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1 Introduction

Recently, the issue of integration and cooperation between information nodes in a net-
worked environment has been studied in different contexts, as data integration [9], the
Semantic Web [7], Peer-to-Peer [1, 6], Grid, and service oriented computing [13, 8].

Put in an abstract way, these systems are characterized by an architecture constituted
by various autonomous nodes (called sites, sources, agents, or, as we do here, peers)
which hold information, and which are linked to other nodes by means of mappings.
Two basic problems arising in this architecture are: how to discover and express the
mappings between peers [6, 1], and how to exploit the mappings in order to answer
queries posed to one peer [9, 12]. The latter is the problem studied in this paper.

Although several interesting results have been reported in each of the above con-
texts, we argue that a deep understanding of the problem of answering queries in a
networked environment is still lacking, in particular when the information in each peer
is modeled in terms of a knowledge base.

The goal of this paper is to present some basic, fundamental results on this prob-
lem. We consider a simplified setting based on just two peers, called local and remote,
respectively. Suitable mappings relate information in the remote peer to the information
in the local peer. We assume that the queries to be answered are posed to the local peer,
and that each of the two peers provides the service of answering queries expressed over
its underlying knowledge base, with these two services being the only basic services
that we can rely upon. Thus, the problem we address in the paper, called the “What-
To-Ask” problem (WTA), is to find a way to answer queries posed to the local peer by
relying only on the two query answering services available at the peers. We study this
problem in a first-order logic (FOL) context and present the following contributions.

(1) In Section 2, we formalize the above mentioned architecture, we provide its
semantics, the semantics of query answering, and the formal definition of WTA.

(2) In Section 3, we specialize the general framework to the case where a basic
ontology language is used to express the knowledge bases of the two peers. We show
that in this case there is an algorithm that allows to solve any instance of WTA, i.e., that
allows to compute what we should ask to the remote peer in order to answer a query
posed to the local peer.

(3) In Section 4, we show that, if we slightly enrich the expressive power of the
ontology language, WTA does not always admit a solution.

? This paper is an extended abstract of [3]



The problem studied here is crucial in several contexts. In particular, it is impor-
tant in the Semantic Web, where query reformulation over ontologies has been inves-
tigated (see, e.g., [4, 16]). It is also related to query answering in P2P and Grid com-
puting. However, in such architectures, peers are in general assumed to be databases,
or query languages much less expressive than those considered here are adopted. A
notable exception is [14], where knowledge-based peers are studied, but the problem
addressed there is different from our reformulation problem. Finally, the algorithm pre-
sented in Section 3 can be seen as a new query rewriting algorithm for data integration
systems [9], or as a procedure for the “composition” of the query answering services
provided by the peers of a service-oriented architecture (in the line of [15], where, how-
ever, peers do not have constraints). As far as we know, our work is the first to deal with
query reformulation by relying only on the query answering services of the peers.

2 The Framework
We now set up a formal framework forknowledge-based peerinteroperation. We first
introduce some preliminary notions. We assume that the domain of interpretation is a
fixed denumerable set of elements∆ and that every such element is denoted uniquely
by a constantc, called itsstandard name[10]. We denote byΓ the standard names.

Formally, a peer is a tuple of the formP = 〈K, V,M〉 where:K is a knowledge
base written in some subset of FOL on the alphabet formed by the standard names as
constants, and a set of relation names (we do not consider functions in this paper);V is
the exported view ofK (i.e., a knowledge base formed as a subset ofK); andM is a
set of mapping assertions whose form will be shown below.

Clients canaskqueries to the peerP , as long as such queries can be accepted by
P . A query isaccepted byP if it is a query expressed in the subset of FOL (possibly
with equalities) over the alphabet ofV , which is supported byP . We remind that aFOL
queryis an open formula of the form{x1, . . . , xn | φ(x1, . . . , xn)} wherex1, . . . , xn

are the free variables ofφ, andn is thearity of the query.
A knowledge-based peer system is formed by several peers sharing domain of in-

terpretation and standard names. Here we concentrate on knowledge-based systems of
a very specific form. They consist of only two peersP` = 〈K`, V`, M`〉, calledlocal
peer, which is the peer to which the client is connected, andPr = 〈Kr, Vr, ∅〉, called
theremote peer. Observe that the remote peer does not contain mapping assertions.

The mappingM` in the local peer is constituted by a finite set ofassertionsof the
form qr ; q`, whereqr andq` are two queries of the same arity, called remote and
local query, respectively. The local queryq` is expressed in some FOL query language
overK`, while the remote queryqr must be a query accepted byPr.

A mapping assertionqr ; q` has an immediate interpretation in FOL: it states that
∀x1, . . . , xn.φr(x1, . . . , xn) ⊃ φ`(x1, . . . , xn), whereφ` andφr are the open formulas
constituting the queriesq` andqr, respectively.

Given a FOL queryq of arity n over a FOL theoryT , we indicate withcert(q, T )
the certain answersto q over T , i.e., the set of tuples of constants ofΓ such that:
cert(q, T ) = {(c1, . . . , cn) | (c1, . . . , cn) ∈ qI for all I s.t. I |= T }, whereqI

denotes the result of evaluatingq in the interpretationI.
We assume that each peerP is only able to provide the certain answerscert(q,K),

inferable from its knowledge baseK to queries accepted byP itself.



Now ideally we would like, given a client’s queryq accepted by the peerP`, to
return all certain answers that are inferable from all the knowledge in the system. That
is, we are interested incert(q,K` ∪Kr ∪M`). To do so we need to exploit the kind of
certain answers that peers can compute, i.e., certain answers wrt their knowledge base.
We can directly usecert(q, K`) provided by the local peerP`, while to use the certain
answers provided by the remote peerPr, we need to reformulate the queryq into a finite
set of queries{q1

r , . . . , qn
r } each accepted by the remote peerPr, and require that

cert(q,K` ∪Kr ∪M`) = cert(q, K`) ∪
⋃n

i=1 cert(qi
r,Kr) (1)

Formally, we define theWhat To Askproblem,WTA(q, P`, Pr), as follows:given
as input a local peerP`, and a queryq accepted byP`, find a finite set of queries
{q1

r , . . . , qn
r }, each accepted by the remote peerPr, such that condition (1) holds3. This

is the problem we tackle in this paper.

3 WTA Problem in an Ontology-Based Framework
We now consider a particular instantiation of the formal framework for knowledge-
based peers described above, and provide for such case a solution to the WTA problem.

Specialized FrameworkTo specialize our formal framework, we consider specific
choices for the language used for specifying peer knowledge bases, queries accepted
by peers, and local queries of mapping assertions. We focus first on the language for
the peer knowledge base. The language we use, calledLO

K in the sequel, is a subset of
FOL that captures the fundamental features of frame-based knowledge representation
formalisms and of ontology languages for the Semantic Web. The alphabet ofLO

K con-
sists of constants fromΓ , and of unary and binary predicates, calledclassesandroles
respectively. Classes denote sets of objects, while roles denote binary relationships be-
tween classes. The languageLO

K consists of two components, to represent respectively
intensional and extensional knowledge in the peer knowledge baseK.

The intensional component ofLO
K allows for capturing typical ontology constructs,

namely typing of roles, mandatory participation to roles for the objects in a class, func-
tionality of roles, and subsumption between classes. We call the intensional component
of K the schemaof K. To keep the presentation simple, we represent the constructs
of LO

K using a graphical notation, and specify their semantics in FOL. Specifically, the
schema ofK is a directed graph whose nodes are classes and whose edges represent
either roles or subsumption relationships. Classes ofK, in the following denoted by the
letterC, possibly with subscripts, are represented by means of a rectangle containing
the name of the class. Roles ofK, in the following denoted by the letterR, possibly
with subscripts, are represented by means of a (thin) arrow, labeled with the name of the
role, connecting two classes, called respectively the first and second component of the
role. Each role is also labeled with participation and functionality constraints for both
components, as depicted in Figure 1 (a), wherem1, m2 may be either0 (meaning no
constraint) or1 (meaning mandatory participation), andn1, n2 may be either1 (mean-
ing functionality) or∞ (meaning no constraint). In a schema we omit constraints of the
form (0,∞). The FOL formulas that specify the semantics of the fragment of schema
shown in Figure 1 (a) are the following:

3 Note that in findingqi
r we can exploit neitherKr norVr, sincePr is only used as a parameter

to the problem for formulating the notionaccepted byPr.
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Fig. 1. A role (a) and a subsumption (b) in the schema of a peer knowledge base

– an assertion that specifies the typing of the two components of the role:
∀x, y.R(x, y) ⊃ C1(x) ∧ C2(y);

– possibly, assertions specifying the mandatory participation to the role:
• if m1 = 1, then:∀x.C1(x) ⊃ ∃y.R(x, y);
• if m2 = 1, then:∀y.C2(y) ⊃ ∃x.R(x, y);

– possibly, assertions specifying functionality of the role:
• if n1 = 1, then:∀x, y1, y2.R(x, y1) ∧R(x, y2) ⊃ y1 = y2;
• if n2 = 1, then:∀x1, x2, y.R(x1, y) ∧R(x2, y) ⊃ x1 = x2.

LO
K is equipped with a subsumption relationship between classes, denoted by a thick

hollow arrow from the subsumed class to the subsuming class, as shown in Figure 1 (b).
The corresponding FOL formula specifying the semantics is:∀x.C1(x) ⊃ C2(x).

The extensional component ofLO
K contains facts and existential formulas, possibly

involving constants ofΓ . Specifically, each such formula has one of the forms

C(a), ∃x.C(x), R(a1, a2), ∃x.R(a, x), ∃x.R(x, a), ∃x1, x2.R(x1, x2),

whereC andR are respectively a class and a role of the schema ofK, anda, a1, a2 ∈ Γ .
As for the language of queries accepted by a peer, we adopt the language of con-

junctive queries. Aconjunctive query(CQ) q is written in the form{z1, . . . , zn |
∃y1, . . . , ym.φ(z1, . . . , zn, y1, . . . , ym)}, where z1, . . . , zn are (not necessarily pair-
wise distinct) variables or constants ofΓ , andφ(z1, . . . , zn, y1, . . . , ym) is a conjunc-
tion of atoms, possibly containing constants ofΓ , whose predicates are classes or
roles, and whose free variables are the variables inz1, . . . , zn, y1, . . . , ym. We call
(z1, . . . , zn) the head of q. Note that a CQ written in the form above corresponds
to a FOL query{x1, . . . , xn | ∃y1, . . . , ym.φ(x1, . . . , xn, y1, . . . , ym) ∧ eqs}, where
x1, . . . , xn are pairwise distinct variables, andeqs is a conjunction of equalities, with
one equalityxi = c wheneverzi is a constantc, and one equalityxi = xj , wheneverzi

is the same variable aszj .
The language we adopt to express the local query in a mapping assertion, together

with the language of CQs used for the remote query, allows for establishing a basic
form of correspondence between knowledge in different peers, namely to map a single
element of the knowledge base of the local peer to a CQ over the exported view of
a remote peer. Hence, each local query in a mapping assertion is just a single atom
(different from equality), and each mapping assertion (in the local peer) has one of the
forms qr ; {x | C(x)} or q′r ; {x1, x2 | R(x1, x2)}, whereqr (resp.,q′r) is a CQ
over the exported view of the remote peer of arity 1 (resp., 2), andC (resp.,R) is a
concept (resp., role) of the local peer. Moreover, we assume that for each conceptC or
roleR of the local peer, there is at most one mapping assertion in whichC (resp.,R) is
used in the local query.
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Fig. 2. Local and remote schemas for Example 1

Example 1.Consider a local peerP` = 〈K`, V`,M`〉 in which the schema for the local
knowledge baseK` is the one shown in Figure 2(a), and a remote peerPr = 〈Kr, Vr, ∅〉
whose schema forKr is as in Figure 2(b). Assuming thatVr coincides with the set of
concepts and roles of the remote schema, a possible set of mapping assertions for the
local peer is the following:

{x, y | ∃z.BossR(x , z ) ∧MemberR(z , y)} ; {x, y | Director(x , y)},
{x | DeptR(x )} ; {x | Dept(x )}, {x, y | MemberR(x , y)} ; {x, y | Member(x , y)},
{x | ManagerR(x )} ; {x | Manager(x )}, {x | EmployeeR(x )} ; {x | Employee(x )}.

Computing WTA We now present an algorithm that solves WTA in the above set-
ting. Let P` = 〈K`, V`,M`〉 be a local peer,Pr = 〈Kr, Vr, ∅〉 a remote peer, andq a
CQ accepted byP`. In a nutshell, from the queryq, the algorithm first produces a setQ
of conjunctive queries expressed overK`, in which the knowledge of the local ontology
that is relevant for answeringq has been compiled; then, according to the mappingM`,
it reformulates the queries inQ in a set of queries that can be accepted by the remote
peer. In the following we assume that the theoryK` ∪Kr ∪M` is consistent.

Let us now formally describe the algorithm. To this aim, we need some preliminary
definitions. Given a CQq, we say that a variablex is unboundin q if it occurs only once
in q, otherwise we say thatx is boundin q. Notice that variables occurring in the head
of the query are all bound. Abound termis either a bound variable or a constant.

In Figure 3 we define the algorithmcompute-WTA. In the algorithm, each unbound
variable is represented by the symbol−. Also, q[g/g′] denotes the query obtained from
q by replacing the atomg with a new atomg′.

For each queryq ∈ Q, the algorithm first checks if there exists an assertion stating
a semantic relation among classes and roles ofK` that can be used to produce a new
query to be added to the setQ (steps (a) and (b)). Three kinds of assertions are taken
into account(i) subsumption between classes,(ii) participation of classes in roles,(iii)
mandatory participation of classes in roles. Roughly speaking, atoms in the queryq
can be reformulated by “navigating” these assertions. In other words,compute-WTA
makes use of the assertions inK` as rewriting rules that allow to reformulate the original
query q into a set of queries compiling away the knowledge specified byK` that is
relevant for computingcert(q,K` ∪Kr ∪M`).

Then,compute-WTA checks ifq contains two atomsg1 andg2 that unify (step
(c)). In this case, it computes the queryreduce(q, g1, g2), which is obtained by applying
to the queryq the most general unifierbetweeng1 and g2 [11]. This new query is
then transformed by the functionτ , which replaces with− each variable symbolx that
occurs only once inq. The use ofτ is necessary in order to guarantee that each unbound
variable is represented by the symbol−. Such a query is then added toQ.



Algorithm compute-WTA(q, P`)
Input: CQ q, ontology-based peerP` = 〈K`, V`, M`〉
Output: set of conjunctive queriesMref (Q, M`) overPr

Q ← {q};
repeat

Qaux ← Q;
for each q ∈ Qaux do
(a) for eachatomC(x) in q do

for eachassertion inK` stating that a classD is subsumed by the classC do
Q ← Q ∪ { q[C(x)/D(x)] };

for eachassertion inK` stating that one of the components of a roleR is of typeC do
if C is the first component ofR then Q ← Q ∪ { q[C(x)/R(x,− )] }
elseQ ← Q ∪ { q[C(x)/R(−, x)] };

(b) for eachatomR(x, y) in q do
for eachassertion inK` stating the mandatory participation of a classC in the roleR do

if C is the first component ofR andy is − then Q ← Q ∪ { q[R(x, y)/C(x)] };
if C is the second component ofR andx is − then Q ← Q ∪ { q[R(x, y)/C(y)] };

(c) for eachpair of atomsg1, g2 in q do
if g1 andg2 unify then Q ← Q ∪ {τ(reduce(q, g1, g2))}

until Qaux = Q;
return Mref (Q, M`)

Fig. 3. Algorithm compute-WTA

Finally, compute-WTA reformulates the queries produced in the above steps into a
set of queries accepted by the remote peerPr, by means of the procedureMref . Such a
procedure implements a standard unfolding technique [9]: roughly speaking, mapping
assertions are used as rewriting rules for translating the initial set of queries into a set
of queries accepted by the remote ontology.

The following theorem shows correctness and complexity of the algorithm.

Theorem 1. Let P` = 〈K`, V`,M`〉 be a local peer,Pr = 〈Kr, Vr, ∅〉 a remote
peer, andq a CQ accepted byP`. Then,compute-WTA(q, P`) returns a solution for
WTA(q, P`, Pr) in time polynomial in the size ofK` and exponential in the size ofq.

Example 1 (contd.).Let q0 = {x | Employee(x)} be a query accepted by the lo-
cal peerP`, then executecompute-WTA(q0, P`). SinceManager is subsumed by
Employee, the algorithm produces the queryq1 = {x | Manager(x)}, and since
Employee is the first component of the roleMember , the algorithm producesq2 = {x |
Member(x,− )}. No other atom reformulations are generated by the algorithm. Then,
compute-WTA applies the operatorMref to the setQ = {q0, q1, q2}, thus returning
the queries{x | EmployeeR(x)}, {x | ManagerR(x)}, {x | MemberR(x, y)}.

4 Adding Subsumption between Roles

In this section we show that, if we only add to the ontology languageLO
K the possibility

of specifying subsumption relations between roles, WTA may have no solutions.
The definition ofLO

K
+

is the same as the previous ontology languageLO
K . In addi-

tion, we allow for expressing subsumption relations between pairs of roles. We repre-
sent an assertion stating that a roleR1 is subsumed by a roleR2 by using a thick hollow
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Fig. 4. Ontology of peerP` in the proof of Theorem 2

arrow fromR1 to R2. The corresponding FOL formula specifying the semantics is:
∀x, y.R1(x, y) ⊃ R2(x, y). We now prove that, for peers using the ontology language
LO

K
+

, the problem WTA does not have always a solution.

Theorem 2. There exists a pair of knowledge-based peersP`, Pr with K`, Vr ∈ LO
K

+

and a CQq accepted byP` such thatWTA(q, P`, Pr) has no solutions whenever the
language accepted byPr is a subset of the language of FOL queries.

Proof. We exhibit an example of a pair of knowledge-based peersP`, Pr such that the
thesis holds. More precisely, let us considerP` = 〈K`, V`,M`〉, Pr = 〈Kr, Vr, ∅〉
where:V` is the ontology displayed in Figure 4;K` = V` ∪ {R1(a, b)}; M` consists of
the single assertion{x, y | Rr(x, y)} ; {x, y | R3(x, y)}; Vr = {Rr}; Kr is simply
a set of facts forRr. We prove that the answer to the boolean query{R1(c, d)} overV`

is true if and only if the following condition holds:
[COND] There existn + 1 constantsa1, . . . , an+1 (with n even) such thata1 = b,

an = c, an+1 = d andRr(ai, ai+1) ∈ Kr for 1 ≤ i ≤ n.
Indeed, if condition [COND] holds, then, due to the functionality of the participation

of C3 to R3, to the two subsumption relations between the three roles, and to the two
mandatory participations ofC1 andC2, in each modelI for K`∪Kr∪M` each tuple of
the form〈ai, ai+1〉 must belong toRI1 if i is even and toRI2 if i is odd, which implies
that〈c, d〉 ∈ RI1 . Conversely, if [COND] does not hold, then it is immediate to exhibit
a modelI for K` ∪Kr ∪M` in which the tuple〈c, d〉 is not inRI1 . Then, observe that
verifying the above condition [COND] requires to compute the transitive closure ofRr,
which in general cannot be done through a finite number of FOL queries overPr.

The above theorem highlights the crucial role played by the expressiveness of the
language for specifying the local peer knowledge baseK` in the problem WTA: in-
deed, by simply adding the possibility of expressing role subsumption to our special-
ized framework, we miss the property that a solution to the problem WTA always exists,
even if we empower the answering abilities of the remote peer to the full FOL language.

5 Conclusions

In this paper we have formally defined the What-To-Ask problem, which captures a
fundamental issue in a networked environment based on information exchange. We
have seen that even small changes in the representation formalism may affect seriously
the ability of dealing with this problem. To show this, it has been sufficient to look at a
simplified setting with only two interoperating peers. The impact of having more than



two peers has been studied in [5], where, however, the peers taken into account are not
knowledge bases. Also, query answering in the case where the knowledge bases at the
peers are mutually inconsistent (in the line of [2]) remains to be investigated.
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