [1], the schema structures of the
component DBs. Merging a schema structure with the KB changes all four layers
of the KB. At the DB layer a new node is created to capture the information
of the DB being merged. All meta-data in the schema structure is added to the
meta-data layer and the terms in the schema structure are merged with concepts
in the concept layer as described below.

4.2 Merging schema structures with the concept layer

During this process some of the terms in schema structures are merged with
concepts in the concept layer while others are merged with attributes of existing
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concepts. The approach we use to merge a schema structure with the KB com-
prises five stages: common term set generation, sub-net(s) generation, sub-net(s)
and schema structure unification, merge terms with concepts, and merge links,
which are carried out once in that order to merge a schema structure with the
KB. The first three stages of this process are aimed at establishing mappings
between schema structure terms and concepts by considering all schema terms
as a single unit of related terms. The last two stages assimilate schema structure
knowledge into the KB.

In the common term set generation stage, a set S of terms common to both
the schema structure and the KB is generated. The common terms may exist in
the KB either as concepts or as attributes of concepts.

During the sub-net(s) generation stage, terms in the set S are spanned along
aggregation and positive-association links in the concept layer whose strengths
exceed a given threshold value, to obtain a sub-net (or a set of disjoint sub-nets)
of conce pts that span all terms in S. We use the following algorithm to generate
the sub-net(s) that span all the common terms in the set S. Initially a term t0
in the set S is selected as a seed term, and all concepts in the concept layer
with the same name are taken as starting concepts. All starting concepts are
then spanned to a given depth (d), generating a number of distinct sub-net(s)
of concepts. We define the span depth as the number of links traversed by the
spanning process from the starting concep t. Out of these sub-nets, the sub-net
having the maximum number of terms in the set S is selected as the current
sub-net. In the next step, a new set S is created by removing the terms that are
in the current sub-net from the initial set S. One of the ter ms in this new set is
selected as the new seed and its corresponding concepts are spanned as above,
until either one of the concepts generated during the spanning process matches
a concept in the current sub-net or all concepts span to the maximum depth,
d, without matching a concept in the current sub-net. In the former case, the
sub-net generated by the spanning process is merged with the current sub-net
to generate a new current sub-net to be used in the next iteration. In the latter
case, the sub-net( s) that has the maximum number of terms in the set S is
selected as the best span and is added to the current sub-net. Then a new set
is created by removing the terms in S that appear in the best span, and the
process is repeated till the set S is empty.

In the sub-net(s) and schema structure unification stage, concepts in the
spanned sub-net(s) are unified with terms in concept structures that represent
schema objects to determine the most suitable concept for each term to merge
with. The final res ult of this stage is a set of ordered pairs (Ti,{C1,C2,C3...Cn}),
where Ti is a term in the schema structure representing an object and the Cis
represent a suitable concept for Ti to merge with. With the assistance of the DB
owne rs, the above generated ordered pairs are converted into a set of ordered
pairs of the form (Ti,Ci), where Ci is the concept with which the term Ti is to be
merged in the next stage. Then the Tis in the meta-data layer are moved into th e
clusters represented by the concept Cis. When several concepts match closely to
a given schema object term, then all such matching concepts that are not linked
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via a common parent are also unified to determine their inter-relationships and
the result s are shown to the DB owner. He may inspect these results to discover
scattered descriptions of the same concepts. If such concepts are found, they
may be merged together.

In the merge terms with concepts stage, terms in the schema structure are
merged with the identified concepts in the concept layer and the properties (e.g.
frequency) of the concepts and their attributes are updated appropriately. For
the schema obj ect terms where no suitable terms are found in the concept layer,
new concepts are created.

During the merge link stage, new links may be created among concepts, and
the existing links properties are updated. We create a positive-association link
(or update their frequencies) among two concepts Ci and Cj when either a
positive associ ation is defined between Ti and Tj in the schema structure or
there is a path over the aggregation and positive-association links whose length
is less than a given value between Ti and Tj in the schema structure. Based on
the frequency values of concepts and links, a number of different computations
can be devised to calculate link strengths. After experimenting with a number of
different computations in our prototype, we chose to use the following equations
to compute link strengths, by takin g into account the similarity measures estab-
lished in cluster analysis [12]. We have observed that the selected computations
yield a fewer number of more focused disjoint sub-nets during sub-net generation
stage.

catalogued_book

author

title

book_loan

address

date_due_back

shelf

book_no

loan_status

reservation

data_reserved max_num_books loan_periodisbn

isbn

name

address

name address

status

status

name

publisher

classmark

year

positive-associationaggregation isA

person

Fig. 5. Structure of KB concept layer after merging the schema structure shown
in figure 3 with an empty KB
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– aggregation link strength connecting concept p with its attribute i = F api/F
c
p

– positive-association link strength connecting the concept i with the concept
j = F lij/min(F

c
i ,F

c
j )

– isA link strength = 1

where F ci is the frequency of concept i, F
c
pi is the frequency of attribute i of

concept p, F lij is the frequency of the link connecting concepts i and j.
The resulting conceptual layer of the KB is shown in Figure 5, after the

schema structure shown in Figure 3 is merged with an initial empty KB.

5 Functionality of the KB

In the KB, schema objects considered to be semantically similar are grouped into
clusters and a concept is attached at a higher level to represent each cluster. In
addition, links are maintained between schema objects and databases from which
they came. H ence this knowledge organisation allows users to start discovering
databases relevant for some application (DB discovery) from two levels, from the
concept layer or from the DB layer. A user can initiate the DB discovery process
from the concept layer by specifying a set of concepts {C1,C2,C3...Cn} that he
thinks might be relevant for his application. These concepts, Cis, lead to a set
of clusters, and then to a collection of schema objects {O1,O2,O3...Om} at the
meta-data l ayer. By moving down from these schema objects, Ois, along the
links maintained between the meta-data layer and DB layer, a set of databases
{DB1,DB2,...DBk} in which the schema objects are defined can be determined.
The set {DB1 ,DB2, ...DBk} is then sorted on a weight computed by considering
the concepts to which these DBis, relate and are presented to the user. Users
may alternatively start the DB discovery process from the DB layer by selecting
a candidate DB(s) from the fede ration. In this case the selected DB(s) is used
to generate a set of concepts at the concept layer by moving along the links
between the DB layer and the meta-data layer, followed by the links between
the meta-data layer and the concept layer. The generat ed set of concepts are
then used as before to discover DBs in the federation that define relevant schema
objects.
Once a set of DBs relevant for some application is chosen, users may deter-

mine the relationships among the schema objects in them by determining their
clusters, the concepts representing those clusters, and the associations existing
among clusters at the concept layer. The schema objects belonging to the same
cluster are considered to represent semantically similar real world entities, while
the semantic relationship of schema objects belonging to different clusters can be
determined by considering the re lationships between the concepts represented
by these clusters.
When views are created over DBs in the federation, users may integrate

schema objects in many different ways. The existing links used and the new
links generated during these integration efforts are also recorded at the concept
layer and this information is utilised to assist users in subsequent integrations.
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The links maintained between each layer facilitate the easy modification of
information in the three layers of the KB, during DB schema modification. When
a DB leaves the federation the KB objects corresponding to it at the DB layer
and meta-data layer ar e removed and the frequencies of relevant concepts and
links at the concept layer are updated to reflect this change.

6 Conclusion and future work

We have described how a KB can be established over a loosely-coupled federation
of heterogeneous DBs to assist users to integrate schemas. Our research is guided
by the assumptions that:

– The schemas developed to represent similar real world domains typically
share a set of common terms as schema object names and their attribute
names.

– Semantic relationships among schema elements in a federation can be iden-
tified better by pooling meta-data of component DBs.

We do not depend on any pre-existing global taxonomies/dictionaries in
building the KB. The KB we establish is dynamic and evolves with the federa-
tion. It is more germane to the federation as it uses mainly the meta information
of the DBs from the schemas and the DB owners, and more comprehensive as it
stores information necessary for a wide variety of activities such as information
browsing, planning/preparing for an integration, resolving schematic conflicts,
accessing data, etc.
An approach based on generating a sub-net spanning a set of terms, followed

by unification, is used to merge DB meta-data with the KB. How the knowl-
edge generated by pooling meta-data of component DBs is used to determine
the strength of associations of c oncepts within the federation, and how these
strengths are utilised to enhance the semantics of schema elements has been
explained. Finally we described how the organisation of the KB helps users in
database discovery and in determining semantic relations hips among schema
objects.
The architecture and algorithms we have presented in this paper are based

on a prototype system built to support users creating views over a set of library
databases. This prototype was built to demonstrate that our knowledge base
could be established and utilised to create views. Two library databases have
been linked in the federation and a number of views have been created utilising
the resulting knowledge base to assist in view creation. We intend to extend
our research by building a work-bench of too ls to assist users to establish the
KB and to utilise its functionality in their integration efforts. As our KB stores
information at the DB layer to retrieve data from the component databases in
the federation, we are also aiming to develop a query proce ssor to materialise
user views created over the federation. In addition we intend to explore the
possibility of using the global KB such as WordNet, ontologies, etc. to enrich
and verify our KB.
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Abstract. Correct transformations and integrations of schemata within
the process of federated database design have to encompass existing local
integrity constraints. Most of the proposed methods for schema trans-
formation and integration do not sufficiently consider explicit integrity
constraints. In this paper we present an approach to deal with integrity
constraints. Our approach bases on the idea to relate integrity constraints
to extensions. A set of elementary operations for schema restructuring
and integration is identified. For these operations we define major rules
for dealing with integrity constraints. By means of a small example we
then demonstrate the application of these rules.

1 Introduction

In many large organizations, different legacy data management systems are main-
tained and operated. These data management systems and the data managed by
them have developed independently from each other. Among these systems there
are database management systems but also merely file-based systems differing
in several aspects such as data model, query language, and system architecture
as well as the structure and semantics of the data managed. In this context the
term ‘heterogeneity of the data management systems’ is commonly used. As a
rule, applications for specific needs continue to be based on such systems. More
recent applications often require access to the distributed databases but their
implementation fails due to heterogeneity. Federated database systems [SL90]
are designed to overcome this problem by integrating data of legacy database
systems only virtually. That is, ‘only’ the local schemata are integrated to a
federated schema. Global applications can retrieve and update federated data
through the federated schema.
The main task during the design of a federated database is the transformation

and integration of existing local schemata into a federated schema. The transfor-
mation [EJ95] and integration [LNE89,SPD92,RPG95,SS96a] of local schemata
into a federated schema must fulfill the following requirements:

1. For each query against a local schema there exists a global query against the
federated schema returning the same query result. This requirement avoids
loss of information during the federation.
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2. Each global update or insert operation can be propagated to the local DAMS
correctly. That is, the local schemata must not be more restrictive than the
federated schema. Therefore, schema transformation and integration have
to encompass integrity constraints. Global integrity constraints can be used
to optimize global queries and to validate global updates. In addition to
the transformed local integrity constraints the federated schema contains
‘integration constraints’ [BC86] stemming from inter-schema correspondence
assertions [SPD92]. These integration constraints force global consistency.

The second requirement demands to transform integrity constraints during the
federation design process. In our approach, we consider integrity constraints
referring to class extensions. A typical schema conflict occurs if extensions of
two local classes can overlap. This overlapping itself is an integration constraint.
By adding such integration constraints, local integrity constraints can come into
conflict. That is, for objects simultaneously stored in both classes different con-
flicting integrity constraints can be defined. The problem in this case is to find a
federated schema fulfilling the requirements mentioned above. Various publica-
tions tackle this conflict. [BC86,Con86], for instance, describe the integration of
views and name local schemata (views) without conflicting integrity constraints
conflictfree schemata. In general, testing for conflictfreeness is undecidable. In
those approaches only conflictfree schemata (views) can be integrated correctly.
[RPG95,EJ95] show how to integrate schemata into a federated schema consid-
ering integrity constraints. Conflicting integrity constraints are not integrated.
[VA96] distinguish between subjective and objective constraints. Subjective con-
straints are only valid in the context of a local database and need not to be dealt
with during schema integration. In this way only objective and non-conflicting
integrity constraints are integrated.
In [AQFG95] the integration of conflicting integrity constraints bases on a

conflict classification. In some cases, the more relaxed constraint is taken over
to the integrated class. In other cases, the local constraints are reformulated in
an implication format and attached to the integrated class.
In contrast to the mentioned approaches we integrate integrity constraints

basing on set operations on class extensions. Extensions of local classes have
to be decomposed into disjoint base extensions and later to be composed to
the federated schema (cf. [SS96a,SC97,CHS+97]). Local integrity constraints are
related to class extensions. This idea is already mentioned shortly in [BCW91].
By decomposing and composing class extensions in a well-defined way, we are
able to derive integrity constraints for integrated schemata (as well as for arbi-
trary views, e.g. external schemata) in a clean and logical sound way. We tackle
the problem of conflictfreeness of local schemata in a different way than most
other approaches mentioned before. It is possible to discover conflicting integrity
constraints during database schema integration. Such conflicts are often a hint
that there are other conflicts behind that, e.g. a semantic conflict or a name
conflict which has not been discovered up to that moment.
In this paper we focus on the integration of integrity constraints based on

the integration of the extensions (classes) they belong to. Thereby, we continue
the work presented in [CHS+97] where a basic analysis of the problem of inte-
grating integrity constraints was given. The next section introduces elementary
operations for decomposing and composing class extension. For these operations
we present rules to transform and integrate integrity constraints. We briefly
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discuss the application of these rules to classes of frequently occurring integrity
constraints before we give a detailed example.
The rules presented in this paper are not intended to be applied in a fully

automatic manner. The designer of the federated database has to control the
application of them. In this way he can see during the integration process whether
there are conflicting constraints and in which way the integration has to be
changed for resolving such conflicts.

2 Elementary Operations

During the schema integration process the main task is to find all relationships
(integration constraints) between the class extensions in the base schemata which
are to be integrated. Two class extensions can be always equal or always disjoint.
In addition to these relationships, two class extensions can overlap semantically.
A special case of overlapping class extensions is that one is always a subset of
another one (cf. w.r.t. these relationships for instance [SPD92]). As showed in
[SS96b], pairwise comparisons of class extensions is not always sufficient because
not all pieces of information necessary for an adequate integration can be found
in this way. Instead, all class extensions must be considered at the same time.
The result of such an analysis can be presented in a graphical manner as depicted
as follows:

1 2 3 45678

A
B
C
D
E

The horizontal lines represent the class extensions of five classes A, B, C, D, and
E, respectively. For instance, the class extensions of B and C are overlapping.
Furthermore, E is a subclass of D. Based on this information, a set of base
extensions can be identified as a canonical representation. In the figure, eight
base extensions have been found and numbered by 1 to 8.
Using the standard set operations intersection and difference we can describe

the base extensions in terms of the original class extensions. After such a decom-
position into base extensions we can construct each possible class extension which
might occur in the integrated schema by applying the standard union operation
to a collection of base extensions. Based on this simple procedure of decomposing
and then composing class extensions, resolving of extensional conflicts can be
described in terms of the three standard set operations. In [SS96a] an algorithm
is proposed to compose base extensions to a federated schema automatically.
Due to the fact that selection is a very important operation for defining views
or specifying export schemata, we also consider selection to be an elementary
operation.
The decomposition of class extensions can produce base extensions which

belong to local classes from different databases. Objects of such base extensions
are managed by more than one database system simultaneously. The values
of common attributes are stored redundantly. If the local databases store the
current state of real-world objects correctly then the values of the common
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attributes would be equal. Otherwise we can state that different values indicate
inconsistency.
For two local classes of which the extensions overlap conflicting integrity

constraints concerning common attributes can exist. For instance, the attribute
salary can be restricted by ‘salary > 3000’ in one database and by ‘salary > 2500’
in another database. Such conflicting integrity constraints defined for common
attributes of objects stored in both databases are indications of

1. wrong specification of extensional overlappings or
2. wrong specification of attribute-attribute relationships (attribute conflicts)
or

3. incomplete or incorrect design of at least one local schema.

A wrong analysis of the schemata to be integrated (first and second item) can
be corrected without violation of local autonomy. A wrong design of a local
schema is more tricky. If both databases are consistent, i.e. the values of com-
mon attributes are equal, then the integrity constraints of both classes hold
simultaneously. In this case the local integrity constraints can be corrected with-
out invalidating the existing database. The corrected local integrity constraints
would then help to detect wrong local updates.
However, sometimes the local database should continue in possibly incon-

sistent states due to the demand for design autonomy. A solution then is to
regard common attributes as semantically different. In this way, the integrity
constraints are not longer in conflict.
The next section presents rules for treating integrity constraints during the

decomposition and composition of class extensions.

3 Rules for Dealing with Integrity Constraints

For presenting the rules which can be applied to integrity constraints during
schema integration we first need to introduce our notation and to define some
important terms.
As already mentioned before, integrity constraints are usually given for a

certain set of objects. Therefore, we always consider constraints together with the
sets of objects for which they are valid. We denote by Θφ(E) that the constraint
φ holds for a set E of objects. Typically, E is a class extension. From a logical
point of view, Θφ(E) says that all free variables occurring in φ are bound to the
range E. The range E is also called the validity range of the constraint φ.
For simplifying the presentation we distinguish between two basic kinds of

constraints. An object constraint is a constraint which can be checked indepen-
dently for each object in the validity range of that constraint. Integrity checking
for object constraints is easy and can be done very efficiently. In case we insert
a new object or modify an existing object, we only need to consider that object
for checking object constraints.
In contrast, a class constraint can be characterized as a constraint which can

only be checked by considering at least two objects out of its validity range.
Often, all currently existing objects in the validity range are needed for checking
a class constraint.1 Obviously, it is possible to distinguish several different kinds

1 The distinction between object constraints and class constraints follows the taxon-
omy of integrity constraints presented in [AQFG95].
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of class constraints, but, for the purposes of this paper, we do not need such a
distinction.
In the following, we consider the four elementary operations identified in the

previous section. For each elementary operation we give a rule for dealing with
object constraints. Afterwards, we briefly discuss in which cases these rules can
also be applied to class constraints.

Selection. Applying a selection σψ (where ψ is the selection condition) to an
extension E results in a subset of E denoted by σψ(E). The selection condition
ψ can be considered as an object constraint. In consequence, ψ holds for the
extension σψ(E). Assuming that an object constraint φ holds for E, we can
conclude that φ ∧ ψ holds for σψ(E):

Θφ(E)→ Θφ∧ψ(σψ(E)).

Difference. Applying the difference operation results in a subset of the first
operand. Therefore, the difference operation and taking a subset can be dealt
with in the same way with respect to object constraints. If an object constraint
φ holds for an extension E, φ also holds for each subset of E. This is due to the
fact that φ is an object constraint which can be checked independently for each
object in E and this is true for each subset of E as well. This property leads to
the following rule (where E = E1 ∪ E2 and, thus, E1 is a subset of E):

Θφ(E1 ∪ E2)→ Θφ(E1).

Intersection. The intersection of two (or more) extensions is always a subset
of each of the original extensions. Due to the fact that object constraints can
be transferred from an extension to any subset of that extension (as explained
before), the following rule holds for object constraints. If an object constraint φ
holds for an extension E1 and an object constraint ψ holds for an extension E2,
then both φ and ψ (and thereby also the logical conjunction φ∧ψ) hold for the
intersection of E1 and E2:

Θφ(E1), Θψ(E2)→ Θφ∧ψ(E1 ∩ E2).

Union. In case we unite two extensions E1 and E2 we can only use the knowledge
that each object in E1 ∪ E2 is an object in E1 or in E2. In consequence, if φ is
an object constraint valid for E1 and ψ an object constraint valid for E2, then
φ∨ ψ is valid for E1 ∪ E2:

Θφ(E1), Θψ(E2)→ Θφ∨ψ(E1 ∪ E2).

In Figure 1 we have listed all rules introduced so far (rules (1) to (4)). In addition,
the rules (5) and (6) express important logical properties.
In case an integrity constraint consists of a conjunction of several conditions,

each of these conditions can be considered as a single integrity constraint valid
for the same extension (rule (5)). Furthermore, we can weaken each constraint
by disjunctively adding an arbitrary further condition (rule (6)). Rule (7) says
that two constraints being valid for the same extension may be put together into
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Let φ and ψ be object constraints, then the following rules hold:

Θφ(E)→ Θφ∧ψ(σψ(E)) (1)

Θφ(E1 ∪E2)→ Θφ(E1) (2)

Θφ(E1), Θψ(E2)→ Θφ∧ψ(E1 ∩E2) (3)

Θφ(E1), Θψ(E2)→ Θφ∨ψ(E1 ∪E2) (4)

Θψ∧φ(E)→ Θψ(E) (5)

Θψ(E)→ Θψ∨φ(E) (6)

Θφ(E), Θψ(E)→ Θφ∧ψ(E) (7)

→ Θtrue(E) (8)

Fig. 1. Overview of rules for object constraints

a conjunction which is still valid for that extension. For completeness, rule (8)
allows to introduce the constraint true being valid for each extension.
Considering rule (7) we can see that it is only a special case of rule (3) where

E1 equals E2. Because this is an important case often occurring during schema
integration, we give an own rule for that.
In case E1 equals E2 we can also apply rule (4). Then, φ∨ ψ can be derived

for E1 (and E2, resp.). From a formal point of view this result is correct, al-
though it is too weak. In general, we are interested in obtaining the strongest
constraint(s) which can be derived. Nevertheless, the rules allow us to derive
weaker constraints.
Up to now, we have only dealt with object constraints. Due to the fact that

the rules (5)–(7) describe general logical properties they can be used for arbitrary
constraints including class constraints without modification. For the other rules
we have now to see in which cases they can be applied to class constraints.

4 Applicability of the Rules to Class Constraints

The rules presented in the previous section hold for object constraints. The
questions now is whether these rules are valid for class constraints, too. In this
section we investigate certain kinds of class constraints (uniqueness constraints,
referential integrity constraints, and constraints based on the aggregate functions
max and min) which are relevant in practice.

4.1 Uniqueness Constraints

The rules (1), (2), and (3) also hold for uniqueness constraints (unique). Rule (1)
means that all (selected) objects of the resulting set fulfill the uniqueness con-
straint besides the selection condition. Obviously, uniqueness constraints hold
for each subset of a class extension for which they are originally defined. This
follows immediately from the fact that an object which can be unambiguously
identified in a class extension can also be unambiguously identified in each subset
of this class extension. The rules (2) and (3) also hold for the same reason.
However, the following aspect has to be considered for all three rules: A

uniqueness constraint which is originally defined on a superset is generally weak-
ened by using the rules (1), (2), and (3). We will illustrate this aspect by using
an example: Suppose, there is a class extension employees for which a uniqueness
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constraint is defined. Further assume that this class extension can be decomposed
into two base extensions project group 1 and project group 2. In this case, we can
state that the uniqueness constraint holds for both base extensions. Nevertheless,
the “decomposition” of the uniqueness constraint leads to a weakening because
the relationship between the base extensions is not considered. Now, it is pos-
sible that in both base extensions an object can be inserted with the same key
attribute values without violating one of the two derived uniqueness constraints.
However, from the point of view of the original class extension the originally
defined uniqueness constraint is violated.
Thus, we require a further rule which maintain the original integrity con-

straints. Consequently, we have to introduce the following equivalence rule

Θφ(E)↔ Θφ(E1 ∪ E2) (9)

which says that a uniqueness constraint φ which holds for an extension E (E ≡
E1 ∪E2) also holds for the union of the both decomposed extensions E1 and E2
(and vice versa). The equivalence rule is not restricted to uniqueness constraints
only; obviously, it holds for all kinds of constraints.
The rule (4) does not hold for uniqueness constraints on class extensions

because this kind of constraints can be violated by the objects of the second
class extension to be united. Thus, we cannot conclude that a uniqueness con-
straint holds for the united extension. This is also the case when in both class
extension the same uniqueness constraint is defined (i.e. unique defined on the
same attribute or attribute combination).
Let us consider the following example to illustrate why the rule (4) cannot

be applied to uniqueness constraints: Suppose, there are two extensions project
group 1 and project group 2. On each of these extensions there is a uniqueness
constraint defined. The employees which are involved in the project group 1 are
unambiguously identified by their social security number whereas the employees
of project group 2 are distinguished using their names. How can these original in-
tegrity constraints be handled after unifying the corresponding class extensions?
Obviously, we cannot assume that one of the original constraints holds for the
whole united extension. On the other hand, these constraints cannot be skipped
because of the requirement that the federated schema has to be complete in
order to maintain the semantics of the original schemata to be integrated.
This problem can be solved by using discriminants [GCS95,AQFG95]. Dis-

criminants can be used to maintain the relationship of the objects of the united
extension with the original class extensions they stem from. For the example de-
scribed above we can define a discriminant attribute group which can be used to
specify integrity constraints on the united extension. For instance, the following
integrity constraints can be derived in our example: All employee objects whose
discriminant has the value ‘project group 1’ must have different social security
numbers. Analogously, all employee objects whose discriminant has the value
‘project group 2’ must have different names.

4.2 Referential Integrity Constraints

Here, we restrict the discussion of the applicability of the rules for referential
integrity constraints to constraints which refer to object references within a single
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extension. In our example, there may be a referential integrity constraint on the
class extension employees which defines that the attribute supervisor must refer
to an existing employee object.
We state that the rule (1) does not hold for such kinds of constraints. This

is due to the fact that the result of a selection operation is a subset of the
original extension, i.e., some of the objects of the original extension (which do not
fulfill the selection condition) are not in the resulting extension. Thus, originally
valid references can now be undefined. In other words, we cannot assume that
a referential integrity constraint holds for the resulting extension if potentially
referenced objects are not in the resulting extension. The rules (2) and (3) do
not hold for the same reason.
In contrast, the union rule (4) holds for referential integrity constraints. The

reason is that all references of the original extension stay valid because all objects
of this extension are in the united extension. Suppose, we unite the extensions
project group 1 and project group 2 to the extension employee. Here, we assume
that all references are valid because all referenced employees are in the united
extension. However, we have to notice that the logical disjunction of the two
original integrity constraints leads to a weakening of the constraints. As discussed
before, a discriminant approach can be used to solve this problem.

4.3 Aggregate Integrity Constraints

Finally, we discuss the applicability of the rules to aggregate constraints defined
by using the aggregate functions max and min. Here, we consider constraints of
the form ‘max(x) θ z’ and ‘min(x) θ z’, respectively, whereby x is an attribute, z
a constant value and θ is a comparison operator.
In general, the applicability of the rules to such kinds of constraints2 de-

pends on the comparison operator θ used for the formulation of such kinds of
constraints.
For max-constraints it can be easily shown that the rules (1), (2) and (3) can

only be applied if the following holds for the comparison operator: θ ∈ {≤, <}.
If the maximum of an attribute x of an extension E is less (or less equal) than
a certain value z, then the maximum of the attribute x of each subset of the
extension E is also less (or less equal) than the value z. However, in case a
max-constraint is defined with one of the following comparison operators {≥, >,
=, 6=}, then we cannot guarantee that the maximum of the resulting extension
fulfills this constraint. Suppose, there is an extension employees on which the
max-constraint ‘max(salary) > 4000’ is defined. Here, it can happen that the
object which make the condition valid in the original extension is not available
in the resulting extension. Obviously, this is the case when, for instance, the
selection condition is ‘max(salary) ≤ 4000’.
Analogously, the rules (1), (2) and (3) can only be applied to min-constraints

if the comparison operator θ is in {≥, >}.
The rule (4) is obviously applicable to max-constraints if the comparison

operator θ is in {≥, >} and for min-constraints if the comparison operator θ is
in {≤, <}.

2 In the following, aggregate constraints based on the function max are called max-
constraints. Analogously, aggregate constraints based on the function min are called
min-constraints.
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Assume, there is a constraint ‘max(salary) ≥ 4000’ defined on a class exten-
sion. Then, we can assume that this constraint also holds for union with another
extension because this constraint is already fulfilled by the original extension. In
this case, union means that additional objects (of a second extension) are put in
this extension. Therefore, the maximum salary of the united extension can only
be greater or equal than the maximum salary of the original extension.
Analogously, assume that there is a constraint ‘min(salary) ≤ 2000’ defined

on a class extension. This constraint also holds for union because the minimum
salary of the united extension can only be lower or equal than the minimum
salary of the original extension.
However, there are two other cases where rule (4) is applicable, too. Firstly, it

holds formax-constraints if the comparison operator θ is in {≤, <}. Secondly, this
rule can be applied to min-constraints if the comparison operator θ is in {≥, >}.
The reason for the applicability in both cases is that these kinds of constraints
can be transformed into object constraints. The class constraint ‘max(x) θ1 z’
with θ1 ∈ {≤, <} is equivalent to the object constraint ‘x θ1 z’ and the class
constraint ‘min(x) θ2 z’ with θ2 ∈ {≥, >} corresponds to the object constraint
‘x θ2 z’. Due to the fact that the rule (4) is applicable to any object constraint
we can conclude that this rule can also be applied to these special kinds of max-
and min-constraints.
As discussed before, a discriminant is required in order to avoid the weakening

of the constraints by applying rule (4). However, the results of the applicability
of the rules to class constraints are summarized in the following table:

Rule unique ref maxθ minθ
(1) selection

√
— θ ∈ {≤, <} θ ∈ {≥, >}

(2) difference
√

— θ ∈ {≤, <} θ ∈ {≥, >}
(3) intersection

√
— θ ∈ {≤, <} θ ∈ {≥, >}

(4) union —
√

θ ∈ {≥, >,<,≤} θ ∈ {≤, <,≥, >}

5 Example for Rule Application

In this section we demonstrate and discuss the application of our proposed rules
by means of a small example. For the presentation, we distinguish two phases:

1. decomposing the original extensions into base extensions, and
2. composing these base extensions by uniting them to derived extensions.

5.1 Decomposing Extensions

The decomposition of the original class extensions is based on an extensional
analysis. Such an analysis specifies in which way we have to construct the base ex-
tensions from the original extensions by applying set operations. In our example,
we start with two class extensions E1 and E2 which contain employees working
in two different projects groups. We assume that the result of the extensional
analysis is as it is depicted in the following figure:

1 2 3

project group 1
project group 2
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There may be employees working only for one of the two projects, and there
are employees working for both projects at the same time. In consequence, the
class extensions overlap.
Now, we decompose the original class extensions into three base extensions.
The decomposition can be described using the set operations intersection and
difference between E1 and E2:

E′1 = E1 − E2, E′2 = E1 ∩ E2, E′3 = E2 − E1

In Figure 2 the resulting three base extensions are placed on the second level
above the two original class extensions.

(E’  ) (E’  )21 3

employees
only in group 1

employees
in both groups

employees
only in group 2

employees belonging
to only one project

(E’  )

(E’’ ) (E’’ )

decomposition

composition/union

1 2

all employees involved
in at least one project

(E  )1

employees
project group 1

employees
project group 2

(E  )2

1φ φ3 φ2 φ4

Fig. 2. Decomposing and uniting extensions of the example

Now, let us assume that we have the following integrity constraints imposed on
the two original class extensions:

Θφ1(E1) with φ1 ≡ ∀e : e.qualification > 4

Θφ3(E1) with φ3 ≡ ∀e1, e2 : e1.pid = e2.pid =⇒ e1 = e2

Θφ2(E2) with φ2 ≡ ∀e : e.qualification > 3

Θφ4(E2) with φ4 ≡ ∃e1 : ∀e2 : e1.salary level ≥ e2.salary level∧
e1.salary level > 3

φ1 and φ2 are object constraints whereas φ3 and φ4 are class constraints. φ3
requires the uniqueness of values for the attribute pid (i.e., pid can be used as
a key). φ4 is an aggregate constraint concerning the maximum value for the
attribute salary level (we may use the short term max(salary level)>3). In other
words there must be at least one employee of extension E2 having a higher salary
level than 3.
Using the relationships between base extensions and original class extensions

we can derive integrity constraints for the base extensions. For that we have to
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consider each constraint and to apply our rules. The object constraints φ1 and
φ2 do not cause any problem. By applying rule (2) and (9) we derive:

Θφ1(E1)
rule 9
−→ Θφ1(E

′
1 ∪ E

′
2)

rule 2
−→ Θφ1(E

′
1)

Θφ1(E1)
rule 9
−→ Θφ1(E

′
2 ∪ E

′
1)

rule 2
−→ Θφ1(E

′
2)

Θφ2(E2)
rule 9
−→ Θφ2(E

′
2 ∪ E

′
3)

rule 2
−→ Θφ2(E

′
2)

Θφ2(E2)
rule 9
−→ Θφ2(E

′
3 ∪ E

′
2)

rule 2
−→ Θφ2(E

′
3)

Transferring the class constraints from the original extensions to the base exten-
sions is more complicated. For instance, the application of rule (2) to φ3 leads to
a weakening of the constraint. As long as we do not forget the original constraint,
this is not a real problem:

Θφ3(E1)
rule 9
−→ Θφ3(E

′
1 ∪ E

′
2)

rule 2
−→ Θφ3(E

′
1)

Θφ3(E1)
rule 9
−→ Θφ3(E

′
2 ∪ E

′
1)

rule 2
−→ Θφ3(E

′
2)

Θφ3(E1)
rule 9
−→ Θφ3(E

′
1 ∪ E

′
2)

In contrast to the uniqueness constraint φ3, the max-constraint φ4 cannot be
transferred to any base extension. Hence, only rule (9) can be applied:

Θφ4(E2)
rule 9
−→ Θφ4(E

′
2 ∪ E

′
3)

5.2 Uniting Extensions

For the decomposition of extensions the respective rules are applied to each
single constraint. However, for the composition the application of rule (4) to each
simple constraint is not useful. In order to avoid a constraint weakening, rule (4)
has to be applied to all possible combinations of constraints and afterwards the
results have to be conjunctively combined by rule (7). A simpler way to deal with
constraints is to conjunctively combine the constraints of each base extension
before applying other rules.
In our integration example the federated schema consists of the class exten-

sions E′′1 and E
′′
2 . Extension E

′′
1 results from uniting base extensions E

′
1 and E

′
3

and contains all employees working in only one project group whereas extension
E′′2 contains all employees. The class E

′′
1 is a subclass of class E

′′
2 . This federated

schema is only one possible federated schema. However, it demonstrates the
application of our proposed rules.
The constraints of base extensions E′1 and E

′
2 have to be combined by ap-

plying rule (7). On base extension E′3 only one constraint holds. Therefore, the
constraints of the base extensions E′1 and E

′
2 only have to be combined:

Θφ1(E
′
1), Θφ3(E

′
1)

rule 7
−→ Θφ1∧φ3(E

′
1)

Θφ1(E
′
2), Θφ2(E

′
2), Θφ3(E

′
2)

rule 7
−→ Θφ1∧φ2∧φ3(E

′
2)↔ Θφ1∧φ3(E

′
2)

Here, constraint φ2 can be omitted since it is weaker than constraint φ1.
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E′′1 : The rule (4) disjunctively brings together the combined constraints of the
base extensions E′1 and E

′
3:

Θφ1∧φ3(E
′
1), Θφ2(E

′
3)

rule 4
−→ Θ(φ1∧φ3)∨φ2(E

′
1 ∪ E

′
3)↔ Θφ2(E

′
1 ∪ E

′
3)

rule 9
−→ Θφ2(E

′′
1 )

Due to the fact that φ1 ⇒ φ2 holds, the formula (φ1 ∧φ3)∨φ2 can be simplified
to φ2. Neither constraint φ3 nor φ4 holds on E

′′
1 . Objects can be inserted into

extension E′′1 which cannot be propagated to E1 nor E3 because both class con-
straints are violated. It is impossible to test these class constraints for extension
E′′1 due to the missing base extension E

′
2 on the composition level. Errors from

violating update operations cannot be interpreted on this level. This problem is
similar to the well-known view-update-problem of selective views.

E′′2 : The extension E
′′
2 can be formed by:

E′′2 = E
′
1 ∪ E

′
2 ∪ E

′
3 = (E

′
1 ∪ E

′
2) ∪ (E

′
2 ∪E

′
3)

The integrity constraints of class extension E′1 ∪ E
′
2 cannot be derived directly

by applying rule (4) due to the class constraint φ3. This constraint has to be
weakened before:

Θφ1∧φ3(E
′
1)

rule 5
−→ Θφ1(E

′
1) Θφ1∧φ3(E

′
2)

rule 5
−→ Θφ1(E

′
2)

The application of rule (4) produces:

Θφ1(E
′
1), Θφ1(E

′
2)

rule 4
−→ Θφ1∨φ1(E

′
1 ∪ E

′
2)↔ Θφ1(E

′
1 ∪ E

′
2)

By applying rule (7) we obtain:

Θφ1(E
′
1 ∪ E

′
2), Θφ3(E

′
1 ∪ E

′
2)

rule 7
−→ Θφ1∧φ3(E

′
1 ∪ E

′
2)

Analogously to E′1 ∪ E
′
2, we have to weaken the constraint before applying

rule (4):

Θφ1∧φ3(E
′
2)

rule 5
−→ Θφ1(E

′
2)

Θφ1(E
′
2), Θφ2(E

′
3)

rule 4
−→ Θφ1∨φ2(E

′
2 ∪ E

′
3)↔ Θφ2(E

′
2 ∪ E

′
3)

Due to the fact that φ1 ⇒ φ2 holds, the formula φ1 ∨φ2 can be simplified to φ2.
By applying rule (7) we obtain:

Θφ2(E
′
2 ∪ E

′
3), Θφ4(E

′
2 ∪ E

′
3)

rule 7
−→ Θφ2∧φ4(E

′
2 ∪ E

′
3)

Before the extension E′1 ∪ E
′
2 and E

′
2 ∪ E

′
3 can be united by applying rule (4)

the constraint φ3 has to be removed:

Θφ1∧φ3(E
′
1 ∪ E

′
2)

rule 5
−→ Θφ1(E

′
1 ∪ E

′
2)

By applying rule (4) we obtain:

Θφ1(E
′
1∪E

′
2), Θφ2∧φ4(E

′
2∪E

′
3)

rule 7
−→ Θφ1∨(φ2∧φ4)(E

′
1∪E

′
2)

rule 9
−→ Θφ1∨(φ2∧φ4)(E

′′
2 )
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Fig. 3. Extensions with derived integrity constraints

Figure 3 shows the extensions with their integrity constraints in the unreduced
form.
An interesting point is the fact that the uniqueness constraint φ3 disappeared

from extension E′′1 due to the disjunctive combination expressed in rule (4). The
uniqueness constraint does not hold for the extension E′′2 , too. The introduc-
tion of an artificial discriminant attribute avoids such an disappearance. The
discriminant attribute (e.g. group) in our example expresses the information
whether an employee works for project group 1 (value 1) or project group 2
(value 2) or for both of them (value 3). This information can be used within the
constraints in form of an implication. The left hand side of the implication tests
the discriminant attribute on a specific value and the right hand side contains the
original constraint. We transform the constraints φ1, φ2, φ3, and φ4 to φ

′
1, φ

′
2, φ

′
3,

and φ′4, respectively, and assign them to the extensions E
′
1, E

′
2, and E

′
3.

φ′1 ≡ ∀e : (e.group = 1 ∨ e.group = 3) =⇒ e.qualification > 4

φ′2 ≡ ∀e : (e.group = 2 ∨ e.group = 3) =⇒ e.qualification > 3

φ′3 ≡ ∀e1, e2 : ((e1.group = 1 ∨ e1.group = 3) ∧ (e2.group = 1 ∨ e2.group = 3))

=⇒ (e1.pid = e2.pid =⇒ e1 = e2)

φ′4 ≡ ∃e1 : ∀e2 : ((e1.group = 2 ∨ e1.group = 3) ∧ (e2.group = 2 ∨ e2.group = 3))
=⇒ e1.salary level ≥ e2.salary level ∧ e1.salary level > 3

Θφ′
1
∧φ′
3
(E′1), Θφ′

1
∧φ′
2
∧φ′
3
(E′2), Θφ′

2
(E′3)

These transformed constraints can now be conjunctively combined. The con-
junctive combination stands in contrast to rule (4).

Θφ′
1
∧φ′
3
(E′1), Θφ′2

(E′3) −→ Θφ′
1
∧φ′
2
∧φ′
3
(E′1 ∪ E

′
3)

rule 9
−→ Θφ′

1
∧φ′
2
∧φ′
3
(E′′1 )
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Θφ′1∧φ
′
3
(E′1), Θφ′1∧φ

′
2∧φ

′
3
(E′2), Θφ′2

(E′3), Θφ′4
(E′2 ∪ E

′
3)

−→ Θφ′
1
∧φ′
2
∧φ′
3
∧φ′
4
(E′1 ∪ E

′
2 ∪E

′
3)

rule 9
−→ Θφ′

1
∧φ′
2
∧φ′
3
∧φ′
4
(E′′2 )

Introducing discriminant attributes and respective transformation of constraints
reduce weakening of constraints during schema integration (or more general
during schema restructuring).

6 Conclusions

The complete treatment of integrity constraints during the schema integration
is a fundamental requirement, e.g., for global integrity enforcement in federated
database systems. Moreover, the extensive consideration of integrity constraints
plays an important role in application scenarios such as view materialization
[SJ96] or mobile databases [WSD+95].
In this paper, we presented an approach to handle integrity constraints during

the schema integration. We found a small set of general rules which specify how
to deal with integrity constraints during the integration process. We showed that
these rules can be used for object constraints without any restrictions. For several
classes of often occurring class constraints we presented the applicability of the
rules. Of course, there are some logical restrictions for which specialized solu-
tions are needed. Beside the results presented here, we have already investigated
further classes of constraints, e.g. constraints with other aggregate functions.
Furthermore, we presented a systematic application of the rules. By means

of a running example we sketched some critical problems such the weakening of
constraints and demonstrated how to handle these kinds of problems (e.g. by
using discriminants).
Our approach is not limited to schema integration purposes only, it can also

be used for view derivation and arbitrary schema modification operations such
as schema transformation or schema restructuring. We are currently working on
the completion of the classification of integrity constraints and the applicability
of our rules to further classes of constraints. Using a classification which is based
on the logical structure of constraints (assuming an adequate normal form for
the logical representation of constraints) seems to be a very promising approach
for completing the formal part of our work.
Finally, we can state that beside our schema integration strategies presented

in [SS96a,SS96b,SC97], the consideration of integrity constraints is another step
towards a unified integration methodology.

References

AQFG95. R. M. Alzahrani, M. A. Qutaishat, N. J. Fiddian, and W. A. Gray. In-
tegrity Merging in an Object-Oriented Federated Database Environment.
In C. Goble and J. Keane, eds., Advances in Databases, Proc. BNCOD-13,
LNCS 940, pages 226–248. Springer, 1995. 120, 122, 125

BC86. J. Biskup and B. Convent. A Formal View Integration Method. In C. Zan-
iolo, ed., Proc. 1986 ACM SIGMOD Int. Conf. on Management of Data,
ACM SIGMOD Record, 15(2):398–407, 1986. 120, 120



Considering Integrity Constraints 133

BCW91. M. Bouzeghoub and I. Comyn-Wattiau. View Integration by Semantic
Unification and Transformation of Data Structures. In H. Kangassalo,
ed., Entity-Relationship Approach: The Core of Conceptual Modelling, Proc.
ER’90, pages 381–398. North-Holland, 1991. 120
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Abstract. We describe in brief a lazy functional database language Relief,
which supports an entity-function model and provides for update and the input
of data by means of functions with side-effects. An eager let construct is used
within the lazy graph reduction mechanism to sequence the effects. To redress
the loss of referential transparency we have implemented an effects checker
which can identify referentially transparent regions or scopes within Relief.

1  Introduction

An inherent conflict arises with functional languages in the database context between
change of state on update and the concept of referential transparency. Passing the
database itself as a parameter resolves the issue conceptually but is not a practical
approach. Update by side-effect is efficient but necessarily implies loss of referential
transparency. Additionally side-effects are often incompatible with lazy evaluation
since the occurrence and sequence of updates can become non-intuitive. Our approach
is to accept that a change of database state will result in loss of global referential
transparency but that referential transparency can be scoped so that areas of a program
can be identified which retain the property. Equational reasoning and consequent
optimisation can then be applied within these scopes.

We describe a variant of the functional database language FDL [Pou88, PK90],
called Relief, which is lazy and which has been extended with functions to facilitate
updates and reading of files. These functions work by means of side-effects which are
explicitly sequenced with an eager let expression and a derivative sequencing
construct. There is no change in the overall laziness of the graph reduction which we
illustrate with an example update program which employs the lazy stream model. To
redress the loss of global referential transparency an effects checker identifies
referentially transparent regions or scopes.

2  The Entity-Function Model

The development of Relief is a contribution to the work of the Tristarp Group,
initiated in 1984 to investigate the feasibility of a database management system which

S.M. Embury et al. (Eds.): Advances in Databases - BNCOD’98,  LNCS 1405, pp. 134-148,  1998. 
 c Springer-Verlag Berlin Heidelberg 1998



supports the binary relational model both at the storage and conceptual levels.  A
summary of the early work is given by King et al. [KDPS90]. More recently research
has focused on supporting the entity-function model, a hybrid of the binary relational
and functional data models [Shi81, AK94]. The relationships between entities are
binary and are represented by (possibly) multivalued single argument functions.
Entity types are classified into lexical and non-lexical as with the analysis
methodology NIAM [VV82]. Members of lexical types have direct representation (for
example the types string and integer) whereas those of non-lexical types are real or
abstract objects without direct representation eg. persons, invoices, courses etc.

Paper

Publication

name
date

string

string string

string

stringstring

appears_intitle

has
by

Abstract Author

string

text

keyword

surname
initials

Fig. 1. The Computer Literature Database (CLDB)

Figure 1 is a subschema of the Computer Literature Database (CLDB), a body of
data used experimentally by the Tristarp Group, and illustrates the entity-function
model. Non-lexical types are shown as circles with functions represented by arcs. A
single-headed arrow represents a single-valued function and a double-headed one
denotes a multivalued function. Thus a Paper has a single Abstract but is by (possibly)
several Authors. In this example, the lexical type “string” is used extensively in the
ranges of the functions.

3  Defining a Database in Relief

Relief is an experimental variant of FDL [Pou88, PK90], the first language to
integrate the entity-function model with the functional computation model over a
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binary relational storage structure. FDL has the usual features of a modern functional
programming language such as polymorphic types, lazy evaluation and pattern-
matching and we refer the reader to Field and Harrison [FH88] for an explanation of
these. We describe here only the features of Relief which illustrate the scoping of
referential transparency. A full syntax and description of the language and its
implementation is given by Meredith [Mer98]. The persistent functions and entities
which constitute a database in Relief are held in a triple store, a development of the
grid file [NHS84, Der89] which has recently been adapted to hold long strings and to
support interval queries.

CLDB contains the non-lexical types paper and author amongst others. This part
of the schema is implemented in Relief with the following type declarations:

paper :: nonlex;
author :: nonlex;
by : paper -> [author];
title : paper -> string;
surname : author -> string:
initials : author -> string;

In order to facilitate easy navigation of the schema Relief automatically maintains a
converse function for all functions whose domain is a non-lexical type, referred to by
the prefix rev. For example the converses of the functions surname and by are:

rev_surname : string -> [author];
rev_by : author -> [ paper ];

As an example of their use consider the following list comprehension query which
retrieves the papers by authors with the surname “Meredith”.

[ title p | for a in rev_surname "Meredith";
  for p in rev_by a] ;

It is interesting to note here the syntactic similarity between Relief and the “FOR
EACH” statement in DAPLEX [Shi81].

4  The Four Update Functions of Relief

The extent of a database is defined and can be redefined by means of the functions
create, destroy, define and delete. The function create takes a non-lexical type as an
argument and returns a new entity of the specified type. For instance:

create author;

returns a new member of the type author. An attempt to print a non-lexical entity
yields its type in angled brackets, thus: <author>. The extent of a non-lexical type
can be queried with the All function which returns the members of the specified type.
For example,  All author ;
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The function destroy destroys an entity of the specified non-lexical type. Thus to
destroy the first element in the list of all authors:

destroy author (head (All author));

In the functional model it is necessary for every expression to have a value and
thus destroy returns the value Done which is the only value in the type update.
Functions are incrementally defined using the function def which adds an equation to
the database and returns the value Done. To illustrate this, we give an expression
which creates an author entity, binds it to a scoped  static variable “a” and then
defines an equation for their initials. The binding is done with an eager form of the let
expression which is further explained in the next section. Thus:

e_let a = create author in (def initials a => "PF");

The left hand side of a function equation consists of the name of the function
followed by one or more arguments, and the right hand side is an expression which is
stored unevaluated. The arguments at definition time can either be patterns or a bound
variable such as “a”, in which case the value of the variable is used in the definition of
the equation. The value of a function’s application defaults to the constant “@”
(denoting “undefined”) if there is no equation which matches the function’s
arguments. The pattern-matching in Relief uses the left-to-right best-fit algorithm
developed by Poulovasillis [Pou92].

The delete function del deletes an equation from the database and returns the value
Done. The arguments of del identify the left hand side of  the function equation for
deletion, for example:

e_let a = head(rev_surname "King") in (del initials a);

deletes the equation defining the initials of an author with the surname “King”.
All four update functions are statically type checked, see Meredith [Mer98] for

details, and work at the object level. Thus their invocation needs to be sequenced and
we discuss this next.

5  Sequencing the Updates

A new construct, the eager let (e_let), is introduced to sequence updates by
employing call-by-value parameter substitution but within a general scheme of lazy
evaluation. We illustrate the eager let expression with the following example which
evaluates an expression before using it as the value of the right hand side in an
equation definition. The example assumes that people have a unique name and the
types of the functions name and salary are:

name : person -> string;
salary : person -> integer;
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The expression below defines the salary of Bill to be 5000 more than Fred’s
current salary.

e_let bill = head(rev_name "Bill") in
e_let fred = head(rev_name "Fred") in

e_let bills_salary = salary fred + 5000 in
        (def salary bill => bills_salary );

Thus the value of Bill’s salary is stored as an integer and not a formula and so a
subsequent change to Fred’s salary will not result in a change to Bill’s salary. The
next example produces a sequence of updates to create an author entity and define
surname and initials before returning the new entity. Two dummy variables, dum1
and dum2, are used to bind with the values returned by calls to the define function.

e_let a = create author in
e_let dum1 = (def surname a => "Meredith") in

e_let dum2 = (def initials a => "PF")in a;

The overall evaluation scheme is still normal order reduction, the outermost let
being reduced before the innermost let and the body of each eager let being evaluated
lazily.  The syntax of the eager let is not ideal because of the need to specify binding
patterns which are of no further interest. Hence we have provided an explicit
sequencing construct in Relief which, although formally only syntactic sugar for the
eager let, is much more succinct and convenient for programming. This construct is
written as a list of expressions separated by semicolons, enclosed in curly brackets,
and is optionally terminated by the keyword puis and a following expression which
gives a functional value for the entire sequence. The expressions between the brackets
are evaluated in their order, from left to right. For example, the expression above can
be written as the sequence:

{ a = create author; (def surname a=>"Meredith");
(def initials a => "PF") } puis a;

We refer to the keyword puis and its following expression as the continuation. If it
is omitted then a default value of Done is inferred for the sequence.

6  An Example - Updating the Computer Literature Database

We describe here a Relief program which processes a list of data constructors
representing the records in a file “Tristarp_papers” and updates that part of the CLDB
concerning authors and papers. Relief contains a read_file function which can lazily
convert a file of records into such a list but space precludes a full description here.
The elements of the list are members of the paper_record sum type which is defined
by the two constructors TITLE_REC and AUTHOR_REC. TITLE_REC has a single
string component, whereas AUTHOR_REC has two components: one for the surname
of the author and one for the initials:
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paper_record :: sum;
TITLE_REC : string -> paper_record;
AUTHOR_REC : string string -> paper_record;

Our example will assume the following list of records as input:
[ (TITLE_REC “Scoped Referential Transparency in a Functional Database
Language with Updates”), (AUTHOR_REC “Meredith” “PF”), (AUTHOR_REC
“King” “PJH”), (TITLE_REC “TriStarp - An Investigation into the Implementation
and Exploitation of Binary Relational Storage Structures”), (AUTHOR_REC “King”
“PJH”), (AUTHOR_REC “Derakhshan” “M”), (AUTHOR_REC “Poulovassilis”
“A”), (AUTHOR_REC “Small” “C”)  ]

The program to process the list consists of two functions: cldbup which creates the
paper entities, and add_authors, which creates the author entities and links them to
the papers. Both functions operate recursively and process records at the head of an
input list before returning the remainder of the list. For a list with a title record at its
head, cldbup creates a paper, defines its title and calls add_authors as specified by the
first equation below. If the head of the list is not a title record then the list is returned
unaltered as given by the second equation. This is an appropriate action when an
unexpected or unrecognised record is encountered. The third equation specifies that
cldbup returns the empty list when given the empty list. Thus cldbup will return the
empty list if all of the records in the file can be processed, otherwise it returns some
remainder of the input list.

cldbup : [paper_record] -> [paper_record];
def cldbup ((TITLE_REC t) : xs) => {

p = create paper;
(def title p => t)
} puis cldbup (add_authors p xs);

def cldbup (h : t) => (h : t);
def cldbup [ ] => [ ];

The function add_authors recursively processes all the author records at the front
of the list before returning the remainder of the list. The logic for processing a single
author record is:
• construct a list of authors with the specified surname and initials
• if the list is empty create a new author, define their surname and initials, and bind

them to the pattern "a" else bind the pattern to the head of the list of authors
• if the list of authors for the specified paper is currently undefined, then define a list

with the author “a” as its single member. Otherwise add the author “a”  to the
existing list.

add_authors : paper [paper_record] -> [paper_record];
def add_authors p ((AUTHOR_REC s i) : xs) => {

auth_list = [ a1 | for a1 in rev_surname s;
                    initials a1 == i ];

a = if auth_list == [ ] then
       {a2 = create author;(def surname a2 => s);

 (def initials a2 => i) } puis a2
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    else head auth_list fi;
e_let authors = by p in

if authors == @ then (def by p => [a])
else e_let new_authors = append authors [a]

in (def by p => new_authors)
fi

} puis add_authors p xs;
def add_authors p (h : t) => (h : t);
def add_authors p [ ] =>[ ];

The file of papers is then processed lazily by evaluating the following expression:

cldbup (read_file paper_record "Tristarp_papers");

7  Scoping Referential Transparency

A defining property of languages which are purely functional is said to be referential
transparency [Hud89]. It is this property which allows functional languages to be
declarative rather than imperative in nature. Put simply, referential transparency
means that every instance of  a particular variable has the same value within its scope
of definition.  This is the interpretation of variables in algebra and logic which allows
the use of equational reasoning.

Although Relief is not a pure functional language it is possible to identify regions
of referential transparency where the techniques used in functional programming, and
by functional compilers, can still be applied. This follows from the fact that the
concept of referential transparency is scoped by definition. In a purely functional
language the scope is the environment or script in which an expression is evaluated.
Referential transparency in Relief is scoped by the update operations which destroy
reference. These regions of referential transparency can be statically identified by
means of an effects checker which classifies the effect of an expression. Furthermore
an effects checker is of use in concurrent systems since it identifies potential
interference between expressions.

7.1 Gifford and Lucassen’s Effects Checker

Effects checking was first described by Gifford and Lucassen [GL86] in connection
with their research into the integration of imperative and functional languages.
Gifford and Lucassen identify the following three kinds of effects of expressions:

• A – allocation and initialisation of mutable storage, for example the
declaration of a variable or collection.

• R – reading a value from mutable storage.
• W – writing to mutable storage, that is assignment.

There are eight possible combinations of these three effects which form a lattice
under the subset relation. These eight different combinations can be grouped into
effect classes depending on the language requirement. Gifford and Lucassen were
interested in identifying those parts of a program which could be memoised and were
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amenable to concurrent evaluation. Hence they produced an effect checking system
which classified expressions into one of the following four effect classes:

{ W } { W,R } { W,A} { W,R,A } - PROCEDURE class
{ R } { R, A } - OBSERVER class
{ A } - FUNCTION class
{ } - PURE class

There is a total ordering of these effect classes in the sense that they form a
hierarchy of effect properties. The effect properties of the four classes can be
summarised as:

• PROCEDURE – expressions of this sublanguage can define variables, read
mutable storage and write mutable values.

• OBSERVER – expressions of this sublanguage can define variables and read
variables. They cannot perform assignments and cannot make use of expressions
with the effect class PROCEDURE.

• FUNCTION – expressions of this sublanguage can define variables but they cannot
read variables or change their value. FUNCTION expressions cannot make use of
PROCEDURE or OBSERVER expressions.

• PURE – a pure function has no effects and cannot be affected by the evaluation of
other expressions. It can neither define variables, nor read, nor write them. A
PURE expression cannot make use of PROCEDURE, OBSERVER or FUNCTION
expressions.

The only expressions which can interfere with concurrency are those in the effect
class PROCEDURE and these can only interfere with other expressions in the
PROCEDURE and OBSERVER effect classes. Thus the ability to identify
expressions of these classes would be important in order to maximise concurrency in
a multi-user system. In contrast PURE, FUNCTION and OBSERVER expressions do
not interfere with each other and can be run concurrently. PURE expressions can be
memoised and OBSERVER expressions can be memoised between updates. We now
look at how effects checking is applied in Relief.

7.2 The Effects Checker in Relief

We begin by classifying the effect properties of constructs in Relief. Relief has no
updateable variables in the usual sense but it does have extensible and updateable
types, namely user-defined functions and non-lexical entities. Thus the Gifford and
Lucassen concept of the allocation of mutable storage is equivalent to the declaration
of such types. With regard to the initialisation of storage, a function declared in Relief
has a default definition so that initially its application gives only the undefined value.
The extent of a non-lexical type, accessed by the All metafunction, is initially the
empty set. Type declarations however are commands and are not referentially
transparent because they alter the database schema. Since they contain no
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subexpressions and cannot appear as subexpressions they are omitted from the effects
checking.

With regard to updates, user-defined functions are updated by the def and del
functions which define and delete equations in the definition of a function. The
extents of non-lexical types are altered by the create and destroy functions. An
expression which directly or indirectly calls any of these four functions has the (W)
property. An expression which directly or indirectly applies a user-defined function or
examines the extent of a non-lexical type has a value which is dependent on the state
of the system. Such an expression has the (R) property. Since no expressions in Relief
can have the (A) property it is sufficient to classify them as belonging to one of the
following three effect classes:

{W } { W,R } - PROCEDURE class
{ R } - OBSERVER class
{ } - PURE class

Because Relief is a single-user sequential system we can say that an expression is
referentially transparent if it makes no change to mutable storage under any condition.
Thus an expression with the effect class OBSERVER or PURE is referentially
transparent and has a value which is independent of the evaluation order of its
subexpressions. The operational semantics of Relief allows the static scoping of
referential transparency. Thus we arrive at the definition for the scope of referential
transparency for an expression in Relief:

“The scope of an expression’s referential transparency in Relief is the maximal
enclosing expression which has no (W) effects.”

In a multi-user system, PURE and OBSERVER expressions can still be treated as
referentially transparent if there is a locking mechanism to prevent expressions with
effect class PROCEDURE from changing the function and entity types on which they
depend.

Our approach differs from that of Gifford and Lucassen in that we regard the effect
class of an expression as a property orthogonal to its type. We regard their approach
of annotating each function type with its effect class as unnecessarily complex and
giving no practical benefit. In our implementation an expression’s effect class is
inferred from its subexpressions in tandem with its type. Thus whilst performed in
parallel effects checking and type checking are conceptually independent.

In Relief the programmer declares the effect class of a function from the outset and
the compiler ensures that the declaration is not violated. The effect class of a user-
defined function must be either PROCEDURE or OBSERVER since it is an observer
of its own mutable definition and hence possesses the (R) property. A user-defined
function defaults to the effect class of OBSERVER, whereas an effect class of
PROCEDURE is specified by preceding the function name with “proc”. The
following examples illustrate this. Firstly declaring a PROCEDURE whose
application conditionally creates an author and defines their surname and initials:

proc create_author : string string -> update;
def create_author sur init =>

if [ a | for a in rev_surname sur;
initials a == init ] == [ ]
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then { a = create author; (def surname a => sur);
(def initials a => init) } fi;

Secondly declaring  an OBSERVER function which is dependent on other
functions. This example defines a person’s salary as the sum of their basic pay and
their bonus.

salary : person -> integer;
def salary x => basic x + bonus x;

Finally declaring an OBSERVER function which is only dependent on its own
definition. This example extracts the second component of a tuple.

sec_comp : (alpha1 ** alpha2) -> alpha2;
def sec_comp (x,y) => y;

The effects checker ensures that the declarations are not violated by checking that
the effect class of each defining equation is less than or equal to the declared effect
class of the function. The inference rules used in the effects checker are given by the
pseudocode below. The effect class of a pattern is PURE and since this is the least
value it can be ignored where some other expression is present.

The fundamental inference rule is the one for application. The effect class of an
application is the maximum of the effect class of the function and the effect class of
its argument. This means that effect inference is pessimistic since it assumes that if an
expression contains a side-effect then that side-effect will take place. This is of course
not necessarily true with lazy evaluation. We now give the algorithm for the function
effect_chk which infers the effect class of an expression. The declared effect class of a
user-defined function is retrieved by calling the function dec_effect. Thus the value of
“dec_effect(create_author)” is PROCEDURE assuming the declaration of
create_author above.

effect_chk(E)  // effects checker
{
switch(E)

case (E1 E2) // application
case ( e_let p = E2 in E1 ) //eager let expression
case ( l_let p = E2 in E1 ) //lazy let expression

e1 = effect_chk E1 

e2  = effect_chk E2

return (max(e1, e2) )
case (\p. E) // lambda abstraction

return ( effect_chk E)
case Qual   //Qualifier in a list comprehension

case ( for p in E) // generator
case E   // filter

return ( effect_chk E)
case VAR v // a bound formal parameter, not

// updateable, hence PURE
case NONLEX n // a nonlexical entity
case CONFUN c // a data constructor
case ETYPE // a type as a parameter
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case constant c // eg integer or string
return (PURE)

case FUN f // a persistent function
return(dec_effect(f))

case INFUN f // a built-in function
switch(f)
case def f a1 .. an => rhs

e = effect_chk (rhs)
if e > dec_effect(f) then FAIL
return(PROCEDURE)

case del f a1 .. an

case create t
case destroy t

return(PROCEDURE)
OTHERWISE

return(PURE)

This algorithm can be modified to prohibit subexpressions with the effect class
PROCEDURE from parts of the language. We suggest that this restriction might be
applied to list comprehension qualifiers so that optimisations such as those published
by Trinder [Tri91] can be automatically performed.

8  Related Work

Ghelli et al. [GOPT92]  have proposed an extension to list comprehension notation
which provides update facilities for an object-oriented database language. The
extension is achieved by adding a do qualifier which can perform actions on objects
identified by earlier bindings in the list comprehension. They show that known
optimisation techniques can be modified to operate in the presence of do qualifiers.
Their technique however relies on the programmer restricting the use of side-effecting
expressions to do qualifiers, there being no compile-time checking.

We briefly discuss three other approaches which promise efficient, functionally
pure database update: linear types, monads and mutable abstract data types (MADTs).
They are all efficient since they can guarantee a single-threaded store so that updates
can be done in-place.

8.1 Linear Types

A linear object is an unshared unaliased singly-referenced object and thus linear
objects have the property that there is only one access path to them at any given time.
A linear variable is a ’use-once’ variable which can only be bound to a linear object
and must be dynamically referenced exactly once within its scope. Linear type
checking systems have been designed which can statically check that linear variables
are neither duplicated nor discarded. These systems have a theoretical foundation in
linear logic whence they derive their name.
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The motivation for having linear types in functional languages is to capture the
notion of a resource that cannot or should not be shared, hence the linear variable. A
linear type system does however allow for the explicit creation, copying and
destruction of linear objects. Whenever a program creates a linear object it must also
be responsible for its destruction. One advantage of this is that there is no need for
garbage collection in a purely linear language. For functional programmers linear
types offer a way, amongst other things, of guaranteeing safe in-place updates since a
linear object can have only a single reference.

Purely linear languages however are very restrictive since functions must always
pass-on their linear arguments, explicitly destroy them or return them even when they
are not changed. The programs in these languages tend to be somewhat difficult to
read due to their heavy use of multiple returned values. Another problem with
languages which support linear types is that they must also deal with nonlinear, i.e.
shared, objects. This requires them to have a dual type checking system whereby most
of the type inference rules have linear and nonlinear counterparts. The programmer
must be aware of the distinction between linear and nonlinear values.

In the database context we want to treat database objects as linear when updating
them but also to treat the same objects as shared when querying. However an object
cannot be both linear and nonlinear at the same time. An interesting application of
linear types to functional databases has been implemented by Sutton and Small
[SS95] in their further development of PFL, a functional database language which
uses a form of relation, called a selector, as its bulk data type. In the first version of
PFL the incremental update of relations was achieved by means of the side-effecting
functions include and exclude. A linear type checking system was introduced into
PFL later on by changing these functions so that they took a linear relation name as an
argument and returned the same relation name as a result. The type checking system
worked by preventing the duplication or discarding of these relation names. Sutton
and Small give examples of strict updating functions which show that the language is
still update-complete within the constraints of this type checking. In order to reduce
the number of parameters returned when querying they also allow a relation to be
referred to by a nonlinear name. However a relation’s linear name and nonlinear name
cannot both appear within the same expression.

8.2 Monads

In-place update can also be guaranteed by wrapping up the state in a higher-order type
which is accessed only by functions with the single-threaded property. The functions
must support the creation, access and updating of the state within the type. Wadler has
shown how monads can be used for this purpose [Wad95]. Monads, a category-
theoretic notion, are defined by a triple: the type constructor M, and the operations
unit and bind.  Monadic programming is an implicit environment based approach to
programming actions such as updating state and input/output. Actions on the
environment have a special type which indicates what happens when the action is
performed. The programmer composes actions with the two combinators unit and
bind.
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The monadic approach to handling state has both advantages and disadvantages
when compared with the use of linear types. Its chief advantage is that it does not
require a special type system beyond the usual Hindley-Milner one. Also because
monads handle state implicitly it is argued that this can make an underlying algorithm
more apparent since there is less parameter passing. Their main disadvantage is that
they require a centralised definition of state. Although this restriction might initially
appear to fit nicely with the use of a single conceptual data model in databases, in
practice however this lack of granularity would have performance and concurrency
implications. A treatment of multiple stores with different types, such as relations in a
relational database, requires the definition of many monads and monad morphisms in
order to support operations involving the different types. It may also be that for
databases a two state monad is more appropriate in order to represent the current state
and the state at the start of the transaction. This could  then support the rollback
operation. We consider these to be areas for further research.

Monads can also be defined in terms of unit, map and join operations which are a
generalisation of the same operations which give the semantics of list
comprehensions. Wadler has shown how the list comprehension notation can also be
used to manipulate state monads [Wad90], each qualifier becoming an action on the
state. The resulting programs however look very procedural.

8.3 Mutable Abstract Data Types

Monads in themselves do not enforce linearity on the encapsulated state, their
operations must be carefully designed in order to ensure this. The use of abstract data
types which encapsulate state and linear access to it has been investigated by Hudak
[CH97]. A mutable abstract datatype or MADT is any ADT whose rewrite semantics
permit “destructive re-use” of one or more of its arguments while still retaining
confluence in a general rewrite system. A MADT is an ADT whose axiomatisation
possesses certain linearity properties. Hudak shows how a number of MADTs can be
automatically derived from such an ADT. Using an array as an example Hudak gives
three ways of defining an appropriate MADT. These correspond to direct-style
semantics, continuation passing style (CPS) and monadic semantics. A MADT is
defined in terms of functions which generate, mutate and select state of a simple type.

Not only is the state hidden in a MADT but the linearity is too and so there is no
need for the programs using MADTs to have a linear type system. It has been noted
that programming in MADTs tends towards a continuation passing style no matter
which form of MADT is used. MADTs are excellent at handling simple state but
further research is required into handling bulk data types efficiently and into
combining MADTs. Unlike monads there is no rigorous way of reasoning with a
number of MADTs.

9  Conclusions

Whilst there is much promising research into handling state within functional
languages the update problem in functional databases such as FDL remains
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problemmatical because the database is comprised of function definitions which must
be both simple to apply and simple to update. The design of an uncomplicated
integrated language to handle both queries and updates in an efficient purely
functional manner is difficult. Whilst linear types could have been used it is our view
that the result would have been less satisfactory and less programmer-friendly than
the approach we have taken. The introduction of the four update functions described
in section 4, whilst not functionally pure, has kept the language strongly data-model
oriented. Also none of the approaches outlined in the section on related work have
been used to address transaction handling which is a fundamental distinction between
database programming and persistent programming. In contrast Relief does have a
programmable transaction handling mechanism although this is not described here.
(See [Mer98] for details of this).

Relief demonstrates that a functional interpreter based on graph reduction can be
used to perform updates and that effects checking can scope referential transparency
so that the usual functional optimisations can be used for queries and read-only
subexpressions. The approach taken has allowed the benefits of lazy evaluation and
static type checking to be retained. Updates are performed efficiently and the
programmer does not have to learn a new type system. Whilst the eager let helps to
make the sequencing of updates more explicit it is still necessary to understand the
operational semantics of the pattern matcher when function arguments contain side-
effects. Applicative order reduction would simplify these semantics but the lazy
stream model used for file reading and the other advantages of lazy evaluation would
be lost. Update by side-effect and effects checking are applicable to database systems
supporting other data models.

Further work will centre on integrating Relief with the data model of Hydra
[AK94] which distinguishes between navigable functions and non-navigable
functions in a functional database.  This may require the definition of further effect
classes.
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Abstract. Deductive database languages have often evolved with little
regard for ongoing developments in other parts of the database commu-
nity. This tendency has also been prevalent in deductive object-oriented
database (DOOD) research, where it is often difficult to relate proposals
to the emerging standards for object-oriented or object-relational data-
bases. This paper seeks to buck the trend by indicating how deductive
languages can be integrated into the ODMG standard, and makes a
proposal for a deductive component in the ODMG context. The deduc-
tive component, which is called DOQL, is designed to conform to the
main principles of ODMG compliant languages, providing a powerful
complementary mechanism for querying, view definition and application
development in ODMG databases.

1 Introduction

To date, deductive database systems have not been a commercial success. The
hypothesis behind this paper is that this lack of success has been encouraged
by the tendency from developers of deductive databases to build systems that
are isolated from the widely accepted database development environments. The
fact that deductive database systems tend to be complete, free-standing systems,
makes their exploitation by existing database users problematic:

1. Existing data is not there. Existing databases in relational or object-oriented
systems cannot be accessed by deductive databases without transferring the
data into the deductive database system.

2. Existing tools are not there. Moving to a new database system means learn-
ing a new toolset, and coping with the fact that few deductive database
systems have benefited from the levels of investment that have been directed
towards leading relational or object-oriented products.

3. Existing programs are not there. Software that has been developed for non
deductive databases has no straightforward porting route to a deductive
environment.

4. Existing experience is not useful. There are very few developers for whom a
deductive database would be a familiar environment.

S.M. Embury et al. (Eds.): Advances in Databases - BNCOD’98, LNCS 1405, pp. 149–164, 1998.
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These difficulties that face any developer considering using deductive databases
with existing applications mean that even where there is an application that
could benefit from a deductive approach, such an approach may well not be
exploited. With new applications, points (2) and (4) remain as a disincentive,
and the decision rests on the widely rehearsed debate on the relative strengths
and weaknesses of deductive and other database paradigms. Here we note only
that the decision to use a deductive database seems to be made rather rarely. In
practice, the limited range and availability of deductive database systems will
often lead to an alternative approach being used by default.

In the light of the above, we believe that it is not generally viable to make
a case for deductive database systems as a replacement for existing approaches.
There are sure to be a number of domains for which a deductive approach is very
appropriate, but it is difficult to envisage widespread uptake of ‘pure’ deductive
database systems.

The argument that deductive languages can provide a mechanism for query-
ing, recursive view definition and application development that is complementary
to existing database languages is much easier to make. Where deductive features
are made available within an existing database system, the user can elect to ex-
ploit the deductive mechanism or not, depending on the needs of the application.
Where the deductive mechanism is closely integrated with other language facili-
ties, multi-paradigm development is supported, and thus the deductive language
can be used in niche parts of an application if more widespread exploitation is
not felt to be appropriate.

The argument that deductive database languages can be complementary to
those of other paradigms is not new [17], but it is not only the principle of
integration, but also the practice that counts. For example, [16] describe the
integration of the deductive relational database Coral with C++, but the im-
pedance mismatches that result are extreme, and the approach can be considered
more of a coupling than an integration. In ROCK & ROLL [2] the integration is
much more seamless, but neither the languages nor the data model used predated
the development of the ROCK & ROLL system.

The argument for deductive languages in any form can be made on the basis
of application experience [10], or on the grounds that an alternative style and
more powerful declarative language extends the options available to program-
mers. Although the case that recursion is an important motivation for including
deduction in databases has been used previously to the point of tedium, we note
that ODMG languages do not currently provide any clean way of describing
recursive relationships. As a simple example, the implementation of the simple
ancestor relationship as a method using the ODMG C++ binding is presented
in figure 1, for the database in figure 3. The code would be more complex if cycle
detection was required.

In what follows this paper considers how a deductive language can be in-
tegrated into the ODMG architecture. The decision space that relates to the
incorporation of deductive facilities into the ODMGmodel is presented in section
2. The deductive language DOQL is described in section 3, and its integration
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d_Set<d_Ref< Person >> * Person::ancestors const ()

{ d_Set<d_Ref<Person>> *the_ancestors = new d_Set<d_Ref<Person>>;

//---- ancestors = parents Union ancestors (parents)

if (father != 0) {

the_ancestors->insert_element(father);

d_Set<d_Ref<Person>> *f_grand_parents = father->ancestors();

the_ancestors->union_with(*f_grand_parents);

delete (f_grand_parents);}

if (mother != 0)

{ d_Set<d_Ref<Person>> *m_grand_parents = mother->ancestors();

the_ancestors->insert_element(mother);

the_ancestors->union_with(*m_grand_parents);

delete (m_grand_parents);}

return the_ancestors;

}

Fig. 1. C++ implementation of ancestors() method

into the ODMG environment is discussed in section 4. How DOQL relates to
other languages for object-oriented databases is outlined in section 5, and a
summary is presented in section 6. Throughout the paper, it is assumed that
readers have some familiarity with the ODMG standard, and with deductive
database technologies, as described in [4] and [5], respectively.

2 The Design Space

This section considers the issues that must be addressed when seeking to add
deductive facilities into the ODMG standard. The fundamental questions are
what deductive facilities should be supported and what relationship should the
deductive facilities have to other components in an ODMG database.

2.1 The Architecture

The introduction of deductive facilities into the ODMG architecture is made
straightforward by the presence of OQL as a role model. The inclusion of the
deductive language in a way that mirrors that of OQL minimizes the amount of
infrastructure that existing OQL users must become acquainted with to exploit
the deductive language. The following architectural principles can be followed in
the development of the deductive extension.

1. Existing components should not be modified, and extensions should be min-
imal.

2. The deductive component should make minimal assumptions about the fa-
cilities of the ODMG system with which it is being used, and should be
amenable to porting between ODMG compliant systems.
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The consequences of the first of these principles can be considered in the context
of the existing ODMG components as follows:

– The data model and ODL: the inclusion of a deductive language should
necessitate no changes to the structural data model, but will require some
extensions to operation definition facilities, as deductive rules do not have
pre-defined input and output parameters.

– OQL: the presence of an existing declarative language raises the question as
to whether or not one should be able to make calls to the other. There is no
doubt that the ability to make calls from OQL to the deductive language
(and potentially the reverse) could be useful, but such extensions would
impact on principle (2) above.

– Language bindings: the existing language bindings need not be changed to
accommodate a new embedded language. The deductive language should be
callable from C++, Java and Smalltalk in a manner that is reminiscent of
the embedding of OQL, through the addition of new library calls for this
purpose.

The consequences of the second of the principles listed above depend on whether
or not the developer has access to the source code of an ODMG compliant system.
The assumption that is being made (because it is true for us) is that the deduc-
tive language is being implemented without access to the source of any ODMG
compliant system. This has the following consequences for the implementation:

– Query language optimization/evaluation: this has to be written from scratch,
as reusing the existing infrastructure developed for OQL is only an option
for vendors. Implementing the optimiser and evaluator specifically for the
deductive language also eases porting of the deductive component.

– Data model interface: it is necessary to have access to a low level API for
the underlying database (such as O2API), as the deductive system often
needs to perform operations on objects for which the types are not known
at system compile time.

The architecture adopted for DOQL is illustrated in figure 2. The DOQL com-
piler and evaluator is a class library that stores and accesses rules from the
ODMG database – the rule base is itself represented as database objects. The
class library is linked with application programs and the interactive DOQL
interface. The interactive interface is itself a form of application program.

2.2 The Language

Research on deductive languages for object databases has been underway for
around 10 years now, and a considerable number of proposals have been made
(see [15] for a survey covering 15 proposals). These proposals differ significantly
in the range of facilities supported by the logic language, so that a spectrum
can be identified in which ROLL [2] is perhaps the least powerful and ROL [12]
perhaps the most comprehensive. In practice, the range of facilities supported
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Metadata   Data   Rules

OQL

Java C++      Smalltalk

OML
Access

Embedded
Queries
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INTERACTIVE

API

Application Programs Interactive Users

DOQL

Fig. 2. Architecture diagram showing location of DOQL compiler/evaluator.

depends to a significant extent on the context. For example, ROLL is deliberately
left simple because it is closely linked to the imperative language ROCK, whereas
ROL is a single-language system with more limited access to complementary,
non-deductive facilities. It is thus important to identify some principles that can
be used to guide the development of an ODMG compliant DOOD. We suggest
that an ODMG compliant deductive language should:

1. Be able to access all ODMG data types and should only be able to construct
values that conform to valid ODMG data types.

2. Be usable to define methods that support overloading, overriding and late
binding.

3. Be able to express any query that can be written in OQL.

4. Be usable embedded or free standing.

It is straightforward to think up additional principles (e.g. the deductive lan-
guage should be usable to express integrity constraints; the deductive language
should be able to update the underlying database; the deductive language should
extend the syntax of OQL), but the more are added, the more
constraints/burdens are placed on developers in terms of design and implemen-
tation. DOQL supports the 4 principles enumerated above, but none of those
stated in this paragraph.

In general terms, the principles stated above indicate that the deductive
language should be tightly integrated with the model that is at the heart of
the ODMG standard, should support object-oriented programs as well as data,
should extend what is already provided in terms of declarative languages, and
should not be bound tightly to a specific user environment. The principles also
avoid a commitment to areas of deductive language design that raise open issues
in terms of semantics or the provision of efficient implementations. The lan-
guage described in section 3 contains only language constructs that have been
supported elsewhere before, and thus can be seen as a mainstream deductive
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database language. The novelty of the approach is thus not in the individual
language constructs, but in the context within which it fits.

3 The DOQL Language

This section describes the DOQL language, enumerating its constructs and il-
lustrating them using an example application.

3.1 Example Application

The example application, from [8], describes employees and their roles within
projects and companies. Figure 3 presents the structure of the database using
UML [14].

employee

DEPARTMENT

+locations

:  string

PROJECT

+location

:  string
:  string
:  string

+name
+number

+number
+name

supervisor Supervise

1

Controls

0..*

1

0..*

1..*
worker

1..*
project

 0..1

+numOfEmployees()
+numOfProjects()

:  Set<string>

WorksOn
projectControlled

1

#salary :  real
+ssn :  string

EMPLOYEE

+relationship :  string

DEPENDENTS

+bdate

PERSON

Father

1

Mother

mother

+parents: Set <Person>
+ancestors:Set<Person>
+age:int

controllingDepartment

+employeesNames()

+skills : Set<Struct Skill
{name:Sring,

: Date
+sex :  string

+address :  string
+name :  string

+ dependentsNames()

            Set<Employees>
+subordinates: 

+ numOfProjects():int

+/numbersOfEmployees:
                           int

: int

+hours: int

+startdate :Date

0..*
child

dependent
husband

wife

IsMarried

1
father

0..*
child

DependsOn

1..* employee             WorksFor                         employer 1

1 maneger                      Manages          managedDept

0..* supervisee

level:String}>

Fig. 3. Example Application
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3.2 Queries

Two different approaches were considered in the definition of the syntax of the
deductive language:

– Extend OQL to support recursion.
– Define a rule-based query language tailored to provide reasoning over the
ODMG data model.

The main attraction of the first approach is in the possibility of reusing the
existing OQL syntax. This advantage, though, does not supplant the difficulties
involved in providing comprehensive deductive definitions in the straightjacket
of the Select From Where syntax block1. DOQL thus adopts a syntax that is
familiar from other DOOD proposals, but adapted for use in the ODMG model.
DOQL is a typed logic-based rule language supporting declarative queries and

declarative rules for intensional definitions. The rule language follows the Dat-
alog rule style, but combines the positional and named approaches to attribute
denotation and extends Datalog’s atoms and terms to deal with the properties of
the underlying ODMG model. Variables range over instances of types declared in
an ODMG schema. The language is composed of two main syntactic categories:
terms and literals. Non negated literals are also called atoms.

Terms denote elements in the domain of interpretation and define the alphabet
of the deductive language. Terms can be variables, atomic or complex literals
and evaluable expressions:

– Variables: represented by alphanumeric sequences of characters beginning
with an uppercase letter (e.g. X, Names).

– Atomic Constants: representing ODMG atomic literals (e.g., 2.32, ’Alan
Turing’, 13, true, nil).

– Compound Constants: representing structured or collection literals defined
in the ODMGmodel. (e.g., struct(name:’programming’,level: ’high’),
set(1,2,3,5), bag(1,1,3,3), list(1,1,2,4)).

– DB entry names: representing the set of names associated with root objects
and extents in an ODMG schema.

– Expressions: evaluable functions that return an ODMG structural element
(literal or object). Each expression has a type derived from the structure of
the query expression, the schema type declarations or the types of named
objects. Expressions can have other terms as parameters and are divided in
terms of the following categories:
path expressions: traversal paths starting with a variable or a DB entry
name, that can span over attributes, operations and relationships defined
in type signatures of an ODMG schema (e.g.,Z.age, john.subordinates).
Path expressions traversing single valued features in type signatures can be
composed forming paths of arbitrary lengths (e.g., john.dept.name).

1 It has recently been proposed that the inclusion of non-linear recursion in SQL be
delayed until SQL4 [9].
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aggregates and quantified expressions: predefined functions applied to terms
denoting collections. Complex expressions can be formed by applying one of
the operators (avg, sum, min, max, count, exists, for-all) to pairs (T:F),
where T is a term and F is a formula formed by a conjunction of literals.
T and F can share common variables, and other variables can appear in F.
Every variable that appears in T must also appear in F and cannot appear
elsewhere outside the scope of the operator. The following expressions show
the use of aggregates and quantifiers:

count(X.dependents), max(X.age: persons(X))

exists(X: persons(X), X.age > 110)

for-all(X: employees(X), X.age >= 18)

arithmetic expressions: (A + B), (A * B), (A / C), (A - C).
string concatenation: (A || B).
set expressions: (A union B), (A intersect B), (A except B).

Literals denote atomic formulas or negated atomic formulas that define propo-
sitions about individuals in the database. The types of atomic formulas are:

– collection formulas: enable ranging over elements of collections. A collection
can be a virtual collection defined by a previous rule or a stored collec-
tion defined in the extensional database. Molecular groupings of collection
properties can be done using the operator ([ ]). The operator (=>) can be
used to finish path expressions that end in a collection, resulting in collection
formulas. The following formulae show the diversity of possibilities in ranging
over collections, depending on the needs of each rule. In the first formula, the
identities of the collection instances represent the focus point. In the second
formula, the items needed are the values for the properties name and age
of each collection instance. The third formula binds variables to identities
and properties of the elements in the collection. The fourth formula denotes
all the subordinates of john and the last formula ranges over a collection of
structured literals that represent information about john’s skills. Collections
of literals can only use the molecular notation due to the absence of object
identity in their elements.

persons(X)

persons[name=N, age=Y]

persons(X)[name=N, age=Y]

john.subordinates=>X

john.skills=>[name=N, level=L]

– element formulas: enable ranging over (1:1) relationships and object-valued
attributes (without inverses) in the extensional database. The following for-
mulae are examples of element formulas. In the first formula, john is a name
(DB entry point) in the schema.

john.spouse->X

L.spouse->X
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– operation formulas: denote formulas of type <Term> Operator <Term> or
just <Term>, where the latter is a boolean expression. Operation formulas
encompass relations between elements and collections (in), strings (substr,
like, lower), numbers (<=, >=,<, >) and also the notions of value equality
(=, <>) and Oid equality (==, !=).

X.age <= 90

exists(X: employees(X), struct(name:’coding’,level:’high’) in X.skills)

john.father == mary.father

– method calls: denoted by the syntactic form:

< method name >(arg1, ...argn)[− >< result >]
< method name >(arg1, ...argn)[=>< result >]
< method name >(arg1, ...argn)[=< result >]

This allows user-defined ODMG operations to be invoked from DOQL. The
three forms return individual elements (objects or structured literals), col-
lections, and simple values, respectively. The invoked operations should be
side-effect free, a criterion that cannot be guaranteed or tested for in exist-
ing ODMG environments. It is thus up to the user to exercise caution in
embedding method invocations, and the system should support an option
of forbidding method calls from within DOQL (for example, through an
environment variable). It is not possible to call methods in which a single
argument position is used for both input and output, as this would require
assignment to a bound DOQL variable.

– DOQL goals: these are described below, along with consideration of DOQL
rule and method definitions.

3.3 DOQL Methods and Rules

Rules are used to implement deductive methods and define virtual collections
over ODMG databases. A rule is a clause of the form: H ← L1, L2, L3, . . .Ln,
where H is the Head of the rule and the body is a sequence of literals denoting a
formula. The syntactic form of the head depends on whether the rule is a regular
clause or a method clause.

Regular Clauses In regular clauses, the head of the rule is of the form:

< rulename > (arg1, ..., argn)

where each argi is a variable, an atomic constant, a compound constant, or a
grouping expression applied to a term. For example, in the following rule, D is
local if it is a department that controls only local projects:

local(D) :- departments(D),

for-all(Projects: D.projectControlled=>Projects,

Projects.location=’local’).

Rules can be recursive, and can be invoked from queries or rules:
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parent(X,Y) :- persons(X), X.father->Y.

parent(X,Y) :- persons(X), X.mother->Y.

relative(X,Y) :- parent(X,Y).

relative(X,Y) :- parent(X,Z), relative(Z,Y).

Grouping is the process of grouping elements into a collection by defining
properties that must be satisfied by the elements. Grouping is restricted to rules
that contain only a single clause and to a single argument position in the head
of the clause. The grouping construct is expressed by the symbols { Var Name
} for set groupings, < Var Name > to group elements as bags and [ Var Name
| ai : oi, . . .an : on ] to group as lists, sorting the list according to the attributes
ai, . . . , an, each attribute defining a letter (a=ascending, d=descending) for the
ordering field oi that defines the order of the elements of the list according to
that attribute. The following example shows the grouping of the relatives of a
person as a list sorted in ascending order of the age attribute.

relatives_of(X,[Y|age:a]) :- relative(X,Y).

Method Clauses In method clauses, the head of the rule is of the form:

< recipient >::< method − name > (arg1, ..., argn)

where recipient is a variable, and argi are as for regular clauses. For example, the
following method rule reinterprets relative as a deductive method on person:

extend interface PERSON {

P::relative(R) :- parent(P,R).

P::relative(R) :- parent(P,Z), Z::relative(R).

}

The approach to overriding and late binding follows that of ROCK & ROLL
[7]. In essence, methods can be overridden, and the definition that is used is the
most specialised one that is defined for the object that is fulfilling the role of the
message recipient.

3.4 Stratification, Safety and Restrictions

DOQL adopts conventional restrictions on rule construction to guarantee that
queries have finite and deterministic results. In particular: each variable appear-
ing in a rule head must also appear in a positive literal in the rule body; each
variable occurring as argument of a built-in predicate or a user-defined ODMG
operation must also occur in an ordinary predicate in the same rule body or must
be bound by an equality (or a sequence of equalities) to a variable of such an
ordinary predicate or to a constant; all rules are stratified; a rule head can have
at most one grouping expression; the type of each argument of an overridden
DOQL method must be the same as the type of the corresponding argument in
the overriding method; all rules are statically type checked, using a type inference
system.
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4 DOQL In Context

This section describes how DOQL fits into the ODMG environment, showing
how rule bases are created and managed, how rules are invoked, and how DOQL
is incorporated into imperative language bindings.

4.1 Managing Rule Bases

Rules can be created either transiently, or in rule bases that are stored per-
sistently in the ODMG compliant database. Rule bases are created using the
create rulebase operation, which takes as parameter the name of the rulebase
to be created. The inverse of create rulebase is delete rulebase. These com-
mands can be run from the operating system command line, from the interactive
DOQL system, or from executing programs.
Once a rulebase has been created, rules can be added to it using the extend

rulebase command, which can also be run from the operating system command
line, from the interactive DOQL system, or from executing programs. For ex-
ample, figure 4 extends the rulebase employment with both regular and method
rules.

extend rulebase employment {

// Extend EMPLOYEE with an operation related_subordinate

// that associates the EMPLOYEE with subordinates who are related to them

extend interface EMPLOYEE {

Emp::related_subordinate(R) :- Emp::relative(R), Emp::subordinate(R).

Emp::subordinate(S) :- Emp[supervisee=>S].

Emp::subordinate(S) :- Emp[supervisee=>Int], Int::subordinate(S).

}

// A dodgy manager is one who is the boss of a relative

dodgy_manager(M) :- employees(M), exists(S: M::related_subordinate(S)).

}

Fig. 4. Extending a rule base.

4.2 Rule Invocation

Queries are evaluated over the current state of the database and rule base, with
different query formats depending on the nature of the query. Rules can only be
invoked directly from within DOQL queries and rules. The different formats are:

– Single element queries (SELECT ANY): this form of query returns a single
element from the set of elements that results from the evaluation of the goal.
The choice of the element to be returned is non-deterministic.
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– Set of elements queries (SELECT): this form of query returns all elements that
satisfy the goal.

– Boolean queries (VERIFY): this form of query has a boolean type as query
result. The result is the value yielded by the boolean formula given as a
parameter.

The query formats can be summarized according to the following general
expressions:

SELECT [ANY] Result_Specifier

FROM DOQL Query

[WITH Rule_Statements]

[USING Rulebase]

VERIFY Boolean_Formula

[WITH Rule_Statements]

[USING Rulebase]

The Result Specifier is a comma separated list of arguments that are
the same as the arguments allowed in a rule head, and Rulebase is a comma
separated list of persistent rulebase names. For example, the following query
associates each employee with a set of their related subordinates, using rules
from the employment rulebase.

SELECT E,{S}

FROM E::related_subordinate(S)

USING employment

The verification format requires that the operand of the verify return a boolean
value:

VERIFY exists(E:employees(E), dodgy_manager(E))

USING employment

The WITH clause is used to allow the specification of rules that exist solely
for the purpose of answering the query (i.e. which are not to be stored in the
persistent rule base). For example, the following query retrieves the names of
the employees who have more than 5 related subordinates:

SELECT Name

FROM employees(E)[name=Name],

num_related_subordinates(E,Number), Number > 5

WITH num_related_subordinates(E,count({S})) :- E::related_subordinate(S).

USING employment

The above query forms can be used either in the interactive DOQL interface
or in embedded DOQL.

4.3 Embedded DOQL

DOQL programs can be embedded in host programming languages in a manner
similar to that used for OQL [4]. DOQL statements are embedded as parame-
ters of calls to the API function d doql execute (d DOQL Query Q, Type Res
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Result)2. The function receives two parameters. The first parameter is a query
container object formed by the query form described in section 4.2 along with
any input arguments to the query. The second parameter is the program variable
that will receive the result of the query.

Figure 5 is a code fragment that shows the embedded form of DOQL for C++.
First some variables are declared for the input parameter to the query (pedro)
and the result (the ancestors). Then the query object q1 is created with the
query as the parameter of the constructor function. It is then indicated that
pedro is the (first and only) parameter of q1 – this parameter is referred to within
the text of the query as $1. Finally, the query is executed by d doql execute,
and the results are placed in the ancestors.

d_Ref <Person> pedro = ...;

d_Set < d_Ref <Person>> *the_ancestors = new Set(Person);

d_DOQL_Query q1("SELECT Y

FROM relative($1,Y)

WITH relative(X,Y) :- persons(X), X.father->Y.

relative(X,Y) :- persons(X), X.mother->Y.

relative(X,Y) :- relative(X,Z), relative(Z,Y).");

q1 << pedro;

d_doql_execute(q1, the_ancestors);

Fig. 5. Example embedded DOQL code fragment

5 Related Work

This section outlines a range of features that can be used to compare the query
components of proposals that integrate declarative query languages and imper-
ative OO programming languages in the context of OODBs.

Bidirectionality of calls: relates to the flexibility of the integration approach.
In unidirectional systems, one of the languages can call the other, but not
vice-versa.

Restructuring: relates to the operations available in the declarative language
that can be used to reorganize the queried data elements to yield more
desirable output formats.

Type system: relates to the underlying type system used across the integrated
languages.

2 A general syntax is used to show concepts. The specific syntax varies
for each language binding (e.g. for C++, template<class T> void
d doql execute(d DOQL Query &query, T &result)).
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Query power: relates to the query classes supported by the query language.
(FOLQ = first-order queries, FIXP = fixpoint queries, HOQ = higher-order
queries).

View mechanism: relates to the features provided by the query language for
the definition of derived attributes, derived classes through filtering, derived
relations through composition, and derived classes through composition ap-
plying Oid invention.

Table 1 shows a comparison between the query facilities supported by DOQL
and the query components of Chimera [6], Coral++ [16], OQL [4], OQLC++
[3], Noodle [13] and ROCK & ROLL [2].

Criteria
Language Bidirection Restructuring Type Query View

of Calls Operators System Power Mechanism

Chimera no unnesting Chimera ob-
ject model

FOLQ, FIXP attributes,
classes
(filtering),
relations

Coral++ no set grouping, C++ FOLQ, FIXP relations
unnesting

DOQL yes (set,bag,list)
grouping,
unnesting

ODMG
object model

FOLQ, FIXP classes
(filtering),
relations

Noodle yes (set,bag)
grouping,

Sword object
model

FOLQ, FIXP relations

unnesting HOQ

OQL yes (set,bag,list)
grouping,
unnesting

ODMG
object model

FOLQ classes
(filtering),
relations,
classes (Oid
invention)

OQLC++ yes unnesting C++ FOLQ no

ROCK &
ROLL

yes unnesting Semantic ob-
ject model

FOLQ, FIXP no

Table 1. Query languages for object databases

Some important aspects of our design are:

– language integration is done using a standard object-model as the underlying
data model of the deductive system.

– the approach to integration complies with the call level interface defined by
the ODMG standard, reusing existing compiler technology for other ODMG
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compliant languages and providing portable deduction within the imperative
languages without the need for changes in syntax or to the underlying DBMS.

– bidirectionality of calls between the integrated languages.
– powerful aggregate and grouping operators that can be used for restruc-
turing data in applications that require summaries, classifications and data
dredging.

– updating and control features are confined within the imperative language

Views in DOQL are considered subproducts of queries, and in particular,
results of queries are typically associations (complex relations). This context
differs from the semantics of views proposed in [11,1] by not inventing Oids, by
not having view declarations as a part of the DB schema, and by not having
methods attached to views obtained through composition.
Language integration proposals can also be compared based on the seamless-

ness of the language integration (see [2]) or based on the object-oriented and
deductive capabilities supported (see [15]). Using the criteria of [2], DOQL can
be seen to support evaluation strategy compatibility, (reasonable) type system
uniformity and bidirectionality, but to lack type checker capability and syntactic
consistency. The lack of type checker capability means that embedded DOQL
programs can cause type errors at runtime – obtaining compile time type check-
ing of embeddded DOQL would require changes to be made to the host language
compiler. The lack of syntactic consistency is unavoidable, as DOQL can be
embedded in any of a range of host languages, and thus cannot hope to have a
syntax that is consistent with all of them.

6 Summary

This paper has proposed a deductive language for use in ODMG compliant data-
base systems. The principal motivation for the development of such a language
is the belief that failure to make deductive systems fit in with existing data-
base models and systems has been a significant impediment to the widespread
exploitation of deductive technologies in databases.
The language that has been proposed, DOQL, can be used both free-standing

and embedded within the language bindings of the ODMG model. Rules can be
defined in a flat clause base or as methods attached to object classes. The paper
has described both the language and how it relates to other ODMG compo-
nents both in terms of the implementation architecture and as a user language.
Acknowledgements: The second author is sponsored by Conselho Nacional de De-

senvolvimento Cient́ifico e Tecnológico - CNPq (Brazil) – Grant 200372/96-3.
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Abstract. The chase of datalog programs is a new way to reason about
datalog programs that are evaluated on databases consistent with a set of
constraints. It is an equivalence-preserving program transformation that
uncovers properties of datalog programs that must hold when they are
evaluated on consistent databases. Here, we summarizes our research.

1 Introduction

To understand the interaction of datalog programs with that class of data-
bases we define the chase [2,3] in the context of deductive databases. Our chase
outputs programs which are, in general, “simpler” than the input programs, since
they will contain fewer distinct variables as a result of the equating of variables
done by the chase.

Example 1. Let P = {r0, r1}, where:
r0 = p(X, Y ) :− e(X, Y )
r1 = p(X, Y ) :− e(Z,X), e(X,Z), p(Z, Y )

Let F = {f = e : {1} → {2}}; f means that if we have two atoms e(a, c) and
e(a, b) in a database consistent with F , then c = b. Let us denote the databases
that are consistent with F by SAT (F ). Then chasing in the natural way [2,3]
the trees for the expansions r1 ◦ r0, r1 ◦ r1 ◦ r0, r1 ◦ r1 ◦ r1 ◦ r0, . . ., that
is, equating variables, as implied by the fd f , in atoms defined on e in those
expansions, we can obtain the datalog program P ′ = {s0, s1, s2}, the chase of P
wrt F , where:

s0 = r0
s1 = p(X,X) : −e(Z,X), e(X,Z), p(Z,X)
s2 = p(X,Z) : −e(Z,X), e(X,Z), p(Z, Z)
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P and P ′ are equivalent on databases in SAT (F ). The idea behind the chase
of a datalog program is to obtain an equivalent datalog program such that the
recursive rules have a least number of different variables; variables in the original
recursive rule(s) get equated accordingly to the fds given. In fact, because of the
equating of variables, our chase transforms P into P ′, which is equivalent to a
nonrecursive datalog program on databases in SAT (F )!
Thus the chase of datalog programs is a very powerful rewriting technique

that let us uncover properties of datalog programs that are to be evaluated on
consistent databases. In particular, we can use it to find a minimal program,
one without redundant atoms or rules, that is equivalent to the given program
over databases in SAT (F ). This extends Sagiv’s results in [4] regarding contain-
ment, equivalence, and optimization of datalog programs that are evaluated on
SAT (F ). We can use the chase of programs to uncover other properties, e.g., to
find out whether a set of fds F implies an fd g on a program P [1]; F implies g
on P if for any database d in SAT (F ), P (d) satisfies g. The following example
illustrates this.

Example 2. Assume that P ′′ consists of the rules r2 = p(X, Y ) :− e(X, Y ) and
r3 = p(X, Y ) :− e(X, Y ), e(X,Z), p(Z, Y ). Then it is difficult to see why F =
{f = e : {1} → {2}} implies on P ′′ the fd g = p : {1} → {2}. The chase of P ′′

wrt F helps us to see why.
Since the chase of P ′′ wrt F is the program {r2, p(X,Z) :− e(X,Z), p(Z, Z)},

it is now easy to see that on any database the fixed point of p is exactly a copy
of the facts defined on e — because the atoms defined on p and e in both rules
have exactly the same arguments— and, thus, for any database d satisfying F ,
P ′′(d) satisfies g. Therefore the chase of P ′′ allows us to see that F implies g on
P ′′.

Using the chase of datalog programs, we prove that: (1) the FD-FD impli-
cation problem [1] is decidable for a class of linear datalog programs, provided
that the fds satisfy a minimality condition; (2) the FD-FD implication problem
can still be decided when we relax the linearity and minimality conditions on
datalog programs of the previous class, provided that the set of recursive rules
of the program preserves a set of fds derived from the input fds.
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Data in traditional relational and object-oriented databases is highly structured
and subject to explicit schemas. Lots of data, for example on the world-wide web
is only semistructured. There may be some regularities, but not all data need
adhere to it, and the format itself may be subject to frequent change.
The important issues in the area of semistructured data are: how to describe

(or constrain) semistructured data, and how to query it. It is generally agreed
that the appropriate data model for semistructured data is an edge-labeled
graph, but beyond that there are many competing proposals. Various constraint
languages and query languages have been proposed, but what is lacking so far
are ‘sound theoretical foundations, possibly a logic in the style of relational
calculus. So, there is a need for more works on calculi for semistructured data
and algebraizations of these calculi’ [Abiteboul 1997].
One of the main methodological points of this paper is the following. There

are many areas in computer science and beyond in which describing and reason-
ing about finite graphs is a key issue. There exists a large body of work in areas
such as feature structures (see, for example, [Rounds 1996]) or process algebra
[Baeten, Weijland 1990,Milner 1989] which can be usefully applied in database
theory. In particular, many results from modal logic are relevant here. The aim
of the present contribution is to map new languages for semistructured data to
well-studied formal languages and by doing so characterise their complexity and
expressive power.
Using the above strategy, we study several languages proposed to express

information about the format of semistructured data, namely data guides [Gold-
man, Widom 1997], graph schemas [Buneman et al. 1997] and some classes of
path constraints [Abiteboul, Vianu 1997]. Among the results we have obtained
are the following:

Theorem 1. Every set of (graph) databases defined by a data guide is definable
by an existential first-order formula.

Theorem 2. Every set of (graph) databases conforming to an acyclic graph
schema is definable by a universal formula.

S.M. Embury et al. (Eds.): Advances in Databases - BNCOD’98, LNCS 1405, pp. 167–168, 1998.
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Every set of (graph) databases conforming to an arbitrary graph schema is
definable by a countable set of universal formulas from the restricted fragment
of first-order logic.

We also argue that first-order logic with transitive closure FO(TC) intro-
duced in [Immerman 1987] is a logical formalism which is best suited to model
navigational query languages such as Lorel [Abiteboul et al. 1997] and UnQL
[Buneman et al. 1997]. We give a translation from a Lorel-like language into
FO(TC) and show that the image under translation is strictly less expressive
than full first-order logic with binary transitive closure.

Theorem 3. Every static navigational query is expressible in FO(TC).

Theorem 4. The image under translation into FO(TC) of static navigational
queries is strictly weaker than FO(TC) with a single ternary predicate Edge and
binary transitive closure.

In our ongoing work, we are investigating the use of FO(TC) for query op-
timisation, and we are determining complexity characterisations of the relevant
fragments of FO(TC), building on recent results by [Immerman, Vardi 1997] on
the use of FO(TC) for model checking.
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Abstract. We describe the TENTACLE system, an extensible database
system which uses a graph data model to store and manipulate poorly
structured data. To enable the database to be tailored to particular prob-
lem domains, it has been equipped with a small embedded interpreter
which can be used to construct the equivalent of customised views of
or front-ends to a given semi-structured data domain. To demonstrate
the capabilities of the system we have built a web server directly on top
of the database system, making it possible to provide a clean mapping
between the logical structure of the web pages and the underlying storage
system.

1 Introduction

TENTACLE is an extensible database system which attempts to take a dif-
ferent approach to modelling, manipulating and presenting complex or poorly
structured application domains. As data model we have chosen a graph-based
approach. Graph models provide a flexible environment in which complex asso-
ciations can be represented naturally without an intermediate translation phase
from the domain to the storage abstraction. Our model is similar to the OEM
used by LORE [2].

The TENTACLE data manipulation subsystem consists of an integrated
imperative programming and declarative query language. The language runs
directly inside the database system and enables the user to program the database
server. This removes the need for gateway programs and wrappers as encoun-
tered in more typical database systems. In this respect our system bears some
resemblance to database programming languages [4].

We have chosen the world-wide web as an example application to illustrate
how the above-mentioned features of the database system can be applied to the
task of supporting complex and or poorly structured problem domains.
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2 Implementation

The database is implemented as a monolithic system, where the integrated query
and host language interpreter is coupled to the storage subsystem so that the
entire database runs as a single process, reducing the inter-component commu-
nications overhead.
The TENTACLE database system has been written from the ground up.

Its lowest layer is a specialised graph storage system which maps the graph
components onto disk blocks. The services provided by this layer are used by
the graph management system to provide basic graph creation and manipulation
services. On top of the graph management layer we have built a re-entrant parser
capable of concurrently interpreting several programs written in the combined
programming and query language.

3 Application

The world wide web is the largest networked hypertext system. Surprisingly
its interaction with typical databases has so far been quite limited—almost
all hypertext documents are stored on a conventional file system and not in
a database.
In the cases where databases are indeed accessible via the world wide web, the

interaction between the web and the database is not direct—in almost all cases
such “web-enabled” databases are simply regular databases accessible through
a web-based gateway (see CGI [1]). Such an arrangement may not only cause
performance problems (a result of the interprocess communications overheads of
web server, gateway(s) and database), but also result in impedance mismatches,
since usually the database and web use different data models (relational for the
database, network for the web server).
Our system attempts to address these issues by moving the web server into

the TENTACLE database system. For each incoming connection, TENTACLE
activates a program fragment stored in the database itself which provides the
web server functionality (by implementing parts of the HTTP [3] protocol).
This program uses the incoming request (URL) to traverse the database graph
and sends matching nodes or materialised information to the client. Since the
mapping from the graph structure to the world wide web is reasonably direct,
there is no need to perform cumbersome or costly rewriting operations.
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Abstract. The advent of the World Wide Web (WWW) has meant there is a
growing need to link information held in databases and files with information
held in other types of structure [2].  This poster presents a toolkit which enables
information held in tables within documents to be linked with data held in
conventional databases.  The toolkit addresses the problems of:-

• extracting tabular data from various types of document e.g. semi-
structured text [4], HTML and spreadsheets

• providing a standard interface to these tables via a standard query language
• extracting useful table meta-data from the table and accompanying text.

Tables are a very effective way of presenting information. Because of their flexibility
and ease of reading, tables have long been used as a method of presenting information
in a clear and concise manner.  With the introduction of the Internet, large bases of
unstructured textual information have become available, many of which contain
information in a tabular form, an example being results from scientific studies
appearing within a paper.  There is a growing awareness of this information and the
need to link it with more conventionally held information in databases if the full
potential of this information is to be realized.

The problem with tabular information is that although the nature of its presentation
makes it easy for the reader to understand, it is not possible to access and utilize this
information automatically in a computer application and so link it with other
information.  Part of our research is to produce a set of tools that will facilitate the
generation of  wrappers [1,3] for diverse tables embedded in various types of
document. These wrappers will enable access to the information contained within the
tables via a query language such as SQL and so enable them to be linked with other
information, particularly that held in relational databases.

When designing and creating a table to represent a set of information, a table designer
may need to modify the information in order to present it in the most useful way.  In
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performing these transformations the designer uses knowledge about the information
to alter the way that it is represented.  This can be as simple as introducing a ‘total’
column by adding two columns or converting a percentage mark into a grade.  In
other cases, complex formulae may be applied to derive the results required for
display.  Although the designer finally has the table in the form that he wishes it to be
displayed it would be useful for us to know how the source information has been
manipulated to produce the information displayed in the table.  In some cases such
information is available in the tables meta-structure (e.g. in a spreadsheet), where as
in others it is buried in accompanying text.

As well as developing tools to provide access to information contained within tables,
we are developing tools that can extract meta-data from the tables and any
surrounding text in a document. This meta-data will essentially consist of any
formulae and constraints relating to entries in the table and any information about the
representation being used.  The problem is that this kind of useful information is
usually lost or unavailable.  Some types of tables are more useful than others because
they store formulae and constraints as part of their definition (e.g. spreadsheets),
whereas in other representations of tables such information is simply discarded.
Fortunately, information describing how columns or rows of the table are calculated
can often be found in the text accompanying the table.

In addition to the tools allowing access to tables embedded within textual documents,
we are developing tools to allow access to tables in the form of spreadsheets.
Spreadsheets are probably the most common source of tabular data and have a high
level of structure.  When dealing with spreadsheets, meta-data such as formulae and
constraints are easy to locate because this type of information is embedded within the
spreadsheet itself.  When it comes to textual documents we will need to use
techniques based on NLP and data mining to locate and extract the relevant formulae
and constraints from the accompanying text – a much more challenging task.
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1 Introduction

In Object-Oriented Databases (OODB), although path expression between classes
may exist, it is sometimes necessary to perform an explicit join between two or more
classes due to the absence of pointer connections or the need for value matching
between objects. Furthermore, since objects are not in a normal form, an attribute of
a class may have a collection as a domain. Collection attributes are often mistakenly
considered merely as set-valued attributes. As the matter of fact, set is just one type
of collections. There are other types of collection. The Object Database Standard
ODMG (Cattell, 1994) defines different kinds of collections: particularly set,
list/array, and bag. Consequently, object-oriented join queries may also be based on
attributes of any collection type. Such join queries are called collection join queries
(Taniar and Rahayu, 1996).

Our previous work reported in Taniar and Rahayu (1996, 1998a) classify three
different types of collection join queries, namely: collection-equi join, collection-
intersect join, and sub-collection join. In this paper, we would like to focus on sub-
collection join queries. We are particularly interested in formulating a parallel
algorithm based on the sort/merge technique for processing such queries. The
algorithms are non-trivial to parallel object-oriented database systems, since most
conventional join algorithms (e.g. hybrid hash join, sort-merge join) deal with
single-valued attributes and hence most of the time they are not capable of handling
collection join queries without complicated tricks, such as using a loop-division
(repeated division operator).

Sub-collection join queries are queries in which the join predicates involve two
collection attributes from two different classes, and the predicates check for whether
one attribute is a sub-collection of the other attribute. The sub-collection predicates
can be in a form of subset, sublist, proper subset, or proper sublist. The difference
between proper and non-proper is that the proper predicates require both join
operands to be properly sub-collection. That means that if both operands are the
same, they do not satisfy the predicate. The difference between subset and sublist is
originated from the basic different between sets and lists (Cattell, 1994). In other
words, subset predicates are applied to sets/bags, whereas sublists are applied to
lists/arrays.
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2 Parallel Sort-Merge Join Algorithm for Sub-collection Join

Parallel join algorithms are normally decomposed into two steps: data partitioning
and local join. The partitioning strategy for the parallel sort-merge sub-collection
join query algorithm is based on the Divide and Partial Broadcast technique.

The Divide and Partial Broadcast algorithm proceeds in two steps. The first step
is a divide step, where objects from both classes are divided into a number of
partitions. Partitioning of the first class (say class A) is based on the first element of
the collection (if it is a list/array), or the smallest element (if it is a set/bag).
Partitioning the second class (say class B) is exactly the opposite of the first
partitioning, that is the partitioning is now based on the last element (lists/arrays) or
the largest element (sets/bags).

The second step is the broadcast step. In this step, for each partition i (where i=1
to n) partition Ai is broadcasted to partitions Bi .. Bn. In regard to the load of each
partition, the load of the last processor may be the heaviest, as it receives a full copy
of A and a portion of B. The load goes down as class A is divided into smaller size
(e.g., processor 1). Load balanced can be achieved by applying the same algorithm to
each partition but with a reverse role of A and B; that is, divide B based on the
first/smallest value and partition A based on the last/largest value in the collection.

After data partitioning is completed, each processor has its own data. The join
operation can then be carried out independently. The local joining process is made
of a simple sort-merge and a nested-loop structure. The sort operator is applied to
each collection, and then a nested-loop construct is used in joining the objects
through a merge operator. The algorithm uses a nested-loop structure, because of not
only its simplicity but also the need for all-round comparisons among all objects.

In the merging process, the original join predicates are transformed into
predicate functions designed especially for collection join predicates. Predicate
functions are the kernel of the join algorithm. Predicate functions are boolean
functions which perform the predicate checking of the two collection attributes of a
join query. The join algorithms use the predicate functions to process all collections
of the two classes to join through a nested-loop. Since the predicate functions are
implemented by a merge operator, it becomes necessary to sort the collections. This
is done prior to the nested-loop in order to avoid repeating the sorting operation.

References

Cattell, R.G.G. (ed.), The Object Database Standard: ODMG-93, Release 1.1, Morgan
Kaufmann, 1994.

Taniar, D., and Rahayu, W., "Object-Oriented Collection Join Queries", Proceedings of the
International Conference on Technology of Object-Oriented Languages and Systems
TOOLS Pacific’96 Conference, Melbourne, pp. 115-125, 1996.

Taniar, D. and Rahayu, J.W., "A Taxonomy for Object-Oriented Queries", a book chapter in
Current Trends in Database Technology", Idea Group Publishing, 1998a (in press).

Taniar, D. and Rahayu, J.W., "Parallel Collection-Equi Join Algorithms for Object-Oriented
Databases", Proceedings of International Database Engineering and Applications
Symposium IDEAS’98, IEEE Computer Society Press, Cardiff, UK, July 1998b (to
appear).

174 David Taniar and J. Wenny Rahayu



Component DBMS Architecture for Nomadic
Computing

J.A. McCann, J.S. Crane

High Performance Extensible Systems Group
Computer Science, City University, London, UK

{jam, jsc}@cs.city.ac.uk

Abstract. Current database management system technology is unable to provide
adequate support for Nomadic Computing. Mobile applications require systems
which are sufficiently lightweight and customisable to provide high
performance while consuming minimal power, yet extensible enough to adapt to
a constantly changing environment. Current DBMS architectures do not provide
this level of customization or adaptability. In this paper we introduce
Component-Based Database Management Systems (CBDMS) and discuss their
suitability for mobile computing.

1. DBMS Architectures are Obsolete?

New technology is placing greater expectations on DBMS. That is, we anticipate
greater use of wide-area networks, heterogeneous platforms, information sharing,
higher flexibility and dynamic system modification such as ‘plug and play’ and hot
swap. Historically, enhancing features were just added to the DBMS kernel thickening
it and reducing performance. This solution will not work for mobile DBMS
applications as the mobile unit is very limited in resources .

Industry, has identified a number of key application areas which would benefit
from mobile DBMS. These are: healthcare, sales force automation, tourism and
transportation. In particular, sales force automation allows the salesperson to use a unit
connected through a mobile network to a set of databases. Furthermore, they can
quickly configure complex customer solutions and customised financing options while
with the customer. This type of operation requires that the mobile client can update the
DBMSs as the transaction occurs which is still not being addressed by the DBMS
community.

Performance and adaptability are key requirements of mobile data processing
environments which existent DBMS architectures fail to provide. These present new
challenges in areas such as query processing, data distribution and transaction
management which are being re-thought in terms of performance, battery life and less
reliable communication systems.

S.M. Embury et al. (Eds.): Advances in Databases - BNCOD’98,  LNCS 1405, pp. 175-176,  1998. 
 c Springer-Verlag Berlin Heidelberg 1998



2. A new adaptive DBMS architecture based on Components

To provide the amount of flexibility to enable mobile data processing, we require a
combination of a lightweight yet extensible DBMS. We look to the history of
operating systems for an answer. Early monolithic and micro-kernel operating systems
were limited in extensibility and performance, so research looked at extensible
kernels, and more recently component-based operating systems [Kostkova96], as a
solution.

Current DBMS technology is monolithic and is neither lightweight nor flexible
enough to support mobile computing. There has been attempts to make DBMS
architectures more lightweight, or to be extensible, [Boncz94], however they all are
unsuitable for general DBMS applications. Therefore, DBMS need to be
componentised where only the components required for a particular operation are
loaded, saving performance and power costs. Furthermore, a component DBMS can
extend its functionality on demand -- it binds its components at run-time, adapting to
new environments. For example, the movement from a wireless network to a fixed
network can trigger a new resource manager or query optimiser to be dynamically
loaded as the system is no longer constrained by battery power and wireless
communications. Furthermore, as processing is componentised, its migration between
mobile network cells becomes more fluid.

3. Our Work and Conclusion

In this paper we have shown that to balance performance efficiency, power efficiency
and cost efficiency in nomadic computing, we need more than new transaction
processing and query optimisation strategies. For a DBMS to operate efficiently in a
mobile environment it needs to be lightweight and customisable, providing high
performance while consuming minimal power. Furthermore, the architecture must
adapt to a constantly changing environment. We believe that an alternative DBMS
architecture based on components is a viable solution. To this end we are currently
implementing a CDBMS, which is already beginning to demonstrate its level of real-
time configurability and improvement in performance, for not only mobile
applications but more traditional applications.
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Abstract. The ITSE system (Integrated Translation Support Environment) is a
toolkit whose architecture is aimed at enabling the exchange of data between dif-
ferent database interoperation  tools as well as  the dynamic addition of new tools.
Each of the tools addresses a specific set of interoperation problems and achieves
interoperation using an intermediate semantic representation to map from source
to target expressions.We give a brief overview of the system, the experiences that
led to its specific architecture, and some scenarios in which the integrated use of
tools would be beneficial.Keywords: Tools, Interoperation, Distributed DBMS.

System evolution requirements and tool support. Many organisations require legacy
database systems to co-operate alongside modern DBMSs to support business functions.
These organisations require system evolution methodologies and tools to evolve systems
in their current, heterogeneous setup. The need for appropriate interoperation tools and
the lack of integration between such tools is expressed by Brodie and Stonebraker [1].
Typical tasks in system evolution are the analysis of existing database schemas to ensure
the conceptual models still reflect business practice; interoperation of new applications
with legacy systems; the migration of these older systems to newer platforms, often cou-
pled with a need for extensive re-design; the decoupling of remote user interfaces from
monolithic, central information systems, with the added requirement of transparent
access to heterogeneous information systems; or the re-interpretation of business data
from different angles - one of the main drivers of the development of data warehouses.

The ITSE project (’95-’98) investigates an integration framework for a set of database
interoperation tools which have diverse functionality but use a common construction
paradigm by viewing interoperation as a translation task between formal languages
which stand in a semantic equivalence relation to one another. The ITSE toolkit is a sec-
ond-generation system providing a framework for these first-generation database inter-
operation tools built over the last ten years. The new system improves on previous
techniques and provides facilities for data interchange between components of the
toolkit. This ability is a requirement for cost-effective restructuring of information sys-
tems because it adds to the automation of otherwise error-prone design and implementa-
tion tasks for which little methodological support has been offered to date.

Architecture. The four main components of the ITSE toolkit are theInteroperation
Workbench which houses individual interoperation tools (e.g. schema transformers,
query translators, analysis and visualisation tools, etc);Access Tools utilizing call-level
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interfaces to databases (including O/JDBC); theConfigurer - a systems management
tool which declares data sources to the ITSE system, and allows administrators to define
which of the workbench tools are available in a specific setup;Metatools - a set of utili-
ties to declare and bind new tools to the toolkit. Metatools are aimed at developer organ-
isations whereas Configurer and Workbench are aimed at system administrators or
analysts. An extensible client/server architecture allows several modes of operation for
the tools: via graphical user interfaces or a scripting language, or via an agent communi-
cation language in which interoperation tasks can be requested remotely.

Fig.1. Top-level Functionality of the ITSE Interoperation Toolkit

Prototype implementation. ITSE server modules are implemented in BinProlog [2]
with client GUIs written in Java. Connections to network-aware DBMSs are made using
either ODBC and JDBC interfaces, or connectivity software developed by ourselves.
The workbench includes tools for schema and query translation, as well as visualisation.
Incorporating more workbench tools and connecting to different  DBMSs  is an ongoing
process. A set of databases using Oracle, UniSQL, Versant and P/FDM forms a testbed
for experimentation and development of further interoperation tools.

Ongoing and further work. The next step is to set up typical usage scenarios to test the
usability and utility of the integrated tools. Examples for such scenarios could be
schema analysis, on-line query translation, or MDBMS view integration. Complex sce-
narios include legacy system migration tasks and data warehousing.  We also work on
embedding Prolog-engines in C++ or Java for CORBA-based distributed services [3].
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This paper deals with combining multidatabase systems with knowledge repre-
sentation schemes. The current proposal is based on work done in the University
of Manchester on a Medical Ontology [Rec94], database interoperation work at
Cardiff University in Wales [DFG96], in addition to much related work in the
area of semantic interoperability (e.g,[Wie94,ACHK93,KS94,Gru91]).

We are currently investigating a methodology for achieving interoperability
among heterogeneous and autonomous data sources in a framework of knowl-
edge sharing and re-use, based on a multi-view architecture. In this paper we
describe a novel approach for integrating a set of logically heterogeneous object
oriented (OO) and/or relational databases. It is based on using a view integra-
tion language capable of reconciling conflicting local classes and constructing
homogenised, customised and semantically rich views. The integration language
uses a set of fundamental operators that integrate local classes according to their
semantic relationships and it supports ontological commitments, e.g., agreements
to use a shared domain ontology 1 in a coherent and consistent manner. We view
ontological commitments as a very important requirement in our work. In our
approach, each view should commit to a particular ontology to enable other
views to infer the kinds of concepts they can interpret and deal with. Here,
ontological commitment specifies a commitment to the use of a term and to the
interpretation of that term as described in a shared domain ontology.

The approach to our multiple-view knowledge sharing and re-use is briefly de-
scribed in the following way. During the schema integration process, and specif-
ically during the analysis phase of the integration process, the knowledge ac-
crued fro m identifying the semantic relationships across two schema objects is
encapsulated within the generated schema (view). This knowledge is costly to
collect and maintain, and is hard to share and re-use. We therefore propose the
organisation of this knowled ge by levels of semantic granularity (schema, ta-
bles and attribute levels), gathering semantic information at progressively more
refined levels of schematic heterogeneity. Hence, during the application of each
integration operator of our integration langu age, the integrator is prompted to

1 A shared ontology is a library of reusable context independent models of the domain
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define/verify the explicit assumptions made in the identification of relationships
among the integrated objects. These captured assumptions are represented as
metadata extracted from the domain specific ontology and asso ciated with each
class or attribute of the integrated schema. Also, with each operator applied,
a new expression adding this knowledge is compositionally generated using the
power of a compositional description logic language.

By abstracting the representational details of the views and capturing their
information content, we provide the basis for extending querying facilities to
enable the spanning of multiple views based upon the interpretation of the
semantic knowledge which previously was encapsulated in each view.

The poster will show the architecture of our integration system and the structure
and types of tool it supports. We will illustrate how by using domain ontologies
we can enrich the database metadata with descriptive domain knowledge. We
will also describe how the integration system makes use of this domain knowledge
to ease the integration process and to create integrated views which maintain a
declarative, object oriented, structured models of their domain of expertise and
of the domain of expertise of each of their information sources. Thus, providing
a level of understanding of the information being integrated.
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Abstract. Constraints are commonly used to maintain data integrity
and consistency in databases. This ability to store constraint knowledge,
however, can also be viewed as an attachment of instructions on how a
data object should be used. In other words, data objects are annotated
with declarative knowledge which can be transformed and processed.
This abstract describes our work in Aberdeen on the fusion of knowledge
in the form of integrity constraints in a distributed environment. We
are particularly interested in the use of constraint logic programming
techniques with off-the-shelf constraint solvers and distributed database
queries. The objective is to construct an information system that solves
application problems by combining declarative knowledge attached to
data objects in a distributed environment. Unlike a conventional dis-
tributed database system where only database queries and data objects
are transported, we also ship the constraints which are attached to the
data. This is analogous to the use of footnotes and remarks in a product
catalogue describing the restrictions on the use of specific components.

1 Constraints, Databases and Knowledge Fusion

We employ a database perspective where integrity constraints on a solution
database are used to describe a design problem. This solution database can be
visualised as a database storing all the results that satisfy the design problem.
The process of solving the application problem, therefore, is to retrieve data
objects from other databases and populate this solution database while satisfy-
ing all the integrity constraints attached to the solution database and all data
objects. In practice, this solution database may not hold any actual data but
provides a framework for specifying the problem solving knowledge.
To facilitate knowledge reuse, we utilise a multi-agent architecture (figure 1)

with KQML-speaking software components. The user inputs the problem specifi-
cations through a user-agent in the form of constraints. These piece of knowledge,
together with other constraint fragments from various resources, are sent to a
constraint fusing mediator which then composes the overall description as a
constraint satisfaction problem.

? This research is part of the KRAFT research project [1] funded by EPSRC and
BT.
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Fig. 1. Constraint fragments are fused by the mediator to compose a constraint
satisfaction problem which is solved by a constraint solver.

2 Distributed Database Queries and Constraint Solving

The knowledge fusion process produces a declarative description of the con-
straint satisfaction problem (CSP) which is independent of the problem solving
strategy. Given a constraint solver and a set of database servers, the choice of
using constraint logic programming (CLP) techniques or generating distributed
database queries depends on the complexity of the CSP, capabilities of the
constraint solver and efficiency of the database servers. A constraint solver is
more efficient in solving complex constraints while database queries can reduce
the initial variable domains and relieve network traffic by removing incompatible
solutions. A good solving strategy, therefore, should fully utilise the advantages
of the two paradigms while complementing their weaknesses by each other.

3 Current Status and Future Plan

We have implemented an early prototype of the system with agents programmed
either in Java or Prolog, and communicating through a subset of KQML. Con-
traints are expressed in the CoLan language [2] for P/FDM. Constraint trans-
formation and fusion are based on first order logic and implemented in Prolog.
At the moment we are experimenting the use of a constraint logic programming
system, ECLiPSe, to solve the composed CSP. Work is still in progress to divide
labour between distributed database queries and constraint solving.
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