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Abstract

In this report we present a summary of the recent literature in the
Data Integration research area, focusing our attention on some new
issues that are relevant to this area, mostly from an architectural per-
spective. In fact, although general architectures for data integration
systems assign them a centralized role, it does not seem to be a valid
approach in real distributed scenarios: some recent works propose new
architectures for data integration, deployed in a peer-to-peer environ-
ment. We will also summarize some results produced in the first year
of the Ph.D. course and we will set out a research plan for the rest of
such course.

1 Introduction

Today’s fast and continuous growth of large business organizations, often
deriving from mergers of smaller enterprises, enforces an increasing need in
integrating and sharing large amounts of data, coming from a number of het-
erogeneous and distributed data sources. Data integration systems aim to
fulfill such need by suitably querying the sources in their own language, re-
trieving the relevant data and reassembling them into the answers to the user
queries. All these issues are concerned with the Data Integration problem.
One of the most natural way to think about a data integration system,
consists of a uniform mediation layer placed between the user and the data
sources. The user interacts with the system by querying a global schema [27],
i.e., a virtual representation of the data stored at the sources, and the system



will carry out the task of dealing with the sources to retrieve the informa-
tion satisfying the user request. On the other hand, the data integration
system will keep an internal representation of the data at the sources, called
source schema [27], so as the relationships subsisting between entities of
the global and the source schema: such relationships are represented by the
mapping [27]. The interaction between the data integration system and the
sources is made easy by some software modules, called wrappers, that hide
the native characteristics of the sources, allowing the system to converse with
it using its language.

To better represent the users’ interest domain, integrity constraints can
be expressed over the global schema [6]. The system will consider such con-
straints when answering the user queries, providing answers that have to be
coherent with respect to such constraints.

Some recent developments of data integration research, enforce an in-
adequacy of such a centralized architecture in satisfying many of the real
integration cases. Indeed, as we will explain better in the following, the de-
sign and maintenance of the global schema and the mapping constitutes a
very hard task, also considering mutable settings in which sources can join
and leave the system at any time. Furthermore, stressing the abstraction
level, one can think of an environment in which sources may act as provider
of information, as well as consumer.

This short report is structured as follows: in Section 2 we present the basic
concepts regarding data integration referring to the centralized architecture,
pointing out some limitations of such an approach; in Section 2.1 we show
several recent results about the semantic data integration; in Section 3 we
introduce some new architectural approaches that have been presented in the
recent literature, while in Section 4 we present the results of the first year of
Ph.D. course and some future plan.

2 Data Integration: classical framework

In this section we summarize the main results of the data integration commu-
nity referring to a classical architecture, constituted by a centralized virtual
global schema that provides a mediated representation of the sources inte-
grated by the system. To better expose such results, we adopt the relational
model [16] to represent global concepts as well as source entities; moreover,
we represent the mapping between source and global relations by means of
conjunctive queries [1].

Formally, a data integration system T [27], is a triple < G,§, M > in
which:



e G is the global schema, i.e.; a set of global relational symbols, each one
with an associated arity (the number of its attributes), plus a set of
integrity constraints expressed over such relational symbols;

e S is the source schema, i.e., a set of relational symbols (disjoint from
G), that constitutes a relational representation of the data stored at
the sources;

e M is the mapping between G and S, constituted by a set of assertions
of the form {¢s,qg}, in which ¢s is a conjunctive query over the global
schema, while gg is a conjunctive query over the global schema.

The semantics of the system is given in terms of the data at the sources:
starting from a database instance D for the source schema, we define the
semantics of a data integration system Z, as the set of all the global database
B that respect the following conditions:

e B is a legal database instance for G, that is, respects the relational
structure of G, and satisfies the integrity constraints expressed on it;

e J3 satisfies the mapping assertions with respect to the source instance
D. We remand to [27] for any further details.

With respect to the mapping assertions, different assumptions can be done,
that affect the notion of satisfaction of mapping. In particular, if we assume
that the mapping is sound, then we have that the data provided by the sources
are a subset of the global data — the extension of ¢s is contained into the
extension of gg. Conversely, if the mapping is considered to be complete, the
data provided by the sources are a superset of the global data — the extension
of gs contains the extension of gg. Finally we assume that a mapping is
exact, when it is both sound and complete. We point out that, due to the
general characteristics of the sources, that are distributed, autonomous and
independent, the sound mapping assumption is more reasonable in a data
integration environments [27].

The mapping design is one of the crucial tasks in defining a data in-
tegration system specification. In fact, tuning the shape of the mapping
queries, one can obtain different representations that have well-known pro-
prieties. We say that a mapping assertion follows the global-as-view (GAV)
paradigm, when gg corresponds to a full query over a single global relation:
an assertion of that kind gives a straightforward specification of the global
data, in terms of the source data. Dually, the local-as-view (LAV) approach,
let us define ¢s as a full query over a single source relation. Both formalisms



present advantages and drawbacks [31]. GAV mappings ease the query an-
swering process that can be done by means of simple unfolding techniques,
but its structure is not well suited for adding or removing sources: every
change in the source schema may lead to mapping redesign. LAV mappings
are better from this perspective, because adding or removing a source spec-
ification, only involves adding or removing a single mapping assertion. On
the other hand, query answering in LAV data integration systems is an hard
task, because the mapping views only provide a partial information about
the elements of the global schema. In [29] the authors present the MiniCon
algorithm that efficiently solves the problem of query answering in LAV data
integration systems. [31] presents and compares TSIMMIS, a GAV data in-
tegration system, and Information Manifold, a LAV one. Other examples of
GAV information systems are Garlic [15], MOMIS [2], IBIS [7] and DIS@DIS
that we will present in Section 4. As far as we know IBIS and DISQDIS are
the only systems that are able to deal with integrity constraints.

As we will see better in the Section 3, there is a more general approach
in mapping design, that generalizes both the GAV and the LAV paradigms.
Such an approach, called generalized local-as-view (GLAV), requires the de-
signer to associate a general query over the source relations ¢s to a general
query qg over the global relations. Section 3 will point out that GLAV
mappings are more expressive, and are well suited to represent complex re-
lationships in distributed data integration environments.

2.1 Recent approaches for semantic Data Integration

One of the main challenges in Data Integration is to deal with integrity con-
straints expressed over the global schema. In fact, when a system integrates
data coming from different independent information sources, reconciliated
data may not satisfy the integrity constraints imposed over the global schema.
More, many of the methodologies to deal with these problems are employed
in the reconciliation step with ad-hoc data cleaning algorithms.

Under the assumption of sound mapping, the repair of a global incon-
sistent instance can be produced by only adding tuples. For example, if an
inclusion dependencies is violated, it is possible to build a repair by adding
tuples to the inconsistent instance [6]. However, this assumption presents
some serious drawbacks: the repair may be infinite, making the query an-
swering undecidable, and does not allow for the deletion of tuples (needed to
repair key constraint violation). Some recent works [9, 23, 5, 22] show that
in many cases, the sound assumption on the mapping is too binding, and
may lead to situations in which the semantics of the data integration system
is empty, i.e., there are not legal global instances, making the query answer-

4



ing meaningless. The authors propose a new semantic approach whose main
characteristic is to consider repairs that satisfy the integrity constraints over
the global schema and that approximate at best the satisfaction of the sound
assumption. This semantics, called loosely-sound semantics, constitutes a
less strict assumption on data and allows one to add as well as delete tuples
to build the repair. Even though the semantics proposed concerns databases
with inconsistent information, the technique can also be applied to a data
integration environment [10]. The authors also show that query answering
under the loosely-sound semantics is coNP-complete with respect to data
complexity in the presence of keys and foreign keys over the global schema.

As presented in [21], another way to define a semantic for inconsistency,
is to state some preference assertions between data sources. The basic idea,
mostly useful in a data integration environment, is that best sources should
be preferred to the others. In [21] the authors define the mazimally-sound
semantics that takes into account a set of source preference expression when
defining the global interpretation of the source data.

Before concluding this section, we point out that several authors are in-
vestigating the problem of finding out particular classes of queries for which
query answering over inconsistent databases can be done in polynomial time,
also in the presence of key and foreign key [20].

3 New architectures for Data Integration

Some recent developments of infrastructures and algorithms for distributed
systems, and also the fast growth of the number of heterogeneous information
sources scattered on the web, have steadily affected the research course of
the last years. It derives an inadequacy of the centralized architecture intro-
duced so far to satisfy real integration requests. Moreover, in a continuously
changing scenario in which sources may join and leave at any time, the de-
sign and maintenance of a global schema and a mapping are too expensive.
In this section we present a new direction of the data integration science,
oriented towards an architectural extension of its well known techniques.

3.1 Peer-to-peer Data Management Systems (PDMS)

The peer-to-peer (from now on P2P) paradigm consists of a wide network
of interconnected computational peers, or information nodes, that cooperate
with each other exchanging services and information [3]. Each peer shares
a part or all of its resources with the network and also benefit of resources
offered by other peers. The success of the P2P architecture is determined by



several advantages: scalability, robustness and lack of administration needs
are some of the main properties that a P2P system possesses. In general the
wealth of such systems grows with the number of participants, that increase
the memory for data storage, and the computational power of the whole
system.

However, as pointed out in [24], often generic P2P systems do not take
care of the semantics of the data exchanged. This is a serious drawback,
mostly considering that when the network grows, it becomes hard to predict
the location and the quality of the data provided by the system. Therefore,
there are several problems about availability and consistency of the services
provided by the P2P system. In the same paper, the authors identify the
data placement problem, that is, how to distribute data and work so as to
the full query workload is covered with lower cost under the existing resource
constraints.

A P2P data management system aims to solve these issues. The main
goal of such systems is to provide semantic interoperability in the absence of a
global information schema. All the knowledge about the topology and exten-
sion of the network resides at the peers. In fact, every peer is interconnected
with other peers by means of coordination formulas [3], that allow every sin-
gle peer to exploit acquaintances coming from other peers. A P2P system
decomposes the user queries by recursively applying coordination formulas,
that may also act as a kind of constraints for the propagation of updates
among the network. In [30] the authors present the Local Relational Model
(LRM), a data model specifically designed for P2P data management sys-
tems. Each peer has a local database schema whose semantics is defined on
a local domain (disjoint from the domain of other peers). The information
propagates between peers thanks to coordination rules and to relations be-
tween domains of different peers. Such relations express overlapping between
local databases of different peers, i.e., different constants that represent the
same object. In such a scenario, coordination formulas are used, in a declara-
tive fashion, to state semantic inter-dependencies between two different local
databases. One of the main peculiarities of such formalism is that there is
not a concept of global consistency, but only local consistency at peer level.

Many authors have deeply investigated the issues arising in P2P dis-
tributed environments [26, 19]. An interesting topic is how to express the
logical interconnections between peers. Many of the sources available on the
web, for example, cannot be modelled as relational databases, but rather as
data webs [19] with a set of entry points. Under this perspective, the resource
scenario can be seen as a set of data webs that can be modelled together as
a web schema, i.e., a direct graph in which data webs are nodes, and links
between them are arcs. In [19] the authors provide a formalization of web
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schemas architecture, providing also techniques for query answering: a data
web can be queried if it has an entry point, and links between data webs
can be used to “navigate” through the web schema. Starting from the user
query, the technique proposed produces a navigational plan, which is then
translated into an extension of relational algebra through the traverse oper-
ator, that allows to traverse links across different data webs. The authors
also point out that the LAV and GAV formalism are inadequate to suitably
represent link between nodes: in fact they adopt the GLAV paradigm, intro-
duced in Section 2, that generalizes both the approaches. In that paper it
is shown that GLAV mapping reaches the tradeoff limit between expressive
power and tractability of query answering. It derives that in these settings
the complexity of query answering is polynomial in data complexity.

To conclude this short survey, we underline that in many real integration
cases, the adoption of database driven techniques can hinder some lightweight
data storage task: these issues are addressed in [26]. The scenario proposed
there contemplates a peer schema in which peers hold a set of peer relations,
to represent its data, together with a set of stored relations, analogous to
the sources of classical data integration systems. Moreover, every peer holds
two kinds of peer mappings to interlink its schema with the schema of other
peers: inclusion and equality mappings, similar to LAV classical mapping,
and definitional mapping, analogous to GAV ones. The semantic of the whole
PDMS is given based on a data instance, that is an extension of the relation of
each peer. The consistency of such an instance depends on the satisfaction of
inclusion and equality mappings. The authors show that the query answering
problem under such assumptions is in general undecidable, due to cycles
among definitional mappings. However, bounding the topology of cycles, a
polynomially tractable algorithm can be defined, that is able to chain between
different peers mapping to get the answer to the query.

3.2 Peer-to-peer Data Integration

All the approaches presented in the previous section are not able to deal with
an arbitrary topology of peer interconnections, due to the particular seman-
tics adopted in defining query answering techniques. Nevertheless, imposing
limitations on peer interconnections does not seem to be a valid approach.
The results presented in [13] solve that problem. The authors underline that
assigning a global semantic to a distributed environment, leads to undecid-
ability of query answering. This is shown in very simple settings, in which
only three peers operate. The solution proposed consists in the adoption of an
epistemic semantics instead of the classical first order logic semantic. Under
this new semantics, mapping assertions, expressed in GLAV, are interpreted



so that only the knowledge of the peer is transferred to other peers. In the
same work, the authors define a distributed algorithm for query answering
that exploits a transaction mechanism to ensure the semantic correctness of
the whole process with respect to the epistemic semantics.

The same authors have extended the work providing an infrastructure of
P2P data integration techniques for virtual organizations, implemented on
Data Grids [14]. The deployment proposed there model a P2P system as a
set of data peers and hyper peers. The formers are systems that export data
in terms of an exported schema, while the latter do not export data, but
are interconnected both with data and hyper peers, building up the topology
of the network. An hyper peer connected to other data peers correspond
to a classical GLAV data integration system, and its semantics is defined
resorting to epistemic logic [13]. Query answering in the Hyper framework
is performed by splitting each GLAV mapping assertion into two halves: a
LAV assertion and a GAV assertion, linked by means of a new relational
symbol. Such LAV assertions are used to produce a logic program exploiting
algorithms for query answering using views, while the GAV assertions are
used by the system to generate the extensions on which the logic program
can be evaluated.

3.3 Other approaches to Data Integration

To conclude this section, we mention some other approaches to the problem
of Data Integration. The what-to-ask (WTA) problem, introduced in [12]
is the problem of answering the queries posed to a peer by only relying on
the query answering service of the peers. In particular, the setting proposed
in [12] contemplates only two peers: the local and the remote peer. That
work presents a formalization for the WTA problem in such a framework,
providing also a solution for that problem when a basic ontology language
is used to express the knowledge base of the two peers. A solution for the
WTA problem consists in what one has to ask to the remote peer in order to
answer queries posed to the local peer. More, the authors show that, when the
expressive power of the ontology language is enriched, the WTA problem is
not always decidable. The algorithm proposed can be seen as a new technique
for query rewriting that can be exploited also for data integration systems.
The data integration approach aims to answer the user queries taking
advantage of several query rewriting techniques. This means that the data
are only at the sources and the system is not in charge to materialize them
locally (virtual data integration). Conversely, data exchange [18] solutions
adopt a strategy of materialization of the remote data. In data exchange
we have a remote source schema, i.e., a set of information sources, and a



target schema, analogous to the global schema of data integration systems,
that has to be materialized. The data exchange problem consists in finding
an instance of the target schema, starting from an instance of the remote
source schema. Such a problem, that has in general several solutions, is
addressed in [17], where the authors presents a formalization of the semantic
and query answering for the problem. They define the universal solution,
i.e., a solution that is homomorphic with all the other solutions, and hence
is the most general solution. However, since there can be more than one
universal solution, a minimality criterion is used to find the best one. It is
possible to identify a substructure common to all universal solutions that is
also isomorphic to them. This substructure, called the core, can be computed
exploiting well-known algorithm of graph theory that, in the data exchange
setting, can be executed in polynomial time in data complexity.

4 Research results and future plan

Our skill in data integration has been achieved by designing and implement-
ing DIS@DIS [8], a system for semantic data integration under integrity
constraints. The development of such system was started thanks to the work
of some students during their master degree thesis that provide an implemen-
tation of some algorithms presented in [9]. In particular, DIS@DIS handles
GAV data integration systems providing correct answers to queries posed
over a relational global schema enriched with key and foreign key. As a cen-
tral feature, DIS@QDIS exploits some reasoning techniques involving inclusion
dependencies and their interaction with exclusion dependencies. Moreover,
the system implements some query rewriting techniques that only operate at
the intensional level, ensuring good performances on real cases [11]. Many
modules of the system have been exploited in the INFOMIX European re-
search project.

Some work has also been spent finding a way to deploy data integration
systems relying upon a commercial tool for data federation [25]. In partic-
ular, two techniques have been proposed [28], that aim to solve such issue
by compiling the data integration system specification into IBM DB2 Infor-
mation Integrator tool. Together with the compilation techniques mentioned
so far, also two query translation techniques are presented, that handle user
queries so as to be issued on the compiled specification. The experimental
results achieved during the test of the two approaches suggest some new re-
search ideas for this topic, with respect to the possibility of taking care of
integrity and typing constraints in such settings.

All the discussion made so far points out two main research lines for data



integration that we consider as interesting. First, the need in formal and effi-
cient techniques for semantic data integration. Second, it seems to be natural
to extend semantic data integration approaches to the case of P2P architec-
tures. In fact, as far as we know, only in [4] a technique is proposed to face
the query answering problem in a distributed data exchange environment,
when integrity constraints are expressed over the peer definitions.
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