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Foreword

For more than 20 years, the series of Conceptual Modeling – ER conferences has
provided a forum for research communities and practitioners to present and ex-
change research results and practical experiences in the fields of database design
and conceptual modeling. Throughout the years, the scope of these conferences
has extended from database design and specific topics of that area to more uni-
versal or refined conceptual modeling, organizing originally weak or ill-structured
information or knowledge in more cultured ways by applying various kinds of
principles, abstract models, and theories, for different purposes. At the same
time, many technically oriented approaches have been developed which aim to
facilitate the implementation of rather advanced conceptual models.

Conceptual modeling is based on the process of conceptualization, and it is
the core of system structuring as well as justification for information systems
development. It supports and facilitates the understanding, explanation, predic-
tion, and reasoning on information and knowledge, and their manipulation in
the systems, in addition to understanding and designing the functions of the
systems.

The conceptualization process aims at constructing concepts relevant for the
knowledge and information system in question. Concepts in the human mind
and concept descriptions in computerized information systems are quite different
things by nature, but both should be taken into account in conceptual modeling.
Usually concept descriptions are properly observed, but concepts in the human
mind and their properties are often neglected quite carelessly.

Conceptual models are created using these concepts. Conceptual modeling
means creating conceptual models that describe the abstract system of the Uni-
verse of Discourse (UoD) and its information content, in which we are interested.
Conceptual models are needed in designing and defining the knowledge content
of the UoD. They consist of concepts and rules of the UoD, for example, the
concepts and rules of an enterprise.

In recent years a great deal of work has been done in searching for basic
systems of concepts for constructing various types of conceptual models, called
ontologies, which can be applied to develop advanced, high-quality conceptual-
level information systems. It seems that research of various ontology types and
construction methods of conceptual-level information systems by using these
various ontology types will engage researchers, teachers and philosophers for
many years to come.

There are many approaches and aspects to be taken into account in concep-
tual modeling for information systems and databases. At the 21st International
Conference on Conceptual Modeling – ER 2002, three keynote speakers explored
special questions of conceptual modeling, and the authors of 30 conference papers
presented their latest results in the field. In addition, the conference program
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consisted of five tutorials, four workshops, and one panel discussion. There were
also poster and industrial presentation sessions.

The technical program of the conference was selected by the program com-
mittee consisting of three co-chairs and 68 members. The Program Committee
Co-chairs, who also prepared the final program, were Stefano Spaccapietra, Sal-
vatore T. March and Yahiko Kambayashi. The Tutorial Chairs, Veda C. Storey
and Vijayan Sugumaran, gathered together five interesting tutorials. The Panel
Chair Heinrich C. Mayr prepared the panel on “Do we need an ontology of on-
tologies?”. I warmly thank them all for their excellent work on the conference. I
would also like to thank the area liaisons, Tok Wang Ling, Klaus-Dieter Schewe,
David W. Embley, and Alberto H.F. Laender, for supportive co-operation and
publicity.

The Workshop Co-chairs, Antoni Olivé, Masatoshi Yoshikawa, and Eric S.K.
Yu, selected four interesting workshops: “Evolution and Change in Data Man-
agement”, “Conceptual Modeling Approaches to Mobile Information Systems
Development”, “Conceptual Modeling Quality”, and “Conceptual Modeling Ap-
proaches for e-Business: A Web Service Perspective”. I appreciate their accurate
work very much. The papers of these workshops will be published in a separate
LNCS volume.

I would also like to express my appreciation to other members of the or-
ganizing committee, Jyrki Nummenmaa (Local Arrangements, Demonstrations
and Posters), Olavi Maanavilja (Industrial), Benkt Wangler (Publicity), Erkki
Mäkinen (Registration), Martti Juhola (Treasurer), Jarkko Leponiemi and Toni
Pakkanen (Webmasters), and Tapio Niemi and Kati Viikki (Social Activities).

In addition, I would like to express my appreciation to the University of
Tampere and its Rector, Dr. Jorma Sipilä, for their important support and
co-operation. I would like to extend my sincere thanks to the members of the
Steering Committee, especially Tok Wang Ling (Chair), Bernhard Thalheim,
and Peter P. Chen (Emeritus), who initiated these conferences and showed that
there is much interesting work to be done in this field.

Last, but not least, I gratefully thank all the sponsors for their help and
support, and the participants, who make a conference successful. I hope that
this conference will be fruitful and valuable in the advancement of the research
and practice of conceptual modeling.

October 2002 Hannu Kangassalo



Preface

Conceptual modeling is fundamental to the information systems discipline, in-
cluding new e-world activities. It has become a major mechanism for understand-
ing and representing organizations and the information systems that support
them. ER 2002 encompasses the entire spectrum of conceptual modeling. It ad-
dresses research and practice in areas such as theories of concepts and ontologies
underlying conceptual modeling, methods and tools for developing and commu-
nicating conceptual models, and techniques for transforming conceptual mod-
els into effective information system implementations, including advanced ap-
plications such as e-commerce, knowledge management, learning environments,
telecommunications, and enterprise management systems.

Conceptual models instantiate various levels of abstraction. They must facil-
itate understanding and foster communication between technology experts and
those who would benefit from the application of those technologies. They must
enable users of these technologies to understand their current applications and
visualize new applications. To do so our understanding and knowledge about
information and how to describe, represent, and intelligently utilize it must be
further developed. ER conferences are devoted to exposing and promoting ad-
vances in such development. They invite researchers and practitioners from both
computer sciences and management information systems. Reports of new ideas
and approaches, useful experiences and informative experiments are all welcome.
Regular and industrial papers are solicited along with proposals for workshops,
tutorials, panel sessions and posters. In particular, ER 2002 has emphasized
conceptual modeling issues related to enterprise-wide information systems, and
information systems to support virtual organizations.

Nearly 130 papers were submitted to the conference. Each paper was re-
viewed by program committee members and reviewers selected by them. After
much electronic discussion and debate the Program Committee selected 30 of
them for inclusion in the conference. These are organized into 10 sessions and ad-
dress both theory and practice. Included are: two sessions dealing with Ontology,
two dealing with methods, and one each dealing with applications, XML, quality,
Web environments, meta-models, and integration. Research paper presentations
are complemented in the conference program with invited keynote talks by three
outstanding contributors, one panel on the use of ontology in conceptual model-
ing, and three tutorials. Abstracts of these additional presentations are included
in this volume. The conference is also complemented with a series of workshops,
whose proceedings are published as a separate volume.

Thanks are due to many people who worked to make the program a success.
These include: the Workshop Co-Chairs, Antoni Olivé, Universitat Politècnica
de Catalunya, Spain, Masatoshi Yoshikawa, NAIST, Japan, and Eric S.K. Yu,
University of Toronto, Canada; the Tutorial Chairs, Veda C. Storey, Georgia
State University, USA and Vijayan Sugumaran, Oakland University, USA; the
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Panel Chair, Heinrich C. Mayr, University of Klagenfurt, Austria; the Industrial
Chair, Olavi Maanavilja, M-real Corporation, Finland; and the Demonstration
and Poster Chair, Jyrki Nummenmaa, University of Tampere, Finland. Since
the program committee chairs were located on three different continents and
none is located in Finland, coordination and communication were major issues.
Jarkko Leponiemi of Tampere Polytechnic, Finland, did an outstanding job of
managing the conference Website and the paper review system and coordinat-
ing communication with authors. Finally, we would like to thank all authors of
submitted papers, who played the key role in materializing our dreams of an
excellent conference.

October 2002 Stefano Spaccapietra
Salvatore T. March
Yahiko Kambayashi
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Amarnath Gupta, Bertram Ludäscher, and Maryann E. Martone

Session 5: Methods and Tools

Multidimensional Modeling with UML Package Diagrams . . . . . . . . . . . . . . . . . 199
Sergio Luján-Mora, Juan Trujillo, and Il-Yeol Song

Comparative Evaluation of Large Data Model Representation Methods:
The Analyst’s Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
Daniel L. Moody

Extracting Conceptual Relationships from Specialized Documents . . . . . . . . .232
Bowen Hui and Eric Yu

Session 6: Applications for Practice

A Transactional Model for Data Warehouse Maintenance . . . . . . . . . . . . . . . . . 247
Jun Chen, Songting Chen, and Elke A. Rundensteiner

The Account Data Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
Andrew Pletch, Chih-yang Tsai, and Charles Matula

A Semantic Model for Hypertext Data Caching . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
Kai Cheng and Yahiko Kambayashi

Session 7: Applying Ontology in Conceptual Modeling

Understanding and Simulating Narratives in the Context
of Information Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
Angelo E. M. Ciarlini and Antonio L. Furtado

Global Schema Generation Using Formal Ontologies . . . . . . . . . . . . . . . . . . . . . . 307
Farshad Hakimpour and Andreas Geppert

Automatically Extracting Ontologically Specified Data
from HTML Tables of Unknown Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
David W. Embley, Cui Tao, and Stephen W. Liddle



XX Table of Contents

Session 8: System and Data Integration

On the Expressive Power of Data Integration Systems . . . . . . . . . . . . . . . . . . . . . 338
Andrea Cal̀ı, Diego Calvanese, Giuseppe De Giacomo,
and Maurizio Lenzerini

Property-Based Semantic Reconciliation
of Heterogeneous Information Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .351
Jeffrey Parsons and Yair Wand

Conceptual Integration of Multiple Partial Geometric Models . . . . . . . . . . . . . 365
Simone Santini and Amarnath Gupta

Session 9: Quality Assessment

Evaluating the Quality of Process Models: Empirical Testing
of a Quality Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .380
Daniel L. Moody, Guttorm Sindre, Terje Brasethvik, and Arne Sølvberg

Data Quality in Web Information Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397
Barbara Pernici and Monica Scannapieco

Session 10: XML & Object Systems

Conceptual Modeling Quality –
From EER to UML Schemas Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414
Samira Si-Said Cherfi, Jacky Akoka, and Isabelle Comyn-Wattiau

Conceptual Modeling for Customized XML Schemas . . . . . . . . . . . . . . . . . . . . . . 429
Ramez Elmasri, Yu-Chi Wu, Babak Hojabri, Charley Li, and Jack Fu

A Flexible Cost Model for Abstract Object-Oriented Database Schemas . . .444
Joachim Biskup and Ralf Menzel

Designing Valid XML Views . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463
Ya Bing Chen, Tok Wang Ling, and Mong Li Lee

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .479



S. Spaccapietra, S.T. March, and Y. Kambayashi (Eds.): ER 2002, LNCS 2503, pp. 1-2, 2002.
 Springer-Verlag Berlin Heidelberg 2002

Conceptual Modelling and Ontology:
Possibilities and Pitfalls

Ron Weber1

Faculty of Business, Economics and Law
The University of Queensland

Australia 4072
weber@bel.uq.edu.au

The task of conceptual modelling is to build a high-quality representation of selected
phenomena in some domain.  The conceptual models that result facilitate the design,
implementation, operation, and maintenance of information systems.  Because
conceptual modelling activities usually occur during the initial stages of the systems
development process, modelling errors and omissions that are not detected early often
have costly repercussions.  Thus, research that seeks to improve conceptual-modelling
practice is important.

Information systems professionals generate conceptual models (scripts) using (a)
conceptual modelling grammars (e.g., the entity-relationship modelling grammar),
and (b) conceptual modelling methods.  Their work occurs within a particular
organizational context.  Research on conceptual modelling grammars, methods,
scripts, and contexts offers many rich opportunities with potentially important
theoretical and practical outcomes.

In this presentation, however, I will focus on some research possibilities that exist
in relation to conceptual modelling grammars.  In particular, I will argue that theories
of ontology�theories about the structure and dynamics of the real world�can be used
to provide the basis for evaluating existing grammars to determine their ability to
generate models (scripts) that are complete and clear.  I will describe briefly some
studies that I have undertaken with colleagues to test predictions we have made based
on our ontological evaluations of grammars.  Some of our predictions have been
counterintuitive and contrary to current conceptual modelling practice�for instance,
that optional properties should not be used in conceptual models and that attributes
should not be attached to relationships.  Our empirical results, however, have
supported out predictions.  In essence, our theories have been �stronger� than out
intuition.

I will also argue that theories of ontology should be used to provide the theoretical
foundation for designing new conceptual modelling grammars.  If we continue to
develop new grammars without adequate theoretical foundations, we are doomed to
repeat the errors of the past.  We will have learned little from history.  Nonetheless,
much work on conceptual modelling grammars still proceeds almost devoid of any
substantive theoretical basis.  In due course, I believe the folly of this approach will
become clear.

                                                          
1 Director of Research
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Finally, I will discuss some pitfalls associated with using theories of ontology to
evaluate conceptual modelling grammars and testing propositions based on these
evaluations.  In particular, I will examine how one chooses a theory of ontology in the
first place to evaluate conceptual modelling grammars, whether relativistic notions
undermine the value of ontological evaluations of grammars, and why testing
propositions based on the evaluations often proves to be problematical.
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Abstract. The m-business landscape never stops to change and the
impacts on the mobile market are constant as players reposition
themselves on the market according to the new opportunities and
threats brought by rapid technological developments. This paper
proposes a conceptual tool to better understand this player arena. Its
objective is to provide the researchers with an ontology for analyzing
and assessing the business models adopted by these players.

1 Introduction

Nowadays rapid developments in wireless networks and mobile information systems,
are observed and adopted, as illustrated by recent research projects and reports [5].
New business models are constantly emerging and can become a major stake in the e-
business game. Understanding them and helping to design them are important issues.
Conceptual modeling and formalized framework can help. We propose an ontology
for defining business models in the m-business arena.

The next section sketches some research issues in the m-business arena. Then,
section 3 tackles three perspectives of m-business: applications, open issues, and key
players. Finally, section 4 suggests an ontology for assessing the business models.

2 Research in m-Business

There are several ways to assess the mobile technology, and to identify research
issues in m-business. Well-known authors of the IS community recently published
research directions and agendas. Among them, Lyytinen and Yoo [4] suggest a
framework, which identifies research issues in nomadic computing environment at the
individual, the team, the organizational, and the inter-organizational levels.

Lehner and Watson [2] concentrate on a stakeholder perspective, an application
perspective, and a market player�s institutional perspective. In the latter, they propose
relevant research problems such as the business models, the useful alliances and the
driving forces for cooperation, the interaction between market players, among others.

Camponovo and Pigneur [1] focus on the mobile market players landscape, and
aim at sketching a conceptual tool for analyzing and visualizing the key players, their
business models, their interactions and their dependencies.
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3 Applications, Issues and Actors in m-Business

The demand for m-business applications is emerging. They concern information
sharing or access, communication or messaging, and transaction or activity
coordination. They deal with entertainment and gaming, healthcare, retailing,
ticketing, in-car electronic, payment and cash, sale force management and CRM, team
coordination and schedule synchronization. Mobile systems provide users and
companies with solutions without regard to time and space.

The emerging m-business systems raise a set of commercial and research issues
[7]. These issues can be mainly categorized into services issues (integration Vs.
autonomy), infrastructure issues (operator-driven Vs. self-organized), and device
issues (mono- Vs. multi-purpose). Some others concern the regulatory context
(bandwidth and privacy).

The wireless market is highly fragmented and has witnessed a large number of
market actors. The primary participants are access device manufacturers, content
providers and aggregators, mobile network operators. Many other players show up in
the landscape such as regulation authorities, standardization groups, consumer groups,
airports and other �venues� (specially if one considers WLAN technology). Since no
single player can provide its customers with an end-to-end solution on its own,
fostering viable alliances and actors networks is a key challenge. Partnership
management is becoming a core competence of the m-business players. Therefore it is
not enough to examine the actor�s role. The relationships and interactions among the
actors have to be assessed too.

For assessing the role of the different m-business key players, it is recommended to
briefly but clearly describe their business models.

4 Ontology for m-Business Models

Our e-business model ontology outlines what value a company offers to which
customer segments. It describes the architecture of the firm and its network of
partners for creating, marketing and delivering value and relationship capital, in order
to generate profitable and sustainable revenue streams.

We design this ontology based on an extensive literature review on business model
[6] and on enterprise ontology. By merging the conceptually rich business model
approach with the more rigorous ontological approach [8] and by applying it to e-
business [3], we achieve an appropriate foundation for tools that would allow the
understanding, sharing and communication, change, measuring and simulation of e-
business models.

Our e-Business Model Ontology is the conceptualization and formalization into
elements, relationships, vocabulary and semantics of the essential objects in the e-
business model domain. The ontology is structured into several levels of
decomposition with increasing depth and complexity. The first level of decomposition
of our ontology contains the four main pillars of a business model, which are the
products and services a firm offers, the relationship it maintains with its customers,
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the infrastructure necessary in order to provide this and finally, the financials, which
are the expression of business success or failure (see figure 1).

The product innovation element covers all aspects related to the offering of the
firm. This comprises not only its products and services but also the manner in which it
differentiates itself from its competitors. The element product innovation is composed
of the value propositions the firm offers to specific target customer segments, and the
capabilities a firm has to provide in order to deliver this offering.

The customer relationship element describes the way a firm goes to market and
gets in touch with its customers. This is composed of the feel & serve element, which
defines the distribution channels, the information strategy for the collection and
application of customer information for supporting customization and personalization,
and the trust & loyalty element, which is essential in an increasingly �virtual�
business world.

PRODUCT
INNOVATION

INFRASTRUCTURE
MANAGEMENT

CUSTOMER
RELATIONSHIP

FINANCIALS

resource
for

based
on

feedback for

market through

funded
through

income
for

resource for

costs

resource
for based

on

Customer Segment
Value Proposition

Capabilities

Resources
Activity Configuration

Partner Network

Information Strategy
Feel & Serve
Trust & Loyalty

Revenue Model
Profit/Loss
Cost Structure

Fig. 1. The main components of the Business Model Ontology

The infrastructure management describes the value configuration that is necessary
in order to deliver the value proposition and to maintain a customer relationship. It is
composed of the activity configuration (value chain), the in-house resources and
assets and the firm�s partner network to fulfill these activities.

The financials are the culmination of an e-business model. The best products and
services and the finest customer relationship are only valuable to a firm if it
guarantees long-term financial success. The financial aspects element is composed of
the company�s revenue model and its cost structure, which determines the
profitability of a company.

5 Conclusion

The future of m-business is very uncertain. Therefore it is recommended to adopt
long-range strategic planning, scenario-based forecasting [9], and simulation
approaches. Such approaches should be better supported and improved by conceptual
modeling, ontology and other frameworks for defining and assessing business models.
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Abstract. During the past ten years, requirements on functionality of
business information systems have been slowly changing. This shift
consists of moving from traditional command based applications to the
applications of workflow and groupware type. Such applications are
aimed at �controlling� business processes. Designing an appropriate
�control� system presumes that the nature of the process that we want
to control is fully understood and modeled. The objective of the tutorial
is �to understand the problems and solutions of designing a new
generation of business information systems�. It is intended for Software
Engineers involved in business applications development, Business
Analysts, and Researchers interested in business process modeling.

Today, at least half of the industrial software development is connected to business
application development. During the past ten years, requirements on functionality of
business applications have been slowly changing. This shift consists of moving from
the command-based applications to the applications of workflow and groupware type.
In other words, the shift can be described as moving from the traditional, �human-
assisting� systems, to a new generation of �human-assisted� systems.

A human-assisting system helps a human being only to perform certain activities,
e.g. to write a letter, to print an invoice, to complete a transaction, etc. The relations
between these activities, and the aim of the whole process are beyond the
understanding of the system, but are a prerogative of the human participant. In a
human-assisted system, the roles are reversed, the system has a complete picture of
the process and is involved in all activities. Only when the system cannot perform
some activity on its own, it will ask the human participant for assistance.

The difference between the old and new generations is essential, and it can be
traced in all aspects of system development, as shown in Table 1.
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Table 1. Aspects of system development

Aspect Old generation New generation
Modeling Data Modeling Process Modeling
Data Base Static and passive Dynamic and active
User Interface Functional (multilevel menus) Navigational
Organizational
aspect

Follows existing management
schemes

Suggests new management
schemes

A new generation of applications is aimed at �controlling� business processes.
Designing an appropriate �control� system presumes that the nature of the process
that we want to control is fully understood. That is why in Table 1, the traditional data
modeling is substituted by process modeling.

According to the most general definition, a business process is a set of partially
ordered activities aimed at reaching a well-defined goal, for example:

- Reaching an agreement in business negotiations.
- Discharging a patient from the hospital in a (relatively) healthy state.
- Closing a sale.

Each process engages a number of participants that can be roughly divided into
two categories: passive participants, and active participants. Passive participants are
the participants that are consumed, produced or changed during the execution of
activities, for example, a document being written, a car being assembled, a patient
being treated in the hospital, an organization being reorganized. Active participants,
or agents, are those participants that perform actions aimed at the passive participants.

A business process is a complex phenomenon, and there are different methods of
representing the development of the process in time. The following views on the
process development are the most common:

1. Input/output flow. The focus is on passive participants that are being
consumed, produced, or changed by the activities.

2. Workflow. The focus is on order of activities in time.
3. Agent-related workflow. The focus is on order in which the agents get and

perform their part of work.
4. State flow. The focus is on changes produced in the part of the world that

embraces the given process.

The view to take depends on many factors, one of them being the mission of the
information system under development as shown in Table 2. Other can be defined as
follows:

- degree of physicalness and mobility of passive participants,
- level of specialization and mobility of active participants
- degree of precision of operational goals,
- autonomy and friendliness of process environment,
- nature of activities,
- degree of orderliness of process flow,
- level of process maturity in the organization.
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Building a model of a real business process is a challenging task because:

- Business processes are not always clearly visible as they may go through the
whole, often functionally structured organization.

- Written information about business process is often non-existing or not
reliable. The only practical way to obtain reliable information for creating a
model of a real business process is by interviewing the people engaged in the
process.

In many business domains, the experts are not technicians, but may be
professionals of any kind, doctors, nurses, teachers, lawyers, clerks, etc. For these
professional, presentation of the model in some formal language, or complex
diagrammatic notation would be inappropriate. To have some means to present the
experts with a process model in an understandable for them form is essential for the
success of the modeling work.

Table 2. How to choose process view

System mission Process view
Integrate existing systems Input/output flow
Facilitate coordination / communication Agent-related view
Introduce strict order in production-like processes Workflow
Navigate each process to its goal State flow

The means of representing a model for domain experts depend on the chosen view
on business process dynamic. For the input/output, agent-related and workflow views,
some form of a diagrammatic presentation is normally used. For the state flow view
both diagrammatic, and non-diagrammatic presentations are possible. A non-
diagrammatic presentation shows examples of the trajectories of the process in state
space.
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In the last decade, ontologies have become a hot issue in the conceptual modeling
community, which is chiefly due to the emergence of new application areas such as
Electronic Commerce and the Semantic Web. The implementation of large-scale
information systems, as well as their semantic interoperability, seem to be only
tractable on the basis of ontologies as abtract domain models.

Despite the urgency of clarifying the basics of ontology engineering and
modelling, practice in this area are still in their infancy, and inexperienced modelers
with little ontological training are prone to make recurrent formal and conceptual
mistakes that could be easily avoided.

This tutorial is intended for practitioners who are interested in designing ontologies
to support knowledge engineering and management, database modeling, software
engineering, as well as business process modeling and enterprise integration.
Participants will walk away with a "tool bag" of solution strategies for common
modeling problems, that are the result of a re-visitation of basic conceptual modeling
primitives in the light of formal-ontological principles.

A prerequisite of the tutorial is a certain familiarity with first order logic; basic
notions of modal logic are also welcome, but not mandatory. Unlike other ontology
tutorials, we will only marginally address questions like "what is an ontology","what
can you do with an ontology", or "why should I use an ontology", but assume
participants have answered these questions for themselves and are already interested
in building ontologies.

The tutorial will cover background material on conceptual modeling, knowledge
structuring, and ontology in general. First we will present the basic conceptual tools
for ontological analysis, including the theory of parts and wholes (mereology), the
theory of unity and plurality, the theory of essence and identity, as well as the theory
of dependence. Then we will show, how one can, on the basis of these tools, specify a
minimal set of metaproperties characterising the ontological nature of concepts and
relations used in conceptual models. These metaproperties can be used to develop a
formal classification of concepts supporting basic conceptual modeling choices. The
final part of the tutorial will be entirely devoted to guidelines for ontology design,
especially for cleaning-up taxonomies.
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Building an object-oriented model requires knowledge of process and techniques;
whereas representing the model requires the use of a notation underpinned by a
rigorous definition. Today this usually starts with a metamodel. Together, the
metamodel and the notation are known as a "modelling language".

UML is the OMG�s standard modelling language, accepted as Version 1.1 in
September 1997, the current version being 1.4 [1].  To test out new ideas for possible
inclusion in the evolving UML, a second modelling language, OML, has been
developed in full cognizance of the OMG process. Its Version 1.0 was released in
March 1997 [2] and Version 1.1 [3,4] is in accordance with the OMG standard. OML
clarifies some of the ambiguities in the UML and offers further sophisticated and
crucial extensions. As a UML variant [5], the OML is useful to test out some of the
possible UML modifications that might go into UML2.0.

Advanced use of the Unified Modeling Language (UML) Version 1.4 is described
both directly and in terms of possible future extensions (in Version 2.0) derivable
from ideas tested in OML.  In particular, concepts such as roles, stereotypes and
responsibilities are discussed together with relationship modelling, with especial
emphasis on the representation for the whole-part relationship.  The tutorial provides
sufficient information on a range of advanced modelling issues for the finer points of
the architectural components of the UML to be used successfully on commercial
projects.
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1. OMG, 2001, OMG Unified Modeling Language Specification, Version 1.4,
September 2001, OMG document ad/01-09-68 through 80
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There is a growing awareness amongst conceptual modellers that their tools
(languages and methodologies) are in need of theoretical elucidation and foundation.
Conceptual modeling frameworks, e.g. ER or UML, presuppose ontological notions
such as entity, object, class, attribute, association, and aggregation, which are still
used in a more or less intuitive und unreflected way. Furthermore, the design and
maintenance of large scale information systems presupposes well-understood and
reusable top-level ontologies.

The tutorial is intended for researchers interested in ontological foundations of
conceptual modelling frameworks, as well as in the role for well-founded ontologies
for information systems.

In the first part of the tutorial, we will re-visit the basic conceptual modeling
primives in the light of formal ontology. In this context, we will briefly discuss also
related  approaches based on the ontology of Mario Bunge. In the second part, we will
outline our concept of a library of foundational ontologies, and present some elements
from a first reference module, the Descriptive Ontology for Linguistic and Cognitive
Engineering (DOLCE). Finally, we will discuss the general perspectives of a unified
ontology-driven conceptual modeling methodology.
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1 Introduction

In electronic commerce scenarios, effectiveness and efficiency of business process
execution are of paramount importance for business success. Even more than in
traditional commerce scenarios, they determine the chances of survival of
organizations in fast moving, highly competitive electronic markets. To obtain the
required levels of effectiveness and efficiency, well-structured automated business
process support is required. For typical business-to-consumer (B2C) electronic
commerce, process support is usually of an intra-organizational nature. For business-
to-business (B2B) electronic commerce, however, process support across
organizational boundaries is often required as the basis for virtual enterprises.

This tutorial addresses the application of workflow management (WFM) for
process support in both these cases. The tutorial is organized into three parts. In the
first part, we pay attention to �classical� workflow management in the context of a
single organization. In the second part, we extend this to workflow management
across the boundaries of organizations. In the third part, we further extend this model
by making service processes � implemented as workflows � the objects traded in e-
commerce scenarios. We outline each part in the sections below.

2 Intra-organizational Workflow Management

The basics of intra-organizational workflow management are treated in short in the
first part of this tutorial and placed in the context of electronic commerce. We start
with discussing the overall goal and main functionalities of workflow management.
Then, we pay attention to both conceptual modeling and high-level architectural
aspects.

The main workflow management concepts are discussed and placed in a general
workflow management model. This model consists of process, organization and
information submodels. The right way of coupling these submodels is essential for
flexible workflow management.

The conceptual workflow model is a basis for workflow management systems that
manipulate instances of these models. The overall architecture of WFM systems is
treated by means of reference architectures. We show how WFM systems fit in the
context of information infrastructures.
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3 Cross-Organizational Workflow Management

Cross-organizational workflow management (XO-WFM) is required in B2B e-
commerce scenarios to support business processes spanning two (or more)
organizations. XO-WFM requires specific extensions of basic workflow support as
discussed in Part 1 of this tutorial, both conceptually and architecturally.

These extensions are treated in this part of the tutorial. We discuss which
additional requirements have to be met by XO-WFM with respect to intra-
organizational workflow management. This is the basis for XO-WFM concepts and
models on the one hand and XO-WFM architectures on the other hand.  We show
how XML can be used to achieve interoperability in workflow specification between
organizations. We discuss how chosen organization forms for e-commerce influence
the choice of abstract architectures for workflow management.

XO-WFM is treated in the context of a number of B2B e-commerce application
areas. One specific area � in which workflow management is the central ingredient �
is further elaborated in the next part of this tutorial.

4 Workflow Management in Dynamic Service Outsourcing

An important class of B2B electronic commerce is dynamic service outsourcing, in
which services are the objects of commerce. In this paradigm, consumer organizations
buy the execution of services by provider organizations. Fine-grained monitoring and
control of outsourced services is important in scenarios where complex, mission-
critical processes are outsourced. Dynamic service outsourcing requires models and
mechanisms for service trading between organizations and service enactment across
organization boundaries � hence a tight coupling of e-commerce and workflow
management must be supported.

The third part of the tutorial goes into the role of workflow management for service
enactment in this context. We explain the concept of service outsourcing and illustrate
the paradigm by means of an abstracted architecture. We show that the concept of
electronic contract is required to formalize the business relationship between partners
engaging in outsourcing. Workflow specifications of the services to be outsourced are
part of these contracts. We discuss a high-level conceptual model for electronic
contracts and show how this can be represented in an XML-based contract
specification language. We end the tutorial by briefly presenting two business cases in
which the service outsourcing paradigm is applied.
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Ontologies are �in.� For a number of years, ontology has been one of the areas under
broad research attention, especially in the domain of information systems. Actually,
there is nearly no IS-related conference that does not provide sessions or contributions
related to ontology � the ER�2002 Conference is another proof of that.

There is a relatively clear understanding from the root domain, namely philosophy,
what ontology is all about, namely to deal with theories about the nature of things in
general (as opposed to theories of things in particular).  However, this notion seems
more and more to be used as a pure buzzword by various authors and in various
fields. Today �ontology� comes with a bulk of rather different meanings: Some use it
for standardized parameter definitions of technical interfaces, others for models or
meta-models (e.g. �global schema�), others for explicit natural language
specifications of domain specific vocabularies, others as �a core body of knowledge
that can be incorporated into any knowledge base�, others in it�s initial philosophical
meaning.

Ontologies are also related to different levels of generality (from �universal� via
�domain specific� to �group specific� and �personal�), and they are discussed at
several levels of formality. They are said to useful for developing methods and tools
in the context of requirements elicitation and engineering for information systems,
natural language processing and, especially, semantic web services by contributing to
the quality of interoperating systems, and by reducing costs.

The panel session is intended to bring some light and structure into that muddle.
Experts with different point of views will discuss their understanding of ontology and
relate to topics like taxonomy of ontologies, inter-ontology relationships, relationships
to modelling and metamodeling, quality of ontologies, grounding models/metamodels
in ontologies, value and use of ontologies, limitations of ontologies, and others, thus
trying to find an answer to the panel�s title.
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A Geographical Information System (GIS) is a system capable of inputting, analyzing
and visualizing geographical data. Despite several theoretical studies concerning
spatio-temporal data models (e.g. snapshot model, space-time composite model, triad
model), the current commercial systems do not support the temporal aspect, i.e.
maintenance of history information and storage and querying and visualization of
geographical data with a temporal dimension. As the link between the geographical
data and the non-geographical attributes is important in a GIS, the (spatial) data
model is mostly based on a hybrid approximation of a two- or three-dimensional
space and an n-dimensional semantic table. A spatio-temporal data model, however,
is far more complex than a space + time model due to the complexity of space and
time.

The way people conceptualize space and time is an important consideration for the
design of a temporal GIS, because a better match with people�s thinking is expected
to lead to easier-to-use information systems. The ontology of space-time, essential in
order to develop a common conceptual framework, deals with the nature of space and
time and their unique interactions. The spatio-temporal data model therefore has to
deal with the various complexities of time: topology of the time-axis, multi-
dimensionality of time, dating of time, multi-scalability of time, vagueness of time,
complexity of changes, etc. The approach also needs to become broadly
interdisciplinary. Existing theories in a range of fields, from physics and geography to
cognitive psychology and philosophy need to be examined within the context of
digital database representation and use.

Existing models with applications from e.g. criminology, geology and archaeology,
as well as the new spatio-temporal conceptual model dealing with the spatio-temporal
complexity will be implemented in ArcInfo 8.0.2. This software is used because of its
extension of the geo-relational data model into an object-oriented model that allows
users to add behavior, properties, rules, and relationships to their data. The diagram
notation for ArcObjects model is based on UML. ArcObjects technology is based on
the Component Object Model (COM) protocol. Customization is performed using the
built-in Visual Basic for Applications (VBA) scripting capabilities. Using C++, one
can also define custom features (objects with a geometric shape) with specialized
behavior. The implementation will give feedback to guide further optimization.
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Abstract. The ICSpace is based on a virtual building specified in
VRML. In this virtual building, any kind of artistic manifestation, such
as pictures, videos, poems, music is exhibited in thematic rooms. One
of the main features of the ICSpace is that its VRML interface
dynamically adapts itself to the quantity and the type of the works being
exhibited. The focus of this work is to describe ICSpace
implementation, based on rules database that supports reconfiguration
of the virtual building.

1 Introduction

The ICSpace implementation is based on a multimedia database and a database
management system that handles, manages medias and supports the virtual building
reconfiguration. This reconfiguration gives an dynamic property to ICSpace. To
support this dynamism, the VRML code of the ICSpace building elements are also
stored in the database application.

2 The Proposal

The ICSpace is an opened space in the internet for art works exhibition and
appreciation. For the artists, ICSpace provides the virtual space to exhibit their works
and mechanisms to include and handle them. The visitors can appreciate the available
works in virtual rooms, to get additional information regarding the works and
communicate with the authors. The visitors may record commentaries, feel the
presence of other visitors in the same room and interact with them. In the current
stage of this project, different technologies were approached to reach the goals of
each implementation phase, as VRML, HTML, Oracle 8.0.4 and PL/SQL to
implement the triggers which perform the semantic rules. We also used JSP, servlets
and JDBC to establish the communication between the Oracle database. One version
of this system can be found in (http://www.natalnet.br/~icspace).
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On the Transformation of Object Oriented Conceptual
Models to Logical Theories: From EROOS to ID-Logic

Pieter Bekaert* and Bert Van Nuffelen**
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In [1], the authors present a semi-automatic transformation from object-oriented
conceptual models to logical theories. By associating a logical theory with a
conceptual model, the best of both worlds is combined. On one hand, the object-
oriented software development paradigm is recognized to be well-suited to build
maintainable and communicable conceptual models. On the other hand, the logical
programming paradigm offers semantically founded concepts to represent knowledge
and the powerful logical inference systems make it possible to prototype solutions to
computational tasks.

More specific, the work is done in the context of the EROOS method1 and ID-
Logic. Both share the goal to represent a problem domain in a natural and declarative
way. However they put different accents: Namely the EROOS method for building
object oriented conceptual models stresses the importance of  guiding the domain
expert in the specification of his knowledge in an object oriented environment.
Whereas ID-Logic stems from the research for a solid epistomological foundation for
knowledge representation in a logical context.

Important is the strong link of ID-Logic with computational logic. Complex
problems such as database querying, scheduling and planning specified in ID-Logic
are nowadays within the reach of general purpose logical solvers. One of such solvers
is the Asystem, an abductive solver. This solver handles ID-Logic theories by
transforming them into a corresponding abductive logic program, the input of the
Asystem. This connection enables the potential of generating prototype systems from
an EROOS conceptual model through the defined transformation in [1]. The poster
presentation will demonstrate all mentioned techniques separately together with the
connection defined in [1].

                                                          
* Research Assistant of the Fund for Scientific Research - Flanders (Belgium)

(F.W.O.-Vlaanderen)
**  Research supported by Research Fund K.U.Leuven
1   All references to the mentioned methodologies and systems can be found in [1].
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Abstract. Principles of database modeling have been intensively inves-
tigated in the late 70ies or early 80ies. The principles have been based on
constructs such as subtypes, supertypes, restructuring through normal-
ization, types construction by constructors, generic models and associa-
tions with pre-specified semantical meaning such as relationship types.
Whenever a schema is becoming too large schema developers get lost in
the web of types. The classical approach is a repair approach, i.e., when-
ever a schema becomes too large then use techniques for surveying. This
paper aims in developing general principles for pragmatistic development
of large database schemata: many-dimensionality, star and snowflake sub-
schemata, bridges, nesting, lifespan, logs, meta-characterizations, vari-
ants and occurrences, quality, temporality and abstraction layers. There-
fore, this approach allows to treat the ‘lost on the schema’ problem in
parallel to development.

1 Introduction

Some Observations.
Beyond small examples used in monographs or textbooks, real-life database
schemata tend to be large, unsurveyable, incomprehensible and partially incon-
sistent due to application, the database development life cycle and due to the
number of team members involved at different time intervals. Thus, consistent
management of the database schema might become a nightmare and may lead
to legacy problems. The size of schemata may be very large1,2.
There is a considerable effort for handling large schemata. In [Moo01] most of

the methods proposed so far3 have been generalized to map abstractions . Clas-
sical approaches are trying to get a treatment after the schema size has caused
1 The SAP R/3 database schema uses meanwhile more than 21.000 relation types,

40.000 attributes, 40.000 views and more than 400.000 functions. The schema has
a large number of redundant types which redundancy is only partially maintained.

2 We observed a high similarity within the solutions while comparing, surveying and
systematizing [Tha00b] the database schemata brought to our knowledge.

3 Methods known in literature due to extensive research in the 80ies and early 90ies are
structured entity charts, subject-oriented schemata, clustered entity models, struc-
tured data modeling, clustered ER models, leveled ER models, and financial services
data models.
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mismatches, redundancy, misinterpretation, etc. (‘late cure medicine’). Abstrac-
tion of sub-schemata has been tackled by compression methods, e.g., [ACW93,
RaS97, TWB89]. [Moo01] stated further that diagrams quickly become unread-
able once the number of entity and relationship types exceeds about twenty.
Large database schemata can be drastically simplified if techniques of modu-

lar modeling such as design by units [Tha00a] are used. Modular modeling is an
abstraction technique based on principles of hiding and encapsulation. Design
by units allows to consider parts of the schema in a separate fashion. The parts
are connected via types which function similar to bridges. Our approach allows
to treat the schema complexity in a preventive manner instead of the classical
approach based on repair and cure.

Constructing Database Schemes Based On Component Ware.
Systematic schema development can be based on guidelines for development of
database applications such as [Iso91] or the codesign framework [Tha00a].
A better approach to scheme development is the use of building blocks and

of composition methods for schema composition:
Development of building blocks: There are parts in the database schema which
cannot be partitioned into smaller parts without loosing their meaning. Typ-
ical such parts are kernel types together with their specialization types. Ker-
nel types may be represented by star or snowflake sub-schemata.

Development of composition methods: Composition of sub-schemata to larger
schemata may be based on generalizations of operations used within the ER
model itself. Typical composition methods are based on bridge types , nest-
ing of types , lifespan variation types , log/history types,meta-characterization
types , occurrence types , temporality types , and abstraction association.

Rules for application of composition methods: Constraints for application of com-
position methods allow to keep track on restrictions, special application con-
ditions and on the context of the types to be composed.

Our approach is based on principles of component construction [Bro97]. The
composition theory of stream processing functions [Bro97] is combined with the
interface scripting [NiM95] on the basis of mixins [AnZ98]. In our understand-
ing a database component is database scheme that has an import and an export
interface for connecting it to other components by standardized interface tech-
niques . A (HERM) scheme [Tha00a] consists of a structural description (schema)
and a behavioral description.

Survey on the Paper.
The next section discusses inherent many-dimensionality within large database
schemata and derives component separation. Based on this observation we derive
building blocks for large schemata based on star and snowflake sub-schemata.
Next we discuss the composition methods together with their rules for applica-
tion. Due to space limitations we concentrate the paper on structural aspects
(schemata). The treatment of the behavioral aspects is similar.
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2 Component Construction Based on Dimensionality

Discovery of Internal Structuring.
Let us consider the schema4 displayed in Figure 3 in the Appendix5. Information
on products may be structured into information on the kernel properties of prod-
ucts such as the kinds of products ranging from physical products called item,
the associations among products themselves and the characteristics of products,
the associations to other ER types within the application such as to organi-
zations acting in various roles, the meta-characterization information such as
the application conditions and the categorization, and the log and utilization
information. Thus, the product schema itself has four different dimensions.
Database schemata are structured by a number of dimensions:

Specialization dimension: Types may be specialized based on roles objects play
or on categories into which objects are separated. Specialization dimensions
usually lead to hierarchies such as subtypes, role hierarchies, categorization
hierarchies, and to version dimensions (development, representational, or
measure versions).

Association dimension: Things in reality do not exist in separation. Therefore, we
are interested too in representing their associations through bridging related
types and in adding meta-characterization on data quality.

Usage, meta-characterization or log dimension: Data may be integrated into com-
plex objects at runtime, may store log information such as the history of
database evolution, the association to business steps and rules, and the ac-
tual usage of the information stored in the database at a certain time. Fur-
ther, objects may described with meta-properties such as category, source
and quality information.

Data quality, lifespan and history dimension: Since data may vary over time and
we may have used at different moments of time different facts on the same
thing we model the data history. Typical information added for characteriz-
ing data collects quality information, e.g. source data, data on the business
process, data on source restrictions, data quality parameters etc. The his-
tory and time dimensions distinguish between transaction time, user-defined
time, validity time, and availability time.

4 The schema is not complete. Since we are interested in discussing the product schema
we do not represent in detail modeling of Party and PartyAddress. The complete
schema is discussed in [Tha00b].

5 We use the extended entity-relationship model (HERM) [Tha00a] for the represen-
tation. It generalizes the classical entity-relationship model by adding constructs for
richer structures such as complex nested attributes, relationship types of higher-
order, cluster types that allow disjoint union of types (displayed by

⊕
), by an

algebra of operations, by rich sets of integrity constraints, by transactions, by work-
flows, interaction stories, and by views. An IsA-association and the subtype can be
compacted to a unary relationship type which can be extended by specific identifi-
cation. Techniques for translation of a HERM specification to relational and object-
relational specification are discussed in detail in [Tha00a].
For surveys etc. see: http://www.informatik.tu-cottbus.de/∼thalheim/slides.htm
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One dimension considered to be harmful is the explicit maintenance of schema
parts that contain analysis/design types together with implementation types,
storage types and representation types, thus, creating a redundant schema.

Intext.
According to [Wis01], a set of properties that corresponds to a specific applica-
tion context is called intext . The internal structuring of a kernel type such as
Product is called intext . Intext is based on the three major kinds of abstrac-
tion [Tha00a]: Component abstraction used for construction of types by con-
structors ⊂,× and P , localization abstraction for representing repeating, shared
or local patterns of components or functions that are factored out , and imple-
mentation abstraction or modularization that allows [Tha00a] to selectively retain
information about structures.

Context.
The associations to other related units or sub-schemata is called the context of
the type. Objects and things they represent do not exist as stand-alone concepts.
They are related to other objects and they have a context in applications. There
are several (orthogonal) dimensions for context description, e.g.:
schema and units associated are connected through bridges,
source and acquisition information is an orthogonal dimension of context,
time dimension may occur in various facets of time,
versions are used to show the life cycle of the objects, and
security information is another orthogonal dimension.

Components in General.
We generalize the theory of components [Bro97] to database components. Com-
ponents may be considered as input-output machines that are extended by the
states Σ of the database with corresponding input view IV and output view OV .
Input and output of components is based on channels C. The structuring of
channels is described by the function type : C → V for the view schemata V .
The views are used for collaboration with the environment via data exchange. In
general, the input and output sets may be considered as abstract words fromM∗

or as words on the database structuring.
A database component C = (IV , OV , Σ,∆) is specified by
syntactic interface providing names (structures, functions) with parameters and
database structure for Σ and IV , OV ,

behavior relating the IV , OV (view) channels
∆ : (Σ × (IV → M∗)) → P(Σ × (OV → M∗))
and an initial state σ0 .

Component operations such as merge, fork, transmission are definable via ap-
plication of superposition operations (identification of channels, permutation of
channels, renaming of channels, introduction of fictitious channels, and compo-
sition (parallel composition with feedback)).
The composition C1 ⊗ C2 = (IV , OV , Σ,∆) of two components
C1 = (IV1 , OV

1 , Σ1, ∆1) and C2 = (IV2 , OV
2 , Σ2, ∆2) is defined via assignment
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of syntactic interfaces (with unification of output channels to input channels)
IV = (IV1 ∪IV2 )\(OV

1 ∪OV
2 ) , OV = (OV

1 ∪OV
2 )\(IV1 ∪IV2 ) , and internal channels

ZV = (IV1 ∩OV
2 ) ∪ (IV2 ∩OV

1 ) .
The composition of the behavior function ∆ = ∆1 ⊗∆2 defined by
∆((σ1, σ2), x) = { ((σ′

1, σ
′
2), y|OV ) | y|IV = x|IV ∧

(σ′
1, y|OV

1
) ∈ ∆1(σ1, y|IV1 ) ∧ (σ′

2, y|OV
2
) ∈ ∆2(σ2, y|IV2 ) }

for Σ = Σ1 ×Σ2 . Composition is displayed in Figure 1.

❄ ❄

❄ ❄

❄ ❄
C1 C2

�
��

❅
❅❅

Fig. 1. The Composition of Database Components

3 Star and Snowflake Sub-schemata as Building Blocks

Practioneers observed that star or snowflake schemata are often used in prac-
tical database operating. The OLAP community restricted database operat-
ing to star and snowflake schemata as the main building block for schemata.
Star and snowflake schemata can be supported by database views in traditional
way [LST99]. Star structuring and snowflake structuring is becoming popular in
the XML community. XML documents are nothing else than HERM views on
the HERM database. This point of view enables in DBMS-supported, consistent
maintenance of XML-based web sites.

Star Schemata.
A star schema for a database type C0 is defined by
– the (full) (HERM) schema S = (C0, C1, ..., Cn) covering all types on
which C0 has been defined,

– the subset of strong types C1, ...., Ck forming a set of keys K1, ...,Ks for C0,
i.e., ∪s

i=1Ki = {C1, ...., Ck} and Ki → C0 , C0 → Ki for 1 ≤ i ≤ s
and card(C0, Ci) = (1, n) (1 ≤ i ≤ k) .

– the extension types Ck+1, ..., Cm satisfying the (general) cardinality con-
straint card(C0, Cj) = (0, 1) ((k + 1) ≤ i ≤ n) .

The extension types may form their own (0, 1) specialization tree (hierarchical
inclusion dependency set). The cardinality constraints for extension types are
partial functional dependencies.
There are various variants for representation of a star schemata:

– Representation based on an entity type with attributes C1, ..., Ck and
Ck+1, ...., Cl and specializations forming a specialization tree Cl+1, ..., Cn.
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– Representation based on a relationship type C0 with components C1, ..., Ck,
with attributes Ck+1, ...., Cl and specializations forming a specialization tree
Cl+1, ..., Cn. In this case, C0 is a pivot element [BiP00] in the schema.

– Representation by be based on a hybrid form combining the two above.

Let us consider the example in Figure 3. The inherent star schema is represented
in Figure 2. It is based on the entity-representation option.
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✏✏

✏✏✶
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��✐
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Fig. 2. Star Schema Product Intext Data for the Product Application in Fig-
ure 3

Thus, a star schema is usually characterized by a kernel entity type used
for storing basic data, by a number of dimensions that are usually based on
subtypes of the entity type such as Service and Item, and on subtypes which
are used for additional properties such as AdditionalCharacteristics and Prod-
uctSpecificCharacteristics. These additional properties are clustered according
to their occurrence for the things under consideration. Furthermore, products
are classified by a set of categories. Finally, products may have their life and
usage cycle, e.g., versions. Therefore, we observe that the star schema is in our
case a schema with four dimensions: subtypes, additional characterization, life
cycle and categorization.

Varying Star Sub-Schemata for Variable Integration.
Star schemata may occur in various variants within the same conceptual schema.
Therefore, we need variants of the same schema for integration into the schema.
We distinguish the following variants:
Integration and representation variants: For representation and for integration we
can define views on the star type schema with the restriction of invariance
of identifiability through one of its keys. Views define ‘context’ conditions
for usage of elements of the star schema.
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Versions: Objects defined on the star schema may be a replaced later by objects
that display the actual use, e.g., Products are obtained and stored in the
Inventory.

Variants replacing the entire type another through renaming or substitution of
elements.

History variants: Temporality can be explicitly recorded by adding a history di-
mension, i.e., for recording of instantiation, run, usage at present or in the
past, and archiving.

Lifespan variants of objects and their properties may be explicitly stored. The
lifespan of products in the acquisition process can be based on the Product-
Quote-Request-Response-Requisition-Order cycle.

Snowflake Sub-Schemata.
Star schemata may be extended to snowflake schemata. Database theory folklore
uses star structures on the basis of α-acyclic hypergraphs. Snowflake structuring
of objects can be caused by the internal structure of functional dependencies. If
for instance, the dependency graph for functional dependencies forms a tree then
we may decompose the type into a snowflake using the functional dependency
X → Y for binary relationship types R on X,Y with card(R,X) = (1, 1) and
card(R, Y ) = (1, n).
This observation is not surprising. The only case when decomposition algo-

rithms are applicable and generate the same results as synthesis algorithms is
the case that the dependency graph for functional dependencies is hierarchical.
Let us now generalize this observation. A snowflake schema is a

– star schema S on C0 extended or changed by
• variations S∗ of star schema (with renaming )
• with strong 1-n-composition by association (glue) types AS′

S associating
the star schema with another star schema S′ either with full composition
restricted by the cardinality constraint card(AS′

S , S) = (1, 1) or with
weak, referencing composition restricted by card(AS′

S , S) = (0, 1) ,
– and which structure is potentially C0-acyclic.

A schema S with a ‘central’ type C0 is called potentially C0-acyclic if all paths
p, p′ from the central type to any other type Ck are
– either entirely different on the database, i.e., the exclusion dependency

p[C0, Ck] || p′[C0, Ck] is valid in the schema
– or completely identical, i.e. the pairing inclusion constraints

p[C0, Ck] ⊆ p′[C0, Ck] and p[C0, Ck] ⊇ p′[C0, Ck] are valid.

The exclusion constraints allow to form a tree by renaming the non-identical
types. In this case, the paths carry different meanings. The pairing inclusion
constraints allow to cut the last association in the second path thus obtaining
an equivalent schema or to introduce a mirror type C′

k for the second path. In
this case, the paths carry identical meaning.
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4 Composition of Sub-schemata

We consider now a schema defined as a component. A database component
C = (IV , OV , Σ,∆) is called unwrapped if the schema S of Σ is identical to IV

and OV and called wrapped in the other case.
A database component is called symmetric if IV = OV and the views

are a sub-schema of S. Symmetric components can be represented by framed
schemata. We introduce composition of schemata based on symmetric compo-
nents. The extension to database components is similar.
A framed (component) schema is a symmetric database component
SF = F(interface types; schema types)

i.e., F(α1, ..., αn; R1, ...., Rm) .
The interface types can be considered as parameters to be used for composition.
A framed schema without parameters is finalized.

4.1 General Composition Constructors

The general composition theory may be based on the theory of graph gram-
mars [EEK99] which has been already used for the CASE tool RADD [Tha00a].
Composition is based on constructors used for definition of HERM types:

Composition through association is based on the (Cartesian) product constructor
(or tuple constructor). It is used for direct association of database compo-
nents. The Cartesian product can be restricted and can be combined with
projection, i.e., with views on the combined schema. Thus, we may use the
join constructor

✶InputV iew1:=OutputV iew2

or in detail ✶(IV1,2 :=OV
2,1)∧(IV2,1:=OV

1,2)

for the composition C1 ⊗ C2 = (IV , OV , Σ,∆) with the association of the
view IV1,2 of the first component to the view OV

2,1 of the second component
and of IV2,1 to OV

1,2, correspondingly, instead of the Cartesian product.
The views to be joined must be type-compatible, i.e., the assignment oper-
ation is supported by the type inference system that is derived from the
schema specification of the components.
We distinguish the following variants:
Joining types: Types combined by an injective function associating each type
of the assignment view with one and only one type of the assigned view.

Associating through linking and referencing: Association is based on a variety
of link properties such as potential integration, existence constraints ,
referential integrity with enforcement or with assurance, and citations
without integrity. Furthermore, functionality of destination component
may be inherited.

General schema join: Association may be based on cooperating views
[Tha00a]. The data exchange is explicitly specified by views on the views
which are type-compatible and through which functionality is partially
exported.
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Folding and unfolding schemata: Schemata which are similar can be integrated
into one schema by adding a contraction type, by nesting of components or
by generalizing or parameterizing the presentation:
Bulk construction: Given a CentralType C and associated types which are
associated by a set of relationship types {A1, ..., An} by the occurrence
frame F . The occurrence frame can be ∀ (if the inclusion constraints
Ai[C] ⊆ Aj [C] are valid for all 1 ≤ i, j ≤ n) or a set of inclusion con-
straints. Now we combine the types {A1, ..., An} into the type BulkType
with the additional component ContractionAssistant and the attributes
Identif (used for identification of objects in the type ContractionAssisi-
tant if necessary), ContractionDomain with dom(ContractionDomain) =
{A1, ..., An} and dom(ContractionBinder) = F.

Component nesting is based on parameterizations of the schema used for
the addition of components. Identification of components is inherited to
the type using the component. The default inheritance is based on the
primary identification. We may however use secondary identification due
to specifics of the application.
Formally, given a sub-schema R with a component S and a sub-schema
T, one of its identification Identif and some additional components
OtherComponents. Component nesting is defined by
Component(R(S),T(Identif,OtherComponents)) .
Component nesting generalizes entity model clustering, entity clustering,
entity and relationship clustering, entity tree clustering and design-by-
units method [Tha00a].

Presentation nesting: Each class can be displayed in various different formats
depending on the usage, profiles of the user, and technical environment.
We use views for generating the variety of different formatting dimen-
sions. Typical such formatting dimensions may be hierarchical schemata
used for website documents. Necessity of nesting has been also observed
while adding measures applicable to types in various fashions. We may
partially keep this information in a separate form and then add the cor-
responding bulk types to the schema.

Collection construction allows to integrate schemata into one schema and to con-
sider the schemata as elements of the generalized schema. Specific class con-
structions are based on the following constructors:
Set constructor: Schemata are composed to a set of schemata. We must main-
tain identifiability of the elements and may add additional properties.
Thus, we use the formal representation
Set(Element(Identif,OtherComponents),AdditionalAttr)
with the parameters Element, Identif, OtherComponents and
AdditionalAttr constrained by the restriction that the type Element
uses Identif.
Set-of framed schema are supported by set operators such as select-n-
by-criteria, select-arbitrarily-n, disable optional components.

Bag constructor: Bags are collections of elements which may not be unique in
the set and occur several times. The order of the elements is unimportant.
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We use the formal representation
Bag(Element(Identif,OtherComponents),OccurNo,
AdditionalAttr)
with the parameters Element, Identif, OtherComponents, OccurNo
where OccurNo is used for representing the number of occurrences of the
corresponding element.

Tree constructor: Schemata may be related to each other by a tree and rep-
resented by
Tree(Element(Identif,OtherComponents),AdditionalAttr) .

List constructor: Lists are based on sequential association of schemata and
represented by
List(Element(Identif,OtherComponents),AdditionalAttr) .
The list constructor can be generalized to the multi-list constructor.

4.2 Main Composition Operations

We observe six main composition operators which can be used for constructing
larger schemata from smaller ones:
Composition through bridge or hinge types ✶ allows to associate two or more sub-
schemata into one schema. Bridges enable in separating units in schemata
from other units. Hinge types are simple gluing types. Hinge types may be
entity, relationship or cluster types.
A typical hinge type used in Figure 3 is the relationship type ProducerOf.
This type associates organizations and people to Product.

Composition through contraction or nesting of types ν is used to abstract from
specific properties and to combine several types into one type using an ad-
ditional folder type.
For instance, the associations among Product in Figure 3 can be presented
by the types ConsistsOf, ProductSubsitute and ProductObsolence. We can
use the entity type AssociationKind with the attributes Identif and Descrip-
tion and the domain
dom(Description) = { ConsistsOf, ProductSubsitute, ProductObsolence} .
The three association types can be equivalently represented by the type
Associated = (IsAssociated : Product, With : Product, AssociationKind,

attr(Associated))
with a set of attributes additionally characterizing the association.

Composition through basing types on other types allows to represent the develop-
ment of real-life things and to store information gained and added through-
out the lifespan of the things.

Composition through adding orthogonal dimensions such as time, quality informa-
tion, and meta-characteristics.

Composition through adding records on utilization of objects and materializing
actions performed within the database.

Composition through adding facilities for versions and occurrences allows to keep
track on the development of real-life things and their corresponding objects.
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The composition rules do not use renaming. This list may be extended by other
ER schema production rules. The last four composition operators can be ex-
pressed through the first two composition operators.
The second composition rule forms a critical pair together with each the

other composition rules. We may, however, prove that conflicts may be resolved:

Theorem 1 If the set of framed schemes is finite then the six composition op-
erators are confluent, satisfy the Church-Rosser property and are acyclic.

The proof of this theorem is based on the property that HERM schemata are
hierarchical schemata and the set of critical pairs is finite.

Let us now consider the construction of the Product Schema displayed in
Figure 3. This schema is constructed using the following sub-schemata:
– the sub-schema Product Intext Data in Figure 2 consisting of the types

Product, Item, Service, ProductCharacteristics, and the sub-types of the
last two types and the framed variant

Product Schema (λ, Product) ;
– the framed Categorization schema

Categorization Schema (α, Code;
ProductCategoryClass(α,ProductCategory(Code)) ,

– the framed Availability schema
Availability Schema (α; ProductObsolesence(α)) ,

– the framed Product Association schema
Product Associations Schema (α, β, δ;

Associates(what : α, toWhat : β, kind : δ)) ,
– the framed Inventory schema

Inventory Schema (γ, ε; Inventory(what : γ, store : ε))
with the labels what and store for the components of the binary type
InventoryItem,

– the framed Container schema
Container Schema (ζ, η; Container(kind : ζ, partyAddress : η))

– the framed Producer schema
Producer Schema (α; ProducerOf(α, Organization))

– and the Pricing Schema schema which is itself a complex framed schema
Princing Schema (α; ProductPriceComponent(α)) .

The Product Schema in Figure 3 is obtained by
Product Schema ✶α:=CategorySet Categorization Schema

✶α:=Product Availability Schema
✶α:=Product,β:=Product,δ=ProductSubstitute

⊕
ConsistsOf

Product Association Schema
✶ζ:=ContainerType,η:=Address Container Schema
✶γ:=Item,ε:=Container

⊕
Address Inventory Schema

✶α:=Product Producer Schema
✶α:=AdditionalCharacteristics Pricing Schema .
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4.3 Deriving Other Operations for Component Construction

The approach presented so far is a very general one. We can specialize the rules
for component construction in order to handle meta-schema development:

Lifespan recording: Things represented by objects evolve over lifespan. For in-
stance, before ordering a product, the company employees consult various
catalogs and product information provided either by the supplier or the de-
partments in their company. Based on the quote, various requests for offers
are send to the suppliers. According to the response, employees decide which
offer is the most appropriate. Finally, an order is generated. Thus, the order
has evolved over lifespan. The order itself is a complex object. It is based on
a requisition and involves a party twice for issuing and billing. It is restricted
by business rules.

Shuffling meta-characteristics into schemata: Databases often are associated to
agreements and adjustments such as policies, laws, regulations. Temporality
is another meta-characterization: Transaction time, user-defined time, valid-
ity time and availability time are often orthogonal meta-properties. Storage
alternatives such as class-wise, strongly identifier-based storage or object-
wise storage lead to different sources. Often we need in applications also an
explicit representation of the data quality. Data quality is essential whenever
we need to distinguish versions of data based on their quality and reliabil-
ity. This information is necessary especially in the case of data obtained
from various sources: Source dimension, intrinsic data quality parameters,
accessibility data quality, contextual data quality, and representational data
quality.

Recording usage, logs and history: The database structure depicted in Figure 3
demonstrate that objects may integrate their usage scheme. The type Prod-
uct is a complex type. We use products in different occasions in a variety
of views, e.g. views for pricing, views for characterization with variants, and
views for budgeting of work assets. Thus, we find that the scheme of utiliza-
tion should be reflected by the database schema.
Log information is used for recording the actions of people in business pro-
cesses, e.g., the involvement of people during the ordering process. The evo-
lution of data can be recorded in separate manner.

Managing variants and occurrences: Objects may have general characterizations
through base types or potential types and may have specific actual charac-
terizations for the class of actual objects specified by actual types . As dis-
cussed above, types may be based on other types, e.g., Request is based on
Quote. The based-on occurrence is often the basis for treatment of complex
documents. We distinguish between raw documents, operational documents,
blueprints, submissions, and archived documents.

5 Concluding

The approach presented so far is a generalization of view integration approaches
which have been intensively discussed in the last two decades and view cooper-
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ation approaches developed in [Tha00a]. The approach enables in simpler con-
struction of schemata. Those schemata are not minimal in size. However, they
are simpler to maintain, better to survey and thus allow simpler operating of the
database system. The approach is not intending to cover all development meth-
ods. We are interested in developing a safe and simple pragmatistic approach to
modeling of database and information systems and thus gain advantages such
as:

Smaller sub-schemata: The entire schema may be cut down to sub-schemata
which associations are maintained by specific bridge or hinge types.

Simpler combination of sub-schemata: The schemata can be combined based on
either view integration or view cooperation [Tha00a] approaches.

Abstraction layering within the schema: The combination of sub-schemata may
be considered at various abstraction layers and therefore in different level
of detail.

Simpler integrity maintenance: The enforcement may be concentrated on a cer-
tain part of the database.

Control of dimensionality through component construction: Due to the separation
between the components the schema can be surveyed, handled simpler and
used for generation of views.

Modularity: Internal structuring enhances modularity by encapsulating volatile
implementation details behind stable interfaces.

Reusability: The abstract specification provided by sub-schemata enhances
reusability by defining generic components that can be re-applied to cre-
ate new applications.

Extensibility: Internal structuring of schemata enhances extensibility by provid-
ing explicit hook methods that allow applications to extend the specification.

The size of the schemata developed with our approach is not the same as the
size of schemata developed through monolithic approaches. The schemata devel-
oped by our approach are, however, easier to survey and to use. Therefore, the
detection and correction of errors, wrong integrity constraints, and wrong types
is simpler. The development of queries is easier as well.
The approach is not yet complete without considering specification of func-

tionality and interactivity. We concentrate our research efforts to the develop-
ment of such generic methods which support functionality and interactivity. Dis-
tribution concepts can be added similarly to the other concepts for composing
schemata. The general theory of integrity constraints is the most difficult open
research question.
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Appendix: The Diagramm of the Product Schema
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Abstract. This paper describes a multirelation semantics for a frag-

ment of the Extended Entity-Relationship schemata formalism based on

the bicategorical de�nition of multirelations. The approach we follow is

elementary�we try to introduce as few notions as possible. We claim that

bicategorical algebra handles gracefully multirelations and their opera-

tions, and that multirelations are essential in a number of applications;

moreover, the bicategorical composition of multirelations turns out to

correspond to natural joins. From the formal semantics we derive an

algorithm that can establish statically the possibility of building paral-

lel ownership paths of weak entities. The ideas described in this paper

have been implemented in a free tool, ERW, which lets users edit sets

and multirelations instantiating an EER schema via a sophisticated web

interface.

1 Introduction

Entity-Relationship (ER) schemata are a popular conceptual model. They were

originally introduced by Chen [Che76], and later extended in several ways; the

more common extensions are usually termed Extended ER (EER) [Tha00]. The

basic idea is that using sets and relations we can model objects of the real world

and their inter-relationships. An EER schema is used to design conceptually a

database: then, a rei�cation process produces a logical database schema (e.g., in

SQL) [EN94].

S. Spaccapietra, S.T. March, and Y. Kambayashi (Eds.): ER 2002, LNCS 2503, pp. 35-49, 2002. 
c Springer-Verlag Berlin Heidelberg 2002



The starting point of this paper was the creation of a set of speci�cations

and tools implementing the following idea: that conceptual design is su�cient

to completely de�ne an application (at least in a default, standardized form).

Since our �rst requirement was platform independence, we decided that the

user interface should be web-based. Only a few years ago, poor standardization

of browser document object models, and lack of �exibility, would have made this

goal impractical, but this is no longer true.

The result is ERW, a system that, essentially, lets you edit instances of EER

schemata. We stress the fact that the user edits such instances, rather than

databases, because in our view the underlying relational database is just a sup-

port for a clearly de�ned multirelational semantics for schema instances.

More in detail, one de�nes an EER schema using ERL, an XML-based lan-

guage (currently only a fragment of the EER formalism is supported, the most

notable omissions being n-ary relations and multiple-value attributes). Then, a

JavaTM tool named ERtool rei�es the schema into a set of SQL tables using a

standard algorithm (ERtool is also able to generate SGML documentation about

the rei�cation process). Moreover, it produces a set of de�nition �les that are

used by a run-time environment written in PHP, a powerful and very popular

server-side scripting language. The run-time environment creates forms that let

the user interact with the schema instance, with natural operations such as �as-

sociate this entity to this entity�, and so on. ERW is free software downloadable

from http://erw.dsi.unimi.it/.1

During the development of ERW, we decided to found the manipulation

of entities and relationships on a clear, completely formal semantics. This was

made necessary by the complexity of the database management code, which

has to handle cardinality constraints, subtypes and ownership. In applications,

moreover, we found that multirelations are very useful. In a multirelation, two

1 Note that WebML [CFB00] has a certain intersection with ERW. There are two main

di�erences between ERW and WebML. The �rst is in focus: ERW does not generate

web sites, but just sophisticated user interfaces accessible with a browser. On the

other hand, the database support of ERW is much wider than that of WebML.
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entities can be related �more than once�. For instance, if a library has an entity

type for persons and one for books, the �loan� relationship type (with, say, start

and end date as attributes) will have to be instantiated by a multirelation with

attributes, as a customer can borrow a book several times.

Since de�ning multirelations in terms of tuples leads to the same problems

that plague improperly de�ned multisets [Mon87, Bli89], we decided to try a

di�erent approach, by using a natural generalization of the categorical de�nition

of relation. The result is a very natural semantics, also because the object and

arrows in categories parallel exactly the notions of entity type and relationship

type in EER schemata.

Another obstacle met during the development of ERW was the �weak status

of weak entity types� [BS99]. ERW supports single-owner weak entities only,

but detecting double ownership is a nontrivial problem if subtyping gets in the

way, as ownership can be inherited (if subtyping is not allowed, detecting double

ownership is trivial under the single-owner assumption).

This paper presents the solutions we have found for the problems above.

First of all, it extends the semantics of EER schemata by providing a clear,

mathematically sound description of multirelations and their operations. Note

that this does not require a change in the EER syntax: multirelations are simply

an extended cardinality constraint, that complements the well-known (0:1),

(1:N) and so on. The semantics is given in the same spirit of the original paper

by Chen [Che76]: entities and relationships are not tuples; rather, they have a

well-de�ned semantics on their own; then, attributes are de�ned as functions

mapping entities and relationships into a suitable domain.

Finally, we present a static double-ownership detection algorithm that works

for multiple inheritance and multiple owners, and prove it sound and complete

using the formal semantics above. The algorithm is currently implemented in

ERtool. Lack of space prevent us from giving complete proofs, which are present

in the full version of this paper, downloadable from the author's home page.
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2 The Categorical View of Binary Relations

A binary relation R from set X to set Y is a subset of the cartesian product

X � Y , that is, a set of pairs of the form hx; yi. This is the well-known set-

theoretical notion of relation. Composition of relations is easily obtained with

the �common middle� operation: if R goes from X to Y and S goes from Y to Z

then RS is de�ned as the set of pairs hx; zi 2 X � Z for which there is a y 2 Y

such that x R y and y S z.

Category theorists see relations in a di�erent way [SCK84]: a relation is a

set R (not a set of pairs), endowed with two functions, the left (�rst) projection

and the right (second) projection, often called left leg and right leg because of

the typical way they are drawn:

R
�R
0

�R
1

X Y

Moreover, we require that that two legs are jointly monic: by this we simply mean

that there are no elements r; s 2 R such that �R0 (r) = �R0 (s) and �
R
1 (r) = �R1 (s).

A reader acquainted with EER schema rei�cation will certainly notice �this

looks like an SQL table reifying a relationship type�, and indeed the interesting

point about the categorical de�nition of relation is that it is very close to the

relational algebra used to formalize relational databases.

Clearly, a categorical relation can be mapped to a relation, just by taking

the set
�
h�R0 (r); �

R
1 (r)i

�
� r 2 R

	
:

Conversely, any set-theoretic relation can be made into a category-theoretic re-

lation taking the two natural projections as legs.

2.1 Straight To Multirelations

We have not yet seen the real contribution of the categorical viewpoint. As we

stated in the introduction, our goal is to give a �rm mathematical foundation to

a multirelational semantics of schemata.

38 Sebastiano Vigna



How should we de�ne multirelations? If we start from the set-theoretical

de�nition, we encounter a number of di�culties. Should we assign a natural

number of each pair, denoting its multiplicity, or use some other trick?

In the categorical view, instead, multirelations are more natural than rela-

tions. The de�nition of a multirelation is simply obtained by dropping the joint

monicity condition, that is, via a true generalization process. We state this for-

mally:

De�nition 1. A (binary) multirelation from set X to set Y is a set M endowed

with two function, the left leg M0 and the right leg M1:

M
M0 M1

X Y

The reader should notice that now it can happen that two elements r; s 2M

satisfy M0(r) = M0(s) and M1(r) = M1(s). In this case, the elements M0(r)

and M1(r) are related more than once.

A category theorist calls a set with two such functions a span; indeed, Def-

inition 1 is simply the categorical de�nition of a span. The interesting point is

that spans form themselves a bicategory (a structure slightly weaker than a cat-

egory), and have a well-de�ned composition [SCK84]. Since we have now a clear

de�nition of a multirelations, but no hint on their composition, we will look into

the standard composition of spans.

2.2 Composition

Let us introduce the last categorical concept we need, the pullback. A pullback

of two functions with the same codomain, say f : X ! Z and g : Y ! Z, is

de�ned as the universal commutative square of functions

P
�0

�1

X

f

Y g Z
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By commutative, we mean that paths starting and ending at the same points

of the diagram give the same functional composition. In the case above, it means

that doing �0 followed by f is the same as �1 followed by g, that is, that the

equation

f Æ �0 = g Æ �1 (1)

is satis�ed. By universal, we mean that this diagram is the best possible, in the

following sense: given any other commutative diagram with the same shape, say

Q
�0

�1

X

f

Y g Z

(2)

there exactly one function Q! P such that the following diagram commutes:

Q

�0

�1 P
�0

�1

X

f

Y g Z

(3)

In this case, P , together with the projections �0 and �1, is called the pullback

of f and g. Note that commutativity of (3) is a fairly complicated condition to

write as a set of equations, since there are many paths of arrows between two

nodes.

All this may seem very abstract, but it's closer to databases than it could

seem. Let us try to build a set P satisfying the requirements above: �rst of all

we notice that to each element p of P we can assign an element of X (�0(p)) and

an element of Y (�1(p)). Thus, we can assign to each element of P a pair hx; yi.

Of course, not all pairs are possible: indeed, since (1) must be satis�ed, it must

always happen that f(x) = g(y). Moreover, it is not possible that two elements

p and p0 of P get the same pair hx; yi: indeed, consider as set Q a singleton

fqg and de�ne �0(q) = x, �1(q) = y. This would de�ne a commutative diagram
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as in (2), and thus it should happen that there is a unique function from Q to

P making (2) commutative: but this is not true! There are at least two such

functions, the one mapping q to p and the one mapping q to p0. Thus no two

elements of P can be mapped to the same pair of elements from X � Y .

All in all, we can build a pullback P using the subset of X � Y that satisfy

f(x) = g(y), and using as projections the standard projections. Note that from

a categorical viewpoint, this subset of X�Y is indeed one of the many possible

ways of building a pullback of f and g. We insist on this point because it will

be fundamental in what follows.

It is now time to show why ever we need pullbacks. How do category the-

orists de�ne the composition of multirelations (spans)? It's easy: consider two

multirelations

M
M0 M1

N
N0 N1

X Y Z

Now, note that the �v�-shaped pair of maps looks really like a candidate for

building a pullback. This brings us to

P
�0 �1

M
M0 M1

N
N0 N1

X Y Z

By composing the �i's with the external legs, we �nally get our composition:

P
M0Æ�0 N1Æ�1

X Z

Which are the elements of P ? Using the construction above, we would say

that they are the pairs hr; si 2M �N such that M1(r) = N0(s); the legs of the

span map these elements to M0(r) and N1(s), respectively. But remember, this

is just one of the possible construction for the composition of M and N .
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This does not tell us much. We can get more intuition about this operation

if we take M and N to be relations, represented in the standard set-theoretical

way, and their projections. Using again the construction above, we obtain that

the elements of P are hhx; yi; hy0; zii such that �1(hx; yi) = �0(hy
0; zi), that is,

y = y0; all in all, P would contain the tuples of the form hhx; yi; hy; zii (with

hx; yi 2M and hy; zi 2 N).

This really looks like relational algebra: indeed, if M and N were relations

we would have just de�ned the equijoin operator of relational algebra. Note that

usually the natural join, in which duplicated columns are omitted, is taken as a

distinct operation, but in our case this is not necessary: the set of triples hx; y; zi

such that hx; yi 2 M and hy; zi 2 N can as well be taken as the pullback of M1

and N0, as the pullback is de�ned by a property of its projections, not as a speci�c

set; in categorical-theoretic terms, the two de�nitions are naturally2 equivalent.

The projections simply take out of the triples the corresponding elements of X

and Z, so that we can compose again.

The example of equijoin and natural join points out the important fact that

composition of multirelations is not unique, but de�ned up to isomorphism. We

shall not pursue the point here, but from the de�nition of pullback one can show

that all possible pullbacks are naturally isomorphic. Equijoins and natural joins

are just two possible pullbacks for relations. A consequence is that multirelations

form a bicategory, as opposed to a category : composition is not unique, but

de�ned up to a unique isomorphism.

All in all, spans are a nicely structured and clearly de�ned model for multire-

lations. Moreover, their natural composition reduces to the natural join in the

case of relations, and thus the relational algebra is easily extended to an algebra

of multirelations. We will not pursue here the details of this extension, but we

believe that the connection between the bicategorical algebra of relations and

relational algebra is very strong. By means of pullbacks, the usual properties of

2 The original purpose of category theory was exactly to give a precise de�nition of

the term �natural� in mathematics.
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joins can be proved also for multirelations, and an EER calculus that de�nes

precisely the semantics of queries can be derived.

3 Schemata and Instances

For the rest of the paper, we shall not be concerned with attributes. Our interest

is in giving a clear semantics to EER schema instances using sets and multirela-

tions, and attributes would uselessly clutter our presentation. It is not di�cult

to extend the bicategorical semantics given in the previous section adding an

attribute map for every set involved (including the set de�ning a multirelation,

which gives us also attributes for relationship types). At that point, one can

easily discuss keys, attribute constraints and so on. Our interest now is mainly

in a formal semantics that is su�cient to express cardinality constraints on mul-

tirelation and to validate the ownership structure of a schema.3

In our simpli�ed view, an EER schema (of binary relations) S is given

by a set E of entity types, a set R of relationship types, a source function

s : R ! E and a target function t : R ! E (note that in order to give a

formal semantics to an EER schema without roles you need to take directed

relationship types). Moreover, each relationship type has a source and a target

cardinality constraint, which is a symbol out of (0:1), (1:1), (0:N), (1:N),

(0:M), (1:M). The ordered pair of cardinality constraint of a relationship type

is usually written as (-:-)!(-:-).

Finally, a relationship type may be marked optionally as either ISA or WEAK.

In the �rst case, its constraint must be (1:1)!(0:1); in the second case, it

must be (1:1)!(-:N).

3 The same approach is used in the original paper by Chen [Che76], where entity sets

and relationship sets are �rst used to give semantics to the relational structure of a

schema, and attributes are de�ned afterwards by means of suitable mappings from

those sets.
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Whenever there is an ISA relationship type from E to F , E is said to be a

direct subtype of F , and F a direct supertype of E. A subtype of E is either E or

a direct subtype of a subtype of E (analogously for supertypes).

With respect to typical EER schema de�nitions, we introduce two new car-

dinality types: (0:M) and (1:M). The informal meaning of these types is that

a relationship type with such speci�ers can be instantiated by a multirelation;

when (0:N) and (1:N) are used, instead, the relationship type must be instan-

tiated by a relation. In this way we do not disturb the standard syntax of EER

schemata to introduce our new semantics.

There is an important syntactic rule that must be respected: if one constraint

of a relationship type is given by a (-:M) speci�er, than the same must happen

for the other one. Indeed, while all other constraints combine freely, if you allow

a multirelation on the source you must do the same for the target, and viceversa.

3.1 Instances

We are �nally in a position to give the de�nition of the multirelation-based

schema semantics.

De�nition 2. An instance � for a schema S is given by a map � assigning to

each entity type E in E a set �(E) and to each relationship type R in R a span

�(R) satisfying the following properties:

1. The left leg of �(R) must end in �(s(E)), and the right leg in �(t(E)); in

other words, if R is a relationship type from entity type E to entity type F ,

then �(R) must be a span

�(R)

�(E) �(F )

that is, a span with a left leg ending in �(E) and a right leg ending in �(F )4.

4 The categorically-minded reader will have noticed that this condition represent sim-

ply the de�nition of a functor (from a graph to the bicategory of spans of sets).
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2. A cardinality constraint of the form (1:-) requires that the corresponding

leg be a surjective function.

3. A cardinality constraint of the form (-:1) requires that the corresponding

leg be an injective function.

4. A cardinality constraint of the form (-:N) on either leg requires that the

span be jointly monic (i.e., it must represent a relation).

5. Whenever a relationship type is marked ISA, its bijective leg is the identity,

and its injective leg is an inclusion.

6. Whenever entity types E and F have a common supertype and x 2 �(E) \

�(F ), there is a common subtype G of E and F such that x 2 �(G)5.

Note how cardinality constraints map very naturally on function properties

if we look at multirelations as spans. The reader should have no di�culty in

showing that the above de�nitions correspond exactly to the usual constraints

when we restrict to relations. For instance, if a relationship type R from entity

types E to entity type F has a constraint (0:1) on E, then elements of �(E)

should have at most one relationship with elements of �(F ) (that is, we assume

the participation interpretation of cardinality constraints). But this is exactly

what condition (3) says: if the leg ending on �(E) is injective, it cannot happen

that an x 2 �(E) is related with two elements of �(F ): this would require the

existence of two elements r; s 2 �(R) mapped to x, which is impossible if the leg

ending in �(E) is injective.

The de�nition above treats subtyping as set inclusion: all elements assigned

to a certain type are also assigned to supertypes. This is essentially the original

semantics of subtyping given in [Che76], and also ERW treats subtypes this way.

Indeed, the multirelation instantiating an ISA relationship type must have the

Indeed, from the de�nition above one could immediately derive a mathematical

de�nition of isomorphism and of transformation of instances, using natural trans-

formations [Mac71].
5 The last two conditions are an elementary phrasing of the fact that the map from

the binary-meet completion of the type order to the chosen universe of sets induced

by � must be stable [Ber78].
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following form:

X
1X �

X Y

where � : X ,! Y is the inclusion of X as a subset of Y . This actually forces to

interpret subtypes as subsets (of course, attributes of an element of �(X) viewed

as an element �(X) or as an element of �(Y ) will be di�erent).

Condition (6) is essential to give a precise de�nition of what we mean by an

entity. It forces, for each entity type E and each x 2 �(E), the existence of a

unique subtype F of E such that x 2 �(F ) but x 62 �(G) for any proper subtype

G of F ; such an F is called the type of x 2 �(E). An entity is now a pair E,

x 2 �(E) such that E is the type of x. Note that we did not restrain entity sets

to be disjoint, so an x of type E and an x of type F are actually distinct entities.

The de�nition we gave of cardinality constraints is also valid for multirela-

tions. Since it is very natural, and �ts naturally the classical case, we believe

it is a step in the right direction. There is indeed another possibility for condi-

tion (3): we could allow more than one relationship, but always with the same

element. However, this would give rise to a rather clumsy de�nition, and we see

no motivation for such a change.

4 Checking Subtyping and Ownership

ERW supports single-inheritance subtyping and single-owner weak entities. This

means than every entity type can be de�ned as a subtype of another entity type

(using an ISA relationship type), and can have an owner entity type (de�ned

using a WEAK relationship type; in this case the relationship type is instantiated

to an identifying function).

Since we have a completely clear formal semantics, we shall give a polynomial

algorithm that guarantees that it never happens for an entity to own another
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entity by means of two ownership paths6. To be as general as possible, the algo-

rithm will allow multiple inheritance and multiple owners, even if these features

are not currently supported by ERW.

4.1 The Algorithm

We start with two de�nitions from graph theory [Ber85]:

De�nition 3. A path is simple if it does not contain the same node twice, unless

it is the �rst and the last node of the path. Two paths of a graph are said to be

parallel if they start on the same node and end on the same node.

De�nition 4. A path in an instance of a schema S as a sequence of entities

and relationships x0, r0, x1, r1, . . . , xn�1, rn�1, xn and types E0, R0, E1,

R1, . . . , En�1, Rn�1, En of S such that

1. xi is of type Ei for 0 � i � n and ri 2 �(Ri) for 0 � i < n;

2. Ei is a subtype of the source of Ri for 0 � i < n;

3. Ei+1 is a subtype of the target of Ri for 0 � i < n;

4. the left leg of �(Ri) maps ri to xi, and the right leg maps ri to xi+1 for

0 � i < n, that is, each relationship in the sequence relates the entities

immediately before and immediately after.

If all relationship types Ri are marked WEAK for 0 � i < n, we say that the path

is an ownership path. A cycle is a path satisfying x0 = xn and E0 = En.

We believe this formal de�nition captures exactly the notion of ownership path;

we now de�ne a static condition on a schema that is equivalent to the possibility

of building two distinct ownership paths between entities. By distinct we mean

that the list of entities or the list of relationship types of the path are di�erent.

Given an EER schema S , consider the graph having as nodes entity types.

Now, for each relationship type R marked WEAK going from E to F , for each

6 Since the empty path is a legal ownership path, by which an entity owns itself, this

de�nition also forbids cycles.
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subtype E0 of E and each subtype F 0 of F add an arc from E0 to F 0 coloured

by R. Denote this graph with W (S ).

De�nition 5. We say that S has double ownership if in the graph W (S ) there

are two parallel paths � and � such that the list of colours on the two paths is

di�erent.

Theorem 1. If an EER schema S has not double ownership, no instance of

S contains two parallel ownership paths.

Of course, the previous theorem is just half of what we need: it just guarantees

that double ownership is strong enough to avoid parallel ownership paths, but

it could be too strong. However, it turns out this is not the case:

Theorem 2. If an EER schema S has double ownership, there is a subschema

S 0 of S and an instance of S 0 containing two parallel ownership paths.

Note that the above theorem does not state the there is an instance of S

that contains parallel ownership paths. The only reason for this limitation is that,

in principle, complex interaction between cardinality constraints could make it

impossible putting in an instance the entities which are necessary to build the

paths. To all practical purposes, however, this distinction is irrelevant.

4.2 Running Time

In principle, checking De�nition 5 requires exploring all possible paths and check

their colouring, which would require superexponential time. However, we can do

much better:

Theorem 3. Double ownership for a schema with n entity types, m WEAK re-

lationship types and largest type hierarchy of size t can be checked in time

O
�
n3 + tmn+ t2m2

�
.

Of course, t is bounded by n and m is bounded by n2. However, in real schemata

they are much smaller, as the underlying graph is usually sparse.
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Abstract. Contracts are important for attaining business process
interoperability and enforcing their proper enactment. An e-Contract is
the computerized facilitation or automation of a contract in a cross-
organizational business process. In this paper, motivated by a lease
template example, we propose a meta-model for e-Contract templates
and template variables. Furthermore, we discover different types of re-
lationships, such as partial order and indivisibility, among template
variables. In addition, negotiators can logroll among template variables,
focusing on tradeoffs among these instead of arguing about single vari-
ables. Based on these relationships, we present an algorithm to deter-
mine a negotiation plan of an e-Contract. Furthermore, we propose a
model for e-Negotiation of contracts based on contract templates and
workflow management technologies. As a result, the process of contract
e-Negotiation can be streamlined.

1 Introduction

A contract is a binding agreement between two or more parties, defining the set of
obligations and rewards in a business process. Contracts are important for attaining
business process interoperability and enforcing their proper enactment, because it
reduces uncertainty associated with the interactions between organizations. In USA
[27], the federal government spends about USD$200 billion annually buying goods
and services from over 300,000 vendors. A typical supermarket chain requires negoti-
ating annually contracts of over 50,000 product items. It is obvious that negotiating
contracts play an important role in business processes.

Negotiation is a decision process in which two or more parties make individual de-
cisions and interact with each other for mutual gain [32]. Proposals are sent to the
other parties, and a new proposal may be generated after receiving a counter proposal.
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The process continues until an agreement or a deadlock is reached, or even one or
more parties quit. Each party needs to determine reactions of the other parties and
obtain their responses, and each party also needs to estimate the outcomes that the
other parties would like to achieve. Whereas each party has its own utility function
[29], they tend to be ignorant of the others� values and strategies, especially in a non-
cooperative environment. As a result, negotiations may involve high transaction costs
and do not always reach the best solution. It is obvious that negotiation of contracts is
a critical business activity. Negotiation of contracts involves two or more parties mul-
tilaterally bargaining for mutual gain in order to achieve a mutual beneficial agree-
ment, but each has competing interests concerning the specific terms of that agree-
ment. The Internet has recently become a global common platform where organiza-
tions and individuals communicate among each other to carry out various commercial
activities and to provide value-added services. However, as many business activities
become automated as electronic transactions, negotiation of contracts between human
can be a bottleneck. A major problem of this is its slowness, which is further compli-
cated by issues of culture, ego and pride [32].

An e-Contract is the computerized facilitation or automation of a contract in a
cross-organizational business process. As current trends in e-commerce may acceler-
ate the widespread use of e-Contracts in the business world [25], the ability of an e-
commerce system to quickly create mutually beneficial e-Contracts will become a
critical success factor for organizations. An automated e-Contract negotiation system
should conduct negotiation to create value by interacting with different parties to cre-
ate mutually acceptable deals. This is particularly applicable to standard business
interactions that could be taken place over the Internet, such as real-estate transac-
tions, purchase and sale of goods, etc.

New contracts for these business interactions are typically defined based on stan-
dard contract templates. Specific business interactions not covered by the clauses in
standard contract templates can be provided as contract variations or contract escala-
tions. A contract template is the reference document based on which a new contract is
negotiated. A contract template consists of a number of contract clauses, each ad-
dressing a specific concern in the business interaction. Each contract clause contains a
set of template variables whose values are to be negotiated. The following gives an
example of a contract clause in a lease contract template. The brackets identify tem-
plate variables in the clause.

Tenant is required to pay landlord [ ] months� deposit, amount to [ ], which is re-
fundable without interests upon contract termination on the condition that �

Referring to the example above, contracts management involves the evaluation of
several variables and of several values per variable. In a result, a large combination of
values has to be evaluated by decision makers. The evaluation of a large combination
of variables is time consuming and could be difficult for decision makers from a cog-
nitive perspective. Most of the related work in contract negotiations takes the consid-
eration of template variables in isolation. Decision makers are assumed to consider
these variables one at a time, in a stepwise fashion, instead of integrating multiple
template variables into a single package so that potential tradeoffs can be recognized
[10]. We do believe that contracts with similar attributes can be evaluated similarly.
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The remainder of this paper is organized as follows: Section 2 describes a moti-
vating example. Section 3 presents a meta-model for e-Contract templates and tem-
plate variables. Section 4 discusses the e-Contract template variable dependencies.
Section 5 presents a model for e-Negotiation of contracts. Next, Section 6 discusses
related works. Lastly, Section 7 discusses the conclusion and future work.

2 Motivating Example

lea se
p er io d

fa c ilitie s
p ro v is io n

b a s ic  re n t

s ta r t d a te

ad d itio n a l 
fee 1

m g t fe e
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fe e2
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T en an t
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d e p o s it

n u m O fM o n th s

 Fig. 1. A Selection of Template Variables in a Lease Contract

Fig. 1 presents a scenario of negotiation over a selection of template variables in a
lease contract template. Although the motivating example involves only two parties,
the framework we discussed in this paper is applicable to multiple parties. The tem-
plate variables, which appear in a contract template, are printed in italic. The non-
italic ones are referred to as auxiliary variables, which are introduced to facilitate
negotiation activities, which is an iterative and incremental process. Without the intro-
duction of these auxiliary variables, the landlord and tenant would need to negotiate at
the same time the alternatives of all five template variables: start date, lease period,
facilities provision, management (mgt) fee inclusion and rent. The complexity of negotiation
activities would therefore increase geometrically with the number of alternatives at-
tained by each variable. The concept of auxiliary variables will be re-addressed in
more details in Section 4.

Planning is the most important part of negotiation. There is usually one major issue
(e.g., price), and several minor issues (e.g., start date) in any negotiation. In negotia-
tion, there are three types of planning [22]: (1) Strategic planning is used to define
long-range goals and to position oneself in order to achieve long-rang goals, (2) Tacti-
cal planning is the process of developing short-range tactics and plans to achieve long-
range goals, and (3) Administrative planning is the process by which both manpower
and information are marshaled to make the negotiation proceed smoothly. Therefore,
we have to establish a negotiation plan that specifies a procedure for discussing those
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template and auxiliary variables, which are important, and the order in which they will
be discussed.

A negotiation plan describes the order of variables in a contract template that is
being negotiated during the contract negotiation process. Most of the human contract
negotiation plan focuses on negotiable variables only. Non-negotiable variables refer
to those issues or factors that cannot be negotiated. When the tenant would like to rent
an apartment and several apartments that are available from several different land-
lords, the locations of the apartments are not negotiable because they are major deci-
sion factors when the tenant makes choices to negotiate with a specific landlord. Fur-
ther, the tenant should have a budget (i.e., reservation price) for the rent in his mind so
that the tenant may be more interested to negotiate in other variables such as the lease
period, facilities provision, management fee inclusion, start date and deposit (i.e.,
number of months). Therefore, the tenant should have a negotiation plan based on his
preference order. On the other side, the landlord would also have its own negotiation
plan.

Further, we do believe that an automated e-Contract negotiation system should also
depict an entire e-Contract template so that negotiators can logroll among template
variables, focusing on tradeoffs among these instead of arguing about single variables.
Logrolling is the exchange of loss in some variables for gain in others resulting in
mutual gain [30]. There can be complex interacting tradeoffs between variables in an
e-Contract. In this example of a lease contract template, the template variables repre-
senting the lease period, the facilities provision and the rent could involve complex
tradeoffs in the negotiation of a lease contract. We therefore identify two general
requirements for such an automated e-Contract negotiation system. First, it should be
able to model the relations among template variables in an e-Contract template. These
variables may involve complex tradeoffs and logrolling in e-Contract negotiation.
Second, it should provide analysis of these relations and work out a plan to facilitate
subsequent negotiations.

In the next section, motivated by a lease contract template example, we propose a
meta-model for e-Contracts and e-Contract templates. Furthermore, we discover dif-
ferent types of relations, such as partial order and indivisibility, among template vari-
ables. Based on these relations, we present an algorithm to determine a negotiation
plan that facilitates the collaborative negotiation process. This research has two salient
features, as it is aimed at modeling: (1) e-Negotiation of contracts, and (2) e-Contract
template variable relations.

3 A Meta-Model for e-Contract Templates

This section presents our meta-model for an e-Contract template in Unified Modeling
Language (UML [26]), which is a modeling language for visualizing, specifying, con-
structing, and documenting the artifacts of a software-intensive system. Fig. 2 presents
a meta-model of an e-Contract template in UML. An e-Contract, which involves at
least two parties, sets the variables of an e-Contract template to agreed values. A tem-
plate consists of a number of contract clauses, each of which concerns some parties to
be bound by the e-Contract. Typical contract clauses include obligation, permission
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and prohibition [15][23]. For example, a tenant is obliged to pay rent to the landlord
monthly and a tenant is not allowed to sublease the leased property. A complex con-
tract clause may consist of several simpler clauses. In an e-Contract template, a con-
tract clause may contain a number of template variables, such as the rent and lease
period in a lease contract. These variables are to be refined in an e-Contract through
negotiations. There are two possible relations among template variables. A template
variable precedes another variable if the former is to be refined before the latter. As
mentioned in the previous section, logrolling is a common scenario in contract nego-
tiation. A template variable indivisibly relates to another variable if both of them are
to be logrolled altogether. These two relations will be explained in more details in
Section 4.

Fig. 3 gives an example lease e-Contract template instantiated from the meta-model
in Fig. 2. This template provides a basis on which the negotiations as described in
Fig. 1 may take place. The lease e-Contract consists of five contract clauses; each in
turn contains one or two template variables. Directed and undirected thick lines repre-
sent

e-Contract
Template

*1
1..*

1..*

Template
Variable

indivisibly
relates to

*

*

2..*

involves

*

set values to

Obligation Permission Prohibition

*

*

precedes

e-Contract Party

concerns

Contract 
Clause

references

Fig. 2. Meta-Model of an e-Contract Template

lease
:e-Contract Template

landlord
:Party

tenant
:Party

deposit payment
:Contract Clause

facilities inclusion
:Contract Clause

effective period
:Contract Clause

rent payment
:Contract Clause

deposit
:Template Variable

numOfMonths
:Template Variable

facilities provision
:Template Variable

lease period
:Template Variable

start date
:Template Variable

rent
:Template Variable

mgt fee payment
:Contract Clause

mgt fee inclusion
:Template Variable

precedes indivisibly relates to

Fig. 3. A Lease e-Contract Template as an Instance of the Meta-model in Fig. 2
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the precedes and the indivisibly relates to relationship in the meta-model, respectively.
For example, facilities provision, a lease period and rent are indivisibly related and
thus they will be in the same logroll during e-Contract negotiations.

4 Template Variable Relations and e-Negotiation Plan

To facilitate the derivation of negotiation plans, let us examine the conceptual struc-
ture of template variables. Given two template variables, they could fall into one of
the three following categories.

1. The variables need to be negotiated in a bundle at the same time, such as facilities
provision, a lease period and rent.

2. The variables have a partial order, where one should be negotiated before an-
other, such as rent and deposit.

3. The variables are to be individually negotiated, such as the start date and the man-
agement fee inclusion.

Most contract templates may contain some principal template variables, which re-
late to many other variables, such as the rent in a lease contract or the price in a sales
contract. Since negotiation is an incremental and iterative process, these principal
variables are often decomposed into parts such that each part can be separately negoti-
ated in different rounds. This is to allow a smaller set of variables to be negotiated
each round. This leads to a more effective negotiation process [10]. These parts are
referred to as auxiliary variables. They do not appear at the contract template but are
introduced to facilitate contract negotiation. In the motivating example, basic rent,
additional fee1 and additional fee2 are auxiliary variables introduced to represent the
various factors that add up to the rent. Figure 4 presents an UML model of auxiliary
and template variables, where variables generically refer to both auxiliary and tem-
plate variables. In this paper, we assume the responsibilities of parties to identify aux-
iliary variables.

Template
Variable

Auxiliary
Variable

Variable
indivisibly
relates to

*

*

1*
factorizes into

precedes *

*

Fig. 4. An UML Model of Auxiliary and Template variables
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4.1 Indivisible Components of Variables

Some variables need to be negotiated together at the same time. It occurs when the
tradeoffs of these variables cannot be individually or sequentially considered during
negotiation. In the motivating example, the variables of facilities provision, lease
period and basic rent fall into this category. These variables mutually depend on one
another. Let indivisible component IC refer to a set of variables so that every variable
in an IC mutually depends on each other in the set. For example, the set {facilities provi-
sion, lease period, basic rent} is an indivisible component. However, total rent and basic
rent should not belong to the same indivisible component because they are not to be
negotiated at the same time. A singleton indivisible component contains a variable,
which is not to be negotiated with other variables at the same time. Note that each
variable belongs to one and only one indivisible component. The following is a list of
indivisible components in the motivating example.

- {facilities provision, lease period, basic rent}
- {start date, additional fee1}
- {management fee inclusion, additional fee2}

4.2 Partial Ordering of Variables

To model the intention to negotiate some variables before others, we introduce the
precede relation. A variable x precedes another variable y, written as x ≺≺ y, when the
negotiation of x is to precede that of y. Precede relation between variables can be
found in the following situations.

- A template variable is factored into several auxiliary variables. Therefore,
these auxiliary variables should be negotiated before the template variable,
e.g., basic rent ≺≺ rent.

- A template variable depends on another template variable, which requires the
latter to be negotiated before the former, e.g., rent ≺≺ deposit.

- Two template variables can be mutually derived from one another but one is
more predominant, and the more predominant one is used in the negotiation.
For example, rent is more predominant than stamp duty, we have rent ≺≺ stamp
duty.

The precede relation is transitive but not reflexive and not commutative. For those
situations where the parties have their own precede relations, an overall precede rela-
tion is derived from the union of individual relations. If derived precede relation vio-
lates the commutative property, measures can be taken to resolve inconsistency. For
example, if x ≺≺ y and y ≺≺ x then both relations are deleted from the precede relation,
and both x and y become elements of the same indivisible component. This is to fa-
cilitate the derivation of an acyclic negotiation plan to be presented in the next sub-
section.

Two variables can be individually negotiated if they do not belong to the same in-
divisible component and they are not related by the precede relation. Let IC(v) denotes
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the indivisible component that contains a variable v. It follows that two variables that
are related by the precede relation should not belong to the same indivisible compo-
nent, i.e.,

for any variables x and y, x ≺≺ y ⇒ IC(x) ≠ IC(y)

4.3 Derivation of Negotiation Plans

From the precede relation, an immediate precede relation, denoted as ≺, can be mechani-

cally constructed by removing implied precede relation from ≺≺ using the following
steps.

1. Identify a set of variables that are not preceded by other variables in ≺≺.
2. Assign level 0 to those variables. Let level(x) be the level assigned to a vari-

able x.
3. Use minimum number of levels to assign the level of other variables such that

for any variable pair x and y, level(x) < level(y) iff x ≺≺ y.

4. Initialize ≺ to an empty set. For each x ≺≺ y, insert x ≺ y if level(x) + 1 =
level(y).

{facilities provision, lease period, basic rent}

{start date, additional fee1}
{management fee inclusion, 
additional fee2}

{rent} {numOfMonths}

{deposit}

Fig. 5. Negotiation Plan of the Motivating example

Let G = (V, E) be a directed acyclic graph, where V = the set of all indivisible com-
ponent, and E = { (u, v) | ∃ x ∈ u, y ∈ v such that x ≺ y }. The directed graph presents
a negotiation plan so that the negotiation of the variables in a vertex in G can only take
place after the negotiation of its parents.

Fig. 5 presents the negotiation plan of the motivating example. According to the
plan, the variables of facilities provision, lease period and basic rent is to be first negoti-
ated. Alternatively, negotiation may start at the discussion of the number of months,
i.e., numOfMonths, required for deposit. However, most users will probably consider
the first set of variables more important and therefore prefer to negotiate them first.
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5 A Model for e-Negotiation of Contracts

Whereas much research has focused on supporting negotiation activities with various
information technologies, the proposed approach in this paper concentrates on the e-
Negotiation for a new e-Contract based on an e-Contract template. In this section, we
present an e-Negotiation concept model and a process model to support it.

5.1 e-Negotiation Conceptual Model

Tem plate
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Fig. 6. Conceptual Model of e-Negotiation and e-Contract

Fig. 6 presents the e-Negotiation conceptual model and its relationships to the e-
Contract conceptual model. The right hand side is an extraction of the e-Contract
conceptual model while the left hand side represents a conceptual model of an e-
Negotiation. An e-Negotiation is made of up tasks, each of which aims at resolving an
issue or a collection of co-related issues. For instance, issues in the lease example are
facilities provision, inclusion of management fee, the effective dates of the lease and
the deposit to be paid by the tenant. Each of these issues maps to a set of variables and
their relationships. For instance, the issue of facilities provision is mapped to the indi-
visibility relations among three variables basic rent, facilities provision and lease period.
An e-Negotiation plan can be formulated based on the relationships across variables.
The plan presents a strategy to drive and organize various tasks in an e-Negotiation.
Multiple offers and counter offers are made in a task until a consensus has been
reached.

A task in an e-Negotiation represents some work that needs to be executed by a set
of parties that can be a negotiator, or even a program such as Negotiation Support
Systems (NSS) to resolve a specific issue. Further, there may be a set of criteria to be
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enforced in the set of tasks. There are three types of criteria [1], which can be classi-
fied into three classes: static, dynamic and hybrid. Static criteria can be checked by
simply considering the e-Negotiation of contracts specification. For example, the
landlord can set criteria to seek potential tenants who don�t have pets. Dynamic crite-
ria are those whose conformance cannot be checked without executing the e-
Negotiation of contracts. For example, the landlord can set a time limit (e.g., a month)
for seeking the potential tenants. Hybrid criteria can be checked during the specifica-
tion of an e-Negotiation of contracts or the execution of an e-Negotiation of contracts
or the execution. If they are found to be inconsistent by performing preliminary con-
sistency verification, they will certainly not be satisfied by the execution.

5.2 e-Negotiation Process Model

select e-Contract
template

derive variable
relations

define issues 
and criteria

for each
collection
of co-related
issue

make offers &
counter offers

validate
consistency

formulate
plan

organize tasks

all issues
have been
mapped

[consistent]
[inconsistent]

creation of
e-Contract

[reach consensus
on all variables]

[quit]

Fig. 7. Interactions of e-Negotiation Process in UML Activity Diagram

Fig. 7 depicts our e-Negotiation process in the notation of UML activity diagram. This
negotiation process is driven by our meta-model for e-contract templates as described
in previous sections. Both parties have to participate each constituting activity of the
process. When an e-Negotiation process is started, it triggers two parallel activities.
One activity is to identify issues and define the criteria to be adopted in the e-
Negotiation process. For instance, the landlord may set criteria on the minimum rent
such as $18,000 and on the minimum lease period such as one year. The other activity
is to select an appropriate e-Contract template in the domain of the e-business under
negotiation.

Then, the set of issues identified is mapped to the template variables and their inter-
relationships in the e-contract template. Auxiliary variables are introduced to structure
the e-Negotiation process if necessary. The specified relationships are validated
against the required properties. For instance, no two variables in the precede relation
are related commutatively. From the inter-relationships of the variables, a negotiation
plan is derived based on the algorithms discussed in Section 4. In real-life, the formu-
lation of a negotiation plan may involve several iterations before attaining the consen-
sus of all parties. This reflects the inter-relationships among the variables may not
often be captured precisely in one-shot. e-Negotiation tasks can be organized based on



60      S.C. Cheung et al.

an agreed plan. Offers and counter offers are made in each task in order to attain a set
of agreed values for the variables involved. Finally, the e-Negotiation process either
leads to a success creation of an e-Contract if all tasks succeed; otherwise leads to
nothing.

Note that in the task �formulate plan�, we construct a detailed workflow to realize
the activity �make offers and counter offers.� Fig. 8 depicts the actual constructed
detail activity for our lease negotiation example. The flow reflects the organization of
e-Negotiation tasks derived from the plan as shown in Fig. 5.

Negotiate: 
management 
fee inclusion,

additional fee1

Negotiate: 
facilities provision,

lease period, 
basic rent

Negotiate: 
start date, 

additional fee1

Computes
deposit

Negotiate: number 
of months

Compute rent

Fig 8. The Task Make Offers and Counter Offers for Lease Negotiation in UML

5.3 Facilitating the e-Negotiating Process with E-ADOME WFMS

We have extended a flexible, web-enabled workflow management system (WFMS),
ADOME-WFMS [5][6], into E-ADOME [4] to provide support for specifying, exe-
cuting and monitoring composite E-services. In particular, we strengthen the external
interface layer to interact with different types of agents over the Internet more effec-
tively. The most recently update is the employment of Web service [7] support to
replace a traditional web-server.

The E-ADOME Agent Internet Interface Layer allows the ADOME-WFMS to in-
teract with agents through the Internet. It supports effective management of agents;
cooperative exception handling, user-driven computer supported resolution of unex-
pected exceptions, and workflow evolution with the following components. Internet
Message Sender sends alerts to users and agents via ICQ or E-mail. This module also
sends out requests to other software agents using a compatible API. Internet Event
Interceptor receives responses or alerts from software agents through a compatible
API and translates them to ADOME events (which include exceptions). Note that the
agents may be internal or external to the organization and may be another WFMS.
Furthermore, an Access Security Layer is also added to handle external communica-
tions.

In this section, we have presented a novel model of e-Negotiation of contracts
based on e-contract templates, and a practical e-Negotiation process based on template
variable dependencies. Furthermore, facilitated by E-ADOME WFMS, a prototype e-
Negotiation system can be built rapidly, supporting the cross-organizational process
via contemporary Internet technologies. With such a solid and convenient platform,
we are prototyping an e-Negotiation system based on the techniques developed in this
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paper. In particular, we are using the lease contract template as our primary test appli-
cation.

6 Related Work

Modeling of e-contracts can be dated back to the Contract Net Protocol [28]. How-
ever, they only concentrated on low-level transaction aspects. Gisler [11] presented a
framework for legal e-contracts, but not a mechanism for modeling e-contracts. Grosof
[14] introduced a declarative approach to business rules in e-commerce contracts by
combining Courteous Logic Program and XML. Marjanovic and Milosevic [23] gave
a contract model based on contract clauses include obligation, permission and prohi-
bition. Recently, Karlaplem [20] proposed a meta-model for e-contracts with E-R
diagrams and generation of workflows to support e-contracts, but do not consider the
notion of workflow views or commitments in e-contracts. We have also done some
work [4] on e-Contract enactment but not on contract negotiation.

Crossflow [13] models virtual enterprises based on a service provider-consumer
paradigm, in which organizations (service consumers) can delegate tasks in their
workflows to other organizations (service providers). High-level support is obtained
by abstracting services and offering advanced cooperation support. Virtual organiza-
tions are dynamically formed by contract-based matchmaking between service provid-
ers and consumers. Though Crossflow includes detailed work for contracts, it does not
provide such a sophisticated mechanism as workflow views for information and con-
trol exchange between workflows of different organizations. Contract enforcement is
also not as straightforward as that provided by E-ADOME workflow views equipped
ECA-rules mechanisms based on cross-organizational events.

Computer applications were first employed for negotiation support in the 1960s. In
the 1980s, computer-based Negotiation Support Systems (NSS) emerged, and they
were typically used for training and research in a laboratory environment but rarely
used in practice [8]. In general, NSS have the following basic features [19]: (1) a
formalism to describe the negotiation activity in terms of choices and outcomes, (2) a
way to generally characterize the associated outcome probabilities, and (3) a method-
ology for processing the model to evaluate the expected value of choice alternatives.
NSS normally assist negotiators to assess situations, generate and evaluate options,
and implement decisions.

However, most of NSS do not consider the generation of contracts as an outcome
of negotiation process, as illustrated in the following examples. NEGOTIATOR [3]
seeks to guide negotiators to move their individual goals and judgments to enhance the
chance of achieving a common solution. It supports problem adaptation through in-
formation sharing, concession making, and problem restructuring or re-framing. How-
ever, NEGOTIATOR only helps the negotiators make decisions without any support
to other entities involved in negotiation. Further, NEGOTIATOR does not consider
contracts as an outcome of negotiation process. INSPIRE (InterNeg Support Program
for Intercultural Research) [21] is a web-based prototype for supporting inter-cultural
as well as intra-cultural negotiations. It can conduct negotiation anonymously, evalu-
ate the goodness of an offer, and review the history of a negotiation. INSPIRE sup-
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ports the communication among negotiators by exchanging messages, but it does not
directly deal with the interactions among different entities. Further, it does not con-
sider how to handle the outcome of negotiations.

In addition, Griffel [12] presents an application of contract negotiation by mobile
agents. A contract is represented as an object that can be accessed by the negotiation
partners. Each negotiation partner has the opportunity to change or insert clauses.
However, it does not describe any formal logical model to support their approach. It
only provides a conceptual view of their approach. Further, a logical formalism [31] is
proposed to represent the content of business contracts based on the Formal Language
for Business Communication (FLBC). This formalism is proposed to negotiate and
process contracts based on the event semantics. However, it does not provide any
conceptual and logical model to model the negotiation of contracts. Yu and Mylo-
poulus [33] considers dependencies of business goals but not down to practical details
of variable dependencies of contract negotiation.

7 Conclusion and Future Work

In this paper, motivated by a lease contract template example, we have proposed a
pragmatic approach to e-Negotiation based on e-Contract templates. This research has
developed a meta-model for e-Contracts and e-Contract templates. Furthermore, we
have discovered different types of relations, such as partial order and indivisibility,
among template variables. Based on these relations, we have presented an algorithm to
determine a negotiation plan that facilitates collaborative negotiation processes. From
the negotiation plan, we developed a practical model of e-Negotiation of contracts
based on workflow technology. We are currently facilitating this e-Negotiating proc-
ess with E-ADOME WFMS. As such, the process of contract e-Negotiation can be
streamlined.

This work can be expanded in several directions. We are investigating the one-to-
many (more than two parties at one time) negotiation of contract. We are also inter-
ested in the role of negotiation mediators (especially real-estate brokers and agents),
and how our current solution can help them, because this is a large business in Hong
Kong. For applications, we are also interested in sales contracts of real estates, supply
chain and investment. In addition, we are investigating the ranking of different types
of issues and criteria [2] for logrolling issues.
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Abstract. As pointed out in the pioneering work of [WSW99,EW01],
an upper level ontology allows to evaluate the ontological correctness of
a conceptual model and to develop guidelines how the constructs of a
conceptual modeling language should be used. In this paper we adopt
the General Ontological Language (GOL), proposed in [DHHS01], for
this purpose. We discuss a number of issues that arise when applying
the concepts of GOL to UML class diagrams as a conceptual modeling
language. We also compare our ontological analysis of some parts of the
UML with the one proposed in [EW01].

1 Introduction

Conceptual modeling is concerned with identifying, analyzing and describing the
essential concepts and constraints of a domain with the help of a (diagrammatic)
modeling language that is based on a small set of basic meta-concepts (forming
a metamodel). Ontological modeling, on the other hand, is concerned with cap-
turing the relevant entities of a domain in an ontology of that domain using an
ontology specification language that is based on a small set of basic, domain-
independent ontological categories (forming an upper-level ontology). While con-
ceptual modeling languages (such as Entity-Relationship diagrams or UML class
diagrams)are evaluated on the basis of their successful use in (the early phases
of) information systems development, ontology specification languages and their
underlying upper level ontologies have to be rooted in principled philosophical
theories about what kinds of things exist and what are their basic relationships
with each other.

We adopt the position that conceptual modeling languages should be founded
on an upper-level ontology referring to reality in a philosophically justified way.

S. Spaccapietra, S.T. March, and Y. Kambayashi (Eds.): ER 2002, LNCS 2503, pp. 65-78, 2002. 
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Frequently, the goal of conceptual modelers is not to capture the real structure of
some domain but merely to capture some conceptualization of it. It is, however,
well-known that not all conceptualizations of a domain are equally suitable. The
choice of an adequate upper-level ontology is crucial for achieving an adequate
conceptualization. We adopt the General Ontological Language (GOL), proposed
in [DHHS01], for this purpose. The upper level ontology of GOL is under devel-
opment at the Institute for Formal Ontology and Medical Information Science
at the University of Leipzig, Germany (http://www.ifomis.uni-leipzig.de). The
project is a collaboration between philosophers, linguists and other cognitive
scientists and computer and information scientists.

that form the basis of conceptual modeling, summarizing [DHHS01] and adapting
it for this purpose. In section 3, we briefly discuss a number of UML’s class mod-
eling concepts: object class, datatype, powertype, abstract class, and association
from an ontological point of view. In section 4, we discuss the Bunge-Wand-
Weber (BWW) Ontology, an important line of research that is closely related to
ours. Finally, in section 5, we briefly mention some other important work.

2

The basic elements of the upper level ontology of GOL5 can be visually described
by means of the UML class diagram shown in Figure 1.

2.1 Urelements and Sets

One of the basic distinctions of GOL is the distinction between urelements and
sets. We assume the existence of both urelements and sets in the world and
presuppose that both the impure sets and the pure sets constructed over the
urelements belong to the world. This implies, in particular, that the world is
closed under all set-theoretical constructions.

Urelements are entities which are not sets. They form an ultimative layer
of entities without any set-theoretical structure in their build-up. Neither the
membership relation nor the subset relation can unfold the internal structure
of urelements. In GOL, urelements are classified into two main categories: in-
dividuals and universals. There is no urelement being both an individual and a
universal. This is expressed in GOL by the following axioms:

(U1) ∀x(Ur(x)↔ Ind(x) ∨ Univ(x))
(U2) ¬∃x(Ind(x) ∧ Univ(x))

2.2 Individuals

Individuals may be substances, moments, processes, chronoids, or topoids. The
pre-cognitive part of the GOL ontology, that is being developed at the Insti-
tute for Formal Ontology and Medical Information Science at the University of
5 Also called General Formal Ontology (GFO) in [DHH02].

Basic Elements of the Upper Level Ontology of GOL

In section 2, we present an introduction to those parts of the GOL ontology
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Individual Universal

Chronoid Topoid Substance Moment

Extension
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Entity

*
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isMemberOf

1..* 1..*

bears

1..*

0..1

isInstanceOf

{disjoint, complete}

{disjoint, complete}

{disjoint}

Fig. 1. A UML class diagram describing the basic concepts of GOL.

Leipzig, is called Basic Formal Ontology (BFO). In BFO, a distinction is made
between 3D-individuals and 4D-individuals. 3D-individuals are wholly present at
every time at which they exist; they have no temporal parts. 4D-individuals are
extended in space as well as in time: they have temporal parts. Examples of 3D-
individuals are substances, qualities, forms, roles, and functions. 4D-individuals
include processes, aggregates of processes, and temporal boundaries of processes,
which are also called Ingarden’s events [Ing64].

Substances and Moments A substance is that which can exist by itself;
this implies that a substance is existentially independent from other individuals.
Existential independence was introduced by E. Husserl: An individual A is exis-
tentially independent from an individual B if and only if it is logically possible
for A to exist even if B does not exists.

Typical examples of substances are: an individual person, a house, the moon,
a car. Every substance is founded on matter. Substances come into existence
because the matter is formed in various ways which give rise to pieces separated
off in more or less stable ways from their surroundings and possessing qualities
of different sorts.

A moment is an individual which can only exist in other individuals (in the
way in which, for example, an electrical charge can exist only in some conduc-
tor). Typical examples of moments are: a color, a connection, a purchase order.
Moments have in common that they are all dependent on substances. Some mo-
ments are one-place qualities, for example color or temperature. But there are
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also relational moments – for example flight connections or purchase orders –
which depend on several substances.

The inherence relation i glues moments to the substances which are their
bearers. For example it glues your hair color to your hair, or the charge in a
specific conductor to the conductor itself. Substances must bear moments, and
moments must inhere in substances. This is axiomatically expressed as follows:

(SM1) Subst(x)→ ∃y(Mom(y) ∧ i(y, x))
(SM2) ∀x(Mom(x)→ ∃y(Subst(y) ∧ i(x, y))

GOL adopts the non-migration principle: it is not possible that a quality q
inheres in two different substances a and b:

i(q, a) ∧ i(q, b)⇒ a = b

This implies that the inherence relation i is functional.

Chronoids and Topoids Chronoids and topoids are instances of the universals
Time and Space, respectively. Chronoids can be understood as temporal dura-
tions, and topoids as spatial regions having a certain mereotopological structure.

Every substance x has a certain maximal temporal extent, a chronoid which
we denote by lifetime(x). The substance x exists during lifetime(x). Also, ev-
ery moment m inhering in x has a lifetime, which is such that lifetime(m)
≤ lifetime(x). Moreover, if n is a relational moment connecting substances
x1, . . . , xk, then lifetime(n) ≤ lifetime(xi), i ≤ k.

2.3 Universals

A universal is an entity that can be instantiated by a number of different indi-
viduals which are similar in some respect. Following Aristotle, we assume that
the universals exist in the individuals (in re) but not independently from them.
Therefore any universal, in order to exist, must possess instances, implying that
the poetic concept Unicorn does not correspond to a universal.

For every universal U there is a set Ext(U), called its extension, containing
all instances of U as elements. It is, however, not the case that every set is the
extension of a universal (there is no such axiom in GOL).

There are two kinds of universals that are of particular interest: quality uni-
versals, such as Color and Weight, and relational universals, such as Flight-
Connection (‘. . . is connected with . . . ’) or Purchase (‘. . . purchases . . . from
. . . ’).

Every universal has an intension which, in GOL, is captured by means of
an axiomatic specification, i.e., a set of axioms that may involve a number of
other universals representing its essential features. A particular form of such a
specification of a universal U , called elementary specification, involves a number
of universals U1, . . . , Un and corresponding functional relations R1, . . . , Rn which

68 Giancarlo Guizzardi  et al.



attach instances from the Ui to instances of U , expressed by the following axiom:

∀a(a :: U → ∃e1 . . .∃en

∧

i≤n

(ei :: Ui ∧Ri(a, ei)))

The universals U1, . . . , Un used in an elementary specification are called features.
A special case of an elementary specification is a quality specification where
U1, . . . , Un are quality universals, the attachment relations Rk correspond to the
inherence relation i, and the instances of U are substances.

Humans, as cognitive subjects, grasp universals by means of concepts that
are in their head and cannot capture the universals completely, but only as ap-
proximate views. We emphasize that universals whose instances are pre-cognitive
individuals belong to the real world and are themselves independent from cogni-
tion. Concepts, on the other hand, are cognitive entities that refer to universals.

Meta-Universals of Finite Order Ordinary universals are universals of first
order and the instances of universals of (n+1)-th order are univerals of n-th
order. Instantiation relations of n-th order are denoted by ::n, and the relation
::1 is also notated as ::. Since no universal is a set, it follows that all universals
(of whatever order) are urelements.

2.4 Relations and Relational Universals

Relations are entities which glue together other entities. Without relations the
world would fall into many isolated pieces. Every relation has a number of relata
or arguments which are connected or related by it. The number of a relation’s
arguments is called its arity. Relations can be classified according to the types of
their relata. There are relations between sets, between individuals, and between
universals, but there are also cross-categorical relations for example between
urelements and sets or between sets and universals.

We divide relations into two broad categories, called material and formal,
respectively. The relata of a material relation are mediated by individuals which
are called relators. Relators are individuals with the power of connecting entities;
a FlightConnection, for example, is a relator that connects airports.

A formal relation is a relation which holds between two or more entities di-
rectly – without any further intervening individual. Examples of formal relations
are: 5 isGreaterThan 3, this day isPartOf this month, N isSubsetOf Q.

Holding Relation and Facts One important formal relation is called the
holding relation. If r is a relator connecting the entities a1, . . . , an, n ≥ 1, then
we say that r, a1, . . . , an (in this order) stand to each other in the holding relation,
symbolically h(r, a1, . . . , an).

The fact that h holds directly suffices to block the obvious regress which
would arise if a new material relation were needed to tie h to r, a1, . . . , an, and
so on. Holding holds directly.
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If r connects (holds of) the entities a1, . . . , an, then this yields a new individ-
ual which is denoted by 〈r : a1, . . . , an〉. Individuals of this latter sort are called
material facts.

An example of a binary relator is the flight connection c3427 between Berlin
and Paris. c3427, Berlin, Paris stand in the holding relation, symbolically ex-
pressed by h(c3427,Berlin,Paris), or by the fact 〈c3427 : Berlin,Paris〉. An ex-
ample of a unary relator is an individual quality q which inheres in a substance
s. We can express this by i(q, s), or by h(q, s), or by the fact 〈q : s〉.

A material fact 〈r : a1, . . . , an〉 has a duration, which depends on the lifetime
of the relator r. We write 〈r : a1, . . . , an; t〉 if t is a chronoid which is a part of
the lifetime of r, i.e. this fact exists at least during the chronoid t.

Relators of Finite Order Relators can be classified with respect to their
order. A relator is said to be of first order if it connects substances exclusively.
Examples of first-order relators are those relational moments – for example flight
connections or purchases – whose arguments are substances. A relator is of (n+
1)th order if the highest order of relators it conncects is equal to n.

For example, if John makes a reservation for a rental car, then there is an
individual reservation r relating John and the car rental company. Clearly, r is a
first order relator. There is another relator, say assignment, connecting a specific
car to the reservation r. Then, this assignment relator is of second order.

Relator Universals A relator universal is a universal whose instances are rela-
tors. For every relator universal R there exists a set of facts, denoted by facts(R),
which is defined by the instances of R and their corresponding arguments. We
assume the axiom that for every relator universal R there exists a factual uni-
versal F = F (R) whose extension equals the set facts(R). Take, for example, the
relator universal Conn whose instances are individual flight connections. Then
we may form a factual universal F (Conn) having the meaning ‘An airport X is
connected to an airport Y’ whose instances are all facts of the form 〈c : a, b〉,
where c is an individual connection and a, b are individual airports.

Formal Relations A formal relation is a relation which holds between two
or more entities directly – without any further intervening individual. A formal
relation may be either an extensional relation (i.e. a set) or it may be given
by a relation universal (having an intension and an extension). If R is a formal
relation and [a, b] : R then 〈R : a, b〉 is called a formal fact.

Extensional Relations Extensional relations are sets (or set-theoretical classes)
of lists. Obviously, every extensional relation is formal. We assume the axiom
that for every relation universal R there is a set-theoretical class Ext(R) be-
ing the extension of R. An extensional relation can be the extension of many
different relation universals.

70 Giancarlo Guizzardi  et al.



2.5 Basic Ontological Relations

We can distinguish a number of basic ontological relations which form an impor-
tant part of the upper level ontology of GOL. The first and most familiar one is
set-theoretic membership, denoted by ∈. Further basic relations include:
– the proper and reflexive part-of relations, denoted by < and ≤
– the contextual part-of relation, denoted by <U , where the universal U de-

notes the context
– the holding relation h
– the inherence relation, denoted by i
– the instantiation relation, denoted by ::

We discuss some of these basic ontological relations in more detail.

Part-Whole Relation There are many different part-whole relations between
individuals. They can be classified by means of the axioms they satisfy. All part-
whole relations are asymmetric and transitive. In addition to formal part-whole
relations, there are also material part-whole relations.

Part-whole relations may be either proper (denoted by <) or reflexive (de-
noted by ≤). We use the following definitions:

overlap ov(x, y) =df ∃z(z ≤ x ∧ z ≤ y)
reflexive part-whole x ≤ y =df x = y ∨ x < y

A proper part-whole relation < is a strict partial order, that is, it satisfies the
following axioms:

irreflexivity ¬x < x
asymmetry x < y → ¬y < x
transitivity x < y ∧ y < z → x < z

In addition, it may satisfy some of the following axioms:

weak supplementation x < y → ∃z(z ≤ y ∧ ¬ov(z, x))
supplementation ¬x ≤ y → ∃z(z ≤ x ∧ ¬ov(z, y))
exclusivity (z < x ∧ z < y)→ (x ≤ y ∨ y ≤ x)

Contextual Part-Whole Relation The contextual part-whole relation x <U

y has the meaning: “U is a universal and x is a part of y in the context of U”.
Briefly, if x is a U -part of y in this sense, then x and y are parts of instances of
U and x ≤ y. But more is involved, since again the notions of granularity and
point of view are an issue. We propose the following axiom: for every universal U
there are universals U1, . . . , Un such that x <U y implies that x, y are instances
of one of the Ui and every instance of one of the Ui is part of an instance of U .

Consider the following example, taken from the domain of biology. Let T be
the biological universal whose instances are those organisms called trees. Then
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x <T y describes the part-whole relation based on the granularity of the context
of whole trees. A biologist is interested in describing the structure of trees only
in terms of parts of a certain minimal size. She is not interested in atoms or
molecules. There is a finite number of universals {U1, . . . , Un} by which the
biologically relevant parts of trees are demarcated. All such parts of trees are
either instances of some Ui, 1 ≤ i ≤ n, or they can be decomposed into a finite
number of parts, each of which satisfies this condition. Examples of universals
Ui within the granularity of the tree context would be branch of a tree, leaf of a
tree, trunk of a tree, root of a tree, and so on.

We have the following axioms:

(CPW1) ∀xyU(x <U y → Univ(U) ∧ x < y)
(CPW2) ∀xyzU(x <U y ∧ y <U z →< x <U z)

3 Ontological Foundations of the UML

In the sequel, we refer to the OMG UML Specification 1.4, when we cite text in
italics using page references in the form of [p.2-31].

For simplicity, we simply say conceptual model when we mean a conceptual
model of a domain in the form of a UML class model. Whenever the context
is clear, we omit the name space prefix and simply say ‘universal’, ‘class’, etc.,
instead of ‘GOL:universal’, ‘UML:class’, etc.

3.1 Classes and Objects

In the UML, “an object represents a particular instance of a class. It has identity
and attribute values.” While in the UML objects are instances of classes, individ-
uals are instances of universals in GOL. The relationship between UML:classes
and GOL:universals may be described by the following observation.

Observation 1 A class may represent a universal by representing its quality
specification (that captures its intension) in the form of a list of attributes, such
that each quality universal is represented by a distinct attribute (a function that
assigns a value from a value domain to an instance of the class). Since a function
is a set, this representation of a quality universal by an attribute is a reduction (or
approximation). While, according to the non-migration priciple, it is not possible
that the same quality inheres in two different substances, it is quite common that
two different instances of a class have the same attribute value

A “Class describes a set of Objects sharing a collection of Features, including
Operations, Attributes and Methods, that are common to the set of Objects.”
[p.2-26] “The model is concerned with describing the intension of the class, that
is, the rules that define it. The run-time execution provides its extension, that
is, its instances.” [p.3-35] Attributes come with associated data types. Since in
conceptual modeling, the behavior of objects is normally not taken into con-
sideration, we exclude the ‘operations’ and ‘methods’ of an object from our
discussion.
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We may observe a direct correspondence between universals and classes of a
certain kind, as stated in the following principles.

Principle 1 (Class) In a conceptual model, any first-order universal U of the
domain may be represented as a concrete class CU . Conversely, for all concrete
classes (of a conceptual model of the domain) whose instances are basic objects
or links (representing individuals), there must be a corresponding first-order uni-
versal in the domain.

Principle 2 (Attribute) Any feature of a universal U that is captured by a
quality universal in a quality specification for U may be represented by an at-
tribute of the corresponding class CU in a conceptual model of the domain.

In a conceptual model, any individual of the domain that is an instance of a
universal may be represented as an object (or link) of the class representing the
universal. Notice that classes are not sets: while the latter are defined only in
terms of their extension, the former are defined both in terms of their extension
and in terms of their intension. In general, two classes C1 and C2 with identical
extensions, Ext(C1) = Ext(C2), even if they have the same set of attributes, are
not equal, C1 �=C2.

3.2 DataType

“A data type is a type whose values have no identity; that is, they are pure values.
Data types include primitive built-in types (such as integer and string) as well
as definable enumeration types (such as the predefined enumeration type Boolean
whose literals are false and true).” [p.2-33]

Data types are sets. This means that two data types denoting the same set of
possible values are equal, by the extensionality axiom of set theory. For instance,
a C++ compiler may admit the data types ULONG and DWORD. Since both
types denote the set of positive 32-bit-expressible integers, they are identical:
ULONG = DWORD.

3.3 Powertype

“A Powertype is a user-defined metaelement whose instances are classes in the
model.” A powertype is a special class, designated with the stereotype ‘pow-
ertype’. It represents a higher-order universal of order n whose instances are
universals of order n−1. Unfortunately, the UML does not provide higher-order
‘isInstanceOf’ relationships.

3.4 Abstract Class

”Abstract constructs are not instantiable and are commonly used to reify key
constructs, share structure, and organize the UML metamodel. Concrete meta-
model constructs are instantiable and reflect the modeling constructs used by
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object modelers (cf. metamodelers). Abstract constructs defined in the Core in-
clude ModelElement, GeneralizableElement, and Classifier. Concrete constructs
specified in the Core include Class, Attribute, Operation, and Association.” [p.2-
12]

What is the status of abstract classes in an ontologically well-founded con-
ceptual model? It seems that an abstract class does not denote a universal but
rather a conceptual construction in the form of a hierarchy whose bottom ele-
ments denote universals.

3.5 Association

In the UML, the ER concept of a relationship type is called association. “An
association defines a semantic relationship between classifiers. The instances of
an association are a set of tuples relating instances of the classifiers. Each tuple
value may appear at most once.” [p. 2-19] “An instance of an Association is a
Link, which is a tuple of Instances drawn from the corresponding Classifiers.”
[p. 2-20]

The OMG UML Specification is somehow ambiguous in defining associations.
An association is primarily considered to be a ‘connection’, but, in certain cases
(whenever it has ‘class-like properties’), an association may be a class: “An
association class is an association that is also a class. It not only connects a set
of classifiers but also defines a set of features that belong to the relationship itself
and not any of the classifiers.” [p.2-21]

An association A between the classes C1, . . . , Cn of a conceptual model can
be understood in GOL as a relation R between the corresponding universals
U1, . . . , Un induced by the relational universal whose extension consists of all
relational moments corresponding to the links of A. Let φ(a1, . . . , an) denote a
condition on the individuals a1, . . . , an. Then

[a1, . . . , an] : RA(U1, . . . Un)←→
∧

i≤n

aj :: Ui ∧ φ(a1, . . . , an)

An association is called material if there is a relator universal F such that the
condition φ is obtained from F as follows:

φ(a1, . . . , an)←→ ∃k(k :: F ∧ h(k, a1, . . . , an))

An example of a ternary material association is purchFrom corresponding to
a relator universal Purchase whose instances are individual purchases. These
individual purchases connect three individuals: a person, say John, an individual
good, e.g. the book Speech Acts by Searle, and a shop, say Amazon. Thus,

[John,SpeechActsBySearle,Amazon] : RpurchFrom(Person,Good,Shop),

since John::Person, SpeechActsBySearle::Good and Amazon::Shop, and there is
a specific purchase event p::Purchase such that

h(p, John, SpeechActsBySearle, Amazon).
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We obtain the following definition for the triple [a1, a2, a3] being a link of the
association purchFrom between Person, Good and Shop:

[a1, a2, a3] : RpurchFrom(Person,Good,Shop)
←→ a1 :: Person ∧ a2 :: Good ∧ a3 :: Shop
∧ ∃p(p :: Purchase ∧ h(p, a1, a2, a3))

4 The Bunge-Wand-Weber (BWW) Ontology

The approach found in the literature that is closest to the one presented here
is the approach by Evermann and Wand [EW01] and Wand, Storey and Weber
[WSW99]. In these two articles, the authors report their results in mapping
common constructs of conceptual modeling to an upper level ontology. Their
approach is based on the BWW ontology, a framework created by Wand and
Weber on the basis of the original metaphysical theory developed by Mario
Bunge in [Bun77] and [Bun79].

In this section we will make a comparison between GOL and BWW in terms
of their theories and of their corresponding mapping approaches.

4.1 Things and Substances

The concepts of substance (in GOL) and of thing in BWW are both based on
the Aristotelian idea of substance, i.e.,

1. an essence which makes a thing what it is;
2. that which remains the same through changes;
3. that which can exist by itself, i.e., which does not need a ‘subject’ in order

to exist.

In BWW, a thing is defined as a substantial individual with all its substantial
properties: “a thing is what is the totality of its substantial properties”[Bun77].
As a consequence, in BWW, there are no bare individuals, i.e., things without
properties: a thing has one or more substantial properties, even if we, as cogni-
tive subjects, are not or cannot be aware of them. Humans get in contact with
the properties of things exclusively via the thing’s attributes, i.e. via a chosen
representational view of its properties.

A thing in BWW can be directly mapped to the concept of substance in GOL.
The axiom (SM1) dictates that a GOL:substance has a non-empty appearance,
i.e. every substance bears at least one moment. As it will be explained in the
next section, qualities and relational moments in GOL are equivalent to the
concepts of intrinsic and mutual properties in BWW, respectively. Not only the
two theories confirm each other regarding this issue but the mapping directive
presented in this paper also conforms to the BWW-to-UML mapping presented
in [EW01].
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4.2 Properties and Moments

In BWW, a thing has necessarily at least one property. Likewise, a property ex-
ists only in connection with things. A property whose existence depends only on
a single thing is called an intrinsic property (e.g. the height of a person). A prop-
erty that depends on two or more things is called a mutual property (e.g. being a
student is a mutual property between a person and an educational institution).
In BWW, only things possess properties. As a consequence, a property cannot
have properties. This dictum leads to the following modeling principle: “Associ-
ations should not be modeled as classes”, (Rule 7) in [EW01]. Contrary to this
principle, GOL allows associations, representing relational universals, to have
attributes and to participate in second or higher-order associations. Thus, while
the BWW approach prohibits to use association classes in conceptual modeling,
they are allowed in GOL.

There is an important distinction between the properties possessed by a thing
and the representations of these properties by means of attributes. Attributes
are characteristics assigned to things according to human perception or concep-
tualization. Attributes are state functions that provide a mapping from a thing
to ‘co-domains’ whose members can be substantial (attributes representing mu-
tual properties) or conceptual (attributes representing intrinsic properties). In
other words attribute functions are used to represent both, intrinsic and mutual
properties.

The strong distinction between properties and their representations helps
clarifying a common misinterpretation of what a mutual property means. When
we say, for example, that “John and Mary are married to each other”, we ac-
knowledge the existence of “being married to each other” as a mutual property
of John and Mary. At first glance, one could find it counterintuitive to classify
this as a mutual property since “being married to Mary” would be the property
of John while “being married to John” would be the property of Mary. However,
one should notice that we can only get in contact with properties of things via
their attributes. Thus, “being married to Mary” is actually an attribute func-
tion that represents this mutual property from John’s point of view, and not a
property.

Again the concepts of BWW-property and GOL-moment can directly be
related. Like a property, a moment can only exist if it inheres in an individual
substance (axiom SM2). Moments are bound to their associated substances via
the inherence relation. This relation can only link moments to substances, i.e.
like a property, a moment cannot have moments.

Substances come into existence because matter is formed in specific ways
possessing qualities of different sorts. Based on this, we can say that substances
have qualities independently of our perception or consideration of these qualities.
However, we can only reason about these qualities through their representations
as moments. Thus, we can conclude that qualities and relational moments in
GOL are, actually, the equivalent of BWW intrinsic and mutual properties,
respectively.
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In [EW01], it is also proposed that attribute functions representing BWW
intrinsic and mutual properties are represented as attributes and associations in
UML, respectively.

So, some BWW concepts have a direct counterpart in GOL:

BWW concept GOL concept
substantial thing substance
intrinsic property quality
mutual property relational moment

4.3 Natural Kinds and Universals

In BWW, the definition of a class is based on the notion of the scope of a
property. A scope S of a property p is a function assigning to each property that
exists in a domain a set of things from that domain, i.e., S(p) is the set of things
in the domain that possess property p. A class is then defined as the scope of a
property.

If we have a non-empty set P of properties, the intersection of the scopes of
all members of P is called a kind. Finally, a kind whose properties satisfy certain
‘laws’ (in the sense of integrity constraints) is called a natural kind.

In [EW01], a set of attributes (defined as state functions) that describe things
with common properties is called a functional schema. A UML-class cannot be
mapped to any of the BWW concepts class, kind or natural kind, because the
latter are defined extensionally (as special sets), while the former is defined
intensionally and has an extension at run-time. Evermann and Wand therefore
propose that “a UML-class is equivalent to a functional schema” of a natural
kind.

While in the BWW ontology, the part-whole relation may only hold between
substances (‘a composite thing consists of other things’), it holds more generally
between individuals in GOL. For example, processes can have temporal parts,
such as the lifecycle of a product may consist of a design, a production and a
maintenance phase.

5 Other Related Work

For a comparison between GOL and other upper-level ontologies, such as the
IEEE Standard Upper Ontology, the reader is referred to [DHHS01].

The ONTOCLEAN methodology proposed in [GW02] proposes a number
of tests for identifying ill-defined generalization relationships. It is based on a
formal ontological framework derived from philosophical ontology the authors
have previously presented in a number of papers. The goals of ONTOCLEAN
are similar to those of GOL: the process of building ontologies to be used for
information systems engineering must become a rigorous engineering discipline
based on scientific principles.
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6 Conclusions

This paper is only a first step in the attempt to use the General Ontological
Language (GOL) and its underlying upper level ontology to evaluate the onto-
logical correctness of UML as a conceptual modeling language, and to develop
guidelines that assign well-defined ontological semantics to UML constructs. One
important issue for future work is the correct treatment of UML’s aggregation
concept on the basis of a suitable formalization of the part-whole relation.
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Abstract. Recently, the interest in the use of ontologies — which can be seen
as formal representations of conceptual models — has increased because of the
excitement about the vision of a “Semantic Web”. When ontologies are used on
the web, the distributed and dynamic nature of it requires advanced support for
change management. This paper discusses the working of OntoView, a web-based
change management system for ontologies. OntoView provides a transparent in-
terface to different versions of ontologies, by maintaining not only the transfor-
mations between them, but also the conceptual relation between concepts in dif-
ferent versions. It uses several rules to find changes in ontologies and it visualizes
them — and some of their possible consequences — in the file representations.
The user is able to specify the conceptual implication of the differences, which
allows the interoperability of data that is described by the ontologies. This pa-
per briefly describes the system and presents the mechanism that we used to find
and classify changes in RDFS / DAML ontologies. It also shows how users can
specify the conceptual implication of changes to help interoperability.

1

Ontologies are specifications of a formal and common understanding of a domain,
which try to reduce the gap between the way in which humans and machines handle
information. They are developed for knowledge sharing and reuse (see [8]). In the last
few years, there has been a lot of interest in ontologies. The current excitement about
the vision of a Semantic Web [4] form an additional stimulant for the interest in ontolo-
gies. In this vision, ontologies have a role in defining and relating concepts that are used
to describe data on the web. The Semantic Web is the idea of having data on the Web
defined and linked in a way that it can be used for more effective discovery, automation,
integration, and reuse across various applications3.

The distributed and dynamic character of the web emphasizes a specific issue of on-
tology research: the evolution and versioning of ontologies. Ontologies are often devel-
oped by several persons and continue to evolve over time. Moreover, domain changes,
adaptations to different tasks, or changes in the conceptualization might cause modifi-
cations of the ontology. This will likely cause incompatibilities in the applications and
ontologies that refer to them, and will give wrong interpretations to data or make data
inaccessible [9].

3 http://www.w3.org/2001/sw/Activity
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To handle ontology changes, a change management system is needed that keeps
track of changes and versions of ontologies. Moreover, it is necessary to maintain the
links between the versions and variants that specify the relations and updates between
the versions. These links can be used to re-interpret data and knowledge under different
versions. The ontologies and their relations together form a web of ontologies. The
specification of these links is thus very important.

In this paper, we present a web-based system that supports the user in specifying
the conceptual relation between version of concepts. The system, called OntoView, also
maintains those links, together with the transformations between them. It use them to
provide a transparent interface to different versions of ontologies, both at a specification
level as at a conceptual level. It can also export the differences between versions as
separate “mapping ontologies”, which can be used as adapters for the re-interpretation
of data and other ontologies.

The system could be used in a scenario where ontologies are used to describe data
on the internet. Users can copy and adapt ontologies of others, e.g. to fulfil their spe-
cific needs. After a specific user changed the ontology off-line, he can use the system to
compare the new version of the ontology with the old one and characterize the concep-
tual implications of changes. The system then exports the conceptual relations between
the concepts in the different versions together with meta-data. This exported mapping
ontology can be used to translate or to reinterpret instance data or other ontologies au-
tomatically.

Most of the ideas underlying the system are not depending on a specific ontology
language. However, the implementation of specific parts of the system will be depen-
dent on the used ontology language, for example the mechanism to detect changes.
Throughout this article, we will use DAML+OIL4 [6,7] and RDF Schema (RDFS) [5]
as ontology languages. These two languages are widely considered as basis for future
ontology languages for the Web.

The rest of the paper is organized as follows. In the next section, we discuss some
issues about update relations between ontologies. In section 3, we give a brief overview
of the versioning system and describe its the main functions. Section 4 describes the
main feature of the system: comparing ontologies. In that section, we explain the mech-
anism we used to find changes in RDF-based ontologies and present some of the rules
that we used to encode change types. Finally, we conclude the paper in section 5.

2

There are two important things to discuss when considering an update relation. First,
this is the difference between update relations and conceptual relations inside an ontol-
ogy.

Ontologies usually consist of a set of class (or concept) definitions, property defi-
nitions and axioms about them. The classes, properties and axioms are related to each
other and together form a model of a part of the world. We call these relations concep-
tual relations inside the domain of interest. A change constitutes a new version of the

4 Available from http://www.daml.org/language/
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ontology and defines an orthogonal update relation between the original version of the
ontology and the new version. This update relation between two ontologies also entails
update relations between concepts and properties in the old version and those in the
new version. These implied update relations are depicted in Figure 1.

Fig. 1. An update relation (thick arrow) and the implied conceptual relations (dashed
arrows) between classes in two version of an ontology.

The update relations between two versions of a concept, e.g. between class A1.0

and class A2.0, are more than pure conceptual relation in the domain of interest. The
update relation also describes meta-information about the change of the concept. We
can distinguish the following properties of an update relation:

– transformation or actual change: a specification of what has actually changed
in an ontological definition, specified by a set of change operations (cf. [1]), e.g.,
change of a restriction on a property, addition of a class, removal of a property, etc.;

– conceptual relation: the logical relation between constructs in the two versions
of the ontology, e.g., specified by equivalence relations, subsumption relations, or
logical rules;

– descriptive meta-data like date, author, and intention of the update: this describes
the when, who and why of the change;

– valid context: a description of the context in which the update is valid. In its sim-
plest form, this might consist of the date when the change is valid in the real world,
conform to valid date in temporal databases [12] (in this terminology, the “date” in
the descriptive meta-data is called transaction date). More extensive descriptions
of the context, in various degrees of formality, are also possible.

A well-designed ontology change specification mechanism should take all these char-
acteristics into account.

Another issue to discuss about ontology updates is the possible discrepancy between
changes in the specification and changes the conceptualization. We have seen that a on-
tology is a specification of a conceptualization. The actual specification of concepts and
properties is thus a specific representation of the conceptualization: the same concepts
could also have been specified differently. Hence, a change in the specification does
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not necessarily coincide with a change in the conceptualization [9], and changes in the
specification of an ontology are not per definition ontological changes.

For example, there are changes in the definition of a concept which are not meant
to change the concept itself: attaching a slot “fuel-type” to a class “Car”. Both class-
definitions still refer to the same ontological concept, but in the second version it is
described more extensively. Theoretically, the other way around is also possible: a con-
cept could change without a change in its specification. However, this usually means
that the concept is badly modelled.

It is important to distinguish changes in ontologies that affect the conceptualization
from changes that don’t. In [13] the following terms are used:

– conceptual change: a change in the way a domain is interpreted (conceptualized),
which results in different ontological concepts or different relations between those
concepts;

– explication change: a change in the way the conceptualization is specified, without
changing the conceptualization itself.

A specific modification of an ontology cannot automatically be classified as belonging
to one of these categories, because it is basically a decision of the modeler. However,
heuristics can be applied to suggest the effects of changes. We will discuss that later on.

3

OntoView is a web-based system under development that provides support for the ver-
sioning of online ontologies, which might help to solve some of the problems of evolv-
ing ontologies on the web. Its main function is to help the a user to manage changes in
ontologies and keep ontology versions as much interoperable as possible. It does that
by comparing versions of ontologies and highlighting the differences. It then allows the
users to specify the conceptual relation between the different versions of concepts. This
function is described more extensively in the next section.

The system can also function as a storage system for version of ontologies, pro-
viding a transparent interface to arbitrary versions of ontologies. To achieve this, the
system maintains an internal specification of the relation between the different vari-
ants of ontologies, with the aspects that were defined in section 2: it keeps track of
the meta-data, the conceptual relations between constructs in the ontologies and the
transformations between them.

OntoView is inspired by the Concurrent Versioning System CVS, which is used
in software development to allow collaborative development of source code. The first
implementation is also based on CVS and its web-interface CVSWeb5. However, dur-
ing the ongoing development of the system, we are gradually shifting to a complete
new implementation that will be build on a solid storage system for ontologies, e.g.,
Sesame6.

Besides the ontology comparison feature, the system has the following functions:

5 Available from http://stud.fh-heilbronn.de/˜zeller/cgi/cvsweb.cgi/
6 A demo is available at http://sesame.aidministrator.nl
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– Reading changes and ontologies. OntoView will accept changes and ontologies
via several methods. Currently, ontologies can be read in as a whole, either by
providing a URL or by uploading them to the system. The user has to specify
whether the provided ontology is new or that it should be considered as an update
to an already known ontology. In the future, OntoView will also accept changes by
reading in transformations, mapping ontologies, and updates to individual defini-
tions. These update methods provides the system with different information than
the method described above. For that reason, this also requires an adaptation of the
process in which the user gives additional information.

– Identification. Identification of versions of ontologies is very important. Ontolo-
gies describe a consensual view on a part of the world and function as reference
for that specific conceptualization. Therefore, they should have a unique and sta-
ble identification. A human, agent or system that conforms to a specific ontology,
should be able to refer to it unambiguously.

– Analyzing effects of changes. Changes in ontologies do not only affect the data
and applications that use them, but they can also have unintended, unexpected and
unforeseeable consequences in the ontology itself [11].
OntoView provides some basic support for the analysis of these effects. First, on
request it can also highlight the places in the ontology where conceptually changed
concepts or properties are used. For example, if a property “hasChild” is changed, it
will highlight the definition of the class “Mother”, which uses the property “hasChild”.
In the future, this function should also exploit the transitivity of properties to show
the propagation of possible changes through the ontology.
Further, we expect to extend the system with a reasoner to automatically verify the
changes and the specified conceptual relations between versions. For example, we
could couple the system with FaCT [3] and exploit the Description Logic semantics
of DAML+OIL to check the consistency of the ontology and look for unexpected
implied relations.

– Exporting changes. The main advantage of storing the conceptual relations be-
tween versions of concepts and properties is the ability to use these relations for
the re-interpretation of data and other ontologies that use the changed ontology.
To facilitate this, OntoView can export differences between ontologies as separate
mapping ontologies, which can be used as adapters for data sources or other ontolo-
gies. They only provide a partial mapping, because not all changes can be specified
conceptually, e.g. complicated changes like splits of concepts, or deletions.

4

One of the central features of OntoView is the ability to compare ontologies at a struc-
tural level. The comparison function is inspired by UNIX diff, but the implementa-
tion is quite different. Standard diff compares file version at line-level, highlighting
the lines that textually differ in two versions. OntoView, in contrast, compares ver-
sion of ontologies at a structural level, showing which definitions of ontological con-

Comparing Ontologies
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Fig. 2. Comparing two ontologies

cepts or properties are changed. An example of such a comparison of two versions of a
DAML+OIL ontology is depicted in Figure 2.7

4.1

The comparison function distinguishes between the following types of change:

– Non-logical change, e.g. in a natural language description. In DAML+OIL, this
are changes in the rdfs:label of an concept or property, or in a comment inside a
definition. An example is the first highlighted change in Figure 2 (class “Animal’).

– Logical definition change. This is a change in the logical definition of a concept.
Examples of such changes are alterations of subClassOf, domain, or range state-
ments. Additions or deletions of local property restrictions in a class are also logical
changes. The second and third change in the figure is (class “Male” and property
“hasParent”) are examples of such changes. Note that there are also logical changes
that do not affect the semantics. However, we

– Identifier change. This is the case when a concept or property is given a new iden-
tifier, i.e. a renaming.

– Addition of definitions.
7 This example is based on fictive changes to the DAML example ontology, available from
http://www.daml.org/2001/03/daml+oil-ex.daml.
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– Deletion of definitions.

Each type of change is highlighted in a different color, and the actually changed lines
are printed in boldface.

Most of these changes can be detected completely automatically, except for the
identifier change, because this change is not distinguishable from a subsequent deletion
and addition of a simple definition. In this case, the system uses the location of the
definition in the file as a heuristic to determine whether it is an identifier change or not.

It is a deliberate choice not to show all changes, but only the ones which we think
that are of interest to the ontology modeler. This choice is explained in the next para-
graphs, together with the mechanism that we use to detect and classify changes. Exper-
imental validation should show whether this list of change types is sufficient.

4.2

There are two main problems with the detection of changes in ontologies. The first
problem is the abstraction level at which changes should be detected. Abstraction is
necessary to distinguish between changes in the representation that affect the meaning,
and those that don’t influence the meaning. It is often possible to represent the same
ontological definition in different ways. For example, in RDF Schema, there are several
ways to define a class:

<rdfs:Class rdf:ID="ExampleClass"/>

or:

<rdf:Description rdf:ID="ExampleClass">
<rdf:type rdf:resource="http://www.w3.org/2000/01/rdf-schema#Class"/>

</rdf:Description>

Both are valid ways to define a class and do not change the ontology. Thus, detecting
changes in the representation alone is not sufficient.

However abstracting too far is also a problem: considering the logical meaning only
is not enough. In [2] is shown that different sets of ontological definitions can yield the
same set of logical axioms. Although the logical meaning is not changed in such cases,
the ontology definitely is. Finding the right level of abstraction is thus important.

Second, even when we found the correct level of abstraction for change detection,
the conceptual implication of such a change is not yet clear. Because of the difference
between conceptual changes and explication changes (as described in section 2), it is
not possible to derive the conceptual consequence of a change completely on basis of
the visible change only (i.e., the changes in the definitions of concepts and properties).
Heuristics can be used to suggest conceptual consequences, but the intention of the
engineer determines the actual conceptual relation between versions of concepts.

In the next two sections, we explain the algorithm that we used to compare ontolo-
gies at the correct abstraction level, and how users can specify the conceptual implica-
tion of changes.

Detecting Changes
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4.3

The algorithm uses the fact that the RDF data model [10] underlies a number of popular
ontology languages, including RDF Schema and DAML+OIL. The RDF data model
basically consists of triples of the form <subject, predicate, object>, which
can be linked by using the object of one triple as the subject of another. There are
several syntaxes available for RDF statement, but they all boil down to the same data
model. An set of related RDF statements can be represented as a graph with nodes and
edges. For example, consider the following DAML+OIL definition of a class “Person”.

<daml:Class rdf:ID="Person">
<rdfs:subClassOf rdf:resource="#Animal"/>
<rdfs:subClassOf>

<daml:Restriction>
<daml:onProperty rdf:resource="#hasParent"/>
<daml:toClass rdf:resource="#Person"/>

</daml:Restriction>
</rdfs:subClassOf>

</daml:Class>

When interpreted as a DAML+OIL definition, it states that a “Person” is a kind of
”Animal” and that the instances of its “hasParent” relation should be of type “Person”.
However, for our algorithm, we are first of all interested in the RDF interpretation of it.
That is, we only look at the triples that are specified, ignoring the DAML+OIL meaning
of the statements. Interpreted as RDF, the above definition results in the following set
of triples:

subject predicate object
Person rdf:type daml:Class
Person rdfs:subClassOf Animal
Person rdfs:subClassOf anon-resource
anon-resource rdf:type daml:Restriction
anon-resource daml:onProperty hasParent
anon-resource daml:toClass Person

This triple set is depicted as a graph in Figure 3. In this figure, the nodes are re-
sources that function as subject or object of statements, whereas the arrows represent
properties.

The algorithm that we developed to detect changes is the following. We first split the
document at the first level of the XML document. This groups the statements by their
intended “definition”. The definitions are then parsed into RDF triples, which results in
a set of small graphs. Each of these graphs represent a specific definition of a concept
or a property, and each graph can be identified with the identifier of the concept or the
property that it represents.

Then, we locate for each graph in the new version the corresponding graph in the
previous version of the ontology. Those sets of graphs are then checked according to a
number of rules. Those rules specify the “required” changes in the triples set (i.e., the
graph) for a specific type of change, as described in section 4.1.

Rules have the following format:

Rules for Changes
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Fig. 3. An RDF graph of a DAML class definition.

IF exist:old
<A, Y, Z>*

exist:new
<X, Y, Z>*

not-exist:new
<X, Y, Z>*

THEN change-type A

They specify a set of triples that should exists in one specific version, and a set that
should not exists in another version to signal a specific type of change. With this rule
mechanism, we were able to specify almost all types of change, except the identifier
change. Here we also used some heuristics, based on the location of the definition in
the file. We list two example rules below.

A change in the value of a local property:

IF exist:old
<X, rdfs:subClassOf, Y1>
<Y1, rdf:type, daml:#Restriction>
<Y1, daml:onProperty, Y2>
<Y1, daml:toClass, Z>

exist:new
<X, rdfs:subClassOf, Y1>
<Y1, rdf:type, daml:#Restriction>
<Y1, daml:onProperty, Y2>

not-exist:new
<Y1, daml:toClass, Z>

THEN logicalChange.localPropertyValue X

A change in the property type:

IF exist:old
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<X, rdf:type, rdf:#Property>
<X, rdf:type, daml:#UniqueProperty>

exist:new
<X, rdf:type, rdf:#Property>

not-exist:new
<X, rdf:type, daml:#UniqueProperty>

THEN logicalChange.propertytype X

The rules are specialized for a specific RDF-based ontology language (in this case
DAML+OIL), because they encode the interpretation of the semantics of the language
for which they are intended. For another language, other rules would have been nec-
essary to specify other differences in interpretation. The semantics of the language are
thus encoded in the rules. For example, the last example not looks at changes in values
of predicates (as the first does), but at a change in the type of property. This is a change
that is related to the specific semantics of DAML+OIL.

In the prototype system, we were able to specify all changes types that we wanted
to detect via this rule format.

4.4

The comparison function also allows the user to characterize the conceptual implica-
tion of the changes. For the first three types of changes that were listed in section 4.1,
the user is given the option to label them either as “identical” (i.e., the change is an
explication change), or as “conceptual change”, using the drop-down list next to the
definition (Figure 2). In the latter case, the user can specify the conceptual relation
between the two version of the concept. For example, the change in the definition of
“hasParent” could by characterized with the relation hasParent1.1 subPropertyOf

hasParent1.3.

5 Conclusion

Conceptual models will play an important role in the envisaged “Semantic Web”. Ver-
sioning support for such ontologies is essential when they are used in such a distributed
and dynamic context. In this paper we have analyzed the versioning relation and have
described a system that provides support for change management of online ontologies.

In the system that we described, all the dimensions of a versioning relation are speci-
fied separately: the descriptive meta-data, the conceptual relations between constructs
in the ontologies, and the transformations between the ontologies themselves. This
allows both complete transformations of ontology representations and partial data re-
interpretations. The conceptual relations can be exported and used to adapt data sources
and ontologies.

We described how the systems support users in comparing ontologies, and what
the problems and challenges are. We presented a algorithm to perform a comparison
for RDFS-based ontologies. This algorithm doesn’t operate on the representation of the
ontology, but on the data model that is underlying the representation. By grouping the
RDF-triples per definition, we still retained the necessary representational knowledge.

Specifying the Conceptual Implication of Changes
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We also explained how users can specify the conceptual implication of changes to
help interoperability. This honors the fact that it is not possible to derive all conceptual
implications of changes automatically. An important advantage of this approach is that
there is no write-access needed to the original ontologies. The exported conceptual re-
lations between versions of concepts live on their own as separate mapping ontologies.

The described system is not yet finished and should be developed further. We believe
that it will significantly simplify the change management of ontologies and thus help
the interoperability of different domain models on the web.
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Abstract. Considerable research exists on providing structured access
to unstructured information sources, primarily for search and query. Lit-
tle attention has been placed on (1) keeping the by-products of the pro-
cess (e.g., connections between structured and unstructured data are
typically forgotten and context is lost), (2) developing a rich, conceptual
structure for this new layer of information (e.g., the structured data is
often represented in simple relational tables), and (3) further elaborating
and linking the new, structured information. We propose superimposed
schematics to address these issues. Superimposed schematics offer E-R
modeling constructs integrated with marks, where a mark holds an ad-
dress to an information element in an underlying source. A superimposed
schematic enables a conceptual addressing scheme for the information it
contains (directly) and for the information it references (through marks).
This addressing scheme can then be used for marking from additional
layers of superimposed information. We consider schematics as a use-
ful model for superimposed information and discuss how it fits into our
general research on superimposed information.

1 Introduction

The actions of the USDA Forest Service, such as selling timber or issuing or deny-
ing special use permits, are officially documented in Decision Notices, Records
of Decision, and so forth. Members of the public then have the right to file an
appeal requesting that the decision be changed. When the appeal deadline has
passed, a reviewing officer from the Forest Service normally considers the en-
tire set of appeals for a given decision and makes a recommendation. Finally,
the deciding officer makes a determination for each issue raised (in one or more
appeals). Each appeal decision1 is typically represented in two standard letters,
one from the reviewing officer and one from the deciding officer (see Figure 1 for
an example decision memo).
� This work supported in part by the National Science Foundation through grants
EIA-99-83518 and IIS-98-17492. Information and examples concerning the Forest
Service and appeal decisions provided by Timothy Tolle of the USDA Forest Service

1 The Pacific Northwest Region of the USDA Forest Service maintains appeal deci-
sions for twenty national forests online at http://www.fs.fed.us/r6/plan/appeal.htm,
dating back to 1997.
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Fig. 1. The decision letter for an example appeal decision

Although not easy to discern from looking at the documents, an appeal deci-
sion is comprised of a fairly standard set of information items, such as: (1) which
decision is being challenged, (2) which appellants have filed (and on behalf of
which organization), (3) what issues were raised (across the set of appeals),
and (4) what final determination was made for each issue. We observe that the
standard items and relationships among them can be usefully represented in a
superimposed schematic, an ER-style schema for superimposed information, as
shown in Figure 2.

The key feature of a superimposed schematic is that it can be populated
with marks, which are integral to superimposed information [4,5,6], in addition
to regular attribute values. Each mark represents and holds the address for an
information excerpt from the underlying information source (e.g., in a decision
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letter), as shown in Figure 3. We see, for example, that a particular appeal is
mentioned in the first paragraph of the decision letter and that the issue raised
in that appeal is described by the entire third paragraph of the review document.

Appeal decisions are well suited for superimposed schematics because they
are unstructured, heterogeneous sources of information with important, concep-
tual content (e.g., decision and review letters have little physical structure other
than a typical memo). Schematics provide structured access at “no additional
cost” [14], i.e., the underlying information does not require modification since
schematics do not add semantic markup directly to the document. Schematics
also offer more than simple nested hierarchies of document structure; they model
exactly the concepts of interest (regardless of the documents structure) through
an E-R schema. In general, any given document may have many associated
schematics.

We consider document authors, schematic designers, schematic populators,
and users of populated schematics as (potentially) separate people. For exam-
ple, a schematic populator may create a new schematic instance for each appeal
decision allowing natural resource managers (the end-users) to easily browse ap-
peal decisions. A resource manager might begin with an Appeal Decision entity,
navigate to the determination(s) and their associated issues, and then browse to
see if the issue was raised on behalf of an organization.

Besides navigation, schematics enable a powerful mechanism for queries,
which can be answered across a collection of schematic instances. When a natu-
ral resource manager is pondering a decision, she might like to know what issues
were raised for similar decisions. And at a more strategic level, the USDA For-
est Service routinely analyzes appeals to track the most important issues and
trends. Both tasks are tedious and labor-intensive, requiring appeal decisions
to be read and searched manually. Superimposed schematics are designed for
both purposes: information browsing (introducing structure of interest over an
unstructured universe of information) and collection-based querying.

Finally, most documents and their associated tools (like editors or browsers)
provide limited addressing capabilities (e.g., page and byte offset, or section,
paragraph, sentence heirarchies). One of our goals is to use superimposed sche-
matics for enhanced addressing over underlying documents, i.e., to create ad-
dresses based on the conceptual information (in the schematic) for accessing
document content. Enhanced addressing can be used for marking information
elements in one schematic from additional layers of superimposed information.
A resource manager can develop a schematic (as a new layer of superimposed
information) for tracking important actions, issues, appeals, and results; and
populate instances by using enhanced addresses to environmental assessment,
scientific study, report, and appeal decision schematics.

In this paper, we present the data model for superimposed schematics and
describe how schematics provide enhanced addressing for further levels of super-
imposed information. Our next step, which we are still currently developing, is
to exploit schematics for query. The rest of this paper is organized as follows.
In Section 2, we describe the data model for superimposed schematics. Section
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Fig. 2. A superimposed schematic representing the conceptual structure of the
standard information elements in an appeal decision

3 presents an addressing language for superimposed schematics for supporting
enhanced addressing. We discuss related work in Section 4, and conclude with a
summary and a discussion of future work in Section 5.

2 A Data Model for Superimposed Schematics

The schematics data model is fundamentally based on Chen’s original E-R data
model [3], however, to accomodate schematics, we permit multiple instances of
a schema and most importantly, incorporate marks.

2.1 The Basic Schematics Data Model

Within a given domain, there may be multiple schematics of interest, which we
maintain in a collection called the schematic universe. We define a schematic uni-
verse U as a logical collection of schematics represented as the triple (S, ET ,RT ),
consisting of a set of named superimposed schematics S, a set of named schematic
entity types ET , and a set of named schematic relationship types RT . Each
schematic s ∈ S consists of a set of schematic entity types in ET such that S
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Fig. 3. A portion of decision memo (on the left) and accompanying review memo
(on the right) shown with a portion of the populated superimposed schematic
(at the top)

partitions ET . Therefore, every schematic entity type in U belongs to a superim-
posed schematic, and no two superimposed schematics contain the same entity
type. Schematic relationship types are considered part of a schematic when all
entity types they associate are within the schematic. Relationship types are not
required to be within a schematic, i.e., we permit schematic relationship types
that span schematics.

A schematic entity type et ∈ ET consists of a set of named attributes A.
Each attribute in A has an associated domain represented by the function dom :
ET × A → VT , where A and VT represent the set of attribute names and
value types in U , respectively (note that if the attribute name is not defined
for the entity type, dom returns null). We consider only single-valued attributes
that have either atomic (e.g., strings and integers), complex (structured values
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such as dates and phone numbers), or mark values. Additionally, we introduce
the uninterpreted type as a valid value type, which says that the attribute can
contain a value of any type including an unknown type (which is useful for
certain kinds of marks).

A schematic relationship type rt ∈ RT is a multi-directional association be-
tween one or more entity types and is represented as a set L of roles, each of which
is a pair (rn, et) where rn is a role name and et ∈ ET an entity type. Roles rep-
resent the entity types associated by relationship types. For non-recursive binary
relationship types, role names are optional (a missing role name is represented
by null). However, all recursive and n-ary (where n > 2) relationships require
role names. We do not permit attributes on relationships.

Instead of using the typical method of grouping entities into entity sets
and relationships into relationship sets, we introduce an explicit extent for the
schematic universe. The universal schematic extent D is a triple (I, E ,R) that
contains a set of schematic instances I, a set of schematic entity identifiers E
(representing entities), and a set of schematic relationship identifiers R (repre-
senting relationships). Each schematic instance i ∈ I contains a set of entities
in E such that I partitions E .

A schematic entity identifier e is a pair (et, V ), where et ∈ ET is the
type of the entity and V a set of attribute-value pairs (att, v). (Note the
definition of type is more restrictive than permitted in most E-R models,
where an entity can belong to more than one entity set, i.e., type.) For
V = {(att1, v1), (att2, v2), . . . , (attn, vn)}, we require each atti for 1 ≤ i ≤ n
be unique such that if A is the set of attributes for et, atti ∈ A and n ≤ |A |.
That is, each attribute in V is unique and there is one attribute for each attribute
of et.

A schematic relationship identifier r is a pair (rt, E) such that rt ∈ RT is the
type of the relationship and E is a set of role name, schematic entity identifier
pairs (rn, e) for e ∈ E . Like entity attributes, each role name corresponds to
a role name in rt’s set of roles L. We limit relationships such that only one
relationship of a given type can occur between a set of entity identifiers.

A schematic entity and a schematic relationship may additionally contain
at most one anchor that holds a single mark (e.g., see Figure 3). Anchors are
representing with the function anchor : E ∪ R → M∪ {null}, where M is the
set of possible marks. The anchor function returns null if the identifier does not
have an anchor. Anchors serve to “locate” an entity in an underlying source,
when such a location is appropriate.

Attributes of an entity type can be specified as either required or optional.
A required attribute implies that corresponding entities have non-null values
for the attribute; optional attributes permit null values. Relationship types can
specify minimum (required or optional) and maximum (one or many) cardinal-
ities for each of their roles. Figure 4 defines a portion of the appeal decision
schematic of Figure 2.
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U = ({AppealDecision}, {Appeal, Appellant, Decision}, {request, cover}).
AppealDecision = {Appeal, Appellant, Decision}.
Appeal = {num} [key = {num}].
Appellant = {name, role} [partialkey = ({name}, request)].
Decision = {loc, issuer, desc}.
request = {(null, Appeal), (null, Appellant)}.
cover = {(null, Appeal), (null, Decision)}.
dom(Appeal, num) = String.
dom(Appellant, name) = String.
dom(Appellant, role) = String.
dom(Decision, loc) = String.
dom(Decision, issuer) = String.
dom(Decision, desc) = String.

Fig. 4. Part of the appeal decision schematic described using the model. Note
that only keys and partial keys are assumed to be required

2.2 Marks and Constraints

A key feature of superimposed schematics is that it integrates marks into an E-R
style model. We examine here the effect of marks on type conformance checking
and on the defnition of keys.

To check whether an entity conforms to its corresponding entity type, we
must take into account marks, since attributes can have marks as values. We
require that all marks support the function excerpt : M → V , where V is the
set of all possible values. The default type of a mark’s excerpt is the uninter-
preted type. If an attribute has a mark as a value and the attribute’s domain is
not the uninterpreted type, we must interpret the type of the excerpt to check
conformance. Note that this interpretation is done when the mark is assigned
as the attribute value. There are a number of ways in which an excerpt can be
interpreted, for example:

1. The base layer may support a function for supplying the excerpt’s type (e.g.,
whether it is a text string, image, or some other type).

2. The base layer may be able to provide a value with a known type to represent
the excerpt (e.g., a text string representing the text in an image).

3. An external or user-defined function could be used (e.g., to convert the ex-
cerpt into a structured value).

4. The creator of the mark could provide a typed value to represent the excerpt.

In most cases, the type of an excerpt will be a simple value like a string, which
is the case for appeal decisions.
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Once an excerpt’s type has been interpreted, we test conformance in the
normal way. That is, we ensure all required attributes are present and that
each attribute value of the entity conforms to the domain of the corresponding
attribute name of the entity type. Relationship conformance is also checked in
the typical way, i.e., each entity associated by a relationship is required to have
the same type as the corresponding role of the relationship type.

In the schematics model, key constraints on entity types are permitted as are
weak entity types with (or without) partial keys. A key constraint is denoted by
a set K ⊆ A, where A is the set of attribute names for the entity type. An entity
type is not required to have a key constraint. Without a key, two entities with
different entity identifiers and identical values can exist in the universal extent.
A partial key is defined as a pair (K, rt), where K is the partial key and rt is
a binary, identifying relationship type. A key definition constrains entities in the
normal way, i.e., only one entity of the entity type in the universal extent D
can contain the key value. However, like with entity type conformance, we must
take into account marks that are defined to be part of the key. Testing equality
between entities with mark-valued attribtues in the key requires determining if
two marks (as values for an attribute of an entity) are equal. Normally, the base
layer will provide a Boolean-valued function for testing equivalence of marks.
However, if no such function exists, (as in conformance) we treat a mark’s value
as its excerpt’s value. This approach considers two entities with identical key
values, where at least one of the key values is an excerpt, but with different
marks, as identical.

Keys in superimposed schematics have a subtle consequence when mixed
with marks. For example, consider the appeal decision schematic of Figure 2.
The Reviewing Officer entity type would normally have a key (perhaps its name
attribute). However, we want to store exactly one mark (for the officer’s name)
for each appeal decision that the officer reviews. Further, each such “occurrence”
of the officer’s name could be spelled slightly differently (e.g., sometimes with
a middle initial). We introduce authoritative entity types to represent key values
in these situations. That is, an authoritative entity type serves as the domain
for the key of one or more other entity types. Relationships connect entities to
their corresponding authorities (via authoritative relationship types) to denote
identity and enable queries with unique values.

As an example, we could define a new schematic to represent directory infor-
mation that contains an authoritative entity type called Person (with a keyed
attribute called “name”). In this way, we can add a relationship type from the
Reviewing Officer entity type to the Person authoritative entity type to relate
Officers to their corresponding Person. Thus, we can find all decisions where a
particular person served as a Reviewing Officer.

2.3 Schematic Instances

A schematic instance consists of the entities and associated relationships that
together represent one populated context for a schematic. For example, an appeal
decision schematic instance consists of one Appeal Decision entity, its Reviewing



98 Shawn Bowers et al.

Issuer=m4 name=m3 

Appeal 
(A1) 

num = m1 

cover (c1) 

Decision 
(D1) 

Appellant 
(AP2) 

request 
(r2) 

Appellant 
(AP1) 

name=m2 

request 
(r1) 

 
D = ({I1}, {A1, AP1, AP2, D1}, {r1, r2, c1}).
I1 = {A1, AP1, AP2, D1}.
A1 = (Appeal, {(num, m1)}).
AP1 = (Appellant, {(name, m2)}).
AP2 = (Appellant, {(name, m3)}).
D1 = (Decision, {(issuer, m4)}).
r1 = (request, {(null, A1), (null, AP1)}).
r2 = (request, {(null, A1), (null, AP2)}).
c1 = (cover, {(null, A1), (null, D1)}).
excerpt(m1) =“00-06-0035-15”.
excerpt(m2) =“John Rancher”.
excerpt(m3) =“Gregory J. Dyson”.
excerpt(m4) =“Earl W. Ford”.

Fig. 5. Part of a populated appeal decision schematic. Note that each entity
must be associated with an entry point (i.e., an Appeal Decision entity for this
example)

and Deciding Officers, and a set of Appeals, each with a Decision, Appellants,
and Issues with Determinations. A schematic can have zero or more instances.
Part of a schematic instance for appeal decisions is shown in Figure 5.

To identify schematic instances, we introduce the notion of an entry point.
Any entity type with a key can serve as an entry point. For entity type ET
designated as an entry point in a schematic s, each schematic instance of s must
contain one and only one entity of type ET . Entry points serve as schematic-
instance keys—they allow schematic instances to be uniquely identified. For
example, the Appeal Decision entity type serves as an entry point, thus allowing
the id attribute (of the Appeal Decision entity type) to uniquely determine an
instance of the appeal decision schematic.

We require every schematic to define at least one entry-point entity type.
Whenever an entity whose type is an entry point is created, a new schematic
instance is defined. Alternatively, each newly created entity whose type is not
considered an entry point must be explicitly placed within a schematic instance.
For example, when a new Determination entity is created, an existing Appeal
Decision entity is given (using an id attribute value), and the Determination is
then placed in the corresponding schematic instance. Note that we do not require
every entity in a schematic instance to be related to another entity. Finally, we
define the function instance : E ∪ R → I, which takes an entity or relationship
identifier and returns the identifier’s corresponding schematic instance.
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3 Schematic-Based Addressing

To address selections in underlying documents, superimposed schematics use
marks. However, there are also cases where marking into a schematic is desired.
Consider Figure 6, which shows a virtual document of selected issues, excerpted
from a set of appeal decisions. Each excerpt is displayed along with a mark to
the corresponding issue to enable user navigation into the associated schematic
instance (which can then be further navigated, e.g., to find determinations or
to see who the appellants are). In general, marks into schematics permit addi-
tional layers of superimposed information. This section describes our approach
for supporting marks into superimposed schematics.

3.1 Opaque versus Transparent Marks

A mark is an address to an information selection made within a particular con-
text. We require all marks to support the operation resolve, which dereferences
a mark by opening and (possibly) highlighting the corresponding information
selection. For example, for a particular issue in an appeal decision, we can call
resolve on its anchor to view the appropriate sentence(s).

Just as an underlying document is considered a context, we also view a
schematic instance as a context. For example, a schematic instance for an appeal
decision groups exactly the information necessary to represent a single appeal
decision (even though there may be many underlying documents). For marks into
schematics, resolve should open the associated schematic instance and highlight
the selection (i.e., entity, relationship, or attribute). In cases where multiple
levels of superimposed information exist, we may also wish to have finer control
over resolve, e.g., to resolve a mark into a schematic by unnesting the mark
until we reach an anchor into a base layer document. We provide the unnest-
mark : M → M function, which takes a mark and returns the mark it refers to
(e.g., the entity or relationship anchor) or null if no such mark exists.

We consider two types of marks, opaque and transparent. An opaque mark
contains an address that is application specific. For example, an address gener-
ated by MS Excel or MS Powerpoint is an opaque mark. By transparent mark, we
mean marks whose addresses are semantically meaningful. Common examples of
transparent marks include URLs and XPath/XPointer addresses. An advantage
of transparent marks is that they can be created and usefully examined out of
context. Also, opaque marks can only be created within the associated base-layer
application, whereas transparent marks can be created without any application
intervention, i.e., they can be created in the superimposed layer.

Our goal is to define an addressing scheme over schematics to support trans-
parent marks. We take a conservative approach, namely, we restrict an address
to refer to a single entity, relationship, or attribute. We impose this constraint
since the model for schematics does not support arbitrary collections, e.g., we
support single valued attributes (not multi-valued) and implied collections exist
only as schematic instances and the universal schematic extent.
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3.2 Addressability Constraints

Depending on the structure of a schematic, not all entities, relationships, and
attributes can always be uniquely addressed. To determine which items can be
transparently addressed, we introduce the schematic addressability constraint.
Intuitively, to address an entity it must be identifiable. An entity cannot be
uniquely identified if it does not have some form of key or is not reachable via
a unique path from a keyed entity. This situation also applies to relationships,
since a relationship is identified by the entities it associates. Only identified
entity types are transparently addressable. We recursively define an identified
entity type as follows:

1. An entity type is an identified entity type if it has a key (which includes
entry points).

2. A weak entity type is an identified entity type if it has a partial key.
3. An entity type e1 is an identified entity type if it uniquely participates with

an identified entity type e2. (By uniquely participates, we mean that there
is a binary relationship type that associates e1 through role r1 to e2 through
role r2 such that r1 has a maximum cardinality of one.)

To be a completely addressable schematic, every entity, relationship, and at-
tribute must be transparently addressable. To be completely addressable, we
must guarantee that all entity types be identified (via the addressability con-
straint). Second, we must guarantee that all entities with entity types that are
identified only through a unique participation relationship type (part 3 above)
are associated by such a relationship. In this way, we can uniquely address every
entity through either its key, its identifying entity’s key and its partial key, or
through its unique participation entity’s key (since the relationship is guaranteed
to exist).

We do not require schematics to be compeletely addressable nor do we re-
quire that the addressability constraint be met. For some applications, enhanced
addressing will not be a priority, e.g., applications focused on navigation and
browsing. Opaque addresses, however, can always be defined for entities and re-
lationships by using their identifiers. Therefore, all entities, relationships, and
attributes can be (at least) opaquely addressed. Note that the appeal decision
schematic in Figure 2 does not satisfy the addressability constraint since the
Decision entity type is not an identified entity type. However, if Decision were
an identified entity type, the schematic would satisfy the addressiblity constraint.

Finally, all marks are required to support the excerpt function, therefore,
we must consider excerpts for marked entities, relationships, and attributes. For
an attribute, we can use its value, or if it has a mark, its mark’s excerpt. For
an entity or relationship, the anchor’s excerpt can be used (if such an anchor
exists).

3.3 The Schematic Addressing Language

A transparent schematic address P is a list of address components pi for 1 ≤
i ≤ n such that P has the form p1.p2. . . . .pn (see Table 1 for examples). We
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distinguish between three kinds of schematic addresses, namely, entity addresses,
attribute addresses, and relationship addresses, each of which are defined below.

Entity Address A valid entity address is defined recursively as:
1. Key Entity. The address et(κ) is a valid address if et is an entity type with

key K and κ is a key value of the form k1 = v1, k2 = v2, . . . , km = vm

for all ki ∈ K and i ≥ 1 and m =| K |. The type of the entity addressed
is et.

2. Partial Key Entity. The address P.rt(κ) is a valid address if P is a valid
entity address for an entity of type et1, rt is an identifying relationship
between et1 and et2, and κ is a partial key value for et2. The type of the
entity addressed is et2.

3. Unique Participation Entity. The address P.rt is a valid address if P is
a valid entity address for an entity of type et1 and rt is a unique partic-
ipation relationship from et1 to et2. The type of the entity addressed is
et2.

Relationship Address A valid relationship address is defined recursively as:
1. Single Participation Address. The address P.rt# is a valid address if P is

a valid entity address of type et and rt is a binary relationship type con-
necting et to et′ such that the role et′ plays has a maximum cardinality
of one.

2. Multiple Participation Address. The address P.rt#[P ′] is a valid address
if P is a valid entity address of type et, rt is a binary relationship type
between et and et′ such that the role played by et′ in rt has a cardinality
of many, and P ′ is a valid entity address of type et′. Intuitively, to
identify the many end of a many-to-many or one-to-many relationship
type rt, we must identify the entity that the corresponding relationship
connects.

3. Non-Binary Address. The address P.rt#/role1[P ′
1]/ . . . /rolem[P ′

m] is
a valid address if P is a valid entity address of type et, rt is an n-ary (for
n > 2) relationship type from et to a list of entity types [et1, et2, . . . , etm],
rolei for 1 ≤ i ≤ m is the role played by eti, and Pi is an entity address
of type eti.

Attribute Address The address P.a is a valid address if P is a valid entity
address of type et and a is a valid attribute name for et.

To determine the schematic instance of an entity or relationship address,
e.g., for implementing the resolve operation, we can use the instance function
defined in the previous section. For attribute addresses P.a, we can call instance
on P to determine the schematic instance. Examples of transparent addresses
over the Appeal Decision schematic are given in Table 1.

Finally, Figure 6 shows an example virtual document serving as a new layer
of superimposed information over the Appeal Decision schematic. The virtual
document uses enhanced addressing—it stores excerpts of issues from schematic
instances as well as transparent marks to Issue entities. The virtual document
demonstrates a notional example of query, i.e., the virtual document results from
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Table 1. Example enhanced addresses. Note constants x and y represent “1570-
1-0032-10” and “00-06-0032-10,” respectively, and AD stands for AppealDecision

Address Description
AD(id=x).concern(order=1) Address to an Issue entity.
AD(id=x).concern(order=1).desc Address to an Issue desc attribute.
AD(id=x).response# Addres to a response relationship.
AD(id=x).result#[Appeal(num=y).define(order=1).resolve] Address to a result relationship

(identified via its associated Issue,
as shown in brackets).

Issue   [AppealDecision(id="1570-1-0032-10").concern(order=1)]  
The decision violates the Federal Advisory Committee Act (FACA). The illegal advisory committee 
played a central role in influencing the Forest Service Decision. 
 
Issue   [AppealDecision(id="1570-1-0032-10").concern(order=2)]  
The decision significantly reduces hunting opportunity and habitat for deer and elk. 
 
Issue   [AppealDecision(id="1570-1-0035-13").concern(order=1)]  
The District Ranger’s decision is not in accordance with the legal requirements of the National  
Environmental Policy Act, the National Forest Management Act, and the Forest and Rangeland  
Renewable Resources Planning Act. 

 

Fig. 6. A virtual document with enhanced addresses to corresponding Issues

the schematic query: “List all Issues concerning Decisions made in the Mount
Hood National Forest within the last two years.”

4 Related Work

Superimposed models differ in how they structure information. A number of un-
typed, hypertext models (such as HTML) are unstructured. The bundle/scrap
model [6] along with most annotation models [14,16] provide very simple struc-
tures for organizing superimposed data. For example, in the bundle/scrap model,
marks are held in named “scraps” and can be placed into (possibly) nested,
named bundles. Semi-structured models are the most prevalent superimposed
models, and include XLink [7] (for XML), RDF [10], Topic Maps [2], and hy-
pertext models for emergent structure [11]. Superimposed schematics are richly
structured, and to our knowledge the only approach based on the E-R model,
which offers a standard, powerful conceptual data model. Other structured mod-
els include Structured Maps [4] (a simple, typed version of a Topic Map), typed
hypertext systems [13], and models for wrappers [1,9,15].

Superimposed models also differ in their support for marks. Opaque marks
are derived from the mark architecture in the bundle/scrap model [6], and
support fine-grain, sub-document marks to arbitrary sources. Multivalent Doc-
uments [14] provide a document model (that various document formats are
mapped to) for robust marks, but marks must be resolved using a special viewer.
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Topic Maps, RDF, and HTML support marks through URLs, which are lim-
ited for sub-document addressing (using HTML document fragments). Although
XPath/XPointer addresses can be used, they only support marks into XML
documents. Schematics support transparent marks, similar in spirit to the mo-
tivation for XPath/XPointer. However, XPath/XPointer addresses are based on
document structure (since they address XML) as opposed to conceptual struc-
ture. Note that wrappers offer a limited form of superimposed information since
they support new layers of information, but not marks.

The constructs used for linking (i.e., marking) also differentiate superimposed
models. Unique to the bundle/scrap model and superimposed schematics is the
notion of context to separate layers of information. That is, a mark is a separate
modeling construct used to navigate into a different context (both conceptually
and operationally). While a number of approaches [2,4,7,10,12,14,16] store su-
perimposed information separately from the base layer, they usually operate as if
both layers were within the same context. For example, Structured Maps, XLink,
typed hypertext [13], and most Topic Map applications integrate superimposed
information into a single hypertext (using HTML).

Finally, some superimposed models support the use of excerpts, e.g., with
virtual documents [12]. We have also encountered examples of special purpose,
hard-wired schematics, such as in the Distributed Annotation Server [8] in which
sequence “landmarks” are used to attach annotations to genetic information.

5 Summary and Future Work

Superimposed schematics contribute a rich conceptual layer for representing and
elaborating exerpted information from underlying documents, while maintaining
context through marks. We have presented a data model for schematics based on
E-R structures with support for marks, multiple schematic instances (via entry
points), and an accompanying addressing language.

We have implemented a browser for superimposed schematics, which can be
used to navigate schematic instances and underlying information. We intend to
enhance the browser for mixing navigation and query. We believe simple tech-
niques can be used to help populate schematics semi-automatically. In addition,
we believe integrating schematics into a document editor to tie population with
actual document creation would also be useful. Finally, we intend to further ex-
plore enhanced addressing. Currently, we are working towards a model for layers
of schematics over appeal decision packets. Appeal packets are used by deciding
officers and others to assess an entire project, its issues, alternatives, and so on.
We also wish to explore using enhanced addressing for standard E-R schemas,
possibly to support tracking data lineage.
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Abstract. Current Web Modelling Languages (WMLs) fall short of the
requirements for the modelling of web system development. In particular,
those WMLs with a hypermedia basis are more closely focussed on the
information architecture whereas software WMLs are more focussed on
the functional architecture. Generally, modelling languages have failed
to bridge the gap between these two areas, nor do they handle well the
connection between different levels of abstraction and are largely unable
to connect well with business models. Based on an analysis of existing
modelling approaches, we propose a conceptual extension to modelling
approaches that attempts to address these limitations. We show how it
can implemented using UML modelling along with the addition of con-
cepts taken fromWeb information modelling approaches, WebML in par-
ticular. The extensions are structured around the model-view-controller
concept, which we argue provides an appropriate integrating modelling
framework. We begin by discussing the scope and objectives of the ex-
tensions, followed by the extensions themselves. We then illustrate the
extensions using a small case study.

1 Introduction

Current modelling languages for web system development were examined by Gu
et al. [1] against a set of developed criteria or requirements for a Web Modelling
Language (WML)1. Of the six current WMLs examined, some with hypermedia
roots, others extensions to OO modelling languages such as the UML [2], all were
found deficient in part. This is because those WMLs with a hypermedia basis
are more closely focussed on the information architecture whereas modelling-
derived WMLs are more closely focussed on the functional architecture. The
spread of WMLs along these two important axes is shown in Figure 1, where
it is seen that there are no candidates which address both the informational
and functional architectures concurrently. This paper attempts to move WMLs
towards this “target zone”.

1 We acknowledge that the acronym WML is used in other situations: in the XML
community for Wireless Markup Language and as the name for a freely distributed
web tool for HTML generation. Here we use it simply as an abbreviation for web
modelling language.

S. Spaccapietra, S.T. March, and Y. Kambayashi (Eds.): ER 2002, LNCS 2503, pp. 105-119, 2002. 
c Springer-Verlag Berlin Heidelberg 2002
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Fig. 1. Existing Modelling Approach Gap Analysis (after [1]).

Firstly, the scope and objectives of the extension are discussed (Section 2),
followed by the proposed model extensions (Section 3) and UML diagram exten-
sions (Section 4). These extensions are then discussed in terms of how they might
be used in different design components of the overall software development pro-
cess (Section 5). We also illustrate throughout the paper the key aspects (though
not many of the details) of the proposed extension model structure and UML
notation extensions using a simple case study based on an existing system. This
system facilitates the online enquiry of policies, procedures and issues that apply
to students who attend specific University courses. The system allows searching
of issues and policies by category or keyword, and displaying of selected issues
and policies. For the purpose of this paper, we will call this system UTSE-Guide.

2 Scope, Objectives and Approach

As discussed in [1], limitations and flaws can be identified in the existing mod-
elling approaches that are currently used to develop Web systems. Some of the
gaps, such as the inability to support system life cycle management and the
potential misuses of UML extension mechanisms, need to be addressed in sepa-
rate research projects and are beyond the scope of this present paper. Here we
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address the issues relating to the need to model increasingly sophisticated func-
tionality and, most importantly, to integrate the functional architecture with the
informational architecture.

The proposed extensions make use of UML extension mechanisms. The nor-
mal way to extend the UML is by the use of stereotypes. “A stereotype is not the
same as a parent class in a parent/child generalization relationship. Rather, you
can think of a stereotype as a metatype, because each one creates the equivalent
of a new class in the UML’s metamodel.” [10, p80]. In other words, stereo-
types extend the UML (M2) metamodel indirectly at the M1 (or model) level,
wherein the relationship between a class and its stereotype is an “instance of”
rather than an “is a kind of” relationship [13]. Whilst this extension mechanism
makes it easy for users to extend the UML notation, it may introduce confusion
and semantic problems because the (mis)use of the inheritance relationship in
a stereotype does not truly reflect the intended instantiation relationship that
is used in direct metamodelling [13–16]. However, despite the inherent problems
of the current UML stereotype concept, for the purpose of this project and this
paper, we will still use stereotypes as the extension mechanism, mostly due to
the support given to them by CASE tools. To further improve the proposed ex-
tensions, direct modification to the UML metamodel may need to be considered
as an alternative (see e.g. [17]).

The objectives of our proposed extensions are twofold. First, to address the
deficiencies identified in the the gap analysis reported in [1]. These issues include
the inability to model sophisticated functionality, the disconnection between
the information architecture and the functional architecture, the disconnection
between the business model and the technical architecture and the inability
to support modelling at various abstraction levels. The second objective is to
ensure the integrity of the resultant Web system architecture, whilst merging
the business model with the functional and information aspects of the technical
architecture and representing system structure at different abstraction levels.

Based on the analysis of the existing modelling approaches, we propose a
UML extension with information modelling concepts taken from other modelling
approaches, WebML in particular [6]. This option is chosen for several reasons.
First, the UML notation is commonly used and accepted, and provides reason-
able support for system functional architecture modelling. Second, approaches
from a hypermedia background demonstrate reasonably rich and balanced sup-
port for the information architecture. Amongst them, WebML is a recent at-
tempt that provides modelling capabilities for most of the critical aspects of
Web system information architecture.

3 Extension Model Structure

To ensure the architectural integrity of Web systems, we propose an extension
model structure that supports the integrated modelling of both information and
functional architectures, and which is based on the MVC concept.
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3.1 The MVC Concept

“The model-view-controller architecture, often known just by the letters MVC,
has been a feature of Smalltalk since Smalltalk-80. It is based on the concept of
separating out an application from its user interface” [18, pp266]. The responsi-
bilities of model, view and controller are described as follows:

– Model — the information model that handles data storage and information
processing. It manages the behaviour of the data in the application domain.

– View — handles how the information is displayed visually, which is the
interface part of the system.

– Controller — provides user interaction to, or control of, the information
models.

From its Smalltalk roots, the MVC concept has recently gained more recogni-
tion and been applied to the design level, such as in the design patterns in J2EE
[19]. It should be noted that MVC is typically used as a specific architecture
rather than a broader modelling framework and, as such, there may be concerns
over the extent to which this limits its applicability to modelling a broader range
of applications and systems. This issue is recognized but not addressed further
in this paper.

A thorough study of the existing modelling approaches, especially the ones
that support the information architecture reasonably well, such as OOHDM [7]
and WebML [6], demonstrates that the separation of modelling entities in the
conceptual model and the interface entities in the presentational and navigational
models has been used to provide advantages to these well-established approaches,
which include:

– Better understanding of system architectural issues brought by the separa-
tion of concerns; and

– The possibility of both flexibility and personalization provided by the match
of the conceptual model with different presentational or navigational models.

Whilst we believe that these approaches can provide reasonable support for
information architecture modelling, the functional architecture aspect is nor-
mally weak or even absent in these approaches. We therefore propose the exten-
sion model structure — a modified MVC architecture as shown in Figure 2 —
which is explained in detail in the following three subsections.

3.2 Extended Conceptual Model

The extended conceptual model contains three types of elements:

– Model — the normal model element that represents business entities;
– View — defines the composition of models at the interface level; and
– Controller — defines object behaviours. These behaviours can occur either

at the interface level, which are navigational behaviours, or at the back-end,
which are system functions.
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Fig. 2. Extension Model Structure

For example, business or application domain entities, such as “student” and
“product”, are models in this extended conceptual model. At the interface layer,
though, these entities can be displayed in various forms. When “student” and
“product” are displayed in the form of list, they can be view “List”; they can also
be displayed as view “DataUnit” if detailed information is required. An example
of controller is the index used to sort the “student” or “product” list views. If
the “product” List needs to be displayed by category, then an “Index” controller
“index by category” can be connected to the view to fulfil this requirement.

There are multiple models, views and controllers in the extended conceptual
model. Whilst each model represents a business entity, the views and controllers,
which are connected to the models, represent and specify the interfaces and
behaviours of the models. The design of information and functional architectures
is performed on the foundation of the extended conceptual model.

3.3 Information Architecture

Various aspects of the information architecture are modelled using different mod-
elling artefacts. These aspects include:

– Composition: The model structure in terms of model, view and controller.
– Presentation: The interface level concepts. Presentation is based on the views

in the composition model.
– Navigation: The navigational structure and behaviour. Navigation is per-

formed by controllers. When activated, controllers pass control to one an-
other and the application therefore flows from one part of the system to
another. The result of navigation is the change of views.
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3.4 Functional Architecture

Operations need to be modelled in the functional architecture by:

– Using existing UML concepts and diagrams, such as the statechart diagram
and the sequence diagram.

– Using views and controllers defined in the extended conceptual model. For
example, if, when activated, instead of passing control to another controller
in the same or another view, the controller passes control to a controller
that performs back-end functionality, then an operation is invoked. The end
result of an operation can be a state change in the system, either at the user
interface level or at the back-end level.

Due to the lack of sophistication in the UTSE-Guide system, no complex opera-
tion needs to be modelled separately using operation diagrams in this example.
In fact, some simple operations are actually specified in the navigation diagrams.

4 UML Diagram Extensions

We propose several additional diagrams that are needed in the UML notation to
support the proposed model structure. These diagrams are shown in Figure 3.
We also introduce three new stereotypes of Classifier: �view�, �controller� and
�presentation�. Of the diagrams shown in Figure 3, several need no modifica-
tion (Use Case, Activity, Collaboration, Sequence, Statechart, Component and
Deployment Diagrams). Extensions to existing diagrams and newly introduced
diagrams are documented as following:

Conceptual Model
Extension Needs: This model uses those concepts from the problem domain
that are independent of the technologies used to build the system. The pro-
posed concept of extended conceptual model links these basic conceptual
entities (models) to views and controllers.
Extensions: Although the concept of extended conceptual model is intro-
duced, it does not necessarily mean that new modelling artefacts need to be
defined in the conceptual model; instead, it only implies that the conceptual
model contains models and their corresponding views and controllers, from
a semantic perspective. The relationship between model, view and controller
can be represented in the composition diagrams, which will be discussed
later. The conceptual model for the case study, including the core business
entities in UTSE-Guide and the relationships between them, is shown in
Figure 4.

Composition Diagram
Extension Needs: This diagram does not exist in the UML. Coming from
WebML, it covers one aspect of information architecture of Web applica-
tions.
Extensions: Stereotypes �view� and �controller� are defined on the UML
class diagram. �view� is defined in order to show different components of
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the interface at a relatively high level. �view�s can contain other �view�s,
in which case it makes up a view – sub-view hierarchy. �view� or sub-
�view� can be a Web page, part of a Web page, or a combination of several
Web pages. �view�s can contain not only other �view�s, but also �con-
troller�s. �controller�s perform functions — navigations or operations, ei-
ther on the interface, or behind the screen. The �controller�s can be further
defined as different classes e.g. Index, Filter, DataUnit, and Operation. Con-
troller can navigate from one �view� to another, either in a contextual or
non-contextual manner. When a �controller� initiates a function from the
interface, it can then activate other �controller�s, either on the client side
or on the server side. At the end of a function, control can be passed back
to a �controller� on the interface, i.e., a DataUnit �controller�, so that the
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Fig. 4. Conceptual Model

user can interact with the system again.
The high level structure of the UTSE-Guide is shown in Figure 5. This
diagram is called composition in-the-large. From an information structure
perspective, the UTSE-Guide system can be stereotyped as a �view� class,
with the two major components also represented as �view�s: Issue Search
and Issue Display. There is a strong connection and coincident lifetime of
the parts (the sub-�view�s) with the whole (the �view�). This high level
composition demonstrates the information structure of the system at an ab-
stract level, thus providing the developers with the big picture. To further
specify system composition at a more detailed level, diagrams can be con-
structed to document the composition in-the-small. For example, with the
UTSE-Guide system, the diagram would document the composition of the
component “Issue Search” at a more detailed level, i.e., Web page level. View
“Issue Search” is further broken down into views with associated controllers.
There are various types and interconnections of views and controllers: Unac-
tionable views (which simply display fields at the user interface layer, cannot
be activated to trigger any navigation or operation and do not therefore link
to controllers); Actionable view and controller pairs (a view-controller pair
can provide navigational and/or operational capability); view and sub-views.

Presentation Diagram
Extension Needs: This diagram does not exist in UML and needs to be de-
fined to support the representation of interface-level modelling, such as the
components that make up a Web page.
Extensions: �presentation� elements, such as Page, Filter, DataUnit and
Button, are defined to show screen mock-ups. These elements specify the
presentational aspects of �view�s. �view�s are at a higher abstraction level
than �presentation� elements, and represent a selection of data from the ex-
tended conceptual model. Instead of using the existing UML diagrams, the
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UTSE - Guide Composition In-The-Large
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Fig. 5. Composition In-The-Large for UTSE-Guide

presentation diagram is defined as a new type of diagram. This is largely
due to the lack of support for presentation level modelling in the existing
UML notation. Modification and personalization can be done by matching
different �presentation� elements to the same �view�s. Ideally, presentation
diagrams should be generated automatically by a CASE tool, according to
the semantics in the composition diagrams. Users can modify them manually
if required. Style is defined as a class with the stereotype �presentation� to
show the style or format on the interface level. It can be generic and linked
to, and indeed reused by, many �presentation� elements; or it can also be
specific and used to define particular presentational characteristics of some
individual �presentation� elements. By defining a number of different �pre-
sentation�s for each �view� and defining and linking a number of Styles to
each �presentation�, flexibility and personalization can be achieved in Web
system design.
A presentation diagram of the UTSE-Guide system is shown in Figure 6.
It specifies the interface layer definition of the system. The presentational
elements map to �view�s, and thus define the composition and format of
�view�s when they are implemented in the user interface. The flexibility of
mapping each �view� to a number of �presentation�s provides the capability
to implementation personalization, and also makes future change to the sys-
tem’s presentational aspect relatively independent to the core architecture
of the systems.

Navigation Diagram
Extension Needs: This diagram does not exist in the UML and needs to be
defined.
Extensions: At a high level, navigations are performed by moving from one
�view� to another. For each user or user group, navigation diagram(s) can
be defined to show to which �view�s the user has access and how they are
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Fig. 6. Presentation Diagram

interconnected. At a lower level, navigations are performed through �con-
troller�s. When a user invokes a �controller�, the display changes, either
by going to another �view� (i.e., another page) or to another part of the
�view� (i.e., goes to the Top). The �controller�s can carry contextual infor-
mation. When a �controller� is invoked to perform an operation, the user
“loses” control of the system. The �controller� either performs a function it-
self or consequently activates another �controller� to complete the function.
Once the function is finished, control can be passed back to an interface level
�controller� and the user regains the control over the system.
The high level navigation of the UTSE-Guide system is shown in Figure 7. At
a high abstraction level, the navigational structure of the UTSE-Guide sys-
tem can be represented as the connections of the “Issue Search” �view� and
“Issue Display” �view�. Users can navigate from �view� “Issue Search”
to �view� “Issue Display” by invoking �controller� “filter by issue” from
�view� “Issue Search”. The navigational behaviour is performed when the
�controller� “filter by issue” is activated. As shown in Figure 5, the execute
model of this �controller� is “invoke”. This means that the �controller� will
not be activated by the system automatically at times such as initiation;
rather, it needs to be invoked by a user during interaction with the system.
A low-level specification of UTSE-Guide navigation would be shown in nav-
igation in-the-small diagram. Three types of elements would be included in
this diagram:

– �view�: A navigational behaviour results in the change of �view�s. In
the scenario studied here, “Issue Display” �view� is displayed to replace
“Issue Search” �view�.
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UTSE - Guide Navigation In-The-Large

«controller»
filter by issue : Filter

«view»
Issue Search

«view»
Issue Display

Fig. 7. Navigation Diagram — In-The-Large

– �controller�: As described earlier, the navigational activity is completed
by one or many �controller�s, and the interconnections and execution
sequence of these �controller�s are specified in the navigation diagram.

– Other resources: Other resources, such as legacy applications, databases,
file servers and external Web sites, may be needed to perform the naviga-
tion. In this example, the �controller�s interact with “issues” database
to obtain the information needed.

Operation Diagram
Extension Needs: Operations are currently modelled in the UML using dia-
grams such as the collaboration diagram and the Statechart diagram. How-
ever, in the proposed model structure, operations also need to be represented
using view and controller. This is to ensure that the functional architecture
is modelled using the same concepts as in the information architecture, so
that the two aspects can be connected in a reliable and consistent fashion.
Extensions: Simple operations can be represented in detailed level naviga-
tion diagrams, whilst complex operations may need to be defined in further
detail using operation diagrams. In an operation diagram, the flow of oper-
ations is represented by the passing of control amongst �controller�s. These
�controller�s can reside either on the client side or on the server side.

5 Using the Extended UML Diagrams

In this section, the extended model structure (shown in Figure 3) and UML
diagram extensions (described above) will be studied using a partial development
process. This does not, in any way, imply that the proposed extensions need to be
used in conjunction with any particular process; rather, the process described
here is used as an example to demonstrate the usage of the extensions and
diagrams during the course of Web system development.
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5.1 Requirements Engineering and Conceptual Design

During the requirements engineering and conceptual design stages, business re-
quirements are captured. Business requirements are normally captured using
UML use cases and/or activity diagrams. These diagrams are used as input in
the creation of the extended conceptual model, which is built from an under-
standing of the problem domain. The entities in the extended conceptual model
are problem domain concepts, not computer system components.

To extend the conceptual model, �view�s and �controller�s are then defined
based on the original conceptual model. �view�s define interface composition, at
a relatively high abstraction level. �controller�s define object behaviours, either
at the interface level or in the back-end. Whilst the concept of the model-view-
controller structure is viewed as part of the extended conceptual model, the
definition is represented in the composition diagrams, which describes aspects of
the information architecture. To support modelling at various abstraction lev-
els, the composition diagrams consist of two types: composition in-the-large and
composition in-the-small. One conceptual model can connect to multiple com-
position diagrams and can therefore support various definitions on the interface
and behaviour levels.

5.2 Architectural Design

Once the extended conceptual model is defined, it can be used as the foundation
for the Web system architectural design. Other model elements and diagrams can
be defined from the extended conceptual model and used to document the system
structure at more detailed levels. These design activities may, and often do, occur
more or less in parallel. During this stage, some existing UML diagrams, such as
the collaboration diagram, the statechart diagram and the sequence diagram can
be used to facilitate the modelling process [2]. Additional diagrams are used to
better support the modelling of Web-specific aspects — particulary the system
information architecture and functional architecture. Presentation diagrams (see
Figure 6) are defined from the composition diagrams and show how views are
displayed on the interface level. One view can be matched to more than one
presentational definition. Personalization at the interface level is then supported.

To represent navigational design, �view�s and �controller�s interconnect
with each other. From a navigational perspective, the user navigates between
�view�s through the usage of �controller�s. Navigation contains two aspects: the
static navigational structure (represented by interconnections between �view�s);
and the dynamic navigational behaviour (represented by the connections be-
tween �view�s and �controller�s).

Because of the potential complexity of Web system navigation, the repre-
sentation of navigational structure and navigational behaviour needs to be sup-
ported at different abstraction levels, so that a thorough understanding of the
navigational aspect can be achieved. This is implemented by using two types of
navigation diagrams: navigation in-the-large and navigation in-the-small.
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Operational Design Operations are performed by controllers. This can hap-
pen either when a user invokes a controller by interacting with its related view,
or when the system initiates a function by passing control to a controller. Some
functions need only one controller to complete, whilst others require the collabo-
ration between several controllers. In the latter case, control flows from controller
to controller during the process of the function. When the control is not with
the controller that relates to views at the interface layer.

To perform an operation, other resources such as legacy applications, database
files or external links may be required. This is true with navigation as well. A
user can navigate from a website to its related links and then return, as part of
his/her normal navigational route.

5.3 Potential Improvements

As demonstrated by the case study, the proposed extensions to the UML notation
can, if utilized properly, increase the modelling capability of the notation. These
proposed extensions can be helpful in addressing the limitations in the existing
modelling approaches that were identified in Gu et al. (2002). An analysis of this
potential is shown in Table 1.

6 Summary

In this paper, we have proposed some extension directions to UML notation,
with the aim of improving some aspects of the modelling language support for
Web system development. The extensions to the conceptual model are based on
the model-view-controller concept and the addition of several diagrams, such as
composition diagrams, presentation diagrams, navigation diagrams and opera-
tion diagrams, can potentially increase the modelling capability offered by the
existing UML notation.

Inspired by concepts taken from other modelling approaches, such as WebML,
which support Web system information architecture reasonably well, and used
in conjunction with the existing UML functional modelling capabilities, the pro-
posed model structure aims to support both the functional and information
architectures. The support for sophisticated functionality and the connection
between the business model and the technical architecture is also addressed by
the proposal. Furthermore, the proposed modelling approach can represent the
system architecture at different abstraction levels and the linkage between these
levels can be managed through the extended conceptual model.

A small case study has been used to illustrate the proposed extensions and
their applications although, due to the small size and complexity of the case
study system, not all aspects and features of the extension proposal could be
fully demonstrated. Another, much larger case study has in fact been conducted
using a real-world, commercially confidential, Web system, with excellent results.
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Table 1. Extension Proposal — Addressing the Gaps

Gap in Existing
Approaches

Potential Improvements

Inability to model
sophisticated
functionality

The introduction of the model-view-controller concept provides
the capability to model navigational and functional behaviours
using the definitions of controllers. Whilst some simple functions
can be performed by individual controllers, more sophisticated
functions may need the collaboration of several controllers. Some
of these controllers also support the integration to both internal
and external applications and information resources.Whilst the
functional modelling aspect cannot be fully demonstrated in this
paper due to the lack of sophistication of the case study.

Disconnection
between functional
architecture and
information
architecture

The introduction of the model-view-controller concept and the
extended model structure provides the potential capability to
connect the functional architecture and the information archi-
tecture. Since the two aspects of Web system architecture are
both connected to, and indeed developed from, the extended
conceptual model, consistency and integrity are more likely to
be achieved in the proposed approach.

Disconnection
between business
model and
technical
architecture

In the proposed extension model structure, the extended concep-
tual model is built upon the business requirements captured dur-
ing requirements engineering. This extended conceptual model
is then used as the foundation for the design of both the infor-
mation architecture and the functional architecture of the Web
system. This close connection introduced by the MVC structure
can help to translate business requirements into the two aspects
of Web system technical architecture.

Inability to support
modelling at
various abstraction
levels

With the modelling of composition, navigation and operation,
diagrams can be constructed at two abstraction levels. For ex-
ample, the composition of a Web system can be represented as
logical elements at a high abstraction level, whilst it can also be
modelled in term of pages and elements on the pages at a more
detailed level. This is implemented by using the composition in-
the-large and composition in-the-small diagrams.Although far
from complete and thorough, this approach demonstrates the
potential to address the issues related to modelling abstractions
and interconnections between the abstraction levels.

Potential misuse of
UML extension
mechanisms

Although this issue was not directly addressed in our proposal
here, attention was given to the proposed UML extensions with
the aim of avoiding the potential misuse of this mechanism.

Inability to support
system life cycle
management

This issue was not directly addressed. However, the proposed
support for a more complete and balanced Web system techni-
cal architecture can potentially expand the usage of the model
during the system life cycle.
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Abstract. Information sources over the WWW contain a large amount
of data organized according to different interests and values. Thus, it is
important that facilities are there to enable users to extract information
of interests in a simple and effective manner. To do this, information
from the Web sources need to be extracted automatically according to
users’ interests. However, the extraction of information requires in-depth
knowledge of relevant technologies and the extraction process is slow,
tedious and difficult for ordinary users. We propose the Wiccap Data
Model, an XML data model that maps Web information sources into
commonly perceived logical models. Based on this data model, ordinary
users are able to extract information easily and efficiently. To accelerate
the creation of data models, we also define a formal process for creating
such data model and have implemented a software tool to facilitate and
automate the process of producing Wiccap Data Models.

1 Introduction

1.1 Motivation

In the past decade, the World Wide Web has completely reshaped the Internet
and led to a wide range of applications and services that are available to people
surfing the Internet. Net-surfers do not face the problem of information unavail-
ability. Instead, information overloading is becoming a bottleneck for obtaining
information from the Internet. People are not able to retrieve exact information
of interest. Normal Internet search engines usually return massive irrelevant
information along with some useful ones. Even in a given website, useful infor-
mation is normally split into pieces and is highly coupled with other unrelated
data such as advertisements and formatting styles. It’s a time consuming and
tedious process for users to finally get the right information that they are looking
for. In addition, it is not easy for applications to access information from the
web, because websites are designed specifically for human browsing.

One of the solutions to this information overloading problem is Information
Extraction (IE) from the Web. Over the past couple of years, some IE systems,
mostly wrappers and software agents, have been built to automatically retrieve
information from various sources and extract only those that are of the users’
interests.

S. Spaccapietra, S.T. March, and Y. Kambayashi (Eds.): ER 2002, LNCS 2503, pp. 120–135, 2002.
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However, the extraction of information requires a process of specifying data
models or extraction rules that define the mapping between the actual infor-
mation on the Web pages and the pieces that the users are interested. This
process usually requires in-depth knowledge of relevant technologies, which ordi-
nary users do not possess. As a result, ordinary users who do not possess such
technical knowledge are prevented from using IE systems or are limited to use
wrapper programs created by other people which may not extract the exact
information that the users want.

Another common problem that most Information Extraction systems face is
the slow speed at which the data models are created. The rate at which new
websites are appearing and old websites are changing is much faster than what
the current IE systems can handle. Thus, to have a tool to help users to quickly
create the required data model for extracting information has become the top
priority of IE system for the Web.

1.2 The WICCAP Approach

In this paper, we propose a data model, called the Wiccap Data Model (WDM),
to map information from the Web into commonly perceived organization of log-
ical concepts. The aim of Wdm is to enable ordinary users to easily understand
the data models and use them to perform extraction tasks without worrying
about technical details. Wdm is designed as part of the WWW Information
Collection, Collaging and Programming (Wiccap) system [11], which is a Web-
based information extraction system to enable people to obtain information of
interest in a simple and efficient manner.

To allow ordinary users to perform information extraction, the Wiccap sys-
tem explicitly separates the tasks of information modeling and information ex-
traction. In Wiccap, expert users construct the Wiccap Data Model and spec-
ify how to extract the information; ordinary users indicate what to extract based
on the given Wdm and use the tools provided by the system to extract and view
the information.

Besides being easy-to-understand and easy-to-use to ordinary users, Wdm is
designed to be flexible enough to work with heterogeneous categories of websites
and open enough to allow other systems and applications to understand and
make use of it.

To cope with the rapid changes of old websites and establishment of new
websites, we formalize the process of creating a Wiccap Data Model for a given
website to permit as much automation as possible. A software tool, called the
Mapping Wizard, has been implemented to assist users to quickly generate the
data model of a given website.

1.3 Paper Overview

The remaining sections of this paper are organized as follows. In Section 2, we
give the definition of Wiccap Data Model and describe how it can be used to
model websites. In Section 3, we define the formal process for creating Wdm.
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In Section 4, we present a software tool that helps to automate the data model
creation process. We discuss some of the related work in Section 5. Finally, some
concluding remarks are given in Section 6.

2 Wiccap Data Model

In most current Web Information Extraction systems, when defining data mod-
els, users usually have to directly specify which portion of a web page within
a website constitutes the target information. The isolated pieces of target infor-
mation are later re-organized to make them more readable and accessible. As
a result, the data model produced is usually not intuitive to other users and is
very specific to the particular website.

In Wiccap, we try to derive a logical data model (Wdm) of the target website
first and then extract information from the website based on this model. The
role of the Wiccap Data Model is to relate information from a website in terms
of commonly perceived logical structure, instead of physical directory locations.
The logical structure here refers to people’s perception on the organization of
contents of a specific type of website.

For example, when a newspaper website, such as BBC Online News [16],
is mentioned, people generally think of a site that consists of sections such as
World News, or Sports News; each section may have subsections and/or a list of
articles, each of which may have a number of attributes such as title, summary,
the article itself, and maybe links to other related articles. This hierarchy of
information is the commonly perceived structure of a newspaper website, which
most users are quite familiar with. If we model and organize the information
from a newspaper website in this way, the resulting data model will appear
familiar to and be easily accepted by most users. In addition, since the model
is applicable to the whole category of websites, e.g. all newspaper websites, the
logical structure created can be re-used in the future when creating data model
for websites of the same type.

Wdm is designed to be flexible such that it can be used to model not only
a single webpage, but also a set of webpages. This set of webpages may or may
not have similar layout structures in terms of HTML syntax. It could be a small
collection of several web pages located in the same directory, the whole website,
or pages across several websites, so long as all pages together form an unified
logical view.

The final logical view of a website is usually a tree structure. In the case of
BBC Online News, as shown in Figure 1, we have a root node, under which there
are different sections, such as “World” and “Business”. There may be subsections
under each section. Each node (Section or Subsection) may have a list of articles,
denoted by the node “ArticleList” with a child node “Article”. Attributes and
contents of the article are represented as child nodes of “Article”. The mapping
information is stored as attributes of the elements to hide the technical details
from ordinary users and to maintain the logical overview of the data model.
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Fig. 1. Logical View of BBC Online News

2.1 WDM Schema and Mapping Rules

The Wiccap Data Model consists of two main components: WDM Schema and
Mapping Rule. Wdm schema provides the skeletons of the logical view while
Mapping Rule offers a detailed definition of the mapping between logical ele-
ments and the actual webpages.

A Wdm Schema concerns not only about a single website but a category of
websites. It defines the basic data elements and how these elements are organized
to form a logical view of a website. The Wiccap system categorizes websites
into different types, such as online newspaper, digital library, and product infor-
mation. For each category of website, a specific Wdm schema is defined. Each
Wdm schema is defined using a XML Schema. Since a XML schema is itself an
XML document, the Wdm schema is well structured, interoperable, and easy to
process.

A Mapping Rule of a website refers to a specific Wiccap Data Model that
describes that particular website’s logical structure using the Wdm schema of
the category of that website. A Mapping Rule is defined as a normal XML
document, with the corresponding XML schema as its definition.

A Mapping Rule based on a Wdm schema could be viewed as an instance of
that schema. The relationship between Wdm Schema and Mapping Rule is simi-
lar to the Class-Object relationship in object-oriented concept. This relationship
is reinforced by using the Wdm schema as the XML Schema of Mapping Rule’s
XML document.

2.2 WDM Elements

We define a few Basic WDM Schema Elements in Wiccap to form the base of
the Wiccap Data Model concept. Additional Wdm schema elements that are
specific to certain categories of websites can be defined to achieve more accurate
modeling of a particular type of website. A Wdm schema generally consists of
the basic predefined elements and some other extended elements. Each Wdm
schema describes a category of websites that share the same or similar logical
structure. Mapping Rules for specific websites can be created according to the
Wdm schema of the website.
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The Wdm schema defines several basic elements, including Locator, Link,
Form, Mapping, Item, Record, and Region. These basic elements themselves do
not have much logical meaning. However, they are essential to Wdm schema
because they provide the mechanisms for mapping from other elements in the
logical data model to the actual Web pages in the website. This seciton describes
the basic elements and Section 2.3 illustrates the use of these elements with an
example.

Locator A Locator is the fundamental element in Wdm. It locates a portion
within a webpage. The current Wiccap system only implements a ByPattern
Locator that relies on the starting pattern and ending pattern to locate a specific
portion that resides between these two text patterns. Since HTML pages are
merely ASCII texts, with a Locator, we are able to retrieve any part within
a given webpage, regardless of whether it is a link, attribute, element name, or
text. The definitions of Locator and some of its relevant children are as follows.

<xsd:complexType name="LocatorType" content="elementOnly">
<xsd:choice>

<xsd:element name="LocatorPattern" type="LocatorPatternType"/>
</xsd:choice>
<xsd:attribute name="Type" use="required">

<xsd:simpleType base="xsd:NMTOKEN">
<xsd:enumeration value="ByPattern"/>
<xsd:enumeration value="ByPath"/>

</xsd:simpleType>
</xsd:attribute>

</xsd:complexType>
<xsd:complexType name="LocatorPatternType" content="elementOnly">

<xsd:sequence>
<xsd:element name="BeginPattern" type="BeginPatternType"/>
<xsd:element name="EndPattern" type="EndPatternType"/>

</xsd:sequence>
</xsd:complexType>
<xsd:complexType name="BeginPatternType" base="xsd:string">

.

.

.
.
.
.

.

.

.

Link A Link corresponds to the concept of a hyperlink in the Web context.
It gives Wdm the ability to following hyperlinks in Web pages; thus, traversing
the entire website. When a Link appears in a Mapping Rule, it indicates that
there is a hyperlink in the actual web page that should be followed. When the
extraction agent follows a Link in a Mapping Rule, it attains the same effect
as a user clicking on a hyperlink in a browser, and is brought to the new page
pointed by that hyperlink.

A Link can be Static, Dynamic or a Form. A static link is just a simple fixed
URL. It is used to indicate the base address of a Mapping Rule. For example,
in the root element of the BBC Mapping Rule, we specify a static Link with
a value “http://news.bbc.co.uk/”. A Dynamic type of Link’s link value must
be extracted by the extraction agent at run-time from the Web page. The Link
element contains a Locator that locates the hyperlink to be extracted. The agent
will follow this link to reach another webpage to continue the extraction. This
Dynamic type of Link is critical to a flexible and reliable extraction rule because
the links in a webpage are likely to change while the positions where these links
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appear remain relatively stable. A good example of dynamic Link is the links of
news headlines that point to the detailed news.

The definition of Link is shown as follows:

<xsd:complexType name="LinkType" content="mixed">
<xsd:choice>

<xsd:element name="Locator" type="LocatorType"/>
<xsd:element name="Form" type="FormType"/>

</xsd:choice>
<xsd:attribute name="Type" use="required">

<xsd:simpleType>
<xsd:restriction base="xsd:NMTOKEN">

<xsd:enumeration value="Dynamic"/>
<xsd:enumeration value="Form"/>
<xsd:enumeration value="Static"/>

</xsd:restriction>
</xsd:simpleType>

</xsd:attribute>
</xsd:complexType>

Form Form caters to a special group of HTML tags: FORM and other related
HTML elements. Form is defined as a type of Link because a FORM ACTION
causes the server to perform some operation and return another page; this has
the same effect as clicking on a hyperlink. Typical examples where the Form
element may be useful are the search function and user login authentication.

When the type of a Link is Form, the URL is dynamically constructed by
concatenating all the name and value pairs of the input elements contained in the
specified form. The extraction agent will post this URL to the remote web server
and obtain the returned webpage. This ability to handling Forms is important
for a Web IE System due to the extensive use of Forms in websites. It is also
one of the characteristics that distinguish Wdm from other similar systems, as
currently only few of these systems [2] [17] take Forms into consideration or
directly incorporate them into their systems.

Mapping Locator allows us to access anywhere within a single page while Link
enables us to jump from one page to another. Mapping combines these two basic
elements to allow us to navigate throughout an entire website, or even the whole
World Wide Web. It is the element that a Mapping Rule uses to relate the logical
element to the actual physical webpage.

A Mapping is a simple container element that holds either a Link, a Loca-
tor or both. A Mapping may contain a child Mapping element. This recursive
definition allows Wdm elements to jump through multiple levels of links and
essentially makes it possible to completely separate the logical structure from
the physical structure defined by the hierarchy of links and physical directories.
Every main element, which is shown in the logical tree view as a node, should
have a Mapping as its attribute to indicate how to get to this node in the actual
website.

Item The elements introduced before are more for mapping purpose. They
are not the main elements that constitute the logical tree. The following three



126 Zehua Liu et al.

elements, Item, Record and Region, are the logical elements that represent in-
formation to be extracted.

An Item, which represents a piece of information that the user is interested
in, is the basic main element of Wdm. It is the atomic unit of all the information
in the logical data model. Item has a Mapping attribute that indicates where
data is to be extracted, and other attributes that describe its semantic meaning.

Strictly speaking, Item is not a basic Wdm element as generally different
types of websites will have different Item Types. The definition of Item element
varies in different Wdm schema. As they have the similar definition and only
differ slightly, we treat it as a basic Wdm element.

Record In most cases, we do not just specify a single Item to extract in an
entire logical tree. Within a website, there is likely to be a lot of Items that
the users are interested. Thus, we need to group related Items together, using
Record.

A Record contains a group of Items, or a tuple of attributes. It is usually used
to repeatedly retrieve data in a table or a list when its “Repeative” attribute
is ‘True’. It makes Wdm more flexible and expressive by allowing it to describe
iterative structure, which appears frequently in complex logical data model. As
with other main elements, there is a Mapping attribute to map the Record to
the actual webpages.

An example of Record is the Article element in the BBC News Mapping Rule,
with the different attributes of the article, such as Title, Link, Short Description
and Content, forming the group of Items under this Record. This article record
is iterative since there is a number of articles under each section.

Region A Region is defined to help to identify the area where an iterative
Record repeats itself. A Region typically contains only one Record if that Record
is repeative. It can be considered as the rough area that we are interested within
a webpage.

Complete WDM Schema With all the basic elements, we are now ready to
define Wdm Schemas for different types of websites. The process of producing
a Wdm schema consists of creating customized elements and assembling these
new elements and the basic elements to form an organized structure that reflects
the logical view of the website.

New Wdm elements have to be defined for the type of website that the
user is interested. What elements should be added depends on the specific type
of Web site that the user is dealing with. All the basic and customized Wdm
elements will be organized into a certain hierarchical structure. This hierarchy of
elements must reflect the logical structure of the Website that the user perceives
or understands.

2.3 An Example on BBC Online News

In this section, we illustrate with an example of how Wdm schemas and the
Mapping Rules translate physical structure into logical view. The website that
we will be looking at is the BBC Online News [16].
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<!-- WiccapNewsBBC.xml -->
<?xml version="1.0" encoding="UTF-8"?>
<Wiccap Name="BBC" Group="News"

xmlns:xsi="http://www.w3.org/2000/10/XMLSchema-instance"
xsi:noNamespaceSchemaLocation="WiccapNews.xsd">

<Mapping><Link Type="Static">http://news.bbc.co.uk</Link></Mapping>
<Section Name="World">

<Mapping>
<Link Type="Dynamic"><Locator Type="ByPattern">

<LocatorPattern>
<BeginPattern>

<![CDATA[<TD CLASS="rootsection" BGCOLOR="#FFFFFF"><A HREF="]]>
</BeginPattern>
<EndPattern><![CDATA[" CLASS="index">]]></EndPattern>

</LocatorPattern>
</Locator></Link>

</Mapping>
<Region Name="ArticleList">

<Mapping><Locator Type="ByPattern">
<LocatorPattern>

<BeginPattern><![CDATA[<SPAN CLASS="sectiontitle">]]></BeginPattern>
<EndPattern><![CDATA[<SCRIPT LANGUAGE=]]></EndPattern>

</LocatorPattern>
</Locator></Mapping>
<Record Name="Article" NumOfItem="3">

<Mapping><Locator Type="ByPattern"><LocatorPattern>
<BeginPattern><![CDATA[<DIV CLASS="]]></BeginPattern>
<EndPattern/>

</LocatorPattern></Locator></Mapping>
<Item Type="Link" TagFilter="Off" Description="This is the link to the news">

<Mapping><Locator Type="ByPattern"><LocatorPattern>
<BeginPattern><![CDATA[<a href="]]></BeginPattern>
<EndPattern><![CDATA[">]]></EndPattern>

</LocatorPattern></Locator></Mapping>
</Item>
<Item Type="Title" Description="This is the title of the news">

<Mapping><Locator Type="ByPattern"><LocatorPattern>
<BeginPattern><![CDATA[<B class="h***]]></BeginPattern>
<EndPattern><![CDATA[</B>]]></EndPattern>

</LocatorPattern></Locator></Mapping>
</Item>
<Item Type="Description" Description="This is the description of the news">

<Mapping><Locator Type="ByPattern"><LocatorPattern>
<BeginPattern><![CDATA[</A>]]></BeginPattern>
<EndPattern><![CDATA[<BR]]></EndPattern>

</LocatorPattern></Locator></Mapping>
</Item>

</Record>
</Region>
<Section Name="Asia-Pacific">
.
.
.

.

.

.
.
.
.

</Section>
<Section Name="Americas">
.
.
.

.

.

.
.
.
.

</Section>
</Section>
<Section Name="Business">
.
.
.

.

.

.
.
.
.

</Wiccap>

Fig. 2. Logical View of BBC Online News
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The Wdm schema for this website is used as an example throughout the
paper. Most of the definitions of the basic and customized elements are described
in previous sections. This Wdm schema simply redefines the Item type and add
in two more new elements: Section and Wiccap. Item type is tailored to this
specific type of website. Wiccap is the root node of the entire Mapping Rule
XML document. Section, as described previously, is the key element in this
logical structure because it not only defines a section of a newspaper, but also
allows the existence of subsection by using recursive definition. This enables
the Wdm schema to represent the logical view of most of the online newspaper
websites.

The Mapping Rule for BBC Online News, shown in Figure 2, is based on
the logical data model established by the Wdm schema defined above. Due to
the limitation of space, only details of one Section and one subsection of the
Mapping Rule are shown.

In the root element, the XML Schema file is specified; this is also the file
that contains the definition of the Wdm schema for online newspaper web-
sites. The Mapping of the root element Wiccap is a static Link that points to
“http://news.bbc.co.uk”. This is true for most Mapping Rules because a website
needs to have a base URL or home URL for any navigation to start from.

Under the root node “Wiccap”, there are a few Sections. In this example, we
specify “World”, “Business” and so on. Again, the “World” Section has a Map-
ping, which extracts the link to the page containing the actual “World” section
on the website. An ArticleList (Region) is included under the “World” Section
to indicate that we are interested in some content in this section. The Arti-
cle (Record) and Item elements under this ArticleList node give details of the
contents to be extracted.

Two Sections “Asia-Pacific” and “Americas” are inserted after the Arti-
cleList. The internal definition of these two sub-Sections are similar to the Sec-
tion “World”. All the Sections and ArticleLists together form a tree structure of
the logical view (Figure 1), which is quite close to our common understanding
of newspaper: a hierarchy of Sections and Sub-Sections with Articles in each
section.

3 WDM Creation Process

As discussed in the introduction section, the manual process of creating data
model for Web information sources, including the Wiccap Data Model, is te-
dious and slow. To allow the Wiccap system to handle large amount of new
websites and changing websites, we define a formal process for the generation
of Mapping Rule so that it can be made as automatic as possible and have im-
plemented the Mapping Wizard as a tool to help facilitate and automate this
process. The formal process of Mapping Rule generation using Mapping Wizard
consists of four stages, as illustrated in Figure 3.

Basic Logical Structure Construction To start building a logical view of
a website, the user supplies the home URL of the target website to the Mapping
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Fig. 3. Formal Process of Mapping Rule Creation

Wizard and use the Mini Web Browser to navigate the website. The user has to
decide on the type of the website and select an appropriate Wdm schema either
by using his knowledge and understanding of the website or by navigating the
website. A logical tree can then be constructed with the understanding of the
organization of the contents provided by the website.

In this stage, it is important that the user concentrates on building the overall
logical data model instead of details of how to map the logical tree nodes into
the actual website. This is because confirming the logical structure first gives
the user an overview of the whole website and makes it easy to find the target
information that is distributed among a set of webpages.

The process of building up the logical structure of the website is usually quite
straightforward. In the case of an online news website, what the user needs to
figure out are the sections under the root node and the articles or subsections
under those sections. This can be easily done by looking at the index pages of the
main sections and subsections. Therefore, the user only needs to insert “World”,
“UK”, “Business”, etc, one at a time as the children of the root node, and does
the same for any subsection of these sections.

Content Extraction Definition After the basic logical tree is made clear, the
user continues with the Content Extraction Definition stage, in which he or she
spells out the specific information that is of interest and relates the nodes in the
logical tree to the actual website.

As described earlier, Mapping includes Link and Locator and eventually
points to certain portion of a webpage. To specify the Mapping attributes, it
is the same as figuring out the patterns that enclose each piece of information.
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Without the help of the Mapping Wizard, the user has to look at the HTML
source to decide those patterns are.

The Mapping Wizard is equipped with the ability to figuring out the mapping
information with certain manual guidance. This is done by using the assistant
tools, which will be discussed in Section 4. The Mapping Wizard also provides
a Graphical User Interface (GUI) for the user to modify all the properties to
fine-tune and optimize the mapping information.

One point that is very important to the first two stages is that a certain
amount of human intervention or feedback is crucial to the Mapping Wizard.
Due to the complexity of HTML syntax, we do not believe that there is a single
complete algorithm that is capable of fully automating the process of generating
the Mapping Rule. What the Mapping Wizard can do is to try to reduce the
human intervention as much as possible.

Mapping Rule Generation Once all the information is confirmed, the Map-
ping Wizard generates the Mapping Rule according to the tree structure and
all the corresponding properties. This process is fully automated. The Mapping
Wizard validates the information that has been specified and produces the Map-
ping Rule according to the syntax defined in the Wdm schema.

Testing and Finalization In this stage, the user may test the generated Map-
ping Rule to see whether it represents the correct logical structure and whether
it locates all the required information.

The testing is a trial and error process, similar to the process of debugging
a program. the Mapping Wizard performs the actual extraction using the gener-
ated Mapping Rule. Details of how to perform the extraction using a Mapping
Rule is discussed in [10]. If the user is satisfied with all the information retrieved
from the website, he or she can finalize the Mapping Rule. Once finalized, the
Mapping Rule can either be stored into some repository or be delivered to users
of the extraction agent for the extraction of information.

4 Implementation

The current version of the Mapping Wizard has been implemented using Visual
C++ 6.0. The programming of the Graphical User Interface (GUI) makes use of
Microsoft Foundation Classes (MFC). This implementation is available on the
Windows Operating System platform (Windows 98/ME/2000/XP). This section
briefly discusses the assistant tools provided by Mapping Wizard and its GUI.

4.1 Assistant Tools

Mapping Wizard provides a set of assistant tools to help to automate the process
of generating a Mapping Rule. These tools are the critical components that make
the Mapping Wizard practically useful. Without the help of these automation
tools, the Mapping Wizard is only something like a blind combination of the
Internet Explorer, Notepad and an XML editor.
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We believe that, in practice, it is not possible to have a single tool that
fully automates the whole Mapping Rule generation process because this process
is usually complex and requires human intervention from time to time. In the
Mapping Wizard, instead of trying to provide a single tool, we build a set of tools
that address different aspects of the problem. We identify the main difficulties
and bottlenecks that slow down the overall process and develop assistant tools to
accelerate those parts one by one. In this way, the efficiency of the overall process
is improved and the time required to generate a Mapping Rule of a given website
is greatly reduced. The following gives an overview of the tools provided.

The Pattern Searching Tool is similar to the “Search” function that most
text editors provide. It allows searching of certain text pattern within the HTML
source and the web browser view. Searching directly on the Mini Web Browser
may be more helpful and straightforward to the users.

The Pattern Induction Tools are the most useful ones among all the
assistant tools provided. They are developed to release users from manually
studying the HTML Source to figure out the patterns that enclose the target
information. To derive the Mapping properties using these tools, the user only
needs to highlight the information on the Mini Web Browser and activates the
command. In the background, the Mapping Wizard detects what portion on
the Mini Web Browser is highlighted and determines the corresponding HTML
source. It then applies an algorithm to derive the starting pattern and ending
pattern that enclose this part of the HTML source. The algorithm is developed
based on those described in [9].

The Section Extraction Tool is developed to figure out all the possible
Section nodes in the same level and derive the Mapping properties for them
in a single click; while the Structure Copier is to copy the structure of the
constructed Section to other empty Section nodes, hoping that the same Region,
Record and Items structure will fit into those Sections with slight modification.

Combining all the assistant tools to create a Mapping Rule, the user first uses
Section Extraction Tool to generate all the Sections, uses the Pattern Induction
Tools to identify Region, Record and all Items under the first Section, then
activates the Structure Copier to copy the structure of the first Section to other
Sections. After some modification on the rest of the Sections, a Mapping Rule
is generated.

4.2 Graphical User Interface

Figure 4 shows the main GUI of Mapping Wizard. The Mini Web Browser on
the right panel is a small web browser for users to navigate the whole website. It
has nearly all the functions of a normal web browser. Most assistant tools rely
on the Mini Web Browser to perform operations.

The HTML Source Viewer displays the HTML source code of the web
page that the user is viewing in the Mini Web Browser. It may yield higher
accuracy in selecting the desired text string. However, it requires the user to
have relevant knowledge, such as HTML and JavaScript.



132 Zehua Liu et al.

Fig. 4. Main GUI of Mapping Wizard with Property Dialog

The panel on the left is the Logical Tree Editor, which displays the logical
model of the website that the user is modeling. The editor allows users to perform
normal tree manipulation on the logical tree, including insertion and deletion of
tree nodes and modification of their properties, using the Property Dialog.

5 Related Work

We compare our work with others related systems in several aspects. In the as-
pect of information modeling, most existing IE systems, including Tsimmis [6],
Wien [9] and W4F [17] do not model information from the logical point of
view. The organization of the extracted information has close tie to the physi-
cal structure of the website. The data models are schema-less and are difficult
to understand. Other systems like Araneus [2] [14] and Stalker [15] build data
models that separate the physical and logical structure to certain extent. But
their data models still do not truly describe the logical structure that is hidden
behind the physical appearance of websites and can not be understood easily
by users other than the data model creator. On the contrary, the Wiccap Data
Model models information in the way that most users perceive the websites and
the resulting logical models are very close to these users’ understanding.

In the aspect of data model creation, manual generation of data models or
wrappers, used in Jedi [7], Tsimmis and Araneus, does not offer GUI support and
require the use of programming language like grammar. These systems tend to
be very difficult to use by ordinary users. Other systems, including Wien, Stalker
and NoDoSe [1], take the machine learning approach to learn the extraction rules
by examples. Some of these systems provide visual support to allow easy selec-
tion and labelling of training examples. However, the requirement for expensive
computation power and large number of examples are their drawbacks. A third
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category of IE systems use supervised wrapper generation. Lixto [3], XWrap [12]
and W4F provide GUI to interact with users and make use of the HTML DOM
tree to locate the information. These systems are closest to Wiccap in terms
of the data model generation process. However, they are still not intuitive to
ordinary users and require users to have some technical background.

One important distinguishing characteristic of the Wiccap architecture is
the separation of the tasks of information modeling and information extraction.
This is essentially enable ordinary users to use the system without having special
knowledge on Information Extraction.

In addition, systems such as Embley et al. [5], Lixto, RoadRunner [4], Wien
and W4F deal with only a single webpage or a set of webpages with similar struc-
ture. This greatly limits the ability to modeling a website as a whole. Meanwhile,
only few systems (Lixto and Wien) offer the similar functionality as Mapping
Wizard to allow users to directly operate on the browser view of webpages in-
stead of the HTML sources.

There are other works that are related in other aspects. Ariadne [8] focuses
on modeling and extracting information for further integration and querying.
XGrammar [13] takes a similar approach to Wdm to use XML Schema to de-
scribe data semantics. SiteLang [18] is a language that allows specification of
information services based on the concepts of story and interaction spaces.

6 Conclusion

In this paper, we investigated the problems with current Web Information Ex-
traction systems as a solution to the information overloading problem. A new
XML data model has been proposed to map websites from their physical struc-
tures to logical views. Based this intuitive data model, ordinary users are able
to perform information extraction tasks that were previously only possible for
people with in-depth technical knowledge. A formal process is presented to stan-
dardize the creation of Wiccap Data Model and a software tool has been imple-
mented to automate the process. The process of generating a data model has
been significantly accelerated.
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Abstract. This paper describes a semi-automatic transformation from
object-oriented conceptual models to logical theories. By associating
a logical theory with a conceptual model, we are able to combine the
best of both worlds. On one hand, the object-oriented software devel-
opment paradigm is recognized to be well-suited to build maintainable
and communicable conceptual models. On the other hand, the logical
programming paradigm offers very powerful and semantically founded
concepts to represent knowledge and the use of logical inference systems
makes it possible to prototype solutions to computational tasks. Since
our method makes this mapping from conceptual models to logical the-
ories traceable, dealing with the evolution of the problem domain and
requirements becomes more manageable. Moreover a path is offered to-
wards building prototypes for object-oriented conceptual models.

1 Introduction

Recently, there is a lot of research interest for providing formal semantics for
Object-Oriented modeling languages, in particular for the Unified Modeling
Language [16]. Most OO modeling languages lacked formal semantics, often in-
troducing ambiguity and imprecision in the meaning of a model. Defining a
transformation to another formalism is one approach to define semantics. For
example, a translation from UML models to Z [6] has been investigated as part
of the Precise UML project. Executable specifications, allowing validation and
rapid prototyping, is another important issue of investigation [11]. It is how-
ever important to retain the qualities of good OO conceptual modeling, such as
declarativity.

We believe that a mapping of conceptual models to logical theories, if done
properly, gives both a firm semantics to the OO conceptual modeling language
in question and creates an executable specification. The logic programming
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paradigm, in particular, offers very powerful and semantically founded concepts
to represent knowledge about a problem domain. The construction and manip-
ulation of the logical theories, however, can be a complex activity. OO analysis
methods are better suited to build maintainable and communicable conceptual
models of the problem domain.

A key quality of such a transformation is traceability. This offers an explicit
connection between the conceptual model and the executable specification. The
lack of traceability between different views of a system in development or main-
tenance creates a lot of problems and inconsistencies, especially when the re-
quirements evolve. In a traceable process, changes to models and decisions are
propagated in a manageable way.

Our approach starts with building a conceptual model with EROOS, an OO
conceptual modeling method. This model then is transformed into an ID-Logic
logical theory that forms the basis for prototyping the implementation of the
software via the use of a logical inference system, the Asystem. In Sect. 2, we give
an overview of the EROOS method for OO conceptual modeling and introduce
an example model that will be used in the rest of the paper. In Sect. 3, ID-Logic
is presented as a language for representing logical theories. Section 4 describes
the transformation. Section 5 introduces some typical tasks and gives an outline
of how they can be solved using the Asystem general solver. Finally, we conclude
and set the directions for further research.

2 Object-Oriented Conceptual Modeling in EROOS

The EROOS method (An Entity Relationship based Object-Oriented Specifi-
cation method [20, 18, 17]) is an OO analysis method for building conceptual
models (augmented with behavior). EROOS uses a notation with a formal and
declarative nature. The modeling constructs introduced by the method offer
strong guidance to the modeler, imposing a number of methodological rules.
These restrict the expressivity of the modeling language, ruling out inferior ways
to model reality. In this way, EROOS differs significantly from most other nota-
tions and methods such as UML [16] and RUP [12] or as in e.g. [14].

The example model used throughout the paper represents a simplified part
of an educational resource management system [4]. The purpose of the system
is amongst others to administer which teaching assistant has to teach which
exercise sessions. The graphical representation of the model is given in Fig. 1.

An EROOS conceptual model introduces a number of classes corresponding
with the concepts that are identified in the problem domain, e.g. course, ses-
sion, exercise teacher. A class can be refined at most once with a (unary or
binary) relation involving (one or two) participating classes.1 This introduces an
existential dependence for each object of the refined class upon a single object
of each participating class. A relationship is thus reified, unlike in most other
methods, where relations or associations are modeled between classes as such.
1 This methodological rule is a driving force in finding and organizing classes, leading
to better models.
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Fig. 1. An EROOS conceptual model for an exercise teacher assignment system

Relations are represented by means of a circle in the refined class, with
lines towards the participating classes. A single circle indicates a multiplicity
restricted to one duplicate: e.g. at most one teaching ability can exist having
the same participant tuple, i.e. the same exercise teacher and the same course.
Unrestricted multiplicity is indicated with two circles (e.g. teacher slot). A
”1” at the end of a participant line of a binary relation denotes a restricted
connectivity: e.g. given a teacher slot, this object can be related to at most one
teaching ability through teacher assignments.

Attributes can be defined for classes, introducing an existential dependence
for their objects upon a value of a given domain. In the example, each course
must have a name with the domain course name as type.

EROOS emphasizes the formal specification of all constraints observable in
the problem domain [19]. This can be done implicitly through the semantics
of the constructs (e.g. existential dependence) or integrated in the definition of
model elements (e.g. multiplicity and connectivity of relations). If not possible
otherwise, explicit constraints can be specified on top of one or more classes,
introducing a universally quantified logical assertion. The population of a model
must at any instance of time obey all constraints.

Explicit constraints are represented by means of triangles connected to the
classes to which they apply. The constraint appropriate ability states that for
each teacher assignment, the course upon which the participating teaching ability
depends must be the same as the course that is reached via the teacher slot
and exercise offer. The constraint no double assignments states that the same
exercise teacher cannot be assigned more than once to teach a certain session
(via different teacher slots).
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Building class hierarchies using generalization/specialization is an important
aspect in OO conceptual modeling. In EROOS every characteristic of a general-
ization class is inherited in a specialization class, introducing an is a relationship
and thus supporting polymorphic reasoning. Characteristics can be strengthened
in specialization classes. Specialization classes are always grouped in a (mathe-
matical) partition of the generalization class, turning the latter into an abstract
class. EROOS supports multiple specialization through the definition of multiple
orthogonal partitions [2].

A partition is indicated using a half circle. Dashed lines are used to represent
that inherited characteristics are strengthened. In the model, two partitions are
introduced. They model that a teacher slot, and consequently a teacher assign-
ment2 can exist for the entire exercise offer (and thus for all it’s sessions) or for
a particular session. Note that these slots and assignments are additive.

Queries are defined for modeling derived information. They are denoted using
circles with question marks, connected to the class on which they are defined.
Queries can be applied to individual objects of this class. The query assigned
teachers specifies which teachers teach a given session in terms of the other
queries. (The queries with a name ending with ”for” take a session as an argu-
ment.)

The evolution of the state in the problem domain is modeled by the oc-
currence of events upon objects. The specification of these events is part of an
EROOS model. Events have a transactional, declarative nature. The schedule
events in the figure, create assignments for all resp. a given vacant slot for a
course. This can be specified elegantly using non-determinism [3]. In this paper,
we will not describe the formalism for specifying queries, events and constraints.

Semantics for EROOS conceptual models, including non-deterministic behav-
ior, have been defined in terms of populations and population evolutions, using
set-theory and logic [3].

3 Logical Theories

3.1 The Language and Its Semantics

Inductive Definition Logic (ID-Logic [7, 8]) is an integration of first order logic
and Logic Programming3, interpreting the logic program as a non-monotone in-
ductive definition. An ID-Logic theory is defined as a pair (D,F) where F is a set
of first order statements, expressing true assertions of the domain of discourse. D
is a logic program and represents a (non-monotone) inductive definition of a sub-
set of the predicates.4 These are the defined predicates. Only defined predicates
2 This second partition is not strictly needed in the simplified model, but is kept for
illustrative purposes.

3 Consequently ID-Logic generalizes all subclasses of Logic Programming, e.g. datalog.
4 In the context of this paper, an ID-Logic theory contains only one definition (the
logic program). In general [7], it can contain an arbitrary number of independent
definitions.



156 Pieter Bekaert et al.

appear in rule heads. The other predicates are called open. Their interpretation
is free.

The semantics of an ID-Logic theory are given by an interpretation M of D
satisfying the following conditions. Let MO be an arbitrary two-valued interpre-
tation for the open predicates in D, fixing their meaning. This interpretation
MO turns D in a standard logic program. The unique two-valued well-founded
model5 [21] of this resulting logic program is M. M is only a model of the whole
ID-Logic theory if it also is a model for F .

As a consequence, the formulas in F constrain the possible interpretations
of the open predicates.




defined(teacher assigment( , )).
defined(teacher( )).
open(offer teacher assignment( , )).
open(session teacher assignment( , )).

teacher assigment(Slot,Teacher)← offer teacher assignment(Slot,Teacher).
teacher assigment(Slot,Teacher)← session teacher assignment(Slot,Teacher).
teacher(bert).
teacher(pieter).

∀ Slot,Teacher: teacher assignment(Slot,Teacher) → teacher(Teacher).




Fig. 2. An ID-Logic theory

Figure 2 shows an example of an ID-Logic theory. For readibility, the different
parts are separated. The distinction between defined and open predicates is made
explicit by the declarations in the upper part. In the middle, rules are given for
the defined predicates. One is given in terms of other predicates and the other as
a full enumeration. The bottom part contains the FOL formula that the second
argument of teacher assigment/2 must be a teacher. Remark that this theory
is not the result of the transformation that will be defined later on.

3.2 Computing Models Using the Asystem

Given an ID-Logic theory, a basic computational task is to find an interpretation
∆ for the open predicates that is a solution. (This ∆ can be specified by the
set of atoms that are true in the interpretation, the atoms outside the set ∆ are
false.) This task is known as abduction and is studied in abductive logic pro-
gramming [10]. However, an ID-Logic theory is also a generalization of standard
logic programming. There, the basic computational task is deduction: Given a
query ← Q (with Q a conjunction of literals), the task is to find a substitution
σ such that Qσ is true in the unique model of the program.

The Asystem [13, 1] is able to combine both computational tasks, because it
is an implementation of the SLDNFA procedure [9]. That SLDNFA procedure
5 This is exactly the least Herbrand model in the case of a definite program.
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is a sound and complete abductive extension of the SLDNF procedure that is
at the basis of any implementation of logic programming. Given an ID-Logic
theory (D,F) and a query ← Q, SLDNFA computes a ∆ and a substitution σ
(if they exist, otherwise it fails) such that (1) the well-founded model of (D∪∆)
is two-valued and (2) Qσ and F are true in the well-founded model of (D∪∆).

The Asystem has been used in a number of experiments [13], including com-
putationally hard problems like AI-planning.

3.3 Extensions of ID-Logic

In the above discussion, we have formulated a basic version of ID-Logic and omit-
ted a number of aspects which are of minor importance for the understanding
of this paper. Besides the formulated core, ID-Logic is extended with a number
of features that allow its users to express certain knowledge in a more concise
and more readable way. Two features we make use of are type declarations and
function declarations. These declarations enhance the readability of the language
and they are exploited by the solvers to optimize the reasoning process.

In ID-Logic, a type declaration introduces a unary predicate. Figure 3 shows
the unary predicate course/1. The actual definition of the predicate is as any
defined predicate and belongs to the D part of the theory. It can be defined by
an enumeration of facts, in terms of other predicates or declared open.

{
type course.
function number of attendees(course):int.
predicate follows course(student,course).

}

Fig. 3. Type and function declarations in ID-Logic

Figure 3 also declares a function. On one hand, a function introduces an al-
ternative notation for a predicate, here a predicate number of attendees/2, on
the other hand it also introduces a formula in F , namely the functional depen-
dence between the arguments of the function and its result. It also introduces a
formula restricting the domain and range of the function to the declared types.
Also predicate arguments can be restricted to a declared type as the example
shows.

Remark that both extensions can be compiled away to an equivalent type
and function free theory. It is this theory that the Asystem will take as input.

4 Transformation of EROOS Conceptual Models to
ID-Logic Theories

In this section we describe the transformation of EROOS conceptual models to
ID-Logic theories. A tool has been developed that performs a large part of this
transformation automatically.
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EROOS conceptual models are built using a conceptually rich set of con-
structs. In the process of the transformation to ID-Logic, we must define how
to represent them in terms of definitions and FOL formulae. The theory that
results is restricted to the structure of the problem domain, and does not contain
information about the actual objects that are present. Neither does it declare
predicates as defined or open. These aspects are only introduced in the context
of tasks (see Sect. 5).

The EROOS events are currently not taken into account in the transforma-
tion, since the approach in logical programming for behavior is significantly
different. The relation between both approaches is under investigation.

The transformation is presented in an informal way and illustrated in the
context of the example introduced in Sect. 2. The transformation of all concepts
is however clearly described and covered by the example.

4.1 Transformation of Classes and Domains

For each class in the conceptual model, a type is defined in the theory. This
introduces a unary predicate that in a certain state of the system evaluates
to true for those atoms that actually represent an object of that class. In the
same way, types are defined for the domains of the attributes introduced in the
conceptual model. Figure 4 shows the types generated for the conceptual model
in Fig. 1.6 To reduce the length of the lines, we abbreviated the symbol names.




type courseName.
type course.
type session.
type teachAbil.
type teachSlot.
type offTeachSlot.
. . .




Fig. 4. The ID-Logic theory: types

The type system introduced in Sect. 3, is very simple, allowing us to explicitly
state the properties of the type system of EROOS (see Sect. 4.3).

4.2 Transformation of Relations and Attributes

Each refinement of a class with a relation gives rise to one or two functions (for
unary resp. binary relations) expressing the existential dependences introduced
by the refinement. A function is also introduced for each attribute. The domain
of these functions is the type for the class that is refined with the relation or
decorated with the attribute. The range is the type for the participating class
resp. the domain of the attribute. The functions are shown in Fig. 5.
6 We will only present some partial fragments. The full theory can be found in [5].
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


function name(course):courseName.
function exerOffer course(exerOffer):course.
function session exerOffer(session):exerOffer.
function teachAbil exerTeacher(teachAbil):exerTeacher.
function teachAbil course(teachAbil):course.
function teachSlot exerOffer(teachSlot):exerOffer.
function sessTeachSlot session(sessTeachSlot):session.
. . .




Fig. 5. The ID-Logic theory: functions for existential dependences

For binary relations, an alternative would be to introduce a ternary predicate
instead of two functions. We would then need to impose functional dependences
explicitly. The current representation is closer to EROOS.

The multiplicity and connectivity constraints integrated in the definition of
the relation, are also added to the theory. This is shown in Fig. 6.




% Multiplicity constraint for binary refined teaching ability
∀ X1,X2 :: teachAbil(X1) ∧ teachAbil(X2) →

(teachAbil exerTeacher(X1) = teachAbil exerTeacher(X2) ∧
teachAbil course(X1) = teachAbil course(X2))
→ X1 = X2).

. . .
% Connectivity constraint for teacher assignment
∀ X1,X2 :: teachAsgmt(X1) ∧ teachAsgmt(X2) →

(teachAsgmt teachSlot(X1) = teachAsgmt teachSlot(X2) →
teachAsgmt teachAbil(X1) = teachAsgmt teachAbil(X2)).

. . .




Fig. 6. The ID-Logic theory: integrated constraints for relations

4.3 Transformation of Generalization/Specialization

The primary characteristic of Generalization/Specialization, is that it introduces
an is a relationship between the objects of a specialization class and a general-
ization class. This is also indicated in the ID-Logic theory. In EROOS however,
generalization/specialization is a rich concept, that introduces a lot more. In
our approach, we fully transform each class in isolation, and then relate them in
the theory. An alternative is to define all generalization classes in terms of their
specializations. The transformation presented below equally applies to multiple
generalization/specialization hierarchies, as elaborated in [4].
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Partitioning Constraints. As explained in Sect. 2, specialization classes are
grouped in mathematical partitions of generalization classes. The implicit dis-
jointness and completeness constraints are made explicit in the theory. This is
shown, together with the is a relationship, in Fig. 7.




∀ X :: offTeachSlot(X) → teachSlot(X).
∀ X :: sessTeachSlot(X) → teachSlot(X).

∀ X :: teachSlot(X) → (offTeachSlot(X) ∨ sessTeachSlot(X)).

∀ X :: ¬(offTeachSlot(X) ∧ sessTeachSlot(X)).




Fig. 7. The ID-Logic theory: the ”is a” relationship, completeness and disjoint-
ness for the partition scope of teacher slot

Finally, an object in EROOS can only belong directly to a single most-
specialized class. In other words, the populations of each couple of concrete
classes is disjoint. Due to the limitations on the form of the class hierarchy, this
is equivalent to stating that each couple of most general classes is disjoint, as
done in Fig. 8.

{∀ X :: ¬(course(X) ∧ exerOffer(X)).
∀ X :: ¬(course(X) ∧ session(X)).
. . .

}

Fig. 8. The ID-Logic theory: each couple of most general classes is disjoint

Strengthening. The notion of specialization incorporates the very powerful
possibility of strengthening characteristics of a generalization class at the level
of the specialization class. This is done in the example for the refinement of
classes with a relation. In the previous paragraph, functions and formulae were
generated for all refined classes, independent of generalization/specialization and
strengthening. The functions generated for the strengthened definition of the re-
lation in the specialization class, must be related with those for the relation
in the generalization class. Since objects of the specialization class must be in-
terpretable as objects of the generalization class(es). This relation is defined in
Fig. 9. The first formula, states that the participating teaching ability for a ses-
sion teacher slot through the function at the specialized level must be the same as
through the function at the generalized level. This is an unstrengthened partici-
pation, but the formula is needed. The second formula essentially does the same
for the other participant. However, the range of the function introduced at the
specialized level is restricted to a specialization of teacher slot (cfr. Fig. 5).
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


∀ X1,X2 ::
sessTeachAsgmt teachAbil(X1) = X2

→ teachAsgmt teachAbil(X1) = X2.
∀ X1,X2 ::

sessTeachAsgmt sessTeachSlot(X1) = X2
→ teachAsgmt teachSlot(X1) = X2.

∀ X1,X2,X3 ::
sessTeachSlot session(X1) = X2 ∧
session exerOffer(X2) = X3

→ teachSlot exerOffer(X1) = X3.
. . .




Fig. 9. The ID-Logic theory: strengthening of relations

The third formula is more complicated. Here an additional link is inserted in
the chain of existential dependence. The formula states that the function com-
position at the specialized level is equal to the function at the generalized level.
Notice that in these formulae, no explicit domain is set for the variables of the
universal quantification. The equations will be false for those X’s out of range,
thus not intervening with the truth of the formula.

4.4 Transforming Explicit Constraints

Since the formalism of EROOS is based on set theory and first order logic, we
expect this transformation to pose no conceptual problems. It is however not yet
worked out and implemented.

A possible formulation of a formula for the constraint appropriate ability on
teacher assignment is straight-forward from its specification in EROOS and
is given in Fig. 10.

{∀ X :: teachAsgmt(X) →
exerOffer course(techSlot exerOffer(teachAsgmt teachSlot(X))) =
teachAbil course(teachAsgmt teachAbil(X)).

}

Fig. 10. The ID-Logic theory: The constraint appropriate ability on teacher
assignment

4.5 Transforming EROOS Queries

The definition of a deterministic query in an EROOS model introduces informa-
tion that can be derived from the current population by applying the query (with
arguments) to an object. EROOS queries do not have preconditions and are thus
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always defined. In the ID-Logic theory, a deterministic, single-valued EROOS
query can be represented by means of a function, with as domain the Cartesian
product of the type introduced for the class of objects the query can be applied
to and the types for the arguments, and with as range the type of the result. A
query returning a set gives rise to a predicate. Figure 11 outlines the predicate
generated for the query assigned teachers on session. As for constraints, queries




predicate assigned teachers(session,exerTeacher).

defined assigned teachers( , ).

assigned teachers(Session,ExerTeacher) ← . . . .




Fig. 11. The ID-Logic theory: The query assigned teachers on session

are not yet dealt with automatically.
A conceptual model with recursive queries can introduce problems, since the

semantic equivalence between the EROOS query and a definition in the theory
is still to be investigated in that context. Non-deterministic queries also need to
be further investigated.

For the full specification of the queries in the example, we refer to a forth-
coming technical report [5].

5 Solving Tasks

The above transformation is the first step towards a prototyping system. This
section shows the use of the Asystem to compute solutions for a given task. We
present it by means of two important classes of tasks: namely database querying
and scheduling. Traditionally, solutions for these applications use very different
techniques.

5.1 General Notes on Tasks

Before presenting our task representations, we have to refine the view depicted
above on the input of the Asystem. In OO modeling the distinction between
an actual instance of the conceptual model (the population) and the conceptual
model itself is commonly made. In a logical context this distinction is not always
made. However in the context of deductive databases, it corresponds to the
distinction between the extentional database (EDB) and the intentional database
(IDB). In ID-Logic this EDB has to be provided for each task. In what follows,
we represent it by P as it corresponds to the population of the conceptual model.

The description of a task consists on one hand of the theory (D,F), the
population P and the set O containing the open predicates. On the other hand
it consists of the query Q that triggers the computation. We define the triple
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(D∪P ,F ,O) as the representation for the theory which is given to the Asystem
to resolve the task.

To illustrate the reasoning process, we use the following population P . The
unmentioned classes are assumed to be empty. Also we have ignored the parti-
tioning in the conceptual model to simplify the example population.



course(ai). course(oo).
exerOffer(aioffer). exerOffer(oooffer).
exerOffer course(aioffer)=ai. exerOffer course(oooffer)=oo.
teachSlot(slot1). teachSlot(slot2).
teachSlot exerOffer(slot1)=aioffer. teachSlot exerOffer(slot2)=oooffer.
exerTeacher(bert). exerTeacher(pieter).
teachAbil(a1). teachAbil(a2).
teachAbil course(a1)=ai. teachAbil course(a2)=oo.
teachAbil exerTeacher(a1)=bert. teachAbil exerTeacher(a2)=pieter.
teachAssign(ass1).
teachAssign teachSlot(ass1)=slot1.
teachAssign teachAbil(ass1)=a1.




Furthermore when referring to D and F from now on, the result from the above
transformation applied on the example conceptual model is meant.

5.2 Database Querying

A good characterization of this class of tasks is that of posing queries over a
fully known database. In our formulation the population P is the database.

E.g. for the query:who teaches the exercises of course ai in our example, the
answer is given by resolving the query assigned teachers(ai,Teacher) in the
context of the theory (D∪P ,F ,∅). Here, the Asystem will return the answer
substitution σ={Teacher/bert} and an empty ∆ as answer.

Note that no open predicates exists (the setO is empty) because the database
is complete and no hypotheses should be made about any of the predicates. This
reduces the inference process of the Asystem to deductive reasoning.

5.3 Scheduling

This class differs from database querying in different points. Mainly because the
expected answer is not a simple substitution for the query, but a set of objects
and their dependences.

Let us explain this by example: suppose that we are looking for an assignment
of teachers to exercises in the context of the population P . P contains already
a partial assigment: namely bert for slot1, however slot2 is still vacant. Then
an answer to the scheduling task is an extension of the set of teacherAssignments
(and its dependences) that will fill up this gap.

In order to allow the system to generate this set, the expected answer pred-
icates are declared open. For our example, the set O contains {teachAsgmt( ),
teachAsgmt teachAbil( , ), teachAsgmt teachSlot( , )}7.
7 The partial information about these predicates in the population is now part of F .



164 Pieter Bekaert et al.

Secondly for this task, we have to add the requirement that each slot must
have a teacher assigned. This constraint is part of the scheduling event and does
not appear in the conceptual model (and consequently in the derived theory),
since it is not to be fulfilled during the entire system life-cycle. But we have to
take it into account, because it enforces the search for a schedule. Formally the
requirement is ∀ X :: teachSlot(X)→ ∃Y : teachAsgmt teachSlot(X) = Y .

Bringing everything together we obtain the input theory (D∪P ,F∪{∀ X ::
teachSlot(X) → ∃Y : teachAsgmt teachSlot(X) = Y },O). The query for a
scheduling task is typically true because the interest is in the set teacherAssign-
ments.

Note that solving this problem cannot be done by deductive reasoning, but
needs abductive reasoning. The computed answer is here an empty answer sub-
stitution and the set ∆ ={teachAsgmt(ID1), teachAsgmt teachSlot(ID1)=slot2,
teachAsgmt teachAbil(ID1)=a2} in which ID1 is a new object identifier belong-
ing to the set teacherAssignments.

5.4 Some Remarks

The presented approach contains all the ingredients needed to build a prototype
system out of it. It is a very flexible approach to describe a task and is capable
to deal in a simple, uniform way with different kinds of problems (namely by
declaring open and defined predicates). Hence making it well suited to be the
kernel of a prototype system.

As far as efficiency is concerned, the current prototype executes the whole
transformed program, a rather time consuming task. Obviously, when knowing
which predicates are defined and open and the population, many constraints
could be simplified. We expect this to be possible with off the shelve logic pro-
gram specializers such as ECCE [15] but that has not yet been explored.

6 Conclusion and Future Work

In this paper we have presented a transformation from object-oriented concep-
tual models in EROOS to logical theories in ID-Logic. This is a first step towards
a method that provides a modeling tool for logical theories. At the same time the
transformation is a first step towards a complete formal semantics for EROOS
conceptual models in a well established formalism. By following a transforma-
tive approach, we try to build a method that supports the evolutive aspects of
the software development process. Moreover this approach makes it possible to
build a prototype of the system, and even to perform computational tasks in the
context of the generated theory. This has been worked out for two important
classes of tasks: database querying and scheduling.

The work presented here is only a beginning. First of all, the transforma-
tion is only partial. Certain concepts of the EROOS method, e.g. the archive
and object life-cycles, are left out. Explicit constraints and queries are not yet
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translated automatically and events are not yet taken into account at all. Non-
deterministic constructs in EROOS allow complex planning functionalities to
be specified in an elegant way [3]. Important work is to be done to integrate
the EROOS approach to modeling behavior using queries and events with the
(Abductive) Logic Programming approach using tasks. We expect that this will
result in a deeper understanding of both paradigms.

Using theorem provers, we can verify if the given conceptual model entails
a certain property, starting from the generated logical theory. An interesting
application of this approach consists in proving for each class, that a non-empty
population can exist. If not possible, this may for instance indicate malformed
(multiple) generalization/specialization hierarchies.

The transformation generates a theory that is entirely tailored to the con-
ceptual model at hand. An alternative approach would be to see a conceptual
model as an instance of a meta-model. If for this meta-model a corresponding
meta-theory is made in logic, it is possible to transform a conceptual model to
an instantiation of this meta-theory. All semantics of the EROOS constructs are
then expressed once at the level of this meta-theory. Moreover in logical knowl-
edge representation, meta-theories are built for specific types of knowledge and
reasoning patterns. Bringing this back to OO conceptual modeling can introduce
interesting modeling constructs and patterns.
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Abstract. Over the past decade, goal models have been used in Com-
puter Science in order to represent software requirements, business objec-
tives and design qualities. Such models extend traditional AI planning
techniques for representing goals by allowing for partially defined and
possibly inconsistent goals. This paper presents a formal framework for
reasoning with such goal models. In particular, the paper proposes a qual-
itative and a numerical axiomatization for goal modeling primitives and
introduces label propagation algorithms that are shown to be sound and
complete with respect to their respective axiomatizations. In addition,
the paper reports on preliminary experimental results on the propagation
algorithms applied to a goal model for a US car manufacturer.

1 Introduction

The concept of goal has been used in many areas of Computer Science for quite
some time. In AI, goals have been used in planning to describe desirable states
of the world since the 60s [5]. More recently, goals have been used in Software
Engineering to model early requirements [2] and non-functional requirements [4]
for a software system. For instance, an early requirement for a library information
system might be “Every book request will eventually be fulfilled”, while “The new
system will be highly reliable” is an example of a non-functional requirement.
Goals are also useful for knowledge management systems which focus on strategic
knowledge, e.g., “Increase profits”, or “Become the largest auto manufacturer in
North America” [3].

Traditional goal analysis consists of decomposing goals into subgoals through
an AND- or OR-decomposition. If goal G is AND-decomposed (respectively,
OR-decomposed) into subgoals G1, G2, . . . , Gn, then if all (at least one) of the
subgoals are satisfied so is goal G. Given a goal model consisting of goals and
AND/OR relationships among them, and a set of initial labels for some nodes
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model for car manufacturing. We also thank the anonymous reviewers and Greg
McArthur for helpful feedback on earlier drafts of this paper.
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of the graph (S for Satisfied, D for Denied) there is a simple label propagation
algorithm which can generate labels for all other nodes of the graph [6].

Unfortunately, this simple framework for modeling and analyzing goals won’t
work for many domains where goals are not formalizable and the relationships
among them can’t be captured by semantically well-defined relations such as
AND/OR ones. For example, goals such as “Highly reliable system” have no for-
mally defined predicate which prescribes their meaning, though one may want
to define necessary conditions for such a goal to be satisfied. Moreover, such
a goal may be related to other goals, such as “Thoroughly debugged system”,
“Thoroughly tested system” in the sense that the latter obviously contribute to
the satisfaction of the former, but this contribution is partial and qualitative.
In other words, if the latter goals are satisfied, they certainly contribute to the
satisfaction of the former goal, but don’t guarantee its satisfaction. The frame-
work will also not work in situations where there are contradictory contributions
to a goal. For instance, we may want to allow for multiple decompositions of a
goal G into sets of subgoals, where some decompositions suggest satisfaction of
G while others suggest denial.

We are interested in a modeling framework for goals which allows for other,
more qualitative goal relationships and can accommodate contradictory situa-
tions. We accomplish this by introducing goal relationships labelled “+” and
“–” which model respectively a situation where a goal contributes positively or
negatively towards the satisfaction of another goal.

A major problem that arises from this extension is giving a precise semantics
to the new goal relationships. This is accomplished in two different ways in this
paper. In section 3 we offer a qualitative formalization and a label propagation
algorithm which is shown to be sound and complete with respect to the formal-
ization. In section 4, we offer a quantitative semantics for the new relationships
which is based on a probabilistic model, and a label propagation algorithm that
is also shown to be sound and complete. Section 5 presents preliminary experi-
mental results on our label propagation algorithms, while section 6 summarizes
the contributions of the paper and sketches directions for further research.

2 An Example

Suppose we are modeling the strategic objectives of a US car manufacturer, such
as Ford or GM. Examples of such objectives are increase return on investment
or increase customer loyalty. Objectives can be represented as goals, and can be
analyzed using goal relationships such as AND, OR, “+” and “−”. In addition,
we will use ”++” (respectively ”−−”) a binary goal relationship such that if
++(G,G’) (−−(G,G’)) then satisfaction of G implies satisfaction (denial) of G’.

For instance, increase return on investment may be AND-decomposed into
increase sales volume and increase profit per vehicle. Likewise, increase sales volume
might be OR-decomposed into increase consumer appeal and expand markets.
This decomposition and refinement of goals can continue until we have goals
that are tangible (i.e., someone can satisfy them through an appropriate course
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Fig. 1. A partial goal model for GM.

of action) and/or observable (i.e., they can be confirmed satisfied/denied by
simply observing the application domain).

For vaguely stated goals, such as increase customer loyalty we may want to
simply model other relevant goals, such as improve car quality, improve car services
and relate them through “+” and “−” relationships, as shown in Figure 1. These
goals may influence positively or negatively some of the goals that have already
been introduced during the analysis of the goal increase return on investment.
Such lateral goal relationships may introduce cycles in our goal models.

Examples of observable goals are Yen rises, gas prices rise etc. When such a
goal is satisfied, we will call it an event (the kind of event you may read about
in a news story) and represent it in our graphical notation as a rectangle (see
lower portion of Figure 1).

Figure 1 shows a partial and fictitious goal model for GM focusing on the goal
increase return of investment. In order to increase return of investment, GM has to
satisfy both goals increase sales and increase profit per vehicle. In turn, increase
sales volume is OR-decomposed into increase consumer appeal and expand markets,
while the goal increase profit per vehicle is OR-decomposed into increase sales
price, lower production costs, increase foreign earnings, and increase high margin
sales. Additional decompositions are shown in the figure. For instance, the goal
increase consumer appeal can be satisfied by satisfying lower environment impact,
trying to lower purchase costs, or reducing the vehicle operating costs (reduce
operating costs).
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The graph shows also lateral relationships among goals. For example, the
goal increase customer loyalty has positive (+) contributions from goals lower
environment impact, improve car quality and improve car services, while it has a
negative (−) contribution from increase sales price. The root goal increase return
on investment (GM) is also related with goals concerning others auto manufac-
turer, such as Toyota and VW. In particular, if GM increases sales, then Toyota
loses a share of the North American market; if Toyota increases sales increase
Toyota sales), it does so at the expense of VW; finally, if VW increases sales
(increase VW sales), it does so at the expense of GM.

So far, we have assumed that every goal relationship treats S and D in a dual
fashion. For instance, if we have +(G,G’), then if G is satisfied, G’ is partially
satisfied, and (dually) if G is denied G’ is partially denied. Note however, that
sometimes a goal relationship only applies for S (or D). In particular, the –
contribution from increase sales (GM) to increase sales (Toyota) only applies
when increase sales (GM) is satisfied (if GM hasn’t increased sales, this doesn’t
mean that Toyota has.) To capture this kind of relationship, we introduce −S ,
−D, +S , +D (see also Figure 1). Details about the semantics of these are given
in the next section.

3 Qualitative Reasoning with Goal Models

Formally, a goal graph is a pair 〈G,R〉 where G is a set of goals and R is a set
of goal relations over G. If (G1, ..., Gn) r�−→G is a goal relation in R, we call
G1...Gn source goals and G the target goal of r. To simplify the discussion, we
consider only binary OR and AND goal relations. This is not restrictive, as all
the operators we consider in this section and in Section 4 —i.e., ∧, ∨, min, max,
⊗, ⊕— are associative and can be thus trivially used as n-ary operators.

3.1 Axiomatization of goal relationships

Let G1, G2, ... denote goal labels. We introduce four distinct predicates over goals,
FS(G), FD(G) and PS(G), PD(G), meaning respectively that there is (at least)
full evidence that goal G is satisfied and that G is denied, and that there is at
least partial evidence that G is satisfied and that G is denied. We also use the
proposition � to represent the (trivially true) statement that there is at least
null evidence that the goal G is satisfied (or denied). Notice that the predicates
state that there is at least a given level of evidence, because in a goal graph
there may be multiple sources of evidence for the satisfaction/denial of a goal.
We introduce a total order FS(G) ≥ PS(G) ≥ � and FD(G) ≥ PD(G) ≥ �,
with the intended meaning that x ≥ y iff x → y.

We want to allow the deduction of positive ground assertions of type FS(G),
FD(G), PS(G) and PD(G) over the goal constants of a goal graph. We refer
to externally provided assertions as initial conditions. To formalize the propa-
gation of satisfiability and deniability evidence through a goal graph 〈G,R〉, we
introduce the axioms described in Figure 2. (By “dual” we mean that we invert
satisfiability with deniability.)
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Goal Invariant Axioms

G : FS(G) → PS(G) (1)

FD(G) → PD(G) (2)

Goal relation Relation Axioms

(G2, G3)
and�−→G1 : (FS(G2) ∧ FS(G3)) → FS(G1) (3)

(PS(G2) ∧ PS(G3)) → PS(G1) (4)

FD(G2) → FD(G1), FD(G3) → FD(G1) (5)

PD(G2) → PD(G1), PD(G3) → PD(G1) (6)

G2
+S�−→G1 : PS(G2) → PS(G1) (7)

G2
−S�−→G1 : PS(G2) → PD(G1) (8)

G2
++S�−→G1 : FS(G2) → FS(G1), (9)

PS(G2) → PS(G1) (10)

G2
−−S�−→G1 : FS(G2) → FD(G1), (11)

PS(G2) → PD(G1) (12)

Fig. 2. Ground axioms for the invariants and the propagation rules in the qualitative
reasoning framework. The (or), (+D), (−D), (++D), (−−D) cases are dual w.r.t. (and),
(+S), (−S), (++S), (−−S) respectively.

As indicated in Section 2, the propagation of goal satisfaction through a ++,
−−, +, − may or may not be symmetric w.r.t. that of denial. Thus, for every
relation type r ∈ {++,−−,+,−}, it makes sense to have three possible labels:
”rS”, ”rS”, and ”r”, meaning respectively that satisfaction is propagated, that
denial is propagated, and that both satisfaction and denial are propagated. (We
call the first two cases asymmetric, the latter symmetric.) For example, G2

−S�−→
G1 means that if G2 is satisfied, then there is some evidence that G1 is denied,
but if G2 is denied, then nothing is said about the satisfaction of G1; G2

−D�−→G1

means that if G2 is denied, then there is some evidence that G1 is satisfied, but
if G2 is satisfied, then nothing is said about the denial of G1; G2

−�−→G1 means
that, if G2 is satisfied [denied], then there is some evidence that G1 is denied
[satisfied]. In other words, a symmetric relation G2

r�−→G1 is a shorthand for
the combination of the two corresponding asymmetric relationships G2

rS�−→G1

and G2
rD�−→G1.

(1) and (2) state that full satisfiability and deniability imply partial satisfi-
ability and deniability respectively. For an AND relation, (3) and (4) show that
the full and partial satisfiability of the target node require respectively the full
and partial satisfiability of all the source nodes; for a “+S” relation, (7) show that
only the partial satisfiability (but not the full satisfiability) propagates through
a “+S” relation. Combining (1) with (3), and (1) with (7), we have, respectively,

(G2, G3)
and�−→G1 : (FS(G2) ∧ PS(G3)) → PS(G1) (13)

G2
+S�−→G1 : FS(G2) → PS(G1). (14)

Thus, an AND relation propagates the minimum satisfiability value (and the
maximum deniability one), while a “+S” relation propagates at most a partial
satisfiability value.
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(G2, G3)
and�−→G1 G2

+S�−→G1 G2
−S�−→G1 G2

++S�−→G1 G2
−−S�−→G1

Sat(G1) min

{
Sat(G2),
Sat(G3)

}
min

{
Sat(G2),
P

}
N Sat(G2) N

Den(G1) max

{
Den(G2),
Den(G3)

}
N min

{
Sat(G2),
P

}
N Sat(G2)

Table 1. Propagation rules in the qualitative framework. The (or), (+D), (−D),
(++D), (−−D) cases are dual w.r.t. (and), (+S), (−S), (++S), (−−S) respectively.

From now on, we implicitly assume that axioms (1) and (2) are always ap-
plied whenever possible. Thus, we say that PS(G1) is deduced from FS(G2)
and FS(G3) by applying (3) —meaning “applying (3) and then (1)”— or that
PS(G1) is deduced from FS(G2) and PS(G3) by applying (4) —meaning “ap-
plying (1) and then (4)”.

We say that an atomic proposition of the form FS(G), FD(G), PS(G) and
PD(G) holds if either it is an initial condition or it can be deduced via modus
ponens from the initial conditions and the ground axioms of Figure 2. We assume
conventionally that � always holds. Notice that all the formulas in our framework
are propositional Horn clauses, so that deciding if a ground assertion holds not
only is decidable, but also it can be decided in polynomial time.

We say that there is a weak conflict if either PS(G) and PD(G), FS(G) and
PD(G), PS(G) and FD(G) hold for some goal G. We say that there is a strong
conflict if FS(G) and FD(G) hold for some G.

3.2 The label propagation algorithm

Based on the logic framework of Section 3.1, we have developed an algorithm
for propagating through a goal graph 〈G,R〉 labels representing evidence for
the satisfiability and deniability of goals. To each node G ∈ G we associate two
variables Sat(G), Den(G) ranging in {F, P,N} (full, partial, none) such that F >
P > N , representing the current evidence of satisfiability and deniability of goal
G. For example, Sat(Gi) ≥ P states that there is at least partial evidence that
Gi is satisfiable. Starting from assigning an initial set of input values for Sat(Gi),
Den(Gi) to (a subset of) the goals in G, we propagate the values through the
goal relations in R according to the propagation rules of Table 1.

The schema of the algorithm is described in Figure 3. Initial, Current and
Old are arrays of |G| pairs 〈Sat(Gi), Den(Gi)〉, one for each Gi ∈ G, representing
respectively the initial, current and previous labeling states of the graph. We call
the pair 〈Sat(Gi), Den(Gi)〉 a label for Gi. Notationally, if W is an array of labels
〈Sat(Gi), Den(Gi)〉, by W [i].sat and W [i].den we denote the first and second
field of the ith label of W .

The array Current is first initialized to the initial values Initial given as
input by the user. At each step, for every goal Gi, 〈Sat(Gi), Den(Gi)〉 is updated
by propagating the values of the previous step. This is done until a fixpoint is
reached, in the sense that no further updating is possible (Current == Old).

The updating of 〈Sat(Gi), Den(Gi)〉 works as follows. For each relation Rj

incoming in Gi, the satisfiability and deniability values satij and denij derived
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1 label array Label Graph(graph 〈G,R〉, label array Initial)
2 Current=Initial;
3 do
4 Old=Current;
5 for each Gi ∈ G do
6 Current[i] = Update label(i, 〈G,R〉, Old);
7 until not (Current==Old);
8 return Current;
9
10 label Update label(int i, graph 〈G,R〉, label array Old)
11 for each Rj ∈ R s.t. target(Rj) == Gi do
12 satij = Apply Rules Sat(Gi, Rj , Old);
13 denij = Apply Rules Den(Gi, Rj , Old);
14 return 〈 max(maxj(satij), Old[i].sat),max(maxj(denij), Old[i].den) 〉

Fig. 3. Schema of the label propagation algorithm.

from the old values of the source goals are computed by applying the rules of
Table 1. The result is compared with the old value, and the maximum is returned
as new value for Gi.

3.3 Termination and complexity

Theorem 1. Label Graph(〈G,R〉, Initial) terminates after at most 6|G|+1 loops.

Proof. First, from lines 6 and 14 in Figure 3 we have that, for every goal Gi,

Current[i].sat = max(..., Old[i].sat),
Current[i].den = max(..., Old[i].den)

so that their values are monotonically non-decreasing. In order not to terminate,
at least one value per step should monotonically increase. Each of the 2|G| vari-
ables Sat(Gi) and Den(Gi) admits 3 possible values and at each non-final loop
at least one value increases. Thus the procedure must terminate after at most
6|G| + 1 loops. ✷

Notice that the upper bound is very pessimistic, as many value updates are
done in parallel. In Section 5, we report on experiments we have conducted which
suggest that the algorithm generally converges after a few loops.

3.4 Soundness and completeness

We call a value statement an expression of the form (v ≥ c), v ∈ {Sat(Gi), Den(Gi)}
for some goal Gi and c ∈ {F, P,N}, with the intuitive meaning “there is at least
evidence c for v”. Thus from now on we rewrite the assertion FS(G), PS(G),
� as (Sat(G) ≥ F ), (Sat(G) ≥ P ), (Sat(G) ≥ N) and FD(G), PD(G), � as
(Den(G) ≥ F ), (Den(G) ≥ P ), (Sat(G) ≥ N) respectively.
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We say that (v1 ≥ c1) is deduced from (v2 ≥ c2) [and (v3 ≥ c3)] by a relation
axiom meaning that the corresponding assertions are deduced. For instance,
(Sat(G1) ≥ P ) is deduced from (Sat(G2) ≥ F ) by axiom (7) as PS(G1) is
deduced from FS(G2) by axiom (7).

We say that (v1 ≥ c1) derives from (v2 ≥ c2) [and (v3 ≥ c3)] by means of one
propagation rule x = f(y, z) [x = f(y)] of Table 1 if c1 = f(c2, c3) [c1 = f(c2)].
For instance, (Sat(G1) ≥ P ) derives from (Sat(G2) ≥ P ) and (Sat(G3) ≥ F )
by means of the first propagation rule. Notice that this is possible because the
operators min and max are monotonic, that is, e.g., max(v1, v2) ≥ max(v′1, v

′
2)

iff v1 ≥ v′1 and v2 ≥ v′2.
To this extent, the rules in Table 1 are a straightforward translation of the

axioms (1)-(12), as stated by the following result.

Lemma 1. (v1 ≥ c1) derives from (v2 ≥ c2) [and (v3 ≥ c3)] by means of the
propagation rules of Table 1 if and only if (v1 ≥ c1) is deduced from (v2 ≥ c2)
[and (v3 ≥ c3)] with the application of one of the relation axioms (3)-(12).

Proof. For short, we consider only the AND and +S cases for Sat(G1), as the
other cases are either analogous or trivial and can be verified by the reader.

(G2, G3) and�−→G1: If either (Sat(G2) ≥ N) or (Sat(G3) ≥ N), then (Sat(G1) ≥ N)
is derived. This matches one-to-one the fact that from � nothing else is de-
duced;
otherwise, if either (Sat(G2) ≥ P ) or (Sat(G3) ≥ P ), then (Sat(G1) ≥ P )
is derived. This matches one-to-one the fact that from (Sat(G2) ≥ P ) and
(Sat(G3) ≥ P ) axiom (4) is applied, so that (Sat(G1) ≥ P ) is deduced;
finally, if both (Sat(G2) ≥ F ) and (Sat(G3) ≥ F ), then (Sat(G1) ≥ F ). This
matches one-to-one the fact that from (Sat(G2) ≥ F ) and (Sat(G3) ≥ F ),
axiom (3) is applied, so that (Sat(G1) ≥ F ) is deduced.

G2
+S�−→G1: If (Sat(G2) ≥ N), then (Sat(G1) ≥ N). Again, this matches one-
to-one the fact that from � nothing else is deduced;
otherwise, if either (Sat(G2) ≥ P ) or (Sat(G2) ≥ F ), then we have that
Sat(G1) ≥ min(Sat(G2), P ) ≥ P . This matches one-to-one the fact that
from either (Sat(G2) ≥ P ) or (Sat(G2) ≥ F ) axiom (7) is applied and
(Sat(G1) ≥ P ) is deduced. ✷

Given an array of labels W , we say that (Sat(Gi) ≥ c) [resp. (Den(Gi) ≥ c)]
is true in W if and only if W [i].sat ≥ c [resp. W [i].den ≥ c]. This allows us to
state the correctness and completeness theorem for Label Graph().

Theorem 2. Let Final be the array returned by Label Graph(〈G,R〉, Initial).
(v ≥ c) is true in Final if and only if (v ≥ c) can be deduced from Initial by
applying the relation axioms (3)-(12).

Proof. First we define inductively the notion of “deduced from Initial in k
steps”: (i) an assertion in Initial can be deduced from Initial in 0 steps; (ii)
an assertion can be deduced from Initial in up to k + 1 steps if either it can
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be deduced from Initial in up to k steps or it can be deduced by applying a
relation axiom to some assertions, all of which can be deduced from Initial in
up to k steps.

Let Currentk be the value of Current after k loops. We show that (v ≥ c)
is true in Currentk if and only if (v ≥ c) can be deduced from Initial in up to
k steps. The thesis follows from the fact that Final = Currentk for some k.

We reason by induction on k. The base case k = 0 is obvious as Current0 =
Initial. By inductive hypothesis, we assume the thesis for k and we prove it for
k + 1.

If. Consider (v ≥ c) such that (v ≥ c) is deduced from Initial in up to k + 1
steps. Thus, (v ≥ c) is obtained by applying some relation axiom AX to
some assertion(s) (v1 ≥ c1) [and (v2 ≥ c2)], which can be both deduced from
Initial in up to k steps. Thus, by inductive hypothesis, (v1 ≥ c1) [and (v2 ≥
c2)] occur in Currentk. Then, by Lemma 1, (v ≥ c) derives from (v1 ≥ c1)
[and (v2 ≥ c2)] by means of the propagation rules of Table 1. Thus, if v is
Sat(Gi) [resp Den(Gi)], then c is one of the values satij [resp. denij ] of lines
14, 15 in Figure 3, so that Currentk+1[i].sat ≥ c [Currentk+1[i].den ≥ c].
Thus (v ≥ c) is true in Currentk+1.

Only if. Consider a statement (v ≥ c) true in Currentk+1. If (v ≥ c) is true
also in Currentk, then by inductive hypothesis (v ≥ c) can be deduced from
Initial in up to k steps, and hence in k+1 steps. Otherwise, let Rj be the rule
and let (v2 ≥ c2) [and (v3 ≥ c3)] the statements(s) true in Currentk from
which v has been derived. By inductive hypothesis (v2 ≥ c2) [and (v3 ≥ c3)]
can be deduced from Initial in up to k steps. By Lemma 1 (v ≥ c) can be
deduced from (v2 ≥ c2) [and (v3 ≥ c3)] by the application of one relation
axiom, and thus can be deduced from Initial in up to k + 1 steps. ✷

Thus, from Theorem 2, the values returned by Label Graph(〈G,R〉, Initial)
are the maximum evidence values which can be deduced from Initial.

4 Quantitative Reasoning with Goal Models

The qualitative approach of Section 3 allows for setting and propagating partial
evidence about the satisfiability and deniability of goals and the discovery of
conflicts.

We may want to provide a more fine-grained evaluation of such partial ev-
idence. For instance, when we have G2

+S�−→G1, from PS(G2) we can deduce
PS(G1), whilst one may argue that the satisfiability of G1 is in some way less
evident than that of G2. For example, in the goal graph of Figure 1, the satisfac-
tion of the goal Lower environment impact may not necessarily imply satisfaction
of Increase customer loyalty, so it may be reasonable to assume ”less evidence”
for the satisfaction of the latter compared to the former. Moreover, the different
relations which mean partial support – i.e., +S , −S , +D, −D – may have differ-
ent strengths. For instance, in the goal graph of Figure 1, US Gas price rises
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(G2, G3)
and�−→G1 G2

w+S�−→G1 G2
w−S�−→G1 G2

++S�−→G1 G2
−−S�−→G1

Sat(G1) Sat(G2) ⊗ Sat(G3) Sat(G2) ⊗ w Sat(G2)
Den(G1) Den(G2) ⊕ Den(G3) Sat(G2) ⊗ w Sat(G2)

Table 2. Propagation rules in the quantitative framework. The (or), (+D), (−D),
(++D), (−−D) cases are dual w.r.t. (and), (+S), (−S), (++S), (−−S) respectively.

may have a bigger impact on Gas price rises than Japanese gas price rises if
the manufacturer’s market is mainly in the US.

To cope with these facts, we need a way for representing different numerical
values of partial evidence for satisfiability/deniability and for attributing differ-
ent weights to the +S , −S , +D, −D relations. And, of course, we also need a
formal framework to reason with such quantitative information.

4.1 An extended framework

In our second attempt, we introduce a quantitative framework, inspired by [1].
We introduce two real constants inf and sup such that 0 ≤ inf < sup. For
each node G ∈ G we introduce two real variables Sat(G), Den(G) ranging in
the interval D =def [inf, sup], representing the current evidence of satisfiability
and deniability of the goal G. The intended meaning is that inf represents no
evidence, sup represents full evidence, and different values in ]inf, sup[ represent
different levels of partial evidence.

To handle the goal relations we introduce two operators ⊗,⊕ : D×D �−→ D
representing respectively the evidence of satisfiability of the conjunction and that
of the disjunction [deniability of the disjunction and that of the conjunction] of
two goals. ⊗ and ⊕ are associative, commutative and monotonic, and such that
x⊗ y ≤ x, y ≤ x⊕ y; there is also an implicit unary operator inv(), representing
negation, such that inf = inv(sup), sup = inv(inf), inv(x⊕y) = inv(x)⊗inv(y)
and inv(x⊗ y) = inv(x) ⊕ inv(y).

We also attribute to each goal relation +S , −S , +D, −D a weight w ∈
]inf, sup[ stating the strength by which the satisfiability/deniability of the source
goal influences the satisfiability/deniability of the target goal. The propagation
rules are described in Table 2. As in the qualitative approach, a symmetric
relation —such as, G2

w+�−→ G1— is a shorthand for the combination of the
two corresponding asymmetric relationships sharing the same weight w —e.g.,
G2

w+S�−→G1 and G2
w+D�−→G1.

There are a few possible models following the schema described above. In
particular, here we adopt a probabilistic model, where the evidence of satisfiabil-
ity Sat(G) [resp. deniability Den(G)] of G is represented as the probability that
G is satisfied (respectively denied). As usual, we adopt the simplifying hypothe-
sis that the different sources of evidence are independent. Thus, we fix inf = 0,
sup = 1, and we define ⊗,⊕, inv() as:

p1 ⊗ p2 =def p1 · p2, p1 ⊕ p2 =def p1 + p2 − p1 · p2, inv(p1) = 1 − p1
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Goal relation Axioms

(G2, G3)
and�−→G1 : (Sat(G2) ≥ x ∧ Sat(G3) ≥ y) → Sat(G1) ≥ (x ⊗ y) (15)

(Den(G2) ≥ x ∧ Den(G3) ≥ y) → Den(G1) ≥ (x ⊕ y) (16)

G2
w+S�−→G1 : Sat(G2) ≥ x → Sat(G1) ≥ (x ⊗ w) (17)

G2
w−S�−→G1 : Sat(G2) ≥ x → Den(G1) ≥ (x ⊗ w) (18)

G2
++S�−→G1 : Sat(G2) ≥ x → Sat(G1) ≥ x (19)

G2
−−S�−→G1 : Sat(G2) ≥ x → Den(G1) ≥ x (20)

Fig. 4. Axioms for the propagation rules in the quantitative reasoning framework.
The x, y variables are implicitly quantified universally. The (or), (+D), (−D), (++D),
(−−D) cases are dual w.r.t. (and), (+S), (−S), (++S), (−−S) respectively.

that is, respectively the probability of the conjunction and disjunction of two
independent events of probability p1 and p2, and that of the negation of the first
event. To this extent, the propagation rules in Table 2 are those of a Bayesian
network, where, e.g., in G2

w+S�−→G1 w has to be interpreted as the conditional
probability P [G1 is satisfied | G2 is satisfied]. Notice that the qualitative
framework of Section 3 can be seen as another such model with D = {F, P,N},
⊗ = min() and ⊕ = max(). 3

4.2 Axiomatization

As with the qualitative case, we call a value statement an expression of the
form (v ≥ c), v ∈ {Sat(Gi), Den(Gi)} for some Gi and c ∈ [0, 1], with the
intuitive meaning “there is at least evidence c of v”. We want to allow the user
to state and deduce non-negated value statements of the kind (Sat(G) ≥ c) and
(Den(G) ≥ c) over the goal constants of the graph. We call externally provided
assertions about the satisfaction/denial of goals initial conditions.

To formalize the propagation of satisfiability and deniability evidence values
through a goal graph, for every goal and goal relation in 〈G,R〉, we introduce
the axioms (15)-(20) in Figure 4. Unlike those of Figure 2, the relation axioms
in Figure 4 are not ground Horn clauses —thus, propositional—but rather first-
order closed Horn formulas, so that they require a first-order deduction engine.

We say that a statement (v ≥ c) holds if either it is an initial condition or it
can be deduced from the initial conditions and the axioms of Figure 4. We implic-
itly assume that (Sat(Gi) ≥ 0) and (Den(Gi) ≥ 0) hold for every Gi, and that
the deduction engine —either human or machine— can semantically evaluate ⊗
and ⊕ and perform deductions deriving from the values of the evaluated terms
and the semantics of ≥. For instance, we assume that, if (G2, G3) and�−→G1 is in
R, then (Sat(G1) ≥ 0.1) can be deduced from (Sat(G2) ≥ 0.5), (Sat(G3) ≥ 0.4),
as from (15) it is deduced (Sat(G1) ≥ 0.5 ⊗ 0.4), which is evaluated into
(Sat(G1) ≥ 0.2), from which it can be deduced (Sat(G1) ≥ 0.1).

3 Another model of interest is that based on a serial/parallel resistance model, in
which inf = 0, sup = +∞, x⊕ y = x + y, x⊗ y = x·y

x+y
and inv(x) = 1

x
[1].
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We say that there is a weak conflict if both (Sat(G) ≥ c1) and (Den(G) ≥ c2)
hold for some goal G and constants c1, c2 > 0. We say that there is a strong
conflict if there is a weak conflict s.t. c1 = c2 = 1.

4.3 The label propagation algorithm

Starting from the new numeric framework, we have adapted the label propaga-
tion algorithm of Figure 3 to work with numeric values. The new version of the
algorithm differs from that of Section 3 in that: the elements in Initial, Current
and Old range in [0, 1]; the input graph contain also weights to the +S , −S , +D,
−D goal relations; and, the propagation rules applied are those of Table 2.

4.4 Soundness and completeness

We say that (v1 ≥ c1) derives from (v2 ≥ c2) [and (v3 ≥ c3)] by means of one
propagation rule x = f(y, z) [x = f(y)] of Table 2 if c1 = f(c2, c3) [c1 = f(c2)].
For instance, (Sat(G1) ≥ 0.4) derives from (Sat(G2) ≥ 0.8) and (Sat(G3) ≥ 0.5)
by means of the first and propagation rule. Again, this is possible because the
the operators ⊗ and ⊕ are monotonic.

Lemma 2. (v1 ≥ c1) derives from (v2 ≥ c2) [and (v3 ≥ c3)] by means of the
propagation rules of Table 1 if and only if (v1 ≥ c1) is deduced from (v2 ≥ c2)
[and (v3 ≥ c3)] with the application of one of the relation axioms (15)-(20).

Proof. Trivial observation that the axioms (15)-(20) are straightforward trans-
lation of the propagation rules in Table 1. ✷

Given an array of labels W , we say that (Sat(Gi) ≥ c) [resp. (Den(Gi) ≥ c)] is
true in W if and only if W [i].sat ≥ c [resp. W [i].den ≥ c]. This allows for stating
the correctness and completeness theorem for Label Graph().

Theorem 3. Let Final be the array returned by Label Graph(〈G,R〉, Initial).
(v ≥ c) is true in Final if and only if (v ≥ c) can be deduced from Initial by
applying the relation axioms (15)-(20).

Proof. Identical to that of Theorem 2, substituting the axioms (15)-(20) for the
axioms (3)-(12), the rules in Table 2 for those in Table 1 and Lemma 2 for
Lemma 1. ✷

Again, from Theorem 3, the values returned by Label Graph(〈G,R〉, Initial) are
the maximum evidence values which can be deduced from Initial.

4.5 Termination

To guarantee termination, the condition (Current == Old) of line 7 in Figure 3
is implemented as:

maxi (|Current[i].sat−Old[i].sat|) < ε and
maxi (|Current[i].den−Old[i].den|) < ε,

(21)

ε being a sufficiently small real constant. (This is a standard practice to avoid
numeric errors when doing computations with real numbers.) Thus, the algo-
rithm loops until all satisfiability or deniability value variations have become
negligible.
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Theorem 4. Label Graph(〈G,R〉, Initial) terminates in a finite number of loops.

Proof. For the same reason as in Theorem 1, the values Current[i]k.sat and
Current[i]k.den are monotonically non-decreasing with k. As every monotoni-
cally non-decreasing upper-bounded sequence is convergent, both Current[i]k.sat
and Current[i]k.den are convergent. Thus they are also Cauchy-convergent. 4 It
follows that condition (21) becomes true after a certain number of loops. ✷

Remark 1. In the proof of Theorem 3, we have assumed the terminating con-
dition (Current == Old), whilst in our implementation we use condition (21).
Thus, whilst Label Graph() stops when (21) is verified, the corresponding deduc-
tive process might go on, and thus deduce a value slightly bigger than the one
returned by the algorithm. Since we can reduce ε at will, this “incompleteness”
has no practical consequences.

5 Experimental Results

Both qualitative and quantitative algorithms have been implemented in Java and
a series of tests were conducted on a Dell Inspiron 8100 laptop with a Pentium
III CPU and 64 MB RAM (OS: GNU/Linux, kernel 2.4.7-10). The tests were
intended to demonstrate the label propagation algorithms, also to collect some
experimental results on how fast the algorithms converge.

The first set of experiments was carried out in order to demonstrate the
qualitative label propagation algorithm. For each experiment, we assigned a
set of labels to some of the goals and events of the auto manufacturer graph
(Figure 1) and see their consequences for other nodes. The label propagation
algorithm reached a steady state after at most five iterations.

In a second set of experiments we assigned numerical weights to “+”, “−”
and “−S” lateral relationships as reported in Table 3. For instance, the goal
increase sales volume contributes negatively to the goal increase Toyota sales with
a weight 0.6, while the goal increase car quality contributes positively to the
goal increase customer loyalty with weight 0.8. Table 4 reports the results of
four different experiments. For each goal/event, the table shows the initial (Init)
label assignment to the variables S and D, also their final (Fin) value after label
propagation. For instance, in the first experiment, the initial assignment for the
goal expand markets is S=.3 and D=0, while the final values for increase return
on investment (GM) are S=0 and D=.4.

The results of these experiments confirm those obtained with the qualitative
algorithm. However, the numeric approach allows us to draw more precise con-
clusions about the final value of goals. This is particularly helpful for evaluating
contradictions. For instance, in the second experiment (Exp 2), even though we

4 An infinite sequence an is Cauchy-convergent if and only if, for every ε > 0, there
exist an integer N s.t. |an+1 − an| < ε for every n ≥ N . an is convergent if and only
if it is Cauchy-convergent.
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Goal/Event Relationship Goal/Event

increase sales volume
0.6−S�−→ increase Toyota sales

increase Toyota sales
0.6−S�−→ increase VW sales

increase VW sales
0.6−S�−→ increase sales volume

increase customer loyalty
0.4+�−→ increase sales volume

increase sales prices
0.5−�−→ increase customer loyalty

increase car quality
0.8+�−→ increase customer loyalty

improve car services
0.7+�−→ increase customer loyalty

lower environment impact
0.4+�−→ increase customer loyalty

increase sales prices
0.3+�−→ improve car services

keep labour costs low
0.7−�−→ increase car quality

improve economies of production
0.8+�−→ lower purchase costs

Yen rises
0.8+�−→ increase foreign earnings

lower Japanese interest rates
0.4+�−→ lower sales price

Japanese rates rises
0.8−�−→ lower Japanese interest rates

Japanese rates rises
0.6+�−→ Yen rises

Yen rises
0.4−�−→ Japanese gas price rises

Japanese gas price rises
0.6+�−→ gas price rises

US gas price rises
0.6+�−→ gas price rises

gas price rises
0.8−�−→ lower gas price

Table 3. Quantitative relationships for the auto manufacturer example of Figure 2

have a contradiction for the final values of the root goal increase return on invest-
ment (GM) (i.e., S=0.8 and D=0.4), we have more evidence for its satisfaction
than its denial. With the qualitative approach we had S=P and D=P, and there
was nothing else to say about this contradiction. Analogous comments apply for
the fourth experiment.

The threshold ε (equation 21) used in the experiments has been chosen
as the smallest positive value of type float (i.e., Float.MIN VALUE). With this
threshold, the algorithm converged in five iterations for all four experiments.

6 Conclusions

We have presented a formal framework for reasoning with goal models. Our
goal models use AND/OR goal relationships, but also allow more qualitative
relationships, as well as contradictory situations. A precise semantics has been
given for all goal relationships which comes in a qualitative and a numerical
form. Moreover, we have presented label propagation algorithms for both the
qualitative and the numerical case that are shown to be sound and complete
with respect to their respective axiomatization. Finally, the paper reports some
preliminary experimental results on the label propagation algorithms applied to
a goal model for a US car manufacturer.

Future research directions include applying different techniques, such as Demp-
ster Shafer theory [7], to take into consideration the sources of information in
the propagation algorithms. This will allow us to consider, for instance, the reli-
ability and/or the competence of a source of evidence . We also propose to apply
our framework to more complex real cases to confirm its validity.
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Exp 1 Exp 2 Exp 3 Exp 4
Goals/Events Init Fin Init Fin Init Fin Init Fin

S D S D S D S D S D S D S D S D

increase return on investment (GM) 0 0 0 .4 0 0 .8 .4 0 0 .9 .2 0 0 .9 .6
increase sales volume 0 0 1 .1 0 0 1 .1 0 0 1 .2 0 0 1 .6

increase profit per vehicle 0 0 0 .4 0 0 .8 .4 0 0 .9 0 0 0 .9 0
increase customer appeal 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0

expand markets .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0
increase sales price 0 .5 0 .8 0 .5 0 .8 0 .5 0 .8 0 .5 0 .8

increase foreign earnings 0 .9 0 .9 0 .9 .8 .9 0 .9 .8 .9 0 .9 .8 .9
lower production costs 0 0 0 .9 0 0 0 .9 0 0 .6 0 0 0 .6 0

increase high margin sales 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6
reduce operating costs 0 0 .8 0 0 0 .8 0 0 0 .8 0 0 0 .8 0

lower environmental impact .9 0 .9 0 .9 0 .9 0 .9 0 .9 0 .9 0 .9 0
lower purchase costs 0 0 .9 0 0 0 .9 0 0 0 .9 0 0 0 .9 0
keep labour costs low 0 .9 0 .9 0 .9 0 .9 .9 0 .9 0 .9 0 .9 0

improve economies of production 0 0 0 0 0 0 0 0 0 0 .7 0 0 0 .7 0
improve mileage 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
lower gas price .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0
offer rebates .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0

lower loan interest rates 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
lower sales price .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0

reduce raw materials costs 0 0 0 0 0 0 0 0 .7 0 .7 0 .7 0 .7 0
outsource units of production 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

gas price rises 0 0 0 0 0 0 0 .2 0 0 0 .2 0 0 0 .2
lower Japanese interest rates 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

US gas price rises 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Japanese gas price rises 0 0 0 0 0 0 0 .4 0 0 0 .4 0 0 0 .4

Yen rises 0 0 0 0 1 0 1 0 1 0 1 0 1 0 1 0
Japanese rates rise 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
improve car quality 0 0 .6 0 0 0 .6 0 0 0 0 .6 0 0 0 .6
improve car services 0 0 0 .2 0 0 0 .2 0 0 0 .2 0 0 0 .2

improve customer loyalty 0 0 .5 .2 0 0 .5 .2 0 0 .5 .2 0 0 .4 .5
increase Toyota sales 0 0 0 .6 0 0 0 .6 0 0 0 .6 1 0 1 .6
increase VW sales 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 .6

Table 4. Results with the quantitative approach
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Abstract. In a conventional information mediation scenario it is as-
sumed that all sources, including their schemas, are known before the
integrated view is defined. We have found this assumption to be un-
realistic for scientific information integration – new relevant sources are
discovered quite frequently, and need to be integrated incrementally with
an existing federation. In this paper, we address the issue of source reg-
istration, the mechanism by which a new information source “registers”
its semantics with the mediator, such that not only new views can be
defined with the newly joining source, but existing views can benefit
from the source without any redefinition. We approach the problem in
the framework of semantic (a.k.a. knowledge-based or model-based) me-
diation, a version of information integration where the sources cannot be
integrated solely based on their own logical schema, but need additional
domain knowledge at the mediator to “glue” them together. We solve
the problem by introducing a process called contextualization, whereby a
source specifies a set of axioms to express its own conceptual model rela-
tive to the mediator’s knowledge base. To this end, we present a context
specification language CSL that allows the user to specify this mapping,
and illustrate how the mediator interprets a CSL specification to update
its knowledge schema and preexisting views. The examples are derived
from a real-world scenario involving an ongoing collaboration with sev-
eral neuroscience groups.

1 Introduction

Information integration refers to the problem of combining multiple information
sources such that they appear to a user as a single (virtually) integrated source
over a single global schema. A mediator is a data integration software that allows
one to define such an integrated schema over schemas of the individual sources.
In doing so, it hides from the the various heterogeneities arising from differ-
ences in data source types, data models and query capabilities among different
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sources. Given a user query against the global schema, the mediator transpar-
ently decomposes it into constituent local subqueries against the appropriate
the sources, collects partial query results from the sources, and after due post-
processing, reports the combined results to the user. There are two predominant
techniques to map the source schemas to the the global schema [FLM98]. In the
global-as-view (GAV) model, the global schema is defined as a view over local
schemas. Hence mediated data objects are “fused” together from parts obtained
from data objects in one or more sources. In contrast, in the local-as-view (LAV)
model, a global schema is defined first by modeling the application domain. Then
the source schemas and their data objects are defined as views over the global
schema. For query evaluation, the rules have to be “inverted” or “folded” (if
possible) [LRO96, Hal01, GM02].

Recently, research has been devoted to the problem of semantic (also called
knowledge-based or model-based) mediation [GLM00, LGM00, LGM01]. Seman-
tic mediation adds a few additional considerations to the logical information in-
tegration problem as described above. In this scenario, sources not only export
their logical schema, but also their conceptual model to the mediator, thus expos-
ing their concepts, roles, classification hierarchies, and other high-level semantic
constructs to the mediator. The mediator, in turn, exposes a conceptual schema
to the user, based on the conceptual schemata of individual sources. Semantic
mediation allows information sources to export their schema at an appropriate
level of abstraction to the mediator. If the individual sources have different lo-
cal ontologies or namespaces, the mediator needs to reconcile their differences,
or establish some well-defined relationships among them. To enable this recon-
ciliation, the mediator use a global ontology to correlate the terminology from
different sources. The mediator’s ontology includes general facts and rules that
hold in the specific domain of application (or common-sense knowledge as for
a dictionary [MWK00]), and some additional rules that explicitly specify the
relationships among the conceptual models of the different sources.

In this paper, we continue our prior research [GLM00, LGM00, LGM01] on
semantic integration of scientific information, and address the source registra-
tion problem. In a state-of-the-art information mediation scenario (semantic or
otherwise), it is presumed that all sources, including their schemas, are known
before the integrated view is defined. In our experience with scientific information
sources, this is not a realistic assumption – new relevant sources are discovered
quite frequently, and need to be integrated incrementally with an existing fed-
eration already operational among a number of previously known sources. The
registration problem refers to the mechanism by which a new information source
“semantically registers” with the mediator, such that not only new views can
be defined with the newly joining source, but existing views can benefit from
the source without any redefinition. We approach the problem by introducing
a process called contextualization, whereby a source declares, in addition to its
conceptual model, an extra set of axioms to express its own conceptual model
in terms of the the mediator’s knowledge base. The axioms are expressed in
what [RTU01] calls an interschema language. The mediator, in turn, processes
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the contextualization axioms, by compiling them from the interschema language
into its own internal formalism, and updating its knowledge base and views.

The organization and main contributions of the paper are as follows. In the
remainder of this section, we present related work. In Section 2, we describe
how an information source can specify its local semantics without explicitly
linking to the mediator’s ontology. In Section 3, we present CSL, our context
specification language that serves as the primary vehicle for source registration.
Source registration is accomplished by specifying mappings between the source’s
ontology and the mediator’s ontology using CSL declarations. This is followed
in Section 4 by a brief description of how CSL statements are processed in the
mediator to complete the registration procedure. We conclude in Section 5, with
a brief discussion and an outlook on future work.

Related Work

The general problem of defining a global schema over a set of local schema is
not a new problem, see, e.g., [SL90, PS98]. In [RR97] a seven-step methodol-
ogy for schema integration based on semantic integrity constraints is presented;
see [Tür99] for a comprehensive treatment of semantic integrity constraints in
federated databases. For this paper, we focus on related research in three areas.

Conceptual Schema Integration. Research in schema integration techniques have
been undertaken since the mid 80’s [SL90]. The primary focus in information in-
tegration is in resolving relation and attribute conflicts between to-be-integrated
schemas. A fraction of schema integration research has investigated the problem
of conceptual schema integration. For example, the use of “integration operators”
copy, generalize, join, and simplify has been proposed [CE93] to integrate con-
ceptual schemas. In contrast, constraint based approaches have been proposed
for operations like generalization, type assignment, and exclusion constraints to
correlate two conceptual graphs [EJ95]. Benn et al. [BCG96] first transform
the relational schema of each source to an object schema consisting of classes,
attributes and semantic constraints. Schema integration is achieved using two
groups of first-order rules. With the first group the integrator identifies subgraph
isomorphisms between the schemas based on their semantic similarity. The sec-
ond group of rules provide merger rules, including rules that state when two
schemas, although similar, cannot be merged.

Semantic Mediation. Significant progress has been made in the general area of
data mediation in recent years, and several prototype mediator architectures
have been designed by projects like TSIMMIS [GMPQ+95], SIMS [KMA+98],
Information Manifold [LRO96], Garlic [HKWY97], and MIX [BGL+99]. While
these approaches focus mostly on structural and schema aspects, the problem of
semantic mediation has also been addressed:

In the DIKE system [PTU00], the focus is on automatic extraction of map-
pings between semantically analogous elements from different schemas. A global
schema is defined in terms of a conceptual model (SDR network) where the
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nodes represent concepts and the (directed) edge labels represent their semantic
distances and a score called semantic relevance that measures the number of
instances of the target node that are also instances of the source node. The cor-
respondence between objects are defined in terms of synonymies, homonymies
and sub-source similarities, defined by finding maximal matching between the
two graphs.

ODB-Tools [BB01] is a system developed on top of the MOMIS [BCV99]
system for modeling and reasoning about the common knowledge between two
to-be-integrated schemas. They present the object-oriented language ODLI3 de-
rived from a description logic (OCDL). The language allows a user to create
complex objects with finite nesting of values, union and intersection types, in-
tegrity constraints and quantified paths. These constructs are used to define
a class in one schema as a generalization, aggregation, or equivalent with respect
to another; subsumption of a class by another can be inferred. An integrated
schema is obtained by clustering schema elements that are close to one another
in terms of an affinity metric.

Calvanese et al. [CCG+01] perform semantic information integration using
an LAV approach by expressing the conceptual schema by a description logic
language called DLR, and subsequently defining non-recursive Datalog views to
express source data elements in terms of the conceptual model. The language
DLR represents concepts C, relations R, and a set of assertions of the form C1 �
C2 or R1 ⊂ R2, where R1, R2 are DLR relations with the same arity. Mediation
is accomplished by defining “reconciliation correspondences”, specifications that
a query rewriter uses to match a conceptual level term to data in different
sources.

Recently Peim et al. [PFPG02] have proposed to extend the well-known
TAMBIS system [GSN+01]. Their approach is similar to ours [GLM00, LGM01]
in that a logic-based ontology (in their case the ALCQI description logic) in-
terfaces with an “object-wrapped” source. Their work focuses on how a query
on the ontology is transformed to monoid comprehensions for semantic query
optimization. In contrast, this paper addresses the issue of how to dynamically
register a new object source with pre-existing ontologies at the mediator.

Ontology Merging. The problem of ontology matching and merging stems from
AI and KRDB research, and is now revisited by the Semantic Web community.
Work on the Cyc Upper Ontology [Hov97], the Ontomorph system [Cha00], the
Chimaera system [MFRW00], the PROMPT algorithm [NM00] and the FCA-
MERGE algorithm [SM01] are all different techniques to represent and find
term-matching relationships so that they can be put into a concept lattice.

The ONION system [MWK00] performs algebraic composition of ontologies.
They use a special “semantic implication” relation P ⇒ Q which relates graph
patterns P and Q by making the assertion that the object Q semantically belongs
to the class P . Bridge rules for semantic implications are typically expressed as
simple Horn clauses, and are translated to graph operations. The system also
admits functional rules, permitting simple functions to be executed as part of
the ontology correlation process.
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Object Model
OM(S)

IDB(S) EDB(S)

Source Ontology
ONT(S)

Conceptual Model
CM(S)

Contextualization
 CON(S) in CSL

Ontological Grounding
ONTG(S)

Mediator Ontology
ONT(M)

Integrated View Definition
IVD(M)

GAV

LAV

Fig. 1. Semantic Source Registration: logical components and their dependencies

Summary. We note that most of the semantic information integration methods
and systems described above essentially correlate schema elements from different
sources with some common relationships including class-instance, class-subclass,
relation-specialization, part-whole, class equivalence, class-subsumption, and al-
gebraically composable classes. We posit that the source registration problem,
introduced above, requires a more general rule-definable approach compared to
current semantic correlation methods and should make the mappings between
models “first-class citizens” [BHP00].

2 Modeling Source Semantics

To enable semantic mediation, an information source needs to be wrapped in
such a way that it exports a conceptual model CM of the source rather than
its logical schema. This requires the CM wrapper to provide the mediator with
additional information about its object class structure and constraints that its
logical schema may not provide. We call this the “lifting” of the source to a con-
ceptual level. More details about our semantic mediation strategy can be found
in [LGM01]. In the sequel, we describe in detail the conceptual model of the
source after it has been “lifted” by the CM wrapper. In Section 3 we show
how to specify the mapping between this lifted model and the ontology of the
mediator.

2.1 Conceptual Model of the Source

The core components of the conceptual model CM(S) of a source S are:

CM(S) = OM(S) ∪ONT(S) ∪ CON(S)

The logical components an their dependencies are depicted in Fig. 1:
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– OM(S) is the object model of the source S and provides signatures for classes,
associations between classes, and functions. OM(S) structures can be defined
extensionally by facts (EDB), or intensionally via rules (IDB).

– ONT(S) is the local ontology of the source S, i.e., defines concepts and their
relationships from the source’s perspective.

– ONTG(S) is the ontological grounding of OM(S) in ONT(S); it links the
object model OM(S) (classes, attributes, associations) to the concepts and
relationships of ONT(S).

– CON(S) is the contextualization of the local source ontology relative to a me-
diator ontology ONT(M).

– IVD(M) is the mediator’s integrated view definition and comprises logic view
definitions in terms of the sources’ object models OM(S) and the mediator’s
ontology ONT(M). By posing queries against the mediator’s IVD(M), the
user has the illusion to interact with a single, semantically integrated source
instead of interacting with independent, unrelated sources.

In the following, we present the local parts of CM(S), i.e., OM(S), ONT(S),
and ONTG(S) through a running example. The contextualization CON(S) is
described in Section 3.

Example 1 (Cell-Centered Database: CCDB). Fig. 2 shows pieces of a simplified
version of the conceptual model CM(CCDB) of a real-world scientific information
source called the Cell-Centered Database, [MGW+02]. The database consists of
a set of experiment objects. Each experiment collects a number of cell images
from one or more instruments. For each image, the scientists mark out cellu-
lar structures in the image and perform measurements on them [MGW+02].
They also identify a second set of regions, called deposits, in images that show
the deposition of molecules of proteins or genetic markers. In general, a region
marked as deposit does not necessarily coincide with a region marked as a struc-
ture.

Note that OM(CCDB) in Fig. 2 includes classes that are instantiated with
observed data, i.e., the extensional database EDB(CCDB). In addition to classes,
OM(CCDB) stores associations, i.e., n-ary relationships between object classes.
The association co localizes with specifies which pairs of substances occur to-
gether in a specific structure. The object model also contains functions, such
as the domain specific methods that can be invoked by a user as part of
a query. For example, when the mediator or another client calls the function
CCDB.deposit in structure(), and supplies the id of a deposit object, the func-
tion returns a set of structure objects that spatially overlap with the specified
deposit object.

Next, we describe the source’s local ontology, ONT(CCDB). In our world, an
ontology ONT(S) consists of a set of concepts and inter-concept relationships,
possibly augmented with additional inference rules and constraints.1 The onto-
1 E. g., ONT4, ONT5 in Fig. 2 define virtual relations such as transitive closure over

the base relations.
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Classes in OM(CCDB)

experiment(id:id, date:date, cell type:string, images:set(image)).
image(id:id, instrument:enum{c microscope, e microscope}, resolution:float, size x:int, size y:int,

depth:int, structures:set(structure), regions:set(deposit)).
structure(id:id, name:string, length:float, surface area:float, volume:float, bounding box:Cube).
deposit(id:id, substance name:string, deposit type:string, relative intesity:enum{dark,normal,bright},

amount:float, bounding box:Cube).
· · ·
Associations in OM(CCDB)

co localizes with(deposit.substance name, deposit.substance name, structure.name).
surrounds(s1:structure, s2:structure).
· · ·
Functions in OM(CCDB)

deposit in structure(deposit.id) → set(structure.name)
· · ·
Source Ontology – ONT(CCDB)

brain
has(co)−→ cerebellum

has(co)−→ cerebellar cortex
has(co)−→ vermis (ONT1)

dendrite
has(co)−→ spine process

has(pm)−→ spine (ONT2)

cell
projects to−→ brain region

globus pallidus
isa−→brain region. . . . denaturation

isa−→process. (ONT3)
tc has(co) := transitive closure(has(co)). tc has(pm) := transitive closure(has(pm)). (ONT4)
has co pm := chain(tc has(co), tc has(pm)) (ONT5)
· · ·
Ontological Grounding – ONTG(CCDB)

domain(structure.volume) in [0,300]
domain(structure.name) in tc has(co)(cerebellum) (OG1)
domain(experiment.cell type) in tc has(co)(cerebellum) (OG2)

experiment.cell type
projects to−→ globus pallidus (OG3)

denatured protein
exhibits−→ denaturation. (OG4)

· · ·

Fig. 2. Conceptual Model for Registering the Cell-Centered Database
[MGW+02]

logical grounding ONTG(S) links the object model OM(S) to the source ontology
ONT(S).

The source ontology serves a number of different purposes:

Creating a Terminological Frame of Reference. For defining the terminology of
a specific scientific information source, the source declares its own controlled
vocabulary through ONT(S). More precisely, ONT(S) comprises the terms (i.e.,
concepts) of this vocabulary and the relationships among them. The concepts
and relationships are often represented as nodes and edges of a directed graph,
respectively. Two examples of interconcept relations are has(co) and has(pm)
which are different kinds of part-whole relationships 2. In Fig. 2, items ONT1
and ONT2 show fragments of such a concept graph. Once a concept graph is
2 By standards of meronyms, there are different kinds of the has relation: component-

object has(co), portion-mass has(pm), member-collection has(mc), stuff-object
has(so), place-area has(pa) etc. [AFGP96]
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created for a source, one may use it to define additional constraints on object
classes and associations.

Semantics of Relationships. The edges in the concept graph of the source on-
tology represent inter-concept relationships. Often these relationships have their
own semantics that have to be specified within ONT(S). Item ONT4 declares
two new relationships tc has(co) and tc has(pm). After registration, the media-
tor interprets this declaration and creates the new (possibly materialized) tran-
sitive relations on top of the base relations has(co) and has(pm) provided by
the source S. Similarly, the item ONT5 is interpreted by the mediator using
a higher-order rule for chaining binary relations:

– chain(R1,R2)(X,Y) IF R1(X,Z), R2(Z,Y)

With this, ONT5 creates a new relationship has co pm(X,Y) provided that there
is a Z such that tc has(co)(X,Z), and tc has(pm)(Z,Y).

Ontological Grounding of OM(S). A local domain constraint specifies additional
properties of the given extensional database, and thereby establishes an onto-
logical grounding ONTG(S) between the local ontology ONT(S) and the ob-
ject model OM(S) (Fig. 1). Items (OG1–OG2) in Fig. 2 refines the domains
of the attributes experiment.cell type and structure.name from the original
type declaration (string). The refinement constrains them to take values from
those nodes of the concept graph that are descendants of the concept cerebellum
through the has(co) relationship.

This constraint illustrates an important role of the local ontology in a “con-
ceptually lifted” source. By constraining the domain of an attribute to be con-
cept name C, the corresponding object instance o is “semantically about” C.
In addition, this also implies that o is about any ancestor concept C′ of C
where ancestor is defined via has(co) edges only. Similarly, if a specific instance,
structure.name has the value ‘spine process’, it is also about ‘dendrite’ (ONT2
in Fig. 2).

In addition to linking attributes to concept names, a constraint may also in-
volve inter-concept relationships. Let us assume projects to(cell, brain region) is
a relationship in the source ontology ONT(CCDB). A constraint may assert that
for all instances e of class experiment, projects to(e.cell type, ’globus pallidus’)
holds (OG3). The constraint thus refines the original relationship projects to
to suit the specific semantics of OM(CCDB). In Section 3, we will use these
constraint-defined correspondences between OM(S) and ONT(S) in the contex-
tualization process.

Intensional Definitions. In the CM wrapper of a source S, we can define virtual
classes and associations that can be exported to the mediator as first-class,
queriable items by means of an intensional database (view definition) IDB(S).
For example, we can create a new virtual class called denatured protein in
IDB(CCDB) via the rule:
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denatured protein(ProtName) IF
deposit(ID, ProtName, protein, dark, , ), deposit in structure(ID) �=∅

Thus, an instance of a denatured protein is created when a “dark” protein
deposit is recorded in an instance of deposit, and there is some structure in
which this deposit is found. As a general principle of creating a CM wrapper,
such a definition will be supplemented by additional constraints to connect it
to the local ontology. For example, assume that ONT(CCDB) already contains
a concept called process. Item (ONT3) defines denaturation as a specialization
of process. We can now add the constraint (OG4) to complete the semantic
specification about the new denatured protein object.

Contextual References. It is a standard practice for scientific data sources to tag
object instances with controlled vocabulary from a public standard. In (CON1)
of Fig. 3, the source states the following mapping rule: The domain of the de-
posit.id field can be accessed through an internal method get expasy protein id,
which, given a protein name, gets its id from the SWISS-PROT database on the
web.3 How the source enforces this integrity constraint is internal to the source
and not part of its conceptual export schema.

2.2 Mediator Information from the Source’s Viewpoint

In order to address the source registration issue, we have to specify which com-
ponents of an existing n-source federation can be “seen”, i.e., accessed by the
new, n+1st source. A federation at the mediator consists of:

1. currently registered conceptual models CM(S) of each participating source S,
2. one or more global ontologies ONT(M) residing at the mediator that have

been used in the federation, and
3. integrated views IVD(M) defined in a global-as-view (GAV) fashion.

Typical mediator ontologies ONT(M) are public, i.e., serve as domain-specific
expert knowledge and thus can be used to “glue” conceptual models from mul-
tiple sources. Examples of such ontologies are the Unified Medical Language
System (UMLS) from the National Library of Medicine4 and the Biological Pro-
cess Ontology from the GeneOntology Consortium5.

In the presence of multiple ontologies, articulations, i.e., mappings between
different source ontologies [MWK00] can be used to register with the mediator
information about inter-source relationships.

Note that a source S usually cannot “see” all of the above components (1–
3) when defining its conceptual model: While S sees the mediator’s ontologies
ONT(M) and thus can define its own conceptual model CM(M) relative to the

3 http://www.expasy.ch
4 http://www.nlm.nih.gov/research/umls/
5 http://www.geneontology.org/process.ontology
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mediator’s ontology in a local-as-view (LAV) fashion, it cannot (i) directly em-
ploy another source’s conceptual model CM(S′), nor (ii) can it query the media-
tor’s integrated view IVD(M) which is defined global-as-view (GAV) on top of the
sources. The former is no restriction, since S′ can register CM(S′), in particular
ONT(S′) with the mediator, at which point S can indirectly refer to registered
concepts of S′ via ONT(M). The latter guarantees that query processing in this
setting does not involve “recursion through the web”, i.e., between a source S
and the mediator M (the dependency graph in Fig. 1 is acyclic).6

3 Context Specification Language CSL
A contextualization CON(S) “situates” a source’s conceptual model CM(S) in
the context given by the mediator’s ontology ONT(M). This is accomplished
by mappings between the source ontology ONT(S) and the mediator ontol-
ogy ONT(M). In the following, we present the context specification language
CSL that allows us to express such mappings.

First, observe that a source’s object model OM(S) can be described in terms
of special “built-in” predicates C:classes(S) (“C is a class of S”), A:assocs(S)
(“A is an association of S”), A:attributes(S, C) (“A is an attribute of class C
in S”), and O:instances(S, C) (“O is an object instance of C in S”). Similarly,
the local ontology ONT(S) can be described by concepts(S), relationships(S)
and constraints(S), where the latter are first-order constraints over concepts(S)
and relationships(S). Analogously, ONT(M) is described via concepts(M), re-
lationships(M) and constraints(M). We call these special predicates the model
elements of the source and mediator respectively, and use them to specify source-
to-mediator mappings.

CSL allows one to specify element mappings and access mappings. An ele-
ment mapping is a CSL expression that specifies how an element of the source’s
conceptual model relates to that of the mediator. An access mapping is a CSL ex-
pression that specifies how an element from source’s conceptual model can be
physically accessed from the mediator.7 In this paper, we focus on the element
mapping part of CSL and present the language through examples from our
CCDB scenario (Fig. 3).

Let us assume the CCDB source intends to inform the mediator that all
concepts in ONT(CCDB) are identical to those concepts in the mediator that
have the same name. This is expressed in CSL (CON2 in Fig. 3) as:

map (equivalent)(X, Y ) IF
X :concepts(CCDB), Y :concepts(mediator),
X .name = Y .name

The general form of a CSL statement is
6 At the cost of loss of efficiency, the restriction “no recursion through the web” could

be lifted.
7 E. g., for an SQL source the access mapping is an SQL query
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CONTEXTUALIZATION of CCDB – CON(CCDB)

domain(deposit.id) in get expasy protein id(deposit.substance name)
IF deposit.deposit type=’protein’ (CON1)

map (equivalent)(X,Y)
IF X:concepts(CCDB), Y:concepts(mediator), X.name = Y.name (CON2)

map (subconcept)(brain, organ)
IF brain:concepts(CCDB), organ:concepts(mediator) (CON3)

map (subconcept)(axon, compartment)
IF axon:concepts(mediator), compartment:concepts(CCDB) (CON4)

map (concept concept)(regulates(′nejire′,′ CREB′))
IF ′nejire′ :concepts(mediator), ′CREB′:concepts(CCDB) (CON5a)

map (concept concept)(exists G, regulates(′nejire′, G), regulates(G, ’CREB’))
IF ′nejire′ :concepts(mediator), ′CREB′:concepts(CCDB) (CON5b)

map (concept concept)(tc regulates(′nejire′,′ CREB′))
IF ′nejire′ :concepts(mediator), ′CREB′:concepts(CCDB) (CON5c)

map (subrelation)(has(co),has part)
IF has(co):relationships(CCDB), has part :relationships(mediator) (CON6)

map (instance concept)(X,ultrastructure)
IF X:instances(structure, CCDB), ultrastructure:concepts(mediator),
has part :relationships(mediator), dendrite:concepts(mediator),
X.name in transitive closure(part of )(dendrite) (CON7)

map (assoc rel)(surrounds(s1, s2), inverse(inside(s3,s4))
IF surrounds(s1, s2):assoc(CCDB), inside(s3,s4):relationships(mediator),
not has part(s1 , s2 ). (CON8)

map (concept concept)(new evidence of (regulates)(′cfos′,′ CREB′))
IF ′cfos′:concepts(mediator), ′CREB′:concepts(CCDB). (CON9a)

map (holds) evidence of ( )(X,Y)
IF X:concepts(mediator), Y:concepts(CCDB), Z:concepts(mediator),
evidence of ( )(X,Z), not opposes(Z,Y). (CON9b)

· · ·

Fig. 3. Context Specification for the Cell-Centered Database [MGW+02]

map (correspondence relation)(X1, . . . , Xn) IF
type declarations,
body

where the correspondence relation (e.g., equivalent) specifies which kind of map-
ping is being defined, thereby instructing the mediator how to compile the state-
ment into a logic program during registration. The type declarations specify the
kind of model element each variable represents (e.g., X above is of type con-
cepts). The type declaration also specifies whether an Xi belongs to the source
or to the mediator. The system ensures that the X1, . . . , Xn include both source
and mediator model elements (since map links between source and mediator
model elements). Furthermore, correspondence relations are themselves typed,
e.g., equivalent expects its arguments to be either both concepts or both relation-
ships. The body of the CSL statement is like the body of a logic rule and specifies
additional conditions that the mapping must satisfy. All variables in the head
of the statement are universally quantified, unless otherwise mentioned. In the
following paragraphs we present informal examples of different forms of mapping
relations that can be described in CSL.

Subconcept Mapping. Consider C1:concepts(source) and C2:concepts(mediator).
The correspondence relation “subconcept” defines an isa relation between them.
(CON3) in Fig. 3 states that brain, a concept defined in ONT(CCDB) isa organ,
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defined at the mediator. As discussed in Section 4, after registration, pre-existing
integrated views will “see” the CCDB’s isa relation through the subconcept map-
ping established via map(subconcept) declarations. In this example, the source
concept brain specializes the mediator concept organ. Similarly, a source can also
generalize a mediator concept. Assume, e.g., that ONT(CCDB) has a concept
called compartment (not shown in Fig. 2), and the mediator has the concept axon.
Item (CON4) states that axons are compartments. The mediator has translation
rules for both uses of the subconcept mapping.

Concept-Concept Mapping. Subconcept mapping is a special case of inter-con-
cept mapping across the source and the mediator. In general, a concept of the
source will be related to a concept at the mediator through a user-specified
relationship R. For example, assume that ONT(M) contains the information
that ‘nejire’ isa gene, and CCDB contains the relation ‘CREB’ isa protein (not
shown in Fig. 2). Item (CON5a) shows declaration that states that ‘nejire’ bears
the relationship regulates with ‘CREB’. Since the relation regulates is known
to the mediator, it translates the above mapping to enable any integrated view
that accesses ‘nejire’ via the regulates relationship, to have access to ‘CREB’ in
CCDB.

The concept-concept mapping allows a number of variations:
Often in the domain of scientific information, direct relationships between two
concepts are not known. Assume for simplicity, that ‘nejire’ regulates exactly
one unknown gene G, which in turn regulates ‘CREB’. To express this, the
CSL expression in (CON5a) will be modified to (CON5b), with an existential
quantifier in the head.

If there were an unknown number of intermediate genes in the regulation
path between ‘nejire’ and ‘CREB’, we would express this fact in CSL by placing
‘CREB’ in tc regulates of ‘nejire’, where tc regulates is the transitive closure
relation built on regulates as in item (CON5c).

Subrelation Mapping. The “subrelation” mapping declares a relation in ONT(S)
to be a special case of a relationship in ONT(M) (or vice versa). Consider that
the mediator uses a relationship called has part . CCDB uses more refined re-
lationships has(co) and has(pm). Item (CON6) declares has(co) to be a spe-
cialization of the mediator’s has part relationship. We omit the arguments of
the relationships if the arguments of one relationship corresponds exactly to the
positionally identical element of the second. The mediator processes this map-
ping by declaring has(co) as one possible substitution of has part for the source
CCDB.

Concept-Instance Mapping. In the last section we showed how a domain dec-
laration is used to connect a concept in the local ontology to instances of a
local object class. Our idea there was to make the statement that the quali-
fied instances of the object class were “semantically about” the concept. The
concept-instance mapping is a similar idea to connect the instances of a local
object class to a concept at the mediator. Let ultrastructure be a concept defined
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at the mediator. Let us also assume that has part is a relationship defined at the
mediator. We use item (CON7) to state that every instance of the class struc-
ture in CCDB whose name has a value that can be found in the has part tree of
the mediator’s ontology is “semantically about” the concept ultrastructure. So,
if the mediator’s ontology has the fragment:

dendrite
has part−→ SER

and CCDB had an object instance structure(50, ‘SER’, 20.2, 45.5, . . .), then
this instance is “about” an ultrastructure.

Relation-Association Mapping. The “assoc rel” mapping relates an inter-
object association A in OM(S) to an inter-concept relationship in R in
ONT(M). Let us assume A(X1,X2) and R(Y1 ,Y2 ) are both binary. For the
“assoc rel” mapping to hold, X1 and X2 are implicitly considered to be “se-
mantically about” Y1 and Y2 respectively. If A(a1, a2) is an instance of the
association in the extension of OM(S), then one can construct a relation
R(a1 , a2 ) at the mediator. Assume, e.g., ONT(M) contains the spatial re-
lationship inside(s3, s4) meaning that structure s3 is physically inside s4.
Now consider the association surrounds(s1 : structure, s2 : structure) in
OM(CCDB). In (CON8) of Fig. 3, we use the reserved word inverse to as-
sociate surrounds.s1 with inside .s4 and surrounds.s2 with inside .s3. If we find
the instance surrounds(‘caudate putamen′, ‘fiber bundle′), the mediator can cre-
ate a new relationship inside(fiber bundle, caudate putamen).

New Relationship Mapping. We repeat the CSL expression in item (CON5a):

map (concept concept)(regulates(‘nejire′, ‘CREB′))
IF ′nejire′:concepts(mediator), ′CREB′:concepts(CCDB)

where the relationship regulates is declared as part of a concept-concept map-
ping. CSL assumes that the name of the relationship is known to the mediator,
otherwise allows one to declare unknown relationships via the reserved word
new. For example, consider the statement of item (CON9a):

map (concept concept)(new evidence of (regulates)(‘cfos′, ‘CREB′))
IF ′cfos′:concepts(mediator), ′CREB′:concepts(CCDB)

where evidence of (regulates) is a new relationship. Typically, the declaration of
a new relationship will be accompanied by additional constraints that specify its
properties.

Mapping Constraints. Constraints are specified in CSL using the “holds” map-
ping element. Item (CON9b) shows an axiom about the relation evidence of ( )
for any parameter. The axiom assumes that the mediator knows the relation
opposes(X ,Y ) (i.e., X contradicts Y ), and states that no concept of CCDB can
be an evidence of two opposing concepts of the mediator.
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4 Registration Process

In the following, we outline how CSL specifications are handled by the mediator
to complete the source registration process. The registration process involves the
following steps:

– Store: At runtime, the mediator receives CSL statements sent by the source
and stores them in a global registry.

– Index : Based on CON(S), the mediator updates ONT(M) to include new
local concepts and relationships introduced by ONT(S). Then mediator up-
dates its global concept index to keep track of which concepts have been
used and referred to by the registered sources.

– Assimilate Local Semantics: The ontological grounding ONTG(S) and local
integrity constraints of a source S are translated into an executable specifi-
cation at the mediator. For example, the following statement from Fig. 2

domain(structure.volume) in [0,300]
is translated into a logic rule encoding an integrity constraint in the form of
a denial:

false :– X:structure[volume→V], ¬(0 ≤V≤ 300)
Similarly, the ontological grounding rule (OG1)

domain(structure.name) in tc has(co)(cerebellum)
is translated into the logic rule

false :– X:structure[name→N], ¬tc has(co)(cerebellum)
– Assimilate Context : The contextualization CON(S) is assimilated at the me-

diator. Consider, for example, item (CON6) which states that the CCDB re-
lation has(co) is a “subrelation” of the mediator’s relation has part :

map (subrelation)(has(co), has part) (CON6)
IF has(co):relationships(CCDB), has part :relationships(mediator)

This is translated into the logic rules
has part(X,Y) :– CCDB.has(co)(X,Y) (derive)
false :– CCDB.has(co)(X,Y), ¬has part(X,Y) (denial)

The first rule is used to populate and query the has part relation at the
mediator, while the second, logically equivalent rule specifies the integrity
constraint as a denial and is used for reasoning about contextualizations.8

– IVD extension: The final step is to augment the view definitions IVD(M) to
reflect model elements such as equivalent and subconcept. For example, the
declaration (CON2) states that source and mediator concepts should be con-
sidered equivalent if they are syntactically equal; (CON3) states that what
CCDB calls brain is a subconcept of what the mediator calls organ. Logically,
this corresponds to extending the concept hierarchy by asserting the equiv-
alence or subconcept relationship between the respective terms. Note that
the logic view definitions IVD(M) do not have to be rewritten but can au-
tomatically access the newly asserted concepts (equivalent or subconcepts),
provided that inheritance rules have been asserted.9

8 This is similar to subsumption testing in description logics; the details of this are
beyond the scope of this paper.

9 See [KLW95] for monotonic inheritance rules in F-Logic: the implementation lan-
guage of our semantic mediation prototype.
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5 Conclusion

In this paper we have investigated the problem of source registration in the
context of semantic information mediation. We have shown how a source can
export its schema and information semantics to the mediator by specifying its
object model, local ontology, and ontological grounding that relates the local on-
tology with elements of the object model. This explicit modeling of the source’s
semantics to facilitate mediation is a novel contribution of our work. Further,
we have developed CSL a context specification language by which the source
maps its local ontology in the context of the mediator’s ontology. The language
allows a mediation engineer to perform fine-grained mapping between the mod-
eling constructs of the source and those of the mediator. We are currently in the
process of implementing a more complete version of the language.

We have outlined how the mediator can interpret the source’s declarations
and internalize these definitions to complete the process of registration. However,
there are several difficult and unresolved problems in assimilation. For example,
how should the mediator deal with contradictions between its own ontological
definitions and the source’s local ontology? Also, how does the mediator’s query
engine evaluate the views that have been affected by the newly joining source?
We plan to address these issues in the future.
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Abstract. The Unified Modeling Language (UML) has become the de
facto standard for object-oriented analysis and design, providing differ-
ent diagrams for modeling different aspects of a system. In this paper, we
present the development of multidimensional (MD) models for data ware-
houses (DW) using UML package diagrams. In this way, when modeling
complex and large DW systems, we are not restricted to use flat UML
class diagrams. We present design guidelines and illustrate them with
various examples. We show that the correct use of the package diagrams
using our design guidelines will produce a very simple yet powerful de-
sign of MD models. Furthermore, we provide a UML extension by means
of stereotypes of the particular package items we use. Finally, we show
how to use these stereotypes in Rational Rose 2000 for MD modeling.

Keywords: UML, multidimensional modeling, data warehouses, UML
extension, UML packages

1 Introduction

Multidimensional (MD) modeling is the foundation of data warehouses (DW),
MD databases, and OLAP applications. These systems provide companies with
many years of historical information for the decision making process. MD mod-
eling structures information into facts and dimensions. A fact table contains
interesting measures of a business process (sales, deliveries, etc.), whereas a di-
mension table represents the context for analyzing a fact (product, customer,
time, etc.). Various approaches for the conceptual design of MD systems have
been proposed in the last few years [1][2][3][4] to represent main MD structural
and dynamic properties. However, none of them has been accepted as a standard
conceptual model for MD modeling. Due to space constraints, we refer the reader
to [5] for a detailed comparison and discussion about most of these models.

On the other hand, the Unified Modeling Language (UML) [6] has been
widely accepted as the standard object-oriented (OO) modeling language for
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describing and designing various aspects of software systems. Therefore, any
approach using the UML will minimize the efforts of developers in learning
new diagrams or methodologies for every subsystem to be modeled. Following
this consideration, we have previously proposed in [7] an OO conceptual MD
modeling approach, based on the UML, for a powerful conceptual MD modeling.
This proposal considers major relevant MD properties at the conceptual level in
an elegant and easy way.

In this paper, we start from our previously presented approach [7] and show
how to apply the grouping mechanism called package provided by the UML.
A package groups classes together into higher level units creating different levels
of abstraction, and therefore, simplifying the final model. In this way, when
modeling complex and large data warehouse systems, we are not restricted to
use flat UML class diagrams.

Furthermore, based on our experience in developing real world cases, we
provide design guidelines to properly and easily apply packages to MD modeling.
These design guidelines are extremely relevant for two reasons. First, the UML
Specification does not formally define how to apply packages, and therefore,
different people may use them in different ways. Second, these guidelines are very
close to the natural way both designers and analyzers understand and accomplish
MD modeling. Our experience indicates that these guidelines produce a very
simple yet powerful design of large and complex MD models.

To facilitate the MDmodeling using our package diagrams, we provide a UML
extension by using stereotypes of the particular package items we define. Our
extension uses the Object Constraint Language (OCL) [6] for expressing well-
formedness rules of the new defined elements, thereby avoiding an arbitrary use
of our extension. Finally, we use these package stereotypes in Rational Rose 2000
for MD modeling to show the applicability of our proposal.

The remainder of the paper is structured as follows: Section 2 briefly presents
other works related to grouping mechanisms in conceptual modeling. Section 3
summarizes how we have previously used the UML for proper conceptual MD
modeling. Section 4 presents our design guidelines for using packages in MD
modeling. Section 5 presents a case study to show how our guidelines are properly
applied for MD modeling. Section 6 presents the definition of our UML extension
in terms of package stereotypes. Section 7 shows how to apply our package
extension in Rational Rose. Finally, Section 8 presents the main conclusions and
introduces our immediate future work.

2 Related Work

The benefits of layering modeling diagrams have been widely recognized. Dif-
ferent modeling techniques, such as Data Flow Diagrams, Functional Modeling
(IDEF0), Entity Relationship Model (ER) and the UML make use of some kind
of layering mechanism.

Focusing on the aim of this paper, i.e. data modeling, several approaches
have been proposed to provide grouping mechanisms to the ER to simplify com-
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plex diagrams. In [8], the Clustered Entity Model, one of the early attempts at
layering ER diagrams, is presented. In this approach, an ER diagram at a lower
level appears as an entity on the next level. In [9], a model and a technique
for clustering entities in an ER diagram is described. This modeling technique
refines ER diagrams into higher-level objects that lead to a description of the
conceptual database on a single page. The great benefit of this proposal is that it
increases the clarity of the database description, and therefore, facilitates a bet-
ter communication between end-users and the database designer. In [10], the
Leveled Entity Relationship Model presents another layering formalism for ER
diagrams.

Regarding the UML, and as it is stated in [11], “There are different views
about how to use UML to develop software systems”. The UML is a complex
modeling language and it lacks a systematic way of guiding the users through
the development of systems. With respect to packages, the UML defines them
as a mechanism to simplify complex UML diagrams. However, no formal design
guidelines regarding how to properly use them are clearly stated. In this con-
text, many text books and authors have provided guidelines to apply packages in
general or in a specific domain. For example, Fowler states [12]: “I use the term
package diagram for a diagram that shows packages of classes and the depen-
dencies among them”. In a specific domain such as web applications, Conallen
states [13] that “A package is merely a mechanism to divide the model into more
manageable pieces” and “Try to avoid making the package hierarchy match the
semantics of the business, and instead use packages as a means of managing
the model”. The author proposes to make packages “comprehensible, cohesive,
loosely coupled and hierarchically shallow”. To the best of our knowledge, no
work has been presented showing the benefits of using UML packages for MD
modeling.

On the other hand, there have lately been proposed several approaches to ac-
complish the conceptual design of data warehouses following the MD paradigm.
Due to space constraints, we will only make a brief reference to those works
which are close to the research topic of this paper [1][2][3][4]. These MD models
are mainly conceived to gain user requirements and provide an easy to be used
but yet powerful set of graphical elements to facilitate the task of conceptual
modeling as well as the specification of queries. Both [2] and [3] extend the ER
model to use it for MD modeling providing specific items such as facts, dimen-
sion levels and so on. [1] and [4] propose different graphical notations for data
warehouse conceptual design.
Motivation: All the above-commented MD approaches use “flat design” in
the sense that all the elements that form a MD model (e.g. facts, dimensions,
classification hierarchies and so on) are represented in the same diagram at
the same level. Therefore, these approaches are not often suitable for huge and
complex MD models in which several facts share many dimensions and their
classification hierarchies, thereby leading to cluttered diagrams that are very
difficult to read. Based on our experience in designing real-world cases, we argue
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that in most cases we need an approach that structures the design of complex
data warehouses at different levels.

3 Object-Oriented Multidimensional Modeling

In this section, we summarize1 how an OO MD model can represent main struc-
tural aspects of MD modeling. The main features considered are the many-to-
many relationships between facts and dimensions, degenerate dimensions, mul-
tiple and alternative path classification hierarchies, and non-strict and complete
hierarchies. In this approach, the main structural properties of MD models are
specified by means of a UML class diagram in which the information is clearly
separated into facts and dimensions.

Dimensions and facts are represented by dimension classes and fact classes,
respectively. Then, fact classes are specified as composite classes in shared aggre-
gation relationships of n dimension classes. The flexibility of shared aggregation
in the UML allows us to represent many-to-many relationships between facts
and particular dimensions by indicating the 1..* cardinality on the dimension
class role. In our example in Fig. 1 (a), we can see how the fact class Sales has
a many-to-one relationship with both dimension classes.

By default, all measures in the fact class are considered additive. For non-
additive measures, additive rules are defined as constraints and are included in
the fact class. Furthermore, derived measures can also be explicitly considered
(indicated by / ) and their derivation rules are placed between braces near the
fact class, as shown in Fig. 1 (a).

This OO approach also allows us to define identifying attributes in the fact
class, by placing the constraint {OID} next to an attribute name. In this way
we can represent degenerate dimensions [14][15], thereby representing other fact
features in addition to the measures for analysis. For example, we could store
the ticket number (ticket num) and the line number (line num) as degenerate
dimensions, as reflected in Fig. 1 (a).

With respect to dimensions, every classification hierarchy level is specified by
a class (called a base class). An association of classes specifies the relationships
between two levels of a classification hierarchy. The only prerequisite is that these
classes must define a Directed Acyclic Graph (DAG) rooted in the dimension
class (constraint {dag} placed next to every dimension class). The DAG struc-
ture can represent both alternative path and multiple classification hierarchies.
Every classification hierarchy level must have an identifying attribute (constraint
{OID}) and a descriptor attribute2 (constraint {D}). These attributes are neces-
sary for an automatic generation process into commercial OLAP tools, as these
tools store this information in their metadata. The multiplicity 1 and 1..* de-
fined in the target associated class role addresses the concepts of strictness and
non-strictness, respectively. Strictness means that an object at a hierarchy’s
lower level belongs to only one higher-level object (e.g., as one month can be
1 We refer the reader to [7] for a complete description of our approach.
2 A descriptor attribute will be used as the default label in the data analysis.
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Fig. 1. Multidimensional modeling using UML

related to more than one season, the relationship between them is non-strict).
Moreover, defining the {completeness} constraint in the target associated class
role addresses the completeness of a classification hierarchy (see an example in
Fig. 1 (b)). By completeness we mean that all members belong to one higher-
class object and that object consists of those members only. For example, all the
recorded seasons form a year, and all the seasons that form the year have been
recorded. Our approach assumes all classification hierarchies are non-complete
by default.

The categorization of dimensions, used to model additional features for
a class’s subtypes, is represented by means of generalization-specialization rela-
tionships. However, only the dimension class can belong to both a classification
and specialization hierarchy at the same time. An example of categorization for
the Product dimension is shown in Fig. 1 (c).

4 Package Design Guidelines for Multidimensional
Modeling

In this section, based on our experience in real-world cases, we present our de-
sign guidelines for using UML packages in MD modeling following the approach
presented in Section 3. We believe these guidelines are very close to the nat-
ural way that both designers and analyzers accomplish and understand MD
modeling. Our experience indicates that these guidelines produce a very simple
yet powerful design of MD models. We summarize all the design guidelines in
Table 1.

Guideline 0 is the foundation of the rest of the guidelines and summarizes
our overall approach. This guideline closely resembles how data analyzers under-
stand MD modeling. We have divided the design process into three levels (Fig. 2
shows a summary of our proposal):
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Fig. 2. The three levels of a MD model explosion using packages

Level 1 : Model definition. A package represents a star schema of a conceptual
MD model. A dependency between two packages at this level indicates that
the star schemas share at least one dimension.

Level 2 : Star schema definition. A package represents a fact or a dimension of
a star schema. A dependency between two dimension packages at this level
indicates that the packages share at least one level of a dimension hierarchy.

Level 3 : Dimension/fact definition. A package is exploded into a set of classes
that represent the hierarchy levels in a dimension package, or the whole star
schema in the case of the fact package.

The MD model is designed in a top-down fashion by further decomposing
a package. We have limited our proposal to three levels because “deep hierarchies
tend to be difficult to understand, since each level carries its own meanings” [13].

5 Applying Package Design Guidelines: a Case Study

In this section, we use a case study to show how our guidelines3 are properly
applied to MD modeling. We use the supply value chain example taken from
Chapter 5 of [15]. As Kimball states, “The supply side of the business consists
of the steps needed to manufacture the products from original ingredients or
parts...”. Typical DWs that support the supply value chain include seven facts
(Purchase Orders, Deliveries, Materials Inventory, Process Monitoring, Bill of Ma-
terials, Finished Goods Inventory, and Manufacturing Plans) and nine dimensions
(Time, Ingredient, Supplier, Deal, Plant, Ship Mode, Process, Product, and Ware-
house).

In Fig. 3, we show the supply value chain example modeled by our approach
presented in [7]. The fact classes have been filled in a dark colour, while the
dimension classes in a light colour, and the base classes of the dimension hierar-
chies in white. As seen in Fig. 3, the Time dimension is the only one connected
3 For the sake of comprehensibility, we explicitly indicate when we apply each guide-
line.
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Table 1. Multidimensional modeling guidelines

N◦ Level Guideline

0a At the end of the design process, the MD model will be divided
into three levels: model definition, star schema definition, and dimen-
sion/fact definition

0b Before starting the modeling, define facts and dimensions and remark
the shared dimensions and dimensions that share some hierarchy levels

1 1 Draw a package for each star schema, i.e., for every fact considered

2a 1 Decide which star schemas will host the definition of the shared dimen-
sions; according to this decision, draw the corresponding dependencies

2b 1 Group together the definition of the shared dimensions in order to
minimize the number of dependencies

3 2 Draw a package for the fact (only one in a star package) and a package
for each dimension of the star schema

4a 2 Draw a dependency from the fact package to each one of the dimension
packages

4b 2 Never draw a dependency from a dimension package to a fact package

5 2 Do not define a dimension twice; if a dimension has been previously
defined, import it

6 2 Draw a dependency between dimension packages in order to indicate
that the dimensions share hierarchy levels

7 3 In a dimension package, draw a class for the dimension class (only one
in a dimension package) and a class for every classification hierarchy
level

8 3 In a fact package, draw a class for the fact class (only one in a fact
package) and import the dimension classes with their corresponding
hierarchy levels

9 3 In a dimension package, if a dependency from the current package has
been defined at level 2, import the corresponding shared hierarchy
levels

10 3 In a dimension package, when importing hierarchy levels form another
package, it is not necessary to import all the levels

to all the facts. For the sake of clearness, we have omitted the definition of the
classification hierarchy levels for both the Process and Ship Mode dimensions.
Moreover, we have not represented the attributes and methods of the classes
either.

Even though we have tried to obtain a clear model, the model is confusing
because there are a lot of lines that cross each other. Furthermore, it is difficult
to see at a glance the different dimensions connected to a fact. In short, when
the scale of a model is large and includes a large number of interconnections
among its different elements, it may be very difficult to understand and manage
it, especially for end users.
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Fig. 3. A partial complex MD model

Guideline 1 and Guideline 2. Fig. 4 shows the first level of the model that is
formed by seven packages that represent the different star schemas that form our
case study (G.1). A dashed arrow from one package to another one denotes a de-
pendency between packages, i.e., the packages have some dimensions in common
(G.2a). The direction of the dependency indicates that the common dimensions
shared by the two packages were first defined in the package pointed to by the
arrow (to start with, we have to choose a star schema to define the dimensions,
and then, the other schemas can use them with no need to define them again).
If the common dimensions had been first defined in another package, the direc-
tion of the arrow would have been different. In any case, it is better to group
together the definition of the common dimensions in order to reduce the number
of dependencies (G.2b).

Guideline 3 and Guideline 4. A package that represents a star schema is
shown as a simple icon with names. The package contents can be dynamically
accessed by “zooming” to a detailed view. For example, Fig. 5 shows the content
of the package Purchase Orders Star (level 2). The fact package Purchase Orders
Fact is represented in the middle of Fig. 5, while the dimension packages are
placed around the fact package (G.3). As it can be seen, a dependency is drawn
from the fact package to each one of the dimension packages, because the fact
package comprises the whole definition of the star schema (G.4a). At level 2, it
is possible to create a dependency from a fact package to a dimension package or
between dimension packages, but we do not allow a dependency from a dimension
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Fig. 4. Level 1: different star schemas of the
supply value chain example

Fig. 5. Level 2: Purchase Orders
Star

package to a fact package, since it is not semantically correct in our proposal
(G.4b).

Guideline 5 and Guideline 6. Fig. 6 shows the content of the package Deliv-
eries Star (level 2). As in the previous package, the fact package is placed in the
middle of the figure and the dimension packages are placed around the fact pack-
age in a star fashion. The three dimension packages (Deal Dimension, Supplier
Dimension, and Time Dimension) have been previously defined in the Purchase
Orders Star (Fig. 5), so they are imported in this package4 (G.5). Because of
this, the name of the package where they have been previously defined appears
below the package name (from Purchase Orders Star). Since Plant Dimension and
Ship Mode Dimension have been defined in the current package, they do not show
a package name. At this level, a dependency between dimension packages indi-
cates that they share some hierarchy levels (G.6). For example, a dependency
between Plant Dimension and Supplier Dimension is represented because there is
a shared hierarchy5 (ZIP, City, ...), as shown in Fig. 3.

In a similar way, Materials Inventory Star is further decomposed as shown
in Fig. 7 (level 2). All the dimensions that this package contains have been
previously defined in other packages. We can notice that it is possible to import
packages defined in different star packages.
4 However, our approach does not forbid defining the same dimension twice but with
different names defined by views. For example, the designer can define two dimen-
sions, such as Shipment Date and Reception Date with the same structure instead of
defining only one Date dimension.

5 We have decided to share a hierarchy for both dimensions to obtain a clearer design,
although the designer may have decided not to do it if such sharing is not totally
feasible.
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Fig. 6. Level 2: Deliveries Star Fig. 7. Level 2: Materials Inventory Star

Fig. 8. Level 3: Supplier Dimension

Guideline 7. The content of the dimension and fact packages is represented at
level 3. The diagrams at this level are only comprised of classes and associations
among them. For example, Fig. 8 shows the content of the package Supplier
Dimension (level 3), that contains the definition of the dimension (Supplier) and
the different hierarchy levels (ZIP, City, County, and State) (G.7). The hierarchy
of a dimension defines how the different OLAP operations (roll up, drill down,
etc.) can be applied [15].

Guideline 8. Regarding fact packages, Fig. 9 shows the content of the package
Purchase Orders Fact (level 3). In this package, the whole star schema is displayed:
the fact class (filled in a dark colour) is defined (we show some of its attributes)
and the dimensions with their corresponding hierarchy levels are imported (G.8).
To avoid unnecessary detail, we have hidden the attributes and methods of
dimensions and hierarchy levels.

Guideline 9 and Guideline 10. Fig. 10 shows the content of the package Plant
Dimension (level 3). This dimension shares some hierarchy levels with Supplier
Dimension (Fig. 8). Therefore, we notice that the shared hierarchy levels have
been imported (the name of the package where they have been defined appears
below the class name) (G.9). Furthermore, we also notice a salient feature of our
approach: two dimensions, that share hierarchy levels, do not need to share the
whole hierarchy (G.10). For example, the hierarchy of Plant Dimension does not
include State level defined in Supplier Dimension. Other proposals, such as [1][2],
when sharing dimension hierarchy levels, share all the hierarchy path from the
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Fig. 9. Level 3: Purchase Orders Fact

Fig. 10. Level 3: Plant Dimension

shared level. However, the package mechanism allows us to import only the
required levels, thereby providing a higher level of flexibility.

6 Definition of Package Stereotypes

In Section 4 and 5, we have shown how the complexity of a MD model is managed
by organizing it into logical packages. We have used three different kinds of
packages: star package, dimension package, and fact package. In this section, we
provide a UML extension by means of stereotypes of the particular packages we
have defined.

For the definition of stereotypes, we follow the examples included in the UML
Specification [6]:

– Name: The name of the stereotype.
– Base class (also called Model class): The UML metamodel element that
serves as the base for the stereotype.

– Description: An informal description with possible explanatory comments.
– Icon: It is possible to define a distinctive visual cue for the stereotype.
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– Constraints: A list of constraints defined by OCL expressions associated with
the stereotype, with an informal explanation of the expressions.

– Tagged values: A list of all tagged values that may be associated with the
stereotype.

We have defined three stereotypes that specialize the Package model element:

– Name: StarPackage
– Base class: Package
– Description: Packages of this stereotype represent MD star schemas
– Icon: Fig. 11 (a)
– Constraints:

• A StarPackage can only contain FactPackages or DimensionPackages:6

self.contents-¿forAll(oclIsTypeOf(FactPackage) or
oclIsTypeOf(DimensionPackage))

• A StarPackage can only contain one FactPackage:
self.contents-¿select(oclIsTypeOf(FactPackage))-¿size ¡= 1

• There are no cycles in the dependency structure7:8

not self.allSuppliers-¿includes(self)
– Tagged values: None

– Name: DimensionPackage
– Base class: Package
– Description: Packages of this stereotype represent MD dimensions
– Icon: Fig. 11 (b)
– Constraints:

• It is not possible to create a dependency from a DimensionPackage to a Fact-
Package (only to a DimensionPackage):
self.clientDependency-¿forAll(supplier-¿forAll(oclIsTypeOf(DimensionPackage)))

• There are no cycles in the dependency structure:
not self.allSuppliers-¿includes(self)

• A DimensionPackage cannot contain Packages:
self.contents-¿forAll(not oclIsKindOf(Package))

– Tagged values: None

– Name: FactPackage
– Base class: Package
– Description: Packages of this stereotype represent MD facts
– Icon: Fig. 11 (c)

6 contents is an additional operation defined in the UML Specification [6]: “The oper-
ation contents results in a Set containing the ModelElements owned by or imported
by the Package”.

7 Fowler states: “As a rule of thumb, it is a good idea to remove cycles in the depen-
dency structure” [12].

8 allSuppliers is an additional operation defined in the UML Specification [6]: “The
operation allSuppliers results in a Set containing all the ModelElements that are
suppliers of this ModelElement, including the suppliers of these ModelElements.
This is the transitive closure”.
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StarPackage DimensionPackage FactPackage
(a) (b) (c)

Fig. 11. Stereotype icons of the MD extension

– Constraints:
• There are no cycles in the dependency structure:

not self.allSuppliers-¿includes(self)
• A DimensionPackage cannot contain Packages:

self.contents-¿forAll(not oclIsKindOf(Package))
– Tagged values: None

7 Using Multidimensional Modeling in Rational Rose

Rational Rose (RR) is one of the most well-known visual modeling tools. As
RR supports the UML, it is becoming the common modeling tool for OO mod-
eling. RR is extensible by means of add-ins, that allows us to group together
customizations and automation of several RR features through the Rose Exten-
sibility Interface (REI) [16] into one component. An add-in allows us to customize
main menu items, data types, stereotypes, etc. In this section, we present an add-
in we have developed, that allows us to use the stereotypes we have previously
presented in RR. Our add-in customizes the following elements:

– Menu item: We have added the new menu item MD Validate in the menu
Tools. This menu item runs a Rose script that validates a MD model: our
script checks all the constraints we have presented in Section 6.

– Stereotypes: We have defined the stereotypes we have previously presented
in Section 6.

We use our stereotypes in RR by means of a stereotype configuration file. To
graphically distinguish model elements from different stereotypes, each stereo-
type can have a graphical representation. Thus, for each stereotype, there may
be four different icons: a diagram icon, a small diagram toolbar icon, a large
diagram toolbar icon, and a list view icon.

The best way to understand our extension is to show a tangible example.
Fig. 12 shows the level 1 of the supply value chain example (the same level is
displayed in Fig. 4 without stereotypes). We can notice the list view icons of
our stereotypes in the list of the browser (left hand panel in Fig. 12). Besides,
the vertical toolbar in the middle of Fig. 12 contains three new buttons that
correspond to our stereotypes.
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Fig. 12. Multidimensional modeling us-
ing Rational Rose (level 1)

Fig. 13. Multidimensional modeling
using Rational Rose (level 2)

Furthermore, we also show how the level 2 of a MD model is displayed in
RR. In Fig. 13, the content of Purchase Orders Star is shown (the same level
is displayed in Fig. 5 without stereotypes). The icons for the FactPackage and
DimensionPackage can be observed.

8 Conclusions and Future Work

Existing multidimensional (MD) modeling approaches use “flat design” in that
all the modeling elements are represented in the same diagram. These approaches
are not often suitable for huge and complex MD models. Therefore, in this
paper, we have presented how UML package mechanisms can be successfully
used for MD modeling at three levels of complexity. We have also provided design
guidelines, based on our experience in designing real cases, that allow the correct
use of the UML packages for simplifying a conceptual design when modeling large
and complex data warehouses. We have also illustrated the benefits of these
guidelines by applying them to a case study. These guidelines are extremely
useful as they allow us to obtain conceptual MD models that can be understood
by both designers and analyzers, facilitating the communication between them.
Furthermore, we have also provided a UML extension by means of stereotypes
of the different package items we use. Finally, to show the applicability of our
proposal, this UML extension has been defined for a well-known modeling tool
such as Rational Rose 2000, which allows us to put in practice all ideas developed
throughout the paper.

Future works are concerned with providing a UML extension including stereo-
types for main structural properties of MD modeling (fact class, dimension class,
etc.). Further future work refers to extending our approach to allow us to cover
all life cycle of MD systems, which involves implementation of MD models into
OO and object-relational databases.
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Abstract. One of the most serious limitations of the Entity Relationship
(ER) Model in practice is its inability to cope with complexity. A
number of approaches have been proposed in the literature to address
this problem, but so far there has been no systematic empirical research
into the effectiveness of these methods. This paper describes a
laboratory experiment which compares the effectiveness of different
representation methods for documentation and maintenance of large
data models (analyst�s viewpoint). The methods are compared using a
range of performance-based and perception-based variables, including
time taken, documentation correctness, consistency, perceived ease of
use, perceived usefulness and intention to use. An important theoretical
contribution of this paper is the development and empirical testing of a
theoretical model (the Method Evaluation Model) for evaluating IS
design methods. This model may help to bridge the gap between
research and practice in IS design research, as it addresses the issue of
method adoption in practice, which has largely been ignored by IS
design researchers.

1 Introduction

1.1 The Problem of Complexity in Data Models

One of the most serious practical limitations of the Entity Relationship (ER) Model in
practice is its inability to cope with complexity [1, 2, 3, 13, 18, 20, 40, 41, 43]. The
two major practical problems with large data models are:

• Ease of understanding (end user�s perspective): when data models exceed a
certain size, they become difficult for end users to understand.



Comparative Evaluation of Large Data Model Representation Methods   215

• Ease of documentation and maintenance (analyst�s perspective): when data
models exceed a certain size, they become difficult to document and maintain.

Neither the standard ER Model or the Extended Entity Relationship (EER) model
provide explicit abstraction mechanisms for managing the size and complexity of real
world data models [45].

A number of methods have been proposed to address this issue [e.g. 2, 3, 13, 18,
20, 25, 40, 41], but so far none of these have been widely adopted in practice.
Consequently, it remains an open research issue [42]. The greatest weakness in the
existing literature is the lack of empirical validation of the methods proposed. So far,
there has been no systematic empirical research into the effectiveness of these
methods. The authors of the methods argue that their approaches are effective but in
most cases, no empirical evidence is provided. Most evidence of successful use of
these methods is anecdotal and in many cases reports the direct experience of the
author [36].

1.2 Levelled Data Models

A previous paper [27] defined a method for representing large data models based on
the organisation of a street directory. A Levelled Data Model consists of the following
components (Fig. 1):

• A high level diagram, called the Context Data Model, provides an overview of
the model and how it is divided into subject areas. This corresponds to the key
map in a street directory.

• A set of named Subject Area Data Models show a subset of the data model (a
single subject area) in full detail. These correspond to detail maps in a street
directory. Foreign entities are used to show cross-references between subject
areasthese correspond to inter-map references in a street directory.

• An Entity Index are used to help locate individual entities within each subject
area.
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The model may be organised into any number of levels, depending on the size of
the underlying data model.

1.3 Research Questions

This paper describes a laboratory experiment which evaluates the effectiveness of the
Levelled Data Modelling method for documentation and maintenance of large data
models (analyst�s perspective). A previous experiment evaluated the effectiveness of
the method for end user understanding [30]. The broad research questions addressed
by this experiment are:

• How effective is the Levelled Data Models method compared to methods
previously proposed in the literature ?

• What is the likelihood of the method being adopted in practice?

The second research question addresses an issue that is rarely addressed or even
considered in IS design research, despite the fact that this is critical for research to
have an impact on practice.

2 The Method Evaluation Model

2.1 Adoption of IS Design Methods

The issue of practitioner acceptance of methods is something which has been largely
ignored in IS design research. However, usage in practice is clearly an important
pragmatic measure of the �success� of a method and also of the impact of research on
practice [15]. Regardless of the potential benefits of IS design methods published in
the literature, unless they are used in practice, these benefits cannot be realised.

2.2 A Theoretical Model for Evaluating IS Design Methods

The Method Evaluation Model [28] is a theoretical model for evaluating IS design
methods, which incorporates two dimensions of method �success�: actual efficacy
and adoption in practice. It combines Rescher�s theory of Methodological
Pragmatism, a theory for validating methodological knowledge [34] and the
Technology Acceptance Model [12], a theoretical model for explaining and predicting
user acceptance of information technology.

Until now, there seems to have been an implicit belief by researchers that if a
method is effective in achieving its objectives, then it will be adopted in practice. In
reality however, perceptions of efficacy by practitioners are far more important in
determining whether a method will be used. According to the Method Evaluation
Model, actual efficacy only has an indirect effect on decisions to use a method,
through perceptions of efficacy. This relationship was hypothesised based on the
Technology Acceptance Model [12] and the Theory of Reasoned Action [14].
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Fig. 2. Method Evaluation Model

3 Research Design

3.1 Research Method Selection

There are a wide variety of research methods which may be used in conducting IS
research [5, 16, 17, 33, 35, 46]. Different research methods are appropriate in
different situations, depending on the research question and the stage of knowledge in
the area being studied [16, 35, 46]. Prior to this study, the proposed method had been
extensively tested in practice using an action research approach [28, 29]. It was
applied in eight different organisations in eight different industries. The method was
refined significantly as a result of use in practice, and reached a point where it was a
stable and mature approach (as evidenced by the lack of change from one action
research cycle to the next). While action research was an appropriate research method
when the method was in its developmental phases, it is clearly less suitable in
evaluating the method once it had become stable. A controlled experiment provides
the most effective way to evaluate the effectiveness of the proposed method because:

• It allows direct comparisons to be made between different methods under
controlled conditions through manipulation of experimental treatments.

• It enables the method to be evaluated using objective and quantitative data.
• It enables the method to be evaluated using independent participants.

3.2 Identifying Methods for Comparison

In order to make the experiment manageable, it was decided to limit the number of
methods evaluated to the two leading methods proposed in the literature. The
selection of methods was based on the following criteria, which represent a balance
between rigour and relevance:

• Academic credibility (rigour): publication in a refereed academic journals
• Practical credibility (relevance): evidence of successful use in practice

Only two methods satisfy both of these criteria: Clustered Entity Models (Feldman
and Miller, 1986) and Structured Data Models (Simsion, 1989), so these are the
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methods that are evaluated. These methods also represent the two predominant
paradigms for clustering models: aggregation and generalisation.

3.3 Experimental Design

A three group, post-test only design was used, with one active between-groups factor
(representation method). All experimental groups are treatment groups (i.e. no control
group). The experimental design is summarised in Fig. 3.

INDEPENDENT (PREDICT OR) VARIABLE: 
Representation Method

DEPENDENT  (OUTCOME) VARIABLES: 
  D1 = Documentation Efficiency   
  D2 = Documentation Correctness 
  D3 = Clustering Consistency 
  D4 = Perceived Ease of Use 
  D5 = Perceived Usefulness 
  D6 = Intention to Use

CONT ROLLED VARIABLES 
1.  Participant characteristics 
2.  Task Complexity 
3.  Instrumentation 
4.  Training 
5.  Experimental setting

Experimental 
Groups

Experimental 
Tasks

Materials

Three treatment groups 
corresponding to levels of 
the independent variable

1. Documentation Task 
2. Post-task Survey

Levels of the independent variable: 
1. Clustered Entity Model 
2. Structured Data Model 
3. Levelled Data Model

Experimental data model 
represented in standard ER form 
(same for all groups) + training 
materials (overhead slides, 
summary sheet and example)

Experimental 
Treatment

Each group trained in how to 
use one of the representation 
methods

Performance 
based measures

Perception 
based measures

Fig. 3. Experimental Design

3.4 Independent Variable

The independent variable has three levels, corresponding to the different
representation methods being compared:

• Treatment Group 1: Levelled Data Models [27]
• Treatment Group 2: Clustered Entity Models [13]
• Treatment Group 3: Structured Data Models [40]

3.5 Dependent Variables

We distinguish between two types of dependent measures:

• Performance based (objective) measures: How effectively are subjects able to
perform the experimental task?

• Perception based (subjective) measures: How effective do subjects perceive
the method to be?

Performance Based Measures. Three performance based dependent variables were
used to evaluate the methods:
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• D1: Documentation efficiency: measured by the time taken to complete the
experimental task

• D2: Documentation correctness: measured by the level of completeness of the
model (whether any information was lost in the transformation process).

• D3: Clustering consistency: measured by the similarity in clustering produced
by different participants.

Perception Based Measures. From a scientific viewpoint, objective measures
generally provide much more convincing evidence than subjective measures.
However in decisions about whether to use a particular method, perceptions play a
much more important role, because of the element of free will or intentionality in
human behaviour [14]. According to the Method Evaluation Model, it is not so much
how effective a method is but how effective people think it is that determines whether
they will use it. We define three perception based variables for evaluating the
methods:

• D4: Perceived Ease of Use: the degree to which a person believes that using a
particular method would be free of effort. This was measured using six items
on the post-task survey (Questions 1, 4, 5, 9, 11 and 14).

• D5: Perceived Usefulness: the degree to which a person believes that a
particular representation method will be effective in achieving its objectives.
This was measured using eight items on the post-task survey (Questions 1, 4,
5, 9, 11 and 14).

• D6: Intention to Use: the degree to which an individual intends to use a
particular method. This was measured using two items on the post-task survey
(Q10 and Q16).

Actual Usage is not evaluated in this study, as this is not possible in an
experimental context. Instead, we assume that like computer usage behaviour, usage
of methods can be predicted reasonably well from behavioural intentions [e.g. 22,
26, 37].

3.6 Hypotheses

Each of the research questions defined in Section 1 is broken down into several
hypotheses, each relating to a particular combination of independent and/or dependent
variables.

Research Question 1: Comparison Between Methods

• H1: Participants will perform the documentation task faster using the Levelled
Data Models approach than the other two methods.

• H2: Participants will make fewer errors using the Levelled Data Model
approach than using the other two methods.

• H3: Participants will produce more consistent clustering using the Levelled
Data Model approach than using the other two methods.

• H4: Participants will perceive the Levelled Data Model approach to be easier
to use than the other two methods. This follows from H1 and the relationship
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between actual efficiency and Perceived Ease of Use defined in the Method
Evaluation Model (H10).

• H5: Participants will perceive the Levelled Data Model approach to be more
useful than the other two methods. This follows from H4 and the relationship
between Perceived Ease of Use and Perceived Usefulness in the Method
Evaluation Model (H11).

• H6: Participants will be more likely to use the Levelled Data Model approach
than the other two methods. This follows from H4, H5 and the relationships
between Perceived Ease of Use, Perceived Usefulness and Intention to Use
defined in the Method Evaluation Model (H12, H13).

Research Question 2. Adoption in Practice:
• H7: Participants will perceive the Levelled Data Models method to be easy to

use.
• H8: Participants will perceive the Levelled Data Models method to be useful
• H9: Participants will intend to use the Levelled Data Models method

H7-H9 all follow from the results of the field testing, where participants in the
action research studies found the method to be easy to use, useful and the method was
adopted widely throughout the organisations.

Validation of Causal Relationships. Finally, we posit a number of relationships
between dependent variables, based on the causal relationships defined in the Method
Evaluation Model.

• H10: Perceived Ease of Use will be determined by Documentation Efficiency.
Documentation Efficiency represents a performance based measure of
efficiency, while Perceived Ease of Use represents a perception based measure
of efficiency. Following the Method Evaluation Model, perceptions of
efficiency should be determined by actual efficiency.

• H11: Perceived Usefulness will be determined by Perceived Ease of Use. This
is one of the causal relationships defined in the Method Evaluation Model.

• H12: Intention to Use will be determined by Perceived Ease of Use. This is
one of the causal relationships defined in the Method Evaluation Model.

• H13: Intention to Use will be determined by Perceived Ease of Use. This is
one of the causal relationships defined in the Method Evaluation Model.

3.7 Participants

There were 41 participants in the experiment, all of whom were final year Information
Systems students at the University of Melbourne. They had completed two database
subjects and were expected to enter the work force 2-3 months after the experiment.
They could thus be considered as entry-level IS professionals [7, 31]. All subjects
participated voluntarily and were paid $25 on completion of the experiment. Subjects
were randomly assigned to experimental groups.
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3.8 Experimental Treatment

Each experimental group was given a forty-five minute training session in one of the
representation methods being evaluated. To ensure the provision of equivalent
training for the four experimental groups, the same worked example and similar
instructional materials (overhead transparencies and handouts) were used for all
groups.

3.9 Materials

Experimental Data Model. The experimental data model used was an application
data model for an airline reservation and scheduling system. This contained 54
entities, so was around the size of a typical application data model. A study by Maier
[24] found that the median size of application data models was 60 entities. The same
data model was given to each experimental group.

Post-Task Survey. The post-task survey consisted of 16 closed questions, which
were the items used to operationalise Perceived Ease of Use (D4), Perceived
Usefulness (D5) and Intention to Use (D6). Each item was measured using a 5-point
Likert scale, using the opposing statements question format. The order of the items
was randomized and half the questions negated to avoid monotonous responses [22].

3.10 Experimental Task

Each experimental group was given the experimental data model represented in ER
form and asked to document it using the representational method they had been
taught. Subjects were allowed to refer to the training materials while performing the
experimental task. A time limit of 1 hour and 15 minutes was allowed, but this was
not strictly enforced (participants were allowed to go overtime if they wished, but
were not paid any additional amount).

4 Results and Discussion

4.1 Research Question 1: Comparison of Methods

A one-way analysis of variance (ANOVA) was used to analyse differences between
experimental groups on all dependent variables. Planned comparisons were carried
out using predefined contrasts as part of the ANOVA analysis. Post hoc comparisons
were carried out using Tukey�s Honestly Significant Difference (HSD) test.

Documentation Efficiency. Table 1 shows the summary statistics for Documentation
Time for each experimental group. Subjects in Treatment Group 1 took the longest
time, and most did not even complete the task. Qualitative analysis showed that
participants were on average only 65% through the task. In contrast, only two
participants in Group 2 failed to complete the task (mean = 97% complete) while all
participants in Group 3 completed the task.
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Table 1. Documentation Time Statistics (minutes)

EXPERIMENTAL
GROUP

MEAN
(µ)

STDEV
(δ)

Clustered Entity Model 95.39 4.68
Structured Data Model 71.34 9.81
Levelled Data Model 55.96 11.54

Because Documentation Time was found to be not normally distributed, the
Kruskal-Wallis H test was used to test for differences between groups. All of the
comparisons were significant with α < .01. This means that H1 was strongly
supported.

Documentation Correctness. This variable could only be evaluated for two of the
experimental groups because most of the participants in Treatment Group 1 did not
finish the experimental task. Table 2 shows the summary statistics for the other two
treatment groups.

Table 2. Model Completeness Statistics

EXPERIMENTAL
GROUP

MEAN
(µ)

STDEV
(δ)

2. Structured Data Model 58.63% 23.93%
3. Levelled Data Model 93.67% 9.95%

A Mann-Whitney U test was used to test for a difference between Treatment
Groups 2 and 3. This is used in place of a t-test when the populations being compared
are not normal [11]. A significant difference was found between the two groups,
which partially confirms H2 (α < .01). The likely reason for the loss of information
using the Structured Data Modelling method was that participants could not think of
an appropriate supertype for some entities, so simply left them out.

Clustering Consistency. Table 3 shows the summary statistics for Clustering
Deviation for each experimental group. Subjects in Treatment Group 1 had the largest
variation in the number of clusters produced. This is surprising, as considerable effort
is required in this method to carry out the clustering process in a rigorous way.

Table 3. Clustering Deviation Statistics

EXPERIMENTAL
GROUP

MEAN
(µ)

STDEV
(δ)

1. Clustered Entity Model 30.77% 35.40%
2. Structured Data Model 22.53% 18.92%
3. Levelled Data Model 2.04% 5.18%

Because Clustering Deviation was not normally distributed, the Kruskal-Wallis test
was used to test for differences between groups. The analysis showed that Treatment
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Group 3 was significantly different to both the other groups, but there was no
difference between the other two groups. This strongly confirmed H2 (α < .01).

Validity and Reliability Analysis. To evaluate the results for Perceived Ease of Use,
Perceived Usefulness and Intention to Use, it is necessary first to evaluate the validity
and reliability of their empirical indicators.

Construct Validity. Factor analysis is the preferred technique among researchers for
evaluating construct validity. However in this experiment, the sample size was too
small, so inter-item correlation analysis was carried out instead. Q13 was found to
have low convergent validity, and was therefore removed from the analysis.

Reliability. Reliability analysis was conducted on the items used to measure
Perceived Ease of Use, Perceived Usefulness and Intention to Use (excluding Item
13). As shown in Table 4, high levels of reliability were found for all constructs, with
Cronbach�s alpha > .8 in all cases. In the literature, alphas of 0.7 or above are
considered by most authors to be acceptable [32].

Table 4. Item Reliabilities for Each Construct

CONSTRUCT CRONBACH�S
α

Perceived Ease of
Use .88

Perceived
Usefulness .85

Intention to Use .83

Perceived Ease of Use. Table 5 shows the summary statistics for Perceived Ease of
Use for each experimental group. Significant differences were found between all
experimental groups for Perceived Ease of Use. This means that H3 was strongly
supported (α < .01).

Table 5. Perceived Ease of Use Statistics

EXPERIMENTAL
GROUP

MEAN
(µ)

STDEV
(δ)

1. Clustered Entity
Model 2.51 0.72

2. Structured Data
Model 3.54 0.84

3. Levelled Data
Model 4.10 0.59

Perceived Usefulness. Table 6 shows the summary statistics for Perceived Usefulness
for each experimental group.
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Table 6. Perceived Usefulness Statistics

EXPERIMENTAL
GROUP

MEAN
(µ)

STDEV
(δ)

1. Clustered Entity Model 2.93 1.01
2. Structured Data Model 3.29 0.62
3. Levelled Data Model 3.82 0.78

Significant differences were found between Treatment Groups 1 and 3 (α < .01),
but neither of the other comparisons were significant. This means that hypothesis H4
was partially supported.
Intention to Use. Table 7 shows the summary statistics for Intention to Use for each
experimental group. In this case, there was a significant difference between Treatment
Groups 1 and 3 (α < .05), but no difference between any of the other groups. This
means that hypothesis H5 was partially supported.

Table 7. Intention to Use Statistics

EXPERIMENTAL
GROUP

MEAN
(µ)

STDEV
(δ)

1. Clustered Entity Model 2.69 1.11
2. Structured Data Model 3.18 0.87
3. Levelled Data Model 3.61 1.00

4.2 Research Question 2: Adoption in Practice

This research question requires comparing the values of the constructs of the Method
Evaluation Model for each experimental group with the �zero point� of the
measurement scale (in this case 3). This is used to determine whether responses are
significantly positive or negative. Table 8 summarises the results of the one sample t-
tests. All comparisons were found to be significant for the Levelled Data Models
method, which confirms H7, H8 and H8. The only significant results for the other two
methods were for Perceived Ease of Use. The Structured Data Model method was
found to be easy to use while the Clustered Entity Model method was found to be
difficult to use.

The results show that there is a high likelihood that participants will use the Levelled
Data Models method (α < .05). Neither of the other methods was perceived to be
useful, and participants did not intend to use them, which explains why neither of
these methods have been widely adopted in practice.

4.3 Validation of Method Evaluation Model

Regression analysis was used to validate the causal relationships hypothesised in the
Method Evaluation Model.
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Table 8. Significance of Responses (Static Comparisons)

VARIABLE
1. Clustered

Entity Model
2. Structured
Data Model

3. Levelled
Data Model

Perceived Ease of
Use No (0.031) Yes (0.033) Yes (0.000)

Perceived Usefulness Undecided
(0.834)

Undecided
(0.103) Yes (0.002)

Intention to Use Undecided
(0.337)

Undecided
(0.455) Yes (0.041)

H10: Documentation Efficiency →→→→ Perceived Ease of Use. The regression equation
resulting from the analysis is:

Equation 1. Perceived Ease of Use = � .04 * Documentation Time + 6.11

The regression was found to be significant with α < .005, which means that H10 was
strongly confirmed. The r2 statistic showed that Documentation Efficiency accounts
for 50% of the variance in Perceived Ease of Use.

H11: Perceived Ease of Use →→→→ Perceived Usefulness. The regression equation
resulting from this analysis is:

Equation 2. Perceived Usefulness = .49 ∗ Perceived Ease of Use + 1.65

The regression was found to be significant with α < .005, which means that H11 was
strongly confirmed. The r2 statistic showed that Perceived Ease of Use accounts for
29% of the variance in Perceived Usefulness.

H12 and H13: Perceived Ease of Use + Perceived Usefulness →→→→ Intention to Use.
The regression equation resulting from this analysis was:

Equation 3. Intention to Use = .23 ∗ Perceived Ease of Use + .71 ∗
Perceived Usefulness + .01

The regression was found to be highly significant, with α < .005. The adjusted r2

showed that Perceived Ease of Use and Perceived Usefulness together account for
51% of the variance in Intention to Use. The t-statistics and significance levels for
each variable are shown in Table 9. These measure the separate effects of each
variable on Intention to Use, while controlling for the effect of the other variable.
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Table 9. Multiple Regression Results

INDEPENDENT
VARIABLE

T-
STATISTIC

SIGNIFICANCE
(p)

Perceived Ease of Use 1.41 (.117)
Perceived Usefulness 4.89 .000

The relationship between Perceived Usefulness and Intention to Use was found to be
highly significant (α < .005). This means that H13 was strongly confirmed. However
the relationship between Perceived Ease of Use and Intention to Use was not
statistically significant, which means that H12 was not supported. This result is
consistent with many of the studies of the Technology Acceptance Model, which have
found that the relationship between Perceived Ease of Use and Intention to Use is not
significant after controlling for the effects of Perceived Usefulness [10, 12].

5 Conclusion

5.1 Summary of Findings

This experiment has conducted an empirical comparison of the efficacy (both actual
and perceived) of methods proposed in the literature for documenting and maintaining
large data models (analyst�s viewpoint). The results for each research question are:

• Research Question 1: Out of six hypotheses, three were supported and three
were partially supported. The Levelled Data Models method was found to be
superior to both of the other methods in documentation efficiency, clustering
consistency and perceived ease of use. It was also found to be superior to
Structured Data Modelling for documentation correctness and Clustered Entity
Modelling for perceived usefulness and intention to use.

• Research Question 2: All three hypotheses were supported. The results show
that the Levelled Data Models method is perceived to be easy to use, useful
and is likely to be adopted in practice.

5.2 Practical Significance

The most significant outcome of this experiment from a practical viewpoint is the
positive results from Research Question 2. This suggests that there is a high
likelihood of the Levelled Data Models method being adopted in practice. There have
been many extensions proposed to the ER Model in the literature, but very few have
been adopted in practice. However practitioners can only decide to use the method if
they are actually aware that it exists. The channels for the diffusion of innovations in
practice are not well understood, and requires more than publication in scholarly
journals [19].
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5.3 Theoretical Significance

This is the first experimental evaluation of large data model representational
techniques from the analyst�s perspective, so represents a significant contribution to
knowledge in this area. However the most significant theoretical contribution of this
experiment is the development of a theoretical model (the Method Evaluation Model)
and associated measurement instrument for evaluating the likelihood of methods
being adopted in practice. The results of this experiment showed that the
measurement instrument was reliable and valid (with the exclusion of one item), and
three out of four causal relationships between constructs evaluated were confirmed.

While the other results of this research are likely to be of interest only to data
modelling researchers and practitioners, this model is of relevance to all IS design
researchers. It provides a general theoretical framework for evaluating IS design
methods, which may help to address the lack of empirical research into the
effectiveness of IS design methods [9, 15, 46]. It may also help to bridge the gap
between research and practice in IS design, as it addresses the issue of adoption of
methods in practice. Unless methods are used by practitioners, they cannot possibly
lead to improved IS design practices.

5.4 Strengths and Limitations of the Research

Internal Validity. To guard against problems of internal invalidity, all variables other
than the independent variable should be held constant between groups. The following
variables were controlled as part of this experiment:

• Participant Characteristics: individual differences between participants in
different experimental groups were controlled by the randomisation procedure.

• Task Complexity: the same example data model was used by participants in all
groups in the documentation task.

• Instrumentation: the same instruments were used to measure dependent
variables for all experimental groups.

• Training: the same amount of training and similar training materials were
given to each experimental group.

• Experimental Setting: the location, time of day, time of year, the experimenter
and instructions given to subjects were consistent across experimental groups.

External Validity. The greatest threat to the generalisability of the findings of this
study was the use of students as experimental subjects. In general, the population
from which one selects subjects for the experiment should be representative of the
population to which the researchers wishes to generalise results [4]. Because the
participants in this study had completed two database units and were about to enter
the workforce, they were considered as reasonable proxies for practitioners. Most
previous experimental studies on data modelling have used undergraduate students as
proxies for analysts [e.g. 6, 7, 8, 21, 23, 31, 38, 39, 44]. However, clearly their level
of knowledge and expertise in ER modelling would be significantly less than
practitioners (the target population). While level of expertise and experience may
have affected overall performance on the task, the fact that this was equalised
between experimental groups means that comparative findings (Research Question 1)
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should still be valid [4]. However the findings with respect to adoption in practice
(Research Question 2) should be interpreted with caution.

5.5 Further Research

As discussed under External Validity, the greatest weakness of this experiment was
the nature of the sample population used. For this reason, a field experiment using
experienced practitioners has subsequently been conducted as a check on the external
validity of the results of this experiment [28]. This partially confirmed the results of
this experiment.
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!�� ������� �� � ����� ��� ���������������� ������������ ,������ ���� ���� ���	
�� 	������� ��� ��	 �� ��� ������� ������������� �� ��� 	�������� ��	 ��
����� ���� ����� �� ��������	� ������	�� ������ � ������� �� ���� ��������������
"��������� ������������� �����	� ����)�� ��	 	��������� ������������ �����	��
� ��������� ��	 �������

-�� ���	� �����	���	 ��� ���	� �� 	�������� ����� �� �������	 �� �� �����
���� �� ���� � �������� �������� . �������)� �������� ������ ��	 ������ 	���
������� '���������� � �������� ������,��� ��� ���	 �� ������������� �������
	�������� �����	��� �� ��� ���������� ��	��� !�� � ������	 ����������� �� ����
�����	 �� ����� ��� ���������� ��� � ���� �� ����� ���� )�	 ��� ���� ������ ��	
������� !�� ������� ��� �������	 �� ����� ��������� �������	 �� ��� �����������
� �������� /'
0 ��	 �� � ������������� /!"0�

1����� �� 	������� ��� �������	 ���������� ��	�� �� "������ 2 ��	 ��� �����
������� ��	�� ����� �� �������� �� ���� �� ���	� "������ 3 	�������� ��� ����
������� ��	 ���������� �� �� ����������	 ������ ���� ������������� � ������
�� � ���� ��� ���������� ��	��� '� ��	�� �� ������� ������ ������������ �� ���
�������� �������� ���� �� ������ ��	 ���������� �������� ���	 �� �����������
� �������� ��	 ����������� ��������� /'40 ����������� '� �		������ �� ��� � �����
����� ��������� ���������� �����	 ���� �������������� ����������� /��'0 ��
������� ��� ��������� �� ��� ��	��� 5� ��������� ���	� �� �������	 �� "������
6� 1������� "������� 7 ��	 8 	������ ��� �������� ������� ��� �������������� ��	
�	������ ������ �����
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���� �������)� �������� ��	 ������� �(�� ���,�� ���������� ����� �����������
��	 ������� ������� �� ������� 	����� ������ �� � ������� ���� ����� �������	
�����	 ����� ��������� ���� �� ��������� ��	 ��������� 	�(����� ������,����
�� ������ � ��� �� ���� �������� ����	 �� ����� ������ ������������	 ���������
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 ������� ��� ���	����� �� �	��� �� �� 1����� 2 ������ �������� �� 	�����

������� �������� �� �������� �����	�������� 9���� ������	 ��	�� ��������� �

�����������	 ����� ����� ����� ������	 ��	�� ��������� ��	��� �����	 ,����

������ ������ �� ���	 �� �� ��	������ ��� ���������� �� ��� ��������� 1�� � ������

� 	��� ������ ���������� ����� �� ��� ������ 	���	�� � ������� ������ ����������

����� ���� ��� 	���	�� ������ ����� ��	 � ����� ������ ���������� ��� ����� ������

��� ������ >������ �������	 ��	�� �� ��� ��� ��������� ��� ������ ����� �������

�������	 ��	�� ��������� ���� ������ ���������

!� �		���� ���� ������ �� 	������� ��� �� ������� ����� ��� � ���������

������ ���� ��� ��	�� ��	 ��������� �� ������������ ������ ��	 ���������

��������� ���� ��� ������� ��� ����	 ������ � ���� ��	� ��	 �	������ ����� ����

������ �� ������������ ���� 	��� ������� ����� �� ��������� 	�(����� ������

��	�� �� ��� ���� ������	� ��� ����	 �	������ ����� �����	� ���� ��� ���

���� ����	� >�������� � ?��������� �� �	���@ �� ���� �������� ��	 ��� ������� ���

���������� �������� ���;����� >�������� ?�����@ �� ��� �������� ������ ��������

�� ������� ����� �	��� ��	 ��� ��� ����	� �� �������� ��	 	����������� !��

�������� �� 1����� 2 ������ �� �� �������� �� �������� �� ������ �� ��� ���������

������� A��� �������� �� � ���������� ��	�� ��� ������ ����	 ���� ���� � 	���

����� ���������� ��	�� ���� ��������	 �� ������ ��� �������	 ��	�� �� ��������

�� � ��	� �� ��� 	������� ��	��� 	������ ����	 ������ �� 	����	� '� ����

������� ��� �������� �����	�� �� �������� �� ��� ���� �� ��� ������ ����� ���

������� ��������� �� ��� ����� �� 	�������	 ����	� �� ��	 	������	 �� � ������� ���

5 ������� �� ���� ����������� �� ����������	 �� 1����� 3� >������ �� ��� 	�������

��	�� �� ��� ����� ��	� �� ��� ������� ���� �� � ������	 �� "������ 3� ������	

���� ���� ��������� ��� ��	�� �����	�� ������� ��� ����������� ����������� ��	
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− it is dangerous, but necessary, to dream about the future

− without dreams we risk stagnation, and lose the chance to make a better world
− there is excitement in the user interface research and development community

ideas are emerging dialy and the reduction to practice is rapid

− danger because misguided dreams mislead designers, necessary because
   without vision navigation is difficult

�	
� 
� $�� +�������� ������

� ������ ��
��������	��

!�� ������� �� ��� ������ �� �� �������� ��� �(���������� �� ��� ��	��� #�

����������	 � ������ ���� ������� ��� ���������� ��	�� ��� ����� 	���������

5� ��������� � �������� ��������� �� ���	 �� ������� ��� ���� �� � ��	 ������

������ �� 	�������	 �� � ��������� ������� ��+�� ���������� �� ���� ������ ���

�������������� ������������� �������� ��	 ��������� �����������

"������)� �������� ��	 ������� ��� ������	 ���� ��� ������ ��	 �������� ����

����� ��� � ������	 �� ��� ������������� ������ 
 ������	 �������� ��� �����	
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P REPROCESSING

extracted
sections

S EGMENTATION

categorized
sentences

M ERGING

filtered
template

INTERFACE

raw texts graphical layout
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���� ��� ������������ ��	���� ����� ���� �������� �� �������	 � �������� ����	

�� ����	�)��	 ���	���	�	 ��������� ����������	 ��������� ��� �����	 ���� ���

������� ��	���� ����� ������� ��������� ��� �����	 ��	 ������ ������� ���

������	� !�� ������ �� � ��� �� ���������� ������� �� ��������� �� � �������� ����

���� 1������� ��� ��������� ��������� ����� ��� �� ���� �������� ��	 ���������

�� ���� � ��������� ������� 1����� 6 ����� ��� ����������� �� ����� �����������

���� ���� ������� �����	��	��
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5�� �� ����� ��	���� ��� ����	 ��

ProblemRelated

Solution

Goal

Method Claims

ExtensionsAssumptions

Softgoal

���� �� B�������� 9�����

� �������� ��������� ����� �� ����

������	 ��	 ����� �� !���� %� !���

��������� �������� �� 	�����	 ���� ���


4 ��	�� �� 1����� % ��	 �� ���	 ��

��� ������ ������ �� ���� �����������

� ������	 ���� 	�������� ��� )�� ��

��� ������ ������� � �� � �������� ����

������� ��� ����������� �� ��� 	����

����� ���� ����� ��� 	�(����� ���� ���

�������� ���	 �� ��� 
4 ��	��� 1�� ��������� �� ��� 
4 ��	��� � 
������� ������

�� ������	 �� ����� 
������� ��������� '� ��� �� � ��������� ��� �������	 �����

���� �� ��� 	������� �� ����������	 �� 
������� ��	 ����� ����� ��� ��� ����

�������� 5���� ������ ���� ������ �������� ����	������ ����	� ��	 ������

���� ��������� �� ���� ������	 ��� ���� ��� ���� �� ����� ���� ��� ����� ��������

� ������	 ������ !���� % ���� �����	�� � ?	����@ ����� ������ ����� �� ����

�������	 �� ����������� ����� ����������� ���� �� ���������� ��� ��� ������� !���

�������� ��	 ��� ����������� 	� ��� ������ �� ��� )��� ��������� �� ��� ������ 5
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��������� ������ 	�����	 ���� ��� ��������� �������� �� ����� �� 1����� 7� 
���
��	� ���������	� �� � ���� �� ��� ��������� ���� ����� ���� ���� !��� ���� ��
�������� �� ��������	 �� ��� ������

��� ��	
���	

���

5 	������� �� ��������	 ���� ����� ��	 � ������ ��� � ������	 ��	 ���	 ��
��� ����� �� ��������� '� ����������� ��� ��������� �����	������� ��	 ����������
�������� ��� �������)� �������� ��	 ��� �������� ��	 ������� �������� ��� �������
��� ���	� #� ������� ���� ����� �������� ��� �������������� �� ��� ���� �	��� ��
��� ������ ������ ��	 ������ ��Æ����� �� ���)����� ��� 	������� �������� �����
>�������� ���� ������ �� ��������	 �� �� � �� ���� 	� ��� ���� ��� ��,����	
�������� ��� 	�����	�	�

��� �	��	�������

!�� ������������ ����� �� ����������� ��� ������������ ��������� ���� ��������
������ 5� ������� ��� �� ���	���	�	 �������� ���� ��� 	�������� ���� ���� ����
���	 ���� � ����� �������� ������� 5�� �������� �� ��� ������ ��� ���	���	�	
������� � ������� ������� ���� ���� ���	���	�	 �������� ���������� ��������
������	 �������� $6&� !�� ������������ )��� ����� �� �	������ �������� ���� �����
��������� /��� ���� �� ��� ����������0 ��	 ���� ����� �������� �� ��� ���	 �����
/��� ���� ��	 
���
��� ����0� '� � �������� 	��� ��� ���� �� �������	 �����
����� ��� ������ ����� �� ���� ��� �������� �� ��� �������� ��������� '� �� ���
��	 ����� ��� ��������� ����� ���� ���������	 ���� ���� ��� ��� �������� ������
!���� ����� ��� ����������	 �� 5�������� %�
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5�������� %= !�� "����������� 5��������

*������� ��� 	�)��	 �� ��� ���	 ������ �������� ��,������ �� ���	� �� ���
�� �� 5���� 2C 	�������� /D ��������%2 �������)� �������� . ���������� 	�����	
��= D ���E%2 ���0 ���� ���	 �� 	������ ����� ��������� !�� ������� ��������� ���
� ����� �� 3%8 ������� 
 ������ �� �������� ��	 ��� ������ �� �������� 	�)��	
��� ���� �������� ���� ��� ����� �� !���� 2�
� $�� �������� ��� ����������� ����� ������� �"��������� �� ,���� '��� �� 
���� ���

������ �	 �������� �� ���� 
��������� �� ��� ������ ��� ������ �	 ����� �	 �������

�"��������� �� ����� $� �������� �������� ���
���� ���� ��� ���
���� ���� ��

����� �� 2 ����� ��� ������� �"��������� ��� ����� �������� ���� �������3 ��� �������

�"�������� ��� 
������ �	 4��� ��� ������� ����� ������� ��� ���� � ������ ���� ���

� ���4��
���� �	 56 ����� ��� 56 ������
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A����� ���� '
 �������� 	�������� ���������� ��� ��� ���	� �������� �����
���������� ��� �� ����		�	 ���� ��� ��	��� ������� ���� 2 ��	 ���� 3�

����� ������ �������� ���

������� 7$�� ��4�
���� �� ��� �� ��� ����� �	8 9:

	���
�� 7.������ ��

���	�� ������
�8 2;

���

��� 7'� �������8 :

���
��
���� 7. ���� �������� ��4�
����8 2<

��
��� 7�� �
����� ��� �� ����8 =6

������ 7�����%
��� �����������8 =<

��
������� 7��� �� �� ������������8 56

�
��� 7�� ���� ��
����� �� ���8 <;

���� 7��
������� �� ���
�����8 5>

���
���� 7��������� 	�����
!8 <9

����� �� ������ ,�������

����	 �� ����� ��������� ��������� ���� ��� 	������� � ������ ���� ���
	����	 �������� ��� ����������	 ���� ��� �� ��� ������ !���� ����������	 ���������
��� ��� ������ �� ��� ������������ ������

��� �	�����
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5�������� 2= !�� ������� 5��������

!�� ������� ��������� ���� ��� ����������	 ��������� ���� ��� �����������
���� /���� %0 ��	 ����� ��� ������ ���� ���	����	 /����� 2�30� '� ���� 2� ����
������ ��� ��������	 �� �������� ������ ��� �������� '� �		������ ����������	
������� ����� ���� )�� ���	� /���� �� ?'� �		�����@ ��	 ?!� ��� ������	��@0
��� ������	� "��� 3 �������� ����� �� ��������� ������ ���� ���� ��	 ������
���� �� ���� ��� �������� "��������� ������ ���� � �������� �� � ��������� �� ���
����� �� ���� ��� ��� ��������� ���� ���� ���� DCF �	������� ���	� ����� �����
���� ��� ��������� ����� ��� *����� ��������� $7&� !� ����� � ���� �� ����������
��� ������ ������� ��� ������� ��� ������� �� �����	��� �� �� �� ���� ��������
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��� ���	����	

!�� ��������� ���	���� ��� ��������� ��	�� �� ��� �������� ��	 ����� �� ����
	������ �� ��� ��	� ���� � ��	� �� ������	 ��� '� � ��	� 	��� ��� ���� ���
���������	 �� � . ������ ������� ��� ��������� 	�	 ��� 	����� �������� ���������
�� ���� ��� �������� � ������ 	�	 ��� ���� ��� ����������� . ���� ��� ���������
	������� ?!� � ��� ��������� ���� � �������@ 1����� 8 ����� � �������� �� ���
������ ���������� ���� ��� ����� �� ��� ����� �����	 �� ��� ��� �� ��� �������

�	
� �� ������ ������ ���

!��� )���� ����� ���� ��� ����	� ��	� �� ����������	 �� ��	����� ���� �� ���
���� ������	 �� �� ��� ����� !�� 	������ �� ��� ��	� ������� �� ���������� ��
��� ���������	 ��	� �� ��� ������� !�� ��������� ��������� ��� ���������� ���� ��
��� ����� ����� 	��������� 	������ �� 	����	�

� �� ��
	�	��� �����

5� ���������� �� ������ ����������� �� �������	 ��� ����	��	 �������� �����
��	 �� ���������� �� ��� 	������� ���������� ��	�� �� �������	 ��� ����	��	
��������� ������ '� ��	�� �� ������ �������� ��	 ���������� ��� ��� ��+�� ����
������� . ������������ ��	 ������� . ���� ��������	 ����������� !��� �������
����;� 	�������� ��� ���������� ������,��� ���	� 1�� ������� 	������� ������ ���
��� �� ����	 ����������� !�� �����	��� ��	 ������� �� ��� ��� ����������� ���
�������	�

��� �������� ����������

�������
���
� !� ������� ������������ �� ��������	 �� �������	�� ����������� ���	�
�� D 	�������� /6 ���E6 ���0� !�� ����� ��	��� ���� � G 63F �������� �����
������ ���� �����	����� ��� ��� ���������� ��	 � G 73F �������� ����� ������
���� �����	����� ���� �������� ����� ���������� /����� ������� ���� ��	 
����


���0� !���� � ����	������ ��	�� ��������	 ��	 ��������	 ��� ������ �� H3
���� 	�������� /6I ���E68 ���0�
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�������� 5 ���	�� ��� �� ������� ���� ��������	 ���� ��� ��� ���� �� ��� A����	
"����� *����� ��	 !��	����� -Æ��� �� ����� ������ ���� ���� �� ?�������@ ��	
?�����@� �� ?��������������@ ��	 ?��������@� 5 ���	�� ��� �� �������)� ��������
���� ��������	 ���� ���� ������� ���� ��� '�������� !����� �� �������� ���	 ��
�������� �����	�	 ����������� ������������ �������������� ������������ ��������
��������� ����������� ��	 ���������� !�� �����)� ������ ��	 ��� ������ �� 	����
����� ���	 ��� ������� ��� �����	 �� �������=

� ���	��
� ������ ��� /%%0� �	������� ����������� /%20� 	����� ������ /%20�
��	��� ����� /%20

� ���	��� � ������	
� ����� ��	 �������� /%C0� ����	����������	 ��' /%20�
����������������	 ��' /%20� ������������� ����������� /%20

'� ���� 7% ������� ��	 7C �������)� �������� ���� ���	 �� ���� ���	��
����	!��	� !�� ��	��� ������ ���	 ���� � ��� �� ������� �� �	������ �����
�������� � ����� �������� ���	� �� ������� ��� ���������� ����� �� � ���������
������ �� ���	 ��� ���� ����� �� ������)������ ������ /��� "������ 30�
�����
�
� "���	��	 ������ ��	 ��������� �������� ���� '4 ��	 '
 ���� ���	=

������ G
����	 
�������

����	 �
 	��
����
�����	��
 G

����	 ��������� 
�������

����	 �
 	��
����

����� �� ���� �� ��������� � ��������� ���� �� � �������� �������� ���������
��������� ��	 ������ ���	���� � ������ ������� ������	=

� � 	���� G
/�� J %0� ��

/��0� J�
���
 � G %� � � 	���� G

2��

� J�

!��� ���	 �� ���������� �������� )���������	 �������� ������� � ?���	 �����
	��	@� '� ��� ����������� ��� ���	 ����	��	 ���	 ��� ��� ������ ����	����� �� �
����	������ ����� ����������
"	
���
� "����������� ������� ��� ����� ���� ��� ������������ . �����������
�� 	����� ��	 ����������� �� ��������� !�� ������ �� ��������	 �� !����� 3
��	 6 ��	 ��� ������ �� !���� 7� /<���= <� �� ��� ������ �� ������� ������ <� ��
��� ������ �� ����� �������	 �� ��� ������� ��	 <� �� ��� ������ �� ����	��	
����� /����� ����� �����	 �� ��� ���������0�0

����	� �� �� �� ����	�	�� ������

,�� 51 
����� ��� 29; 95? 92< >9�?:5 >2�:9?

,�� 21 ���
����� ���������
� 9<? <2? <96 :5�9=5 :5�5;2

,�� 91 ������ ������ 2=< 9:; <66 ;=�:69 ;9�=66

,�� <1 ������ 
���� 25? 92; 955 ;>�5>> >6�<5:

�����
� 2;< 9;= 9;; >2�6>: >5�?>?

����� 
� ������������ -������ 	�� ,������ �� ������

1��� !����� 3 ��	 6� �� ��� ���� �������� ������� ���� ��������� ��� ���
�������)� ��������� ����� 6DF� ��	 �����)������ ������ ��� �������� ����� I2F�

� ��� ��� ���� ������� �� �

�%&&����	��
������
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#� ������� ���� ����� ������� ��� ���	���	 �� ��� ���������� ������� ����� ����
������� � ������ '� !���� 7� �������� ����	������� ��	 ���������� ����
���� ���� %CF ������� !��� ����� ���� ���� �� ��� ����������� ��������� ��
����� ���������� ���� ��� � ������	� ������� ��	 ����	������ ���� ���� ���
��������� ������ �� 37F ��	 33F� !��� ����� ���� ���� �� ��� ����������� ����
��� ������)�	 �� ����� ����� ���� ���������� !�� ��������� ���������� �������	
	����� �� ���	 ����������� �� ���� ��� ���������� �� � �������� ������� ����
������� �� ������� A�	������	��� ����������� /�A�0 ����� ������� 1������
�� ��� ������� '
 ���� �� ����� ������� 8C $6&�

����	� �� �� �� ����	�	�� ������

�
� 51 ����� ��� �������� 262 =9< =2> 9>�:2> 9:�996

�
� 21 
��������������� �
� <2: >;? >?5 ==�;=; ==�;=;

�
� 91 �����	�
��������� �
� 2;6 =6> =62 =5�2:2 =5�>?2

�
� <1 
������������ ���������
� 95< ;9; ;<6 <?�9>5 <?�6;2

�����
� 965 ;52 ;5= <:�=9< <:�>56

����� �� ������������ -������ 	�� �
�����%
 .���
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����
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���� %� A�������� �������� ����	 ��
��������� ���������� �� � �������� ��
���������� /����� ���� $8&0�

�����	 ��� ��������� ������ ����������
!�� ���������:� +�� �� �� ������� ���
��������� �� �������� ��� ����������
����� ���� ������ ���E��� �� ��������
������� 	�(����� ����� �� ��� ������
����� 
��������� ��� ����	 �� �������
�� ��� ��������� ���� ������� �� � ���
�� 	����� ����������� !�� ������ �� �
��������� ���������� ������� �� � ����
�������� �� �������� ���� ��� �������

"���� 	�(����� ���������� ���	 �� �	������ 	�(����� ��������� <������ $8& ������
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������ ����� ���� 7CF �� I7F �� �������� ��� �� �	����)�	 ���� +��� 3 �� 7
���������� /��� 1����� I0� ������ ���� �����	 �� ���� ������(�������

������� ��� ������ � ������ �������� ����������� ��	 ���� �� ���� � ����
������� ��������������� ��� ������ �� �� ������� ���������� � ����� ����������
���� ����� !��������� �� ��� �� � ������������� ������� �� �������� ��� ������
�� ��� ������� 1����� �� ����������	 ����� �� ?������� ����������@ $I.%C& ��	
	�����	 �� ������� ��� �� ����������� �� 
�����

	�� ��� ��� ����������� �� �������=
%� &����
	�	

� ���������� �����	 ��� ������� ����������� ���� �� ����������

�� ��	��	���� 
���� � ��� ���� �� ����������� �������� ���� ��� ��������
����� �� ����������� ��	 	��������� ����� �������� ����������� 5�� �����������
�����	 ������ �� � ������� ��	 ������� ��	���

2� "	�	������ '���������� �������	 �� ��� ������ ������ �����	 �� ���������
������ �� ��� ��� �������� ��	 ���� ������ ��	� �� ��� �������� 	��������
5�� ��� ��+�� ��+������� �� ��� ����� �������	 �� ��� �������K #��� �����
��� ��+�� ����� �� ��� �������	 �������� ��	 ��� �������K

3� &�'	�	��	� 5�� ����������� �����	 �� �������� ������ ���� ��������� ��
���� �� ��� ������� �������� "�������� ���	 ��� �� ��������� ������������
��� ���� ����� �����	 ���� ����� �� ��� ����� ��

6� &��
�
�	����
��� ��������� �����	 �� � ������	 ������� �� ���	�� ��������
��	 �������� ���������� ���� ����� �� ��� �������� 	�������� A���� �����	
��� ���� �� ���	�� ������� 	�(����� ���	�� ����������� �� ������� ���� ���
���� ������

7� ����������	�	

� '���������� �����	 �� ��������	 �� � ������ ��	 ������
���������� ���� "��� ��������� ������ ��� �� ��;������� ���� �� ����� '������
���� ����������� �����	 �� ������	 ��	 ���	� �����	 ��� ������� ��� 	������
�� ��� ������������

8� &��
�	'	�
�$������ 
��� ����� �� ����������� �����	 �� ���� �� ��	���
����	� A���� �����	 ��� ���� �� ���� �� ������	 ����������� �� ������� ����
�� ��� ������ �� ��	�� �� ��	������	 � ���������� ����������

I� ��� ��� ��!�	��	� !�� ����������� ��	 ��� ����� �� ������������ )�� ���
��� �����	�	 ��	������ 5�	����� ��� ���� �� ��� � �������� �� ��� 	�����
������	��� 5����� �� 	�(����� ���	� �� ����������� �����	 �� ���� ��	 ������
!�� ������� �� ����� ��	���� ��	 ��	� ����������� �����	 �� ��	� �������
�� ��� ������

D� ��� ��� ���
�
	� !�� ����������� ��	 ��� ����� �� ������������ )�� ��� ���
�����	�	 ���� ��	 �������� !���� ��� ������ �����	 �� ����� ���� �����	���
������

!� ��� ���������� ������ ��� ���������� �� ��� ��	��� �� ���	 � ,��������
��������� ���� ��	���	 ����� � ���������� ��������:� ����� !��� ���� ����������
����	 �� ��������� ����� ���� ��� ������ ������� !� ���� ��� �������	 �� ���
��������� �� � �������� �� ������	 ��� ���� �� ����� ,��������=

%� #��� �� ��� ������� �		�����	 �� ���� ����K >��� �� 	������� ��� ���
������� �� �����)����K

2� >��� ��� ���� ������� ��� �������� ����� �� ����� ��� ������� �������	K '�
��� 	����� �� �������������� �� � ������ 	�������	 �� ����� �� ��� �	��� ��
��� ��������K
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3� #��� ��� ��� ������������� �� ���� ����K 5�� ��� ����)�� ��	 �����������
�����K 5�� ��� ������� �������� �� ��������K

!�� ���� �� ���� ������� 	�������� ��� 	������ �� ��� ���� ���	��
�������
���
� 1��� A��������� �� !������ ���	���� ���	���� ���� � ������� � �
�������� �� ������� ��������� ��	 ��������� ��� �������)� ������ �����������	
�� ���� ���	�� 
��� �� ���� ��������	 6 ������ ��������	 ������ ����� �� ���
������:� ��������� ���������� !��� ��� ���������� �������	 �� �� �����������
�������� 
��������� ���� �����	�	 ���� ��� ������ ��������� �� � ��� ��������
-� 	�(����� ������ ��� ������� 	�������	 ��� ������������� ��� 	������� ��	�
���� ��� ,����������������� ���� 	����������� ��	 ��� ������������� �����������
#��� ���������� �� ��� ����������� ���������� ���� ������	 �� ���	 �� ���
�������� 	��������� -� ��� H3 	�������� ���	 �� ��� �������� � �������� /���
"������ 6�%0� ���� ���� ������ ��� ���� ���	� ����	 �� ����� ��������=

� ������ ���� �����	 ��� ������ �� ������ ��	 ���������
� ������ ���� �����	 ��� ������� �� ������ ��	 ���������
� �������)� ������� ���� �����	 ��� ������ �� ������ ��	 ���������
� �������)� ������� ���� �����	 ��� ������� �� ������ ��	 ���������

������� ���� 	������� � ������ ���� � ������� ������ �� �		������� �������� ��
��� ��������� �� ���� ��� 	������� ���� ���� ���� ���� 27 ���������� 1�������
��� 	�������� ���	 �� ���� ���	� ��	 ��� ���������� ����� �� !���� 8�

!���� �������� ���� ����	�	�� ������

,5 ,����� 92�6 2=�:6;

,2 ,����� 566�6 566�6

�5 �
�����%
 ����
�� 2?�>96 96�==;

�2 �
�����%
 ����
�� :2�222 >:�>29

����� �� .

���
� �	 ��
������ ���� �� ��������� @���������

����	!��	�� 5� �������� �� ��� ������ ��	 �� � ��������� �� ��� ����������
�����	��� ��	 ��� ������������� ���������� ���� �����	�	 ��� ��� �����������

��� ��������� ��������	 6 	������� ������� ��	����	������ 
��������� ����
����	 �� ���� �� ����� �������� �� �� ����� ��	 ��������� ����� ������� �� �
7������ ������ *��������� ���� ����	 ��� �� �������	 �� ��� ������� ���� �������	
�� ��������������� ����� ���������	� �� � ����� �� C�
�����
�
� !� �������� � ������� �� ��� ��������	 	���� ��� ������ ���� ����
��������� ���� ������	 ��� ���� ��������� ��	 	�������� !���� ������ ���� � �����
�� ��� ������ ��� ������ ��� ���� ������� �� ���� ���������� "���� ����� ����
���� ���������� ��	 ���� 	��������� ���� ��������� ��� ���� � �� ���� �����
�� DC ������ /����� �� ��� +�	������ ����� � 70 ��	 � ������� �� C ������ /����� ��
��� +�	������ ���� ��������������0�
"	
���
� 
��� ��������� ����� %�7 �� 2 ������ ��������� ��� ������ �� ��� ���
���������� ��������� ��� ,����������� ���������� ��� ���� 	�������� ��� ����
	������� ����� ��	 ��� ��� ��� 	��������� ��� ��������	 �� !���� I�

� ��� ���������� ��� ��������� ��� ���	����� ������� ��� ������ ���
����� �� ���������

�� �
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��	��	��� �� �� ��� ��
 �� �� ��� ��
 ����� �����
�

����	������ 55 55 22 2�> 52 5; 2: 9�= =6 9�5

������	�� 55 6? 26 2�= 5> 5< 95 9�? =5 9�2

��"������ 56 6? 5? 2�< 5< 5> 95 9�? =6 9�5

����	������ 5; 55 2> 9�< 5> 5: 9= <�< =2 9�9

#�$�����	������ 55 6? 26 2�= 5= 5< 2? 9�; <? 9�5

������"���	�	�	�� 6< 6: 52 5�= 5> 5= 92 <�6 << 2�:

�	� $�� ��%	���� 59 52 2= 9�5 5; 5; 92 <�6 => 9�;

�	� $�� ������� 5= 59 2: 9�= 5> 5> 9< <�9 ;2 9�?

����� &� ������� �	 ��������� -������ �� ,���
�����

�������� �� ��� �������� ���������� �� "������ 6�%� ��� ������� ������� ����
����	 �� ��� ���� ���	� ������� ��� ��� ����� �� 	�������� . �������)� ��������
���� ���� ������ �������	 ���� �������� !�� ������� ��������� ��� ������� ���
2�I ��� �� 7�C ��	 ��� �������)� �������� ��� 3�H ��� �� 7�C� >������ � ����� ��������
����� ������� ��� ��� ������� /2D�8F ��	 %CCF0� ��� ��� ���������� ����	 ����
�� �� ���	 �� ��	������	� !��� ������� ��� �� 	�� �� ��� ���������� �������
����� �� ������� �� �������� �� ��� �� ��� ���������� ����	 ��� ����� �� ��� )���
������ ���	 �� ����� ��	 ����	 ?'� ���� �������	 �� ���� ��������� �� ��K@
��������� ��� ������������ ���������� 	������	 ���� ������������� ��������
���� ���������� ���� ���������� ���� ����� �������= ?"�������� ��� ����$�������&
��� 	��	 �� ��	 ����� ����� ' ����	�:� 	������� ��@� ?!�� ������� ������ ���� ��
�����������������@� ��	 ?'� ��� ������� ����������� $����& �����	 ��� �������������
���� ������ ����	 �� ���� ������@� #� ����������� ���� ��� ��������� ������ ����	
�� ������ �� ����� ������ ������������ ��������� "����� ��� ������� ����� �� �������
����� ���� ����� ����	 ��� ��	�� ������� ��	 ������� �� �� ��������� ��������	=
?' ������ ����	 ��� ��������� �������������� �� ��� ����� �� ��� 	������� ��	 ���
���� ���� � ���� ��� ����� ��	 ��� ��� ���������	 	��� �� ��� �����@�

� �	�����	��

!�� ���	 ��� ��	����� �����������	 	��� ��������� �� ���� ����������� �������
����	��� �� ����� �������� '��������� �(���� ���� ���� �����	 �� 	���������
�����	� ��� ����������� 	������������� � ��������� �������������� ��	 �������
������� $%%� %2� 6� %3&� 4�����	 ����� �� ����� ����� ���� ������	 �� 	���������
�� 	���������� ��������� ���������� ��� 	������	 ����������� ���� ������������ ��
	�������� $%6.%I&� '����� �� �����	�� �� 	��������� �������� ��	��� ��	 �����
�	� �����	� ��� )���������	 ��� ��	�� �����	 �� ��	 ���� ����� �� ���������� ��
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Abstract. A Data Warehouse Management System (DWMS) incremen-
tally maintains materialized views by issuing maintenance queries to
the data sources. To address erroneous query results caused by con-
current source updates, state-of-the-art maintenance strategies typically
apply compensations to resolve the conflicts. For this, they assume how-
ever that the source schema are not updated and remain stable over
time. However, if schema changes occur in any of the sources, then
an anomaly may arise, namely, the maintenance or the compensation
queries may be broken. We now tackle this open problem by model-
ing the complete maintenance process as a special transaction, called
a DWMS Transaction. The anomaly problem can now be rephrased as
the serializability of DWMS Transactions. This allows us to apply well-
established transaction theory to address this new anomaly problem.
To achieve such serializability, we propose a multiversion concurrency
control technique appropriate for loosely-coupled environments with au-
tonomous sources. TxnWrap is complementary to maintenance algo-
rithms from the literature by removing concurrency issues from their
consideration. The experimental results confirm that TxnWrap achieves
predictable steady performance even under a varying rate of concurrency.

1 Introduction

1.1 Data Warehouse Environments

Data warehouses (DW) [6, 1] are built by gathering data from data sources and
integrating it into one repository customized to users’ needs. One important task
of a Data Warehouse Management System (DWMS) is to maintain the materi-
alized view upon source changes, since frequent updates are common for most
data sources. In addition, beyond data updates, we find that schema changes are
also fairly common for modern applications. A schema change could occur for
numerous reasons during the software life-cycle, including design errors, schema
redesign during the early stages of database deployment, the addition of new
� This work was supported in part by several grants from NSF, namely, the NSF NYI
grant #IRI 97–96264, the NSF CISE Instrumentation grant #IRIS 97–29878, and
the NSF grant #IIS 9988776.
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functionalities and even new developments in the application domain, such as
new tax laws or Y2K problems. Even in fairly standard business applications,
rapid schema changes have been observed. In [10], significant changes (about
59% of attributes on the average) were reported for seven different applications
ranging from project tracking, sales management to government administration.

Furthermore, in distributed environments, the data sources are typically
owned by different providers and function independently from one another [19].
This implies that they will update their data and schemas autonomously with-
out any concern for how this may affect the materialized views defined upon
them [8], causing so called DW maintenance anomalies. These are exactly the
problems we address in this work.

1.2 Motivating Example of the DW Maintenance Anomaly
Problems

We will now illustrate the anomaly problems via motivating examples. We distin-
guish between three DW maintenance tasks, namely, View Maintenance (VM),
View Synchronization (VS) and View Adaptation (VA). VM [19, 1, 16] maintains
the DW view extent under source data updates. In contrast to VM, VS [8, 12]
aims at rewriting the DW view definition when the source schema has been
changed. Thereafter, View Adaptation (VA) [13, 7] incrementally adapts the
view extent to again match the newly changed view definition. If there is no con-
currency among source updates, namely, the current DW maintenance completes
before the next source update occurs, then VM incorporates each source data
update (DU) while VS and VA together incorporate the source schema change
(SC) into the DW. However, the autonomous sources may undergo changes con-
currently, causing the maintenance anomaly illustrated below.

Example 1. Assume we have four data sources (DSs) as shown in Figure 1.

DS[1]: Customer(Name, Address, Phone): Customer Info.

DS[2]: Tour(TourID, TourName, Age, Type, NoDays): Tour. Info.

DS[3]: Participant(Participant, TourID, StartDate, Loc): Participant. Info.

DS[4]: FlightRes(Name, Age, FlightNo, Dest): Reservation. Info.

Fig. 1. Description of Data Sources

The view Asia-Customer of the data warehouse is defined by the SQL query
in Equation (1). Assume the data update “ ∆C = insert (‘Ben’,‘MA’,123456)
into the Customer relation at DS[1]”. In order to determine the delta effect on
the DW extent, this now requires us to send the incremental view maintenance
query Q [19] defined in Equation (2) down to the FlightRes relation at DS[4].
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CREATE VIEW Asia − Customer AS

SELECT C.Name, F.Age,
F.F lightNo, F.Dest

FROM Customer C, F lightRes F
WHERE C.Name = F.Name

AND F.Dest = ′Asia′

(1)

SELECT
′Ben′ as Name, F.Age,
F.F lightNo, F.Dest

FROM F lightRes F
WHERE F.Name = ′Ben′

AND F.Dest = ′Asia′

(2)

We distinguish between two kinds of anomaly problems that may arise:

– Duplication Anomaly: If during the transfer time of the query Q to the re-
lation FlightRes in the DS[4], FlightRes has committed a new data update
∆F = insert (‘Ben’, 18,‘AA3456’,‘Asia’). This new tuple would also be in-
cluded in the join result of Q and the extra tuple (‘Ben’, 18, ‘AA3456’,‘Asia’)
would be inserted into the view. However, later when the DW processes ∆F ,
the same tuple would be inserted into the view again. A duplication anomaly
appears, as also observed by [19].

– Broken Query Anomaly: If during the transfer time of the query Q to
DS[4], the FlightRes relation in DS[4] has a schema change, e.g., the at-
tribute FlightRes.Age is dropped, then the query Q faces a schema conflict.
In this case, the attribute Age required by Q is no longer available. Hence
the query Q cannot be processed and an error message is returned to the
DWMS. We then say that the query Q is broken, i.e., a broken query anomaly
appears.

As illustrated by the example above, autonomous sources updates may con-
flict with the DW maintenance process. A concurrent data update may result
in an incorrect query result, while a concurrent schema change may result in
a broken query, i.e., an error message is returned.

1.3 Contributions of this Work

Our contributions in this work are:

1. We illustrate that the anomaly problems in Section 1.2 can be reformulated
as a transaction problem by modeling the complete maintenance process as
a transaction model, DWMS Transaction. We demonstrate that the mainte-
nance anomaly can be mapped to the serializability of DWMS Transactions.

2. We introduce a multiversion concurrency control algorithm, called Txn-
Wrap, to achieve such serializability within our data warehouse context of
autonomous data sources.

3. To the best of our knowledge, TxnWrap is the first work to put the exist-
ing view maintenance algorithms into the context of a sound theory, i.e.,
serializability theory, to remove concurrency concerns from them.

4. We have implemented the TxnWrap solution and integrated it into a data
warehouse prototype system. Experiments comparing maintenance perfor-
mance with and without TxnWrap enabled confirm that TxnWrap avoids
the maintenance anomaly hence achieves a more stable performance.
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The outline of the rest of the paper is as follows. The transaction model called
DWMS Transaction is introduced in Section 2. A multiversion concurrency con-
trol algorithm is proposed in Section 3. Section 4 presents experimental results.
In Section 5 we review the related work while Section 6 concludes the paper.

2 DWMS Transaction: Transactional Modeling of DW
Maintenance

We first analyze the DW maintenance anomaly problems. Typically, the DW
maintenance process involves reads from individual sources to calculate the delta
changes and ultimately refresh the DW extent. Meanwhile, the autonomous
sources may continue to commit various updates. Consequently, concurrency
between these two processes may occur. This maintenance anomaly is similar to
the anomaly in a traditional DBMS: assume a join is defined upon two source re-
lations. Without any appropriate concurrency control, concurrent data updates
or schema changes on these two relations during the computation of the join
prcess would cause a concurrency problem. This is similar to the DW main-
tenance anomaly. A traditional DBMS deals with this problem (1) by applying
a transaction model to encapsulate all operations that need to be executed atom-
ically into one transaction, and (2) by using concurrency control strategies to
guarantee the ACID properties of each transaction [3]. The ACID properties
assure a consistent view of data inside each transaction hence solve the problem.

Similarly, in our DW context, the DW maintenance process can be viewed as
a series of read operations over sources that should be executed atomically, while
the source updates are independent write operations. There are read and write
conflicts since the source writes are autonomous. The above discussion clearly
leads us to the idea of applying a transactional model to solve the anomaly
problem, as described in detail below.

2.1 Transactions in a Data Warehouse Environment

Each DW maintenance process is composed of the following two transactions:

1. A source update transaction at some data source DSi is committed, denoted
as “TDSi=w(DSi)c(DSi)” where w(DSi) means the update on DSi and i is
the index of the data source, c(DSi) denotes the commit.

2. A DW maintenance transaction computes the delta effects caused by source
updates in order to refresh the DW. During this period, it may need to send
maintenance queries to probe different data sources. At the end, the DWMS
refreshes its view extent. We denote this as “TDW = r(DS1)r(DS2)...r(DSn)
w(DW )c(DW )”, where r(DSi) denotes reading from DSi, w(DW ) denotes
writing or refreshing the DW extent and c(DW) denotes the commit.

However, these two types of transactions are not completely independent. As
suggested above, the relationship is that each source update transaction would
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trigger a corresponding DW maintenance transaction. Furthermore, this DW
maintenance transaction is required to see a consistent state of all sources, so
not to conflict with other source update transactions. Otherwise the anomaly as
shown in Section 1.2 may occur.

These observations give us the hint that a high-level transaction that in-
tegrates both sub-transactions may be needed. The ACID properties of this
high-level transaction could resolve the conflicts between its sub-transactions,
namely DW maintenance transactions and source update transactions.

2.2 A Transactional Model: DWMS Transaction

We model a high-level transaction that integrates both source update transaction
and its corresponding DW maintenance transaction.

Definition 1. We model the complete DW maintenance process described in
Section 2.1 as a DWMS Transaction. Each DWMS Transaction T starts af-
ter a local successfully committed source update transaction TDSi , and com-
mits when the data warehouse database has been successfully refreshed, i.e.,
the commit of the DW maintenance transaction TDW . Hence, we denote it as
“T = TDSiTDW = w(DSi)c(DSi)r(DS1) r(DS2)...r(DSn)w(DW )c(DW )”.

Previous research has already hinted at this notion of a “global view of data
warehouse transactions” [20]. However, [20] states that a global transactional
approach is not feasible since the sources may not tolerate such a wait time
before being allowed to commit their local updates. We observe that the source
update transaction can in fact commit autonomously as a sub-transaction within
the complete DWMS Transaction by our proposed techniques. Thus the sources
never have to wait.

With the concept of DWMS Transaction, the DW maintenance anomaly can
be rephrased as the well-known “read dirty data” transaction problem. With an
appropriate concurrency control solution to achieve the ACID properties of such
a DWMS Transaction, the conflicts between the DWMS Transactions, namely,
the DW maintenance transactions and source update transactions, can naturally
be solved. Finally, this formal transaction-based solution lays a solid foundation
for the future treatment of as of now unsolved problems including recovery or
parallel processing of DW maintenance.

Note that a DWMS Transaction is started when a source update has been
committed. After that, we must have this source update incorporated into the
DW to keep the view consistent. The reason is that the source update transaction
is out of the control of the DWMS, thus the rollback of this update cannot be
achieved. Hence a DWMS Transaction would never be aborted. Whenever an
error occurs, we instead have to redo the maintenance again until success.

2.3 DWMS Transaction Scheduling

Two types of DWMS transaction schedulers are possible, namely, sequential and
parallel ones. A sequential scheduler allows no other DW maintenance transac-
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tions to be processed until the current one has been completed. Most DW main-
tenance algorithms in the literature [19, 1] employ such a sequential scheduling
for DW maintenance even if they do not utilize the transaction terminology.
Parallel scheduling is more challenging, since the out-of-order DW maintenance
processing introduces additional conflicts. In this paper, we will introduce our
solution assuming a sequential scheduler to keep the description simple. We note
that our transactional model can be easily extended to support such a parallel
scheduler as we have done in [9]. This is in effect one advantage of adopting
a transactional model for data warehouse maintenance.

2.4 Conflicts between DWMS Transactions

We now examine the operations encapsulated within a DWMS Transactions
to identify potential conflicts between them. From Definition 1, we know that
there are three basic read and write operations within a DWMS Transaction,
namely, w(DSi), r(DSi) and w(DW ). There are three types of conflicts between
these operations. First, some write operation w1(DSi) in DWMS Transaction T1

conflicts with w2(DSi) in another DWMS Transaction T2. Second, some write
operation w1(DW ) in DWMS Transaction T1 conflicts with w2(DW ) in an-
other DWMS Transaction T2. Obviously such write-write conflicts would nat-
urally be taken care of by the local DBMS of the sources and DW, respec-
tively. The third conflict is the read-write conflict, namely, one read opera-
tion r1(DSi) of DWMS Transaction T1 may read some inconsistent query result
written by w2(DSi) of another DWMS Transaction T2.

Lemma 1. The DW maintenance anomaly corresponds to the read-write con-
flicts of DWMS Transactions.

The proof of this lemma can be found in [4]. With Lemma 1, we rephase
the DW maintenance anomaly problem in terms of the read-write conflicts of
DWMS Transactions. Next, to solve the DW maintenance anomaly problem, we
should resolve such read-write conflicts.

2.5 Serializability of DWMS Transactions

Lemma 1 leads us to a solution approach to resolve the conflicts, namely, we
have to guarantee the serializability of DWMS Transactions.

Theorem 1. A history of DWMS Transactions S is serializable iff it is equiva-
lent to some serial schedule S′ of the same DWMS Transactions.

Note that a serial schedule of DWMS Transactions S′ assumes the source
update and maintenance process occur one after another. Obviously in this case,
the source update and the maintenance process do not conflict with each other,
hence no DW maintenance anomaly would occur. Consequently, by Theorem 1,
no anomaly would happen in its equivalent history S either. In the next section,
we will propose a concurrency control strategy to achieve such serializability for
DWMS Transactions.
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3 Multiversion Concurrency Control Algorithm for
DWMS Transactions

To achieve the serializability for traditional transactions, generally, two ba-
sic kinds of concurrency control algorithms [3], namely, lock-based or
multiversion-based, can be used. The traditional lock-based concurrency
control algorithms [3] work as follows: For every write, an exclusive write lock
is obtained and released at the end of transaction; and for every read, a read
lock is obtained and released after the read operation completes. This is how-
ever too restrictive for the schedule of DWMS Transactions. By Definition 1,
we know that DWMS Transaction will read over all sources hence a read lock
over all sources is required. However, the data sources are autonomous in our
DW environment and would not be willing to accept locks from external agents
as stated in Section 1.1. Hence locking algorithms are not suitable in the DW
environment.

In the traditional multiversion concurrency control algorithms [3], the
reader will read an older version than the version that the writer is currently writ-
ing to, thus avoiding the conflicts. In particular, we further differentiate between
two categories of multiversion algorithms, i.e., finite version [15, 11] and unre-
stricted version [2] algorithms. Finite version algorithms pre-set a fixed number
of maximal versions (some constant n). There is a so called “version expira-
tion” [15, 11] phase when the number of versions exceeds the allowed maximum.
In that case, we have to switch the reader to a newer existing version to allow
for the writers to start making a new version. To achieve this, we require that
either the writer synchronizes with all readers on the old version or aborts those
readers. In comparison, in unrestrictive multiversion algorithms, the writers can
always create a new version and the readers can find appropriate versions they
need at any time. No blocking between the read/write would ever occur.

Based on above observations, we find that an unrestrictive multiversion al-
gorithm is the appropriate design choice for DW maintenance. First, we require
that the version that the reader (maintenance transaction) needs should never
expire before the maintenance process has been completed. Otherwise the DW
view would be inconsistent. Second, the autonomous writer (source update) is
unlikely to synchronize with the reader (DW maintenance process). For this
reason, we favor the choice of an unrestricted multiversion algorithm. Also note
that, since the DWMS Transactions will read a monotonically increasing version
of data instead of some random old ones, the version cleanup can be efficiently
carried out.

We are now ready to introduce our unrestricted multiversion algorithm, called
TxnWrap. The main idea is to extend the wrapper functionality beyond just
communicating between sources and DW 1. That is, the wrapper is responsible
for storing the versions generated due to the source updates and answering any
1 Note that this is just one of the three architectural choices for where to store the
versioned data, namely at the sources, the wrappers or the DW. Without loss of
generality, here we select one of them to describe the main idea. We omit the
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DW maintenance query using the versioned information. Below, we describe
TxnWrap, in particular, first the version initialialization at the wrappers and
then version management upon update notifications and query requests.

3.1 Wrapper Materialization

We propose to extend the wrapper of each source to contain version relations of
source data, called wrapper relations. A simple full replication of the source data
for the wrapper relations would guarantee that the wrapper can answer a main-
tenance query without any more source access. However we can further improve
upon this by utilizing the view definitions of the DW to filter out unnecessary
data. For example, we can “push down” the Select or Project operations into the
DW view definitions to filter out unnecessary tuples or attributes [4] or utilize
some foreign key constraints [14].

We further propose to add two more attributes V Start and V End into
the wrapper relation to denote the life time of each tuple. V Start denotes the
start version of the tuple (by insertion), and V End denotes the version when
the tuple ends (by deletion). We initialize the tuples in the wrapper relation
by setting their V Start to 0 and V End to ∞. This way we guarantee that
all initial tuples are visible to all DWMS transactions. We also build a meta
relation at the wrapper for versioning of the source meta data. It contains six
attributes, namely, Rel, Attr, Rel′, Attr′, V Start and V End, respectively. The
pair of attributes “Rel” and “Attr” describes the source meta data. The pair of
attributes “Rel′” and “Attr′” indicates the new name of a particular attribute
or of a relation. Here at the meta data relation, “V Start” and “V End” denote
the life span of the attributes, i.e., the version number when it’s been created,
renamed or dropped. Two source wrappers related to the view in Example 1 are
shown in Figures 2 and 3, respectively.
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Meta Relation

Wrapper for DS1

Name

Attr

-

Rel’

-

Attr’

0

V_Start

∞

V_End

C’

Rel

Bob

Tom

Name

0

0

V_Start

∞

∞

V_End

Fig. 2. Wrapper Initialization of DS1

space/performance trade-off discussions of these choices due to limited space, please
refer to [4] for details.



A Transactional Model for Data Warehouse Maintenance 255

Asia

Dest

0

V_Start

∞

V_End

17

Age

AA4399Tom

FlightNoName

∞0--NameF’

∞0--AgeF’

∞0--FlightNoF’

Dest

Attr

-

Rel’

-

Attr’

0

V_Start

∞

V_End

F’

Rel

Relation F’

Meta Relation

Wrapper for DS4

Fig. 3. Wrapper Initialization of DS4

3.2 Version Management

Basically, there are three classes of version operations the wrapper must per-
form. First, the wrapper has to create versions whenever an update is reported
by a source. Second, the wrapper should read appropriate versions to answer
each maintenance query. Third, the wrapper needs to clean up any versions that
are no longer required by any DWMS Transaction.

Version Creation in the Wrapper. The updates reported by a source can
be categorized as data updates, which are insert, delete and update, or schema
changes, which are add, drop and rename an attribute or create, drop and rename
a table. To create versions, each DWMS Transaction will be assigned a version
number for creation of a new version based on its corresponding source update
transaction. The corresponding version creations are shown below:

1. Delete a tuple t : update t[V End] to be “i”.
2. Insert a tuple t : insert this tuple, set t[V Start] as “i” and set t[V End] ∞.
3. Update a tuple t : treat it as a delete followed by an insert.
4. Drop an attribute: update the attribute’s V End to be “i” in the meta-relation.
5. Add an attribute: insert it into the meta relation with V Start to be “i” and V End

to be ∞.
6. Rename an attribute: In meta relation, set “Rel′” and “Attr′” of the old attribute

to its new names, update V End to “i”. Then add the renamed attribute to meta
table.

7. Drop a table: Treat it as drop of all its attributes.
8. Add a table: Add all its attributes to the meta-relation.

9. Rename a table: Method similar to rename an attribute, but operate on all at-

tributes.

For example, assume there are three source updates as shown in Figure 4 on the
relations depicted in Figure 1. After the version creation step shown above, the
wrapper relation and meta relation of DS1 and DS4 of Figure 2 and 3 are shown
in Figures 5 and 6.
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DS Transaction1 (DWMS_Transaction Version id = 1)

1. INSERT INTO Customer(‘Ben’, ‘CA’, ‘2137461928’);

DS Transaction2 (DWMS_Transaction Version id = 2)

1. INSERT INTO FlightRes(‘Ben’, 18, ‘AA3456’, ‘Asia’);

DS Transaction3 (DWMS_Transaction Version id = 3)

1. Rename Customer.Name to Customer.First-Last;

Fig. 4. Three Source Updates
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∞0Bob
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0
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∞
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Fig. 5. New Wrapper Content for DS1

Version Reads in the Wrapper. The read version operation happens when
a DWMS Transaction wants to query a source. Rather than being processed by
the source, the queries are actually rewritten by the wrapper and executed by
reading appropriate versions of the wrapper schema and relations. Notice that
the DWMS Transaction requires to see a consistent state of all sources. Hence
the versions created afterwards should be invisible to this DWMS Transaction
as suggested by Section 1.2. To achieve this, the original maintenance query
is rewritten by augmenting it with the version conditions “AND V Start <=
i AND i < V End”. This new query will be evaluated on the wrapper rela-
tion and not on the actual source relation. Here i is the version number of
this DWMS Transaction. For example, Figure 7 depicts the rewritten versioned
queries for the first two source updates from Figure 4.

Version Cleanup in the Wrapper. Finally, we need to clean up versions
that are no longer needed by any maintenance transactions. For a sequen-
tial scheduler, the cleanup is straightforward. That is, after the completion of
a DWMS Transaction with version number “i”, all the data with V End less
than “i” will be deleted since they are no longer visible nor required by any
later maintenance transaction. To achieve this, in the meta relation, we execute
the update as “delete * from meta-table where V End <= i” and perform cor-
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Fig. 6. New Wrapper Content for DS4

DWMS_Transaction with id = 1:

SELECT Name, Age, FlightNo, Dest FROM F’ 

WHERE Name = ‘Ben’ AND V_Start <= 1 and V_End > 1;

DWMS_Transaction with id = 2:

SELECT Name FROM C’ WHERE 

Name = ‘Ben’ AND V_Start <= 2 and V_End > 2;

Fig. 7. Version Queries at Wrapper

responding operations on these attributes in the wrapper relation. Then we also
delete the tuples in the wrapper relations with V End <= i.

3.3 TxnWrap: A Multiversion Algorithm for DW Maintenance

We are now ready to introduce our concurrency control algorithm for DW main-
tenance.

1. First, the wrapper initializes its schema and relations as in Section 3.1.
2. Once a source commits a local update transaction and reports its updates to

the wrapper, the wrapper gets a unique global DWMS Transaction version
id from the DWMS and uses it to create versions. Thereafter it notifies the
DWMS about the updates.

3. When the wrapper receives a maintenance query from the DWMS, it rewrites
the maintenance query according to the corresponding DWMS Transaction
id and executes it upon the wrapper relation.

4. Once a DWMS Transaction is committed in the DW, version cleanup starts.
The cleanup action can be done by a background daemon process.

Theorem 2. A history of DWMS Transactions scheduled by TxnWrap is seri-
alizable.

Due to space limitations, please refer to [4] for the proof of Theorem 2.
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4 Experimental Evaluation

4.1 Experimental Testbed and Setup

Since TxnWrap by itself is not a stand-alone system, we have plugged it into
the data warehouse prototype (DyDa) system developed at WPI [5]. The ba-
sic DyDa system uses SWEEP [1], a compensation-based algorithm to handle
concurrent data updates. It also has some enhanced view adaption strategies to
detect and correct a mixture of concurrent data updates and schema changes [5].
By disabling all concurrency logic and instead plugging TxnWrap into the DyDa
system, we now have a transactional-based maintenance solution. The java code
to handle concurrencies in the DyDa system is more than 5000 lines, while in
contrast the TxnWrap contains less than 900 lines of code. We have experimen-
tally evaluated TxnWrap by comparing these two systems.

In our experimental study, we conducted our experiments on four Pentium
III PCs with 256M memory, running Windows NT and Oracle8i. We employ six
data sources with one relation each evenly distributed over three PC machines.
Each relation has four attributes and 100000 tuples. There is one materialized
join view defined upon these six source relations residing on a separate machine.
Currently, we assume each DWMS Transaction contains only one update. If we
were to merge updates in a batch fashion, the performance should be even better
since less maintenance queries would be required.

4.2 Data Update Processing

In this experiment, we evaluate the overhead of TxnWrap and compare it against
the SWEEP [1] for data update processing under a varying rate of concurrency.
SWEEP applies local compensation to remove the duplication anomaly as shown
in Section 1.2. Figure 8 shows the average maintenance cost of one data update
(on the y-axis) under a number of concurrent data updates for both systems.

From Figure 8, we can see that initially the maintenance cost of TxnWrap
is larger than that of SWEEP when the number of concurrent data update is 0
(i.e., there is no concurrent data update). This is mainly caused by the additional
version conditions to be evaluated. The maintenance cost of SWEEP increases
under a number of concurrent data updates, because it has to compensate for
concurrent data updates. In comparison, TxnWrap exhibits an almost fixed cost
for handling of data updates independent of the number of concurrent data
updates, and thus achieves more steady performance even under a heavy load
of concurrent updates.

4.3 Schema Change Processing

In this experiment, we examine the performance of TxnWrap for schema change
processing, which includes both view synchronization and view adaptation. We
measure the maintenance cost by employing twenty schema changes but vary-
ing the time intervals between them. As described in Section 1.2, if there are
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Fig. 8. Current Data Update Processing

some concurrent schema changes, the query would be broken and the current
maintenance process may be aborted in the DyDa system. This is a significant
cost. Figure 9 presents the maintenance as well as the abort cost (as part of the
maintenance cost) of both systems (on the y-axis). From the figure, we see that
the DyDa system has a varying abort cost under different system loads. Even-
tually when the time interval is larger than the maintenance time, the updates
won’t conflict with each other thus both systems have the same maintenance
cost. In comparison, TxnWrap, employing a multiversion algorithm, avoids any
abort and hence again achieves a steady performance.
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5 Related Work

Maintaining DW materialized views under source updates is an important is-
sue [19, 6]. Besides incremental view maintenance under source data updates [6],
there is some work on view rewriting upon source schema changes [8], and on
adapting the view extent after the view has been redefined [7, 13]. In a loosely-
coupled environment, anomaly problems can arise due to autonomous source
updates. [19] introduces a compensation-based algorithm to handle concurrent
data updates restricted to one single source. SWEEP [1] applies local compensa-
tion over distributed sources. [16] proposes to materialize delta changes of both
sources and views with timestamps, thus being able to asynchronously refresh
the view. These efforts are all compensation-based and none of them can handle
concurrent source schema changes.

Our TxnWrap approach employs a multiversion solution removing concur-
rency concerns from DW maintenance algorithms thus no longer requiring
any compensation strategies. Our concurrently ongoing effort on the DyDa
project [17, 18] is the first attempt to address mixed workloads of concurrent
data updates and schema changes. In DyDa, we found that all maintenance
modules (VM,VA,VS) would have to be explored to detect and correct various
types of concurrency problems. This introduces much complexity and a formal
basis is missing. In comparison, TxnWrap lays a solid basis to handle the DW
maintenance concurrency problems.

[15] proposes to utilize a two-version algorithm to resolve the concurrency
between the DW maintenance and DW read-only sessions. Our work instead
focuses on the other end of the spectrum, i.e., the concurrency between the
source updates and the associated DW maintenance. In the former work, the
DW read-only sessions could be scheduled for any consistent DW version. While
in our work, the DWmaintenance reads will require a particular version of source
data that matches the state in which the update had occurred. Hence the desired
version should always be available to keep the view consistent.

6 Conclusions

While previous work focuses on specific compensation algorithms for DW main-
tenance [19, 1, 16], in this paper, we instead propose a transactional model that
solves concurrency problems. In particular, we encapsulate both each source up-
date and its DW maintenance process into one DWMS Transaction. We then de-
sign a multiversion algorithm TxnWrap to achieve the serializability of DWMS
Transactions. This way TxnWrap addresses the maintenance anomaly prob-
lem not only under concurrent data updates but also under concurrent schema
changes. As an added benefit, we found TxnWrap very easy to implement. The
experimental results reveal that our solution achieves a stable maintenance be-
havior and even outperforms previous solutions under highly concurrent work
loads. To further enhance our data warehousing technology, we plan to study
parallel maintenance [9], DW maintenance recovery and batch DW maintenance
as our future work.
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Abstract. A new data model is proposed using a traditional accounting
approach to model an organization’s transactional data and extending
this model to include not only financial information but also internal
business process, learning and growth, and customer perspectives.
It provides an organization with a single data model that supports
both transactional and data warehousing needs. The model has a very
small footprint and uses replication tables for data mining purposes.
The model is generic so that changes in information requirements
of the application do not imply the need to change the model itself.
Implementations of the model can provide a uniform report generation
environment for standard reports as well as OLAP and data mining
activities. Implementations can include data used in query optimization
strategies for applications such as association rule mining.

Keywords: Conceptual Model, Account Data Model, Transactional
Data Warehouse

1 Introduction

Database development focus has recently shifted from processing transactions
to knowledge discovery [7]. Competitive market forces require organizations to
understand more about their external environments such as customers, com-
petitors, and suppliers along with their internal resources such as inventory and
process controls. The Entity-Relationship Model [5] has traditionally been used
to design transactional databases because of the ease of mapping from the real
world to the model. However, the resulting model is often too complicated to
easily generate queries and efficiently obtain reports. As a result, data ware-
houses using a dimensional model [10] were developed and separated from the
transactional model to support the need for knowledge discovery efforts such
as OnLine Analytical Processing (OLAP) and data mining. In this study, we
propose a new data model, the Account Data Model (ADM), which supports
both on-line transaction processing and knowledge discovery endeavors. In this
model, data is modelled as a set of hierarchically organized accounts similar to
the double-entry system used in a standard Chart of Accounts hierarchy (see [12])
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while data-changing events are modelled as transactions consisting of a collec-
tion of debit and credit components against these accounts and that offset one
another. Moreover, any update to a real-world transaction is modelled in the
ADM by creating new transactions to offset previous transactions. Thus, the
whole history of a real-world transaction is preserved for process control pur-
poses as a sequence of related ADM transactions. The design of ADM implies
that each time the ADM is put to use a complex domain analysis process must
be undertaken in order to produce the appropriate Chart of Accounts. There is
a certain amount of domain-dependence in any given account hierarchy design
but industry groups continue to develop accounting hierarchies specialized to
various industries (A Google search on ”Chart of Accounts” will reveal a large
number of organizations and governmental agencies that publish domain-specific
charts of accounts). Although the design of the ADM for the most part is do-
main dependent, some general guidelines and domain-independent features are
discussed in Sections 2 and 3.

An ER-based database holds meta-data structurally through a relationship
chart that links key attributes between tables. Hence an application trying to
identify the sales region generating the most orders needs to know the links from
a customer ID in the order table to a customer table and from the state name
in the customer table to a sales region table. On the other hand, data in a data
warehouse is modelled in a format more conducive to producing reports. Like
the ER Model, the typical star schema configuration for a data warehouse also
holds meta-data structurally - a single fact table is linked to many dimension
tables, one for each dimension, instead of deeply linked and highly normalized
tables as in an ER model.

The Account Data Model (ADM) evolved from a production database that
supported the sales and fulfilment requirements as well as the call-center opera-
tions for a medium-sized catalog sales company. The implementation footprint of
this model consists of only four tables - two for accounts and two for transactions
- in a relational database. All accounts and related transactions, regardless of the
business activities they document, are modelled in the same set of four tables. In
addition, the ADM can be extended to include the dimensional data typical of
a data warehouse. Thus, the major strength of the ADM is that it can support
both transactional and warehousing functionality from a single platform.

Another strength of the ADM model is its flexibility. Business processes may
change from time to time or new reports may be needed to cover new dimensions
of the business environment. In a traditional ER-model or star-schema data
warehouse model, this involves redesign of the underlying tables, for example,
adding new columns to tables which usually requires revisions in other tables
and queries. In the ADM, the job of adding new attributes reduces to adding
new accounts and transactions (ie, adding new rows to existing tables) without
any structural changes to the original design.

The next section provides a more detailed description of the ADM model
followed by Section 3 which addresses the data warehousing side of the ADM.
Section 4 discusses some implementational issues as well as the potential usage
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of the model for OLAP and data mining projects followed by a brief conclusion
of this study.

2 The Account Data Model

In this section, we introduce the ADM with a focus on its structure and transac-
tion support functionality. Since ADM uses the same structure to support data
warehousing functionality, we address only the design issues for data warehous-
ing in the next section.

The ADM uses a hierarchy of accounts to model the information used in
an organization’s transactional processing. Most of this hierarchy follows stan-
dard accounting practices, i.e. a set of accounts organized in sub-trees rooted in
five major accounting categories, namely ASSET, LIABILITY, EQUITY, REV-
ENUE, and EXPENSE.

The leaf nodes in Figure 1 represented by boxes below the solid line are
called sub-accounts. They are the only accounts which actually participate in
transactions. Boxes above the solid line (referred to as controlling accounts) form
a kind of type hierarchy and are used as summary accounts, summarizing the
activity of the accounts below them in the hierarchy. Storing data in the context
of a type hierarchy to which it belongs makes automated reasoning about this
data much easier to achieve.
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The job of designing the hierarchical account structure falls naturally on
people from the business side of the organization because, unlike the ER model,
the mapping of

real-world activity → ADM transaction

in the ADM is a non-trivial mapping whose design requires knowledge not only
in predicting the types of activities the structure is intended to support but also
on a deep understanding of the interdependency among business functions. The
relatively high cost of designing the account hierarchy and the domain-dependent
nature of this hierarchy are ameliorated by three facts:

– many industry groups have already developed standard charts of accounts
for their specific industries,

– data quality is much improved since data is stored following the principals
of double-entry bookkeeping and

– all reports based on any of an organization’s transactional activity are single-
sourced and so many, otherwise ad-hoc reports become available from a stan-
dard report generation interface.

Following accounting practices, a transaction is a collection of components
that document either debit or credit operations against accounts. Transactions
should be balanced in that every crediting component is offset by a corresponding
debiting component. Ensuring that transactions are balanced before they are
accepted pushes some of the data cleansing activity typical of the migration of
data from an ER-based database to a data warehouse into the data entry phase.

Part of the justification of our claim that an ADM implementation can be
used as a data warehouse is our confidence in the quality of the data stored in
the model implementation due to the balanced-transaction nature of the model.
Transactions and transaction components along with accounts and controlling
accounts eventually come to reside in a standard four-table structure as shown
dashed-box of Figure 2. We refer to this table structure as the Quad.

Each transaction involves a row in the transaction table and several rows in
the transaction component table. A typical transaction can be better described
using an example.

Example 1. A customer, XYZ, orders four units of widget at the unit price of
$15 and unit cost of $10 on July 5, 2001.

The event in Example 1 generates the following accounting entries.



(a) Account Receivable–XYZ Co. $60
(b) Sales–XYZ Co. $60

(c) Cost of good Sold–widget $40
(d) Inventory–widget $40

(1)

In addition, two inventory entries are also recorded for this event, one debited
four units of widgets into customer XYZ’s account and the other credited four
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Fig. 2. The Quad with Data Warehouse Extension

units from the inventory account of widgets as shown in the following entries.
{
(e) Units sold –XYZ Co./widget 4

(f) Inventory–widget 4 (2)

One row is added to the Transaction table in Figure 2 to represent this trans-
action. The six accounting entries correspond to six transaction components;
half of them debiting accounts and half crediting. Six rows in the Transaction
Component table of Figure 2 are also added.

At some point after a transaction has been entered it undergoes a process
called posting which updates the sub-accounts in the account table that af-
fected by the new transaction. These modifications are further propagated to
the controlling accounts (rows in the Controlling Account table) higher up the
accounting hierarchy from the affected sub-accounts by a process called roll-up.
Both these activities are indicated diagramatically in Figure 2. When the Exam-
ple 1 components are posted, we see the changes in Figure 3 to the balances of
the six affected sub-accounts. Note that the negative values under inventory and
inventory SKU (Stock Keeping Units) in the figure come from debiting a credit
account (or crediting a debit account). Both posting and roll-up become part of
the model through automated means - stored procedures, triggers and the like.

The ADM shows its true strength in its ability to add new information
about any transactional application without the need for table redesign. This
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Fig. 3. The Components in Accounting Trees

is achieved by adding new accounts and sub-accounts for the new attributes and
entities and then, for each type of affected transaction, additional transaction
components are generated to support debiting or crediting the new accounts. In
both cases we add more rows to existing tables; never more columns nor more
tables. Indeed in the current implementation, transactions saved under an old
design schema, which is then redesigned to affect different sub-accounts, will au-
tomatically reflect the new design simply by being brought into the user-interface
and saved again without change. This is particularly useful if you make a mistake
in your initial account design and need to restructure your account hierarchy.

There is no limitation on the kinds of transactions that can be stored in
a single ADM implementation. What makes the ADM a viable data warehous-
ing model is the fact that all transactional activity is stored in the same table
structures. Adding new types of transactions or even modifying the design of ex-
isting transactions becomes a data-entry activity rather than a design endeavor.

The ADM does not support modifying or deleting an existing Quad transac-
tion directly. When a business activity, a sales order for example, is later modi-
fied the ADM implements this modification by adding a totally new transaction.
The effect of combining the components in the new transaction and the original
transaction is to produce new account balances. Thus the original transaction
and a corresponding modifying transaction provide a history of the ordering pro-
cess. This historical record is not an addendum to the model, rather just another
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use of transactions. From a process point of view, every possible change to an
account must be kept for the purpose of process control. For example, we might
find from this history that a customer consistently places orders based on the
optimistic side of its demand forecast and requests cancelling of its orders or re-
ducing order quantity later. Typically the ADM is part of an ER-based database
containing the remaining non-transactional information about the organization.
For example, while most aspects of a shipping transaction fit into the ADM,
properties such as Shipping Instructions and other ad hoc text information must
be modelled elsewhere in the database.

3 Modelling Dimensions for Data Warehousing

As we have emphasized mainly the financial side of an organization’s operations
until now, we now seek to add to the controlling account hierarchy accounts
which represent the typical dimensions and attributes associated with a data
warehouse. Such accounts would not appear in a standard chart of accounts. For
example, while having a customer address maybe be enough to support shipping
and billing it is the additional dimensions associated with an address such as
community type or size that might characterize the life style of a customer and so
be useful in building customer profiles. One of the weaknesses in a traditional ac-
counting system cited in [6] is its inability to integrate financial and non-financial
data across the organization. Those non-financial accounts (dimensions) together
with the original accounts in the Quad provide the essential information which
best characterizes the forward and backward looking indicators of Kaplan’s Bal-
anced Scorecard [9] and thus must be present in a data warehouse if it is to be an
effective tool for decision support. In the ADM, all factors and dimensions nec-
essary to monitor the Balanced Scorecard [9] of an organization’s short and long
term objectives, financial and non-financial performance, and internal/external
perspectives can be built into the model as dimension accounts. These additional
dimensions, when found in a data warehouse, are usually associated with per-
formance indicators like Sales in Dollars, Sales in SKU units, Transaction Cost,
Degree of Customer Satisfaction, etc. Just as a data warehouse designer must
decide what performance indicators are to be maintained in the warehouse, the
ADM designer must also make the same decision. As a result, the performance of
each dimension, the causal relationship between factors, and the organization’s
ability to support its strategies can be measured constantly with little additional
data processing effort.

In the ADM we create separate dimension accounts for each performance
indicator being modelled. Dimension accounts are modelled in a hierarchy sep-
arate from the the controlling accounts based on the five accounting categories.
The root node on this hierarchy is called DIMENSIONS. Immediately under
this node there is a node for each performance indicator being modelled. Under
the performance indicator nodes, we place the dimension subtrees themselves.
The simplest dimension subtree consists of a single root node labelled by the
dimension name and one child node of this root node for each instance of the
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Fig. 4. Dimension Subaccounts

dimension (see the dashed-box in Figure 4). This subtree is repeated for each
performance indicator subtree of the dimension hierarchy (see Figure 4).

Approaches such as the star-schema used in data warehousing are attractive
precisely because they provide a uniform data structure for all kinds of differ-
ent reports. The ADM also uses a fixed implementation data structure, which
is completely independent of the application. Hence a simple, uniform query
interface, which relies mostly on the fixed data structure of the implementa-
tion, can be used for a broad range of seemingly unrelated reports. Support for
OLAP visualization tools is possible using this implementation by producing
data cubes suitably small enough for export to client software involving any of
the dimensions and performance indicators being modelled.

When the performance indictors are structured according to the four perspec-
tives of the balanced scorecard [8], namely financial, customer, internal business
process, and learning and growth, the double-entry system leads an ADM ac-
count designer naturally to consider more than one perspective for each trans-
action. With further ontological analysis, a domain independent structure at
higher levels of the controlling account hierarchy can be developed to identify
the events, objects, properties, spaces, and times that might contribute to the
change of the scale (see [3], [4] for details) in the performance measures.

3.1 Dimension Accounts

The balances for the dimension accounts under a specific performance indicator
account correspond to the appropriate performance indicator value associated
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with that dimension. For example, in Figure 4 the balance of the New York State
account under the Sales (in dollars) performance indicator is the total sales (in
dollars) for New York State during the periods covered by its sub-accounts.

3.2 Modelling Dimension Hierarchies

Some dimensions are themselves hierarchies. The State, Region, Country dimen-
sion is an example. We find that we gain more flexibility by modelling these as
individual dimensions rather than building the pre-existing hierarchy into our
model. Hence, the performance indicator subtrees usually do not involve many
levels.

3.3 Modelling Dimension Time

Time is a special dimension. Not only does it have a built-in hierarchy, it is
ubiquitous. In almost every report extracted from a data warehouse Time is
a qualified parameter. We have chosen therefore to build the Time dimension into
each of the other dimensions rather than show Time as a separate dimension. We
do this by breaking the information recording cycle into time intervals - quarters,
months, weeks or days, for example, and creating a separate sub-account for each
dimension instance for each time interval over the life of that instance. In Figure 4
we can see that each State controlling account is linked to a sub-account for each
week of an accounting year.

3.4 Modelling Dimension Transaction Components

Once the dimension hierarchy is in place we are able to add dimension compo-
nents to all transactions, both existing and future. Adding these components at
the time the transaction is initially entered may slow down the OLTP (OnLine
Transaction Processing) process. Since, again from an accounting point of view,
we use the accounting practice of “posting” (see Figure 2) to officially record the
effect of a transaction on a sub-account, this is an appropriate point at which to
add performance measure-related components to the transaction being posted
and post these component amounts as well.

Since adding the dimension components to the same Transaction Component
table used for OLTP might later result in a performance degradation, we use
a replicated copy of the Transaction and Transaction Component table and add
performance measure components only to the latter table (see Figure 2). There
is very little difference between the table structures of the transact component
and warehouse transaction (WHTransactComponent) component tables mod-
elled in Figure 2. The two tables contain different information about the same
transactions and are used for different purposes however.

As an example, when the transaction in Example 1 from customer XYZ,
a New York based company, is posted to the account table, we create four addi-
tional transaction components to be posted to the warehouse transaction com-
ponent table for customer relationship management (CRM) and sales analysis
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purposes each from a different performance measure. In (3), the CRM account,
sales in dollars to Class-A customer in the week of 7/1/01-7/7/01 (h) is balanced
by a cumulative account of sales in dollars to class-A customer for the year of
2001 (g) (see Figure 4 for posted amounts). This design not only allows us to
find summary sales efficiently but also to ease the design effort in balancing each
transaction. The sales analysis transaction components in (3) are designed in
a similar fashion.




(g) Class-A Customer ($): 2001 60
(h) Class-A Customer ($): 7/1/01-7/7/01 60

(i) Sales ($) from NY State: 2001 60
(j) Sales ($) from NY State: 7/1/01-7/7/01 60

(k) TranCount (#) from NY State: 2001 1
(l) TranCount (#) from NY State: 7/1/01-7/7/01 1

(3)

4 Implementation of the ADM

The transactional part ADM model has been implemented for a medium-size
company using the Quad structure described earlier. Using the ADM as a data
warehouse has been a development effort to this point. Since most dimensions
are associated with lookup or reference tables in the database that are used to
support pull-down menus in the application, the easiest way to populate the
dimension subtrees has been through an automated process using the lookup
tables as input. We use script-generated ad hoc SQL and triggers to populate
the Dimension controlling account/account hierarchy whenever new dimensions
are introduced or new values added to existing dimensions. As new performance
indicators and/or dimensions are envisaged after the initial model is complete
then it is simply a matter of adding the necessary accounts in order for the ADM
to support warehousing this new information.

The sizes of the Quad tables in this application are described in the Table 1
below.

Support for OLAP applications comes in the form of the production of re-
duced row-size fact tables similar to Table 2 which are suitable for export to
a client application. These tables are produced by ad hoc SQL which is gen-
erated by analyzing a text configuration file produced as output from a query

Table 1. Size of the Production Database

Table Name Table Size(number of rows)

Controlling Account 10,000
Account 4,000,000
WHTransaction 2,000,000
WHTransaction Component 40,000,000
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Table 2. OLAP Dimensions

D1 D2 D3 ... Dn PI1 PI2 ... PIm

interface. The number of rows in the table will vary from request to request but
should be small enough to be exported to a client PC. The table consists of a
column for each dimension (Di) and a column for each performance indicator
(PIi) selected for analysis.

The strategy behind producing Table 2 is to accept as input a list of dimen-
sions (Di) of interest along with a list of dimension instances (dij). The query
must also specify the date range and the performance indicators of interest.

We show the input information abstractly as sets but these sets are easy to
produce from an appropriate user interface. Currently we are specifying these
sets in a text format file.




D1 = {d11, d12, d13, ... , d1p1}
D2 = {d21, d22, d23, ... , d2p2}
D3 = {d21, d22, d23, ... , d2p2}

...
Dn = {dn1, dn2, dn3, ... , dnpn}

{Start Date, Stop Date}

PI = { PI1,PI2, ... , PIm }

(4)

From the input data in (4) a list of relevant sub-accounts is produced us-
ing ad hoc SQL; the sub-accounts (aij) associated with the specified dimension
instances over the specified date range.



A1 = {a11, a12, a13, ... , a1r1}
A2 = {a21, a22, a23, ... , a2r2}
A3 = {a21, a22, a23, ... , a2r2}

...
An = {an1, an2, an3, ... , anrn}

(5)

The SQL that produces the sub-account sets in (5) works mainly off the
Controlling Account and Account tables mentioned in Table 1. Since the sets
in (4) are relatively small, having been chosen because they show promise in
yielding useful information from further analysis, the effort required to produce
the sets in (5) is not great.

Finally, from each list of accounts in (5) we produce, using ad hoc SQL again,
a list of transactions (tij) that contain components affecting the balances of these
accounts. The queries that produce the transaction sets in (6) are made against
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the Table WHTransaction Component in Table 1. By placing an index on this
table using the two columns (Account ID, Transact ID) the query is actually
covered by this index ([11]). Hence the queries are executed without actual ref-
erence to the WHTransaction Component table but only to the (Account ID,
Transact ID) index.




T1 = {t11, t12, t13, ... , t1s1}
T2 = {t21, t22, t23, ... , t2s2}
T3 = {t21, t22, t23, ... , t2s2}

...
Tn = {tn1, tn2, tn3, ... , tnsn}

(6)

The final set of transactions is

T =
n⋂

i=1

Ti (7)

Using an aggregate SQL query against the transactions in the final set, T, of
transactions will produce Table 2. For an example involving twelve dimensions
and two performance indicators, executing the SQL which includes building the
sets described in (4) through (7) from the tables described in Table 1 and pro-
ducing a final table described in Table 2 that contains 12000 rows takes on the
order of two minutes running on a Sparc 20 with dual 70MHz CPUs.

4.1 ADM and A-priori Optimization:

We briefly describe the potential benefits of using the ADM to construct a data
cube for OLAP and to run the a-priori test for mining association rules (see [1]
and [2]). A-priori optimization relies on having prior knowledge about the extent
to which items participate individually in the result set of a query before trying
to consider their participation as a group in the result set of the same query. The
hope is to reduce the size of the group to be considered by excluding individuals
that do not meet the query criteria individually. The Quad can be implemented
with one of the performance indicators being Transaction Count -the number
of transactions a particular account participates in. The balance of each state
dimension controlling account under the TranCount node in the Figure 4 is the
number of transactions in the Quad which have been posted and rolled up to
this account. Having this information available for every dimension at all times
simply by querying the controlling account hierarchy provides precisely the kind
of support information that a-priori relies upon. Indeed, we use this information
to optimize the SQL used in the production of the set T of Equation (7). This is
because one of the sets, Tsmallest, in Equation (6) contains the fewest transactions
based upon the TranCount balances for the different dimensions, Di, in the
query. Constructing the set T of Equation (7) is done by always looking for
a subset of Tsmallest.
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5 Conclusion

The Account Data Model developed in this study integrates transactional and
data warehouse information and activity in a single data model. The strengths
of the ADM include its ability to support various types of data processing and
decision making from operational to strategic in a single application-independent
platform and to adjust to new business needs without the need to redesign the
database. Activities such as the Virtuous Cycle of Data Mining [13] cease to
be a redesign activity of table redesign and rebuild and become a data-entry
activity.

The success of the model as a decision support tool relies heavily on the
design of the account hierarchy. Thus, although the design of the hierarchy can
be time-consuming compared to that of an ER-model, the reward of a good
design can be a better decision support system which can encompass all aspects
of Kaplan’s balanced scorecard [8]. Further studies in ontology are needed to
provide more structured, domain-dependent guidelines to facilitate the model
design effort.
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Abstract. In this paper, we propose a semantic model to capture the
semantic locality in hypertext access for client–side caching. To charac-
terize hypertext data from the perspective of clients, we define a seman-
tic region as a cluster of semantically related logical documents. A log-
ical document is defined as a sequence of subsequently visited inter–
connected documents which in turn are composed of a container file and
(optionally) a set of component files. This model makes it easy to deal
with temporal locality, spatial locality and semantic locality in hypertext
access. To verify the proposed model, we use an experimental hypertext
system, called HyperDB. We generate a set of workloads and assess the
performance of a set of caching algorithms using the synthetic workloads
and the experimental hypertext system.

1 Introduction

Hypertext and hypermedia data has recently gained importance due to the suc-
cess of the world-wide web and hypertext transfer protocol (HTTP). A salient
feature of a hypertext system is that users search for desired data primarily
by navigation or following links from one document to another, while query
facilities, if any, are just used for pruning the navigation space [7]. The inter-
active nature of hypertext navigation poses challenges in system performance,
especially in a client/server architecture where downloading a document from
remote servers is much more time-consuming than reading from a local disk.

Caching has been widely used to alleviate performance bottlenecks in com-
puter architecture, network and database systems[18]. Particularly, caching that
utilizes computational and storage resources of the client machines has been a
key solution to achieve high performance and scalability in client/server database
systems [9]. Semantic caching is an advanced form of client caching suited for uti-
lizing client resources, which maintains a semantic description for cached data,
called semantic region, to capture the semantic locality of data usage [8]. Seman-
tic caching gives higher priority to data relevant to the frequently used data as
it believes those semantically related data are more likely to be accessed again
in the near future.

In a query–retrieval based database system, semantic description of cached
data can be straightly obtained from the formulas of query constraint. Taking as
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an example from [8], suppose we want to find all employees whose salary exceeds
50,00 and whose age are at most 30 years old. We can issue a query using this
constraint formula Q1 = (Salary > 50, 000 ∧ Age ≤ 30). For caching of data
with explicit semantic description, one can easily make use of query results to
serve the subsequent query requests according to their semantic containment:
only the remainder of a query should be issued to get complimentary data.

In a navigation–based hypertext system, however, there is no explicit seman-
tic description altogether, instead the user expresses his information needs by
interacting with the system, i.e. repeatedly choosing new data while looking at
current data items [7]. As a result, caching of hypertext data cannot utilize the
explicit semantic description to capture semantic locality. Another problem for
caching hypertext data is that hypertext documents are inter–connected by hy-
perlinks and each document is also composed by a set of small components of
other media. To take advantage of the features, a suitable model is essential.

Modeling hypertext data has been well researched in hypertext commu-
nity [2, 5, 10, 11, 13, 22]. Dexter model [11] identifies the relevant abstrac-
tions found in a wide range of existing hypertext systems, providing a common
vocabulary and its meaning in order to talk about hypertext systems. The Fun-
damental Open Hypertext Model (FOHM) [13] expands the Open Hypermedia
Protocol (OHP) data model to describe a broader set of hypermedia ”domains”,
such as navigational domain, spatial domain and taxonomic domain, to meet
the requirements of interoperability between hypertext systems. The OHP pro-
tocol was always more concerned with navigational hypertext, whereas FOHM
is capable of expressing all three domains.

Hypertext abstract machine (HAM) [6] is an architectural description of
a general-purpose, transaction-based, multi-user server for a hypertext storage
system. Furuta and Stotts’ Trellis model [20] is a formal specification of hyper-
text based on petri nets. Hypertext has also been formalized as graphs [21] or
automata as in [14, 17], where the authors studied the dynamic properties of
hypertext in terms of “reader’s experience”, formalizing what readers see when
they interact with a hypertext system. Web machine [1, 12] or web automata [19]
are computation models for querying the web, which paid much attention to the
navigational nature of the web.

The afore–mentioned models, however, either aimed at facilitating authoring
activity and system design, or attempted to investigate computation mechanism
for designing suitable query languages. To capture temporal locality, spatial lo-
cality as well as semantic locality, we need a model that can handle structural
organization, browsing semantics as well as content relevance from the perspec-
tive of the user. As a client cache can only see a restricted fraction of the whole
hypertext system and as there is tradeoff between model complexity and asso-
ciated overhead, current work is not suitable for the caching purpose.

In this paper, we propose a new semantic model to capture the semantic
locality of hypertext data caching. We define a semantic region in a cache as
a cluster of semantically related logical documents. A logical document is defined
as a sequence of subsequently visited interlinked documents, which in turn are
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composed of a container file and (optionally) a set of component files. We verify
the proposed model by implementing an experimental hypertext database, called
HyperDB. We then generate a set of workloads and assess the performance of
a set of caching algorithms using the synthesized workloads and the simulated
hypertext system.

The rest of paper is organized as follows. Section 2 proposes the semantic
model. Section 3 describes a virtual hypertext database based on the proposed
model, called HyperDB as well as workloads with various kinds of locality of
reference for HyperDB. Section 4 gives a set of caching replacement algorithms
that take into account various forms of reference locality, describing simulation
results obtained under the synthetic workloads and the simulated hypertext
system. Section 5 concludes the paper and describes some future directions.

2 Modeling Cached Hypertext Data

Hypertext data is a collection of documents (or ”nodes”) containing cross-
references or ”links” which, with the aid of an interactive browser program,
allow the reader to move easily from one document to another. The extension of
hypertext to include other media – sound, graphics, and video – has been termed
”hypermedia”, but is usually just called ”hypertext”, especially since the advent
of the World-Wide Web and HTML.

In this section, we develop a semantic model by taking into account both
the structural as well as the semantic features of hypertext data. Particularly,
we define the concept of semantic region for hypertext data caches. This model
characterizes a collection of data in a hypertext cache from three abstraction
levels: physical documents, logical documents, and semantic regions based on
physical structure, logical structure and semantic structure respectively.

2.1 Physical Structure of Hypertext Data

To capture the spatial locality of hypertext access, a cache should first under-
stand physical structure of hypertext documents, the basic elements in a hyper-
text system. We describe this feature mainly following the Dexter model [11].

First, document is a basic element of a hypertext system. We define a (hy-
pertext) document as a composition of a container (file) and (optionally) a set
of media component files that represent media other than text such as image,
audio and video (Fig. ??). A container (file) consists of (1) textual content,
a sequence of terms, sentences, paragraphs; (2) anchors and (3) hold places for
media components.

An anchor is a point in a document representing a start point for a link. An
anchor also specifies a valid range or anchor text, indicating what part of a doc-
ument belongs to the anchor. Anchor texts often describe the linked document,
used as a navigation guide to the information the user is seeking for. The anchor
text of a is denoted by text(a). Anchoring provides a mechanism for addressing
locations within the content of a document.
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Link is another basic element in a hypertext system. A link represents rela-
tions between documents. There are two kinds of links. A link from one anchor
to another anchor is called span-to-span link, while a link from one anchor to
a document is called as span-to-node link (Fig. ??). In the following, we only
consider span-to-node link, and represent a link as a triplet < d1, a, d2 >, where a
is an source anchor in document d1, d2 is a destination document of this link.

Documents can be evaluated in terms of size, recency and frequency of refer-
ence. To measure the relevance of a document to some interested topics ( later
we call “semantic regions”), textual content (terms or sentences) will be eval-
uated on the basis of techniques in information retrieval (IR), such as vector
space model (VSM) and TF–IDF scoring scheme. The content of a document d
can be expressed as

contnentof(d) =< title, body >

where title is a sentence that describes the content of the document, and body
is a sequence of terms in the document. Media component (files) are embedded
in the hold places of container files. A media component file can be shared
by one or more documents, thus whether a component file can be deleted by
a garbage collector is determined by not only how often it has been used as in
most caching schemes, but also determined by whether there is no more used by
existing cached documents.

A hypertext database is often modeled as a directed hypergraph, with docu-
ments as nodes and links as edges. This model however is not suitable for client
caches because a client cache does not see the whole structure of the potential
hypergraph, instead what it can see are paths followed by the user in that hyper-
graph. To predict how the user uses the hypertext database for caching decision
making, we should model the paths that the user often traverses, instead of the
whole hypergraph.

2.2 Logical Documents: Logical Structure of Hypertext Data

As links created by hypertext authors do not always reflect what readers think,
a cache often sees a subset of documents and a small fraction of paths (sequences
of document-links) are often traversed. In a navigational access environment,
users are apt to travel data items back and forth in accordance with paths. Thus,
data items might be visited just because of it location, rather than its content.
We define a path frequently traversed by some users as a logical document.

A logical document is a representation of user’s perspective of the hypertext
data. In other words, how authors created a hypertext database is one thing,
while what the client would be interested is another. This distinguishes our model
from any other hypertext models created from the point of view of hypertext
authors or system designers.

Fig. ?? depicts two logical documents in a hypertext database: one is “A–B–
E”, the other is “A–D–G”. In “A—D–G”, starting from document A, the user
often (13 times) chooses to follow a link to D, then G. It is reasonable to think
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that, for the user of the cache, “A–D–G” is a logical unit that contains specific
information he needs. The first document in the path of a logical document is
called an “entry document”, while the last document traversed in the path is
called a “terminal document”.

Logical documents can be measured in terms of size, recency, frequency of
reference. The size of a logical document is the length of path, which is indeed the
number of documents contained in the path. A reference to a logical document
is defined as a successful traversal starting from the entry document, walking
through a link to the second document on the path within a limited time interval,
and so on, until reaching the terminal document.

Logical documents represent the readers’ viewpoint of hypertext data. That
is, different paths leading to a same document imply different perspectives of the
user, To deal with this difference, we define the content of a logical document
to be < title, body > with title being the union of anchor texts contained in the
path and the title of the terminal document.

As shown in Fig. ??, suppose we have a logical document l =< [d1, a1], [d2, a2], [d3] >
where di (i = 1, 2, 3) are documents in the repeating traversal path, ai (i = 1, 2)
are anchors leading to a subsequent document. That is, the user first follows
a link from anchor a1 in d1 to d2, where he follows another link from anchor a2

to d3. Let text(ai) be the anchor text of ai, tile(di) and body(di) be the title
and body of a document respectively. Then we can define the content of logical
document L to be

contnentof(li) < text(a1) + text(a2) + title(d3), body(d3) >

Here “+” is string concatenation operation as in a typical programming lan-
guage. For example, if the anchor texts on the path of a logical document are
“Travel in Kyoto”, “List of bus stations” and “Kyoto station”, and the title of
the terminal document is “Access to the Sinkansen superexpress”, the the logical
document will have a logical title “Travel to Kyoto, List of bus stations, Kyoto
station, Access to the Sinkansen superexpress”.

Note that logical documents can be of different sizes depending on the con-
figuration of implementation and the actual usage status. A special case is when
the size is 1, which means there is only one document included in the logical
document. Thus, each visited document can a logical document.

2.3 Semantic Region: Semantic Structure of Hypertext Data

Semantic regions is a concrete description about user interests, which play an
important role in identifying preference of users. We denote a semantic region
as R = (σ, λ), where σ is the semantic centroid (cluster center, or median). λ
is the radius of the semantic region. A semantic region is a cluster of logical
documents with a semantic centroid such that each logical document belongs to
exactly one most suitable cluster, that is, it is closer to centroid of this cluster
than any others. The centroid of a cluster is represented using a feature vector
based on vector space model (VSM) and TF–IDF scoring scheme. For example,
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(30, 34, 120, 10) is a feature vector presentation with respect to (bread, butter,
salt, knife).

As new documents come continuously, determining semantic regions for hy-
pertext caching requires efficient single–pass clustering algorithms that consume
a small amount of memory. Fortunately, there exist a number of streaming–data
algorithms that can achieve high quality clustering [23, 4, 15]. In general, a clus-
tering problem cane be described as follows: given the number k of clusters, a
clustering algorithm will try to find k centroids so that each data point is as-
signed to the cluster defined by the centroid nearest to it. This is also known as
“k-Median” problem.

Suppose the quality of clustering is measured by the sum of square distance
of data points from their centroid, the randomized algorithm LSEARCH [15]
can usually find a near–optimum solution in O(nm + nk log k) of time, where n
is proportional to the number of data points, m is a small number. In this
work, we will not evaluate various clustering algorithms, instead we assume we
already know a suitable near–optimum algorithm that can always cluster new
logical documents received. We will concentrate on exploring whether higher–
level semantic information can help determine potential usage of hypertext data.

As content of a logical document has two parts: title and body, we need
a method to combine them together. As terms in a title are generally more
important than those in a body, we show stress more on title than on body.
Suppose L is the set of logical documents for a hypertext cache. li is a logical
document with content < title, body >. Let vtitle

i and vbody
i be the TF–IDF based

feature vectors for title and body of li respectively. The comprehensive feature
vector of li can be calculated as a weighted sum of both, that is,

vi = ω · vtitle
i + vbody

i

Here ω is a parameter larger than 1. The combination of feature vectors for
title part and body part enable to distinguish two logical documents even when
they have the same terminal document. Again we consider the example about
“how to access to Sinkansen superexpress” in “Kyoto station”. Another reader
may reference the same document after following a list of “NTT Western Japan”,
“Kyoto Office”, “Location” , and then the terminal document. The first logical
document is likely for general travelers, while the second logical document is
much more suitable for business travelers.

3 HyperDB, Benchmarking Hypertext Semantic Caching

To verify the proposed model and to evaluate caching schemes with consideration
of temporal, spatial, and semantic locality, we set up an experimental hypertext
database system as a testbed. However, as mentioned before, currently we con-
centrate on evaluate semantic information derived according to our semantic
model can be a help in better cache management.
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3.1 HyperDB, A Virtual Hypertext Database

We need not actually generate all these elements and not need to employ a hy-
pertext database management system to maintain it. We simplify the proposed
model because we need only to maintain a set of features that provide neces-
sary data for calculating logical documents, semantic regions. First, we can put
aside the real content of documents or logical documents, because dealing with
this feature we have to do much engineering work that has done by most IR re-
searchers. Then all calculation involved in content of documents can be omitted
for the time being.

We begin with generating a set of component files, each of which has a dif-
ferent size and media type. We then generate a set of container files, which has
a size and a corresponding set of component files. In future, we will also consider
terms and their TF-IDF scores with respect to a container file, but for the time
being, we need not such a complicated implementation.

1. a set of components Components, each element is a triplet of id, media type
and size.

2. a set of documents Documents, each of them has an id, a set of component
id’s and a set of terms with their corresponding TF-IDF socres;

3. a set of logical documents LogicalDocuments, with a id, a sequence of linked
documents id’s;

4. a set of semantic regions SemanticRegions, with a semantic centroid (a
vector of weighted terms), a threshold. ;

A logical document is generated by choosing a sequence of documents (con-
tainer files indeed). Each sequence has a length of 1, 2, 3 etc, indicating there
is/are one or more documents.

3.2 Generating Accesses to HyperDB

For the hypertext database, we synthesize workloads. We use the following
method to guarantee temporal locality in request stream. To generate a new
request, we pick a random number and take different actions depending on the
random number. If the number is higher than a certain constant µ, a new re-
quest is issued. If the number is lower than µ, we re-issue a request issued before.
Thus, µ is the inherent hit ratio in the request stream.

If we need to re-issue an old request, we choose the request issued t re-
quests ago with probability proportional to 1/t. To determine this t, we main-
tain a sum S of 1/t for t from 1 to the number n of requests issued, that is
S =

∑t=n
t=1 1/t. Every time it is necessary to issue an old request, we pick a ran-

dom number from 0 to 1 (call it r), calculating r · S, and chooses t where,

i=t−1∑

i=1

1/i < r · S <

i=1∑

i=1

1/i
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In essence, t is chosen with probability 1/(S · t) and the recently issued requests
are more likely to be re–issued. Temporal locality combined with hypertext struc-
tures and semantic regions, derives other kinds of reference locality, i.e. spatial
locality and semantic locality, where spatially related or semantically related
data items are more likely to be re–requested in a short period of time.

In the following, we apply this method in maintaining temporal locality at
component–level, document–level, path-level and semantics-level, obtaining four
groups of request streams. Table ?? lists the primary profiles of these workloads.

The workload A is generated on the basis of reference locality for basic ob-
jects without considering structural or semantic locality. Workload B is based on
reference locality for documents, thus media components are accessed only when
their container files are accessed for the first hand. Workload C is further based
on logical documents. The recently accessed logical document will be more likely
be re-accessed in the near future due to the temporal locality for logical docu-
ments. When a logical document is accessed, all member documents will with
very high probability be accessed and all component files of those documents
will be accessed consequently

Finally, workload D is based on reference locality of semantic regions. When
a semantic region has recently been referenced (one of its member logical docu-
ment was referred), then similar logical documents in the same semantic region
are more likely to be reused in the near future. Within each semantic region,
the recently used logical documents are more likely to be reused. We call the
temporal locality for semantic regions as well as logical documents as “multiple
temporal locality”.

4 Semantic Caching for HyperDB

Based on the semantic model developed so far, we can now design algorithms for
cache management. The baseline algorithm is LRU-K, proposed by E. J. O’Neil
et al in [16]. The basic idea of LRU–K is to keep track of ∆TK , i.e. time since
last K’th reference (or infinitely large if there are no more than K references),
using this information to estimate the popularity of a data item. The K/∆TK

is usually called “dynamic access frequency” of a data item. A cache algorithm
will try to find the least frequently used data (with smaller access frequency)
and replace it with more popular data (with larger access frequency).

4.1 Size-Adjusted LRU-K (LRU-K-S)

As basic objects in hypertext databases are not identical in sizes, we should
extend LRU-K to deal with the heterogeneous sizes of hypertext objects. The
idea is to normalize miss penalty by data size, K/(∆TK · Size), then use the
normalized cost function to measure the potential of a data item. Consequently,
we obtain a Size-Adjusted LRU-K (call it LRU-K-S).
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4.2 Structure-Aware Caching (LRU-K-T)

Hypertext data has some structure where component data depend on container:
when a container data item was accessed, all its component data will auto-
matically be accessed. Conversely, when a container data item is replaced from
a cache, the related components should also be deleted except some are shared
by other containers.

So far, this kind of structure–based dependency has not been well addressed.
We extend LRU-K to incorporate this property, assuming that each compo-
nent file maintains a reference counter, indicating how many documents are
currently sharing this component. Before the counter becomes zero, cache pri-
ority of this component depends on its container. When all its containers are
removed (counter becomes zero), the component file will be deleted, similar to
the idea of “garbage collection” in memory management. In this way, we obtain
a Structure-Aware LRU-K (call it LRU-K-T).

4.3 Popular Path-Aware Caching (LRU-K-P)

Another extension to the standard LRU-K is making use of frequently traversed
paths, namely, logical document. Recall that logical document is a larger gran-
ularity for cache management. As we only care about links that has been used
at least once, we should not maintain a large collection of links. From the user’s
perspective, a never–used link may be of little interest and will less likely to be
visited in the near future.

The time of last K traversals are recorded so that the “dynamic access fre-
quency” about this logical document can be calculated. Next time when the user
begin to visit a document at this path, cache manager will give higher priority
to those documents on the paths or logical documents that have been “most re-
cently and most frequently used”. This is a Popular Path-Aware LRU-K, called
LRU-K-P.

4.4 Content-Sensitive Caching (LRU-K-C)

Finally, we reach the point to develop the semantic caching scheme. The semantic
region for navigational access is built upon document clustering techniques. First
let us define some functions for managing priori ty queues on semantic regions,
logical documents, documents and basic objects (single physical objects/files
including both containers and components).

– getEmbedders(d) returns a all documents that embed the object d
– getEmbedded(p) returns a all objects embedded in the document p
– getSemanticRegions(p) returns all semantic regions that a document p be-

longs to
– getDocuments(t) returns all documents in semantic region t
– getMostSemanticRegion(T ) is a function for selecting a semantic region

with highest priority in a set T of semantic regions
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– getLeastSemanticRegions(T ) is a function for selecting a semantic region
with lowest priority in a set T of semantic regions

– getLeastDocument(L) returns a document with LEAST priority in set P
– getLeastObject(D), returns a object with LEAST priority in set D.

4.5 Experimental Evaluation

We assess the performance of the proposed algorithms using synthetic workloads
obtained in Section 3. Although most studies on caching algorithms use trace–
driven experiments or event–driven experiments [3], we choose in this work to
use event–driven approach for two reasons. First, to the best of our knowledge
there are no suitable benchmarks available for our purpose which include both
a collection of hypertext data and the workloads with respective to those data.
Second, our algorithms, especially content–sensitive caching, rely on techniques
in other research fields, such as usage mining, text clustering etc. a thorough
evaluation of all specific techniques is difficult and we will address in future
work.

Fig. ?? shows results (hit ratios) of experiments under workload A, where
no spatial or semantic locality is considered. The plots show LRU-K-S is better
while others including LRU-K-C performed not so good. The reason is that the
structure–aware or semantic-aware algorithms try to bias towards documents
closer spatially or semantically to recently used ones, however, workload A lacks
of such characteristics. This can also explain the results in Fig. ?? under workload
D, where LRU-K-C performed better than others, since in workload D, logical
documents within a same semantic region tends to be referenced at the same
time.

5 Conclusion and Future Work

Semantic locality is the most important feature of data access, which has been
exploited in semantic caching schemes for traditional query–retrieval based
database systems. However, for a navigation based hypertext database system,
such as the web, the advanced locality of reference has not yet been incorpo-
rated as there is no explicit description of semantic regions in the form of access.
In this paper, we have proposed a semantic model that took into account both
structural feature as well as semantic feature of hypertext data. Our model is es-
pecially suitable for navigational access to seeking desired data in a hyperlinked
information space.

We verified the proposed model by creating an experimental hypertext
database called HyperDB, then generated workloads with different locality of
reference. These workloads can be used for analysis of semantic caching schemes
for hypertext data. Preliminary experiments have done to evaluate some seman-
tic caching schemes.

Our future work is to include textual content and test for efficiency under
a verity of clustering schemes and parameterizing the process for constructing
semantic regions.
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Abstract. A modelling tool is described, which integrates simulation,
plan recognition and knowledge discovery modules to help the specifi-
cation and implementation of complex information systems. The tool is
based on the concept of plots of narratives, defined as partially ordered
sets of events leading to the achievement of various (possibly intercon-
nected) goals. Based on a formal description of the behaviour of the
participating agents, a planning algorithm is used to simulate valid plots
of narratives. Plan recognition and knowledge discovery techniques are
used to detect typical behaviours in observed plots. The framework also
contains modules for presenting plots as texts, graphs and 3D anima-
tions, so as to provide informative and easy-to-handle user interfaces.

1 Introduction

Complex information systems usually deal with multiple different agents, including
programs, humans and corporations. The programs involved often span thousands of
lines, trying to fulfil mutually conflicting and/or collaborating goals. The amount of
time and money spent on the specification and implementation of such systems tends
to be huge. To reduce development costs, Software Engineering techniques have been
introduced to promote the reuse of components. However, the choice of the right
components and the way they should be combined and parameterized is far from
trivial. The problem is even harder in actual practice, because users are seldom in a
position to know what they exactly need, so they are unable to specify all require-
ments beforehand. Such difficulty is quite natural, since the users� characteristics are
mutable and their goals often change. Information systems have then to be continu-
ously adapted and restructured, demanding, again, a considerable amount of re-
sources.

Simulation tools can be very useful to verify whether or not the behaviour of the
various agents of the system under development corresponds to what is expected.
Methods and tools for simulation, plan recognition and knowledge discovery (KD)
may give important hints about how components can be selected and combined to ful-
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fil a goal of some agent. The system we have been developing integrates modules that
perform these tasks, based on the concept of plots of narratives. Plots of narratives
can be seen as sets of events leading to the achievement of various (possibly intercon-
nected) goals. The system also contains modules to present plots as texts and anima-
tions, which is crucial, since the development process is basically interactive and the
plots have to be fully understood by the users.

Section 2 briefly describes the logical framework upon which our approach is
based. In section 3, we present the overall architecture of our system. Section 4 shows
how plan recognition and the automatic construction of libraries of typical plans are
used to understand the context of an information system. Section 5 describes the
simulation of plots of narratives. Section 6 presents the different ways whereby plots
can be visualized. Section 7 contains concluding remarks. To illustrate the concepts,
we use as example a simplified information system comprising the business relation-
ships between a company called Alpha and its clients and employees.

2 Logical Framework

Our logical framework can be compared to the Event Calculus [17], especially to one
of its variants: Event Calculus with Preconditions [4], in that it is adequate for the
representation of a course of actual actions about which we may have only partial in-
formation. If we want to reason about hypothetical situations, it is necessary to also
take into account the question of if and when an event can occur. The description of
narratives with the Situation Calculus [22] enables us to reason better about the hy-
pothetical situations that result from hypothetical actions. The difference in our ap-
proach is that we focus on the use of simulation for the creation of coherent narra-
tives, so we needed a formalism that could be directly used by planning and goal-
inference algorithms. We assume the specification of information systems in three
levels: the static level, the dynamic level and the behavioural level. The static level
specifies the kinds of facts represented and the dynamic level the operations that bring
about state transitions in the information systems. The behavioural level is intended to
describe why events occur (i.e. the goals leading to the execution of operations) and
how operations are usually combined in typical plans.  Before giving details about the
three specification levels, we shall introduce some basic concepts of plot logic, i.e. the
logic we use to specify them. For space reasons, we limit ourselves to a brief over-
view, referring to [3] for the detailed formal treatment.

2.1 Syntax

We assume that the relevant facts of the information system under development are
stored in a database. Our logic uses then a syntactic structure (a plot) for specifying
and reasoning about the possible sequences of database states that are (or can be) cre-
ated from an initial state by the execution of a (partially ordered) set of operations.
Plot logic is based on a many-sorted database first-order logic [2] with a special sort
of timestamps Tmstmp (representing instants of time), having two special constants,
tIn and tFin, denoting the beginning (associated with the initial database state) and the
end, respectively, of the narrative described by a plot.
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The language is partitioned into database and constraint languages. Terms, formu-
lae and sentences are as usual. Database literals, i.e. those in the database language,
are used to represent the existence of an entity or the value of an attribute. The literal
level(john,X)1, for instance, can be used to say that John has salary level X. Database
facts are represented by positive ground database literals. A constraint is an atomic
formula of the constraint language, specifying restrictions on the values of variables
(e.g. if variable X refers to the salary level of John, X>2 could indicate that the value
of this attribute has to be higher than 2).

An event ev is a quadruple <sign(ev),tsp(ev),pre(ev),post(ev)>, where sign(ev) is
its signature containing a name and a list of parameteres, tsp(ev) is a timestamp, used
to represent its occurrence time and pre(ev) and post(ev) are sets of database literals
specifying, respectively, the pre- and post-conditions of the event. The event

<hire(john,1), t1, {person(john),¬employee(john)}, {employee(john) ,level(john,1)}>

can be used to represent that John was hired at time t1 with salary level 1.
A plot PLT is a quadruple <S0(PLT),Evs(PLT),Cntrs(PLT),Pord(PLT)> where

S0(PLT) is a set of database facts (the initial database state), Evs(PLT) is a set of
events, Cntrs(PLT) is a set of constraints on the variables that appear in Evs(PLT) and
Pord(PLT) is a partial order of the timestamps of the events in Evs(PLT).

We use metapredicates, constructed with modalities, to talk about events (execu-
tions of operations) and data along the plot. An atomic modal formula is one of the
following metapredicates, to be interpreted as indicated: o(t,en) (event with signature
en occurs at constant or variable time t); e(t,dblt) (database literal dblt is established2

at time t); h(t,dblt) (database literal dblt necessarily holds at time t); h(cnstr) (con-
straint cnstr necessarily holds); p(t,dblt) (database literal dblt possibly holds at time t);
and p(cnstr) (constraint cnstr possibly holds). The modal formulae are built from the
metapredicates with the use of connectives and quantifiers as usual.

2.2 Semantics

The meaning of a terminal event (i.e. an event without free variables) is given by a
partial function that transforms database states. A terminal event maps every data-
base state in which its pre-conditions hold into a database state where all its post-
conditions hold. Terminal events satisfy the frame requirement, so that facts that are
neither established nor negated by the post-conditions hold at the target state iff they
hold at the source state. The meaning of a non-terminal event is given by the set of all
terminal events that can be obtained by means of variable substitutions.

A trace is a sequence of database states generated by consecutive terminal events.
A plot is used to represent the set of all traces that can be obtained by performing
variable substitutions (compatible with the constraints of the plot) and establishing a
total order of its events (compatible with the partial order of the plot).

The satisfaction of our atomic formulae by a plot PLT is defined as follows:

                                                          
1 In all examples throughout this paper variables are going to be represented by strings starting

by uppercase letters while constants start by lowercase letters.
2 This metapredicate was introduced because a condition is valid only after (but not at) its es-

tablishment.
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• o(t,en) is satisfied iff, for all possible variable substitutions that are consistent
with the constraints of PLT, there is an event with signature en occurring at
time t.

• e(t,dbl) is satisfied iff, for all possible variable substitutions that are consistent
with the constraints of PLT, there is an event occurring at time t that has dbl
among its post-conditions (or t=tIn and dbl holds in the initial database state).

• h(t,dbl) is satisfied iff, for all possible variable substitutions that are consistent
with the constraints of PLT and for all traces consistent with the partial order of
the plot, there is a database state, associated with time t, in which dbl holds.

• p(t,dbl) is satisfied iff there is a variable substitution (consistent with the con-
straints of PLT) and a total order for the events in the plot (consistent with the
partial order of the events in PLT) generating a trace in which the database lit-
eral dbl necessarily holds at the state corresponding to time t (i.e. h(t,dbl) ).

• h(cnstr) is satisfied iff constraint cnstr holds for every variable substitution
(consistent with the constraints of PLT), i.e. it is entailed by the constraints of
PLT.

• p(cnstr) is satisfied iff there is at least one variable substitution such that cnstr
holds, i.e. it is consistent with the constraints of the plot.

The satisfaction of non-atomic formulae is defined as usual.
A computational method can be applied for establishing whether an atomic tempo-

ral formula is satisfied by a plot. Its temporal reasoning criterion is an adaptation of
the Modal Truth Criterion (MTC) [6] to a database context conforming to the Closed
World Assumption (CWA) [24]. The method relies on searching for events in the plot
and on checking whether its initial database satisfies a database literal. It uses the
auxiliary concepts of establisher, user and clobberer events with respect to a database
literal. A user is an event that has the database literal among its pre-conditions. An
establisher is an event that occurs before the user and contains the database literal
among its post-conditions. A clobberer is an event that occurs between the establisher
and the user and has the negation of the database literal among its post-conditions.
When an event can be transformed into a clobberer, by introducing additional order
requirements, and/or by means of a valid variable substitution (i.e. one compatible
with the set of constraints of the plot), it is said to be a possible clobberer.

Metapredicates o(t,en) (event with signature en occurred at time t) and e(t,dbl)
(database literal dbtl was established at time t) are trivially verified by examining the
events associated with time t (or the initial database state if t corresponds to the initial
time). We evaluate the satisfaction of a metapredicate h(dbl,t) (dbl necessarily holds
at time t) by checking whether dbl is established at a time t� (necessarily before t) and
there is no possible clobberer between t an t�. A special case is dbl being established
at the initial database state. Metapredicates p(dbl,t) (dbl possibly holds at time t) are
evaluated by checking if it is possible to add further order requirements and/or a valid
variable substitution, such that dbl necessarily holds at time t. Metapredicates h(cnstr)
and p(cnstr) are verified by checking entailment and consistency, respectively.

In the next subsection, we describe the kinds of formulae that are used in our three-
level modelling approach. It is on the basis of such formulae that simulations and KD
tasks are performed by specific modules of our system.
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2.3 Three-Level Conceptual Modelling

At the static level, facts are classified according to the Entity-Relationship model.
Thus, a fact may refer either to the existence of an entity instance, or to the values of
its attributes, or to its relationships with other entity instances.  In the schema of
Company Alpha database we could have, for instance, database literals such as per-
son(mary), specifying an entity instance (i.e. Mary is a person), level(mary,1), speci-
fying the value of an attribute (i.e. Mary´s salary level is 1), and serving(mary,beta),
specifying a relationship instance (i.e. Mary is serving client Beta).

The dynamic level covers the specification of how database states may change. We
specify a set of operations, the executions of which correspond to the possible events
that may happen. Operations are special formulae of our plot logic. They are intro-
duced as conditionals, defined as follows:

o(t,en) →  h(t,pre1)  ∧ ... ∧ h(t,prek) ∧ h(cnstr1) ∧ ... ∧ h(cnstrm)∧
                  e(t,post1) ∧ ... ∧ e(t,postn)

This formula specifies that if an operation generating events with signature en oc-
curs at time t, then every pre-condition prei (1 ≤ i ≤k) necessarily holds at time t,
every constraint cnstri (1≤ i ≤ m) necessarily holds and every post-condition posti (1≤
i ≤n) is established at time t. Variables are assumed as globally universally quantified.
An example of an operation over Company Alpha database is:

o(t,hire(PERS,LVL)) →  h(t,person(PERS))∧  h(t,¬employee(PERS)) ∧  h(LVL>0) ∧
     e(t, employee(PERS)) ∧ e(t, level(PERS,LVL))

In this formula, PERS and LVL are variables. It says that if PERS is hired with sal-
ary level LVL, then the salary level is higher than 0, PERS is a person but not an em-
ployee and, as a result of the operation, PERS becomes an employee with salary level
LVL.

As the only time instant mentioned in an operation formula is its occurrence time,
the time parameter can be removed from its definition and we can separate the atomic
formulae in groups: signature, constraints, pre-conditions and post-conditions. Some
of the pre-conditions are merely specifications of the domains of the parameters of the
operation, so it is useful to distinguish them from the others. Borrowing from Fill-
more�s case grammars [7], a major contribution from the field of Linguistics, we also
specify the semantic role of each parameter in order to facilitate the automatic gen-
eration of texts from plots.

Operation hire, for instance, is specified by the following Prolog clause:

oper(hire(PERS,LVL),         /* name and parameters */
[person/object, integer /with_salary_level],  /* domains and semantic roles */
[LVL>0],                      /* constraints */
[¬employee(PERS)],   /* pre-conditions */
[ employee(PERS)) , level(PERS,LVL)]) /* post-conditions */

This gives a precise meaning to events based on the operation. The event
hire(mary,2) is then read as Company Alpha hired person Mary with salary level 2.

Carefully designed application-oriented operations enable the various agents to
handle the database in a consistent way. The question remains of whether they will
coexist well with a system supporting such operations, and, if so, what actual usage
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patterns will emerge. Ideally, the designers of an information system should try to
predict how agents will behave within the scope of the system, so as to ensure that the
specification at the two preceding levels is adequate from a pragmatic viewpoint. The
ability to make predictions about behaviour is also crucial for decision-making based
on simulations of future events. In order to deal with this problem we need to model
the goals that motivate the actions, the situations that bring them about and the usual
patterns adopted by the agents to reach their goals.

At the behavioural level, we specify goal-inference rules connecting situations to
goals. Goal-inference rules are conditionals in our plot logic. They have, as antece-
dent, some situation (expressed as a conjunction of metapredicates) which, if ob-
served in the plot, will arouse in a given agent the impulse to act in order to reach
some goals (expressed in the consequent as a conjunction of metapredicates of type
h(t,dbl) and h(cnstr)).  Variables appearing in the antecedent are assumed as globally
universally quantified while those appearing only in the consequent are assumed as
existentially quantified over the consequent. An example of a goal-inference rule in
the context of Company Alpha database could be:

e(T1,account_status(C, inactive)) →  h(T2, ¬ account_status(C, inactive)) ∧ h(T2>T1)

This rule expresses the idea that whenever the account status of a client becomes
inactive, Company Alpha will want to turn it active again. In this case, it is a goal-
inference rule associated with Company Alpha itself. Other rules generating other
goals for the company, or for its clients, or for its employees, could be analogously
defined. The identification of the motivated agent is attached to each rule, enabling
the use of this information by the modules of the system.

The specification of behaviour is complemented by a Library of Typical Plans. A
typical plan is a description of how an agent (or class of agents) usually proceeds to-
wards some goal. It consists of either a set of partially ordered operations or plans, or
of a set of specialized alternative plans able to achieve the goal. Plans of both kinds
are expressed in the Library as complex operations. Let us call the operations intro-
duced in the previous subsection basic operations. Then, a complex operation can be
defined from the repertoire of basic operations (or from other complex operations, re-
cursively) by either composition (part-of hierarchy), giving origin to composite op-
erations, or by generalization (is-a hierarchy), yielding generic operations. In case of
composition, we define the component operations and the ordering requirements, if
any (recalling that we allow plans to be partially-ordered). Complex operations are
specified by the Prolog predicate op_complex, with the following syntax:

op_ complex(Operation_Signature, Domains_Semantic_Roles,
                    Tagged_Components, Order_of_Tags, Goals)

The tags mentioned above are used to specify the partial order of the components.
The information about generic operations is complemented by predicate is_a:

is_a(Alternative_Operation_Name, Generic_Operation_Name)
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3 The Overall Architecture

Fig. 1 shows the overall architecture of the system we have been developing. The ar-
rows represent the flow of data. The kernel of the system is a module that semi-
automatically generates plots of narratives. This module, named Interactive Plot Gen-
erator (IPG) [9], operates on a context that comprises the following items: a database
specifying the initial state of the plots to be generated; a library of typical (basic and
complex) operations that can be executed; and a set of logical rules, to infer goals
usually pursued by the various agents, as certain situations arise in the course of plots.

 

KD Modules 

Plot Presentation 

Context 

Recognizer Simulator 

Library Builder (BLIB)

Text Generator (TG) 

Plot Animator (PAM)

Interactive Plot Generator (IPG) 

Database Log 

Library of Typical 
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Goal-Inference 
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Rule Formulation 

Fig. 1. Overall Architecture

IPG can be used in three different forms, roughly distinguished by the relative em-
phasis placed on its two sub-modules: the Recognizer and the Simulator. The first
form is centred on the Recognizer. The user enters observations, which are taken by
the system as hints about the plot to be generated (some of the operations to be exe-
cuted, a few assertions about the situation of agents at intermediate states and goals to
be finally reached, etc.), and the system looks for a typical plan pattern (or set of pat-
terns) that may fit the observations supplied. The system fills in what is missing in the
characterization of agents, taking into consideration the observations and the pertinent
facts found in the initial state of the database. The second form, in contrast, is based
exclusively on the Simulator. The user enters observations about the situation he
wishes to simulate; then, the rules specifying the behaviour of agents are evaluated
over these observations and the initial state of the database, in an attempt to infer new
goals. From this point on, alternate phases occur of plan generation (to achieve such
goals) and again of inference of goals (at each state reachable by the plans), until no
further goals result. The third form involves an integrated use, in which a recognized
plan is used as the initial input of a simulation run.

In order to help the user to specify the context, the system incorporates knowledge
discovery modules. One such module, the Library Builder (BLIB) tries to identify
typical plans from past events recorded in the database log. BLIB uses goal-inference
rules to try to interpret the occurrence of groups of combined events. Such tentatively
identified plans are then presented to the user, who decides whether each plan should
be introduced in the library as a new complex operation. The implementation of a
module to help the formulation of goal-inference rules is still under investigation.
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Once a plot has been generated by IPG or extracted from the log, there are three
different forms they can be presented to users. The first one corresponds to the direct
presentation of a graph of events. This kind of presentation, however, is rather unap-
pealing and does not convey to the user all information implicit in a plot. The second
form is the generation of a text in natural language, which is the task performed by the
Text Generator (TG) module. The third form, which is currently under implementa-
tion, is the animation of the plot using the Plot Animator Module (PAM). It uses
graphical information associated with the objects and agents of the context, together
with scripts associated with the basic events, to create animations.

The prototype modules are implemented in Prolog using constraint programming
techniques. Part of PAM has also been implemented in Java. In the rest of the paper,
the basic features of the modules are described.

4 Understanding Narratives

Agents of information systems combine multiple actions to perform useful, often
complex, tasks. Understanding the way such actions are combined is an important
part of the implementation of any system. If a library of typical plans (adopted in the
domain of the information system) is available, plan recognition algorithms can detect
plans commonly being executed and their associated goals. Using this information,
the designer can automate good plans, study alternatives, foresee the interference
between plans, and even take measures to prevent detrimental plans. At run-time, the
availability of such a library enables the system to co-operate with users more effec-
tively, since their goals can be automatically identified. However, the preliminary
construction of the library is not trivial. It demands a lot of knowledge about the do-
main, and can benefit from the use of an interactive module already accumulating
some of this knowledge. Besides providing a library to be used in the future, the con-
struction process itself enhances the understanding about the information system un-
der development. In this section, we describe the Recognizer and the Library Con-
struction modules, showing how they are used towards the interpretation of the
narratives recorded in an information system.

4.1 Plan Recognition

The Recognizer uses a plan-recognition algorithm adapted from the algorithm defined
by Kautz [14]. The input of the algorithm is a special kind of formula of our plot
logic, named observation. An observation has the following form:

o(t1, en1) ∧...∧ o(tn, enn) ∧h(tn+1,dblt1) ∧...∧ h(tn+k,dbltk) ∧h(cnstr1)...∧ h(cnstrm)

Metapredicates of type o(t,en) indicate the occurrence of events that are part of the
plan to be recognized. Metapredicates of type h(t,dblt) and h(cnstr) specify intermedi-
ate states and constraints that should be preserved when the plan is executed. An ex-
ample of an observation is: o(T1,hire(leonard,1))∧ o(T2,fire(PERS))∧
h(T1,serving(PERS,beta)), h(T2>T1). This observation says that Leonard is hired
with salary level 1 and then an employee who is serving Beta is fired.
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The algorithm examines the library and builds an explanation graph for each event
in the observation, showing the plans the event might be part of. From event
hire(Leonard,1), the system creates an explanation graph showing that the corre-
sponding plans might be: engage Leonard as a stable employee, obtain a new client
(who will be served by Leonard) or renovate the assistance provided to a certain cli-
ent (which is one of the ways of improving the service). Given the event fire(PERS),
another graph is generated showing that the corresponding plans might be renovate
the assistance or reduce costs.

After generating an explanation graph for each event, the graphs are matched,
yielding a graph explaining how all the events can be regarded as part of a single plan.
In the process, most of the variables are instantiated so as to allow the matching. By
consulting the graph, plans can be identified. The system checks, for each possibly
identified plan, whether the plan is applicable (i.e. it is compatible with the interme-
diate states and constraints specified in the observation, and its pre-conditions hold at
the initial database state). During this check, the remaining free variables are usually
instantiated. Both applicable and non-applicable detected plans are informed to the
user together with their associated goals. In our example, the only resulting plan cor-
responds to an instance of complex operation renovate_assistance. If Mary is as-
signed to Beta at the initial state, the recognized plan is renovate_assistance(beta,
leonard,mary), whose goal is turn the account status of Beta active.

The user can start a simulation either by using a detected plan as a starting point or
by asking the Simulator to try to fulfil its recognized goal in a different way.

4.2 Construction of Libraries of Typical Plans

Behavioural level specifications involve: (a) goal-inference rules, and (b) typical
plans. In some cases, it is possible to at least formulate (a) to a reasonable extent, by
investigating the intentions and vague objectives or soft goals of the prospective
agents [23,16], whereas (b) cannot be determined, since the people consulted feel un-
able to predict the use of basic operations specified by the designers. It is then con-
venient to interpose a trial phase, wherein agents are given access to a prototypical
version of the system, with a log of executed operations being recorded for later
analysis. The design effort proceeds by extracting from the log a series of plots, corre-
sponding to a subsequence of the log, circumscribed to a given time interval, and fil-
tered so as to only retain events directly or indirectly related to certain objects.

Having isolated a number of plots, the Library Builder(BLIB) analyses them by
applying goal-inference rules previously obtained. Such rules are, for the time being,
restricted to mention only two times: one when a situation causing a goal is verified
and the other when the goal is achieved. Given a plot PL and a goal-inference rule
saying that an agent A, confronted with situation S, will have the desire to achieve a
goal G,  BLIB tries to identify an event or sequence of events O in PL that transforms
a state at which S holds in a state at which G holds. Plan P is then obtained from O by
a second more refined filtering process, which only keeps the events whose post-
conditions contribute to G, plus, proceeding backwards, recursively, those that
achieve pre-conditions of events already included in P; the strictly necessary ordering
requirements between events are also verified. Using this information, BLIB suggests
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the inclusion in the library of a composite operation incorporating plan P, as one way
to perform the transformation indicated by the goal-inference rule.

To illustrate the process, assume that the following plot was extracted from the log:

PL = [s0, complain(beta, mary), hire(leonard), hire(john), replace(mary,leonard,beta),
fire(mary)]

where s0 denotes the preceding database state. Now, consider the rule below, associ-
ated with Company Alpha to be tentatively applied to PL:

e(T1,account_status(C, inactive)) →  h(T2, ¬ account_status(C, inactive)) ∧ h(T2>T1)

expressing that whenever the account status of a client is inactive, Company Alpha
will want to turn it active again.

BLIB is then able to identify that complain(beta,mary) creates a situation in which
the status of Beta is inactive. It also determines that the sequence of events
[hire(leonard),replace(mary,leonard,beta),fire(mary)], in which the irrelevant
hire(john) is eliminated, turns the status of Beta active again. The following complex
operation is then a candidate to be included in the library.

op_complex(   renovate_assistance(beta,leonard,mary),    /* signature */
    [client/ to, person/ with, employee/ �in the position of�]),  /* domains and sematic roles */
    [f1: hire(leonard), f2: replace(mary,leonard,beta), f3: fire(mary)],  /* tagged components */
    [f1<f2, f2<f3], /* order of components */
    [ ¬ account_status(beta,inactive)])   /* goals */

The semantic roles of the parameters are provided by the user when he agrees in
including the operation. All operations included are organized in an index that associ-
ates triples of  the form <Agent,Situation,Goal>, taken from each rule, with the set of
corresponding identified plans.

We say that two plans Pi and Pj are similar if, even with different parameter values
and executed in a different order, they coincide with respect to: (1) number and type
of events, (2) order dependencies, (3) co-designation/ non-co-designation schemes of
variables. When a new identified plan Pi is similar to a plan Pj already present at the
associated entry of the library, BLIB checks if the most specific generalization [8] P*
between Pi and Pj is more general (contains a larger number of variables) than Pj; if
so, Pj is replaced by P*, otherwise no change occurs. This is the way variables are in-
troduced in the definitions of the complex operations. On the other hand, if Pi is not
similar to any Pj at the entry, then this new Pi is included and, in addition, BLIB sug-
gests the definition of a generic operation to be also included in the entry.

The first phase of BLIB creates no more than one-level composition and generali-
zation hierarchies, the only slightly more involved possibility being the presence of
composite operations as alternatives of a generic operation. Due to our concern to
avoid complicated and time-consuming cases of propagation, we decided to keep this
simple structure as long as new plots continue to be submitted as input. However, at
any time after a batch of plots has been processed, BLIB can be called to execute a
reorganization run over the index, so as to produce certain improved multi-level hier-
archies. This second phase of BLIB allows three kinds of restructuring, which are at-
tempted in the order indicated: (1) multi-level generalizations; (2) generic operations
as components of composite operations; (3) multi-level compositions. More details
about the library construction process can be found in [11].
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5 Simulating Narratives

The initial input for the Simulator is an observation, with the same format specified in
4.1. An initial plot is created using the definitions in this formula. A metapredicate
h(cnstr) adds cnstr to the set of constraints of the plot. A metapredicate o(t,ev_name)
adds a new event, with t as timestamp and containing the pre-conditions and post-
conditions defined in the operation formula associated with the ev_name parameter.
Constraints defined in this operation formula are also added to the set of constraints of
the plot. A set of metapredicates h(t,lit1),...,h(t,litn) creates a �fictitious� event with
timestamp t, without post-conditions, and with {lit1,...,litn} as pre-conditions. If a
timestamp is a variable, a new timestamp constant is automatically introduced.

After this initial phase, the plot is usually no longer coherent, i.e. it has events
containing unfulfilled pre-conditions. We then use a planning algorithm to explore the
alternatives for achieving these pre-conditions at the corresponding times. Such alter-
natives involve the addition of new events and constraints. Our planner is an adapta-
tion of the non-linear planner Abtweak [28], which operates as required by MTC.

When a coherent plot is generated, the plot is presented to the user. If the user de-
cides to continue the simulation of this plot, the inference of new goals takes place.
Goals are inferred by taking into account the problems and opportunities emerging at
possible states of a partial plot. The goal-inference rules are exhaustively evaluated:
whenever the antecedent holds but not the consequent, the consequent is taken as an
observation to be added to the plot before the next planning stage. Notice that, at the
start of the simulation, both the observations informed by the user and those that can
be inferred from an initial plot, containing only the initial database state, are added.

The treatment of plot constraints is performed by constraint solvers of each data
sort during the planning task and the inference of new goals. During the planning
task, the constraint solvers run in parallel with the search. They discard a plot with in-
consistent constraints as soon as their presence is detected.

Our plots are not restricted to incorporating only successful plans. In trying to pro-
vide adequate means for handling negative interactions along plots [27], we realized
that the solution of conflicts and competitions sometimes requires the inclusion of to-
tally or partially failed plans, which conventional plan generators reject. When a goal
is abandoned, events occurring prior to the moment of abandonment must be kept as
part of the narrative, and thus influence its continuation. We use two main mecha-
nisms to handle goal abandonment and competitive plan execution: conditional goals
and limited goals. A conditional goal has attached to it a survival condition, which the
planner must check to determine whether the goal should still be pursued. Limited
goals are those that have an associated limit (expressed as a natural number). The
limit restricts the number of events that can be inserted to achieve the goal.

In order to exemplify the simulation process, imagine that a set of goal-inference
rules were defined for the information system of company Alpha. The rules say that

1. Whenever a new client has no employee to serve it, and there are people still un-
assigned to any client, such people will compete for the position until one of them
achieves the goal.
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2. Whenever an employee is not content with his current salary, he will try, in ac-
cordance with his persistence, to achieve the status corresponding to the next
salary level.

3. Whenever an employee has a status higher than his current salary indicates, he
will be promoted to the next salary level.

4. Whenever the salary of an employee E goes beyond the budget of client C, whom
E is serving, E will not be permitted to continue serving C.

5. Whenever an employee E is dissociated from his/her client and there are neither
clients without employee nor potential clients to conquer, E will cease to be Al-
pha�s employee.

Using the plot logic, rule (1), for example, would be specified in the following way:

e(T1,client(C)) ∧ ¬ e(T1,serving(E2,C))∧ h(T1,person(E)) ∧ ¬ h(T1,serving(E,C2))
h(T2>T1) ∧  h(T2,serving(E,C)). Survival Condition: ¬ serving(E3,C)

Imagine also that the initial database has three employees (David, Leonard and
John), one unemployed person (Mary) and three clients (Beta, Epsilon and Lambda).
David is serving Epsilon and Leonard is serving Lambda. All employees have salary
level 1, and the budgets of the client companies cannot afford salary levels above 2.
Both David and Leonard have the ambition of reaching salary level 3, but David�s
persistence is stronger than Leonard�s. One of the possible narratives generated by the
system after iterating across 6 stages, without providing any initial observation, is:

David and Leonard work hard and their status is raised to 2. John and Mary compete
for client Beta. John wins and Mary�s actions towards this objective are interrupted.
David and Leonard have their salary raised. David and Leonard try to increase their
status again. But now this requires that two training courses be taken. David takes
them, whereas Leonard abandons his attempts to reach a higher status. David�s sal-
ary is raised again. Since David�s salary now exceeds Epsilon�s budget, Mary is hired
and replaces David at the service of Epsilon. Since David is no longer serving any
client, and there is no current client to which he might be appointed, nor even poten-
tial clients to bring in, David is fired.

6 Presenting Narratives

6.1 Generating Texts

Although text generation [13,21] is by itself a complex process, a fairly informative
Text-Generator module (henceforward, TG), described in more detail in [10], can be
constructed if two requirements are met: (1) a comprehensive database schema is
specified and made accessible, including, among other features, the definition of ap-
plication-oriented operations; (2) a sequence of events based on the operations is pro-
vided. The sequence can be obtained either from a log registering actual executions of
operations or as a result of a simulation run. In the first case, a preliminary step is fil-
tering only application-oriented operations performed during a certain time interval
and associated with the object of interest. In the second case, it is necessary (at least
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in the current version of TG) to assume a total order of the events compatible with the
partial order of the generated plot.

Processing for text generation is generally divided into two stages [26,21]. The first
(producing the strategic component) determines �what to say�, i.e. the contents and
structure of the discourse, whereas the second (tactical component) finds out �how to
say�, expanding in natural language the message produced by the strategic compo-
nent. Until now, we have mainly concentrated on the strategic component, taking very
little from the powerful instrumentality of Computational Linguistics [12,21,18].

Distinct events in a plot (denoted by executions of operations) are the syntactical
units of the narrative for TG. By inspecting, in the schema, the signature of the opera-
tion involved, the semantic roles of the parameters can be expressed unambiguously.
We express the connection between pre-conditions and effects (post-conditions) using
the following scheme:  As <pre-conditions>, <operation>, so <effects>.

The textual markers [25] �as� and �so� were chosen as being relatively neutral to
express various kinds of enablement and consequence, so as to accommodate as many
cases as possible with minimum strain. All operations have, at least, the trivial pre-
condition that the actual arguments be of the types indicated for their parameters.
Thus, given hire(mary), the system will check if Mary is a person. Such obvious pre-
conditions are not spelled out in the text; thus no pre-condition will be listed for some
events. If two or more pre-conditions are present, they are separated by �and�.

TG classifies the effects into: 1. creation of entity instance, 2. deletion of entity in-
stance, 3. assignment of value to attribute, 4. removal of value of attribute, 5. creation
of relationship instance, and 6. deletion of relationship instance. Cases (1) and (2) in-
clude gaining or losing membership in a specialized class, e.g. a person starts or
ceases to be an employee. Coupled occurrences of the pairs (4)-(3) or (6)-(5) are rec-
ognized and treated as modifications, rather than independent deletions-creations.

So far, we have only shown how TG is guided by information taken from the static
and dynamic levels of the schema. Let us now turn to the behavioural level. If, on ex-
amining an event E and the part of the plot coming before its occurrence, TG decides
that a declared goal-inference rule is applicable, it uses for E the expanded scheme:
Since <situation> and as <pre-conditions>, then <event>, so that <goal> and, in
addition, <effects>.

The consideration of goals results in a refinement of the characterization of events.
A fact F that is both a pre-condition and part of a motivating situation can be said to
both enable and motivate the operation. Since the latter relation is more significant, F
is shown only once under the stronger �since� textual marker. (Notice that a fact can
be part of <situation> without being a pre-condition: e.g. an employee can be led to
strive for level 2 if some other employee was able to reach it, but this is exclusively a
motivation, not a required condition for his actions). For analogous reasons, effects
that are also part of a goal are separately introduced by �so that�. Also, if TG conjec-
tures that a typical plan was used to achieve the goal, it introduces a parenthetical
comment, following the scheme, where one or the other kind of complex operation
may be missing: (thus <complex operation by composition>, and, in this way, <com-
plex operation by generalization>). An example follows. Although informative, the
resulting text is highly redundant and clearly needs stylistic improvement.
Plot: [s0,complain(beta,mary),hire(leonard),replace(mary,leonard,beta),fire(mary)]



304      Angelo E. M. Ciarlini and Antonio L. Furtado

Narrative: As employee Mary was serving client Beta, client Beta complained about
employee Mary, so the account of client with denomination Beta became inactive.
Company Alpha hired person Leonard, so person with name Leonard became em-
ployee and the level of employee with name Leonard became 1. Since the account of
client Beta was inactive, and as employee Mary was serving client Beta and employee
Leonard was not serving any client, then company Alpha replaced employee Mary by
employee Leonard for client Beta, so that the account of client with denomination
Beta ceased to be inactive, and, in addition, employee with name Leonard, instead of
Mary, started to be serving client with denomination Beta. Since employee Mary was
not serving any client, then company Alpha fired employee Mary, so that person with
name Mary ceased to be employee, and, in addition, the level of person with name
Mary ceased to be 1 (thus, company Alpha renovated assistance to client Beta with
employee Leonard in the position of employee Mary, and, in this way, company Alpha
improved service for client Beta).

6.2 Generating 3D Animations

The Plot Animator Module (PAM) has been implemented to provide a more appeal-
ing visual medium for the representation of plots. PAM uses 3D game engines that
provide a number of services for real-time animation. This strategy enabled us to fo-
cus on the dynamic creation of narratives.

To represent objects relevant to the animation, 3D models that can be parameter-
ized are stored in the database. An object can be associated with a set of models, from
which the representation is chosen depending on the situation. We have extended the
definition of the basic operations to allow the specification of how a script represent-
ing the corresponding events can be automatically generated.

The choice of the linear order of the events is relevant to the animation, not only
because of the order according to which the events are animated, but also because the
previous occurrence of an event may change the way another event is to be shown.
The user chooses a linear order of events by connecting nodes representing the events
in a graph; only connections satisfying the partial order requirements are permitted.

Once a plot has a linear order, an animation script is generated. The initial state of
the plot and the definition of the events are retrieved from the context. The script for
the representation of each event is specified according to the definitions in the corre-
sponding operation. How objects are shown depends on the values of their attributes,
which determine the 3D models to be used and how they should be parameterized. As
soon as the script for the representation of each event is completed, the engine is acti-
vated to generate the animation.

7 Concluding Remarks

Most of the system is operational, but there is still some integration work to be done,
in particular with respect to the TG and BLIB modules, which are currently using a
simplified notation. Also, the present plot logic formalism assumes that events are in-
stantaneous and does not cover the possibility of effects caused by combined events.
We plan to overcome these limitations, possibly by adapting the line proposed in [5].
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The ongoing research on the KD part of the system is focused on goal analysis and
on methods and tools for the discovery [15,20] of goal-inference rules. Some of our
decisions concerning the implementation of BLIB were only tentative, and need to be
revised as we work directly with databases of a realistic size. The introduction of new
transformations and additional criteria, based especially on statistic measures, are
possibilities to be considered in the construction and restructuring of libraries of typi-
cal plans. In the future extensions of TG, we intend to fully explore and refine the
characterization of the connections among events, pre-conditions, effects and goals.
Detailed work remains to be done on the tactical component of the text generation
process, corresponding to rhetorical and stylistic enhancements [1]. PAM will be con-
siderably expanded, a central issue being its integration with TG, in order to combine
animation and text in a single interface, as complementary forms of telling a story.
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Abstract. This paper deals with the problem of handling semantic heterogeneity
during schema integration. Semantics refer to the meaning of data in contrast to
syntax, which solely defines the structure of schema elements. We focus on the
part of semantics related to the meanings of terms used to name schema elements.
Our approach does not rely on the names of the schema elements or the structure
of the schema. Instead, we present an approach based on formal ontologies pre-
sented in a logical language for integrating schemas to generate a global schema.
Semantic similarity relations between definitions in formal ontologies are de-
fined and used for merging ontologies. We show how similarity relations are dis-
covered by a reasoning system using a higher-level ontology. The result of the
merging process is used for schema integration. Schema integration is used to ob-
tain the global schema of a tightly-coupled federated database system. After-
wards, we illustrate how the produced global schema can help for the mapping of
data elements.

1 Introduction

Global schema generation is a critical task performed during information system inte-
gration. A major obstacle is semantic heterogeneity. Semantics refer to the study of the
relation between symbols and what they represent—also called interpretation of sym-
bols. Communication is generally the main purpose of the symbols and any misinter-
pretation of symbols representing data during communication between information sys-
tems is called semantic heterogeneity. In our work, the terms used for naming schema
elements are the symbols. Therefore, our goal is to reduce the number of misinterpreta-
tions of such terms.

Explicit and formal definitions of the semantics of the terms guided researchers to
apply formal ontologies [7] as a potential solution to semantic heterogeneity. A formal
ontology consists of logical axioms that convey the meaning of terms for a particular
community [2]. A set of logical axioms defining one term is called intensional defini-
tion3 and there is only one intensional definition per term for each community. These
definitions use minimal assumptions from the application domain and explicitly state
the specification of a conceptualization [7]. Consensus on ontological definitions
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among members of a community is an important difference between ontologies and
conceptual schemas [3, 12]. Conceptual schemas are application-dependent and con-
cerned with challenges of computer representation and independence from implemen-
tational issues. In contrast, ontologies are based solely on the understanding of the
members of a community and help to reduce ambiguity in communication. Note that
formal ontologies carry more knowledge than schema definitions in databases. Sche-
mas are mainly concerned with organizing data in databases according to the specifica-
tion of application requirements. However, schema definitions are not independent
from the ontological definitions and convey part of the knowledge about the ontology
of a community.

In this paper, we show how formal ontologies can be used to derive global schemas
from local schemas during database integration. The approach relies on formal ontolo-
gies being available for the local schemas. These ontologies are merged, giving rise to
similarity relations (such as equality or specialization). The knowledge gained about
these relations is then used for global schema definitions in such a way that semantic
conflicts (at the schema level) can be detected and resolved. The result of merging on-
tologies is also used for defining data mappings, i.e. the mapping of local database en-
tities into data elements on the global level.

This paper is structured as following. Section 2 discusses related work. In section
3, an overview of the approach is presented. In sections 4, 5 and 6, we introduce the
steps of our approach. Section 4 describes similarity relations and illustrates the process
of merging ontologies by an example. In section 5, we discuss the generation of global
schemas based on a merged-ontology. Section 6 presents tasks during data mapping.
The last section concludes the paper and discusses future work.

2 Related Work

Two pioneer projects using ontologies for information integration and interoperability
are KRAFT and COIN. KRAFT uses shared ontologies [18] as a basis for mapping be-
tween ontology definitions and communication between agents. It detects a set of on-
tology mismatches and establishes the mapping between a shared ontology and local
ontologies. The COIN [6] project presents a suitable architecture for semantic interop-
erability. The role of the Domain Model in the COIN-architecture can be compared to
that of an ontology. However, the Domain Model is close to a conceptual schema rather
than an ontology.

The work of Larson et. al. in [11] is very close to our work. We address some chal-
lenges already addressed in their work. However, an important difference is that we dis-
tinguish and emphasize the difference between the ontological characteristics of at-
tributes and their representational and implementational characteristics. For example,
characteristics such as domain, uniqueness and cardinality are present in the relation

3. Intensional definitions are estimating every intensional relation (defined in [7]). For in-
stance, “Faculty” is an intensional relation and its estimation by an intensional definition
is: ι[Faculty(x)]= Employee(x) ∧ (∃y: Course(y) ∧ teaches(x,y))
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definitions in an ontology while security constraints or scale are representational char-
acteristics.

The work of Kim et. al. [10] presents a comprehensive study for the classification
of schema heterogeneities. Also, solutions for several types of schema heterogeneity in
RDBs and OODBs are presented. Another comprehensive work in this area is presented
in [5]. Both authors address problems of schema heterogeneity, but do not distinguish
between the schematic and semantic issues while we focus on the semantic problems
here.

Miller et. al. in [16] distinguish schema integration from schema mapping. They fo-
cus on the mapping of data, taking the integrated schema for granted. Likewise, we con-
sider phases of schema integration and data mapping. However, data mapping in our
work is not yet as complete as the one in [16] and will require further investigations.

Bergamaschi et. al. [1], Palopoli et. al. [16] and Medhavan et. al. [14] propose ap-
proaches using thesauri. Bergamaschi et. al. introduced a semiautomatic approach as-
sisting domain experts in extracting relations in thesauri from schema structure by help
of domain experts. Based on the extracted relations they introduce an algorithm to inte-
grate schema definitions into a global homogeneous schema. Palopoli et. al. rely on do-
main-specific knowledge and enhance that with knowledge extracted from the schema
definition. Cupid [14] proposes an approach for schema matching. The approach takes
both the similarity of the terms in the schema definitions (language similarity) and the
structure of the schema into account (structural similarity). Cupid improves thesauri
with a coefficient for every entry in the thesauri−similar to [16]. It also categorizes sche-
ma elements into clusters—similar to [1]. For communication between different appli-
cation-domains, coefficients of the thesauri entries must be set by experts in both appli-
cation-domains. In contrast, we try to establish the similarity relations based on formal
ontologies (defined in section 4), while by using a thesauri synonym and hyponym re-
lations are provided by domain experts.

The Inter-Ontology Relationships Manager module in OBSERVER [15] maintains
the same relations between ontological definitions as presented in [1]. By means of in-
ter-ontology relations, OBSERVER replaces terms in user queries with suitable terms
in target ontologies.

Projects such as SHOE [9] and On2Broker [4] use formal ontologies as the basis for
search engines on the Internet. They use ontologies for translating queries. In such cas-
es, data sources are numerous and their schemas (such as DTDs and XML Schemas) are
subject to frequent changes—they may not even have any schema. The drawback of this
approach for structured databases is the high processing cost, because for every query,
ontologies must be processed to derive required mappings. On the other hand, human
supervision to validate translations is not possible, due to the need for immediate action.
Lack of human supervision makes this approach less reliable for precise and strict ap-
plications.

In addition to the closely related work we would like to point out three further major
areas of research, namely building, formalising and processing ontologies. Building re-
fers to the extraction of specifications from a community’s conceptualization. Formal-
ization defines the way how we express ontologies instead of using natural languages.
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A variety of formalisms can be used such as logical languages, RDF, ER-diagrams,
UML diagrams and Conceptual Graphs which can be distinguished with respect to their
degree of expressiveness. Processing refers to reasoning with the formalized defini-
tions. This includes finding relations between definitions, unidentified inconsistencies
among the definitions, classifying instance data according to the definitions, etc. Each
of the topics are the subject of further work which is beyond the scope of this paper.

3 Overview

Formal ontologies are used in this work to generate a global schema, which then defines
the organization of data in a federated database system. In this approach, class and at-
tribute names in database schema definitions must be based on the terms defined in the
formal ontology of a community. As illustrated in Fig. 1, terms used in schema p1 and
p2 are based on the definitions in formal ontology p. This is done by linking class and
attribute names in the schema definitions to terms in the formal ontology. In order to
find out whether elements from different schemas are related, we define similarity re-
lations. Detection of similarity is based on intensional definitions of terms in the formal
ontologies. In the first phase, a reasoning system is used to merge formal ontologies.
The result of merging is used by a schema integrator to build a global schema from local
schemas. In the last phase, we find the possible meaningful mappings in the generated
global schema and by that establish the mapping of data between the (global and local)
databases. This approach is semiautomatic and needs human supervision during schema
integration.

Community P

DBp1

DBp2

Ontology p

Schema p1

Schema p2

Merged-Ontology

Community Q

Ontology q

Schema q1

Global Integrated Schema

Ontology based Integration

Reasoning System for
Merging Ontologies

Ontology-based Schema Inte-
grator

Fig. 1.  Global schema generation based on a common ontology produced by integration of
ontologies.

DBq1
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4 Merging Ontologies

An important step during database integration is relating schema elements from differ-
ent local databases. Valid integration relies on a sound understanding of the meaning of
the schema elements—this is, it must be found out if schema elements from different
schemas refer to the same real world entities, or whether they are different (and if yes,
to which degree they differ).

To that end, we rely on ontologies available for local schemas. Schema integration
is then based on the merger of these ontologies. Thus, the main task in merging ontol-
ogies is to match the intensional definitions from different formal ontologies. The
matching is done based on similarity relations. By similarity, we refer to the particular
relations equality, specialization, overlapping and disjoint between intensional defini-
tions in two different formal ontologies.

The similarity relations between two terms pTi and qTj defined in formal ontologies
p and q are defined as following (ι maps a term to its intensional definition) [8]:

• pTi is Equal to (or synonym of) qTj if and only if both intensional definitions are
the same:

. (1)

• pTi is a Specialization (or hyponym) of qTj if and only if the conjunction of the
two definitions is the same as the definition of pTi (then qTj is a Generalization or
hypernym of pTi):

. (2)

• pTi is Overlapping with qTj if and only if the conjunction of the two definition is
not false for all possible states of the world:

4. (3)

Tk is called conjunction concept or conjunction relation here.

The matching in this phase requires both ontologies to commit to a specific ontol-
ogy called higher-level ontology [17]. A reasoning system will use the higher-level on-
tology as a common reference in two ontologies for matching.

Note that this approach is not aiming at detecting or resolving mismatches between
definitions in ontologies. Consequently, we do not use the term integrating ontologies
to avoid the false impression that any of the communities should agree with or commit
to the result of ontology merging. This is because members of one community should
not necessarily agree with the terms defined in the ontology of the other communities.

The following example shows parts of the ontologies which are used for a sample
merging process. The reasoning system finds the specialization relation between con-
cepts described in Tables 1-3, as shown in Fig. 25.

4. If Tk can be proven to be false in all possible worlds then the two intensional definitions
are disjoint.
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Table 1: Higher level ontology for both ontologies p and q
(defconcept Person (?p)
:documentation “An individual is a Person if and only if they
are identified by a Social_Security_Number.”
:<<=>> (exists (?x Social_Security_Number)

(is-identified-by ?p ?x)))
(deffunction identifies ((?x Social_Security_Number))

:-> (?p Person))
(deffunction is-identified-by ((?p Person))

:-> (?x Social_Security_Number)
:<<=>> (identifies ?x ?p))
(defrelation makes ((?p Person)(?q Quantity)))
(defconcept Quantity (?q)
:<<=>> (and (exists (?u Unit) (= (measured-in ?q) ?u))

(exists (?v Number) (= (value-of ?q) ?v)))

Table 2: Part of ontology p
(defconcept Employee(?x)
:documentation “An Employee is hired by the University of
Zurich; and if an individual is an Employee then:
- they are identified by a Social_Security_Number;
- they earn a salary; and
- their age are greater than 14."
:<<=>> (is-hired-by ?x university_of_zurich)
:=> (and (exists (?y Social_Security_Number)

(= (is-identified-by ?x) ?y))
(exists (?z Salary) (= (earns ?x) ?z))
(and   (> (value-of (age ?x)) 14)

  (= (measured-in (age ?x)) year))))
(deffunction earns ((?x Employee)) :-> (?y Quantity)
:=> (makes ?x ?y))
(defconcept Salary (?z Quantity)
:documentation “Salary is a type of Quantity. A Quantity is
a Salary if and only if a Employee is paid by the Quantity.”
:<<=>> (exists (?x Employee) (earns ?x ?z)))
(defconcept Faculty (?x Employee)
:documentation “Faculty is an Employee who teaches at least
one Course.”
:<<=>> (exists (?y Course) (teaches ?x ?y)))
(defconcept Professor (?x Faculty))
(defconcept Lecturer (?x Faculty))
(assert (forall (?x Professor) (not (Lecturer ?x))))

Table 3: Part of ontology q
(defconcept Citizen (?c Person))

5. Note that Fig. 2, 3 or 4 are only simplified illustrations of ontologies as a means for fur-
ther discussion. Moreover, even the presented logical axioms are only build to show the
capability of this approach.
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(defconcept Alien (?a Person))
(assert (forall (?x Citizen) (not (Alien ?x))))
(defrelation is-paid ((?q Quantity)(?p Person))
:<<=>> (makes ?p ?q))
(defconcept Pay (?w Quantity)
:documentation “Pay is a type of Quantity. If and only if a
Quantity is paid to a Person then it is a Pay.”
:<<=>> (exists (?x Person) (is-paid ?w ?x))

Detection of the similarity relations is a major task of a reasoning system. When given
the above intensional definitions, a reasoning system (this example is implemented us-
ing PowerLoom [13]) can detect the following similarities (also shown in Fig. 4):

• “Employee” defined in ontology q is a specialization of “Person”;

• “Salary” is a specialization of “Pay”; and

• “earns” is a specialization of “makes”.

5 Global Schema Generation

We now show how two schemas (Sp1 and Sq1) based on two different ontologies (p and
q) can be integrated into a global schema (SG). Schema integration is done in two main
phases: global class derivation and global attribute derivation. In the first phase the class
hierarchies are generated, and in the second phase classes are enhanced by attributes.

5.1 Class Integration
All the classes in the local schemas must be based on concept definitions in the com-
munity’s formal ontology. In other words, the names of all schema elements used in
schema definitions are uniquely referring to definition in the formal ontology of the
community6. As an example, class “Resident” in schema Sq1 (Fig. 3) is based on the
term “Person” defined in a formal ontology p. We show this link to a term in ontology
p with τp — e.g.,

τq: (Sq1.Resident) → “Person” or τp: (Sp1.Prof) → “Professor”. (4)

“τ” returns only one term in the respective ontology. If the database designer does not
link a schema element to a term in the ontology the integration process will not be able
to relate it to other schema elements in other schemas.

The global class derivation is performed as follows:

• For every class in the local schema we create a class in the global schema. This
guarantees that every class in the local schema is represented by a class in the glo-
bal schema, which is important for the data mapping phase. The creation of class-
es is done top-down by starting from superclasses in the class hierarchy of the lo-

6. Whether the term definition already exists in the formal ontology or it is added during
database design; or if the links are established just before the integration process or ear-
lier are not in the scope of this paper. We take them for granted here and focus on the
integration process.
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cal schemas. The subclass relation with the existing superclasses in the global
schema is established while a subclass is added.

• During the insertion of the classes, if an equal concept has already been represent-
ed by another class in the global schema, a new class is not added. That is, to add
a new class such as “Resident” to the global schema the following should hold:

∀ c∈SG: ¬[τq(Sq1.Resident) = τp(SG.c)]. (5)

For example, the class
“Resident” should not
be added if a class
based on the term
“Person” is already
present in the global
schema. In this case,
only an alias name
“Resident” is stored
for the existing class
(this is needed during
both global attribute
generation and the data
mapping phases).

• The specialization re-
lation of the concepts
in the merged ontology
is also reflected as a
subclass relation in the
global schema. There-
fore, we establish a subclass relation with every class based on a generalized con-
cept of the current class—with the condition that the subclass relation cannot be
inferred from the class hierarchy in SG. As an example, the class
“SG.Sp1.Faculty” is defined as a subclass of “SG.Sp1.Resident” considering that
the following holds according to the merged-ontology:

τp(SG.Faculty) ≤ τq(SG.Resident). (6)

• New classes based on the generated conjunction concepts (during merging ontol-
ogies) may be added to the global schema. As an example, if two classes in the
global schema are based on two conjunction concepts, such as:

τp(SG.Lecturer) ~ τp(SG.Student), (7)

then a class based on conjunction concept may be added to the global schema. In
such a case a class based on the conjunction concept (e.g., teaching assistant) can
be added to the global schema. The subclass relation must be established with
both classes (multiple inheritance). However, such cases of the conjunction sim-
ilarity relation happen very often during the merging process, although many of

Employee

Faculty

Professor

Technical
Employee

Administration
Employee

Fig. 2. Schema p1 and ontology p.
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them are not relevant to applications — e.g., foreign lecturer, native lecturer, for-
eign professor, etc. Therefore, there is a need for supervision at this point to revise
these cases and decide about the necessity of creating such classes. (This task can
be done also during merging ontologies, if affecting the merged-ontology by the
application view is not an issue).

• If two classes refer to two
overlapping or disjoint con-
cepts, while the correspond-
ing concepts have a common
superconcept, a class based
on the common superconcept
is defined in the global sche-
ma. As an example, if the
class “Sq1.Resident” did not
exist in schema p1 in Fig. 3
(the schema contained only
two classes foreigner and cit-
izen), a class based on the
concept “Person” will be
added to the global schema.

5.2 Filling Classes with
Attributes

All attributes in the schemas represent binary relations (either by pointing to another in-
stance of a class or by taking a value of a primitive type such as string or integer value).
Since we consider all classes as being based on concepts, attributes must be based on
binary relation definitions in the respective ontology — e.g.,

τp: (Sp1.Faculty.sal) → “earns” or τq: (Sq1.Faculty.pay) → “makes”. (8)

This means that an attribute name in a local schema is linked to a binary relation defi-
nition in the ontology. Note that this does not imply every binary relation should be rep-
resented in the schema definition—e.g., social security number is not linked to any at-
tribute in any of the classes Sq1.Resident or Sp1.Employee in schema definitions. The
class of the attribute should be based on a concept definition which is not disjoint from
the concept in the domain of its binary relation. As an example, the domain of
τp(Sp1.Faculty.sal) must not be disjoint from τp(Sp1.Faculty). This constraint ensures
that the τq mapping and schema definitions comply (or commit) to the community’s on-
tology.

During the derivation of attributes for each class in a local schema, we define an
attribute in the respective class in the global schema. This confirms that each attribute
in the local schemas has a counterpart in the global schema. However, an equal relation
might have already been represented by another attribute in the same global class. For
example, before we add a new attribute “pay” to the class “Resident” in the global sche-
ma, we check the following:

Fig. 3. Schema q1 and ontology q
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∀ a∈SG.Resident: ¬[τq(Sq1.Resident.pay) = τp(SG.Resident.a)]. (9)

If this constraint yields false, we consider the two attributes as semantically equal and
keep an equality link between them for the data mapping phase. Unlike the case of
classes where we only keep an alias name, here we maintain both attribute definitions
in the class. The main reason is that the equality link does not indicate the similarity in
the data type, unit, structure, etc. of the value of the attribute. We will deal with this mat-
ter in the data mapping phase.

The same is done in the case attributes are based on relations in specialization sim-
ilarity. This case also should only be detected in this phase and will be used during data
mapping. As an example, while defining attribute “sal” for class “Employee”, the fol-
lowing similarity was detected and will be kept for the data mapping phase:

τp(SG.Employee.sal) ≤ τq(SG.Employee.pay). (10)

Faculty

Person

Fig. 4. Result of merging parts of formal ontologies by finding a specialization similarity and
creation of class hierarchy based on merged ontology.
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We did not find the case of attributes based on conjunction relations relevant to our
work. The detection of such cases is not problematic, though. (As an example one can
imagine two attributes Sq1.Resident.father and Sp1.Employee.colleague.)

In general, relation definitions in ontologies can not only relate instances of two
concepts, they additionally may relate two concepts; or instances of a concept with sub-
concepts of another. An example of this case is shown in Fig. 5. In such a case an at-
tribute based on the relation is not filled in with a value (e.g., a number or a character
string) or an instance of a concept, but with a code that represents a set of individuals
or a range of values (e.g., “M.Sc. degree” in Fig. 5 or “tall” for an attribute height).

6 Data Mapping

The generated global schema can be used for the integration of two databases instanti-
ating the schemas Sp1 and Sq1. The instances of classes in the local databases are
mapped to those of the global schema and vice versa. This mapping of instances is
straightforward and relies on the information kept during the integration process. After-
wards, a set of operations performs the mapping of the data at the global schema.

Classes in two schemas referring to the same definition are mapped to the same
class by means of alias names. In case classes are in a specialization relation in the glo-
bal schema, all instances of the subclass can be mapped to the superclass, but not the
other direction. For the mapping from a superclass to its subclass, we need a classifica-
tion criterion. As an example, instances of the subclass “SG.Faculty” are mapped to in-
stances of the superclass “SG.Resident”. However, in order to map instances of the su-
perclass “SG.Resident” to the subclass “SG.Faculty”, these instances should satisfy a
classification criterion. By referring to the definitions in section 4, one can see that if an
instance of “SG.Resident” is an “Employee” and “teaches” a “Course” it can be mapped
to class “SG.Faculty”. A reasoning system finds such criteria by referring to the inten-
sional definitions. The reasoning system can classify the instances during the data map-
ping in the global schema.

A problem occurs during data mapping when two instances (from two databases)
are classified under one class in the global schema, while they represent the same indi-
vidual in the domain. To deal with this problem, we need an identification criterion to
recognize if two objects in the underlying databases represent different individuals.
This criterion must be present in both local class definitions — such as
social_security_number in our example. The identification criterion may not necessar-
ily be the primary key in one or both systems, though.

Attributes of a class in a local schema are mapped directly to their counterpart in
the global schema. A set of rules map attributes in the global schema. In case two at-
tributes are linked by equal similarity, the attribute values will be mapped mutually. In
case two attributes are linked by a specialization similarity, the value of the specialized
attribute can be mapped to the generalized one, but not the other way round. By looking
at the definitions in section 4, one can see that every “earns” relation is a “makes” rela-
tion but not the other way round. Yet, one can argue that in this example (Fig. 3), all
values of attribute “SG.Resident.pay” can be mapped to “SG.Faculty.sal” and that this
is what happens during data mapping. However, in general there are cases in which at-
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tribute values should be mapped by considering a classification criterion. (Attributes re-
ferring to sibling and sister relations are simple examples of this case.)

An attribute mapping often requires a data conversion process (e.g., integer to real).
This is because during the integration we do not employ any knowledge about the data
types. There is often need for further processes for data mapping—a simple example is
concersion of units. If the changes are not due to the structural differences, a detailed
ontology can eventually help in some cases (such as unit conversion).

Furthermore, we only consider mapping of one element of the schema to only one
other element. More complicated data mappings in which a global class is an aggrega-
tion of classes in the local schemas or an attribute may be the result of calculation over
many attributes from local schemas (as presented in [16]) are not treated here. However,
the focus of this work has been to solve semantic problems in terms of finding similar-
ities between classes and attributes and finding mappings between them, but not corre-
spondence of data values.

7 Conclusion

In this paper, we present an approach for generating global schemas. This solution uses
formal ontologies as a basis for the integration and for resolving heterogeneity problems
during the integration of local schemas. We only use the intensional definitions in for-
mal ontologies, that is, we do not use the matching of the terms used to name schema

Education
Degree

Fig. 5. Example of relations between instances of a concept and subconcepts of another.
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elements. This approach also does not rely on or consider the structures expressed by
the schema.

The quality of the formal ontologies plays an important role here. There are two im-
portant quality measures for the success of this approach:

• accordance of an ontology with the conceptualization (defined in [7]) of the com-
munity and

• details of explicit specifications of implicit assumptions in the community are im-
portant during building ontologies.

Another factor that plays an important role in the success of this approach is the com-
mitment of the schema definitions to the community’s formal ontology. There are con-
straints that should apply to the schema definitions. One such constraint is discussed in
the beginning of section 5.2. Such constraints should be clearly specified.

Building a higher level ontology that many communities agree upon is a difficult
task. This makes ontologies expensive to build. However, it is a price worth paying to
avoid semantic conflicts that can be even more expensive. Furthermore, formal ontolo-
gies are long term assets that will remain independent of the application systems. As
ontologies are becoming more popular they can be used for other purposes other than
database integration.

Although we considered the integration of classes and attributes, methods are not
discussed in this paper. Methods are often considered as parametric attributes based on
the relation definitions of arity higher than two in a formal ontology. However, we can
only handle those methods that represent an action to be based on a definition in the for-
mal ontology (actions change the states of the world). That is, methods that are results
of implementation (such as triggers) may not have a counterpart in the communities’
ontology. This is a general discussion that may apply rarely to attributes which are only
used for implementational reasons (such as object id) and do not have a counterpart in
the ontology.
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Abstract. Data on the Web in HTML tables is mostly structured, but
we usually do not know the structure in advance. Thus, we cannot di-
rectly query for data of interest. We propose a solution to this prob-
lem based on document-independent extraction ontologies. The solution
entails elements of table understanding, data integration, and wrapper
creation. Table understanding allows us to recognize attributes and val-
ues, pair attributes with values, and form records. Data-integration tech-
niques allow us to match source records with a target schema. Ontolog-
ically specified wrappers allow us to extract data from source records
into a target schema. Experimental results show that we can successfully
map data of interest from source HTML tables with unknown structure
to a given target database schema. We can thus “directly” query source
data with unknown structure through a known target schema.

1 Introduction

The schema-mapping problem for heterogeneous data integration is hard and is
worthy of study in its own right [MBR01]. The problem is to find a semantic cor-
respondence between one or more source schemas and a target schema [DDH01].
In its simplest form the semantic correspondence is a set of mapping elements,
each of which binds an attribute in a source schema to an attribute in a target
schema or binds a relationship among attributes in a source schema to a rela-
tionship among attributes in a target schema. Such simplicity, however, is rarely
sufficient, and researchers thus use queries over source schemas to form attributes
and relationships among attributes to bind with target attributes and attribute
relationships [MHH00, BE02]. Furthermore, as we shall see in this paper, we may
also need queries beyond those normally defined for database systems. Thus, we
more generally define the semantic correspondence for a target attribute as any
named or unnamed set of values that is constructed from source elements, and
we define the semantic correspondence for a target n-ary relationship among
attributes as any named or unnamed set of n-tuples over constructed value sets.
The sets of values for target attributes may be constructed in any way, e.g. di-
rectly taken from source values, computed over source values, or manufactured
from source attribute names or from strings in table headers or footers.
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Car Year Make Model Mileage Price PhoneNr Car Feature
0001 1999 Ford Mustang 42,130 $10,988 405-936-8666 0001 Yellow
0002 1998 Ford Taurus 63,168 $7,988 405-936-8666 0001 Power Steering

... ...
0011 1992 ACURA legend $9500 0002 Black
0012 2000 AUDI A4 $34,500 0002 Power Brakes
0013 1985 BMW 325e $2700.00 ...

... 0011 grey
0011 Auto

...

Fig. 1. Sample Tables for Target Schema

A considerable amount of data is available on the Web in the form of HTML
tables, and it is often the case that we wish to integrate sources encoded in
various HTML table formats. Thus we limit our current investigation to sources
that are HTML tables found on the Web. Our target schema is an augmented
conceptual-model instance (described in Section 2).

As a running example, we use car advertisements, which are plentiful on the
Web and which often present their information in tables. Suppose, for example,
that we are interested in viewing and querying Web car ads through the target
database in Figure 1, whose schema is

{Car, Year, Make, Model, Mileage, Price, PhoneNr}, {Car, Feature}.

Figures 2 [Bob02], 3 [Bob02], and 4 [Aut01] show some potential source tables.
The data in the tables in Figure 1 is a small part of the data that can be extracted
from Figures 2, 3, and 4.

1.1 Matching Problems

It is easy to see that Year in the source table of Figure 2 and Year in the table of
Figure 4 map to Year in the target table of Figure 1. But it is harder to see that
both Exterior in Figure 2 and Colour in Figure 4 map to Feature in Figure 1
and even harder to see that the attributes Auto, Air Cond., AM/FM, and CD
in Figure 4 should map as values for Feature, but only for “Yes” values.

There are many matching problems that arise when trying to match source
HTML tables with a target schema. For example, Make and Model are separate
attributes in Figure 1 but are merged as one attribute in Figure 2 (merged
attributes). Exterior in Figure 2 and Colour in Figure 4 contain colors; but
colors in the target are a special kind of Feature and thus the set of colors in
Figures 2 and 4 is a subset of the feature values we want for Figure 1 (subsets).
Mileage in Figure 1 and Miles in Figure 2 have the same meaning, but the
attribute names are not the same (synonyms).
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Fig. 2. Excerpt of Table from www.bobhowardhonda.com

Fig. 3. Excerpt of Subtable Linked from www.bobhowardhonda.com

Fig. 4. Excerpt of Table from autoscanada.com
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Fig. 5. Table with a More Complex Attribute Structure

There are more problems. Information might be hidden behind a link (clicking
on Ford Taurus in Figure 2 yields the information in Figure 3). HTML lists (like
the feature list in Figure 3) are conceptually similar to one-dimensional tables
and should be treated accordingly. A significant challenge for our study is that
many HTML tables are used for layout rather than data structuring purposes.
Often HTML tables are nested. For example, the table beginning with Price then
Mileage in Figure 3 is nested within the larger layout table. Furthermore, the
nested table in Figure 3 has its attributes in the left column, rather than in the
top row, which is more typical. The table in Figure 5 has compond attributes (e.g.
CITY and HWY are subdivisions of FUEL ECONOMY ). Moreover, attributes
may appear both in the top row and in the left column and may, at the same
time, be compound. Sometimes it is hard to tell: are the Honda Civic strings in
Figure 5 attributes or values with implicit attributes?

Other matching problems include: missing information (e.g. there are no
phone numbers in Figure 2); extra information present (e.g. photographs in Fig-
ure 2); factored information (e.g. the make Ford could have been factored out of
the table in Figure 2); multiple occurrences of the same attribute-value pair (e.g.
the same price appears three times for the Ford Taurus in Figures 2 and 3); mul-
tiple values where one is expected (e.g. the tables of Figure 1 expect one contact
phone number but Figure 3 shows two different phone numbers); and attributes
appearing as values (e.g. in Figure 4 the features Auto, Air Cond., AM/FM, and
CD are all attributes rather than values). This list is not exhaustive. It certainly
illustrates, however, that there are many problems to solve.

1.2 Matching Solutions—Our Contribution

Rather than directly try to find mappings from source schemas to target schemas
as suggested in [MHH00, DDH01, MBR01, BE02], our contribution in this paper
is to argue for a different approach, show that it works, and explain why it may
be superior. The approach requires table understanding [LN99b] and extrac-
tion ontologies [ECJ+99] and results in establishing a semantic correspondence
between a source schema and a target schema. Our approach includes four steps.

1. Form Attribute-Value Pairs. Using table understanding techniques, we de-
termine, for example, that 〈Year : 1999〉 and 〈Exterior : Yellow〉 are two of
the attribute-value pairs for the first record in Figure 2.
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2. Adjust Attribute-Value Pairs. We convert, for example, the recognized
attribute-value pair 〈CD : Yes〉 in row two of Figure 4 to CD, meaning that
this car has a CD player, and the the pair 〈CD : No〉 in row three to a null
string, meaning that this car has no CD player.

3. Perform Extraction. The extraction ontology recognizes, for example, that
42,130 in the first row of Figure 2 should be extracted as the Mileage for
the first car in Figure 1 and that the first part of Ford Mustang should be
extracted as the Make while the second part should be the Model.

4. Infer Mappings. Given the recognized extraction (which, by the way, need
not be 100%), the system can infer the general mapping from source to
target. Based on the extraction examples above, the system would know,
for example, that the Miles values in Figure 2 map to Mileage in the target
(Figure 1), that the first part of the Make and Model strings map to Make,
and that the remaining characters in the strings map to Model.

We present the details of our contribution in the remainder of the paper
as follows. Section 2 describes extraction ontologies. Section 3 then provides
the details for each of the four steps of our approach. In Section 4, we report
the results of an experiment we conducted in which we derived source-target
mappings for several dozen HTML tables for car advertisements, which we found
on the Web. We summarize and point to future research work in Section 5.

2 Extraction Ontologies

An extraction ontology is a conceptual-model instance that serves as a wrapper
for a narrow domain of interest such as car ads. The conceptual-model instance
includes objects, relationships, constraints, and descriptions of strings for lexical
objects. When we apply an extraction ontology to a Web page, the ontology
identifies objects and relationships and associates them with named object sets
and relationship sets in the ontology’s conceptual-model instance and thus wraps
the page so that it is understandable in terms of the schema implicitly specified in
the conceptual-model instance. The hard part of writing a wrapper for extraction
is to make it robust so that it works for all sites, including sites not in existence
at the time the wrapper is written and sites that change their layout and content
after the wrapper is written. Wrappers based on extraction ontologies are robust.
Robust wrappers are critical to our approach: without them, we may have to
create (by hand or at best semiautomatically) a wrapper for every new table
encountered; with them, the approach can be fully automatic.

Figure 6 shows part of our car-ads application ontology, including object
and relationship sets and cardinality constraints (Lines 1-4) and a few lines
of the data frames (Lines 5-11) that describe lexical objects (constants) and
keywords that signal the presence of a particular object or relationship. We use
Perl syntax for regular expressions. When we apply an extraction ontology to
extract data, we first find record boundaries and divide a document into chunks
of information, one for each record. We then apply regular expressions to each
record, one at a time, to extract a list of constants and keywords. To this list, we
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1. Car [-> object]; Car [0:1] has Year [1:*];

2. Car [0:1] has Make [1:*]; Car [0:1] has Model [1:*];

3. Car [0:1] has Mileage [1:*]; Car [0:*] has Feature [1:*];

4. Car [0:1] has Price [1:*]; PhoneNr [1:*] is for Car [0:1];

5. Year matches [4]

6. constant {extract "\d{2}"; context "\b’[4-9]\d\b";
7. substitute "ˆ" -> "19"; }, ...

8. Mileage matches [8]

9. keyword "\bmiles\b", "\bmi\.", "\bmi\b",
10. "\bmileage\b", "\bodometer\b";
11. ...

Fig. 6. Car-Ads Extraction Ontology (Partial)

apply heuristics that form structured records according to the constraints given
in the extraction ontology. See [ECJ+99] for full details.

3 Derivation of Source-to-Target Schema Mappings

We assume that each tuple in the top-level table corresponds to a primary object
of interest. One consequence of this assumption is that we can simply generate an
object identifier for each of these objects. Indeed, this is how we obtain the values
under the attribute Car in Figure 1. Another consequence of this assumption
is that we can easily group source information into record chunks, one for each
object of interest. The information chunk for the 1998 Ford Taurus in Figure 2,
for example, is the second tuple in the table plus all the information in Figure 3.
Having record chunks allows us to more easily build the atomic relationships
between an object of interest and its associated data once we find the semantic
correspondence for each target attribute. Hence, we are able to reduce the prob-
lem of finding a semantic correspondence to just finding the correspondence for
each target attribute A, which we defined earlier as the problem of finding the
set of values constructed from source elements that corresponds to A.

We accomplish this objective using a “back-door” approach. Instead of di-
rectly searching for a mapping that associates each target attribute A with
a value set in a source, we use our extraction ontology to search for values in the
source that are likely to be found in the value set for A. Then, from the pattern
of values we find, we infer what the mapping must be. This approach more easily
allows us to recognize some of the unusual indirect mappings we are likely to
encounter such as merged attributes, attributes encoded as values, or factored
information, as discussed and illustrated in the introduction. The following four
subsections correspond to the four steps of our proposed approach.



328 David W. Embley et al.

3.1 Form Attribute-Value Pairs

The table understanding problem takes as input a table (for our work here, an
HTML table) and produces standard records as output. Each record produced
is a set of attribute-value pairs. A successful table-understanding system, for
example, would produce the first record of the table in Figure 4 as

{〈Make: ACURA〉, 〈Model : legend〉, 〈Year : 1992〉, 〈Colour : grey〉,
〈Price: $9500〉, 〈Auto: Yes〉, 〈Air Cond.: No〉, 〈AM/FM : Yes〉, 〈CD : No〉}.

The hard part of table understanding is recognizing which cells contain attributes
and which contain values and then recognizing which attributes go with which
values. If we could depend on the attributes always being in column headers with
one attribute for every column, attribute/value identification would be much
simpler; but this is not always the case even though it is common. Moreover,
since HTML table creators do not always use the tags 〈th〉 and 〈td〉 as they
were intended, we cannot use HTML tags to solve this problem. [LN99a] has
a solution for a common subclass of HTML tables, but not for all HTML tables.

Once we have identified attributes, we can immediately associate each cell in
the grid layout of a table with its attribute. If a cell is not empty, we also imme-
diately have a value for the attribute and thus an attribute-value pair. If a cell is
empty, however, we must infer whether the table has a value based on internal
factoring or whether there is no value. Figure 7a shows an example of internal
factoring. The empty Year cell for the Contour GL indicates 1995, whereas the
Price for the Honda is simply missing. We recognize internal factoring in a two-
step process: (1) we detect potential factoring by observing a pattern of empty
cells in a column, preferrably a leftmost column or a near-leftmost column; (2)
we check to see whether adding in the value above the empty cell helps complete
a record by adding a value that would otherwise be missing.

Once we recognize the factoring in a table, we can rewrite the schema as
a nested schema that reflects the factoring and then unnest the table to distribute
factored values and to return the schema for the nested table to an unnested
schema. We denote a nested component of a schema by (Ai, ..., An)∗ where
the Ai’s are attribute names. In general, nested components may appear in-

Year Make Model Price Year Make Model Price
1995 Ford F150 Super Cab $6,988 1995 Ford F150 Super Cab $6,988

Contour GL $3,988 1995 Ford Contour GL $3,988
ACURA INTEGRA LS $14,500 1995 ACURA INTEGRA LS $14,500
Honda Civic EX 1995 Honda Civic EX

1994 Ford F150 $4,488 1994 Ford F150 $4,488

(a) (b)

Fig. 7. Internal Factoring in Tables
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side and alongside other nested components. The nested schema that defines the
internal factoring for the table in Figure 7a is Year, (Make, (Model, Price)∗)∗.

To unnest a table with a nested schema, we use a µ operator whose definition
is based on the unnest operator in [KS91]. We write µN t to unnest the nested
component N of nested table t. To unnest table Ta in Figure 7a, for example,
we can apply µ(Make, Model, Price)∗µ(Model, Price)∗Ta, which yields the table in
Figure 7b. Here, we start with Year, (Make, (Model, Price)∗)∗. After the first
operation µ(Model, Price)∗ , the schema is Year, (Make, Model, Price)∗ and the
Makes have been distributed to the Models, i.e. Ford appears in the empty
cell in the Make column in Figure 7a in our example. Then after the second
operation µ(Make, Model, Price)∗ , which distributes the Years to each empty cell
in the Year column, we have the table in Figure 7b. Alternatively, we could have
achieved the same result by applying µ(Model, Price)∗µ(Make, (Model, Price)∗)∗Ta,
which first distributes the years to each make and then distributes Year-Make
pairs to each Model. In either case, once we have resolved internal factoring with
the µ operator, we immediately have the table’s attribute-value pairs.

3.2 Adjust Attribute-Value Pairs

After discovering attribute-value pairs, we make some adjustments to prepare
each record for recognition by the extraction ontology. We format attribute-value
pairs for easy recognition by the extraction ontology. We add in linked sub-
information for each record (i.e. we add the information in Figure 3 to the ordered
pairs for the second record in Figure 2). If we wish to process nontext items such
as icons, we could replace them with text; for example, we could replace a color-
swatch icon with the name of the color. Finally, we process Boolean indicators,
such as “Yes/No” in Figure 4, by replacing them with attribute-name values.

For our running example, the adjusted attribute-value pairs in the first record
of Figure 4 become {Make: ACURA; Model : legend ; Year : 1992; Colour : grey;
Price: $9500; Auto; AM/FM }. Here, the Boolean-valued attribute-value pair
〈Auto: Yes〉 has become Auto, meaning the car has an automatic transmission,
and the pair 〈AM/FM : Yes〉 has become AM/FM, meaning the car has an
AM/FM radio. Further, the attributes for the No values, Air Cond. and CD
have disappeared, meaning the car has neither air conditioning nor a CD player.

When attribute names are the values we want and the values are some sort
of Boolean indicator (e.g. Yes/No, True/False, 1/0, cell checked or empty), we
transform the Boolean indicators into attribute-name values with the help of
a β operator which we introduce here. Syntactically we write βA

T,F r where A is
an attribute of relation r and T and F are respectively the Boolean indicators
for the True value and the False value given as A values in r. The result of the
β operator is r with the True values of the A column replaced by the string A
and the False values of A replaced by the null string. As an example, consider
βAuto

Y es,Noβ
Air Cond.
Y es,No β

AM/FM
Y es,No βCD

Y es,NoT which transforms the table T in Figure 4
to the table in Figure 8.
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Make Model Year Colour Price Auto Air Cond. AM/FM CD

ACURA legend 1992 grey $9500 Auto AM/FM

AUDI A4 2000 Blue $34,500 Auto Air Cond. AM/FM CD

BMW 325e 1985 black $2700.00 AM/FM

CHEVROLET Cavalier Z24 1997 Black $11,995.00 Air Cond. AM/FM

Fig. 8. Table in Figure 4 Transformed by the β Operator

3.3 Perform Extraction

Once we have adjusted attribute-value pairs as just discussed, we apply our
extraction ontology. For our running example, the extraction for the first record
in Figure 4 yields

{〈Car : 0011〉, 〈Year : 1992〉, 〈Make: ACURA〉, 〈Model : legend〉,
〈Mileage: 〉, 〈Price: $9500〉, 〈PhoneNr : 〉},

{〈Car : 0011〉, 〈Feature: grey〉},
{〈Car : 0011〉, 〈Feature: Auto〉},
{〈Car : 0011〉, 〈Feature: AM/FM 〉}.

We emphasize that our extraction ontology is capable of extracting from unstruc-
tured text as well as from structured text. Indeed, we can directly extract the
phone numbers and features from the text, list, and horizontal table in Figure 3.

For direct extraction we introduce the ε operator, which is based on a given
extraction ontology. We define εSt as an operator that extracts a value, or val-
ues, from unstructured or semistructured text t for object set S in the given
extraction ontology O according to the extraction expression for S in O. The ε
operator extracts a single value if S functionally depends on the object of in-
terest x in O, and it extracts multiple values if S does not functionally depend
on x. As an example, εPhoneNrP extracts 405-936-8666 from the unstructured
text in page P in in Figure 3 and returns it as the single-attribute, single-tuple,
constant relation {〈PhoneNr : 405-936-8666 〉}.

We can use the ε operator in conjunction with a natural join to add a column
of constant values to a table. For example, assuming the phone number 405-936-
8666 appears in page P with the table in Figure 2, which indeed it does, we could
apply εPhoneNrP �� T to add a column for PhoneNr to table T in Figure 2.

At this point we could take a data-warehousing approach and directly insert
this extracted information into a global database as Figure 1 implies. Alterna-
tively, instead of populating the global database, we can use this information
to infer a mapping from the source to the target and extract information from
sources whenever a query is posed against the global database schema.

3.4 Infer Mappings

We record the sequence of transformations produced when we form attribute-
value pairs and when we adjust attribute-value pairs in preparation for ex-
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traction, and we observe the correspondence patterns obtained when we ex-
tract tuples with respect to a given target ontology. Based on this sequence
of transformations and these correspondence patterns, we can produce a map-
ping of source information to a target ontology. As a simple example, consider
mapping the table Ta in Figure 7a to the target schema for the tables in Fig-
ure 1. We first apply the µ operator to do the unnesting and obtain table Tb

in Figure 7b. We then observe that objects extracted for the Year object set
in the target come from the Year column in Tb. Similarly, for Make, Model,
and Price, we also observe a direct correspondence. Hence, we can record the
semantic correspondence of Ta and the target schema as the mapping Year =
πY earµ(Make, Model, Price)∗µ(Model, Price)∗Ta, Make = πMakeµ(Model, Price)∗Ta,
Model = πModelTa, and Price = πPriceTa.

Creating an inferred mapping has two important advantages. (1) The global
view can be virtual. Since we have a formal mapping, we can translate any
query applied to the global view to a query on the source, optimize it, execute
it, and return the results from the source for the global query. (2) We can obtain
additional values not recognized by the ontology, but which are nevertheless
valid values in the source. For example, Super Cab may not be technically part
of the model for the 1995 Ford F150 in Figure 2, and thus the ontology might
not recognize it as part of the model. Nevertheless, someone declared Super Cab
to be part of the model, and we should therefore extract it as such. Using the
mapping, we extract full strings under Model in Figure 7a and thus we obtain
F150 Super Cab as the model for the 1995 Ford even though the extraction
ontology may only pick up F150 as the model. As another example, the mapping
approach would obtain all the Features in the list in Figure 3 even though the
ontology may not recognize all of them as features. When we use the mapping,
we generalize over the structure and infer additional information not specifically
recognized by the ontology.

To complete our task, we now define a few more operators. These operators,
together with the ones we defined earlier, provide the complete set of operators
we need for mapping all the HTML tables we have encountered.

For merged attributes we need to split values. We can divide values into
smaller components with a δ operator which we introduce here. We define
δA
B1,...,Bn

r to mean that each value v for attribute A of relation r is split
into v1, ..., vn, one for each new attribute B1, ..., Bn respectively. Associated with
each Bi is a procedure pi that defines which part of v becomes vi. In this pa-
per we specify each procedure pi by regular expressions similar to those defined
for extraction ontologies shown in Figure 6. The result of the δ operator is r
with n new attributes, B1, ..., Bn, where the Bi value on row k is the string that
results from applying pi to the string v on row k for attribute A. As an exam-
ple, consider δMake and Model

Make,Model T , where T is the table in Figure 2, the expression
associated with Make is extract "\S+" context "\S+\s" which extracts the
characters of the string value up to the first space, and the expression associated
with Model is extract "\S.*" context "\s.+" which extracts all the remaing
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Make Model

Ford Mustang

Ford Taurus

Ford F150 Super Cab

Ford Contour GL

Fig. 9. Columns Added to the Table in Figure 2 by the δ Operator

characters in the string after the first space. This operation adds the two columns
in Figure 9 to the table in Figure 2.

For split attributes we need to merge values. We can gather values together
and merge them with a γ operator which we introduce here. Syntactically, we
write γB ← A1+...+Anr where B is a new attribute of the relation r and each Ai

is either an attribute of r or is a string. The result of the γ operator is r with an
additional attribute B, where the B value on row k is a sequential concatenation
of the row-k values for the attributes along with any given strings. As an exam-
ple, consider γModel with Trim ← Model+" "+TrimT1 which converts Table T1 in
Figure 10 to Table T2.

We can use standard set operators to help sort out subsets, supersets,
and overlaps of value sets. We can, for example, take a union of the ex-
terior colors in Figure 2 and features in Figure 3 to form part of the set
for Feature in Figure 1. After adding needed projection and renaming opera-
tions, this union is ρExterior ← FeatureπExteriorT ∪ ρFeatures ← FeatureT/Make
and Model/Features, where T is the table in Figure 2 and T/Make and
Model/Features is a path expression that follows the link under Make and Model
in table T to the Features list in Figure 3. When we need subsets of a set, we can
extend the standard selection operator σCr to allow C to be a regular expres-
sion that identifies the subset of values we wish to include. With set-difference
operations, we can also resolve overlapping sets by operator combinations.

Now that we have the operators we need, we can give examples. Figure 11
gives the mapping from the source table in Figure 4 to the target table in Fig-
ure 1. Observe that we have transformed all the Boolean values into attribute-
name values and that we have gathered together all the features as Feature
values. Figure 12 gives the mapping for the car ads from the site for Figures 2
and 3. For purposes of illustration, we assume for the mapping in Figure 12
that we have recognized the list and the horizontal table in Figure 3 as tables.

T1 Make Model Trim T2 Make Model Trim Model with Trim
Ford Contour GL Ford Contour GL Contour GL
Ford Taurus LX Ford Taurus LX Taurus LX
Honda Civic EX Honda Civic EX Civic EX

Fig. 10. Application of the γ Operator to Table T1 Yielding Table T2
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Target Attribute Source Derivation Expression for Value Sets

Year πY earT

Make πMakeT

Model πModelT

Price πPriceT

Feature ρColour ← F eatureπColourT
∪ ρAuto ← F eatureπAutoβ

Auto
Y es, NoT

∪ ρAir Cond. ← F eatureπAir Cond.β
Air Cond.
Y es, No T

∪ ρAM/F M ← F eatureπAM/F Mβ
AM/F M
Y es, No T

∪ ρCD ← F eatureπCDβCD
Y es, NoT

Fig. 11. Inferred Mapping from Source Table T in Figure 4 to Target Table in
Figure 1

Target Attribute Source Derivation Expression for Value Sets

Year πY earT

Make πMakeδ
Make and Model
Make, Model T

Model πModelδ
Make and Model
Make, Model T

Mileage ρMiles ← MileageπModelT

Price πPriceT

PhoneNr εPhoneNrT/Make and Model

Feature ρExterior ← F eatureπExteriorT
∪ ρF eatures ← F eatureT/Make and Model/Features
∪ ρBody Type ← F eatureT/Make and Model/Body Type
∪ ρTransmission ← F eatureT/Make and Model/Transmission
∪ ρEngine ← F eatureT/Make and Model/Engine

Fig. 12. Inferred Mapping from the Source Tables T in Figure 2 and T/Make
and Model in Figure 3 to the Target Table in Figure 1

Observe that we have split the makes and models as required, matched the
synonyms Miles and Mileage, extracted the PhoneNr from the free text, and
gathered together all the various features as Feature values.

4 Experimental Results and Discussion

We gathered tables of car advertisements from many more than a hundred differ-
ent English-language sites (several dozen were from non-U.S. sites). Because of
human resource limitations, however, we analyzed only 60. In gathering tables,
we encountered very few our implemented system could not process. Our system
does not (yet) (1) convert color-swatch icons to color names, (2) recognize check
marks rendered from images, (3) read legends for abbreviated attribute names
in column headers, and (4) handle embedded links to subpages describing more
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than one car. Every car-ads table we encountered had simple attributes in the
top row; thus we discarded no tables for structural reasons.

Of the 60 car-ads tables we analyzed, 40 included links to other pages con-
taining additional information about an advertised car (Figures 2 and 3 show
a typical example). For all 60 tables, we first applied our system to identify and
list attribute-value pairs for tuples of top-level tables, and then for the 40 tables
with links, we appropriately associated linked information (without alteration)
with each tuple. We then applied our extraction step and looked for mapping
patterns.

Since our objective was to obtain mappings (rather than data), it was not
necessary for us to process every tuple in every table. Hence, from every ta-
ble, we processed only the first 10 car ads. As a threshold, we required six or
more occurrences of a pattern to declare a mapping. A human expert judged the
correctness of each mapping. We considered a mapping declaration for a target
attribute to be completely correct if the pattern recognized led to exactly the
same mapping as the human expert declared, partially correct if the pattern
led to a unioned (or intersected) component of the mapping, and incorrect oth-
erwise. For data outside of tables, the system mapped an individual value to
either the right place or the wrong place or did not map a value it should have
mapped. Because of differences in granularity, we separate table mappings from
individual-value mappings in reporting our results.

4.1 Results

We divided the 60 car-ads tables into two groups: 10 “training” tables and 50
“test” tables. We used the 10 “training” tables to adjust our car-ads extraction
ontology to recognize ordered pairs derived from our table-understanding proce-
dure and also to fine-tune our ontology and update it with the latest makes, mod-
els, and features. Adjusting for recognizing ordered pairs was straightforward—
we simply added the various attribute names we found in the training set as key-
words and sometimes as context identifiers for values (particularly for Mileage
and Price, which both need something other than standard numbers to cor-
rectly identify them). Updating our ontology with the latest makes, models, and
features was also straightforward, although it was a bit tedious especially for fea-
tures, which tend to be more prolific in dealer sites on the Web than in classified
ads posted by individuals.

For the 10 training tables, we were able to identify 100% of the 57 map-
pings while declaring no false mappings. Furthermore, we correctly found 94.6%
of the values in the linked data, while incorrectly declaring only 5.4%. These
numbers decreased for the 50 test tables. For these 50 test tables, we were able
to completely identify 95.3% of the 300 mappings and partially identify 1.3%,
while declaring no false mappings and failing to declare 3.3% of the mappings.
Based on a sample of nearly 3,000 values found in unstructured secondary pages,
we found that the precision and recall ratios for the 50 test tables were ap-
proximately 86% and 97% respectively. This corresponds well with our previous
car-ads experiments [ECJ+99].
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Of the 357 mappings we discovered, 172 were direct, in the sense that the
attributes in the source and target schemas were identical. Of the 185 indirect
matches, 29 used synonyms and thus required only renaming with a ρ opera-
tor, 5 had Boolean values and thus required a β operator, 68 included features
scattered under various attributes and in raw text and thus required ∪ and ε
operators, 19 provided only factored telephone numbers and thus required ε and
�� operators, 89 needed to be split and thus required a δ operator, and some
required combinations of these operators (e.g. synonyms and union). The values
we needed to split came in a variety of different combinations and under a va-
riety of different names. We found, for example, Description as an attribute for
the combination Year+Make+Model+Feature, Model Color as an attribute for
Make+Model+Color, and Model as an attribute for Year+Make+Model.

4.2 Discussion

As mentioned in our earlier discussion, discovering correct mappings can lead
to an increase in values extracted compared to values that would have been
extracted by the extraction ontology alone and can also therefore lead to the
acquisition of additional knowledge for the extraction ontology. In our experi-
ments, we required a 60% or greater match to declare a mapping match. Overall,
we actually achieved roughly 90-95%, a much higher percentage. This, however,
leaves about 5-10% of the approximately 3,000 values encountered in tables as
being unrecognized by the extraction ontology (and potentially many more since
we processed only 10 car ads per site). Examples include non-U.S. models such
as the Toyota Starlet or Nissan Presea; elaborately described features such as
“telescoping steering wheel”; abbreviations not encountered previously such as
“leath int” for “leather interior”; and features simply not encountered in previous
experiments, such as “trip computer”.

We missed 10 mappings and partially identified 4 mappings. Our system
missed 6 mappings of car model because the extraction ontology was targeted
to U.S. car-ads, and so non-U.S. car-ads introduced models that our system did
not recognize. 2 more mappings of car model were missed because the extraction
ontology was not sufficiently robust (for Jaguar and SAAB models). The system
missed 1 price mapping and 1 mileage mapping because the extraction ontology
was overly restrictive. All of these problems can be corrected by adjusting the
extraction ontology. The 4 partial mappings were for car features. Most of these
cases could also be corrected by adjusting the extraction ontology. One inter-
esting case was a table that included a “Description” column that contained an
unstructured paragraph of text that would be more appropriately treated as if
it were a linked page (where we expected to find unstructured text). Another
interesting case was a table that included listings for trailers mixed in with car
ads (e.g. “1999 Load Rite Trailer”).
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5 Conclusion

In this paper, we suggested a different approach to the problem of schema match-
ing, one which may work better for the heterogeneous HTML tables encountered
on the Web. In essence, we transformed the matching problem to an extraction
problem over which we could infer the semantic correspondence between a source
table and a target schema. We then showed how to discover the appropriate
queries for source-to-target mapping rules. We gave experimental evidence to
show that our approach can be successful. In particular, we correctly inferred
94% of the appropriate mappings to our target car-ads ontology from 60 HTML
car-ads Web tables with a precision of 98%.

As a next step in our work on extraction from HTML tables, we intend to
implement the ideas we have on forming attribute-value pairs for tables in linked
information, for nested tables, and for less common cases—where attributes for
multiple records appear on the left, where attributes appear both on top and on
the left, and where attributes are nested and compound. Once we have attribute-
value pairs, we can directly apply the mapping techniques discussed here.

Many tables are behind forms, in the so-called “hidden Web” [RGM01], and
we are currently working on extracting data from the hidden Web [LYE01]. Once
extracted, if the result is a table, we can use the techniques presented here to
extract the data into a target view. If the result is not a table, we use previous
techniques we have developed [ECJ+99] to extract the data. Further, we also plan
to piece together all the components we have developed in our data-extraction
work [DEG] into a comprehensive extraction tool.
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Abstract. There are basically two approaches for designing a data in-
tegration system. In the global-as-view (GAV) approach, one maps the
concepts in the global schema to views over the sources, whereas in the
local-as-view (LAV) approach, one maps the sources into views over the
global schema. The goal of this paper is to relate the two approaches with
respect to their expressive power. The analysis is carried out in a rela-
tional database setting, where both the queries on the global schema,
and the views in the mapping are conjunctive queries. We introduce
the notion of query-preserving transformation, and query-reducibility be-
tween data integration systems, and we show that, when no integrity con-
straints are allowed in global schema, the LAV and the GAV approaches
are incomparable. We then consider the addition of integrity constraints
in the global schema, and present techniques for query-preserving trans-
formations in both directions. Finally, we show that our results imply
that we can always transform any system following the GLAV approach
(a generalization of both LAV and GAV) into a query-preserving GAV
system.

1 Introduction

Data integration is the problem of combining the data residing at different
sources, and providing the user with a unified view of these data, called global
(or, mediated) schema [9]. The global schema is therefore the interface by which
users issue their queries to the system. The system answers the queries by ac-
cessing the appropriate sources, thus freeing the user from the knowledge on
where data are, and how data are structured at the sources.

The interest in this kind of systems has been continuously growing in the
last years. Many organizations face the problem of integrating data residing
in several sources. Companies that build a Data Warehouse, a Data Mining,
or an Enterprise Resource Planning system must address this problem. Also,
integrating data in the World Wide Web is the subject of several investigations
and projects nowadays. Finally, applications requiring accessing or re-engineering
legacy systems must deal with the problem of integrating data stored in pre-
existing sources.
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The design of a data integration system is a very complex task, which com-
prises several different issues [10]. One of the most important aspect is the spec-
ification of the mapping between the global schema and the sources, and the use
of such a specification for carrying out query processing.

Two basic approaches have been used to specify the mapping between the
sources and the global schema [9, 11, 12]. The first approach, called global-as-
view (or simply GAV), requires that the global schema is expressed in terms of
the data sources. More precisely, to every element of the global schema, a view
over the data sources is associated, so that its meaning is specified in terms of the
data residing at the sources. The second approach, called local-as-view (LAV),
requires the global schema to be specified independently from the sources. In
turn, the sources are defined as views over the global schema. The relationships
between the global schema and the sources are thus established by specifying the
information content of every source in terms of a view over the global schema.

Intuitively, the GAV approach provides a method for specifying the data inte-
gration system with a more procedural flavor with respect to the LAV approach.
Indeed, whereas in LAV the designer of the data integration system may con-
centrate on specifying the content of the source in terms of the global schema,
in the GAV approach, one is forced to specify how to get the data of the global
schema by queries over the sources.

A comparison of the LAV and the GAV approaches is reported in [16]. It is
known that the former approach ensures an easier extensibility of the integration
system, and provides a more appropriate setting for its maintenance. For exam-
ple, adding a new source to the system requires only to provide the definition of
the source, and does not necessarily involve changes in the global view. On the
contrary, in the GAV approach, adding a new source may in principle require
changing the definition of the concepts in the global schema.

It is also well known that processing queries in the LAV approach is a difficult
task [15, 16, 8, 1, 7, 3, 4]. Indeed, in this approach, the only knowledge we
have about the data in the global schema is through the views representing
the sources, and such views provide only partial information about the data.
Since the mapping associates to each source a view over the global schema, it
is not immediate to infer how to use the sources in order to answer queries
expressed over the global schema. Thus, extracting information from the data
integration system is similar to query answering with incomplete information,
which is a complex task [17]. On the other hand, query processing looks much
easier in the GAV approach, where we can take advantage that the mapping
directly specifies which source queries corresponds to the elements of the global
schema. Indeed, in most GAV systems, query answering is based on a simple
unfolding strategy.

Besides the above intuitive considerations, a deep analysis of the differ-
ences/similarities of the two approaches is still missing. The goal of this pa-
per is to investigate on the relative expressive power of the LAV and the GAV
approaches. In particular, we address the problem of checking whether a LAV
system can be transformed into a GAV one, and vice-versa. Obviously, we are
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interested in transformations that are equivalent with respect to query answer-
ing, in the sense that we want that every query posed to the original system has
the same answers when posed to the new system. To this end, we introduce the
notion of query-preserving transformation, and the notion of query-reducibility
between classes of data integration systems. Results on query reducibility from
LAV to GAV systems may be useful, for example, to derive a procedural spec-
ification from a declarative one. Conversely, results on query reducibility from
GAV to LAV may be useful to derive a declarative characterization of the content
of the sources starting from a procedural specification.

We study the problem in a setting where the global schema is expressed in
the relational model, and the queries used in the integration systems (both the
queries on the global schema, and the queries in the mapping) are expressed in
the language of conjunctive queries. We show that in such a setting none of the
two transformations is possible. On the contrary, we show that the presence of
integrity constraints in the global schema allows reducibility in both directions.
In particular, inclusion dependencies and a simple form of equality-generating
dependencies suffice for a query-preserving transformation from a LAV system
into a GAV one, whereas single head full dependencies are sufficient for the other
direction. Finally, we introduce the GLAV approach, where both LAV and GAV
assertions are allowed in the mapping, and illustrate how to adapt the technique
from LAV to GAV to devise a query-preserving transformation from GLAV to
GAV.

Also, the results presented in the paper shows that techniques for answering
queries under integrity constraints are relevant in data integration. In particular,
several approaches to answering queries under different forms of dependencies
have been proposed in the last years (see for example [14]). Our results imply
that these approaches can be directly applied to query answering in LAV, GAV,
and GLAV systems with inclusion dependencies. Data integration is thus a good
candidate as an application for experimenting these techniques in real world
settings.

The paper is organized as follows. In Section 2 we describe the formal
framework we use for data integration, and we introduce the notions of query-
preserving transformation, and of query-reducibility between classes of data in-
tegration systems. In Section 3 we show that in the relational model without
integrity constraints, the classes of LAV and GAV systems are not mutually
query-reducible. In Section 4 we present the results on query-reducibility in the
case where integrity constraints are allowed in the global schema. Finally, Sec-
tion 5 concludes the paper with a discussion on the GLAV approach.

2 Framework for Data Integration

We set up a formal framework for data integration in the relational setting. We
assume that the databases involved in our framework are defined over a fixed
(infinite) set ∆ of objects. A database DB for a relational schema R is a rela-
tional structure (∆DB, ·DB) over R with ∆DB ⊆ ∆. When needed, we denote
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a relation r of arity n by r/n. Given a query q over DB, we denote by qDB the
set of tuples of objects in ∆DB obtained by evaluating q over DB, i.e., the set
of answers to q over DB. In particular, we focus on conjunctive queries (CQs)
with equality atoms and constants. We denote a CQ of arity n over a relational
schema R as

{ 〈X1, . . . , Xn〉 | ϕ(X1, . . . , Xn, Y1, . . . , Ym) }
where X1, . . . , Xn are the distinguished variables (not necessarily pairwise dis-
tinct), Y1, . . . , Ym are the existentially quantified non-distinguished variables, and
ϕ(X1, . . . , Xn, Y1, . . . , Ym) is a conjunction of atoms over predicate symbols in
R, involving constants, and the variables X1, . . . , Xn, Y1, . . . , Ym. For a relation
r/n, we write the CQ {〈X1, . . . , Xn〉 | r(X1, . . . , Xn)} simply as r.

We consider also constraints over a relational schema. In particular, we con-
sider inclusion dependencies, simple equality-generating dependencies, and single
head full dependencies [2]. Given a relation r and a tuple A of distinct attributes
of r, we denote the projection of r over A by r[A]. Similarly, given a tuple t
of r, we denote the projection of t over A by t[A]. An inclusion dependency is
a dependency of the form r[A] ⊆ r′[A′], where r and r′ are two relations of
a relational schema R and A and A′ are two sequences of distinct attributes
of the same arity, belonging to r and r′ respectively. A database DB satisfies
r[A] ⊆ r′[A′] if r[A]DB ⊆ r′[A′]DB. A simple equality-generating dependency
has the form r → A = A′, where r is a relation of a relational schema R, and A
and A′ are two distinct attributes of r. A database DB satisfies r → A = A′ if
for every tuple t ∈ rDB, it holds that t[A] = t[A′]. A single head full dependency
has the form q ⊆ r, where r is a relation of a relational schema R and q is a
conjunctive query over R of the same arity as r. A database DB satisfies q ⊆ r
if qDB ⊆ rDB.

A data integration system I is a triple 〈G,S,M〉, where
– G is the global schema, expressed in the relational model, possibly with con-
straints.

– S is the source schema, also expressed in the relational model.
– M is the mapping between G and S, constituted by a set of assertions of
the form

qS ⊆ qG

where qS and qG are two queries of the same arity, respectively over the
source schema S and over the global schema G.

Intuitively, the source schema describes the schema of the data sources, which
contain data, while the global schema provides a reconciled, integrated, view of
the underlying sources. The assertions in the mapping establish the connection
between the relations of the global schema and those of the source schema.
As typical in data integration, we consider here mappings that are sound, i.e.,
the data provided by the queries over the sources satisfy the queries over the
global schema, but do not necessarily characterize completely the answer of the
queries over the global schema [16, 9, 7]. User queries are posed over the global
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schema and are answered by retrieving data from the sources, making use of the
mapping.

Two basic approaches for specifying the mapping have been proposed in the
literature: global-as-view (GAV) and local-as-view (LAV) [16, 9]. In the GAV
approach, the mappingM associates to each relation g in G a query �S(g) over
S, i.e., a GAV mapping is a set of assertions, one for each relation g of G, of the
form

�S(g) ⊆ g

In the LAV approach, the mappingM associates to each relation s in S a query
�G(s) over G, i.e., a LAV mapping is a set of assertions, one for each relation s
of S, of the form

s ⊆ �G(s)

Observe that in both cases we associate to a relation (either global or local)
a single query. We call GAV (with constraints) the class of integration systems
(with constraints) with a GAV mapping. Similarly for LAV (with constraints).

Given an integration system I = 〈G,S,M〉, we call source database (for I),
a database for the source schema S, and global database (for I) a database for
G satisfying the constraints of G. Let D be a source database. A global database
B satisfies an assertion qS ⊆ qG inM with respect to D, if qDS ⊆ qBG . The global
database B is said to be legal for I with respect to D, if it satisfies all assertions
in the mapping M with respect to D. Observe that, in general, several global
databases exist that are legal for I with respect to D.

Queries posed to an integration system I are expressed in terms of the re-
lations in the global schema of I. Given a source database D for I, the answer
qI,D to a query q to I with respect to D, is the set of tuples t of objects in D
such that t ∈ qB for every global database B legal for I with respect to D. The
set qI,D is called the set of certain answers of q to I with respect to D.

Given two integration systems I = 〈G,S,M〉 and I ′ = 〈G′,S,M′〉 over the
same source schema S and such that all relations of G are also relations of G′,
we say that I ′ is query-preserving with respect to I, if for every query q to I
and for every source databases D for S, we have that

qI,D = qI
′,D

In other words, we say that I ′ is query-preserving with respect to I if, given
a query over the global schema of I, the certain answers we get for the query on
the two integration systems are identical.

To compare classes of integration systems, we introduce the concept of query-
reducibility. A class C1 of integration systems is query-reducible to a class C2 of
integration systems if there exist a function f : C1 → C2 such that, for each
I1 ∈ C1 we have that f(I1) is query-preserving with respect to I1.

3 Comparing LAV and GAV without Constraints

In this section we consider data integration systems without constraints in the
global schema. We want to check whether any GAV system can be transformed
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into a LAV one which is query-preserving wrt it, and vice-versa. We show that
both transformation are not feasible.

We begin with the transformation from LAV to GAV.

Theorem 1. The class of LAV data integration systems is not query-reducible
to the class of GAV systems.

Proof. We prove the theorem by exhibiting a particular LAV system I =
〈G,S,M〉, a source database D for S, and a set of queries such that, for any
GAV system I′ = 〈G′,S,M′〉, the certain answers of the queries wrt D differ in
I and I ′.

The LAV system I is as follows. The global schema G is constituted by g1/2
and g2/2, while the source schema S is constituted by a single relation s/2. The
mappingM is

�G(s) = {〈X,Y 〉 | g1(X,Z) ∧ g2(Z, Y )}
By contradiction, assume there is a GAV system I′ = 〈G′,S,M′〉 that is query-
preserving with respect to I. Observe that, since no constraints are allowed in
the global schema, the introduction of a new relation in G′ is useless if we want to
construct a system that is query-preserving wrt I; in fact, the newly introduced
predicates could not be related to g1 and g2. Therefore, we can assume that
G′ = G. It follows that the mappingM′ has the form

�S(g1) = {〈X,Y 〉 | ξ1(X,Y, Z1, . . . , Zk1 , c1, . . . , ch1)}
�S(g2) = {〈X,Y 〉 | ξ2(X,Y,W1, . . . ,Wk2 , d1, . . . , dh2)}

where ξ1 and ξ2 are conjunctions of atoms over the only relation s, Z1, . . . , Zk1

and W1, . . . ,Wk2 are existentially quantified variables, and c1, . . . , ch1 and
d1, . . . , dh2 are constants of ∆.

We take the source database D to be such that sD = {〈a, b〉}, where a and b
are two constants, and we consider the following queries:

q1(X,Y ) = {〈X,Y 〉 | g1(X,Z) ∧ g2(Z, Y )}
q2(X,Y ) = {〈X,Y 〉 | g1(X,Y )}
q3(X,Y ) = {〈X,Y 〉 | g2(X,Y )}

The certain answers of q1, q2, and q3 to I wrt D are the following: qI,D
1 = 〈a, b〉,

qI,D
2 = ∅, and qI,D

3 = ∅.
If one of �S(g1)D or �S(g2)D is non-empty, we have that one of qI

′,D
2 or qI

′,D
3

is non-empty, and hence a contradiction. When both �S(g1)D and �S(g2)D are
empty, we immediately obtain that qI

′,D
1 = ∅. Contradiction.

This result shows that the mechanism of query answering in LAV cannot be
directly simulated by the corresponding mechanism in GAV, which is basically
unfolding, i.e., the substitution in the user query of the global relations with
their definition given by the mapping.

We now turn to the transformation from GAV to LAV.
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Theorem 2. The class of GAV data integration systems is not query-reducible
to the class of LAV systems.

Proof. We exhibit a particular GAV system I = 〈G,S,M〉 and a query such
that, for any LAV system I ′ = 〈G′,S,M′〉 we can construct a source database
D for S such that the certain answers of the query to I and I ′ differ wrt D.

Let I be as follows. The global schema G is constituted by a single relation
g/2, while the source schema S is constituted by s1/2 and s2/2. The mapping
M is

�S(g) = {〈X,Y 〉 | s1(X,Z) ∧ s2(Z, Y )}
As in the previous case, we observe that the introduction of new relations in G′
is not significant if we want to construct a system that is query-preserving wrt
I. Hence we assume that G′ = G, and the mappingM′ has the form

�G(s1) = {〈X,Y 〉 | η1(X,Y, Z1, . . . , Zk1 , c1, . . . , ch1)}
�G(s2) = {〈X,Y 〉 | η2(X,Y,W1, . . . ,Wk2 , d1, . . . , dh2)}

where η1 and η2 are conjunctions of atoms over the only relation g, Z1, . . . , Zk1 ,
W1, . . . ,Wk2 are existentially quantified variables, and c1, . . . , ch1 , d1, . . . , dh2 are
constants in ∆.

We define the source database D such that sD1 = {〈a, b〉} and sD2 = {〈b, c〉},
where a, b, and c are constants, distinct from c1, . . . , ch1 , d1, . . . , dh2 . Consider
the query

q(X,Y ) = {〈X,Y 〉 | g(X,Y )}
whose certain answers in I are {〈a, c〉}.

Let I′ = 〈G′,S,M′〉 be a LAV system. We show that 〈a, c〉 �∈qI′,D, by
constructing a global database B′ which satisfiesM′ wrt D and such that 〈a, c〉 �∈
qB

′
. We construct gB

′
as follows. We associate to each variable or constant V

appearing in the definition of �S(s1) a distinct constant ψ(V ), such that ψ(X) =
a, ψ(Y ) = b, and ψ(V ) = V if V is a constant. Then, for each atom g(V1, V2)
appearing in �S(s1), we add the tuple 〈ψ(V1), ψ(V2)〉 to gB

′
. We do the same for

�S(s2), with ψ(X) = b and ψ(Y ) = c. Such a construction of gB
′
ensures that

〈a, c〉 �∈gB′
(by construction) and that B′ is legal for I ′ wrt D, as 〈a, b〉 ∈ sB

′
1

and 〈b, c〉 ∈ sB
′

2 . Therefore 〈a, c〉 �∈qI′,D. This proves the claim.

This result shows that we are not able to deduce the information of a LAV
mapping, which specifies the role of each source relation wrt the global schema,
from the information contained in a corresponding GAV mapping, which gives
direct information on how query answering may be performed.

4 Comparing LAV and GAV with Constraints

We address the question of query-reducibility in the case where integrity con-
straints are allowed in the global schema.
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One direction is almost immediate: single head full dependencies suffice for
query-reducibility from GAV systems to LAV systems. Indeed, if I = 〈G,S,M〉
is a GAV system, we define a corresponding LAV system I′ = 〈G′,S,M′〉 as
follows. For every source relation s in S, we define a corresponding new rela-
tion gs in G′, and we include in M′ the assertion s ⊆ �G(gs). Now, for every
�S(g) ⊆ g inM, we introduce in G′ the single head full dependency ρ′S(g) ⊆ g,
where ρ′S(g) denotes the conjunction obtained from ρS(g) by substituting every
atom s(x1, . . . , xn) with gs(x1, . . . , xn). It is easy to see that the resulting data
integration system I ′ = 〈G′,S,M′〉 is a LAV system, and that the transforma-
tion is query-preserving. Observe also that the size of I ′ is linearly related to
the size of I.

We now turn to the question of reducing LAV systems to GAV systems.
We show that, when inclusion and simple equality generating dependencies are
allowed on the global schema, we can obtain from every LAV system a query-
preserving GAV system. Let I = 〈G,S,M〉 be a LAV integration system. With-
out loss of generality, we can assume that no equality atoms appear in the con-
junctive queries in the mappingM. We define a corresponding GAV integration
system I′ = 〈G′,S,M′〉 as follows. For technical reasons, we first rewrite all
queries in the mappingM so that variables appear in each atom at most once,
by adding suitable equalities to the body of the queries. For example, the query
{〈X〉 | cites(X,X)} is rewritten as {〈X〉 | cites(X,Y ) ∧ Y = X}.

Then I is as follows:

– The set of sources S remains unchanged.
– The global schema G′ is obtained from G by introducing:
• a new relation image s/n for each relation s/n in S;
• a new relation expand s/(n+m) for each relation s/n in S, where m is
the number of non-distinguished variables of �G(s); we assume variables
in �G(s) to be enumerated as Z1, . . . , Zn+m, with Z1, . . . , Zn being the
distinguished variables;

and by adding the following dependencies:
• for each relation s/n in S we add the inclusion dependency

image s[1, . . . , n] ⊆ expand s[1, . . . , n]

• for each relation s in S and for each atom g(Zi1 , . . . , Zik
) occurring in

�G(s), we add the inclusion dependency

expand s[i1, . . . , ik] ⊆ g[1, . . . , k]

• for each relation s in S and for each atom Zi = Zj occurring in �G(s),
we add the simple equality generating dependency

expand s → i = j

– The GAV mappingM′ associates to each global relation image s the query

�S(image s) = s

and to the remaining global relations the empty query.
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It is immediate to verify the following theorem.

Theorem 3. Let I be a LAV integration system, and I′ the corresponding GAV
integration system defined as above. Then I′ can be constructed in time that is
linear in the size of I.

We illustrate the transformation with an example.

Example 1. Consider a LAV integration system I = 〈G,S,M〉 where:
– The global schema G is constituted by the relations cites/2, expressing that
a paper cites another paper, and sameTopic/2, expressing that two papers
are on the same topic.

– The source schema S is constituted by three relations: source1, containing
pairs of papers that mutually cite each other; source2, containing pairs of
papers on the same topic, each with at least one citation; and source3, con-
taining papers that cite themselves.

– The LAV mappingM between the source schema and the global schema is:

�G(source1) = {〈X,Y 〉 | cites(X,Y ) ∧ cites(Y,X)}
�G(source2) = {〈X,Y 〉 | sameTopic(X,Y ) ∧ cites(X,Z) ∧ cites(Y,W )}
�G(source3) = {〈X〉 | cites(X,Y ) ∧X = Y }

Then the corresponding GAV integration system I ′ = 〈G′,S,M′〉 is as follows:
– The source schema S remains unchanged.
– The global schema G′ is constituted by the relations cites/2,

sameTopic/2 as before, and the additional relations image source1/2,
image source2/2, image source3/1, expand source1/2, expand source2/4,
and expand source3/2. Moreover, G contains the following inclusion
dependencies:

image source1[1, 2] ⊆ expand source1[1, 2]
image source2[1, 2] ⊆ expand source2[1, 2]
image source3[1] ⊆ expand source3[1]
expand source1[1, 2] ⊆ cites[1, 2]
expand source1[2, 1] ⊆ cites[1, 2]
expand source2[1, 3] ⊆ cites[1, 2]
expand source2[2, 4] ⊆ cites[1, 2]
expand source3[1, 2] ⊆ cites[1, 2]
expand source2[1, 2] ⊆ sameTopic[1, 2]
expand source3 → 1 = 2

– The GAV mappingM′ is

�S(image sourcei) = sourcei, i ∈ {1, 2, 3}
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We now show that the LAV integration system I and the corresponding
GAV integration system I′ obtained as above are indeed query-equivalent. The
proof is based on the observation that both integration systems I and I′ can be
captured by suitable logic programs (we refer to [13] for notions relative to logic
programming).

We first concentrate on GAV systems. The logic program PI′ associated to
a GAV system I ′ = 〈G′,S,M′〉 is defined as follows:

– For each inclusion dependency g1[A] ⊆ g2[B] in G′, where A and B are sets
of attributes, we first introduce a “pseudo-rule” of the form (assuming for
simplicity that the attributes in A and B are the first h ones in g1 and g2,
respectively):

g2(X1, . . . , Xh, Xh+1, . . . , Xn) ← g1(X1, . . . , Xh, Yh+1, . . . , Ym)

Then, for each simple equality generating dependency in G of the form g2 →
i=j, we substitute in the above pseudo-rule each occurrence of Xj with Xi.
We skolemize the resulting pseudo-rule, obtaining a rule of the form

g2(Z1, . . . , Zk, fk+1(Z1, . . . , Zk), . . . , fn(Z1, . . . , Zk)) ← g1(Z1, . . . , Zk,
Wk+1 . . . ,Wm)

where each fi is a fresh Skolem function.
– For each assertion �S(g) ⊆ g in the mapping M′, where �S(g) =
{〈X1, . . . , Xn〉 | ϕ(X1, . . . , Xn, Yn+1, . . . , Ym)}, we have a rule of the form

g(X1, . . . , Xn) ← ϕ(X1, . . . , Xn, Yn+1, . . . , Ym)

with the proviso that, if a simple equality generating dependency applies
to g, then we have to equate the appropriate variables.

In addition, the relations in S can be seen as predicates that are given exten-
sionally. That is, a source database D for I′ can be seen as a finite set of ground
facts in logic programming terms.

By applying results from logic programming theory [13], we can show the
following lemma.

Lemma 1. Let I′ be a GAV integration system, D a source database for I ′, PI′

the corresponding logic program as defined above, and Mmin the minimal model
of PI′ ∪D. Then, given a query q over G′, for every tuple 〈c1, . . . , cn〉 of objects
in D we have that

〈c1, . . . , cn〉 ∈ qI,D if and only if 〈c1, . . . , cn〉 ∈ qMmin

Proof (sketch). By considering the semantics of constraints in G′, and the
corresponding translation in PI′, it can be shown that the certain answers of q
to I ′ wrt D are those that are correct answers to q for the logic program PI′∪D.
The claim follows from the classical result in logic programming that the correct
answers to a logic program are those that are true in the minimal model.
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In other words, for GAV integration systems, the tuples of constants in the
certain answer to a query q are equal to those that satisfy q in the minimal
model of the corresponding logic program.

Let us turn to LAV integration systems. Without loss of generality, we can
assume that equality generating dependencies have been folded into queries by
suitably renaming variables. Given a LAV integration system I, we can define
an associated logic program PI by introducing rules for dependencies as before,
and by treating queries in the mapping as done in [5]. In particular, given the
query associated to source s (for simplicity of presentation, we assume s to be
a unary relation and the relations in the query to be binary)

�G(s) = {〈X〉 | g1(X,Y1) ∧ · · · ∧ gk(X,Yk)}
by applying skolemization we get

�G(s) = {〈X〉 | g1(X, f1(X)) ∧ · · · ∧ gk(X, fk(X))}.
Then, we can introduce in PI the following rules, derived from the skolemized
query:

g1(X, f1(X)) ← s(X)
· · ·

gk(X, fk(X)) ← s(X)

Based on the results in [5], we can prove also for LAV integration systems
a lemma analogous to Lemma 1.

Lemma 2. Let I be a LAV integration system, D a source database for I, PI
the corresponding logic program as defined above, and Mmin the minimal model
of PI ∪ D. Then, given a query q over G, for every tuple 〈c1, . . . , cn〉 of objects
in D we have that

〈c1, . . . , cn〉 ∈ qI,D if and only if 〈c1, . . . , cn〉 ∈ qMmin

In other words, also for LAV integration systems, the tuples of constants in the
certain answer to a query q are equal to those that satisfy q in the minimal
model of the corresponding logic program.

With these lemmas in place we can prove our main result.

Theorem 4. Let I be a LAV integration system, and I′ the corresponding GAV
integration system defined as above. Then I′ is query-preserving wrt I.

Proof (sketch). Let PI be the logic program capturing I and PI′ the logic
program capturing I ′. Then it is possible to show that, for every source database
D for I and every global relation g of the global schema G of I, we have (modulo
renaming of the Skolem functions) that

gMmin = gM ′
min

where Mmin and M ′
min are the minimal model of PI ∪ D and of PI′ ∪ D, re-

spectively. Hence, by considering Lemma 1 and Lemma 2, we get the claim.
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5 Discussion

In the previous sections we have studied the relative expressive power of the two
main approaches to data integration, namely, LAV and GAV. We have shown
that, in the case where integrity constraints are not allowed in the global schema,
LAV and GAV systems are not mutually query-reducible. On the other hand,
the presence of integrity constraints allows us to derive query-preserving trans-
formations in both directions.

In particular, we have demonstrated that inclusion dependencies and a simple
form of equality-generating dependencies in the global schema are sufficient for
transforming any LAV systems into a query-preserving GAV system whose size
is linearly related to the size of the original system. Interestingly, the technique
can be easily extended for transforming any GLAV system into a GAV one.

In the GLAV approach to data integration, the relationships between the
global schema and the sources are established by making use of both LAV and
GAV assertions [6]. More precisely, in a GLAV system, we associate a conjunc-
tive query qG over the global schema to a conjunctive query qS over the source
schema. Therefore, GLAV generalizes both LAV and GAV.

By exploiting the technique presented in Section 4, it is not difficult to see
that any GLAV system can be transformed into a query-preserving GAV one,
with the same technique presented above. The key idea is that a GLAV assertion
can be transformed into a GAV assertion plus an inclusion dependency. Indeed,
for each assertion

qS ⊆ qG

in the GLAV system (where the arity of both queries is n), we introduce a new
relation symbol r/n in the global schema of the resulting GAV system, and we
associate to r the query

�S(r) = qS

plus the inclusion
r ⊆ qS

Now, it is immediate to verify that the above inclusion can be treated exactly
with the same technique introduced in the LAV to GAV transformation, and
therefore, from the GLAV system we can obtain a query-preserving GAV system
whose size is linearly related to the size of the original system.
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Abstract. Integrating information from diverse sources is of great
importance in the database area. The main difficulty in information
integration is reconciling data semantics. Common approaches to
semantic reconciliation are based on first identifying similar entity
types in various sources, and then reconciling entity type properties
(attributes and relationships). Such approaches assume all instances to
be reconciled belong to well-defined types. We suggest an alternative
approach based on two fundamental principles. First, reconciliation
does not require that instances be assigned to specific types. Instead,
sources can be reconciled by analyzing similarities of properties.
Second, properties that appear different may be manifestations of a
higher-level property that has the same meaning across sources. We
present the fundamental ideas underlying our approach, analyze its
potential advantages, suggest how the approach can be formalized,
demonstrate with examples the feasibility of using it for semantic
reconciliation, and suggest directions for further research.

1 Introduction

The advent of database technology has led to a proliferation of independent
information sources as organizations develop databases for specific applications.
Often, information about the same (kinds of) entities is distributed among different
sources. Consequently it is necessary to combine or integrate data from these sources
to enable them to interoperate. Since different sources are developed independently,
integration typically involves resolving the semantics of the data in the separate
sources. Much of the semantics of data is carried in the conceptual schemas of the
sources. 

Several relatively recent phenomena have further increased the need for combining
information from multiple independent sources. First, the Internet has generated a
wealth of sources that can be accessed easily, but that were usually created
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completely independently and for different purposes. Often, these sources contain
information in the form of semi-structured data, where the underlying schemas may
only be partially or implicitly specified. Second, the growing tendency of
organizations to integrate their business processes by enabling their information
systems to communicate and exchange data has created the need to reconcile the
semantics of data in the communicating systems.

The recognition of the importance of integrating and reconciling data from
different sources has led to a great deal of work addressing this issue. However, there
appears to have been limited success in this area. According to Smith and Obrst,
while there has been progress in addressing �syntactical and structural aspects of
integration� no similar infrastructure is in place to help address [the] challenge of
semantic reconciliation� [22, p. 26].

We suggest that a root cause underlying the apparent lack of progress on semantic
integration is the absence of a strong theoretical foundation for understanding what it
means to combine/integrate/reconcile data from independent sources.

Common approaches to reconciliation rely on two fundamental assumptions.  First,
they assume that records in the sources include information about instances of entity
types or classes (e.g., �customer�).  This means that class reconciliation is a
precondition to reconciling data about instances.  Second, these approaches assume
that data elements in a source can be mapped into a well-defined semantic data model.
Such models typically employ constructs such as entities, relationships, and attributes.
Hence, prior to reconciling specific data elements (or groups of elements) one would
need to map them into semantic constructs. However, it is well known that the same
piece of information might be represented using different semantic constructs (e.g. an
entity type or an attribute). Thus, the need to resolve construct mismatches adds a
level of complexity to the reconciliation process, even before one can explore
similarities in meanings among the various sources.

In this paper, we contend that a more fruitful approach to semantic reconciliation is
to focus first on reconciling the meaning of attributes.  Based on this idea, we suggest
a theoretical foundation for reconciliation, describe an approach to attribute-based
reconciliation, and indicate the potential usefulness of the approach by demonstrating
how one can apply it to query data distributed over heterogeneous sources.

2 Semantic Interoperability in Heterogeneous Systems

Research on semantic interoperability addresses the practical need to combine
information from several independent sources that pertain to a common underlying
subject domain, but that differ in the way they represent the semantics of that domain.
Different sources might differ on implementation technologies, underlying data
models, the approaches used to map the subject domain into the data structures, or on
their views of the subject domain.

As mentioned above, the challenges of semantic interoperability have received
renewed attention with the growth and evolution of the Internet.  In that environment,
sources typically are independent of each other and tend to lack the degree of
structure found in traditional databases.
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In this section, we review research on semantic interoperability in both these
domains.

2.1 Semantic Interoperability in Databases

Traditionally, organizations have maintained their data in highly structured
repositories that provide logical structures to facilitate transaction processing and/or
query operations.  The hierarchical, network, and relational models of data reflect an
evolution of logical data structures that offer increasing flexibility in accessing and
using data resources.

The independent development of applications to serve different needs inevitably
leads to semantic heterogeneity.  There are three main sources of difficulties in
reconciling the semantics of independent data sources.  First, information sources may
be based on different data models.  For example, information from a data source
based on the relational model may need to be combined with information from a
source based on an object-oriented model.  Second, different information sources may
contain different semantics reflecting the views and needs of the users for whom the
source was developed. Third, the data may lack a well-defined schema based on a
data model.  For example, a semi-structured XML document may include untagged
textual information.

Most of the existing work on semantic reconciliation has been in the area of
traditional structured databases.  Early work addressed schema integration and
focused on the development of a unified global schema [1], [20]. Such an approach is
termed tightly coupled.  The practical difficulty of developing global schemas and the
need to preserve component database autonomy led to loosely coupled multidatabase
approaches that map component databases onto a canonical data model [12].  In
addition to approaches that focus on data model structure, additional work has
focused on: identifying types of semantic conflict and suggesting mechanisms for
reconciling differences [15], [17]; using the notion of semantic values to provide a
context for reconciliation [21]; reconciling information represented as data or as
schema in different sources [14]; using statistical and other approaches to measure
affinity or similarity to resolve heterogeneity [4], [5], [8], [10]; using semantic
networks to detect and resolve heterogeneities among component databases [11]; and
separating heterogeneity in the semantics of data from heterogeneity in the
representation of data [19]. One large-scale application was work done on US Air
Force flight operations databases by the MITRE Corporation [7]. That work focused
on attribute matching and used similarities between data element names and statistics
about data element values to identify similarities in meaning.

2.2 Semantic Interoperability in Semi-structured Sources

Research to support semantic heterogeneity in semi-structured sources originated in
digital libraries [16], addressing such issues as developing query languages to search
documents containing some structured elements [6].  More recent work has largely
focused on resolving heterogeneity by developing and using specific domain
ontologies onto which document concepts can be mapped [9], [13], [23].
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In the remainder of this paper, we focus on resolving semantic heterogeneity in
structured sources; however, we believe the approach can also be applied to support
interoperability in semi-structured sources.

3 The Root Problem and a Candidate Resolution

Semantic reconciliation involves mapping and matching the meaning of terms in
different sources. Since various sources might employ different data models that use
different representation constructs (e.g. the relational model versus some object-
oriented models) the same terms might refer to different constructs. This can be
termed the data model commitment problem, and its solution requires the resolution of
structural heterogeneity prior to the consideration of semantic heterogeneity.

The need to do semantic reconciliation emerges because sources might impose
different views of the domain being represented. In particular, sources might differ in
the choice of classes or types into which entities or objects are organized. Such
models incorporate a class commitment, in which information about individual
entities (or objects) is tied to the entity types (or classes) to which the entities (or
objects) belong.

Anchoring representation to classes, while widely practiced, creates numerous
problems in information modeling and database operations within a single source
database.  A possible solution is to separate the way instances and properties are
represented in the database from any specific classification [18].  Classes can then be
defined as a second �layer� above the instances and their properties.  Similarly, we
claim that semantic integration can benefit by alleviating the problems resulting from
binding instances to classes. Thus, in the following we propose how to extend the
two-layer foundation to support reconciliation of data from multiple sources.

Our approach is based on three observations:

Observation 1. Irrespective of the problems of data model commitment and class
commitment, what is common to databases is that they represent information about
individual entities or things [18].  This information can reflect either the state of
entities or changes to this state. In either case, information is stored as data items
reflecting attributes of entities.

Observation 2. Although data models exhibit class commitment, designers use
attributes to identify similarity of entities. Entity types are represented in terms of
attributes shared by groups of entities.

Observation 3. Data attributes in different sources that appear to be different may
represent the same concept at a more generic level.  For example, in two independent
sources, the attributes �customer number� and �telephone number� may be used to
realize the more general concept of an �entity identifier�.

We contend that these three observations provide a basis for resolving semantic
heterogeneity in both structured databases and semi-structured information sources.

In particular, they point to the importance of attributes for semantic reconciliation.
This is consistent with the observation made by Clifton et al: �Perhaps the most basic
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problem in database integration is determining attribute correspondences: what
attributes (e.g., columns in a relational table) in two databases reflect the same kind of
real-world information� [7, p. 1]. Furthermore, since virtually all data models include
attributes as a fundamental construct, focusing on attributes can also serve to alleviate
the data model commitment problem mentioned above.

4 Property Precedence as a Basis for Semantic Reconciliation

4.1 Foundations

In order to reconcile and integrate independent information sources, the semantics or
meaning of the data in each source must be established.  The meaning of data in a
database can only be established in terms of what the data represent. We therefore
begin by positing the following:

Premise. The contents of databases represent properties of individual things or
changes to these properties.

Based on this premise, we turn to ontology, which deals with concepts for
describing �what is out there� � in particular, things and their properties.  Since we
want our approach to be general (independent of any specific domain), we use a
generalized ontology of concepts (as opposed a specific domain ontology for some
subject matter).  We have chosen to adapt the Bunge-Wand-Weber (BWW) ontology,
which provides such a generalized set of concepts [2], [3], [26], [28]. Moreover, the
BWW ontology has been used to analyze and gain insights into a variety of
information systems and database concepts [18], [24], [25], [26], [27], [28].

In this subsection we present the ontological basis for our approach following
Parsons and Wand [18].1 Since we are interested in reconciling information sources,
we use our observations about the importance of attributes as a guide for choosing the
relevant ontological concepts. Nevertheless, the concepts below are ontological and
refer to �real world� domains, not to information sources.

Postulate*. The world is made of things that possess properties.

This postulate can be viewed as the underlying ontological justification for the
observation (see Section 3) that, regardless of data model, databases contain
information about the properties of things.  We assume databases represent human
perceptions of existing or possible worlds; hence things may have a real existence or
may be perceived. For example, both an existing and a planned product are
considered things.

Principle*. There are no things without properties and properties are always attached
to things [2, pp. 36, 58, 62].

Based on the observation (see Section 3) that attributes provide the basis for
determining the similarity of things in establishing entity types or classes, when
                                                          

1 Postulates and definitions adapted from Bunge�s model are indicated with *.
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organizing information there is a special interest in identifying which things possess
which properties.
Definition*. The scope of a property, P, is the set of things possessing the property,
denoted Scope(P).

Definition*. The form of a thing, x, is the set of properties possessed by the thing,
denoted Form(x).

The key to our approach to semantic reconciliation is the observation (see
Section 3) that attributes that appear to be different at one level can be regarded as the
same at a more abstract level. This idea is formalized via the notion of property
precedence.

Definition*. Let P1 and P2 designate two properties.  P1 will be said to precede P2 iff
every thing possessing P2 also possesses P1.

It follows from the definition that P1 precedes P2 if and only if the
Scope(P2)⊆Scope(P1).

For example, the property �move on land� precedes the properties �walk� and �run�
since every thing that can walk and every thing that can run, can move on land. The
set of things that run is a subset of the set of things that can move on land.

Definition.  Let P denote a set of properties, ℘(P) the power set (set of all subsets)
of P.  The preceding properties of a property P in P are all properties that must be
possessed by every instance possessing P.  That is, the function Preceding: P→℘(P),
such that Preceding(P)={Q∈P | Scope(Q) ⊇Scope(P)}.

Definition.  The preceded properties of a property P are all properties for which P is a
preceding property.  That is, the function Preceded: P→℘(P) such that
Preceded(P)={Q∈P | Scope(P) ⊇Scope(Q)}.

Recall our observation that a class (or type) in an information source is represented
in terms of a set of attributes.  All instances of a class possess these properties.
Precedence has special importance in the context of the relationship between
properties and classes (or entity types).  Often, classes are described by some generic
properties, while the instances possess specific different properties implying the
generic ones.  We say that the specific property manifests the generic one.

There are two main types of manifestation.  First, a given generic property can be
manifested by a specific value (termed value manifestation).  For example, having a
given weight is preceded by the property �has weight.�  Each instance having a
specific weight value can be a member of a class that includes in its definition �has
weight.�  Second, the generic property can be specialized in different ways (termed
specialization manifestation).  For example �moves on land� may be manifested as
�crawls,� �walks,� �hops,� or �runs.�  Animals propelling in one of these ways can be
members of a class that includes in its definition the property �moves on land.� Hence,
we define:

Definition. A manifestation of P in x is a property of x preceded by P.  The
manifestation of P in x is all properties of x preceded by P: Manifest(P,x) =
Preceded(P)∩Form(x).



Property-Based Semantic Reconciliation of Heterogeneous Information Sources      357

As noted, classes are often defined by generic properties (e.g. �having legs�) while
instances have specific properties (e.g. �having two legs�).  If a class includes in its
definition a property P, usually its instances will possess properties preceded by P,
each a manifestation of the property P for the instance.  When all manifestations are
taken from the same domain, the property of a given instance can be considered the
value of the generic property P (used to define the class) for the instance.  Thus,
manifestation can be considered a generalization of the notion of value of a given
(generic) property.  This generalization enables a representation of the specific
properties of an instance in terms of generic (preceding) properties of classes.  For
example, �has four legs� can be represented as (�has legs�, 4), and �being able to
propel by crawling� can be represented as (�propel on land�, �crawl�).

4.2 Toward a Precedence Algebra

As discussed above, classes are often defined in terms of generic properties while
instances possess manifestations of these properties. One source might contain
properties that are more generalized than the other. For example, a marketing
database might contain a field �age group� while a demographic database might
contain a field �age� (likely represented as birth date).

The following two lemmas establish some relationships between the observations
that can be made about general properties and the observations that can be made
about their manifestations.

Definition. A property G is termed fully manifested by a set of preceded properties S
iff every thing that possesses G possesses at least one of the properties in S.

For example, if there are only four ways for animals to propel on land, (i.e., S is the
set {�crawl�, �walk�, �hop�, �run�}), then the property �propel on land� (G) is fully
manifested by S.

Lemma 1. Let Si be a set of preceded properties of a property Gi.  If G2 is fully
manifested by S2, and for each property in S2 there is a preceding property in S1, then
G1 precedes G2.

This lemma enables the inference of precedence between general properties based
on the relationships between their manifestations.  For example, given a marketing
database containing the field �age group� and a demographic database containing the
field �age�, we may be interested in knowing if there is a precedence relation between
�age group� and �age.�  If there is a mapping from every age (e.g, 3) to a specific age
group (e.g., �toddler�), then �age group� precedes �age�.  Note that there generally will
not be a mapping from �age group� to �age�.

Lemma 2. Let Si be a set of preceded properties of a property Gi. Let G1 be a property
for which all instances have manifestation(s) (in S1).  If G2 is preceded by G1, then
each property in S2 is preceded by one or more properties in S1.

This lemma enables the inference of precedence between manifestations based on
the relationships between their general properties. For example, suppose that
�participating in an academic program� (G2) is preceded by �being a student� (G1).
Suppose further that the manifestations of G1 are �undergraduate� and �graduate� and
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that manifestations of G2 are {�accounting�, �engineering�, �MBA�, �counseling�}.
Lemma 2 enables us to infer that a student in one of the programs must be (at least) a
graduate or undergraduate student. While this conclusion might seem trivial when
dealing with a single source, it might not be so when the information comes from two
sources (e.g. a database of all who study in a university, and a source listing just those
students enrolled as graduates or undergraduates).

5 Using Precedence to Support Interoperability

5.1 Operational Similarity

The concept of precedence provides a useful foundation for supporting the joint use of
information from several sources. Consider an application that needs to use data from
several sources having different schemas.  Combining data from the various sources
will require the identification of data fields in the sources that have the same meaning.
According to our assumptions, the data in each source either describe properties of
things (instances), or changes to these properties.  Thus, we focus our attention on
identifying properties that are �similar� in some sense.

We propose that two properties, P1 and P2, will be considered similar if there exists
a property G that precedes both.  If P1 and P2 are similar in that sense, they can be
represented in the joint application as: (G, value=P1) and (G, value=P2), or, simply (G,
P1) and (G, P2).  Recall, the notion of value we are using is generalized, as it does not
imply all values are taken from the same domain. For example, a graduate student can
be defined in terms of having an advisor or in terms of being enrolled in some
program. Using this approach we can then consider G as the common property
represented in the data, and P1, P2 its manifestations. In turn, Pi can be further
manifested by a value (for example, the specific program in which the student is
enrolled).

To see how this approach can be used to integrate data, assume there are two
sources related to customer activity. In one source, customer activity is described in
terms of value of goods purchased per year. In the other source customer activity is
described in terms of number of purchase transactions per year.  One can query the
two databases by asking: �what is the activity of customer x?�  To describe the
possible answer, we use a notation whereby a more generic property appears to the
left of the less generic property (i.e., the manifestation (or value) can be embedded).
In the customer example, depending on the source, the answer for the above query
can be given in two ways: (activity, (value-of-goods, v)) or (activity, (number-of-
purchases, n)).

Furthermore, assume whether a customer is preferred or not depends on the level
of the activity (where the level is defined according to the manifestation of activity in
the source).  If one wants to inquire about all active customers, then the clause �where
customer-status = �preferred�� can be parsed in one source to �value >�� and in the
other to �number > ��.  Moreover, if one wants to list the status for all customers, the
status can be displayed with the complete list of manifestations, e.g. (�preferred�,
(value, v)). The list appearing to the right of a property can be termed the evidence, as
it shows how a higher-level property is obtained via a precedence sequence.
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5.2 A Precedence-Based Methodology for Supporting Interoperability

In order for the notion of precedence to serve as a practical basis for reconciling
sources to support interoperability, the sources will need to be examined to identify
precedence relationships. The following steps constitute a general method for
semantic reconciliation:

1. Identify all intra-source precedences for each available source.
2. Identify all inter-source precedences (i.e., where properties in one source

precede or are preceded by properties in another).
3. In cases where there are inter-source precedences, use the two lemmas

(subsection 4.2) to infer additional precedences or to seek precedences that
might exist.

a. Lemma 1 can indicate the highest-level property that can be used
for reconciliation. In cases where the conditions of Lemma 1
arise, identify G1 for reconciliation (it is the more generic).

b. Lemma 2 can be used to indicate that lower level properties in
one source can be viewed as manifestations of lower level
properties in the other.

5.3 Queries in a Precedence-Based Environment

In the following, we demonstrate what could be the results of a query applied to two
sources. Let the data in source 1 represent values (manifestations) of the generic
property G1 and the data in source 2 represent manifestations of the generic property
G2. Assume G1 precedes G2.

Consider the query: �Find all G1 values (for instances possessing G1)�. Table 1
shows what the results might look like.

Table 1. Possible results of querying two sources

Source Value and evidence* Comments
1 S1(1) G1 is the defining property. Need not be

reported.
1 ? No manifestation of G1 (although the instance

possesses it)
2 (S1(2),(G2,S2(3)) G1 precedes G2 and the manifestation S2(3)

implies S1(2)
2 (G2,?) Because G1 precedes G2 it is known that the

instance possesses G1, but the value of S1 is
not known because S2 is not known.

* Si(k) designates the k-th value of the possible manifestations of property Gi

To illustrate, we return to the student example mentioned earlier.  In source 1, all
instances are students (G1).  Source 2 contains the program of studies of a person
(G2). It is known that only students can be assigned a program of studies. Let:

S1 = {undergraduate, graduate}
S2 = {�accounting�, �engineering�, �MBA�, �counseling�}
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Lemma 2 indicates that knowing the value of S2 can, in principle, provide the value
of S1. Assume further analysis has found that �accounting� and �engineering� are
undergraduate programs, and �MBA� and �counseling� are graduate programs. Now,
consider the query: �list for each student whether they are graduate or undergraduate.�
Substituting in Table 1 the specific values of the two sources, we obtain:

Table 2. Possible results of querying two sources about students

Source Value and evidence* Comments
1 S1(1) undergraduate Being a student is the defining property. The

value for S1 is in the record in source 1 for this
student.

1 ? Whether the student is graduate or
undergraduate is unknown for this student.

2 (G1,(S1(2),G2,S2(3)))
(graduate,
(program,�MBA�))

Being in the MBA program implies being a
graduate student (the possibility of the
inference follows from Lemma 2).

2  (is in a program, ?) This person attends a program, thus is a
student, however, the program is not known.

*Si(k) designates the k-th value of the possible manifestations of property Gi

5.4 An Example

Consider the need to reconcile data from two sources. Assume source 1 includes
records of people who made purchases, but that only some are considered active
customers and have a customer number, implying having the property �has an
account.� Assume source 2 also includes records of people who have made purchases,
but includes �time of last purchase.�  Further assume that in source 2, purchasers are
considered active customers if time since last purchase is less than three months.

If one now lists the properties of all people who made purchases, one possible
generic property will be �being active.� There are two ways in which this property can
be manifested: In source 1: (�active�, �has an account�), and in source 2: (�active�,
�made purchase in the past three months�). Thus, this representation enables querying
the interoperated application on the property �active�.

Assume there are three other generic properties.  First, source 1 uses the property
�customer number� to identify some instances, while source 2 uses the property
�telephone number� to identify some instances.  These two types of unique identifiers
can be reconciled using a generic property �id� with two manifestations � in source 1
(id, �customer number�) and in source 2 (id, �telephone number�).  If one inquires
about the identity of a purchaser, depending on the source, the answer can be: (id,
(�customer number�, �12345�)) or (id, (�telephone number�, �987-6543�)).

The case of id is different than the previous one (of �active� customer), as
�customer number� and �telephone number� are not actual values, but a form of
intermediate property (i.e., each has both preceding and preceded properties).

Second, assume source 1 uses the property �age group� with values (�toddler�,
�child�, �youth�, �young adult�, �adult�, �mature adult�, �senior�), while instances in
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source 2 have the property �age� with a specific value.  These properties can be
reconciled by recognizing that a given value in �age group� precedes (i.e., is a generic
representation of) a group of values of �age.�  Thus, data in source 1 can be
represented as (�age group�, �child�), (�age group�, �youth�) and so on, while data in
source 2 can be transformed and represented as (age group, (�toddler� (age, �1�))),.
The sources can then be reconciled through the generic representation in source 1
(�age group�, �ag�), where �ag� denotes the age group and the evidence in terms of
actual age in source 2.  In this example, the sources contain different levels of
granularity (age groups versus specific ages), but they are still able to interoperate.
Furthermore, there is access to the more detailed data from source 2.

Third, assume source 1 includes �sales person id� while source 2 includes �sales
team number�. These can be reconciled as manifestation of a preceding property:
�sales contact�.

Based on the four properties, one can create a class:
Customer: (id, active, sales contact, age group)

Specific instances or records in source 1 can be represented as:
((id, (customer number, n)), (active, �has customer id�), (sales contact (sales person

id, p)), (age group, g)), where n, t, g, are specific values.
Specific instances or records in source 2 can be represented as:
((id, (telephone number, tn)), (active, (last purchase, �less than 3 months�)), (sales

contact, (sales contact (team, t))), (age group,(g, (age, a))), where tn, p, and a are
specific values.

This approach achieves what can be termed manifestation independence.  That is, it
supports using information from multiple sources independent of how generic
properties are manifested in the specific sources.

5.5 Implementation Issues

The application of the property-precedence approach to semantic reconciliation
requires a property precedence schema.  Within a single data source, precedences can
be identified in terms of subsumed scopes.  The scopes can be computed by
identifying, for each property, all instances possessing it (as suggested in the two-
layer approach of Parsons and Wand [18]).  We term the precedences within a source
the local precedence schema.  However, it might not be possible to infer all
precedences from the data.  The data may not be complete, leading to �spurious�
precedences that will disappear when more instances are known.  In addition, there
might exist additional knowledge about property precedence that was not used
originally to design the database.  Finally, the inter-source precedences cannot be
deduced by scanning multiple sources, as the data will need to be reconciled first, and
this is the issue we are trying to solve.

An approach to overcome this potential problem is to define, for a given domain, a
generic schema of accepted property precedences.  Such a schema can be considered
the property ontology of the domain. It captures an important aspect of the domain
semantics.  We term such a schema global precedence schema.  A global precedence
schema can be used to identify cases where a preceding property cannot be identified
in the local precedence schema because it is not directly relevant in a specific
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database.  Moreover, as more sources are interoperated, such a schema can evolve to
include more generic properties.

In a practical situation, such a global precedence schema might be operated by an
independent party and act as a precedence broker.  A multi-source application can
identify possible generic properties by querying the precedence broker about
precedences within and across sources.

To demonstrate the use of a precedence broker, consider two sources about species
of animals native to different countries.  These sources keep information about
physical characteristics such as limbs.  In source A, each animal has a property
indicating the number of limbs (e.g., �four limbs�), which is preceded by the property
�has limbs.�  Source B includes the generic properties �has wings,� �has arms,� and
�has legs�.  These generic properties in turn precede manifestations such as �two arms�
or �four legs.�

Consider a query to both sources about all species having a specified number of
limbs. Processing the query will require reference to the precedence relations
explicitly defined or implicit in each source.  In source A, the precedence relation �has
four limbs� → �has limbs�  (where → means �is preceded by�) will be explicit, since
both properties are defined. Source B, however does not contain a property meaning
�has limbs.�  Instead, it only contains precedences such as �has two wings� → �has
wings,� �has four legs� → �has legs,� �has two arms� → �has arms.� Thus, within the
context of this source, a query specifying the number of limbs is meaningless.

To facilitate information sharing between these sources, it may be necessary to
refer to a precedence broker containing generic precedence relations.  For example,
the broker may contain precedences such as �has legs� → �has limbs,� �has wings� →
�has limbs,� and �has arms� → �has limbs.�  These precedences will enable inferring
that instances in source B that possess properties preceded by �has limbs� should be
retrieved in any query involving the property �has limbs,� even though source B does
not contain that property.

6 Conclusions and Further Research

We propose the concept of property precedence as a novel approach to support the
reconciliation of semantics of properties across independent data sources.  The
approach can be used in both traditional structured databases and in emerging semi-
structured independent information sources on the Internet.

Further research is necessary to formalize the model and to more fully understand
its capabilities. The approach should be tested on a large practical example. As well,
work is needed to explore ways to implement the approach, to develop domain
specific property precedence schemas, and to evaluate their usefulness.  As well, there
are various additional kinds of precedence to be analyzed, in particular those related
to different manifestations of the same property.  As well, mutual properties (relating
two instances) need to be explored.  From an implementation point of view, XML-
style tagging can be explored as a way to represent precedence orders within
information sources.  The precedence broker architecture needs to be designed and
evaluated with respect to feasibility and practicality.
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Abstract. Many scientific databases need to manage complex 3D geo-
metric data such as models of the cerebral cortex. Often the complexity
of the data forces users to construct muliple, simpler representations,
which cover the real, complete model only partially and approximately.
In order to recover the original information one needs to integrate these
partial and incomplete models. In this paper, we first develop a concep-
tual model for objects and relationships in 3D geometric data, as well as
their partial and approximate representations. We then establish map-
ping relationships between different approximations of the same data.
Finally, we present a geometric information integration technique that
will perform the integration where possible, and determine, for some
cases, when the integration cannot be performed.

1 Introduction

In this paper, we study a general version of the problem of answering queries
using views ([8, 1, 2], see [6] for a recent survey) that arises in certain scientific
application that deal with complex geometric data models. Location-sensitive
data models were studied, for instance, in [7]. Our application context is that of
brain volume rendering, like magnetic resonance imaging (MRI), which are used
for studying abnormalities of the brain, planning surgery, and diagnosing. Often
these studies involve comparing the structure of certain brain regions under
different treatments, or for different patients. Informally expressed, a typical
query on a brain scan database is the following: Find the average thickness of
region A for patients over age 60, having Alzheimer’s disease, and showing no
shrinkage within 0.5 cm around region B

The cortex is a very complex geometric object, containing numerous folds,
troughs and crevices, making the measurement of even seemingly simple proper-
ties like distance between two points very complicated and inefficient to compute.
Consequently, different research groups have developed software to “simplify”
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the cortex geometry, by mapping the original cortex data to geometrically sim-
pler surfaces such as the sphere or the plane. Different representations may be
used to label, measure and visualize different properties of the cortex geome-
try. The convenience of using simplified representations, of course, comes at a
price: The distortion introduced during simplification may allow us to retrieve
the original value of a property only after some mathematical computation and,
often, within a certain error. More importantly, every simplification preserves
only certain properties of the original data, while others are lost. For example,
turning a cortex into a sphere preserves distances but loses the local curvature
of the cortical surface. Given an arbitrary query, it is necessary to first find a set
of usable representations from which each property (i.e., attribute) referred to
in the query can be faithfully retrieved. Thus, the problem of answering queries
using multiple representations, is akin to the problem of answering queries us-
ing views, but with the important distinction that the version of the attribute
seen in a representation, is not identical to the original attribute value but a
functional correlate of it.

The problem of re-writing queries using view has attracted a lot of attention
from researchers coming from two different perspectives: query optimization and
data integration [6], the point of view presented in this paper being closer to the
latter perspective. The main difference between the work presented here and
the existing research can be best summarized by making reference to a sentence
from [6]: talking informally of the conditions under which a given view can be
useful in answering a query, Halevy writes: a view can be useful for a query if
the set of relations it mentions overlaps with that of the query, and it selectes
some of the attributes selected by the query.

It is our contention that, in some scientific (and, more generally, numerical)
applications, this condition is too restrictive. In many cases of practical interest
(including our scenario), some of the attributes requested in the query are not
available from any of the representations, but can be computed starting from
attributes available from one or more representations. Taking a functional view
of representations allows us to include these cases.

In this paper, we reformulate the answering queries using views problem with
two modifications. On one hand, we allow for partial representations which are
not subsets of the conceptual model but which are related to it functionally.
On the other hand, our model allows to include considerations of geometric in-
variance in the representation: it may be possible in some cases to compute a
function both in the representation as in the conceptual model, but the two
functions can’t be related because the transformation between model and rep-
resentation doesn’t have the required invariance properties.

2 Preliminaries

Our domain model is a simple entity-relationship model, similar to that in
[4], M = (E,R,A), where E = {E1, . . . , En} is the set of entity types, R =
{R1, . . . , Rm} is the set of relations, A = {aik : Ei → Tik} is the set of entity
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attribute functions. For the sake of simplicity, we will not consider attributes on
relations. An n-ary relation will be represented as a monic from an index set to
the product space of the entity types it associates:

Ri : d→ Ei,1 × · · · × Ei,ri (1)

In the expression of a query involving the relation Ri we will often eliminate the
existential quantifier over the index d, and use the notation

R(e1 : E1, . . . , en : En) ≡ ∃d : R(d) = (e1, e2, . . . , en) (2)

Finally, we will consider conjunctive queries of the type

(a1, . . . , aa, β1, . . . βb)← R1(e11 : E11, . . . , e1m : E1m), . . .
Rn(en1 : En1, . . . , enm : E1m), c1, . . . , cp (3)

where the ci’s are conditions on the attributes of relations or entities. Note that
we don’t allow relation variables, but only entity variables.

The model we will use in the paper is a simple model of the cerebral cortex: in
which the cortex is represented as a surface (immersed in the three-dimensional
Euclidean space) divided into regions; selected points of each region have associ-
ated histological data, such as neuron density measurements, or data about the
neurons found in that region.

3 Representations

A representation M̂ q of a model M is defined as M̂q = (Êq, R̂q, Âq). Êq =
{Êq1 , . . . , Êqnq

} is the set of entity representations, R̂q = {R̂q1, . . . , R̂qmq
} is the

set of relation representations, and Â = {âqik : Êqi → T̂ qik} is the set of attribute
representations.

Definition 1. A representation M̂ q is legal if there exists a morphism φq such
that φq : Ei → Êqi , φ

q : Ri → R̂qi , φ
q : aik → âqik, and such that

– For every R̂qi the following diagram commutes:

d
Ri ��

id
��

E1 × · · · × Ep

φq×···×φq

��
d

R̂q
i

�� Êq1 × · · · × Êqp

(4)

– For every aqik there exist a function fqik : Tik → T̂ qik such that the following
diagram commutes:

Ei
aik ��

φq

��

Tik

fq
ik

��
Êqi âq

ik

�� T̂ik

. (5)
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If φq is an isomorphism, then the model M̂q is said to be faithful. Similarly
to the morphism φq between the conceptual model and its representation, it is
possible to define a morphism between two representations [3].

Definition 2. ψ is a morphism between the representation M̂q and the repre-
sentation M̂p, represented as M̂q ψ−→ M̂p if ψ : Êqi → Êpi , ψ : R̂qi → R̂pi ,
ψ : âqik → âpik, for every R̂

q
i the following diagram commutes:

d
R̂q

i ��

ψ

��

Êq1 × · · · × Êqn

ψ×···×ψ
��

d
ψR̂q

i

�� Êp1 × · · · × Êpn

, (6)

for every aqik there exist a function fqpik : T̂ qik → T̂ pik such that the following
diagram commutes:

Êqi
âq

ik ��

ψ

��

T̂ qik

fqp
ik

��
Êpi ψaq

ik

�� T̂ pik

(7)

whenever ψaqik is defined.

An ordering relation can be established between representations as follows:

Definition 3. Given two representations M̂q and M̂p, it is M̂q ≤ M̂p if, for

every morphism M̂q ψ−→ M̂p, there is M̂p ψ′
−→ M̂q such that ψ′ ◦ ψ = id.

This partial ordering between representations captures to a certain degree
the notion of “structural representativity” of a representation.

In many cases, the representation of a relation R̂qi is only partial, in the sense
that there exist tuples e1, . . . , en for which Ri(e1, . . . , en) hold, but such that the
relation R̂qi does not hold for the corresponding tuple (êq1, . . . , ê

q
n).

Example

Consider a model of the cerebral cortex, and a representation M̂ of the
cortical surface limited to the occipital cortex. The relation adjacent(e1, e2)
will only be represented if e1 and e2 are in the occipital cortex.

This kind of structural restriction of a relation is captured by the concept of
defining condition:
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Definition 4. Given a relation Ri and a representation R̂qi of that relation, let
P qi be a predicate on the entities that Ri relates, and let id|P q

i
: E1× · · · ×En →

E1×· · ·×En be the restriction of the identity of E1×· · ·×En to the set of entities
for which the predicate P qi is true. The predicate P

q
i is the defining condition for

the representation Rqi if it makes the following diagram commute:

d
Ri ��

φq

��

E1 × · · · × En
id|P q

i �� E1 × · · · × En

φq×···×φq

��

d̂
R̂q

i

�� Êp1 × · · · × Êpn

(8)

In terms of sets, this means that the the co-domain of the relation represen-
tation R̂qi is

cod(R̂qi ) = {(êi,1, . . . , êi,n) : êi,j = φq(ei,j) ∧ ei,j ∈ cod(Rqi ) ∧ P qi (ei,1, . . . , êi,n)}
(9)

Attributes that can’t be computed directly from a representation can some-
times be computed indirectly through a representation morphism. Given a rep-
resentation M̂q, the set of attributes directly computable from M̂q is

A0(M̂Q) = {aik : ∃âqik = φq(aij)} (10)

In order to define the set of attributes that can be computed indirectly from
the representation M̂q, it is first necessary to determine which relations can be
reached from M̂q in a given number of steps. The set of representations directly
reachable from M̂q in k steps (or k-reachable from M̂q) is:

Rk(M̂q) =
{
M̂r : ∃ψ1, . . . , ψk M̂

q ψ1◦...◦ψk−→ M̂r
}

(11)

while the set of k-reachable attributes is

Ak(M̂q) =
{
aik : ∃M̂rârik = φr(aij) ∧ M̂r ∈ Rk(M̂q)

}
(12)

The set of representations and the set of attributes reachable from M̂q will be
indicated with R∞(M̂q) and A∞(M̂q) respectively.

From a functional point of view, an attribute aik is k-reachable from the
representation M̂rk if there is a function h such that

Ei
aik ��

φr1

��

Tik

f

��
Êrk
i

h

��
ψk−1

�� · · · ψ2
�� Êr2i

ψ1
�� Êr1i

â
r1
ik �� T̂ r1ik

(13)
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An attribute which is not in A∞(M̂q) is said to be unreachable from M̂q, while
an attribute which does not belong to A∞(M̂q) for any available representation
M̂q is said to be hopeless. Any query involving hopeless attributes can’t be
answered given the available representations.

4 Query rewriting

In a typical database queries are given in terms of the conceptual model M . The
database, on the other hand, contains but a series of representations {M̂1, . . . , M̂r}
and a series of morphisms M̂ i ψij

−→ M̂ j between the representations.
In a rather general interpretation, a query can be formally defined as a partial

recursive function from databases to databases [5]. This definition assume that
the conceptual database is always isomorphic to its representation. In our case,
this is not true, and we must distinguish between an conceptual query and an
grounded query. A conceptual query is a partial recursive function from the set
of models to a result schema given by the signature of the set of attributes that
the query requires If Sr = (T1, . . . , Tr) is the result schema, a query is a function
Q : M → Sr. We will write a query as:

(ai1k1(ξ1), . . . , aiuku(ξu))← Rj1(ζ11, . . . , ζ1n), . . . , Rjp(ζp1, . . . , ζpn),
c1(ν11, . . . , ν1m), . . . , cv(νv1, . . . , νvm) (14)

Note that, for the sake of simplicity, we have assumed that all the relations are
n-ary, and that all the conditions depend on m variables. The variables ξi and
ζij take values in the set of entities, while the variables νij take value in the set
of attributes.

The grounding of a query over the set of representations {M̂1, . . . , M̂m} con-
sists in a representation function φi1×· · ·×φip and a query Q′ : M̂ i1×· · ·×M̂ ip →
Ŝr such that there is a function f for which the following diagram commutes:

M
Q ��

φi1×···×φip

��

Sr

M̂ i1 × · · · × M̂ ip
Q′

�� Ŝr

f

�� (15)

Query rewriting consists, given the model M and a query Q, in the determination
of a suitable set of representations M̂ i1×· · ·×M̂ ip and a query Q′ which grounds
the original query.

One way to transform the query Q into the query Q′ in a way that maintains
the commutativity of the diagram can be sketched as follows:

1. add formally a representation M̂0 isomorphic to M to the set of representa-
tion;

2. translate Q into a query Q′
0 expressed in terms of M̂0 (which is a grounding

of Q because of isomorphism);
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3. replace one relation of M̂0 with its representation taken from some M̂ i;
replace all the attributes in Ŝr that can be computed from M̂ i with the
corresponding representations;

4. if no relations and no attributes are computed in terms of M̂0, stop, otherwise
repeat the previous step.

The substitutions of step 2 come from a set of possible substitutions called
substitution opportunities, defined as follows:

Definition 5. A substitution opportunity is a query fragment including one
relation an w constraints:

Rk(ζk1, . . . , ζkn), c1(ν11, . . . , ν1m), . . . , cw(νw1, . . . , νwm) (16)

for which there is a representation M̂q such that:

1. R̂qk = φq(Rk) exists,
2. All the values of the variables that make c1, . . . , cw true also make the defining
condition P qk true.

The substitution of Rk with the representation R̂ik is indicated as (Rk, c1, . . . , cm) �
(R̂qk, c1, . . . , cm) or, if the conditions c1, . . . , cn can be omitted without causing
confusion, as Rk � R̂qk.

When we rewrite a query using a representation, it is important to guar-
antee that we don’t lose the possibility of computing attributes. The following
definition is related to the conditions under which this is guaranteed:

Definition 6. A substitution

(Rk(ζ1, . . . , ζn), c1, . . . , cm) � (R̂qk(ζq1 , . . . , ζn), c1, . . . , cm)

is strictly non-disruptive if the following condition is true:

For each variable ζi : Ei that doesn’t appear in any other relation but the
relation Rk that is being substituted, all the attributes aij(ζi) that appear
in the query can be computed from R̂qk, that is, aij(ζi) = f(âqij(ζi))

The substitution is weakly non-disruptive if each attribute aij(ζi) can be com-
puted indirectly from R̂qk, that is, aij ∈ A∞(M̂q)

The rationale of this definition is the following: if the only relation in which
the entity type Ei appears is replaced with a representation which does not
allow to compute the required attributes, then the attributes can no longer be
computed. Non-disruptiveness guarantees that all the attributes that can only
be computed from the replaced relation will be computable directly or indirectly
from the representation that replaces it.

The following property is the key for the application of substitution opera-
tions:

371Conceptual Integration of Multiple Partial Geometric Models   



Proposition 1. Let M̂0 Q−→ Sr be a query, and M̂0×M̂1×· · ·×M̂n−1 Q′
−→ Ŝr be

a grounding for it. Let M̂0× M̂1×· · ·× M̂n−1× M̂n Q′′
−→ Ŝr be a query obtained

from Q′ by a non-disruptive substitution (Rk, c1, . . . , cm) � (R̂k, c1, . . . , cm),
then Q′′ is a grounding of Q.

Proof (sketch). Assume, for the sake of simplicity, that the relation Rk is binary:
Rk(ζ1, ζ2), with ζ1 : E1, and ζ2 : E2, and that the substitution contains a single
condition c. Also, set W = M̂1×· · ·×M̂n−1, so that the query Q′ can be written

as M̂0 ×W
Q′
−→ Ŝr, and assume that the entity types E1 and E2 do not appear

in any other relation.
The query Q can be written as the composition of two functions: Q′ = f ◦σ,

where σ is the selection fuction which selects the entities that satisfy the query
condition, and f is the attribute computation function.

The function σ, in turn, can be decomposed as σ = σ0 ◦ σk. The function σk
produces the set of variable assignments ζ1 ← e1 : E1, and ζ2 ← e2 : E2 that
satisfy (Rk, c1, . . . , cm), with their variable bindings, while σ0 will select those
entities that satisfy all the other conditions and are compatible with the bindings
of Rk. The function σ can be written as σ : E1×E2×· · ·En → E1×E2×· · ·En.

After the substitution, the relation Rk is replaced by R̂k, which selects ele-
ments in Ê1×Ê2. Because of the properties of substitution, every pair in E1×E2

which make c true also make the defining condition of the representation true,
therefore, for every pair (e1, e2) which would be selected by σk, there is a pair
(ê1, ê2) in R̂k. It is therefore possible to define a function σ̂k : Ê1×Ê2 → Ê1×Ê2

which selects the pairs (ê1, ê2) corresponding to the pairs (e1, e2) selected by σk,
that is, a function σ̂k such that

E1 × E2
σk ��

φ

��

E1 × E2

φ×φ
��

Ê1 × Ê2 σ̂k

�� Ê1 × Ê2

(17)

Defining σ̂ = σ0 ◦σk, one can show that σ : Ê1× Ê2×· · ·En → Ê1× Ê2×· · ·En
and that the following diagram commutes

E1 × · · · × En
σk ��

φ

��

E1 × · · · × En

φ×φ×id×···×id
��

Ê1 × Ê2 × E3 × · · · × En σ̂k

�� Ê1 × Ê2 × E3 × · · · × En

(18)

In other words, the selection function can be rewritten so that the output is
composed of the same tuples of entity, short of a transformation φ.

Since the transformation is non-disruptive, it is possible to rewrite in the
same way the attribute computing function f as f̂ so that the following diagram
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commutes:

E1 × · · · × En
σk ��

φ

��

E1 × · · · × En
f ��

φ×φ×id×···×id
��

T1 × · · · × Tn

φ×φ×id×···×id
��

Ê1 × Ê2 × E3 × · · · × En σ̂k

�� Ê1 × Ê2 × E3 × · · · × En
f̂

�� T̂1 × T̂2 × E3 × · · · × En

(19)

In conclusion, the query rewriting problem outlined in this section can be
cast in the following terms:

– Let M be a model, with representations M̂1, . . . , M̂r; M
Q−→ Sr a query; a =

{a1, . . . , ak} the set of attributes required by the query, R = {R1, . . . , Rn}
the set of query relations, and R̂ = {R̂1

1, R̂
2
1 . . . , R̂

m
n } the set of rewriting

opportunity.
– find a subset P ∈ R̂ such that: (1) for each Ri ∈ R there is a φq such that
Rqi = φqRi ∈ P and (2) for each aik ∈ a there is Rqi ∈ ρ coming from a
representation M̂q such that aik ∈ Aki(M̂) for some ki.

5 Geometric Functions

Up to this point, we haven’t quite considered the geometric nature of our data,
but we have focussed on the structural properties of the representations, that is,
on whether a given representation preserved the relations and the attributes of
the conceptual model.

In particular, so far we have always considered that the conditions ci were
only on the value of attributes, and that the result of the query was also a set of
tuples formed by atribute values. In geometric queries, however, one has often
to compute functions that require the conservation of certain properties.

Example

In the cortex model above, each region has an attribute centi, of type
Point representing the centroid of the region. A typical spatial query,
then, might request all the regions whose centroid is within a certain
distance from the centroid of a given region. That is, the query will
contain a condition like

ci(νi1, νi2) = d(νi1cent, νi2cent) ≤ D (20)

where D is a constant.

This example leads to a number of observations. First, the representation
of the entities νi1, νi2 requires not only that the representation contain the at-
tribute cent, but also that it preserve the properties of the distance function.
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By and large, every representation of regions will allow the computation of cen-
troids, but there is a priori no guarantee that the distance between centroids
in the representation will correspond to the distance between the centroids on
the suface. Second, although the surface of the conceptual model is immersed
in R

3, for many applications (including brain modeling) the distance that is
computed is not the R

3 distance between the centroids of the regions, but the
distance along the surface (more precisely: the lenght of the shortest surface
geodesic that passes through the two points). The way in which this distance is
computed, therefore, depends on the surface that is, on the representation. As a
consequence, when the condition is rewritten, the distance function d will have
to be replaced with a representation dq = φqd. The central concept for this type
of replacement is that of invariance.

Definition 7. Let X,Y be two spaces, and f : Xn → Y a function. Let G :
X → X be a group of transformations on X. The function f is invariant with
respect to the group G if, for every g ∈ G, f ◦ gn = f .

In particular, we are interested in invariance with respect to the following
groups: the identity group (consisting only of the unit) I, the group of transla-
tions T, the group of direct isometries (rotation and translation) D, the group
of homeomorphisms H, and the general permutation group P .

A function invariant to I is the function that computes the coördinates of the
center of a particulat region in a given reference system. A function invariant to
T is that which computes the orientation of a region with respect to a reference
line. A typical example of a function invariant to D is distance, while functions
invariant to H are, for instance, functions that determine whether two regions
touch each other, or count the number of holes in a region.

When we go from the original model to a representation, the transform may
fail to be invariant with respect to some of these groups. Consequently, functions
that rely on the corresponding invariants can’t be computed from the represen-
tation.

Example

A flat map is a projection of the cortical surface on a plane in a way that
maintains, as well as possible, the area of certain anatomically relevant
regions. Since the cortical surface is not topologically equivalent to a
plane, when a flat map is created, cuts are introduced which may go
across regions. The topological invariant connectedness and the isometric
invariant distance are lost in this map: regions that are connected in
the cortex may fail to be connected in the map, and it is impossible
to recover cortical distances from the flat map. Therefore, every query
containing predicates about the connectdeness of regions, or conditions
on the distance between points can’t be answered using the flat map.

The conditions under which this happen depend on the representation mor-
phism φq, in particular, for an invariance involving the entity type Ei, on the
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function φq : Ei → Êqi . Consider, in the way of example, the case of distance
computation. The situation is summarized by the following diagram:

Ei × Ei
d ��

g

��

φq

��
R Êqi × Êqi

d̂

��

g

��
Ei × Ei

d

������������

φq
�� Êqi × Êqi

d̂

�����������

(21)

From the diagram it is clear that the representation of Ei will be distance-
invariant if for all g ∈ G, φq = g−1 ◦ φq ◦ g, and d = d̂ ◦ φq. In general, if this
is true for a group G, we will say that the representation is G-covariant in the
strong sense (or strongly G-covariant).

In some cases, this condition is too restrictive: all we really need is that there
be a way to compute the distance d starting from the distance d̂, that is, that
there exist a function u such that:

Ei × Ei
d ��

g

��

φq

��
R Êqi × Êqi

d̂
		���������

g

��
Ei × Ei

d

������������

φq




R

u

��

Êqi × Êqi
d̂

��

(22)

note that it follows from this diagram that if d = d̂ ◦ φq, then u = id. In the
general case, one requires that the function u be well defined and computable,
that is, that it be expressible only as a function of d̂ and φq. In general, if this
is true for a group G, we will say that the representation is G-covariant in the
weak sense (or weakly G-covariant).

Definition 8. Let c(ν1 : E1, . . . , νn : En) be a condition in the query, which can
depend on the computation of certain functions on the entity variables νi. Let g(c)
the group of transformations to which c is invariant. A rewriting {M̂1, . . . , M̂m}
is g-preserving if the following conditions are true:

1. there is a representation M̂p which contains a representation of all the entity
types of c;

2. all the variables νi have been replaced with variables ν
p
i which take values in

the representation M̂p;
3. the representation M̂p is g-covariant, at least in the weak sense.
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Proposition 2. Let Q be a query and Q′ a rewriting so that for every condition
c invariant with respect to a group G the rewriting is G-preserving and such that
for every attribute function aik invariant with respect to a group H, the rewriting
is H-preserving. Then the query Q′ is a grounding of Q.

The proof is a repeated application of the invariance property, and is omitted.

6 The Query rewriting process

A query like that of (14) can be represented as in the following diagram

R1

����
��

��
��

�� ���
��

��
��

� R2

���
��

��
��

�

����
��

��
��

R3

��
ζ1

e

����
��

��
��
G1

��

ζ2

e

��

ζ3

e

����
��

��
��

e

��

G2

���
��

��
��

� ζ4

e

��

ζ5

G3

��

G2



��������������� ζ6

G3����
��

��
��

e

��
a1 c1 c3 a2 c2 a3 c4 a4

(23)

where we have already identified all the common variables between the condi-
tions, the relations, and the attribute computation inserting, if necessary, vari-
able matching conditions of the form c(ζ1, ζ2) = (ζ1 ≡ ζ2). The symbols Gi

on some of the arrows mean that the condition or attribute at the end of the
arrow is invariant to the group Gi. The process of query rewriting consists of
transforming this diagram, through a process of repeated substitutions of rela-
tions, into an equivalent diagram composed exclusively of representations. For
the query (23), one such diagram is the following:

R1
1

��		
		

		
	

�� ��












R1
2

��












��		
		

		
	

R1
3

��		
		

		
	

��

R2
3

��












����		
		

		
	

ζ1
1

����
��

��
�

G1

��

ζ1
2

��

ζ1
3

��		
		

		
		

��
G2
��













 ζ1

4

�� ��













 ζ1
5

G2
�����������������

��













 ζ2
4

��		
		

		
		

ζ2
5

��		
		

		
		

G3

��

ζ2
6

G3��		
		

		
		

��
â1
1 c1

1 c1
3 â1

2 c1
2 â1

3 �� �� c2
4 â2

4

(24)

In this diagram, the superscripts attached to conditions and attributes refer to
the representation that is used to compute them. The diagram uses two repre-
sentations: M̂1, which provides representations for the relations R1, R2, and R3,
and M̂2, which represents the relation R3. Note that the relations R3 is split
between two representations: R̂1

3 is used to compute the condition c2 and the
attribute a3, and the representation R̂2

3, which is used to compute the condition
c4 and the attribute a4. While the entity type of the variable ζ5 : E5 in the
original relation is invariant to groups G2 and G3, in the derived diagram, the
representation Ê1

5 is invariant only to G2, and the representation Ê2
5 is invariant
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only to G3. Since the relation is split, it is necessary to bind the variables that
appear in both reprsentations (ζ4 and ζ5, in this case) so that they represent
the same instance of the entity. This is done by introducing binding relations3 ��

between the variables ζ1
4 and ζ2

4 and between the variables ζ1
5 and ζ2

5 . We assume
that all the instances of all entities have a unique identifier so that the binding
condition can be written as ζ1

4 .id = ζ2
4 .id.

The passage from one diagram to another is done through legal substitutions,
changes that leave the semantics of the query unchanged, while reducing the pres-
ence of the conceptual model and introducing representations of the various re-
lations. Legal substitutions belong to four groups, which we call α-substitutions,
β-substitutions, γ-substitutions, and ε-substitutions, defined below. From the
diagrams above it is clear that attributes and conditions play a similar rôle and,
from the point of view of representation, they are interchangeable, therefore we
will consider diagrams with conditions only, to avoid the multiplication of special
cases.

ε-substitution ε-substitutions are the simplest: they remove from the diagram
a relation that is not used to compute anything. There are two types of ε-
substitution. The simplest is

R � ∅ (25)

which states that a relation R disconnected from any variable can be eliminated
from the diagram. The second ε-substitution is

R

��

R̂i

����
��

��
��

��












ζ1

G

��













 ζi
1

����
��

��
��

G

��

· · · ζi
n

G′

��
�� c1

1 c1
n

� R̂i

����
��

��
��

��












ζi
1

G

��

· · · ζi
n

G′

��
c1
1 c1

n

(26)

which states that a relation with variables that do not participate in the com-
putation of any condition or attribute can be eliminated.

α-substitutions. α-substitutions deal with the replacement of a single relation,
or part of a single relation, with a representation. A general form of an α-

3 We use this symbol to represent the binding relation because, in most cases, the
condition results in a join on the unique identifier of the entities between the different
relations.
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substitution is:

R1

�����������������

�� ��















ζ1

��

· · · ζi

����
��

��
��

G
���

��
��

��
� ζj

G

��
c1 c2 ci

� R1

�����������������

��

R̂k
1

�� ���
��

��
��

�

ζ1

��

· · · ζi

�� ���
��

��
��

� ζk
i

��
G

���
��

��
��

� ζk
j

G

��
c1 c2 �� ci

(27)
The conditions under which the substitution can be made are that the entity
types Ei and Ej on which the variables ζi and ζj take values be represented in
R̂k1 and that they both be G-invariant.

β-substitutions β-substitutions intoduce representations for entity variables in-
volved in two or more relations. A rather general example of β-substitutions is
the following:

R1

����
��

��
��

��

R2

����
��

��
��

�� ���
��

��
��

�

ζ1

��

ζ2

��
G

���
��

��
��

� ζ3

���
��

��
��

�

G

��

ζ4

��
c1 c2 c3 c4

� R1

����
��

��
��

��

R̂1
2

����
��

��
�

��

R2

�� ���
��

��
��

�

ζ1

��

ζ2

�� ���
��

��
��

� ζ1
2

��
G

���
��

��
��

� ζ1
3

G

�� ���
��

��
��

��
ζ3

�� ���
��

��
��

� ζ4

��
c1 c2 �� c3 �� c4

(28)
Similarly to the previous case, the substitution can be done if all the entity
types involved in the condition being represented are contained in the chosen
representation, and if they are g(c)-invariant.

γ-substitutions γ-substitutions merge redundant representations that have been
introduced while removing model relations using α- and β-substitutions. Their
general form is the following:

R̂i
1

�� ��













 R̂j
1

����
��

��
�

��
ζi
1

G1

��

ζi
2

��

ζj
2

����
��

��
��

G2
��













 ζj

3

G2

��
c1 �� c2

� R̂k
1

����
��

��
�

�� ���
��

��
��

ζk
1

G1

��

ζk
2

G2 ���
��

��
��

� ζk
3

G2

��
c1 c2

(29)

The problem of query rewriting can therefore be cast into the problem of
finding the optimal path in an optimization tree: the nodes of the tree represent
diagrams and the edges are marked with the substitutions that bring from a
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diagram to another. The detailed description of the optimization algorithms is
beyond the scope of this paper.

The following proposition is an immediate consequence of the fact that all
the subsitutions presented here are non-disruptive:

Proposition 3. Let M̂0 Q−→ Sr be a query, and M̂0× M̂1×· · ·× M̂n−1 Q′
−→ Ŝr

be a query obtained from Q through α-, β-, γ-, and ε-substitutions. Then Q′ is
a grounding for Q.

In other words, the set of α-, β-, γ-, and ε-substitutions is sound. Its com-
pleteness is a more complicated issue. It is possible to show that, every query
Q that can be represented by a given set of representations can be grounded in
that set using only α-, β-, γ-, and ε-substitutions. We still don’t know whether
all groundings of Q can be found using only α-, β-, γ-, and ε-substitutions.

7 Future Directions

We are continuing the work presented in this paper in three directions: first, we
are exploring the completeness properties of the set of substitutions. In particu-
lar, we are interested in whether all possible groundings of a query can be derived
using ony the substitutions. Second, we are studying PTIME optimization algo-
rithms to solve the problem posed by the query rewriting. Finally, we are trying
to extend the model to other circumstances of practical interest, most notably
the case in which the representations does not allow an exact computation of
the attributes of the model, but itroduce an error.
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Abstract. This paper conducts an empirical analysis of a conceptual
model quality framework for evaluating the quality of process models.
194 participants were trained in the concepts of the quality framework,
and then used it to evaluate models represented in a workflow model-
ling language. A randomised, double-blind design was used, and the re-
sults evaluated using a combination of quantitative and qualitative tech-
niques. An analysis was also conducted of the framework�s likelihood
of adoption in practice, which is an issue rarely addressed in IS design
research. The study provides strong support for the validity of the
framework and suggests that it is likely to be adopted in practice, but
raises questions about its reliability. The research findings provide clear
direction for further research to improve the framework.

1 Introduction

1.1 The Importance of Conceptual Model Quality

The traditional thrust of software quality assurance has been to use �brute force�
testing at the end of the development process [52]. However empirical studies show
that more than half the errors which occur during systems development are the result
of inaccurate or incomplete requirements [24, 29]. Requirements errors are also the
most common reason for failure of systems development projects [50, 51]. This sug-
gests that more effort should be spent to quality assure conceptual models, in order to
catch requirements defects as soon as they occur, or to prevent them from occurring
altogether [59].

1.2 Previous Research

There have been a large number of empirical and conceptual studies published on the
quality of data models [e.g. 3, 4, 5, 7, 8, 10, 17, 22, 25, 26, 28, 30, 31, 32, 33, 34, 36,
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40, 46, 47, 48, 49, 53, 57]. However, the issue of process model quality has received
far less attention in the literature. We were able to find only one previous empirical
study on the quality of process models [45], and this was a single case study. This is
surprising, as from the user�s viewpoint, the most important consideration in whether
the system meets their requirements is whether it supports the required functionality.

1.3 Conceptual Model Quality Framework

This paper conducts an empirical analysis of the conceptual model quality framework
proposed by Lindland et al [27]. This represents the a priori theory being tested by
this research. The framework is based on semiotic theory (the theory of signs), and
has been developed for evaluating quality of conceptual models of all types. The
framework defines three levels of quality, called quality categories:

• Syntactic quality: whether the model conforms to the grammar rules of the
modelling language being used.

• Semantic quality: whether the model accurately represents user requirements.
• Pragmatic quality: whether the model can be understood by all relevant

stakeholders.

These quality categories are based on the three levels of semiotic theory [38].

1.4 Objectives of this Paper

The broad research questions addressed by this paper are:

• Does the framework provide a reliable and valid basis for evaluating the qual-
ity of process models?

• Is the framework likely to be adopted in practice?

The second research question addresses an issue that is rarely addressed in IS de-
sign research, despite the fact that this is critical for research to have an impact on
practice.

2 Research Methodology

2.1 Validation of IS Design Methods

The question of how to validate IS design methods has been a longstanding issue in
the IS field [e.g. 15, 19, 42, 43, 44, 55, 58]. There are inherent problems evaluating
any method or design technique since there is typically no theory, no hypotheses, no
experimental design and no data analysis to which traditional evaluation criteria can
be applied [55]. As a result, IS design research tends to emphasise the development of
new design methods and frameworks, while addressing the evaluation of methods in
only a limited fashion [9, 13, 15, 32, 56, 58]. The Method Evaluation Model [37] is a
theoretical model for evaluating IS design methods, which incorporates two distinct
aspects of method �success�: actual efficacy and adoption in practice. The constructs
of the model and relationships between them are summarised in Figure 1:
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Fig. 1. The Method Evaluation Model

The definitions of the constructs are:

• Actual Efficiency: the extent to which the method reduces the effort required
to perform the task;

• Actual Effectiveness: the extent to which the method improves the quality of
the result;

• Perceived Ease of Use: the extent to which a person believes that using the
method would be free of effort;

• Perceived Usefulness: the extent to which a person believes that the method
would be useful;

• Intention to Use: the extent to which a person intends to use the method;
• Actual Usage: the extent to which the method is actually used.

Actual Efficiency and Actual Effectiveness measure whether the method actually
improves task performance, while Perceived Ease of Use and Perceived Usefulness
represent perceptions of the method�s efficiency and effectiveness. Adoption in prac-
tice (corresponding to Intention to Use and Actual Usage) is determined by percep-
tions, which are in turn determined by performance.

2.2 Research Design

The research design is summarised in Figure 2. This shows the experimental treat-
ment, experimental tasks, materials and dependent variables. A randomised, double-
blind design was used, in which each participant reviewed multiple models and each
model was evaluated by multiple reviewers.

2.3 Participants

There were 194 participants in this study, all of whom were third year students in the
Department of Computer and Information Science at the Norwegian University of
Science and Technology.
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Fig. 2. Research Design

2.4 Participants

There were 194 participants in this study, all of whom were third year students in the
Department of Computer and Information Science at the Norwegian University of
Science and Technology.

2.5 Experimental Treatment

To prepare the participants for the evaluation task, they were given the original paper
defining the framework, two 45 minute lectures explaining the concepts of the
framework and a 45 minute lecture on the evaluation exercise itself.

2.6 Experimental Tasks

Process Modelling Task. A total of twenty different case descriptions were prepared
for use in the experiment. This was done to minimise the chance of collaboration
between participants. Each participant had two weeks to develop a model to meet the
requirements of the case they were assigned, and submit it using a web-based system.

Evaluation Task. Following completion of the process modelling task, three review-
ers were assigned to each model. Models were randomly assigned to reviewers, and
reviews were double blind (reviewers did not know whose models they were evalu-
ating, and modellers did not know who their reviewers were). Each participant was
assigned cases which were different to each other and to the one they had modelled
themselves. Participants had one week to complete the evaluation task, and record the
results of their reviews using the web-based system.
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Post Task Survey. Finally, participants were required to answer a post task survey,
which measured their perceptions of the framework. The survey consisted of 16
closed questions and 3 open questions. Each item was measured on a 5-point Likert
scale, using the opposing-statements format.

2.7 Dependent Variables

We distinguish between two types of dependent variables:

• Performance based measures: How well did subjects actually perform the
evaluation task?

• Perception based measures: How effective did subjects perceive the framework
to be in performing the evaluation task?

These types of measures represent the difference between actual efficacy and per-
ceived efficacy as defined in the Method Evaluation Model.

Performance Based Variables. Four dependent variables were used to evaluate per-
formance on the evaluation task: Syntactic Quality, Semantic Quality, Pragmatic
Quality, and Overall Quality. A total of 564 ratings of each type were collected as part
of the study (an average of three per model). These were used to assess the reliability
and validity of the evaluation framework. All quality ratings were given on a 7 point
Likert scale, from 1 (poor) to 7 (excellent). As well as rating the models, reviewers
were required to identify all defects in the models, classified by quality category.

Perception Based Variables. Three dependent variables were used to measure par-
ticipants� perceptions of the framework: Perceived Ease of Use, Perceived Useful-
ness, and Intention to Use. These are constructs of the Method Evaluation Model.
Each of these constructs was measured using items on the post task survey:

• Perceived Ease of Use: Questions 1, 10, 11, 14 and 16.
• Perceived Usefulness: Questions 2, 5, 6, 7, 9, 12, 13 and 15.
• Intention to Use: Questions 3, 4 and 8.

The order of the items was randomised to avoid monotonous responses [18].

2.8 Theoretical Model

The relationship between all dependent variables and their empirical indicators are
shown in Figure 3. In the diagram, circles indicate latent variables, rectangles indicate
observed variables (in this case individual survey items), dotted lines indicate meas-
urement relationships, while solid lines indicate causal relationships. The empirical
indicators associated with the performance based variables represent the different
reviewer ratings.
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Fig. 3. Theoretical Model

3 Results and Discussion

3.1 Summary of Analyses

The results were evaluated using a combination of quantitative and qualitative analy-
sis techniques. Each of these analyses addresses a sub-question of one of the research
questions defined at the beginning of this paper:

1. Reliability analysis: How consistently were reviewers able to apply the frame-
work?

2. Validity analysis: Are the quality categories complete, parsimonious and inde-
pendent determinants of process model quality?

3. Weight estimation: What was the relative influence of each quality category in
decisions about the overall quality of a model?

4. Interaction analysis: What are the relationships between the quality categories?
5. Task accuracy: How accurately were participants able to identify quality defects

using the quality framework?
6. Perceived ease of use: How easy did participants find the framework to use?
7. Perceived usefulness: How useful did participants find the framework?
8. Intention to use: Were the participants likely to use the framework in the future?

Analyses 1-5 evaluate actual efficacy in performing the task (Research Ques-
tion 1), while analyses 6-8 evaluate perceived efficacy (Research Question 2). Analy-
ses 1-4 are quantitative analyses, analysis 5 is qualitative, while analyses 7-9 involve
a combination of the two (both closed and open questions were included in the post-
task survey). Quantitative and qualitative methods have different, complementary
strengths, and when used together can lead to a more comprehensive understanding of
a phenomenon [20, 39].
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3.2 Reliability Analysis

Reliability was evaluated by measuring the level of agreement between different re-
viewers of the same model. As shown in Table 1, levels of inter-rater reliability of
around .6 were found for each quality category and for overall quality. This means
that around 40% of the variation is due to error. While there is no definitive standard
for reliability, alphas of 0.7 or above are considered to be acceptable in the literature
[41]. The observed levels of reliability are clearly lower than acceptable, which sug-
gests that the quality framework in its current form cannot be reliably applied in prac-
tice.

Table 1. Inter-rater Reliability

CONSTRUCT CRONBACH�S αααα
Syntactic Quality .6159
Semantic Quality .5778
Pragmatic Quality .5682
Overall Quality .6091

3.3 Validity Analysis

To assess the validity of the quality framework, we need to address the following
questions [1]:

• Completeness (sufficiency): Do the set of quality categories cover all aspects of
quality of process models? Are there any aspects that have been left out?

• Parsimony (necessity): Are all the quality categories necessary for evaluating
process models? Are they all relevant determinants of process model quality?

• Independence: Are the quality categories independent of each other (orthogo-
nal dimensions of quality)?

To evaluate these properties, a regression analysis was carried out using the quality
categories (syntactic, semantic, pragmatic) as predictor variables and overall quality
as the predicted variable. The regression equation which resulted was:

Equation 1. Overall Quality = .33 * Syntactic Quality + .31 * Semantic Quality
+ 34 * Pragmatic Quality + .07

The details of the regression were:

• Adjusted r2 = 0.93
• Significance level (p) = 0.000***

Completeness (Sufficiency) of Quality Categories. The regression was found to be
highly significant (α < .01), and the adjusted r2 shows that the quality categories ac-
count for more than 90% of the variance in Overall Quality. This is an extremely high
value for r2, which provides strong evidence that the set of quality categories is com-
plete. Ratings of overall quality are almost entirely explained by variations in ratings
for the individual quality categories.
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Parsimony (Necessity) of Quality Categories. Separate t-statistics and significance
levels were also calculated for each predictor variable. These measure the effect of
each quality category on overall quality, while controlling for all other quality catego-
ries. As shown in Table 2, all quality categories were found to have highly significant
effects on overall quality (α < .01). This provides strong evidence that the quality
categories are all relevant determinants of the quality of a process model.

Table 2. Multiple Regression Results

QUALITY
CATEGORY T-STATISTIC statistical

significance TOLERANCE

Syntactic 21.79 .000 .437
Semantic 17.58 .000 .345
Pragmatic 21.57 .000 .379

Independence of Quality Categories. Collinearity analysis was also conducted as
part of the regression analysis, to evaluate the independence of the quality categories.
As shown in Table 2, Tolerance values are well above .2 for all quality categories,
which shows that they are all independent determinants of overall quality.

3.4 Weighting of Quality Categories

The regression coefficients in Equation 1 measure the separate effects of each quality
category on decisions about the overall quality of a model. The results show that the
categories have approximately equivalent effects on overall quality. This is surprising,
as we expected that semantic quality would have the strongest influence.

3.5 Interaction Analysis

Bi-variate correlation analysis was conducted to test for interactions between the
quality categories. Strong positive correlations were found between all quality catego-
ries:

• Syntactic and Semantic Quality (r = .72, p = .000)
• Syntactic and Pragmatic Quality (r = .69, p = .000)
• Semantic and Pragmatic Quality (r = .76, p = .000)

Correlations are non-directional, but our theoretical explanation is that they repre-
sent causal relationships (Figure 4):

• Improving syntactic quality will improve semantic quality, as a model that is
not syntactically correct will have ambiguous semantics.

• Improving syntactic quality will improve pragmatic quality as a model that is
not syntactically correct will be difficult to interpret.

• Improving pragmatic quality will improve semantic quality, as a model that is
difficult to understand will be difficult to verify against user requirements.
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Fig. 4. Interactions Between Quality Categories

Three alternative multiple regression models were developed to test this explana-
tion (these represent all possible causal combinations of the variables):

• Model 1: Syntactic Quality + Semantic Quality → Pragmatic Quality
• Model 2: Syntactic Quality + Pragmatic Quality → Semantic Quality
• Model 3: Semantic Quality + Pragmatic Quality → Syntactic Quality

The results of the analysis are summarised in Table 3. While all regression models
were statistically significant, Model 2 (our a priori theory) provides the best fit (as
evidenced by the higher variance explained).

Table 3. Alternative Regression Models

Model Adjusted r2 Significance
1 .619 .000
2 .654 .000
3 .561 .000

3.6 Task Accuracy

Task accuracy was measured by inspecting the sample reviews and comparing them
to an expert review:

• Percentage of Type 1 errors (false negatives or errors of omission): where de-
fects exist in the model but were not identified by reviewers. On average, each
review reported just 2.4 defects, whereas the expert reported an average of 6.6
defects per model. Hence, on average, 64% of the defects went unreported.
20% of the participants did not report any defects at all, while not necessarily
giving perfect scores for the models.

• Percentage of Type II errors (false positives or errors of commission): where
defects are identified which are not defects at all. 95% of the defects reported
by the participants were genuine defects according to the expert, so only 5%
were Type II errors.

• Percentage of Type III errors (classification errors): where defects are correctly
identified but classified in the wrong quality category. Only 9% of the errors
were wrongly categorised.
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There are a number of possible explanations for the high levels of underreporting.
Firstly, the lack of experience of the participants means they would be less able to
identify defects compared to an expert. Secondly, while IS design courses generally
require students to develop models, they rarely require them to evaluate models,
which requires a higher level of thinking [6]. Thirdly, the quality framework is de-
fined at a very abstract levelthis is one of its strengths (it can be applied to models
of all types) but also one of its weaknesses. Decomposing the quality categories to a
lower level of detail, with types of defects specific to the process modelling tech-
nique, would improve identification of defects. Finally, it was clear that many of the
students used minimal effort to conduct their reviews and did not invest the time nec-
essary to do a thorough job.

3.7 Likelihood of Adoption in Practice

Validation of the Measurement Instrument. To evaluate the results for Perceived
Ease of Use, Perceived Usefulness and Intention to Use, it is first necessary to evalu-
ate the validity and reliability of their empirical indicators.

Construct Validity. Factor analysis was conducted on the items used in the post-
task survey using the principal components extraction method and varimax rotation.
The initial factor analysis resulted in four factors being extracted using the Kaiser
criterion. Q5 (Perceived Ease of Use) and Q14 (Perceived Usefulness) formed a
fourth factor, and were therefore eliminated from the analysis. Factor weights derived
from the analysis were used to estimate the value of the underlying theoretical con-
structs.

Item Reliability. Reliability analysis was conducted on the items used to measure
Perceived Ease of Use, Perceived Usefulness and Intention to Use (excluding Q14
and Q15). As shown in Table 4, high levels of reliability were found for all con-
structs, with Cronbach�s alpha > .7 in all cases, which is considered acceptable [41].

Table 4. Item Reliabilities for Each Construct

CONSTRUCT CRONBACH�S α
Perceived Ease of Use .8614
Perceived Usefulness .7737
Intention to Use .9036

Significance Testing. One-sample t-tests were conducted for each construct to see if
they were significantly different to 3 (the �zero point� of the Likert scale used). Table
5 summarises the results of the significance testing. Overall, participants found the
framework easy to use and useful, and intended to use it in the future.
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Table 5. Significance of Responses

CONSTRUCT MEAN
(µ)

STDEV
(δ)

SIGNIFICANC
E Y/N

Perceived Ease of Use 3.94 .764 .000 Yes
Perceived Usefulness 3.89 .597 .000 Yes
Intention to Use 3.34 .941 .019 Yes

3.8 Analysis of Causal Relationships

In the theoretical model (Figure 3), a number of causal relationships were hypothe-
sised between the perception based variables:

• Perceived Ease of Use → Perceived Usefulness
• Perceived Ease of Use + Perceived Usefulness → Intention to Use

These relationships follow from the Method Evaluation Model (Figure 1). We
evaluated the validity of these relationships using regression analysis.

Perceived Ease of Use →→→→ Perceived Usefulness. The regression equation which
resulted from this analysis was:

Equation 2. Perceived Usefulness = .33 ∗ Perceived Ease of Use + 2.59

The details of the regression were:
• R squared (r2) = .18
• Significance level (p) = .004

The regression was found to be highly significant with α < .01. This means that the
causal relationship between Perceived Ease of Use and Perceived Usefulness was
strongly confirmed. The r2 statistic shows that Perceived Ease of Use accounts for
almost 20% of the variance in Perceived Usefulness.

Perceived Ease of Use + Perceived Usefulness → Intention to Use. The regression
equation which resulted from this analysis was:

Equation 3. Intention to Use = .26 ∗ Perceived Ease of Use + .84 ∗ Perceived
Usefulness − 0.03

The details of the regression were:
• Adjusted r squared (r2) = .26
• Significance level (p) = .001

The regression was found to be highly significant, and the r2 statistic shows that
Perceived Ease of Use and Perceived Usefulness together account for more than 25%
of the variance in Perceived Usefulness. The t-statistics, significance levels and toler-
ance values for each independent variable are shown in Table 6 below. These measure
the separate effect of each variable on Intention to Use, while controlling for the ef-
fect of the other independent variable.
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Table 6. Multiple Regression Results

INDEPENDENT
VARIABLE T-STATISTIC statistical

significance TOLERANCE

Perceived Ease of
Use .146 .885 .823

Perceived Usefulness 3.736 .001 .823

The results show that the relationship between Perceived Usefulness and Intention
to Use was highly significant with α < .01, while the relationship between Perceived
Ease of Use and Intention to Use was not statistically significant (α < .05). This is
consistent with many of the studies of the Technology Acceptance Model, which have
found that the relationship between Perceived Ease of Use and Intention to Use is not
significant after controlling for the effects of Perceived Usefulness [11, 14]. No evi-
dence of multi-collinearity was found.

4 Conclusion

This paper has conducted an empirical analysis of the conceptual model quality
framework proposed by Lindland et al (1994). The validation approach combines
both quantitative and qualitative research approaches. The paper illustrates a system-
atic approach to validating an IS design method, which addresses both its technical
effectiveness and its adoption in practicethe latter issue has largely been ignored in
IS design research.

4.1 Summary of Findings

Overall, the quality framework was found to be valid, with its categories found to be
complete, parsimonious and independent. It was perceived to be both easy to use and
useful in evaluating process models, and participants intended to use it in the future.
The research findings provide clear directions for future research, refining the frame-
work to address the limitations found, specifically with regard to reliability and identi-
fication of defects. The results for each of the research questions defined at the begin-
ning of the paper are summarised in Table 7:

4.2 Theoretical Significance

The major theoretical contribution of this paper is that it is the first experimental
study of process model quality that has so far been conducted. The observed interac-
tions between the quality categories represent a refinement to the framework, and
provides a possible theoretical contribution to semiotic theory. Finally, the paper
conducts a further empirical test of the Method Evaluation Model, which showed the
measurement instrument had a high level of reliability and validity and validated two
of the three causal relationships in the model. This suggests that the model provides a
valid basis for explaining and predicting adoption of methods in practice.
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Table 7. Summary of Findings

Research question Result
1. Task Performance (actual efficacy of the framework)

1.1 Is the framework reliable? No � this is an area where further
research is required

1.2 Is the framework valid?
Yes � the quality categories were
found to be necessary, sufficient and
independent

1.3 What is the relative influence of
each quality category on decisions about
the overall quality of a model?

Approximately equal

1.4 What are the interactions be-
tween the quality categories?

Syntactic → Semantic
Syntactic → Pragmatic
Pragmatic → Semantic

1.6 How accurately were partici-
pants able to perform the evaluation task?

64% Type I errors
5% Type II errors
9% Type III errors

2. Adoption in Practice (perceived efficacy of the framework)
2.1 Did participants find the frame-
work easy to use? Yes

2.2 Did participants find the frame-
work useful? Yes

2.3 Are participants likely to use the
framework in practice? Yes

4.3 Limitations and Further Research

The major limitation of this study, and it is a significant one, is the nature of sample
population used. In general, the population from which one selects subjects for a
research study should be representative of the population to which the researcher
wishes to generalise results [12]. Computer Science or Information Systems students
have been used in most previous experimental studies of conceptual modelling [e.g. 4,
7, 8, 17, 25, 40, 48, 49, 54]. However external validity is a significant problem in
most laboratory experiments involving undergraduate students, and has been identi-
fied as a major issue in IS research in terms of its relevance to practice [16, 21, 35]. It
is also one of the major limitations of experimental research in the social sciences
generally [2].

The question therefore remains: would similar results have been found if practitio-
ners (which is the population to which we wish to generalise) had been used instead?
The argument could be made that undergraduate students have little no practical expe-
rience in process modelling, and therefore do not have the knowledge or expertise to
properly evaluate the quality of process models. As a result, students may have been
tempted to score overall quality simply as an average of their scores for syntactic,
semantic, and pragmatic quality, although they were instructed that overall quality
should be considered separately from the other variables. Such averaging would in-
flate the validity of the quality framework. Similarly, both validity and reliability
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might be inflated by defensive reviewing (i.e. assigning scores of 3-5 rather than 1-2
or 6-7). These are valid criticisms and difficult to argue against convincing.

For this reason, we do not see this study as the end of the validation process but
only the beginning. This study has provided useful empirical data about the frame-
work and pilot-tested the validation approach, but the results must be interpreted with
caution. The generalisability of the results to practice is questionable because of the
nature of the participants used. For this reason, a similar study is planned using expe-
rienced practitioners, possibly with a refined version of the quality framework. Some
refinement of the framework has already taken place [23], but the results of this study
suggest the need for other refinements, such as customising the framework to the
modelling language used.
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Abstract. Evaluation of data quality in web information systems pro-
vides support for a correct interpretation of the contents of web pages.
Data quality dimensions proposed in the literature need to be adapted
and extended to represent the characteristics of data in web pages, and
in particular their dynamic aspects. The present paper proposes and dis-
cusses a model and a methodological framework to support data quality
in web information systems.

1 Introduction

Web Information Systems (WIS’s) [9] are characterized by the presentation to
a wide audience of a large amount of data, the quality of which can be very
heterogeneous. There are several reasons for this variety, but a significant rea-
son is the conflict between the need of publishing high quality information and
publishing information as soon as it becomes available. Providing information
with a good quality level is a traditional goal of information systems: theoretical
work in database design has focused on proposing appropriate data structures
and design methods for guaranteeing the quality of data (e.g., [3]); in addition,
more recent research work on data quality focuses on the quality of instances
of data, by defining a number of data quality dimensions (e.g., [20]) and tools
to support data quality improvement. On the other hand, information systems
on the web need to publish information in the shortest possible time after it is
available from information sources. These two requirements are in many aspects
contradictory: accurate design of data structures, and in the case of web sites,
of good navigational paths between pages, and certification of data to verify its
correctness are costly and lengthy activities, while publication of data on web
sites requires stringent times.

Such a tradeoff between data quality and timeliness of information is a prob-
lem which has to be taken into account also in traditional publishing areas,
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such as newspapers and journals. However, WIS’s present two peculiar aspects
with respect to traditional paper-based information sources: first, a web site is
a continuously evolving source of information, and it is not linked to a fixed re-
lease time of information; second, the process of producing information changes,
additional information can be produced in different phases, and corrections to
previously published information are possible. Such features lead to a different
type of information with respect to traditional media.

Therefore, the persons in charge for information release on web sites are often
faced with the need to decide, for single items of information, or for groups of
data with similar characteristics, whether or not a given piece of information
should be published at a given time.

The goal of this paper is to propose a data model and a methodological
framework that support the task of data publication on the web, providing tools
to associate quality information to data in web pages, both as static values, and
as expected evolution of quality in time due to subsequent updates. The origi-
nal contribution of the paper focuses mainly on the dynamic nature of quality
information and on the need to define a methodological framework and tools to
manage data quality information.

In the following of the paper, we discuss data quality in WIS’s presenting ex-
amples taken from a university web site. Let us consider, for instance, the case in
which a university has to present to perspective students new offerings in terms
of curricula for the following academic year: the choice in terms of time of pub-
lication is between waiting that all curricula are defined in order to present the
complete view on available degrees, or to present, maybe with different emphasis
and details, new offerings and previously available degrees at different times. The
second choice is more flexible, but it presents the disadvantage that perspective
students could miss important information if they visit the university site before
information they are looking for is available. On the other hand, the first option
requires that all decisions are taken, and it will probably postpone the date of
publication of information with respect to the second alternative; in some cases
the final decisions could be taken in a time frame which is not compatible with
the communication needed to publicize degree offerings for the following year.

In the previous example, a possible solution to miscommunication problems
is to provide a meta-level information about the information being published.
Quality information can be associated to each information item in a page (or
groups of items, or pages), expressing properties related to the expected validity
of each information, its completeness, and the quality of the information source.
The evolution in time of quality information in WIS’s is particularly important,
since it provides the user of such information with a basis for deciding whether to
use and how its contents. Therefore, the dynamic evolution of quality properties
is also taken into account.

The structure of the paper is as follows. In Section 2, the data quality di-
mensions for WIS’s are presented and discussed. In Section 3, a model for data
quality is proposed and in Section 4, a methodological framework for data qual-
ity is described. In Section 5, an architecture realizing the proposed framework is
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described. Finally, in Section 6, related research work is discussed and Section 7
concludes the paper by drawing future work.

2 Definition of Data Quality Dimensions

In the literature, data quality is considered as a multidimensional concept [15],
i.e., it is defined on the basis of a set of “dimensions”. Many proposals concerning
the set of dimensions characterizing data quality have been made, a survey of
which is given in [19]. One of the reasons for such a wide variety is that it is
very difficult to define a set of data quality dimensions suitable for every kind of
context. In the present paper, we focus only on a “core” set of dimensions, aiming
at capturing the most important aspects of data quality in WIS’s, leaving to
future work possible extensions of this set. The choice of this set has been guided
by those that are used most frequently in the literature [17]. In the following, we
give a definition for these core dimensions, and, in order to provide support for
the evolving nature of information published in WIS’s, we also associate metrics
to indicate the expected evolution of quality in time. We consider the following
four data quality dimensions:

❒ Expiration. It is defined as the time until which data remain current.
As an example, let us consider the case of a professor of a department of
a university that is going to move to another university. If a list of the
members of the department is published, this situation can be represented
by associating to the professor as a member of the department its expiration
date, corresponding to the date when the professor leaves the university.

❒ Completeness. It is defined as the degree to which the elements of an ag-
gregated element are present in the aggregated element instance. Therefore,
completeness is defined only for elements that are an aggregation of other
elements, such as lists, tables, and so on.
Let us consider a list of courses published on the university site, and the
situation in which it is known that new courses will be added to the list.
A completeness measure can be associated to the list to make it explicit
that the list is still partial.

❒ Source reliability. It is defined as the credibility of the source that provides
data.
Let us suppose that the starting date for a semester is available on the
university web site. Before having official information (e.g., a rector’s decree),
it typically happens that such information is already circulating, e.g., in
administrative offices. If there is a need to make this information visible
before it is finally approved by decree, we can associate a LOW value of source
reliability to the date. Conversely, if the date is provided by the official
source for such information in the university, i.e., it has been validated and
officially approved, it will have a HIGH source reliability value. The same
data source may have different source reliability values for different data it
provides. As an example, the school administrative office may have a LOW
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source reliability value for starting dates of semesters; instead it may have
a HIGH source reliability value for course programs.

❒ Accuracy. It is the distance between the data value v and v’, being v’ the
value considered as correct.
Let us consider the following example. A professor published on the uni-
versity web site has an attribute name, the value of which is JHN, while
the correct value is JOHN: this is a case of low accuracy, as JHN is not an
admissible value according to a dictionary of English names.

2.1 Dynamics of Data Quality Dimensions

One of the aspects of data quality in WIS’s is the possible evolution in time of
some data. For instance, if an incomplete course list is published, the complete-
ness dimension presented above provides only a static measure of the complete-
ness of such a list. An important information is also the expected evolution of
the list (“how and when it will be completed?”). In this section we show how to
associate temporal dynamics to the expiration and completeness dimensions.

We assume instead that source reliability and accuracy are constant in time
for a certain instance of data, i.e., if their values vary, it is not anymore the
same data. Considering the previous example of the starting date for a semester
provided by an administrative office and thus having a LOW source reliability
value, this date may be confirmed or not by the official source; in both cases, the
date communicated by the official source is a new data item with a HIGH source
reliability value; similar considerations can be also made for accuracy.

Temporal Dynamics of Expiration: Volatility. With reference to the tem-
poral dynamics of expiration, we consider a function corresponding to the prob-
ability that the expiration time will change in the time interval starting from
the instant of publication and ending with the expiration time. More formally,
let us consider the following values:

– t pub: instant of publication of data,
– t exp: expiration time.

We also consider a function P exp(t) = probability at time t that t exp will
be the real expiration time, with t ∈ [t pub, t exp]. Starting from the function
P exp(t), we can define a volatility of the published data.

Definition: Volatility is defined as V = (t exp−t curr)−∫ t exp

t curr
P exp(t), where

t curr is the time at which volatility is evaluated and t curr < t exp.

For data that are stable in time, we assume that, ∀t ∈ [t pub, +∞],
P exp(t) = 1 and V = 0. In Figure 1, we show an example where p curr and
p exp are the values of P exp(t) in the instants t curr and t exp respectively.

The volatility of the data published in the instant t curr can be graphically
depicted as an area; it can range between:
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Fig. 1. A graphical representation of volatility

– a minimum value equal to 0, when P exp(t) = 1 at all times after t curr;
– a maximum value equal to (t exp - t curr), when P exp(t) = 0 at all times

after t curr. Notice that this value should be considered as a theoretical
limit, as it indicates that the probability that the expiration time t exp will
be the actual expiration time is 0.

We define a range LOW, MEDIUM, HIGH for volatility; if we consider as a refer-
ence the area A = (t exp−t curr)

2 (see Figure 1), volatility is:

– HIGH, if V > A;
– MEDIUM, if V = A;
– LOW, if V < A.

As an example of the usefulness of such kind of information, let us consider
again the case of a professor moving to another university. It is possible to know
that the date when the professor will leave is fixed or that it “may” change or that
it is “very probable” that it will change. A LOW value of volatility corresponds
to the fact that the date is definitive, a MEDIUM value to the fact that the date
may change and a HIGH value to a very probable change of the date.

Temporal Dynamics of Completeness: Completability. In a similar way,
we consider the temporal dynamics of completeness. We consider how complete-
ness evolves in time, that is how a given aggregation of elements evolves towards
completion. Let us consider the following given values:

– t max: the maximum time within which the aggregation of elements will be
completed;

– t pub: the instant of publication of data,

We consider a function C(t) = estimate of the value of completeness in the
instant t, where t ∈ [t pub, t max] . Starting from the function C(t), we can
define the completability of the published data.
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Fig. 2. A graphical representation of completability

Definition: Completability is C =
∫ t max

t curr C(t), where t curr is the time at which
completability is evaluated and t curr < t max.

In Figure 2, an example of completability is shown. Notice that the value
corresponding to t curr is indicated as c curr; c max is the value for complete-
ness estimated for t max. The value c max is a real reachable limit that can be
specified for the completeness of an aggregation of elements; if this real limit
does not exist, c max is equal to 1.

As in the case of volatility, we can define ranges for completability (HIGH,
MEDIUM, LOW). We consider as a reference the area A = (t max − t curr) ∗
c max−c pub

2 (see Figure 2). Then completability is:

– HIGH, if C > A;
– MEDIUM, if C = A;
– LOW, if C < A.

As an example, we can consider the list of courses published on the university
web site; the completeness dimension gives the information about the current
degree of completeness; the completability information gives the information
about how fast such degree will grow in time, i.e., how fast the list of courses
will be completed.

3 Modeling Data Quality

3.1 WIS Design Methodology

Several methodologies for WIS design (e.g., ARANEUS [12] and RMM [11, 10])
are based on the following sequence of steps (see Figure 3, left side):

– Requirements Analysis : it aims at understanding the information domain,
what the WIS has to provide and who will be the users.
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– Hypertext Conceptual and Logical Design: it implies the conceptual modeling
of two aspects: (i) data that will be part of the hypertext, and (ii) paths to
navigate among published data. This step also includes the design of some
“logical” constructs, related to the ways to access information (i.e. indexes,
tours, etc.) and to the structure of pages.

– Presentation design: it is focused on the interface design of the WIS.
– Implementation: it implies the generation of web pages.

To support the association of data quality information to web pages, we
propose to introduce additional steps , related to the previously described ones,
specifically devoted to data quality design (see Figure 3, right side):

– Quality Requirements Analysis : it is focused on the definition of the required
quality dimensions to be associated to publishing data and of criteria and
metrics associated to each dimension. The data quality dimensions in our
approach are based on the definitions provided in the previous section.

– Quality design: the goal of this phase is to associate data quality information
to pages and their contents.

– Quality Implementation: associating quality values to the previously defined
dimensions.

Fig. 3. The process of realization of a WIS (left side) and activities for data
quality design (right side). The grey task is further considered in Section 3.2
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3.2 A General Hyperbase Data Model for Data Quality

In this section, we show how to realize the step of quality design, shown in Fig-
ure 3, by proposing a model to associate quality information to web-publishing
data.

Specializing a terminology introduced in [7], in the following we call as
hyperbase data model a specific data model for hypertext representation that
includes data structures, while being “purged” from the strictly navigational ele-
ments. An example of a hyperbase data model is the one of RMM [11, 10], which
includes constructs such as attributes, entities, slices (i.e., groups of attributes of
an entity), etc.; other constructs of RMM, such as guided tours, are not included
as they are navigational elements.

We propose a General Hyperbase Data Model (GHDM) in order to ab-
stract the features of hyperbase data models which are more relevant from a data
quality perspective.

With respect to the possibility of associating data quality information to
data elements, an important feature is the “granularity” of a data element. To
clarify this concept, consider the source reliability dimension: it can be associated
to a list of elements, if each element of the list derives from the same source;
conversely, it can be associated to each element of the list, when the sources for
them are different, and possibly with different source reliability values.

Therefore, in our general hyperbase data model we distinguish between
atomic and aggregated elements and we associate data quality information to
both of them by defining a quality atomic element and a quality aggregated ele-
ment.

Definition: a quality atomic element is defined as a tuple < atomic
element, Set of Quality Dimensions (SQD) >, in which:

– an atomic element is the schema of the smallest piece of information to be
published on the Web (e.g., an attribute);

– a possible SQD is the one proposed in Section 2, and includes: (i) expiration,
(ii) volatility, (iii) source reliability, (iv) accuracy.

Definition: a quality aggregated element is a tuple < aggregated element
(of level i), Set of Quality Dimensions (SQD) >, in which:

– aggregated elements can have different levels of aggregation, i.e., they can
be the aggregation of atomic elements or the aggregation of aggregated el-
ements; examples are entities in the ER-model, that are an aggregation of
attributes;

– a possible SQD includes: (i) expiration, (ii) volatility, (iii) source reliability,
(iv) accuracy, (v) completeness and (vi) completability.
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4 A Methodological Framework for Data Quality
Management in WIS’s

When introducing data quality in a WIS, in addition to data quality design,
further issues must be considered, concerning data quality management: as an
example, problems related to the updating of dynamically changing quality val-
ues and to quality improvement should be taken into account. In the present
section, we describe a methodological framework for managing data quality in
WIS’s, discussing the principal activities that must be supported to manage data
quality.

The main activities that should be made in order to cope with the require-
ments of an effective data quality management include:

– the definition of a set of data quality dimensions to associate to information
to make available on the web;

– the definition of a conceptual model that defines quality elements according
to which modeling data quality dimensions and associating quality informa-
tion to data elements;

– the specification of a set of quality requirements to be satisfied by published
data;

– the measurement of quality dimensions values for information to be pub-
lished;

– the updating of quality dimension values that dynamically change;
– the improvement of the quality of published data.

We propose a methodological cycle to manage data quality in a WIS; the cycle
consists of three iterative phases, namely: Definition, Publishing and Cleaning
(see Figure 4). In the following subsections, each of the phases will be described.

4.1 Definition Phase

In this phase, the three following elements are to be considered:

– Data quality dimensions. The data quality dimensions that are interesting
for the WIS should be chosen. A comprehensive choice should include both
static and dynamic aspects of quality dimensions. The set of dimensions pro-
posed in Section 2, and including expiration, completeness, source reliability,
accuracy to catch static features and volatility and completability to catch
the dynamic ones, is a potential set.

– Quality Model. A quality model has the role of modeling the chosen data
quality dimensions as well as their associations to data elements in the data
model. In Section 3.2, the GHDM has been proposed with the aim of ad-
dressing these features.

– Quality Constraints. It could be defined a set of quality constraints that data
published in a WIS need to satisfy. A quality constraint can be seen as an ex-
pression < dimension > < operator > < value >, where < dimension >
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Fig. 4. A methodological cycle for data quality management in WIS’s

is any data quality dimension, < operator > can be =, <, >,≤ or ≥, and
< value > is defined in the domain of the data quality dimension.
As an example, a data quality constraint that it is possible to state is
that Course Programs are published on the university web site only if
Accuracy >= 6, if measuring accuracy over a domain {1..10}.
A set of quality constraints can be specified: (i) for data which are going
to be published, i.e., they will be published only if they satisfy such quality
constraints; (ii) for published data in order to enact data cleaning actions
when a fixed percentage of published data does not satisfy the specified
constraints.

4.2 Publishing Phase

This phase generally includes the measurement of data quality values to publish
as well as their updating. Moreover it is also possible to fix some “thresholds”
for data quality dimensions values according to which to decide whether or not
to publish some data. As an example, in the university web site one can choose
that the information about the dates of examinations must be published only if
their accuracy is HIGH.

Such thresholds are managed in the monitoring activity and can also trigger
cleaning actions when the quality of published data goes down acceptable values.

The publishing phase is structured according to the following steps:

– static measurement;
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– dynamic measurement;
– monitoring.

Static Measurement. This step implies the evaluation of the static values of
data quality dimensions for data values which are going to be published. This
step has to be made when data to be published have been decided; it is made
once for a given set of data. Methods that can be used for measuring static data
quality dimensions depend from each specific dimension chosen in the definition
phase.

In the following, we describe possible methods to measure the set of qual-
ity dimensions proposed in Section 2. The expiration dimension is specified by
the expiration date. For all data that expire, the expiration date should be di-
rectly associated to them. Moreover, when the expiration date for a data item is
reached, two situations can occur: (i) expired data remain valid or (ii) expired
data become not valid. To model this situation, expiring data have not only an
expiration date associated to them, but also a validity interval, specifying
the instant from which and the instant until which data remain valid [16].

As an example of such a situation, consider the case of a timetable of a course
for a semester; supposing that the course is taught during the first semester of
the year, the timetable expires at the end of the first semester but remain valid
until the end of the year. Therefore, the timetable of the course has a a validity
interval [Start 1st Sem, End Year].

Note that managers of the WIS can choose to maintain on-line not yet valid
data or not, depending from the peculiarity of data themselves.

Completeness values can be calculated by considering the percentage of non-
existent data values in aggregated elements. As an example, when publishing
the list of the home pages of the professors of a university, all the URL’s may
not be available; by publishing only the available ones, the completeness of the
list is a percentage of all the professors’ home pages.

Source reliability values should be evaluated for each data type managed
by the WIS. Data types, the values of which can be published only when an
official source provide them (i.e., calls for tenders), are associated to HIGH source
reliability values.

Accuracy can be checked by comparing data values with reference dictio-
naries (e.g., name dictionaries, address lists, domain related dictionaries such as
product or commercial categories lists).

Dynamic Measurement. This step has to evaluate the dynamic values of data
quality dimensions for publishing data. Differently from the static measurement,
the dynamic measurement step is typically made many times, in specific instants
that may be of two types: (i) pre-fixed, such as the publication instant (i.e.,
t pub), and (ii) random, i.e., depending from unpredictable changes of parame-
ters from which dynamic dimensions depend. In the data quality literature, as
of our knowledge, there are no examples of dynamic data quality dimensions,
therefore there are no proposals about measurement methods.
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With reference to the dynamic dimensions proposed in Section 2.1, they can
be measured as follows:

– volatility can be evaluated as HIGH, MEDIUM or LOW, according to the for-
mulas described in Section 2.1. The pre-fixed instants of evaluation can be,
beside the publication instant (i.e., t pub), all other instants in the interval
[t pub, t exp]. The random evaluation instants depend from anticipations or
postponements of t exp;

– completability can also be evaluated similarly to volatility. The random in-
stants may depend from eventually changes of the maximum time within
which the aggregation of elements will be completed (i.e., t max) and/or the
corresponding maximum value for completeness (i.e., c max).

Monitoring. This step consists of controlling a set of parameters, from which
data quality values associated to published web pages depend, and of enacting
updates of such values. As an example, at the pre-fixed instants the evaluation
(or re-evaluation) of dynamic values for data quality dimensions are enacted by
monitoring conditions.

A further activity included in this step consists of the checking of the set of
quality dimensions specified in the definition phase. The checking should regard
both data which are going to be published and already published data, in order
to enact cleaning actions.

The sequence of the publishing steps is shown in Figure 5.

Fig. 5. Different steps in the publishing phase
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4.3 Cleaning Phase

The cleaning phase concerns the improvement of the quality of source databases
for published data. We propose to engage cleaning actions when the monitor-
ing activity alerts that a specified set of quality constraints is not satisfied by
published data. There are many research results concerning the cleaning of data
(e.g., [6, 5]); but they only address accuracy and completeness, among the di-
mensions proposed in the present paper, and consistency, among the dimensions
that have not been considered. No attention is paid to the improvement of source
reliability and dynamic dimensions that we plan to consider in future work. Note
that the cleaning activity may not succeed in improving data as much as it is
necessary to satisfy the defined quality constraints. In such a case, the definition
phase should be newly engaged.

5 An Architecture

The methodological framework described in Section 4 enables to manage data
quality in a WIS. Such a framework can be realized by the software architecture
shown in Figure 6.

The elements specifically introduced for data quality management are:

– a quality knowledge repository and
– a quality manager.

Fig. 6. An architecture supporting the quality management framework



410 Barbara Pernici and Monica Scannapieco

Data values to publish are stored in the data repository; the quality knowledge
repository contains, for each data value both of atomic and aggregated type, the
static values of quality dimensions. Moreover, it also stores historical values for
the estimation of dynamic values of quality dimensions.

The quality manager consists of four modules, namely monitor, quality cal-
culator, quality designer and quality publisher. In order to describe how these
modules interact, we distinguish: (i) a publication mode and (ii) an updating
mode.

In the publication mode, the quality designer receives the conceptual elements
representing data to be published together with references to data values from
the module web data design. It also receives the specification of the quality
dimensions to associate to such elements. On the basis of a quality model, such
as GHDM, it associates quality elements to data elements, and produces a quality
schema.

At this point, the quality calculator receives the produced quality schema
and the set of data values references according to which: (i) it reads static data
quality values from the quality knowledge repository; (ii) it calculates dynamic
values. The calculation of dynamic dimensions should be made by interacting
with an operator who provides the module with the real-time information it
needs for.

In the publication mode, the monitor has only the task of checking the set of
quality constraints that have been previously provided by the operator, against
the quality values resulting from the activity of the quality calculator. If the
checking is successful, data and the associated quality values are passed to the
quality publisher, which acts as a bridge towards the external web data publishing
module (that has the task of presenting both data and quality data).

If the checking is not successful, an alert is sent to the operator who has to
take the opportune actions.

In the updating mode, the monitor plays the most important role. It has some
triggers coded, such as the ones related to pre-fixed instants when dynamic di-
mensions should be re-calculated; in this case, it requests to the quality calculator
to compute again dynamic dimensions, and after the quality constraint check, it
gives new quality values to the quality publisher.

Note that when dynamic dimensions need to be re-calculated at random in-
stant, the monitor is alerted by the operator. Moreover, the monitor has also
some rules to be checked in order to eventually enact cleaning actions; such rules
are derived from quality constraints on the overall quality of published informa-
tion. The quality controls aiming at cleaning should be periodically realized by
the monitor.

6 Related Work

In the literature, methodological frameworks to manage data quality within sin-
gle information systems [18] and cooperative information systems [4] have al-
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ready been proposed; instead, as of our knowledge, a methodological proposal
to manage data quality in WIS’s has not yet been addressed.

Most of the work that is relative to both data quality and web regards the as-
sessment of the quality of web sites [1, 2, 8]. In [14], a Quality Evaluation Method
(QEM) is proposed to assess the quality of academic web sites, by proposing
more than a hundred characteristics. This approach allows an evaluation of the
accomplishment of the characteristics required by web sites. Our perspective is
different, as we give a method to declare the quality of the published information,
more than to evaluate it “a-posteriori”.

In [13], the problem of the quality of web available information has been
faced in order to select data with high quality coming from distinct sources:
every source has to evaluate some pre-defined data quality parameters, and to
make their values available through the exposition of metadata. The approach
proposed in this article is complementary to the one proposed in [13]. In fact,
on one hand, our approach suggests a framework for the management of quality
information associated to data. On the other hand, our focus is not on selecting
sources on the basis of the quality of the provided data, but on considering
the quality information of data published within a single site; in this case the
published quality information can be detailed in a more specific way, including
a dynamic characterization of dimensions.

7 Concluding Remarks

The data quality dimensions for data in web information systems proposed in
the present paper are on one hand a subset of the most typical dimensions in
data quality literature, and on the other hand provide an original view on these
dimensions, since the dynamic evolution of web data is taken into account with
information about the volatility and completability of web data.

The proposed data quality dimensions may be associated both to atomic and
aggregated data in web pages. The main purpose is to provide clients and users
accessing contents of web pages with a way to evaluate such an information with
respect to its quality. The evaluation of data quality in WIS’s may provide a way
to guide users to select pages and to decide when to retrieve and make use of
given information.

The proposed framework needs to be further refined in different directions.
First of all, there is a need to study whether other dimensions traditionally pro-
posed in data quality literature are applicable and useful in WIS’s. In addition,
the proposed approach associate quality attributes either to atomic elements or
to aggregates. It is interesting to provide algorithms to derive quality information
in aggregate web data from quality information associated to atomic elements.
Another aspect which needs further investigation is the periodical nature of
publication of information. For instance, the publication of course programs is
periodical (i.e., yearly, or semester based), information about new degrees is pub-
lished on a yearly base. Further research is needed to relate the periodical nature



412 Barbara Pernici and Monica Scannapieco

of information and data quality information about expiration and volatility of
information.
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Abstract. This exploratory research investigates the evaluation process of 

conceptual specifications developed using either Extended Entity-Relationship 

(EER) or Unified Modeling Language (UML) conceptual models. In this paper, 

we provide a comprehensive framework for evaluating EER and UML 

conceptual schemas. Furthermore, we define classes of metrics facilitating the 

evaluation process and leading to the choice of the appropriate representation 

among several schemas describing the same reality. Based on quality criteria 

proposed in the literature, we select a subset of criteria relevant to conceptual 

EER schema quality evaluation. For each criterion we define one or several 

metrics allowing the designer to measure the schema quality. We evaluate 

alternative EER conceptual schemas representing the same universe of 

discourse using the appropriate criteria and their associated metrics. Finally, we 

extrapolate this evaluation process to UML schemas. Following the 

development of our framework, we analyze a case study and provide evidence 

in the support of the usefulness of the framework. 

Key-words: Conceptual modeling quality, quality criteria, quality metrics, user validation. 

1. Introduction 

Understanding users requirements may be a complicated problem for the system 

designer. Usually, the users express their problems using domain-oriented concepts 

and rules. From the users viewpoint, a conceptual schema should be supported by 

facilities for accessing, developing, analyzing, changing and maintaining concepts 

used in the construction of the conceptual schema. These five functions can be 

structured as three dimensions : the specification (analyzing), the usage (accessing, 

changing) and the implementation (developing, maintaining) dimensions. As a 

consequence, a conceptual schema developed using either EER or UML concepts 

provides a basis for the validation process. Although a conceptual schema can be 

consistent, it is not necessarily correct. In some cases, it can have nothing to do with 

the universe of discourse considered. There is therefore a need for criteria allowing us 

to measure the quality of a conceptual schema. 

Unlike in software engineering, literature devoted to conceptual modeling quality 

is limited, in particular for UML schemas. This literature provides lists of desirable 

properties of conceptual schemas. Among general quality criteria proposed to 

S. Spaccapietra, S.T. March, and Y. Kambayashi (Eds.): ER 2002, LNCS 2503, pp. 414-428, 2002. 
c Springer-Verlag Berlin Heidelberg 2002



evaluate conceptual schemas, let us mention : completeness, inherence, clarity, 

consistency, orthogonality, generality, abstractness and similarity. The formalization 

of these criteria is not yet sufficiently well understood. Abstractness measures the 

level of repression of detail. Similarity measures the capability of the conceptual 

schema to reflect the real world. But how do we measure these two criteria and how 

do we interpret the results obtained by the evaluation process? Although it appears 

very desirable to avoid conceptual schemas with low abstraction and low similarity, 

there is clearly a tradeoff between abstractness and similarity. How do we attain the 

value of this tradeoff ? A conceptual schema can be correct but not necessarily useful. 

Even if two conceptual schemas representing the same universe of discourse are 

considered to be equally correct, how do we choose the most friendly? Is it the 

simpler? How to characterize this simplicity? The aim of this paper is therefore to 

answer these questions. What are the desirable properties of a conceptual schema? 

How do we structure them in a global framework? How do we measure and interpret 

quality of EER and UML conceptual schemas? Can we perform automatically the 

measurement process? The underlying objective is to enrich the contribution of a 

CASE tool by computing a quality measure associated with each schema. This 

measure is to be considered only as a support for the final choice of a conceptual 

representation. This paper extends previous findings by providing an evaluation 

framework and by further examining quality criteria and classes of metrics relevant to 

both EER and UML conceptual schemas.   

The structure of this paper is as follows : Section 2 synthesizes relevant literature. 

Section 3 is devoted to the presentation of the framework for conceptual quality 

evaluation. Criteria and their associated metrics are discussed. The results obtained by 

the application of the framework to a case study using EER model are presented in 

Section 4. Section 5 is devoted to UML schema quality evaluation using the same 

case study. Finally, we conclude in Section 6 and discuss areas of future research. 

There exists abundant literature regarding the quality of software products. Software 

metrics are used to assess the quality of programs and more generally software 

products quality [1]. In the area of data quality, several attributes have been studied 

extensively by intuitive approaches : accuracy, timeliness, precision, reliability, 

currency, completeness, accessibility and relevancy [2, 3, 4, 5, 6, 7]. The theoretical 

approach uses ontologies in which attributes of data quality are derived based on data 

deficiencies [8]. The empirical approach collects data from data consumers to identify 

quality attributes [9]. Related research in conceptual modeling quality evaluation is 

emerging. The first structured approach dates back to the contribution of [10]. For the 

first time, they propose quality criteria relevant to conceptual schema evaluation 

(completeness, correctness, minimality, expressiveness, readability, self-explanation, 

extensibility, normality). In [11], the quality of schemas is evaluated along three 

dimensions: syntax, semantics and pragmatics. In [12], a set of criteria are proposed: 

homogeneity, explicitness, size, rule simplicity, rule uniformity, query simplicity and 

2. Related Literature 
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stability. Moreover, the authors describe a set of transformations aiming at improving 

the quality of schemas. In the context of Business Process Reengineering (BPR), [13] 

proposed a four dimensional framework for evaluating models and tools : 

functionality, ease of use, BPR trajectory and tool price and customer support. [10] 

extends by defining a comprehensive set of metrics taking into account the categories 

of actors: business users, data analysts, data administrators, and application 

developers [14]. These metrics have neither be validated nor implemented. However, 

the framework has been used to evaluate an application development project and to 

evaluate differences between data schemas produced by expert and novice designers 

[15]. [16] proposed general guidelines for modeling based on six principles: 

construction adequacy, language adequacy, economic efficiency, clarity, systematic 

design, comparability. Genero et al. have presented a set of automatically computed 

metrics for evaluating ER diagram complexity [17]. In addition, they have proposed 

an induction method for building fuzzy regression trees to evaluate the existence of 

relationship between the metrics and ER diagram maintainability subcharacteristics: 

understandability, legibility, simplicity, analysability, modifiability, stability and 

testability. [18] has proposed a set of measures to assess size, structure and behaviour 

aspects related to the complexity of object-oriented conceptual schemas. [19] have 

adapted and extended Lindland’s framework to the comparison of reference models.  

Our main contribution is to extend the literature criteria by elaborating metrics to 

capture the relevant properties of EER and UML conceptual schemas. As described in 

the next section, evaluating the schema quality means being able to exhibit the 

appropriate metrics associated with the criteria within a structured framework.  

Literature on conceptual schema quality mainly provides lists of desirable properties. 

Our framework addresses the issue of conceptual schemas quality measurement in a 

more systematic way. A conceptual schema quality can be measured by its 

capabilities (i) to provide a formal representation of the observed reality, (ii) meet 

users requirements, (iii) be a basis for the future information system implementation. 

Hence, the framework suggests to evaluate the quality of a schema in a space 

designed along three dimensions, namely the specification, usage and implementation 
dimensions (Fig. 1). 

Quality Implementation
Implementability

Maintainability

Specification
Legibility

Clarity

Minimality

Expressiveness

Simplicity

Correctness

1

1 1

Usage
Completeness

Understandability

 

Fig. 1 The three dimensions of quality 

3. A Framework for Conceptual Quality Evaluation 
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This quality is maximal (value “1”) on each of these three dimensions. It 

corresponds to a schema that “perfectly” meets the desired characteristics for the 

specification, implementation and usage dimensions. The specification dimension is 

related to the conceptual phase and is described below. The implementation 

dimension refers to the production of a database from a conceptual specification, 

satisfying the various requirements. The usage dimension defines the ease of 

operations on the conceptual schema (accessing, analyzing, changing, etc.). 

These three dimensions are not necessarily orthogonal. In this paper, due to the 

complexity resulting from interaction between them, we concentrate on the 

specification dimension only, since it is crucial for the evaluation process. A set of 

quality criteria is proposed for the two other dimensions. The metrics associated with 

this criteria set will be developed in the future. For the specification dimension, we 

define a set of measurable metrics and apply on several examples.  

A conceptual model is an abstract representation of the reality. This representation is 

the result of a specification based on a given set of notations. It is also a 

communication tool during the validation process. The notation provides the models 

with a formal semantics that enables tool-based analysis. The specification dimension 

captures the degree of requirements understanding in the conceptual schema. The 

literature contains several guidelines describing recommended characteristics for 

requirements specification [20]. We have identified the following criteria  legibility, 

expressiveness and simplicity. They are the only measures of conceptual quality, 

which is our objective. 

 Legibility. To measure legibility which expresses the ease with which a 

conceptual schema can be read, we propose two subcriteria, namely clarity and 

minimality. Clarity is purely aesthetic criterion. It is based on the graphical 

arrangement of the elements composing the schema. When the number of its elements 

grows, a direct consequence is an increase of line-crossings which penalize 

readability [10]. Other criteria on the layout are described in [16]. They are interesting 

for clarity but difficult to measure as they imply length, angles and surface measuring. 

In fact, they characterize graphic choices. Our research is concerned with conceptual 

alternatives and their consequences on drawing. Therefore, our metric is only based 

on the number of line-crossings in the schema. Note that all the measures made in 

Section 4 are based on schemas that are equivalent regarding the other layout criteria. 
 

Clarity = 

)()dim(

)()dim(

HNBR

CRHNBR

R

R

+

−+

∑

∑
 

Where NB(H) is number of inheritance links, 

dim(R) the dimension of R relationship and CR 

the number of line-crossings in the schema. 

 

This metric is based on the heuristics stating that a schema containing N edges can 

have at most N crossings. In reality, it will have much less crossings. Each inheritance 

link provides one edge and each relationship provides a number of edges equal to its 

dimension. The dimension of a relationship is the number of its roles. 

3.1.  The Specification Dimension 
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The second sub-criterion is minimality. A schema is said to be minimal when every 

aspect of the requirements appears only once [10]. In other words, non-minimality is 

due to a lack of factorization. A bad choice of entities and generalization hierarchies 

may lead to the replication of relationships in which several entities are involved 

playing the same role. To measure minimality we propose the following metric: 
 

Minimality =  
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Where Ci belongs to [entity-type, relationship-type, 

inheritance link-type].  NB(Ci) corresponds to the number of 

elements of type Ci, NBR(Ci) is the number of redundant 

elements of type Ci in the current schema S, wi is the weight 

associated with Ci. 

A schema containing no redundancy has a minimality value equal to 1. Minimality 

decreases when the number of redundancies increases. In this metric as well as in the 

others metrics described below, weights are associated with concepts, such as entity-

type, relationship-type, and inheritance link. The motivation for adding weights is to 

take into account the impact of redundant concepts. For example, a redundant 

relationship of dimension i leads to one more node and i edges. 
 

 Expressiveness. A schema is said to be expressive when it represents users 

requirements in a natural way [10]. We distinguish between concept and schema 
expressiveness. Concept expressiveness measures whether the concepts are expressive 

enough to capture the main aspects of the reality. For example, an inheritance link is 

more expressive than a relationship in the EER model. Indeed, an inheritance link 

from entity-type E1 to entity-type E2 expresses the fact that: i) there exists a 

relationship between E1 and E2, ii) the set of E2 occurrences is included in the set of 

E1 occurrences, iii) E2 shares all properties of E1, iv) E2 participates to all 

relationship-types to which E1 participates. Thus we propose to associate weights 

with the different concepts involved. Schema expressiveness measures the 

expressiveness of the schema as a whole. It is clear that the greater is the number of 

concepts used the higher is the expressiveness of the conceptual schema. For 

example, in the “hospital management” case study (Section 4), a conceptual schema, 

in which several categories of doctors (Practitioner, Researcher, etc.) are specified, is 

more expressive than the one in which only one category (Doctor) is represented. In 

order to deal with both concept and schema levels, we propose the following metric : 
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Where Ci ∈{entity-type, relationship-type, inheritance link,..}, wi is the 

weight associated with Ci , NB(Ci) is a function calculating the number 

of Ci concepts in a schema, S is the current schema to be measured and 

compared to the union of all schemas describing the same reality. This 

union is to be considered as the mathematical union operator in the 

sense that a concept present in several schemas is counted only once. 
 

This metric provides a maximal value of expressiveness in the case of a conceptual 

schema constructed from the union of all the others. Such a union schema is not 

always correct because it is purely syntactic. It is the most expressive one and, 

obviously, the most redundant as it contains all the concepts of the other schemas. 
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 Simplicity. A schema is said to be simple if it contains the minimum 

possible constructs. Our measure of simplicity is based on the assumption that the 

complexity of a conceptual schema grows with the number of relationships (including 

inheritance and aggregation links). As a consequence, a conceptual schema is simpler 

if its entities are more numerous than its relationships. Similar results can be found in 

[17]. We suggest the following metric to measure simplicity : 
 

)()()(
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Where NB(E), NB(H), NB(R) correspond 

respectively to the number of entity-types, 

inheritance link-types and relationship-types.  

A conceptual schema in which there are neither relationships nor inheritance links 

has 1 as a simplicity value, which is the maximal value for the simplicity function. On 

the contrary, if the number of (standard or inheritance) relationships is very high 

comparing to the number of entities, the value of simplicity approaches zero. 

 Correctness. Is used in a wide range of contexts leading to very 

different interpretations. A schema is syntactically correct when concepts are properly 

defined in the schema [10]. In the same way, a schema is semantically correct if 

concepts are used according to their definitions. However, another way of defining 

semantic correctness is to link it to conformity with requirements. Our objective is to 

make the quality measurement automatic. Therefore we are limited to syntactic 

correctness. Most of existing CASE tools support it. To measure correctness we 

suggest the following metric: 
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Where VERIF() calculates the number of 

characteristics to be verified on an element Ci of the 

current schema. This number is the same for all the 

occurrences of the same type concept. ERR() 

calculates the errors depicted on an element Ci. N is 

the number of elements in the schema. 

As an example on the value of the function VERIF(), let’s consider that for an entity, 

we have defined the two following correctness rules : a naming rule and the 

obligation of an identifier definition. In this case, for each entity Ci of the schema 

VERIF(Ci) = 2. For a conceptual schema in which there is no error (ERR(Ci) = 0 for 

each element of the schema), the value of correctness is maximal (1). However, if no 

verification concludes to correctness (VERIF(Ci) = ERR(Ci), for each Ci), the value 

of correctness is minimal (0). 

Summarizing, the first objective of a conceptual schema is to provide a formal 

representation of the observed reality. The specification dimension aims to measure 

how a conceptual schema respects some predefined specification characteristics. 

The usage dimension measures the quality of a conceptual schema according to the 

user's perception of both the system and the developed specification. A conceptual 

schema is judged to be "good" if it has the same perception of the system as the user's 

one. This means that the involved abstractions meet the user’s vision of the reality and 

3.2.  The Usage Dimension 
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the users correctly interpret the schema. To take into account these two aspects, we 

propose two criteria, namely, completeness and understandability. 

 Completeness. A schema is complete when it represents all relevant 

features of the application domain [10]. More specifically, the completeness can be 

measured by the degree of coverage of users requirements by the conceptual schema. 

Completeness is a very important criterion as it is crucial for the success of the future 

system. In other words, the degree of disparity, between user requirements and their 

interpretation by the designer as expressed in the conceptual schema, measures the 

gap between the user's and the designer’s perception of the same reality. 

 Understandability. Understandability is defined as the ease with 

which the user can interpret the schema. This criterion is very important for the 

validation phase and consequently influences directly the measure of completeness. 

The understandability of a conceptual schema relies on how much modeling features 

are made explicit. Non-explicit names, a high level of aggregation of the modeling 

features, and the complexity of the defined integrity constraints are factors that 

decrease the schema understanding. 

To summarize, the specification dimension measures the quality of the schema 

according to predefined modeling and representation rules. However, a good 

conceptual schema according to the specification dimension could not correspond to 

users requirements. The usage dimension measures the degree of correspondence 

between the conceptual schema and the user’s requirements and the ease with which 

this correspondence can be made. 

This dimension refers to the amount of effort needed to implement the conceptual 

schema. Two criteria are proposed to evaluate this aspect:  

 Implementability. Is defined as the amount of effort that a data 

administrator needs to provide to implement the conceptual schema. It depends on the 

degree of correspondence between the modeling concepts in the conceptual schema 

and the concepts of the target database management system. 

 Maintainability. It measures the ease with which the conceptual 

schema can evolve. The maintainability of a conceptual schema implies the study of 

modeling elements cohesion. How do they coexist? When may they change? How 

frequently? The answers to these questions lead to a definition of precise 

characteristics necessary to insure a certain degree of maintainability. 

Summarizing, the implementation dimension measures the ease with which a 

conceptual schema can be implemented and maintained. 

We consider a sufficiently complex problem to illustrate the application of the 

3.3. The Implementation Dimension 

4. Case Study: Hospital Management 
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framework. The quality here is measured to compare several schemas modeling the 

same reality. We make the assumption that all the schemas represent the same reality 

and are syntactically correct. We concentrate on the specification dimension. Let’s 

consider a public organization managing the medical aspects of several independent 

hospitals. Each hospital has its own medical staff providing health care to patients in 

medical services. The research activity takes place in laboratories. There are three 

different functions performed by doctors : medical practice, research and 

consultations. More precisely, a doctor can be a practitioner in a medical service 

and/or researcher in a laboratory. These doctors are employees of the hospital. The 

others are independent-consultants whose activity is located in the hospital. Each 

doctor, whatever his functions, is affiliated to a unique hospital. Practitioners and 

independent-consultants prescribe drugs to their patients. The main difficulty in 

building a conceptual schema is due to the non-determinism of conceptual models. In 

most cases, several constructs are possible to represent a unique reality. In our case, 

there are several alternative categorizations of doctors. Several conceptual schemas 

among the most representative and resulting from this main choice are given below. 
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In this first schema, we don’t 

differentiate between doctors functions. 

This choice is relevant when the 

validation is to be performed by non-

professional users. 

In this representation, we still don’t use 

the generalization hierarchy. However, we 

distinguish between doctors functions 

leading to four entities. As a consequence, 

several relationships are replicated. 

 

In this third schema, the generalization 

hierarchy is introduced to represent 

naturally the three different functions of 

doctors. This choice enriches 

considerably the expressiveness of the 

schema but leads also to some 

replications. 
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This fourth schema uses the 

generalization hierarchy to differentiate 

between the four possible doctors 

positions. The description resulting is 

more explicit but rather more complex. 

In this schema, the generalization choice 

is the same as the previous one. It exhibits 

the different categories of doctors but 

does not make explicit their functions. 
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In this sixth schema, two generalization 

levels are proposed. Based on the doctor 

employee status, the first level 

distinguishes between independent-

consultants and employees. At the second 

level, employees may be practitioners or 

researchers (or both). 
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A second possibility is to distinguish at 

the first level between  “ pure” 

researchers and consulting doctors. 

In this last schema, we introduce, at the 

second level of the generalization, a 

multiple inheritance. 
 

We have evaluated the eight schemas using our framework and the metrics 

described in Section 3. The concepts weights are as follows : 1 for both entity-type 

and 1-1 relationship-type; 3 for a M-N relationship-type; 4 for both ternary M-N-P 

relationship and inheritance links. These values result from a simulation process 

conducted on several examples. The results are detailed in the following table. 
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Legibility Criterion

Schema Clarity Minimality
Expressiveness Simplicity Correctness Average 

1 1.00 1.00 0.30 0.33 1 0.73 

2 0.85 0.57 0.62 0.24 1 0.65 

3 0.83 0.76 0.62 0.24 1 0.69 

4 0.44 0.69 0.80 0.19 1 0.62 

5 0.67 0.97 0.58 0.29 1 0.70 

6 1.00 0.90 0.68 0.24 1 0.77 

7 1.00 1.00 0.57 0.29 1 0.77 

8 1.00 1.00 0.68 0.27 1 0.79 
 

The correctness criterion is maximum for the eight schemas since we limited our 

comparison to syntactically correct schemas. The clarity measures vary from 0.44 to 

1. Due to the small size of the schemas, four of them can be represented without any 

line-crossings. The fourth schema has the lowest clarity value (0.44). This is due to 

the numerous relationship replications leading to several line-crossings. This 

illustrates a strong dependency between the clarity and the minimality criteria : 

replicating relationships decreases the minimality value as well as the clarity one. 

Concerning the minimality measurement, let’s notice that three schemas are excellent 

and equivalent due to the absence of redundant concepts (schemas 1, 7 and 8). They 

are not globally equivalent since they will differ notably on the expressiveness 

measurement. Schema 2 appears to be the worst since it distinguishes between four 

categories of doctors without using the generalization concept. This design choice 

maximizes the number of redundancies. According to expressiveness, schema 1 is the 

worst since it is based on ER concepts and represents all doctors in a unique category 

ignoring specific features. The best schema appears to be the fourth one. It makes 

explicit the greatest number of concepts contained in schemas. As for the simplicity 

criterion, there is no significant difference between the schemas. However, the first 

one is logically the best. Recall that it is based on the choice to produce a first cut 

schema for non-professional users. The comparison of the schemas based on the 

average of the different criteria values establishes three clusters of schemas. In the 

“best” cluster, we find the schemas 6, 7 and 8, based on two levels of generalizations. 

The multiple inheritance concept appears to contribute positively in the global quality 

evaluation of schema 8. The second cluster comprises schemas 1, 3 and 5. In 

particular, the first cut schema (schema 1) appears to be acceptable. Thus, one can 

question the usefulness of integrating complex concepts like in schema 8 to improve 

marginally the conceptual quality. The last cluster contains schemas 2 and 4. 

Although schema 4 was previously noticed as the most expressive schema. It 

confirms our belief that the overall quality cannot be limited to one criterion. This 

clustering is related to the choice of a standard average, which can be subject to 

discussion. Our framework can be used at least according to three viewpoints: (i) 

choosing the best schema based on a standard aggregation of criteria (i.e. the average 

of criteria discussed above), (ii) adapting the standard aggregation to a particular 

vision of the quality (i.e. defining a weighted average of the five measures), (iii) 

concentrating on a particular criterion.  
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Our state-of-the-art has shown a lack of research about UML schema quality. In this 

section, we describe the extension of our framework to deal with UML schemas. This 

extension allowed us first to validate the framework by a confrontation with another 

notation and second, to enrich the measures by taking into account new concepts. In 

this paper, we will restrict the analysis to the specification dimension. 

The quality criteria defined above hold for the UML conceptual schemas. The 

difference is that some concepts of models are different. The objective of this section 

is to revise the metrics and to adapt them to the concepts of the UML notation. 

 Assessing legibility of UML schemas. Remember that 

legibility is composed of two sub-criteria: clarity and minimality. Our definition of 

clarity is related to the number of the line-crossings in a conceptual schema. In the 

UML class diagram, lines may correspond to associations, links between association 

classes and their corresponding associations, compositions, aggregations or 

inheritance links. The clarity metrics is the following: 
 

Clarity =  
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)()()(
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Where NB(H) is number of inheritance links, NB(A) 

the number of associations, NB(AC) the number of 

association classes and CR the number of line 

crossings in the schema. 
 

Concerning the metric of minimality, it is unchanged as it is generic. The set of 
concepts (Ci) and their associated weights (wi) are adapted for the UML notation.  

 

Minimality =  
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Where Ci belongs to [class, association, inheritance link, 

class association, aggregation link, composition link].  

NB(Ci) corresponds to the number of elements of type Ci, 

NBR(Ci) is the number of redundant elements of type Ci in 

the current schema S, wi is the weight associated with Ci. 

 Assessing expressiveness of UML schemas. The metric for 
assessing expressiveness is generic as it does not make explicit the concepts of the 

notation. It is consequently unchanged for the UML notation. Only the domain to 
which a concept belongs is adapted as well as the associated weights. Notice that the 

values of the weights are let to the appreciation of the designers. 
 

5. Extending the Framework to UML Conceptual Schemas 

5.1. Applying the Framework to UML Schemas 
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Expressiveness = 
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Where Ci belongs to {class, association, inheritance link, 

association class}, wi is the weight associated with Ci , NB(Ci) is a 

function calculating the number of Ci concepts in a schema, S is 

the current schema to be measured and compared to the union of 

all schemas describing the same reality.  

 Assessing simplicity of UML schemas. We apply again the principle 
that a conceptual schema is simpler if the concepts are more numerous than the links. 

Applied to UML, we say that a conceptual schema is simpler if the number of classes 

is higher than the number of links (associations and inheritance links) between the 
classes. The metric for simplicity assessment is as follows: 
 

Simplicity = 
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Where NB(C), NB(AC) NB(H), NB(A) correspond resp. 

to the number of classes, association classes, inheritances 

and associations (including aggregation and composition).  

The metric for assessing correctness is the same as the one defined for EER. 

To summarize, we can point out the fact that adapting the metrics to the UML 
notation induced a little rewriting. This reflects the validity of the underlying criteria. 

They could be in the same way adapted to any conceptual modeling tool.  

UML notation is devoted to object-oriented representation. Therefore, it allows the 
designer to refer to the main characteristics of object-orientation : abstraction, 

encapsulation, modularity and hierarchy [21]. Object-oriented models like UML are 

based on two fundamental mechanisms to cope with these characteristics : inheritance 

and aggregation. These mechanisms, although already present in EER schemas, are 
used in a more systematic way. Our framework needs to be adapted in order to take 

into account the effect of use or misuse of these abstraction mechanisms.  As an 

illustration, we concentrate on the minimality criterion measure. We define the latter 

using two subcriteria: inheritance effectiveness and aggregation effectiveness. 

 Inheritance effectiveness. It measures the degree of inheritance 
hierarchies of a schema. The objective is to evaluate the effectiveness of inheritance 

use by measuring the level of factorization. The factorization process deals with the 

attributes as well as with the relationships and the methods.  
Inheritance effectiveness =  
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Where H is a hierarchy, Ci � {attribute, 

association, operation}, DEF(Ci) counts the 

number of occurrences of Ci in H, USE(Ci) 

counts the number of inheritances of an element 

Ci+1, NB(H) is the number of hierarchies, and 

NB(Ci) the number concepts in H. 

The value of inheritance effectiveness is close to 1 when USE(Ci) is very high as 

compared to DEF(Ci) for all the concepts Ci. This is the case when the schema has 

deep hierarchies with many elements located at the most abstract levels of the 
hierarchy, leading to a high number of inheritances. As an illustration, let’s consider 

5.2. Taking into Account Specific Features of UML 
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two UML notations of the hospital management case (Fig. 2). The (a) representation 

is a categorization of doctors leading to a low factorization of methods. The (b) 

representation illustrates a judicious use of multiple inheritance.  
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Fig. 2: UML representations of hospital management 
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The results of the application of this metric are detailed above. The measures of 
inheritance effectiveness confirm our intuitive interpretation of the misuse of 
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generalization hierarchy in the (a) schema. The lack of factorization in this schema 

leads to a poor conceptual schema. This factorization illustrated in schema (b) 

improves significantly the schema quality. However, this result (0.58) is yet 

unsatisfactory since the expected value should be close to 1. 

 Aggregation effectiveness. It measures the efficient use of 
aggregate attributes. This quality measure is based on aggregation levesl. In object-

oriented paradigm, an attribute domain may be a collection of basic data types or an 

aggregation of such types. It can also be a class or a complex construct based on 

several classes. The Unnest function explicits the different aggregation levels for a 
given attribute. The Level function counts the number of levels. As an example, 

Unnest is applied to the attribute “prescription_detail” from the association class 

“prescription” (Fig. 2) :  

Unnest(prescription_detail)  = Aggregate [date ; Collection (Aggregate 
[frequency; duration, Aggregate [drug_name ; drug_description]]]. 

In other words, the attribute “prescription_detail” is characterized by five 

abstraction levels (Level=5). If an attribute domain is a basic data type, a Level value 

equals to 1. Hence, the metric of aggregation effectiveness is given below:  
 

Aggregation effectiveness = 

 
)(

)((
11

CiNB
CiUnnestLevel

ci
∑ 







 −
 

Where Level(Unnest(Ci)) counts the number of 

aggregation levels of an attribute Ci and NB(Ci) is 

the number of attributes in the schema. 

 

Notice that if a schema does not contain any aggregate attribute, Level(Unnest(Ci))=1 
for each attribute, leading to a global 0 value for this metric. It confirms our belief 

that these measures do not replace previous measures but must be added to the latter 

to enrich the overall quality evaluation. 

Our contribution is multifold. First, our evaluation framework is an extension to 

existing approaches by differentiating the specification dimension from the usage and 
implementation dimensions. Second, our approach captures the role of the 

specification dimension in the evaluation process. Third, our approach captures the 

essential tradeoff between the benefit of a criterion such as legibility and the 

remaining criteria such as expressiveness and simplicity. Finally the results obtained 
using the case study on EER schemas hold for UML schemas. Although the analysis 

can be seen as more complex, we have extended the framework and the associated 

metrics to UML schema quality evaluation. Note that the objective of integrating 

these measurements in a CASE tool has continually constrained our choice of metrics. 
Two major extensions can be made. First we should integrate the usage and 

implementation dimensions. Second, we will integrate the metrics to a CASE tool. 

Finally, we need more case studies in order to reach more definitive conclusions on 

the respective weights of concepts and criteria. 

6. Conclusion and Future Work 
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Abstract. XML was initially developed for document management, but
it is becoming increasingly used for storing and exchanging all kinds of
data on the Internet. In this paper, we introduce a design methodology
for XML schemas that is based upon well-understood conceptual
modeling methodologies. Because XML is hierarchical (tree-
structured), many different XML schemas (or document structures) can
be generated from the same conceptual database schema. We describe
algorithms for generating customized hierarchical views from EER
model, creating XML schemas from hierarchical views, and creating
XML instance documents.

1 Introduction

The Extensible Markup Language (XML) [1] was initially developed for document
management, but it is becoming increasingly used for storing and exchanging all
kinds of data on the Internet. Some have even hypothesized that the XML format will
replace databases in the future [2], although this is not very likely. XML has features
from the various traditional data models, including the legacy hierarchical data model
[3], as well as the relational and object oriented data models [4]. Much work has
already been done related to how to store XML using relational [5,6], object-oriented,
and object-relational databases [7,8,9], but little work has been done in the area of
methodologies for designing XML schemas for specific applications. In this paper, we
introduce a design methodology for XML schemas that is based upon well-understood
conceptual modeling methodologies. Our approach is system-independent, because it
is based on conceptual modeling techniques that are independent of any specific
commercial system.

In general, because XML is hierarchical (tree-structured), many different XML
schemas (or document structures)1 can be generated from the same conceptual
database schema, and hence from its underlying database. Therefore, there is a need
for an XML schema design methodology that helps users in specifying specific XML
document structures for their applications. A lot of current data sources use relational
databases, whose relational schemas can be reverse engineered [10] into Extended
                                                          
1 We will use the terms XML schema and XML document structure interchangeably.
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Entity Relationship (EER) schemas [4,6] (or other similar conceptual data models
such as UML class diagrams [11]). By applying our methodology to EER schemas,
data sources from relational databases can be converted to a variety of XML
document structures, which can then be used by different user applications.

Although standard mappings from relational schemas to XML schemas exist
[12,13], we will argue and demonstrate that those mappings rarely produce what the
user needs. In fact, default mappings often produce XML schemas that conceptually
mirror the relational schemas. In our methodology, users will be able to easily
customize XML document structures for their specific applications. In particular,
different hierarchical views corresponding to different XML document structures can
be created by our methodology. In addition, the tedious part of writing XML Schema
documents2 will be automated from graphical EER diagrams that are easily
understood and manipulated by the users.

The rest of this paper is organized as the following. In section 2 we briefly
introduce the architecture of XML Schema Designer, a visual tool for designing XML
Schema and instance documents using EER conceptual modeling, and describe the
various ways it can be used by presenting several user scenarios. In section 3, we
describe algorithms for generating customized hierarchical views from EER model,
creating XML Schema documents from hierarchical views, and creating XML
instance documents. In the last section of the paper, we discuss the benefits of this
methodology and possible future work.

2 XML Schema Designer Architecture and Modules

XML Schema Designer is a visual XML schema designing tool that allows the user to
generate XML Schema documents using well-understood conceptual modeling
techniques, including EER modeling and UML class diagrams. It also automates the
generation of SQL query scripts, the extraction of relational data, and the creation of
XML instance documents. Only the EER model is supported in the current version of
the XML Schema Designer, but future versions will support UML class diagrams.
Figure 1 shows the overall architecture of XML Schema Designer.

XML Schema Designer consists of six components as shown in Figure 1. The
following is a brief description of each module.

EER Reverse Engineering. This module extracts an existing relational schema from
a relational database using the Data Access module, and creates a corresponding EER
schema, which can then be used for designing XML schemas for parts of the
relational database. The EER metadata, stored in an internal format, is used as the
basis for GUI editing in the EER Designer module.

RDB Designer. Given an EER schema created using EER Designer, this module will
create a corresponding RDB schema using the Data Access module. It also facilitates
loading the relational data.

                                                          
2 An XML Schema document describes the structure of a set of XML documents, and

conforms to the XML Schema recommendation [14].
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EER Designer. This module is the visual component (GUI) that a user interacts with
to create and edit EER schema diagrams. The user can either retrieve the EER schema
using the EER Reverse Engineering module, or they can create the EER schema from
scratch. The module initiates creation of the RDB schema through RDB Designer if
the EER schema is a new one.

Hierarchy/XML Schema Designer. This module allows a user to create various
XML document structures based on the underlying database. The user first chooses
the entity types and relationships of interest, which are passed to Hierarchy/XML
Schema Designer module as input to create a hierarchy and XML schema. The user
first selects a subset of the entity types and relationships from an EER diagram, then
chooses a root entity type. This module creates an entity hierarchy, which represents
an XML document structure, and also creates the corresponding XML Schema
document.

XML Instance Document Generator. Given an XML schema, this module
generates a corresponding SQL query script to retrieve data from the relational
database, and it also generates the corresponding XML instance document from the
query result.

Data Access. This module is the general database access component that provides
access to relational database, possible operations including querying RDB metadata,
creating RDB schemas, loading RDB data, querying RDB data, and saving EER
schemas.
There are basically three types of users that will benefit from using this tool.

User 1: Relational Database Schema Designer

A RDB Schema Designer can use this tool to design the EER diagram
graphically. The tool will automatically create the corresponding RDB schema
on the RDB server. Future enhancement of this tool will also provide facilities
for loading RDB data.

User 2: XML Schema Designer

This type of user can generate any number of XML schemas based on a specific
RDB/EER schema. The user will either retrieve the EER schema from an
existing RDB using EER Reverse Engineering module, or design it from scratch

EER Designer RDB Creator RDB

EER Designer

RDB

EER Reverse
Engineering

Hierarchy/XML
Schema Designer

XML Schema
Document
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using EER Designer module, or retrieve a saved version of some previously
created EER schema diagram. The user can then select entities and relationships
of interest for a particular XML document structure, and a root entity. The tool
will automatically generate an entity hierarchy and convert the hierarchy into an
XML schema.

XML Data End User

This type of user can generate XML instance documents from an existing RDB
loaded with data. The user first chooses an existing database and a saved XML
schema, then enters selection values. The tool will automatically generate an
SQL query, execute the query to extract the data from the RDB, and format the
extracted data in XML document format.

3 Algorithms for XML Schema Designer

XML Schema [14] is the new standard for specifying the format and constraints of
XML documents.  One use of XML is for extracting information from relational
databases and converting the information into a hierarchical XML document format
[12, 8].  This makes it possible to exchange data between databases and XML
documents for use on the Internet [15]. XML documents are hierarchically structured.
In general, it is possible to create different hierarchical views of a relational database
[16]. Since different users may need to see a specific document extracted through a
particular hierarchical view, the need to extract different XML Schema documents
becomes significant. This section presents three algorithms used in our tool that
support the conceptual modeling of XML document structure.

3.1 Algorithms for Generating Conceptual Hierarchical View from EER
Model

As a first step, we generate a conceptual hierarchical view for the subset of the
entities and relationships that user has already selected for a particular XML
document structure. It is likely that the user selection is an EER graph, which contains
one or more cycles. In this case, we first eliminate the cycles before we proceed to
generate the hierarchical view. First, we present an algorithm to break up the cycles.
Then, we present the algorithm for hierarchical view formulation.

RDB

XML Schema
Document

XML Instance
Documents

Selectio
n Value

XML Instance
Document
Generator
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Algorithm for Eliminating Cyclic Entities/Relationships in User Selection. The
purpose of this algorithm is to eliminate potential graph cycles in the EER diagram
subset selected by the user. Prior to this step, the user has already selected a subset of
the entities and relationships that are of interest, and the user would have already
identified a root entity for the selection. In essence, this algorithm first categorizes all
nodes, except root, into different node groups according to their shortest distance
from the root (level). It then tries to find the furthest entity node away from the root
that participates in a cycle. The algorithm then breaks the cycle by duplicating that
entity node (only the entity node, not the subgraph attached to it), so that it still
maintains each relationship it originally has with other nodes. At this point, we have a
new graph, and we repeat the process until no cycles are detected.
Input: User Selection (G, subgraph of EER), with root R of the graph
identified
Output: A tree with the same root, without any cycles

Let G be Graph with n nodes and R be selected root.
Graph2Tree()
{

While (there is a cycle in graph G)
{

G = Break_Cycle(G);
G = new gerented graph

}
Output the graph G;

}
Graph Break_Cycle(graph G)
{

1. Use Breath First Search (BFS) to define total ordering on the
nodes based on distance from root, use Depth First Search (DFS) to
define edge categories (tree edge or back edge).
2. Start from the node with deepest level to top level, and do
cycle elimination:
Let V denote current node
For each V {
For each node that connect to V (NBR-neighbors) from the node with
deepest level to top level of neighbors. {

If there is a back edge between V and NBR {
//Search the cycle path until back edge connected node.
While cycle_node (the node is moving to search the cycle
path) is not back edge connected node. {

Find the node connected to cycle_node with tree edge in
the search path and add cycle_node to cycle_list (the
list contain all nodes in the cycle path).

}
Construct a list(c_depth_list) and sort it according the
level of nodes in cycle_list.
Let Copy_V be the node that is going to duplicate.
Copy_V = the node that is deepest node in c_depth _list.
Pre_Copy_V = find the node that is one position ahead the
Copy_V in term of level in c_depth_list
G = new_graph (n, Pre_Copy_V, Copy_V )
Return G;

}
}

}
Return G;

}
The process to eliminating cycles is the preprocessing procedure for generating a

hierarchical view. This algorithm has been implemented and sample results are shown
in Figure 6.
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Algorithm for Hierarchical View Formulation. This Algorithm is for generating
XML schema documents based on users� choices. In the front end, the user-friendly
tool will use an EER graphical representation of the database schema to specify the
criteria for document generation. The user identifies the root entity type to choose a
particular hierarchical view for a specific XML Schema document. Based on the
relationships between the root and other entity types, the corresponding hierarchy will
be recognized by the system and the XML Schema document will be automatically
generated.

Given a portion of interest of a source EER schema that has already been
preprocessed to eliminate cycles, and a root entity R, we construct the hierarchical
view by invoking the recursive procedure �Generate_Hierarchy (E1,AE1)�. There are
two input parameters for this procedure.

First parameter is for the current entity that needs to be transfered to hierarchical
view.

Second parameter is the ancestor�s entity. It is used when the child relationship of
current entity is N:1 or 1:1.

In the procedure, we define that
The relationship that is connected to E1 be �L�.
The entity type that is related to E1 though L be �E2�

The procedure Generate_Hierarchy (R, R) creates the hierarchical view. It
basically merges child entity types that participate in N:1 or 1:1 relationships with
their parent entity type. For 1:N or M:N relationships, the relationship attributes are
migrated to the child entity type. This keeps the number of entity types in the
hierarchical view to a minimum. The psuedocode of the procedure is as follows:

Generate_Hierarchy( EntityTypeName E1, AE1, RelationshipName Re)
{

Let P be each path that has relationship with E1
Let the path Re be the relationship between E1 and it’s parent.
If E1 is not R(root) { remove the path Re from P }
For each path P
Do{

Let the relationship that is connected to E1 be “L”.
Let the entity type that is related to E1 though L be “E2“
If L is M:N or 1:N relationship
{

Make E2 be the child of E1 in the hierarchy.
If L is M:N relationship
{Change L to 1:N relationship (1 to E1 and N to E2) }
If L has it’s own attributes
{ merge L’s attributes to E2 }
// Mark the attribute originally belongs to L with color 1
Generate_Hierarchy (E2, E2, L)

}
else if L is N:1 or 1:1 relationship
{

if E1 and AE1 are not the same
{ E1 <= AE1 // Replace E1 With AE1}
Merge E2’s attributes to E1.
If L has it’s own attribute
{ merge L’s attributes to E1 }
// mark the attributes originally belong to E2 with color 2
// mark the attributes originally belong to L with color 1
Generate_Hierarchy (E2, E1, L)

}
}

}
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In the procedure, we color the attributes that originally belong to a relationship
with color1 and the attributes that originally belong to a merged child entity with
color2. As a result, we can distinguish each attribute as to whether it originally
belonged to another entity or relationship.

An Example to Illustrate Hierarchical View Formulation. Consider an application
that needs XML/Schema documents for student, course and grade information, to be
extracted from the university database shown in Figure 2. The user is only interested
in the entity sets, COURSE and STUDENT, and the relationships between them via
the SECTION entity type. Then, in step 1, these three entity types and their attributes
are selected, as well as the relationships S-S and C-S. The EER diagram after this step
is shown in Figure 3. In step 2, based on user�s choices for XML document structure,
it is possible to formulate at least three possible hierarchies:

First, a user can choose COURSE as root, as illustrated in Figure 4a. Since the
relationship cardinalities along the path from parent to child in this case are 1:N
relationships, there is no need to merge entities. The �Grade� attribute in the S-S
relationship is migrated to the STUDENT entity. This is because, by choosing
COURSE as root, SECTION becomes a child of COURSE, and STUDENT becomes
a child of SECTION in the hierarchy.  All STUDENT elements that are children of a
specific section are related to that SECTION, and hence can have a specific grade in
that SECTION. In this hierarchy, a STUDENT taking more than one SECTION will
have several replicas, one under each SECTION, and each will have the specific
grade given in that particular section.

Second, the user can choose STUDENT as root (Figure 4b).  In this view, in step 3
each section is related to one course, so the relationship between SECTION and
COURSE is N:1. We can hence merge COURSE and SECTION entities as shown in
Figure 4b. In addition, the �Grade� attribute is migrated to the SECTION entity. In
this hierarchy, COURSE/SECTION information is replicated under each separate
STUDENT who completed the section.

The third possible way is to choose SECTION as root, as shown in Figure 4c.
Similar to the hierarchical view, the COURSE merges into the SECTION entity and
the �Grade� attribute is migrated to the STUDENT entity.

Discussion of Hierarchical View Formulation. As we can see, even in this simple
example, there can be numerous hierarchical views, each corresponding to a different
XML document structure. We illustrated the process of hierarchical formulation. The
advantage of this process within our tool is to provide a user-friendly interface and let
the user formulate a specific hierarchical view without knowledge of the detailed
structure and content of the database or XML schema constructs. The completed
hierarchical view is the first stage for designing a customized XML Schema
document. We next discuss the algorithm to convert a hierarchical view into an XML
Schema document.
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3.2 Generating XML Schema and Instance Documents from Conceptual
Hierarchical View

In this section, we present the algorithm to build an XML Schema document from a
hierarchical view. We will then apply the algorithm to an previous example and
generate the corresponding XML Schema document.

Algorithm for Generating XML Schema Document From Conceptual
Hierarchical View. The algorithm steps are as follows, and are illustrated using the
hierarchy in Figure 4b:
1. Define a root element for the XML Schema document, which will be used to give
a name to the entire schema document. The type of this element will be �rootType�,
which is a complex type element.  In our example, we choose the name
StudentTranscriptDoc for the root element.
2. Call the recursive procedure �Generate_XML_Schema�, using the root entity of
the hierarchy as its argument.  In our example (Figure 4b), STUDENT is the root of
the hierarchy, so we pass STUDENT as input to �Generate_XML_Schema�.

We now describe the recursive procedure �Generate_XML_Schema�:

Generate_XML_Schema (EntityTypeName E1)
{
Generate a complex type element for E1 and its type, “E1Type”
Under the E1Type element
Do{

For each EER attribute A of E1
{

Create a complex type XML element e corresponding to A
Define a simpleContent3 element within e
Create four XML attributes for e

FIELD_NAME, FIELD_TYPE, FIELD_LEN, NULLABLE.
}

For each entity E2 that is a child of E1, in the
hierarchy
Do { Call Generate_XML_Schema (E2) }

}
}

An Example of Generating XML Schema Document. Now that we have described
the algorithm, we use the example given in section 3.1.2 with STUDENT as root.  We
first define a root element for this XML Schema document, and we choose the name
�StudentTranscriptDoc� to represent that this schema contains student transcript
documents. Since we use STUDENT as the root of our hierarchical view, STUDENT
will be the initial current entity type (E1) that is input to �Generate_XML_Schema�.

In �Generate_XML_Schema�, we generate a complex element for STUDENT and
its type, �STUDENTType�. Under the STUDENTType element, there are three EER
attributes, Ssn, Name, and Class of the STUDENT entity type, so we generate three
complex elements S_SSN, S_NAME and S_S_CLASS, respectively in XML Schema
document for each EER attribute, and each element will have four XML attributes
that describe their properties from the database system. Next, we apply the same

                                                          
3 A SimpleContent element contains either extensions or restrictions on a complexType

element with character data, or contains a simpleType element as content and contains no
elements [14].
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scheme recursively to the SECTION entity type, which is a child of STUDENT in the
hierarchical view. Figure 5 illustrates the brief view of the generated XML Schema
document.

Formulating SQL Query. In order to generate XML instance documents based on a
particular hierarchical view of the database, we need to have a SQL query that
extracts data from the database, in addition to some information about the hierarchy.
The SQL query text can be stored within the XML Schema document or in a separate
text file. This query must be formulated such that it selects all the attributes of the
hierarchy ordered by the primary keys of the entities. The tables must be joined
together using outer join starting from the top-level entity and in a breadth-first order.
The result of the query is  used to generate the XML instance document.

Generating XML Instance Documents. Some information about the hierarchy is
used for generating the XML instance documents. This includes:

1. Data about the hierarchy including:
numEntities: Number of entities in the hierarchy including the �Root� entity
numLevels: Number of levels in the hierarchy including the �Root� entity

2. Data about each entity including:
number: Entity�s number, starting from 0 for the �Root� in a breadth-first order
name: Entity�s name, used as the XML tag name
level: Entity�s level, starting from 0 for the �Root� entity
parent: Entity�s parent number
firstAttribute: Column number corresponding to the entity's first attribute
numAttributes: Number of attributes for the entity
keyIndex: Column number corresponding to the entity's key attribute
firstChild: Entity's first child entity
numChildren: Number of children for the entity
tagNames: Names of the entity�s attributes, used as XML tag names

To generate the XML instance documents, method "elementBuilder" is called
recursively to process all the entities of the hierarchy in a depth-first order, starting
from the "Root" entity. For each entity, there is a set of rows in the query result to be
processed. These rows are specified by the entity's startRow and endRow. Initially,
the startRow of each entity is the startRow of its parent, where the startRow for
"Root" is 0. The endRow for each entity is determined by testing the keyIndex value of
the entity, except the endRow for "Root" that is assigned the last row of the query
result. The entity�s endRow is determined as follows: The last row that still has the
same keyIndex value as the entity's startRow will be the entity's endRow; where it
must be less than the endRow of the entity's parent. Each entity has a vector named
tempVector that is used to keep track of the entity�s keyIndex values. Method
�getEndRow� is used to find the row of the query result that must be processed as the
last row for that instance of the entity. This method tests the entity�s keyIndex value
with its tempVector vector to find the entity�s endRow. If it encounters a NULL value,
the method returns a flag meaning that there are no instances of the entity. If it
encounters a value that already exists in the entity�s tempVector, it returns a flag
indicating that there are no more instances of the entity. When the process for one
instance of the entity is complete, the entity's startRow will be set to one after its
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endRow, and the same process will be repeated for the next instance of the entity. The
algorithm terminates when the "Root" entity is processed completely. The algorithms
for �elementBuilder� and �getEndRow� methods are shown in Figures 7 and 8
respectively.

4 Conclusion and Future Work

We have illustrated the process for generating customized XML schemas from EER
models.  The user selects the entity types and relationships of interest, and identifies
the root to form a hierarchical view. According to this hierarchical view, our tool
generates the corresponding XML Schema document. We described some of the
algorithms used by our tool to automate the breaking of cycles, generate a hierarchy
by merging entities and migrating relationship attributes, creating XML schemas,
generating SQL queries, and generating XML instance documents.

Our approach for designing XML Schema documents reduces the large amount of
work that is needed to access databases and transform their data to XML format. With
the power of XML, users will be able to easily customize their XML document
structure for their specific application. Consequently, it also establishes the interface
between various databases and applications.

Our tool will also store the XML Schema documents for use by applications to
create instance documents. We are currently enhancing the tool to provide more
flexibility, such as providing the meaning of selecting a root by rephrasing in English,
and giving the user options as to how to break the cycles in a graph.

References

[1] Bray, T., Paoli, J., Sperberg-McQueen, C., Maler, E.: Extensible Markup
Language (XML) 1.0, W3C Recommendation, October 2000.

[2] Wadler, P.: Et tu, XML?, 27th VLDB Conference, Roma, Italy, 2001.
[3] Ullman, J., Widom, J.: A First Course in Database Systems, Prentice Hall

(1997).
[4] Elmasri, R., Navathe, S.: Fundamentals of Database Systems, 3rd Edition,

Addison-Wesley (2000).
[5] Fong, J., Pang, F., Bloor, C.: Converting Relational Database into XML

Document, IEEE 12th International Workshop on , 2001.
[6] Kappel, G., Kapsammer, E., Rausch-Schott, S., Retschitzegger W.: X-Ray-

Towards Integrating XML and Relational Database Systems, International
Conference on Conceptual Modeling (ER), LNCS 1920, Springer-Verlag
(2000).

[7] Ha, S., Kim, K.: Mapping XML Documents to the Object-Relational Form,
Proceedings of The 2001 International Symposium on Industrial Electronics,
June 2001, IEEE.



Conceptual Modeling for Customized XML Schemas      439

[8] Shanmugasundaram, J., Shekita, E., et al: Efficiently Publishing Relational
Data as XML Documents, Proceedings of the 26th International Conference on
Very Large Databases, Cairo, Egypt, Sept. 2000.

[9] Klettke, M., Meyer., H.: XML and Object-Relational Database Systems�
Enhancing Structural Mappings Based on Statistics, International Workshop
on Web and Databases (WebDB), Dallas, TX, May 2000.

[10] Vermeer, M., Apers, P.: Reverse Engineering of Relational Database
Applications, Proceedings 14th International Conference on OO/ER Modeling
(ER '95), LNCS 1021, Springer-Verlag (1995).

[11] Object Management Group: 
http://www.omg.org/technology/documents/formal/uml.htm.

[12] Bourret, R.: Mapping W3C Schemas to Object Schemas to Relational Schemas
http://www.rpbourret.com/xml/SchemaMap.htm.

[13] Florescu, D., Kossmann, D.: Storing and Querying XML Data Using an
RDBMS, IEEE Data Eng. Bulletin 22(3), Sep.1999.

[14] XML Schema Part 1 & 2 W3C Recommendation, May 2001:
http://www.w3.org/TR/xmlschema-1/ , http://www.w3.org/TR/xmlschema-2/.

[15] Schmidt, A., Kersten, M.L., Windhouwer, M., Waas, F.: Efficient Relational
Storage and Retrieval of XML Documents, International Workshop on the
Web and Databases (WebDB), Dallas, TX, May 2000.

[16] Elmasri, R., Larson, J.: A Graphical Query Facility for ER Databases,
Proceedings of the 4th International Conference Entity-Relationship Approach,
Chicago, Illinois, October, 1985, IEEE.



440      Ramez Elmasri et al.

Figures

Fig. 1. Architecture Overview

Fig. 2. EER Schema for a University Database

Fig. 3. The EER Diagram after User Selects Relevant Entities/Relationship Attributes

Relational Database
Data Access

EER
Reverse
Engineering

EER
Designer

Hierarchy/XML
Schema Designer

XML Instance
Document Generator

RDB Designer



Conceptual Modeling for Customized XML Schemas      441

    

Fig. 4c. Hierarchical View wit

F
S

Fig. 4a. Hierarchical View with
COURSE as the Root
h SECTION as the Root

ig. 4b. Hierarchical View with
TUDENT as the Root



442      Ramez Elmasri et al.

<?xml version="1.0" encoding="utf-8"?>

<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema">
<xsd:element name="StudentTranscriptDoc" type="rootType"/>
<xsd:complexType name="rootType">

<xsd:sequence>
<xsd:element name="STUDENT" type="STUDENTType" minOccurs="0"
maxOccurs="unbounded"/>

</xsd:sequence>
</xsd:complexType>
<xsd:complexType name="STUDENTType">

<xsd:sequence>
<xsd:element name="S_SSN">

<xsd:complexType>
<xsd:simpleContent>

<xsd:extension base="xsd:string">
<xsd:attribute name="FIELD_NAME" type="xsd:string" fixed="S_SSN"/>
<xsd:attribute name="FIELD_TYPE" type="xsd:string" fixed="CHAR"/>
<xsd:attribute name="FIELD_LEN" type="xsd:string" fixed="11"/>
<xsd:attribute name="NULLABLE" type="xsd:string" fixed="false"/>

</xsd:extension>
</xsd:simpleContent>

</xsd:complexType>
</xsd:element>
+<xsd:element name="S_NAME">
+<xsd:element name="S_CLASS">

<xsd:element name="SECTION" type="SECTIONType" minOccurs="0"
maxOccurs="unbounded"/>

</xsd:sequence>
</xsd:complexType>
+<xsd:complexType name="SECTIONType">

</xsd:schema>

Fig. 5. XML Schema corresponding Hierarchical View that STUDENT as the Root

Fig. 6. Example of Algorithms for Eliminating Cycles
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while (e's startRow <= e's parent's endRow)
Print the opening tag for e
Print all the simple elements of e

if (e has at least one child)
for (all the e's children as i)

Empty i’s tempVector
i's startRow = i's parent's startRow
tempEndRow = getEndRow(i)
if (tempEndRow == -1 meaning NULL value)

continue to the next loop iteration
else

i’s endRow = tempEndRow
elementBuilder(i)

Print the closing tag for e
if (e == 0)

Exit, since “Root” is processed completely
else /* search the next rows for new instances of e */

n
i

e

Fig.7. EementBuilder Algorithm

e's startRow = e's endRow + 1
tempEndRow = getEndRow(e)
if (tempEndRow == -1) continue
else if (tempEndRow == -2) return
else e's endRow = tempEndRow

extRow = e's startRow
f (e's startRow <= numRows – 1)
if (the e’s keyIndex value is NULL) return –1

else if (the e’s keyIndex is in its tempVector) return -2
Add the e’s keyIndex value to its tempVector
Fig.8.  getEndRow Algorithm

nextRow = nextRow + 1
while (nextRow <= endRow of the e’s parent)

if (the e’s keyIndex value in nextRow is NULL) return -1
else if (e’s keyIndex value in nextRow is different

from the e’s keyIndex value in the e’s startRow)
break out of the loop

else nextRow = nextRow + 1
return nextRow – 1

lse return numRows - 1
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Abstract. Typically, the design of an object-oriented database schema
starts with an analysis of the application and ends with the implemen-
tation of the application. We advocate a design process that employs an
intermediate phase where the designer can choose between different ab-
stract object-oriented database schemas. This choice influences the space
and time costs that arise when the schema is implemented. We present
a cost model for abstract object-oriented database schemas that allows
the designer to estimate these costs. At the core of the cost model is an
abstract object-oriented database machine. Access structures that are
used by this abstract database machine are given by an internal schema.
With this we can estimate the space costs. Queries and updates are
expressed as programs of the abstract database machine. By providing
cost functions that characterise cost relevant aspects of the operations
of the abstract database machine we can estimate the time costs of the
machine programs. Our cost model is parameterised. So, for example,
it can be adopted to reflect different implementation database systems.
We provide an example to show how the preferred choice of an abstract
database schema changes when the parameters of the cost model vary.

1 Introduction

For an object-oriented database application a major goal of the development
process is the design of a database schema. Such a nontrivial piece of software
as a database application is preferably developed through multiple steps. The
analysis of the application is usually the first step of a design process, while one
of the last steps is the implementation. In the past, the full design process has
been treated under a large variety of points of views [1, 2, 3, 4, 5, 6]. In the
following, we refer to our specific version of a basic design process for object-
oriented schemas [7]. Nevertheless our results appear to be easily adaptable for
many other versions.

In the basic design process the analysis step, semantic modelling, results in
an analysis schema, which can be represented by an entity-relationship schema
or a uml class diagram. In the second step, abstract logical formalisation, the
initial analysis schema is transformed into an abstract object-oriented schema,
which subsequently can be transformed in order to improve it. The third step,

S. Spaccapietra, S.T. March, and Y. Kambayashi (Eds.): ER 2002, LNCS 2503, pp. 444–462, 2002.
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Fig. 1. Outline of cost driven database schema design

concrete class declarations, finally implements the schema using the underlying
object-oriented database system. In a first attempt the steps are performed con-
secutively. In general, however, some iterations are required and thus a later step
can indirectly influence an earlier step.

The transformations during the step of abstract logical formalisation provide
the designer with a choice of different abstract object-oriented database schemas.
It is possible to guide this choice by heuristics. As an alternative, in this paper,
we propose a cost model that allows to estimate the space and time costs that
arise when the chosen schema is implemented. This is a substantial refinement of
the second step towards a cost driven design. We aim at introducing estimations
of space and time costs already on the logical level, in order to make the impact
of system-dependent factors as explicit as possible.

1.1 Cost Driven Design

In a recent work [8] we presented an abstract object-oriented database machine.
This abstract database machine is the core of the cost model that we present in
this paper. Figure 1 shows the overall structure of our refinement of the basic
design process. It can be roughly outlined as follows.

One result of the application analysis is an analysis schema, which may be
given as an entity-relationship schema or a uml class diagram. Additionally the
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application analysis provides use cases that describe expected user behaviour.
Logical formalisation takes an analysis schema and translates it into what we
call a conceptual schema. A conceptual schema is one part of an abstract object-
oriented schema. It describes types, classes and their hierarchy, and semantic
constraints. In accordance with the schema formalisation the use cases are for-
malised into queries and updates that fit the conceptual schema. The next step,
schema refinement, complements the conceptual schema with an internal schema,
the other part of the abstract object-oriented schema. The internal schema con-
tains a set of access structure declarations. Given an abstract schema, that is,
a conceptual schema and a corresponding internal schema, we can immediately
estimate the space costs. For the estimation of the time costs we employ the ab-
stract database machine. We generate a machine program for each of the queries
and updates that represent the expected user behaviour. Then the time costs
can be estimated by a step-by-step analysis of the machine programs.

In the figure some arrows are marked with an asterisk. At these points there
is a choice between different alternatives. For example, during schema refinement
different internal schemas can be selected for a given conceptual schema. Each
time the costs are estimated all these choices are checked to see if any necessary
improvements are possible. When all costs are low enough or otherwise optimised
implementation can commence.

The cost estimations are steered by several factors. The generation of the
machine programs depends on the operations that the abstract database machine
provides. For each of the operations a series of cost functions outlines its time
requirements. Cost parameters control the cost functions. These cost parameters
provide control values for the space cost and time cost estimations. A part of the
cost parameters describes properties of the application. These must be provided
by the application analysis.

The costs of the implemented database application depend on the selected
concrete database system. There are several points where this system selection is
taken into account for the cost estimations. The choice of internal schemas can
be influenced by restricting the possible types of access structures. The query
(and update) processor of the database system can be characterised by choosing
the operations of the abstract database machine and providing appropriate cost
functions. Various cost parameters describe system properties.

In conclusion, the inputs and outputs and the overall control structure (not
shown in Fig. 1) of the cost driven design can be summarised as follows. The
primary input from the application analysis gives raise to alternatives for a con-
ceptual schema, for queries and updates, for an internal schema, and for machine
programs. Cost estimations must explore and compare all meaningful combina-
tions, or at least the promising ones. The final costs, and therefore the cost
estimations, depend on the system selection. Accordingly, system properties are
used as a secondary input. The process generates as outputs a survey on the
space and time costs of the considered combinations under the system proper-
ties, preferably together with a recommendation of a good or even a best choice.
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1.2 Related Work

There are several investigations considering costs while designing databases [9,
10, 11, 12, 13]. Software performance engineering deals with the consideration
of performance during software development. Nixon [14, 15] describes a Per-
formance Requirements Framework to apply these principles to the design of
information systems. When, during logical formalisation, use cases are trans-
lated into queries and updates it is important that semantic constraints are
taken into account. We do not discuss this in the present paper. Others han-
dle this task [16, 17, 18, 19]. Especially noteworthy is the work of Gupta and
Widom [20] who show an approach for local verification of global integrity con-
straints. Bertino and Foscoli [21] specifically investigate object-oriented systems
and present a model to characterise topologies of object references in object-
oriented database. They present a set of parameters that are similar to the cost
parameters that we use to steer our cost functions. Our abstract database ma-
chine can be seen as a special kind of object algebra [22] or as an abstract query
execution language [23]. In order to find suitable cost functions it is necessary
to have an idea of the way object-oriented database systems are implemented.
Shekita as well as Velez and others [24, 25] describe such implementation details
of object-oriented database systems.

1.3 Outline of the Paper

In Sect. 2 we sketch our abstract database machine. There we select a represen-
tative collection of database operations that basically work on streams of value
lists. Section 3 contains our main contribution, the detailed description of the
cost model. Some remarks conclude the paper. Section 4 contains concluding
remarks. In the appendix we provide an example to illustrate the use of the cost
model as part of the advocated refinement of the design process.

2 Abstract Database Machine

Here we only give a short summary of the abstract database machine. A detailed
description can be found in our recent work [8]. Since we want to deal with costs
of operations we consider both persistent and transient data.

The persistent database state of the abstract database machine is a database
instance. Such an instance is based on a conceptual schema which describes
classes, C, a class hierarchy, � ⊆ C × C, types, T , a type hierarchy, ≤ ⊆ T × T ,
the types of classes and attributes, and semantic constraints. For a every class c
its type is given as γ(c). There is a distinction between value types, TVal, and
object types, TObj. A database instance gives object identifiers, attribute values,
class extensions and object type extensions. An internal schema complements
a conceptual schema. It contains a set of access structure declarations, X , of the
form (c, A) which declare that there should be an access structure (index) for
the attribute A of class c in the implementation.
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Table 1. Operations of the abstract database machine

name number of
input
streams

number of
output
streams

access to
persistent
database
state

may generate
duplicates

sorted input
required

needs entire
input stream
for operation

const 0 1 — yes n/a n/a
duplicate 1 2 — — — —
scan 0 1 read — n/a n/a
activate 1 1 read — — —
unnest 1 1 — yes — —
nest0 1 1 — — yes —
project 1 1 — yes — —
unique0 1 1 — — yes —
select 1 1 — — — —
sort 1 1 — yes — yes
product 2 1 — — — yes
unionall 2 1 — yes — —
create 1 1 — — — —
write 1 0 write n/a — —
delete 1 0 write n/a — —

union0 2 1 — — yes —
join0 2 1 — — yes —
access 1 1 read — — —

(To emphasise positive entries, we use ‘—’ to denote ‘no’.)

The transient data in the abstract database machine is represented through
streams. The operations of the abstract database machine pass the data from one
to another in the form of streams. Every stream has a type (t1, . . . , tn) which is
a list of value types. A stream is a sequence of value lists. The values in the value
lists are numbered by their positions from 1 to n. In a stream of type (t1, . . . , tn)
all the values at a position k must be of type tk. Additionally a stream can be
lexicographically sorted, which is described by a position list (k1, . . . , kn).

Table 1 gives an overview of the operations. We provide a short description
of their meaning at the respective cost functions below.

A machine program consists of one or more steps. Each step designates one
operation and describes the input and output of the operation. For this purpose,
streams are represented by program variables of the form xk, called channels.
Every input stream for an operation is given as a channel that stands for the
output stream of an earlier step.

A machine program step is denoted as either op(args) or xk := op(args) or
(xk, xl) := op(args) depending on the number of output streams of the operation.
Here xk denotes a channel, op is an operator and args is a comma separated list
of suitable arguments. An arguments that stands for an input stream is given as
a channel xl.
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A machine program is a sequence of machine program steps that satisfies the
following requirements:

– The preconditions of the operators in all steps are satisfied. All arguments
are of valid types, in particular.

– Each channel is used as output by exactly one step. (The two outputs of
‘duplicate’ must be two different channels.)

– Each channel is used as input by at most one step.
– Each channel that is used as input by a machine program step is used as

output by an earlier step.

Note, that every program can be represented by an ordered directed acyclic
graph, where the nodes stand for program steps and the vertices for channels.

3 Cost Evaluation

As stated above the cost model can be adjusted by providing cost functions
and cost parameters. In this section we give a set of basic cost functions and
corresponding parameters. For special purposes it can be necessary to use more
refined cost functions.

Throughout this section we present different assumptions that we make for
the underlying database system. They appear when they are first needed. Fur-
thermore we use several cost parameters that are used for the cost estimations.
We introduce the cost parameters when we first need them and provide a sum-
mary in Fig. 2.

3.1 Space Cost Estimation

We first look at the space on secondary memory that we need for the persistent
application data and the access structures. In the following we make the common
assumption that the secondary memory consists of equally sized blocks. Based
on this we measure space costs as the number of blocks needed. To capture the
application data we must store the attribute values of all objects and at least
the direct class extensions of all classes.

We base our estimations on the assumption that the database system uses
what we call exclusive and mandatory class membership, that is, that every ob-
ject is in the direct extension of exactly one class. Because of this assumption the
objects on secondary memory can be organised by direct class extensions. The
attribute values of each object are stored contiguously. Thus we can characterise
the space needed for storing attribute values by some cost parameters. The cost
parameter nt describes the average number of blocks that are needed to store an
object of type t including its attribute values. The parameter N0,c is an estimate
for the number of objects in the direct extension of class c. The estimate of the
space for the application data is:

∑
c∈C

nγ(c) · N0,c (1)
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We assume that there is an implicit object identifier access structure for
every class that can be used to retrieve all object identifiers of the class. The
cost parameter Nc is an estimate for the number of objects in the extension of
class c. Even though we can fit nOID OIDs in one block, we assume that not every
block of the object identifier access structure is completely filled with OIDs. The
cost parameter θs:c describes the average filling level of the object identifier access
structure for class c. The parameter na captures the organisational overhead, for
example the non-leaf nodes in a B-tree, that is needed for each object identifier.
Typically this is a fraction of a block. The estimate of the space for the implicit
object identifier access structures is:

∑
c∈C

Nc · (1/nOID/θs:c + na) (2)

We need space for every explicitly declared access structure, (c, A). The es-
timate of the space for the explicit access structures is similar to the estimate
for the implicit access structures. Because there may be more (or less) than
one object associated with a value for an attribute, we must use an additional
cost parameter, nA:c,A, that describes the average number of elements for an
attribute A of class c:

∑
(c,A)∈X

Nc · nA:c,A · (1/nOID/θs:c + na) (3)

Thus the total required space can be estimated as the sum of the formulas
(1), (2), and (3).

3.2 Time Cost Estimation

The time costs are estimated by looking at the steps of a machine program one
after the other. In this process all program steps and all channels in the program
are adorned with cost statements.

When we have a program step it contains an operation. For the purpose of
cost evaluation we must provide cost functions for every operation. These cost
functions are applied to the parameters of the current step, to the types, sortings
and the cost statements of the input channels. The results of this application are
used as the cost statement of the step and as the cost statement for the output
channel, respectively.

After every step is adorned with a cost statement, the total cost of the ma-
chine program results by combining the cost statements of all program steps
with an aggregation function. We call the result of the aggregation total cost
statement.

3.3 Cost Statements

Cost statements are attached to channels and to machine program steps. We call
the one sort channel cost statements and the other step cost statements.
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For the basic costs functions we use the following cost statements. The chan-
nel cost statements comprise:

– stream length: a description of the number of value lists in the respective
stream

The step cost statements comprise:

– block accesses : a description of the number of blocks that are transferred to
or from secondary memory during the respective machine program step.

– value accesses : a description of the number of values in main memory that
are read or written during the respective machine program step.

Accordingly the block accesses represent the I/O costs and the value accesses
represent the CPU costs.

While blocks are all of the same size, values can require rather different
amounts of space. Especially the size of sets can vary widely. But for our basic
cost functions we assume that a normal set of our application is small and there
is no otherwise very significant difference in the size of values.

3.4 Cost Functions

By the choice of the kind of cost statements we have laid the grounds for the cost
functions. The time it takes to carry out a machine operation depends on the
values in the input streams. For our estimations, at the schema design time, we
neither know the values nor the length of the input streams. What we exactly
know is only the type of the input streams. In order to estimate the needed
unknown parts, it is therefore necessary to make assumptions about the likely
characteristics of ‘typical’ values, their occurrences in ‘typical’ streams and the
length of such streams.

In principle, we have to distinguish values and streams stemming from per-
sistent data, and those stemming from transient data, that is, from intermediary
results that occur during the evaluation of machine programs. Our assumptions,
precisely presented below, when considering the cost functions, are guided by
the following rough rules:

– For persistent data, application analysis allows reasonable assumptions on
the characteristics of values with respect to size, selectivity of predicates etc,
and on the cardinality of class extensions which are used within first-level
input streams.

– Based on that, we can reasonably estimate the length of first-level output
streams.

– Additionally, we assume (or, more rigorously, we only allow) that queries and
updates (which represent expected user behaviour) are ‘simple’. Accordingly,
and based on calculated output types we treat transient values in higher-level
streams like values in first-level streams. Thus on higher levels, we use the
same correlations between the length of input streams and the length of
output streams as we assumed on the first level.



452 Joachim Biskup and Ralf Menzel

Now we look at the cost functions for each operation in turn. We first sum up
the syntax. Then we give the cost functions for the step and any output channel.
We use the notation ‖x‖ to refer to the stream length of an input channel x.
Last there may be some comments about the underlying implementation ideas.

const: const(sc, (t1, . . . , tn)) [returns stream sc of type (t1, . . . , tn).]
Block accesses: 0, Value accesses: 0, Length of output stream: ‖sc‖

We assume that the constant stream sc is already in main memory. Therefore
there are no block or value accesses.

scan: scan(c) [returns a stream of the identifiers of the objects of class c.]
Block accesses: �Nc/nOID/θs:c	, Value accesses: 0, Length of output stream: Nc

The OIDs are retrieved using the above mentioned implicit object identifier
access structure of class c.

activate: activate(x, k) [loads the objects for the identifiers at position k.]
Block accesses: ‖x‖ · (θa:c + ntk

) where tk is the type of the values at position k,
Value accesses: ‖x‖, Length of output stream: ‖x‖

We assume that we’ve got physical OIDs, that allow us to directly access the
blocks where the objects were stored when they were created. When the size of
an object grows it might be necessary to move the object to a different location.
When this happens a reference is stored at its original home. Consequently an
additional block access is required to retrieve the object. Because of this we
provide a correction factor θa:c, the fraction of objects of class c that have been
relocated.

unnest: unnest(x, k) [unnests the sets at position k.]
Block accesses: 0, Value accesses: ‖x‖ ·nu:tk

, Length of output stream: ‖x‖ ·nu:tk

The cost parameter nu:t gives the average number of elements in a set of
type t.

nest0: nest0(x, k) [nests the values at position k.]
Block accesses: 0, Value accesses: (‖x‖−1)·nq:(t1,...,tk−1,tk+1,...,tn), Length of out-
put stream: ‖x‖/nu:tk Set where tk Set is the set type that corresponds with tk.

Estimating the value accesses is a bit tricky. We must test whether two
consecutive value lists are identical accept for the given position k. When they
are identical we need 2(n− 1) value accesses for such a test. When they are not
we need a number of value accesses between 2 and 2(n−1) until we find out. The
cost parameter nq:(t1,...,tn) gives the average number of value accesses necessary
to decide whether two value lists of type (t1, . . . , tn) are identical or not.

project: project(x, f) [applies the projection function f .]
Block accesses: 0, Value accesses: 0, Length of output stream: ‖x‖

The project operation is as much an operation as a type conversion. All it
has to do is to pass on the new positions to subsequent operations. This has the
effect of leaving no longer needed values in main memory. The only operations
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that might be effected by this are those that need the complete stream as input
before they can perform. But these operations, namely sort and product, must
access all positions anyway. Thus they implicitly take care of removing the no
longer needed values from main memory.

unique0: unique0(x) [removes duplicates.]
Block accesses: 0, Value accesses: (‖x‖ − 1) · nq:(t1,...,tn), Length of output
stream: fq:(t1,...,tn)(‖x‖) where (t1, . . . , tn) is the type of the input stream

The cost parameter fq:(t1,...,tn)(l) gives the average number of unique ele-
ments in a stream of type (t1, . . . , tn) of length l. Testing the identity of two
consecutive value lists is similar to the test done for nest0.

select: select(x, p) [returns only value lists that satisfy the predicate p.]
Block accesses: 0, Value accesses: ‖x‖ · np, Length of output stream: �‖x‖ · θp	

The cost parameter θp gives the selectivity of predicate p. The cost parame-
ter np gives the number of values that must be accessed to evaluate the predi-
cate p.

sort: sort(x, (k1, . . . , kl)) [lexicographically sorts for the positions (k1, . . . , kl).]
Block accesses: 2 · n(t1,...,tn) · ‖x‖ · �logq(k)	 where k = �‖x‖ · n(t1,...,tn)/nmem	,
q = min(�nmem/n(t1,...,tn)	, nfiles) and (t1, . . . , tn) is the type of the input stream,
Value accesses: ‖x‖ · log2(‖x‖/k) · n, Length of output stream: ‖x‖

The cost statements are based on a merge sort using q files. The value q
depends on n(t1,...,tn), the average number of blocks for a value list of type
(t1, . . . , tn), and on nmem, the size of memory (in blocks) that is reserved for
sorting and similar operations. There is a limit, nfiles, to the number of files that
may be simultaneously used for sorting. The value accesses are caused by the
in-memory presorting of the k substreams.

product: product(x1, x2) [returns the Cartesian product of the input streams.]
Block accesses: if �n(t′1,...,t′m) · ‖x2‖	 ≤ nmem then 0 else ‖x1‖ · �n(t′1,...,t′m) · ‖x2‖	
where (t′1, . . . , t′m) is the type of the second input stream, Value accesses: ‖x1‖ ·
‖x2‖ · (n+m) where the type of the first input stream is (t1, . . . , tn), Length of
output stream: ‖x1‖ · ‖x2‖

The result of product sustains the sorting of the input stream x1. If the
second stream fits entirely into main memory the product can be computed
without using any secondary memory. If this is not the case we store the entire
second stream on secondary memory and read it for each value list in the first
stream (except for the first, where we write it).

unionall: unionall(x1, x2, (t1, . . . , tn)) [concatenates two streams.]
Block accesses: 0, Value accesses: 0, Length of output stream: ‖x1‖+ ‖x2‖

The output stream is of type (t1, . . . , tn).
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create: create(x, t) [appends an identifier of type t to each value list.]
Block accesses: 0, Value accesses: ‖x‖, Length of output stream: ‖x‖

create must only generate one new object identifier for each value list in the
stream.

write: write(x, c, l, f) [inserts objects identified by position k into class c.]
Block accesses: ‖x‖ ·

(
nγ(c) + η(N0,c) +

∑
(c′,A)∈Xc

η(Nc′) · nA:c′,A

)
, Value ac-

cesses: 0, Length of output stream: none
write puts objects into a class, c. The identifiers of the objects to write are

at position l of the stream x. The function f tells the position of the value for
each attribute of an object.

Along with the object data we must update the implicit object identifier ac-
cess structure and all relevant explicit access structures Xc = {(c′, A) | (c′, A) ∈
X ∧ c� c′} on the secondary storage. The cost parameter η(n) gives the number
of block accesses required to locate an element in an access structure for a set
with n elements. For set valued attributes we may need to update more than
one access structure entry. The cost parameter nA:c′,A gives the average number
of values for an attribute A of class c′.

delete: delete(x, c, l) [deletes objects identified by position l from class c.]
Block accesses: ‖x‖ · (θd:c · nγ(c) + θD:c · (η(N0,c) +

∑
(c′,A)∈Xc

η(Nc′) · nA:c′,A)),
Value accesses: 0, Length of output stream: none
When an object is deleted from class c and its subclasses it might still be

a member of some other class. Then it should not be removed from secondary
memory. The cost parameter θd:c describes the fraction of objects in class c that
are only members of c or any subclasses of c.

Like the write operation the delete operation must update the implicit and
explicit access structures. But while the write operation updates only the direct
extension of a class the delete operation updates the complete extension. The
cost parameter θD:c is a correction factor that can be used to pay regard to this
fact and to attune the deletion costs.

union0: union0(x1, x2, (t1, . . . , tn)) [merges two sorted streams.]
Block accesses: 0, Value accesses: (‖x1‖+‖x2‖−1) ·nq:(t1,...,tn), Length of output
stream: (‖x1‖+ ‖x2‖) · fq:(t1,...,tn)(‖x1‖+ ‖x2‖)

This computes an ordered union (of type (t1, . . . , tn)) and removes duplicates,
similar to unique0.

join0: join0(x1, x2, k, l) [joins two sorted streams on position k of x1 and l of x2.]
Block accesses: if ‖x1‖ · n(t1,...,tn) < nmem then 2 · ‖x2‖ · n(t′1,...,t′m)

else 2 · ‖x1‖ · n(t1,...,tn) + 2 · ‖x2‖ · n(t′1,...,t′m) where (t1, . . . , tn) is the type
of x1 and (t′1, . . . , t

′
m) is the type of x2, Value accesses: ‖x1‖ · ‖x2‖ · npk,n+l

·
(n(t1,...,tn,t′1,...,t′m)), Length of output stream: ‖x1‖ · ‖x2‖ · npk,n+l

This is a merge join of the two sorted input streams. The block accesses are
caused by writing the streams to file and reading them. We can spare doing this
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Application dependent cost parameters:
Nc: number of objects in the extension of class c.
N0,c: number of objects in the direct extension of class c.

Nc: number of objects in the extension of class c.
N0,c: number of objects in the direct extension of class c.
n: ‘width’ of a stream or type.
nt: average number of blocks for an object of type t.
n(t1,...,tn): average number of blocks for a value list of type (t1, . . . , tn).
nu:t: average number of elements in a set of type t.
nA:c,A: average number of values for attribute A of class c.
nq:(t1,...,tn): average number of value accesses necessary to decide whether two value

lists of type (t1, . . . , tn) are identical or not.
np: the number of values that must be accessed to evaluate the predicate p.
θs:c: average filling level of the object identifier access structure for class c.
θa:c: portion of objects of class c that have been moved from their original

second memory location.
θp: selectivity of predicate p.
θd:c: fraction of objects in class c that are only members of c or any subclasses

of c.
θD:c: correction factor for deletion of objects of class c. See the description of

the cost functions for delete.
fq:(t1,...,tn)(l): average number of unique elements in a stream of type (t1, . . . , tn) of

length l.

System dependent cost parameters:
na: fraction of a block that is needed for the non-data part of an access structure

per element of the stored set.
nOID: number of object identifiers that fit into one block.
nmem: size of memory that is reserved for sorting and similar operations.
nfiles: maximum number of open files for sorting.
η(n): number of block accesses required to locate an element using an access structure

for a set with n elements.

Fig. 2. Summary of Cost Paramaters

for the first stream, if it fits into memory. The predicate pk,n+l stands for the
comparison of the values at the positions k of stream x1 and l of stream x2.
Note, that the values that are at position l in stream x2 appear at position n+ l
in the result stream.

access: access(x, (c, A), k)
[retrieves the objects of c for the attribute values at position k.]
Block accesses: ‖x‖ · nA:c,A · (η(Nc) + θa:c + nγ(c)), Value accesses: ‖x‖, Length
of output stream: ‖x‖ · nA:c,A

access uses the access structure (c, A) to retrieve objects. For each value at
position k in stream x it retrieves and appends to the value list all objects of
class c that have this value for attribute A.
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3.5 Aggregation Function

For our basic cost functions aggregation is readily done by adding the block
accesses of all steps and by adding the value accesses of all step. As total cost
statement we get a pair, containing the block accesses and the value accesses
required to perform the query or update that is expressed by the machine pro-
gram.

4 Conclusion

Traditionally, logical design of database schemas is primarily affected by the
application analysis. Cost considerations with respect to system selections are
only captured by qualitative heuristics, or by iterating the whole design process.
In this paper we demonstrate how to enrich logical design with explicit cost
estimations. Such cost estimations are shown to be effectively manageable, even
for a reasonably expressive object model. As a prerequisite, we use an abstract
database machine for the object model under consideration.

Our results are elaborated for specific versions of the design process, the
object model and the underlying abstract database machine. However, these
versions are considered to be representative for the many respective variants
reported in the literature. Hence, we expect that our specific justification for
the feasibility and usefulness of a cost driven design of object-oriented database
schemas applies for the variants, too.

There are various ways for future research and development. First, it would
be worthwhile to build a tool for cost estimations and to implant it in a general
tool for schema design. Second, the identified cost parameters, as summarised
in Fig. 2, as well as actual cost estimations should be empirically validated and
adjusted with respect to specific applications running on a specific real system.
Third, as a long term vision, previous insight on qualitatively ‘good’ (normalised)
schemas should be refined and enhanced by quantitative aspects, as introduced
in this paper.
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A Example

We reconsider the example we used in [8] for illustrating the abstract database machine.
The example pictures a company with several departments. Every department has
a number, a name and a location. In the departments work employees. Each employee
has a name and a salary. Among the employees are some that manage others. These
managers are given a budget to administer. Figure 3 shows our example as a uml class
diagram.

A complete description of expected user activities is usually quite big. Here we
choose to look only at a part of the complete user activities to demonstrate the usage
of the cost model. We examine which time costs are entailed by the following two
activities, one query and one update:

1. A user wants to find out the names of all employees managed by Jones.
2. The employee Smith is promoted to a manager with a budget of 10 000.

By logical formalisation we can get different conceptual schemas. For each of them
there can be many internal schemas. For the purpose of this example we only consider
two abstract schemas, that is, two conceptual schemas with one internal schema for
each of them. Figure 4 shows the two alternatives pictured as uml class diagrams.

A.1 Programs

To simplify our example further we only consider one machine program for each of the
queries.

The following machine program computes the query for the first abstract schema:

x1 := const(〈(‘Jones’)〉, (string))
x2 := access(x1, (Manager,name), 1)
x3 := unnest(x2, 7)
x4 := activate(x3, 7)
x5 := project(x4, f) with f(1) = 8

Department

number: Integer

name: String

location: String

Works �
0..1 *

Employee

name: String

salary: Integer

Manager

budget: Integer

✁✁❆❆

worker

*

0..1

boss

Manages �

Fig. 3. A uml class diagram for an example database schema
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This machine program computes the update for the first abstract schema:

x1 := const(〈(‘Smith’, 10 000, {})〉, (string, integer, employee OID Set))
x2 := access(x1, (Employee,name), 1)
write(x2,Manager, 4, f) with f(name) = 5, f(salary) = 6, f(budget) = 2, and
f(workers) = 3

The query for the second abstract schema:

x1 := const(〈(‘Jones’)〉, (string))
x2 := access(x1, (Manager,name), 1)
x3 := access(x2, (Employee,boss), 2)
x4 := project(x3, f) with f(1) = 8

The update for the second abstract schema:

x1 := const(〈(‘Smith’, 10 000)〉, (string, integer))
x2 := access(x1, (Employee,name), 1)
write(x2,Manager, 3, f) with f(name) = 4, f(salary) = 5, f(boss) = 6, and
f(budget) = 2

Department

number: Integer

name: String

location: String

workers: Employee Set

Employee

name: String

salary: Integer

boss: Manager

Manager

budget: Integer

subordinates: Employee Set

✁✁❆❆

Semantic constraints:
number is a key for Department,
name is a key for Employee,
Employee.boss and
Manager.subordinates are inverse
to each other

Access structures:
(Department, number),
(Department, workers)a,
(Employee, name),
(Manager, name)

Department

number: Integer

name: String

location: String

workers: Employee Set

Employee

name: String

salary: Integer

boss: Manager

Manager

budget: Integer

✁✁❆❆

Semantic constraints:
number is a key for Department,
name is a key for Employee

Access structures:
(Department, number),
(Department, workers)a,
(Employee, name),
(Employee, boss),
(Manager, name)

Fig. 4. Two alternative abstract logical formalisations shown as uml-class dia-
grams, each with a set of access structure declarations



460 Joachim Biskup and Ralf Menzel

A.2 Cost Parameters

Before we can estimate the costs we need to know the values of some cost parameters.
Let’s assume that the application analysis indicates the following constraints and pa-
rameters: the attribute number is a key for the class Department, nA:Department,number =
1; the attribute name is a key for the class Manager, nA:Manager,name = 1; on aver-
age 200 employees work in each department, nA:Department,workers = 200; a manager
manages 20 employees, nA:Employee,boss = 20; and there are approximately 10 depart-
ments, NDepartment = N0,Department = 10; 100 managers, NManager = N0,Manager = 100;
and 2000 employees, NEmployee = 2000, N0,Employee = 1900. On average 1 out of 100
employee objects and 1 out of 10 manager objects had to be moved from its original
second memory location, θa:Employee = 0.01, θa:Manager = 0.1. In both abstract schemas
department and employee objects have the same structure. We assume that the size of
one department object is 15 blocks, ndepartment = 15, and that the size of an employee
object is 1 block, nemployee = 1. Because in the first schema the class Manager has
an additional set-valued attribute compared to the second schema, we assume that an
object of type manager is the size of three blocks for the first schema, nmanager = 3,
and of one block for the second schema, nmanager = 1. The filling levels of the identifier
access structures are θs:Department = 0.95 and θs:Employee = θs:Manager = 0.7.

One critical parameter describes the average number of elements in a set of type
employee OID Set, nu:employee OID Set = 20. The problem is that we have two kinds
of sets of employees that can be considered typical: the workers of one department
and workers with the same boss. This is a shortcoming of the basic cost functions. It
could be eliminated by using additional channel cost statements (and respective cost
functions) that supplement the stream types with information about the derivation of
the values from class attributes.

For the underlying database system we assume that 16 OIDs fit into one
block, nOID = 16, the administrative overhead factor is na = 0.1, and that access
structures are implemented through B-trees and so the number of block accesses re-
quired to locate an element is a logarithmic function, η(x) = �log20(x)�.

A.3 Space Costs

The estimation of the space costs for the two abstract schemas differs only at two
points. The first schema needs more space to store the bigger manager objects, while
the second schema has an additional access structure.
Application Data:P

c∈C nγ(c) · N0,c = ndepartment · N0,Department + nemployee · N0,Employee + nmanager ·
N0,Manager

First abstract schema: 15 · 10 + 1 · 1900 + 1 · 300 = 2350
Second abstract schema: 15 · 10 + 1 · 1900 + 1 · 100 = 2150

Implicit Object Identifier Access Structures:P
c∈C Nc ·(1/nOID/θs:c+na) = NDepartment ·(1/nOID/θs:Department+na)+NEmployee ·

(1/nOID/θs:Employee+na)+NManager ·(1/nOID/θs:Manager+na) = 10 ·(1/16/0.95+0.1)+
2000 · (1/16/0.7 + 0.1) + 100 · (1/16/0.7 + 0.1) = 1.66 + 378.57 + 18.93 = 399.16
Explicit Access Structures:

NDepartment ·nA:Department,number · (1/nOID/θs:Department +na) = 10 ·1 · (1/16/0.95+
0.1) = 1.66

NDepartment ·nA:Department,workers ·(1/nOID/θs:Department+na) = 10·200·(1/16/0.95+
0.1) = 331.58
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NEmployee ·nA:Employee,name · (1/nOID/θs:Employee+na) = 2000 ·1 · (1/16/0.7+0.1) =
378.57

NManager ·nA:Manager,name ·(1/nOID/θs:Manager+na) = 100·1·(1/16/0.7+0.1) = 18.93
NEmployee ·nA:Employee,boss · (1/nOID/θs:Employee +na) = 2000 · 1 · (1/16/0.7+0.1) =

378.57
First abstract schema:

P
(c,A)∈X Nc · nA:c,A · (1/nOID/θs:c + na) = 1.66 + 331.58 +

378.57 + 18.93 = 730.74
Second abstract schema:

P
(c,A)∈X Nc ·nA:c,A ·(1/nOID/θs:c +na) = 1.66+331.58+

378.57 + 18.93 + 378.57 = 1109.31
Total Space Estimation:

First abstract schema: 2350 + 399.16 + 730.74 = 3479.90
Second abstract schema: 2150 + 399.16 + 1109.31 = 3658.47

A.4 Time Costs

Now let’s analyse our example machine programs with our basic cost functions.
Query on first abstract schema:

1. x1 := const(〈(‘Jones’)〉, (string))
Block accesses: 0, Value accesses: 0, Length of output stream: 1

2. x2 := access(x1, (Manager, name), 1)
Block accesses: ‖x1‖ · nA:Manager,name · (η(NManager) + θa:Manager + nmanager) = 1 ·
1 · (η(100) + 0.1 + 3) = 5.1, Value accesses: ‖x1‖ = 1, Length of output stream:
‖x1‖ · nA:Manager,name = 1 · 1 = 1

3. x3 := unnest(x2, 7)
Block accesses: 0, Value accesses: ‖x2‖ · nu:employee OID Set = 1 · 20 = 20, Length of
output stream: ‖x2‖ · nu:employee OID Set = 1 · 20 = 20

4. x4 := activate(x3, 7)
Block accesses: ‖x3‖·(θa:Employee+nemployee) = 20·(0.01+1) = 20.2, Value accesses:
‖x3‖ = 20, Length of output stream: ‖x3‖ = 20

5. x4 := project(x3, f) with f(1) = 8
Block accesses: 0, Value accesses: 0, Length of output stream: ‖x3‖ = 20

Thus the estimate for the total number of block accesses is 0+5.1+20+20.2+0 =
45.3 and the estimate for the total number of value accesses is 0+1+20+20+0 = 41.

Update on first abstract schema:

1. x1 := const(〈(‘Smith’, 10 000, {})〉, (string, integer, employee OID Set))
Block accesses: 0, Value accesses: 0, Length of output stream: 1

2. x2 := access(x1, (Employee,name), 1)
Block accesses: ‖x1‖ · nA:Employee,name · (η(NEmployee) + θa:Employee + nemployee) =
1 · 1 · (η(2000) + 0.01 + 1) = 4.01, Value accesses: ‖x1‖ = 1, Length of output
stream: ‖x1‖ · nA:Manager,name = 1 · 1 = 1

3. write(x2,Manager, 4, f)
Block accesses: ‖x2‖ · (nmanager + η(N0,Employee)+ η(NEmployee) ·nA:Employee,name +
η(NManager) · nA:Manager,name) = 1 · (3 + η(1900) + η(2000) · 1 + η(100) · 1) = 11,
Value accesses: 0

Thus the estimate for the total number of block accesses is 0 + 4.01 + 11 = 15.01
and the estimate for the total number of value accesses is 0 + 1 + 0 = 1.

Query on second abstract schema:
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1. x1 := const(〈(‘Jones’)〉, (string))
Block accesses: 0, Value accesses: 0, Length of output stream: 1

2. x2 := access(x1, (Manager, name), 1)
Block accesses: ‖x1‖ · nA:Manager,name · (η(NManager) + θa:Manager + nmanager) = 1 ·
1 · (η(100) + 0.1 + 1) = 3.1, Value accesses: ‖x1‖ = 1, Length of output stream:
‖x1‖ · nA:Manager,name = 1 · 1 = 1

3. x3 := access(x2, (Employee,boss), 2)
Block accesses: ‖x2‖ · nA:Employee,boss · (η(NEmployee) + θa:Employee + nemployee) =
1 · 20 · (η(2000) + 0.01 + 1) = 80.2, Value accesses: ‖x2‖ = 1, Length of output
stream: ‖x2‖ · nA:Employee,boss = 1 · 20 = 20

4. x4 := project(x3, f) with f(1) = 8
Block accesses: 0, Value accesses: 0, Length of output stream: ‖x3‖ = 20

Thus the estimate for the total number of block accesses is 0+3.1+80.2+0 = 83.3
and the estimate for the total number of value accesses is 0 + 1 + 1 + 0 = 2.

Update on second abstract schema:

1. x1 := const(〈(‘Smith’, 10 000)〉, (string, integer))
Block accesses: 0, Value accesses: 0, Length of output stream: 1

2. x2 := access(x1, (Employee,name), 1)
Block accesses: ‖x1‖ · nA:Employee,name · (η(NEmployee) + θa:Employee + nemployee) =
1 · 1 · (η(2000) + 0.01 + 1) = 4.01, Value accesses: ‖x1‖ = 1, Length of output
stream: ‖x1‖ · nA:Manager,name = 1 · 1 = 1

3. write(x2,Manager, 3, f)
Block accesses: ‖x2‖ · (nmanager + η(N0,Employee)+ η(NEmployee) ·nA:Employee,name +
η(NEmployee) · nA:Employee,boss + η(NManager) · nA:Manager,name) = 1 · (1 + η(1900) +
η(2000) · 1 + η(2000) · 20 + η(100) · 1) = 69, Value accesses: 0

Thus the estimate for the total number of block accesses is 0 + 4.01 + 69 = 73.01
and the estimate for the total number of value accesses is 0 + 1 + 0 = 1.

A.5 Cost Estimation Summary

First abstract schema:
space cost: 3479.90 blocks
time cost, query: 45.3 block accesses plus 41 value accesses
time cost, update: 15.01 block accesses plus 1 value access

Second abstract schema:
space cost: 3658.47 blocks
time cost, query: 83.3 block accesses plus 2 value accesses
time cost, update: 73.01 block accesses plus 1 value access

The cost estimation shows, that the first alternative needs less space. Additionally
it needs less time for the two investigated user activities, under the assumption that
a value access is not as expensive as a block access. (But without further information,
we cannot decide whether the difference is significant.)

A major cause for the higher time cost of the query for the second schema lies in the
fact that the machine program uses an access structure instead of an object activation.
In our setting of the cost parameters we represented a database system where the use
of an access structures takes time that rose with the logarithm of the number of objects
in the access structure. The time costs of the query for the first schema could have
been lower, if we had chosen a different cost parameter η.
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Abstract. Existing systems for XML views only support selection op-
eration applied in the views and cannot validate views. In this paper, we
propose a systematic approach to design valid XML views. First, we
transform the semistructured XML source documents into a semanti-
cally rich Object-Relationship-Attribute model designed for SemiStruc-
tured data (ORA-SS). Second, we enrich the ORA-SS diagram with
semantics such as participation constraints of object classes and distin-
guishing between attributes of object classes and relationship types,
which cannot be expressed in the XML document. Third, we use the
additional semantics to develop a set of rules to guide the design of
valid XML views. We identify four transformation operations for cre-
ating XML views, namely, selection, projection, join and swap opera-
tion. Finally, we develop a comprehensive algorithm that checks for the
validity of XML views constructed by applying the four operations.

1 Introduction

It is necessary to provide for XML views [1]. Several systems have been proposed to
support XML views, including Active Views [2] and MIX [5]. While both systems
provide for the definition of XML views, they do not validate the views that are cre-
ated. Therefore, there is no guarantee that the views defined are valid.

In this paper, we propose a systematic approach to ensure the validity of XML
views. First, we transform XML documents into ORA-SS schema diagram proposed
in [6], [7]. Second, we enrich ORA-SS schema diagram with semantics, such as dis-
tinguishing between attributes of object classes and relationship types. These addi-
tional semantics will allow us to validate XML views subsequently. Third, based on
the enriched ORA-SS schema diagram, we propose a set of rules to guide the design
of valid XML views. We also develop a comprehensive algorithm that checks for the
validity of XML views.

The rest of the paper is organized as follows. Section 2 introduces the background
of our work. Section 3 describes our proposed approach to validate XML views in
detail. Section 4 discusses related work and we conclude in section 5. Note there is an
appendix that contains XML instance documents and XQuery used in the paper.



464      Ya Bing Chen et al.

2 Preliminaries

2.1 ORA-SS Data Model

The ORA-SS (Object-Relationship-Attribute model for SemiStructured data) data
model comprises of three basic concepts: object classes, relationship types and attrib-
utes. An object class is similar to an entity type in an ER diagram or an element in
XML documents. A relationship type describes a relationship among object classes.
Attributes are properties, and may belong to an object class or a relationship type.
ORA-SS data model has four diagrams: the schema diagram, the instance diagram,
the functional dependency diagram and the inheritance diagram. A full description of
the data model can be found in [6]. In this paper, we will focus on the schema dia-
gram because it is sufficient for our purposes.

For example, the left part of figure 1 shows an ORA-SS schema diagram, which
contains three object classes � project, supplier and part, and the right part of figure 1
then shows an ORA-SS instance diagram of the schema diagram. In the schema dia-
gram, an object class is represented as a labeled rectangle. A relationship type be-
tween two object classes in an ORA-SS schema diagram can be described by name, n,
p, c, where name denotes the name of the relationship type, n is an integer indicating
the degree of the relationship type (n = 2 indicates binary, n = 3 indicates ternary,
etc.), p is the participation constraint of the parent object class in the relationship type,
and c is the participation constraint of the child object class in the relationship type.
The participation constraints are defined using the min:max notation.

supplier

sno part

pno
price

project

jno

ps,2,1:n,1:n

sp,2,1:n,1:n

sp

project

jno:
j001

supplier supplier

sno:
s001

part

price:
90

part

pno:
p002 price:

120

part

sno:
s002

pno:
p003

price:
110

pno:
p001

Fig. 1. An ORA-SS Schema Diagram (left) and Instance Diagram (right)

In the ORA-SS schema diagram, labeled circles denote attributes, and keys are
filled circles. The attributes of an object class can be distinguished from attributes of a
relationship type. The former has no label on its incoming edge while the latter has
the name of the relationship type to which it belongs on its incoming edge.

It is clear that ORA-SS is a semantically rich data model. The model not only re-
flects the nested structure of semistructured data, but it also distinguishes between
object classes, relationship types and attributes. In addition, ORA-SS provides for the
specification of the participation constraints of object classes in relationship types and
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distinguishes between attributes of relationship types and attributes of object classes.
Such information is lacking in other existing semistructured data models including
OEM [3], XML DTD and XML Schema [9]. For this reason, we adopt ORA-SS as
the data model for valid XML views design, because the additional semantics is es-
sential for the verification of the validity of XML views.

2.2 View Definition Language

The World Wide Web Consortium has proposed an XML query language called
XQuery [8]. XQuery provides flexible query facilities to extract data from real and
virtual documents on the Web. The basic form of an XQuery expression consists of
For, Let, Where and Return (FLWR) expressions. Although XQuery currently does
not provide for the definition of views, we can easily extend it to include the defini-
tion of views as follows:

 �Create View As view name� followed by FLWR expression.
A full description of FLWR expression in XQuery can be found in [8].

3 Valid XML Views Design

In this section, we will describe our approach to design valid XML views. When an
XML view does not violate the integrity constraint and semantics of the original XML
document, we say the XML view is valid. There are three main steps in our approach.
The first two steps are preparatory stages for valid XML views design. The goal of
the two steps is transform XML documents into ORA-SS schema diagram enriched
with semantics, based on which, we may begin to design XML views. Therefore, we
will cover them roughly in the paper.

1. Transform an XML document into an ORA-SS schema diagram.
2. Enrich the ORA-SS schema diagram with necessary semantics.
3. Define a set of rules to guide the design of valid XML views.

We will present the rough idea of the first two steps and the detailed idea of the
third step.

3.1 Motivating Example

Invalid views may be produced in the case where important semantics are not ex-
pressed in the underlying data model. We will illustrate this point with an XML
document shown in XDoc 1 in Appendix. The XML document is conforming to the
ORA-SS schema in Figure 1. Note that there exists an implicit functional dependency
in the document: supplier, part → price.

A user may use XQuery to design a view that swaps the location of the elements
supplier and part. That is, supplier becomes a child of part and part becomes the par-
ent of supplier. As a consequence, we need to decide where to place the element
price. Since the XML document does not explicitly express the functional depend-
ency: supplier, part → price, the element price may be placed under the element part
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in the designed view. This makes price an attribute of part. XDoc.2 in Appendix
shows an instance of the view obtained. A new functional dependency: part → price,
now holds in the view that violates the functional dependency supplier, part → price
in the source document. We say that such a view is invalid. In order to obtain a valid
view, the element price should be placed under the element supplier so that the origi-
nal functional dependence is preserved. XDoc.3 in Appendix describes an instance of
a valid view.

The above example shows that invalid views may be designed if the underlying
data model does not express explicitly the necessary semantics. This includes the par-
ticipation constraints of object classes in relationship types, and distinguishing be-
tween attributes of relationship types and attributes of object classes, which are avail-
able in the ORA-SS model.

3.2 Transformation of XML into ORA-SS

In this section, we will begin to introduce the two pre-processing steps for valid XML
views design. First, we give a brief outline of the transformation of an XML docu-
ment into an ORA-SS schema diagram:

• Map root element of the XML document into the root object class in the
ORA-SS schema diagram.

• Map each element that has attributes or sub-elements into an object class in
the ORA-SS schema diagram.

• Map attributes of an element into the attributes of the object class corre-
sponding to the element.

• Map the rest of the elements, which do not have attributes or sub-elements,
into attributes of their corresponding parent object classes.

3.3 Semantic Enrichment of ORA-SS

The ORA-SS diagram obtained from Section 3.2 will basically reflect the tree struc-
ture of the XML document and distinguish between object classes and attributes. In
order to support the validation of XML views, we need to enrich it with the following
additional semantics. Users will be allowed to input this semantics in this step.

• Identify key attributes of each object class.
• Identify attributes that belong to object classes.
• Identify relationship types among object classes.
• Identify attributes of relationship types.

3.4 Validity of XML Views

After semantically enriching the ORA-SS schema diagram, we can now design XML
views and determine its validity. The XML views are designed by applying four
transformation operations, which are selection, projection, join and swap. The first
three are analogous to the selection, projection and join in relational databases. The
fourth one is unique in XML settings because it exchanges the positions of parent and
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child object classes. An XML view may not be simply based on only one of the op-
erations. For example, a view may first apply a selection operation then a join opera-
tion. We will now discuss how to guarantee valid XML views design when each op-
eration applies.

3.4.1 Selection Operation

Selection operations basically filter data by using predicates. These are similar to se-
lection operation in relational databases. The structure of source schema remains un-
changed and will not cause any changes in the semantics of the source schema. There-
fore, if an XML view only applies selection operations, it will be always valid.

Example 1
Suppose we want to design a view called expensive-part on the ORA-SS source
schema diagram defined in Figure 1. The view definition is shown in XQuery.1 in
Appendix. The view depicts projects for which there exist suppliers for which there
exist parts with a price > 80. Within those projects it only returns suppliers for which
there exist parts with a price > 80. Within those suppliers it only returns the parts
with a price > 80.

Selection operations put predicates on the source schema to filter data. They do not
restructure the source document. The resulting view schema will be the same as the
source schema. Hence, such views will not violate semantics in the source schema.
Then we do not need to set up rules to guarantee the validity of views when only se-
lection operations are applied.

3.4.2 Projection Operation

Projection operations select or drop object classes or attributes in the source schema.
They essentially extract a subset structure of the source schema. Since the structure of
the source schema is changed, the source semantics may be affected. Therefore it is
possible to design an invalid view that violates the semantics in the source schema.
This can be detected by designing a set of rules to check for the validity. We will first
illustrate how to design a view applying projection operations. Then, we will give the
rules to guarantee the validity of such views.

project

jno
part

pno average_price

jp,2,1:n,1:n

jp

Fig. 2. ORA-SS schema of the view Project-Part
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Example 2
Suppose we define a view called project-part based on the ORA-SS schema diagram
in Figure 1. This view removes the intermediate object class supplier (see Figure 2).
This implies that the attribute sno has to be dropped too since attributes cannot exist
without its owner object class. Next, we need to remove the relationship types � js and
sp, both of which involves the object class supplier which has been removed. The at-
tributes of these relationship types can be dropped too. Alternatively, we can map the
attribute of the relationship type sp � price to an aggregate attribute called aver-
age_price, which represents the average price of one part in a given project.

Based on the view schema, we may write a view definition in XQuery expression,
which is shown in XQuery.2 in Appendix.

This example shows that flexible views can be designed based on ORA-SS with its
additional semantics. However, we need to handle the semantics properly so that
meaningful views are guaranteed. The following rules are critical for designing valid
XML views that apply projection operations.

• Rule Proj1. If an object class has been dropped, then its attributes must be
dropped too.

• Rule Proj2. If an object class has been dropped, then all relationship types
containing the object class must be dropped too. The attributes of these rela-
tionship types must be dropped, or mapped into attributes with some aggre-
gate function, such as avg, max/min or sum, or mapped into attributes typed
in bag of values if they cannot be aggregated.

Rule Proj1 indicates that we cannot leave an attribute in the view if its object class
has been dropped. Without its object class, the attributes will lose their meaning.
When an object class is dropped, it may be because the object class itself is dropped,
or because the key attribute of the object class is dropped.

On the other hand, rule Proj2 indicates that those relationship types containing the
dropped object class must be dropped too. Although these relationship types will not
be shown in XML document or XML schema, they need to be dropped to keep the
semantics in the ORA-SS view schema consistent. The attributes of these relationship
types can be dropped too. However, ORA-SS allow us to map the attributes of af-
fected relationship types into some aggregate function attributes, such as avg,
max/min, or sum, which make the view more expressive and more powerful. These
modified attributes should be meaningful in the view. In cases where the type of the
attributes is string that cannot be aggregated, these attributes can be changed into at-
tributes typed in bag of value.

3.4.3 Join Operation

Join operations actually join object classes and their attributes together by key � for-
eign key references. There may be one referencing object class and one referenced
object class in an ORA-SS source diagram. The former object class has an attribute
that is actually a key attribute of the later object class. Therefore, the former is able to
refer to the later by the attribute, which plays the role of a foreign key. In our notion
of join operations, we first combine the two object classes together before combining
all attributes of the two object classes so that they will become a single object class.
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This is analogous to the join operations in relational databases, which joins two flat
tables by key � foreign key references.

ORA-SS makes it possible to design such XML views as applying join operations
and guarantee they are valid. This is because ORA-SS distinguishes between object
classes and attributes so that two object classes can be joined. Furthermore, ORA-SS
differentiates between attributes of object classes and attributes of relationship types
so that attributes of relationship types will not be treated as attributes of the joined
object class improperly. Next we will illustrate join operation with the following ex-
ample.

Example 3
Figure 3 shows an ORA-SS source schema diagram. The object class supplier� under
project refers to another object class supplier under retailer by sno, which is the key
attribute of supplier. There is a relationship type between retailer and supplier called
rs, which has an attribute contract under supplier.

supplier'

part

pno
price

project

jno
supplier

sno sname

retailer

rno

contract

js,2,1:n,1:n

sp,2,1:n,1:n

sp

sno

rs,2,1:n,1:n

rs

Fig. 3. An ORA-SS schema diagram on project, supplier, part and retailer

We design a view called join-supplier shown in figure 4. The view joins supplier
and supplier� together. The attributes sno and sname of supplier are moved under
supplier� in the view. However, the attribute contract cannot be moved in the same
way because it belongs to the relationship type rs. If it is moved under supplier�, then
it will become an attribute of supplier�. The operation then violates the original se-
mantics and makes the view invalid. Therefore, to keep the view valid, the attribute
contract must remain in the source schema and not be moved in the view. XQuery.3
in Appendix gives the view definition of the join-supplier.

supplier'

sno
part

pno
price

project

jno

sname

js,2,1:n,1:n

sp,2,1:n,1:n

sp

Fig. 4. ORA-SS schema of the view join-supplier
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Based on the example above, we give the rules for designing valid views that apply
join operations.

• Rule Join1. If a referencing object class and a referenced object class are
joined together in the view, and there exists such relationship types below
the referenced object class as contain those object classes above the refer-
enced object class, then attributes of such relationship types must be
dropped, or mapped into attributes with some aggregate function.

• Rule Join2. If a referencing object class and a referenced object class are
joined together in the view, and there only exists such relationship types be-
low the referenced object class as do not contain those object classes above
the referenced object class, then attributes of such relationship types can be
selected or dropped according to the view requirement.

When we design views that join one referencing object class and one referenced
object class together, we need to properly handle the relationship types and their at-
tributes below the referenced object class. These relationship types can be divided
into two types.

The first type of relationship types involves object classes above the referenced
object class. Rule Join1 states that such relationship types and their attributes must be
dropped or mapped into attributes with some aggregate function, which is the same as
Rule Proj1. It is because those object classes above the referenced object class, which
are ancestors of the referenced object class, will not exist in the view any more.
Therefore, these relationship types involving these object classes will not exist too.
Their attributes must be dropped or modified.

The second type of relationship types only involves object classes below the refer-
enced object class. Rule Join2 states that these relationship types and their attributes
can be dropped or selected according to the view requirement. It is because the object
classes below the referenced object class may still exist in the view. Then the corre-
sponding relationship types may be included in the view also.

3.4.4 Swap Operation

Swap operations restructure the source schema by exchanging the positions of a par-
ent object class and one of its child object class. We think this type of operation will
be widely applied in XML views design because of the hierarchical nature of XML
data. Therefore we include it as one of four types of operations. The following exam-
ple illustrates how to design valid XML views when swap operation is applied.

Example 4
Given the source schema in Figure 1, we design a view shown in Figure 5 called
swap-supplier-part, which swaps the object class supplier and part hierarchically.

After the object classes have been swapped, we need to ensure that their attributes
are relocated properly. The attributes pno and sno are also swapped in order to pre-
serve their parent object classes. However, the attribute price, which belongs to the
relationship sp, must stay with the new child object class supplier in order to preserve
the semantics of the source schema. If it moves with the object class part, then it will
violate the semantics in the source schema.
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part

pno supplier

sno
price

project

jno

ps,2,1:n,1:n

ps

Fig. 5. ORA-SS schema of the view swap-supplier-part

An XQuery expression of the swap-supplier-part view is described in XQuery.4 in
Appendix. The following rules guarantee that the design of views is valid when swap
operations are applied.

• Rule Swap1. If two object classes are swapped in the view, then the attrib-
utes of each of the object classes must stay with the object class.

• Rule Swap2. If two object classes are swapped in the view, then the attrib-
utes of relationship types involving the two object classes must stay below
the lowest participating object class in the relationship types.

When a swap operation is applied, the two swapped object classes may not involve
any relationship type. In this case, we simply swap them and move their attributes
with them, as stated in Rule Swap1. If there is any relationship type involving the two
object classes, then we must keep the attributes of the relationship types below the
lowest participating object class of the relationship types. If these attributes move
with one of the object class, they will not belong to the relationship types and become
attributes of the object class, which then violates the semantics in the source schema
and lead to a meaningless view.

3.4.5 Design Rules for IDentifier Dependency Relationship

The previous sections present the design rules when projection, join and swap opera-
tions are applied in XML views. However, these rules are not enough when the views
contain IDD (IDentifier Dependency) relationship types. An IDD relationship type is
defined as follows:

Definition 1. An object class A is said to be ID dependent on its parent object class B
if A does not have a key attribute, and an A object can be identified by its parent�s
key value (say k1) together with some of its own attributes (say k2). That is, the key
of A is {k1, k2}. The relationship type between A and B is then called IDD relation-
ship type.

Example 5
Figure 6 shows an IDD relationship type between the object class employee and child.
The object class child does not have a key attribute, but can be identified by the key
attribute of employee � eno and its own attribute � cname. When we design a view
over the IDD relationship type, additional rules are needed to keep the view meaning-
ful.
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Based on Figure 6, we design a view applying a swap operation, which swaps the
object class employee and child (see Figure 7). Unlike the previous view applying
swap operations, this view still duplicates the key attribute of employee � eno for the
object class child so that eno and cname can combine a key for the object class child.
It is because the object class child cannot be identifiable without eno. Note this view
need to be enforced with a constraint, which says the eno under the object class child
must be the same as the eno under the object class employee. The straight line be-
tween the incoming edges of the attributes eno and cname denotes {eno, cname} is a
composite key for the object class child.

We can also design a view applying projection operation. For example, Figure 8
depicts a view that drops the object class employee. To make the object class child
identifiable, the key attribute of employee � eno is also combined with the attribute
cname to construct a key for the object class child.

The similar situation exists if a join operation is applied in a source schema con-
taining an IDD relationship type.

employee

childeno

cname

child

eno cname employee

eno

child

eno cname

Fig.6. ORA-SS source schema
diagram of an IDD relationship

type

Fig.7. ORA-SS schema of the view
swapping employee and child

Fig.8. ORA-SS schema of the
view dropping employee

IDD,2,1:n,1:1

These examples show that when we design a view that destroys an IDD relation-
ship type, the key attribute of the parent object class of the IDD relationship type
should be added to the child object class to construct a key for the child. The follow-
ing additional rules indicate for each operation, how XML views should be designed
when IDD relationship types are involved.

Rule Proj_IDD. If an object class is a parent object class of an IDD relationship
type and is dropped in the view, then its key attribute must be added to the child ob-
ject class of the IDD relationship type to construct a key for the child.

Rule Join_IDD. If an object class is a child of an IDD relationship type and is ref-
erenced by another object class in the source schema, and a view is designed to join
the two object classes together, then the key attribute of the parent object class of the
IDD relationship type must be added to the child to construct a key for the child.

Rule Swap_IDD. If two object classes compose an IDD relationship type and are
swapped in the view, then the key attribute of the parent object class must be added to
the child object class to construct a key for the child.

In summary, a theorem may be derived based on the above sections.

Theorem 1. XML views designed based on all the above rules do not violate the in-
tegrity constraints and semantics of the original XML documents.
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3.4.6 View Validation Algorithm

In this section, we summarize all the design rules into an algorithm to validate XML
views. Our algorithm will automatically modify related part of the view schema ac-
cording to different operations so that the view is guaranteed to be valid.

Algorithm ValidateView
Input: ORA-SS schema diagram
Output: A valid ORA-SS view schema diagram

Do
  Switch (Operation) {
    Case (Drop an object class):   //Projection operation
                if (the object class is a parent object class of an IDD relationship type){
                        add the key attribute of the parent to the child object class of the IDD
                                    relationship type to construct a key for the child;
                }   //Rule Proj_IDD
                drop attributes of the object class;   //Rule Proj1
                drop relationship types containing the object class;   //Rule Proj2
                handle the attributes of relationship types (drop or modify according to
                                    the view requirement);   //Rule Proj2
                break;

         Case (Join two object classes):   //Join operations
                 if (the referenced object class is a child object class of an IDD relationship
                       type){
                       add the key attribute of the parent object class of the IDD relationship
                                    type to the child to construct a key for the child;
                 }   //Rule Join_IDD
                drop the relationship types that are below the referenced object class but
                           contain object classes above the referenced object class; //Rule Join1

            handle the attributes of such relationship types (drop or modify according
                       to the view requirement;    //Rule Join1

                 handle the relationship types and their attributes that are below the
                          referenced object class and do not contain object classes above the
                          referenced object class (drop or keep according to the view require-
                            ment);    //Rule Join2
         break;
         Case (Swap two object classes):   //Swap operations
                  If (the two object classes compose an IDD relationship type){
                         add the key attribute of the parent object class to the child object class
                                     to construct a key for the child;
                  }   //Rule Swap_IDD
                  move the attributes of each object class with them;   //Rule Swap1
                  keep attributes of relationship types containing the two object classes
                             below the lowest participating object class in the relationship types;
                             //Rule Swap2
                  break;
    }
while (view design is not done);
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The algorithm first uses a do-while clause to monitor the process of designing view
until the view is done. Then it uses a selection statement � switch clause to handle the
three operations � projection, join and swap, which may be repeated in the view. Once
an operation is applied in the view, the algorithm first checks if an IDD relationship
type is involved. If so, then it applies the corresponding additional rule for the opera-
tion. After that, the algorithm applies the normal rules for the operation. In this way,
the view will be guaranteed to be valid once it is done.

4 Related Work

Several prototype systems have been developed to support the design of XML views.
The Active Views system [2] is built on top of Ardent Software�s XML repository
[4], which is based on the object-oriented O2 system. In the Active Views system, a
view is presented as an object, which allows not only data, but also methods. MIX
(Mediation of Information using XML) [5] is another system that offers a virtual
XML view from its underlying heterogeneous sources. Table 1 compares our ap-
proach with the Active View system and MIX.

Our approach adopts the semantically rich ORA-SS data model to express both the
source and view schemas. This allows us to support a richer set of views compared to
Active Views and MIX. The Active Views system uses the Object Query Language as
a view definition language, and the Lorel language [3] as its query language over the
views. This requires the users to be familiar with two different languages. MIX devel-
ops its own XMAS language as the view definition language and query language. In
contrast, our approach directly adopts the W3C standard, XQuery as the query/view
language over the views. A view definition is differentiated from a query by its addi-
tional view declaration clause before FLWR expression. Finally, both the Active
Views system and MIX system do not provide for the validation of views. As a con-
sequence, these two systems cannot support valid XML views that apply projection,
join and swap operations.

Table 1. Comparison of ActiveViews system, MIX system and our approach

Active Views sys-
tem [2]

MIX system [5] Our approach

Data model XML XML DTD ORA-SS
View definition
language

OQL-style language XMAS language XQuery lan-
guage

Query language Lorel language XMAS language XQuery lan-
guage

Support projec-
tion, join and
swap operations

No No Yes

Support view
validation

No No Yes

Support graphi-
cal views design

No No Yes



Designing Valid XML Views       475

5 Conclusions

In this paper, we have proposed a systematic approach for valid XML views design.
The approach is composed of three steps. The first two steps are preparatory stages. In
first step, we transform an XML document into an ORA-SS schema diagram. In sec-
ond step, we enrich the ORA-SS schema diagram with necessary semantics for valid
XML views design. In third step, we develop a set of rules to guide the design of valid
XML views. We also give an algorithm to validate views. We have implemented our
approach into a CASE tool for designing XML views. In the future work, we will give
more formal grounding, such as query algebra underlying view definition. We will
also design query translation algorithm and provide support to update XML views in
the future.
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6 Appendix: XML Document and XQuery in the Paper

       XDoc.1. An XML document conforming    XDoc.2. Invalid view instance of the XML
                    to the schema in Figure 1                              document in XDoc.1

     XDoc.3. Valid view instance of the XML         XQuery.1. XQuery expression of the view
                    document in XDoc.2                                                 expensive-part

<db>
<project jno=�j001�>
   <supplier sno=�s001�>
      <part pno=�p001�>
           <price> 100</price>
      </part>
   </supplier>
   <supplier sno=�s002�>
      <part pno=�p001�>
         <price> 100</price>
       </part>
   </supplier>
</project>

</db>

<db>
<project jno=�j001�>
  <part pno=�p001�>
      <price>100</price>
      <supplier sno=�S001�/>
      <supplier sno=�S002�/>
  </part>
</project>

</db>

<db>
<project jno=�j001�>
  <part pno=�p001�>
     <supplier sno=�S001�>
          <price>100</price>
     </supplier>
     <supplier sno=�S002�/>
          <price>100</price>
     </supplier>
  </part>
</project>

</db>

Create View As expensive-part
Let   $p:= document(�spj.xml�)
        //part[price>80]
Return filter($p/../.. | $p/.. | $p |

$p/price)
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    XQuery.2. XQuery expression of the view      XQuery.3. XQuery expression of the view
                            project-part                                                         join-supplier

XQuery.4. XQuery expression of the view swap-supplier-part

Create View As project-part
For    $j In document("spj.xml")
          //project
Return
    <project jno={$j/@jno}>
       {For $pn In
           distinct($j//part/@pno)
         Let  $p := $j//part[@pno=$pn]
         Return
            <part pno={$pn}>

         <average_price>
             {avg($p/price)}
        </average_price>
    </part>
  }

</project>

Create View As join-supplier
For $j in document(�spjr.xml�)
      //project
Return
  <project jno={$j/@jno}>
    {For $s In $j/supplier,
        $ref_s In document("spjr.xml")

//retailer/supplier[@sno=$s/@sno]
 Return
    <supplier sno={$ref_s/@sno}
             sname={$ref_s/@sname}>
         {$s/part}
    </supplier>
}
</project>

Create View As swap-supplier-part
For $j In document("spj.xml")//project
Return
   <project jno={$j/@jno}>

{For $pn In  distinct($j//part/@pno)
  Return
    <part pno={$pn}>
    {For $s In $j/supplier[part/@pno=$pn]
      Return
        <supplier sno={$s/@sno}>
           {$s/part[@pno=$pn]/price}
        </supplier>
    }
    </part>
 }

  </project>
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