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Abstract. There are basically two appreaches for designing a data inte-
gration system. In the global-as-view approach, one defines the concepts
in the global schema as views ever the seurces, whereas in the local-as-
view appreach, one characterizes the sources as views over the global
schema. The goal ef this paper is to verify whether we can transform
a data integratien system built with the lecal-as-view approach into a
system following the global-as-view approach. We study the problem in
a setting where the global schema is expressed in the relatienal model
with inclusion dependencies, and the queries used in the integratien sys-
tems (beth the queries on the global schema, and the views in the map-
ping) are expressed in the language of cenjunctive queries. The result
we present is that such a transformation exists: we can always transform
a local-as-view system into a global-as-view system such that, for each
query, the st of answers to the query wrt the fermer is the same as the
set of answers wrt the latter.

1 Introduction

Data intcgration is thc preblemn ef combining the data residing at different
sources, and providing the user with a unificd view of these data, callcd glebal
(or, mediated) schema [9,8]. The global schema is therefore a reconciled view
of the information, which can be queried by the user. It is the task of the data
integration system to free the user from the knowledge on where data are, how
data arc structurcd at the sources, and how data arc to be merged and rccenciled
to fit inte thec global schema.

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 Enterprisc Resource Planning system must address this problem. Also, inte-
grating 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-
cxisting seurces.



The design of a data integration system is a very complex task, which com-
prises several different issues. Here, we concentrate on the following issues:

1. Specifving the mapping between the global schema and the sources,
2. Processing queries expressed on the global schema.

With regard to issue (1), two basic approaches have been used to specify the
mapping between the sources and the global schema [9 11]. The first approach,
called global-as-view (or global-centric), requires that the global schema is ex-
presscd in terms eof the data seurces. Merc precisely, to cvery clement ef 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 (or source-centric), requires the global schema to be spec-
ificd indcpendently frem the sources. In turn, the seurces arc defined as views
over the global schema. The relatienships between the glebal schema and the
sources are thus established by specifying the information content of every source
in terms of a view over the global schema.

Issue (2) is concerned with one of the most important problems in the design
of a data intcgratien system, namcly, the method for cemputing the answer to
queries. The basic assumption regarding query processing is that the queries
posed to the system are expressed in terms of the global schema, and, therefore,
the system should be able to re-express the query in terms of a suitable set
of queries posed to the sources. In this reformulation process, the crucial step
is deciding how to dccompose the query en the global schema into a sct ef
subqueries on the sources, based on the meaning of the mapping. The computed
subqueries are then shipped to the sources, and the results are assembled into
the final answer.

A comparison ef the local-as-vicw and glebal-as-view appreaches is reported
in [14]. It is knewn that the former appreach cnsures an casicr extensibility ef the
integration system, and provides a more appropriate setting for its maintenance.
For example, adding a new source to the system requires ouly to provide the
definition of the source, and does not necessarily involve changes in the global
view. Ou the contrary, in the global-as-view appreach, adding a new sourcc may
in principle require changing the dcfinitien of the concepts in the global schema.

It is also well known that processing queries in the local-as-view approach is
a difficult task [13,14,7,1,6,3,4]. 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 asseciatcs te cach source a vicw ever the glebal 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 cemplex task [15]. On the other hand, query processing leoks much
easier in the global-as-view approach, where we can take advantage that the
mapping directly specify which source queries corresponds to the elements of
the global schema. Besides these intuitive considerations, a deep analysis of the
differences/similaritics of two approaches is still missing.



The goal of this paper is to investigate on the relative expressive power of the
two approaches. In particular, we address the problem of checking whether we
can transform a data intcgration systcn built with the lecal-as-view appreach
into a system fellowing the global-as-view approach. Obvieusly, we arc interested
in an equivalent transformation, in the sense that we want that queries posed to
the latter have the same answers than queries posed to the former. We study the
problem in a setting where the global schema is expressed in the relational model
with inclusion dcpendencics, and the querics uscd in the intcgratien systcins
(both the querics on the glebal schema, and the querics in the mapping) arc
expressed in the language of conjunctive queries. The result we present is that
such a transformation exists: given a local-as-view system L, we can always
transform it into a query-equivalent global-as-view system, i.e., a system G
such that, fer cach query g, the sct of answers te ¢ wrt L is the same as the
sct. of answers to ¢ wrt G. We obscrve, however, that the presence of inclusion
dependencies in the global schema is crucial for the transformation.

The paper is organized as follows. In Section 2 we describe the formal frame-
work we use for data integration, by describing the main components of a data
integration system, namcly, the glebal schema, the seurces, and the mapping be-
tween the two, and by specifying the precise sernantics of the system. In Section
3 we present the result that shows that. in the presented framework, the global-
as-view approach has at least the same expressive power than the local-as-view
approach. Section 4 concludes the paper.

2 Framework for information integration

In this section we set up a formal framework for data integration. In partic-
ular, we describe the main components of a data integration system, namely,
the global schema, the sources, and the mapping between the two. Finally, we
previdc the scmantics both of the system, and of query answering,.

The formal definition of a data integration system is given below.

Definition 1. A data intcgration system Z is a triple (G, S, M), where G is the
global schema, S is the source schema, and M is the mapping between G and S.

We denote with Ag and Ags the finite alphabets for the elements of the
global schema and the elements of the sources. respectively. We consider the
global schema constituted by the elements named with symbols of Ag, and by
a sct of censtraints. The seurce schema describes the structurc ef the various
data seurces. The mapping M cstablishes a relatienship between clements of
the global schema G and those of the source schema S. (i.e. the sources).

We assumc that the databascs involved in eur framcwork (both glebal
databases and source databases) are defined over a fixed (infinite) alpha-
bet I' of symbols. In order to assign semantics to a data integration system
7 =(G,8. M), we start by considering a source database for Z, i.e., a database
D for the source schema S. Bascd on D, we now specify which is the infermation



content of the global schema G. We call global database for 7 any database for
G. A global database B for 7 is said to be legal for T with respect to D, if:

— B is legal with respect to G, i.e. B satisfies all the constraints of G;
— B satisfies the mapping M wrt D.

The notien ef B satisfyving the mapping M wrt D depends on the type of the
mapping. As we said in the introduction, two bhasic approaches, namely global-
as-view (GAV) and local-as-view (LAV), have been proposed for specifying the
mapping. In the GAV approach, the mapping M associates to each element r
in G a query over S, denoted by p(r). We say that B satisties M wrt D if, for
cach clement 7 of G, the sct of tuples 78 that B assigns to r contains the sct ef
tuples p(r)P that satisfy the query p(r) in D, i.e.

p(r)? C o

Note that this means that the view associated to r is sound: the data provided
by the sources satisfy the element of global schema, but are not necessarily
complete.

In the LAV approach, instcad, the mapping M associates to cach source s
in § a query over G, denoted by p(s). In this case, we say that B satisfies M wrt
D, if for each source s of S, the set of tuples s that D assigns to s is contained
in the set of tuples p(s)® that satisfy the query p(s) in B, i.e.

s C p(s)®.

Note that, analogously to the previous case, this means that the view associated
to s is sound.

Queries posed to a data integration system 7 are expressed in terms of a
query language Qg over the alphabet 4g. i.e., over the global schema. Given a
source database D for 7, the answer ¢7°P to a query q to T wrt D, is the set of
tuples (c1,....¢,) € I'™ such that (¢i,...,c,) € ¢° for each global database B
lcgal fer Z wrt D, where ¢P% denotes the result of cvaluating the query ¢ over
the database DB. Since, in general, several global databases exist that are legal
for 7 wrt D, in the terminology of data integration, 47 is often called the set
of certain answers of q wrt D.

In the rest of this paper, we dcal with data intcgratien systcms with the
fellowing characteristics.

— The glebal schema G is expressed in the relational model with inclusion de-
pendencies. A global database B is legal wrt G if it respects all inclusion
dependencies in G. To each symbol of Ag, which denotes a relation, we as-
sociate an arity, which is the arity of the corresponding relation. For the
sake of simplicity, wc dcnete the attributes of a rclatien ef arity n with the
natural numbers 1...n. We remind the reader that, given two sequences of
distinct attributes A = (A;,....4,,) and B = (By..... B,), belonging to re-
lations 7, r» respectively, and denoting with r|[A] and r,[B] the projection
of r1 and r; ever A and B rcspectively, an inclusion dcependency between



r1 and 7y is denoted by r1[A] C r3[B]. Such a dependency is satisfied in a
database DB if for each tuple t € rP8 there exists a tuple t' € 28 such
that t[A4;] = ¢'[By] for cach i € {1,...,n}.

— The source schema S is also expressed in the relational model. To each source
we associate a symbol of As. Each symbol has an associated arity, which is
the arity of the cerrcsponding source rclation.

— The language of the views used in the mapping is that of conjunctive queries
(CQs). We remind that a conjunctive query ¢ of arity n over a set R of
rclatiens is written in the form

where conj(X1,...,X,.Y1....,Y},) is a conjunction of atoms involving con-
stants and the variables Xi...., X,, Y7,..., Y. and the predicate symbols
of the atoms are in R. Given a database DB, the answer ¢7F of ¢ over DB is
the sct of tuples ¢y, ..., ¢,) of censtants in DB such that for some constants
dy,...,dy in DB, cvery atom in conj(cy,. .., Cn.dy, ..., dy) is truc in DB,

— The language of the user queries, posed over the global schema, is again
that of conjunctive querics.

3 From LAV to GAV

We show that we can reformulate a LAV integration system as a GAV integra-
tion system on the same sources that is equivalent wrt query processing to the
original onc. First, lct us be precisc on what kind of cequivalence we arc after.

Definition 2. Let 7 = (G.S.. M) be an integration system, having Ag as the
alphabet of the global schemo. An integration system T' on S is query-equivalent
to T if for every query q using only the symbols in Ag, and for every source
databases D:

In other words, we say that 7' is query-equivalent to 7 if given any query on
the alphabet of the global schema of 7, the certain answers we get for the query
on the twe intcgration systems is identical.

Let Z = (G,S, M) be a LAV integration system. From Z we define a cor-
respondent GAV integration system 7' = (G', S, M’ as follows. First, for the
sake of simplicity, we assume that in all queries in the mapping M, each vari-
able appears at most once in each atom. Our reformulation technique can be
casily extended to the general case, by censidering a slightly extended class of
censtraints in the global schema [2].

Then we define 7' as follows.

— The sct of sources S remains unchanged.
— The global schema G’ is obtained from G by introducing:
e a new relation sourcelmage/n (source image) for each relation source/n
in S;
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Fig. 1. Representation of the GAV sgystem obtained after the transformation

e o new relation sourcelmagebxp/(n-+m) (expauded source image) for each
relation source/n in S, where m is the number of non-distingnished vari-
ables appearing in the query p(source); we assume variables in p(source)
to he ennmerated as 41, ... Zotms with Z1,..., 4, heing the distin-
guishied variables;

and by adding tle following depeudencies:

e for eacli relation source/n in & we add the inclusion depeudency

sourcelmage[l,....n| C sourcelmageExp[l,.... n|

e fur each relation source/n in § and fur each atom g(Z;,,. .., Z; ) occur-
ring iu pisource}, we add the iuclusion depeudeney

sourcelmageExpliy,....ix] € g[l,....%

— The GAY mapping Al associates to each global relation sourcelmage the
query

¢ (sourcelmage) = {{X,..., X, | source(Xy,..., X, }}
and to the remaining global relations tlhie empty query.

It is immediate to verifv that given a LAV integration system 7, and being
T' the correspondent GAV integration system defined as above, the size of 7' is
linearly related to the size of 7.

In Figure 1 a grapliic representation of the obtained GAV system is shiown.
Above the Liorizontal line is the global schema, while below is the source schema.
TlLe role of the source imagesis to make the data at the sources available in the
global schema. in order to express the original mapping A1 in tle glohal schema
itsclf. Their relationship with the sources is encoded in the GAV mapping. The



original LAV mapping is encoded in the inclusion dependencies in G’, together
with the relationship among the source images and the expanded source images.

Let us illustrate the transformation technique we have presented with an
cexample.

Ezample 1. Counsider a LAV integration system 7 = (G, S, M) where:

— The global schema G is simply constituted by the relations cites/2. express-
ing that a paper cites another paper, and sameTopic/2. expressing that two
papers are on the same topic.

— The set of sources § is constituted by two relations: source, containing
pairs of papers that mutually cite cach other; and source; centaining pairs
of papcrs en the samc tepic, cach with at lcast enc citation.

— The mapping M betwecen the sources and the global view is:

p(source,) =
p(sourcey)

{{X,Y) | cites(X.Y) Acites(Y, X)}
{{X,Y) | sameTopic(.X,Y") Acites(.Y, Z) A cites(Y, W)}

Then the correspondent GAV integration systemn 7/ = (G', S, M) is as follows:

— The sct of sources § remains unchanged.

— The global schema G’ is censtituted by the rclations cites/2, sameTopic/2
as before, and the additional relations sourcelmage, /2. sourcelmage,/2.
sourcelmageExp, /2, and sourcelmageExp,/4. On such relations are defined
the following inclusion dependencies:

sourcelmage, [1, 2]
sourcelmage, |1, 2]

sourcelmageExp; [1, 2]

-
C sourcelmageExp,[1, 2]

sourcelmageExp,[1,2] C cites[1,2]
sourcelmageExp,[2,1] C cites[l1, 2]
sourcelmageExp,[1,3] C cites[1,2]
sourcelmageExp,[2.4] C cites[1, 2]
sourcelmageExp,[1,2] C sameTopic[l, 2]

— The mapping M’ is:

p'(sourcelmage;) = {(X,Y) |source (X,Y)}
p'(sourcelmage,) = {(X.Y) | source;(X,Y)}

Next we shew that the LAV intcgratien systcm Z and the correspondent
GAV integration system 7' obtained as above are indeed query-equivalent. The
claim is based on the observation that the semantics of any integration system
7, either GAV or LAV, can be captured by a suitable logic program Pz [12].

We first concentrate on GAV systems. If Z = (G, §, M) is a GAV integration
system, we can associate a logic pregram Pz is defined as follews:



— For each inclusion dependency g;[A] C g,[B] in G where A and B are sets
of attributes, we have a rule of the form (assuming for simplicity that the
attributes in A and B arc the first h in g, and g,, respectively):

g(X0, L X AKX Faen(X, . X))

where f; are fresh Skolem functions.
— For each query p(g) = {(X1,....X,) | cong(X1,....X,,,Y),...,Y,)} in
the mapping M, we have a rule of the ferm:

g( X1, .., X))« eong (X, .., X0, Y1, ., V)

In additien, the rclations in & can be scen as predicates that arc given exten-
sionally. That is, a seurce databasc D for Z can be scen as a finite sct of ground
facts in logic programming terms.

By applying results from the logic programming theory [12], it is not difficult
to show the following lemma.

Lemma 1. Let 7 be a GAV integration system, D a source database for T, Pz
the corresponding logic program defined above, and M, the minimal model of
PrUD. Then given a query q over G, for every tuple (cy,...,cn) in I'™:

(e1+.. . e0) € PP iff ler, ... en) € gMmin

In ethcr words, fer GAV integration systcms, the tuples of coustants in the
ccrtain answer te a query g arc cqual to thesc that satisfy ¢ in the minimal
model of the corresponding logic program.

Let us turn to LAV integration systems. If 7 is a LAV integration system,
we can define an associated logic program Pz by introducing rules for inclusion
dependency as before, and by treating queries in the mapping as donc in [5]. In
particular, given the following query associated te source s (we assumc s to he
a unary relation and the relations in the query to be binary for simplicity):

pls) = {(X) ] g (X Vi) A Ag(X.Yi)}

we can apply skolemization and get
p(s) = {{(X) g (X, fil(X)) A A gy (X, fir(X))})
Then, to the skolemized query then we can associate the following rules:
g8 (X 1(X)) « s(X)

g (X, fr (X)) — s(X)

As a result, also for LAV integration systems, we can prove the lemma anal-
ogous to Lemma 1.




Lemma 2. Let 7 be a LAV integration systemn, D a source database for T, Pr
the corresponding logic program defined above, and M,,;, the minimal model of
PrUD. Then given a query q over G, for every tuple {c1,...,¢n) in I'™:

(e1,...,¢0) € 45T iff er, ..., cp) € qTmin,

In other words, also for LAV integration systems, the tuples of constants in the
certain answer to a query ¢ are equal to those that satisfv ¢ in the minimal
model of the corresponding logic program.

With these lemmas in place we can prove our main result.

Theorem 1. Let T be a LAV integration system, and T' the correspondent GAV
integration system defined as above. Then T' is query-equivalent to T.

Proof (sketch). Let Pz be the logic program capturing 7 and Pz the logic
program capturing 7'. Theun it is possible to show that for every source database
D for T (which is, by definition, also a source database for 7'), and every global
rclatien g of the global schema G of Z we have (medule renaming ef the Skolem

functions):
A, M

g min — g"min.
where M, and A, arc the minimal model of Pz U D and of Pz U D,
respectively. Hence, by considering Lemma 1 and Lemima 2, we get the thesis.

O

4 Conclusions

We have studied the relative expressive power of the two main approaches to
data intcgration, namely, the local-as-view and the global-as-view approaches.
The question addresscd in this paper is whether we can transferm a data inte-
gration system built with the local-as-view approach into an equivalent system
following the global-as-view approach. We have shown that the answer to this
question is positive: given a local-as-view system L, we can indeed transform it
into a global-as-view system G such that, for cach query g, the sct of answers
to ¢ wrt L is the samc as the sct of answers to ¢ wrt G.

The result holds in the setting where the global schema is expressed in the
relational model with inclusion dependencies, and the queries used in the inte-
gration systems (both the queries on the global schema, and the queries in the
mapping) arc cxpressced in the language of conjunctive querics. Note that the
inclusion dcpendencics in the global schema play an impertant role in the trans-
formation. Indeed, it can be shown that, in the case of global schema without
dependencies, the result does not. hold any more.

It would be interesting to check whether the transformation from LAV to
GAV is feasible in the casc of different data modcls for expressing the glebal
schema, and different. query languages. Another interesting question is whether
there exists an equivalent transformation in the reverse direction, i.e., from the
global-as-view to the local-as-view approach. This will the subject of our future
investigatiens.
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