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Abstract

View-based query answering is the problem of answering a
query based only on the answers precomputed for a set of
views. While this problem has been widely investigated in
databases, it is largely unexplored in the context of Descrip-
tion Logic ontologies. Differently from traditional databases,
Description Logics may express several forms of incomplete
information, and this poses challenging problems in char-
acterizing the semantics of views. In this paper, we first
present a general framework for view-based query answering,
where we address the above semantical problems by defining
a spectrum of notions of view-based query answering over
ontologies, all based on the idea that the precomputed an-
swers to views are the certain answers to the corresponding
queries. We also relate such notions to relevant issues in
ontology management, in particular ontology access autho-
rization. Then, we provide decidability results, algorithms,
and data complexity characterizations for view-based query
answering in several Description Logics, ranging from the
DL-Lite family to very expressive Description Logics.

Introduction

View-based query answering is the problem of answering a
query under the assumption that the only accessible exten-
sional information consists of the precomputed answers to a
set of queries, called views. Such a problem is considered
fundamental in several scenarios of information manage-
ment, including data integration, query optimization, main-
tenance of physical independence, data warehousing, and
privacy-aware access to information (see (Halevy 2001) for
a survey).

In particular, in the logical approach to privacy-aware ac-
cess to data, each user (or, class of users) is associated with
a set of views, called authorization views, which specify
the information that the user is allowed to access (Zhang
& Mendelzon 2005; Rizvi et al. 2004; Stouppa & Studer
2007). View-based query answering in this setting captures
the requirement that only information deriving from such
views can be revealed to the user.

A large number of results is reported on view-based query
answering in the recent database literature, both for the case
of relational databases (see, for instance, (Ullman 2000;

Copyright (© 2008, Association for the Advancement of Artificial
Intelligence (www.aaai.org). All rights reserved.

2

2 Dip. di Informatica e Sistemistica
Sapienza Universita di Roma
Via Ariosto 25
1-00185 Roma, Italy
lastname@dis.uniromal.it

Halevy 2001)), and for the case of semistructured data (Cal-
vanese et al. 2001; 2005). On the other hand, the problem is
still largely unexplored in the context of Description Logics
(DLs). Two exceptions are (Beeri, Levy, & Rousset 1997;
Calvanese, De Giacomo, & Lenzerini 2000), which, how-
ever, formalize view definitions and view extensions essen-
tially as additional assertions of a sophisticated form, rather
than as knowledge about a set of queries whose precomputed
answers are stored as view extensions.

In this paper, we present a new study on view-based query
answering in DL ontologies. The idea at the basis of our
work is that, differently from traditional databases, DLs may
express several forms of incomplete information, and this
should be taken into account in characterizing the semantics
of the views. To address this issue, our approach considers
the precomputed answers to views as the certain answers
to the corresponding queries, and therefore differs from the
previous work mentioned above. Our contributions can be
summarized as follows.

e We present a general formal framework for view-based
query answering in DL ontologies. Users pose queries to
a system, whose knowledge is represented by an ontology
expressed in a given DL. The system associates to each
user (or, class of users) a set of views, whose extensions
are computed as certain answers to the ontology. The sys-
tem answers user queries coherently with the ontology,
though hiding information not implied by the views. This
idea is formalized based on the fundamental notion of so-
lution. Given an ontology X = (7, A) expressed in a
DL L, a set of views V with extensions F, a solution for
(7,V, E) is a set of interpretations such that computing
the certain answers of the views V' over such interpreta-
tions yields exactly E. We show that different definitions
can be provided for the semantics of view-based query an-
swering, each one capturing additional properties for the
notion of solution. In the model-centered semantics, we
simply insist that a solution is a set of models of the TBox
7. In the language-centered semantics, we additionally
require that the set of models constituting a solution is
captured by an ontology expressed in £. Finally, in the
TBox-centered semantics, we require that such a set can
be expressed in terms of an £ ABox paired to 7.

e We relate the framework to the problem of privacy-aware



access to ontologies, by illustrating how view-based query
answering is able to conceal from the user the informa-
tion that are not logical consequences of the associated
authorization views. In particular, a fact q(f) that logi-
cally follows from a DL ontology K is concealed from
the user when there is a solution for (7, V, E) that falsi-
fies ¢(t) and cannot be distinguished from the models of
K by using V and 7. The various semantics defined in
the framework correspond to imposing different notions
of solution, and this in turn implies that the different se-
mantics disclose different amounts of information to the
user.

o We illustrate several decidability results, algorithms, and
data complexity characterizations for view-based query
answering, under different semantics, and for different
DLs, ranging from tractable ones (the DL-Lite family
(Calvanese et al. 2007; Poggi et al. 2008) and the
EL family (Baader, Brandt, & Lutz 2005; Krisnadhi &
Lutz 2007; Rosati 2007)), to more expressive ones (ALC,
ALC QT (Baader er al. 2003), SHZ Q (Horrocks, Sattler,
& Tobies 2000; Horrocks, Patel-Schneider, & van Harme-
len 2003; Glimm et al. 2007)).

The paper is organized as follows. In the next section,
we present basic notions for DL ontologies. Then, we illus-
trate the framework and its relationship with privacy-aware
access to ontologies. The next two sections present general
results on view-based query answering, and specific results
for various DLs. The paper ends with a discussion on both
the results presented here, and future directions for continu-
ing our work.

Preliminaries

In this section, we define some preliminary notions used in
the rest of the paper. Let S be a signature of unary predi-
cates, binary predicates, and individual constants.

As usual, a Description Logic (DL) ontology K = (7, A)
is a pair formed by a TBox 7 and an ABox A over S, where
7 contains universal assertions, and A contains assertions
about individuals.

Different DLs allow for different constructs in forming
TBox and ABox assertions. In this paper we consider sev-
eral well-known DLs, including

e expressive DLs, namely ALC, ALCQZ, and SHZ Q;
e DLs from the £L£ family, namely, ££ and ELH,

e DLs from the DL-Lite family, namely, DL-Litep,
DL-Liter, and DL-Lite 4.

Below, for the sake of brevity, we give some details on
the latter DLs only. We refer to (Baader e al. 2003; Hor-
rocks, Sattler, & Tobies 2000; Baader, Brandt, & Lutz 2005;
Krisnadhi & Lutz 2007) for the other ones.

The DL-Lite family (Calvanese et al. 2007; 2006) is a
family of tractable DLs particularly suited for dealing with
ontologies with very large ABoxes, which can be managed
through relational database technology. One of the most ex-
pressive DLs in the family is DL-Lite 4, which allows for
representing both objects and values. Here, for simplic-
ity, we concentrate on its fragment concerning objects only.

However, all the results presented in this paper hold for the
full-fledged version of DL-Lite 4 as well.

In DL-Lite 4, the syntax of concept and role expressions is
as follows (A denotes a unary predicate name, i.e., concept,
P denotes a binary predicate name, i.e., role, and a, b denote
constants):

B — A 3R

¢ — B | -B

R — P ‘ P~

Q — R|-R
while TBox assertions and ABox assertions are formed ac-
cording to the following syntax:

Rtbox — B E C | R E Q | (funct Q)
Raboxr — A<a) ‘ P<a7b)

with the proviso that roles occurring in functionality asser-
tions cannot be specialized, i.e., they cannot appear in the
right-hand side of inclusion assertions.

In other words, a DL-Lite 4 TBox consists of a finite set
of:

e inclusion assertions between basic concepts (which are
either atomic or unqualified existential restrictions) and
general concepts (which include also negation);

e inclusion assertions between basic roles (which are either
atomic or inverse roles) and general roles (which again
include also negation);

e functional assertions on basic roles, such that roles occur-
ring in functionality assertions cannot be specialized.

A DL-Lite 5, ABox consists of a finite set of concept and
role membership assertions.

In this paper, we also consider two other DLs of
the DL-Lite-family, namely, DL-Liter, obtained from
DL-Lite 4 by dropping functional assertions ((funct Q)), and
DL-Liter, obtained from DL-Lite 4 by dropping inclusion
assertions on roles (QQ C R).

Below, we call atomic ABox an ABox containing only
assertions of the form A(a) and P(a,b) where A is an
atomic concept and P is an atomic role. The DLs DL-Litep,
DL-Liter, and DL-Lite 4 allow only for atomic ABoxes, but
this is not the case for every DL.

As for the semantics, as usual in DLs, the logics in the
DL-Lite family are based on the standard notion of first-
order interpretation, consisting of an interpretation domain
and an interpretation function. In addition, as in several DLs,
the Unique Name Assumption (UNA) is enforced: i.e., dif-
ferent constant names denote different objects of the inter-
pretation domain.

An interpretation over S, or simply interpretation, is a
model of an ontology K if it makes true (or satisfies) all
TBox and ABox assertions in K. We denote by MOD(K)
the set of models of KC. An ontology K is satisfiable if it has
at least one model, i.e., ift MOD(K) # 0.

A conjunctive query (CQ) g is an expression of the form

q(Z) — conj(Z,7)
where & are the so-called distinguished variables, 1j are the

non-distinguished variables, which are implicitly existen-
tially quantified, and each conj(&,%) is a conjunction of



atoms of the form A(z), P(z, '), where A is a unary pred-
icate name, P is a binary predicate name, and z, 2’ are con-
stants in S, or variables in Z or . When & is the tuple ()
of arity O, then q is called a Boolean query. In this paper
we use the so-called Datalog notation for CQs (Abiteboul,
Hull, & Vianu 1995), i.e., we write conjunctions simply as
sequences.

Given an interpretation Z, qI is the set of tuples of domain
elements that, when assigned to the distinguished variables &
of ¢, make the formula 3g.conj (Z, %) true (Abiteboul, Hull,
& Vianu 1995). We denote £ € ¢” also as Z = ¢(1).

Given a set WV of interpretations and a CQ ¢, the set of
certain answers cert(q, W) to q over W is defined as fol-
lows:

cert(q,W) = {t'| is a tuple of constants in S
s.t. T |= q(t) forevery T € W}

Given an ontology K, the set of certain answers to q
over K is the set cert(q, MOD(K)), also written simply as

cert(q, K). We denote £ € cert(q, K) also as K = ¢(1).

Framework

As we said in the introduction, in view-based query an-
swering, the answer to a query posed to K is computed
solely on the basis of the knowledge on a finite sequence
V = (v1,...,v,) of views over the ontology. In this paper
we consider conjunctive views, and therefore the definition
v; of each view is a CQ of the form

0i(Z;) — cong; (%, Ui)

where each v; is not a symbol of the signature S, and v; # v;
for i # j. In the following, we use v; both for the symbol
denoting the view, and for the CQ constituting its definition.

Given V. = (vy,...,v,), we call V-extension any se-
quence E = {ej,...,e,), where each e; is a finite set of
tuples of the same arity as v;.

Since an ontology is characterized by a set of models, we
are interested in those extensions of the views V' that cor-
respond to the certain answers of the queries (vy,...,v,)
with respect to a set of interpretations. Formally, the cer-
tain extension of V with respect to a set of interpreta-
tions W, denoted cert(V, W), is the sequence {e1, ..., e,)
where e; = cert(v;,W). A prominent role is played by
cert(V,MOD(K)), i.e., the certain extension of V with re-
spect to the set of models of the ontology /C, simply written
cert(V, K) and called the V-extension for K.

We base our framework on the following characterizing
elements.

e Users pose CQs to a system, whose knowledge is repre-
sented by an ontology K = (7, A) expressed in a given
DL L over a signature S.

e The system associates to each user (or, class of users)
some views V, which are CQs over S, whose extension
E is computed as cert(V, ).

e The system answers user queries faithfully, i.e., coher-
ently with /C, though hiding information not implied by
the views V. This idea is captured by grounding the

semantics of view-based query answering on the no-
tion of solution for (T,V, E). Intuitively, a solution for
(7,V, E) is a set of interpretations ¥V over S which can
be “confused” with /C in the following sense:

- W C MOD(T), and
- cert(V,W) =E.

Now, the set of answers that the system provides to a user
query ¢ is the set of tuples ¢ such that ¢ € cert(q, W) for
every solution W for (7,V, E).

Observe that K, or, more precisely, MOD(K), is obvi-
ously a solution for (7, V, E'), but many other ontologies,
or, more precisely, set of models, are solutions as well.
Observe also that if VV; and VV; are both solutions for
(T,V,E), then they are indistinguishable by means of
V, because cert(V,W;) = cert(V,W;) = E. In other
words, a tuple  such that q(t) is logically implied by K is
hidden to the user if there is a solution W for (7,V, E)
where # is not a certain answer to ¢, i.e., t & cert(V, W).
In this sense W is an evidence for concealing ¢(Z) from
the user.

In this work, we refer to three notions of solutions. The
first one is exactly the one described above. The other two
semantics capture increasing requirements on the level of
faithfulness of the system with respect to the ontology K.

Model-centered semantics. A model-centered solution, or
simply M -solution, for (7,V, E) is a solution W for
(T,V, E) as specified above. In other words, given a user
query q, the evidence for concealing q(f) from the user
can be simply any subset of the models of the TBox 7 of
K.

Language-centered semantics. This semantics imposes
the further condition that a set of interpretations »V can
be considered a solution if it is expressible in terms of
an ontology in the same DL £ as K. More precisely,
a language-centered solution, or simply L-solution, for
(7,V,E) is an M-solution W for (7,V, E) such that
there exists an ontology (7', A’) expressed in £ with
W = MOD((T', A")). So, any evidence for concealing

q(f) from the user must be expressible in L.

TBox-centered semantics. Finally, this semantics charac-
terizes a set of interpretations as a solution if it can
be captured by the original TBox 7 and an ABox ex-
pressed in L£: a TBox-centered solution, or simply T-
solution, for (7, V, E) is an M-solution W for (7,V, E)
such that there exists an ABox A’ expressed in £ with
W = MOD((T, A’)). In other words, any evidence for
concealing ¢(t) from the user must be expressible in terms
of an ABox in £ paired to 7.

Observe that, as an immediate consequence of the above
definitions, every T-solution for (7,V, FE) is also an L-
solution for (7,V, E), and every L-solution for (7,V, E)
is also an M -solution for (7, V, E).

We are now ready to formally introduce the notion of
view-based query answering. In the following definition, o



stands for either M (for model-centered), L (for language-
centered), or T' (for TBox-centered), thus referring to one of
the three semantics defined above.

View-based answer. Let K = (7, .A) be an ontology ex-
pressed in a DL £, ¢ a CQ, V a set of views, and FF =
cert(V,K) the V-extension for K. The set of view-based
answers to ¢ with respect to (7, V, E') under the o-centered
semantics, denoted by wba,(q,7,V, E), is the set of tu-
ples # such that £ € cert(q, W) for every o-solution W for
(T,V,E).

In this paper, we study the decision problem associated
to computing view-based answers: given a TBox 7, views
V', a V-extension F, a query ¢, and a tuple £. check whether
t € vbay(q,T,V,E),ie., tis a view-based answer to ¢ with
respect to (7, V, E) under the o-centered semantics.

Since in our framework F represents the 1V -extensions for
KC, we are guaranteed that at least one o-solution (for any o)
always exists, namely MOD(K). Also, since we are inter-
ested in data complexity, we will actually measure the com-
plexity of such decision problem only with respect to the
size of the V-extension F.

We end this section by relating the framework presented
here to the privacy scenario illustrated in the introduction. In
such a scenario:

e The ontology K = (7,.A) expressed in a given DL L
over a signature S represents the knowledge that the sys-
tem has on the domain of interest.

e The views V associated to a user (or, class of users) are its
authorization views, i.e., the V-extensions F for IC repre-
sent the knowledge that the system is authorized to dis-
close to the user.

o The user posing queries to the system is aware of the sig-
nature .S, but is in principle unaware of all other aspects
managed by the system (IC, £, V, and F).

e The answers provided by the system to a user query q are
those logically implied by its authorization views, i.e., the
view-based answers to q.

e The different semantics described above, ranging from the
model-centered to the TBox-centered semantics, allow for
increasing levels of information disclosure to the user. In
particular, let ¢ be a user query, and let ¢(Z) be logically
implied by K:

— In the model-centered semantics, ¢(%) is returned as an
answer if there is no set of models W C MOD(K)
that is indistinguishable from MOD(K) itself with re-
spect to the authorization views V, and such that ¢ ¢
cert(q, W).

— In the language-centered semantics, YV must further
satisfy the condition of being expressible in the DL £
of K. Intuitively, this is the semantics to adopt in or-
der to capture the case where the user is aware of the
language £ used to express K.

— In the TBox-centered semantics, YV must be character-
ized by some ABox expressed in £ paired to 7. Intu-
itively, this semantics captures the situation where the

user is aware not only of the language £, but also of the
TBox 7 of K.

Example 1 Consider a DL-Liter ontology K with roles
Owns and Located, where Owns(a,b) means that person
a owns house b, and Located(x,y) means that x is located
in y. Specifically, let K = (7, .A) with 7 empty, and A be:
Owns(john, h55),  Located(h55, london)

Now, suppose that the system can only disclose to a user u
information about the location of houses owned by persons,
and information about where houses are located. This can be
formalized by associating to u the following authorization
views V:

vi(x,y) «— Owns(x, z), Located(z,y)

vo(x,y) < Located(x,y)

The resulting V-extension E = (e, e2) is

e1 = {(john, london)}
ez = {(h55, london)}

It is not hard to see that Owns(john, h55) is concealed
from user v under the model-centered semantics, while it
is not concealed under the other semantics. Indeed, since
DL-Liter ABoxes only allow for atomic membership asser-
tions, it follows that, in the TBox-centered semantics, every
substitution ¢ of the join variable z in v; must be a constant
explicitly mentioned in the ABox, thus the pair (¢, london)
must also belong to the extension ey, and hence ¢t = hb5.
As for the language-centered semantics, we observe that
DL-Litep, being a subset of SHZ Q, enjoys the tree-model
property (Baader et al. 2003), which again implies that ev-
ery substitution ¢ of the join variable z in v; must be a con-
stant explicitly mentioned in the ABox. Instead, such a con-
clusion cannot be derived in the model-centered semantics,
which is language-independent.

Suppose now that the language £ used by the system
to express K is the DL obtained from DL-Literp by al-
lowing for role composition in TBox assertions. In this
case, Qwns(john, h55) is concealed from « not only in the
model-centered semantics, but also in the language-centered
semantics, because the set of models of the following ontol-

ogy
({P C Ouwns o Located}, {AU{P(john,london)})
is indistinguishable from MOD({7 , A)) by V. "

In the remaining sections we present several results on
the problem of view-based query answering, by concen-
trating our attention on the model-centered and the TBox-
centered semantics. The language-centered semantics will
be addressed in an extended version of this paper.

General results

We start with a preliminary definition. Given views

V = (v1,...,v,), where each v; is defined as v;(Z;) «—
conj,;(%;, y;), and V-extension E = (eq,...,e,), where
each e; is of the form {7}, ... ,t_:""'}, we denote by a(V, E)
the Boolean CQ
a(V,E) = conj, (1}, §1), .. ., conjy (5", "), .
ycong, (B ), .. cong,, (BT



Theorem 2 If MOD(T U «(V,E)) is a T-solution for
(T,V, E), then view-based query answering under the three
semantics coincides for CQs.

Proof (sketch).  First, observe that, since «(V,FE) is a
Boolean query, it corresponds to a first-order sentence. Now,
if MOD(T U «(V, E)) is a T-solution for (7,V, E), then
a(V, E) can be equivalently expressed in terms of an ABox.
Moreover, it is immediate to see that every solution for
(7,V, E) under each of the three semantics logically im-
plies a(V, E). U

We then provide a general undecidability result for view-
based query answering. First, we give an auxiliary lemma.

Lemma 3 [f an ABox A is such that MOD((T , A)) is a T-
solution for (T, V, E), then (T , A) E a(V, E).

Theorem 4 If answering conjunctive queries in a DL L is
undecidable, then view-based query answering in L is unde-
cidable under all the three semantics.

Proof (sketch). Under model-centered semantics, the the-
orem is a direct consequence of Theorem 7. For TBox-
centered semantics (and in an analogous way for language-
centered semantics), we can easily reduce conjunctive query
answering in £ to view-based query answering in £. Given
K = (7, A), we build a view definition V' (with one-to-
one views) and a V-extension E (isomorphic to 4) such
that a(V, E) = A. Thus, by Lemma 3, it follows that

(T, A) = q(t)iff t € vbar(q,T,V, E). O

Results for model-centered semantics With respect to
view-based query answering under model-centered seman-
tics, we start by stating the following properties, whose
proof is straightforward.

Proposition 5 [f MOD(7 U o(V, E)) is not an M-solution
Sor (T,V, E), then there are no M -solutions for (T,V, E).

Proposition 6 If MOD(T U «(V,E)) is an M-solution
for (T,V,E), then t € wbapn(q,T,V,E) iff t €
cert(q, MOD(T U a(V, E))).

The next theorem gives a general results on how to
transfer decidability and complexity results from conjunc-
tive query answering to view-based query answering under
model-centered semantics for DLs without UNA.

Theorem 7 For every DL L without UNA, view-based con-
junctive query answering under model-centered semantics
and conjunctive query answering are mutually reducible to
each other in LOGSPACE.

Proof (sketch). First, we define a reduction from view-based
query answering in £ under model-centered semantics to
query answering in £: the crucial point is the definition of an
ABox obtained by freezing a(V, E') using one new constant
for every variable (which is correct due to Proposition 6, and
the fact that £ is without UNA). Vice-versa, it is easy to de-
fine a reduction from query answering in £ to view-based
query answering under model-centered semantics, through
one-to-one views V' (one view for every concept and role
name) and a V' -extension isomorphic to the ABox. O

Results for TBox-centered semantics We start our analy-
sis of view-based query answering under TBox-centered se-
mantics by considering DLs admitting only atomic ABoxes
(as defined in the preliminaries).

Theorem 8 If a DL L only allows for atomic ABoxes, and
answering CQs in L is decidable, then view-based conjunc-
tive query answering in L under TBox-centered semantics is
decidable.

Proof (sketch). To reason about all the T-solutions, it is
sufficient to try all the ABoxes that can be built by the predi-
cates in the signature S and constants occurring in E (plus a
finite number of new constant names). The number of such
ABoxes is finite. 0

By extending the proof of the above theorem, we obtain
the following property.

Theorem 9 If a DL L only allows for atomic ABoxes, and
conjunctive query answering in L is in CONP (respectively,
in PTIME) with respect to data complexity, then view-based
conjunctive query answering in L under TBox-centered se-
mantics is in 115 (respectively, CONP) with respect to data
complexity.

Finally, we show the following, very general, hardness
result for view-based conjunctive query answering under
TBox-centered semantics. A DL £ has the tree-model prop-
erty if every satisfiable TBox has a model that has the struc-
ture of a tree, when viewing each object as a node, and each
pair of nodes connected by a direct or inverse atomic role as
an edge.

Theorem 10 If a DL L has the tree-model property, then
view-based conjunctive query answering in L under TBox-
centered semantics is CONP-hard with respect to data com-
plexity.

Proof (sketch). Reduction from 3-colorability. Let G =
(Vi, Eg) be a graph. The view definitions V' are the fol-
lowing:

v1(x) « vertexCol(x,y), vertexColAux(zx, z), col(y, z)

vo(z,y) «— edge(x,y)
v3(x) < col(x,x)

Intuitively, v; is used to assign a color to z, but it does so
through a query that includes a loop (which is not express-
ible in L, by the tree-model property); vo denotes the pres-
ence of an edge between x and y; and vs denotes colors.
Then consider the following V-extension F, populating v
with the nodes of G, vy with the edges of G, and v3 with 3
colors:
E= <VG>EG7 {Taga b}>

and the Boolean query ¢, denoting two adjacent vertices (no-
tice that the query is symmetric with respect to edges) col-
ored with the same color:

q — edge(x,y), vertexCol(x, z), vertexCol(y, z)

It can be shown that G is 3-colorable iff () ¢
vbar(q, D, V, E). Observe that in this construction the TBox
is empty. O



Algorithms and complexity for specific DLs

In this section we first provide a general algorithm for
view-based query answering under TBox-centered seman-
tics, then we present a set of complexity results for view-
based query answering (under both model-centered seman-
tics and TBox-centered semantics) for several Description
Logics, ranging from tractable DLs (DL-Lite 4 and £L) to
very expressive ones (SHZ Q).

We start by providing some preliminary definitions.

An L-UCQ is a union of conjunctive queries whose atoms
are ABox assertions in £ involving either constants or vari-
ables. More precisely £-UCQ atoms are of the follow-
ing forms: (i) C(z) with z either a constant or a variable,
where C'(a), with a constant, is an ABox assertion in £; (ii)
R(z1, z2) with z71, 29 either constants or a variables, where
R(a,b), with a, b constants, is an ABox assertion in L.

We now define the notion of roll-up of a CQ.

Roll-up. Given a DL £, a CQ ¢ and a TBox 7, an L-
UCQ Q is a roll-up of q under T in L if, for every ABox
A and for every tuple t, (T, A) = q(f) iff (T,A) E
grounding(Q, T, A), where grounding(Q,7,.A) is the
grounding of ) with respect to the constants occurring in 7°
and A (notice that grounding(Q, 7 ,.A) is a Boolean ABox
in £, in particular, a finite disjunction of a finite number of
ABoxes in £).

Given an £L-UCQ Q, we denote by freeze(Q,7,V, F) the
expression obtained from () replacing every variable symbol
occurring in @ with a new distinct constant not already oc-
curring in @, 7, V, or E.

Notice that freeze(Q,7,V,E) is a disjunction of
ABoxes, in particular the disjunction of a finite number of
finite ABoxes.

The following crucial property establishes a precise re-
lationship between the roll-up of a(V, E) and view-based
query answering under TBox-centered semantics.

Lemma 11 Let Q% be a roll-up of o(V,E) under T.
Then, for every CQ q, we have that vbar(q,7,V,E) =
cert(q, (T, freeze(Q*,T,V, E))).

Proof (sketch). We focus on the case when the DL
L is without UNA. (If £ enforces UNA we can still
follow the same line of the proof presented here, al-
though some details require more care.) Suppose ¢ &
cert(q, (T, freeze(Q*,7T,V,E))), and suppose there ex-
ists an ABox A’ such that MOD((T, A’)) is a T-solution
for (7,V,E) and such that (7, A’) K ¢(f). Now, by
Lemma 3 we have (7, A") = «(V, E) and since Q“ is a
roll-up of «(V, E) under 7 in L, it follows that (T, A’) |=
grounding(Q*, T, A’). Let h; be the homomorphism from
Q% to grounding(Q*,T,A’), let hy be the isomorphism
from Q% to freeze(Q*,7T,V,E), and let h be the homo-
morphism h5 Y. hy (.e., h is the homomorphism which
maps freeze(Q%, T, V, E) to grounding(Q*, T, A’)). Now
let Z be a model of (7, A’) such that T [~ q(). Let
T’ be the interpretation obtained from Z by modifying the
interpretation of constants as follows: for every constant
a, a¥ = (h(a))T It is immediate to see that: (i) Z’ is

Algorithm View-based-answerr (i, ¢, £,T,V, E)
Input: tuple ¢, CQ ¢, DL L, L-TBox 7,
views V', V-extension F
Output: true if £ € vbar(q, T,V, E), false otherwise
begin
Q :=rollUp(L,T,a(V,E));
Q = freeze(Q,7,V,E);
let Q be the disjunction of ABoxes A1 V ---V A,;
if there exists ¢ € {1,...,n}
such that (T, A;) is satisfiable
and cert(V,(7T,A;)) = E
and (T, A;) b q(f)
then return false
else return true
end

Figure 1: Algorithm View-based-answery

a model of 7 (since Z' does not modify the interpreta-
tion of the symbols occurring in 7 with respect to 7);
(il) Z' is a model of freeze(Q*,7,V,E) (since Z is a
model of grounding(Q®, T, A")); (i) Z’ ¥ q(t) (since
T W q(f) and Z’ does not modify the interpretation of
the symbols occurring in 7 with respect to Z). Now,
by hypothesis ¢ € cert(q, (T, freeze(Q*, T, V, E))), and
since 7' is a model of (T, freeze(Q%,7,V, E)), it fol-
lows that 7' = ¢(). Contradiction. Therefore, there ex-
ists no ABox A’ such that MOD({T, A’)) is a T-solution
for (7,V,E) and such that (7, A") [ q(f). Hence,
cert(q, (7T, freeze(Q*,T,V,E))) < wbar(q,7,V,E).
Moreover, it is immediate to see that vbar(q,7,V, E) C
cert(q, (T, freeze(Q*, T, V, E))). 0

Based on the above lemma, we define the general algo-
rithm View-based-answery for deciding whether a tuple ¢
is a view-based answer to a query ¢ with respectto (7, V, E)
in a DL £ under the TBox-centered semantics. The algo-
rithm, displayed in Figure 1, assumes the existence of a pro-
cedure rollUp(L, 7, q) for computing a roll-up of a CQ ¢
under 7 in the DL £. The algorithm allows us to prove
the following general result about decidability of view-based
query answering under TBox-centered semantics.

Theorem 12 Let £ be a DL without UNA and such that the
following problems are decidable/computable in L: (i) KB
satisfiability; (ii) conjunctive query answering; (iii) comput-
ing a roll-up of a CQ. Then, view-based conjunctive query
answering in L under TBox-centered semantics is decidable.

Proof. The proof follows from correctness of the algorithm
View-based-answery, which is a direct consequence of
Lemma 11. UJ

Results for the DL-Lite family We now consider view-
based query answering for the DLs of the DL-Lite family,
for which the UNA holds. We first analyze model-centered
semantics.



¥ copy ¢

Figure 3: View instance used in Theorem 14

Theorem 13 View-based conjunctive query answering un-
der model-centered semantics in DL-Liter is in LOGSPACE
with respect to data complexity.

Proof. Follows from the fact that in DL-Litep there are no
functionality assertions that introduce equalities that could
affect the freezing of a(V, E). Thus, we can apply Theo-
rem 7 even with UNA, and reduce in LOGSPACE view-based
query answering under model-centered semantics to query
answering. Indeed, in DL-Litep adopting or not UNA does
not affect conjunctive query answering. O

Theorem 14 View-based conjunctive query answering un-
der model-centered semantics in DL-Liter is NLOGSPACE-
hard with respect to data complexity.

Proof. We exhibit a reduction from reachability in directed
graphs, which is NLOGSPACE-hard. Let G = (N, D) be a
directed graph, where N is the set of nodes and D the set
of directed edges. Reachability is the problem of deciding,
given two nodes s,t € NN whether there is an oriented path
formed by edges in D that, starting from s allows to reach
t. We consider the graph represented through the functional
relations first-child F', next-sibling S, and U (cf. Figure 2).

Given a directed graph G = (N, F, S,U), we define the
following triple (7, V, E):

e 7T is the DL-Liter TBox whose alphabet consists of the
atomic concept A and the atomic roles F, S, U, copy,
P, and containing the assertions {(funct R) | R €
{F,S,U, copy, P}}.

o V = (vp,vg,vy,va) with (cf. Figure 3):

vr(z,y) — R(x,y), copy(x,z’), copy(y,y'), R(z',y'),
forR € {F,S,U}

va(z) «— A(z), copy(z,2’), P(z,x), P(z, )

e F=(EF,Es, Ey, Ea), with:

Er =R, forRe{F, S U}

EA = {S}

Notice that, for each M-solution W for (7,V, E) and each
interpretation Z € W, by the assertions in 7, we have that
R is a function, for R € {F, S, U, copy, P}. Consider the
query

q(x) « copy(z, x).

We show that ¢ is reachable from s in G iff t €
vban(q, T,V, E).

“=" Assume that ¢ is reachable from s in G. We show by
induction on the length ¢ of a path from s to a node n reach-
able from s in G that n € vbaps(q,7,V, E). Base case:
¢ =0. Thenn = s. Let W be an M-solution for (7,V, E),
andletZ € W. Since s € E(va) = cert(va, W), there ex-
ist objects 0,0’ € AT such that s € AT, (s%,0) € copy?,
(0,57) € PZ, and (0,0') € PZ. Since P? is a func-
tion, we have that s* = o, and (s%,s?) € copy®. Hence
s = n € vbap(q,7,V,E). Inductive case: ¢ = k. Let
n' be a node in G with (n,n’) € F (the cases for S and
U are analogous), and assume towards a contradiction that
n' & vbapr(q, T,V, E). Then there is an M-solution W for
(T,V,E) and an Z € W such that (n”F,n'%) ¢ copy?.
By inductive hypothesis, n € wvbap(q,7,V, E), hence
(n%,nT) € copy’. Since (n,n') € E(vp) = cert(ve, W),
there exist objects 0,0’ € AZ such that (n%,n'%) € FZ,
(n%,0) € copy®, (n'%,0') € copy®, and (0,0') € FZ.
Since copy? is a function, o = nZ, and since F7 is a func-
tion, o' = n'Z. Hence (n'F,n'T) € copy?, which is a con-
tradiction.

“«” If t is not reachable from s in G, it is easy to con-
struct an M-solution W for (7, V, E') with an interpretation
T € W such that (t7,t%) & copy?. O

Theorem 15 View-based conjunctive query answering un-
der model-centered semantics in DL-Lite 4 is NLOGSPACE-
complete with respect to data complexity.

Proof. NLOGSPACE-hardness follows directly from Theo-
rem 14. To show membership in NLOGSPACE, we have to
first propagate equalities due to functionalities in the freez-
ing of a(V, E) (or, equivalently, we add the definition of the
equality predicate in the perfect rewriting of the query) and
then we perform standard query answering in DL-Lite 4. [J

Then, we turn our attention to TBox-centered seman-
tics. Since in the DL-Lite family we consider only atomic
ABoxes, we get directly the following result.

Theorem 16 View-based conjunctive query answering un-
der TBox-centered semantics in DL-Liter, DL-Liter, and
DL-Lite 5 is CONP-complete w.r.t. data complexity.

Proof. Membership in CONP follows from the fact that an-
swering CQs for all three DLs is LOGSPACE with respect to
data complexity and from Theorem 9, while CONP-hardness
follows from Theorem 10. O



Results for the £L family We now consider view-based
query answering for the DLs ££ and £LH. The following
results hold both with and without UNA. First, we analyze
model-centered semantics.

Theorem 17 View-based conjunctive query answering un-
der model-centered semantics in EL and ELH is PTIME-
complete with respect to data complexity.

Proof. Without UNA, the result follows from Theorem 7
and from the results of (Calvanese et al. 2006; Krisnadhi
& Lutz 2007; Rosati 2007). For the case with UNA, we
observe again that there are no number restrictions that could
affect the freezing of a(V, E). O

Then, we turn our attention to TBox-centered semantics.

Theorem 18 View-based conjunctive query answering un-
der TBox-centered semantics in EL and ELH is CONP-
complete with respect to data complexity.

Proof. Membership in CONP follows from the algorithm
View-based-answer; and from a modification of the roll-
up procedures for £L£ and £LH presented in (Rosati 2007).
Hardness follows from Theorem 10. 0

Results for expressive DLs We now examine view-based
query answering for ontologies expressed as general TBoxes
in expressive DLs. First, we take into account the model-
centered semantics.

Theorem 19 View-based conjunctive query answering un-
der model-centered semantics in ALC is CONP-hard with
respect to data complexity.

Proof. Without UNA, the result follows from Theorem 7
and from the fact that conjunctive query answering in ALC
is CONP-hard with respect to data complexity (Schaerf
1993). For the case with UNA, we observe again that num-
ber restrictions are not present. 0

The above CONP-hardness result actually holds already
for AL, for which also conjunctive query answering is
CONP-hard (Calvanese et al. 2006).

Theorem 20 View-based conjunctive query answering un-
der model-centered semantics in SHIQ, and hence in
ALCQOTZ, is in CONP with respect to data complexity.

Proof. The result follows from Propositions 5 and 6, and
from the fact that conjunctive query answering in ALC QT
and in SHZQ is in CONP with respect to data complex-
ity (Levy & Rousset 1998; Ortiz, Calvanese, & Eiter 2006;
Glimm et al. 2007). 0

Then, we analyze the complexity of view-based query an-
swering under TBox-centered semantics.

Theorem 21 View-based conjunctive query answering un-
der TBox-centered semantics in ALC is 115-hard with re-
spect to data complexity.

Proof (sketch).  The reduction is from 2-QBF validity.
Given a 2-QBF formula of the form ¢ = Vz.3y.f(Z,7),
where T = x1 ..., Zp, ¥ = Y1,---,Ym and f is a 3-CNF
over the propositional variables Z and 7, i.e., a formula of

the form f{ = c1 A -+ A ¢k, where each ¢; is of the form
¢; = 13 V15 V I3 and each [} is a literal over the variables T

and 7. We define the following triple (7, V, E):
e 7 is the following ALC-TBox:

T E CUCy
C; C Oy
D, T G
Dy C Cf
IVal.C; T VVal.Cy
IVal.Cy CE VVal.Cy
IVal.C;, £ VComp.¥VVal.Cy
Val.Cy C VCompVVal.Cy
Cer T FVal.T

e V is constituted by the following view definitions:

Vez () — Coz(x)
Veomp (2, y) — Comp(z,y)
VLit, (xvy) — LZtl(xay)
ULity ((E, y) — LZtZ (l‘, y)
ULits (Z‘, y) — Luits (l‘, y)
Vuniv (1') — Ouniv (1')
vex (il?) — Cuniv (37), Val(w, y)7 TV(y, y)
VEX (y) — Cuniv (Jf), Val(x y)? TV(y, y)
vry(z) «— TV(z,x)
vp,(x) — Di(x
vp;(z) < Dy(x)
Vp < Litl(xvyl)vLZ'tQ(xvy2)7Lit3(x7y3>a

Val(yla Z1)7 Val(y27 22); Val(y?n Z3)7
Cf(21),C(22), C (23

e F is the following V-extension, where we denote with
E(v) the extension associated to view v:

E(Uefc) = {yla"'aym,yyla"'ayn}
E(Ucomp) = {<x17?1>7~ <$nvfn>7
<y1a y1>> R <ym7ym>}
E(vri,) {{ei,l}) |1 <i<n}
E(vri,) = {{ei,lf) |1 <i<n}
Blow) — {(end)|1<i<n}
E(Uunw) = {-Th ~>$m7£1a---7£n}
E(wvex) = {1, Tm,T1,-- ., Tn}
E(vpx) = {0,1}
E(vry) = {0,1}
Elop) = {1}
Ewp) = {0}
B = 10}

It can be shown that the formula ¢ is satisfiable iff (7, V, F)
has no T'-solution.

Then, we define a query ¢ < C'(a) where C is a con-
cept that does not occur in 7 and V. It is immediate to see
that () € vbar(q,7,V, E) iff (7,V, E) has no T-solution.
Consequently, the claim holds. Finally notice that, if a T'-
solution exists, then there exists one obtained from an ABox
that is atomic. U

Notice that the reduction given in the above proof can
be immediately rephrased in AL, by avoiding the explicit
use of concept disjunction and qualified existential concepts



(which is possible due to the fact that general concept inclu-
sion assertions are allowed in the TBox). Hence, the above
I15-hardness result holds also for AL.

As for the upper bound, we are able to provide results for
those DLs in which CQs can be rolled up while staying in
the same language, in particular for ALC Q7.

Theorem 22 View-based conjunctive query answering un-
der TBox-centered semantics in ALCQOT is Hg-complete
with respect to data complexity.

Proof. The lower bound follows from the proof of Theo-
rem 21. The upper bound follows from the roll-up-based
algorithm View-based-answerr for view-based query an-
swering under ABox-centered semantics presented above,
and from the roll-up procedure for DLR presented in (Cal-
vanese, De Giacomo, & Lenzerini 2008), which constitutes
also a correct roll-up of CQs for ALCQOZ. |

Notice that, for SHZ Q, we cannot directly apply the roll-
up procedure of (Glimm et al. 2007), since it produces a
roll-up expressed in SHZQ"'. Similarly, for ALC we cannot
directly apply the roll-up procedure for ALC QZ. It remains
open to determine roll-up procedures for SHZQ and ALC
that stay in the same language.

Discussion and conclusions

In this paper we have presented a first study on view-
based query answering in DLs. The framework we have
introduced distinguishes between different semantics for the
problem, corresponding to different refinements of the no-
tion of solution. We have related view-based query answer-
ing to privacy-aware information access, and we have pre-
sented several algorithms and complexity results for various
DLs, both in the model-centered and in the TBox-centered
semantics. Figure 4 summarizes the complexity results mea-
sured with respect to the size of view extensions.

The work presented in this paper will be continued in
different directions. In particular, we will address view-
based query answering under the language-centered seman-
tics, and we will study the impact of varying (in particular,
restricting) the language used to express the views on the
complexity of view-based query answering.
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