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ABSTRACT

Data integration is the problem of combining data residing
at different sources, and providing the user with a unified
view of these data. The problem of designing data integra-
tion systems is important in current real world applications,
and is characterized by a number of issues that are interest-
ing from a theoretical point of view. This document presents
on overview of the material to be presented in a tutorial on
data integration. The tutorial is focused on some of the the-
oretical issues that are relevant for data integration. Special
attention will be devoted to the following aspects: modeling
a data integration application, processing queries in data
integration, dealing with inconsistent data sources, and rea-
soning on queries.

1. INTRODUCTION

Data integration is the problem of combining data residing
at different sources, and providing the user with a unified
view of these data [60, 61, 89]. The problem of designing
data integration systems is important in current real world
applications, and is characterized by a number of issues that
are interesting from a theoretical point of view. This tutorial
is focused on some of these theoretical issues, with special
emphasis on the following topics.

The data integration systems we are interested in this work
are characterized by an architecture based on a global
schema and a set of sources. The sources contain the real
data, while the global schema provides a reconciled, inte-
grated, and virtual view of the underlying sources. Model-
ing the relation between the sources and the global schema
is therefore a crucial aspect. Two basic approaches have
been proposed to this purpose. The first approach, called
global-as-view, requires that the global schema is expressed
in terms of the data sources. The second approach, called
local-as-view, requires the global schema to be specified in-
dependently from the sources, and the relationships between
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the global schema and the sources are established by defin-
ing every source as a view over the global schema. Our goal
is to discuss the characteristics of the two modeling mecha-
nisms, and to mention other possible approaches.

Irrespectively of the method used for the specification of
the mapping between the global schema and the sources,
one basic service provided by the data integration system
is to answer queries posed in terms of the global schema.
Given the architecture of the system, query processing in
data integration requires a reformulation step: the query
over the global schema has to be reformulated in terms of
a set of queries over the sources. In this tutorial, such a
reformulation problem will be analyzed for both the case of
local-as-view, and the case of global-as-view mappings. A
main theme will be the strong relationship between query
processing in data integration and the problem of query an-
swering with incomplete information.

Since sources are in general autonomous, in many real-world
applications the problem arises of mutually inconsistent data
sources. In practice, this problem is generally dealt with by
means of suitable transformation and cleaning procedures
applied to data retrieved from the sources. In this tutorial,
we address this issue from a more theoretical perspective.

Finally, there are several tasks in the operation of a data in-
tegration system where the problem of reasoning on queries
(e.g., checking whether two queries are equivalent) is rele-
vant. Indeed, query containment is one of the basic prob-
lems in database theory, and we will discuss several notions
generalizing this problem to a data integration setting.

The paper is organized as follows. Section 2 presents our
formalization of a data integration system. In Section 3 we
discuss the various approaches to modeling. Sections 4 and 5
present an overview of the methods for processing queries
in the local-as-view and in the global-as-view approach, re-
spectively. Section 6 discusses the problem of dealing with
inconsistent sources. Section 7 provides an overview on the
problem of reasoning on queries. Finally, Section 8 con-
cludes the paper by mentioning some open problems, and
several research issues related to data integration that are
not addressed in the tutorial.

2. DATA INTEGRATION FRAMEWORK

In this section we set up a logical framework for data integra-
tion. We restrict our attention to data integration systems



based on a so-called global schema (or, mediated schema).
In other words, we refer to data integration systems whose
aim is combining the data residing at different sources, and
providing the user with a unified view of these data. Such a
unified view is represented by the global schema, and pro-
vides a reconciled view of all data, which can be queried by
the user. Obviously, one of the main task in the design of
a data integration system is to establish the mapping be-
tween the sources and the global schema, and such a map-
ping should be suitably taken into account in formalizing a
data integration system.

It follows that the main components of a data integration
system are the global schema, the sources, and the mapping.
Thus, we formalize a data integration system I in terms of
a triple 〈G,S,M〉, where

• G is the global schema, expressed in a language LG over
an alphabet AG . The alphabet comprises a symbol for
each element of G (i.e., relation if G is relational, class
if G is object-oriented, etc.).

• S is the source schema, expressed in a language LS
over an alphabet AS . The alphabet AS includes a
symbol for each element of the sources.

• M is the mapping between G and S, constituted by a
set of assertions of the forms

qS ; qG ,
qG ; qS

where qS and qG are two queries of the same arity,
respectively over the source schema S, and over the
global schema G. Queries qS are expressed in a query
language LM,S over the alphabet AS , and queries qG
are expressed in a query language LM,G over the al-
phabet AG . Intuitively, an assertion qS ; qG speci-
fies that the concept represented by the query qS over
the sources corresponds to the concept in the global
schema represented by the query qG (similarly for an
assertion of type qG ; qS). We will discuss several
ways to make this intuition precise in the following
sections.

Intuitively, the source schema describes the structure of the
sources, where the real data are, while the global schema
provides a reconciled, integrated, and virtual view of the
underlying sources. The assertions in the mapping establish
the connection between the elements of the global schema
and those of the source schema.

Queries to I are posed in terms of the global schema G, and
are expressed in a query language LQ over the alphabet AG .
A query is intended to provide the specification of which
data to extract from the virtual database represented by
the integration system.

The above definition of data integration system is general
enough to capture virtually all approaches in the literature.
Obviously, the nature of a specific approach depends on the
characteristics of the mapping, and on the expressive power
of the various schema and query languages. For example, the

language LG may be very simple (basically allowing the defi-
nition of a set of relations), or may allow for various forms of
integrity constraints to be expressed over the symbols of AG .
Analogously, the type (e.g., relational, semistructured, etc.)
and the expressive power of LS varies from one approach to
another.

We now specify the semantics of a data integration system.
In what follows, a database (DB) for a schema T is simply a
set of collection of sets, one for each symbol in the alphabet
of T (e.g., one relation for every relation schema of T , if
T is relational, or one set of objects for each class of T ,
if T is object-oriented, etc.). We also make a simplifying
assumption on the domain for the various sets. In particular,
we assume that the structures constituting the databases
involved in our framework (both the global database and
the source databases) are defined over a fixed domain Γ.

In order to assign semantics to a data integration system
I = 〈G,S,M〉, we start by considering a source database
for I, i.e., a database D that conforms to the source schema
S and satisfies all constraints in S. Based on D, we now
specify which is the information content of the global schema
G. We call global database for I any database for G. A global
database B for I is said to be legal 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 with respect to D.

The notion of B satisfying the mappingM with respect to D
depends on how to interpret the assertions in the mapping.
We will see in the next section that several approaches are
conceivable. Here, we simply note that, no matter which is
the interpretation of the mapping, in general, several global
databases exist that are legal for I with respect to D. This
observation motivates the relationship between data integra-
tion and databases with incomplete information [91], which
will be discussed in several ways later on in the paper.

Finally, we specify the semantics of queries posed to a data
integration system. As we said before, such queries are ex-
pressed in terms of the symbols in the global schema of I.
In general, if q is a query of arity n and DB is a database,
we denote with qDB the set of tuples (of arity n) in DB that
satisfy q.

Given a source database D for I, the answer qI,D to a query
q in I with respect to D, is the set of tuples t of objects in
Γ such that t ∈ qB for every global database B that is legal
for I with respect to D. The set qI,D is called the set of
certain answers to q in I with respect to D.

Note that, from the point of view of logic, finding certain
answers is a logical implication problem: check whether it
logically follows from the information on the sources that t
satisfies the query. The dual problem is also of interest: find-
ing the so-called possible answers to q, i.e., checking whether
t ∈ qB for some global database B that is legal for I with
respect to D. Finding possible answers is a consistency prob-
lem: check whether assuming that t is in the answer set of
q does not contradict the information on the sources.



3. MODELING

One of the most important aspects in the design of a data in-
tegration system is the specification of the correspondence
between the data at the sources and those in the global
schema. Such a correspondence is modeled through the no-
tion of mapping as introduced in the previous section. It
is exactly this correspondence that will determine how the
queries posed to the system are answered.

In this section we discuss mappings which can be expressed
in terms of first order logic assertions. Mappings going be-
yond first order logic are briefly discussed in Section 6.

Two basic approaches for specifying the mapping in a data
integration system have been proposed in the literature,
called local-as-view (LAV), and global-as-view (GAV), re-
spectively [89, 60]. We discuss these approaches separately.
We then end the section with a comparison of the two kinds
of mapping.

3.1 Local as view
In a data integration system I = 〈G,S,M〉 based on the
LAV approach, the mapping M associates to each element
s of the source schema S a query qG over G. In other words,
the query language LM,S allows only expressions consti-
tuted by one symbol of the alphabet AS . Therefore, a LAV
mapping is a set of assertions, one for each element s of S,
of the form

s ; qG

From the modeling point of view, the LAV approach is based
on the idea that the content of each source s should be
characterized in terms of a view qG over the global schema.
A notable case of this type is when the data integration
system is based on an enterprise model, or an ontology [58].
This idea is effective whenever the data integration system is
based on a global schema that is stable and well-established
in the organization. Note that the LAV approach favors
the extensibility of the system: adding a new source simply
means enriching the mapping with a new assertion, without
other changes.

To better characterize each source with respect to the global
schema, several authors have proposed more sophisticated
assertions in the LAV mapping, in particular with the goal
of establishing the assumption holding for the various source
extensions [1, 53, 65, 24]. Formally, this means that in the
LAV mapping, a new specification, denoted as(s), is associ-
ated to each source element s. The specification as(s) deter-
mines how accurate is the knowledge on the data satisfying
the sources, i.e., how accurate is the source with respect to
the associated view qG . Three possibilities have been con-
sidered1:

• Sound views. When a source s is sound (denoted with
as(s) = sound), its extension provides any subset of
the tuples satisfying the corresponding view qG . In

1In some papers, for example [24], different assumptions on
the domain of the database (open vs. closed) are also taken
into account.

other words, given a source database D, from the fact
that a tuple is in sD one can conclude that it satisfies
the associated view over the global schema, while from
the fact that a tuple is not in sD one cannot conclude
that it does not satisfy the corresponding view. For-
mally, when as(s) = sound , a database B satisfies the
assertion s ; qG with respect to D if

sD ⊆ qBG

Note that, from a logical point of view, a sound source
s with arity n is modeled through the first order as-
sertion

∀x s(x) → qG(x)

where x denotes variables x1, . . . , xn.

• Complete views. When a source s is complete (de-
noted with as(s) = complete), its extension provides
any superset of the tuples satisfying the corresponding
view. In other words, from the fact that a tuple is
in sD one cannot conclude that such a tuple satisfies
the corresponding view. On the other hand, from the
fact that a tuple is not in sD one can conclude that
such a tuple does not satisfy the view. Formally, when
as(s) = complete, a database B satisfies the assertion
s ; qG with respect to D if

sD ⊇ qBG

From a logical point of view, a complete source s with
arity n is modeled through the first order assertion

∀x qG(x) → s(x)

• Exact Views. When a source s is exact (denoted with
as(s) = exact), its extension is exactly the set of tuples
of objects satisfying the corresponding view. Formally,
when as(s) = exact , a database B satisfies the asser-
tion s ; qG with respect to D if

sD = qBG

From a logical point of view, an exact source s with
arity n is modeled through the first order assertion

∀x s(x) ↔ qG(x)

Typically, in the literature, when the specification of as(s)
is missing, source s is considered sound. This is also the
assumption we make in this paper.

Information Manifold [62], and the system presented in [78]
are examples of LAV systems. Information Manifold ex-
presses the global schema in terms of a Description Logic [8],
and adopts the language of conjunctive queries as query lan-
guages LQ, and LM,G . The system described in [78] uses
an XML global schema, and adopts XML-based query lan-
guages for both user queries and queries in the mapping.
More powerful schema languages for expressing the global
schema are reported in [42, 59, 22, 21]. In particular, [42, 59]
discusses the case where various forms of relational integrity
constraints are expressible in the global schema, including
functional and inclusion dependencies, whereas [22, 21] con-
sider a setting where the global schema is expressed in terms
of Description Logics [11], which allow for the specification
of various types of constraints.



3.2 Global as view
In the GAV approach, the mapping M associates to each
element g in G a query qS over S. In other words, the query
language LM,G allows only expressions constituted by one
symbol of the alphabet AG . Therefore, a GAV mapping is
a set of assertions, one for each element g of G, of the form

g ; qS

From the modeling point of view, the GAV approach is based
on the idea that the content of each element g of the global
schema should be characterized in terms of a view qS over
the sources. In some sense, the mapping explicitly tells the
system how to retrieve the data when one wants to evalu-
ate the various elements of the global schema. This idea is
effective whenever the data integration system is based on
a set of sources that is stable. Note that, in principle, the
GAV approach favors the system in carrying out query pro-
cessing, because it tells the system how to use the sources
to retrieve data. However, extending the system with a new
source is now a problem: the new source may indeed have
an impact on the definition of various elements of the global
schema, whose associated views need to be redefined.

To better characterize each element of the global schema
with respect to the sources, more sophisticated assertions in
the GAV mapping can be used, in the same spirit as we saw
for LAV. Formally, this means that in the GAV mapping, a
new specification, denoted as(g) (either sound , complete, or
exact) is associated to each element g of the global schema.
When as(g) = sound (resp., complete, exact), a database
B satisfies the assertion g ; qS with respect to a source
database D if

qDS ⊆ gB (resp., qDS ⊇ gB, qDS = gB)

The logical characterization of sound views and complete
views in GAV is therefore through the first order assertions

∀x qS(x) → g(x), ∀x g(x) → qS(x)

respectively.

It is interesting to observe that the implicit assumption in
many GAV proposals is the one of exact views. Indeed, in a
setting where all the views are exact, there are no constraints
in the global schema, and a first order query language is used
as LM,S , a GAV data integration system enjoys what we can
call the “single database property”, i.e., it is characterized
by a single database, namely the global database that is
obtained by associating to each element the set of tuples
computed by the corresponding view over the sources. This
motivates the widely shared intuition that query processing
in GAV is easier than in LAV. However, it should be pointed
out that the single database property only holds in such a
restricted setting.

In particular, the possibility of specifying constraints in G
greatly enhances the modeling power of GAV systems, espe-
cially in those situations where the global schema is intended
to be expressed in terms of a conceptual data model, or in
terms of an ontology [16]. In these cases, the language LG
is in fact sufficiently powerful to allow for specifying, either
implicitly or explicitly, various forms of integrity constraints
on the global database.

Most of current data integration systems follow the GAV
approach. Notable examples are TSIMMIS [51], Garlic [30],
COIN [52], MOMIS [10], Squirrel [92], and IBIS [17]. Anal-
ogously to the case of LAV systems, these systems usually
adopt simple languages for expressing both the global and
the source schemas. IBIS is the only system we are aware
of that takes into account integrity constraints in the global
schema.

3.3 Comparison between GAV and LAV
The LAV and the GAV approaches are compared in [89] from
the point of view of query processing. Generally speaking, it
is well known that processing queries in the LAV approach
is a difficult task. Indeed, in this approach the only knowl-
edge we have about the data in the global schema is through
the views representing the sources, and such views provide
only partial information about the data. Since the mapping
associates to each source a view over the global schema, it
is not immediate to infer how to use the sources in order
to answer queries expressed over the global schema. On
the other hand, query processing looks easier in the GAV
approach, where we can take advantage that the mapping
directly specifies which source queries corresponds to the el-
ements of the global schema. Indeed, in most GAV systems,
query answering is based on a simple unfolding strategy.

From the point of view of modeling the data integration sys-
tem, the GAV approach provides a specification mechanism
that has a more procedural flavor with respect to the LAV
approach. Indeed, while in LAV the designer may concen-
trate on declaratively specifying the content of the source in
terms of the global schema, in GAV, one is forced to spec-
ify how to get the data of the global schema by means of
queries over the sources. A throughout analysis of the dif-
ferences/similarities of the two approaches from the point of
view of modeling is still missing. A first attempt is reported
in [19, 18], where the authors address the problem of check-
ing whether a LAV system can be transformed into a GAV
one, and vice-versa. They deal with transformations that are
equivalent with respect to query answering, i.e., that enjoy
the property that queries posed to the original system have
the same answers when posed to the target system. Results
on query reducibility from LAV to GAV systems may be use-
ful, for example, to derive a procedural specification from a
declarative one. Conversely, results on query reducibility
from GAV to LAV may be useful to derive a declarative
characterization of the content of the sources starting from
a procedural specification. We briefly discuss the notions of
query-preserving transformation, and of query-reducibility
between classes of data integration systems.

Given two integration systems I = 〈G,S,M〉 and I′ =
〈G′,S,M′〉 over the same source schema S and such that
all elements of G are also elements of G′, I′ is said to be
query-preserving with respect to I, if for every query q to I
and for every source database D, we have that

qI,D = qI
′,D

In other words, I′ is query-preserving with respect to I if,
for each query over the global schema of I and each source
database, the certain answers to the query with respect to
the source database that we get from the two integration



systems are identical. A class C1 of integration systems is
query-reducible to a class C2 of integration systems if there
exist a function f : C1 → C2 such that, for each I1 ∈ C1 we
have that f(I1) is query-preserving with respect to I1.

With the two notions in place, the question of query re-
ducibility between LAV and GAV is studied in [18] within a
setting where views are considered sound, the global schema
is expressed in the relational model, and the queries used
in the integration systems (both the queries on the global
schema, and the queries in the mapping) are expressed in
the language of conjunctive queries. The results show that
in such a setting none of the two transformations is pos-
sible. On the contrary, if one extends the framework, al-
lowing for integrity constraints in the global schema, then
reducibility holds in both directions. In particular, inclu-
sion dependencies and a simple form of equality-generating
dependencies suffice for a query-preserving transformation
from a LAV system into a GAV one, whereas single head
full dependencies are sufficient for the other direction. Both
transformations result in a query-preserving system whose
size is linearly related to the size of the original one.

Although in this paper we mainly refer to the LAV and GAV
approaches to data integration, it is worth noticing that
more general types of mappings have been also discussed
in the literature. For example, [49] introduces the so-called
GLAV approach. In GLAV, the relationships between the
global schema and the sources are established by making
use of both LAV and GAV assertions. More precisely, in a
GLAV mapping as introduced in [49], every assertion has
the form qS ; qG , where qS is a conjunctive query over the
source schema, and qG is a conjunctive query over the global
schema. A database B satisfies the assertion qS ; qG with
respect to a source database D if qDS ⊆ qBG . Thus, the GLAV
approach models a situation where sources are sound. Inter-
estingly, the technique presented in [19, 18] can be extended
for transforming any GLAV system into a GAV one. The
key idea is that a GLAV assertion can be transformed into
a GAV assertion plus an inclusion dependency. Indeed, for
each assertion

qS ; qG

in the GLAV system (where the arity of both queries is n),
we introduce a new relation symbol r of arity n in the global
schema of the resulting GAV system, and we associate to r
the sound view qS by means of

r ; qS

plus the inclusion dependency

r ⊆ qG .

Now, it is immediate to verify that the above inclusion de-
pendency can be treated exactly with the same technique in-
troduced in the LAV to GAV transformation, and therefore,
from the GLAV system we can obtain a query-preserving
GAV system whose size is linearly related to the size of the
original system.

4. QUERY PROCESSING IN LAV

In this section we discuss query processing in the LAV ap-
proach. From the definition given in Section 3, it is easy

to see that answering queries in LAV systems is essentially
an extended form of reasoning in the presence of incomplete
information [91]. Indeed, when we answer a query over the
global schema on the basis of a LAV mapping, we know only
the extensions of the views associated to the sources, and
this provides us with only partial information on the global
database. As we already observed, in general, there are sev-
eral possible global databases that are legal for the data
integration system with respect to a given source database.
This observation holds even for a setting where only sound
views are allowed in the mapping. The problem is even more
complicated when sources can be modeled as complete or
exact views. In particular, dealing with exact sources essen-
tially means applying the closed world assumption on the
corresponding views [1, 85].

The following example rephrases an example given in [1].
Consider a data integration system I with global relational
schema G containing (among other relations) a binary rela-
tion couple, and two constants Ann and Bill. Consider also
two sources female and male, respectively with associated
views

female(f) ; { f, m | couple(f, m) }
male(m) ; { f, m | couple(f, m) }

and consider a source database D with femaleD = {Ann} and
maleD = {Bill}, and assume that there are no constraints
imposed by a schema. If both sources are sound, we only
know that some couple has Ann as its female component and
Bill as its male component. Therefore, the query

Q = { x, y | couple(x, y) }

asking for all couples would return an empty answer, i.e.,
QI,D

c = ∅. However, if both sources are exact, we can con-
clude that all couples have Ann as their female component
and Bill as their male component, and hence that (Ann, Bill)
is the only couple, i.e., QI,D

c = {(Ann, Bill)}.

Since in LAV, sources are modeled as views over the global
schema, the problem of processing a query is traditionally
called view-based query processing. Generally speaking, the
problem is to compute the answer to a query based on a set
of views, rather than on the raw data in the database [89,
60].

There are two approaches to view-based query processing,
called view-based query rewriting and view-based query an-
swering, respectively. In the former approach, we are given
a query q and a set of view definitions, and the goal is to
reformulate the query into an expression of a fixed language
LR that refers only to the views and provides the answer
to q. The crucial point is that the language in which we
want the rewriting is fixed, and in general coincides with
the language used for expressing the original query. In a
LAV data integration setting, query rewriting aims at re-
formulating, in a way that is independent from the current
source database, the original query in terms of a query to
the sources. Obviously, it may happen that no rewriting in
the target language LR exists that is equivalent to the orig-
inal query. In this case, we are interested in computing a
so-called maximally contained rewriting, i.e., an expression
that captures the original query in the best way.



Sound CQ CQ 6= PQ Datalog FOL
CQ PTIME coNP PTIME PTIME undec.

CQ 6= PTIME coNP PTIME PTIME undec.
PQ coNP coNP coNP coNP undec.

Datalog coNP undec. coNP undec. undec.
FOL undec. undec. undec. undec. undec.
Exact CQ CQ 6= PQ Datalog FOL
CQ coNP coNP coNP coNP undec.

CQ 6= coNP coNP coNP coNP undec.
PQ coNP coNP coNP coNP undec.

Datalog undec. undec. undec. undec. undec.
FOL undec. undec. undec. undec. undec.

Table 1: Complexity of view-based query answering

In view-based query answering, besides the query q and the
view definitions, we are also given the extensions of the
views. The goal is to compute the set of tuples t such that
the knowledge on the view extensions logically implies that
t is an answer to q, i.e., t is in the answer to q in all the
databases that are consistent with the views. It is easy to
see that, in a LAV data integration framework, this is ex-
actly the problem of computing the certain answers to q with
respect to a source database.

Notice the difference between the two approaches. In query
rewriting, query processing is divided in two steps, where
the first one re-expresses the query in terms of a given query
language over the alphabet of the view names, and the sec-
ond one evaluates the rewriting over the view extensions.
In query answering, we do not pose any limitations on how
queries are processed, and the only goal is to exploit all
possible information, in particular the view extensions, to
compute the answer to the query.

A large number of results have been reported for both ap-
proaches. We first focus on view-based query answering.

Query answering has been extensively investigated in the
last years [1, 53, 43, 66, 4, 21]. A comprehensive framework
for view-based query answering, as well as several interesting
results, is presented in [53]. The framework considers var-
ious assumptions for interpreting the view extensions with
respect to the corresponding definitions (closed, open, and
exact view assumptions). In [1], an analysis of the com-
plexity of the problem under the different assumptions is
carried out for the case where the views and the queries are
expressed in terms of various languages (conjunctive queries
without and with inequalitites, positive queries, Datalog,
and first-order queries). The complexity is measured with
respect to the size of the view extensions (data complexity).
Table 1 summarizes the results presented in [1]. Note that,
for the query languages considered in that paper, the exact
view assumption complicates the problem. For example, the
data complexity of query answering for the case of conjunc-
tive queries is PTIME under the sound view assumption,
and coNP-complete for exact views. This can be explained
by noticing that the exact view assumption introduces a
form of negation, and therefore it may force to reason by
cases on the objects stored in the views.

In [24], the problem is studied for a setting where the global
schema models a semistructured database, i.e., a labeled
directed graphs. It follows that both the user queries,

and the queries used in the LAV mapping should be ex-
pressed in a query language for semistructured data. The
main difficulty arising in this context is that languages
for querying semistructured data enable expressing regular-
path queries [2, 15, 45]. A regular-path query asks for all
pairs of nodes in the database connected by a path con-
forming to a regular expression, and therefore may contain a
restricted form of recursion. Note that, when the query con-
tains unrestricted recursion, both view-based query rewrit-
ing and view-based query answering become undecidable,
even when the views are not recursive [43].

Table 2 summarizes the results presented in [24]. Both data
complexity, and expression complexity (complexity with re-
spect to the size of the query and the view definitions) are
taken into account. All upper bound results have been ob-
tained by automata-theoretic techniques. In the analysis,
a further distinction is proposed for characterizing the do-
main of the database (open vs. closed domain assumption).
In the closed domain assumption we assume that the global
database contains only objects stored in the sources. The re-
sults show that none of the cases can be solved in polynomial
time (unless P = NP). This can be explained by observing
that the need for considering various forms of incompleteness
expressible in the query language (due to union and tran-
sitive closure), is a source of complexity for query answer-
ing. Obviously, under closed domain, our knowledge is more
accurate than in the case of the open domain assumption,
and this rules out the need for some combinatorial reason-
ing. This provides the intuition of why under closed domain
the problem is “only” coNP-complete in all cases, for data,
expression, and combined complexity. On the other hand,
under open domain, we cannot exclude the possibility that
the database contains more objects than those known to
be in the views. For combined complexity, this means that
we are forced to reason about the definition of the query
and the views. Indeed, the problem cannot be less complex
than comparing two regular path queries, and this explains
the PSPACE lower bound. Interestingly, the table shows
that the problem does not exceed the PSPACE complexity.
Moreover, the data complexity remains in coNP, and there-
fore, although we are using a query language that is powerful
enough to express a (limited) form of recursion, the prob-
lem is no more complex than in the case of disjunctions of
conjunctive queries [1].

While regular-path queries represent the core of any query
language for semistructured data, their expressive power is
limited. Several authors point out that extensions are re-
quired for making them useful in real settings (see for ex-
ample [14, 15, 80]). Indeed, the results in [24] have been
extended to query language with the inverse operator [26],
and to the class of union of conjunctive regular-path queries
in [28].

Turning our attention to view-based query rewriting, several
recent papers investigate the rewriting question for different
classes of queries. The problem is investigated for the case
of conjunctive queries (with or without arithmetic compar-
isons) in [66, 84], for disjunctive views in [4], for queries with
aggregates in [87, 37, 56], for recursive queries and nonre-
cursive views in [43], for queries expressed in Description
Logics in [9], for regular-path queries and their extensions



domain views Complexity
data expression combined

all sound coNP coNP coNP
closed all exact coNP coNP coNP

arbitrary coNP coNP coNP
all sound coNP PSPACE PSPACE

open all exact coNP PSPACE PSPACE
arbitrary coNP PSPACE PSPACE

Table 2: Complexity of view-based query answering
for regular-path queries

in [23, 26, 27], and in the presence of integrity constraints
in [59, 44]. Rewriting techniques for query optimization are
described, for example, in [34, 3, 88], and in [46, 80, 82] for
the case of path queries in semistructured data.

We already noted that view-based query rewriting and view-
based query answering are different problems. Unfortu-
nately, their similarity sometimes gives raise to a sort of
confusion between the two notions. Part of the problem
comes from the fact that when the query and the views are
conjunctive queries, the best possible rewriting is express-
ible as union of conjunctive queries, which is basically the
same language as the one of the original query and views.
However, for other query languages this is not the case. Ab-
stracting from the language used to express the rewriting,
we can define a rewriting of a query with respect to a set of
views as a function that, given the extensions of the views,
returns a set of tuples that is contained in the answer set of
the query in every database consistent with the views. We
call the rewriting that returns precisely such set the perfect
rewriting of the query with respect to the views. Observe
that, by evaluating the perfect rewriting over given view
extensions, one obtains the same set of tuples provided by
view-based query answering. i.e., in data integration termi-
nology, the set of certain answers to the query with respect
to the view extension. Hence, the perfect rewriting is the
best rewriting one can obtain, given the available informa-
tion on both the definitions and the extensions of the views.

An immediate consequence of the relationship between per-
fect rewriting and query answering is that the data com-
plexity of evaluating the perfect rewriting over the view ex-
tensions is the same as the data complexity of answering
queries using views. Typically, one is interested in queries
that can be evaluated in PTIME (i.e., are PTIME functions
in data complexity), and hence we would like rewritings to
be PTIME as well. For queries and views that are conjunc-
tive queries (without union), the perfect rewriting is a union
of conjunctive queries and hence is PTIME [1]. However, al-
ready for very simple query languages containing union the
perfect rewriting is not PTIME in general. Hence, for such
languages it would be interesting to characterize which in-
stances of query rewriting admit a perfect rewriting that is
PTIME. By establishing a tight connection between view-
based query answering and constraint-satisfaction problems,
it is argued in [27] that this is a difficult task.

5. QUERY PROCESSING IN GAV

Most GAV data integration systems do not allow integrity
constraints in the global schema, and assume that views

sD1 :
12 calvin rome 21
15 alice hong kong 24

sD2 :
AF hotdog corp.
BN banana ltd .

sD3 :
12 AF
16 BN

Figure 1: Extension of sources for the example

are exact. It is easy to see that, under these assumptions,
query processing can be based on a simple unfolding strat-
egy. 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. As we said before,
such a strategy suffices mainly because the data integration
system enjoys the single database property. Notably, the
same strategy applies also in the case of sound views.

However, when the language LG used for expressing the
global schema allows for integrity constraints, and the views
are sound, then query processing in GAV systems becomes
more complex. Indeed, in this case, integrity constraints can
in principle be used in order to overcome incompleteness of
data at the sources. The following example shows that, by
taking into account foreign key constraints, one can obtain
answers that would be missed by simply unfolding the user
query.

Let I = 〈G,S,M〉 be a data integration system, where G is
constituted by the relations

employee(Ecode,Ename,Ecity)
company(Ccode,Cname)
employed(Ecode,Ccode)

and the constraints

key(employee) = {Ecode}
key(company) = {Ccode}

employed[Ecode] ⊆ employee[Ecode]
employed[Ccode] ⊆ company[Ccode]

The source schema S consists of three sources. Source s1,
of arity 4, contains information about employees with their
code, name, city, and date of birth. Source s2, of arity 2,
contains codes and names of companies. Finally, Source
s3, of arity 2, contains information about employment in
companies. The mapping M is defined by

employee ; { x, y, z | s1(x, y, z, w) }
company ; : { x, y | s2(x, y) }
employed ; : { x, w | s3(x, w) }

Now consider the following user query q, asking for codes of
employees:

{ x | employee(x, y, z) }

Suppose that the data stored in the source database D are
those depicted in Figure 1: by simply unfolding q we obtain
the answer {12}. However, due to the integrity constraint
employed[Ecode] ⊆ employee[Ecode], we know that 16 is the
code of a person, even if it does not appear in sD1 . The
correct answer to q is therefore {12, 16}. Observe that we



do not know any value for the attributes of the employee
whose Ecode is 16.

Given a source database D, let us call “retrieved global
database” the global database that is obtained by popu-
lating each relation r in the global schema according to
the mapping, i.e., by populating r with the tuples obtained
by evaluating the query that the mapping associates to q.
In general, integrity constraints may be violated in the re-
trieved global database (e.g., the retrieved global database
for the above example). Regarding key constraints, let us
assume that the query that the mapping associates to each
global schema relation r is such that the data retrieved for
r do not violate the key constraint of r. In other words, the
management of key constraints is left to the designer (see
next section for a discussion on this subject). On the other
hand, the management of foreign key constraints cannot be
left to the designer, since it is strongly related to the incom-
pleteness of the sources. Moreover, since foreign keys are
interrelation constraints, they cannot be dealt with in the
GAV mapping, which, by definition, works on each global
relation in isolation.

The assumption of sound views asserts that the tuples re-
trieved for a relation r are a subset of the tuples that the
system assigns to r; therefore, we may think of completing
the retrieved global database by suitably adding tuples in or-
der to satisfy foreign key constraints, while still conforming
to the mapping. When a foreign key constraint is violated,
there are several ways of adding tuples to the retrieved global
database to satisfy such a constraint. In other words, in the
presence of foreign key constraints in the global schema, the
semantics of a data integration system must be formulated
in terms of a set of databases, instead of a single one. Since
we are interested in the certain answers qI,D to a query q,
i.e., the tuples that satisfy q in all global databases that are
legal for I with respect to D, the existence of several such
databases complicates the task of query answering.

In [17], a system called IBIS is presented, that takes into
account key and foreign key constraints over the global rela-
tional schema. The system uses the foreign key constraints
in order to retrieve data that could not be obtained in tradi-
tional data integration systems. The language for express-
ing both the user query and the queries in the mapping is
the one of union of conjunctive queries. To process a query
q, IBIS expands q by taking into account the foreign key
constraints on the global relations appearing in the atoms.
Such an expansion is performed by viewing each foreign key
constraint r1[X] ⊆ r2[Y], where X and Y are sets of h at-
tributes and Y is a key for r2, as a logic programming [77]
rule

r′2( ~X, fh+1( ~X), . . . , fn( ~X)) ← r′1( ~X, Xh+1, . . . , Xm)

where each fi is a Skolem function, ~X is a vector of h vari-
ables, and we have assumed for simplicity that the attributes
involved in the foreign key are the first h ones. Each r′i is
a predicate, corresponding to the global relation ri, defined
by the above rules for foreign key constraints, together with
the rule

r′i(X1, . . . , Xn) ← ri(X1, . . . , Xn)

Once such a logic program ΠG has been defined, it can be

used to generate the expanded query expand q associated
to the original query q. This is done by performing a par-
tial evaluation [40] with respect to ΠG of the body of q′,
which is the query obtained by substituting in q each predi-
cate ri with r′i. In the partial evaluation tree, a node is not
expanded anymore either when no atom in the node uni-
fies with a head of a rule, or when the node is subsumed
by (i.e., is more specific than) one of its predecessors. In
the latter case, the node gets an empty node as a child;
intuitively this is because such a node cannot provide any
answer that is not already provided by its more general pre-
decessor. These conditions guarantee that the construction
of the partial evaluation tree for a query always terminates.
Then, the expansion expand q of q is a union of conjunctive
queries whose body is constituted by the disjunction of all
nonempty leaves of the partial evaluation tree. It is possible
to show that, by unfolding expand q according to the map-
ping, and evaluating the resulting query over the sources,
one obtains exactly the set of certain answers of q to I with
respect to D [17].

6. INCONSISTENCIES BETWEEN SOUR­
CES

The formalization of data integration presented in the pre-
vious sections is based on a first order logic interpretation
of the assertions in the mapping, and, therefore, is not able
to cope with inconsistencies between sources. Indeed, if in
a data integration system I = 〈G,S,M〉, the data retrieved
from the sources do not satisfy the integrity constraints of
G, then no global database exists for I, and query answering
becomes meaningless. This is the situation occurring when
data in the sources are mutually inconsistent. In practice,
this situation is generally dealt with by means of suitable
transformation and cleaning procedures to be applied to
data retrieved by the sources (see [12, 50]). In this section,
we address the problem from a more theoretical perspective.

Several recent papers aim at formally dealing with inconsis-
tencies in databases, in particular for providing informative
answers even in the case of a database that does not sat-
isfy its integrity constraints (see, for example, [13, 6, 7, 54]).
Although interesting, such results are not specifically tai-
lored to the case of different consistent data sources that
are mutually inconsistent, that is the case of interest in
data integration. This case is addressed in [76], where the
authors propose an operator for merging databases under
constraints. Such operator allows one to obtain maximal
amount of information from each database by means of a
majority criterion used in case of conflict. However, also
the approach described in [76] does not take explicitly into
account the notion of mapping as introduced in our data
integration setting.

In data integration, according to the definition of mapping
satisfaction as given in Section 3, it may be the case that
the data retrieved from the sources cannot be reconciled in
the global schema in such a way that both the constraints
of the global schema, and the mapping are satisfied. For
example, this happens when a key constraint specified for
the relation r in the global schema is violated by the tuples
retrieved by the view associated to r, since the assumption
of sound views does not allow us to disregard tuples from



r with duplicate keys. If we do not want to conclude in
this case that no global database exists that is legal for I
with respect to D, we need a different characterization of
the mapping. In particular, we need a characterization that
allows us support query processing even when the data at
the sources are incoherent with respect to the integrity con-
straints on the global schema.

A possible solution is to characterize the data integration
system I = 〈G,S,M〉 (with M = {r1 ; V1, . . . , rn ;
Vn}), in terms of those global databases that

1. satisfy the integrity constraints of G, and

2. approximate at best the satisfaction of the assertions
in the mapping M, i.e., that are as sound as possible.

In other, the integrity constraints of G are considered strong,
whereas the mapping is considered soft. Given a source
database D for I, we can now define an ordering between
the global databases for I as follows. If B1 and B2 are two
databases that are legal with respect to G, we say that B1

is better than B2 with respect to D, denoted as B1 �D B2,
if there exists an assertion ri ; Vi in M such that

- (rB1
i ∩ V D

i ) ⊃ (rB2
i ∩ V D

i ), and

- (rB1
j ∩ V D

j ) ⊇ (rB2
j ∩ V D

j ), for all rj ; Vj in M with
j 6= i;

Intuitively, this means that there is at least one assertion for
which B1 satisfies the sound mapping better than B2, while
for no other assertion B2 is better than B1. In other words,
B1 approximates the sound mapping better than B2.

It is easy to verify that the relation �D is a partial order.
With this notion in place, we can now define the notion of B
satisfying the mapping M with respect to D in our setting:
a database B that is legal with respect to G satisfies the
mapping M with respect to D if B is maximal with respect
to�D, i.e., for no other global database B′ that is legal with
respect to G, we have that B′ �D B.

The notion of legal database for I with respect to D, and
the notion of certain answer remain the same, given the
new definition of satisfaction of mapping. It is immediate
to verify that, if there exists a legal database for I with
respect to D under the first order logic interpretation of the
mapping, then the new semantics and the old one coincide,
in the sense that, for each query q, the set qI,D of certain
answers computed under the first order semantics coincides
with the set of certain answers computed under the new
semantics presented here.

The problem of inconsistent sources in data integration is
addressed in [64], in particular for the case where:

• the global schema is a relational schema with key and
foreign key constraints,

• the mapping is of type GAV,

• the query language LM,S is the language of union of
conjunctive queries,

• the views in the mapping are intended to be sound.

In such a setting, an algorithm is proposed for computing the
certain answers of a query in the new semantical framework
presented above. The algorithm checks whether a given tu-
ple t is a certain answer to a query q with respect to a given
source database D in coNP data complexity (i.e., with re-
spect to the size of D). Based on this result, the problem of
computing the certain answers in the presented framework
can be shown to be coNP-complete in data complexity.

7. REASONING ON QUERIES

Recent work addresses the problem of reasoning on queries
in data integration systems. The basic form of reasoning on
queries is checking containment, i.e., verifying whether one
query returns a subset of the result computed by the other
query in all databases. Most of the results on query con-
tainment concern conjunctive queries and their extensions.
In [33], NP-completeness has been established for conjunc-
tive queries, in [63, 90], Πp

2-completeness of containment of
conjunctive queries with inequalities is proved, and in [86]
the case of queries with the union and difference operators is
studied. For various classes of Datalog queries with inequal-
ities, decidability and undecidability results are presented
in [35] and [90], respectively. Other papers consider the
case of query containment in the presence of various types
of constraints [5, 39, 32, 69, 71, 70, 20], and for regular-path
queries and their extensions [47, 25, 28, 41].

Besides the usual notion of containment, several other no-
tions have been introduced related to the idea of comparing
queries in a data integration setting, especially in the con-
text of the LAV approach.

In [79], a query is said to be contained in another query
relative to a set of sources modeled as views, if, for each ex-
tension of the views, the certain answers to the former query
are a subset of the certain answers to the latter. Note that
this reasoning problem is different from the usual contain-
ment checking: here we are comparing the two queries with
respect to the certain answers computable on the basis of
the views available. The difference becomes evident if one
considers a counterexample to relative containment: Q1 is
not contained in Q2 relative to views V if there is a tuple
t and an extension E of V, such that for each database DB
consistent with E (i.e., a database DB such that, the result
VDB of evaluating the views over DB is exactly E), t is an
answer of Q1 to DB, but there is a database DB′ consistent
with E such that t is not an answer of Q2 to DB′. In other
words, Q1 is not contained in Q2 relative to views V if there
are two databases DB and DB′ such that VDB = VDB

′
and

QDB1 = QDB
′

2 .

In [79], it is shown that the problem of checking relative con-
tainment is ΠP

2 complete in the case of conjunctive queries
and views. In [74], such results are extended to the case
where views have limited access patterns.

In [72], the authors introduce the notion of “p-containment”



(where “p” stands for power): a view set V is said to be p-
contained in another view set W, i.e., W has at least the
answering power of V, if W can answer all queries that can
be answered using V.

The notion of “information content” of materialized views
is studied in [57] for a restricted class of aggregate queries,
with the goal of devising techniques for checking whether
a set of views is sufficient for completely answering a given
query based on the views.

One of the ideas underlying the above mentioned papers is
the one of losslessness: a set of views is lossless with respect
to a query, if, no matter what the database is, we can answer
the query by solely relying on the content of the views. This
question is relevant for example in mobile computing, where
we may be interested in checking whether a set of cached
data allows us to derive the requested information without
accessing the network, or in data warehouse design, in par-
ticular for the view selection problem [36], where we have to
measure the quality of the choice of the views to materialize
in the data warehouse. In data integration, losslessness may
help in the design of the data integration system, in par-
ticular, by selecting a minimal subset of sources to access
without losing query-answering power.

The definition of losslessness relies on that of certain an-
swers: a set of views is lossless with respect to a query,
if for every database, we can answer the query over that
database by computing the certain answers based on the
view extensions. It follows that there are at least two ver-
sions of losslessness, namely, losslessness under the sound
view assumption, and losslessness under the exact view as-
sumption.

The first version is obviously weaker than the second one.
If views V are lossless with respect to a query Q under the
sound view assumption, then we know that, from the in-
tensional point of views, V contain enough information to
completely answer Q, even though the possible incomplete-
ness of the view extensions may prevent us form obtaining
all the answers that Q would get from the database. On the
other hand, if V are lossless with respect to a query Q under
the exact view assumption, then we know that they contain
enough information to completely answer Q, both from the
intensional and from the extensional point of view.

In [29], the problem of losslessness is addressed in a context
where both the query and the views are expressed as regular
path queries. It is shown that, in the case of the sound view
assumption, the problem is solvable by a technique that is
based on searching for a counterexample to losslessness, i.e.,
two databases that are both coherent with the view exten-
sions, and that differ in the answers to the query. Different
from traditional query containment, the search for a coun-
terexample is complicated by the presence of a quantification
over all possible view extensions. The key observation in [29]
is that, under the sound view assumption, we can restrict
our attention to counterexamples that are linear databases,
and this allows devising a method that uses, via automata-
theoretic techniques, the known connection between view-
based query answering and constraint satisfaction [27]. As
far as the computational complexity is concerned, the prob-

lem is PSPACE-complete with respect to the view defini-
tions, and EXPSPACE-complete with respect to the query.

It is interesting to observe that, for the case of exact views,
the search for a counterexample cannot be restricted to lin-
ear databases. Actually, the question of losslessness under
the exact view assumption is largely unexplored. To the
best of our knowledge, the problem is open even for a set-
ting where both the query and the views are conjunctive
queries.

8. CONCLUSIONS

The aim of this tutorial was to provide an overview of some
of the theoretical issues underlying data integration. Sev-
eral interesting problems remain open in each of the topics
that we have discussed. For example, more investigation
is needed for a deep understanding of the relationship be-
tween the LAV and the GAV approaches. Open problems
remain on algorithms and complexity for view-based query
processing, in particular for the case of rich languages for
semistructured data, for the case of exact views, and for the
case of integrity constraints in the global schema. Query
processing in GAV with constraints has been investigated
only recently, and interesting classes of constraints have not
been considered yet. The treatment of mutually inconsis-
tent sources, and the issue of reasoning on queries present
many open research questions.

Moreover, data integration is such a rich field that several
important related aspects not addressed here can be identi-
fied, including the following.

• How to build an appropriate global schema, and how
to discover inter-schema [31] and mapping assertions
(LAV or GAV) in the design of a data integration sys-
tem (see, for instance, [83]).

• How to (automatically) synthesize wrappers that
present the data at the sources in a form [] that is
suitable for their use in the mapping.

• How to deal with possible limitations in accessing the
sources, both in LAV [84, 67, 68] and in GAV [75, 48,
73, 74].

• How to incorporate the notions of quality (data qual-
ity, quality of answers, etc.) [81], and data cleaning [12]
into a formal framework for data integration.

• How to learn rules that allow for automatically map-
ping data items in different sources (for example, for
inferring that two key values in different sources actu-
ally refer to the same real-world object [38]).

• How to go beyond the architecture based on a global
schema, so as, for instance, to model data exchange,
transformation, and cooperation rather than data in-
tegration (see, e.g., [55]), or to devise information in-
tegration facilities for the Semantic Web.

• How to optimize the evaluation of queries posed to a
data integration system [3].

We believe that each of the above issues is characterized by
interesting research problems still to investigate.
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.
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re
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f
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e
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re
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at
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re
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p
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p
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p
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r
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r
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p
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∧
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∃N
.D
e
p
t
(d

,M
,N

)
}



D
at

a
E

xc
ha

ng
e:

Se
m

an
tic

s
an

d
Q

ue
ry

A
ns

w
er

in
g

21
7

A
ss

um
e

no
w

th
at

th
e

so
ur

ce
in

st
an

ce
I

ha
s

on
e

tu
pl

e
in
D
e
p
t
E
m
p

,f
or

de
pa

rt
m

en
tC

S
w

ith
m

an
ag

er
M

ar
y

an
d

em
pl

oy
ee

E
00

3.
C

ha
si

ng
〈I

,∅
〉w

ith
Σ

s
t

yi
el

ds
th

e
ta

rg
et

in
st

an
ce

:

J
1

=
{D
e
p
t
(C

S
,M

,M
a
ry

),
E
m
p
(E

00
3,

C
S

)}
w

he
re

M
is

a
la

be
le

d
nu

ll
th

at
in

st
an

tia
te

s
th

e
ex

is
te

nt
ia

lly
qu

an
tifi

ed
va

ri
ab

le
of

th
e

tg
d,

an
d

en
co

de
s

th
e

un
kn

ow
n

m
an

ag
er

id
of

M
ar

y.
H

ow
ev

er
,J

1
do

es
no

t
sa

tis
fy

Σ
t
;

th
er

ef
or

e,
th

e
ch

as
e

do
es

no
t

st
op

at
J

1
.

T
he

fir
st

tg
d

in
Σ

t
re

qu
ir

es
M

to
ap

pe
ar

in
E
m
p

as
an

em
pl

oy
ee

id
.T

hu
s,

th
e

ch
as

e
w

ill
ad

d
E
m
p
(M

,D
)

w
he

re
D

is
a

la
be

le
d

nu
ll

re
pr

es
en

tin
g

th
e

un
kn

ow
n

de
pa

rt
m

en
ti

n
w

hi
ch

M
ar

y
is

em
pl

oy
ee

d.
T

he
n

th
e

se
co

nd
tg

d
be

co
m

es
ap

pl
ic

ab
le

,a
nd

so
on

.I
ti

s
ea

sy
to

se
e

th
at

th
er

e
is

no
fin

ite
ch

as
e.

Sa
tis

fy
in

g
al

lt
he

de
pe

nd
en

ci
es

w
ou

ld
re

qu
ir

e
bu

ild
in

g
an

in
fin

ite
in

st
an

ce
:

J
=

{D
e
p
t
(C

S
,M

,M
a
ry

),
E
m
p
(E

00
3,

C
S

),
E
m
p
(M

,D
),
D
e
p
t
(D

,M
′ ,

N
′ )

,.
..

}
O

n
th

e
ot

he
r

ha
nd

,fi
ni

te
so

lu
tio

ns
ex

is
t.

Tw
o

su
ch

ex
am

pl
es

ar
e:

J
′ =

{D
e
p
t
(C

S
,E

00
3,

M
a
ry

),
E
m
p
(E

00
3,

C
S

)}
J

′′
=

{D
e
p
t
(C

S
,M

,M
a
ry

),
E
m
p
(E

00
3,

C
S

),
E
m
p
(M

,C
S

)}
H

ow
ev

er
,

ne
ith

er
J

′
no

r
J

′′
ar

e
un

iv
er

sa
l:

th
er

e
is

no
ho

m
om

or
ph

is
m

fr
om

J
′

to
J

′′

an
d

th
er

e
is

no
ho

m
om

or
ph

is
m

fr
om

J
′′

to
J

′ .
W

e
ar

gu
e

th
at

ne
ith

er
sh

ou
ld

be
us

ed
fo

r
da

ta
ex

ch
an

ge
.I

n
pa

rt
ic

ul
ar

,J
′ m

ak
es

th
e

as
su

m
pt

io
n

th
at

th
e

m
an

ag
er

id
of

M
ar

y
is

eq
ua

l
to

E
00

3,
w

hi
le

J
′′

m
ak

es
th

e
as

su
m

pt
io

n
th

at
th

e
de

pa
rt

m
en

t
in

w
hi

ch
M

ar
y

is
em

pl
oy

ed
is

th
e

sa
m

e
as

th
e

de
pa

rt
m

en
t(

C
S)

th
at

M
ar

y
m

an
ag

es
.N

ei
th

er
as

su
m

pt
io

n
is

a
co

ns
eq

ue
nc

e
of

th
e

gi
ve

n
de

pe
nd

en
ci

es
an

d
so

ur
ce

in
st

an
ce

.I
t

ca
n

be
sh

ow
n

th
at

no
fin

it
e

un
iv

er
sa

ls
ol

ut
io

n
ex

is
ts

fo
r

th
is

ex
am

pl
e.

W
e

ne
xt

co
ns

id
er

se
ts

of
de

pe
nd

en
ci

es
fo

rw
hi

ch
ev

er
y

ch
as

e
se

qu
en

ce
is

gu
ar

an
te

ed
to

re
ac

h
its

en
d

af
te

ra
tm

os
tp

ol
yn

om
ia

lly
m

an
y

st
ep

s
(i

n
th

e
si

ze
of

th
e

in
pu

ti
ns

ta
nc

e)
.

Fo
rs

uc
h

se
ts

of
de

pe
nd

en
ci

es
it

fo
llo

w
s

th
at

ch
ec

ki
ng

th
e

ex
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e
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d
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R
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er
e

is
no

cy
cl

e
in

th
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c
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as
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e

de
pe

nd
en

cy
gr

ap
h,

as
fo

llo
w

s:
(1

)
th
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re
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at
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:
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:

(a
)

fo
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Abstract. There are basically two approaches for designing a data integration
system. In the global-as-view (GAV) approach, one maps the concepts in the
global schema to views over the sources, whereas in the local-as-view (LAV) ap-
proach, one maps the sources into views over the global schema. The goal of
this paper is to relate the two approaches with respect to their expressive power.
The analysis is carried out in a relational database setting, where both the queries
on the global schema, and the views in the mapping are conjunctive queries. We
introduce the notion of query-preserving transformation, and query-reducibility
between data integration systems, and we show that, when no integrity constraints
are allowed in global schema, the LAV and the GAV approaches are incompara-
ble. We then consider the addition of integrity constraints in the global schema,
and present techniques for query-preserving transformations in both directions.
Finally, we show that our results imply that we can always transform any system
following the GLAV approach (a generalization of both LAV and GAV) into a
query-preserving GAV system.

1 Introduction

Data integration is the problem of combining the data residing at different sources,
and providing the user with a unified view of these data, called global (or, mediated)
schema [9]. The global schema is therefore the interface by which users issue their
queries to the system. The system answers the queries by accessing the appropriate
sources, thus freeing the user from the knowledge on where data are, and how data are
structured at the sources.

The interest in this kind of systems has been continuously growing in the last years.
Many organizations face the problem of integrating data residing in several sources.
Companies that build a Data Warehouse, a Data Mining, or an Enterprise Resource
Planning system must address this problem. Also, integrating data in the World Wide
Web is the subject of several investigations and projects nowadays. Finally, applications
requiring accessing or re-engineering legacy systems must deal with the problem of
integrating data stored in pre-existing sources.

The design of a data integration system is a very complex task, which comprises
several different issues [10]. One of the most important aspect is the specification of the
mapping between the global schema and the sources, and the use of such a specification
for carrying out query processing.



Two basic approaches have been used to specify the mapping between the sources
and the global schema [9, 11, 12]. The first approach, called global-as-view (or simply
GAV), requires that the global schema is expressed in terms of the data sources. More
precisely, to every element of the global schema, a view over the data sources is asso-
ciated, so that its meaning is specified in terms of the data residing at the sources. The
second approach, called local-as-view (LAV), requires the global schema to be speci-
fied independently from the sources. In turn, the sources are defined as views over the
global schema. The relationships between the global schema and the sources are thus
established by specifying the information content of every source in terms of a view
over the global schema.

Intuitively, the GAV approach provides a method for specifying the data integra-
tion system with a more procedural flavor with respect to the LAV approach. Indeed,
whereas in LAV the designer of the data integration system may concentrate on spec-
ifying the content of the source in terms of the global schema, in the GAV approach,
one is forced to specify how to get the data of the global schema by queries over the
sources.

A comparison of the LAV and the GAV approaches is reported in [16]. It is known
that the former approach ensures an easier extensibility of the integration system, and
provides a more appropriate setting for its maintenance. For example, adding a new
source to the system requires only to provide the definition of the source, and does not
necessarily involve changes in the global view. On the contrary, in the GAV approach,
adding a new source may in principle require changing the definition of the concepts in
the global schema.

It is also well known that processing queries in the LAV approach is a difficult
task [15, 16, 8, 1, 7, 3, 4]. Indeed, in this approach, the only knowledge we have about
the data in the global schema is through the views representing the sources, and such
views provide only partial information about the data. Since the mapping associates to
each source a view over the global schema, it is not immediate to infer how to use the
sources in order to answer queries expressed over the global schema. Thus, extracting
information from the data integration system is similar to query answering with incom-
plete information, which is a complex task [17]. On the other hand, query processing
looks much easier in the GAV approach, where we can take advantage that the map-
ping directly specifies which source queries corresponds to the elements of the global
schema. Indeed, in most GAV systems, query answering is based on a simple unfolding
strategy.

Besides the above intuitive considerations, a deep analysis of the differ-
ences/similarities of the two approaches is still missing. The goal of this paper is to
investigate on the relative expressive power of the LAV and the GAV approaches. In
particular, we address the problem of checking whether a LAV system can be trans-
formed into a GAV one, and vice-versa. Obviously, we are interested in transformations
that are equivalent with respect to query answering, in the sense that we want that ev-
ery query posed to the original system has the same answers when posed to the new
system. To this end, we introduce the notion of query-preserving transformation, and
the notion of query-reducibility between classes of data integration systems. Results on
query reducibility from LAV to GAV systems may be useful, for example, to derive a



procedural specification from a declarative one. Conversely, results on query reducibil-
ity from GAV to LAV may be useful to derive a declarative characterization of the
content of the sources starting from a procedural specification.

We study the problem in a setting where the global schema is expressed in the re-
lational model, and the queries used in the integration systems (both the queries on
the global schema, and the queries in the mapping) are expressed in the language of
conjunctive queries. We show that in such a setting none of the two transformations is
possible. On the contrary, we show that the presence of integrity constraints in the global
schema allows reducibility in both directions. In particular, inclusion dependencies and
a simple form of equality-generating dependencies suffice for a query-preserving trans-
formation from a LAV system into a GAV one, whereas single head full dependen-
cies are sufficient for the other direction. Finally, we introduce the GLAV approach,
where both LAV and GAV assertions are allowed in the mapping, and illustrate how
to adapt the technique from LAV to GAV to devise a query-preserving transformation
from GLAV to GAV.

Also, the results presented in the paper shows that techniques for answering queries
under integrity constraints are relevant in data integration. In particular, several ap-
proaches to answering queries under different forms of dependencies have been pro-
posed in the last years (see for example [14]). Our results imply that these approaches
can be directly applied to query answering in LAV, GAV, and GLAV systems with in-
clusion dependencies. Data integration is thus a good candidate as an application for
experimenting these techniques in real world settings.

The paper is organized as follows. In Section 2 we describe the formal framework
we use for data integration, and we introduce the notions of query-preserving trans-
formation, and of query-reducibility between classes of data integration systems. In
Section 3 we show that in the relational model without integrity constraints, the classes
of LAV and GAV systems are not mutually query-reducible. In Section 4 we present the
results on query-reducibility in the case where integrity constraints are allowed in the
global schema. Finally, Section 5 concludes the paper with a discussion on the GLAV
approach.

2 Framework for data integration

We set up a formal framework for data integration in the relational setting. We assume
that the databases involved in our framework are defined over a fixed (infinite) set ∆ of
objects. A database DB for a relational schema R is a relational structure (∆DB, ·DB)
overR with ∆DB ⊆ ∆. When needed, we denote a relation r of arity n by r/n. Given
a query q over DB, we denote by qDB the set of tuples of objects in ∆DB obtained by
evaluating q over DB, i.e., the set of answers to q over DB. In particular, we focus on
conjunctive queries (CQs) with equality atoms and constants. We denote a CQ of arity
n over a relational schemaR as

{ 〈X1, . . . , Xn〉 | ϕ(X1, . . . , Xn, Y1, . . . , Ym) }

where X1, . . . , Xn are the distinguished variables (not necessarily pairwise dis-
tinct), Y1, . . . , Ym are the existentially quantified non-distinguished variables, and



ϕ(X1, . . . , Xn, Y1, . . . , Ym) is a conjunction of atoms over predicate symbols in R,
involving constants, and the variables X1, . . . , Xn, Y1, . . . , Ym. For a relation r/n, we
write the CQ {〈X1, . . . , Xn〉 | r(X1, . . . , Xn)} simply as r.

We consider also constraints over a relational schema. In particular, we consider
inclusion dependencies, simple equality-generating dependencies, and single head full
dependencies [2]. Given a relation r and a tuple A of distinct attributes of r, we de-
note the projection of r over A by r[A]. Similarly, given a tuple t of r, we denote the
projection of t over A by t[A]. An inclusion dependency is a dependency of the form
r[A] ⊆ r′[A′], where r and r′ are two relations of a relational schema R and A and
A′ are two sequences of distinct attributes of the same arity, belonging to r and r′ re-
spectively. A database DB satisfies r[A] ⊆ r′[A′] if r[A]DB ⊆ r′[A′]DB. A simple
equality-generating dependency has the form r → A = A′, where r is a relation of
a relational schema R, and A and A′ are two distinct attributes of r. A database DB
satisfies r → A = A′ if for every tuple t ∈ rDB, it holds that t[A] = t[A′]. A single
head full dependency has the form q ⊆ r, where r is a relation of a relational schema
R and q is a conjunctive query over R of the same arity as r. A database DB satisfies
q ⊆ r if qDB ⊆ rDB.

A data integration system I is a triple 〈G,S,M〉, where

– G is the global schema, expressed in the relational model, possibly with constraints.
– S is the source schema, also expressed in the relational model.
– M is the mapping between G and S, constituted by a set of assertions of the form

qS ⊆ qG

where qS and qG are two queries of the same arity, respectively over the source
schema S and over the global schema G.

Intuitively, the source schema describes the schema of the data sources, which contain
data, while the global schema provides a reconciled, integrated, view of the underlying
sources. The assertions in the mapping establish the connection between the relations
of the global schema and those of the source schema. As typical in data integration, we
consider here mappings that are sound, i.e., the data provided by the queries over the
sources satisfy the queries over the global schema, but do not necessarily characterize
completely the answer of the queries over the global schema [16, 9, 7]. User queries are
posed over the global schema and are answered by retrieving data from the sources,
making use of the mapping.

Two basic approaches for specifying the mapping have been proposed in the lit-
erature: global-as-view (GAV) and local-as-view (LAV) [16, 9]. In the GAV approach,
the mapping M associates to each relation g in G a query %S(g) over S, i.e., a GAV
mapping is a set of assertions, one for each relation g of G, of the form

%S(g) ⊆ g

In the LAV approach, the mappingM associates to each relation s in S a query %G(s)
over G, i.e., a LAV mapping is a set of assertions, one for each relation s of S, of the
form

s ⊆ %G(s)



Observe that in both cases we associate to a relation (either global or local) a single
query. We call GAV (with constraints) the class of integration systems (with constraints)
with a GAV mapping. Similarly for LAV (with constraints).

Given an integration system I = 〈G,S,M〉, we call source database (for I), a
database for the source schema S, and global database (for I) a database for G satis-
fying the constraints of G. Let D be a source database. A global database B satisfies an
assertion qS ⊆ qG inM with respect to D, if qDS ⊆ qBG . The global database B is said
to be legal for I with respect to D, if it satisfies all assertions in the mappingM with
respect to D. Observe that, in general, several global databases exist that are legal for I
with respect to D.

Queries posed to an integration system I are expressed in terms of the relations in
the global schema of I. Given a source database D for I, the answer qI,D to a query q
to I with respect to D, is the set of tuples t of objects in D such that t ∈ qB for every
global database B legal for I with respect to D. The set qI,D is called the set of certain
answers of q to I with respect to D.

Given two integration systems I = 〈G,S,M〉 and I ′ = 〈G′,S,M′〉 over the same
source schema S and such that all relations of G are also relations of G ′, we say that
I ′ is query-preserving with respect to I, if for every query q to I and for every source
databases D for S, we have that

qI,D = qI
′,D

In other words, we say that I ′ is query-preserving with respect to I if, given a query
over the global schema of I, the certain answers we get for the query on the two inte-
gration systems are identical.

To compare classes of integration systems, we introduce the concept of query-
reducibility. A class C1 of integration systems is query-reducible to a class C2 of in-
tegration systems if there exist a function f : C1 → C2 such that, for each I1 ∈ C1 we
have that f(I1) is query-preserving with respect to I1.

3 Comparing LAV and GAV without constraints

In this section we consider data integration systems without constraints in the global
schema. We want to check whether any GAV system can be transformed into a LAV
one which is query-preserving wrt it, and vice-versa. We show that both transformation
are not feasible.

We begin with the transformation from LAV to GAV.

Theorem 1. The class of LAV data integration systems is not query-reducible to the
class of GAV systems.

Proof. We prove the theorem by exhibiting a particular LAV system I = 〈G,S,M〉,
a source database D for S, and a set of queries such that, for any GAV system I ′ =
〈G′,S,M′〉, the certain answers of the queries wrt D differ in I and I ′.

The LAV system I is as follows. The global schema G is constituted by g1/2 and
g2/2, while the source schema S is constituted by a single relation s/2. The mapping



M is
%G(s) = {〈X,Y 〉 | g1(X,Z) ∧ g2(Z, Y )}

By contradiction, assume there is a GAV system I ′ = 〈G′,S,M′〉 that is query-
preserving with respect to I. Observe that, since no constraints are allowed in the global
schema, the introduction of a new relation in G ′ is useless if we want to construct a sys-
tem that is query-preserving wrt I; in fact, the newly introduced predicates could not be
related to g1 and g2. Therefore, we can assume that G ′ = G. It follows that the mapping
M′ has the form

%S(g1) = {〈X,Y 〉 | ξ1(X,Y, Z1, . . . , Zk1
, c1, . . . , ch1

)}

%S(g2) = {〈X,Y 〉 | ξ2(X,Y,W1, . . . ,Wk2
, d1, . . . , dh2

)}

where ξ1 and ξ2 are conjunctions of atoms over the only relation s, Z1, . . . , Zk1
and

W1, . . . ,Wk2
are existentially quantified variables, and c1, . . . , ch1

and d1, . . . , dh2
are

constants of ∆.
We take the source databaseD to be such that sD = {〈a, b〉}, where a and b are two

constants, and we consider the following queries:

q1(X,Y ) = {〈X,Y 〉 | g1(X,Z) ∧ g2(Z, Y )}

q2(X,Y ) = {〈X,Y 〉 | g1(X,Y )}

q3(X,Y ) = {〈X,Y 〉 | g2(X,Y )}

The certain answers of q1, q2, and q3 to I wrt D are the following: qI,D
1 = 〈a, b〉,

qI,D
2 = ∅, and qI,D

3 = ∅.

If one of %S(g1)
D or %S(g2)

D is non-empty, we have that one of qI
′,D

2 or qI
′,D

3 is
non-empty, and hence a contradiction. When both %S(g1)

D and %S(g2)
D are empty, we

immediately obtain that qI
′,D

1 = ∅. Contradiction.

This result shows that the mechanism of query answering in LAV cannot be directly
simulated by the corresponding mechanism in GAV, which is basically unfolding, i.e.,
the substitution in the user query of the global relations with their definition given by
the mapping.

We now turn to the transformation from GAV to LAV.

Theorem 2. The class of GAV data integration systems is not query-reducible to the
class of LAV systems.

Proof. We exhibit a particular GAV system I = 〈G,S,M〉 and a query such that, for
any LAV system I ′ = 〈G′,S,M′〉 we can construct a source database D for S such
that the certain answers of the query to I and I ′ differ wrt D.

Let I be as follows. The global schema G is constituted by a single relation g/2,
while the source schema S is constituted by s1/2 and s2/2. The mappingM is

%S(g) = {〈X,Y 〉 | s1(X,Z) ∧ s2(Z, Y )}



As in the previous case, we observe that the introduction of new relations in G ′ is not
significant if we want to construct a system that is query-preserving wrt I. Hence we
assume that G′ = G, and the mappingM′ has the form

%G(s1) = {〈X,Y 〉 | η1(X,Y, Z1, . . . , Zk1
, c1, . . . , ch1

)}

%G(s2) = {〈X,Y 〉 | η2(X,Y,W1, . . . ,Wk2
, d1, . . . , dh2

)}

where η1 and η2 are conjunctions of atoms over the only relation
g, Z1, . . . , Zk1

,W1, . . . ,Wk2
are existentially quantified variables, and

c1, . . . , ch1
, d1, . . . , dh2

are constants in ∆.
We define the source database D such that sD1 = {〈a, b〉} and sD2 = {〈b, c〉}, where

a, b, and c are constants, distinct from c1, . . . , ch1
, d1, . . . , dh2

. Consider the query

q(X,Y ) = {〈X,Y 〉 | g(X,Y )}

whose certain answers in I are {〈a, c〉}.
Let I ′ = 〈G′,S,M′〉 be a LAV system. We show that 〈a, c〉 6∈ qI

′,D, by con-
structing a global database B′ which satisfiesM′ wrt D and such that 〈a, c〉 6∈ qB

′

. We
construct gB

′

as follows. We associate to each variable or constant V appearing in the
definition of %S(s1) a distinct constant ψ(V ), such that ψ(X) = a, ψ(Y ) = b, and
ψ(V ) = V if V is a constant. Then, for each atom g(V1, V2) appearing in %S(s1), we
add the tuple 〈ψ(V1), ψ(V2)〉 to gB

′

. We do the same for %S(s2), with ψ(X) = b and
ψ(Y ) = c. Such a construction of gB

′

ensures that 〈a, c〉 6∈ gB
′

(by construction) and
that B′ is legal for I ′ wrt D, as 〈a, b〉 ∈ sB

′

1 and 〈b, c〉 ∈ sB
′

2 . Therefore 〈a, c〉 6∈ qI
′,D.

This proves the claim.

This result shows that we are not able to deduce the information of a LAV mapping,
which specifies the role of each source relation wrt the global schema, from the infor-
mation contained in a corresponding GAV mapping, which gives direct information on
how query answering may be performed.

4 Comparing LAV and GAV with constraints

We address the question of query-reducibility in the case where integrity constraints are
allowed in the global schema.

One direction is almost immediate: single head full dependencies suffice for query-
reducibility from GAV systems to LAV systems. Indeed, if I = 〈G,S,M〉 is a GAV
system, we define a corresponding LAV system I ′ = 〈G′,S,M′〉 as follows. For every
source relation s in S, we define a corresponding new relation gs in G′, and we include
in M′ the assertion s ⊆ %G(gs). Now, for every %S(g) ⊆ g in M, we introduce in
G′ the single head full dependency ρ′S(g) ⊆ g, where ρ′S(g) denotes the conjunction
obtained from ρS(g) by substituting every atom s(x1, . . . , xn) with gs(x1, . . . , xn). It
is easy to see that the resulting data integration system I ′ = 〈G′,S,M′〉 is a LAV
system, and that the transformation is query-preserving. Observe also that the size of I ′

is linearly related to the size of I.
We now turn to the question of reducing LAV systems to GAV systems. We show

that, when inclusion and simple equality generating dependencies are allowed on the



global schema, we can obtain from every LAV system a query-preserving GAV system.
Let I = 〈G,S,M〉 be a LAV integration system. Without loss of generality, we can
assume that no equality atoms appear in the conjunctive queries in the mapping M.
We define a corresponding GAV integration system I ′ = 〈G′,S,M′〉 as follows. For
technical reasons, we first rewrite all queries in the mappingM so that variables appear
in each atom at most once, by adding suitable equalities to the body of the queries. For
example, the query {〈X〉 | cites(X,X)} is rewritten as {〈X〉 | cites(X,Y )∧Y = X}.

Then I is as follows:

– The set of sources S remains unchanged.
– The global schema G′ is obtained from G by introducing:
• a new relation image s/n for each relation s/n in S;
• a new relation expand s/(n + m) for each relation s/n in S, where m is the

number of non-distinguished variables of %G(s); we assume variables in %G(s)
to be enumerated as Z1, . . . , Zn+m, with Z1, . . . , Zn being the distinguished
variables;

and by adding the following dependencies:
• for each relation s/n in S we add the inclusion dependency

image s[1, . . . , n] ⊆ expand s[1, . . . , n]

• for each relation s in S and for each atom g(Zi1 , . . . , Zik
) occurring in %G(s),

we add the inclusion dependency

expand s[i1, . . . , ik] ⊆ g[1, . . . , k]

• for each relation s in S and for each atom Zi = Zj occurring in %G(s), we add
the simple equality generating dependency

expand s → i = j

– The GAV mappingM′ associates to each global relation image s the query

%S(image s) = s

and to the remaining global relations the empty query.

It is immediate to verify the following theorem.

Theorem 3. Let I be a LAV integration system, and I ′ the corresponding GAV inte-
gration system defined as above. Then I ′ can be constructed in time that is linear in the
size of I.

We illustrate the transformation with an example.

Example 1. Consider a LAV integration system I = 〈G,S,M〉 where:

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



– The source schema S is constituted by three relations: source1, containing pairs
of papers that mutually cite each other; source2, containing pairs of papers on the
same topic, each with at least one citation; and source3, containing papers that cite
themselves.

– The LAV mappingM between the source schema and the global schema is:

%G(source1) = {〈X,Y 〉 | cites(X,Y ) ∧ cites(Y,X)}
%G(source2) = {〈X,Y 〉 | sameTopic(X,Y ) ∧ cites(X,Z) ∧ cites(Y,W )}
%G(source3) = {〈X〉 | cites(X,Y ) ∧X = Y }

Then the corresponding GAV integration system I ′ = 〈G′,S,M′〉 is as follows:

– The source schema S remains unchanged.
– The global schema G′ is constituted by the relations cites/2, sameTopic/2

as before, and the additional relations image source1/2, image source2/2,
image source3/1, expand source1/2, expand source2/4, and expand source3/2.
Moreover, G contains the following inclusion dependencies:

image source1[1, 2] ⊆ expand source1[1, 2]
image source2[1, 2] ⊆ expand source2[1, 2]
image source3[1] ⊆ expand source3[1]

expand source1[1, 2] ⊆ cites[1, 2]
expand source1[2, 1] ⊆ cites[1, 2]
expand source2[1, 3] ⊆ cites[1, 2]
expand source2[2, 4] ⊆ cites[1, 2]
expand source3[1, 2] ⊆ cites[1, 2]
expand source2[1, 2] ⊆ sameTopic[1, 2]

expand source3 → 1 = 2

– The GAV mappingM′ is

%S(image sourcei) = sourcei, i ∈ {1, 2, 3}
We now show that the LAV integration system I and the corresponding GAV inte-

gration system I ′ obtained as above are indeed query-equivalent. The proof is based on
the observation that both integration systems I and I ′ can be captured by suitable logic
programs (we refer to [13] for notions relative to logic programming).

We first concentrate on GAV systems. The logic program PI′ associated to a GAV
system I ′ = 〈G′,S,M′〉 is defined as follows:

– For each inclusion dependency g1[A] ⊆ g2[B] in G′, where A and B are sets of
attributes, we first introduce a “pseudo-rule” of the form (assuming for simplicity
that the attributes in A and B are the first h ones in g1 and g2, respectively):

g2(X1, . . . , Xh, Xh+1, . . . , Xn) ← g1(X1, . . . , Xh, Yh+1, . . . , Ym)

Then, for each simple equality generating dependency in G of the form g2 → i=j,
we substitute in the above pseudo-rule each occurrence ofXj withXi. We skolem-
ize the resulting pseudo-rule, obtaining a rule of the form

g2(Z1, . . . , Zk, fk+1(Z1, . . . , Zk), . . . , fn(Z1, . . . , Zk)) ← g1(Z1, . . . , Zk,Wk+1 . . . ,Wm)

where each fi is a fresh Skolem function.



– For each assertion %S(g) ⊆ g in the mapping M′, where %S(g) =
{〈X1, . . . , Xn〉 | ϕ(X1, . . . , Xn, Yn+1, . . . , Ym)}, we have a rule of the form

g(X1, . . . , Xn) ← ϕ(X1, . . . , Xn, Yn+1, . . . , Ym)

with the proviso that, if a simple equality generating dependency applies to g, then
we have to equate the appropriate variables.

In addition, the relations in S can be seen as predicates that are given extensionally.
That is, a source database D for I ′ can be seen as a finite set of ground facts in logic
programming terms.

By applying results from logic programming theory [13], we can show the following
lemma.

Lemma 1. Let I ′ be a GAV integration system, D a source database for I ′, PI′ the
corresponding logic program as defined above, and Mmin the minimal model of PI′ ∪
D. Then, given a query q over G ′, for every tuple 〈c1, . . . , cn〉 of objects in D we have
that

〈c1, . . . , cn〉 ∈ q
I,D if and only if 〈c1, . . . , cn〉 ∈ q

Mmin

Proof (sketch). By considering the semantics of constraints in G ′, and the corre-
sponding translation in PI′ , it can be shown that the certain answers of q to I ′ wrt D
are those that are correct answers to q for the logic program PI′ ∪ D. The claim fol-
lows from the classical result in logic programming that the correct answers to a logic
program are those that are true in the minimal model.

In other words, for GAV integration systems, the tuples of constants in the certain
answer to a query q are equal to those that satisfy q in the minimal model of the corre-
sponding logic program.

Let us turn to LAV integration systems. Without loss of generality, we can assume
that equality generating dependencies have been folded into queries by suitably renam-
ing variables. Given a LAV integration system I, we can define an associated logic
program PI by introducing rules for dependencies as before, and by treating queries
in the mapping as done in [5]. In particular, given the query associated to source s (for
simplicity of presentation, we assume s to be a unary relation and the relations in the
query to be binary)

%G(s) = {〈X〉 | g1(X,Y1) ∧ · · · ∧ gk(X,Yk)}

by applying skolemization we get

%G(s) = {〈X〉 | g1(X, f1(X)) ∧ · · · ∧ gk(X, fk(X))}.

Then, we can introduce in PI the following rules, derived from the skolemized query:

g1(X, f1(X)) ← s(X)
· · ·

gk(X, fk(X)) ← s(X)

Based on the results in [5], we can prove also for LAV integration systems a lemma
analogous to Lemma 1.



Lemma 2. Let I be a LAV integration system, D a source database for I, PI the
corresponding logic program as defined above, andMmin the minimal model ofPI∪D.
Then, given a query q over G, for every tuple 〈c1, . . . , cn〉 of objects in D we have that

〈c1, . . . , cn〉 ∈ q
I,D if and only if 〈c1, . . . , cn〉 ∈ q

Mmin

In other words, also for LAV integration systems, the tuples of constants in the cer-
tain answer to a query q are equal to those that satisfy q in the minimal model of the
corresponding logic program.

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

Theorem 4. Let I be a LAV integration system, and I ′ the corresponding GAV inte-
gration system defined as above. Then I ′ is query-preserving wrt I.

Proof (sketch). Let PI be the logic program capturing I and PI′ the logic program
capturing I ′. Then it is possible to show that, for every source database D for I and
every global relation g of the global schema G of I, we have (modulo renaming of the
Skolem functions) that

gMmin = gM ′

min

where Mmin and M ′
min

are the minimal model of PI ∪D and of PI′ ∪D, respectively.
Hence, by considering Lemma 1 and Lemma 2, we get the claim.

5 Discussion

In the previous sections we have studied the relative expressive power of the two main
approaches to data integration, namely, LAV and GAV. We have shown that, in the
case where integrity constraints are not allowed in the global schema, LAV and GAV
systems are not mutually query-reducible. On the other hand, the presence of integrity
constraints allows us to derive query-preserving transformations in both directions.

In particular, we have demonstrated that inclusion dependencies and a simple form
of equality-generating dependencies in the global schema are sufficient for transforming
any LAV systems into a query-preserving GAV system whose size is linearly related to
the size of the original system. Interestingly, the technique can be easily extended for
transforming any GLAV system into a GAV one.

In the GLAV approach to data integration, the relationships between the global
schema and the sources are established by making use of both LAV and GAV asser-
tions [6]. More precisely, in a GLAV system, we associate a conjunctive query qG over
the global schema to a conjunctive query qS over the source schema. Therefore, GLAV
generalizes both LAV and GAV.

By exploiting the technique presented in Section 4, it is not difficult to see that any
GLAV system can be transformed into a query-preserving GAV one, with the same
technique presented above. The key idea is that a GLAV assertion can be transformed
into a GAV assertion plus an inclusion dependency. Indeed, for each assertion

qS ⊆ qG



in the GLAV system (where the arity of both queries is n), we introduce a new relation
symbol r/n in the global schema of the resulting GAV system, and we associate to r
the query

%S(r) = qS

plus the inclusion
r ⊆ qG

Now, it is immediate to verify that the above inclusion can be treated exactly with the
same technique introduced in the LAV to GAV transformation, and therefore, from the
GLAV system we can obtain a query-preserving GAV system whose size is linearly
related to the size of the original system.

References

1. Serge Abiteboul and Oliver Duschka. Complexity of answering queries using materialized
views. In Proc. of the 17th ACM SIGACT SIGMOD SIGART Symp. on Principles of Database
Systems (PODS’98), pages 254–265, 1998.

2. Serge Abiteboul, Richard Hull, and Victor Vianu. Foundations of Databases. Addison Wes-
ley Publ. Co., Reading, Massachussetts, 1995.

3. Diego Calvanese, Giuseppe De Giacomo, Maurizio Lenzerini, and Moshe Y. Vardi. An-
swering regular path queries using views. In Proc. of the 16th IEEE Int. Conf. on Data
Engineering (ICDE 2000), pages 389–398, 2000.

4. Diego Calvanese, Giuseppe De Giacomo, Maurizio Lenzerini, and Moshe Y. Vardi. View-
based query processing and constraint satisfaction. In Proc. of the 15th IEEE Symp. on Logic
in Computer Science (LICS 2000), pages 361–371, 2000.

5. Oliver M. Duschka and Michael R. Genesereth. Answering recursive queries using views. In
Proc. of the 16th ACM SIGACT SIGMOD SIGART Symp. on Principles of Database Systems
(PODS’97), pages 109–116, 1997.

6. Marc Friedman, Alon Levy, and Todd Millstein. Navigational plans for data integration.
In Proc. of the 16th Nat. Conf. on Artificial Intelligence (AAAI’99), pages 67–73. AAAI
Press/The MIT Press, 1999.
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Abstract

In this paper we address the problem of query an-
swering and rewriting in global-as-view data inte-
gration systems, when key and inclusion dependen-
cies are expressed on the global integration schema.
In the case ofsoundviews, we provide sound and
complete rewriting techniques for a maximal class
of constraints for which decidability holds. Then,
we introduce a semantics which is able to cope with
violations of constraints, and present a sound and
complete rewriting technique for the same decid-
able class of constraints. Finally, we consider the
decision problem of query answering and give de-
cidability and complexity results.

1 Introduction
The task of a data integration system is to combine data resid-
ing at different sources, providing the user with a unified view
of them, calledglobal schema. User queries are formulated
over the global schema, and the system suitably queries the
sources, providing an answer to the user, who is not obliged to
have any information about the sources. The problem of data
integration is a crucial issue in many application domains,
e.g., re-engineering legacy systems, data warehousing, data
mining, data exchange.

A central aspect of query processing is the specification of
the relationship between the global schema and the sources;
such a specification is given in the form of a so-calledmap-
ping. There are basically two approaches for specifying the
mapping. The first approach, calledglobal-as-view(GAV),
requires that a view over the sources is associated with ev-
ery element of the global schema. Conversely, the second
approach, calledlocal-as-view(LAV), requires the sources to
be defined as views over the global schema[Lenzerini, 2002;
Duschka and Levy, 1997].

The global schema is a representation of the domain of in-
terest of the data integration system: integrity constraints are
expressed on such a schema to enhance its expressiveness,
thus improving its capability of representing the real world.

Since sources are in general autonomous, the data pro-
vided by the sources are likely not to satisfy the constraints
on the global schema. Integrity constraints have to be taken
into account during query processing; otherwise, the system

may return incorrect answers to the user[Faginet al., 2003;
Cal̀ı et al., 2002].

Another significant issue is that the sources may not pro-
vide exactly the data that satisfy the corresponding portion of
the global schema; in particular, they may provide either a
subset or a superset of the data satisfying the mentioned por-
tion, and the mapping is to be consideredsoundor complete
respectively. Mappings that are both sound and complete are
calledexact.

In this paper, we restrict our analysis to the GAV approach,
which is the most used in the context of data integration. In
particular, we study a relational data integration framework in
which key dependencies (KDs) and inclusion dependencies
(IDs) are expressed on the global schema, and the mapping
is considered sound. The main contributions of this paper are
the following:

1. After showing that query answering in the general case
in undecidable, we provide a sound and complete query
rewriting technique first for the case of IDs alone, and
then for the case of KDs together with the maximal class
of IDs for which the problem is decidable, callednon-
key-conflicting IDs, or simply NKCIDs (Section 3).

2. Since it is likely that data retrieved at different, au-
tonomous sources violate the KDs, we introduce a novel
semantics that is a “relaxation” of the sound semantics,
and that allows minimal repairs of the data (Section 4).
We then present a sound and complete query rewriting
technique in the case where KDs and NKCIDs are ex-
pressed on the global schema (Section 5).

3. Finally, we present decidability and complexity results
of the (decision) problem of query answering in the dif-
ferent cases (Section 6).

2 Formal framework for data integration
In this section we define a logical framework for data integra-
tion, based on the relational model with integrity constraints.

Syntax We consider to have an infinite, fixed alphabetΓ of
constants (also called values) representing real world objects,
and will take into account only databases havingΓ as domain.
We adopt the so-calledunique name assumption, i.e., we as-
sume that different constants denote different objects.

Formally, a data integration systemI is a triple〈G,S,M〉,
where:



1. G is the global schemaexpressed in the relational
model with integrity constraints. In particular,G =
〈Ψ, ΣI , ΣK〉, where (i) Ψ is a set of relations, each
with an associated arity that indicates the number of
its attributes. The attributes of a relationr of arity n
are represented by the integers1, . . . , n. (ii) ΣI is a
set of inclusion dependencies(IDs), i.e. a set of as-
sertions of the formr1[A] ⊆ r2[B], wherer1, r2 are
relations inΨ, A = A1, . . . , An (n ≥ 0) is a se-
quence of attributes ofr1, andB = B1, . . . , Bn is a
sequence of attributes ofr2. (iii) ΣK is a set ofkey de-
pendencies(KDs), i.e., a set of assertions of the form
key(r) = A, wherer is a relation in the global schema,
andA = A1, . . . , An is a sequence of attributes ofr
such that for eachi ∈ {1, . . . , n − 1} ai < ai+1. We
assume, without loss of generality, that the attributes in
A are the firstn attributes ofr. Moreover, we assume
that at most one KD is specified for each relation.

2. S is thesource schema, constituted by the schemas of
the various sources that are part of the data integration
system. We assume that the sources are relational, and
that integrity constraints expressed onS are satisfied
data at the sources. Hence, we do not take such con-
straints into account in our framework.

3. M is the mappingbetween the global and the source
schema. In our framework the mapping is defined in the
GAV approach, i.e., each relation inΨ is associated with
a view, i.e., a query, over the sources. We indicate the
mapping as a set of assertions of the form〈r, V 〉, wherer
is a relation andV is the associated view over the source
schema. We assume that the language used to express
queries in the mapping ispositive Datalog[Abiteboulet
al., 1995], over the alphabet of the relation symbols in
S. A Datalog query (or program)q of arity n is a col-
lection of rules of the formh(~x) ← conj (~x, ~y), where
conj (~x, ~y) is a set of atoms whose predicate symbols are
either relation symbols inS or the head symbolh, and
involve ~x = X1, . . . , Xn and~y = Y1, . . . , Ym, where
Xi andYj are either variables or values ofΓ. We call
h(~x) theheadof the rule, andconj (~x, ~y) thebody.

Finally, aqueryover the global schemaq is a formula that
is intended to extract a set of tuples of elements ofΓ. The
language used to express queries overG is union of conjunc-
tive queries(UCQ) [Abiteboul et al., 1995], i.e., a Datalog
program such that each rule head uses the same predicate of
the same arity, and only relation symbols ofG occur in each
rule body.
SemanticsA database instance(or simplydatabase) C for a
relational schemaDB is a set of facts of the formr(t) where
r is a relation of arityn inDB andt is ann-tuple of values of
the domain alphabetΓ. We denote asrC the set{t | r(t) ∈
C}; moreover, given a Datalog queryq, we denote asqC the
evaluation ofq overC, i.e., the minimal fixpoint model ofq
andC [Abiteboulet al., 1995].

In order to specify the semantics of a data integration sys-
temI, we start by considering asource databasefor I, i.e.,
a databaseD for the source schemaS. Based onD, we now
specify which is the information content of the global schema
G. We call global databasefor I any database forG. For-

mally, given a source databaseD for I = 〈G,S,M〉, the
semantics ofI wrt D, denotedsem(I,D), is a set of global
databases forI, where a global databaseB is in sem(I,D)
if:

1. B is consistent withG, i.e., it satisfies the IDs inΣI and
the KDs inΣK . More formally: (i) B satisfies an inclu-
sion dependencyr1[A] ⊆ r2[B] if for each tuplet1 in
rB1 there exists a tuplet2 in rB2 such thatt1[A] = t2[B],
wheret[A] is the projection of the tuplet overA. If B
satisfies all inclusion dependencies expressed onG we
say thatB is consistent withΣI ; (ii) B satisfies a key
dependencykey(r) = A if for each t1, t2 ∈ rB with
t1 6= t2 we havet1[A] 6= t2[A]. If B satisfies all key
dependencies expressed onG we say thatB is consistent
with ΣK .

2. B satisfies the mappingM wrt D, i.e., it satisfies each
pair 〈r, V 〉 in M wrt D. In particular, we say thatB
satisfies the pair〈r, V 〉 wrt D, if all the tuples satisfy-
ing V in D satisfy r in B, i.e. V D ⊆ rB. Note that
the above definition amounts to consider any viewV as
sound, which means that the data retrieved from sources
satisfy the global schema, but are not necessarily com-
plete.

By simply evaluating each view over the source database
D, we obtain a global database, calledretrieved global
databaseret(I,D), that actually satisfies the sound mapping
(but that is not necessarily consistent withG).

We give now the semantics of queries. Formally, given
a source databaseD for I we call answersto a queryq
of arity n w.r.t. I andD, the setans(q, I,D) defined as
follows: ans(q, I,D) = {〈c1, . . . , cn〉 | for eachB ∈
sem(I,D), 〈c1, . . . , cn〉 ∈ qB }.

In this paper, we address the query answering problem, that
is the problem of computing the setans(q, I,D). To this
aim, we make use of query rewriting techniques, i.e., we ex-
ploit the mappingM to reformulate the queryq into another
queryqr, the rewriting, that can be evaluated on the source
databaseD. We say thatqr is aperfect rewritingof q w.r.t. I
if qDr = ans(q, I,D) for eachD. Furthermore, with regard
to decidability and complexity results, we will refer to the de-
cision problem associated to query answering, that is, given a
data integration systemI = 〈G,S,M〉, a source databaseD,
a queryq of arity n overG and an-tuple t of values ofΓ, to
establish whethert ∈ ans(q, I,D).

Example 2.1 Consider a data integration system
I0 = 〈G0,S0,M0〉, referring to the context of football
teams. The global schemaG0 consists of the rela-
tion predicates player(Pname,Pcountry ,Pteam) and
team(Tacronym,Tname,Tleader), and the following
constraints: key(player) = {Pname}, key(team) =
{Tacronym}, team[Tleader ] ⊆ player [Pname].

The source schemaS0 consists of the schemas of three
sources comprising the relations1 of arity 4, and the rela-
tionss2 ands3, both of arity 3. Finally, the mappingM0 is
defined by the two assertions

〈player , player(X, Y, Z) ← s1(X, Y, Z, W )〉
〈team, team(X, Y, Z) ← s2(X, Y, Z)

team(X, Y, Z) ← s3(X, Y, Z)〉



Consider the source databaseD0 = {s1(Totti, ITA, RM, 27),
s1(Beckham, ENG, MU, 28), s2(RM, Roma, T otti),
s3(MU, Man.Utd., Giggs)}. Then, ret(I0,D0) =
{player(Totti, ITA, RM), player(Beckham, ENG, MU),
team(RM, Roma, T otti), team(MU, Man.Utd., Giggs)}.
Notice that the facts inret(I0,D0) together with the for-
eign key constraintteam[Tleader ] ⊆ player [Pname] im-
pose thatGiggs is a player. Since the views are sound, the
semantics for the integration system has to account for all
the global databases that provide the country and the team
of the player. Hence,sem(I0,D0) contains all database in-
stances that can be obtained by adding toret(I0,D0) (among
others) at least one fact of the formplayer(Giggs, α, β),
whereα andβ are values of the domainΓ. Given the query
q(X) ← player(X, Y, Z), we have thatans(q, I0,D0) =
{Totti, Beckham, Giggs}.

3 Query rewriting
In this section we present algorithms for computing the per-
fect rewriting of a UCQ query in GAV integration systems
with KDs and IDs. We first study the case in which only IDs
are expressed on the global schema, then we deal with the
simultaneous presence of both IDs and KDs.

Query rewriting under IDs only We start by studying
query rewriting when only IDs are expressed on the global
schema. To this aim, we need some preliminary definitions.

Given a conjunctive queryq, we say that a variableX is
unboundin q if it occurs only once inq, otherwise we say
thatX is bound inq. Notice that variables occurring in the
head of the query are necessarily bound, since each of them
must also occur in the query body. Abound termis either a
bound variable or a constant.

In the following, we assume that all unbound variables in
the queryq are represented by the special termξ.

Definition 3.1 Given an atomg = s(X1, . . . , Xn) and an
inclusionI = r[i1, . . . , ik] ⊆ s[j1, . . . , jk], we say thatI is
applicable tog if, for each` such that1 ≤ ` ≤ n, if X` 6= ξ
then there existsh such thatjh = `. Moreover, we denote
with gr(g, I) the atoms(Y1, . . . , Ym) (m is the arity ofs in
Ψ) where for each̀ such that1 ≤ ` ≤ m, Y` = Xjh

if there
existsh such thatih = `, otherwiseY` = ξ.

Roughly speaking, an inclusionI is applicable to an atom
g if the relation symbol ofg corresponds to the symbol in the
right-hand side ofI and if all the attributes for which bound
terms appear ing are propagated by the inclusionI. WhenI
is applicable tog, gr(g, I) denotes the atom obtained fromg
by usingI as a rewriting rule whose direction is right-to-left.

Definition 3.2 Given an atomg1 = r(X1, . . . , Xn) and an
atomg2 = r(Y1, . . . , Yn), we say thatg1 andg2 unify if for
eachi such that1 ≤ i ≤ n, eitherXi = Yi or Xi = ξ or
Yi = ξ. Moreover, ifg1 andg2 unify, we denote asU(g1, g2)
the atomr(Z1, . . . , Zn) where, for eachi, if Xi = Yi or
Yi = ξ thenZi = Xi, otherwiseZi = Yi.

Informally, two atoms unify if they can be made equal
through a substitution of each instance of the special symbol
ξ with other terms.

Below we define the algorithmID-rewrite to compute the
perfect rewriting of a union of conjunctive queriesQ. Infor-
mally, the algorithm computes the closure of the set of con-
junctive queriesQ with respect to the following two rules:
(i) if there exists a queryq ∈ Q such thatbody(q) contains
two atomsg1 andg2 that unify, then the algorithm computes
the queryreduce(q, g1, g2), which is obtained fromq by re-
placingg1 andg2 with U(g1, g2) in the query body, and then
by applying the substitution obtained in the computation of
U(g1, g2) to the whole query. Such a new query is then trans-
formed by the functionτ , which replaces withξ each variable
symbolX such that there is a single occurrence ofX in q.
The use ofτ is necessary in order to guarantee that each un-
bound variable is represented by the symbolξ. Such a query
is then added toQ.
(ii) if there exists an inclusionI and a queryq ∈ Q con-
taining an atomg such thatI is applicable tog, then the
algorithm adds toQ the query obtained fromq by replac-
ing g with gr(g, I) in its body (denoted in the algorithm as
q[g/gr(g, I)]). Namely, this step adds new conjunctions ob-
tained by applying inclusion dependencies as rewriting rules
(applied from right to left).

The above rules correspond respectively to steps (a) and
(b) of the algorithm.

Algorithm ID-rewrite(Ψ, ΣI , q)
Input: relational schemaΨ, inclusion dependenciesΣI ,

union of conjunctive queriesQ
Output: perfect rewriting ofQ
Q′ := Q;
repeat

Qaux := Q′;
for eachq ∈ Qaux do
(a) for eachg1, g2 ∈ body(q) do

if g1 andg2 unify
then Q′ := Q′ ∪ {τ(reduce(q, g1, g2))};

(b) for eachg ∈ body(q) do
for each I ∈ ΣI do

if I is applicable tog
then Q′ := Q′ ∪ { q[g/gr(g, I)] }

until Qaux = Q′;
return Q′

Termination of the algorithm is immediately implied by the
fact that the number of conjunctions that can be generated by
the algorithm is finite, since the maximum length of a gen-
erated conjunction is equal to the maximum length of a con-
junction in the body of the initial queryQ, and the number of
different atoms that can be generated by the algorithm is fi-
nite, since the alphabet of relation symbols used is finite (and
corresponds to the relation symbols occurring inQ and in
ΣI ), as well as the set of terms used (corresponding to the set
of variable and constant names occurring in the queryQ plus
the symbolξ).

Henceforth, we denote asΠID the UCQ returned by
ID-rewrite(Ψ,ΣI , Q). Moreover, we define the Datalog pro-
gramΠM = {V |〈r, V 〉 ∈ M}.
Theorem 3.3 Let I = 〈G,S,M〉 be an integration system
and letQ be a UCQ query overG. Then,ΠID ∪ ΠM is a
perfect rewriting ofQ w.r.t. I.



Query rewriting under KDs and IDs Now we address the
problem of query rewriting in the case where KDs and IDs are
defined on the global schema. Unfortunately, KDs and IDs
interact reciprocally so that the (decision) problem of query
answering in this setting becomes undecidable. The follow-
ing theorem is a consequence of a similar property proved in
[Cal̀ı et al., 2003] in the context of a single database.

Theorem 3.4 Consider a data integration systemI =
〈G,S,M〉, with G = 〈Ψ,ΣI ,ΣK〉, whereΣI and ΣK are
sets of IDs and KDs respectively. Given a source database
for I, a queryq over G, and a tuplet̄ of values ofΓ, the
problem of calculatingans(q, I,D) is undecidable.

Undecidability of calculating the certain answers to a query
immediately implies undecidability of calculating the perfect
rewriting[Cal̀ı et al., 2003]. The problem of query answering
becomes decidable if we restrict the IDs to be in a particular
class, so that they do not interact with KDs.

Definition 3.5 Consider a data integration systemI =
〈G,S,M〉, with G = 〈Ψ, ΣI ,ΣK〉. An ID r1[A1] ⊆ r2[A2]
is anon-key-conflicting ID (NKCID)w.r.t. K if either: (i) no
KD is defined onr2; (ii) the KD key(r2) = K is in ΣK and
A2 is not a strict superset ofK, i.e., A2 6⊃ K. If all IDs
in ΣI are NKCIDs w.r.t.ΣK , the systemI is saidnon-key-
conflicting (NKC).

We point out that the class of NKC IDs comprises the well-
known class offoreign key dependencies, which correspond
to IDs of the formr1[A1] ⊆ r2[A2] such thatkey(r2) = A2.

The most important feature of a NKC data integration sys-
tem is theseparationbetween the IDs and the KDs; in such a
case, in fact, we can take IDs into account as if the KDs were
not expressed onG.

Theorem 3.6 (Separation)Given a NKC data integration
systemI = 〈G,S,M〉, with G = 〈Ψ, ΣI , ΣK〉, let I ′ =
〈G′,S,M〉, with G′ = 〈Ψ, ΣI , ∅〉, the system obtained byI
by eliminating the KDs ofG; let D be a source database for
I andI ′. Moreover, letq be a query of arityn overG andG′,
and t̄ an n-tuple of values. We have thatt̄ /∈ ans(q, I,D) iff
D is consistent withΣK and t̄ /∈ ans(q, I ′,D).

Proof (sketch). We say thatD is consistent withΣK

iff ret(I,D) is consistent withΣK . An important re-
sult, immediately derived from[Johnson and Klug, 1984],
states thatans(q, I,D) is obtained by evaluatingq over a
(possibly infinite) database, calledchaseand denoted with
chase(ret(I,D)). The chase is obtained by adding tuples to
ret(I,D) in a way that the added tuples repair violations of
IDs. The chase satisfies the IDs overG, and it is a representa-
tive of all databases insem(I,D) [Cal̀ı et al., 2002].

“⇒”Since by hypothesis̄t /∈ ans(q, I,D), there exists a
global databaseB ∈ sem(I,D) such that̄t /∈ qB. A fortiori,
B satisfiesΣI , thereforeB ∈ sem(I ′,D), The claim follows
immediately.

“⇐”By hypothesis,D is consistent withΣK and t̄ /∈
ans(q, I ′,D). Therefore,t̄ /∈ qchase(ret(I′,D)); note that
chase(ret(I ′,D)) = chase(ret(I,D)). It can be shown,
by induction on the number of added tuples in the construc-
tion of chase(ret(I,D)), that if I is a NKC system, and
ret(I,D) satisfiesΣK , alsochase(ret(I,D)) satisfiesΣK .

It follows that chase(ret(I,D)) is a representative for all
databases insem(I,D), andans(q, I,D) = qchase(ret(I,D)).
The claim follows straightforwardly.

We now go back to query rewriting. In the case of a NKC
data integration system, we can apply the same technique de-
veloped for IDs alone, provided that we take into account the
KDs with suitable rules. Indeed, observe that ifret(I,D) vi-
olatesΣK , any tuple is in the answer to any query. Therefore,
with regard to this issue, we first introduce a unary global re-
lation val ; the idea is thatval stores all values occurring in
D. We construct a set of rulesΠval as follows: denoting with
{r1, . . . , rNr

} the set of all relations inG,

val(Xj) ← ri(X1, . . . , Xni
)

with 1 ≤ i ≤ Nr and1 ≤ j ≤ ni. Then, consider a KD of the
form key(r) = K; without loss of generality, we suppose that
r has aritym andK = {1, . . . , k} (k < m). We introduce a
set ofm− k rules; in particular, fork + 1 ≤ i ≤ m:

q(Y1, . . . , Yn) ← r(X1, . . . , Xk, Xk+1, . . . , Xm),
r(X1, . . . , Xk, X ′

k+1, . . . , X
′
m),

Xi 6= X ′
i, val(Y1), . . . , val(Yn)

We denote withΠKD the set of rules introduced as described
above. From the results of Section 3 and from the above ob-
servation, we derive the following result.

Theorem 3.7 Consider a data integration systemI =
〈G,S,M〉, and a queryq of arity n over G. Then,ΠID ∪
ΠKD ∪Πval ∪ΠM is a perfect rewriting ofq.

4 Semantics for inconsistent data sources
In the sound semantics, violations of IDs are treated “auto-
matically”because of the nature of the semantics; instead, the
violation of a single KD leads to the non-interesting case in
which sem(I,D) = ∅.

According to a common approach in the literature on in-
consistent databases[Faginet al., 1983; Lin and Mendelzon,
1998; Arenaset al., 1999], we now introduce theloosely-
soundsemantics, opposed to the previous one (that we will
call strictly-sound), in which the soundness assumption is
suitably relaxed. The intuition is that in the “relaxed” seman-
tics we are allowed to delete tuples fromret(I,D) to repair
violations of KDs, as long as we “minimize” such deletions;
violations of IDs are treated as in the sound semantics.

Given a source databaseD, we define the following order-
ingÀ(I,D) over the global databases forI that are consistent
with G. Given two such global databasesB1 andB2, we write
B1 À(I,D) B2, iff B1 ∩ ret(I,D) ⊃ B2 ∩ ret(I,D). That
is, the portion ofret(I,D) contained in the global database
is greater inB1 than inB2, i.e.,B1 approximates the sound
mapping better thanB2.

We call maximal w.r.t. (I,D) a global databaseB for
I consistent withG, such that there exists no global
databaseB′ consistent with G such that B′ À(I,D)

B. Based on this notion, we define the loosely-
sound semanticssem l as follows: sem l(I,D) =
{B | B is consistent withG andB is maximal w.r.t.(I,D)}.
Finally, we denote withans l(q, I,D) the set of answers to
queries under the loosely-sound semantics.



Example 2.1 (cont.) Consider now the source
database D′ obtained by adding toD0 the fact
s2(RM, Roma, Beckham). Then,ret(I0,D′) = ret(I0,D0)
∪ {team(RM, Roma, Beckham)} We have now
that the tuples in ret(I0,D′) violate also the KD
key(team) = {Tacronym}; hence, sem l(I0,D′) con-
tains the databases of the forms{player(Totti, ITA, RM),
player(Beckham, ENG, MU), team(MU, Man.Utd., Giggs),
team(RM, Roma, Totti), player(Giggs, α, β)} and
{player(Totti, ITA, RM), player(Beckham, ENG, MU),
team(MU, Man.Utd., Giggs), team(RM, Roma, Beckham),
player(Giggs, α, β)}, for eachα, β ∈ Γ.
Notice that for the queryq(X) ← player(X, Y, Z)
ans l(q, I0,D′) = ans(q, I0,D). On the other hand,
given the query q′(X,Z) ← team(X,Y, Z) we
have that ans l(q′, I0,D′) = {〈MU, Giggs〉} whereas
ans(q′, I0,D) = {〈MU, Giggs〉, 〈RM, Totti〉}.

It is immediate to verify that, ifsem(I,D) 6= ∅, then
sem l(I,D) = sem(I, D), i.e., if there exists a global
database that satisfies both the constraints onG and the map-
ping assertions inM w.r.t. a source databaseD, then the
strictly-sound and the loosely-sound semantics coincide.

5 Query rewriting in loosely-sound semantics
We now address the problem of computing answers to a query
under the loosely-sound semantics. Specifically, we present
a rewriting technique to compute answers to queries posed to
NKC systems under the loosely-sound semantics.

Our method relies on Theorem 3.6 stating that for NKC
systems it is possible to “separately” deal with inclusion and
key dependencies: actually, for the first ones we exploit
the algorithmID-rewrite(Ψ, ΣI , Q) presented in Section 3,
whereas for the second ones we make use of Datalog¬ un-
der stable model semantics , a well-known extension of Dat-
alog that allows for using negation in the body of program
rules[Kolaitis and Papadimitriou, 1991].

More specifically, we define a Datalog¬ programΠlKD

that allows us to compute the maximal subsets ofret(I,D)
that are consistent withΣK . ΠlKD is obtained by taking, for
each relationr ∈ G, the rules

r(~x, ~y) ← rD(~x, ~y) , not r(~x, ~y)
r(~x, ~y) ← rD(~x, ~y) , r(~x,~z) , Y1 6= Z1

· · ·
r(~x, ~y) ← rD(~x, ~y) , r(~x,~z) , Ym 6= Zm

where: inr(~x, ~y) the variables in~x correspond to the at-
tributes constituting the key of the relationr; ~y = Y1, . . . , Ym

and~z = Z1, . . . , Zm.
Informally, for each relationr, ΠlKD contains (i) a relation

rD that representsrret(I,D); (ii) a relationr that represents a
subset ofrret(I,D) that is consistent with the KD forr; (iii) an
auxiliary relationr. The above rules force each stable model
M of ΠlKD to be such thatrM is a maximal subset of tuples
from rret(I,D) that are consistent with the KD forr.

Then, we consider the Datalog¬ programΠlKD ∪ ΠID ∪
ΠMD, whereΠID is obtained throughID-rewrite(Ψ, ΣI , Q),
andΠMD is obtained fromΠM by replacing each symbolr
with rD.

Theorem 5.1 Let I = 〈G,S,M〉 be a NKC system, andQ
be a UCQ of arityn overG. Then,ΠlKD ∪ΠID ∪ΠMD is a
perfect rewriting ofQ w.r.t. I.

6 Summary of complexity results
Strictly-sound semantics. Query answering is undecidable
even if we allow a slightly more general class of IDs than the
NKCIDs; let us define a 1-key-conflicting (1KC) data inte-
gration system as a system such that for each IDr1[A1] ⊆
r2[A2], A2 can be a strict superset ofkey(r2) (if defined),
but containing at most one attribute more thankey(r2).
Theorem 6.1 The problem of query answering in 1KC inte-
gration systems, under the strictly-sound semantics, is unde-
cidable.

In the strictly-sound semantics, the complexity of the deci-
sion problem of query answering is immediately derived from
the rewriting of Section 3.
Theorem 6.2 The problem of query answering in NKC in-
tegration systems, under the strictly-sound semantics, is in
PTIME in data complexity.

Proof. Trivial, since the perfect rewritingΠID ∪ ΠKD ∪
Πval ∪ΠM can be evaluated in PTIME w.r.t.D.

Loosely-sound semanticsSince, as we already said, when
sem(I,D) 6= ∅ the strict semantics and the loose ones co-
incide, it is easy to see that the above properties of query
answering under the strictly-sound semantics can be easily
generalized.
Theorem 6.3 The problem of query answering in 1KC inte-
gration systems, under the loosely-sound semantics, is unde-
cidable.

We now characterize the problem of query answering un-
der the loosely-sound semantics in NKC systems.
Theorem 6.4 The problem of query answering in NKC inte-
gration systems, under the loosely-sound semantics, is coNP-
complete in data complexity.

Proof (sketch). Membership in coNP follows from Theo-
rem 5.1, and from the fact that query answering in Datalog¬
is coNP-complete in data complexity, while coNP-hardness
can be easily proved by a reduction of the 3-COLORABILITY
problem to our problem.

The summary of the results we have obtained is reported
in the table in Figure 1, which presents the complexity of
query answering for both the strictly-sound and the loosely-
sound semantics. Each row corresponds to a different class
of dependencies (specified in the first two columns), while
each cell of the table reports data complexity and combined
complexity1 of query answering for UCQs: for each decid-
able case, the complexity of the problem is complete w.r.t. the
class reported. In the second column of the table, FK stands
for “foreign key dependencies” (a well-known class of IDs)
while GEN stands for “general IDs”. We have marked with
the symbol♠ the cells corresponding either to already known
results or to results immediately implied by known results.

1The results for combined complexity, which we cannot present
in detail due to space limitations, hold under the assumption that the
mapping is expressed in terms of UCQs.



KDs IDs strictly-sound loosely-sound

no GEN PTIME/PSPACE♠ PTIME/PSPACE♠

yes no PTIME/NP♠ coNP/Πp
2
♠

yes FK PTIME/PSPACE coNP/PSPACE
yes NKC PTIME/PSPACE coNP/PSPACE
yes 1KC undecidable undecidable
yes GEN undecidable♠ undecidable♠

Figure 1: Complexity of query answering (decision problem)

7 Discussion and related work
In this paper we have presented techniques for query rewrit-
ing in data integration systems with integrity constraints. and
analyzed the complexity of query answering. To this aim, we
have exploited formalisms and methods both from the tradi-
tional database theory and from computational logic.

Several works in the literature address the problem of data
integration under constraints on the global schema. In this
respect, query rewriting under integrity constraints has been
first studied in the LAV setting. In particular,[Duschka and
Genesereth, 1997] presents a method for query rewriting un-
der functional dependencies in LAV systems, which is able to
compute the perfect rewriting in the case of queries and map-
ping expressed through conjunctive queries, and “maximally
contained” rewritings in the case of recursive mappings.

Then,[Gryz, 1999] analyzes query rewriting under inclu-
sion dependencies in LAV systems, and presents a method
which is able to deal simultaneously with acyclic IDs and
functional dependencies, based on an algorithm for comput-
ing the rewriting of a conjunctive query in a database with
inclusion dependencies. The algorithm is based on a very in-
teresting idea: obtaining query rewriting by computing the
rewriting of each atom in a way “almost independent” of the
other atoms. This can be obtained if the body of the ini-
tial queryq is preliminarly “minimized”. However, we have
found out that Gryz’s algorithm does not actually compute
the perfect rewriting, in the sense that some conjunctions of
the perfect rewriting are missing. Our algorithmID-rewrite
presented in Section 3 is certainly inspired by Gryz’s main in-
tuitions, but overcomes the above mentioned incompleteness
through a new technique for generating the rewriting.

Complexity of query answering in GAV under IDs alone
is immediately derived by the results in[Johnson and Klug,
1984]; in this work, the same problem is solved for a re-
stricted class of KDs and IDs, which, however, is significantly
less general than the one treated in this paper. More recently,
integration under constraints in GAV systems has been ad-
dressed in[Cal̀ı et al., 2002], which presents a method for
query rewriting in the presence of KDs and foreign key de-
pendencies, under a semantics analogous to our strictly-sound
semantics. Thus, the method does not deal with data incon-
sistencies w.r.t. KDs. Moreover,[Faginet al., 2003] presents
an approach for dealing with integrity constraints in a GLAV
setting (a generalization of LAV and GAV).

In single database settings,[Arenaset al., 1999; Grecoet
al., 2001] propose methods for consistent query answering in
inconsistent databases, which are able to deal with universally
quantified constraints. The semantics adopted in these works

is different from the ones considered in the present paper.
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la Ricerca). We thank Maurizio Lenzerini and Jarek Gryz for
precious discussions about this material.

References
[Abiteboulet al., 1995] Serge Abiteboul, Richard Hull, and

Victor Vianu. Foundations of Databases. Addison Wesley
Publ. Co., Reading, Massachussetts, 1995.

[Arenaset al., 1999] Marcelo Arenas, Leopoldo E. Bertossi,
and Jan Chomicki. Consistent query answers in inconsis-
tent databases. InProc. of PODS’99, pages 68–79, 1999.

[Cal̀ı et al., 2002] Andrea Cal̀ı, Diego Calvanese, Giuseppe
De Giacomo, and Maurizio Lenzerini. Data integration
under integrity constraints. InProc. of CAiSE 2002, vol-
ume 2348 ofLNCS, pages 262–279. Springer, 2002.

[Cal̀ı et al., 2003] Andrea Cal̀ı, Domenico Lembo, and Ric-
cardo Rosati. On the decidability and complexity of query
answering over inconsistent and incomplete databases. In
Proc. of PODS 2003, 2003. To Appear.

[Duschka and Genesereth, 1997] Oliver M. Duschka and
Michael R. Genesereth. Answering recursive queries using
views. InProc. of PODS’97, pages 109–116, 1997.

[Duschka and Levy, 1997] Oliver M. Duschka and Alon Y.
Levy. Recursive plans for information gathering. InProc.
of IJCAI’97, pages 778–784, 1997.

[Faginet al., 1983] Ronald Fagin, Jeffrey D. Ullman, and
Moshe Y. Vardi. On the semantics of updates in databases.
In Proc. of PODS’83, pages 352–365, 1983.

[Faginet al., 2003] Ronald Fagin, Phokion G. Kolaitis,
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ABSTRACT
In databases with integrity constraints, data may not sat-
isfy the constraints. In this paper, we address the problem
of obtaining consistent answers in such a setting, when key
and inclusion dependencies are expressed on the database
schema. We establish decidability and complexity results
for query answering under different assumptions on data
(soundness and/or completeness). In particular, after show-
ing that the problem is in general undecidable, we identify
the maximal class of inclusion dependencies under which
query answering is decidable in the presence of key de-
pendencies. Although obtained in a single database con-
text, such results are directly applicable to data integra-
tion, where multiple information sources may provide data
that are inconsistent with respect to the global view of the
sources.

1. INTRODUCTION
In database applications, integrity constraints represent

fundamental knowledge about the domain of interest [8,
1]. In many scenarios, data may not satisfy integrity con-
straints; this happens, for instance, in data integration [20,
17], where integrity constraints enrich the semantics of the
global view of a set of autonomous information sources,
while such constraints may be violated by data at the
sources [14, 6]. In principle, the issue of dealing with in-
tegrity constraint violations is relevant in all applications
involving the integration of heterogeneous information (e.g.,
Data Warehouses, Enterprise Resource Planning Systems,
etc.). The current integration methodologies deal with this
problem in a data reconciliation step, in which data are
cleaned by ad hoc algorithms that eliminate all violations.

In the general case of a database in which data violate
integrity constraints, the problem arises of how to interpret
such a database. This problem has been extensively studied
in several works in the area of inconsistent databases that
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have proposed a new semantic approach to the treatment of
integrity constraints [15, 11, 5, 21, 3, 4, 19, 16], which we
briefly illustrate in the following.

Traditionally, database theory adopts an exact interpreta-
tion of data, based on the closed world assumption [23], i.e.,
the interpretation of each relation r exactly corresponds to
the extension of r in the database instance. In order to cope
with data inconsistencies, other assumptions about data are
adopted in the literature. In particular, the interpretation
of each relation r can be considered either as a superset
(sound semantics) or a subset (complete semantics) of the
extension of r in the database instance. Although in many
cases such assumptions are sufficient to guarantee the exis-
tence of a consistent interpretation of the data, in general
a less strict interpretation is needed. In particular, several
studies [15, 21, 3, 19] propose a loose semantics which se-
lects, among all possible databases satisfying the integrity
constraints, only the ones that are “as close as possible” to
the actual database instance.

In this paper, we address the problem of query answering
in a relational setting under the above semantics, when key
and inclusion dependencies are expressed on the database
schema. Specifically: (i) we identify the frontier between
decidability and undecidability of query answering for the
various semantics; (ii) for the decidable cases, we establish
the computational complexity of the query answering prob-
lem.

A detailed summary of the results of this paper is pre-
sented in Section 6 (see Figure 1). We remark that the
results we have obtained for the sound semantics extend
previous studies on query containment under integrity con-
straints [18], while the results for the loose semantics ex-
tend known results in the field of inconsistent databases, by
taking into account inclusion dependencies, which add sig-
nificant complexity to the problem. In particular, the key
issue in our work is that we are able to deal with infinite
models for a database schema, that are to be taken into ac-
count when cyclic inclusion dependencies are present in the
schema.

The paper is organized as follows. In Section 2 we recall
the formal framework of relational databases with integrity
constraints. In Section 3 we study decidability and com-
plexity of query answering under sound, complete, and ex-
act semantics. In Section 4 we introduce a loose semantics
for inconsistent data. In Section 5 we prove results about
decidability and complexity of query answering under the
loose semantics. Section 6 concludes the paper.



2. FRAMEWORK
In this section we present the syntax and semantics of the

relational model with integrity constraints. We assume that
the reader is familiar with the basic notions of relational
databases [1].

2.1 Syntax
We consider to have an infinite, fixed alphabet Γ of values

representing real world objects, and we take into account
only database instances having Γ as domain. Moreover, we
assume that different values in Γ denote different objects,
i.e., we adopt the so-called unique name assumption.

Basically, in the relational model we have to account for a
set of relation symbols and a set of integrity constraints, i.e.,
assertions on the relation symbols that express conditions
that are intended to be satisfied by database instances.

In this paper we focus our attention on inclusion and
key dependencies. More formally, we indicate a relational
schema (or simply schema) DB as a triple 〈S, I,K〉, where:

• S is a set of relations, each with an associated arity
that indicates the number of its attributes. The at-
tributes of a relation r of arity n are represented by
the integers 1, . . . , n.

• I is a set of inclusion dependencies (IDs), i.e., a set of
assertions of the form r1[A] ⊆ r2[B], where r1, r2 are
relations in S, A = A1, . . . , An is a sequence of distinct
attributes of r1, and B = B1, . . . , Bn is a sequence of
distinct attributes of r2.

• K is a set of key dependencies (KDs), i.e., a set of
assertions the form key(r) = A, where r is a relation in
the global schema, and A = A1, . . . , An is a sequence
of attributes of r. We assume that at most one key
dependency is specified for each relation.

A relational query (or simply query) over DB is a formula
that is intended to extract a set of tuples of values of Γ.
The language used to express queries over DB is union of
conjunctive queries (UCQ). A UCQ q of arity n is written
in the form q(~x) ← conj 1(~x, ~y1) ∨ · · · ∨ conj m(~x, ~ym),
where for each i ∈ {1, . . . , m} conj i(~x, ~yi) is a conjunction
of atoms whose predicate symbols are in S, and involve ~x =
X1, . . . , Xn and ~yi = Yi,1, . . . , Yi,ni

, where Xk and Yi, ` are
either variables or values of Γ.

2.2 Semantics
A database instance (or simply database) B for a schema
DB is a set of facts of the form r(t) where r is a relation
of arity n in S and t is an n-tuple of values from Γ. We
denote as rB the set {t | r(t) ∈ B}. A database B for a
schema DB is said to be consistent with DB if it satisfies all
the dependencies expressed on DB. In our framework, this
means satisfying IDs in I and KDs in K. More formally:

• B satisfies an inclusion dependency r1[A] ⊆ r2[B] if for
each tuple t1 in rB1 there exists a tuple t2 in rB2 such
that t1[A] = t2[B], where t[A] is the projection of the
tuple t over A. If B satisfies all inclusion dependencies
expressed on DB, then we say that B is consistent with
I;

• B satisfies a key dependency key(r) = A if for each
t1, t2 ∈ rB with t1 6= t2 we have t1[A] 6= t2[A]. If B

satisfies all key dependencies expressed on DB we say
that B is consistent with K.

Traditionally, the database theory essentially specifies a
single database instance for a schema DB. This means as-
suming that each relation r in S has to be considered exact,
i.e., given a database instance D consistent with DB, r is
satisfied by exactly the tuples that satisfy r in D.

On the other hand, different assumptions can be adopted
for interpreting the tuples that D assigns to relations in S
with respect to tuples that actually satisfy DB. In particu-
lar, tuples in D can be considered a subset or a superset of
the tuples that satisfy DB, or exactly the set of tuples satis-
fying DB. These interpretations give raise to three different
semantics, called sound, complete, and exact, respectively.

Formally, given a database instance D for DB = 〈S, I,K〉,
and an assumption x for D, where x ∈ {s, c, e} (for sound,
complete, and exact semantics, respectively), the semantics
of DB with respect to D and x, denoted semx(DB,D), is
the set of database instances B for DB such that:

• B is consistent with DB, i.e., it satisfies the integrity
constraints in I and K;

• B satisfies the assumptions specified on D, i.e.:

– B ⊇ D when x = s (sound semantics);

– B ⊆ D when x = c (complete semantics);

– B = D when x = e (exact semantics).

It is easy to see that, while seme(DB,D) contains at most
a single database instance for DB, in general sems(DB,D)
and semc(DB,D) contain several databases for DB. Fur-
thermore, in our setting it always holds that semc(DB,D)
is a non-empty set for each DB and each D, since the empty
database instance satisfies every possible set of KDs and
IDs, therefore ∅ ∈ semc(DB,D).

Finally, we give the semantics of queries. Formally, given
a database instance D for DB and an assumption x for D,
where x ∈ {s, c, e}, we call answers to a query q of arity n
with respect to DB, D and x, the set ansx(q,DB,D) =
{〈c1, . . . , cn〉 | for each B ∈ semx(DB,D), 〈c1, . . . , cn〉 ∈
qB }, where qB denotes the result of evaluating q over the
database B. We recall that qB is the set of n-tuples of val-
ues of Γ 〈c1, . . . , cn〉, such that, when substituting each ci for
xi, the formula ∃~y1.conj 1(~x, ~y1) ∨ · · · ∨ ∃~ym.conjm(~x, ~ym)
evaluates to true in B.

In this paper we address the decision problem associ-
ated to query answering, that is, given a database schema
DB, a database instance D, a query q of arity n over
DB and a n-tuple t of values of Γ, to establish whether
t ∈ ansx(q,DB,D).

Example 2.1. Consider the database schema
DB = 〈S, I,K〉 where S contains the two relations1

player(Pname,Pteam) and team(Tname,Tcity), I contains
the ID player[Pteam] ⊆ team[Tname], stating that every
player is enrolled in a team of a city, and K = ∅. Assume
to have the database instance

D = {player(a, b), player(a, d), player(e, f), team(b, c)}

1For the sake of clarity, in the example we use names to
denote attributes, rather than integers.



where a, b, c, d, e, f are values from Γ. It is easy to see that
seme(DB,D) = ∅, since there do not exist two tuples in team

having d and f as first component, i.e., D is not consistent
with DB. This in turn implies that query answering is mean-
ingless, since every possible fact is a logical consequence of
DB and D: for instance, the answer to the query that asks
for all team names in team, i.e., q(x) ← team(x, y), is the
whole interpretation domain Γ (that is, every possible value
belongs to the extension of the query).

On the other hand,

semc(DB,D) = {{player(a, b), team(b, c)}, {team(b, c)}, ∅}

while sems(DB,D) contains all databases instance that can
be obtained by adding to D (among others) at least one fact
of the form team(d, α) and one fact of the form team(f, β),
where α and β are values of the domain Γ. Notice that,
since ∅ ∈ semc(DB,D), ansc(q,DB,D) = ∅, i.e., there is
no answer to the query in the complete semantics, whereas
anss(q,DB,D) = {b, d, f}.

2.3 Complexity classes
Finally, we briefly recall the complexity classes mentioned

in the paper, and refer to [22] for further details. PA (NPA)
is the class of problems that are solved in polynomial time
by a deterministic (nondeterministic) Turing machine using
an oracle for A, i.e., that solves in constant time any prob-
lem in A. In particular, the complexity class Σp

2 is the class
of problems that are solved in polynomial time by a non-
deterministic Turing machine that uses an NP-oracle, and
Πp

2 is the class of problems that are complement of a prob-
lem in Σp

2. Finally, PSPACE is the class of problems that
can be solved by a Turing machine that uses a polynomially
bounded amount of memory.

3. QUERY ANSWERING
In this section we address the problem of query answer-

ing in the presence of integrity constraints, under different
assumptions on the data. We consider a database schema
DB = 〈S, I,K〉, and a database instance D for DB.

As illustrated in Section 2, when the data are consid-
ered complete, then the empty database always belongs
to semc(DB,D), independently of I and K; therefore, for
any query q and for any tuple t we have immediately
ansc(q,DB,D) = ∅; hence, the answer to the decision prob-
lem is always negative. When the data are considered exact,
we have two cases:

1. D satisfies both I and K, therefore semc(DB,D) =
{D} and anse(q,DB,D) = qD. So, it is immediate to
establish whether t ∈ anse(q,DB,D);

2. D violates either I or K, therefore seme(DB,D) = ∅
and anse(q,DB,D) consists of all tuples of the same
arity as q; the answer to the decision problem is there-
fore affirmative, independently of q and t.

The case where the data are considered sound is more
interesting: in fact, if the inclusion dependencies in I are not
satisfied, we may think of adding suitable facts to D in order
to satisfy them (according to the sound semantics, we are
not allowed to repair such violations by deleting facts). In
this case, if D satisfies K, the semantics of DB is constituted
in general by several (possibly infinite) databases, each of

which may have infinite size, since there are several ways
of adding facts to D. Query answering with sound data is
therefore a difficult task, that is not decidable in all cases.

We now define a restricted class of dependencies under
which query answering is decidable.

Definition 3.1. Given a database schema DB =
〈S, I,K〉, an inclusion dependency in I of the form
r1[A1] ⊆ r2[A2] is a non-key-conflicting inclusion depen-
dency (NKCID) with respect to K if either: (i) no KD is
defined on r2, or (ii) the KD key(r2) = K is in K, and A2

is not a strict superset of K, i.e., A2 6⊃ K. Moreover, the
schema DB is non-key-conflicting (NKC) if all the IDs in I
are NKCIDs with respect to K.

Informally, a set of dependencies is NKC if no ID in I
propagates a proper subset of the key of the relation in its
right-hand side. We point out that the class of NKC IDs
comprises the well-known class of foreign key dependencies,
which corresponds to IDs of the form r1[A1] ⊆ r2[A2] such
that key(r2) = A2.

We first show that, as soon as we extend the class of de-
pendencies beyond the non-key-conflicting case, query an-
swering is undecidable. In particular, we introduce, together
with KDs, inclusion dependencies of the form r1[A1] ⊆
r2[A2] such that, if the KD key(r2) = K is in K, A2 is
allowed to cover K plus at most one attribute of r2. We will
call such IDs 1-key-conflicting IDs (1KCIDs) with respect
to K. A 1-key-conflicting (1KC) database schema is defined
analogously to a NKC schema. We first show undecidability
of implication of KDs and 1KCIDs.

Theorem 3.2. The problem of implication2 for KDs and
1KCIDs is undecidable.

Proof. The proof is by reduction from the more gen-
eral problem of implication of functional dependencies (FDs)
and inclusion dependencies. Consider a generic instance of
this problem, i.e., given a database schema DB = 〈S, I,F〉,
where I is a set of IDs and F is a set of FDs, and an inclusion
dependency δ. We assume that all FDs in F are in normal
form, i.e. of the form r : A→ B, where a single attribute B
is in the right-hand side. We construct an ad hoc problem
of implication of KDs and 1KCIDs, consisting of a database
schema DB1 = 〈S1, I1,K1〉, where I1 is a set of 1KCID with
respect to K1, and the same dependency δ. We will show
that the two problems are equivalent, i.e. (I ∪ F) |= δ if
and only if (I1 ∪ K1) |= δ. The dependencies I1 and K1,
defined in a new database schema DB1 = 〈S1, I1,K1〉, are
constructed as follows.

• The new set of relations S1 includes all relations in S
(plus those added as below).

• I1 includes all IDs in I (plus those added as below).

• Let ϕ be a FD in F , of the form

r : A → B

We add to the schema an auxiliary relation rϕ of arity
|A|+ 1, and we add to I1 the dependencies

γ1 : rϕ[A, B] ⊆ r[A, B]
γ2 : r[A, B] ⊆ rϕ[A, B]

2For the details about implication of database dependencies,
we refer the reader to [1].



plus the key dependency

κ : key(rϕ) = A

Note that all the IDs in I2 are 1KCIDs with respect to K1.
The following result, whose proof is straightforward, will be
used in the rest of the proof.

Lemma 3.3. For any database B1 for DB1, we have that
B1 satisfies {ϕ, γ1, γ2} if and only if B1 satisfies {κ, γ1, γ2}.

From this result it follows that we are able to simulate
general FDs by using KDs and 1KCIDs only. Now we end
the reduction by showing that (I ∪ F) |= δ if and only if
(I1 ∪ K1) |= δ.

“⇒” By contradiction, suppose (I1 ∪K1) 6|= δ; then there
exists a database B1 for DB1 such that B1 satisfies (I1∪K1)
and violates δ. Consider a database B for DB obtained
from B1 by removing the facts associated with the relations
of the form rϕ introduced in the reduction. By Lemma 3.3,
B satisfies (I ∪ F); moreover, B cannot satisfy δ because B
coincides with B1 on the relations in S.

“⇐” By contradiction, suppose (I ∪ K) 6|= δ; then there
exists a database B for DB such that B satisfies (I ∪ F)
and violates δ. We construct a database B1 for D1 that
coincides with B on the relations in S, and such that the
facts associated with the relations of the form rϕ, introduced
in the reduction, are such that the dependencies of the form
γ1, γ2 are satisfied. By Lemma 3.3, B1 satisfies (I1 ∪ K1);
moreover, it cannot satisfy δ because B1 coincides with B on
the relations in S.

The reduction is clearly computable in a finite amount of
time. Since implication of IDs and FDs is undecidable, the
thesis follows.

We now show that query answering is undecidable in the
presence of KDs and 1KCIDs.

Theorem 3.4. Let DB = 〈S, I,K〉 be a 1KC database
schema, D a database instance for DB, q a query of arity
n over DB, and t a n-tuple of values of Γ. The problem of
establishing whether t ∈ anss(q,DB,D) is undecidable.

Proof. The proof is analogous to a proof of PSPACE-
hardness of an analogous result (addressed in the context of
query containment) proved by Vardi and published in [18].
We will show a counterexample in which the problem is un-
decidable. Let δ be the following inclusion dependency:

r[A1, . . . , Ak] ⊆ s[B1, . . . , Bk]

where r has arity n and s has arity m. Without loss of
generality, δ involves the first k attributes of r and s respec-
tively. We choose a database instance D for DB containing
the single fact r(c1, . . . , cn). Then we consider the following
boolean query:

q ← r(X1, . . . , Xn), s(X1, . . . , Xk, Yk+1, . . . , Ym)

Note that the query q has a positive answer
(i.e., 〈〉 ∈ anss(q,DB,D)) if and only if the fact
s(c1, . . . , ck, dk+1, . . . , dm) is in all databases in
sems(DB,D). It is immediate to see that this is true
if and only if (I ∪K) |= δ. Since implication of 1KCIDs and
KDs is undecidable, the thesis follows.

As an immediate consequence of this theorem, undecid-
ability of query answering in the presence of KDs and gen-
eral IDs follows. Moreover, the problem is still undecidable
if we restrict to the class of instances consistent with the key
dependencies.

Corollary 3.5. Let DB = 〈S, I,K〉 be a 1KC database
schema, D a database instance for DB consistent with K, q
a query of arity n over DB, and t a n-tuple of values of Γ.
The problem of establishing whether t ∈ ans s(q,DB,D) is
undecidable.

Proof. The case where D does not satisfy K is clearly
decidable, since in that case the answer to the problem is
always affirmative. The claim follows immediately.

Now we come to query answering in the case of NKCIDs
and KDs, and prove that this problem is decidable. To
this aim, we need some preliminary results, presented in
the milestone paper of Johnson and Klug [18], which ad-
dresses the problem of conjunctive query containment in a
database DB, in the presence of functional and inclusion
dependencies. To test whether q1 ⊆ q2, we first have to
“freeze” the body of q1, considering its atoms as facts in a
database instance D, and then applying the chase proce-
dure to such a database. The resulting (possibly infinite)
database, denoted as chase(DB,D), is constructed by re-
peatedly applying, as long as it is applicable, the following
rule:

Inclusion Dependency Chase Rule. Suppose
there is a tuple t in rchase(DB,D), and there is
an ID δ ∈ I of the form r[Xr] ⊆ s[Xs]. If
there is no tuple t′ in schase(DB,D) such that
t′[Xs] = t[Xr], then we add a new tuple tchase
in schase(DB,D) such that tchase [Xs] = t[Xr], and
for any attribute Ai of s, with 1 ≤ i ≤ m and
Ai /∈ Xs, tchase [Ai] is a fresh value, not appearing
elsewhere in the database.

Johnson and Klug have proved that q1 ⊆ q2 if and only if

q
chase(DB,D)
2 is non-empty. Moreover, they have shown that,

to check whether q
chase(DB,D)
2 is non-empty, only a finite por-

tion of chase(DB,D) needs to be considered. Based on this
property, they have defined a PSPACE algorithm AnswerJK ,

that checks the non-emptiness of q
chase(DB,D)
2 .

In the case of query answering, we are able to exploit the
technique of Johnson and Klug. More specifically, we make
use of the notion of chase as specified by the following result.

Lemma 3.6. Consider a database schema DB = 〈S, I, ∅〉
and an instance D for DB; let q be a conjunctive query of
arity n, and t a tuple of the same arity. We have that t ∈
anss(q,DB,D) if and only if t ∈ qchase(DB,D).

Proof (sketch).
“⇒” Since chase(DB,D) satisfies I, it belongs to

sems(DB,D). From the definition of anss(q,DB,D), it fol-

lows that t ∈ qchase(DB,D).
“⇐” Analogously to [7], it can be proved by induction

on the structure of chase(DB,D) that, for any database in-
stance B ∈ sems(DB,D), there exists a homomorphism µ
that sends the tuples of chase(DB,D) to the tuples of B.



By hypothesis t ∈ qchase(DB,D), so there exists a homomor-
phism λ from the atoms of q to the facts of chase(DB,D);
the composition λ ◦ µ witnesses that t ∈ ans s(q,DB,D).

Based on the above property, we can apply the algorithm
AnswerJK for query answering, to check whether a tuple t
belongs to anss(q,DB,D).

We now go back to NKCIDs. The most relevant property
of NKCIDs is that they do not interfere with KDs, so that
we can operate with NKCIDs just as if the KDs were not
defined in the schema. This property is expressed by the
following result.

Theorem 3.7 (Separation). Let DB = 〈S, I,K〉 be
a NKC database schema, and let DB1 = 〈S, I, ∅〉 be the
database schema obtained from DB by removing the KDs.
Let D be a database instance for DB and DB1, q a query
of arity n over DB, and t a n-tuple of values of Γ. We
have that t 6∈ anss(q,DB,D) iff D is consistent with K and
t 6∈ anss(q,DB1,D).

Proof. “⇒” By hypothesis t 6∈ anss(q,DB,D); this
means that there exists a database instance B for DB that
satisfies I and K, and such that t /∈ qB. It is immediate to
verify that B is also an instance for DB1 that satisfies K,
and therefore t 6∈ anss(q,DB1,D). This proves the claim.

“⇐” By hypothesis t 6∈ anss(q,DB1,D) and D satisfies K.
Before we proceed further, we need to prove the following
result.

Lemma 3.8. Let DB = 〈S, I,K〉 be a database schema,
with KDs and NKCIDs, and D is an instance for DB. Then
chase(DB,D) satisfies I and K if and only if D is consistent
with K.

Proof. “⇒” If D violates any of the key dependencies,
since facts are only added (and never removed) in the con-
struction of the canonical database chase(DB,D), then also
chase(DB,D) violates the key dependencies in DB.

“⇐” The proof is by induction on the structure of
chase(DB,D). First, by hypothesis D is consistent with K.
For the induction step, suppose we insert in chase(DB,D)
a tuple t into a relation r, on which a key dependency
key(r) = K is defined, according to the ID s[A] ⊆ r[B].
We will show that there is no violation of the key dependen-
cies on r, by showing that t does not agree on K with any
pre-existing tuple t in rchase

∗(DB,D), where chase∗(DB,D) is
the portion of chase(DB,D) constructed until the insertion
of t.

According to the definition of NKCIDs, the possible cases
are the following.

1. B = K. In this case we have a foreign key dependency;
t and t̄ cannot agree on K, because in that case t
wouldn’t have been added.

2. B ⊂ K. The two tuples differ on the values of B
(otherwise only one of the two would have been added),
so they differ also on K.

3. B ∩K 6= ∅ and B −K 6= ∅. In this case B partially
overlaps with key(r); we necessarily have K −B 6= ∅,
otherwise B would be a strict superset of K. Therefore
t and t differ in the values in K−B, where t has fresh
values, thus they differ a fortiori on K.

4. B ∩K = ∅. In this case the two tuples differ in the
values in K, where t has fresh values.

With this result in place, we are able to extend the re-
sult of [18] to the case of NKCIDs and KDs. In fact, in
this case chase(DB1,D) (which is identical to chase(DB,D)
by construction) satisfies both I and K. Therefore, it is
also a representative of all databases in sems(DB,D), since
sems(DB,D) ⊆ sems(DB1,D): hence, from Lemma 3.6 it

follows that anss(q,DB,D) = qchase(DB1,D). The claim fol-
lows immediately.

Based on the above theorem, we define the algorithm
AnswerS, that solves query answering in the case of non-
key-conflicting database schemata.

Algorithm AnswerS(DB,D, q, t)

Input: NKC database schema DB = 〈S, I,K〉,
database instance D,
query q of arity n over DB,
n-tuple t of values of Γ;

Output: true if t ∈ anss(q,DB,D), false otherwise;
if D is not consistent with K
then return true
else return AnswerJK (DB,D, q, t)

To conclude the section, we present a complexity result
for query answering in the presence of NKCIDs and KDs.

Theorem 3.9. Let DB = 〈S, I,K〉 be a NKC database
schema, D a database instance for DB, q a query of ar-
ity n over DB, and t a n-tuple of values of Γ. The prob-
lem of establishing whether t ∈ ans s(q,DB,D) is PSPACE-
complete with respect to combined complexity. Moreover, it
is in PTIME in data complexity.

Proof. From the results in [18], it follows directly that
the problem in the case of IDs alone is PSPACE-complete;
being such a case a particular case of NKCIDs and KDs
(when no KD is defined, any ID is non-key-conflicting),
PSPACE-hardness in our general case follows trivially.

Membership is proved by showing that the algorithm
AnswerS runs in PSPACE. Consider a database schema
DB = 〈S, I,K〉 where I and K are sets of NKCIDs and
KDs respectively. Given a database D for DB, a query q of
arity n over G, and a n-tuple t of values of Γ, we want to es-
tablish whether t ∈ anss(q,DB,D). Our algorithm AnswerS
proceeds as follows. The first step, clearly feasible in PTIME
(and a fortiori in PSPACE), checks whether D satisfies K.
If it does not, the answer is trivial; if it does, we can apply
Theorem 3.7, disregarding K, and apply the PSPACE algo-
rithm AnswerJK of [18]. All steps of AnswerS are computable
in PSPACE. Soundness and completeness of the algorithm
follow immediately from Theorem 3.7 and from soundness
and completeness of AnswerJK [18].

Membership in PTIME in data complexity follows im-
mediately since AnswerJK runs in time polynomial in data
complexity.

The above complexity characterization of the problem
holds even if we restrict to instances consistent with the
key dependencies.



Corollary 3.10. Let DB = 〈S, I,K〉 be a NKC database
schema, D a database instance for DB consistent with K, q
a query of arity n over DB, and t a n-tuple of values of Γ.
The problem of establishing whether t ∈ ans s(q,DB,D) is
PSPACE-complete.

Proof. Membership follows immediately from the gen-
eral case treated in Theorem 3.9. With regard to hardness,
observe that in the case whereD does not satisfyK the above
algorithm solves query answering in PTIME. The claim fol-
lows immediately.

4. SEMANTICS FOR INCONSISTENT
DATA

In the cases we have addressed so far, the violation of a sin-
gle dependency (under the sound and exact semantics) may
lead to the non-interesting case in which semx(DB,D) = ∅
(x ∈ {e, s}). This does not seem reasonable when the viola-
tions are due to a small set of facts. According to a common
approach in the literature on inconsistent databases [15, 21,
3, 19], we now introduce less strict assumptions on data, un-
der which we can get consistent answers from inconsistent
database instances.

Example 2.1 (contd.). As we have already shown,
seme(DB,D) = ∅ since D does not satisfy I, and as a
consequence query processing is trivial in the exact seman-
tics. Assume now to add the key dependency key [player] =
{Pname} to K, stating that a player cannot be enrolled in
more than one team. It is easy to see that now it is also
sems(DB,D) = ∅, since the facts player(a, b) and player(a, d)
are not consistent with K, and it is not possible to make D
satisfy K by adding other facts to D. On the other hand,
team(b, c) is consistent with the dependencies in the schema,
whereas the inconsistency caused by player(e, f) can be re-
solved under the sound semantics by adding a suitable fact
to D of the form player(f, α). Therefore, rather than the
whole domain Γ, the query q(x)← team(x, y) should return
the answer set {b} under the exact semantics and {b, f} un-
der the sound semantics.

A possible solution to this problem is to characterize the
semantics of a database schema DB = 〈S, I,K〉 with respect
to a database instance D in terms of those databases that (i)
satisfy the integrity constraints on DB, and (ii) approximate
“at best” the satisfaction of the assumptions on D. In other
words, the integrity constraints ofDB are considered “hard”,
whereas the assumptions are considered “soft”.

According to the main approaches to inconsistent
databases, we now propose a modified definition of the se-
mantics that reflects the above idea. Given a possibly in-
consistent database D for DB, we define an ordering on the
set of all databases consistent with DB. If B1 and B2 are
two such databases, we say that B1 is better than B2 with
respect to D, denoted as B1 �D B2, if:

• B1 ∩ D ⊃ B2 ∩ D for the sound assumption

• B1 −D ⊂ B2 −D for the complete assumption

• at least one of the two following conditions holds for
the exact assumption:
(i) B1 ∩ D ⊃ B2 ∩ D and B1 −D ⊆ B2 −D;
(ii) B1 ∩ D ⊇ B2 ∩ D and B1 −D ⊂ B2 −D.

With this notion in place, we can modify the notion of
semantics of a schema DB with respect to a database in-
stance D and an assumption x, where x ∈ {s, c, e} as usual.
In order to distinguish between the semantics used so far
and their modified version, in the following we refer to the
former as strict semantics, while we call the latter loose
semantics, and denote it with semlx(DB,D). Namely, we
call strictly-sound, strictly-complete, and strictly-exact the
sound, complete, and exact semantics, whereas we respec-
tively call loosely-sound, loosely-complete, and loosely-exact
the three loose semantics. More specifically, a database B
consistent with DB is in semlx(DB,D) if B is maximal with
respect to�D, i.e., for no other database B′ consistent with
DB, we have that B′ �D B. It is also immediate to verify
the following lemma:

Lemma 4.1. Let DB = 〈S, I,K〉 be a database schema
and D be a database instance for DB. Then, semls(DB,D) =⋃

D′ sems(DB,D′) for each D′ maximal subset of D consis-
tent with K.

Proof. For each B ∈ semls(DB,D) consider D′ = B∩D.
It is easy to see that D′ is a maximal subset of D consis-
tent with K, and that B ∈ sems(DB,D′). Furthermore, for
each D′ maximal subset of D consistent with K, if B′ ∈
sems(DB,D′), then B′ ∩D′ = D′, hence B′ ∈ semls(DB,D).

With regard to answers, we indicate the set of answers
to queries under the loose semantics with ans lx(q,DB,D),
where x ∈ {s, c, e} as usual. It is immediate to verify that, if
semx(DB,D) 6= ∅ for any x ∈ {s, c, e}, then the strict seman-
tics and the loose one coincide, in the sense that, for each
query q ansx(q,DB,D) = ans lx(q,DB,D). Consequently,
since (as illustrated in Section 2) semc(DB,D) 6= ∅ for each
DB and for each D, it follows that the strictly-complete and
the loosely-complete semantics always coincide.

Moreover, notice that the loose semantics is never empty,
i.e., it always holds that semlx(DB,D) 6= ∅ for any x ∈
{s, c, e}, even if semx(DB,D) = ∅.

Example 2.1 (contd.). With regard to our ongoing ex-
ample we have that:

1. semle(DB,D) contains the database B1 = {player(a, b),
team(b, c)}, and all the databases of the form B2 =
{player(a, d), team(b, c), team(d, α)} for each α ∈ Γ,
B3 = {player(a, b), player(e, f), team(b, c), team(f, α)}
for each α ∈ Γ, and B4 = {player(a, d), player(e, f),
team(b, c), team(d, α), team(f, β)} for each α, β ∈ Γ;

2. semls(DB,D) contains the databases of the form B3

and B4, and each database consistent with DB that
can be obtained by adding facts to a database of the
form B3 or B4;

3. semlc(DB,D) = semc(DB,D).

Therefore, under the three semantics, the answers to the
query q(x) ← team(x, y) are respectively ans le(q,DB,D) =
{b}, ans ls(q,DB,D) = {b, f} and ans lc(q,DB,D) = ∅.



5. QUERY ANSWERING UNDER THE
LOOSE SEMANTICS

In this section we analyze the problem of computing an-
swers to queries under the loose semantics. In particular,
since (as shown in Section 4) the loosely-complete and the
strictly-complete semantics coincide, we study query an-
swering under the loosely-sound semantics and the loosely-
exact semantics.

5.1 Query answering under the loosely-sound
semantics

We now study the query answering problem under the
loosely-sound semantics. As we already said, differently
from the strictly-sound semantics, given a database schema
DB = 〈S, I,K〉 and a database instance D, it always holds
that semls(DB,D) 6= ∅, because we are now allowed to also
eliminate facts from D in order to satisfy integrity con-
straints. Notice that, while to satisfy key dependencies we
are forced to delete facts from D, inclusion dependencies
must be satisfied by adding new facts, since databases in
semls(DB,D) are the ones that are “as sound as possible”,
thus we have to consider only databases consistent with the
constraints that “minimize” elimination of facts from D.

We first show undecidability of query answering for 1-key-
conflicting database schemata.

Theorem 5.1. Let DB = 〈S, I,K〉 be a 1KC database
schema, D a database instance for DB consistent with K, q
a query of arity n over DB, and t a n-tuple of values from
Γ. The problem of establishing whether t ∈ ans ls(q,DB,D)
is undecidable.

Proof. Undecidability follows from Corollary 3.5 since,
in the case in which D is consistent with K, t ∈
ans ls(q,DB,D) iff t ∈ anss(q,DB,D).

As for the class of non-key-conflicting database schemata,
we give a method for computing answers to a query q un-
der the loosely-sound semantics that can be informally ex-
plained as follows: we first identify the maximal subsets of
D that are consistent with K, then for each such database
D′ we make use of the algorithm AnswerS presented in Sec-
tion 3. Indeed, it can be shown that a tuple t is a consis-
tent answer to a query q with respect to DB and D, i.e.,
t ∈ ans ls(q,DB,D), iff AnswerS(DB,D′, q, t) returns true for
each such database D′. More specifically, we define the fol-
lowing algorithm:

Algorithm AnswerLS(DB,D, q, t)
Input: non-key-conflicting database schema DB = 〈S, I,K〉,

database instance D,
query q of arity n over DB, n-tuple t of values from Γ;

Output: true if t ∈ ans ls(q,DB,D), false otherwise;
if there exists D1 ⊆ D
such that

(1) D1 is consistent with K;
(2) for each r(t) ∈ D −D1,

D1 ∪ {r(t)} is not consistent with K;
(3) AnswerS(DB,D1, q, t) returns false

then return false
else return true

Informally, conditions (1) and (2) together check that D1

is a maximal subset of D consistent with K; this implies
the existence of a database B ∈ semls(DB,D) such that
B ∩ D = D1. Then, condition (3) verifies that t /∈ qB.

Theorem 5.2. Let DB = 〈S, I,K〉 be a NKC database
schema, D be a database instance for DB, q be a query of
arity n over DB, and t be a n-tuple of values of Γ. Then,
t ∈ ans ls(q,DB,D) iff AnswerLS(DB,D, q, t) returns true.

Proof. “⇒” If t ∈ ans ls(q,DB,D) then t ∈ qB for
each B ∈ semls(DB,D). From Lemma 4.1 it follows that
t ∈ anss(q,DB,D1) for each D1 maximal subset of D consis-
tent with K, and from soundness and completeness of algo-
rithm AnswerS, it follows that AnswerS(DB,D1, q, t) returns
true for each such databaseD1. Hence, AnswerLS(DB,D, q, t)
returns true.

“⇐” Suppose by contradiction that t /∈ ans ls(q,DB,D)
and AnswerLS(DB,D, q, t) returns true. This implies that
for each D1 maximal subset of D consistent with K,
AnswerS(DB,D1, q, t) returns true. From soundness and
completeness of algorithm AnswerS, it follows that t ∈
anss(q,DB,D1) for each such database D1, i.e., t ∈ qB for
each B ∈ sems(DB,D1). From Lemma 4.1 it follows that
t ∈ qB for each B ∈ semls(DB,D), but this contradicts the
assumption.

We give now the computational characterization of the
problem of query answering under the loosely-sound seman-
tics in the presence of NKCIDs with respect to K.

Theorem 5.3. Let DB = 〈S, I,K〉 be a NKC database
schema, D be a database instance for DB, q be a query of
arity n over DB, and t be a n-tuple of values of Γ. The
problem of establishing whether t ∈ ans ls(q,DB,D) is coNP-
complete with respect to data complexity.

Proof. Membership in coNP follows from the algorithm
AnswerLS(DB,D, q, t) and from Theorem 3.9. Indeed, in
the algorithm the problem of establishing whether t /∈
ans ls(q,DB,D), that is the complement of our problem, is
carried out by guessing a database and checking conditions
(1), (2), and (3) that can be verified in polynomial time.

We prove coNP-hardness of the problem even if we restrict
to database schemata without IDs. Actually, this hardness
result can be immediately derived from the results reported
in [10] (although obtained under a different semantics): how-
ever, in the following we provide an alternative proof, in
which we use a reduction of the 3-colorability problem to our
problem. Consider a graph G = (V, E) with a set of vertices
V and edges E. We define a database schemaDB = 〈S, ∅,K〉
where S consists of the two binary relations edge and col ,
and K contains the dependency key(col) = {1}. The in-
stance D is defined as follows:

D = {col(c, i)|i ∈ {1, 2, 3} and c ∈ V } ∪

{edge(x, y)|〈x, y〉 ∈ E}

Finally, we define the query

q ← edge(X, Y ), col(X, Z), col(Y, Z)

We prove that G is 3-colorable (i.e., for each pair of adjacent
vertices, the vertices are associated with different colors) if
and only if 〈〉 6∈ ans ls(q,DB,D) (i.e., the boolean query q
has an affirmative answer). In fact, it is immediate to verify
that, for each possible coloring C of the graph (i.e., a set of
pairs of vertices and colors, where the three colors are rep-
resented by the values 1,2,3) there exists B ∈ semls(DB,D)
that exactly corresponds to C, i.e., colB is exactly the set of
pairs in the coloring C. Therefore, if there exists a coloring



that is a 3-coloring, then 〈〉 6∈ qB for some B ∈ semls(DB,D),
consequently 〈〉 6∈ ans ls(q,DB,D). Conversely, it is immedi-
ate to verify that, for each B ∈ semls(DB,D), colB∩D cor-
responds to a possible coloring of the graph. Hence, if each
possible coloring is not a 3-coloring, then 〈〉 ∈ qB, therefore
〈〉 ∈ ans ls(q,DB,D).

Theorem 5.4. Let DB = 〈S, I,K〉 be a NKC database
schema, D be a database instance for DB, q be a query of
arity n over DB, and t be a n-tuple of values of Γ. The prob-
lem of establishing whether t ∈ ans ls(q,DB,D) is PSPACE-
complete with respect to combined complexity.

Proof. Hardness follows from Corollary 3.10 and from
the fact that, when D is consistent with K, t ∈
ans ls(q,DB,D) if and only if t ∈ anss(q,DB,D).

Membership in PSPACE follows from algorithm
AnswerLS(DB,D, q, t) and Theorem 3.9. Indeed, it is easy to
see that conditions (1), (2), and (3) can be verified in poly-
nomial space, and furthermore NPSPACE=PSPACE [22].

5.2 Query answering under the loosely-exact
semantics

We now study the query answering problem under the
loosely-exact semantics. We recall that, differently from the
loosely-sound semantics, in this case IDs can be satisfied
by either adding or deleting facts. Hence, semle(DB,D) ac-
counts for databases that minimize both elimination and
insertion of facts, i.e., that are “as exact as possible”.

We first prove that query answering under the loosely-
exact semantics is undecidable in the general case, i.e., when
no restriction is imposed on the form of IDs and KDs.

Theorem 5.5. Let DB = 〈S, I,K〉 be a database schema,
D a database instance for DB, q a query of arity n over DB,
and t a n-tuple of values of Γ. The problem of establishing
whether t ∈ ans le(q,DB,D) is undecidable.

Proof. We reduce query answering in the loosely-sound
semantics to query answering in the loosely-exact seman-
tics. We can restrict to instances D consistent with K,
since by Theorem 5.1 for this class of instances the prob-
lem of establishing whether t ∈ ans ls(q,DB,D) is undecid-
able. Starting from such a problem instance (DB,D, q, t),

we define a new problem instance (DB′,D′, q′, t
′
) such that

t ∈ ans ls(q,DB,D) iff t
′
∈ ans le(q

′,DB′,D′). Precisely:

• DB′ = 〈S ′, I′,K′〉 is obtained from DB by:

– defining S ′ as the schema obtained from S by
adding an attribute to each relation in S (in the
last position);

– changing each inclusion in order to propa-
gate such a new attribute from r to s,
i.e., I′ is obtained from I by replacing each
I = r[i1, . . . , ik] ⊆ s[j1, . . . , jk] with I ′ =
r[i1, . . . , ik, n] ⊆ s[j1, . . . , jk, m], where n is the
arity of r in S ′ and m is the arity of s in S ′;

• D′ is the set D′
1∪D

′
2, where D′

1 = { r(u, t0)|r(u) ∈ D }
and

D′
2 = { r(u, t1) | r ∈ S and

u is a tuple of values of ΓD ∪ {t1} }

where ΓD denotes the set of symbols from Γ appearing
in D, and t0, t1 are values not belonging to ΓD. Notice
that the set D′ is finite;

• if the query q has the form

q(~x) ← conj 1(~x, ~y1) ∨ · · · ∨ conj k(~x, ~yk)

the query q′ is as follows:

q′(~x, Y )←
conj 1(~x, ~y1, t0) ∨ · · · ∨ conj k(~x, ~yk, t0) ∨ body ′

where body ′ is the disjunction
∨
{r(u, t1) | r(u) ∈ D and there is a KD for r in K}

• t
′
is obtained from t by adding the value t0 at the end

of the tuple t.

It can be shown that t ∈ ans ls(q,DB,D) iff

t
′
∈ ans le(q

′,DB′,D′), since for each database B in
semle(DB,D), there are two possible cases:

1. B∩D = D. In this case, due to the key dependencies K,
B does not contain any tuple of the form r(u, t1) such
that r(u) ∈ D and a key dependency for r is defined

in K. Consequently, t
′
∈ q′B iff t ∈ qB. Moreover, it is

immediate to verify that there exists at least one such
B in semle(DB

′,D′);

2. B ∩ D ⊂ D. In this case, there exists at least one
tuple in B of the form r(u, t1) such that r(u) ∈ D and
a key dependency for r is defined in K, consequently
t
′
∈ q′B for each such B. In other words, this kind of

databases does not affect ans le(q
′,DB′,D′), since in B

every possible tuple is in the answer of q′.

Therefore, t ∈ ans ls(q,DB,D) iff t
′
∈ ans le(q

′,DB′,D′).
Finally, since the above reduction is effectively com-

putable and since, by Theorem 5.1, establishing whether
t ∈ ans ls(q,DB,D) is undecidable, the thesis follows.

Differently from the previous semantics, in the case when
the instance D is consistent with K, we obtain a surprising
result: query answering is decidable under the loosely-exact
semantics even without any restriction on the form of KDs
and IDs.

Theorem 5.6. Let DB = 〈S, I,K〉 be a database schema,
D a database instance consistent with K, q a query of arity
n over DB, and t be a n-tuple of values of Γ. The problem
of establishing whether t ∈ ans le(q,DB,D) can be decided
in polynomial time with respect to data complexity and is
NP-complete with respect to combined complexity.

Proof. To prove the thesis, we define the following algo-
rithm:

Algorithm AnswerConsLE(DB,D, q, t)
Input: database schema DB = 〈S, I,K〉,

instance D consistent with K,
conjunctive query q of arity n, n-tuple t

Output: true if t ∈ ans le(q,DB,D), false otherwise
D1 = D;
repeat

D0 = D1;

for each r(t
′
) ∈ D1



if there exists r[i1, . . . , ik] ⊆ s[j1, . . . , jk] ∈ I
such that

for each s(t
′′
) ∈ D1, t

′′
[j1, . . . , jk] 6= t

′
[i1, . . . , ik]

then D1 = D1 − {r(t
′
)}

until D1 = D0;
if t ∈ qD1

then return true
else return false

Correctness of the algorithm AnswerConsLE follows from
the fact that the database D1 computed by the algorithm
is such that (i) D1 ∈ semle(DB,D); (ii) for each B ∈
semle(DB,D), B ⊇ D1. Therefore, t ∈ ans le(q,DB,D) if
and only if t ∈ qD1 . It is well-known that this last condi-
tion (corresponding to standard query answering over a re-
lational database) can be computed in polynomial time with
respect to data complexity and in nondeterministic polyno-
mial time with respect to combined complexity.

Let us turn our attention on query answering under
the loosely-exact semantics in the case of NKC database
schemata. To this aim, we first define a particular query
Q(I, t) associated with a tuple t and an inclusion depen-
dency I.

Definition 5.7. Let I be an inclusion dependency of the
form r[i1, . . . , ik] ⊆ s[j1, . . . , jk], where r has arity n and s
has arity m, and let t be an n-tuple. We denote as Q(I, t)
the boolean conjunctive query q ← s(z1, . . . , zm), where, for
each ` such that 1 ≤ ` ≤ m, each z` is as follows: if there
exists h such that ` = jh then z` = t[ih], otherwise z` = X`.

In the following, the query Q(I, t) is used in order to verify
whether a database schema DB and an instance D imply the
existence in all databases B ∈ sems(DB,D) of a fact of the

form s(t
′
) such that t[i1, . . . , ik] = t

′
[j1, . . . , jk].

Below we define the algorithm AnswerLE for query answer-
ing under the loosely-exact semantics.

Algorithm AnswerLE(DB,D, q, t)
Input: NKC database schema DB = 〈S, I,K〉, instance D,

query q of arity n over DB, n-tuple t of values of Γ
Output: true if t ∈ ans le(q,DB,D), false otherwise
if there exists D′ ⊆ D such that

(a) D′ is consistent with K and

(b) AnswerS(〈S, I, ∅〉,D′, q, t) returns false and
(c) for each D′′ such that D′ ⊂ D′′ ⊆ D

(c1) D′′ is not consistent with K or

(c2) there exists I ∈ I and r(t1) ∈ D′′

such that

AnswerS(〈S, I, ∅〉,D′, Q(I, t1), 〈〉) returns false and

AnswerS(〈S, ∅, ∅〉,D′′, Q(I, t1), 〈〉) returns false
then return false
else return true

Intuitively, to return false the algorithm looks for the ex-

istence of a database B′ in semle(DB,D) such that t 6∈ qB′

.
As in the algorithm AnswerLS, the database B′ is represented
by its intersection with the initial instance D (denoted as D′

in the algorithm): the fact that t 6∈ qB′

is verified by condi-
tion (b), while the fact that B′ ∈ semle(DB,D) is verified by
conditions (a) and (c) of the algorithm. In particular, con-
dition (c) verifies that, for each database B′′ (represented
by its intersection with D denoted as D′′), it is not the case
that B′′ �D B

′. In conditions (c1) and (c2), the symbol 〈〉
denotes the empty tuple.

Soundness and completeness of the algorithm is estab-
lished by the following theorem.

Theorem 5.8. Let DB = 〈S, I,K〉 be a NKC database
schema, D be a database instance, q be a query of arity n
over S, and t be a n-tuple of values from Γ. Then, t ∈
ans le(q,DB,D) iff AnswerLE(DB,D, q, t) returns true.

Proof. In order to prove correctness of the above al-
gorithm, we need a preliminary lemma. In the following,
given an instance D of a database schema DB = 〈S, I, ∅〉,
we denote as chase1(DB,D) the set of new facts obtained
by applying the chase rule to the facts in D, i.e., the
set of facts of the form s(t2) such that there exist I =
r[i1, . . . , ik] ⊆ s[j1, . . . , jk] ∈ I and r(t1) ∈ D such that
t1[i1, . . . , ik] = t2[j1, . . . , jk] and there exists no s(t3) ∈ D
such that t1[i1, . . . , ik] = t3[j1, . . . , jk].

Lemma 5.9. Let D′,D′′ be instances of a database schema
DB = 〈S, I, ∅〉 such that D′ ⊂ D′′ and, for each I ∈
I of the form I = r[i1, . . . , ik] ⊆ s[j1, . . . , jk] and for
each r(t1) ∈ D

′′, either AnswerS(〈S, I, ∅〉,D′, Q(I, t1), 〈〉) re-
turns true or AnswerS(〈S, ∅, ∅〉,D′′, Q(I, t1), 〈〉) returns true.
Then, chase(DB,D′′)−D′′ ⊆ chase(DB,D′)−D′.

Proof. It is straightforward to verify that the hypothesis
implies that chase1(DB,D′′) ⊆ chase1(DB,D′); this in turn
implies that each new fact added in chase(DB,D′′) by an
application of the chase rule in chase(DB,D′′) is also added
by the chase rule in chase(DB,D′). Consequently, the thesis
follows.

We now prove the theorem.
“⇒” Suppose AnswerLE(DB,D, q, t) returns false. Then,

there exists D′ ⊆ D such that conditions (a), (b) and (c) of
the algorithm hold for D′. Let B′ = chase(DB,D′). Now,
suppose B′ 6∈ semle(DB,D): hence, there exists a database
instance B′′ such that B′′ is consistent with K and B′′ �D

B′, which implies that B′′−D ⊆ B′−D. Since by hypothesis
condition (c) holds forD′, it follows that condition (c2) holds
for D′′, i.e., there exists a fact r(t1) ∈ D

′′ and an inclusion
I = r[i1, . . . , ik] ⊆ s[j1, . . . , jk] ∈ I such that:

1. AnswerS(〈S, I, ∅〉,D′, Q(I, t1), 〈〉) returns false, which
implies that there is no fact in B′ of the form s(t2)
such that t1[i1, . . . , ik] = t2[j1, . . . , jk];

2. AnswerS(〈S, ∅, ∅〉,D′′, Q(I, t1), 〈〉) returns false, which
implies that there is no fact in D′′ of the form s(t2)
such that t1[i1, . . . , ik] = t2[j1, . . . , jk]. On the other
hand, a fact of the form s(t2) such that t1[i1, . . . , ik] =
t2[j1, . . . , jk] must be present in B′′, due to the pres-
ence of r(t1) in D′′ and to the inclusion I.

The two above conditions imply that there exists a fact
of the form s(t2) in B′′ − D which does not belong to
B′. Consequently, B′′ − D ⊆ B′ − D does not hold, thus
contradicting the hypothesis that B′′ �D B

′. Therefore,
B′ ∈ semle(DB,D), and since conditions (a) and (b) hold

for D′, it follows that t 6∈ qB′

, hence t 6∈ ans le(q,DB,D).
“⇐” Suppose t 6∈ ans le(q,DB,D). Therefore, there exists

B′ ∈ semle(DB,D) such that t 6∈ qB′

. Let D′ = D∩B′. Since
B′ ∈ semle(DB,D), condition (a) of the algorithm holds for
B′, and since D′ ⊆ B′, condition (a) holds for D′ as well.

From t 6∈ qB
′

and from soundness and completeness of the
algorithm AnswerS it follows that condition (b) holds for D′.
Now, suppose condition (c) does not hold for D′: then, there



exists D′′ such that conditions (c1) and (c2) do not hold
for D′ and D′′, i.e., D′′ is consistent with K and, for each
I ∈ I of the form I = r[i1, . . . , ik] ⊆ s[j1, . . . , jk] and for
each r(t1) ∈ D

′′, either AnswerS(〈S, I, ∅〉,D′, Q(I, t1), 〈〉) re-
turns true or AnswerS(〈S, ∅, ∅〉,D′′, Q(I, t1), 〈〉) returns true.
By Lemma 5.9, it follows that chase(DB,D′′) − D′′ ⊆
chase(DB,D′) − D′. Now let B′′ = chase(DB,D′′): since
B′ ⊇ chase(DB,D′), it follows that B′′ − D ⊆ B′ − D, and
by hypothesis D′′ ⊃ D′, therefore B′′ ∩ D ⊃ B′ ∩ D, hence
B′′ �D B

′. Moreover, since D′′ is consistent with K, B′′ is
consistent with K and I, consequently B′ 6∈ semle(DB,D),
thus contradicting the hypothesis. Therefore, condition (c)
holds for D′, which implies that AnswerLE(DB,D, q, t) re-
turns false.

Finally, based on the above algorithm, we analyze the
computational complexity of query answering under the
loosely-exact semantics for NKC database schemata.

Theorem 5.10. Let DB = 〈S, I,K〉 be a NKC database
schema, D a database instance, q a query of arity n over DB,
and t a n-tuple of values of Γ. The problem of establishing
whether t ∈ ans le(q,DB,D) is Πp

2-complete with respect to
data complexity and PSPACE-complete with respect to com-
bined complexity.

Proof sketch. The analysis of the algorithm AnswerLE shows
that the problem is in Πp

2 with respect to data complexity.
Indeed, it is immediate to verify that:

• condition (a) can be verified in polynomial time;
• condition (b) can be verified in polynomial time, as

shown in Section 3;
• conditions (c1) and (c2) can be verified in polynomial

time: therefore, condition (c) can be verified in non-
deterministic polynomial time.

Consequently, if considered as a nondeterministic procedure,
the algorithm runs in Πp

2 with respect to data complexity.
Hardness with respect to Πp

2 can be proved by a reduction
from 2-QBF validity, i.e., the validity problem for quantified
boolean formulae having the form ∀x∃yf(x, y) where f(x, y)
is a 3-CNF, i.e., a propositional formula in 3-conjunctive nor-
mal form. The reduction generalizes the scheme employed
in the proof of Theorem 5.3.

As concerns combined complexity, it is immediate to ver-
ify that each of the conditions of the algorithm is computed
in nondeterministic polynomial space, therefore the algo-
rithm runs in nondeterministic polynomial space with re-
spect to combined complexity, which proves membership in
PSPACE of the problem. PSPACE-hardness can be proved
by reducing query answering under loosely-sound seman-
tics for databases without key dependencies to this problem.
The reduction is obtained by a slight modification of the re-
duction from query answering under loosely-sound seman-
tics exhibited in the proof of Theorem 5.5, and observing
that, if the original problem instance is such that, for each
I = r[~A] ⊆ s[~B] ∈ I, ~B does not cover the set of all the
attributes of s, then the derived database schema DB′ is a
NKC schema. Moreover, it is immediate to verify that re-
stricting to such a kind of problem instances does not affect
PSPACE-hardness of the query answering problem under
the loosely-sound semantics. Finally, the reduction is mod-
ified in a way such that the database instance D′ obtained
from the original instance D has size polynomial with re-
spect to data complexity.

6. DISCUSSION

6.1 Summary of results
The summary of the results we have obtained is reported

in Figure 13, in which we have two distinct tables, that
present, respectively, the complexity of query answering for
the class of general database instances and for instances con-
sistent with KDs. Each column (with the exception of the
first two) corresponds to a different semantics, while each
row corresponds to a different class of dependencies (speci-
fied in the first two columns). Each cell of the tables reports
data complexity and combined complexity of query answer-
ing: for each decidable case, the complexity of the problem
is complete with respect to the class reported. We have
marked with the symbol ♠ the cells corresponding either to
already known results or to results straightforwardly implied
by known results.

We point out that, due to the correspondence between
query answering and query containment illustrated in Sec-
tion 3, all the complexity results established for the problem
of query answering also hold for the conjunctive query con-
tainment problem.

6.2 Related work
The problem of reasoning with inconsistent databases is

closely related to the studies in belief revision and update
[2]. This area of Artificial Intelligence studies the problem
of integrating new information with previous knowledge. In
general, the problem is studied in a logical framework, in
which the new information is a logical formula f and the
previous knowledge is a logical theory (also called knowledge
base) T . Of course, f may in general be inconsistent with T .
The revised (or updated) knowledge base is denoted as T ◦f ,
and several semantics have been proposed for the operator ◦.
The semantics for belief revision can be divided into revision
semantics, when the new information f is interpreted as a
modification of the knowledge about the world, and update
semantics, when f reflects a change in the world.

The problem of reasoning with inconsistent databases can
be actually seen as a problem of belief revision. In fact,
with respect to the above illustrated knowledge base revi-
sion framework, if we consider the database instance D as
the initial knowledge base T , and the set of integrity con-
straints I ∪ K as the new information f , then the problem
of deciding whether a tuple t is in the answer set of a query
q with respect to the database schema DB = 〈S, I,K〉 and
the instance D corresponds to the belief revision problem
D ◦ (I ∪ K) |= q(t). Based on such a correspondence, the
studies in belief revision appear very relevant for the field of
inconsistent databases: indeed, almost all the approaches to
inconsistent databases that we have considered in this sec-
tion can be reconstructed in terms of direct applications of
well-known semantics for belief revision/update in a partic-
ular class of theories.

On the other hand, from a computational perspective,
there are no results concerning the particular kind of belief
revision/update that is of interest for database applications:
in particular, the class of relational integrity constraints as
revision/update knowledge has not been taken into account
in the belief revision literature, where the computational

3Due to space limitations, in the present version of the paper
we have not been able to include the proofs of all the results
reported in Figure 1.



Data complexity/combined complexity for general database instances:

KDs IDs strictly-sound loosely-sound loosely-exact

no GEN PTIME/PSPACE♠ PTIME/PSPACE PTIME/NP

yes no PTIME/NP♠ coNP/Πp
2
♠ coNP/Πp

2
♠

yes FK PTIME/PSPACE coNP/PSPACE coNP/PSPACE
yes FK,UN PTIME/PSPACE coNP/PSPACE Πp

2/PSPACE
yes NKC PTIME/PSPACE coNP/PSPACE Πp

2/PSPACE
yes 1KC undecidable undecidable undecidable

yes GEN undecidable♠ undecidable undecidable

Data complexity/combined complexity for key-consistent database instances:

KDs IDs strictly-sound loosely-sound loosely-exact

no GEN PTIME/PSPACE♠ PTIME/PSPACE PTIME/NP

yes no PTIME/NP♠ PTIME/NP♠ PTIME/NP♠

yes FK PTIME/PSPACE PTIME/PSPACE PTIME/NP
yes FK,UN PTIME/PSPACE PTIME/PSPACE PTIME/NP
yes NKCID PTIME/PSPACE PTIME/PSPACE PTIME/NP
yes 1KCID undecidable undecidable PTIME/NP

yes GEN undecidable♠ undecidable PTIME/NP

Legenda: FK = foreign key dependencies, GEN = general IDs, UN = unary IDs; ♠ = already known result.

Figure 1: Complexity of query answering under KDs and IDs (decision problem)

results mostly concern a setting in which knowledge is spec-
ified in terms of propositional formulae of classical logic [12,
13]. Instead, the typical database setting is considered by
the literature on inconsistent databases, which we briefly
survey in the following.

The notion of consistent query answers over inconsistent
databases was originally given in [5]. However, the approach
in [5] is completely proof-theoretic, and no computational
technique for obtaining consistent answers from inconsistent
database is provided.

In [21] the authors describe an operator for merging
databases under constraints which allows for obtaining a
maximal amount of information from each database by
means of a majority criterion used in case of conflict. Even
if a large set of constraints is considered, namely the con-
straints that can be expressed as first-order formulae, the
computational complexity of the merging procedure is not
explored, and no algorithm to compute consistent query an-
swers is provided. Furthermore, the problem of dealing with
incomplete databases is not taken into account. Notice also
that, different from all the other studies mentioned in the
following, this approach relies on a cardinality-based order-
ing between databases (rather than a set-containment-based
ordering).

In [15] the authors propose a framework for updating the-
ories and logical databases (i.e., databases obtained by giv-
ing priorities to sentences in the databases) that can be
extended also to the case of updating views. The seman-
tics proposed in such a paper is based on a particular set-
containment based ordering between theories that “accom-
plish” an update to an original theory, which is similar to
the loosely-sound semantics above presented.

In [3] the authors define an algorithm for consistent query
answers in inconsistent databases based on the notion of
residues, originally defined in the context of semantic query

optimization. The method is proved to be sound and com-
plete only for the class of universally quantified binary con-
straints, i.e., constraints that involve two database relations.
In [4] the same authors propose a new method that can
handle arbitrary universally quantified constraints by spec-
ifying the database repairs into logic rules with exceptions
(LPe). The semantics underlying the notion of consistent
query answers both in [3] and in [4] is defined on a set-
containment ordering between databases, which corresponds
to the loosely-exact semantics of our framework.

Moreover, a different semantics for database repairing has
been considered in [10, 9]. Specifically, in such works a se-
mantics is defined in which only tuple elimination is allowed;
therefore, the problem of dealing with infinite models is not
addressed. Then, a preference order over the database re-
pairs is defined, in such a way that only minimal repairs (in
terms of set containment) are considered. Hence, the se-
mantics is a “maximal complete” one, in the sense that only
maximal consistent subsets of the database instance are con-
sidered as repairs of such an instance. In [10] the authors
establish complexity results for query answering under such
a semantics in the presence of denial constraints, a gener-
alization of key dependencies and functional dependencies,
while in [9] also inclusion dependencies are considered. Such
a “maximal complete” semantics is different from the com-
plete semantics considered in the present paper.

Finally, [16] proposes a technique to deal with inconsis-
tencies that is based on the reformulation of integrity con-
straints into a disjunctive datalog program with two different
forms of negation: negation as failure and classical negation.
Such a program can be used both to repair databases, i.e.,
modify the data in the databases in order to satisfy integrity
constraints, and to compute consistent query answers. The
technique is proved to be sound and complete for universally
quantified constraints. The semantics adopted to support



this method corresponds to our loosely-exact semantics.
We point out that none of the above mentioned works

provides a general solution for the case of cyclic inclusion
dependencies under the semantics (both strict and loose)
considered in this paper.

6.3 Future work
Although obtained in a single database context, many

of the techniques and results presented here are directly
applicable to data integration, where multiple information
sources may provide data that are inconsistent with respect
to the global view of the sources. Indeed, we believe that
one important development of the research presented in this
paper is towards both the computational analysis of query
answering in data integration systems and the definition of
effective query processing techniques in such a setting.

Moreover, we are currently working on the extension of
the present framework with more complex forms of depen-
dencies, e.g., functional dependencies and exclusion depen-
dencies.
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Abstract

We propose a new Description Logic, called DL-Lite, specif-
ically tailored to capture basic ontology languages, while
keeping low complexity of reasoning. Reasoning here means
not only computing subsumption between concepts, and
checking satisfiability of the whole knowledge base, but
also answering complex queries (in particular, conjunctive
queries) over the set of instances maintained in secondary
storage. We show that in DL-Lite the usual DL reasoning
tasks are polynomial in the size of the TBox, and query an-
swering is polynomial in the size of the ABox (i.e., in data
complexity). To the best of our knowledge, this is the first re-
sult of polynomial data complexity for query answering over
DL knowledge bases. A notable feature of our logic is to al-
low for a separation between TBox and ABox reasoning dur-
ing query evaluation: the part of the process requiring TBox
reasoning is independent of the ABox, and the part of the
process requiring access to the ABox can be carried out by an
SQL engine, thus taking advantage of the query optimization
strategies provided by current DBMSs.

Introduction
One of the most important lines of research in Description
Logics (DLs) is concerned with the trade-off between ex-
pressive power and computational complexity of sound and
complete reasoning. Research carried out in the past on this
topic has shown that many DLs with efficient, i.e., worst-
case polynomial time, reasoning algorithms lack modeling
power required in capturing conceptual models and basic
ontology languages, while most DLs with sufficient mod-
eling power suffer from inherently worst-case exponential
time behavior of reasoning [4, 5].

Although the requirement of polynomially tractable rea-
soning might be less stringent when dealing with relatively
small ontologies, we believe that the need of efficient rea-
soning algorithms is of paramount importance when the on-
tology system is to manage large amount of objects (e.g.,
from thousands to millions of instances). This is the case
of several important applications where the use of ontolo-
gies is advocated nowadays. For example, in the Semantic
Web, ontologies are often used to describe the relevant con-
cepts of Web repositories, and such repositories may incor-
porate very large data sets, which constitute the instances

Copyright c© 2005, American Association for Artificial Intelli-
gence (www.aaai.org). All rights reserved.

of the concepts in the ontology. In such cases, two require-
ments emerge that are typically overlooked in DLs. First, the
number of objects in the knowledge bases requires manag-
ing instances of concepts (i.e., ABoxes) in secondary stor-
age. Second, significant queries to be posed to the knowl-
edge bases are more complex than the simple queries (i.e.,
concepts and roles) usually considered in DL research. Un-
fortunately, in these contexts, whenever the complexity of
reasoning is exponential in the size of the instances (as for
example in Fact1, Racer2 and in [11]), there is little hope for
effective instance management and query answering algo-
rithms.

In this paper we propose a new DL, called DL-Lite, specif-
ically tailored to capture basic ontology languages, while
keeping low complexity of reasoning, in particular, poly-
nomial in the size of the instances in the knowledge base.
Reasoning here means not only computing subsumption be-
tween concepts, and checking satisfiability of the whole
knowledge base, but also answering complex queries over
the set of instances maintained in secondary storage.

Our contributions are the following:

1. We define DL-Lite, and show that it is rich enough to
capture a significant ontology language. Although at a
first sight DL-Lite appears to be a very simple DL, the
kind of modeling constructs in our logic makes it suit-
able for expressing a variety of representation languages
widely adopted in different contexts, such as basic on-
tology languages, conceptual data models (e.g., Entity-
Relationship [2]), and object-oriented formalisms (e.g.,
basic UML class diagrams3).

2. For such a DL we propose novel reasoning techniques for
a variety of tasks, including conjunctive query answering
and containment between conjunctive queries over con-
cepts and roles. Our presentation is focused especially
on the problem of answering conjunctive queries over a
knowledge base. We observe that this is one of the few re-
sults on answering complex queries (i.e., not correspond-
ing simply to a concept or a role) over a DL knowledge
base [11]. Indeed, answering conjunctive queries over a
knowledge base is a challenging problem, even in the case

1
http://www.cs.man.ac.uk/∼horrocks/FaCT/

2
http://www.sts.tu-harburg.de/∼r.f.moeller/racer/

3
http://www.omg.org/uml/



of DL-Lite, where the combination of constructs express-
ible in the knowledge base does not pose particular dif-
ficulties in computing subsumption. Notice that, in spite
of the simplicity of DL-Lite TBoxes, the ability of tak-
ing TBox knowledge into account during the process of
answering conjunctive queries goes beyond the “variable-
free” fragments of first-order logic represented by DLs.

3. An important feature of our approach is that it is per-
fectly suited to representing ABox assertions managed in
secondary storage by a Data Base Management System
(DBMS). Indeed, our query answering algorithm is based
on the idea of expanding the original query into a set of
queries that can be directly evaluated by an SQL engine
over the ABox, thus taking advantage of well established
query optimization strategies. Notably, this was one of
the motivations behind several research works done on
CLASSIC in the 80’s [6].

4. We analyze the complexity of reasoning in DL-Lite. We
show that the usual reasoning tasks considered in DLs
(i.e., subsumption and satisfiability) can be done in poly-
nomial time. As for query answering, computing the an-
swers to a conjunctive query is worst-case exponential in
the size of the TBox and the query, but is polynomial in
the size of the ABox, i.e., in data complexity [17]. Hence,
the complexity of answering queries is no worse than tra-
ditional query evaluation in relational databases4.
A prototype implementation of DL-Lite has been devel-

oped and tested within a research project carried out jointly
by our institution and the IBM Tivoli Laboratory. First ex-
periments show that our approach is extremely effective:
complex domains can be modeled in DL-Lite, and it takes
no more than a few minutes to answer conjunctive queries
over knowledge bases with millions of instances.

DL-Lite
As usual in DLs, DL-Lite allows for representing the domain
of interest in terms of concepts, denoting sets of objects, and
roles, denoting binary relations between objects. DL-Lite
concepts are defined as follows:

B ::= A | ∃R | ∃R−
C ::= B | ¬B | C1 u C2

where A denotes an atomic concept and R denotes an
(atomic) role; B denotes a basic concept that can be either
an atomic concept, a concept of the form ∃R, i.e., the stan-
dard DL construct of unqualified existential quantification
on roles, or a concept of the form ∃R−, which involves an
inverse role. C (possibly with subscript) denotes a (general)
concept. Note that we use negation of basic concepts only,
and we do not allow for disjunction.

A DL-Lite knowledge base (KB) is constituted by two
components: a TBox used to represent intensional knowl-
edge, and an ABox, used to represent extensional informa-
tion. DL-Lite TBox assertions are of the form

B v C inclusion assertions
(funct R), (funct R−) functionality assertions

4We remind the reader that the algorithms for answering a con-
junctive query posed to a relational database are exponential in the
size of the query.

An inclusion assertion expresses that a basic concept is sub-
sumed by a general concept, while a functionality assertion
expresses the (global) functionality of a role, or of the in-
verse of a role.

As for the ABox, DL-Lite allows for assertions of the
form:

B(a), R(a, b) membership assertions

where a and b are constants. These assertions state respec-
tively that the object denoted by a is an instance of the basic
concept B, and that the pair of objects denoted by (a, b) is
an instance of the role R.

Although DL-Lite is quite simple from the language point
of view, it allows for querying the extensional knowledge of
a KB in a much more powerful way than usual DLs, in which
only membership to a concept or to a role can be asked.
Specifically, DL-Lite allows for using conjunctive queries
of arbitrary complexity. A conjunctive query (CQ) q over a
knowledge base K is an expression of the form

q(~x) ← ∃~y.conj (~x, ~y)

where ~x are the so-called distinguished variables, ~y are ex-
istentially quantified variables called the non-distinguished
variables, and conj (~x, ~y) is a conjunction of atoms of the
form B(z), or R(z1, z2), where B and R are respectively a
basic concept and a role in K, and z, z1, z2 are constants
in K or variables in ~x or ~y. Sometimes, for simplifying no-
tation, we will use the Datalog syntax, and write queries of
the above form as q(~x) ← body(~x, ~y), where the existential
quantification ∃~y has been made implicit, and the symbol “,”
is used for conjunction in body(~x, ~y).

The semantics of DL-Lite is given in terms of interpre-
tations over a fixed infinite domain ∆. We assume to have
one constant for each object, denoting exactly that object. In
other words, we have standard names [15], and we will not
distinguish between the alphabet of constants and ∆.

An interpretation I = (∆, ·I) consists of a first order
structure over ∆ with an interpretation function ·I such
that:

AI ⊆ ∆ RI ⊆ ∆×∆
(¬B)I = ∆ \BI (∃R)I = {c | ∃c′. (c, c′) ∈ RI}
(C1 u C2)

I = CI1 ∩ CI2 (∃R−)I = {c | ∃c′. (c′, c) ∈ RI}

An interpretation I is a model of an inclusion assertion
B v C iff BI ⊆ CI ; I is a model of a functionality asser-
tion (funct R) if (c, c′) ∈ RI ∧ (c, c′′) ∈ RI ⊃ c′ = c′′,
similarly for (funct R−); I is a model of a membership as-
sertion B(a) (resp. R(a, b)) if a ∈ BI (resp. (a, b) ∈ RI).
A model of a KB K is an interpretation I that is a model
of all the assertions in K. A KB is satisfiable if it has at
least one model. A KB K logically implies an assertion
α if all the models of K are also models of α. A query
q(~x) ← ∃~y.conj (~x, ~y) is interpreted in an interpretation I
as the set qI of tuples ~c ∈ ∆ × · · · ×∆ such that when we
substitute the variables ~x with the constants ~c, the formula
∃~y.conj (~x, ~y) evaluates to true in I.

Since DL-Lite deals with conjunctive queries, the basic
reasoning services that are of interest are:



• query answering: given a query q with distinguished vari-
ables ~x and a KBK, return the set ans(q,K) of tuples ~c of
constants of K such that in every model I of K we have
~c ∈ qI . Note that this task generalizes instance checking
in DLs, i.e., checking whether a given object is an instance
of a specified concept in every model of the knowledge
base.

• query containment: given two queries q1 and q2 and a KB
K, verify whether in every model I of K qI1 ⊆ qI2 . Note
that this task generalizes logical implication of inclusion
assertions in DLs.

• KB satisfiability: verify whether a KB is satisfiable.

Example 1 Consider the atomic concepts Professor and
Student , the roles TeachesTo and HasTutor , and the fol-
lowing DL-Lite TBox T :

Professor v ∃TeachesTo Student v ∃HasTutor
∃TeachesTo− v Student ∃HasTutor− v Professor
Professor v ¬Student (funct HasTutor).

Assume that the ABox A contains only the asser-
tion HasTutor(John, Mary). Finally, consider the query
q(x) ← TeachesTo(x, y),HasTutor(y, z), asking for
professors that teach to students that have a tutor.

Although equipped with advanced reasoning services, at
first sight DL-Lite might seem rather weak in modeling in-
tensional knowledge, and hence of limited use in practice.
In fact, this is not the case. Despite the simplicity of its lan-
guage and the specific form of inclusion assertions allowed,
DL-Lite is able to capture the main notions (though not all,
obviously) of both ontologies, and of conceptual modeling
formalisms used in databases and software engineering (i.e.,
ER and UML class diagrams). In particular, DL-Lite asser-
tions allow us to specify ISA, e.g., stating that concept A1 is
subsumed by concept A2, using A1 v A2; disjointness, e.g.,
between concepts A1 and A2, using A1 v ¬A2; role-typing,
e.g., stating that the first (resp., second) component of the
relation R is an instance of A1 (resp., A2), using ∃R v A1

(resp., ∃R− v A2); participation constraints, e.g., stating
that all instances of concept A participate to the relation R
as the first (resp., second) component, using A v ∃R (resp.,
A v ∃R−); non-participation constraints, using A v ¬∃R
and A v ¬∃R−; functionality restrictions on relations, us-
ing (funct R) and (funct R−). Notice that DL-Lite is a
strict subset of OWL Lite, the less expressive sublanguage
of OWL5, which presents some constructs (e.g., some kinds
of role restrictions) that are non expressible in DL-Lite, and
that make reasoning in OWL Lite non-tractable in general.

Reasoning in DL-Lite
It can be shown that query containment can be reformulated
as query answering using techniques similar to the ones
in [1]. Hence, we concentrate on query answering only.

We first address some preliminary issues, and then we de-
fine the query reformulation algorithm PerfectRef, which
is at the heart of our query evaluation algorithm Answer.
Finally, we address correctness and complexity issues.

5http://www.w3.org/TR/owl-features

KB normalization We denote by Normalize(K) the
DL-Lite KB obtained by transforming the KB K = (T ,A)
as follows. The ABox A is expanded by adding to A the
assertions ∃R(a) and ∃R−(b) for each R(a, b) ∈ A.

Then, assertions of K in which conjunctive concepts oc-
cur are rewritten by iterative application of the rule: if
B v C1 u C2 occurs in T , then replace it with the two
assertions B v C1 , B v C2.

The TBox T resulting from such a transformation con-
tains assertions of the form (i) B1 v B2, where B1 and
B2 are basic concepts (i.e., each of them is either an atomic
or an existential concept), which we call positive inclusions
(PIs); (ii) B1 v ¬B2, where B1 and B2 are basic concepts,
which we call negative inclusions (NIs); (iii) functionality
assertions on roles of the form (funct R) or (funct R−).

Then, the TBox T is expanded by computing all (non-
trivial) NIs between basic concepts implied by T . More pre-
cisely, the TBox T is closed with respect to the following in-
ference rule: if B1 v B2 occurs in T and either B2 v ¬B3

or B3 v ¬B2 occurs in T (where B1, B2, B3 are arbitrary
basic concepts), then add B1 v ¬B3 to T . It can be shown
that, after the above closure of T , for every pair of basic
concepts B1, B2, we have that T |= B1 v ¬B2 iff either
B1 v ¬B2 ∈ T or B2 v ¬B1 ∈ T .

It is immediate to verify that, for every DL-Lite KB K,
Normalize(K) is equivalent to K, in the sense that the set
of models ofK coincides with that of Normalize(K). In the
following, without loss of generality we assume that every
concept name or role name occurring in A also occurs in T .
ABox storage Once the ABox is normalized, we store it
under the control of a DBMS, in order to effectively manage
objects in the knowledge base by means of an SQL engine.
To this aim, we construct a relational database which faith-
fully represents a normalized ABox A. More precisely,
• for each basic concept B occurring in A, we define a re-

lational table tabB of arity 1, such that 〈a〉 ∈ tabB iff
B(a) ∈ A;

• for each role R occurring inA, we define a relational table
tabR of arity 2, such that 〈a, b〉 ∈ tabR iff R(a, b) ∈ A.
We denote with DB(A) the relational database thus con-

structed.
KB satisfiability The algorithm Consistent takes as in-
put a normalized KB K = (T ,A) and verifies the following
conditions:
(i) there exists a NI B1 v ¬B2 in T and a constant a such
that the assertions B1(a) and B2(a) belong to A;
(ii) there exists an assertion (funct R) (respectively,
(funct R−)) in T and three constants a, b, c such that both
R(a, b) and R(a, c) (resp., R(b, a) and R(c, a)) belong toA.

Informally, condition (i) corresponds to checking whether
A explicitly contradicts some NI in T , and condition (ii)
corresponds to check whetherA violates some functionality
assertion in T . If one of the above conditions holds, then the
algorithm returns false (i.e., K is not satisfiable); otherwise,
the algorithm returns true.

Notably, the algorithm verifies such conditions by posing
to DB(A) suitable conjunctive queries expressed in SQL.
For instance, condition (i) holds for a given NI B1 v ¬B2

iff the query q(x) ← tabB1(x), tabB2(x) has a non-empty



answer in DB(A), while condition (ii) holds for (funct R)
iff the query q(x) ← tabR(x, y), tabR(x, z), y 6= z has
a non-empty answer in DB(A), where 6= is the “not equal”
predicate of SQL. Notice that the algorithm does not con-
sider the PIs occurring in T during its execution. Indeed, we
will show that PIs do not affect the consistency of a DL-Lite
KB, if the TBox is normalized.
Query reformulation Query reformulation is at the heart
of our query answering method. Given the limited expres-
sive power of DL-Lite TBoxes, it might seem that in order
to answer a query q over a KB K, we could simply build a
finite first-order structure on the basis of K, and then evalu-
ate the query as an expression over this first-order structure.
Actually, it is possible to show that this is not the case. In
particular, it can be shown that, in general, given a KB K,
there exists no finite structure S such that, for every con-
junctive query q, the set of answers to q over K is the result
of evaluating q over S . This property demonstrates that an-
swering queries in DL-Lite goes beyond both propositional
logic and relational databases. The basic idea of our method
is to reformulate the query taking into account the TBox: in
particular, given a query q over K, we compile the asser-
tions of the TBox into the query itself, thus obtaining a new
query q′. Such a new query q′ is then evaluated over the
ABox of K, as if the ABox were a simple relational data-
base. Since the size of q′ does not depend on the ABox,
the data complexity of the whole query answering algorithm
is polynomial. In the following, we illustrate our approach
from a technical point of view.

We say that an argument of an atom in a query is bound if
it corresponds to either a distinguished variable or a shared
variable, i.e., a variable occurring at least twice in the query
body, or a constant, while we say that it is unbound if it
corresponds to a non-distinguished non-shared variable (as
usual, we use the symbol to represent non-distinguished
non-shared variables). Notice that, an atom of the form
∃R(x) (resp. ∃R−(x)) has the same meaning as R(x, )
(resp. R( , x)). For ease of exposition, in the following we
will use the latter form only.

A PI I is applicable to an atom B(x), if I has B in its
right-hand side, and I is applicable to an atom R(x1, x2),
if either (i) x2 = and the right-hand side of I is ∃R, or
(ii) x1 = and the right-hand side of I is ∃R−. Roughly
speaking, an inclusion I is applicable to an atom g if all
bound arguments of g are propagated by I . Obviously, since
all PIs in the TBox T are unary, they are never applicable to
atoms with two bound arguments.

We indicate with gr(g, I) the atom obtained from the atom
g by applying the inclusion I , i.e., if g = B1(x) (resp., g =
R1(x, ) or g = R1( , x)) and I = B2 v B1 (resp., I =
B2 v ∃R1 or I = B2 v ∃R−1 ), we have:
• gr(g, I) = R2(x, ), if B2 = ∃R2;
• gr(g, I) = R2( , x), if B2 = ∃R−2 ;
• gr(g, I) = A(x), if B2 = A, where A is a basic concept.

We are now ready to define the algorithm PerfectRef.
Algorithm PerfectRef(q, T )
Input: conjunctive query q, DL-Lite TBox T
Output: set of conjunctive queries P
P := {q};

repeat
P ′ := P ;
for each q ∈ P ′ do
(a) for each g in q do

for each PI I in T do
if I is applicable to g
then P := P ∪ { q[g/gr(g, I)] }

(b) for each g1, g2 in q do
if g1 and g2 unify
then P := P ∪ {τ(reduce(q, g1, g2))};

until P ′ = P ;
return P

In the algorithm, q[g/g′] denotes the query obtained from
q by replacing the atom g with a new atom g′.

Informally, the algorithm first reformulates the atoms of
each query q ∈ P ′, and produces a new query for each atom
reformulation (step (a)). Roughly speaking, PIs are used as
rewriting rules, applied from right to left, that allow to com-
pile away in the reformulation the knowledge of T that is
relevant for answering q.

At step (b), for each pair of atoms g1, g2 that unify, the
algorithm computes the query q′ = reduce(q, g1, g2), by ap-
plying to q the most general unifier between g1 and g2. Due
to the unification, variables that were bound in q may be-
come unbound in q′. Hence, PIs that were not applicable to
atoms of q, may become applicable to atoms of q′ (in the
next executions of step (a)). Function τ applied to q′ re-
places with each unbound variable in q′.

It can be shown that the algorithm always terminates,
since the maximum number of atoms in the body of a gen-
erated query is equal to the length of the initial query, and
the number of different atoms that can be generated by the
algorithm is polynomial in the size of the input.

Example 1 (contd.). Let us analyze PerfectRef(q, T ),
where q(x) ← TeachesTo(x, y),HasTutor(y, ). At the
first execution of step (a), the algorithm inserts in P the new
query q(x) ← TeachesTo(x, y),Student(y), by applying
to the atom HasTutor(y, ) the PI Student v ∃HasTutor .
Then, at a second execution of step (a), the query q(x) ←
TeachesTo(x, y),TeachesTo( , y) is added to P , accord-
ing to application of the PI ∃TeachesTo− v Student to
the atom Student(y). Since the two atoms of the sec-
ond query unify, step (b) of the algorithm inserts the query
q(x) ← TeachesTo(x, ) into P . At a next iteration,
step (a) produces the query q(x) ← Professor(x), by ap-
plying Professor v ∃TeachesTo to TeachesTo(x, ), and
then, at a further execution of step (a), it generates the query
q(x) ← HasTutor( , x) by applying ∃HasTutor− v
Professor to Professor(x). The set constituted by the
above five queries and the original query q is then returned
by the algorithm.

Query evaluation In order to compute the answers to q
over the KB K = (T ,A), we need to evaluate the set of
conjunctive queries P produced by the algorithm Perfec-
tRef over the ABox A. Obviously, in doing so we want to
exploit the relational database DB(A). To this aim, we need
to transform each query q in P into an SQL query expressed
over DB(A). The transformation (which we omit for lack
of space) is conceptually very simple. The only non-trivial



case concerns binary atoms with unbound terms: for an atom
of the form R( , x), we introduce a view predicate that rep-
resents the union of tabR[2] with tab∃R− , where tabR[2]
indicates projection of tabR on its second column (similarly
for R(x, )). All SQL queries obtained from P , together
with the views introduced in the transformation, denoted by
SQL(P ), can be easily dispatched to an SQL query engine
and evaluated over DB(A).

Below we define the algorithm Answer that, given a sat-
isfiable KB K and a query q, computes ans(q,K)6. In the
algorithm, Eval(Q,D) denotes the evaluation of the SQL
query Q over the database D.

Algorithm Answer(q,K)
Input: CQ q, DL-Lite KB K = (T ,A)
Output: ans(q,K)
K := Normalize(K);
return Eval(SQL(PerfectRef(q, T )), DB(A))

Example 1 (contd.). Since our ABox A contains only the
assertion HasTutor(John,Mary), it is trivial to establish
satisfiability of K (which can be done by means of the algo-
rithm Consistent). Then, by executing Answer(q,K), we
first obtain Normalize(K), which is computed by adding to
T all NIs implied by T , i.e.,:

∃TeachesTo− v ¬Professor ∃HasTutor− v ¬Student .

Then, Eval(SQL(PerfectRef(q, T )), DB(A)) returns the
set {Mary}. In particular, Mary is returned by the eval-
uation of the SQL transformation of the query q(x) ←
HasTutor( , x).

Correctness We now prove correctness of the above de-
scribed query answering technique. To this aim, we use
a chase-like technique [2]. Given a normalized KB K =
(T ,A), we call chase of K (denoted by chase(K)) the (pos-
sibly infinite) ABox obtained starting from A and clos-
ing it with respect to the following chase rules: (i) if
B1(a) ∈ chase(K) and B1 v B2 ∈ T , then add
B2(a) to chase(K); (ii) if ∃R(a) ∈ chase(K) (respectively,
∃R−(a) ∈ chase(K)) and there exists no individual b such
that R(a, b) ∈ chase(K) (resp., R(b, a) ∈ chase(K)), then
add the assertions R(a, n) and ∃R−(n) (resp., R(n, a) and
∃R(n)) to chase(K), where n is a new constant of ∆ not
already occurring in chase(K).

Intuitively, the correctness of our query processing tech-
nique is based on a crucial property of chase(K): ifK is sat-
isfiable, then chase(K) is a representative of all models ofK.
This property implies that query answering can be in prin-
ciple done by evaluating the query over chase(K) seen as a
database. However, since chase(K) is in general infinite, we
obviously avoid the construction of the chase. Rather, as we
said before, we are able to compile the TBox into the query,
thus simulating the evaluation of the query over the (in gen-
eral infinite) chase by evaluating a finite reformulation of the
query over the initial ABox.

We first establish correctness of the technique for deciding
satisfiability of a DL-Lite KB.

6Notice that, if K is unsatisfiable, query answering is meaning-
less, since every tuple is in the answer to every query.

Theorem 2 Let K = (T ,A) be a normalized DL-Lite KB.
K is satisfiable iff the algorithm Consistent returns true.

We now establish correctness of the algoritm Answer un-
der the assumption that the KB is satisfiable.

Theorem 3 LetK = (T ,A) be a satisfiable DL-Lite KB, let
q be a CQ, and let ~c be a tuple of constants from ∆. Then,
~c ∈ ans(q,K) iff ~c ∈ Answer(q,K).

Complexity First, we analyze complexity of KB satisfia-
bility in DL-Lite.

Theorem 4 Satisfiability of a DL-Lite KBK can be decided
in time polynomial in the size of K.

Proof (sketch). The proof immediately follows from the
following facts: (i) the algorithm Normalize runs in time
polynomial in the size of K; (ii) the algorithm Consistent
is correct; (iii) the algorithm Consistent runs in time poly-
nomial in the size of the input.

Then, from correctness of the algorithm Answer, we are
immediately able to characterize complexity of conjunctive
query answering in DL-Lite w.r.t. data complexity.

Theorem 5 Conjunctive query answering in DL-Lite is in
PTIME in data complexity.

We are also able to characterize the combined complexity
(i.e., the complexity w.r.t. the size ofK and q) of conjunctive
query answering in DL-Lite.

Theorem 6 Conjunctive query answering in DL-Lite is NP-
complete in combined complexity.

Proof (sketch). Membership in NP is a consequence of
the fact that, given any DL-Lite KB K, if ~c ∈ ans(q,K),
then it is possible to nondeterministically construct a poly-
nomial fragment of chase(K) which contains an image of
q(~c). NP-hardness follows from NP-hardness of conjunctive
query evaluation over relational databases.

Finally, since in DL-Lite it is possibile to polynomially
reduce containment between CQs to query answering, from
the above results it follows that containment of conjunctive
queries in DL-Lite is NP-complete.

Summarizing, the above results show a very nice compu-
tational behavior of queries in DL-Lite: reasoning in DL-Lite
is computationally no worse than standard conjunctive query
answering (and containment) in relational databases.

Discussion and related work
DL-Lite is a fragment of expressive DLs with assertions and
inverses studied in the 90’s (see [4] for an overview), which
are at the base of current ontology languages such as OWL,
and for which optimized automated reasoning systems such
as Fact and Racer have been developed. Indeed, one could
use, off-the-shelf, a system like Racer to perform KB sat-
isfiability, instance checking (of concepts), and logical im-
plication of inclusion assertions in DL-Lite. Also, reasoning
with conjunctive queries in these DLs has been studied (see
e.g. [11]), although not yet implemented in systems. Un-
fortunately, the reasoning procedures for these DLs are all
EXPTIME-hard, and more importantly they are not tailored



towards obtaining tight complexity bounds with respect to
data complexity. Conjunctive queries combined with DLs
were also considered in [16, 13], but again data complexity
was not the main concern.

There has been a lot of work in DLs on the boundary
between polynomial and exponential reasoning. This work
first concentrated on DLs without the TBox component of
the KB, and led to the development of simple DLs, such as
ALN , that admit polynomial instance checking. However,
for minor variants of ALN , such as ALE (where we in-
troduce qualified existential and drop number restrictions),
FLE− (where we additionally drop negated atomic con-
cept), and ALU (where we introduce union and drop num-
ber restrictions), instance checking, and therefore conjunc-
tive query answering, is coNP-complete in data complex-
ity [12]. Indeed, the argument used in the proof of coNP-
hardness of ALE , FLE−, and ALU in [12], immediately
implies the following theorem.
Theorem 7 Answering conjunctive queries is coNP-hard in
data complexity (even in KBs with empty TBoxes), if we ex-
tend DL-Lite with one of the following features: (1) either
∀R.A or ¬A can appear in left-hand sides of inclusion as-
sertions; (2) either ∀R.A or ¬A can appear as atoms in the
query; (3) union of concepts can appear in the right-hand
side of inclusion assertions.

If we allow for cyclic inclusion assertions in the KB,
then even subsumption in CLASSIC andALN becomes in-
tractable [9]7. Observe that DL-Lite does allow for cyclic
assertions without falling into intractability. Indeed, we can
enforce the cyclic propagation of the existence of an R-
successor using the two DL-Lite inclusion assertions A v
∃R, ∃R− v A. The constraint imposed on a model is
similar to the one imposed by the ALN cyclic assertion
A v ∃R u ∀R.A, though stronger, since it additionally en-
forces the second component of R to be typed by A. In
order to keep tractability even in the presence of cycles,
DL-Lite imposes restrictions on the use of the ∀R.C con-
struct, which, if used together with inclusion assertions, im-
mediately would lead to intractability [9].

Our work is also tightly related to work in databases on
implication of integrity constraints (ICs) [2] and on query
answering in the presence of ICs under an open world se-
mantics (see, e.g., [8, 3, 14, 7]). Rephrased as ICs, DL-Lite
TBoxes allow for expressing special forms of inclusion de-
pendencies (i.e., ISA, role typing, and participation con-
straints), multiple keys on relations (i.e., functionality re-
strictions), and exclusion dependencies (i.e., disjointness
and non-participation constraints)8. The results that we re-
port here show that DL-Lite inclusion assertions form one of
the largest class of ICs for which query answering remains
polynomial.

Conclusions
We have described DL-Lite, a new DL specifically tailored
to capture conceptual data models and basic ontology lan-

7Note that a TBox with only acyclic inclusion assertions can
always be transformed into an empty TBox.

8Notice that this combination of ICs has only been studied in
[7], but under a different semantics wrt the one adopted in DLs.

guages, while keeping the worst-case complexity of sound
and complete reasoning tractable.

In this paper we focused on binary roles only, but it is pos-
sible to extend our reasoning techniques to n-ary relations
without loosing their nice computational properties. We are
working on other interesting extensions to DL-Lite, such as
the introduction of subset constraints on roles. The results
of [10] imply that finding an adaptation of our query answer-
ing technique is going to be a hard problem.
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