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Abstract

One of the main aims of Ontology-Based Data Access is to
uniform querying data using knowledge encoded in an ontol-
ogy. Data are often provided by several information sources,
and this has led to a number of methods that merge them in
order to get a unified point of view. Existing merging ap-
proaches relie on the fact that the content of the datasets is
known. However in many applications such as in recommen-
dation sites, this prior knowledge about the content of the
datasets is not available. This paper investigates the problem
of querying multiple information sources without knowing
the content of the datasets. We first provide several strategies
to answer queries from datasets. We then study how these
strategies can be compared to each other from a productivity
point of view.

Introduction

Structured knowledge about entities plays an important role
in many web applications. Ontologies offer a powerful
framework to encode structured knowledge about the con-
cepts and properties of a given domain. They are typically
expressed using description logics (Baader et al. 2010), and
stored in two parts: a TBox, which encodes generic knowl-
edge about a domain through the semantic relationships be-
tween concepts and relations, and an ABox, which contains
data, i.e. information about which entities belong (resp. re-
lated) to what concepts (resp. relations).

Recent years have witnessed an increasing interest in
Ontology-Based Data Access (Maurizio 2011; Poggi et
al. 2008; Muro, Kontchakov, and Zakharyaschev 2013),
in which structured knowledge (i.e. stored in a TBox) is
exploited when querying data (i.e. stored as an ABox).
Adding ontological knowledge aims, for instance, at im-
proving query answering, merging/integrating data from dif-
ferent sources, etc.

In the case, when the data are provided from different
sources an important research question is: how to perform
query answering in a meaningful way? In a multi sources
context, one should take into account of many problems such
as the dissatisfaction of the sources, missing data, redun-
dancy, etc. These problems have led to a number of works
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mainly aiming at merging datasources (i.e. ABoxes) in or-
der to get a global point of view (Benferhat et al. 2014;
Wang et al. 2012; Benferhat et al. 2017). To perform merg-
ing while dealing with conflicts, existing approaches require
to perform some fusion operators which allow for combin-
ing the pieces of information coming from several sources
(ABoxes) in order to know the whole content of the ABoxes.
Unfortunately, this is not always guaranteed.

This paper studies the problem of query answering with-
out neither merging datasources nor knowing their contents.
This might make sense in certain practical settings. Con-
sider for example the case of recommendation sites, online
booking sites where the results given to users are made by
only querying and without knowing the whole contents of
the sources. The assumption that the data are not accessible
or hidden for privacy or security reasons, is quite common,
in many Web applications, however as far as we know this
problem has not already been addressed in query answering
mediated by an ontology.

In this paper, we provide several strategies to answer
queries from hidden datasets and we study how these strate-
gies can be compared to each other from a productivity point
of view.

Consider a simple example of a Web site managing airline
companies described using a rule saying that a customer can
book a flight proposed by a company (for the sake of sim-
plicity, a flight concerns departure, destination and date).
Consider the flights booking as statements. Thus, we have
a dataset for each company. Let us consider ¢; (“Output the
list of customers of all companies™) and g2 (“A customer that
booked the same flight in different companies™). For privacy
purpose, it is obvious that one may not have response for
query q;. On the other hand, one may have response to gs,
but this requires merging the responses given by datasets.

The rest of this paper is organized as follows. In the next
section we recall some basic notions of Description Logics
and query answering. Subsequently we propose new strate-
gies for querying multiple hidden sources. Finally, we com-
pare the proposed strategies from a productivity point of
view and present related works before concluding.

Description Logics

Description Logics (DL) are the logical framework under-
lying the ontology language, OWL. DL-Lite (Alessandro et



al. 2009) is a family of tractable DLs specifically tailored for
applications that use large amounts of data, for which query
answering is the most important reasoning task. DL-Lite
guarantees a low computational complexity. This fact makes
DL-Lite especially well suited for Ontology-Based Data Ac-
cess (OBDA). In the following, we will recall DL — Liteg
logic.

DL-Lite syntax and semantics. Let N, N and N be
three pairwise disjoint sets of atomic concepts, atomic roles
and individuals respectively. Let A € N¢g, P € Ng, three
connectors ‘—’, ‘3" and ‘"’ are used to define complex con-
cepts and roles. Basic concepts (resp. roles) B (resp. R) and
complex concepts (resp. roles) C' (resp. E) are defined in
DL-Lite as follows:

B— A | 3R ¢c— B | -B
R— P | P EFE— R | -R

where P~ represents the inverse of P. A DL-Lite knowl-
edge base (KB) is a pair K = (T, .A) where T is called the
TBox and A is called the ABox. A TBox includes a finite set
of inclusion axioms on concepts and on roles respectively of
the form: B C C and R T E. The ABox contains a finite
set of assertions (facts) of the form A(a) and P(a,b) where
A€ N¢g,Pe Nganda,b € Ny.

The semantics is given in term of interpretations. An in-
terpretation Z = (AZ, .7) where A7 is called domain, and
. an interpretation function that assigns to each @ € N an
element X € AT, toeach A € N¢ asubset AZ C AT and
to each P € Ni an P C AZ x AZ. The function .Z is
extended in a straightforward way for complex concepts and
roles, e.g (=B)I=AT \ BT, (P7)I={(y,z) € AT x AT |
(r,y) € PI} and (AR)T={z € AT | Iy € AT | (z,y) €
R%}. An interpretation Z is said to be a model of a concept
(resp. role) inclusion axiom, denoted by Z = B C C (resp.
T E R C B),iff B C O7 (resp. R C E7). Similarly,
we say that 7 satisfies a concept (resp. role) assertion, de-
noted by Z |= A(a) (resp. I = P(a, b)), iff a¥ € AT (resp.
(a®,b%) € PT). An interpretation Z is said to satisfy a KB
K=(T,A),denoted Z |= K, iff Z =T and Z |= A. Such
interpretation is said to be a model of K. Lastly, a TBox
T is said to be incoherent if there exists a concept C' s.t
VI:.Z = T, we have CT=(). A DL-Lite KB K is said to be
inconsistent if it does not admit any model.

Query answering. A query is a first-order logic formula,
denoted ¢={Z|¢(Z)}, where =(z1,...,x,,) are free variables,
n is the arity of ¢ and atoms of ¢(&) are of the form A(t;)
or P(t;,t;) with A € Ng and P € Np and t;, t; are
terms, i.e., constants of N; or variables. When ¢(Z) is
of the form 37.conj(Z,y) where § are bound variables
called existentially quantified variables, and conj(Z, %) is
a conjunction of atoms of the form A(¢;) or P(t;,t;) with
A € N¢ and P € Ng and t;, t; are terms, then g is said to
be a conjunctive query (CQ). When n=0, then ¢ is called
a boolean query (BQ). A BQ with no bound variables is
called a ground query (GQ). Lastly, when ¢ only contains
one atom with no free variables, then it is called an instance
query (IQ) (i.e., instance checking).

An answer to a CQ ¢(Z¥) <+« conj(Z,y) over a
KB KX = (T,A) is a non empty set of tuples

§=(s1,"++,8k) € Ny x---x Nysuchthat (T, A) = q(3)
(T, A) E q3),

An answer to a boolean query BQ ¢() w.r.t. A is true if
(T, A) = q() and false otherwise.

In this paper, we focus on conjonctive queries (CQs).

Multiple Sources Query Answering Strategies

This section investigates querying multiple ABox, without
knowing their contents, using a DL-Lite ontology. We first
introduce the notion of DL-Lite knowledge base with mul-
tiple assertional sets. While a standard DLs knowledge base
has a single ABox, it is convenient for the definitions of in-
ference strategies to introduce the notion of ”profile” which
is simply a multiset of ABoxes. We denote by Kp = (T, P)
a knowledge base with profile where 7 is a standard DL-
Lite TBox and P = { Ay, ..., A, } is an ABox profile. We
assume that each ABox A; € P is consistent with the ontol-
ogy, namely (7, .A;) is consistent.

Example 1. Letr Customer, Flight be two concepts and
books a role. Consider the following knowledge base
Kp = (T,P={A1, Az, A3}) where T = {Customer C
Jbooks, Flight T Fbooks™} and. Ay, Ay and As are
respectively the datasets corresponding to “AirFrance”,
"KLM” and “Transavia”. The ABoxes are described as
Sollows: Ay = {Customer(a), Customer(b), Customer(d),
Flight(fl), Flight(f2), books(a, f1), books(b, fl), books(d, f2)
Y, As = {Customer(a), Customer(b), Flight(fl), books(a,
f1), books(b, f1)}, As = {Customer(a), Customer(c), Cus-
tomer(d), Flight(fl), Flight(f2), books(a, f1), books(c, f2),
books(d, f2)}.

This example is used as a running example in the paper in
order to illustrate the different proposed strategies to query a
knowledge base without knowing the content of the datasets.

Query Answering Strategies

The following definition generalizes query answering for a
multiple set of ABoxes.

Definition 1. Let Kp= (T, P) be an knowledge base with
P = {Ay,..., A} and q(Z) be a conjunctive query.
An answer to the query q(¥) wrt. A; is a tuple § =
(s1,-++,8K) € NI x -+ x N such that (T, A;) = q(3).

Let ¢(#) be a conjunctive query, S; denotes the set of an-
swers to ¢(7) w.r.t. A;. Namely S; = {§€ N/ x ... x NI :
(T, A;) E q(5)}. We denote by Sp = {S1,..., S} the
profile, multiset of sets of answers to a query ¢(Z) with re-
spect to P, with S; be the set of answers to ¢(Z) w.r.t. A;
for 1 < i < m. Intuitively, Sp contains all the valid answers
to a query, namely the answers that can be obtained from
each ABox A; € P. Of course, when there is no answer
to a query ¢(Z) with respect to A;, S; = (). However hav-
ing a valid answer does not mean that all the sources are in
agreement with that. For instance, even though each ABox
is consistent with the TBox, it might be the case that the
union of these ABoxes is inconsistent. Moreover it might be
the case that the sources do not share same information. In



fact, one needs to access to the data stored in the ABoxes in
a meaningful way.

We introduce different strategies for query answering
without knowing the content of the dataset in p. One way
to perform query answering is to only consider answers to
the query that hold in all the sources. More formally :

Definition 2. Let Kp = (T, P) be a knowledge base with
P = {A,..., An}. Let ¢(Z) be a conjunctive query and
Sp be the profile of sets of answers (“answers profile”) to
q(&) w.r.t. P. An (universal) answer to the query q(Z) w.r.t.
Kp is a tuple § such that

Kp ':vq(g') Zf VSieSp,,?GSi.

Note that the notion of universal inference offers a natural
way to deal with conflicting sources. It was used for instance
in default reasoning (Reiter 1987), where one only accepts
conclusions derived from each extension of a default theory.
We denote by Sy the set of answers obtained by universal
inference, Sy = {5 : Kp v q(5)}.

Example 2. Let Kp=(T,P) be the DL-Lite knowledge
base (KB) managing flight booking introduced in Example
1. Assume that an authorized query is a query which asks
for the clients that made a booking for a flight, more for-
mally, q(x) = Jx books(x,y). We get the following answers
Sp = {51, 52,53} with S1 = {a,b,d} the set of answers
from the ABox Ay, Sa = {a, b} the set of answers from the
ABox Ay and S3 = {a,c,d} the set of answers from the
ABox As. Clearly, Kp v q(a) since VS; € Sp a € S;
and Sy = {a} which expresses the fact that the customer a
booked a flight in all airline companies.

In some situations, it makes sense to only looking for a
possible solution of a set of constraints or preferences such
as in some decision problem. As a second strategy we pro-
pose the existential inference that states that an answer is
deduced from at least one ABox. More formally.

Definition 3. Let Kp= (T, P) be a knowledge base with
P = {A,..., An}. Let q(Z) be a conjunctive query and
Sp be the answers profile to q(Z) w.rt. P. An (existential)
answer to the query q(Z) w.r.t. Kp is a tuple § such that

Kp ):aq(g) if 3S; € Sp, §€ 5,

We denote by S5 the set of answers obtained by existential
inference, S3 = {5 : Kp =3 ¢(3)}.

Example 3. Let Kp= (T, P) be the KB from Example 2.
Consider again the same query q(x) = 3Jxbooks(z,y).
Clearly, Kp =3 q(a) since a € Sy moreover, Kp =3 q(b),
Kp E3 q(c) and Kp =3 q(d), therefore S3 = {a,b, c,d}
which expresses the fact that the customers a, b, ¢ and d
booked a flight in at least one airline company.

The existential query answering strategy is a very ad-
venturous strategy. To this end, we propose to consider a
majority-based strategy as an alternative. It states that an an-
swer to a query is considered as valid if it can be deduced
from the majority of the datasets. More formally,

Definition 4. Let Kp = (T, P) be a knowledge base with
P ={As,...,An}. Let q(Z) be a conjunctive query and

Sp be answers profile to q(Z) w.r.t. P. An (majority) answer
to the query q(Z) w.r.t. Kp is a tuple § such that
. 1 : §€S; 1
Kp Emaj a(5) if % > 3
We denote by Sy,.; the set of answers obtained by
majority-based strategy, namely Syo; = {5 : Kp Emaj
q(8)}. Note that this strategy offers a good compromise be-
tween universal or existential strategies.

Example 4. Ler us continue Example 2 with the same
query : g(x) = ZFxbooks(x,y). One can check that
Kp Emaj q(b) sinceb € Sy and b € Sa, Kp F=maj ¢(d)
sinced € Sy and d € Ss and Kp |=pma; q(a) since a € Sy,
a € Sy, and a € Ss, therefore Sp,q; = {a,b,d} which ex-
presses the fact that the customers a, b and d booked a flight
in the majority of the airline companies.

Introducing Cardinality

We now introduce new strategies obtained by adding a car-
dinality criterion to the strategies proposed above. We basi-
cally restrict the application of the query answering relations
v, 3 and maj to some sets of answers in the profile S,,. More
precisely, we only select the largest sets in Sp with respect to
cardinality . The choice of the largest sets of answers might
make sense in certain practical applications. For instance,
suppose that we want to know the customers that booked
a flight in the most popular airline compagnies in terms of
number of customers.

We denote by Scp the profile of sets of answers with max-
imal cardinality to a query q(&) w.r.t. P. The set Scp is de-
fined as follows:

Scp={8;, te{l,---,m} : Vje{l,--- ,m} | S;|<|S:|}

The strategies presented before can be extended using car-
dinality criterion as follows:

Definition 5. Let Kp= (T, P) be a knowledge base with
P = {A,..., Ay }. Let q(Z) be a conjunctive query and
Scp be the answers profile with maximal cardinality to q(Z)
w.rt. P. An answer to the query q(Z) w.rt. Kp is a tuple §
such that :

l.f VvS; € SCP,§E S;.

* Kp v, a(s)
* Kp ':30 q(é’) if 4S; € Scp,5€S;.
if |Si€Scp : 5€5;| > %

* Kp Fmaj. 4(5) [Sep]

We denote by Sy, (resp. S3,, Smaj.) the set of an-
swers obtained by universal (resp. existential, majority-
based) strategies.

Example 5. Let us continue Example 2. Clearly, Scp =
{S1, S35} then Sy, = {a,d} which expresses the fact that
the customers a and d booked a flight in all the most popular
airline companies. Scp = {S1,Ss} then S3. = {a,b,c,d}
which expresses the fact that the customers a, b, ¢ and d
booked a flight in at least one of the most popular airline
companies.

Example 6. Let Kp= (T, P) with P={A;, As, A3, A4}
where T and A1, Az, As, are from example 2 and the ABox
Ay is the dataset corresponding to “TunisAir”. Consider



the same query q(x) = Jx books(x,y) and the set of an-
swers to the query q from Ay : Sy = {a, ¢, e}. Clearly,
Scp = {51, 53,54} and Sy,q5, = {a, c, d} which expresses
the fact that the customers a, ¢ and d booked a flight in the
majority of the most popular airline companies.

Productivity of Query Answering Strategies

In this section, we compare the proposed query answering
strategies from a productivity point of view. We formalize
this comparison as follows:

Definition 6. Let Kp = (T, P) be a knowledge base and let
s; and s; be two strategies. We say that s; is more productive
than sj, if for any ABox profile P = {A.,..., An} and
any query q(T), the set of answers to q(Z) w.r.t. P using the
strategy s; is included or equal to the set of answers to q(Z)
w.r.t. P using the strategy s;. (i.e., Ss; C S, ).

The following proposition gives an exhaustive study of
productivity results for the different query answering strate-
gies studied in this paper.

Proposition 1. Ler Kp = (T, P) be a knowledge base
with P = { Ay, ..., Ay} and q(Z) a query. The comparison
of the query answering strategies {¥, 3, maj, V., maj., 3.},
with respect to productivity, is given depicted in Figure 1.

(5] : (5.
1 3
[ Sonas| | S
2 4
S| s,

6

Figure 1: X — Y means that the set of answers obtained
from the strategy X is also obtained from the strategy Y

Proof. We give the proof for each relation :

* (1) The proof is immediate since Vs € Sy, s is such that,
Vie{1,---,m}, s € S, thus % = 1,5 € Spaj-
(Every answer given by all ABoxes, is an answer given by
the majority of ABoxes).

* (2) The proof is immediate, S,,,; C S3. (Every answer
given by the majority of ABoxes is given by one ABox).
Note that by transitivity we get Sy C S3.

* (3) and (4) the proofs are analogous to (1) and (2) applied
to the set of answers of maximal cardinality. By transitiv-
ity, we get that Sy, C S3,.

* (5) The proof is immediate, Sy C Sy, , Vs € Sy by defi-
nition of Scp, s € S;, with S; € Scp thus s € Sy,.

* (6) Since S3 = S U...U S, by definition of Scp, we
have S3, C Ss.

For the converse productivity relations, we provide the
following counter-examples :

Example 7. Let Kp=(T,P) be a KB such that
PZ{A1,A2,A3}, with A1 = {A(a)}, Ay = {A(a)}
and Az = {A(b)} and let q(x) = Jx A(z) be a query.

The sets of answers to q(z) from the ABoxes are S1 = {a},
Sy ={a} and Ss = {b}. Thus we have Sy = 0, Sp,q; = {a},
S3 = {a,b}. We have (1) Sy C Spaj, (2) Smaj C S3, and
Sy C S3. However, Sy,q; ¢_ Sy, S3 ,¢_ Smaj and S3 Q Sy.
Since the sets of answers have same cardinality we also
have (3) Sy, C Smaj., (4) Smaj. C S3, and Sy, C S3,.
However, Spq;. € Sv., S3. € Smaj. and S3, € Sy..

Example 8. Ler Kp=(T,P) be a KB such that
P={A, Ay, As}, with A1 = {A(a), A(c), A(d)}, As =
{A(a), A(c), A(b)} and A5 = {A(c), A(e)} and let q(x) =
Jx A(z) be a query.

The sets of answers to q(x) from the ABoxes are S1 = { a, c,
d}, Sa={a ¢ b}and Ss ={c, e}. Thus we have Sy =
{c}, Sma; = {a,c}, S3 = {a,b,c,d,e}. The sets of an-
swers to q(x) of maximal cardinality are Scp = {S1, Sa},
thus Sy, = {a,c}, S3, = {a,c,d,b}, Spna;, = {a,c}. We
have (5) Sy C Sy, and (6) S5, C S5 however Sy, ¢ Sy
and S5 ¢ S5,.

O

Related Works

There are several lines of research related to our work.
The first one is the knowledge bases merging which is a
problem largely studied within the propositional logic set-
ting. (Everaere, Konieczny, and Marquis 2010; Konieczny
and Pino 2002; Lin and Mendelzon 1999; Revesz 1997,
Baral, Kraus, and Minker 1991; Bloch et al. 2001) and re-
cently in the setting of description logics where there are few
works on merging (Benferhat, Bouraoui, and Loukil 2013;
Benferhat et al. 2014; Moguillansky and Falappa 2007;
Wang et al. 2012). These works aim to merge knowledge
bases in order to get a global view which requires to know
the whole content of the knowledge base before performing
merging. Merging pieces of information need to use some
fusion operators that permit to combine them while respect-
ing different constraints between sources. Our paper differs
from these works in two aspects : in the sense that it stud-
ies the problem of query answering without merging data-
sources neither knowing their contents.

The second one is concerned with the framework of
databases querying sources that present some limitations has
been investigated using views (Halevy 2001; Pottinger and
Alon 2001; Pottinger and Halevy 2000), however these ap-
proaches mainly concern query optimization or rewriting
and query languages.

The third research line related to our work is
inconsistency-tolerant query answering which is handled
in the framework of the database approaches (Marcelo,



Leopoldo, and Chomicki 1999; Bertossi 2011; Chomicki
2006; Decker 2010; ten Cate, Halpert, and Kolaitis 2016),
propositional logic approaches(Baral, Kraus, Minker and
Subrahmanian 1992; Benferhat et al. 1993; Nebel 1994,
Salem, Didier, and Henri 1997) or the description logic
(Lembo et al. 2010) and recently in lightweight descrip-
tion logic DL-Lite (Lembo et al. 2015; Bienvenu 2012;
Bienvenu and Rosati 2013; Benferhat et al. 2016; Baget, et
al. 2016). These works aim to solve the problem of incon-
sistency by mainly computing a set of consistent subsets of
assertional facts called repairs, that recover consistency with
respect to the ontology, so using them to carry out query an-
swering.

the fourth research line related to our work is query-
ing Web Data Bases without Accessing to Data (Bougham-
moura et al. 2017; Boughammoura, Omri and Hlaoua 2012;
Boughammoura, Hlaoua and Omri 2015). These works aim
to identify Web page templates and the tag structures of a
document in order to extract structured data from hidden
web sources as the results returned in response to a user
query.

Our work differs form that, since it has been assumed that
each ABox in our knowledge base is consistent w.r.t. the
TBox and the responses to queries as well. However, the fact
that all the datasets are consistent with the TBox, does not
mean that the union of answers to a query, which is implic-
itly can be seen as a set of fact, will be consistent with the
TBox. Let us consider the following example.

Suppose we introduce the following axioms
to the TBox of the running example (Example
2), Person C Customer, Travel Agency C
Customer, Person T —TravelAgency and consider
the query ¢(x) = 3z (book(z,y) A Customer(zx). Assume
that Sy = {a}. Since each ABox is consistent w.r.t. the
TBox, it might be the case that Person(a) € .A; and
Person(a) € Ay but TravelAgency(a) € As, therefore
the answers profile is inconsistent. In order to overcome
this problem, we plan to do repair when the union of the
answers to a query (for instant the universal inference) is
inconsistent with the knowledge base.

Conclusion

In this paper, we investigated the query answering problem
when we do not know the content of the ABox (Data) in
terms of inference strategies. We proposed basic inferences
from the sets of answers provided by the ABoxes. We con-
sidered the cardinality of the sets of answers in defining new
cardinality-based inferences. We also compared these infer-
ences in terms of productivity.

In a future work we plan to study the logical properties
of the proposed inferences, according to the Kraus Lehman
and Magidor’s framework (Kraus, Lehmann, and Magidor
1990). Besides, these inference strategies can be compared
according to their computational complexity which is an-
other future issue.

Finally, as mentioned in the previous Section, another di-
rection of investigation is how to perform query answering
of a knowledge base when the multiset of ABoxes is incon-
sistent.
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