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Abstract

In this paper a knowledge base structure
to support multiple view generation over a
federation of loosely-coupled heterogeneous
databases available over a computer network
is described. In such a federation user in-
formation requirements change and evolve as
their awareness of the contents of the feder-
ation improves. This means that users need
different integrating views if they are to realise
the full potential of the federation. To facil-
itate the creation of integrating views, users
need to know what is available in the fed-
eration, how the available information is re-
lated semantically and which information has
been used together previously. Once inte-
grating views are created, users must be in-
formed when their views become invalid due
to changes in the participating databases. The
knowledge base is structured primarily to as-
sist users in such tasks. The knowledge stored
in the knowledge base is obtained by analysing
the meta-data of the databases of the federa-
tion and from their respective owners. The
knowledge base is built in bottom-up fashion
by extracting and merging incrementally, the
meta-data of the DBs. The canonical data
model used to organise both the meta-data
and the knowledge base is also described. Fi-
nally a workbench of tools we have developed
to assist users to create the knowledge base
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and to generate integrating views over the fed-
eration is outlined.

1 Introduction

With the growth and widespread popularity of the
Internet the number of databases available for pub-
lic access is rapidly increasing both in number and
size, while at the same time users and application pro-
grams are increasingly requiring access to data in an
integrated form, from multiple pre-existing databases
[CS91, RS94, SPD92]. These pre-existing databases
are typically autonomous and located on heteroge-
neous hardware and software platforms. Different
users have different needs for integrating data and
their requirements may change over time as new
databases become available. Hence the same database
may participate in many different ways in multiple in-
tegration efforts.

A system that supports operations on multiple
databases (possibly autonomous and heterogeneous) is
usually referred to as a multidatabase system [BHP92,
KS91, Lit88, PBE96]. There are two popular system
architectures for multidatabases: tightly-coupled fed-
eration and loosely-coupled federation [CHS91, KS93,
SL90]. In a tightly-coupled federation, data is ac-
cessed using a global schema(s) created and managed
by a federated database administrator(s). In a loosely-
coupled federation it is the user’s responsibility to cre-
ate and maintain the federation’s integration regime.
They may access data either by means of views defined
over multiple databases [HM81, HM85] or by defining a
query using a multidatabase language [Lit88, LMRI0]
which enables users to link concepts within queries.

The creation of an environment that permits the
controlled sharing and exchange of information among
multiple heterogeneous databases is identified as a key
issue in future database research [HM93, SSU90]. We
believe that a loosely-coupled architecture provides
a more feasible environment to meet users’ evolving
and changing information requirements across the dis-
parate databases available over the global informa-
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tion infrastructure (Internet), as it naturally supports
multiple views which are dynamic, and it also avoids
the need to create a global integrated schema which
makes evolution harder. It is also envisaged that the
primary issue in the future will not be how to ef-
ficiently process data that is known to be relevant,
but rather to determine which data is relevant for a
given user requirement or application (resource discov-
ery [MKSI96]) and to link this information together in
different ways to meet user needs in a changing and
evolving situation[MBP95, SK92, She91]. Success in
resource discovery and building integrated views over
heterogeneous databases depends crucially on an un-
derstanding of the information content and seman-
tics of the schema components of the participating
databases [DKW*91, EM97, SGN93]. A number of
projects have been reported in the literature which
capture semantics of schema components by using pre-
existing Knowledge Bases (KBs) such as ontologies
[GMI97, MKSI96], concept hierarchies [YSDK91] and
semantic dictionaries [CA97]. We argue that linking
schema components with ontologies will not provide a
complete environment for global users to build inte-
grated views and to keep those views consistent with
local schema evolution and modifications. It also lim-
its the scope of the component databases to the view
of the compilers of the KB at the time of its creation.
Thus it is essential to complement such an environ-
ment with static and dynamic knowledge about the
participating databases (e.g. location, access permis-
sion, how frequently the data is updated), schemas
(e.g. structure, representation aspects of schema ob-
jects) and existing user generated views to exploit the
full potential of the federation. In this paper we de-
scribe a canonical data model and an architecture for a
KB, based on that data model, which organises knowl-
edge about a loosely-coupled federation of heteroge-
neous databases. The KB is aimed at assisting global
users to build integrated views and helping them to
keep those views consistent with local schema mod-
ifications, thus preserving local autonomy. It is not
a static and pre-established KB but is created and
evolved incrementally as databases join the federa-
tion and as views are generated over the federation
by users.

The remainder of this paper is organised as follows:
in section 2 we describe a canonical data model used to
organise meta-data of the component databases in the
federation and the knowledge of the knowledge base.
The structure, content and the organisation of knowl-
edge in the knowledge base is explained in section 3. In
section 4 we outline a workbench of tools designed to
assist users to create and maintain the knowledge base
and to generate integrating views over the federation.
Finally, section 5 presents conclusions.
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2 The Canonical Data Model

Our KB is created and evolved incrementally in
a bottom-up fashion by analysing meta-data of
databases and eliciting knowledge from the database
owners as they join the federation and when they
evolve the databases. Hence our system requires meta-
data of the participating DBs (component DBs) to be
extracted, structured and stored separately based on
a canonical model so that they can be analysed, en-
hanced and merged with the KB subsequently. The
main aim of our canonical data model is to structure
the meta-data of the component DBs to facilitate the
creation of the KB so that the users can utilise the
knowledge in the KB during different stages (e.g. re-
source discovery, identification of semantically related
schema elements) of the integrating view creation pro-
cess.

In DBMSs both meta-data and the extension of a
DB are typically represented by means of the same
data model and managed by the same DBMS. Since
the main objective of DBMSs is to store and man-
age data, the data models on which they are based
are not rich enough to store knowledge describing the
content of the DBs managed to a wide user commu-
nity. Neither are DBMSs equipped with functionalities
to elicit, structure and manage such knowledge. Ex-
perience with early prototype systems also suggested
that integrated data and meta-data management is
difficult in many application areas as meta-data dif-
fers significantly from data [McC82]. During the past
two decades, a number of semantic data models ap-
peared in the literature aiming at capturing more and
more semantics of the data stored in databases. These
semantic data models are typically different from the
data models used to store DB extensions in traditional
DBMSs, necessitating separate repositories and func-
tionalities to be designed to store and manage them if
the existing DBs and DBMSs are to be used without
major modifications. The types of meta-data to be
captured for all possible applications cannot be fully
anticipated, requiring the data models used for this
purpose to be flexible enough to represent a wide vari-
ety of meta-data and to allow meta-data to be added
incrementally.

The canonical data model we use to organise knowl-
edge about a federation is an associative network of
terms and is based on the ideas of Telos [MBJK90],
WordNet [Mil95] and binary-relational storage struc-
tures [Fro82]. The terms correspond either to schema
objects (e.g. relations, entities, classes) or to their at-
tributes defined in the component DB schemas and
represented as nodes in the network. Terms are re-
lated with other terms via binary relations which are
represented as links between the corresponding nodes
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in the network. In the model both schema objects and
their attributes are treated alike as full-fledged objects,
allowing schema object attributes to have their own at-
tributes. Each node and link in the network is given a
unique system-generated internal identifier and is as-
signed a set of properties some of which are essential. A
property is given a label and has a value(s). The prop-
erties of a node (or a link) describe such things as the
implementation aspects (e.g. object, attribute), data
semantics [SM91], visualisation aspects (e.g. shape,
size) etc. of the corresponding terms (or relations).
The labels classify properties into types. The essen-
tial property types defined for the nodes and links are
given below.

2.1 Essential property types of nodes

e name : describes the external name(s) of the
corresponding term. A node may have multiple
external names. The set of all external names
attached to a node is analogous with SynSet in

WordNet [Mil95].

e type : describes the type of schema element
the corresponding term represents and can take
a value from the set {object, attribute}.

2.2 Essential property types of links

e type : describes the type of the corresponding bi-
nary relationship, and can take a value from the
set {aggregation, isA, positive-association, syn-
onym}. These links are generated among nodes
as below.

— aggregation : links two terms 7; and T,
when T} corresponds to a schema object O
and T corresponds to an attribute A; of the

object O .

— isA links terms 77 and 75 when T
and T, denote two schema objects O;
and Os, respectively, and a specialisa-

tion/generalisation relationship exists be-
tween them.

— positive-agssociation : links terms when an
association other than aggregation and isA
is defined or derived between objects in the
schema. In a relational schema we use the
foreign key definitions to derive positive-
associations between schema objects.

— synonym links two differently named
schema terms when they correspond to two
schema object attributes that denote the
same real-world aspect.

D. D. Karunaratna, W. A. Gray, N. J. Fiddian

e strength : represents how closely the connected
terms are related in the DB context and takes a
value in the interval (0,1], where the value 1 in-
dicates a definite relationship, a relationship ex-
plicitly defined among the corresponding schema
objects. The links with strengths less than 1 are
referred to as tentative links. One of the applica-
tions of tentative links is described in the following
section.

The DB owners are expected to assign schema el-
ements with meaningful names, to discover implicit
relationships among schema objects as far as possi-
ble and to record them in the canonical data model
prior to merging it with the KB. For example in rela-
tional DBs, the same attribute may exist with different
names in different relations to create implicit relation-
ships between relations. If the database management
system (DBMS) supports foreign key constraints then
such relationships can be stored in the schema explic-
itly. However there are relational DBMSs (e.g. IN-
GRES) that do not support the specification of foreign
key constraints through their Data Definition Lan-
guages (DDLs). Even in DBMSs where the foreign
keys are supported, DB designers are not expected to
define all possible foreign keys. Hence tools may be
used to analyse both the schema and data to discover
such relationships and to create tentative links among
schema, objects in the canonical model. The DB own-
ers can inspect these tentative links and can either
confirm (i.e. modify the strength to 1) or reject (i.e.
delete the link) them.

The nodes and arcs of the network are represented
uniformly in the KB as PROLOG predicates of the
form p(identi fier,label,value—clause). The label and
value-clause of a predicate describe a particular prop-
erty and its value(s) of a node (or a link). Application
programs may use different properties of the nodes for
different tasks. For example a graphical user interface
(GUI) accessing the KB may use only the properties
that are required for visualisation to draw nodes and
arcs on the screen. We are planning to extend the
model to represent integrity constraints of the com-
ponent DBs as PROLOG rules with a corresponding
property to attach the rules to their respective nodes.

We refer to the meta-data of a component DB
structured according to the canonical data model as
a schema structure of the corresponding DB. An ex-
ample schema structure, including properties of the
nodes and arcs, generated for the ORACLE relation
"loan” created by using the SQL commands given in
the appendix is shown in Figure 1, while the complete
schema structure, excluding node and arc properties,
generated for the entire database is given in Figure 2.
Note that in Figure 2 node ids are replaced with values
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of the property labelled "name” of the corresponding
nodes.

3 The KB

Our KB is structured into four layers : a concept layer,
a view layer, a meta-data layer and a DB layer (Fig-
ure 3), providing information for different stages in
the view generation process. The information in each
layer is organised using our canonical data model but
what the terms denote varies depending on which layer
they are in. The layers are joined together by dynam-
ically changing conceptual links established between
the components of the layers. The KB logically groups
schema objects assumed to denote the same real world
concepts into clusters (object clusters) in the meta-
data layer.

In the concept layer, terms represent concepts and
concept properties. A concept can be understood
as a high level knowledge abstraction which guides
the classification of terms into clusters in the meta-
data layer, while concept properties describe concepts.
Hence a concept in the concept layer characterises a
cluster in the meta-data layer. Concepts and con-
cept properties may be linked with each other via se-
mantic relationships such as aggregation, generalisa-
tion/specialisation, positive-association. The strength
property of a link connecting a concept property and a
concept represents how strongly the concept property
characterises the concept, while the strength property
of links connecting concepts represents how closely
the concepts are related in the federation. The val-
ues of these strengths are computed by observing how
schema components are related in the component DB
schemas, and change dynamically as databases join
and leave the federation and as views are created over
the federation, to reflect how concepts are associated
together with respect to the component databases and
user views. The concept layer may be viewed as an on-
tology [Gru93] created for the federation by using the
information of the federation.

The view layer stores information relevant to views
generated by users over the federation. The terms in
this layer represent the views as a whole (i.e. view
name, owner information, date of creation, date of
expiration) and their components. The nodes cor-
responding to terms may have attached materialisa-
tion or extent derivation rules. These materialisation
rules are typically used by query processors to de-
rive extensions of the views from the corresponding
DBs. The view layer is aimed at providing a reposi-
tory of reusable integrating solutions and at gathering
knowledge required to determine and notify view users
about DB meta-data changes that potentially affect
their views.
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The meta-data layer records all the schema struc-
tures generated for the component databases in the
federation by organising the terms in them into object
clusters. Hence in the meta-data layer, terms repre-
sent schema objects and their attributes. The classi-
fication of terms into object clusters is guided by the
concepts in the concept layer and during this process
concept properties in the concept layer may become
new concepts. For example ”publisher” may be a con-
cept property of a concept ”"book” initially and may
become a concept in its own right with concept prop-
erties 'name’, ’address’ etc. after merging a new com-
ponent DB in the federation with the KB. Since our
canonical data model is based on the binary-relational
view of the universe [Fro82] it is flexible enough to rep-
resent a wide variety of meta-data about schema ob-
jects and provides a high degree of modifiability. The
meta-data layer is intended to be used to assist users in
reconciling schematic differences among semantically
similar items during schema integration, where this is
seen as a process undertaken by a user to establish
their views of the federated database.

The DB layer maintains information about the
databases whose schema objects are represented in the
meta-data layer. The terms in this layer represent DBs
in the federation and the properties of the terms de-
scribe the DBs. The DB layer is intended to store
information necessary to access extensions of the com-
ponent databases.

In the context of databases, the advantage of sepa-
ration of DB elements into groups on their semantics
is demonstrated in [EN84, Ken91], but no attempt is
made to explain how the classification is done. Our
KB is analogous to the federal dictionary in [HM85].
When a DB joins the federation its meta-data is ex-
tracted and merged with the knowledge in the KB.
The initial knowledge content of the KB is typically
the meta-data of the first DB joining the federation.
However our system does not preclude using an appro-
priate ontology [Gru93] to build the initial framework
of the concept layer of the KB.

4 The Workbench

Our prototype workbench is designed to support a
client-server architecture. It comprises of a back-end
Knowledge Server (KS) and a front-end Graphical User
Interface (GUI). The back-end KS manages the KB
and provides the functionality necessary for the estab-
lishment and evolution of the KB and for its role in
assisting users in their integration efforts. The GUI
acts as a client of the KS and invokes the services pro-
vided by the KS on behalf of the users. In addition
the GUI provides services for users to access and ex-
tract meta-data from the component databases in the
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federation. The services of the GUI and KS are imple-
mented as separate plug-in tools, allowing new tools to
be added and existing tools to be deleted (or modified)
from the workbench with ease.

Two major tools in the GUI are the Meta Data
Eztractor (MDE) and the Knowledge Browser. The
MDE accesses the individual component DBs, extracts
meta-data and builds a schema structure locally for
each component DB in the federation. It interacts
with the component databases in the federation via
JDBC drivers, thereby preserving autonomy. Users
may view the schema structures and may modify and
enrich them by using the knowledge browser. The
knowledge browser allows users to add properties to
nodes and links, change the property values, add (and
delete) links and delete nodes. The users may view the
schema structures as graphs by means of the knowl-
edge browser. Since each layer of the KB is also struc-
tured by using the same data model, users can view
the content of any layer of the KB or a portion of
it through the same GUI. We intend to extend the
functionality of the knowledge browser so that users
can view the schema structures in many different con-
ceptual models (e.g. ER, OMT), according to their
preferences.

Some of the tools provided by the KS are the
Schema Analyser (SA), Concept Manager (CM), Re-
source Discoverer (RD) and View Manager (VM). The
DB owners may use the SA to analyse a schema
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structure to determine implicit relationships between
schema elements. Our system encourages DB own-
ers to determine such implicit relationships and to en-
code them explicitly in the schema structures before
merging with the KB. The SA is based on cluster-
ing of similar schema elements followed by unification
[Kni89] of properties of schema elements within clus-
ters. These clustering and unification processes basi-
cally use the implementation properties of the schema
elements (e.g. domain, field width, foreign key defi-
nitions) to determine their similarity. The SA builds
tentative links among schema elements discovered to
be similar. The strengths of the tentative links are
computed by using Dice’s coefficient [Rij75]. Tentative
links generated by the SA can be considered as a set of
propositions, that should either be proved or refuted
by the DB owners. The classification of schema ele-
ments to clusters, and selecting and assigning weights
(in the interval [0,1]) to the implementation proper-
ties of schema elements used to compute the strengths
of the tentative links, are done by consulting a control
file. The users may modify this file to tailor the classi-
fication and unification processes. For example, users
may define a function in the control file to assign a
higher weight to the schema element property ”name”
when the name of a schema element (e.g. title) is em-
bedded in another (e.g. book-title). The strengths
associated with the tentative links provide a measure
of likelihood of such links which guides the DB owners
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in making their decisions.

The CM is responsible for merging schema struc-
tures with the KB. We merge a schema structure with
the KB by generating the best sub-network that spans
the concepts common to the schema structure and the
KB and then by unifying this sub-network with the
schema structure. Hence the terms in schema struc-
tures are given interpretations not by considering them
in isolation but by taking into account contexts, de-
rived from the KB with respect to those schema terms.
This process is semi-automatic and the algorithm used
by the CM to merge schema structures with the KB is
explained in [KGF98].

Users may use the RD to locate DBs in the fed-
eration that store similar data. The structure of the
KB provides two different entry levels for the RD to
start the resource discovery process: concept layer or
DB layer. A user can initiate the discovery process
from the concept layer by browsing and selecting a set
of concepts from this layer that he thinks might be
relevant for his application. In this case the RD first
determines the object clusters to which the selected
concepts belong. Next it navigates along the concep-
tual links between the concept layer and the meta-data
layer to determine similar schema elements, then along
the conceptual links between the meta-data layer and
the DB layer to discover the corresponding DBs. Al-
ternatively, users may start the discovery process from
the DB layer by selecting a candidate DB(s) from it.
In this case the RD uses the selected DB(s) to gener-
ate a set of concepts at the concept layer by moving
along the conceptual links between the DB layer and
the meta-data layer, then along the links between the
meta-data layer and the concept layer. The generated
set, of concepts is used as in the former case to dis-
cover DBs in the federation that define similar schema
objects.

The main function of the VM is to assist users to
generate integrating views over the databases whose
meta-data is available in the meta-data layer of the
KB and to inform them when their views become in-
valid due to schema modifications. This tool provides
the users with a set of operators [Duw97] that can be
applied to schema definitions in the meta-data layer
to create integrating views at the view layer. When
the schemas of component DBs are modified, the DB
owners may communicate these changes to the system
by merging the new schema structure generated over
the modified DB with the KB. In such cases the KS
invokes the VM with the modified schema elements
so that the VM checks the affected views in the view
layer, invalidates them and informs their owners. The
DB owners may not communicate all the modifications
to the KS. Therefore any query processor using the KB
also should invoke the VM with necessary information
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when it detects changes in the component DB schemas.
The portion of the VM that checks the validity of the
existing views is currently under construction.

We have implemented the KS in Quintus Prolog
[Cor91] and the GUI in JAVA, and used socket con-
nections to link them.

5 Conclusion

In this paper we have described a canonical data model
and a KB to organise the knowledge characterising a
loosely-coupled federation of heterogeneous databases.
A workbench of tools to assist users to build this KB
for a federation of databases and to generate views
over the federation is also explained. Our research is
guided by the following assumptions that :

e Schemas developed to represent similar real world
domains typically share a set of common terms as
schema object names and their attribute names.

e Semantic relationships among schema elements in
a federation can be identified better by pooling
meta-data of component DBs.

A KB established by using our system is more ger-
mane to the federation as it uses mainly the meta in-
formation of the DBs from the schemas and the DB
owners, and more comprehensive as it stores informa-
tion necessary for a wide variety of activities such as
information browsing, planning/preparing for an inte-
gration, resolving schematic conflicts, accessing data,
etc. A number of proposals for the creation of seman-
tic dictionaries to help users at different stages of the
integrating view creation process are reported in the
literature, but we have not come across as compre-
hensive and extensible a KB as ours that stores in-
formation necessary for all stages of integrating view
creation and maintenance. The concept layer of the
KB can be considered as an ontology describing the se-
mantic entities modelled by the component DBs in the
federation. Our system incorporates a novel method
of generating such ontologies for a federation from the
schema, definitions of the component DBs. Here it is
not necessary to create an ontology for the federation
and to link schema elements to the components in the
ontology separately. We believe that our system will
help users who build integrating views to be more pro-
ductive as the KB provides, in one place, all the in-
formation necessary to generate such views, and the
tools to assist in browsing, discovering, retrieving and
integrating schemas known to the KB.

The architecture of the KB and the tools explained
in this paper are based on a prototype system that we
built to support users creating views over a set of li-
brary databases. For our initial prototype experiments
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we have used three library databases each containing
around 30 attributes in about 8 tables. Our experi-
ence so far has confirmed the potential value of such
a KB and the re-usable knowledge it holds, in assist-
ing users to create integrating views effectively in a

loosely-coupled database federation.

Appendix

create table catalogued_book
(isbn char(13),
title char(30),
publisher char(30),
year number(4,0),
classmark char(13),
CONSTRAINTS pk_catalogued_book
PRIMARY KEY (isbn));

create table author
(isbn char(13)
CONSTRAINTS fk_author

REFERENCES catalogued_book(isbn),

name char(30),
CONSTRAINTS pk_authors
PRIMARY KEY (isbn));

create table loan_status
(status char(1),
loan_period number(3,0),
max_num_books number (2,0),
CONSTRAINTS pk_loan_status
PRIMARY KEY (status));

create table borrower

(id number(10,0),

name char(30),

address char(30),

status char(1)
CONSTRAINTS fk_borrower
REFERENCES loan_status(status),

CONSTRAINTS pk_borrower

PRIMARY KEY (id));

create table loan

(book_no char(10),

isbn char(13)
CONSTRAINTS fk_book
REFERENCES catalogued_book(isbn),

shelf char(10),

borrower_id number(10,0)
CONSTRAINTS fk_book2
REFERENCES borrower(id),

date_due_back date,

CONSTRAINTS pk_book

PRIMARY KEY (book_no));
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create table reservation
(isbn char(13)
CONSTRAINTS fk_reservationil
REFERENCES catalogued_book(isbn),
id number(10,0)
CONSTRAINTS fk_reservation2

REFERENCES borrower(id),
date_reserved date);

The set of SQL commands used to create a sample
ORACLE database
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