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Abstract

This document specifies the research area of the doctoral work, deter-
mines the questions to be examined and describes possible approaches for
answering the latter. Particularly, the main focus of the current research
is reuse of relational sources in the context of semantic-based access to
information. This problem is tackled in two phases: (i) extracting seman-
tics hidden in the relational sources by wrapping them by means of an
ontology, (ii) studying the methodology for semantic enrichment of such
ontologies.



1 Introduction and motivations

The use of a conceptual model (or an ontology) to describe relational data
sources has been shown to be extremely useful to overcome many important
data access problems. In particular, the notion of accessing information through
the navigation of an ontology modeling the domain of an information system –
which can be seen as a conceptual schema – only recently has gained interest
in knowledge representation research. The ontology defines a vocabulary which
is richer than the logical schema of the underlying data. Thus, the user would
prefer to query the database using the rich vocabulary of the ontology. More-
over, this allows users (or applications) to formulate queries also in the case of
schema mismatch, since the information system is accessed using the common
and agreed-upon ontology vocabulary [15]. On the other hand, so-called inten-
tional navigation can help a less skilled user during the initial step of query
formulation, thus overcoming problems related with schema comprehension and
so enabling him/her to easily formulate meaningful queries (e.g., Query Tool
[11]).

To date, the task of wrapping relational data sources by means of an ontology
is mainly done manually. However, large quantity of structured information
sources available on the Web, as well as multiple databases in enterprises require
automatic support for the conceptualization of the domain. Within this research
area, we identify two key tasks that we discuss next.

Suppose the goal is to design an ontology that is to be used as a unifying view
in enterprise integration. Typically, there will be a number of database systems
that are used in the enterprise to be modelled. Instead of constructing the ontol-
ogy from scratch, ontology designer wants an automatic support for converting
the database schema into an initial ontology (i.e., support for ontology boot-
strapping). Thus, it is desirable to derive ontology from the database schema
together with a set of views that connect the ontology with the database, so that
queries over the ontology can be answered by using the data in the database.
Once a core ontology is obtained, ontology designer adds more details to a part
of the ontology that has not yet been sufficiently described. An end user then
uses the enriched ontology for formulating his/her queries over the enriched
ontology and an application is expected to return the answer (obviously using
sophisticated query answering techniques, such as query rewriting [10]). How-
ever, in some cases, the final result is not as expected (see next section for an
example). To avoid unexpected results in such applications when using the en-
riched ontology, the ontology engineer must have control of the consequences of
his/her modifications.

Motivated by the above scenario, we aim at understanding which is the best
way of building such an infrastructure by providing a uniform access to the data
sources in a coherent and user-oriented way. We see the problem in two phases:
eliciting the semantics of data hidden in the structure of relational sources by
wrapping them by means of an ontology; and understanding the methodol-
ogy for semantic enrichment of such ontology, i.e., when those enrichments are
meaningful and give sensible results.
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The rest of the document is structured as follows. In the next Section we de-
scribe the problem by giving specific examples explaining the matter. Section 3
surveys the work relevant to our research. In Section 4 we describe the approach
proposed and results achieved so far. Finally, we list additional activities of the
past year in Section 5.

2 Problem description

In this section we define the problem of reusing relational sources in the context
of semantic-based access to information. We do so by illustrating the matter
with relevant examples. We first describe the problem of extracting ontologies
from relational sources. Then, we introduce the specific scenario of semantic
enrichment of such ontologies.

Let us consider a real-world database schema that implements CERIF1

(Common European Research Information Format) 2000 Full Data Model –
the standard EU recommendation as a tool to harmonize databases on research
projects. The schema is strongly structured as it contains 123 tables. A major
difficulty with such a database is to understand the meaning of the data. This
lack of understanding hampers the effective utilization of data and also reduces
the likelihood that maintenance activities can be performed correctly. Such an
understanding can only be achieved by representing the semantics hidden in
the relational source with its conceptual view, i.e., an ontology. However, the
task of wrapping relational data sources by means of an ontology is mainly done
manually. Moreover, with schemas like CERIF (having more than 100 tables),
the manual process is time-consuming and error-prone. Therefore, as a first part
of the doctoral work, we aim at defining a framework for automatically extract-
ing from a relational database an ontology that is to be used as a conceptual
view over the data. The semantic mapping between the database schema and
its conceptualisation is captured by associating views over the data source to
elements of the extracted ontology. In such a setting, queries over the ontology
can be answered by using the data in the database.

Having the ontology derived from database schema, a pertinent task is to
enrich it by adding more details to a part of the ontology that has not yet been
sufficiently described. When such an operation is performed, it is important
for ontology engineer to be aware of the consequences of such modifications.
In particular, when the enriched ontology is used for querying the information
residing in the database, it is plausible that unexpected answers are returned.

We illustrate the problem with an example shown in Figure 1. Please note
that in this example the derived ontology is represented with DL DL-Lite [9].
We use Entity-Relationship (ER) notation for a clear pictorial representation,
and we do not discuss in this document how common ER constructs can be
expressed with DL-Lite (see [9] for details). At the lowest level of this figure
we have an input schema of the database, providing the actual data, whereas

1http://cordis.europa.eu/cerif/src/toolkit.htm
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Figure 1: An example scenario

the middle part represents the ontology automatically generated from the input
database schema.

Assume we have a database schema with two relations orgunit and fund-
ing program (taken from CERIF schema). Since no foreign keys are present
in none of the two relations, with the ontology extraction procedure we ob-
tain two corresponding entities, Orgunit and Funding Program, not related to
each other via any relationship. The associated mappings (views over the data
source) are depicted with dashed arrows. When the ontology engineer sees the
derived ontology, he/she decides that a relationship, say Funded By, between
the two entities exists. Now, suppose a user, looking at the enriched ontology
(the lowest part is hidden from the user), wants to know the pairs of organi-
sational units and funding programmes by which those organisational units are
funded, i.e., he/she poses a query

q(x, y)← Funded By(x, y).

It is immediate to see that the evaluation of the above query gives an empty
answer, since during query reformulation step none of the inclusion assertions
will be applicable to the atom Funded By(x, y). However, consider the situation
when ontology engineer adds mandatory participation constraint for the entity
Orgunit, i.e., he/she adds the inclusion assertion Orgunit v ∃Funded By. Then,
given a query

q(x)← Funded By(x, ),

a new query is obtained
q′(x)← Orgunit(x),

thus returning the set of all organisational units.
Following observations above, as a second part of this work, we aim at study-

ing such a phenomenon. In other words, the goal is to characterize the method-
ology for semantic enrichment of ontologies, guaranteeing meaningful and sen-
sible results. Currently there are no general guidelines of how to avoid or solve
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the latter situations. As a consequence, those are dealt with manually to date.
Therefore, we are concerned with giving guidelines for knowledge engineers such
that this problem could be minimized.

3 Literature overview

In this section we review work that is related to our research on reusing rela-
tional sources in the context of semantic based access to information. We start
by surveying the work related to the problem of ontology extraction, and in par-
ticular we emphasize on the field of database reverse engineering (Section 3.1).
Since the problem of eliciting data semantics from relational sources has been
carried out from the beginning of the doctoral work, we also give insights of
how our work differs from the state of the art approaches.

The study of the second problem – that of semantic enrichment of ontolo-
gies – is instead at a rather early stage. In general, the problem of accessing
information through enriched ontologies has not been tackled in the literature.
However, as a first attempt to approach the problem, we rely on query re-
formulation techniques, which we describe in Section 3.2. Finally, we survey
in Section 3.3 the results on query and view languages that admit view-based
rewritings (i.e., has Beth definability property), which we might consider as an
alternative approach to the problem.

3.1 Database reverse engineering

The first focus of the doctoral work is that of deriving from a relational database
schema its corresponding conceptual view. In this process we integrate and
enhance many aspects of database reverse engineering (DBRE) [16], which we
survey next.

There are various reasons for applying DBRE: maintenance and redesign
(it is much more accurate to create a new schema by modifying an old one
rather than starting from scratch), data migration (with the success of object-
orientation, an interest in reverse engineering of relational database into object-
oriented specifications has been risen), integration of databases (integration pro-
cess is often performed at the conceptual level). As a consequence, DBRE is
defined as a process of recovering a conceptual model that represents the mean-
ing of the logical schema by examining an existing database system to identify
the database contents and their interrelationships. Approaches to recovering
a conceptual schema from a relational database have appeared in the litera-
ture over the years [27, 13, 3, 1, 5]. Four main sources have been explored
for finding evidence to construct a conceptual schema from a logical database:
the structures and integrity constraints of the database schema, the application
programs that access the database, the data instances stored in the database,
and the users and designers. Moreover, because reverse engineering of rela-
tional databases is a complex task, all existing approaches are conditioned by
a set of restrictive assumptions, namely, relational schemas are supposed to
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be highly normalized (3NF, BCNF), semantic information about the schema
is available (e.g., keys and foreign keys, inclusion and exclusion dependencies),
etc. In particular, [27] use schema structures and constraints by considering an
input relational database being in BCNF. In Andersson’s work [3] information
about functional dependencies, keys and inclusion dependencies are deduced by
looking into data manipulation statements that can be extracted from the ap-
plication code. The approaches in [13] analyze not only the database schema,
but also data instances, while the work in [1] relies only on data instances in
order to identify candidate keys, to locate foreign keys and to decide on the
appropriate links between the given relations. Finally, the method of [19] de-
cides the correct object types in the conceptual schemas by interacting with
users. Even though there are similarities between this area and the problem
we are tackling, there are however important differences. In particular, DBRE
approaches firstly produce just a pictorial representation of a conceptual model,
without showing how it links to the database schema, and are thus used for
“documenting” the database. Our approach, instead, is tailored for the direct
use of the extracted ontology – that of accessing information mediated by the
ontology, where the views generated during the extraction process that connect
the derived ontology with the data sources play a crucial role. Secondly, most
of DBRE methods are informal and do not specify the quality of the results.
On the contrary, we provide formal results showing that the extracted ontology
represents all information sources and does not represent any extra information
not present in the sources.

Furthermore, the recent call for a Semantic Web arose several approaches
in bringing together relational databases and ontologies, particularly tailored
to migrating data-intensive Web pages into the ontology-based Semantic Web.
Among them we mention [5], where the author analyzes key, data and attribute
correlations (as well as their combination) to first transform the 3NF database
schema into an ontology and then migrate the data. Despite that the tech-
niques of [5] used for transforming the schema into an ontology are close to our
extraction procedure, the scenarios in which the latter and our approach are
used differ and result in the distinctions already described above. The work by
Y. An et al. [2] proposes an algorithm for automatic mapping between relations
and ontologies, when given as input simple correspondences from attributes of
relations to datatype properties of classes in an ontology. Unlike our approach,
it requires a target existing ontology onto which the relations are mapped to.
Finally, the approach of [21] extracts the schema information of the data source
and converts it into an ontology. However, this technique extracts only the
structural information about the ontology, so the constraints are not taken into
account.

3.2 Query reformulation

Query reformulation is first of all at the heart of query processing in data inte-
gration [22]: the query over the global schema has to be reformulated in terms
of a set of queries over the sources. Note that in our framework, the views gener-
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ated by the ontology extraction algorithm correspond to a set of global-as-view
(GAV) mappings2. It is easy to see that in GAV data integration systems, when
integrity constraints are not present in the global schema, query processing can
be based on a simple unfolding strategy. Specifically, when we have a query q
over the alphabet AG of the global schema, every element of AG is substituted
with the corresponding query over the sources, and the resulting query is then
evaluated at the sources. However, when the language used for expressing the
global schema allows for integrity constraints, query processing in GAV systems
becomes more complex. Indeed, in this case, integrity constraints can be used
to overcome incompleteness of data at the sources [22]. A fundamental tool
for dealing with constraints at the global schema is the use of chase of a con-
junctive query [26, 20]. Intuitively, given a conjunctive query, its conjuncts are
“frozen” and seen as facts in a database, where each variable is associated to a
distinct value. Since this collection of facts in general does not satisfy the in-
tegrity constraints, the idea is to convert the initial facts into a new set of facts
constituting a database that satisfies the dependencies, possibly by collapsing
facts or adding new facts. The work in [8] adopts this notion and presents an
algorithm, based on encoding the information about the conceptual schema into
a rewriting of the query, that computes the consistent answers to queries posed
on EER schemata, where the data are incomplete w.r.t. the schema.

Query reformulation method for DL-Lite family of DLs [10] follows the same
idea of using ontology constraints (TBox) as means to overcome incompleteness
at the data sources (ABox) in a different way: given a conjunctive query q
over the knowledge base (KB), the assertions of the TBox are compiled into
the query itself, thus obtaining a new query q′. The union of such conjunctive
queries are then evaluated over the ABox of KB, as if the ABox were a simple
relational database. Since the size of each q′ does not depend on the ABox, the
data complexity of the whole query answering algorithm is polynomial [9].

3.3 Determinacy and rewriting of queries using views

The question of whether a given set of queries on a database (i.e., views) can
be used to answer another query arises in many different contexts (for a survey
see [17]). This can be formulated at several levels. The first attempt might
be syntactic or language specific: query Q can be answered by the views V
if there exists a query Q′ in language L in which the V predicates are the
only primitive symbols and Q and Q′ are logically equivalent assuming the
view definitions. In this case, it is said that there exists an L-rewriting of Q in
terms of V. The second formulation might be semantic or information theoretic:
query Q can be answered by the views V if V(D1) = V(D2) guarantees that
Q(D1) = Q(D2), for all database instances D1 and D2 [31, 28]. In this case,
it is said that Q is determined by the views V, which intuitively means that V
provides enough information to uniquely determine the answer to Q. If there
exists an L-rewriting of Q in terms of V, then Q is also determined by V. The

2For this reason we do not review here query processing in LAV data integration systems.
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other direction may not hold and clearly depends on the choice of the rewriting
language. Thus, in this research program, the main question is: given a query
Q and views V in L for which it is known that Q is determined by V; what
is the smallest query language extending L in which Q can be rewritten in
terms of V; in particular, is L itself sufficient? If so, it is said that L admits
view-based rewritings, which is, of course, the desired situation: the rewriting
is not more difficult than the views and the queries [28]. However, conjunctive
queries do not admit view based rewritings, as known from [30]. For first order
(FO) queries and view definitions over possibly infinite databases, the answer
is yes, as follows from old results of Beth (definability theorem) [7] (different
formulations of Beth’s property are surveyd in [18]) and Craig (interpolation
theorem) [14, 12]. For finite databases, FO is again not sufficient [31]. But
M. Marx in [28] has shown that the packed fragment [4] of FO logic admits
view-based rewritings, so do its restrictions to (unions of) conjunctive queries.
Moreover, it is decidable whether a query is determined by a set of views for
queries and views expressed in the packed fragment.

The relevance of determinacy and rewriting to our work is driven with two
facts. First, when added ontology terms are determined by and can be rewritten
to the database terms, the answers to queries over the enriched ontology are
guaranteed to be non-empty. Second, the property of a (fragment of a) language
to admit view-based rewritings is crucial in devising the rewriting of queries over
the enriched ontology terms into the queries over the database terms.

4 What has been done so far

In this section we provide a brief description of the proposed approach and
results achieved so far. Please note that the problem of extracting ontologies
from relational data sources has been carried out from the beginning of the
doctoral work, thus, in this section we concentrate on the former. The problem
of accessing the data sources using the enriched ontology is at the initial stage,
and we only provide initial insights for approaching the matter.

Ontology extraction. First, an automatic procedure for extracting an on-
tology with mappings (i.e., set of views) from a relational database schema
was developed, that was first described in [24], and in more detail in [25]. The
core extraction algorithm uses database reverse engineering techniques (see Sec-
tion 3.1). Specifically, the heuristics underlying the ontology extraction process
are based on ideas of standard relational schema design and normalisation. In
fact, we assume that the relational source is in third normal form. To represent
the extracted ontology, we use an ontology language, rather that a graphical no-
tation, in order to provide a precise formal semantics. In particular, we adopt
a variant of DLR-Lite [10] description logic because of its nice computational
properties, and ability to express the mostly used modelling constraints.

Second, the developed technique was evaluated using the relative information
capacities of the source and target schemata. Our developed ontology extraction
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Figure 2: An ontology extracted from CERIF database schema

technique can be seen as a schema transformation, as defined in [29]. It has
been shown that the ontology extraction procedure is an equivalence preserving
schema transformation (the actual proof can be found in [25]). This result shows
that queries expressed over the extracted ontology can be evaluated by simply
expanding the generated views. However, this is no longer true in the case when
the ontology is going to be modified. Then, more sophisticated query answering
techniques must be adopted in order to guarantee completeness (e.g., query
rewriting [10]). Moreover, the ontology modification phenomenon, as discussed
in Section 2 must be addressed.

Third, the prototype ontology extraction tool3 was developed and tested
with a real-world database schema CERIF. Figure 2 shows the ontology ex-
tracted from CERIF database schema.

Finally, the following contributions for tones project4 were submitted: sec-
tion “Ontology Extraction from DB Schemas” to D13 deliverable [6], a proto-
type ontology extraction tool to D15 deliverable (“Software Tools for Ontology
Design and Maintenance”) and a prototype for tones demonstration session.

Ontology enrichment. As a starting point to approach the problem, we
have chosen to rely on query rewriting techniques, and in particular on query
reformulation algorithm for DL-Lite family of DLs [10]. We have devised an
algorithm that, given a term and a TBox of an (already enriched) ontology,
return if this term gives an empty answer when evaluating it over the data
sources. Note that it is enough to check whether a given term can be rewritten
by applying to it an appropriate inclusion dependency and then to verify that
a view for the rewritten term exists.

As an example, consider the conceptual schema displayed in Figure 1 of
3The demo is available at https://lamj.inf.unibz.it/ontoext/OntoSynt.html.
4http://www.tonesproject.org/
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Section 2. The DL-Lite TBox for this schema is the following:
(1) ∃Funded By v Orgunit
(2) ∃Funded By v Funding Program
(3) Orgunit v ∃Funded By

Now, consider a query

q(x)← Funded By(x, ),

asking for organisational units that are funded by some funding programme.
There is no mapping associated to the term Funded By. However, by applying
query reformulation algorithm for DL-Lite (the actual algorithm can be found
in [10]), Funded By(x, ) atom is applicable to the inclusion assertion (3), and
new query is obtained

q′(x)← Orgunit(x).

Orgunit term is linked to orgunit table and thus the set of all organisational
units is returned.

In parallel, we are also studying Beth’s definability property for queries and
views (inspired by [28]), but we do not have any concrete results to date.

5 Other activities of the past year

Published papers

• Poster paper at DL 2007 [24];

• Paper at Ph.D. workshop in CIKM, PIKM 2007 [23].

Attended conferences and workshops

• DL 2007: 20th Description Logics Workshop, Bressanone, June, 2007

• VLDB 2007: 33rd International Conference on Very Large Databases,
Vienna, September, 2007

• SWDB-ODBIS07: Joint ODBIS & SWDB Workshop on Semantic Web,
Ontologies, Databases (colocated with VLDB 2007), Vienna, September,
2007

• CIKM 2007: 16th International Conference on Information and Knowl-
edge Management, Lisbon, November, 2007

• PIKM 2007: 1st Ph.D. Workshop in CIKM, Lisbon, November, 2007
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Attended summer schools

• ESSLLI 2007: 19th European Summer School on Logic, Language and
Information, Dublin, Ireland, August 6-17, 2007

• ACAI 2007: Logic for Artificial Intelligence, Leuven, Belgium, August
20-28, 2007

• EDBT 2007: 8th EDBT Summer School on Database Technologies for
Novel Applications, Bozen-Bolzano, September 3-7, 2007

Presented talks

• Talk at KRDB PhD Students workshop, Bozen-Bolzano, May, 2007

• Invited Seminar at Bruno Kessler Foundation - IRST, Trento, July, 2007

• Paper presentation at PIKM 2007, Lisbon, November, 2007
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