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The LNCS Journal on Data Semantics

Computerized information handling has changed its focus from centralized data man-
agement systems to decentralized data exchange facilities. Modern distribution channels,
such as high-speed Internet networks and wireless communication infrastructure, pro-
vide reliable technical support for data distribution and data access, materializing the
new, popular idea that data may be available to anybody, anywhere, anytime. However,
providing huge amounts of data on request often turns into a counterproductive service,
making the data useless because of poor relevance or inappropriate level of detail. Se-
mantic knowledge is the essential missing piece that allows the delivery of information
that matches user requirements. Semantic agreement, in particular, is essential to mean-
ingful data exchange.

Semantic issues have long been open issues in data and knowledge management.
However, the boom in semantically poor technologies, such as the Web and XML,
has boosted renewed interest in semantics. Conferences on the Semantic Web, for
instance, attract crowds of participants, while ontologies on their own have become a
hot and popular topic in the database and artificial intelligence communities.

Springer's LNCS Journal on Data Semantics aims at providing a highly visible
dissemination channel for most remarkable work that in one way or another addresses
research and development on issues related to the semantics of data. The target do-
main ranges from theories supporting the formal definition of semantic content to
innovative domain-specific application of semantic knowledge. This publication
channel should be of the highest interest to researchers and advanced practitioners
working on the Semantic Web, interoperability, mobile information services, data
warehousing, knowledge representation and reasoning, conceptual database model-
ing, ontologies, and artificial intelligence.

Topics of relevance to this journal include:

Semantic interoperability, semantic mediators
Ontologies

Ontology, schema and data integration, reconciliation and alignment
Multiple representations, alternative representations
Knowledge representation and reasoning
Conceptualization and representation

Multi-model and multi-paradigm approaches
Mappings, transformations, reverse engineering
Metadata

Conceptual data modeling

Integrity description and handling

Evolution and change

Web semantics and semi-structured data

Semantic caching



VI Preface

Data warehousing and semantic data mining

Spatial, temporal, multimedia and multimodal semantics
Semantics in data visualization

Semantic services for mobile users

Supporting tools

Applications of semantic-driven approaches

These topics are to be understood as specifically related to semantic issues. Contri-
butions submitted to the journal and dealing with semantics of data will be considered
even if they are not within the topics in the list.

While the physical appearance of the journal issues looks like the books from the
well-known Springer LNCS series, the mode of operation is that of a journal. Contribu-
tions can be freely submitted by authors and are reviewed by the Editorial Board. Con-
tributions may also be invited, and nevertheless carefully reviewed, as in the case for
issues that contain extended versions of best papers from major conferences addressing
data semantics issues. Special issues, focusing on a specific topic, are coordinated by
guest editors once the proposal for a special issue is accepted by the Editorial Board.
Finally, it is also possible that a journal issue be devoted to a single text.

The journal published its first volume in 2003 (LNCS 2800). That initial volume,
as well as volumes II (LNCS 3360), III (LNCS 3534), V (LNCS 3870), and coming
volume VIII represent the annual occurrence of a special issue devoted to publication
of selected extended versions of best conference papers from previous year confer-
ences. Volumes III and VI are annual special issues on a dedicated topic. Volume III,
coordinated by guest editor Esteban Ziményi, addressed Semantic-based Geographi-
cal Information Systems, while volume VI, coordinated by guest editors Karl Aberer
and Philippe Cudre-Mauroux, addressed Emergent Semantics. The fourth volume was
the first "normal" volume, built from spontaneous submissions on any of the topics of
interest to the Journal. This volume VII is the second of this type.

The Editorial Board comprises one Editor-in-Chief (with overall responsibility), a
co-editor-in-chief, and several members. The Editor-in-Chief has a four-year man-
date. Members of the board have a three-year mandate. Mandates are renewable.
New members may be elected anytime.

We are happy to welcome you to our readership and authorship, and hope we will
share this privileged contact for a long time.

Stefano Spaccapietra
Editor-in-Chief
http://lbdwww.epfl.ch/e/Springer/



JoDS Volume VII - Preface

This JoDS volume results from a rigorous selection among 35 abstract/paper submis-
sions received in response to a call for contributions issued July 2005.

After two rounds of reviews, nine papers, spanning a wide variety of topics, were
eventually accepted for publication. They are listed in the table of contents herein.

We would like to thank authors of all submitted papers as well as all reviewers
who contributed to improving the papers through their detailed comments.

Forthcoming volume VIII will contain extended versions of best papers from 2005
conferences covering semantics aspects. Its publication is expected towards the end
of 2006.

We hope you'll enjoy reading this volume.

Stefano Spaccapietra
Editor-in-Chief
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Discovering the Semantics of Relational Tables
Through Mappings *

Yuan An', Alex Borgida?, and John Mylopoulos®

! Department of Computer Science, University of Toronto, Canada
{yuana, jm}@cs.toronto.edu
2 Department of Computer Science, Rutgers University, USA
borgida@cs.rutgers.edu

Abstract. Many problems in Information and Data Management require a se-
mantic account of a database schema. At its best, such an account consists of
formulas expressing the relationship (“mapping”) between the schema and a for-
mal conceptual model or ontology (CM) of the domain. In this paper we describe
the underlying principles, algorithms, and a prototype tool that finds such se-
mantic mappings from relational tables to ontologies, when given as input simple
correspondences from columns of the tables to datatype properties of classes in
an ontology. Although the algorithm presented is necessarily heuristic, we offer
formal results showing that the answers returned by the tool are “correct” for re-
lational schemas designed according to standard Entity-Relationship techniques.
To evaluate its usefulness and effectiveness, we have applied the tool to a number
of public domain schemas and ontologies. Our experience shows that significant
effort is saved when using it to build semantic mappings from relational tables to
ontologies.

Keywords: Semantics, ontologies, mappings, semantic interoperability.

1 Introduction and Motivation

A number of important database problems have been shown to have improved solutions
by using a conceptual model or an ontology (CM) to provide precise semantics for a
database schema. These! include federated databases, data warehousing [2], and infor-
mation integration through mediated schemas [13,8]. Since much information on the
web is generated from databases (the “deep web”), the recent call for a Semantic Web,
which requires a connection between web content and ontologies, provides additional
motivation for the problem of associating semantics with database-resident data (e.g.,
[10]). In almost all of these cases, semantics of the data is captured by some kind of
semantic mapping between the database schema and the CM. Although sometimes the
mapping is just a simple association from terms to terms, in other cases what is required
is a complex formula, often expressed in logic or a query language [14].

For example, in both the Information Manifold data integration system presented in
[13] and the DWQ data warehousing system [2], formulas of the form T'(X) :- #(X,Y)

* This is an expanded and refined version of a research paper presented at ODBASE’05 [1].
! For a survey, see [23].

S. Spaccapietra (Ed.): Journal on Data Semantics VII, LNCS 4244, pp. 1-32, 2006.
© Springer-Verlag Berlin Heidelberg 2006



2 Y. An, A. Borgida, and J. Mylopoulos

are used to connect a relational data source to a CM expressed in terms of a Descrip-
tion Logic, where T'(X) is a single predicate representing a table in the relational data
source, and #(X,Y’) is a conjunctive formula over the predicates representing the con-
cepts and relationships in the CM. In the literature, such a formalism is called local-as-
view (LAV), in contrast to global-as-view (GAV), where atomic ontology concepts and
properties are specified by queries over the database [14].

In all previous work it has been assumed that humans specify the mapping formulas
— a difficult, time-consuming and error-prone task, especially since the specifier must
be familiar with both the semantics of the database schema and the contents of the on-
tology. As the size and complexity of ontologies increase, it becomes desirable to have
some kind of computer tool to assist people in the task. Note that the problem of seman-
tic mapping discovery is superficially similar to that of database schema mapping, how-
ever the goal of the later is finding queries/rules for integrating/translating/exchanging
the underlying data. Mapping schemas to ontologies, on the other hand, is aimed at un-
derstanding the semantics of a schema expressed in terms of a given semantic model.
This requires paying special attentions to various semantic constructs in both schema
and ontology languages.

We have proposed in [1] a tool that assists users in discovering mapping formulas
between relational database schemas and ontologies, and presented the algorithms and
the formal results. In this paper, we provide, in addition to what appears in [1], more de-
tailed examples for explaining the algorithms, and we also present proofs to the formal
results. Moreover, we show how to handle GAV formulas that are often useful for many
practical data integration systems. The heuristics that underlie the discovery process
are based on a careful study of standard design process relating the constructs of the
relational model with those of conceptual modeling languages. In order to improve the
effectiveness of our tool, we assume some user input in addition to the database schema
and the ontology. Specifically, inspired by the Clio project [17], we expect the tool
user to provide simple correspondences between atomic elements used in the database
schema (e.g., column names of tables) and those in the ontology (e.g., attribute/”’data
type property” names of concepts). Given the set of correspondences, the tool is ex-
pected to reason about the database schema and the ontology, and to generate a list
of candidate formulas for each table in the relational database. Ideally, one of the for-
mulas is the correct one — capturing user intention underlying given correspondences.
The claim is that, compared to composing logical formulas representing semantic map-
pings, it is much easier for users to (i) draw simple correspondences/arrows from col-
umn names of tables in the database to datatype properties of classes in the ontology?
and then (ii) evaluate proposed formulas returned by the tool. The following example
illustrates the input/output behavior of the tool proposed.

Example 1.1. An ontology contains concepts (classes), attributes of concepts (datatype
properties of classes), relationships between concepts (associations), and cardinality
constraints on occurrences of the participating concepts in a relationship. Graphically,
we use the UML notations to represent the above information. Figure 1 is an enter-
prise ontology containing some basic concepts and relationships. (Recall that cardinality

2 In fact, there exist already tools used in schema matching which help perform such tasks using
linguistic, structural, and statistical information (e.g., [4,21]).
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Fig. 1. Relational table, Ontology, and Correspondences

constraints in UML are written at the opposite end of the association: a Department
has at least 4 Employees working for it, and an Employee works in one Department.)
Suppose we wish to discover the semantics of a relational table Employee(ssn,name,
dept, proj) with key ssn in terms of the enterprise ontology. Suppose that by looking at
column names of the table and the ontology graph, the user draws the simple correspon-
dences shown as dashed arrows in Figure 1. This indicates, for example, that the ssn
column corresponds to the hasSsn property of the Employee concept. Using prefixes
7 and O to distinguish tables in the relational schema and concepts in the ontology
(both of which will eventually be thought of as predicates), we represent the correspon-
dences as follows:
T : Employee.ssne~~O : Employee.hasSsn
T : Employee.name~~0O : Employee.hasName
T : Employee.depte~~O : Department.hasDept Number
T : Employee.proje~Q : Worksite.hasNumber
Given the above inputs, the tool is expected to produce a list of plausible mapping
formulas, which would hopefully include the following formula, expressing a possible
semantics for the table:
7T :Employee(ssn, name, dept, proj) :-
O:Employee(z1), O:hasSsn(z1,ssn), O:hasName(z1,name), O:Department(z2),
O:works_for(z1,z2), O:hasDeptNumber(z2,dept), O:Worksite(zz), O:works_on(z1,z3),
O:hasNumber(z3,proj).
Note that, as explained in [14], the above, admittedly confusing notation in the litera-
ture, should really be interpreted as the First Order Logic formula
(Vssn,name, dept, proj) T:Employee(ssn, name, dept, proj) =
(3z1, x2, z3) O:Employee(z1) A...
because the ontology explains what is in the table (i.e., every tuple corresponds to an
employee), rather than guaranteeing that the table satisfies the closed world assumption
(i.e., for every employee there is a tuple in the table). ]

An intuitive (but somewhat naive) solution, inspired by early work of Quillian [20], is
based on finding the shortest connections between concepts. Technically, this involves
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(i) finding the minimum spanning tree(s) (actually Steiner trees®) connecting the “corre-
sponded concepts” — those that have datatype properties corresponding to table
columns, and then (ii) encoding the tree(s) into formulas. However, in some cases the
spanning/Steiner tree may not provide the desired semantics for a table because of known
relational schema design rules. For example, consider the relational table Project
(name, supervisor), where the column name is the key and corresponds to the at-
tribute O:Worksite.hasName, and column supervisor corresponds to the attribute
O:Employee.hasSsnin Figure 1. The minimum spanning tree consisting of Worksite,
Employee, and the edge works_on probably does not match the semantics of table
Project because there are multiple Employees working on a Worksite according to
the ontology cardinality, yet the table allows only one to be recorded, since supervisor
is functionally dependent on name, the key. Therefore we must seek a functional con-
nection from Worksite to Employee, and the connection will be the manager of the
department controlling the worksite. In this paper, we use ideas of standard relational
schema design from ER diagrams in order to craft heuristics that systematically uncover
the connections between the constructs of relational schemas and those of ontologies.
We propose a tool to generate “reasonable” trees connecting the set of corresponded con-
cepts in an ontology. In contrast to the graph theoretic results which show that there may
be too many minimum spanning/Steiner trees among the ontology nodes (for example,
there are already 5 minimum spanning trees connecting Employee, Department, and
Worksite in the very simple graph in Figure 1), we expect the tool to generate only a
small number of “reasonable” trees. These expectations are born out by our experimental
results, in Section 6.

As mentioned earlier, our approach is directly inspired by the Clio project [17,18],
which developed a successful tool that infers mappings from one set of relational tables
and/or XML schemas to another, given just a set of correspondences between their
respective attributes. Without going into further details at this point, we summarize the
contributions of this work:

— We identify a new version of the data mapping problem: that of inferring complex
formulas expressing the semantic mapping between relational database schemas
and ontologies from simple correspondences.

— We propose an algorithm to find “reasonable” tree connection(s) in the ontology
graph. The algorithm is enhanced to take into account information about the schema
(key and foreign key structure), the ontology (cardinality restrictions), and standard
database schema design guidelines.

— To gain theoretical confidence, we give formal results for a limited class of schemas.
We show that if the schema was designed from a CM using techniques well-known
in the Entity Relationship literature (which provide a natural semantic mapping and
correspondences for each table), then the tool will recover essentially all and only
the appropriate semantics. This shows that our heuristics are not just shots in the
dark: in the case when the ontology has no extraneous material, and when a table’s
scheme has not been denormalized, the algorithm will produce good results.

3 A Steiner tree for a set M of nodes in graph G is a minimum spanning tree of M that may
contain nodes of G which are not in M.
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— To test the effectiveness and usefulness of the algorithm in practice, we imple-
mented the algorithm in a prototype tool and applied it to a variety of database
schemas and ontologies drawn from a number of domains. We ensured that the
schemas and the ontologies were developed independently; and the schemas might
or might not be derived from a CM using the standard techniques. Our experience
has shown that the user effort in specifying complex mappings by using the tool is
significantly less than that by manually writing formulas from scratch.

The rest of the paper is structured as follows. We contrast our approach with related
work in Section 2, and in Section 3 we present the technical background and notation.
Section 4 describes an intuitive progression of ideas underlying our approach, while
Section 5 provides the mapping inference algorithm. In Section 6 we report on the
prototype implementation of these ideas and experiments with the prototype. Section 7
shows how to filter out unsatisfied mapping formulas by ontology reasoning. Section 8
discusses the issues of generating GAV mapping formulas. Finally, Section 9 concludes
and discusses future work.

2 Related Work

The Clio tool [17,18] discovers formal queries describing how target schemas can
be populated with data from source schemas. To compare with it, we could view the
present work as extending Clio to the case when the source schema is a relational data-
base while the target is an ontology. For example, in Example 1.1, if one viewed the
ontology as a relational schema made of unary tables (such as Employee(x1)), binary
tables (such as hasSsn(x;, ssn)) and the obvious foreign key constraints from binary
to unary tables, then one could in fact try to apply directly the Clio algorithm to the prob-
lem. The desired mapping formula from Example 1.1 would not be produced for several
reasons: (i) Clio [18] works by taking each table and using a chase-like algorithm to re-
peatedly extend it with columns that appear as foreign keys referencing other tables.
Such “logical relations” in the source and target are then connected by queries. In this
particular case, this would lead to logical relations such as works_for <1 Employee
> Department, but none that join, through some intermediary, hasSsn(z1, ssn) and
hasDept Number(x2, dept), which is part of the desired formula in this case. (ii) The
fact that ssn is a key in the table 7:Employee, leads us to prefer (see Section 4)
a many-to-one relationship, such as works_for, over some many-to-many relation-
ship which could have been part of the ontology (e.g., O:previouslyW orkedFor);
Clio does not differentiate the two. So the work to be presented here analyzes the key
structure of the tables and the semantics of relationships (cardinality, IsA) to elimi-
nate/downgrade unreasonable options that arise in mappings to ontologies.

Other potentially relevant work includes data reverse engineering, which aims to
extract a CM, such as an ER diagram, from a database schema. Sophisticated algorithms
and approaches to this have appeared in the literature over the years (e.g., [15,9]). The
major difference between data reverse engineering and our work is that we are given
an existing ontology, and want to interpret a legacy relational schema in terms of it,
whereas data reverse engineering aims to construct a new ontology.



